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FOREWORD 
The A C S SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallel
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors wi th the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

I T H A S B E E N F O U R Y E A R S since the previous A C S symposium on Mul t i 
channel Image Devices was held and its proceedings subsequently published 
(ACS Symposium Series No. 102). A great deal of progress has since been 
made, both in technology and in the acceptance of multichannel image 
devices by spectroscopists. 

Progress in optoelectronic image detectors (OIDs) has been due predom
inantly to the rapid advancemen
technology. This progress has enabled the manufacture of large-format self-
scanned OIDs with scientific-grade performance in good yields and at a rela
tively affordable cost and a more reliable delivery schedule. 

Self-scanned silicon photodiode arrays with up to 4096 individual light 
sensing elements have emerged as the linear O I D of choice for most spectro-
metric applications. For two-dimensional area array OIDs, charge-coupled 
devices and charge-injection devices with element (pixel) packing of up to 800 
χ 800 seem to provide a better overall performance. Similar progress has been 
achieved in microchannel plate (MCP ) image intensifier technology, particu
larly in respect to long-term stability. 

As a result, self-scanned solid-state OIDs with and without M C P image 
intensifications have rapidly replaced OIDs based on vidicon (second genera
tion) television pickup tube technology. Moreover, indications are that in the 
near future, the progress in silicon-based LSI devices will expand to more 
exotic materials such as InSb, InAs, HgCdTe, and PbSnTe. This expansion 
will allow for the development of IR-sensitive OIDs that could eventually 
replace mechanical multiplex detection systems based on mathematical trans
formations such as Fourier and Hadamard. 

Acceptance of OIDs by scientists has been a direct result of their success 
in the field, i.e., their unique performance characteristics and long-term reli
ability. As more instrumentation based on these devices enters the scientific 
marketplace, a steady improvement in performance can be expected. Even 
more important, feedback from an ever increasing number of users should 
help convince O I D manufacturers of the commercial viability of the scientific 
market, which may result in devices specifically designed for, rather than 
adapted for, scientific usage. 

These proceedings are not intended to present a rigorous and expansive 
analysis of either the fundamental operation or the scientific applicability of 

ix 
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multichannel image devices. Instead, a few selected works are presented in 
this rapidly growing field. We hope to succeed in demonstrating the potential 
of this detection technique and to persuade others to probe into its use in 
their studies. 

YAIR T A L M I 
Princeton Instruments, Inc. 
P.O. Box 2318 
Princeton, N J 08540 

August 1983 

χ 
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1 
Guidelines for the Selection 
of Four Optoelectronic Image Detectors 
for Low-Light Level Applications 
YAIR TALMI 
Princeton Instruments, Inc., P.O. Box 2318, Princeton, NJ 08540 
KENNETH W. BUSCH 
Department of Chemistry, Baylor University, Waco, TX 76798 

The performance characteristics of four 
optoelectronic image detectors (OIDs) are 
discussed. The detectors discussed are the silicon 
intensified target vidicon (SIT), the intensified 
SIT, the intensified s i l i c o n photodiode array 
detector (ISPD), and the self-scanned photodiode 
array detector. The main objective of the paper is 
to provide research workers interested in applying 
OIDs to a particular application with comparative 
performance information so that the best detector 
for a particular application may be selected. 

Op t o e l e c t r o n i c image detectors (OIDs) are c u r r e n t l y of 
great i n t e r e s t to a v a r i e t y of research workers whose work 
i n v o l v e s the d e t e c t i o n of d i f f e r e n t p o r t i o n s of the 
electromagnetic spectrum. The great dive r s i t y of OIDs makes i t 
d i f f i c u l t for researchers who are not necessarily experts in the 
area of optoelectronic image detection to select the best image 
detector for a particular application. For example, a detector 
whose performance i s s a t i s f a c t o r y f o r a p p l i c a t i o n s i n v o l v i n g 
h i g h - l i g h t l e v e l s may be t o t a l l y u n s a t i s f a c t o r y when used to 
detect low-light levels. The main objective of this paper i s to 
provide a framework for comparison of a number of OIDs which are 
expected to have a real impact on spectroscopic detection i n the 
foreseeable future. 

The scope of t h i s d i s c u s s i o n w i l l be l i m i t e d to those 
spectroscopic applications where low light levels are involved. 
It i s i n these a p p l i c a t i o n s where most of the problems occur, 
and where an in-depth knowledge of detector performance i s 
required in selecting a detector for a particular application. 
By d e f i n i t i o n , i n t h i s category are included a l l "photon-
starved" areas of spectrometry. I t i s i n s t r u c t i v e to consider 
some of the causes of photon starvation i n spectroscopy. 

0097-6156/83/0236-0001 $08.50/0 
© 1983 A m e r i c a n C h e m i c a l Soc ie ty 
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2 MULTICHANNEL IMAGE DETECTORS 

Low-level s i g n a l s can r e s u l t from a v a r i e t y of causes. 
Among them are: 1. Inefficiency of the spectrometric phenomena, 
e.g., v a r i o u s c h e m i l u m i n e s c e n c e , b i o l u m i n e s c e n c e , or 
thermoluminescence processes. 2. I n e f f i c i e n t s p e c t r a l sources 
or a s s o c i a t e d o p t i c s as encountered with the fluorescence of 
microscopic samples or in laser microprobe atomic emission where 
there is i n s u f f i c i e n t energy i n the excitation source. 3. Loss 
of li g h t due to high requirements of f i l t e r i n g as i n resonance 
Raman spectroscopy where a high degree of f i l t e r i n g is necessary 
to exclude the resonance exciting l i n e . 

Another common reason f o r photon s t a r v a t i o n involves 
s p e c t r a l phenomena of a t r a n s i e n t nature. The shorter the 
measured pulse, the more d i f f i c u l t i t i s to keep i t at a 
s u f f i c i e n t l y high energy level to be measured. In this category 
belong a great number of l a s e r s p e c t r o s c o p i c studies of 
l i f e t i m e , i.e., studie
t r a n s i t i o n s t a t e s , forbidde
radiation and radiationless mechanisms, etc. Another example of 
a spectroscopic technique i n v o l v i n g t r a n s i e n t s i g n a l s i s 
picosecond laser spectroscopy which permits d i f f e r e n t i a t i o n of 
phenomena that would be otherwise unresolved, e.g., scattering 
and fluorescence. U l t r a - s h o r t s p e c t r o s c o p y a l s o a l l o w s 
measurements to be made i n the presence of exceedingly high 
continuous-wave (cw) background l e v e l s as encountered i n the 
measurement of plasma temperatures by Thompson scattering, or 
measurement of fluorescence of o i l s l i c k s in daylight. In this 
case, the d i s c r i m i n a t i o n against the high background l e v e l i s 
performed by synchronizing data acquisition with pulse timing. 
The performance of these procedures can be improved by averaging 
many i n d i v i d u a l pulses, obtained e i t h e r synchronously or 
asynchronously· 

Limited periods of illumination or excitation of the sample 
represent s t i l l another cause of photon s t a r v a t i o n . B r i e f 
periods of i l l u m i n a t i o n are often necessary i n a number of 
spectroscopic applications to avoid d e l e t e r i o u s e f f e c t s . For 
example, prolonged i r r a d i a t i o n of various fluorescing compounds 
can often result in bleaching. Si m i l a r l y , microsample analysis 
by Raman s p e c t r o m e t r y can e a s i l y cause s t r u c t u r a l and 
compositional damage to the sample upon long exposure to the 
intense excitation radiation. 

F i n a l l y , the a v a i l a b i l i t y of very limited amounts of sample 
can r e s u l t i n a low r a d i a n t f l u x when samples are analyzed by 
emission spectroscopy. C l i n i c a l analyses involving samples from 
either children or small animals are an example of a situation 
where the amount of sample available i s often very limited. 

Detectors for Low-Light Level Operation 

There are a variety of OIDs that are satisfactory for low-
light level operation. Here, however we w i l l discuss only the 
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1. TALMI AND BUSCH Low-Light Level Applications 3 

detectors most a v a i l a b l e commercially, or those that are 
expected to have a r e a l impact in the foreseeable future. 

S i l i c o n I n t e n s i f i e d Target (SIT) V i d i c o n and I n t e n s i f i e d SIT 
(ISIT) 

These are s i l i c o n vidicon (generic name) TV-type detectors 
that have been e x t e n s i v e l y described i n the s p e c t r o s c o p i c 
l i t e r a t u r e . B a s i c a l l y they c o n s i s t of a two-dimensional (2D) 
sensing area made of an array of s i l i c o n photodiodes that also 
serve as temporary storage devices, and an e l e c t r o n beam 
scanning arrangement to read the s i g n a l o f f t h i s target* The 
high s e n s i t i v i t y of the SIT i s achieved through an image 
i n t e n s i f i c a t i o n stage with an i n t e r n a l gain of approximately 
2500. An image, e.g., a spectrum, i s f i r s t converted by the 
photocathode to an equivalen
focusing s e c t i o n , a c c e l e r a t e
r e t a i n i n g i t s f i d e l i t y , r e s u l t i n g i n i n c i d e n t e l e c t r o n s of 
approximately 8-9 KeV. Since each photoelectron produces an 
a d d i t i o n a l e l e c t r o n / h o l e p a i r i n the s i l i c o n t a rget f o r each 
increase of 3.6 eV, the internal gain i s approximately 2500 for 
9 KeV e l e c t r o n s . I f the readout noise i s maintained at 
approximately 2500 electrons/scan/channel, then a S/N = 1 should 
t h e o r e t i c a l l y be a c h i e v e d f o r a s i g n a l o f 1 
photoelectron/channel· 

The ISIT c o n s i s t s of a f i r s t - g e n e r a t i o n t r i o d e image 
i n t e n s i f i e r with an o p t i c a l gain of 50-100 which i s o p t i c a l l y 
coupled to the photocathode of an SIT tube. The main advantages 
of an ISIT over an SIT are: 

Gain. Theoretically, the ISIT can produce a signal of at least 
5 d i g i t a l counts per photoelectron. In f a c t , most of t h i s 
assumed advantage i s l o s t i n the d i g i t i z a t i o n process and, of 
course, the maximum S/N for a signal of 1 photoelectron cannot 
be b e t t e r than 1. However, by lowering the gain of the 
preamplifier to obtain a readout noise less than 1 count rms, an 
improvement i n S/N i s obtained for low level signals (less than 
1 photoelectron/scan) when on-target integration i s u t i l i z e d . 

S p e c t r a l Response. For reasons stemming from d i f f e r e n c e s i n 
production philosophies, rather than fundamental d i f f e r e n c e s , 
commercial image i n t e n s i f i e r s have more e f f i c i e n t photocathodes, 
p a r t i c u l a r l y i n the red. In the UV, a U V - t o - v i s i b l e chemical 
converter i s s t i l l necessary. 

Gat i n g Rat i o . The o n / o f f g a t i n g r a t i o i s h i g h e r by 
approximately 2 orders of magnitude, making the ISIT a b e t t e r 
detector for pulse spectroscopy. 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



4 MULTICHANNEL IMAGE DETECTORS 

Format, Larger format image i n t e n s i f i e r s , e.g., 25 and 40 mm in 
diameter, are more a v a i l a b l e and a f f o r d a b l e than SITs. Such 
i n t e n s i f i e r s can be o p t i c a l l y coupled to an SIT through a format 
reducing o p t i c a l - f i b e r coupler, e.g., 40 to 18 mm (SIT standard 
format). This method w i l l allow a wider spectral coverage with 
l i t t l e , i f any, loss in resolution. 

The main disadvantages of the ISIT are: 1. S u b s t a n t i a l l y 
c o s t l i e r . 2. Less r e l i a b l e ; s horter l i f e t i m e . 3. More 
d i f f i c u l t to operate; more o p e r a t i o n a l parameters to c o n t r o l . 
4. Less immune to sudden " l i g h t " shocks. 5. Worse p i n 
cushion d i s t o r t i o n ; worse r e s o l u t i o n and more nonlinear 
wavelength c a l i b r a t i o n . 6. More d i f f i c u l t i e s on c o o l i n g , 
i.e., more lag at lower temperatures. Therefore, the ISIT i s 
even less amenable than the SIT to long term signal integration 
(on-target). 

MCP/SPD (ISPD-Intensi

The ISPD or i n t e n s i f i e d s i l i c o n photodiode array detector 
c o n s i s t s of a microchannel p l a t e (MCP) image i n t e n s i f i e r 
o p t i c a l l y coupled to a s i l i c o n photodiode array (SPD) as the 
multichannel readout/storage device. The MCP (1_) i s a d i s k -
shaped continuous dynode e l e c t r o n m u l t i p l i e r imager. I t 
consists of mil l i o n s of hollow microchannels formed i n a glass 
substrate, where each channel, which i s 12-25 y m i n diameter, i s 
semi-conducting. Each channel acts as an i n d i v i d u a l e l e c t r o n 
m u l t i p l i e r with an absolute geometric registration between the 
input and output plates of the device. An optical gain of 10-50 
χ 10 i s t y p i c a l of MCPs. Cascading a few MCPs with channels 
arranged i n a chevron o r i e n t a t i o n can produce gains of 10 , 
s u f f i c i e n t f o r multichannel photon counting. An MCP image 
i n t e n s i f i e r consists of an input photocathode followed by an MCP 
wafer which i s i n turn followed by a phosphor output. Focusing 
of the electron image produced by the photocathode can be done 
by proximity, e l e c t r o s t a t i c , and magnetic methods. Only the 
f i r s t two are a v a i l a b l e commercially at an a f f o r d a b l e cost. 
This discussion w i l l concentrate on the MCP/SPD, although other 
OIDs can be used as readout devices Q). 

Self-Scanned S i l i c o n Photodiode Array (SPD) 

At this time, the self-scanned s i l i c o n photodiode array is 
the o n l y c o m m e r c i a l l y a v a i l a b l e d e v i c e t h a t has been 
s p e c i f i c a l l y designed as a p a r a l l e l spectrometric detector. The 
per fo rm an ce c h a r a c t e r i s t i c s of t h i s d e t e c t o r and i t s 
a p p l i c a b i l i t y to spectrophotometric and s p e c t r o f l u o r o m e t r i c 
measurements have been r i g o r o u s l y discussed elsewhere (.2-4.). 
The self-scanned photodiode array i s a monolithic s i l i c o n wafer 
c o n s i s t i n g of an array of diodes, each a c t i n g as a l i g h t - t o -
charge transducer and a storage device. Two s h i f t r e g i s t e r s 
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1. TALMI AND BUSCH Low-Light Level Applications 5 

read out the charge s i g n a l s stored i n each of the odd and even 
diodes* Low noise and, consequently, high dynamic range are 
a c h i e v e d t h rough an a p p r o p r i a t e d e s i g n of the readout 
p r e a m p l i f i e r and s i g n a l processing e l e c t r o n i c section* One 
commercially a v a i l a b l e device, an S-type s i l i c o n photodiode 
array made by EG&G Reticon, i s arranged so that each individual 
diode i s 2*5 mm high and 25 μ m wide* This 100:1 aspect r a t i o 
is a compromise design corresponding to t y p i c a l aspect ratios of 
conventional spectrometer entrance s l i t s . 

The Ideal Multichannel (Parallel) Detector 

The s e l e c t i o n of a p a r t i c u l a r OID f o r a given a p p l i c a t i o n 
involves a number of important c o n s i d e r a t i o n s . In e v a l u a t i n g 
the performance of these devices, i t i s instructive to compare 
t h e i r a c t u a l performanc
h y p o t h e t i c a l i d e a l OID
determine the extent to which a given detector compares i n 
performance to an "ideal" OID. Table I l i s t s some of the major 
c h a r a c t e r i s t i c s of an i d e a l OID. These c r i t e r i a are d i v i d e d 
into two categories: operation and performance characteristics, 
and spectrometric performance* In the discussion which follows, 
each detector under consideration w i l l be evaluated against the 
c r i t e r i a l i s t e d i n Table I. To be most useful to the reader i n 
locating information about a particular performance feature of a 
given detector, the f o l l o w i n g d i s c u s s i o n w i l l be organized 
around the format developed i n Table I. Thus, the reader who i s 
interested in a particular c h a r a c t e r i s t i c — immunity to l i g h t 
shocks, for example— can refer to that section for a discussion 
of this feature for the detectors under consideration* 

Operation and Performance Characteristics 

Cost and A v a i l a b i l i t y 

SIT &. ISIT* C o m m e r c i a l l y a v a i l a b l e from a v a r i e t y of 
manufacturers at a moderate cost* 

ISPD* Commercially a v a i l a b l e i n 18, 25, and 40 mm diameters 
(MCP i n t e n s i f i e r s ) . SPDs are a v a i l a b l e as 64, 128, 512, 1024, 
and 4096 element arrays. 

SPD* SPDs are c o m m e r c i a l l y a v a i l a b l e , a l t h o u g h due to 
production y i e l d considerations their price i s s t i l l r e l a t i v e l y 
high. 

R e l i a b i l i t y and Repeatability 

SIT & ISIT. Reasonably good. 
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6 MULTICHANNEL IMAGE DETECTORS 

Table I . The I d e a l S p e c t r o m e t r i c M u l t i c h a n n e l 
( P a r r a l e l ) D e t e c t o r 

O p e r a t i o n and Performance C h a r a c t e r i s t i c s 
1. Low c o s t and wide commercial a v a i l a b i l i t y . 
2. High d e v i c e - t o - d e v i c e performance r e l i a b i l i t y and r e p e a t a b i l i t y . 
3. Long s h e l f l i f e , long o p e r a t i o n l i f e , and long term s t a b i l i t y . 

Day-to-day r e p r o d u c i b i l i t y . 
4. A v a i l a b i l i t y i n a l a r g e v a r i e t y of formats, s i z e s , p i x e l 

( p i c t u r e c e l l ) dimensions, and a r r a y d e n s i t y . Both l i n e a r and 
area a r r a y s are necessary. 

5. S i m p l i c i t y of o p e r a t i o n , minimal number of a d j u s t a b l e parame
t e r s t h a t a f f e c t the performance of the d e t e c t o r

6. M e c h a n i c a l and e l e c t r o n i
a b i l i t y under h o s t i l e environments, i . e . , heat, h u m i d i t y , 
magnetic f i e l d s , RF, e t c . Minimum microphonic e f f e c t s , i . e . , 
s t a b i l i t y of readout under v i b r a t i o n and o t h e r p r e s s u r e wave 
o s c i l l a t i o n s . 

7. Immunity to sudden " l i g h t shocks," i . e . , r a p i d r e c o v e r y from 
sudden exposure to h i g h l i g h t l e v e l s . N o n - d e s t r u c t i v e under 
v e r y h i g h l i g h t l e v e l s as long as e x c e e d i n g l y h i g h temperatures 
are not reached. 

8 . Low weight, low power consumption, easy and a d j u s t a b l e c o o l i n g , 
9. High t o l e r a n c e f l a t n e s s a c r o s s the e n t i r e a r r a y to a v o i d l o s s 

of r e s o l u t i o n at the f l a t f o c a l p l a c e of the spectrometer. 
A v a i l a b i l i t y of curved a r r a y s to f i t curved f o c a l p l a n e s . 

Spectrometer Performance 

1. Wide s p e c t r a l response: x-ray to IR. At l e a s t i t i s d e s i r a b l e 
to have d e t e c t o r s c o v e r i n g the UV to NIR, x-ray to UV, and 
NIR to medium IR. 

2. A r r a y s w i t h a v a r i a b l e s p a t i a l ( s p e c t r a l ) r e s o l u t i o n . T h i s 
can be a c h i e v e d by v a r y i n g e l e c t r o n i c a l l y the d e n s i t y of the 
a r r a y . Good r e s o l u t i o n . 

3. Random access readout of i n d i v i d u a l p i x e l s . Pseudo random 
a c c e s s , i . e . , f a c t a c c e s s , i s p o s s i b l e w i t h l i n e a r a r r a y s . 
Real random access i s p o s s i b l e w i t h a v a r i e t y of 2D a r r a y s . 
To enhance the S/N of low l e v e l s i g n a l s i n the presence of 
h i g h l e v e l s i g n a l s , t h i s access should be p o s s i b l e w i t h o u t 
a d e s t r u c t i v e readout. 

4. U l t r a r a p i d e l e c t r o n i c s h u t t e r i n g ( g a t i n g ) f o r measurements 
of v e r y f a s t t r a n s i e n t phenomena. High o n / o f f g a t i n g r a t i o s 
are n ecessary. 
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Table I (Continued) 

5. Minimum number of blemishes and d e f e c t s . Most d e f e c t s belong 
to e i t h e r of two c a t e g o r i e s ; s e v e r e l y reduced ( o r no) response, 
and u n u s u a l l y h i g h dark charge. 

6. Minimum v a r i a t i o n s i n dark-charge and response a c r o s s the 
a r r a y . A l s o , minimum v a r i a t i o n i n s p e c t r a l response, i . e . , 
c o n s t a n c t response ( w i t h h i g h e f f i c i e n c y ) w i t h wavelength. 
T h i s e x c l u d e s , by d e f i n i t i o n , "photon s e n s o r s . " 

7. Low dark-charge to enable long s i g n a l i n t e g r a t i o n and s t o r a g e 
p e r i o d s and f o r long-term s t a b i l i t y . Dark charge n o i s e should 
be n e g l i g i b l e compared w i t h e i t h e r p r e a m p l i f i e r / r e a d o u t or 
photon shot n o i s e . 

8. Low p r e a m p l i f i e r n o i s e  and v e r  h i g h g a i n ( 10^) to d e t e c t 
v e r y low l i g h t l e v e
t e c h n i q u e s . Readou
time. 

9. Very wide dynamic range. U s u a l l y a t r a n s f e r c h a r a c t e r i s t i c 
curve ( i n p u t - t o - o u t p u t ) w i t h a s l o p e ( ) of 1 i s i d e a l . However, 
a c a p a b i l i t y to a l t e r t h i s s l o p e e l e c t r o n i c a l l y can be advan
tageous when v e r y h i g h dynamic r e s e r v e s are n e c e s s a r y w i t h 
p i x e l s of l i m i t e d c a p a c i t a n c e . 

10. Long s i g n a l i n t e g r a t i o n p e r i o d s f o r enhancement of S/N. High 
f l e x i b i l i t y i n a l t e r i n g the l e n g t h of these p e r i o d s . 

11. Long s i g n a l s t o r a g e p e r i o d s . P a r t i c u l a r l y u s e f u l i n 2D OIDs 
where a l a r g e amount of data must be t e m p o r a r i l y s t o r e d b e f o r e 
b e i n g t r a n s f e r r e d t o memory. 

12. N e g l i g i b l e readout l a g , i . e . , incomplete readout of s i g n a l . 
T h i s i s s p e c i f i c a l l y important f o r t r a n s i e n t spectrometry. 

13. N e g l i g i b l e blooming, i . e . , p i x e l - t o - p i x e l c r o s s t a l k , m o s t l y 
due t o charge s i g n a l o v e r s p i l l to a d j a c e n t p i x e l s . 

14. Long term e l e c t r i c a l , r a d i o m e t r i c and geometric s t a b i l i t y 
(wavelength c a l i b r a t i o n ) . 

15. Minimum d i s t o r t i o n of image ( s p e c t r a l l i n e s ) a c r o s s the a r r a y . 
Constant m a g n i f i c a t i o n . 

16. Equal m o d u l a t i o n t r a n s f e r f u n c t i o n (MTF) a c r o s s the a r r a y . 
T h i s w i l l r e s u l t i n equal r e s o l u t i o n c h a r a c t e r i s t i c s . 

17. C a p a b i l i t y to v a r y s p e c t r a l dimensions e i t h e r o p t i c a l l y ( w i t h 
o p t i c a l f i b e r c o u p l e r s ) or e l e c t r o n i c a l l y (by d e m a g n i f i c a t i o n ) 
to ensure c o m p a t i b i l i t y w i t h f o c a l plane format. 

18. C a p a b i l i t y of v a r y i n g scan time. 
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8 MULTICHANNEL IMAGE DETECTORS 

ISPD. Reasonably good, although they vary widely with respect 
to photocathode s e n s i t i v i t y (yA/lumen) and uniformity. 

SPD. Device-to-device r e l i a b i l i t y i s generally good, although 
substantial variations i n dark charge are s t i l l s i g n ificant. 

Long Term S t a b i l i t y 

SIT &. ISIT. Reasonably satisfactory. 

ISPD. E l e c t r o s t a t i c a l l y focused MCPs are b e t t e r i n t h i s 
respect. Proximity-focused MCP i n t e n s i f i e r s show an average 
gain r e d u c t i o n of 40-50% a f t e r 2-3,000 hours of non-stop 
exposure to v a r y i n g low l i g h t l e v e l s . This i s equivalent to 
approximately 1-1.5 years of continuous operation (4 hours/day). 
Also, the gain can be raise
of 6,000-8,000 hours. 

SPD. The SPD, ty p i c a l of other integrated c i r c u i t devices, has 
good shelf and operational l i f e . Day-to-day reproducibility of 
performance i s good. A p o t e n t i a l problem, not yet thoroughly 
investigated, i s variation i n response after prolonged exposure 
to high level UV radiation. At what energy dose that phenomenon 
becomes s i g n i f i c a n t and whether or not annealing can be 
performed i s not yet f u l l y understood. However, when used i n 
conventional UV-spectrometric measurements, t h i s problem does 
not appear to be serious. 

Formats 

SIT & ISIT. A v a i l a b l e i n a few formats, e.g., 18- and 25-mm 
diameter, but non-standard ones are expensive. 

ISPD. MCP wafers are available in a variety of formats, shapes, 
and s i z e s , e.g., c i r c u l a r wafers of up to 13 cm i n diameter and 
retangular wafers of up to 8 χ 10 cm are r o u t i n e l y f a b r i c a t e d . 
MCPs are al s o a v a i l a b l e with i n d i v i d u a l channels biased at a 
s p e c i f i c angle. This i s very useful for grazing incidence VUV-
X-ray spectroscopy. MCPs can be stacked, i n tandem, to achieve 
high gains, or otherwise the i n d i v i d u a l channels are bent i n 
e i t h e r a " J " - or "C"-shape to allow operation at high voltages 
(2500-3000 V). At these v o l t a g e s , a s i n g l e MCP may achieve 
enough gain f o r photon counting (1_). MCP i n t e n s i f i e r s are 
commercially a v a i l a b l e only i n 18, 25, and 40 mm diameter 
formats. 

SPD. S-type SPDs are a v a i l a b l e i n formats of 64, 128, 512, and 
1024 element arrays. A new 4096 element array SPD detector 
(aspect r a t i o 40:1) i s now a v a i l a b l e . Area arrays with up to 
200 χ 200 elements are a l s o a v a i l a b l e . I t i s our opinion (as 
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1. TALMI AND BUSCH Low-Light Level Applications 9 

well as others), however, that charge-coupled devices (CCDs) and 
charge-injection type imagers (CIDs) hold greater promise f o r 
two-dimensional measurements. 

Simplicity of Operation 

SIT &. ISIT. No. Magnetic c o i l parameters, cathode voltage, and 
image section must a l l be carefully controlled. 

ISPD. Very simple operation with minimum variable parameters. 
MCP photocathode voltage i s adjustable from approximately 160-
240 V, but i s t y p i c a l l y f i x e d . Phosphor voltage i s adjustable 
from 5-6 KV, and i s a l s o t y p i c a l l y f i x e d . MCP voltage can be 
v a r i e d to adjust the gain. As a r u l e of thumb, a 50 V increase 
i n v oltage w i l l double the gain. With respect to SPDs, the 
phases and preamplifie
Scan time i s usually fixed

SPD. The SPD i s rather simple to operate. Adjustments are 
mainly those of phases and odd-even preamplifier gain setting. 
The array does not provide any a m p l i f i c a t i o n gain (as SIT or 
MCP/SPD devices do). Scan rate can a l s o be adjusted from a few 
KHz to a few MHz. 

Ruggedness 

SIT ISIT. Rather good mechanical and e l e c t r i c a l ruggedness. 
These devices are s u s c e p t i b l e to magnetic f i e l d s , and s u f f e r 
from microphonic effects. 

ISPD. Rather compact and r e s i l e n t devices. Mechanically and 
e l e c t r o n i c a l l y rugged. Magnetic f i e l d s have l i t t l e e f f e c t . 
MCPs and SPDs are non-microphonic, and are designed to operate 
under high humidity and temperature conditions. 

SPD. E l e c t r o n i c a l l y and mechanically very rugged. Tolerant of 
high temperature, humidity, v i b r a t i o n , and e l e c t r i c a l or 
magnetic f i e l d s . 

Light Shocks 

SIT & ISIT. Can t o l e r a t e a reasonable l i g h t f l u x without any 
s u b s t a n t i a l l y adverse e f f e c t s . However, precautions are 
necessary to avoid actual damage to the photocathode. 

ISPD. MCPs should not be exposed to l i g h t l e v e l s above 4x10"^ 
foot-candle f o r long periods of time. Precautions should be 
s i m i l a r to those taken with PMTs. Exposure to high light levels 
w i l l t e m p o rarily r a i s e the noise l e v e l of the detector. To 
p r o t e c t the MCP and warn the user, ISPD detectors are u s u a l l y 
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10 MULTICHANNEL IMAGE DETECTORS 

equipped with an automatic bright-control c i r c u i t r y that shuts 
o f f the photocathode voltage when photocurrent or phosphor 
currents above a threshold l e v e l are reached. Also, a beeper 
alarm warns the user of this situation (5). 

SPD. High immunity to " l i g h t shocks". Recovers r a p i d l y from 
exposure to very high l i g h t levels. Not adversely affected by 
l i g h t except when l e v e l s are s u f f i c i e n t l y high to heat the 
s i l i c o n wafer above i t s melting point. 

Low Weight and Power Consumption 

SIT & ISIT. No. 

ISPD. MCP i n t e n s i f i e r s , p a r t i c u l a r l y the p r o x i m i t y focused 
type, are very compac
for operation and are eas

SPD. Small s i z e and low weight. Uses very l i t t l e power, and 
can be cooled to l i q u i d nitrogen temperature. 

Flatness 

SIT & ISIT. Array i s f l a t . Curved formats are not a v a i l a b l e . 
E l e c t r o s t a t i c focusing causes pin-cushion d i s t o r t i o n and a loss 
of geometric resolution at the detector's edges. 

ISPD. Both MCPs and SPDs are very f l a t and have e x c e l l e n t 
geometric (wavelength) r e g i s t r a t i o n . E l e c t r o s t a t i c focusing, 
however, causes pin-cushion d i s t o r t i o n and therefore a loss of 
geometric r e g i s t r a t i o n , p a r t i c u l a r l y at the detector's edges. 
The proximity MCP produces a near perfect geometric reg i s t r a t i o n 
and does not s u f f e r from reduced s e n s i t i v i t y at the edges 
(shading). Concave-shaped MCPs are a v a i l a b l e f o r non-photon 
applications (see below). 

SPD. Very f l a t arrays with e x c e l l e n t geometric r e s o l u t i o n , 
t y p i c a l of integrated c i r c u i t technology. 

Spectrometries Performance 

Spectral Response 

SIT & ISIT. S p e c t r a l response depends on the s e l e c t i o n of the 
photocathode and can be optimized f o r the blue or the near IR. 
T y p i c a l photocathodes are S-20 and S-20R (extended red m u l t i -
a l k a l i ) which allow an adequate response up to 900 nm. Because 
the e l e c t r o s t a t i c a l l y focused image section requires a special 
o p t i c a l - f i b e r f a c e p l a t e window (curved i n s i d e to match the 
focusing f i e l d contours) made out of g l a s s , the c u t - o f f 
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1. TALMI AND BUSCH Low-Light Level Applications 11 

wavelength for SITs i s approximately 350 nm. To overcome this 
p roblem, a t h i n l a y e r of a p r o p e r o r g a n i c s c i n t i l l a t o r 
(fluorescing agent) i s deposited on the o p t i c a l - f i b e r faceplate. 
With such a s c i n t i l l a t o r an overall quantum ef f i c i e n c y (QE) of 
1-2% can be achieved to 100 nm or lower. The e f f e c t i v e QE of 
SIT d e t e c t o r s i s lower than t h a t of PMTs because of 
transmission losses through the fiber faceplate. 

ISPD* The MCP i n t e n s i f i e r o f f e r s an unusually wide s p e c t r a l 
response, unmatched by any other OID. Each spectral region w i l l 
be discussed in turn. 

In the U V - V i s i b l e . the e l e c t r o s t a t i c MCP i n t e n s i f i e r has 
the same s p e c t r a l c h a r a c t e r i s t i c s as the SIT, i.e., S-20 or S-
20R photocathodes, and r e q u i r e s a chemical converter f o r UV 
measurements. The proximity focused MCP i n t e n s i f i e r has a good 
response in the 200-85

In the VUV, two p o s s i b i l i t i e
windows can be used with a variety of photocathodes, mostly of 
the solar-blind type. Second, the photocathode material can be 
d i r e c t l y deposited on the input of the MCP. For instance, Csl, 
KBr, and CsTe photocathodes are good to approximately 100 nm, 
whereas LiF, BaF2> MgF2, and CaF2 respond below 100 nm. Third, 
the channels themselves respond d i r e c t l y to photons of energies 
below approximately 100 nm. 

MCPs have been used extensively for direct measurement of 
p a r t i c l e s : for example, ions i n the 3 eV-20 KeV range, electrons 
i n the 100 eV to 100 KeV range, p o s i t r o n s , and metastables and 
n e u t r a l s such as He, Ne, Ar, Kr, Xe, etc. There i s a 
s u b s t a n t i a l l i t e r a t u r e on t h i s mode of d e t e c t i o n , but i t s 
complilation here i s beyond the scope of this paper. 

SPD. SPDs have good response i n the s p e c t r a l region from 185 
(or l e s s ) to 1100 nm (2.). For use i n the VUV and EVUV regions, 
i t i s p o s s i b l e to deposit a f l u o r e s c i n g agent d i r e c t l y on the 
diodes which w i l l act as a wavelength-up converter, thereby 
ensuring a good response to wavelengths l e s s than 185 nm. In 
the x-ray spectral region, inorganic phosphors can be deposited 
on the o p t i c a l - f i b e r window coupler (SF-type SPDs). With an 
appropriate t h i n n i n g of the p r o t e c t i v e S1O2 overcoat, the SPD 
can d i r e c t l y respond to high energy pa r t i c l e s such as electrons. 
Some adverse side e f f e c t s , mainly due to an increase i n dark-
charge under continuous bombardment, have been reported. Also, 
there i s a s i g n i f i c a n t absorption of e l e c t r o n s with energies 
below 6 KeV, even with an overcoating of S1O2 that i s 1 Pm 
t h i c k . This absorption makes the device i n s e n s i t i v e to 
electrons at these energies. 
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12 MULTICHANNEL IMAGE DETECTORS 

Resolution 

SIT & ISIT. The r e s o l u t i o n of SIT detectors can be defined i n 
s e v e r a l ways— a) p o s i t i o n ( s p a t i a l ) r e s o l u t i o n , b) Rayleigh 
resolution, and c) modulation transfer function (MTF). 

Spatial resolution i s one channel which i s t y p i c a l l y 25 μ m 
wide. S p e c t r a l r e s o l u t i o n i s the product of the channel width 
and the r e c i p r o c a l d i s p e r s i o n of the spectrometer. For 
example, a spectrometer with a f o c a l length of 0.25 m and 
g r a t i n g of 152.5 grooves/mm t y p i c a l l y produces a r e c i p r o c a l 
linear dispersion of 25 nm/mm. Therefore a 25 μηι channel w i l l 
c o v e r 0.64 nm. A 305 g/mm g r a t i n g used w i t h the same 
spectrometer would produce a resolution of 0.32 nm/channel. 

Rayleigh r e s o l u t i o n i s the separation required f o r two 
images to be recognized as such. With OIDs this w i l l t y p i c a l l y 
mean that separation i
50%. If zero cross t a l
channel i s necessary between the two l i n e s . Under i d e a l 
conditions, cross talk between SIT channels i s approximately 40 
to 50%, so that Rayleigh resolution i s about 50 Pm (2 channels). 
If a narrow s l i t i s used with a high q u a l i t y spectrometer, 
Rayleigh resolution in wavelength units becomes 50 μπι times the 
r e c i p r o c a l d i s p e r s i o n . A s i m p l i f i e d v e r s i o n of wavelength 
resolution which w i l l be used throughout this manuscript i s the 
number of channels (or pixels) at FWHM of a spectral line. For 
an SIT, t h i s r e s o l u t i o n i s approximately 2-3 channels. The 
r e s o l u t i o n , however, i s not uniform across the detector and 
worsens when approaching the edges. The reason f o r t h i s i s a 
pin-cushion geometric distortion, t y p i c a l of e l e c t r o s t a t i c image 
se c t i o n s . A d i s t o r t i o n of 5% i s t y p i c a l and w i l l reduce 
resolution and cause errors in the wavelength calibration curve 
of the detector. The l a t t e r , however, can be computer-
corrected. 

Another means of expressing the f i d e l i t y of an o p t i c a l 
system i s i n terms of i t s modulation t r a n s f e r f u n c t i o n . The 
modulation t r a n s f e r f u n c t i o n describes the a b i l i t y of the 
o p t i c a l system to accurately reproduce an object whose pattern 
of luminance varies i n à sinusoidal manner. An opt i c a l system 
which can p r e c i s e l y d u p l i c a t e the modulation p a t t e r n of the 
object in the modulation pattern of the image has a modulation 
transfer function equal to 1.0; this represents the performance 
of a p e r f e c t system. The greater the d i f f e r e n c e between the 
modulation p a t t e r n i n the image compared with that i n the 
object, the lower the modulation t r a n s f e r f u n c t i o n . In 
practice, the modulation transfer pattern i s usually evaluated 
with a square-wave p a t t e r n produced by a p e r i o d i c array of 
lines. The modulation transfer function approaches zero as the 
s p a t i a l frequency of the l i n e s increases. The l i m i t i n g 
r e s o l u t i o n i n terms of the modulation t r a n s f e r f u n c t i o n i s 
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1. TALMI AND BUSCH Low-Light Level Applications 13 

determined by the number of line pairs per millimeter which give 
a modulation transfer function which approaches zero. 

When two closely spaced spectral lines of equal intensity 
s a t i s f y the Rayleigh c r i t e r i o n , the valley between the lines i s 
approximately 19% of the peak intensity. This corresponds to an 
MTF of about 0.10. Based on the data presented under the 
d i s c u s s i o n of Rayleigh r e s o l u t i o n , a MTF of 0.10 would be 
expected to result from a pattern with about 20 lines/mm. 

The r e s o l u t i o n of the SIT i s d e f i n i t e l y v a r i a b l e ; any 
number of adjacent channels can be grouped together and read out 
as a single resolution element. Also, the number of diodes read 
out i n each channel can be varied from four (approximately 100 
ym) to 400 (approximately 10 mm). Thus, the two-dimensional 
target can be divided into a number of horizontal tracks, each 
of which can contain any number of r e s o l u t i o n elements (max. 
512) depending on the groupin

ISPD. With p r o x i m i t y MCP i n t e n s i f i e r s the r e s o l u t i o n i s 
p r a c t i c a l l y constant across the entire array. By our spectral 
resolution d e f i n i t i o n (see SIT), the resolution i s 3-4 diodes at 
FWHM. Near f i e l d s t r a y l i g h t , however, widens the wings of 
spectral lines. There are a few phenomena believed to cause this 
apparent stray radiation energy (veiling glare). These include: 
(a) Light transmitted through the semi-transparent photocathode 
is reflected from the MCP wafer back to the photocathode. This 
process i s enhanced by the closeness of the photocathode to the 
input f a c e p l a t e of the MCP, i.e., 200 ym. (b) High energy 
photoelectrons c o l l i d i n g with the dead area between MCP channels 
(10,000 V/cm f i e l d ) can produce secondary e l e c t r o n s that are 
c o l l e c t e d by channels w i t h i n approximately a 200 ym radius (8 
diodes). With e l e c t r o s t a t i c i n t e n s i f i e r s t h i s s t r a y energy 
(estimated at approximately 3% of photoelectron energy) can be 
c o l l e c t e d by a s p e c i a l g r i d e l e c t r o d e placed between the 
photocathode and the MCP. This i s impossible to do with 
p r o x i m i t y i n t e n s i f i e r s . (c) Secondary e l e c t r o n s are spread 
during m u l t i p l i c a t i o n across the channel. This w i l l reduce the 
r e s o l u t i o n w i t h both t y p e s of i n t e n s i f i e r s . S i n c e the 
resolution with the proximity-focused phosphor i s approximately 
inversely proportional to the gap between the phosphor and the 
output f a c e p l a t e of the MCP, and square r o o t i n v e r s e l y 
proportional to the voltage between them, i t could be somewhat 
improved by reducing the gap and/or r a i s i n g the voltage. 
However, corona discharge problems set a p r a c t i c a l l i m i t on this 
approach. The e f f e c t of near f i e l d s t r ay r a d i a t i o n on the 
spectral line p r o f i l e i s shown i n Figure 1. 

SPD. The spectral resolution of an SPD i s governed by the same 
f a c t o r s d i s c u s s e d f o r the SIT, i . e . , i t depends on the 
grating/spectrometer combination. The s p a t i a l r e s o l u t i o n i s 
degraded by a degree of diode-to-diode c r o s s - t a l k , i.e., i t i s 
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Figure 1. The effect of near field stray radiation on the spectral line profile (546-nm Hg 
emission line). The detector was a microchannel-plate image intensified diode array 
(Reticon model RL-512SF, Princeton Instruments, Inc. model IRY-512). Key: a, full line 
profile; b, upper half (FWHM) of line; and c, lower portion of line, 0-10% relative emission 

intensity. 
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very d i f f i c u l t to contain the e n t i r e energy of a very narrow 
l i n e w i t h i n the boundaries of a s i n g l e diode. T y p i c a l l y , 
however, 2 diodes or l e s s can c h a r a c t e r i z e the FWHM of a 
spectral l i n e . The cross-talk of SPDs i s actually an advantage 
because i t reduces a l i a s i n g problems (2). This "a n t i - a l i a s i n g " 
e f f e c t of c r o s s - t a l k i s p a r t i c u l a r y i m p o r t a n t f o r h i g h 
r e s o l u t i o n a p p l i c a t i o n s . A demonstration of the e x c e l l e n t 
resolution of SPDs i s shown in Figure 2. 

The s p a t i a l and s p e c t r a l r e s o l u t i o n of the SPD can be 
e l e c t r o n i c a l l y varied by summing adjacent diodes i n groups of 
2,4,6,8, 10 etc. The diodes are read out (recharged) at very 
high r a t e s , e.g., 2 MHz, but only the group-summed t o t a l 
i n t e g r a t e d s i g n a l i s d i g i t i z e d , and at a r e g u l a r scan r a t e , 
e.g., 60 KHz. Diode grouping i s useful in kinetics applications 
where s e q u e n t i a l scans must be r a p i d l y stored, but where 
spectral resolution ca
i n experimental r e s u l t s
(low-pass f i l t e r i n g ) the odd/even gain variation pattern t y p i c a l 
of SPDs, and thus making their real-time display more amenable 
to user interpretation. 

Random Access Capability 

SIT £ ISIT. Real random-access i s possible because the electron 
readout beam can be randomly d i r e c t e d to any p o r t i o n of the 
t a r g e t , skipping a l l others. This mode of operation i s 
extremely u s e f u l i n that i t allows a ( d e s t r u c t i v e ) readout of 
very intense s p e c t r a l l i n e s , thereby avoiding severe blooming 
problems, while permitting weak signals to integrate for long 
periods of time, on t a r g e t , to improve t h e i r S/N r a t i o s . The 
random-access capability of the SIT makes i t ideal for a variety 
of 2D a p p l i c a t i o n s , e.g., échelle s p e c t r o m e t r y , t o t a l 
luminescence spectrometry, etc. The main l i m i t a t i o n on t h i s 
mode of operation i s set by dark charge buildup that, unless 
reduced by cooling, w i l l l i m i t the time available for on-target 
s i g n a l integration. 

ISPD. Random access capability depends only on the properties 
of the readout device. With the SPD only a pseudo-random, f a s t -
access (skip) readout i s possible (2,3). 

SPD. The diodes i n an SPD must be s e q u e n t i a l l y scanned by the 
s h i f t r e g i s t e r s and t h e r e f o r e a r e a l random access cannot be 
accomplished. However, a pseudo-random access ( f a s t access) 
readout mode i s possible. In this mode, diodes that contain no 
relevant spectral information are skipped (not read) at a high 
scan r a t e , e.g., 2 MHz, whereas those containing d e s i r e d 
i n f o r m a t i o n are d i g i t i z e d at a r e g u l a r scan r a t e , e.g., 60 KHz. 
This operation permits a f a s t array scan without s a c r i f i c e i n 
resolution, as grouping does. 
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Figure 2. Molecular absorption spectrum of benzene vapor. Key: a, conventional 
spectrophotometer with a scan time of more than 45 min; and b, SPD detector with a signal 

integration time of 2 s (detector, Princeton Instruments, Inc. model IR Y-512). 
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Gat ing 

SIT & ISIT. Focusing e l e c t r o d e s i n the e l e c t r o s t a t i c image 
s e c t i o n can be operated as a g r i d i n a t r i o d e tube. By gating 
the tube off, photoelectrons from the photocathode f a i l to reach 
the s i l i c o n diode array. Gating allows a h i g h l y c o n t r o l l e d 
exposure t i m e on the t a r g e t from 30 ns time frames to 
approximately 10 ys (or longer). A l s o , p r e c i s e delay time 
settings determine exactly when this exposure w i l l occur after 
the i n i t i a t i o n of the measured phenomenon, e.g., l a s e r pulse. 
The accuracy of gating depends on the on/off gating r a t i o which 
i s the r a t i o of the s i g n a l when the tube i s gated on to that 
when the tube i s gated o f f . The higher t h i s r a t i o the b e t t e r . 
With SITs t h i s r a t i o v a r i e s from 10 4:1 to 10 6:1 and i s higher 
the lower the l i g h t l e v e l . This occurs because some l i g h t 
transmitted through th
through the focus g r i
l i m i t e d m o s t l y by the e l e c t r i c a l c o n d u c t i v i t y of the 
photocathode. 

ISfrD. E l e c t r o s t a t i c i n t e n s i f i e r s are hard to gate. P r o x i m i t y 
i n t e n s i f i e r s , however, are easy to gate since the photocathode 
i s operated at low voltage, i.e., 160-220 V. To gate these 
detectors down to the 5 ns pulse width region, careful attention 
must be paid to the design of the gating power supply and i t s 
interface to the photocathode, and to the design and manufacture 
of the photocathode, p a r t i c u l a r l y i t s c o n d u c t i v i t y and the 
mounting of the photocathode, especially the number and type of 
contacts. Recently, there are i n d i c a t i o n s that MCPs might be 
gatable below 1 ns. 

SPD. SPDs cannot be gated. Increase in temporal resolution can 
be performed only through f a s t e r scan rates ( l i m i t e d by A/D 
conversion) or by fast-access or grouping. 

Blemishes 

SIT & ISIT. Tubes with d i f f e r e n t blemish s p e c i f i c a t i o n s are 
available at different costs. 

ISPD. MCPs with* good blemish specifications are r e l a t i v e l y easy 
to o b t a i n f o r use with l i n e a r d e t e c t o r s , i.e., where only a 
s t r i p of the entire array i s u t i l i z e d . 

SPD. Arrays d i f f e r from one another i n the degree and number of 
blemishes. Arrays of the same type can d i f f e r by a factor of 5 
or even 10 with respect to t h e i r o v e r a l l average dark charge. 
Diode-to-diode dark charge variations i n acceptable arrays are 
t y p i c a l l y i n the 2-10% range. S i m i l a r l y , response v a r i a t i o n s 
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across an array are also within a s i m i l a r range. Manufacturers 
can s e l e c t SPDs with a p r e s p e c i f i e d blemish and dark charge 
sp e c i f i c a t i o n at a higher cost. Response variation and spectral 
variation across an array can be easily corrected, as described 
in the SIT section. 

Response Variations 

SIT & ISIT. When operated at room temperature, each channel 
has a d i s t i n c t dark charge signal l e v e l . At regular scan rates 
of 10-60 μs/channel, t h i s l e v e l i s very s m a l l . Channel-to-
channel dark variations are very small, 1-2% being t y p i c a l , but 
become l a r g e r as the number of diodes ( v e r t i c a l l y ) summed i n 
each channel i s decreased. For long i n t e g r a t i o n (on-target) 
periods, the SIT can be cooled to dry-ice temperature where the 
dark charge l e v e l i s lo
target exposure withou
temperature, however, readout discharge lag becomes more 
signi f i c a n t (see below). The advantage of on-target integration 
w i l l also be discussed below. 

ISPD. Dark charge l e v e l s and t h e i r v a r i a t i o n across the ISPD 
are dominated by the dark charge of the SPD (2), t y p i c a l l y 30 to 
100 counts/second (1 count = 1400 e l e c t r o n s ) . Figure 3 shows 
the dark charge l e v e l of a 512 element ISPD ( P r i n c e t o n 
Instruments, Inc., Model IRY/512). Diode-to-diode dark charge 
v a r i a t i o n s are v e r y r e p r o d u c i b l e and t h e r e f o r e e a s i l y 
subtractable. The "width" (band) of the curve i s mostly due to 
odd-even (diode) p r e a m p l i f i e r gain d i f f e r e n c e s . There i s , 
however, another source c o n t r i b u t i n g to v a r i a t i o n s and noise 
across the array, namely photocathode spontaneous emission. 
Spontaneous emission i s t y p i c a l l y specified by manufacturers i n 
terms of E q u i v a l e n t Background Input (EBI), i.e. , the 
photoelectron spontaneous emission i s measured i n terms of an 
equivalent signal due to illumination. EBI i s t y p i c a l l y 5 χ 
10" 1 2 to 3 χ 10" 1 1 lumen/cm for MCPs (similar to values of 1st 
generation image i n t e n s i f i e r s as used i n ISITs). Measurement of 
spontaneous emission from a 512 element ISPD with an EBI - 1.2 χ 
10 lumen/cm showed a l e v e l of a p p r o x i m a t e l y 11 
counts/second/ diode which corresponds to approximately 11 
photoelectrons/second/diode i n t h i s case (1 photoelectron = 1 
count). This w i l l amount to approximately 9.2 photoelectrons/ 
diode / second/ 1x10 lumen/cm . Response variations across 
the array are due to corresponding variations i n the MCP and the 
photocathode, and can be as large as 10-30%, Figure 4. MCPs 
with abrupt (high s p a t i a l frequency) response variations are not 
used in ISPDs. These variations are easily corrected by f l a t -
f i e l d normalization (2,3). Response variations due to wavelength 
dependency of the transducer (photocathode) are also correctable 
(6). 
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Figure 3. Dark charge pattern of a preselected silicon photodiode array (Reticon 
RL-512SF). Note that the first 20 diodes of this particular device have significantly higher 
dark levels. Detector conditions (Princeton Instruments, Inc. model IRY-512): tempera

ture, -20°C; and integration time, 50 s. 

Figure 4. Uniformity of response in the array. The detector (as in Figure 3) was uniformly 
illuminated by diffused light (tungsten lamp). 
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SPD. Dark charge i s reduced with c o o l i n g , i.e., approximately 
by a f a c t o r of 2 f o r each temperature r e d u c t i o n of 6.7 °C. A 
good SPD d e t e c t i o n system can have a readout noise as low as 
1200 rms electrons/diode. The preamplifier gain i s then set so 
that 1 count (A/D converter) equals 1200 e l e c t r o n s . A good SPD 
w i l l produce dark charge of the f o l l o w i n g magnitudes f o r 
different operating temperatures: 

Temperature (°C) electrons/sec/diode counts/sec/diode 

25 6 χ 10 6 5000 

-20 6 χ 10 4 50 

-100 15 0.0125 

I f i t i s c o n s e r v a t i v e l
converter range (14 b i t s ) can be used f o r dark charge, then 
possible signal integration times (on-target) are: 

1.6 seconds at 25 °C 

164 seconds at -20 °C 

182 hours at -100 °C 

At very low integration times, the l i m i t on integration i s set 
by cosmic r a d i a t i o n . Dark charge does not c o n t r i b u t e to the 
o v e r a l l n o i s e of the SPD u n t i l i t r e a c h e s a l e v e l of 
a p p r o x i m a t e l y 1200 coun t s / d i o d e / scan or more. The 
characteristic fixed pattern noise (2) and dark charge of each 
SPD are very stable and are therefore easily subtractable from 
any spectrum measured without a f f e c t i n g i t s accuracy or 
p r e c i s i o n . For t h i s s t a b i l i t y to hold, however, st a b l e 
electronics and high precision thermostating of the cooled SPD 
are required. Once these conditions are f u l f i l l e d the SPD shows 
excellent long-term s t a b i l i t y , as discussed below. 

Gain 

SIT ISIT. The gain i s adequate to measure analog s i g n a l s of 
approximately 2 photoelectrons (approx. 20 photons) / p i x e l / 
scan. In p r i n c i p l e , i f the system i s w e l l designed and f u l l y 
o p t i m i z e d , SIT d e t e c t i o n systems c o u l d be set at 2 
photoelectrons - 1 count or 2500 e l e c t r o n s . The gain i s f a r 
from adequate to u t i l i z e the detector i n the d i g i t a l photon 
counting mode. "Detection" u s u a l l y means " c e r t a i n t y of the 
presence of a s i g n a l . " With s i n g l e channel detectors, three 
times the rms noise i s u s u a l l y considered the d e t e c t i o n 
threshold. With multichannel detectors, this threshold i s most 
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l i k e l y i n s u f f i c i e n t because the probability of "detecting" a 3 χ 
rms d e v i a t i o n i n the b a s e l i n e i s about 10 when 500 t r i a l s 
(channels) are taken i n each measurement. With 500 channels, 
there i s a probability of approximately 30% that a 3 χ rms noise 
signal w i l l be f a l s e l y detected for one channel. A threshold of 
5 χ rms w i l l r a i s e the confidence that the event i s r e a l to 
about 70%. This degree of confidence of d e t e c t i o n i s , of 
course, just another way to describe the S/N. S/N improves i n a 
square-root f a s h i o n with the number of consecutive scans, 
averaged i n memory, or the number of grouped channels that 
measure the spectral event. This i s the same as saying that the 
confidence l e v e l of d e t e c t i n g a r e a l event increases with the 
square root of the number of averaged scans. For very low light 
l e v e l s i g n a l s , i.e., below the p r e a m p l i f i e r noise l e v e l , on-
target integration i s preferable because the S/N improves almost 
l i n e a r l y with time of integratio
f a s h i o n . T h i s , of course
Dark charge r e d u c t i o n i s approximately a f a c t o r of 2 f o r each 
reduction i n temperature of 7-8 °C. 

ISPD. A straight channel MCP i n t e n s i f i e r cannot produce a gain 
in excess of 50-60,000, and proximity i n t e n s i f i e r s usually have 
a gain of 10-20,000. Nevertheless, with proper design of the 
e l e c t r o n i c s , proper c o o l i n g , and c a r e f u l prevention of corona 
discharge (HV), the readout noise can be maintained at a 1200-
1400 e l e c t r o n s rms l e v e l . With a g a i n of 10 , i t i s 
t h e o r e t i c a l l y p o s s i b l e to o b t a i n approximately 2 counts per 
photoelectron (1 count β 1200-1400 e l e c t r o n s ) or more. Using 
the previous d e t e c t i o n d e f i n i t i o n (see SIT), the minimum 
d e t e c t i o n i s approximately 5 counts which corresponds to 2.5 
photoelectrons/scan. As with SITs and SPDs, S/N can be improved 
with s i g n a l i n t e g r a t i o n (.2,3) . T h e o r e t i c a l l y , with s i g n a l 
l e v e l s above 1 photoelectron both in-memory and on-target 
integrations w i l l produce the same improvement, since the system 
i s photon shot-noise l i m i t e d . Below t h i s l e v e l , however, on-
target signal integration w i l l produce an improvement that i s 
l i n e a r l y proportional with integration time, compared to square-
root p r o p o r t i o n a l with in-memory i n t e g r a t i o n . This i s so 
because the system i s readout-noise l i m i t e d . Figures 5 and 6 
show the improvement i n S/N with on-target signal integration. 

SPD. The SPD provides no signal gain, and i t s readout noise i s 
limited by i t s thermodynamic (KTC) noise to approximately 700 to 
1200 rms e l e c t r o n s . Considering d e t e c t i o n to be at signal= 5 χ 
rms noise (see SIT section) and an average quantum efficiency of 
50%, the s m a l l e s t detectable s i g n a l i s approximately 10 
photons/diode/scan. For l i g h t signals of short duration (< scan 
time), this detection, obviously does not allow low li g h t l e v e l 
measurements. When long on-target signal integration times are 
p o s s i b l e (see below) low l i g h t l e v e l s i g n a l s can be detected. 
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Figure 5. Line profile of the Hg line (546 nm). Detector is the same as in Figure 1. The on-
target signal integration was 16.67 ms. 

Figure 6. Line profile of Hg line (546 nm) (as in Figure 5) with a signal integration of 1.67 s. 
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The SPD, because of i t s excellent spectral response, geometric, 
electronic, and radiometric s t a b i l i t y , low readout lag, and low 
blooming characteristics, i s an ideal detector for applications 
requiring adequately wide dynamic range with short- and long-
term s t a b i l i t y , e.g., s t a t i c and dynamic spectrophotometry. 
Because the SPD i s b a s i c a l l y a p r e a m p l i f i e r / r e a d o u t noise 
limited device, i t s overall noise (counts) remains very low even 
at i t s f u l l s i g n a l capacity. For example, with a 14 b i t A/D 
converter (16,384:1) the associated noise (including photon shot 
noise) f o r a f u l l ADC range s i g n a l i s only approximately 4 
counts rms. I f dark charge i s kept low, a S/N > 4000 can be 
achieved with such signals. Indeed, SPD detection systems are 
able to achieve photometric p r e c i s i o n l e v e l s b e t t e r than 10"" 
AU. 

Dynamic Range 

SIT &. ISIT. Under the d e f i n i t i o n of dynamic range as the r a t i o 
of the largest readable signal to the rms noise of the detection 
system, there are actually at least four kinds of dynamic range 
values. We w i l l confine our discussion to the following three 
types of dynamic range. 

Si n g l e channel dynamic range i s u s u a l l y equal to the 
dynamic range of the A/D converter used, since readout noise i s 
a r b i t r a r i l y set equal to one d i g i t a l count. A range of 16,384:1 
(14 bits) i s easily achieved for this range which describes the 
maximum and minimum signal each channel can measure. 

Intraspectral dynamic range i s the r a t i o of the largest and 
smallest input signals that can be simultaneously measured i n a 
s i n g l e scan (regardless of the length of s i g n a l i n t e g r a t i o n 
time). This d e f i n i t i o n i s one of the l e a s t understood. There 
are a v a r i e t y of reasons why t h i s range i s s u b s t a n t i a l l y l e s s 
than 16,384:1; f o r example: (a) Stray l i g h t r e f l e c t e d from the 
i n t e n s i f i e r enclosure can obscure low l e v e l s i g n a l s , (b) High 
dark current and/or background s i g n a l s upon which the analyte 
s i g n a l i s superimposed can reduce t h i s form of dynamic range. 
Even though both a r t i f a c t s can be a c c u r a t e l y subtracted, the 
noise associated with them can cause obscuration of the signal. 
For example: i f an analyte s i g n a l with an i n t e n s i t y of 9 
photoelectrons/scan i s superimposed on a l i n e wing of an 
adjacent line with a signal magnitude of 91 photpelectrons/scan, 
the S/N f o r the analyte s i g n a l i s 9 / (91+9) 1 / 2 = 0.9. In the 
absence of the line wing, the net S/N = 3. 

Memory dynamic range depends on the size of the available 
memory. Of course, very wide d i g i t a l memories can be used to 
store very large s i g n a l values, i.e., the r e s u l t of on-target 
and in-memory readout modes. Depending on the noise of the 
signal and detector, the optimal memory width can be selected, 
but a minimum range of 10 :1 i s useful. 
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ISPD. The ISPD provides a l i n e a r dynamic range (1-3%) of at 
l e a s t 16,384:1 Ç14 b i t A/D converter). At i l l u m i n a t i o n l e v e l s 
above 4 χ 10 foot candle (with a corresponding output 
brightness of approximately 1 foot lambert), the MCP saturates 
and t h e r e a f t e r has a non- l i n e a r t r a n s f e r c h a r a c t e r i s t i c . 
However, t h i s l e v e l i s way above the A/D converter s a t u r a t i o n 
level and has no implications on low li g h t level spectroscopy. 

SPD. The dynamic range of SPDs w i l l be discussed i n terms of 
t h e i r s i n g l e channel dynamic range and t h e i r i n t r a s p e c t r a l 
dynamic range. 

Single channel dynamic range i s p r a c t i c a l l y limited by the 
range of a f f o r d a b l e A/D converters that can operate at the 
proper scan r a t e s . With 14 b i t A/D converters (16,384:1), 
l i n e a r i t y i s achieved to w i t h i n at l e a s t 2-3% over the e n t i r e 
range. The V a r i a b l e  (2.) 
greatly increases the p r a c t i c a
varying the on-target integration time periods so that high and 
low i n t e n s i t y s i g n a l s can be read with comparable S/N r a t i o s . 
The r e c i p r o c i t y , i.e., the product of s i g n a l i n t e n s i t y and 
signal integration time i s linear within a count range exceeding 
10 : 1 . The VIT technique allows d e t e c t i o n of low l i g h t l e v e l 
s i g n a l s which would otherwise be detectable only by high gain 
d e t e c t o r s , e.g., PMTs or ISPDs. A good example of t h i s 
capability i s given elsewhere i n this book (4). 

The intraspectral dynamic range of the SPD i s affected by a 
certain degree of stray l i g h t , although substantially less than 
the ISPD. Futhermore, since detector heads have t h e i r own 
sealed quartz windows, i t i s possible to use the SPD without i t s 
own quartz window and thus reduce the degree of i n t e r n a l 
r e f l e c t i o n . A d d i t i o n a l l y , i n t e r n a l r e f l e c t i o n s between the 
s i l i c o n target and the detector quartz window can be reduced by 
using off-axis optics. 

Signal Storage Capability 

SIT ISIT. Storage time of SITs depends only on the dark 
charge l e v e l , which depends on the detector temperature. At 
room temperature, a storage time of 1-2 seconds i s t y p i c a l . At 
dry-ice temperature, 20-50 minutes of storage time are possible. 

ISPD. Storage time depends on c o o l i n g temperature. For long 
s t o r a g e p e r i o d s the MCP must a l s o be c o o l e d to reduce 
spontaneous photoemission. However, cooling of the photocathode 
w i l l reduce the red response of the photocathode. 

SPD. Signal storage time i s small unless the detector i s cooled 
to below -50 °C (30-60 minutes). 
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Lag 

SIT & ISIT. V i d i c o n d e t e c t o r s r e q u i r e some time to adjust to 
large v a r i a t i o n s i n s i g n a l magnitude because of readout 
discharge l a g , i.e., incomplete readout of s i g n a l i n a s i n g l e 
scan. A c t u a l l y , b e t t e r than t h e o r e t i c a l (based on shot noise) 
S/N performance i s achieved i n cv (continuous wave) operation 
because lag causes signal averaging. However, discharge lag i s 
a d i s t i n c t disadvantage i n s i n g l e shot measurements. The 
presence of lag means that at l e a s t 5-10 scans are required to 
read a l l the charge off the target. This i s not a problem when 
high repetition rate pulses, i.e., a few per second or more, are 
measured. 

ISPD. The SPD readout device i s p r a c t i c a l l y discharge l a g -
free. Any lag of the ISP
the output phosphor (althoug
the e l e c t r i c a l response time of the channels becomes an 
important factor). As explained with the SIT (under discharge 
lag), slow phosphor decay time w i l l have l i t t l e e f f e c t on the 
a c c u r a c y of measurements of s i n g l e pulses or with high 
r e p e t i t i o n rate pulses or cw. I t becomes a problem, however, 
with low repetition rate pulses where each pulse i s superimposed 
on the decay t a i l of the preceding pulse. F o r t u n a t e l y , the 
phosphor decay time decreases s i g n i f i c a n t l y as the excitation 
(measured) pulse becomes shorter. Decay time i s also affected by 
the energy l e v e l of the pulse and by the g r a n u l a r i t y of the 
phosphor. I t seems, however, that f o r short pulses < 1 Us, 
decay time may not become an accuracy l i m i t i n g factor. 

SPD. When high quality devices are used, readout lag of SPDs i s 
very small for li g h t levels below the capacitance saturation of 
the diodes, i.e., approximately 2 χ 10 photons/diode. Above 
that l i g h t l e v e l , charge d i f f u s e s to the substrate and a few 
array scans may be necessary to f u l l y read i t o f f the t a r g e t . 
I t i s i n t e r e s t i n g to note that the v i d i c o n lag i s due to 
incomplete readout of small signals, whereas the reverse i s true 
f o r SPDs. 

Blooming 

SIT &, ISIT. Blooming w i l l occur when diodes are saturated, i.e., 
s i g n a l w i l l s p i l l over to adacent diodes. This i s p a r t i a l l y 
reduced by the e l e c t r i c a l i s o l a t i o n between adjacent diodes. 
Another phenomenon with s i m i l a r r e s u l t s i s h a l a t i o n or l i g h t 
r e f l e c t e d back to the photocathode from the target (the 
photocathode i s semi-transparent). This i s , i n essence, a stray 
l i g h t phenomenon that produces an halo around high i n t e n s i t y 
spectral l i n e s . 
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ISPD. Blooming problems are very s m a l l and s i m i l a r to those 
discussed for the SPD (see below), i.e., blooming i s limited to 
charge o v e r s p i l l to adjacent diodes only, once the capacitance 
l e v e l (approximately 8 χ 10 e l e c t r o n s ) i s exceeded. Stray 
energy radiation problems have been previously discussed. 

SPD. With q u a l i t y devices, blooming seems to be confined to 
adjacent diodes, i.e., upon saturation of a diode, signal charge 
w i l l p a r t i a l l y s p i l l over to the nearest unsaturated diode. 
Localized blooming i s essential in order to maintain an adequate 
spa t i a l resolution across the array and to e f f i c i e n t l y u t i l i z e 
the VIT readout technique, i.e., the smaller the blooming, the 
s m a l l e r the e f f e c t of high l e v e l s i g n a l s on near-by low l e v e l 
signals. 

Long Term S t a b i l i t y 

SIT &. ISIT. Long-term s t a b i l i t y i s possible, but d i f f i c u l t , to 
achieve. I n s t a b i l i t i e s w i l l occur as a r e s u l t of temperature 
v a r i a t i o n s . Examples of parameters affected by environmental 
c o n d i t i o n s and whose v a r i a b i l i t y w i l l degrade d e t e c t o r 
performance are: target dark charge, c o i l operation, magnetic 
interference with c o i l operation, i n s t a b i l i t i e s i n high voltage 
supply which cause v a r i a t i o n s i n focusing and d i s t o r t i o n , 
v a r i a t i o n s i n cathode voltage which a f f e c t readout and lag 
parameters, etc. In general, the l a r g e r the number of set-up 
parameters, the greater the i n s t a b i l i t y . 

ISPD. Good long term s t a b i l i t y provided that the MCP has not 
been previously exposed to high l e v e l illumination and that the 
SPD i s accurately thermostated. 

SPD. Long term r a d i o m e t r i c s t a b i l i t y i s good. Geometric 
s t a b i l i t y i s unaffected by e x t e r n a l p e r t u r b a t i o n s , e.g., 
magnetic f i e l d , and i s always the same. E l e c t r i c a l s t a b i l i t y 
depends on the design of the preamplifier and signal processing 
electronics and i s usually not a problem. In the past, long i n -
memory integration periods r e s u l t e d i n output separation i n t o 
four spectra (for each phase); t h i s has not been observed with 
the new (SPD) detector head (Princeton Instruments, Inc., Model 
RY-512). Long term b a s e l i n e s t a b i l i t y depends on c o o l i n g and 
precision thermostating, and can be maintained at or below the 
level of photon-shot noise. 

Distortion 

SIT &. ISIT. Subject to pin cushion d i s t o r t i o n (see above). 

ISPD. E l e c t r o s t a t i c i n t e n s i f i c a t i o n has a maximum d i s t o r t i o n 
(pin-cushion) of approximately 5%. Proximity i n t e n s i f i e r s have 
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no geometric d i s t o r t i o n . M a g n i f i c a t i o n ratios (input/output) 
can vary from detector to detector i n the 0.9 to 1.04 range. 

SPD. SPD arrays have no geometric d i s t o r t i o n . V a r i a t i o n i n 
r e s o l u t i o n , response, dark charge, p a t t e r n noise, etc. are 
random across the array. 

Modulation Transfer Function 

SIT &. ISIT. Pin cushion d i s t o r t i o n (see above) r e s u l t s i n a 
variation of the modulation transfer function across the target 
of the detector with a maximum d i s t o r t i o n present i n the 
periphery. 

ISPD. T y p i c a l MTF values f o r MCPs are as f o l l o w s ( l p = l i n e 
p a i r ) : 

lp/mm proximity e l e c t r o s t a t i c 

2.5 86% 90% 

7.5 58% 60% 

15 20% 25% 

The MTF of the SPD i s substantially better than that of the MCP 
in t e n s i f i e r s and therefore contributes l i t t l e to the overall MTF 
of the ISPD. 

Variable Dimensions 

SIT ISIT. The dimensions of the SIT and ISIT are fixed. 

ISPD. A 40 mm MCP can be coupled to a 25 mm SPD (1024 elements) 
through a 40/25 mm format reducing o p t i c a l - f i b e r coupler and 
thereby result in a proportional increase in the spectral window 
of the detector. 

SPD. Format reducing o p t i c a l - f i b e r couplers, e.g., 40 mm to 25 
mm, can be used as spectrum demagnif i e r s . Such devices can 
increase the spectral coverage of an SPD at the s a c r i f i c e of UV 
response. UV-to-visible chemical converters can be deposited on 
the input o p t i c a l - f i b e r f a c e p l a t e , but a c e r t a i n degree of 
l a t e r a l c r o s s - t a l k c o u l d r e s u l t i n a d e t e r i o r a t i o n i n 
r e s o l u t i o n . F l e x i b l e bundles of coherent (imaging) o p t i c a l -
fibers can be used to bind together (side by side) any number of 
SPDs i n a contiguous manner. This can allow an adaptability of 
SPDs to any focal plane and any spectral coverage required. 
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Variable Scan Time 

SIT &. ISIT, V a r i a t i o n of scan time i s p o s s i b l e w i t h i n a 
reasonable range, i.e., lowest portion limited by discharge lag, 
highest portion by dark charge level. Variations between 20-
200 ys are easily achieved. 

ISPD. Rather than vary the scan time, i t i s preferable to vary 
the on-target i n t e g r a t i o n time. This can be conveniently 
accomplished over the range from 16 ms to 120 seconds (with 
c o o l i n g to -10 °C). 

SPD. Scan time can be v a r i e d from a few KHz to a few MHz, but 
v a r i a t i o n of scan time through adjustment of exposure time i s 
advantageous. 

Conclusions 

The primary purpose of t h i s paper has been to provide a 
convenient reference f o r researchers who are i n t e r e s t e d i n 
applying OIDs f o r l o w - l i g h t l e v e l spectroscopy and who need a 
source of d e t a i l e d i n f o r m a t i o n about these devices to enable 
them to select the proper detector for a particular application. 

This paper has presented an in-depth comparison of four 
optoelectronic image devices with 25 performance c r i t e r i a . In 
using the guidelines presented in this paper for the selection 
of a particular OID for low-light level applications, one should 
divide the various c r i t e r i a discussed into two categories based 
on the p a r t i c u l a r a p p l i c a t i o n under c o n s i d e r a t i o n . The f i r s t 
category should include those c r i t e r i a which are of paramount 
importance for the particular application. The other category 
should include those c r i t e r i a which are of secondary importance 
i n the p a r t i c u l a r a p p l i c a t i o n . Care should be taken at t h i s 
stage to avoid mutually exclusive situations. For example, i t 
w i l l be d i f f i c u l t to find a detector which is sensitive to very 
low-light levels and i s simultaneously immune to light shocks. 
Based on the p a r t i c u l a r c r i t e r i a i d e n t i f i e d i n the f i r s t 
category, a p a r t i c u l a r OID may emerge as being the most 
s a t i s f a c t o r y f o r the given a p p l i c a t i o n . A l t e r n a t i v e l y , no 
clear-cut winner may emerge from the comparison which may mean 
that the s e l e c t i o n of a p a r t i c u l a r OID may not be c r i t i c a l to 
the given application or that the current state-of-the-art OIDs 
are unable to meet the requirements of the experiment. 

It should be clear from the discussion of the performance 
c r i t e r i a of OIDs that no one detector i s best s u i t e d f o r a l l 
p o s s i b l e s p e c t r o s c o p i c a p p l i c a t i o n s . P r oper s e l e c t i o n , 
t h e r e f o r e , depends on an in-depth understanding of detector 
characteristics as discussed i n this paper. Fortunately, there 
are already a d i v e r s i t y of OIDs a v a i l a b l e and more are being 
developed. This i s a r a p i d l y changing area and second-
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generation devices with improved performance specifications are 
being continually developed. Therefore, i f current state-of-the-
art devices are not satisfactory for a given application, i t may 
not be much longer before improved devices are developed. 
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The Silicon-Intensified Target Vidicon Detector 
Operation, Characterization, and Application 
in Atomic Spectroscopy Research 

JOHN W. OLESIK1 and JOHN P. WALTERS2 

University of Wisconsin-Madison, Madison, WI 53706 

In this paper w
the s i l i c o n intensified target (SIT) vidicon, 
describing what we conclude to be the 
spectroscopically most important properties of the 
detector. We provide experimental evaluation of 
the SIT vidicon characteristics including 
two-dimensional image fidelity; channel-to-channel 
and pixel-to-pixel response as a function of 
position on the detector; and temporal resolution 
and gating. We illustrate how these unique 
properties enhance our ability to make 
spectroscopic measurements while at the same time 
impose limitations on the use of the SIT vidicon. 
We describe a variety of experiments which 
employed an SIT vidicon detection system for atomic 
spectroscopy with various degrees of spatial and 
temporal resolution. 

The s i l i c o n i n t e n s i f i e d t a r g e t (SIT) v i d i c o n has a number of 
unique p r o p e r t i e s which make i t a v a l u a b l e d e t e c t o r f o r atomic 
s p e c t r o s c o p y . The SIT v i d i c o n p r o v i d e s two-dimensional 
p h o t o e l e c t r i c d e t e c t i o n w i t h h i g h s e n s i t i v i t y and r a p i d s i g n a l 
readout. Time r e s o l u t i o n can be o b t a i n e d i n a t i m e - r e s o l v e d 
( r e a l time) mode on the m i l l i s e c o n d s c a l e and i n a time-gated 
( e q u i v a l e n t time) mode on the submicrosecond s c a l e . 

C o u p l i n g an SIT v i d i c o n d e t e c t o r w i t h an o n - l i n e computer 
f o r d e t e c t o r c o n t r o l , experiment s y n c h r o n i z a t i o n , d a t a 
a c q u i s i t i o n and da t a p r o c e s s i n g r e s u l t s i n a po w e r f u l and 
f l e x i b l e d e t e c t i o n system. The f l e x i b i l i t y r e s u l t s from the 
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so f t w a r e c o n t r o l of the speed of s i g n a l a c q u i s t i o n , s p e c t r a l 
r e s o l u t i o n , p h o t o m e t r i c a c c u r a c y , exposure t i m e , s p a t i a l 
r e s o l u t i o n , and temporal r e s o l u t i o n . Complete commercial 
systems i n c l u d i n g an SIT v i d i c o n d e t e c t o r , d e t e c t o r c o n t r o l l e r , 
h i g h v o l t a g e p u i s e r f o r time g a t i n g , and a computer, i n c l u d i n g 
s o f t w a r e , are a v a i l a b l e . The P r i n c e t o n A p p l i e d Research 
C o r p o r a t i o n (PARC) OMA I I system was used i n these s t u d i e s , 
mounted i n the f o c a l plane of a one meter McPherson model 2051 
monochromator. 

Whil e the SIT v i d i c o n d e t e c t i o n system p r o v i d e s unique and 
e x c i t i n g s p e c t r o s c o p i c d e t e c t i o n c a p a b i l i t i e s , i n h e r e n t 
l i m i t a t i o n s of v i d i c o n d e t e c t i o n prevent i t from r e p l a c i n g o t h e r 
d e t e c t o r s such as ph o t o g r a p h i c e m u l s i o n s , p h o t o m u l t i p l i e r t u b e s , 
or l i n e a r photodiode a r r a y s . R a t h e r , the SIT v i d i c o n i s 
complementary t o the more t r a d i t i o n a l s p e c t r o s c o p i c d e t e c t o r s . 

Operation of the SI

A l t h o u g h the o p e r a t i o n of v i d i c o n d e t e c t o r s has been d e s c r i b e d 
elsewhere (_l-_4), we b r i e f l y summarize i t h e r e s i n c e the 
v i d i c o n components and o p e r a t i o n a f f e c t the c h a r a c t e r i s t i c s of 
the SIT v i d i c o n as a s p e c t r o s c o p i c d e t e c t o r . S i m i l a r to o t h e r 
imaging d e t e c t o r s , the s i l i c o n v i d i c o n i s made up of t h r e e main 
components. A t r a n s d u c e r c o n v e r t s t h e photon s p e c t r a l image 
to i t s c o r r e s p o n d i n g e l e c t r i c a l a n a l o g . I n the s i l i c o n v i d i c o n 
the s i l i c o n t a r g e t performs t h i s f u n c t i o n w h i l e i n the s i l i c o n 
i n t e n s i f i e d t a r g e t v i d i c o n , shown i n F i g u r e 1, the s c i n t i l l a t o r 
and photocathode a c t as the t r a n s d u c e r . The s i l i c o n t a r g e t 
a c t s as a s t o r a g e d e v i c e f o r t h e e l e c t r i c a l a n a l o g of the 
s p e c t r a l image. The t a r g e t i s b u i l t on an η-type s i l i c o n 
wafer which s e r v e s as a common cathode. P-type semiconductor 
anodes are grown on the w a f e r , a p p r o x i m a t e l y e i g h t microns 
a p a r t . The v i d i c o n s i g n a l i s a c q u i r e d by an e l e c t r o n beam, 
t w e n t y - f i v e microns i n d i a m e t e r , w h i c h a c t s as the r e a d i n g 
d e v i c e . 

The o p e r a t i o n of a s i l i c o n v i d i c o n c o n s i s t s of p r e p a r a t i o n , 
exposure, development and r e a d i n g s t e p s . The t a r g e t i s r e s t o r e d 
to an e q u i l i b r i u m p o t e n t i a l by sca n n i n g the e l e c t r o n beam t o 
charge the p-type i s l a n d s t o a n e g a t i v e p o t e n t i a l , e r a s i n g 
p r e v i o u s l y s t o r e d images. The η-type s u b s t r a t e i s h e l d a t 
ground p o t e n t i a l , r e s u l t i n g i n a r e v e r s e d - b i a s e d diode 
c o n d i t i o n . T h i s prepares the t a r g e t f o r exposure by p r o d u c i n g a 
d e p l e t i o n l a y e r which a c t s as a s t o r a g e c a p a c i t o r . 
P h o t o e l e c t r o n s imaged on the t a r g e t produce e l e c t r o n - h o l e p a i r s . 
The h o l e s d i f f u s e through the d e p l e t i o n l a y e r i n t o the p-type 
i s l a n d s , d i s c h a r g i n g the c a p a c i t o r s . The development s t e p i s 
performed by sca n n i n g the t a r g e t w i t h the e l e c t r o n beam, the 
v i d i c o n analog t o a ph o t o g r a p h i c d e v e l o p e r . The change i n 
c u r r e n t due t o r e c h a r g i n g of each c a p a c i t o r i s a m p l i f i e d t o 
become the v i d e o s i g n a l . S i n c e t h i s c u r r e n t i s p r o p o r t i o n a l t o 
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the amount of c a p a c i t o r r e c h a r g i n g n e c e s s a r y t o r e a t t a i n the 
e q u i l i b r i u m p o t e n t i a l , and the c a p a c i t o r s are d i s c h a r g e d i n 
p r o p o r t i o n t o the number of p h o t o e l e c t r o n s , the r e c h a r g i n g 
c u r r e n t i s p r o p o r t i o n a l t o the i n c i d e n t l i g h t i n t e n s i t y . The 
v i d e o s i g n a l i s d i g i t i z e d and s t o r e d i n the computer random 
access memory and/or d i s p l a y e d on a CRT. 

The i n t e n s i f i e r stage i n c r e a s e s the s e n s i t i v i t y of the SIT 
v i d i c o n over an u n i n t e n s i f i e d s i l i c o n v i d i c o n d e t e c t o r . The 
p h o t o e l e c t r o n s are a c c e l e r a t e d and e l e c t r i c a l l y f o c u s e d onto the 
t a r g e t by an e l e c t r o s t a t i c f i e l d of seven to n i n e k i l o v o l t s . 
A p p r o x i m a t e l y 1500 e l e c t r o n - h o l e p a i r s are produced f o r each 
e l e c t r o n which s t r i k e s the s i l i c o n t a r g e t . However, because the 
photocathode has a much lower quantum e f f i c i e n c y than the 
s i l i c o n t a r g e t , the p h o t o s i g n a l g a i n of the SIT v i d i c o n i s o n l y 
a p p r o x i m a t e l y two hundred times t h a t of the u n i n t e n s i f i e d 
s i l i c o n v i d i c o n (_3) an
r e g i o n . The s e n s i t i v i t
has been compared (_5) t o a 1P28 p h o t o m u l t i p l i e r tube 
i n t e g r a t e d s i g n a l . The SIT v i d i c o n s e n s i t i v i t y was found t o be 
s i m i l a r t o a 1P28 p h o t o m u l t i p l i e r tube from 400 t o 600 nm, 
somewhat more s e n s i t i v e from 600 to 800 nm and a p p r o x i m a t e l y 
twenty times l e s s s e n s i t i v e from 200 t o 400 nm. With.the new 
s c i n t i l l a t o r i n the OMA I I system, the d i f f e r e n c e i n s e n s i t i v i t y 
i n the u l t r a v i o l e t r e g i o n i s f i v e t o t e n times l e s s than the 
1P28 PMT. The s c i n t i l l a t o r i s nece s s a r y because of the o t h e r w i s e 
poor response below 400 nm, due m a i n l y t o l o s s e s i n the f i b e r 
o p t i c f a c e p l a t e . The f i b e r o p t i c f a c e p l a t e i s neces s a r y because 
a curved s u r f a c e i s r e q u i r e d f o r e l e c t r o s t a t i c imaging i n the 
i n t e n s i f i e r s e c t i o n ( 6 0 o f t h e SIT v i d i c o n tube. 

The SIT v i d i c o n d e t e c t i o n can be gated by c o n t r o l l i n g the 
i n t e n s i f i e r stage i n a manner s i m i l a r t o a t r i o d e tube i n the 
grounded g r i d c o n f i g u r a t i o n (7_) . A n e g a t i v e v o l t a g e p u l s e 
(-500 to -1200 v o l t s ) i s a p p l i e d to the photocathode t o t j i r n the 
tube on. The o n / o f f g a t i n g r a t i o o f t h e d e t e c t o r i s 10 t o 
10 . 

Control of the SIT v i d i c o n . R e g i o n s o f t h e v i d i c o n t a r g e t 
to be read o u t , and t h e r e f o r e the s p e c t r a l and/or s p a t i a l r e g i o n s 
to be observed, are c o n t r o l l e d by scanning of the e l e c t r o n beam. 
In the PARC OMA I I system the e l e c t r o n beam scanning i s under 
s o f t w a r e c o n t r o l . A 500 χ 500 a r r a y of p o s i t i o n s on the v i d i c o n 
t a r g e t ( p i x e l s , or p i c t u r e e l e m e n t s ) c a n be randomly addressed 
and r e a d . I n d i v i d u a l r e g i o n s of the t a r g e t to be read o u t , 
c a l l e d t r a c k s , a r e d e f i n e d by a number of c h a n n e l s (columns 
of p i x e l s ) of a chosen h e i g h t , y. A frame c o n s i s t s of one 
readout scan of the s e l e c t e d number of t r a c k s . 

The exposure t i m e i s d e t e r m i n e d by t h e c h a n n e l t i m e , the 
time the e l e c t r o n beam take s t o read each c h a n n e l , the number of 
channels read o u t , the number of channels grouped t o g e t h e r as 
one r e s o l u t i o n e l e m e n t , and t h e number of scans which a re 
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accumulated. The exposure time can a l s o be c o n t r o l l e d by a 
s o f t w a r e - c o n t r o l l e d d e l a y b e f o r e the t a r g e t i s re a d . However, 
c o o l i n g of the v i d i c o n i s r e q u i r e d f o r d e l a y times of more than 
100 ms as d i s c u s s e d below. 

V i d i c o n Components E f f e c t on Detec t i o n 

The most obvious l i m i t a t i o n of v i d i c o n d e t e c t o r s i s the s m a l l 
d e t e c t o r a r e a . T y p i c a l l y , the SIT v i d i c o n d e t e c t o r area i s 
12.5 by 12.5 mm. However, the u s e f u l d e t e c t o r a r e a may be 
f u r t h e r l i m i t e d by d i s t o r t i o n which i s most severe near the 
edges of the d e t e c t o r , as w i l l be d i s c u s s e d below. I f a 
polychromator w i t h a d i s p e r s i o n of 0.83 nm/mm i s used, a 
wavelength range of 10 nm can be monitored when the f u l l 
w i d t h of the v i d i c o n i s used. 

S i l i c o n t a r g e t . The
of the e l e c t r i c a l s i g n a l image r e s u l t s i n an i n t e g r a t i n g d e t e c t o r 
s e n s i t i v e t o energy r a t h e r than power. The t a r g e t i s the main 
source of dark c u r r e n t and l i m i t s the o n - t a r g e t s t o r a g e time t o 
app r o x i m a t e l y one hundred m i l l i s e c o n d s a t room temperature (V). 
The s t o r a g e time can be i n c r e a s e d t o up t o two hours by c o o l i n g 
the d e t e c t o r (_9 ,_10 ). However, c o o l i n g i s i n c o n v e n i e n t due t o 
the s i z e of the v i d i c o n d e t e c t o r ( i n comparison t o a photodiode 
a r r a y , f o r example). Some c o m m e r c i a l l y a v a i l a b l e c o o l e r s a r e 
c o n s t r u c t e d so t h a t the f o c a l plane of the polychromator used 
must be t h r e e i n c h e s o u t s i d e of where the c o o l e r and v i d i c o n are 
at t a c h e d t o the polychromator housing o f t e n r e q u i r i n g a 
s p e c i a l l y designed polychromator or a d d i t i o n a l o p t i c s . T h i s i s 
due t o the need t o i n s u l a t e the v i d i c o n c o o l e r and prevent 
f r o s t i n g of the window between the polychromator and the 
v i d i c o n . C o o l i n g a l s o r e s u l t s i n s u b s t a n t i a l l y i n c r e a s e d l a g , 
which i s d i s c u s s e d below. 

Because the t a r g e t r a t h e r than the photocathode i s the main 
dark c u r r e n t s o u r c e , the dark c u r r e n t s i g n a l i s independent of 
the gate w i d t h used. The random n o i s e component of the dark 
c u r r e n t can l i m i t the d e t e c t a b i l i t y of l i g h t s i g n a l s . M u l t i p l e 
scans o r asynchronous a v e r a g i n g i n c r e a s e s d e t e c t a b i l i t y and 
s i g n a l - t o - n o i s e (_10 as shown i n F i g u r e 2. 

Blooming. M i g r a t i o n o f c h a r g e on t h e s i l i c o n t a r g e t and, 
more i m p o r t a n t l y , use of e l e c t r o n beam readout r e s u l t s i n 
blooming, or c r o s s t a l k , between c h a n n e l s . The c r o s s t a l k i n the 
PARC s u p p l i e d SIT v i d i c o n i s s p e c i f i e d (8) t o be l e s s than 
60% between a c e n t r a l channel and each of i t s two n e i g h b o r s . 
Table I shows the measured blooming from a c e n t r a l channel t o 
nearby c h a n n e l s . 

Blooming l i m i t s the r e s o l u t i o n o b t a i n a b l e w i t h v i d i c o n 
d e t e c t o r s . For example, i f an atomic l i n e w i t h a 0.02 nm l i n e 
w i d t h i s observed through a polychromator w i t h 0.83 nm/mm 
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Figure 2. Vidicon detected, copper hollow cathode spectra showing an increase in signal-
to-noise ratio as the detection time and number of readout scans is increased. 

Key: A, signal from a single readout scan (detection time, 16.6 ms); B, signalfrom 10 readout scans (detection 
time, 166 ms); C, signalfrom 100 readout scans (detection time, 1.66 s); and D, signalfrom 1000 readout scans 
(detection time, 16.6 s). The Y axes for all spectra are in arbitrary intensities units. The spectral lines observed 
are: 1, 329.30 nm; 2, 329.77 nm; 3, 330.80 nm; and 4, 331.13 nm. Detector conditions were: 80 μ$/channel 

readout; 500 channels read out; 10 prep scans before each spectrum was obtained; and delta Y - 100. 

Table I . Blooming i n SIT v i d i c o n . * 

Channel from I n t e n s i t y Percentage of c e n t e r 
c e n t e r channel i n t e n s i t y 

0 19935 100.0% 
+ 1 10435 52.3 
- 1 11133 55.8 
+ 2 2481 12.4 
- 2 2360 11.8 
+ 3 624 3.1 
- 3 622 3.1 
+ 4 251 1.3 
- 4 399 2.0 
+ 5 92 0.4 
- 5 346 1.7 
+ 6 62 0.0 
- 6 185 0.1 
+ 7 43 0.0 
- 7 99 0.0 

* Blooming was measured by u s i n g an i r o n h o l l o w cathode lamp 
s o u r c e , a 20 m i c r o n entrance s l i t on a McPherson 1 meter Czerny-
Turner polychromator used i n f i r s t o r d e r . The 352.126 nm i r o n I 
l i n e was c e n t e r e d on a s i n g l e channel (X = 230). F i v e hundred 
c h a n n e l s , each 80 p i x e l s h i g h (Y = 210 t o 290) were monitored 
i n PARC t i m i n g mode 1 and scan mode 1 (n o r m a l ) . One hundred 
readout scans were performed a f t e r two p r e p a r a t i o n scans w i t h a 
20 microsecond/channel readout time. (Other channel times of 
40, 60, 80, 100, 120 and 140 microseconds were a l s o used w i t h 
s i m i l a r blooming r e s u l t i n g . ) 
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d i s p e r s i o n , the measured h a l f - w i d t h of the l i n e w i l l be 
a p p r o x i m a t e l y 0.06 nm, due t o the 60% c r o s s t a l k to n e i g h b o r i n g 
c h a n n e l s . T h i s e f f e c t w i l l be much l e s s s evere f o r s i g n a l s w i t h 
l a r g e r l i n e w i d t h s . Blooming occurs i n both dimensions so t h a t 
i f the second dimension of the v i d i c o n d e t e c t o r i s used f o r 
s p a t i a l r e s o l u t i o n , i t too w i l l be l i m i t e d by s i g n a l blooming. 
The e f f e c t s of blooming are most severe when a weak s i g n a l of 
i n t e r e s t i s observed near an i n t e n s e s i g n a l or when l a r g e 
changes i n i n t e n s i t y occur over s h o r t image d i s t a n c e s . 

Lag due to incomplete s i g n a l readout from the target. 
When the e l e c t r o n beam scans over the t a r g e t , the s i g n a l i s not 
c o m p l e t e l y read out i n a s i n g l e pass. T h i s phenomenon, c a l l e d 
d i s c h a r g e l a g , i n a s i m p l i s t i c v iew, i s due t o the r e s i s t a n c e of 
the r e a d i n g e l e c t r o n beam, c a p a c i t a n c e of the s i l i c o n t a r g e t , and 
the c a p a c i t i v e recharg
depends on t h e s i g n a l i n t e n s i t
c a p a c i t a n c e i s a f u n c t i o n of the charge p r e s e n t on i t . The 
percentage of the s i g n a l read out i n each pass i s a f u n c t i o n of 
the d w e l l t i m e , or the time the readout beam spends at each 
p i x e l , the e l e c t r o n beam c u r r e n t ( L2) , and the r e l a t i o n s h i p 
between the t a r g e t and beam v o l t a g e s . S i n c e the scan r a t e i s 
c o n t r o l l e d by the readout time per c h a n n e l , the d w e l l time i s a 
f u n c t i o n of the channel time and the number of p i x e l s making up 
each channel : 

d w e l l time = channel time / p i x e l s per c h a n n e l . 

The l a g was measured f o r a number of d i f f e r e n t d w e l l t i m e s . The 
r e s u l t s a r e shown i n F i g u r e 3. 

Lag l i m i t s the r a t e a t which the v i d i c o n t a r g e t can be read 
out, and t h e r e f o r e , the time r e s o l u t i o n a t t a i n a b l e i n the 
t i m e - r e s o l v e d , or r e a l - t i m e , mode. A p p r o x i m a t e l y 30 s p e c t r a of 
500 channels each can be a c q u i r e d i n a one-second p e r i o d . 
S p e c t r a can be o b t a i n e d more r a p i d l y i f the s i z e of the t a r g e t 
r e g i o n scanned, and t h e r e f o r e the wavelength range m o n i t o r e d , 
are reduced. 

With p u l s e d or t r a n s i e n t i l l u m i n a t i o n , l a g a l s o r e s u l t s i n a 
n o n l i n e a r d e t e c t o r response to i n c i d e n t l i g h t i n t e n s i t y . The 
e f f e c t s of l a g on the l i n e a r i t y of d e t e c t o r response can be 
reduced by u s i n g m u l t i p l e readout s c a ns , l o n g d w e l l t i m e s , both 
r e s u l t i n g i n l o n g e r r e a d o u t t i m e s , o r o t h e r schemes (13,14, 
I D · 

The v i d i c o n can be c o o l e d i n o r d e r t o reduce the t h e r m a l l y 
generated dark c u r r e n t , a l l o w i n g l o n g i n t e g r a t i o n times t o 
monitor weak s i g n a l s . However, l a g i s g r e a t l y i n c r e a s e d when the 
d e t e c t o r i s c o o l e d . As a r e s u l t , e r a s u r e of p r e v i o u s images and 
t a r g e t p r e p a r a t i o n becomes extremely i m p o r t a n t . The e f f e c t s of 
l a g can be minimized by u s i n g p r e i l l u m i n a t i o n . I n commercial 
c o o l e d h o u s i n g s , a l i g h t e m i t t i n g diode (LED) i s p o s i t i o n e d near 
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Figure 3. Relative integrated signal showing the effect of lag as a function of dwell time 
controlled by channel time. Each channel consisted of500 pixels (delta Y- 500). Signal is 
due to a single pulse of a Xe strobe lamp (General Radio, 1539-A Stroboslave). Light was 
detected in zero order with a 20^m entrance slit. Dwell time: o, 40 ns; •, 80 ns; A, 160 ns; 

and o, 240 ns. 
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the v i d i c o n f a c e . The LED i s f l a s h e d t o c o m p l e t e l y d i s c h a r g e the 
s i l i c o n diodes i n order t o t o t a l l y erase p r e v i o u s images. 
Readout scans are then used t o prepare the t a r g e t f o r 
exposure. A l t e r n a t i v e l y , the e l e c t r o n beam p o t e n t i a l can be 
s h i f t e d between the p r e p a r a t i o n and r e a d i n g p o t e n t i a l l e v e l s t o 
r e d u c e t h e e f f e c t s o f l a g ( 1 3 , 1 4 , 1 5 ) . 

E l e c t r o s t a t i c image intensifier» The i n t e n s i f i e r stage of 
the SIT v i d i c o n i n c r e a s e s s e n s i t i v i t y through e l e c t r o n g a i n and 
p r o v i d e s time g a t i n g c a p a b i l i t y . V a r i a b l e g a i n i s p o s s i b l e by 
adjustment of the cathode v o l t a g e . However, e l e c t r o s t a t i c 
f o c u s i n g of the i n t e n s i f i e d image i n t r o d u c e s l o s s e s i n 
r e s o l u t i o n and s e n s i t i v i t y near the t a r g e t edges due t o 
p i n c u s h i o n d i s t o r t i o n (JJ>_,r7) o f t h e image. The d i s t o r t i o n 
a l s o r e s u l t s i n a n o n l i n e a r wavelength a x i s when an SIT v i d i c o n 
i s p l a c e d at the f o c a l p l a n
n o n l i n e a r i t y of 2 t o 3
e q u a t i o n generated r e l a t i n g the channel number t o wavelength. 
The s o f t w a r e f o r g e n e r a t i o n of the channnel t o wavelength 
f u n c t i o n i s i n c l u d e d i n the PARC OMA I I system. 

Image f i d e l i t y when the SIT v i d i c o n i s used i n the 
c o n t i n u o u s mode was t e s t e d by imaging a one-hundred t w e n t y - f i v e 
m i c r o n s c r e e n , b a c k l i t by a copper h o l l o w cathode lamp, on a 
0.5 mm wide en t r a n c e s l i t of the one-meter Czerny-Turner 
monochromator. The t w e n t y - f i v e c e n t i m e t e r f o c a l l e n g t h q u a r t z 
imaging l e n s was p o s i t i o n e d f o r one t o one m a g n i f i c a t i o n at 
327.4 nm. The r e s u l t i n g image at the f o c a l p l a ne was d e t e c t e d 
p h o t o g r a p h i c a l l y and w i t h the SIT v i d i c o n as shown i n F i g u r e 4. 
D i s t o r t i o n near the c e n t e r of the v i d i c o n t a r g e t i s l e s s than 
f i f t y microns (2 c h a n n e l s ) . However as l a r g e r channel 
h e i g h t s are used d i s t o r t i o n i n c r e a s e s as shown i n F i g u r e 5 and 
Table I I . The d i s t o r t i o n i s due t o a change i n m a g n i f i c a t i o n 
which causes a skewing of s p e c t r a l l i n e s toward the o u t s i d e of 
the t a r g e t a t l a r g e channel h e i g h t s , as shown i n F i g u r e 6. 

I n the time-gated mode the d i s t o r t i o n due t o the e l e c t r o n 
imaging i s more se v e r e . F o c u s i n g of the p h o t o e l e c t r o n s i n the 
SIT v i d i c o n i s a f u n c t i o n of the gate p u l s e w i d t h and v o l t a g e . 
T h e r e f o r e , f o r each new time g a t e - w i d t h the gate p u l s e v o l t a g e 
must be r e o p t i m i z e d . F o c u s i n g i s a l s o s e n s i t i v e t o the i n c i d e n t 
l i g h t i n t e n s i t y l e v e l f o r s h o r t g a t e w i d t h s ( 7 , 1 8 ) . The 
r a t i o of photocathode v o l t a g e t o gate v o l t a g e c o n t r o l s the 
e l e c t r o n image f o c u s i n g and m a g n i f i c a t i o n . As a r e s u l t , s evere 
p i n c u s h i o n d i s t o r t i o n o c c u r s when the gate time i s of the same 
magnitude as the r i s e and f a l l times of the gate p u l s e or when 
the gate p u l s e has r i n g i n g o r a s l o p i n g v o l t a g e (7). The 
e f f e c t on the observed spectrum w i l l be most severe i f the 
i n c i d e n t l i g h t p u l s e i s l o n g e r than the gate w i d t h . The e f f e c t 
at s h o r t gate times can be minimized by m o d i f i c a t i o n of the 
g a t i n g c i r c u i t (7_) o r c o m b i n i n g an o p t i c a l g a t e , such as a 
P o c k e l s c e l l , w i t h the e l e c t r o n i c g a t e of the SIT v i d i c o n ( 1 8 ) . 
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CHANNEL (X) 

Figure 5. Continuous (nongated)
of the image of emission lines from an iron hollow cathode lamp. 

T a b l e I I . D i s t o r t i o n of the SIT v i d i c o n d e t e c t e d image 
i n the contin u o u s (nongated) mode.* 

X (Channel) 

Y 

75-125 

29 111 157 265 374 414 468 
Y 

75-125 -5 -2 -2 -1 + 1 +3 +5 
125-175 -2 0 0 0 0 0 +1 
175-225 0 + 1 0 0 0 0 +1 
325-375 -4 -1 -2 -1 0 -1 0 
375-425 -8 -5 -4 -1 0 0 + 1 
425-475 -13 -9 -7 -2 + 1 + 1 +2 

* An i r o n h o l l o w cathode lamp source was used. A one meter 
monochromator (McPherson 2051) was used w i t h a 20 micr o n 
e n t r a n c e s l i t . Each spectrum was a c q u i r e d w i t h a scan h e i g h t 
( d e l t a Y) of 50. Below are l i s t e d the d i f f e r e n c e s between 
observed channel of peak i n t e n s i t y and the channel of peak 
i n t e n s i t y f o r the c e n t e r e d (Y = 225-275) scan. 
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Figure 6. The effect of pincushion distortion on detected spectra. Key: A, spectrum 
obtained reading out the center 2.4 mm (delta Y- 100) of the vidicon target; B, spectrum 
obtained reading out the center 7.2 mm (delta Y- 300); and C, spectrum obtained reading 

out the complete 12.5 mm (delta Y - 500). 
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W h i l e the severe p i n c u s h i o n d i s t o r t i o n was expected at s h o r t 
gate times (100 ns or l e s s ) , and has been r e p o r t e d e a r l i e r 
( 18), we a l s o observed s e v e r e p i n c u s h i o n d i s t o r t i o n at l o n g e r 
gate t i m e s . T h i s d i s t o r t i o n was observed w i t h a spark d i s c h a r g e 
l i g h t source w i t h a d u r a t i o n of a p p r o x i m a t e l y one-hundred 
microseconds and t o a l e s s e r e x t e n t w i t h a helium-neon l a s e r 
s o u r c e . The d i s t o r t i o n was most severe w i t h a one-microsecond 
gate and l e s s s evere at l o n g e r and s h o r t e r gate w i d t h s , as shown 
i n F i g u r e 7. A f t e r c o n s i d e r a b l e e f f o r t and i n v e s t i g a t i o n we 
have been unable t o i d e n t i f y the cause of t h i s d i s t o r t i o n or t o 
reduce i t . 

U s i n g the PARC OMA I I system the p u i s e r duty c y c l e i s 
l i m i t e d t o 0.1% i n the 10 nsec t o 99.9 microsecond range. The 
duty c y c l e i s l i m i t e d to 1.0% i n the 1 microsecond t o 999 
microsecond range. T h e r e f o r e , when a on e - h a l f microsecond gate 
w i d t h i s used, the maximu
on e - h a l f m i l l i s e c o n d gat
be on o n l y t w i c e per second. 

Channel-to-channel and p i x e l - t o - p i x e l response. V a r i a t i o n i n 
c h a n n e l - t o - c h a n n e l and p i x e l - t o - p i x e l response was measured 
u s i n g an Ε G & G model 590 c a l i b r a t e d , c o n t i n u o u s source lamp 
system. While changes i n response a c r o s s the t a r g e t were w e l l 
w i t h i n the +/- 10% range s p e c i f i e d by PARC w i t h i n the c e n t e r 
10 mm χ 10 mm a r e a (400 c h a n n e l s ) of the t a r g e t , t h e r e was a 
d e f i n i t e dependence of both s p e c t r a l response and c h a n n e l - t o -
channel response p r e c i s i o n on s p a t i a l p o s i t i o n , as seen i n 
F i g u r e 8. 

P i x e l - t o - p i x e l v a r i a t i o n was measured at χ = 150 and 250 on 
the SIT t a r g e t among 10 p i x e l s at each χ p o s i t i o n . R e l a t i v e 
s t a n d a r d d e v i a t i o n s i n the i n t e n s i t i e s were found t o be 3.3% and 
3.5% r e s p e c t i v e l y . 

A t r a d e o f f between the s e n s i t i v i t y i n the c e n t e r of the 
d e t e c t o r and the u n i f o r m i t y a c r o s s the d e t e c t o r can be made 
(14) by a d j u s t i n g the image i n t e n s i f i e r f ocus v o l t a g e and the 
e l e c t r o n gun f o c u s v o l t a g e (gun f o c u s i n g g r i d G3 and image 
f o c u s i n g g r i d s as shown i n F i g u r e 1 ) . For the measurements shown 
i n F i g u r e 8 the f o c u s i n g v o l t a g e s were a d j u s t e d f o r an optimum 
co m b i n a t i o n of s e n s i t i v i t y and u n i f o r m i t y of s e n s i t i v i t y . 

Any changes i n réponse from c h a n n e l - t o - c h a n n e l can be 
compensated by n o r m a l i z i n g each spectrum a c q u i r e d u s i n g a 
s t a n d a r d spectrum s t o r e d i n the computer memory. As a r e s u l t , 
changes i n response of the o p t i c a l system, such as g r a t i n g 
e f f i c i e n c y or d e t e c t o r response can be compensated i f known or 
c a l i b r a t e d . 

Examples of Experiments Employing SIT V i d i c o n Detection 

We have used the SIT v i d i c o n d e t e c t i o n system i n a number of 
s e p a r a t e experiments. D e t e c t i o n requirements i n these 
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Figure 7. Distortion detected for the gated 
SIT-vidicon spark-excited spectra at gate 
times near 1 μ$. Key to detection gate width: 

A, 6.0 μ*; Β, 1.0 μ*; and C, 0.1 μ*. 
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Figure 8. Variation in channel-to-channel response (A) and channel-to-channel response 
precision (B) with position on the SIT vidicon. 

The light source was a calibrated, continuum source lamp (EG &G model590). The polychromator was used in 
zero order, and the grating was rotated so that the image of the entrance slit was centered on the channel of 
interest. A frosted glass diffuser was placed in the optical path to ensure even illumination along the slit height. 
Each value of average signal (A ) was obtainedfrom 10 consecutive channels each of300pixels. Each signal was 
acquired with 100 readout scans at 60 μί/channel while continuously illuminating the entrance slit. Measured 

precision (B) was obtained from the relative standard deviation of the 10 consecutive channel signals. 
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experiments ranged from time i n t e g r a t e d over twenty seconds and 
space i n t e g r a t e d over two m i l l i m e t e r s t o time gated to 
submicrosecond p e r i o d s and s p a t i a l l y r e s o l v e d t o one-hundred 
m i c r o n s . Reasons f o r cho o s i n g the v i d i c o n d e t e c t o r d i f f e r e d 
f o r each experiment and showed the f l e x i b i l i t y of the 
v i d i c o n - b a s e d d e t e c t i o n system. 

Time and space i n t e g r a t e d s p e c t r a . A t l e a s t t h r e e 
d i f f e r e n t experiments i n our l a b o r a t o r i e s have used the time and 
space i n t e g r a t e d mode of SIT v i d i c o n d e t e c t i o n . The 
s i g n a l - t o - b a c k g r o u n d r a t i o of spark e x c i t e d e m i s s i o n due t o 
f e r r o u s a l l o y samples was measured at a v a r i e t y of spark 
d i s c h a r g e c u r r e n t s and r e p e t i t i o n ^ a t es (J^9 ,^Ο) . For t h i s 
experiment the dynamic r a n g e of 10 , t h e a b i l i t y t o d e t e c t 
c l o s e l y spaced wavelengths, and the d a t a p r o c e s s i n g power of the 
system w i t h o n - l i n e compute
choose i n t e r n a l s t a n d a r
t h i s d e t e c t i o n mode. The r a p i d s i g n a l r e c o v e r y and computer d a t a 
p r o c e s s i n g c h a r a c t e r i s t i c s of the v i d i c o n w i t h o n - l i n e computer 
d a t a a c q u i s i t i o n made the v i d i c o n w e l l s u i t e d to t h i s 
experiment. I n a t h i r d s e t of experiments, the v i d i c o n d e t e c t o r 
was used t o observe e m i s s i o n from a s p a r k - f e d microwave plasma 
( 2 2 ) . Here the h i g h s e n s i t i v i t y of t h e SIT v i d i c o n a l l o w e d 
use of s h o r t exposure times ( l e s s than t e n seconds compared t o 
two t o f i v e minutes f o r SA-1 p h o t o g r a p h i c p l a t e s or an 
u n i n t e n s i f i e d d i ode a r r a y ) . The a b i l i t y t o d e t e c t a range of 
wavelengths s i m u l t a n e o u s l y made the v i d i c o n the d e t e c t o r of 
c h o i c e r a t h e r than a s i n g l e channel p h o t o m u l t i p l i e r tube based 
d e t e c t i o n system. Short exposure times and d e t e c t i o n of a 
number of s p e c t r a l l i n e s were e s s e n t i a l due to the t r a n s i e n t 
n a t u r e of the e m i s s i o n s i g n a l s . 

Time-resolved (swept) s p e c t r a . The s c a n n i n g r e a d o u t of 
the v i d i c o n t a r g e t was used t o o b t a i n t i m e - r e s o l v e d s p e c t r a . The 
s p a r k - e x c i t e d e m i s s i o n due t o f e r r o u s a l l o y s shows a 
c h a r a c t e r i s t i c t r a n s i e n t b e h a v i o r (23_,_24) . U s i n g the 
v i d i c o n , s p e c t r a over a 10 nm wavelength range were 
observed w i t h time r e s o l u t i o n of a p p r o x i m a t e l y one second, as 
shown i n F i g u r e 9. The time b e h a v i o r of s e l e c t e d s i g n a l s can be 
g r a p h i c a l l y d i s p l a y e d i n h i s t o g r a m form a f t e r the s p e c t r a a r e 
a c q u i r e d and s t o r e d i n random access memory (RAM) or on d i s k . 
The sampled s p e c i e s e m i s s i o n i n c r e a s e s , peaks and f a l l o f f w i t h 
time w h i l e the argon plasma e m i s s i o n i s c o n s t a n t throughout as 
shown i n F i g u r e s 9 and 10. 

The time r e s o l u t i o n i s under s o f t w a r e c o n t r o l w i t h 
programmable d e l a y s of t h r e e t r a c k times t o 3000 seconds between 
a c q u i r e d s p e c t r a . The lower l i m i t i s due to the l a g phenomenon 
d i s c u s s e d above. The number of s p e c t r a which can be a c q u i r e d i s 
l i m i t e d by the computer memory space and the number of channels 
used. I n the OMA I I system w i t h o p t i o n a l a d d i t i o n a l memory, 
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Fe 383.42 nm / \ ^ Ar 385.06 nm 

Figure 9. Time-resolved spectra showing the transient emission from a train ofstable spark 
discharges with a mild steel sample. Each spectrum was obtained by adding successive 
readout signals for a 1-s period. Emission lines observed were: 1, Fe(I) 382.59 nm; 2, Fe(I) 
382.78 nm;3, Fe(I)383.42nm;4, Fe(I)384.04and384.11 nm;5, Ar(II)385.06nm;6, Fe(I) 

385.64 nm; 7, Fe(I) 385.99 nm; and 8, Ar(II) 387.22 nm. 
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Figure 10. Histogram of Ar(II) 385-nm plasma emission (left) and Fe(I) 383.42-nm 
sampled species emission (right) as a function of time. 
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e i g h t e e n 500 channel s p e c t r a can be s t o r e d i n RAM i n double 
p r e c i s i o n mode or t h i r t y - s i x i n s i n g l e p r e c i s i o n mode. I f the 
number of channels i s reduced, d e c r e a s i n g the wavelength range 
m o n i t o r e d , or channels are grouped t o g e t h e r , r e d u c i n g the 
s p e c t r a l r e s o l u t i o n , the number of s p e c t r a which can be a c q u i r e d 
i s i n c r e a s e d a c c o r d i n g l y . I f the time between s p e c t r a i s l o n g 
enough (3.5 seconds) f o r t r a n s f e r of the d a t a from RAM t o d i s k 
the number of s p e c t r a which can be a c q u i r e d i s l i m i t e d o n l y by 
the d i s k s t o r a g e space ( t y p i c a l l y one hundred 500 channel 
s p e c t r a on an e i g h t i n c h diameter d i s k ) . 

Detection with two-dimensional r e s o l u t i o n . The f u l l 
power of v i d i c o n d e t e c t i o n i s r e a l i z e d when both dimensions are 
used i n a r e s o l v e d mode. An example (14) i s use of one 
dimension f o r wavelength r e s o l u t i o n by mounting the v i d i c o n at 
the f o c a l p l ane of a polychromato
dimension f o r time r e s o l u t i o
e f f e c t s of v i d i c o n l a g and blooming r e s u l t e d i n e r r o r s i n the 
measurement of f l u o r e s c e n c e l i f e t i m e s , i f u n c o r r e c t e d ( 14). 
F l u o r e s c e n c e measurements have been made (25) u s i n g the 
two-dimensional n a t u r e of the v i d i c o n by d i s p e r s i n g e x c i t a t i o n 
l i g h t a l o n g one d i r e c t i o n and f l u o r e s c e n c e e m i s s i o n a l o n g the 
second d i r e c t i o n , i m p r o v i n g the a b i l i t y to a n a l y z e 
m u l t i c o m p o n e n t m i x t u r e s (2_6,2_7) by f l u o r e s c e n c e 
s p e c t r o s c o p y . 

L i g h t sources such as f l a m e s , spark or a r c d i s c h a r g e s , and 
i n d u c t i v e l y c o u p l e d plasmas emit r a d i a t i o n which i s s t r o n g l y 
d e p e n d e n t on t h e p o s i t i o n w i t h i n t h e s o u r c e ( 2 8 , 2 9 , 3 0 ) . 
S p e c t r a l or c h e m i c a l i n t e r f e r e n c e s o f t e n show s p a t i a l dependence 
(31 ). The t w o - d i m e n s i o n a l v i d i c o n c a n be used t o p r o v i d e both 
s p e c t r a l and s p a t i a l r e s o l u t i o n s i m u l t a n e o u s l y . The o p t i m a l 
s p a t i a l r e g i o n of the l i g h t source may v a r y depending on the 
s i g n a l of i n t e r e s t . The random-access c a p a b i l i t y of the v i d i c o n 
c o u l d be used t o view d i f f e r e n t r e g i o n s w i t h i n the source f o r 
d i f f e r e n t wavelengths w i t h o u t moving the source or o p t i c s . 

Random-access d e t e c t i o n c a p a b i l i t y . R e g i o n s of the 
v i d i c o n d e t e c t o r t a r g e t t o be read out can be s e l e c t e d under 
s o f t w a r e c o n t r o l . Reading o n l y r e g i o n s of i n t e r e s t r a t h e r than 
the e n t i r e t a r g e t can reduce the time r e q u i r e d between 
a c q u i s i t i o n of s p e c t r a , and t h e r e f o r e i n c r e a s e the temporal 
r e s o l u t i o n . Random-access readout can a l s o reduce the amount of 
RAM s t o r a g e space n e c e s s a r y , thereby i n c r e a s i n g the number of 
s p e c t r a which can be a c q u i r e d and s t o r e d i n memory. A s i n g l e 
r e g i o n of i n t e r e s t or a number of r e g i o n s c o u l d be read out. 

I n one experiment we (_34_) were i n t e r e s t e d i n the 
s p a r k - t o - s p a r k changes i n the e m i s s i o n s p e c t r a . The l i n e s of 
i n t e r e s t were i d e n t i f i e d w h i l e r e a d i n g the e n t i r e 500 c h a n n e l s . 
T h e r e a f t e r o n l y the 60-channel r e g i o n i n c l u d i n g the l i n e s of 
i n t e r e s t were read out. The s p e c t r a are shown i n F i g u r e 11. As 
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Figure 11. Use of the random access capability of the SIT vidicon to detect single-spark 
spectra. 

Key: top, a complete 500 channel spectrum from 240 spark discharges; and bottom, spectra from consecutive 
single spark discharges. Emission lines: I, Ee 292.66 nm; 2, Μ η 293.31 nm; 3, Μη 293.93 nm; 4, Fe 294.44 nm; 5, 
Fe 294.77 nm; 6, Mn 293.31 nm; and 7, Fe 295.38 nm. SIT vidicon parameters (bottom): 20 μ$/channel, 0 prep 
scans, 5 readout scans, delta Y- 100, and readout scans triggered by spark fire trigger pulse. Sparks werefired at 

one break I half cycle (120 Hz). 
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a r e s u l t of u s i n g a 60-channel r e g i o n , f i v e readout scans c o u l d 
be performed, d e t e c t i n g the e m i s s i o n from a s i n g l e spark i n a 
t r a i n of s p a r k s , spaced e q u i v a l e n t l y i n t i m e , f i r e d a t a 
r e p e t i t i o n r a t e of 120 Hz. The readout s c a n n i n g was 
s y n c h r o n i z e d t o the spark f i r i n g by u s i n g the e x t e r n a l s t a r t 
mode of r e a d i n g out the v i d i c o n . The spark f i r i n g p u l s e was 
i n p u t i n t o the v i d i c o n d e t e c t o r c o n t r o l l e r . The f i v e - s c a n 
readout began when the spark f i r e s i g n a l was r e c e i v e d . Each 
scan took 1.2 ms, so the readout was complete b e f o r e the next 
spark i n the t r a i n was f i r e d . 

Blooming can l i m i t the use of the random access readout mode 
(12,35). I f a s t r o n g s i g n a l i s n e a r , b u t o u t s i d e of the 
r e g i o n of the t a r g e t b e i n g read o u t , t h a t s i g n a l w i l l c o n t i n u e 
t o grow d u r i n g the exposure. As the s i g n a l i n c r e a s e s i n s i z e , 
the e f f e c t s of blooming from i t i n t o the r e g i o n of i n t e r e s t are 
i n c r e a s e d as w e l l . ( T h i
each channel shown i n F i g u r
problem i s t o o c c a s i o n a l l y readout the e n t i r e t a r g e t d u r i n g an 
exposure. However, t h i s w i l l r e q u i r e the l o n g e r readout time t o 
scan the e n t i r e t a r g e t . Another way t o reduce the problem i s t o 
use a scan p a t t e r n s l i g h t l y l a r g e r than the r e g i o n of i n t e r e s t 
t o b u f f e r the r e g i o n of i n t e r e s t from blooming due t o s i g n a l s 
o u t s i d e of t h a t a r e a . 

Time-gated s p e c t r a . Time g a t i n g i s i m p o r t a n t when 
s h o r t - t i m e p r o c e s s e s are i n v e s t i g a t e d , such as the s p a r k - e x c i t e d 
e m i s s i o n response t o changes i n the i n s t a n t a n e o u s d i s c h a r g e 
c u r r e n t ( 3 1 , 3 6 - 4 0 ) . Time g a t i n g i s a l s o n e c e s s a r y when a 
s h o r t d u r a t i o n s i g n a l i s d e t e c t e d i n the presence of an i n t e n s e 
c o n t i n u o u s s i g n a l such as s c a t t e r i n g of p u l s e d l a s e r l i g h t from 
a d e n s e p l a s m a ( 1 8 , 4 1 ) . 

A l t h o u g h o p e r a t i o n i n the time-gated mode i n t r o d u c e s 
c o m p l i c a t i o n s such as severe d i s t o r t i o n a t some gate w i d t h s and 
the need t o r e o p t i m i z e the gate p u l s e v o l t a g e f o r each d i f f e r e n t 
gate w i d t h , time-gated s p e c t r a can be o b t a i n e d w i t h o u t o t h e r time 
d i s p e r s e r s such as r o t a t i n g m i r r o r s or o p t i c a l s h u t t e r s . 

We (40) have used t h e t i m e - g a t i n g a b i l i t y of the SIT 
v i d i c o n t o study the s p a r k - e x c i t e d e m i s s i o n response t o 
d i s c h a r g e c u r r e n t and the e v o l u t i o n of s p a r k - e x c i t e d e m i s s i o n as 
sampled m a t e r i a l c r o s s e s the spark gap. Examples of the 
observed s p e c t r a a r e shown i n F i g u r e 12. S p e c t r a o b t a i n e d i n 
t h i s mode are u s e f u l f o r b a s i c i n v e s t i g a t i o n s as w e l l as f o r 
s e l e c t i n g o p t i m a l times f o r d e t e c t i o n . For example, d u r i n g the 
f i r s t p u l s a t i o n of the c u r r e n t waveform, the background and argon 
plasma e m i s s i o n i s h i g h e s t w h i l e e m i s s i o n from sampled s p e c i e s i s 
weak. T h e r e f o r e , the s i g n a l - t o - b a c k g r o u n d r a t i o c o u l d be 
improved s i m p l y by g a t i n g out e m i s s i o n from the e a r l y p o r t i o n of 
the spark d i s c h a r g e . A l s o , the n e u t r a l i r o n e m i s s i o n l i n e s a r e 
modulated by the d i s c h a r g e c u r r e n t , but out of phase w i t h i t 
(4 0 ) . T h e r e f o r e , i f a n e u t r a l i r o n l i n e was the s i g n a l of 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



2. OLESIK AND WALTERS Silicon-Intensified Target Vidicon Detector 51 

DETECTION GATE 

4.8 -6 .8 us 

6 8 - 8 8 us 

8 - 10 /is 

10 - 12 /is 

SPARK CURRENT 

v a l l e y 

r i s i n g 

II.4-13.4 us 

AFTER FIRING SPARK 

Fe I A r II 

p e a k 

f a l l i n g 

v a l l e y 

Figure 12. Time-gated spark-excited spectra (in 10-nm region centered at 385 nm) 
obtained by an SIT vidicon from a mild steel sample at various times during the spark 
current waveform. Vidicon parameters: 20 μ£/ channel, 10 prep scans, 75 readout scans, 

delta Y - 80, and gated mode with 2-μ5 gate time delayed from the spark firing. 
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i n t e r e s t , i t would best be d e t e c t e d d u r i n g the v a l l e y s i n the 
c u r r e n t waveform. 

S p a t i a l l y r e s o l v e d , time-gated s p e c t r a . A number of 
experiments r e q u i r e s p a t i a l l y r e s o l v e d , time-gated d e t e c t i o n . 
The a b i l i t y t o o b t a i n t w o - d i m e n s i o n a l l y r e s o l v e d s p e c t r a l 
i n f o r m a t i o n i s e s p e c i a l l y i m p o r t a n t i n t r a n s i e n t systems such as 
t u r b u l e n t combustion systems or s c a t t e r i n g from i r r e p r o d u c i b l e 
plasma d i s c h a r g e s ( 4 1 ) . The t w o - d i m e n s i o n a l n a t u r e of the 
v i d i c o n i s e s p e c i a l l y u s e f u l f o r experiments such as f l u o r e s c e n c e 
d e t e c t i o n w i t h s p a t i a l r e s o l u t i o n ( 4 2 ) . 

The s p a r k - e x c i t e d e m i s s i o n observed from sampled s p e c i e s i s 
a f f e c t e d by both the movement of m a t e r i a l from the cathode 
a c r o s s the spark gap and the d i s c h a r g e c u r r e n t magnitude and 
d i r e c t i o n (3_1, 36-39 ) . By u s i n g t h e v i d i c o n i n a 
two-dimensional mode w i t
second dimension b e i n g th
coupled w i t h t i m e - g a t i n g , the movement of e m i t t i n g spark-sampled 
m a t e r i a l can be f o l l o w e d . 

W hile t h i s was p o s s i b l e (and w i t h h i g h e r s p e c t r a l , s p a t i a l 
and temporal r e s o l u t i o n ) p h o t o g r a p h i c a l l y as shown p r e v i o u s l y 
( 3 0 , 3 6 - 3 9 ) , d e t e c t i o n w i t h a S I T v i d i c o n a l l o w s h i g h e r 
f l e x i b i l i t y and more r a p i d a c q u i s i t i o n of s p e c t r a l d a t a . 
Examples of d e t e c t e d s p e c t r a are shown i n F i g u r e 13. 

The amount of i n f o r m a t i o n generated i n t h i s experiment i s 
huge and s t o r a g e of t h a t i n f o r m a t i o n can be a problem. 
C e r t a i n l y , the SIT v i d i c o n cannot r e p l a c e p h o t o g r a p h i c emulsions 
i n terms of the amount of i n f o r m a t i o n s t o r e d a t low c o s t . For 
example, u s i n g a s p e c t r o g r a p h w i t h a l i n e a r d i s p e r s i o n of 0.83 
nm/mm, the SIT v i d i c o n views a 10 nm wavelength r e g i o n . To 
o b t a i n s p e c t r a w i t h a s p a t i a l r e s o l u t i o n of 0.1 mm a c r o s s the 2 
mm spark gap, 20 s e p a r a t e 500 channel s p e c t r a must be s t o r e d on 
d i s k . I n o r d e r t o o b t a i n these s p e c t r a a t 10 d i f f e r e n t time 
gates w i t h i n the spark d i s c h a r g e over a 60 nm r e g i o n , 1200 
s e p a r a t e s p e c t r a would be a c q u i r e d . With the OMA I I system used 
i n t h e s e s t u d i e s , 12 e i g h t - i n c h d i s k s would be r e q u i r e d t o s t o r e 
t h i s i n f o r m a t i o n . However, a l l of t h i s i n f o r m a t i o n c o u l d be 
s t o r e d on a s i n g l e 4" by 5" p h o t o g r a p h i c p l a t e . A l s o , due t o 
the blooming and l a r g e s i z e of the p i x e l s of the SIT v i d i c o n i n 
comparison w i t h a f i n e g r a i n p h o t o g r a p h i c e m u l s i o n , such as 
SA-1, the s p e c t r a l and s p a t i a l r e s o l u t i o n a t t a i n a b l e w i t h the 
v i d i c o n would not be as h i g h as t h a t a t t a i n e d w i t h the 
ph o t o g r a p h i c e m u l s i o n . However, an e x t e r n a l means of o b t a i n i n g 
time r e s o l u t i o n , such as a r o t a t i n g m i r r o r , would be r e q u i r e d 
w i t h p h o t o g r a p h i c d e t e c t i o n . A l s o , r e a l time d a t a a c q u i s t i o n 
and d i s p l a y of the d a t a i s not p o s s i b l e p h o t o g r a p h i c a l l y . 
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Figure 13. Spatially resolved, spark-excited spectra with a copper sample were obtained by 
using the two-dimensional detection capabilities of the SIT vidicon. Each spectrum was 
obtained from an approximately 120-μm-high spatial region along the spark interelectrode 
axis. The width of the spatial region viewed was approximately 35-μm wide. Emissionfrom 
1.0 to 1.3 μ$ after spark firing was monitored by gating the SIT vidicon intensifier. Vidicon 
parameters: 20 μ$/ channel, 5 prep scans, 100 readout scans, and 15 tracks each with a delta 
Y=4. Emission lines detected: l,Ar(II) 324.37 nm; 2, Cu(I) 324.76 nm; 3, Ar(II);4, Cu(I) 
327.40nm;5, Ar(III)328.59nm;6, Ar(II)329.36and329.39nm;and7, Ar(III)330.19nm. 
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The SIT v i d i c o n i s a unique and u s e f u l s p e c t r o s c o p i c 
d e t e c t o r . Among the most im p o r t a n t p r o p e r t i e s of the SIT v i d i c o n 
are two-dimensional d e t e c t i o n , h i g h s e n s i t i v i t y , and r a p i d 
s i g n a l r e c o v e r y . The f l e x i b i l i t y of the SIT v i d i c o n d e t e c t i o n 
system i s a r e s u l t of the n a t u r e of the s i g n a l readout and i t s 
c o m p a t i b i l i t y w i t h an o n - l i n e computer f o r c o n t r o l , d a t a 
a c q u i s i t i o n , and d a t a p r o c e s s i n g and i s v a l u a b l e f o r r e s e a r c h 
and o t h e r n o n r o u t i n e a p p l i c a t i o n s . T h i s f l e x i b i l i t y a l l o w s the 
d e t e c t o r t o be used i n a number of modes and w i t h v a r i o u s 
degrees of temporal and s p a t i a l r e s o l u t i o n as demonstrated by 
the a p p l i c a t i o n s d e s c r i b e d i n t h i s paper. 

However, the SIT v i d i c o n i s l i m i t e d by blooming, l a g , 
d i s t o r t i o n , a s m a l l d e t e c t i o n a r e a , and h i g h c o s t . As a r e s u l t , 
the SIT v i d i c o n w i l l no
ph o t o g r a p h i c e m u l s i o n s
photodiode a r r a y s . I n s t e a d , the SIT v i d i c o n i s complementary to 
the o t h e r s p e c t r o s c o p i c d e t e c t o r s . A l s o , as w i t h a l l d e t e c t o r s , 
s p e c t r o s c o p i s t s u s i n g the SIT v i d i c o n must be aware of i t s 
d e t e c t i o n and imaging c h a r a c t e r i s t i c s s i n c e these a f f e c t the 
d e t e c t e d s p e c t r a , sometimes i n a s u b t l e manner. 
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3 
Wide Dynamic Range Array Detector 
for Absorbance and Rotation Spectrometry 

PETER J. A IELLO1 and CHRISTIE G. E N K E 2 

Department of Chemistry, Michigan State University, East Lansing, MI 48824 

Photodiode detectors have a limited dynamic range 
relative to a photomultiplie  tube  Sensitivit  (i
terms of intensity
integration time, but the integration time for all 
diodes in array detector is the same for any given 
scan, and all portions of a spectrum are acquired 
within the same limited dynamic range. However, the 
results of scans taken at varying times can be 
combined to produce a data set with inproved dynamic 
range. A microprocessor-controlled system for the 
automatic sequencing of detector integration time and 
the storage of only the optimum readings is described. 
An improvement in dynamic range of 215 times that for 
a single integration time is theoretically possible, 
but in most systems, stray light and dark current will 
limit the practical dynamic range attainable. 

Introduction and Review 

Over the past decade, there has been considerable development 
in imaging type detectors for the measurement of u l t r a v i o l e t (UV) 
and v i s i b l e l i g h t . These new detectors have a t t r a c t e d the 
i n t e r e s t of a number of a n a l y t i c a l s p e c t r o s c o p i s t s . For 
absorption spectroscopy, a n a l y t i c a l chemists have t r a d i t i o n a l l y 
used such instruments as the photometer, which uses a narrow-band 
l i g h t source (for example the 254 nm emission l i n e from a low 
pressure Hg lamp or a continuous source with a f i l t e r ) , a sample 
c e l l and a p h o t o m u l t i p l i e r tube (PMT) as the detector. While 
u s e f u l f o r many s p e c i f i c a p p l i c a t i o n s , the single-wavelength 
photometer cannot d e t e r m i n e m u l t i p l e sample components 
simultaneously cr provide a general absorbance characterization of 
the system. When information at multiple wavelengths i s desired, 

1Current address: Merck and Co., Inc., W1-10 Sumneytown Pike, West Point, PA 19486. 
2Author to whom correspondence should be directed. 
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a continuous source (such as a tungsten lamp) and a d i s p e r s i v e 
element (a prism or grating) i s used. The dispersive element i s 
mechanically r o t a t e d to vary the wavelength of l i g h t passed 
through a fixed exit s l i t . This selected monochromatic l i g h t beam 
then passes through the sample c e l l and i s detected by a PMT. 
Spectrometers of t h i s type maintain the s i n g l e photometer's 
c h a r a c t e r i s t i c s of wide dynamic range of absorbance, good 
s e n s i t i v i t y and rapid, linear response. In addition, they provide 
a continuous variation i n the wavelength sampled with a r e l a t i v e l y 
high degree of r e s o l u t i o n i n wavelength s e l e c t i o n . Despite the 
g r e a t c o n v e n i e n c e and a n a l y t i c a l power of the s c a n n i n g 
spectrophotometer, i t has two characteristics which are l i m i t i n g 
in a number of areas of application. F i r s t , by sampling over only 
a narrow range of the dispersed l i g h t at any given time, i t makes 
i n e f f i c i e n t use of the op t i c a l information available and thus i t 
prolongs the necessar
wavelength must be physicall
m u l t i p l e wavelengths, t h i s data i s acquired at d i f f e r e n t times. 
This l i m i t s i t s a p p l i c a b i l i t y i n s i t u a t i o n s where the sample's 
o p t i c a l properties are changing, p a r t i c u l a r l y i f the rate of such 
changes i s an object of the measurement. 

An obvious improvement i n both these l i m i t a t i o n s could be 
achieved with simultaneous m u l t i p l e wavelength d e t e c t i o n . Of 
course, one would l i k e to have such capability without s a c r i f i c i n g 
high resolution of wavelength selection, wide dynamic range and 
good s e n s i t i v i t y at a l l wavelengths, l i n e a r response, good 
geometric s t a b i l i t y , no stray l i g h t , r a p i d response and r a p i d 
electronic readout. Unfortunately, no currently available multi-
wavelength spectrometer has a l l these desirable properties. 

Several spectrometers have been developed which use multiple 
detectors arranged i n the focal plane of the dispersing element, 
thus achieving multi-wavelength detection. Multiple detectors are 
a v a i l a b l e i n a v a r i e t y of types and s p a t i a l geometries. These 
types of detectors include: the photographic p l a t e , m u l t i p l e 
PMTTs (direct reader), the image dissector, the s i l i c o n vidicon, 
the charge-coupled device, the c h a r g e - i n j e c t i o n device, and the 
photodiode array. The number of photosensitive elements i n these 
detectors can vary from j u s t a few to many thousands and these 
elements can be arranged l i n e a r l y or in a two-dimensional array. 
As the number of elements increases, greater wavelength resolution 
i s p o s s i b l e . When a l i n e a r array i s placed i n the f o c a l plane, 
each element detects a different wavelength region. This i s also 
true for two-dimensional arrays as the spectrometer entrance s l i t 
image i s focused on a separate row of detectors f o r each wave
length region, and the s i g n a l from a l l elements i n each row are 
averaged together. The two-dimensional array, however, has 
another advantage i n that i t can be used f o r two-dimensional 
a p p l i c a t i o n s such as E s c h e l l e g r a t i n g and streak camera images. 
Both l i n e a r and two-dimensional arrays are a v a i l a b l e w i t h 
p h o t o s e n s i t i v e elements of various dimensions. In general, the 
larger the element, the greater the dynamic range; the smaller the 
element, the greater the resolution. The ideal element dimensions 
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would match those of the spectrometer s l i t ; i.e., narrow and t a l l 
for the best resolution and dynamic range* A discussion of a few 
types of multi-channel detectors, i n c l u d i n g a summary of t h e i r 
advantages and disadvantages follows. 

The f i r s t multi-wavelength detector used was the photographic 
p l a t e . I t has several advantages: r e l a t i v e l y easy channel 
i d e n t i f i c a t i o n , simple operation, low cost, integration over t o t a l 
exposure time, and a v a i l a b i l i t y i n a wide v a r i e t y of p h y s i c a l 
dimensions. Its disadvantages include limited dynamic range, non
l i n e a r response, d i f f i c u l t c a l i b r a t i o n and a very slow data 
r e t r i e v a l procedure. Another type of multichannel detector i n use 
is called the direct reader. This instrument uses multiple PMT^s 
arranged across the f o c a l plane of a polychromator (1_). Many 
desirable characteristics are maintained through the use of the 
PMT d e t e c t o r s ; however, the number of channels f o r a reasonably 
s i z e d instrument i s severel
arranged at wavelength
applications. 

An early electronic scanning spectrometer u t i l i z e d an image 
dissector as the detector (2). An image dissector i s an electron 
m u l t i p l i e r which i s s e n s i t i v e to a small, e l e c t r o n i c a l l y 
selectable region of a r e l a t i v e l y large photocathode. The image 
d i s s e c t o r tube o f f e r s advantages such as high r e s o l u t i o n , the 
absence of broadening e f f e c t s of intense s p e c t r a l l i n e s and the 
c a p a b i l i t y of s i n g l e photon counting (3.). However, even though 
electronic wavelength scanning can be much faster than mechanical 
scanning, the image dissector does not provide simultaneous wave
length detection and l i g h t impinging on the unsampled area of the 
photocathode i s l o s t . The s i n g l e l a r g e s t a p p l i c a t i o n of image 
d i s s e c t o r tubes i s the measurement of l o w - l i g h t l e v e l s i n 
astronomy (4). 

The s i l i c o n v i d i c o n (SV) has been w i d e l y used as a 
spectrometric detector. The development and characterization of 
vidicon spectrometers has been described i n many recent papers (5-
11). The l i g h t - s e n e i t i v e surface of a v i d i c o n tube i s a two 
dimensional array of t y p i c a l l y 500 by 500 p i x e l s ( p i c t u r e 
elements). Absorbed photons reduce the charge stored i n the 
pixel. The charge i s restored by an electron beam focused on and 
scanned across the reverse side of the diode surface. The 
measured charging current at each p i x e l i s p r o p o r t i o n a l to the 
charge l o s t which i s i n turn r e l a t e d to the l i g h t i n t e n s i t y 
integrated over the interval between scans. Advantages of the SV 
i n c l u d e h i g h s c a n n i n g speed and l a r g e number of p i x e l s . 
Disadvantages are serious, however. Wide dynamic range i s not 
achievable at maximum resolution because blooming (adjacent p i x e l 
c r o s s - t a l k ) causes s p e c t r a l l i n e broadening. S e n s i t i v i t y to UV 
l i g h t i s low and incomplete readout or lag can be as high as 10% 
of the charge. For low l i g h t l e v e l spectroscopy a s i l i c o n 
i n t e n s i f i e d target tube (SIT) i s used. With the SIT, as with the 
PMT, the s e n s i t i v i t y and s p e c t r a l response are dependent on the 
choice of photocathode material. The SIT has been compared to the 
PMT for the measurement of transient fluorescent signals and has 
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been proven to provide comparable s i g n a l to noise r a t i o s (S/N) 
(12,13). 

Charge-Coupled Devices (CCD) are s o l i d state imaging devices. 
These contain up to 500 χ 500 p i x e l s which provides moderate 
resolution. Lower resolution CCD's are less expensive than other 
s o l i d state imaging devices (14,1,5). High can speeds are 
possible, the response i s linear, and the dynamic range i s about 
1000. One si g n i f i c a n t feature of the frame transfer type of CCD 
detector i s that a l l elements of the array i n t e g r a t e i n t e n s i t y 
during e x a c t l y the same time frame. The i n t e g r a t i o n period i s 
terminated by simultaneously transferring the integrated intensity 
s i g n a l s to an a n a l o g s h i f t r e g i s t e r from which they a r e 
subsequently read out s e r i a l l y . Unfortunately, blooming and lag 
do occur i f saturation i s attained. S e n s i t i v i t y is below that of 
a typical s i l i c o n device, in the UV region of the spectrum. 

The c h a r g e - i n j e c t i o
device i n the developmenta
(16). One of these i s i t s c a p a b i l i t y of nondestructive readout. 
With this capability, blooming ( s t i l l a problem i f saturation i s 
attained) can be avoided by periodically scanning the array i n a 
nondestructive readout mode. This mode can determine which pixels 
are near saturation. These pixels can then be selectively sampled 
i n the normal destructive mode so that saturation i s avoided while 
adjacent p i x e l s with low i n c i d e n t l i g h t i n t e n s i t y can continue 
i n t e g r a t i n g . Another unique c a p a b i l i t y i s that the i n t e g r a t e d 
c i r c u i t i s f a b r i c a t e d to allow random addressing of p i x e l s . 
Therefore, faster readout speeds can be achieved i f only a subset 
of the pixel information i s required for a particular application. 

The c h a r a c t e r i s t i c s of s i l i c o n photodiode (SPD) arrays have 
been discussed i n many recent papers (17-24). Over the l a s t few 
years, self-scanned linear SPD arrays have been used for a number 
of a n a l y t i c a l spectrochemical measurements (25-33). These arrays 
(called linear diode arrays or LDA) are currently available with 
up to 4096 photodiodes. I t has been shown that LDA's have 
superior blooming and lag performance when compared to most other 
i maging type d e t e c t o r s (19,22), T h i s a l l o w s the s i g n a l 
i n t e g r a t i n g c a p a b i l i t y of the array to become a very powerful 
asset. Since blooming does not occur, one can allow s e v e r a l 
photodiodes to saturate while adjacent photodiodes can integrate 
low l i g h t level signals. E.G.&G. Reticon (34) has made available 
LDA's s p e c i f i c a l l y designed f o r spectroscopy. These arrays are 
self-scanned and provide real-time electronic readout with up to 
1024 diodes. Each photodiode i s a s l i t - s h a p e d 25 ym wide by 2.5 
mm high. This r e l a t i v e l y large active area gives a dynamic range 
of up to 10,000 and the narrow width allows f o r e x c e l l e n t 
wavelength r e s o l u t i o n . Although the arrays are much l e s s 
s e n s i t i v e than the PMT, u s e f u l measurements can be made over a 
region from 200 to 1000 nm. When improved s e n s i t i v i t y i s needed, 
an electron m u l t i p l i e r type image i n t e n s i f i e r can be used. These 
image i n t e n s i f i e r s use an array of e l e c t r o n m u l t i p l i e r s i n a 
structure called a microchannel plate (MCP). Each channel in the 
MCP can provide a gain of up to s i x orders of magnitude (35). 
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Complete MCP's can be stacked to provide even higher gains. For 
response i n the vacuum u l t r a - v i o l e t spectral region (50-200 nm) a 
SSANACON, self-scanned anode array with microchannel p l a t e 
e l e c t r o n m u l t i p l i e r , has been used (3 6). T h i s i n v o l v e s 
photoelectron m u l t i p l i c a t i o n through two MCP^s, c o l l e c t i o n of the 
electrons d i r e c t l y on aluminum anodes and readout with standard 
diode array c i r c u i t r y . In cases where analyte concentrations are 
well above conventional detection l i m i t s , multi-element analysis 
w i t h m u l t i - c h a n n e l d e t e c t o r s by atomic emission has been 
demonstrated to be quite feasible (37). Spectral source p r o f i l i n g 
has al s o been done with photodiode arrays (27,29.31). In 
molecular spectrometry, imaging type detectors have been used i n 
s p e c t r o p h o t o m e t r y , s p e c t r o f l u o m e t r y and chemiluminescence 
(23,24,26,33). These detectors are often employed to monitor the 
output from an HPLC or GC (13,38,3£,40). 

Automatic Optimization

As indicated i n the previous section, one of the most severe 
limitations of current imaging detectors is their dynamic range. 
The Reticon "S" series photodiode arrays have been shown to have a 
dynamic range of about 10,000 (22,34) f o r a s i n g l e i n t e g r a t i o n 
t ime. The c o n v e n t i o n a l s i n g l e c h a n n el d e t e c t o r , the 
p h o t o m u l t i p l i e r tube (PMT), exceeds t h i s dynamic range by more 
than 2 orders of magnitude. In order to extend the dynamic range 
of SPD detectors, the in t e g r a t i o n time (time between successive 
readings) can be varied. When SPD's are arranged i n an array, the 
integration time for each diode i s the time between the i n i t i a t i o n 
of s e q u e n t i a l scans of the array. Thus the i n t e g r a t i o n time i s 
unavoidably i d e n t i c a l f o r each diode i n the array f o r any given 
scan. In most ana l y t i c a l spectroscopy applications, however, no 
single integration time i s optimum for every element (wavelength) 
i n the array. Herein i s described a s o l u t i o n to t h i s problem 
which involves a c q u i r i n g s u c c e s s i v e s p e c t r a a t i n c r e a s i n g 
integration times so that data taken at the optimum integration 
time for each photodiode i s available. 

The i n t e g r a t i n g c a p a b i l i t y of the l i n e a r diode array i s 
achieved by charge i n t e g r a t i o n , a technique which enhances the 
signal and averages the noise. This i s very useful as the signal 
to noise r a t i o (S/N) under many conditions increases l i n e a r l y with 
the i n t e g r a t i o n time, whereas S/N enhancement by averaging 
replicate measurements increases only with the square root of the 
number of scans averaged (41,42). Therefore, the maximum 
resolution and S/N are obtained i f each photodiode i s allowed to 
i n t e g r a t e charge u n t i l i t nears s a t u r a t i o n . F igure 1 shows 
m u l t i p l e spectra of a quartz halogen lamp taken with a Reticon 
512S LDA at i n t e g r a t i o n times of 5, 10, 20, 50, 200 and 500 ms. 
In each of these spectra, the detector dark current has been 
subtracted out. Because the dark current i s also integrated, the 
saturation level for this integration of light current appears to 
decrease with i n c r e a s i n g i n t e g r a t i o n time. The t o t a l dynamic 
range i s a c t u a l l y decreasing because of the increase i n the 
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i n t e g r a t e d dark current* The spectra shown i n Figure 1 were 
obtained with the detector at room temperature* With the detector 
cooled to l i q u i d nitrogen temperature, the useful maximum integra
tion time i s extended to about 24 h (19). It should also be noted 
t h a t the p r o f i l e s of these s p e c t r a are p r o d u c t s of the 
polychromator transfer coefficient, the lamp spectral output and 
the detector s e n s i t i v i t y at each wavelength* At the shorter 
integration times, the photodiodes detecting the wavelengths above 
500 nm are nearing s a t u r a t i o n . At longer i n t e g r a t i o n times the 
wavelengths near 300 nm are optimized ( h a l f - s c a l e or l a r g e r ) . 
However, this i s achieved at the expense of the information at the 
longer wavelengths which i s now l o s t due to s a t u r a t i o n of those 
photodiodes. In a normal LDA system, spectra are acquired at 
v a r i o u s t r i a l i n t e g r a t i o n times and then data are taken at the 
s i n g l e i n t e g r a t i o n time which i s determined to be the best 
compromise. This usuall
photometric accuracy a
weakest. 

If different integration times are used for successive scans, 
the longest i n t e g r a t i o n time scan w i l l provide the best reading 
for the wavelength where the signal is weakest while the shorter 
integration time scans w i l l give the best reading for those diodes 
that were saturated during the longer times. In our system, as 
shown i n Figure 2, the i n t e g r a t i o n time i s doubled f o r each 
successive scan. The i n i t i a l i n t e g r a t i o n time, T, should be 
chosen such that no photodiode has neared s a t u r a t i o n . If the 
i n t e g r a t i o n time i s doubled η times ( i n Figure 2, n-4), then the 
longest integration time i s 2 n t and the to t a l experimental time, 
T,' w i l l be 

Τ » 2 n + 1 t - t 

This means that data are acquired at the optimum integration 
time f o r each photodiode i n a t o t a l time of approximately twice 
the longest i n t e g r a t i o n time i n the sequence. The optimum 
i n t e g r a t i o n time i s between 47.5% and 95% of s a t u r a t i o n . The 
dynamic range improvement, D, w i l l be 

D = 2( n"" 1) 

assuming the dark current i s negligible at the longest integration 
time used. 

The number of integration time doublings, n, can be increased 
u n t i l e i t h e r a time l i m i t a t i o n imposed by the experiment i s 
reached, or the integrated dark current exceeds 50% of saturation. 
The dark c u r r e n t can be r e d u c e d by c o o l i n g the LDA. The 
thermoelectric coolers used i n our instrument cool the detector to 
a temperature of about -5 C which provides a maximum u s e f u l 
integration time of about 20 s. 

It should be noted that as the integration time i s increased, 
many of the photodiodes may reach s a t u r a t i o n while adjacent 
photodiodes have yet to a t t a i n t h e i r optimum i n t e g r a t i o n time. 
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Figure 1. Spectrum of quartz-iodine lamp at various integration times (in milliseconds). 
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Figure 2. Scanning time sequence for multiple integration time array detector system. 
Each integration time uses all bits in ADC. Key: t, integration time for minimum sensitivity: and n, number of 
integration time doublings (number readings -I). The total timefor η doublings is 2(2nl -1); The dynamic range 

improvement is 2(n ~ Ί 
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This would be a s i g n i f i c a n t problem i n other imaging detectors 
such as CCD's, CID's and v i d i c o n s . In the case of these 
detectors, when saturation i s reached, charge w i l l leak from the 
saturated p i x e l s ( p i c t u r e elements) to adjacent p i x e l s . This 
"blooming" e f f e c t has been shown to be minimal i n l i n e a r 
photodiode arrays (21.22). Thus integration times for which many 
photodiodes are saturated can be used while useful information i s 
s t i l l o b t a i n e d from the n o n - s a t u r a t e d photodiodes. This 
information w i l l contain only the integrated l i g h t intensity for 
each photodiode, fr e e of bleed-through from adjacent saturated 
photodiodes. The procedure by which the i n t e g r a t i o n time i s 
sequenced and only the optimum readings are stored i s included i n 
the instrument description below. 

Instrument Optics 

The optics of the
t i o n time array detector i s implemented are described i n t h i s 
s e c t i o n . The goal of the instrument i s to provide simultaneous 
absorbance and op t i c a l rotatory dispersion (ORD) measurements i n 
the u l t r a - v i o l e t (UV) and v i s i b l e spectral regions and to repeat 
t h i s at very high speeds. An instrument capable of measuring 
simultaneously more than one p h y s i c a l property of a chemical 
system has great potential u t i l i t y . Also such an instrument can 
assure that the p r o p e r t i e s measured a c t u a l l y r e f e r to the same 
material under the same conditions. Figure 3 i s a block diagram 
of the o p t i c a l setup as configured f o r measurement of o p t i c a l 
r o t a t i o n and absorbance. The l i g h t source used i s a 150 W xenon 
arc lamp. This high intensity is necessary when there i s interest 
i n the u l t r a - v i o l e t r e g i o n of the spectrum because of the 
r e l a t i v e l y low detector s e n s i t i v i t y at shorter wavelengths. The 
li g h t then passes through a polarizer of the Glan-Thompson prism 
type. Linearly polarized l i g h t then passes through a sample c e l l 
which i s 1 decimeter i n length. If the sample i s o p t i c a l l y 
active, the plane of polarization i s rotated by an amount that i s 
wavelength dependent. The beam then passes through the analyzer. 
The analyzing polarizer i s rotated under computer control in 0.01 
degree increments. The l i g h t i s then collected and focused by a 
lens onto the entrance s l i t of a spectrograph. The entrance s l i t 
of the spectrograph i s interchangeable which allows the operator 
to make the best compromise between r e s o l u t i o n and s i g n a l 
strength. A r e f l e c t i n g m i r r o r simply f o l d s the l i g h t path such 
that the i n l e t optics are physically separated from the spectral 
image produced. The l i g h t i s then dispersed by a J-Y concave 
holographic g r a t i n g . This g r a t i n g (100 mm f o c a l length, F/2.0) 
provides a f l a t - f i e l d image on the li g h t sensitive region of the 
linear diode array detector. The grating has a reciprocal linear 
dispersion of 32 nm/mm resulting in a 400 nm wide spectral window 
to be viewed by the detector. The window which i s viewed can be 
changed by physically s l i d i n g the detector back and forth i n the 
f o c a l plane. The low F number of the g r a t i n g helps to maximize 
the l i g h t throughput of the spectrograph. The holographic grating 
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a l s o serves to reduce stray l i g h t as the random error i n groove 
position i s v i r t u a l l y nonexistant. 

The l i n e a r p h o t odiode a r r a y (LDA) d e t e c t o r i n t h i s 
spectrometer i s the RL512S made by Reticon (34). I t has 512 
photodiodes each 2.5 mm high and 25 ym wide. The LDA i s s e l f -
scanned which provides r e a l - t i m e computer compatible s e r i a l 
e l e c t r o n i c output f o r a l l 512 channels i n succession. The 
detector i s responsive over a range of 200-1000 nm. The array can 
be read out at very high speeds. At a 1 MHz c l o c k frequency (the 
array can be clocked up to 10 MHz) data from successive channels 
appear every 4 ys, and the readout time of the complete LDA i s 
only s l i g h t l y greater than 2.0 ms. It should be noted that t h i s 
i s also the minimum integration time for a 1 MHz clock frequency. 
The integration time i s extended by simply pausing for the desired 
length of time between readouts. The t o t a l i n t e g r a t i o n time i s 
the time from the i n i t i a t i o
i n i t i a t i o n of the curren
photodiode i s d i r e c t l y p r o p o r t i o n a l to the l i g h t i n t e n s i t y 
integrated over this time. 

The Microcomputer and Data Acquisition System 

It i s apparent that the l i n e a r diode array detector can 
g e n e r a t e data at e x t r e m e l y h i g h r a t e s and t h a t the data 
a c q u i s i t i o n would b e s t be done by computer. Rather than 
overburden a s i n g l e m i n i c o m p u t e r by i n t e r f a c i n g s e v e r a l 
instruments to i t , a s i n g l e board computer was designed to give 
each instrument i t s own control and data acquisition c a p a b i l i t i e s . 
A particular single board computer (SBC) designed by Bruce Newcome 
(43) was used i n the LDA s p e c t r o m e t e r . The I n t e l 8085A 
microprocessor chip used i n this microcomputer i s powerful enough 
to f u l l y c o n t r o l a l l instrument f u n c t i o n s as w e l l as to perform 
the data a c q u i s i t i o n process. The system has been mechanically 
and el e c t r o n i c a l l y designed for easy interfacing. A block diagram 
of the microcomputer system excluding the LDA interface i s shown 
in Figure 4. Ten K-bytes of programmable read-only memory (PROM) 
on the CPU bus contain the FORTH programming language. There are 
22 K-bytes of random access memory (RAM) a v a i l a b l e f o r user 
program space. An interrupt controller i s used for Input/Output 
(I/O) operations as w e l l as data a c q u i s i t i o n . Two u n i v e r s a l 
synchronous/asynchronous receiver transmitters (USART) are used, 
the f i r s t for direct terminal I/O, the other for communication to 
a PDP 11/40 minicomputer. Also i n t e r f a c e d to the CPU bus i s a 
dual floppy disk system. This provides storage space f o r both 
data and software. A l o c a l graphics monitor i s used (256 by 256 
p i x e l r e s o l u t i o n ) f o r i n i t i a l data d i s p l a y . The CPU i s a l s o 
i n t e r f a c e d to a stepper motor which r o t a t e s the analyzer i n the 
op t i c a l path i n 0.01 degree increments. 

Figure 5 i s a block diagram showing the data a c q u i s i t i o n 
hardware. Since the LDA i s self-scanned, the only control the CPU 
can have on the LDA i s to i n i t i a t e the scan (readout) process. By 
controlling the timing of the i n i t i a t i o n signal, the CPU controls 
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Figure 3. Block diagram of the modular optical system arranged for multiwavelength 
measurement of optical rotation and absorbance. 
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Figure 4. Block diagram of the microcomputer control system. 

Θ085Α 

CPU t CPU BUS 

INTEGRATION 
TIME 

CONTROL 

ΙΣ2Σ 
DATA 

MEMORY 

DIODE 
ARRAY 

, ΤΤΤΓ ν 
(DATA ACQUISITION BUS ^ 

f t 
VIDEC^ 

ADC 

WTE6RATI0N 
TIME 
CODE 

GENERATOR 

P 

DATA 
MULTIPLEXER 

Figure 5. Block diagram of the data acquisition system. Diagram includes the integra
tion time sequencing and data packing hardware. 
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the i n t e g r a t i o n time of the detector. The data a c q u i s i t i o n i s 
done completely i n hardware when enabled by the CPU. Normally, 
when data are acquired at these high speeds, i t i s done by taking 
control of the CPU bus while putting the CPU on hold, and storing 
the data d i r e c t l y i n RAM. This i s c a l l e d d i r e c t memory access 
(DMA). However, because the CPU i s needed to program the 
integration time for the scan following the current readout, this 
s t r a i g h t f o r w a r d approach could not be used. Instead, data are 
stored d i r e c t l y i n RAM as i n DMA, but the memory is not connected 
to the CPU bus when this i s done. During data storage, the RAM i s 
on the "data acquisition" bus. This RAM can be switched between 
the data a c q u i s i t i o n bus and the CPU bus to allow the CPU access 
to the data after collection. 

Each data point i s stored i n a 16-bit word; 12 b i t s f o r the 
ADC output, and 4 b i t s f o r the value of η ( i n t e g r a t i o n time 
doublings) f or that conversion
longer i n t e g r a t i o n times
o v e r w r i t e the one taken f o r that channel on the previous scan, 
unless the ADC has overranged. ADC overrange occurs i f the 
integrated charge exceeds 95% of the saturation value. Thus, at 
the end of the longest scan, one 512-word s e c t i o n of memory has 
the complete spectrum, each point having been recorded at i t s 
optimum integration time with the corresponding value of n. 

There are a c t u a l l y two sec t i o n s of RAM which under CPU 
control are exchanged between the CPU bus and the data acquisition 
bus. S i n c e the CPU does not need to be i n a c t i v e d u r i n g 
acquisition, i t can unload one RAM bank of data while the other i s 
being f i l l e d with new data from the data acquisition bus. 

Performance 

In order to measure the p r a c t i c a l dynamic range, the 
absorbance of a s e r i e s of n e u t r a l density f i l t e r s was measured. 
The measurements are a l l taken at 600 nm. The results are plotted 
in Figure 6. The i n i t i a l integration time was 3 ms followed by 13 
integration time doublings (14 readings) with the detector at -2 
C. The longest i n t e g r a t i o n time of 24.6 s was only s l i g h t l y 
longer than the time i n which the dark current saturates the 
array. The response i s l i n e a r from about 0.0-4.2 absorbance 
u n i t s . For a nominal absorbance of 3.96, an absorbance of 4.03 
was measured. This corresponds to a 2% err o r at an i n t e n s i t y 4 
orders of magnitude below the maximum. The dynamic range i s thus 
about 5 χ 10 . This could be improved considerably by using a 14-
b i t ADC to take advantage of the f u l l dynamic range of the LDA 
(10 ), or by f u r t h e r c o o l i n g of the LDA to a l l o w l o n g e r 
integration times. 

Figure 7 shows, however, that with the current optics system, 
stray l i g h t causes s i g n i f i c a n t d e v i a t i o n s from Beer's Law i n 
measurements of highly absorbing systems. The curve was acquired 
by m e a s u r i n g the absorbance of KMn04 s o l u t i o n s of known 
conce n t r a t i o n using the LDA channel at λ » 545 nm. The Xe arc 
lamp was used and an IR cutoff f i l t e r was placed i n the lig h t path 
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Absorbance ( u s i n g n e u t r a l d e n s i t y f i l t e r s ) 

Figure 6. Measured absorbance vs. the nominal absorbance of various combinations of 
neutral density filters. Bottom curve shows the entire experimental range, and the top 

curve shows from zero to one in greater detail. 
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0.0 1.0 2.0 3.0 4.0 5.0 

Absorbance ( u s i n g permanganate s o l u t i o n s ) 

Figure 7. Response vs. known absorbance of KMn04 solution at 545 nm. 
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i n order to reduce stray l i g h t . Using a 12 ms i n t e g r a t i o n time 
and 10 doublings (11 readings), samples with absorbances of 
greater than 2 at 545 nm do not r e s u l t i n the decrease i n 
i n t e n s i t y at 545 nm diode expected because stray l i g h t of other 
wavelengths i s h i t t i n g that photodiode. This problem is common to 
a l l array detector absorbance spectrometers where the l i g h t 
intensity varies greatly as a function of wavelength. 

Stray l i g h t for this instrument was previously determined to 
be <0.004% (21). However, i n an instrument of t h i s type, order 
overlap and a l l i n t e r n a l r e f l e c t i o n s i n s i d e the polychromator 
cannot be eliminated through the use of a narrow bandpass f i l t e r 
as i n a normal s i n g l e wavelength spectrometer. The stray l i g h t 
problem i s much worse i n our system for short wavelength measure
ments than for long because both the source intensity and detector 
s e n s i t i v i t y decrease g r e a t l y toward the UV end of the spectrum. 
If stray li g h t could be
measured as demonstrate
sensitive to stray l i g h t interference. 

Figure 7 i n d i c a t e s that even with the presence of stray 
l i g h t , the system i s q u i t e useable over the c r i t i c a l absorbance 
range from 0 to 2. However, array detector spectroscopy would be 
g r e a t l y aided by the development of two new devices. One i s a 
f i l t e r that would have an absorption spectrum that complements the 
source spectrum so that the combination would have more uniform 
s p e c t r a l i n t e n s i t y . The other i s a f i l t e r that would pass only 
the blue part of the spectrum i n one region, only the red part i n 
another and only the mid part i n between. I f such a f i l t e r were 
designed to match the dimensions of an array detector, and the 
dispersion of the monochromator, each detection element would only 
be sensitive to i t s appropriate wavelength. The resulting system 
would be l i k e a dual monochromator, but would not e n t a i l the large 
losses involved i n tandem dispersion systems. 

Application to MuItiwavelength ORD Spectrometry 

The li g h t intensity transmitted through two linear polarizers 
i s a function of the incident l i g h t intensity and the cos^ of the 
angle at which the p o l a r i z e r s are set. If the i n t e n s i t y i s 
measured while the analyzer i s rotated continuously, the signal 
detected w i l l vary sinusoidally between 0 (when the polarizers are 
crossed) and some maximum value with a frequency twice that of the 
rotation of the analyzer. If the sample shows absorption but not 
o p t i c a l a c t i v i t y , the new maximum i n t e n s i t y value observed, I, 
w i l l be lower than the value of I m a x a n d t n e absorbance can ea s i l y 
be c a l c u l a t e d . If the sample i s o p t i c a l l y a c t i v e but does not 
absorb, the amplitude of the signal w i l l not change (I • I m a x ) ^ u t 

a phase d i f f e r e n c e w i l l be observed between the sample and the 
reference signals. The observed rotation i s exactly equal to this 
phase d i f f e r e n c e . By r e c o r d i n g the s i g n a l i n t e n s i t y at s e v e r a l 
analyzer positions, both the intensity and phase information are 
obtained. If this signal intensity is measured at a l l wavelengths 
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simultaneously, complete spectra for both the absorbance and ORD 
w i l l be measured* 

To implement these procedures with this instrument, several 
s p e ctra are acquired at d i f f e r e n t angular p o s i t i o n s of the 
analyzer* The data at each wavelength are f i t to a cos^ function 
using a non-linear l e a s t squares a l g o r i t h m (43) with only the 
frequency specified. The resulting peak-to-peak amplitude, phase 
and amplitude o f f s e t parameters are used to c a l c u l a t e the 
absorbance and ORD spectra. The r e s u l t i n g s p e c t ra f o r a 1.05% 
albumin solution are shown in Figure 8. The improvement i n data 
c o l l e c t i o n rate afforded by the array detection make this system 
useful i n following absorption and ORD changes for reaction rate 
or flow system monitoring applications. 

Conclusions 
Array detector spectrometr

scanning spectrometers
i n f o r m a t i o n at m u l t i p l e wavelengths i s required. With suitable 
optics and electronics, the resolution and dynamic range of modern 
array detectors can match that of a medium r e s o l u t i o n acanning 
monochromator and PMT. Se n s i t i v i t y comparable to the PMT can also 
be o b t a i n e d i f an i n t e n s i f i e r i s used. A r r a y d e t e c t o r 
spectrometers are somewhat more s u s c e p t i b l e to stray l i g h t 
i n t e r f e r e n c e s than scanning monochromator s because the b a f f l i n g 
cannot be so e x c l u s i v e and the use of switched i n f i l t e r s f o r 
various wavelength regions i s precluded. Because of the many and 
proven advantages of this new technology, the years ahead should 
see great strides i n both the technology and applications of array 
detector spectrometry. 

ι 
300 

I 
400 500 

- Γ -

600 
Wavelength, nm 

Figure 8. Absorption (I) and rotation (2) spectra for 1.05% albumin solution. 
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Inductively Coupled Plasma-Atomic Emission 
Spectroscopy with Multichannel Array Detection 

FREDERICK GRABAU1 

Ames Laboratory, U.S. Department of Energy, Ames, IA 50010 

YAIR TALMI 
Princeton Instruments, Inc., P.O. Box 2318, Princeton, NJ 08540 

Array detector  provid  attractiv  alterna
tive to the polychrometer
-AES, because they provid  capability
taneous detection of spectral lines and spectral 
background dispersed on hundreds of virtually indep
endent optical channels. In this paper a critical 
evaluation of self-scanned photodiode arrays as 
radiation detectors for ICP-AES is presented. 
Limited comparisons are also drawn for silicon in
tensified target vidicons (SIT) and intensified 
self-scanning photodiode array detectors (ISPD). 
The figures of merit of primary interest to analy
tical chemist that are discussed are: noise char
acteristics and powers of detection, linearity and 
dynamic range, spectral stripping and interpolative 
correction for variable underlying background, com
promise between resolution and spectral coverage 
and application to nonideal "real" samples. 

I n a n a l y t i c a l atomic e m i s s i o n s p e c t r o s c o p y , the most p o p u l a r 
approach t o simultaneous m u l t i e l e m e n t d e t e r m i n a t i o n s has been 
based on the use of m u l t i p l e d e t e c t o r s t h a t m o n i t o r d i s c r e t e wave
l e n g t h s . The most common form of t h i s approach has i n v o l v e d f i x e d 
a r r a y s of narrow s l i t s p r e a r r a n g e d a l o n g the e x i t f o c a l p l a n e of a 
spect r o m e t e r , w i t h c o r r e s p o n d i n g a r r a y s of p h o t o m u l t i p l i e r tube 
(PMT) d e t e c t o r s t o monitor the r a d i a t i o n t r a n s m i t t e d through these 
s l i t s . These i n s t r u m e n t s are i d e a l l y s u i t e d f o r the r o u t i n e , sim
u l t a n e o u s m u l t i e l e m e n t d e t e r m i n a t i o n of the same s e t of elements, 
which may number up to 30 or more, i n samples of s i m i l a r t o t a l 
c o m p o s i t i o n . For these purposes, polychromators have p r o v i d e d the 
wide dynamic range, f a s t response and e x c e l l e n t s i g n a l - t o - n o i s e 
(SNR) performance c h a r a c t e r i s t i c of PMT's, s p e c i f i c a l l y when 

1Current address: St. Louis County Water Company, Chesterfield, MO 63017. 
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operated as energy ( i n t e g r a t o r s ) r a t h e r than power ( c u r r e n t ) d e t 
e c t o r s . 

When the a n a l y s t i s f a c e d w i t h the d e t e r m i n a t i o n of a broad 
range of elements i n samples of w i d e l y v a r y i n g c o m p o s i t i o n , the 
l i m i t e d set of l i n e s o b s e r v a b l e w i t h a polychromator r e s t r i c t s 
the scope of a p p l i c a t i o n and o p t i m i z a t i o n of these i n s t r u m e n t s . 
O p t o e l e c t r o n i c image d e v i c e s (OID)(1-39), p a r t i c u l a r l y s e l f -
scanned photodiode a r r a y s (SPD), p r o v i d e an a t t r a c t i v e a l t e r n a 
t i v e to the polychromator approach because they too p r o v i d e the 
c a p a b i l i t y of simultaneous d e t e c t i o n of d i s p e r s e d r a d i a t i o n . When 
these d e t e c t o r s are i n t e r f a c e d w i t h a p p r o p r i a t e o n - l i n e computer 
c o n t r o l and data p r o c e s s i n g f a c i l i t i e s , the s i g n a l s from hundreds 
of v i r t u a l l y independent, o p t i c a l ( s p e c t r a l ) channels can be i n 
t e g r a t e d and d i g i t i z e d s i m u l t a n e o u s l y . In a d d i t i o n , the c o n t 
r i b u t i o n of continuum s p e c t r a l background or u n d e s i r a b l e o v e r 
l a p p i n g s p e c t r a l f e a t u r e
s u b t r a c t e d or " s t r i p p e d
I f d e s i r a b l e , random or f a s t - a c c e s s t o the s p e c i f i c s p e c t r a l 
f e a t u r e s of i n t e r e s t may be employed t o conserve computer memory 
space and time ( 4 0 ) . Other c a p a b i l i t i e s p r o v i d e d by these d e t 
e c t o r s i n c l u d e : a) F l e x i b i l i t y i n c h o i c e of mode of s i g n a l i n 
t e g r a t i o n and p r o c e s s i n g ; r e a l - t i m e , in-memory i n t e g r a t i o n or on-
t a r g e t i n t e g r a t i o n ; b) m o n i t o r i n g of u l t r a r a p i d s p e c t r o s c o p i c 
events; c) compensation f o r source f l u c t u a t i o n s and f o r sen
s i t i v i t y and s p e c t r a l response v a r i a t i o n ; d) h i g h quantum e f 
f i c i e n c y ; and e) l i n e a r response. These d e s i r a b l e f e a t u r e s of 
OID 1s are o f f s e t , a t l e a s t p a r t i a l l y , by a few u n d e s i r a b l e f e a t 
ures t h a t impose u l t i m a t e l i m i t s on the atomic s p e c t r o m e t r i c 
performance of these d e t e c t o r s . A foremost l i m i t a i t o n i s s e t by 
the number of diodes i n c o m m e r c i a l l y a v a i l a b l e diode a r r a y s , and 
t h e i r p h y s i c a l arrangement and s p a t i a l r e s o l u t i o n . In a d d i t i o n , 
the low a m p l i f i c a t i o n g a i n of the SPD r e q u i r e s l o n g e r s i g n a l -
i n t e g r a t i o n t i m e s , and f i n a l l y , the dynamic range of the SPD i s 
narrower than t h a t of the PMT. 

As shown i n the d i s c u s s i o n above, t h e r e are a m u l t i p l i c i t y 
of d e s i r a b l e and u n d e s i r a b l e f e a t u r e s of OID's t h a t impact t h e i r 
g e n e r a l a p p l i c a t i o n as d e t e c t o r s i n a n a l y t i c a l atomic e m i s s i o n 
s p e c t r o m e t r y . I t i s t h e r e f o r e a p p r o p r i a t e to compare, i n a c r i t 
i c a l and o b j e c t i v e sense, the e x p e r i m e n t a l f i g u r e s of m e r i t of 
these d e v i c e s v i s - a - v i s the c l a s s i c a l p olychromator p h o t o m u l t i 
p l i e r approach. These comparisons sho u l d be performed v i r t u a l l y 
on a c o n t i n u i n g b a s i s because of advances i n performances, not 
o n l y of the a r r a y d e t e c t o r s themselves but a l s o i n the a s s o c i a t e d 
s p e c t r o s c o p i c e x c i t a t i o n s o u r c e s . An e v a l u a t i o n of the o v e r a l l 
performance f i g u r e s of m e r i t of OID's when they are employed i n 
c o n j u n c t i o n w i t h i n d u c t i o n - c o u p l e d plasma e x c i t a t i o n i s of* p a r 
t i c u l a r c u r r e n t i n t e r e s t because of the p o p u l a r i t y t h a t t h i s 
source i s a t t a i n i n g f o r the simultaneous d e t e r m i n a t i o n of the e l 
ements a t a l l c o n c e n t r a t i o n l e v e l s . I n t h i s paper we p r e s e n t 
such an e v a l u a t i o n f o r s e l f - s c a n n e d , photodiode a r r a y d e t e c t o r s 
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(SPD) and draw comparisons t o PMT a r r a y s as used i n c l a s s i c a l p o l -
ychromators. To a l e s s e r e x t e n t , some comparisons are drawn w i t h 
s i l i c o n i n t e n s i f i e d t a r g e t v i d i c o n s (SIT) and i n t e n s i f i e d s e l f -
canning photodiode a r r a y d e t e c t o r s (ISPD). A s i m i l a r e v a l u a t i o n 
of the SPD f o r spectrophotometry and s p e c t r o f l u o r o m e t r y was r e c 
e n t l y p u b l i s h e d elsewhere ( 4 1 ) . 

Apparatus And Procedure 

The e x p e r i m e n t a l f a c i l i t i e s and o p e r a t i n g c o n d i t i o n s u t i l i z e d 
i n t h i s study are summarized i n Table I . Both spectrometers were 
used e i t h e r as monochromators, i n the s i n g l e wavelength d e t e c 
t i o n mode, or as p olychromators i n the m u l t i c h a n n e l d e t e c t i o n 
mode. The c o n v e r s i o n of the J a r r e l l - A s h spectrometer to a p o l y 
chromator was accomplished by r e p l a c i n g the camera attachment of 
the spectrometer w i t h a
j u s t a b l e mount a l l o w e d th
p a r a l l e l w i t h the s l i t image. S p e c t r a l l i n e s l i t images were 
focused on the d e t e c t o r s u r f a c e by adjustment of a 45 f o l d i n g 
m i r r o r t h a t d e f l e c t e d the e x i t spectrum onto the camera mount. 
S e l e c t i o n of e i t h e r s i n g l e channel of m u l t i c h a n n e l d e t e c t i o n 
modes was made by r o t a t i o n of the 45 m i r r o r to one of two p o s i 
t i o n s , e i t h e r a l l o w i n g the e x i t spectrum to reach the e x i t s l i t or 
d e f l e c t i n g i t t o the a r r a y d e t e c t o r . The s l i t - h e i g h t s e t t i n g f o r 
the SPD d e t e c t o r was 2.5 mm, equal to the h e i g h t of each i n d i v i 
d u a l d i o d e . 

The 1% HNO^ r e f e r e n c e s o l u t i o n s were prepared from d i s t i l l e d 
HNO^ and d e i o n i z e d d i s t i l l e d water. A n a l y s e s of the US G e o l o g i 
c a l Survey r e f e r e n c e samples were performed a f t e r d i s s o l u t i o n by 
sodium h y d r o x i d e f u s i o n ( 4 2 ) . Reference s o l u t i o n s n e c e s s a r y f o r 
the a n a l y s i s of the g l a s s samples were prepared i n a 2°L NaCl-HCl 
m a t r i x to match the t o t a l a c i d and s a l t c o ntent of the g l a s s 
samples. 

D e t e c t i o n l i m i t s , d e f i n e d as the c o n c e n t r a t i o n r e q u i r e d t o 
p r o v i d e net a n a l y t e s i g n a l s t h a t were t h r e e times g r e a t e r than 
the s t a n d a r d d e v i a t i o n of the background s c a t t e r , were determined 
from t e n ten-second i n t e g r a t i o n s of the blank and d i l u t e r e f e r e n c e 
s o l u t i o n s f o r the PMT system. Standard d e v i a t i o n ( n o i s e ) of the 
background was c a l c u l a t e d from the ten blank i n t e g r a t e d s i g n a l s . 
The m u l t i c h a n n e l n a t u r e of the SPD and SIT d e t e c t o r s was u t i l i z e d 
to determine d e t e c t i o n l i m i t s w i t h these systems. P a i r s of b l a n k 
s p e c t r a were s u b t r a c t e d from each ot h e r t o o b t a i n net d i f f e r e n c e 
s p e c t r a . These d i f f e r e n c e s p e c t r a r e p r e s e n t e d the n o i s e and the 
d r i f t between measurements. The s t a n d a r d d e v i a t i o n of ten a d j a 
cent diodes i n the r e g i o n of the a n a l y t e wavelength was d e t e r m i n 
ed f o r each of the net d i f f e r e n c e s p e c t r a . The s t a n d a r d d e v i a 
t i o n of f i v e d i f f e r e n t s p e c t r a were then averaged to produce a 
r e p r e s e n t a t i v e n o i s e l e v e l . 

To measure the background i r r a d i a n c e of the ICP i n the 180-
440 nm r e g i o n , a p r e c a l i b r a t e d deuterium a r c lamp was used. The 
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Table I . Instrument Setup and O p e r a t i n g C o n d i t i o n s 

Plasma Power Supply: 

Plasma Torch: 

Plasma Therm, I n c . , Model NFS-2500 D 
w i t h Model AMN-3000 Ε impedance match
i n g network. 

Ames L a b o r a t o r y c o n s t r u c t i o n (43) 20 
L/min plasma Ar f l o w ; 1.0 L/min a e r o 
s o l c a r r i e r Ar f l o w . 

Forward Power: 

U l t r a s o n i c N e b u l i z e r : 

Spectrometers : 

Lens : 

O b s e r v a t i o n Region: 

y  (44)
MHz, water c o o l e d d e s o l v a t i o n , 2.6 
ml/min sample i n t r o d u c t i o n r a t e . 

1) J a r r e l l - A s h , Model 78-466, 1 meter 
f/8.7, Czerny-Turner mount w i t h a 1180 
g/mm g r a t i n g b l a z e d a t 250 nm, r e c i p 
r o c a l l i n e a r d i s p e r s i o n of 0.825 nm/mm 
(0.0206 nm/diode). Entrance s l i t w i d 
t h 20 urn, h e i g h t 2 mm. 

2) McPherson, Model 2051, 1 meter, 
f/8.7, Czerny-Turner mount w i t h a 1800 
g/mm h o l o g r a p h i c g r a t i n g b l a z e d at 
200-700 nm r e c i p r o c a l l i n e a r d i s p e r 
s i o n of 0.0138 nm/photodiode, entrance 
s l i t 20 urn, h e i g h t 2 mm. 

S p h e r i c a l , 4 cm di a m e t e r , 125 mm f o c a l 
l e n g t h 30 cm from plasma and entrance 
s l i t . 

3 cm segment c e n t e r e d 15 mm above the 
l o a d c o i l . 

I r r a d i a n c e R e f erence: O p t r o n i c L a b o r a t o r i e s , I n c . , Model UV-
40 U l t r a - v i o l e t I r r a d i a n c e Standard. 
C a l i b r a t e d a t 10 nm i n t e r v a l s from 180 
nm t o 400 nm. 
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T a b l e I. Continued 

D e t e c t i o n System: M u l t i c h a n n e l : 

1) EG&G PARC Model 1412 SPD (2.5 mm 
h i g h p e r t u r e X 25 urn c e n t e r - t o - c e n t e r , 
1024 diode a r r a y , R e t i c o n RL/1024S) 
operated by d e t e c t o r c o n t r o l l e r EG&G 
PARC, Model 1218 and d a t a - m a n i p u l a t i o n 
by the 0MA-2 c o n s o l e Model 1215. SPD 

 m a i n t a i n e d  -22°  0.002°C  Th

spectromete

2) EG&G PARC, Model 1254 s i l i c o n i n 
t e n s i f i e d v i d i c o n (SIT) d e t e c t o r w i t h 
u l t r a v i o l e t t o v i s i b l e c o n v e r t e r , op
e r a t e d by d e t e c t o r c o n t r o l l e r Model 
1216 v i a 0MA-2 c o n s o l e Model 1215. 
Number of channels 500. S p e c t r a l w i n 
dow was 10.31 nm. 

3) EG&G PARC, Model 1420, microchan-
n e l p l a t e (MCP) i n t e n s i f i e d SPD w i t h 
700 channels (ISPD). Temperature: 
- 20°C. Operated by d e t e c t o r c o n t r o l 
l e r Model 1412. 

S i n g l e Channel ( S i g n a l I n t e g r a t i o n ) : 

PMT s i g n a l counted 10 times f o r p e r 
i o d s of 10 seconds each u s i n g Analog 
Technology C o r p o r a t i o n Model 151, wide 
range c u r r e n t - t o - f r e q u e n c y c o n v e r t e r . 
Sampling times were 100 ms. PMT; EMI 
Model 978AQ, operated a t 700 V. 
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deuterium lamp was p l a c e d a t the same o p t i c a l p o s i t i o n n o r m a l l y 
occupied by the plasma, i . e . , 60 cm away from the entrance s l i t of 
the p o l y c h r o m a t o r . The PMT response to the c a l i b r a t e d a r c lamp 
was measured over the 180-440 nm r e g i o n , i n wavelength i n t e r v a l s 
of 10 nm. These measurements were then repeated f o r the plasma 
f e d w i t h a 1% HNO^ blanj^ s o l u t i o n . The i r r a d i a n c e of the plasma 
( I p ^ ) , i n microwatts/cm /nm, was then determined a c c o r d i n g t o : 

I , = R p l X I n ( a t 30 cm) 

where R ^ and are the PMT response curves (180-440 nm) f o r the 
plasma End deuterium lamp, r e s p e c t i v e l y , and I r e p r e s e n t s the 
c a l i b r a t e d i r r a d i a n c e o
cm away from the entranc
remained unchanged f o r the c a l i b r a t e d lamp and ICP measurements, 
p r i o r knowledge of the s p e c t r a l t r a n s f e r c h a r a c t e r i s t i c s of the 
spectrometer ( p a r t i c u l a r l y the g r a t i n g ) or the s p e c t r a l response 
of the photDcathode was not n e c e s s a r y . The measured I 1 r e p r e s e n 
ted the background i r r a d i a n c e at a d i s t a n c e of 30 cm^rrom the 
plasma. 

R e s u l t s And D i s c u s s i o n 

L i n e a r i t y And Dynamic Range. There i s e x t e n s i v e evidence t h a t 
e m i s s i o n i n t e n s i t i e s of many atomic l i n e s e x c i t e d i n an ICP 
source are l i n e a r l y r e l a t e d to c o n c e n t r a t i o n of the c o r r e s p o n d i n g 
a n a l y t e s over a range of a t l e a s t one m i l l i o n . Trace and major 
c o n s t i t u e n t s are t h e r e f o r e d e t e r m i n a b l e w i t h o u t changes i n the 
o p e r a t i n g c o n d i t i o n of the plasma. I d e a l l y , the d e t e c t i o n system 
should have a comparable l i n e a r dynamic range performance. As 
p r e v i o u s l y d i s c u s s e d ( 4 5 ) , t h e r e are s e v e r a l d e f i n i t i o n s of dy
namic range t h a t are a p p l i c a b l e t o the SPD d e t e c t i o n system. 
F i r s t , t h e r e i s the s i n g l e diode dynamic range f o r a f i x e d i n t e g 
r a t i o n time, d e f i n e d here as the a n a l y t e c o n c e n t r a t i o n range t h a t 
produces a l i n e a r s i g n a l response. T h i s form of dynamic range 
can be s e v e r e l y reduced by t h e r m a l l y generated dark charge, be
cause i t reduces the e f f e c t i v e A/D c o n v e r t e r range a v a i l a b l e f o r 
readout of photon generated charges ( s i g n a l ) . To reduce the 
e f f e c t of dark charge b u i l d up by a p p r o x i m a t e l y a f a c t o r of 100, 
the SPD a r r a y was c o o l e d t o -20°C. The c o o l i n g was done thermo-
e l e c t r i c a l l y and the temperature was kept c o n s t a n t t o w i t h i n a 
few m i l l i d e g r e e s C e l s i u s . Under these c o n d i t i o n s a s i n g l e diode 
dynamic range of a p p r o x i m a t e l y 16,000:1 was r o u t i n e l y a c h i e v e d 
( l i m i t e d o n l y by the 14 b i t s A/D c o n v e r t o r u s e d ) . 

To enhance the o v e r a l l dynamic range of the SPD, the v a r i 
a b l e i n t e g r a t i o n time (VIT) mode of o p e r a t i o n can be used ( 4 1 ) . 
In t h i s approach the s i g n a l s from each s p e c t r a l window can be 
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c o n s e c u t i v e l y o b t a i n e d a f t e r i n t e g r a t i o n of 16 ms, 160 ms and 16 
seconds. In t h i s manner, t h e o r e t i c a l dynamic ranges of 1 to 
16,000, 10 to 160,000 and 1,000 to 16,000,000 can be a c h i e v e d 
w i t h an o v e r a l l l i n e a r dynamic range of 1.6 X 10^. In r e a l i t y , 
the photon n o i s e and the combined d e t e c t o r dark charge and plasma 
background s i g n a l reduce the u s e f u l VIT range of the SPD. The 
o v e r a l l readout n o i s e a s s o c i a t e d w i t h a t y p i c a l 16 second, on 
t a r g e t , ICP s i g n a l i n t e g r a t i o n was s i x counts rms (mostly r a d i o 
frequency i n t e r f e r e n c e as d i s c u s s e d below). At the h i g h end, 
the maximum re a d a b l e s i g n a l i s always l i m i t e d by A/D c o n v e r t e r 
range. 

The l i m i t of q u a n t i t a t i v e d e t e r m i n a t i o n (LQD) i s d e f i n e d as 
the c o n c e n t r a t i o n r e q u i r e d to y i e l d a net i n t e n s i t y t e n times 
g r e a t e r than the standard d e v i a t i o n of the readout s c a t t e r ( 4 0 ) . 
For i n s t a n c e , c o n s i d e r a 16 second s i g n a l i n t e g r a t i o n at the Mn 
257.6 nm l i n e where th
background s i g n a l consume
of the A/D c o n v e r t e r (800 counts dark charge and 2600 counts 
plasma background). The r e s u l t a n t a n a l y t i c a l dynamic range 
( s i n g l e diode) would be: 

Maximum net s i g n a l _ 16,000 - 3400 _ 2 1 Q 

Net s i g n a l at LQD 10 X 6 

( w i t h p r o p o r t i o n a l l y low dark charge l e v e l s ) . Y e t , s h o r t e r on-
d e t e c t o r i n t e g r a t i o n t i m e s , u s a b l e a t h i g h e r a n a l y t e c o n c e n t r a 
t i o n , would i n c r e a s e t h i s a n a l y t i c a l dynamic range. For the same 
Mn l i n e a t 257.6 nm} c o n s e c u t i v e i n t e g r a t i o n s of 16 msec, 160 
msec and 16 sec would have an accumulated (VIT) a n a l y t i c a l l i n e a r 
range of at l e a s t 2.1 Χ 1 0 5 . 

The e x c e l l e n t dynamic range a c h i e v e d by the VIT method i s 
r e p r e s e n t e d by the data i n Table I I and by the g r a p h i c a l p r e s e n 
t a t i o n i n F i g u r e 1. L i n e a r i t y was r e t a i n e d , w i t h i n the e x p e r i 
mental e r r o r of measurements, over a c o n c e n t r a t i o n range g r e a t e r 
than 10^. I t should be noted, t h a t the lowest p l o t t e d p o i n t s 
r e p r e s e n t LQD v a l u e s . 

D e t e c t o r and S p e c t r a l Background, S p e c t r a l I n t e r f e r e n c e s , and 
S p e c t r a l S t r i p p i n g . For SPD 1s i t i s u s e f u l to d i s t i n g u i s h between 
the d e t e c t o r and s p e c t r a l background u n d e r l y i n g most a n a l y t e 
l i n e s . The major component of the d e t e c t o r background a r i s e s from 
t h e r m a l l y generated dark charge. There i s i n a d d i t i o n a c h a r a t e r -
i s t i c f i x e d p a t t e r n caused by s t r a y c a p a c i t i v e c o u p l i n g of t r a n 
s i e n t s a r i s i n g from the c l o c k d r i v i n g s i g n a l s and by diode t o 
diode dark charge v a r i a t i o n ( 4 5 ) . Radio frequency i n t e r f e r e n c e 
from ICP sources may a l s o produce a time v a r i a b l e p a t t e r n n o i s e 
superimposed on the d e t e c t o r background. The s p e c t r a l background 
u s u a l l y r e s u l t s from the c u m u l a t i v e c o n t r i b u t i o n s from sources 
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Figure 1. Linear dynamic range of the ICP ISPD demonstrated with Be 313.0 nm. 
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t h a t cannot be e l i m i n a t e d such as r e s i d u a l f a r s c a t t e r ( 4 6 ) , 
r a d i a t i v e r e c o m b i n a t i o n continuum and l i n e broadening e f f e c t s 
( 4 7 ) . U s u a l l y , the combined d e t e c t o r and s p e c t r a l background con
s t i t u t e a s i g n i f i c a n t f r a c t i o n of the t o t a l s i g n a l measured at the 
a n a l y t e wavelengths. I n f a c t , when a n a l y s e s are performed at con
c e n t r a t i o n s near the d e t e c t i o n l i m i t s , the u n d e r l y i n g background 
s i g n a l t y p i c a l l y c o n s t i t u t e more than 95% of the t o t a l s i g n a l . 
Thus, s u b t r a c t i o n or c o r r e c t i o n f o r the t o t a l background s i g n a l 
i s n e c e s s a r y to assure a c c u r a c y of d e t e r m i n a t i o n . Because the 
d e t e c t o r background of a p a r t i c u l a r a r r a y i s h i g h l y r e p r o d u c i b l e 
from scan to scan ( w i t h the e x c e p t i o n of v a r i a t i o n s due to r a d i o 
frequency i n t e r f e r e n c e s ) , i t can be q u a n t i t a t i v e l y s t r i p p e d from 
the t o t a l s i g n a l t o y i e l d a spectrum t h a t i s f r e e of d e t e c t o r 
background. I f the s p e c t r a l background s i g n a l s from the r e f e r 
ence b l a n k and sample s o l u t i o n s are r e p r o d u c i b l e and t h e i r mag
n i t u d e e q u a l , then the t o t a l background s i g n a l  i . e .  d e t e c t o
p l u s s p e c t r a l , can a l s
o b t a i n e d o f t e n makes i  p o s s i b l  a n a l y t  s i g
n a l s t h a t o t h e r w i s e may be t o t a l l y obscured by the background. 
F i g u r e s 2 and 3 i l l u s t r a t e the s i m p l i f i e d base l i n e s t r u c t u r e 
and s i g n a l r e c o v e r y a c h i e v e d through such background s p e c t r a l 
s t r i p p i n g p r o c e d u r e s . 

When o p t i m i z e d ICP parameters are employed, changes i n the 
c o n c e n t r a t i o n of concomitants i n the sample u s u a l l y e x e r t a r e 
markably s m a l l i n t e r e l e m e n t or " m a t r i x " e f f e c t on the net i n t e n 
s i t y of a n a l y t e l i n e s . I f however, the magnitude and s t r u c t u r e 
of the u n d e r l y i n g s p e c t r a l background i n the immediate v i c i n i t y 
of the a n a l y t e l i n e i s s i g n i f i c a n t l y a l t e r e d by the changing 
c o n c e n t r a t i o n of c o n c o m i t a n t s , t h i s s i m p l i f i e d s p e c t r a l s t r i p 
p i n g procedure w i l l not p r o v i d e a s a t i s f a c t o r y s u b t r a c t i o n of the 
background s i g n a l . Another type of s p e c t r a l i n t e r f e r e n c e t h a t 
cannot be d i r e c t l y e l i m i n a t e d by these background s u b t r a c t i o n 
methods a r i s e s from c o i n c i d e n c e or p a r t i a l s p e c t r a l o v e r l a p of 
concomitant s p e c t r a l l i n e s w i t h a n a l y t e l i n e s . These i n t e r f e r 
ences can u s u a l l y be avoided through the j u d i c i o u s s e l e c t i o n of 
a n a l y t e l i n e s , but not always. Because both these types of i n 
t e r f e r e n c e s may o c c u r , i t i s important to determine whether p r e 
c i s e c o r r e c t i o n s can be made f o r them. 

V a r i o u s approaches have been d e v i s e d t o measure a c c u r a t e l y 
these types of background s h i f t s w i t h simultaneous m u l t i e l e m e n t 
systems based on polyc h r o m a t o r s w i t h PMT a r r a y s (48-50). M i c r o 
computer c o n t r o l l e d and automated systems of t h i s type are now 
co m m e r c i a l l y a v a i l a b l e . With computer c o n t r o l l e d scanning 
monochromators, background measurements and c o r r e c t i o n s a t s e l 
e c ted wavelengths a r e n o r m a l l y programmed i n t o the a n a l y t i c a l 
d e t e r m i n a t i o n sequence ( 4 0 ) . However, such systems are by d e f 
i n i t i o n not m u l t i c h a n n e l i n na t u r e and t h e r e f o r e cannot p r o v i d e 
simultaneous m u l t i - e l e m e n t d e t e r m i n a t i o n s . In c o n t r a s t , w i t h 
SPD systems, an e n t i r e s p e c t r a l window i s s i m u l t a n e o u s l y 
measured, d i g i t i z e d and s t o r e d i n memory ( a l t h o u g h s p e c t r a l 
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Figure 2. Efficiency of plasma background subtraction. Key: a, emission spectrum of 1 
μg/mL Be, 7% HN03; b, emission spectrum of 1% HN03 blank; and c, difference 
spectrum obtained by subtracting Spectrum b from a. Spectra were obtained after 

on-target signal integration for 8 s. 
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Figure 3. Efficiency of plasma background subtraction. Spectra obtained after on-
detector integration for 1.6 s. Key: a, spectrum of 10 μg|mL Ti; b, detector and spectral 

background; and c, net difference spectrum. 
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windows may be i n a d e q u a t e l y narrow f o r some a p p l i c a t i o n s ) . The 
a n a l y s t may then use a v i d e o d i s p l a y f o r : a) c h a r a c t e r i z i n g the 
n a t u r e of the u n d e r l y i n g background and d e t e r m i n i n g the most s u i t 
a b l e a n a l y t e l i n e s ; b) d e t e r m i n i n g which a n a l y t e l i n e s are l e a s t 
s u s c e p t i b l e to s h i f t s i n the background magnitude due to changes 
i n the c o n c e n t r a t i o n s of the major co n c o m i t a n t s ; and c) s e l e c t 
i n g the b e s t wavelengths ( d i o d e s ) f o r a p p l y i n g base l i n e background 
c o r r e c t i o n s f o r each a n a l y t e l i n e . I f a p p r o p r i a t e , a computer 
a l g o r i t h m may be used to determine background l e v e l s from s e v e r a l 
o f f a n a l y t e l i n e d i o d e s . 

The e f f i c i e n c y of background c o r r e c t i o n t e c h n i q u e s may be 
judged by comparing a s e r i e s of r e f e r e n c e working curves c o n t a i n 
i n g i n c r e a s i n g c o n c e n t r a t i o n s of c o n c o m i t a n t s . E r r o r s a r i s i n g 
from u n c o r r e c t e d background s h i f t s w i l l reduce the s l o p e s of these 
r e f e r e n c e working curves at low a n a l y t e c o n c e n t r a t i o n s . With PMT 
p o l y c h r o m a t o r s , backgroun
down to the LQD l e v e l , eve
l e v e l s , e.g., 5000 ug/ml Ca, 5000 ug/ml Mg and 500 ug/ml A l ( 5 0 ) . 
For our e v a l u a t i o n s , the TI 190.8 nm and the As 193.7 nm l i n e s 
were chosen to determine the e f f i c i e n c y of background c o r r e c t i o n 
a c h i e v a b l e w i t h SPD d e t e c t o r s . F i g u r e 4 shows the s p e c t r a a t and 
about the 190.8 nm TI l i n e measured f o r 15 ug/ml TI s o l u t i o n s 
( 1 % HNO3 aqueous) w i t h and w i t h o u t the a d d i t i o n of c o n c o m i t a n t s . 
In both cases the blank s u b t r a c t i o n ( d e t e c t o r p l u s blank s p e c t r a l 
background) was performed. I t i s apparent t h a t the r e l a t i v e l y 
f l a t background i s amenable to l i n e i n t e r p o l a t i o n c o r r e c t i o n s , 
i . e . , the c h o i c e of wavelength (di o d e ) f o r background c o r r e c t i o n , 
i s r a t h e r non c r i t i c a l . I n the case of the As 193.7 nm l i n e , 
c o r r e c t i o n of the background i s rendered more d i f f i c u l t because 
the a n a l y t e l i n e i s superimposed on the wing of an a d j a c e n t A l 
concomitant l i n e , F i g u r e 5. I n t h i s c a s e , a t l e a s t two c o r r e c 
t i o n v a l u e s measured a t wavelengths l o c a t e d on each s i d e of the 
As l i n e are needed. A s t r a i g h t l i n e i n t e r p o l a t i o n between these 
two wavelengths i s then used to e s t i m a t e the background l e v e l at 
the a n a l y t e wavelength. A n a l y t i c a l c a l i b r a t i o n curves of TI and 
As a t f o u r concomitant c o n c e n t r a t i o n l e v e l s , o b t a i n e d a f t e r blank 
background s u b t r a c t i o n o n l y , are shown i n F i g u r e s 6 and 7. C l e a r 
l y , a t the h i g h e s t concomitant c o n c e n t r a t i o n s , the LQD a n a l y t e 
l e v e l shows an order of magnitude e r r o r i n c o n c e n t r a t i o n due to 
u n c o r r e c t e d background s h i f t s . When the interpolâtive background 
c o r r e c t i o n s were a p p l i e d to the same d a t a , the d e t e r m i n a t i o n 
e r r o r s were d r a s t i c a l l y reduced, as shown by F i g u r e s 8 and 9. 
In f a c t , background c o r r e c t i o n s a c h i e v e d w i t h SPD, f o r both types 
of u n d e r l y i n g s p e c t r a l backgrounds, are comparable to t h a t 
a c h i e v e d w i t h the a r r a y PMT polychromator (50)· The s h i f t s i n the 
a n a l y t i c a l c u r v e s , v i s i b l e i n F i g u r e s 8 and 9 r e f l e c t the reduc
t i o n i n the n e b u l i z e r e f f i c i e n c y a t the h i g h or concomitant con
c e n t r a t i o n s . T h i s m a t r i x e f f e c t c o u l d be e l i m i n a t e d by u t i l i z 
i n g the i n t e r n a l r e f e r e n c e l i n e p r i n c i p l e to n o r m a l i z e v a r i a t i o n s 
i n the n e b u l i z e r e f f i c i e n c y . For t h i s n o r m a l i z a t i o n procedure 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



88 MULTICHANNEL IMAGE DETECTORS 

1905 WAVELENGTH (nm) 1*1.5 

Figure 4. Net spectra after spectral stripping with 1% HN03 blank spectrum. Spectra 
obtained with Spectrometer 2, Table I. Key: a, 15 μg/mL TI with 5000 μg|mL Ca and 

Mg, and500 μg|mL Al; and b, 15 μg|mL 77. 

ι 
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Figure 5. Net spectra after spectral stripping with 1% HN03 blank spectrum. Spectra 
obtained with Spectrometer 2, Table I. Key: a, 2.5 μg|mL As with 5000 μg|mL Ca and 

Mg, and500 μg|mL Al; and b, 2.5 μg|mL As. 
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Figure 6. Analytical calibration for TI 190.8 nm after spectral stripping with 1% HN03 

blank. Key: •, high concomitants level = Ca and Mg 5000 μg|mL, Al 500 μg|mL; A, 
medium concomitants level - Ca and Mg 750 μg|mL, A175 μ^\mL; o, low concomitants 

level - Ca and Mg 100 μ^ΙτηΕ, Al 10 ^glmL; and *, no concomitants. 

blank. Concomitant concentrations are the same as in Figure 6. 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



MULTICHANNEL IMAGE DETECTORS 

Figure 9. Analytical calibration for As 193.7 nm after spectral stripping with 1% HN03 

blank and interpolative background correction. Concomitant concentrations are the 
same as in Figure 6. 
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to be s u c c e s s f u l , the i n t e r n a l r e f e r e n c e l i n e should f a l l i n the 
same SPD s p e c t r a l window. 

Although the b a s e l i n e , i n t e r p o l a t i v e b a c k g r o u n d - c o r r e c t i o n 
method i s very e f f e c t i v e i t s l i m i t a t i o n must be understood. 
Whereas s p e c t r a l i n t e r f e r e n c e s caused by u n i f o r m b a s e l i n e s h i f t s 
and by broad smoothly s l o p i n g l i n e wings ( f o r s p a t i a l frequency 
f e a t u r e s a t the SPD f o c a l p l a n e ) can be f a i r l y a c c u r a t e l y c o r 
r e c t e d , those caused by s p e c t r a l o v e r l a p p i n g w i t h concomitant 
l i n e s cannot be c o r r e c t e d by t h i s s imple b a s e l i n e , i n t e r p o l a t i v e 
p rocedure. Moreover, r e g a r d l e s s of whether a PMT or an SPD 
d e t e c t o r i s used, accuracy of t h i s i n t e r p o l a t i v e background c o r 
r e c t i o n method depends on the s t r a y r a d i a n t energy (SRE) c h a r 
a c t e r i s t i c s of the spectrometer used. T h i s e f f e c t i s demons
t r a t e d by a comparison between F i g u r e s 4 and 5 and F i g u r e s 10 and 
11. The s p e c t r a shown i n F i g u r e s 4 and 5 were o b t a i n e d w i t h 
spectrometer 2 (Table I) equiped w i t h  lo  SRE h o l o g r a p h i
g r a t i n g . Those shown i
spectrometer 1 ( T a b l e I) equipe y  (an
r a t h e r o l d ) g r a t i n g t h a t produced h i g h l y s t r u c t u r e d and i r 
r e g u l a r background s h i f t s . These s t r u c t u r e s , o f t e n o v e r l a p ana
l y t e s p e c t r a l l i n e s . The e f f e c t of t h i s o v e r l a p was s i g n i f i c a n t 
even at c o n c e n t r a t i o n l e v e l s w e l l above the l i m i t of q u a n t i t a t i v e 
d e t e r m i n a t i o n . As shown i n F i g u r e 12, s i m i l a r l y s t r u c t u r e d back
grounds were observed f o r the SPD and the PMT, thus r u l i n g out 
SPD d i o d e - t o - d i o d e response v a r i a t i o n s as the cause f o r t h i s 
phenomenon. H i g h l y s t r u c t u r e d SRE backgrounds have a l s o been 
observed w i t h o t h e r spectrometers u t i l i z i n g r u l e d g r a t i n g s ( 4 6 ) . 
Although most s t a t e of the a r t r u l e d g r a t i n g s do not produce 
s t r u c t u r e d SRE f e a t u r e s , a l a r g e number of g r a t i n g s s t i l l i n 
s e r v i c e may be u n s u i t a b l e f o r a c c u r a t e background s h i f t c o r r e c 
t i o n . 

When i t i s i m p o s s i b l e to s e l e c t a n a l y t e l i n e s t h a t are com
p l e t e l y f r e e from s p e c t r a l o v e r l a p by concomitant s p e c t r a l l i n e s , 
a r r a y d e t e c t o r s may be used to reduce the adverse e f f e c t of such 
s p e c t r a l i n t e r f e r e n c e s . To a c c o m p l i s h t h i s t a s k , the spectrum 
of the known concomitant i s f i r s t measured and s t o r e d . One or 
more concomitant l i n e s t h a t are known to be l o c a t e d i n an i n t e r 
f e r e n c e f r e e zone w i t h i n the measured s p e c t r a l window are then 
used as i n t e r n a l r e f e r e n c e l i n e s . The r e l a t i v e i n t e n s i t i e s of 
these l i n e s i n the sample spectrum are then used to e s t a b l i s h a 
c o r r e c t i o n f a c t o r by which the s t o r e d concomitant spectrum i s 
m u l t i p l i e d and s u b t r a c t e d from the sample spectrum. T h i s c o r 
r e c t i o n procedure can be performed f o r each known concomitant 
p r e s e n t i n the sample. A p r i o r knowledge of the c o n c e n t r a t i o n 
of each concomitant i s not r e q u i r e d . 

A s i m p l i f i e d v e r s i o n of t h i s s p e c t r a l s t r i p p i n g technique 
was demonstrated w i t h the SPD f o r the V d o u b l e t (309.27, 309.31 
nm), which i s u n r e s o l v e d from the A l d o u b l e t (309.27, 209.28 nm). 
The s p e c t r a of pure A l , pure V (as shown i n F i g u r e 13), and v a r 
i o u s m i x t u r e s o l u t i o n s of the two were f i r s t measured and s t o r e d . 
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Figure 11. Net spectra as in Figure 5, but obtained with Spectrometer 1, Table I. 
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Figure 13. Spectra ofl% HN03 aqueous solutions of pure V (top) and AI (bottom)ata 
concentration of400 μg|mL. Signal integration time = 100 ms. 
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The A l 309.3 / A l 308.2 i n t e n s i t y r a t i o was measured on the spec
trum of pure A l , and i n t e n s i t y of the A l 308.22 nm r e f e r e n c e 
l i n e was measured i n each of the A l , V m i x t u r e s p e c t r a and m u l t i 
p l i e d by t h i s c o r r e c t i o n r a t i o to c a l c u l a t e the i n t e n s i t y c o n t r i 
b u t i o n of A l to the 309.3 nm u n r e s o l v e d A l , V d o u b l e t . The a c 
curacy of d e t e r m i n i n g the a c t u a l i n t e n s i t y of V at the 309.3 nm 
l i n e , i n t h i s f a s h i o n , Table I I I , decreased as the A l / V concen
t r a t i o n r a t i o i n c r e s e d . T h i s i s expected because the combined 
s i g n a l of the r e s o l v e d V, A l doub l e t was m a i n t a i n e d a t a r e l a t i v 
e l y c o n s t a n t l e v e l and t h e r f o r e , a l s o i t s a s s o c i a t e d n o i s e i . e . , 
m o s t l y due to photon n o i s e and superimposed RF i n t e r f e r e n c e . At 
the same time, the f r a c t i o n of the V s i g n a l ( w i t h i n the combined 
s i g n a l ) was reduced, r e s u l t i n g i n a c o r r e s p o n d i n g reduced p r e 
c i s i o n and a c c u r a c y . When a n a l y z i n g " r e a l " samples w i t h complex 
m a t r i c e s , the accuracy of s p e c t r a l s t r i p p i n g becomes very depen
dent on the s e l e c t i o n o
G e n e r a l l y , under such c i r c u m s t a n c e s
s t r i p p i n g can be s i g n i f i c a n t l y improved by r e s o r t i n g to m a t r i x
form, l e a s t - s q u a r e s d e c o n v o l u t i o n techniques (5_1) t h a t r e l y on a 
much wider s t a t i s t i c a l data base, i . e . , the e n t i r e d i g i t i z e d 
spectrum (1024 p o i n t s ) . 

F i n a l l y , i t i s important t o c l a r i f y a few common miscon
c e p t i o n s r e g a r d i n g these s p e c t r a l s t r i p p i n g t e c h n i q u e s . F i r s t , 
e r r o r s may be caused by u n s t a b l e geometric r e g i s t r a t i o n , i . e . , 
wavelength-to-diode c a l i b r a t i o n , r e s u l t i n g from thermal expan
s i o n or c o n t r a c t i o n of the polychromator system. Second, the 
s t a t i s t i c a l n a t u r e of these techniques s e t s a l i m i t on t h e i r a c 
c u r a c y , e.g., i t d e t e r i o r a t e s as the s u b t r a c t e d i n t e r f e r r i n g 
l i n e s become more i n t e n s e and the sought a n a l y t e l i n e s l e s s i n 
t e n s e . 

D e t e c t i o n L i m i t s , Noise C h a r a c t e r i s t i c s and S/N C o n s i d e r a t i o n . 
The d e t e c t i o n l i m i t s measured w i t h the u n i n t e n s i f i e d SPD d e t e c 
t i o n system operated i n the o n - t a r g e t i n t e g r a t i o n readout mode are 
compared t o those o b t a i n e d w i t h the ISPD ( i n t e n s i f i e d SPD) and the 
SIT (both h i g h g a i n m u l t i c h a n n e l d e t e c t o r s ) and the PMT, a h i g h 
g a i n s i n g l e channel d e t e c t o r , Table IV. I t i s important t o r e a l 
i z e t h a t the SIT used i n t h i s study was uncooled. I t i s p o s s i b l e 
to c o o l a SIT to d r y - i c e temperatures and thus e f f e c t i v e l y a c h i 
eve long s i g n a l i n t e g r a t i o n times (52^)· However, c o o l i n g a SIT 
i s m e c h a n i c a l l y d i f f i c u l t , and r e q u i r e s e l a b o r a t e scanning and 
t a r g e t p r e p a r a t i o n t e c h n i q u e s , to overcome the h i g h d i s c h a r g e l a g 
c h a r a c t e r i s t i c s of v i d i c o n d e v i c e s . I t i s , g e n e r a l l y , r a t h e r 
d i f f i c u l t to m a i n t a i n a good l i n e a r i t y ( s i g n a l r e c i p r o c i t y ) w i t h 
c o o l e d SIT's. U l t r a s o n i c sample n e b u l i z a t i o n was used throughout 
t h i s study. These comparative d e t e c t i o n l i m i t v a l u e s , however, 
must be c a u t i o u s l y e v a l u a t e d s i n c e the a b s o l u t e performance of a l l 
f o u r d e t e c t o r s can vary by a f a c t o r of 2 - 4. T h i s i s p a r t i c u l 
a r l y t r u e f o r the SIT, f o r which s p a t i a l and s p e c t r a l v a r i a t i o n s 
i n photocathode response, s i g n a l a m p l i f i c a t i o n , e f f i c i e n c y of the 
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U V - t o - v i s i b l e c o n v e r t e r , and a m p l i f i e r n o i s e may a f f e c t both the 
response and the s i g n a l - t o - n o i s e c h a r a c t e r i s t i c s of the d e t e c t o r . 

At f i r s t g l a n c e the e x c e l l e n t d e t e c t i o n l i m i t s o b t a i n e d w i t h 
the u n i n t e n s i f i e d SPD, compared w i t h those o b t a i n e d w i t h the h i g h 
g a i n d e t e c t o r s may seem p u z z l i n g . An e x a m i n a t i o n of the S/N 
c h a r a c t e r i s t i c s of both the SPD and the plasma source can p r o v i d e 
some i n s i g h t i n t o t h i s p l e a s i n g performance. 

D e t e c t o r readout n o i s e i s the predominant source of n o i s e f o r 
the combined ICP/SPD system. Radio frequency (RF) i n t e r f e r e n c e 
from the ICP appears as a superimposed p e r i o d i c beat p a t t e r n , as 
shown i n F i g u r e 14. With a p p r o p r i a t e grounding and s h i e l d i n g at 
the plasma e n c l o s u r e , t h i s n o i s e can be reduced to a p p r o x i m a t e l y 
5 counts rms or l e s s . As noted e a r l i e r i n t e g r a t i o n of s i g n a l may 
be performed e i t h e r in-memory or o n - t a r g e t (45)· With in-memory 
i n t e g r a t i o n , the SPD i s read at the normal scan r a t e and the s i g 
n a l s from c o n s e c u t i v e readout
memory, i . e . , ensemble a v e r a g i n g
s i g n a l i s accumulated ( t e m p o r a r i l y s t o r e d ) i n the diodes and read 
o n l y a t the end of the i n t e g r a t i o n p e r i o d . With readout n o i s e 
l i m i t e d systems, the o n - t a r g e t i n t e g r a t i o n mode has d e f i n i t e ad
vantage, because read n o i s e i s i n t r o d u c e d o n l y once d u r i n g the 
f i n a l (and o n l y ) a r r a y readout, r e s u l t i n g i n a S/N improvement 
t h a t i s n e a r l y p r o p o r t i o n a l to the time of i n t e g r a t i o n . With pho
ton s h o t - n o i s e l i m i t e d systems, e i t h e r readout mode w i l l p r o v i d e 
a S/N t h a t i s p r o p o r t i o n a l to the square r o o t of the t o t a l amp
l i t u d e of the i n t e g r a t e d s i g n a l . As noted e a r l i e r when the l i n e 
i n t e n s i t i e s surpass the A/D c o n v e r t e r l i m i t , e.g., 16,384 co u n t s , 
a combination of in-memory and o n - t a r g e t i n t e g r a t i o n s o f f e r s the 
o p t i m a l readout mode and g r e a t l y extends the dynamic range of the 
system. 

C o o l i n g the a r r a y t o -20°C reduces the dark charge s i g n a l by 
a p p r o x i m a t e l y a f a c t o r of 100, thus e n a b l i n g p r o p o r t i o n a l l y l o n g 
er o n - t a r g e t s i g n a l i n t e g r a t i o n p e r i o d s . T y p i c a l average dark 
charge s i g n a l l e v e l s , a t t h i s temperature, v a r y from a r r a y t o 
a r r a y w i t h i n the 30-180 counts/second range. Thus, i f , f o r ex
ample, the maximum A/D c o n v e r t e r range a l l o t t e d f o r dark charge 
readout i s set a t 12,000 c o u n t s / d i o d e ( a l l o w i n g a n a l y t e s i g n a l s 
of up to 4384 counts) the maximum c o r r e s p o n d i n g i n t e g r a t i o n times 
are i n the 400 to 67 seconds range. 

The f o l l o w i n g examples w i l l demonstrate the m e r i t of on-
t a r g e t s i g n a l i n t e g r a t i o n . C o n s i d e r an SPD d e t e c t i o n system w i t h 
an average quantum e f f i c i e n c y of 0.5; a readout n o i s e , N R , of 1200 
e l e c t r o n s / d i o d e / s c a n (one scan i s 16.667 ms) or one count rms ( i f 
the p r e a m p l i f i e r g a i n i s set at 1 count = 1200 e l e c t r o n s ) ; a dark 
charge s i g n a l , D, of 100 counts/diode/second; a plasma background 
s i g n a l , P, of 50 counts/diode/second (2000 p h o t o n s / d i o d e / s c a n ) ; 
an RF n o i s e , N ^ p , of 5 counts rms/diode/scan; and an a n a l y t e s i g 
n a l , S, of 0.5 count/diode/second (20 p h o t o n s / d i o d e / s c a n ) . 

a) S/N a f t e r 1 second of o n - t a r g e t s i g n a l i n t e g r a t i o n : 
T o t a l s i g n a l (S+P+D) i s 150.5 counts/diode/second. The 
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Figure 14. The effect of radio frequency interference (periodic pattern noise) on the SIΝ 
performance of the SPD when inadequate RF shielding was used. The emission signal of 
Zn 213.8 nm at 2.0 μg|mL happened to be located at the node in this particular case. 

Signal integration time was 16 s. Spectral background subtraction was performed. 
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c o r r e s p o n d i n g s i g n a l shot n o i s e , N s, i s (150.5 X 1200)^/1200= 
0.35 counts rms. In t h i s case the t o t a l system n o i s e , 

N T = = 5 counts rms and S/N = = 0.1. 

b) S/N a f t e r 100 seconds of o n - t a r g e t s i g n a l i n t e g r a t i o n : 
T o t a l s i g n a l i n t e g r a t e d o n - t a r g e t i s 15050 c o u n t s / d i o d e . 
Corresponding s i g n a l shot n o i s e , N s, i s (15050 X 1200)%/ 
1200 =3.5 counts rms. 

N T = [ ( N R ) 2 + ( N R F ) 2 + ( N s ) 2 ] % = 6.2 counts rms and S/N = 8.1 

Thus, a 100 f o l d i n c r e a s e i n s i g n a l i n t e g r a t i o n time improves 
S/N ay a f a c t o r of 81. I f r a d i o frequency i n t e r f e r e n c e c o u l d be 
f u r t h e r reduced, an almost l i n e a  improvement i  S/N  b  a c h i
eved. For comparison,
s i g n a l i n t e g r a t i o n was use
s i n c e N R = (6000 X 1 ) ^ = 77.5 counts rms. I t s h o u l d be noted 
t h a t f o r a n a l y t e s i g n a l s g r e a t e r than 1200 c o u n t s / d i o d e / s c a n , both 
modes of i n t e g r a t i o n w i l l r e s u l t i n an equal S/N performance. In 
c o n t r a s t , i n the absense of source f l i c k e r n o i s e l i m i t a t i o n s , h i g h 
g a i n d e t e c t o r s such as PMTs are photon s h o t - n o i s e l i m i t e d and 
t h e r e f o r e show a S/N improvement t h a t i s o n l y p r o p o r t i o n a l t o the 
square r o o t of the i n t e g r a t i o n time. G e n e r a l l y , whereas the SPD 
a c h i e v e s s i m i l a r S/N performance whenever long s i g n a l i n t e g r a t i o n 
time i s a f f o r d a b l e , i t i s s i g n i f i c a n t l y i n f e r i o r t o the PMT when 
low l e v e l l i g h t s i g n a l s of s h o r t d u r a t i o n are measured. On the 
o t h e r hand, a t s u f f i c i e n t l y h i g h r a d i a n t f l u x l e v e l s (whether 
background or a n a l y t e ) the measured s i g n a l f o r the PMT d e t e c t o r 
was found to be f l i c k e r n o i s e l i m i t e d , as shown by F i g u r e 15. 
Under such c o n d i t i o n s S/N w i l l s c a r c e l y improve w i t h i n c r e a s e d 
i n t e g r a t i o n time. 

Table IV c l e a r l y shows t h a t the d e t e c t i o n l i m i t performance 
of the SPD, r e l a t i v e to t h a t of the PMT d e c l i n e s as s h o r t e r wave
l e n g t h a n a l y t e l i n e s are s e l e c t e d . T h i s d e c l i n e cannot be s i m p l y 
e x p l a i n e d on the b a s i s of reduced o p t i c a l t r a n s f e r e f f i c i e n c y of 
the polychromator s i n c e the same polychromator was used w i t h a l l 
f o u r d e t e c t o r s . N e i t h e r can a reduced s p e c t r a l response be the 
cause f o r the poorer performance a t the low UV s p e c t r a l range 
s i n c e the quantum e f f i c i e n c y of the SPD i n t h i s r e g i o n i s very 
h i g h , b e i n g a p p r o x i m a t e l y 40-50%. The r e l a t i v e l o s s of d e t e c t a b 
i l i t y i s r e l a t e d t o a c o r r e s p o n d i n g r e d u c t i o n i n both plasma back
ground and a n a l y t e i r r a d i a n c e a t s h o r t e r wavelengths. As shown 
i n F i g u r e 16, the background i r r a d i a n c e d e c l i n e s r a p i d l y a t the 
s h o r t wavelengths. The few s c a t t e r e d data p o i n t s above the i r 
r a d i a n c e curve are a t t r i b u t e d to l i n e and band e m i s s i o n superim
posed on the continuum background of the plasma. 

T h i s d e c l i n e i n plasma background l e v e l a f f e c t s the r e l a t i v e 
S/N performance of the PMT and SPD d e t e c t i o n systems i n the f o l 
l owing manner: 
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BACKGROUN

Figure 15. Relationship between the plasma background emission intensity and its 
associated noise measured with a photomultiplier detection system. 

200 250 300 
WAVELENGTH (nm) 

350 40C 

Figure 16. Plasma irradiance in the 200-380-nm spectral range at a distance of 30 cm 
from the ICP. A 1% HN03 aqueous solution was aspirated. 
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E. ICP/PMT: When d e t e c t i o n l i m i t l e v e l s are approached the 
dominant n o i s e f e a t u r e i s e i t h e r the shot n o i s e or the f l i c k 
er n o i s e of the plasma background ( F i g u r e 15). Because the 
background l e v e l drops a t lower wavelengths, so does the ab
s o l u t e l e v e l of the a s s o c i a t e d n o i s e . S i m u l t a n e o u s l y , t h e r e 
i s a c o r r e s p o n d i n g r e d u c t i o n i n the a n a l y t e l i n e i r r a d i a n c e 
( s i g n a l ) , a t lower wavelengths, as shown i n F i g u r e 17. T h i s 
d e c l i n e i s p a r t i a l l y a r e s u l t of a c o r r e s p o n d i n g r e d u c t i o n 
i n the g r a t i n g t r a n s f e r e f f i c i e n c y and photocathode quantum 
e f f i c i e n c y near the VUV s p e c t r a l r e g i o n . Thus, because s i g 
n a l and n o i s e decrease s i m u l t a n e o u s l y , w i t h wavelength, the 
net r e s u l t i s a d e t e c t i o n l i m i t (S/N) performance t h a t i s 
r e l a t i v e l y wavelength independent. 

I I . ICP/SPD: The n o i s e of the ICP/SPD d e t e c t i o n system i s p r a c 
t i c a l l y independent of the plasma background l e v e l , i . e . , i t 
i s r a d i o f r e q u e n c y
out n o i s e , l i m i t e d
n a l s drop w i t h wavelengths, F i g u r e 17, so do a l s o the S/N 
v a l u e s , and the d e t e c t i o n l i m i t v a l u e s are r a i s e d . As p r e 
v i o u s l y d i s c u s s e d , a n e a r l y l i n e a r improvement i n d e t e c t i o n 
l i m i t can be ac h i e v e d w i t h an i n c r e a s e i n i n t e g r a t i o n time 
(See Table I V ) . 
The h i g h g a i n of the ISPD r e s u l t e d i n a S/N performance t h a t 

i s b a s i c a l l y plasma background n o i s e l i m i t e d over the e n t i r e wave
l e n g t h r e g i o n examined, as evidenced by the ve r y s i m i l a r d e t e c t i o n 
l i m i t s o b t a i n e d w i t h the ISPD and the PMT i n Table IV. As expec
t e d , an i n c r e a s e i n the i n t e g r a t i o n p e r i o d w i t h the ISPD r e s u l t e d 
i n a square r o o t improvement i n d e t e c t i o n l i m i t s . 

The SIT i s a l s o a h i g h g a i n d e t e c t o r , but i t s readout n o i s e 
i s t y p i c a l l y h i g h e r , i t s UV response i s poorer and i t s c o o l i n g i s 
d i f f i c u l t and i n e f f i c i e n t . Indeed, the d e t e c t i o n l i m i t s o b t a i n e d 
w i t h the SIT were s i g n i f i c a n t l y i n f e r i o r to those o b t a i n e d w i t h 
e i t h e r the PMT or the ISPD, e x p e c i a l l y i n the UV r e g i o n . 

Whereas the plasma background s i g n a l (except a t h i g h l e v e l s ) 
i s p r e d o m i n a n t l y shot n o i s e l i m i t e d , the net a n a l y t e s i g n a l i s 
dominated by f l i c k e r n o i s e (except a t the d e t e c t i o n l i m i t r e g i o n ) 
as demonstrated by the s i g n a l t o n o i s e r e l a t i o n s h i p data i n Tables 
V and V I . Source f l i c k e r n o i s e dependence of the net a n a l y t e i n 
t e n s i t y i s a m u l t i p a r a m e t e r phenomenon which may stem from 120 Hz 
power beats of the plasma, v a r i a t i o n s i n gas f l o w r a t e s or v a r i 
a t i o n s i n the r a t e of n e b u l i z a t i o n . 

The m u l t i c h a n n e l n a t u r e of the SPD c o u l d be used to reduce 
the e f f e c t of f l i c k e r n o i s e by u t i l i z i n g the c l a s s i c i n t e r n a l r e 
fe r e n c e t e c h n i q u e . The i n t e n s i t i e s of a few c a r e f u l l y s e l e c t e d 
l i n e s are s i m u l t a n e o u s l y i n t e g r a t e d w i t h the a n a l y t e l i n e s and 
used as i n t r o d u c t i o n - e v a p o r i z a t i o n - a t o m i z a t i o n H - e x c i t a t i o n i n d i c a 
t o r s . T h i s approach can s i g n i f i c a n t l y reduce f l i c k e r n o i s e and 
thus improve the S/N performance of the system as shown i n Table 
V I I . As expected, a t low c o n c e n t r a t i o n l e v e l s , where the system 
becomes RFI n o i s e l i m i t e d , t h i s method o f f e r s a ve r y l i m i t e d S/N 
improvement. 
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Figure 17. Relationship between the net signal intensity of analyte lines at the detection 
limit with a PMT and the line wavelength. 
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Table V· S i g n a l - t o - n o i s e r e l a t i o n s h i p demonstrated w i t h Be 313.04 
nm l i n e 

C o n c e n t r a t i o n , I n t e g r a t i o n Peak A r e a - Peak H e i g h t - SNR 
ug/1 Time ( s e c ) (Counts) (Counts) Peak Peak 

Area Height 
1 1.666 5192+74 2810+34 70.2 82.7 
1 0.166 514+12 279+3.4 43.0 82.1 
10 0.166 5180+80 2830+42 64.8 67.4 
10 0.0166 500+15 290+8 33.3 36.3 

-* 

a. Seven c e n t r a l diodes i n each peak were summed. 
b. The net peak-height v a l u e , f o r each l i n e , was o b t a i n e d by sub

t r a c t i n g the background v a l u e  measured w i t h a diode p o s i t i o n
ed e i g h t diodes (20

Table V I . S i g n a l - t o - n o i s e r e l a t i o n s h i p demonstrated w i t h Zn 213.8 
nm 1ine 

C o n c e n t r a t i o n , I n t e g r a t i o n Peak H e i g h t , Peak A r e a , SNR 
ug/1 Time, S Counts Counts Peak Peak 

Height Area 
10,000 0.83 15120+297 39728+690 50.9 57.6 
1,000 1.66 3002+72 7860+162 41.7 48.5 

100 8.30 1520+26 3910+84 58.5 46.6 
10 8.30 160+9- 390+30- 17.7 13 
10 16.60 322+6.3 782+24 51.1 32.6 

a. RFI n o i s e was h i g h compared t o s i g n a l l e v e l , r e s u l t i n g i n r e -
duced S/N r a t i o . 

Table V I I . Improvement i n S/N ( p r e c i s i o n ) through the use of 
s p e c t r a l l i n e i n t e r n a l standards 

Concentrâtion- Y 321.7 nm T i 323.4 nm R a t i o : 
ug/ml % RSD % RSD % RSD 
0.01 3.1% 2.9% 2.7% 
0.03 1.9% 1.8% 1.9% 
0.1 1.6% 0.7% 0.5% 
0.3 0.6% 0.5% 0.2% 
1.0 1.0% 0.9% 0.2% 
3.0 0.8% 0.7% 0.1% 

T i 

a. 1% H N O 3 aqueous s o l u t i o n s w i t h m a t r i x c o n c e n t r a t i o n l e v e l s 
(400 Mg/ml) of Na, Ca and Mg were used 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



104 MULTICHANNEL IMAGE DETECTORS 

Wavelength C a l i b r a t i o n And S p e c t r a l R e s o l u t i o n . The wavelength 
c a l i b r a t i o n a c c u r a c y of the SPD depends, i n p r i n c i p l e , o n l y on the 
c o r r e s p o n d i n g a c c u r a c y of the spectrometer's r e c i p r o c a l l i n e a r 
d i s p e r s i o n . I n t h i s s tudy, the wavelength-to-diode c a l i b r a t i o n 
was proven adequately l i n e a r to determine wavelength t o w i t h i n 
+0.02 nm over the e n t i r e 20 nrn s p e c t r a l window (1024 d i o d e s ) of 
the a r r a y , from any p a i r of known s p e c t r a l l i n e s . 

The accuracy of t h i s wavelength c a l i b r a t i o n i s not a f f e c t e d 
by n o n l i n e a r , m e c h a n i c a l , tolerance-dependent p r o c e s s e s , such as 
b a c k l a s h of scanning monochromator. When mechanical scanning i s 
u t i l i z e d t o s e q u e n t i a l l y d i s p l a y d i f f e r e n t s p e c t r a l windows a c r o s s 
the SPD, a s i n g l e r e f e r e n c e l i n e from e i t h e r the plasma background 
e m i s s i o n , e.g., Argon l i n e , an a n a l y t e or a m a t r i x l i n e , or even 
from an e x t e r n a l l i g h t s o urce, e.g., Hg lamp, i s s u f f i c i e n t to 
a c c u r a t e l y c a l i b r a t e each of these s p e c t r a l windows. Each spec
trum i s i n d i v i d u a l l y s t o r e
r e c a l l e d l a t e r , at the u s e r '

Although l i n e i d e n t i f i c a t i o n and peak f i n d i n g i n s t o r e d spec
t r a are s i m p l i f i e d by r e c o g n i t i o n of marker concomitant l i n e s , 
peak h e i g h t v a l u e s , are h i g h l y dependent upon the r e l a t i v e super-
i m p o s i t i o n of l i n e p r o f i l e s on i n d i v i d u a l d i o d e s . Peak h e i g h t 
w i l l be n e a r l y h a l v e d when a l i n e p r o f i l e i s e q u a l l y d i v i d e d be
tween two a d j a c e n t diodes r a t h e r than c e n t e r e d on a s i n g l e one. 
I t i s t h e r e f o r e e s s e n t i a l t h a t the user determines the e f f e c t of 
t h i s " a r r a y d i s c r e t n e s s " on the accuracy of d e t e r m i n a t i o n and ac
c o r d i n g l y s et the r e c i p r o c a l l i n e a r d i s p e r s i o n of the spectometer. 
Thermal i n s u l a t i o n and/or c o n t r o l of the spectrometer SPD system 
should a l s o be c o n s i d e r e d , because thermal expansion may reduce 
the a c c u r a c y of the d i o d e - t o - w a v e l e n g t h c a l i b r a t i o n . 

The s p e c t r a l r e s o l u t i o n of a d e t e c t o r i s d e f i n e d here as 
equal to i t s s p a t i a l r e s o l u t i o n ( i n urn ) times the r e c i p r o c a l 
l i n e a r d i s p e r s i o n of the spectrometer ( i n nm/um ). I t was meas
ured to be 1.5 - 2.5 and 2-4 times poorer f o r the SPD and SIT, 
r e s p e c t i v e l y , compared to t h a t of a PMT. A l l measurements were 
performed w i t h the same spectometer, u t i l i z i n g 20 um s l i t w i d t h s . 
Because, the p r o x i m i t y f o c u s e d , m i c r o c h a n n e l p l a t e (MCP) i n t e n s i 
f i e r broadens the l i n e images, the s p e c t r a l r e s o l u t i o n of the ISPD 
was found t o be s i g n i f i c a n t l y worse than t h a t of the SPD. Peak 
widths measured a t h a l f maximum i n t e n s i t y were f o u r diodes wide 
even when o n l y a s i n g l e diode w i d t h was i l l u m i n a t e d . 

With the SPD, the minimum u s e f u l s l i t w i d t h i s set by the 
25 um c e n t e r - t o - c e n t e r s p a c i n g of the i n d i v i d u a l d i o d e s . However, 
the v e r y a r c h i t e c t u r e of the diode a r r a y promotes a c e r t a i n degree 
of s i g n a l c r o s s - t a l k between a d j a c e n t diodes s i n c e any charge gen
e r a t e d between them c o u l d be read out by e i t h e r one. A l s o , i n 
each measured s p e c t r a l window o n l y a few l i n e s w i l l be p e r f e c t l y 
c e n t e r e d on a s i n g l e d i o d e ; o t h e r s w i l l f a l l on p o r t i o n s of two 
a d j a c e n t d i o d e s . As a r e s u l t , the a c t u a l s p a t i a l r e s o l u t i o n of 
the SPD i s a p p r o x i m a t e l y 38 to 50 um, whereas the PMT-spectometer 
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(20 um s l i t w i d t h ) does a c h i e v e a s p a t i a l r e s o l u t i o n c l o s e t o 20 
um. T h e r e f o r e , i f the SPD i s t o ac h i e v e a s p e c t r a l r e s o l u t i o n 
comparable to t h a t of the PMT the l i n e a r d i s p e r s i o n of the g r a t i n g 
must be i n c r e a s e d by a f a c t o r of 2-2.5, thus l i m i t i n g the s p e c t r a l 
window p r o j e c t e d on the one i n c h (1024 d i o d e s ) a r r a y t o 8-10 nm. 
D i g i t a l c e n t r o i d f i n d i n g t e c h n i q u e s , so u s e f u l f o r r e s o l u t i o n en
hancement i n photon-counting image d e t e c t o r s cannot be used w i t h 
SPDs. 

A p p l i c a t i o n S t u d i e s . A l t hough s e v e r a l papers have been p u b l i s h e d 
on the p o t e n t i a l a p p l i c a t i o n s of ICP image d e t e c t o r systems, these 
s t u d i e s have r a r e l y i n v o l v e d samples of complex c o m p o s i t i o n . To 
ev a l u a t e the advantages and l i m i t a t i o n s of the SPD d e t e c t o r when 
i n t e r f a c e d t o g e n e r a l purpose s p e c t r o m e t e r s , we s e l e c t e d the d e t 
e r m i n a t i o n of t r a c e c o n c e n t r a t i o n s i n g l a s s and the a n a l y s i s of 
m i c r o l i t e r volumes of s o l u t i o n

D e t e r m i n a t i o n of Trace C o n c e n t r a t i o n s i n G l a s s . The U.S. G e o l o g i 
c a l Survey g l a s s r e f e r e n c e samples Nos. GSC-488, GSD-1439 and GSE-
382 were d i s s o l v e d i n a manner d e s c r i b e d by F l o y d e t . a l . ( 4 2 ) . 
The c o n s t i t u e n t s of the g l a s s samples ( S i 0 2 * 62%; Αΐ2θ3,14%; 
F e 2 0 3 , 5%; FeO, 1.5%; MgO, 4.0%; CaO, 5.0%; Na20, 4.0%; K 2 O , 3.6%) 

The d i s s o l v e d g l a s s sample s o l u t i o n s c o n t a i n e d a p p r o x i m a t e l y 
2% NaCl. Such h i g h s a l i n i t y s o l u t i o n s are n o t o r i o u s f o r t h e i r 
adverse e f f e c t s on n e b u l i z a t i o n and t r a n s p o r t p r o c e s s e s and have 
t h e r e f o r e r e q u i r e d the use of r e f e r e n c e s o l u t i o n s of s i m i l a r s a l 
i n i t y . Tables V I I I t o X summarize some of the a n a l y t i c a l r e s u l t s 
o b t a i n e d from two of the s p e c t r a l windows s t u d i e d . One of the 
s p e c t r a o b t a i n e d i s shown i n F i g u r e 18. Spectrometer 2, Table 1, 
was used to o b t a i n both the SPD r e s u l t s and the PMT r e s u l t s (42) 
so t h a t d i f f e r e n c e s i n l i n e a r d i s p e r s i o n and g r a t i n g q u a l i t y 
would not be a f a c t o r i n the comparison. To ac h i e v e o p t i m a l S/N 
performance f o r a l l sought a n a l y t e s , w i t h o u t s a t u r a t i n g the A/D 
c o n v e r t e r , data was a q u i r e d a t a few d i f f e r e n t i n t e g r a t i o n times 
( V I T ) . Both peak h e i g h t and peak area were measured f o r each an
a l y t e l i n e , s i n c e d i f f e r e n c e s i n c o n c e n t r a t i o n v a l u e s o b t a i n e d f o r 
each, s e r v e s as a f u r t h e r i n d i c a t i o n of s p e c t r a l i n t e r f e r e n c e p r o 
blems. The e n t i r e a n a l y s i s time, i n c l u d i n g f o u r r e f e r e n c e samples 
t h r e e g l a s s samples and two r e f e r e n c e b l a n k s , each measured f i v e 
times a t two d i f f e r e n t i n t e g r a t i o n t i m e s , was a p p r o x i m a t e l y one 
hour. T h i s i n c l u d e d c l e a n o u t times between samples to a v o i d mem
ory e f f e c t s and sto r a g e of the d i g i t i z e d s p e c t r a on f l o p p y d i s k . 

Because the data m a n i p u l a t i o n and i n t e r p r e t a t i o n schemes 
were r a t h e r s i m p l i s t i c i n t h e i r approach, not f u l l y r e a l i z i n g the 
p o t e n t i a l advantages of the " p a r a l l e l " n a t u r e of the SPD these 
r e s u l t s cannot be c o n s i d e r e d o p t i m a l . However, these r e s u l t s are 
a d e q u a t e l y c h a r a c t e r i s t i c of the o v e r a l l performance of the SPD 
d e t e c t i o n system and are t h e r e f o r e i n d i c a t i v e of both i t s d e f i 
c i e n c i e s and advantages over s i n g l e channel p h o t o m u l t i p l i e r d e t 
e c t o r s and c o u l d t h e r e f o r e , suggest some f u t u r e m o d i f i c a t i o n s 
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Table V I I I . Comparison of r e s u l t s f o r g l a s s r e f e r e n c e sample, 
GSC-488, w i t h spectrometer 2, Table I . 

C o n c e n t r a t i o n ug/gm 
SPD USGS PMT 

Peak Peak Reference 
H e i g h t Area Value (40) 

Wave- Wave-
.ement Length Length 

Y 321.6 nm 5.0 4.4 8 7 371.0 nm 
T i 323.4 11.9 14.0 11 8 334.9 
T i 323.6 15 11.4 11 
Cu 324.7 14.1 9 6 324.7 
Cu 327.3 12.5 14.1 9 
Cd 326.1 
Be 332.1 
Be 265.0 3.5 
Mn 257.6 219 183 200 215 257.6 
Mn 260.5 169 182 200 
Cr 266.6 4.1 7 
Cr 267.7 12.2 9.4 7 11 267.7 

Table IX. Comparison of r e s u l t s f o r g l a s s r e f e r e n c e sample, 
GSD-1439, w i t h spectrometer 2, Table I . 

C o n c e n t r a t i o n ug/gm 
SPD USGS PMT 

Peak Peak Reference 
Height Area Value (40) 

Wave- Wave-
ement Length Length 

Y 321.6 nm 51.3 47.3 48 47 371.0 nm 
T i 323.4 51.7 53.4 44 50 334.9 
T i 323.6 50.4 48.5 44 
Cu 324.7 51.6 44.7 45 40 324.7 
Cu 327.3 48.6 52.0 45 
Cd 326.1 52.9 48.2 30 28 214.4 
Be 332.1 44 40 313.0 
Be 265.0 45.7 44 
Mn 257.6 254 205 210 212 257.6 
Mn 260.5 189 204 210 
Cr 266.6 49.5 45.9 47 
Cr 267.7 66.8 61.0 47 44 267.7 
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Table X. Comparison of r e s u l t s f o r g l a s s r e f e r e n c e sample, 
GSE-382, w i t h spectrometer 2, Table I . 

C o n c e n t r a t i o n ug/gm 
SPD USGS PMT 

Peak Peak Reference 
Height Area Value (40) 

Wave- Wave-
Element Length Length 

Y 321.6 nm 482 495 490 501 371.0 nm 
T i 323.4 524 498 490 499 334.9 
T i 323.6 510 506 490 
Cu 324.7 513 509 500 502 324.7 
Cu 327.3 516 539 500 
Cd 326.1 
Be 332.1 
Be 265.0 478 474 500 
Mn 257.6 596 589 600 596 257.6 
Mn 260.5 591 589 600 
Cr 266.6 460 458 490 
Cr 267.7 496 503 490 480 267.7 

necessary to render SPD 1s a n a l y t i c a l l y p r a c t i c a l . Net peak 
h e i g h t v a l u e s were determined by s u b t r a c t i n g background v a l u e s 
o b t a i n e d from a nearby diode l o c a t e d i n a s p e c t r a l i n t e r f e r e n c e 
f r e e zone, not n e c e s s a r i l y i n the immediate v i c i n i t y of the 
a n a l y t e peak. With peak a r e a s , on the other hand, background 
v a l u e s were o b t a i n e d by the r a t h e r s i m p l i s t i c method of i n t e r 
p o l a t i o n between the v i s u a l l y s e l e c t e d wing d i o d e s . Both peak 
area and peak h e i g h t measurements were s u b j e c t t o s p e c t r a l i n t e r 
f e r e n c e s to v a r y i n g degrees w i t h o u t a c o n s i s t a n t accuracy advan
tage by e i t h e r t e c h n i q u e . As expected, the a c c u r a c y of measure
ments was a l s o dependent on the number of diodes grouped i n each 
peak a r e a , Table X I , a r a t h e r s u b j e c t i v e parameter, p a r t i c u l a r l y 
a t low a n a l y t e c o n c e n t r a t i o n s . 

Tables V I I I , IX and X demonstrate t h a t the a c c u r a c y of the SPD 
i s g e n e r a l l y s i m i l a r to the accuracy of the PMT. I n the case of 
some s p e c t r a l l i n e s the SPD r e s u l t s were l e s s a c c u r a t e than the 
PMT r e s u l t s . T h i s i s caused by the lower r e s o l v i n g power of the 
SPD c a u s i n g i t t o be more s u b j e c t to s p e c i f i c s p e c t r a l i n t e r f e r 
ence. The adverse e f f e c t s of s p e c t r a l l i n e i n t e r f e r e n c e s r e s u l 
ted i n r e l a t i v e l y l a r g e c o n c e n t r a t i o n e r r o r s f o r the low a n a l y t e 
c o n c e n t r a t i o n sample. The e f f e c t of these s p e c t r a l i n t e r f e r e n c e s 
i s t w o f o l d . F i r s t , t h e r e i s the a n a l y t e s i g n a l i n t e n s i t y e r r o r 
caused by c o i n c i d e n t s p e c t r a l l i n e i n t e r f e r e n c e s from u n r e s o l v e d 
m a t r i x l i n e s . Second, t h e r e i s the background i n t e r p o l a t i o n 
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319.3 
WAVELENGTH (nm) 

"T~329.2 

Figure 18. Emission spectra, in the 319.2-329.3-nm spectral region, obtained from a 
GSC-484 glass reference sample. Key: a, PMT(20-μm slit width, scan rate,0.125 nm/s); 
b, SPD (16 s of signal on-target integration); and c, SIT (16 s of signal in-memory 

integration). 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



4. GRABAU AND TALMI Coupled Plasma-Atomic Emission Spectroscopy 109 

Table X I . An example of the e f f e c t of l i n e peak w i d t h , i . e . , the 
number of diodes summed f o r peak area c a l c u l a t i o n , on the 
measurement a c c u r a c y . 

Element,- P e r c e n t E r r o r P e r c e n t E r r o r 
(Wavelength, nm) 5-diode Summation 3-diode Summation 

Cu (324.7) 1.6 -0.4 
Cu (327.3) 7.0 -5.0 
T i (323.5) 9.5 5.0 
T i (323.7) 11.5 6.0 
Y (324.2) 4.0 2.0 

a. These measurements are f o r the USGS No. GSE-382 r e f e r e n c e 
sample o b t a i n e d w i t h spectrometer 1, Table I . 

e r r o r caused by p a r t i a l l y u n r e s o l v e d s p e c t r a l i n t e r f e r e n c e s e f
f e c t i n g the i n t e n s i t y v a l u e of the wing diodes and t h e r e f o r e a l s o 
the v a l u e of the s u b t r a c t a b l e background. The s i g n i f i c a n t l y im
proved a c c u r a c i e s o b t a i n e d f o r the h i g h e r c o n c e n t r a t i o n g l a s s 
sample, GSE-382, were not merely a r e s u l t of improvement i n S/N, 
but were r a t h e r m o s t l y due t o the d i m i n i s h i n g e f f e c t of m a t r i x 
s p e c t r a l i n t e r f e r e n c e s . R e s u l t s of poorer accuracy were o b t a i n e d 
w i t h the SPD when a lower d i s p e r s i o n spectrometer 1, Table I , was 
used f o r the a n a l y s i s of the g l a s s samples. The lower d i s p e r s i o n 
i n c r e a s e d the i n c i d e n c e of s p e c t r a l l i n e o v e r l a p . 

Trace Elements i n M i c r o l i t e r Samples. The t r a n s f o r m a t i o n of 
m i c r o l i t e r volumes of sample i n t o an a e r o s o l f o l l o w e d by i n j e c 
t i o n of the l a t t e r i n t o flame and plasma v a p o r i z a t i o n - e x c i t a t i o n 
c e l l s has been employed f o r atomic e m i s s i o n , a b s o p r t i o n and 
f l u o r e s c e n c e d e t e r m i n a t i o n of t r a c e c o n s t i t u e n t s i n d i s c r e t e 
volumes of s o l u t i o n . B e f o r e the advent of a r r a y d e t e c t o r s , these 
approaches have been l i m i t e d t o one-element-at-a-time d e t e r m i n a 
t i o n s . Busch, e t . e l . (6) have u t i l i z e d SIT v i d i c o n s f o r s i m u l 
taneous d e t e r m i n a t i o n of K, Na and Ca i n 100 uL serum samples by 
flame atomic e m i s s i o n . B i o l o g i c f l u i d s c o n t a i n h i g h m a t r i x 
l e v e l s which d i m i n i s h the accuracy of ICP-AES d e t e r m i n a t i o n s un
l e s s c o r r e c t i o n f o r background s h i f t s i s performed. U n f o r t u n a 
t e l y , o f t e n o n l y s m a l l volumes of such samples are a v a i l a b l e , 
thus p r e c l u d i n g wavelength scanning n e c e s s a r y f o r background c o r 
r e c t i o n w i t h c o n v e n t i o n a l slew scanning PMT s p e c t r o m e t e r s . 

We have used ICP-AES w i t h a SIT d e t e c t o r f o r the simultaneous 
m u l t i e l e m e n t d e t e r m i n a t i o n of t r a c e elements i n 100 uL volumes 
of d i l u t e whole b l o o d , b l o o d serum and u r i n e samples. The ana
l y t e s o l u t i o n s were u l t r a s o n i c a l l y n e b u l i z e d a t a r a t e of 1.2 
ml/min. to a c h i e v e h i g h n e b u l i z a t i o n e f f i c i e n c y w i t h o u t 
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e x c e s s i v e l y broadening the e m i s s i o n p u l s e d u r a t i o n . A l t e r n a t e 
sample and r e f e r e n c e s o l u t i o n segments d e l i v e r e d to the u l t r a 
s o n i c n e b u l i z e r were i s o l a t e d from each o t h e r by a i r b u b b l e s ( 5 3 ) . 
A 100 uL d i s p o s a b l e p i p e t was i n s e r t e d i n t o the end of the uptake 
tube of the u l t r a s o n i c n e b u l i z a t i o n system. Each d i s c r e t e sample 
segment was i s o l a t e d by a i r bubbles and was i n t r o d u c e d i n t o the 
p i p e t by s w i t c h i n g on the p e r i s t a l t i c pump. The p e r i s t a l t i c pump 
and the data a q u i s i t i o n program were s i m u l t a n e o u s l y i n i t i a t e d . 
The program w a i t s f o r a p r e s p e c i f i e d p e r i o d of time to a l l o w a 
d e s o l v a t e d sample segment to reach the plasma b e f o r e b e g i n n i n g 
t o i n t e g r a t e the e m i s s i o n p u l s e . C o r r e c t w a i t and i n t e g r a t e 
times were d e r i v e d from e m i s s i o n v s . time p l o t s o b t a i n e d w i t h a 
PMT d e t e c t o r , as e x e m p l i f i e d i n F i g u r e 19. Wait times were 
s e l e c t e d to ensure t h a t i n t e g r a t i o n begins j u s t p r i o r to the 
emergence of the e m i s s i o n p u l s e . Most e m i s s i o n p u l s e s were i n 
t e g r a t e d f o r 15 seconds
troduced as s o l u t i o n s w i t
l u t e d t o 10% to improve the n e b u l i z a t i o n performance. 

Sample memory was g r e a t l y reduced through q u i c k f l u s h i n g of 
the sample d e l i v e r y system and the t r a n s d u c e r t i p by a f o l l o w i n g 
17c HC1 r e f e r e n c e b l a n k segment. Lowering the sample duty c y c l e 
i n t h i s f a s h i o n reduced a c c u m u l a t i o n of sample d r o p l e t s on the 
n e b u l i z e r s u r f a c e s , thereby r e d u c i n g c l e a n o u t time. A 15 second 
background s i g n a l i n t e g r a t i o n performed 50 seconds a f t e r a sample 
p u l s e emergence showed a v e r y s m a l l sample memory e f f e c t , i . e . , 
l e s s than 0.027, of the o r i g i n a l sample s i g n a l remained. Whole 
b l o o d s o l u t i o n s i f c o n t i n u o u s l y u l t r a s o n i c a l l y n e b u l i z e d and de
s o l v a t e d d e p o s i t e d a carbon r e s i d u e on the i n j e c t o r t i p of the 
plasma t o r c h . T h i s r e s i d u e accumulated r a p i d l y and clogged the 
t i p a f t e r a few minutes of whole b l o o d s o l u t i o n n e b u l i z a t i o n . 
Again t h i s problem was p r a c t i c a l l y e l i m i n a t e d by n e b u l i z i n g l a r 
ger b l a n k segments f o l l o w i n g each whole b l o o d sample. 

D e t e c t i o n l i m i t s f o r u l t r a s o n i c a l l y n e b u l i z e d 100 uL samples 
are compared, i n Table X I I , to the best d e t e c t i o n l i m i t s r e p o r t e d 
i n the l i t e r a t u r e f o r ICP-AES w i t h u l t r a s o n i c n e b u l i z a t i o n , and 
to d e t e c t i o n l i m i t s f o r g r a p h i t e f u r n a c e atomic a b s o r p t i o n . Re
l a t i v e d e t e c t i o n l i m i t s f o r SIT d e t e c t i o n of 100 m i c r o l i t e r sam
p l e s are a f a c t o r of 4 to 5 worse than SIT d e t e c t i o n l i m i t s ob
t a i n e d w i t h a c o n t i n u o u s u l t r a s o n i c n e b u l i z a t i o n , Table IV. Not 
much b e t t e r d e t e c t i o n l i m i t s a r e expected w i t h the SPD s i n c e i n 
t e g r a t i o n times are l i m i t e d t o 16 seconds. (See Table I V ) . The 
b r i e f e m i s s i o n p u l s e would not p e r m i t l o n g e r i n t e g r a t i o n times to 
improve the d e t e c t i o n l i m i t s . These r e l a t i v e d e t e c t i o n l i m i t s 
are 2-3 o r d e r s of magnitude worse than those r e p o r t e d f o r g r a p 
h i t e f u r n a c e AA. Worse y e t b i o l o g i c f l u i d s are l e s s e f f i c i e n t l y 
n e b u l i z e d than d i l u t e a c i d i c s o l u t i o n s and t h e r e f o r e produce 
poorer d e t e c t i o n l i m i t s . Indeed, u n l i k e g r a p h i t e f u r n a c e AA, 
d i l u t i o n of whole b l o o d i s d e f i n i t e l y n e c e s s a r y f o r s u c c e s s f u l 
n e b u l i z a t i o n . Thus, d e t e c t i o n l i m i t s are r a i s e d by a f a c t o r of 
2.2 times i n 507> u r i n e , by 3.5 times i n 507> serum, and by 14 
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Figure 19. Emission pulsefrom 100 μΖ,, 1.0 μg/mL Mn; 10 ng/mL Mn + 500 μg|mL Ca; 
and500 μg|mL Ca, observed with a PMT at 257.6 nm. 
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times i n 10% b l o o d compared t o v a l u e s r e p o r t e d f o r d i l u t e a c i d 
s o l u t i o n s . The normal c o n c e n t r a t i o n of many t r a c e elements i n 
b i o l o g i c a l f l u i d s i s below the l i m i t of q u a n t i t a t i v e d e t e r m i n a 
t i o n of p u l s e d (100 uL) ICP-AES. N e v e r t h e l e s s , c l i n i c a l l y s i g 
n i f i c a n t elements such as Na, K, Mg, Ca, P, Fe, Cu and Zn can 
s t i l l be determined by t h i s t e c h n i q u e . S i g n i f i c a n t l y improved 
d e t e c t i o n l i m i t s , a l t h o u g h a t the expense of reduced s p e c t r a l r e 
s o l u t i o n , c o u l d be expected w i t h the ISPD d e t e c t o r . 

Table X I I . D e t e c t i o n l i m i t s o b t a i n e d w i t h an SIT from 100 uL 
samples compared t o continu o u s n e b u l i z a t i o n and compared to AAS 
d e t e c t i o n l i m i t s . 

D e t e c t i o n L i m i t s ng/ml 

Wave-
Element Length nm s o n i c n e b u l i z a t i o n n e b u l i z a t i o n f u r n a c e 

PMT SIT SIT 
A l 308.2 0.2 4 0.02 
As 193.7 2 40 200 0.2 
Be 313.0 0.003 0.02 0.08 0.03 
Cd 226.5 0.07 1.2 0.001 
Co 228.6 0.2 1.0 0.4 
Cr 205.5 0.08 3 3 0.003 
Cu 324.7 0.06 0.4 1 0.01 
Fe 261.1 0.09 4 0.05 
Mn 257.6 0.01 0.07 0.3 0.002 
Mo 386.3 0.3 25 0.05 
N i 351.5 0.2 6 0.04 
Pb 283.3 1 14 70 0.02 
Se 196.0 1 65 350 0.1 
V 311.0 0.06 0.3 2 0.02 
Zn 213.8 0.1 0.2 1 0.001 

F i g u r e 19 i s a l s o an example of the background s h i f t e r r o r s 
encountered w i t h ICP-AES. The thre e e m i s s i o n (100 uL) p u l s e s 
were measured w i t h a PMT a t 257.6 nm. Without the b e n e f i t of 
background c o r r e c t i o n the c a l c i u m concomitant caused an e r r o r of 
52% i n the d e t e r m i n a t i o n of the Mn i n the Ca i n t e r f e r e d s o l u t i o n . 
With the SIT, where an e n t i r e s p e c t r a l window was s i m u l t a n e o u s l y 
r e c o r d e d f o r the Mn + Ca s o l u t i o n s , background s u b t r a c t i o n was 
p o s s i b l e and r e s u l t e d i n a mere 37c e r r o r i n the Mn measurement. 
T h i s e r r o r i s w i t h i n the 1-3% sampling p r e c i s i o n o b t a i n e d w i t h 
100 uL samples. 

Copper and z i n c were determined i n 100 uL samples of whole 
b l o o d , horse b l o o d serum and human u r i n e to demonstrate the ap
p l i c a b i l i t y of t h i s t e c h n i q u e t o r e a l samples. Sample p r e p a r a 
t i o n was kept to a minimum. S t r a i g h t f o r e w a r d d i l u t i o n was the 
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o n l y p r e p a r a t o r y s t e p . I t was, however, found advantageous t o 
i n c o r p o r a t e an i n t e r n a l r e f e r e n c e , Y, i n the d i l u t e d s o l u t i o n i n 
order to monitor the n e b u l i z a t i o n e f f i c i e n c y of each sample. U l 
t r a s o n i c n e b u l i z a t i o n of d i l u t e b l o o d s o l u t i o n s was g r e a t l y im
proved by i n c r e a s i n g the power i n p u t to the u l t r a s o n i c t r a n s d u c e r 
from 100 w a t t s to 150 w a t t s . The n e b u l i z a t i o n e f f i c i e n c y was 
monitored by o b s e r v i n g the net a n a l y t e i n t e n s i t i e s . The i n c r e a s e 
i n power improved the n e b u l i z a t i o n e f f i c i e n c y of 1% H N O 3 s o l u t i o n 
by 25% t h a t of 50% b l o o d serum, by 50% and t h a t of 10% whole 
b l o o d by 5007,· D e t e r m i n a t i o n of copper and z i n c i n whole b l o o d 
samples made from a r e f e r e n c e curve and by the method of s t a n d a r d 
a d d i t i o n s are shown i n Table X I I I . The z i n c 213.8 nm l i n e was 
superimposed as a s h o u l d e r on the i n t e n s e Ρ 213.6 nm l i n e and 
b a s e l i n e i n t e r p o l a t i o n was n e c e s s a r y t o compensate f o r Ρ s p e c t r a l 
i n t e r f e r e n c e . S i m i l a r l y a l l u s e f u l Cu l i n e s were s p e c t r a l l y 
o v e r l a p p e d by i r o n l i n e s
f e r e n c e s were performe
n o n - i n t e r f e r e d i r o n l i n e s , s i m u l t a n e o u s l y measured. Without 
these c o r r e c t i o n p r o c e d u r e s , c o n c e n t r a t i o n e r r o r s f o r Cu and Zn 
would have exceeded 1007>. 

I t seems, t h e r e f o r e , t h a t p u l s e d ICP-AES (100 uL) c o u l d be 
s u c c e s s f u l l y employed i n the d e t e r m i n a t i o n of c l i n i c a l l y s i g n i 
f i c a n t elements such as Na, K, Mg, Ca, P, Fe, Cu and Zn i n whole 
b l o o d , b l o o d serum, u r i n e and s p i n a l f l u i d s . The a r r a y d e t e c t o r s 
have a d e f i n i t e advantage i n compensating f o r background and 
s p e c i f i c s p e c t r a l i n t e r f e r e n c e s . 

With the d e t e c t o r s used i n t h i s s t u d y , a l l of the c l i n i c a l l y 
s i g n i f i c a n t elements c o u l d not have been observed s i m u l t a n e o u s l y 
i n a s i n g l e s p e c t r a l window. With the SPD d e t e c t o r Mg, P, Fe, Cu 
and Zn are d e t e r m i n a b l e i n a s i n g l e simultaneous s p e c t r a l window, 
202-225 nm. The remaining t h r e e may be determined i n a 40 nm 
window as shown by Busch (K 808.8 nm; Na 818.3 nm, second o r d e r ; 
Ca 845.4 nm, second o r d e r ) , s i n c e a lower s p e c t r a l r e s o l u t i o n i s 
r e q u i r e d i n t h i s r e g i o n . 

C o n c l u s i o n 

T h i s study suggests t h a t d e t e r m i n a t i o n s w i t h a c c u r a c y s i m i 
l a r to PMT systems can be a c h i e v e d w i t h SPD d e t e c t o r s i f p o l y -
chromaters w i t h h i g h e r d i s p e r s i o n and h i g h q u a l i t y g r a t i n g s are 
used. However, f o r such systems to be p r a c t i c a l , the s p e c t r a l 
window (reduced by the i n c r e a s e d d i s p e r s i o n ) must a l s o be i n 
c r e a s e d . A new 4096 element diode a r r a y i s now a v a i l a b l e from 
R e t i c o n (Model RL-4096/20 w i t h a 15 um c e n t e r s and a 508 um diode 
h e i g h t ) . The aspect r a t i o , however, i s o n l y 34:1 compared to the 
100:1 r a t i o of the RL-10245 d e t e c t o r . Consequently, photon c o l 
l e c t i o n i s a l s o l e s s e f f i c i e n t , t h e o r e t i c a l l y r e s u l t i n g i n worse 
d e t e c t i o n l i m i t s . T h i s l o s s i n photon c o l l e c t i o n can be g r e a t l y 
a l l e v i a t e d by ' c o n c e n t r a t i n g 1 the s p e c t r a l s i g n a l w i t h a c y l i n d 
r i c a l l e n s , d i r e c t l y a t t a c h e d t o the a r r a y ( 5 4 ) . 
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The s i l u l t a n e o u s s p e c t r a l window of t h i s new 4096 element 
d e t e c t o r , w i t h a PMT-like s p e c t r a l r e s o l u t i o n w i l l be extended to 
at l e a s t 32 nm. Because a n a l y t e s p e c t r a l l i n e s are randomly d i s 
t r i b u t e d a c r o s s the e n t i r e U V - v i s i b l e spectrum, the i n c r e a s e i n 
the p r o b a b i l i t y of t h e i r i n c l u s i o n i n each expanded s p e c t r a l w i n 
dow i s more than j u s t f o u r f o l d . Most p r o b a b l y , f o r the m a j o r i t y 
of a n a l y t i c a l a p p l i c a t i o n s o n l y 3-5 such expanded s p e c t r a l w i n 
dows w i l l s u f f i c e t o i n c l u d e a l l a n a l y t e l i n e s sought. 

A d i f f e r e n t s o l u t i o n to t h i s s p e c t r a l window v s . s p e c t r a l 
r e s o l u t i o n dilemma m a i n t a i n s the 1024 diode a r r a y but r e s o r t s to 
the use of a m u l t i p l e entrance s l i t SPD/plychromator scheme (8) 
t h a t should be a b l e to produce a r a p i d s u c c e s s i o n of c o n s e c u t i v e 
l y i n t e r c h a n g i n g and s e l e c t i v e l y chosen s p e c t r a l windows. With 
t h i s t echnique a randomly accessed s p e c t r a l window may be obs e r 
ved w i t h o u t the requirement of a h i g h t o l e r a n c e mechanical scan
n i n g d e v i c e . 

F i n a l l y , the e f f e c t
l e a s t p a r t i a l l y a l l e v i a t e d by more e f f e c t i v e l y e x p l o i t i n g the 
m u l t i c h a n n e l n a t u r e of the SPD. S p e c t r a l i n t e r f e r e n c e s c o u l d be 
e a s i l y r e c o g n i z e d v i a l i n e i n t e n s i t y r a t i o s and a l t e r n a t i v e , non-
i n t e r f e r e d a n a l y t e l i n e s c o u l d be chosen or s p e c t r a l s t r i p p i n g 
procedures may be used, as p r e v i o u s l y d i s c u s s e d . 
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5 
Multielement Emission Spectrometry 
Using a Charge-Injection Device Detector 

G. R. SIMS and M. B. DENTON 

Department of Chemistry, University of Arizona, Tucson, AZ 85721 

A Charge Injection Device (CID) camera system 
has been designed and constructed for use as a 
detector for atomi
Operational procedure
dynamic range, and reduce pixel cross talk are 
discussed. Preliminary detection limits which 
often meet or exceed comparable photomultiplier 
tube detector capabilities are presented. 

Inductively coupled plasma (ICP) and direct current 
plasma (DCP) atomic emission spectrometry have become widely 
accepted techniques for simultaneous multielemental analy
s i s . These techniques are highly sensitive and have a very 
wide dynamic range. A wealth of information i s contained in 
the emission signal, including several atomic and ionic 
emission lines for each element in the sample. In even the 
simplest sample, there are thousands of observable spectral 
l i n e s . To make f u l l use of this enormous spectral i n f o r 
mation the analyst requires an instrument capable of 
observing a very wide spectral range simultaneously, pre
ferably from 190 nM to 800 nM with a resolution of approxi
mately 0.01 nM. 

State-of-the-art emission spectrometers presently use a 
bank of photomultiplier tubes for detectors. One photo
m u l t i p l i e r tube must be used for each spectral l i n e moni
tored. The number of photomultiplier tubes used i n the 
spectrometer is restricted by physical restraints and cost. 
Modern instruments commonly employ 10 to 20 photomultiplier 
tubes (although more can be used with many instruments). 
Thus, only a very small fragment of the spectrum i s simulta
neously examined. A further complication arises i f the 
severity of the background continuum or spectral interferences 
needs to be evaluated. Either a photomultiplier tube and s l i t 
assembly must be dedicated to measuring background or some 
type of refractor plate mechanism employed to 
l o c a l l y scan the region surrounding the anal y t i c a l l i n e . 
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A much more desirable detector system i s an electronic 
analog to photographic fil m , i . e . a tel e v i s i o n camera. 
However, any such camera needs to be very specialized to 
meet the unique demands of emission spectrometry. 
Traditional television cameras (orthocons, plumbacons, v i d i -
cons, etc.) have been investigated with respect to their 
potential as spectroscopic detectors but they suffer from 
one or more of a variety of problems which render them 
impractical for general use (1_,2,_3). 

In recent years, a new class of te l e v i s i o n camera 
detector based on integrated c i r c u i t technology has become 
available. These include the charge injection device (CID) 
(4^5), the charge coupled device (CCD), and the photodiode 
array. Of these new detectors, the CID has many features 
which qualify i t as a unique detector for emission spectro
metry. These include

1. a f a i r to excellen
range of interest; 

2. good s e n s i t i v i t y and a high signal-to-noise ratio; 
3. random or pseudo-random pixel addressing; 
4. selective destructive readout mode; 
5. non-destructive readout mode; 
6. a very low level of pixel cross talk; 
7 · a reasonable dynamic range with the a b i l i t y to 

increase the effective upper dynamic range bound by 
mixing readout modes ; and 

8. the a b i l i t y to integrate for extremely long periods 
of time when adequately cooled. 

Recently, a camera system which uses a CID device 
designed s p e c i f i c a l l y as a detector for emission spectro
metry has been constructed and undergone preliminary eva
luation. The device used i n this study is the General 
E l e c t r i c Co. CID-11 (Figure 1) which has 244 rows and 248 
columns resulting in 60,512 pixels. The horizontal and ver
t i c a l s h i f t registers allow rapid "slew scan" access to any 
pixel on the device (pseudo-random addressing)· Charge in 
pixels may be read out in a destructive or non-destructive 
mode. (See "Operational Consideration and Characteristics 
when Employing Charge Injection and Charge Coupled Devices 
i n Practical Chemical Analysis" in this symposia proceedings 
for detailed information on charge injection device readout 
modes) · 

The camera system i s comprised of a high speed 
microprocessor based controller, a remote camera head, and a 
host computer (Figure 2). The remote camera head houses the 
CID sensor, clock drivers, a l l analog c i r c u i t s , and analog 
to d i g i t a l converters. The analog c i r c u i t s consist of a 
charge amplifier followed by a correlated double sample 
integrator. The video signal i s d i g i t i z e d to 12 bits at a 
rate of 1 ySec/bit. 
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Figure 1. Dimensions and layout of the CID-11 sensor. 
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Figure 2. The CID camera system electronics. 
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The CID sensor and charge amplifier are operated in a 
vacuum where they are cooled v i a a copper cold finger to 
77°K with l i q u i d nitrogen. The cooling p r a c t i c a l l y e l i m i 
nates a l l thermally generated charge making integration 
times of many hours possible. 

The camera controller i s based on a high speed 
2901 b i t s l i c e microprocessor with microcode and programs 
residing in read only memory. Readout rate i s 30,000 pixels 
per second for adjacent pixels with 90 microseconds maximum 
addressing latency for pseudo-random addressing. The host 
microcomputer provides the controller with an X and Y coor
dinate and the number of pixels to be read on each axis 
(delta X and delta Y). This establishes the position and 
number of pixels to be read. The host computer then informs 
the controller of the type of readout to be performed 
(non-destructive, destructive  or massive i n j e c t i o n )  The 
controller generates a l
form the readout, d i g i t i z
d i g i t i z e d data to the host computer. 

The host computer is a D i g i t a l Equipment Corp. PDP 
11/23 microcomputer which controls the experiment dynami
c a l l y by transmitting a string of commands to the camera 
controller, receiving d i g i t a l data from the controller, then 
making decisions based on that data on how to proceed with 
the experiment· 

Two monitors are used to v i s u a l l y examine the spectrum 
i n real time as i t is collected and a graphics terminal is 
used to examine the spectrum once i t has been subjected to 
image processing. A d i g i t a l plotter provides hard copies of 
processed spectra. 

The spectrometer used i s a modified Spectrametrics 
Spectraspan III échelle grating spectrometer with a quartz 
prism cross disperser. An échelle spectrometer was chosen 
because of i t s two dimensional format display. This format 
allows e f f i c i e n t simultaneous examination of a much wider 
spectral range than with a linear dispersion spectrometer when 
a two dimensional tel e v i s i o n camera type detector i s used. 

The standard 0.75 M Spectraspan III has an approxima
t e l y 6 cm χ 7.5 cm display. Since the CID used i s only 
1.1 χ 0.85 cm, only a very small portion of this display 
could be observed at any one time. However, this problem 
has been recently reduced by substituting a 15 cm focal 
length, f/1.4 Schmidt corrected Cassegrain telescope (Nye 
Optical, Spring Valley, CA) for the camera mirror (Figure 
3). This reduces the display dimensions five f o l d . The 
focal plane remains f l a t and a minimum resolution of 0.1 nM 
i s achieved. With this optical system the entire 200 to 800 
nM region cannot be viewed simultaneously. Further image 
reduction is possible, but resolution w i l l be compromised 
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since the number of pixels on the CID sensor i s the lim i t i n g 
factor in resolution. 

The standard Spectrametrics Spectrajet III D.C. plasma 
and nebulizer assembly was used as the spectral source. No 
alterations in the source or nebulizer were made and i t was 
operated according to the manufacturer's recommendations. 

The quantum y i e l d of the CID-11 has been measured (6_,7) 
i n the v i s i b l e and near I.R. The maximum quantum y i e l d i s 
«27% at 580 nM, i t f a l l s to «20% at 800 nM and to «5% at 
1000 nM. At 400 nM the quantum y i e l d i s «3%. With this 
p a r t i c u l a r device no measurements have been made at shorter 
wavelengths, however, studies by Lewis and Denton (8) i n d i 
cate that a similar CID does respond to 190 nM. 

At low li g h t levels the major source of noise i n the 
CID system i s a combination of Johnson noise and shot noise 
from the f i r s t stage o
noise and gain of our
mean-variance method (10) · The system noise for a single 
readout i s 800 electrons (rms) and the gain i s set for 1350 
electrons per A/D count. 

Since the CID i s a surface channel MOS device, there 
exists a region in the s i l i c o n , s i l i c o n oxide interface 
where charge becomes trapped and immobile. These charge 
traps must be f i l l e d with a "bias charge" (or "fat zero") 
before response to l i g h t i s linear (7)· Based on the 
amplifier gain and CID l i n e a r i t y measurements we estimate 
the bias charge necessary for this CID system i s 715,000 
electrons. The f u l l well capacity i s approximately 
3,200,000 electrons leaving a usable range of 2,500,000 
electrons. These figures deviate modestly from those 
reported e a r l i e r (7) and probably r e f l e c t different methods 
of measuring system gain. 

Figure 4 i s a plot demonstrating detector response 
l i n e a r i t y . The non-linear "foot" of the curve i s due to 
charge f i l l i n g the surface state traps and the non-linear 
t a i l i s due to charge leaking out of the pixels (blooming)· 
In normal operation, after the CID i s injected to clear a l l 
charge from the pixels (charge i s injected from the pixels 
into the s i l i c o n substrate) a li g h t emitting diode i s 
flashed to introduce s u f f i c i e n t bias charge to avoid 
operating in the non-linear foot of the curve. Within the 
lin e a r response region the deviation from l i n e a r i t y i s no 
greater than 0.05% as measured from the second derivative of 
a l i n e a r i t y plot (10). 

The CID-11 is a multiplexed device having two separate 
video outputs. The multiplexer switching signal couples 
into the video outputs i n such a way as to introduce a fixed 
pattern signal (also referred to as "fixed pattern noise") 
which i s easily corrected (9_) · Fixed pattern signal 
subtraction i s accomplished as follows: 
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Figure 3. Optical diagram of the modified échelle spectrometer. 
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Figure 4. Plot of response linearity for the CID-11 camera system. 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



SIMS AND DENTON Multielement Emission Spectrometry 

1. a l l pixels are cleared of charge by injection; 
2. the array is flashed with a small amount of l i g h t 

to bring i t into the linear response region (bias 
flas h ) ; 

3. the array i s read out non-destructively and the 
data (fixed pattern signal plus bias flash) i s 
stored in computer memory; 

4. a shutter i s opened to make an exposure; 
5. the shutter i s closed and the array i s read out. 

The data (spectrum plus fixed pattern resonse plus 
bias flash) i s stored in computer memory; 

6. the computer subtracts fixed pattern signal and 
bias flash leaving only the corrected spectrum. 

Since a bias flash is made, measured, and subtracted 
for every exposure, the flash does not need to be especially 
uniform or reproducible
(sodium D li n e s ) befor
f l a s h are subtracted. Figure 5B shows the same spectrum 
after subtraction. There is no evidence of fixed pattern 
signal remaining after the subtraction. 

When the bias flash is made, not every pixel w i l l 
receive the same number of photons. The variation arises 
from: 

1. non-uniformity of the bias flash across the array 
and 

2. photon shot noise associated with the bias f l a s h . 
These variations are measured twice, in a non-destructive 
manner, once during the i n i t i a l fixed pattern signal/bias 
f l a s h readout and once during the f i n a l readout. When these 
two measurements are subtracted, these variations cancel, 
thus photon shot noise associated with the bias flash does 
not appear in the corrected spectrum. Of course, readout 
noise and spectrum shot noise are s t i l l present. 

One of the benefits of the unique non-destructive 
readout capabilities of the CID i s the a b i l i t y to reduce the 
effect of preamplifier noise. If multiple readouts are made 
and averaged, the effective readout noise w i l l diminish with 
the square root of the number of re-reads· By making and 
averaging. 25 re-reads, we can reduce the effective readout 
noise 25 2 or five f o l d . Figure 6A is a plot of a spectrum 
(three argon lines in the near I.R.) taken with only one 
readout. Figure 6B shows the same spectrum except that the 
signal was read non-destructively sixteen times and the 
readouts were averaged. It must be emphasized that this i s 
multiple re-reads of the same charge, not multiple exposures 
or longer integration. The spectrometer shutter remains 
closed throughout the sixteen re-reads. 

Photon shot noise from the spectrum being measured 
quickly becomes the predominant source of noise when effec
tiv e readout noise is lowered through averaging non-
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HORIZONTAL HORIZONTAL 

Figure 5. Plot of a spectrum with fixed pattern signal (left) and the fixed pattern signal 
subtracted from the spectrum (right). 

HORIZONTAL HORIZONTAL 

Figure 6. Plot of readout noise on a spectrum taken with one readout (left), and the 
effective readout noise reduced by averaging multiple nondestructive rereads (right). 
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destructive readouts. Since the effective readout noise can 
be reduced to 160 electrons, shot noise arising from expo
sure to the spectrum becomes equivalent to effective 
readout noise when the spectrum reaches 160 = 25600 
electrons or 19 A/D counts. 

Figures 7A, 7B, 7C, and 7D demonstrate the magnitude of 
blooming and how i t can be eliminated through "selective 
knockdown." Selective knockdown i s a term used when a 
destructive readout is performed on a selected group of 
pi x e l s . In this mode of operation, no data i s actually 
collected as the purpose of the readout is simply to remove 
charge from the pixels before saturation and/or blooming can 
occur. Figure 7A i s a plot of a spectrum (same argon lines 
as discussed before) at half saturation. No crosstalk bet
ween pixels i s evident. Figure 7B shows the same spectral 
l i n e s , but now the mos
t i o n . Notice the bloomin
the direction of the column electrodes on the CID (4_>_5). 
Figure 7C shows the same spectral lines after approximately 
two-fold overexposure. The two intense lines are well past 
saturation and blooming i s apparent. Blooming i s not 
observed to increase past this point with additional expo
sure. Figure 7D shows a spectrum which was also two-fold 
overexposed, except here the two intense lines were pre
vented from blooming by performing several selective knock
downs on pixels associated with the strong spectral lines 
each time they approach saturation. At the same time, the 
weak line i n the middle was allowed to integrate. 

Mixing destructive and nondestructive readouts is a 
very useful topi for increasing the dynamic range of the CID 
camera system. However, dynamic range can be extended to 
v i r t u a l l y any desired l e v e l by using short integration times 
for intense spectral lines and long integration times 
(several minutes is not uncommon) for extremely weak 
spectral l i n e s . 

While waiting for weak lines to integrate, intense 
l i n e s must be prevented from blooming with the selective 
knockdown procedure. 

The unique capability of mixing destructive and non
destructive readout modes is the key to using different 
integration times for different spectral l i n e s . The host 
computer can inquire i f a particular line has integrated 
long enough to give a good signal-to-noise r a t i o , and i f i t 
has, multiple non-destructive readouts are made on the 
pixels associated with that spectral l i n e . Otherwise, the 
integration i s continued. Once a spectral l i n e has been 
read out and i t s integration time i s recorded, the line i s 
added to a l i s t of lines which should p e r i o d i c a l l y undergo 
selective knockdown. 

The D.C. plasma emits continuum and line radiation 
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Figure 7. Plot of a spectrum with pixels at half charge saturation (A ), blooming from 
pixels at full-charge saturation (B), blooming from pixels at 2* full-charge saturation 

(C), and blooming eliminated through the use of selective knockdown (D). 
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which can severely interfere with an analysis, but a 
spectrum can be easily corrected with background subtrac
t i o n . The spectrum in Figure 8A was taken by nebulizing an 
iron solution and integrating for approximately 1 minute. 
The prominent line i s an iron line near 400 nM. Most of the 
remaining information is background from the plasma alone. 
Background was measured simply by nebulizing a blank solu
t i o n of deionized water and integrating for the same length 
of time as the spectrum i n Figure 8A. The background i s 
plotted in Figure 8B. The spectrum was subtracted from the 
background and the result i s plotted in Figure 8C. Notice 
that once the background i s subtracted, several spectral 
li n e s from the analytical solution became apparent. 

Figure 9 is a typical working curve obtained with the 
CID system. The concentration range is from 0.1 to 100 ppm 
Mn. To set optimal signal-to-nois
centrations, the integratio
Integration times ranged from «15 seconds for the 100 ppm 
solution to «100 seconds for the 0.1 ppm solution. Table 1 
i s a l i s t of detection li m i t s determined thus far along with 
detection limits obtained by Spectrametrics (11), with their 
standard photomultiplier tube based system. The detection 
l i m i t s were obtained under similar conditions, i . e . , the same 
nebulizer, i d e n t i c a l s l i t sizes, nebulizer and plasma gas 
flow rates, etc. The optical systems of the spectrometers 
were the same since these detection l i m i t s were performed 
before the optical system of our spectrometer was altered. 
The only significant difference i s that the photomultiplier 
tube based detection li m i t s were achieved by averaging nine 
integrations of ten seconds each. The CID system detection 
l i m i t s were achieved with a single integration of 300 
seconds. In both sets of detection l i m i t s , a signal equal 
to three times the standard deviation of the background 
noise was used as the c r i t e r i a for detection l i m i t . Under 
these conditions, detection l i m i t s with the CID system are 
much better than the PMT based system i n the near I.R. and 
longer wavelength v i s i b l e regions of the spectrum. 
Detection limits become comparable in the blue region, and 
then become worse in the u l t r a v i o l e t . For the worst case 
measured, the CID had a detection l i m i t 13 fo l d poorer than 
the PMT system (Zn at 202 nm). Because of the recent reduc
tion i n the spectrometer focal plane size we can now examine 
emission lines from several elements simultaneously. Figure 
10 i s a spectrum taken after the focal plane reduction, 
demonstrating the enormous amount of spectral information 
within a small wavelength i n t e r v a l . Because of limitations 
i n computer memory, only a 248 χ 40 (9920 pixel) portion of 
the spectrum i s plotted. 
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Figure 8. Plot of a spectrum showing analytical lines with backgroundfrom the plasma 
(A ), plot of the backgroundfrom the plasma (B), and background subtractedfrom the 

analytical signal (C). 
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TABLE I. Detection Limits 

Wavelength 
Element (nM) 

Κ 
Cr 
Ca 
Mg 
Mn 
Zn 
Cs 
Cs 

766 ·49 
5 2 0 . 4 5 
4 4 5 . 4 8 
2 7 9 . 5 5 
2 5 7 . 6 1 
2 0 2 . 5 5 
8 5 2 . 1 2 
4 5 5 . 3 5 

CID Preliminary 
Detection Limit 

(ppm) 

« 0 . 0 0 0 1 
0 . 0 2 5 
0 . 0 1 0 
0 . 0 0 5 
0 . 0 1 0 
0 . 0 7 5 
1 . 0 

Spectraspan III 
Literature 

Detection Limit (ppm) 

0 . 0 2 
0 . 1 0 0 
0 . 0 9 
0 . 0 0 0 2 
0 . 0 0 3 
0 . 0 0 6 

1 0 . 
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Ni 3 5 2 . 4 5 ( b a c k ) 

Figure 10. Pixel readout (248 * 40) covering parts offive échelle orders. 
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Conclusions 

These i n i t i a l investigations of the charge injection 
device have indicated that the device promises to be a suc
cessful detector for simultaneous multielement analysis in 
atomic emission spectrometry. The unique non-destructive 
readout, coupled with selective knockdown and pseudo-random 
addressing give the CID system ca p a b i l i t i e s unparalleled i n 
any other detector available today. The device has been 
shown to have at least an adequate s e n s i t i v i t y , can be 
operated in a manner which reduces pixel cross talk, and the 
dynamic range of the system can be extended to v i r t u a l l y any 
desired l e v e l . 

The a b i l i t y to simultaneously examine a wide spectral 
range opens an entire new realm of p o s s i b i l i t i e s for the ana
l y s t . For instance, i
for an atomic emissio
dynamically switch to an ionic emission l i n e . Another 
p o s s i b i l i t y i s that i f a spectral interference becomes a 
problem at the most sensitive line for a given element, the 
decision can be made to switch to a less sensitive l i n e , 
which may have less interference. 

Productive research in the area of CID camera detectors 
i s expected to continue for some time since new and better 
CID detectors, (98,774 pixels and «300,000 pixels) are now 
or w i l l soon be available. The capability to examine 
simultaneously from the near I.R. to the vacuum u l t r a v i o l e t 
with adequate resolution w i l l soon be realized. 
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Charge-Injection and Charge-Coupled Devices 
in Practical Chemical Analysis 
Operation Characteristics and Considerations 

M. B. DENTON, H. A. LEWIS, and G. R. SIMS 

Department of Chemistry, University of Arizona, Tucson, AZ 85721 

The increasing deman
analysis and us
puter controlled instrumentation has made 
significant changes in the modern laboratory. 
Optical spectroscopy ranging from Raman through 
Atomic is under considerable pressure to replace 
the "tried and true" photomultiplier tube 
(PMT) with multichannel devices. Two classes 
of solid state devices, the Charge Coupled 
Device (CCD) and the Charge Injection Device 
(CID), hold great promise for meeting this 
need. Operating modes of these devices are 
reviewed. Characteristics pertinent to 
analytical spectroscopy are presented. 

A basic l i m i t a t i o n existing today i n a number of areas 
of op t i c a l spectroscopy i s the lack of a viable, compact, 
rugged, easily operated, sensitive device capable of 
simultaneously monitoring any or a l l portions of a reaso
nably wide spectral region with s u f f i c i e n t resolution. 
F i r s t photographic emulsions and more recently photo-
m u l t i p l i e r tubes have been widely employed for spectroscopic 
detection. The former, while being an integrating media 
with an extremely large number of resolution elements suf
fers from many sign i f i c a n t problems not the least of which 
involve the l o g i s t i c s of calib r a t i o n and data readout. 
Photomultiplier tubes (PMTs) provide many desirable features 
including s e n s i t i v i t y , wide dynamic range, reasonable 
spectral response i n the vacuum u l t r a v i o l e t to v i s i b l e 
region, and ease of calib r a t i o n and readout. Unfortunately, 
the conventional photomultiplier tube i s a single channel 
device. This characteristic has resulted i n two general 
classes of wavelength dispersion o p t i c a l systems. 
The scanning or slew scanning approach sequentially observes 
a discrete window in the spectral region of interest. While 
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highly successful for many applications this approach does 
not provide simultaneous observation of a large wavelength 
region. The second method involves the use of a number of 
individual s l i t s and PMTs carefully aligned to provide 
simultaneous readout of a number of discrete wavelengths. 
This method has become widely employed i n the area of atomic 
emission spectroscopy. This polychromator or "direct 
reader" approach proved to be f i r s t popular for spark 
emission and recently has undergone a f l u r r y of a c t i v i t y 
with the increasing popularity of inductively coupled, 
microwave, and direct current plasmas. This configuration 
i s often bulky, provides the a b i l i t y to simultaneously moni
tor only a very limited number of wavelengths, i s expensive, 
and i s not readily f l e x i b l e regarding changing the wave
lengths observed. A tremendous need exists today for some 
type of electronic camer
characteristics dictate
techniques. 

Television-type cameras have been adapted for use as 
multichannel detectors i n spectroscopic systems (I7JO · 
These devices possess a large number of picture elements 
(pixels) to cover a wide wavelength range rapidly and yet 
are compact i n siz e . Wavelength selection can be made 
el e c t r o n i c a l l y instead of through the manual adjustment of 
slit-photomultiplier tube assemblies. Some of the camera 
devices that have been applied are s i l i c o n vidicon tubes 
(4_-8), s i l i c o n i n t e n s i f i e d target (SIT) tubes (9-12), image 
dissector (ID) tubes (8,13-15), photodiode arrays (16-19), 
and charge-coupled device (CCD) arrays (20,21). The s i l i c o n 
vidicon, SIT, and ID a l l employ an electron beam to carry 
the video signal. Uncertainties in the control of this beam 
can hamper precise pixel selection i n these devices. In 
addition the s i l i c o n vidicon and the SIT suffer from cross
talk between pixels at high illumination levels (blooming) 
as well as incomplete removal of the charge signal on the 
target during readout (lag). In an e f f o r t to avoid these 
problems along with mechanical limitations resulting from 
the delicate nature of vacuum tubes, solid-state cameras 
have been developed. 

The photodiode array, CCD, and the charge-injection 
device (CID) (22-26) are s o l i d state sensors which are 
constructed by employing integrated c i r c u i t fabrication 
technology. The photon generated charge i s collected and 
stored i n either reverse-biased photodiodes (the photodiode 
array) or i n metal-oxide-semiconductor (MOS) capacitors (the 
CCD and the CID). This results in minimal lag and d i g i t a l l y 
precise pixel addressing. In general the overall package i s 
smaller, easier to cool, and less expensive than the vacuum 
tube cameras· 

The charge coupled device has received wide spread 
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application i n the f i e l d of astronomy providing both spatial 
resolution and s e n s i t i v i t y (27)· Such devices are f a b r i 
cated by RCA, F a i r c h i l d Semiconductor, General E l e c t r i c 
Company of B r i t a i n , Hamamatsu, Thompson-CSF of France, and 
Texas Instruments. This manuscript w i l l discuss primarily 
the RCA devices with brief references to other products. A 
CCD can be thought of as a large number of photodetecting 
analog s h i f t registers. The RCA devices used for the data 
presented i n this paper are 512 pixels wide and 320 pixels 
high as shown i n Figure 1. (CCD1 s have been made as large 
as the Texas Instruments 800 χ 800 device or 640,000 
p i x e l s ) . 

Photons s t r i k i n g a given pixel are stored during an 
exposure and subsequently clocked horizontally to a 
"catchment" high speed s h i f t register and then down to the 
readout preamplifier (se
raster scan row by ro
(Note the authors have chosen to orient the devices with the 
long axis horizontal for spectroscopic applications in 
contrast to the v e r t i c a l orientation common with astronomers 
due to the spectral display of the optical system employed.) 

This mode of readout necessitates that the source 
be blocked during readout to prevent smearing of the image. 
Fabrication of a device with half of the array blocked 
(Figure 3) allows high speed p a r a l l e l horizontal s h i f t i n g of 
the charge from the photoactive region into the storage 
region followed by raster scan readout of the storage 
region. This mode of readout, "frame transfer", can be used 
for frame by frame (TV) readout since i t can usually be 
assumed that the p a r a l l e l horizontal s h i f t can be 
accomplished so fast that smearing w i l l be neg l i g i b l e . 
However, this approach reduces the number of usable pixels 
by one half. 

The most easily understood charge transfer mode 
involves use of three phase clocking. I n i t i a l l y the array's 
capacitor plates are reverse biased to create potential 
wells under one or two of the three capacitor plates 
comprising a pixel (Figure 4 A or B). Transfer i s 
accomplished by sequentially dropping a new potential well 
(Figure B, D, or F) followed by bringing up the previous 
well C, Ε or G. The charge o r i g i n a l l y under <J>̂  i n A has 
advanced one f u l l pixel by step G. 

The upper dynamic range i s limited by the amount of 
charge that can be quantitively stored i n a single pixel 
well. Over-illumination of a pixel causes the charge to 
s p i l l over into surrounding pixel wells, a phenomenon known 
as "blooming"· 

A novel method for increasing the s e n s i t i v i t y and, 
coincidentally the dynamic range, has been employed by 
astronomers (though generally not widely publicized). Every 
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On Chip Preamp 

Figure 1. The pixel layout for the RCA charge-coupled device (CCD) used in these 
studies provides a 512 * 320 array or 163,840 sensor elements (pixels). 

^ charge 
from λ, 

charge 
{/from xs 

^charge 
from \, 

readout of charge 
from X s 

Figure 2. Spectroscopic information is initially imaged on the CCD. A readout is 
performed by shifting information horizontally to the high-speed shift register and is 

made serial by shifting vertically into the video preamplifier. 
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Figure 3. For continuous frame-by-frame readout, one-half of the device is reserved to 
store video information. Spectral information is gathered in the detection frame and is 

transferred to the storage frame so rapidly that blurring is minimized. 
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Figure 4. Charge is collected first at the φ 7 (A) or φΙ and φ2 (Β) electrodes and is 
subsequently shifted by dropping a new potential well and then bringing up the previous 

well. Note that by Step G the charge has advanced one pixel. 
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readout i n a CCD i s accompanied by a certain amount of noise 
regardless of the amount of charge read. Any process which 
increases the charge due to signal w i l l therefore improve 
signal-to-noise. The astronomer's t r i c k i s to combine the 
charge acquired i n a number of pixels to generate a single 
charge grouping on the chip, a so called "super p i x e l " . 
This larger combined charge i s shifted to the on chip 
readout amplifier and measured in a single readout. Since 
each readout has a superimposed noise lev e l of approximately 
50 electrons due to preamplifier shot noise and Johnson 
noise (28) i n a single readout, the larger signal i n a given 
readout improves signal-to-noise at very low l i g h t l e v e l s . 
If spectral information i s properly configured on the 
device, this procedure results in the signal from a larger 
area being read with the noise from only one readout at a 
cost of decreased imag
device has 163,840 pixels
i s often not regarded as serious. It i s important to note 
that the charge i s combined on-chip. 

From an ana l y t i c a l spectroscopic viewpoint this type of 
operation has several desirable features. The s l i t image 
from a spectrometer i s usually rectangular. Creation of a 
"super p i x e l " shaped l i k e the s l i t image can greatly 
increase the system performance. Additionally the dynamic 
range i s operationally increased since the t o t a l charge that 
can be stored i n a super pixel i s equal to the combined well 
capacities ( i . e . , a super pixel made from an array of 1 χ 4 
pixels can hold 4 fold more charge than that of a single 
p i x e l but i s limited to four fold or 10 6 electrons by the 
l i n e a r i t y of the on-chip preamplifier). Currently, studies 
are underway to evaluate the use of such devices i n chemical 
analysis. Figures 5 and 6 show analytical working curves 
for potassium and sodium obtained with D.C. plasma emission. 
Even when using the "super p i x e l " technique the upper end of 
the working curve starts to t a i l off and blooming i s 
beginning to be observed. 

The good signal to noise, however, indicates that the 
r e a l forte of these current generation CCD devices l i e s in 
spectroscopic applications where maximum s e n s i t i v i t y i s 
needed and high dynamic range i s not as important. These 
devices should be most useful i n areas such as trace level 
molecular fluorescence and Raman spectroscopy. 

The second major problem l i m i t i n g CCD's i s that of 
spectral response. Most devices currently manufactured are 
front side illuminated (see Figure 7). In this geometry 
photons must penetrate through the pixel electrodes and then 
generate charge i n the pixel well. Spectral response can be 
severely limited since more energetic photons (shorter 
wavelengths) are rapidly absorbed and never make their way 
to the photoactive region. Front side devices often have 
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Figure 5. Analytical working curvefor potassium. The curve was obtained using a RCA 
53612 CCD with a direct current plasma source. 
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CONCENTRATION 

Figure 6. Analytical working curve for sodium. The curve was obtained using a RCA 
53612 CCD with a direct current plasma source. The nonlinear tail on the low end of the 

working curve is due to sodium in the laboratory water. 
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Figure 7. Front-illuminated or thick devices require photons to penetrate a substantial 
array of electrodes, which results in a poor response below 450 nm. 
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poor response i n the v i s i b l e blue and do not operate at a l l 
i n the UV. One solution to this problem offered by RCA i s 
the so called "thinned" or "backside illuminated" device 
shown i n Figure 8. In this configuration the s i l i c o n i s 
thinned to 8 to 12 microns and laminated to a 500 micron 
thick glass substrate. Photons enter the device through the 
glass from the side opposite the electrodes. From an 
astronomer's viewpoint this achieves two major goals. The 
v i s i b l e blue spectral region i s now available and the glass 
plate acts as a l i g h t impedance matcher (reduces r e f l e c t i o n 
losses) between a i r and s i l i c o n increasing quantum e f f i 
ciency from approximately 50% to over 80%. The glass chosen 
must have the same thermal expansion properties as the s i l i 
con or the 12 micron s i l i c o n wafer would be destroyed. 
Unfortunately, the soda lime glass chosen cuts off sharply 
i n the UV. 

RCA has recently provide
which the glass substrate has been etched away from the 
photo active region (see Figure 9) ( i . e . , bare 10 micron 
s i l i c o n i s exposed. Even though the device appears to be 
rather f r a g i l e , no problems have been experienced. Spectral 
response data for a l l three types of devices are shown in 
Figure 10. Another s o l i d state array detector with a number 
of extremely interesting characteristics i s the charge-
in j e c t i o n device. The CID sensor currently produced by 
General E l e c t r i c consists of a two-dimensional array of 
discrete pixels, each of which i s composed of a pair of 
silicon-type MOS capacitors. Figure 11 depicts a small por
ti o n of the row/column structure. Light s t r i k i n g the bulk 
s i l i c o n generates charge carriers which are stored under
neath the capacitor with the greatest negative potential 
during the frame (integration) time (Figure 12). This can 
best be understood by plotting potential well curves with 
stored charge underneath the capacitor plates (See Figure 
12B)· During the readout of of each pixel this charge i s 
transferred from one of the capacitors to the other, or to 
the substrate. 

Several of the important readout concepts are 
i l l u s t r a t e d i n Figures 13 and 14. I n i t i a l l y , each pixel 
s i t e consisting of a row and column MOS capacitor can be 
thought of as having some i n i t i a l bias potential V row (V r) 
and V column (V c) and an empty "well" (see Figure 13). If 
both of these potentials are 15 volts negative and photons 
i r r a d i a t e the surface, charge starts to co l l e c t i n the well 
(see Figure 13B). If the row which crosses the particular 
p i x e l element about to be read out i s clamped to zero vol t s , 
the charge stored under each of the MOS capacitors within 
that row are transferred to each of the adjacent column 
electrodes (see Figure 13C). If a single column i s now 
clamped to zero, the charge stored under each of the capaci-
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Gate Electrodes Etc. 

Figure 8. In special RCA-thinned devices the silicon is etched to 10-μηι thick and a 
500-μηι glass window is placed on the back side. 
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Gate Electrodes Etc. 

Custom 

UV Enhanced Device 

Figure 9. The RCA custom UV-enhanced charge-coupled device studied has had the 
500-μm glass substrate removed to leave 10 μm of exposed photoactive silicon. 
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100 η 

nm 

Figure 10. Spectral response curves for three CCD detectors. Key: o, thin with glass; Δ, 
thin bare Si; and •, thick. Note the quantum efficiency axis is linear. 

Column Selects 

Η 
J 

1 ' Rows 

J V/deo Pre amp 

P/xe/ S/fes 

Η 

Figure 11. Diagram of a small portion of a charge-injection device array showing row 
and column FLT selection and video preamp lifer. Individual pixel (resolution) elements 
are comprised of a pair ofmetal oxide insulated capacitor plates; one plate on a row and 
one plate on a column. (Reproduced with permission from Ref. 26. Copyright 1981, J. 

Auto . Chem.J 
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Column Row 

^insulator ** 

hv 

Vc = -I5 Vr=-I5 1 1 

Figure 12. Photons striking the bulk silicon generate positive charge carriers which are 
stored beneath the negatively biased capacitor plates (left). The quantity of charge stored 
beneath the plates is often depicted

sion from Ref.

Vc Vr 1 1 Vc= -15 Vr= -15 1 1 
"wnnnnnnnm 

ψ -15 Vr*0 1 1 ^'0 vr*o 

measure substrate 
current 

Figure 13. The injection mode readout for CIDs. Only the charge that is stored at the 
pixel site where both the column and row are clamped to zero is injected into the 
substrate. (Reproduced with permission from Ref. 26. Copyright 1981, J. Auto. C h e m J 
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Vc*-7 V^-15 1 1 float Vc ^ Vc=-7+Signal 
measure I I Vr

s0 1 Γ 

Figure 14. The measuring sequence for combined nondestructive I destructive readout. 
In nondestructive mode the sequence is cycled as many times as desired to improve 
signal-to-noise. (Reproduced with permission from Ref. 26. Copyright 1981, J. Auto. 

Chem.J 
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tors i n the column, except for the pixel s i t e which i s i n 
the process of being selected, merely moves back to their 
row capacitor (which i s s t i l l negative). However, for the 
one pixel s i t e under selection, both the column and row 
capacitors are at zero potential, resulting i n injection of 
the stored charge into the substrate (see Figure 13D). The 
resultant current can be measured to provide the video 
si g n a l . One should note that only the pixel at the i n t e r 
section of the selected row and column has both capacitor 
plates at zero potential. A l l the other pixel sites have 
one of the two capacitors s t i l l biased negative under which 
charge i s stored. 

While this o r i g i n a l prototype mode of CID operation 
functions, i t does not realize one of the most unique capa
b i l i t i e s of the CID. To achieve a nondestructive readout 
capability, a column potentia
resulting in accumulatio
For readout, the column containing the desired pixel i s 
allowed to f l o a t and i t s potential i s measured ( i . e . , the 
column when floated w i l l i n i t i a l l y remain at approximately 
-7 v o l t s ) . Next, the row containing the pixel i s clamped to 
zero volts and the charge i n the selected p i x e l moves over 
to i t s column capacitor (see Figure 14B), changing the 
"apparent" potential (or charge) on the entire column ( i . e . , 
the column w i l l now be at some potential less negative than 
-7 volts dependent on the amount of charge transferred from 
the row capacitor plate). This change i n "apparent" column 
potential i s dependent on the entire column capacitance and 
the charge accumulated i n the selected p i x e l . If the row i s 
returned to a more negative potential, the charge moves back 
under the row capacitor plate (Figure 14C) and the process 
can be repeated i n a nondestructive readout mode, ( i . e . , V c 

i s allowed to f l o a t , measured, and the processes repeated, 
e t c . ) . Destructive readout i s accomplished by clamping the 
column to zero potential while the row i s s t i l l zero (Figure 
14D), causing the charge to be injected, as i n Figure 13D. 

With nondestructive readout, blooming, which can s t i l l 
be a problem i n the solid-state cameras, can be e f f e c t i v e l y 
eliminated by pe r i o d i c a l l y scanning the array i n a non
destructive readout mode to determine which pixels are near 
saturation. These pixels can be subsequently read out in 
the destructive mode, s u f f i c i e n t l y often to prevent the 
leakage of charge into adjacent pixels. At the same time, 
pixels under low illumination can be allowed to integrate 
charge to maximize the signal-to-noise ra t i o of weak l i n e s . 
By averaging many repeated, nondestructive readouts of the 
signal stored i n a p i x e l , the readout noise, which i s predo
minantly due to white noise generated i n the f i r s t stage of 
the preamplifier, can be reduced by the square root of the 
number of complete readouts (24)· 
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CID devices such as the General E l e c t r i c RA-128 can 
also be fabricated to provide random addressing of the 
array. With this capability only the desired pixels need be 
interrogated instead of sequentially scanning through the 
whole array as i s required i n most other solid-state devi
ces. Therefore, faster readout speeds are possible for 
rapid analysis. 

On the basis of these characteristics, the CID shows 
de f i n i t e potential as a multichannel detector for elemental 
analysis, provided i t i s able to detect l i g h t i n the u l t r a 
v i o l e t region where many elements have their strongest 
emission l i n e s . Early studies of the spectral response of 
CID 1s did not extend below 400 nm (23) or else indicate that 
the response quickly fall« off in the UV (22) · For a number 
of reasons the UV response of the CID has not been measured 
accurately. The detecto
with glass windows. I
measurements were made using glass lenses (25) · Since glass 
absorbs l i g h t below approximately 350 nm the value of pre
vious studies i s negated. In recent studies (26) the 
spectral response for five CID sensors was measured from 190 
to 800 nm using front surface mirrors and quartz optics to 
eliminate the absorption of glass. Five CID-40B sensors 
were used to determine the extent of the variation i n sen
s i t i v i t y between sensors. 

The results as shown i n Figure 15 indicate an approxi
mately eight to ten percent quantum effi c i e n c y i n the u l t r a 
v i o l e t r i s i n g to the forty to f i f t y percent eff i c i e n c y in 
the v i s i b l e . Therefore, the CID i s capable of a very 
respectable l e v e l of performance. 

Optical Systems for Use with Array Detectors 

Careful design and matching of optical dispersion 
systems are necessary to e f f e c t i v e l y employ the cap a b i l i t i e s 
of CID and CCD arrays. Since these devices are two dimen
sional (x-y) and reasonably small [CID-11B providing 60,512 
pixels i s 0.9 χ 1.1 cm and the RCA 53645 CCD providing 
163,840 pixels i s 1.41 χ 1.73 cm] appropriate spectral image 
formatting i s essential. Parameters which must be con
sidered include t o t a l f i e l d imaging quality, spectral 
coverage, dispersion, l i g h t throughput, and stray l i g h t . 
(Note: In certain areas of spectrochemical analysis such as 
inductively coupled plasma atomic emission spectrometry 
(ICP-AES) stray l i g h t from very intense emission lines asso
ciated with major sample constituents can cause significant 
interference problems with weak emission lines from trace 
sample components.) Additionally, the optimum system should 
be reasonably compact and rugged for f i e l d use. 

One promising approach toward achieving the desired x-y 
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Figure 15. Spectral response data for five CID-40B devices. Key to chip:x, 4242-1; o, 
4242-7; A, 4242-3; ·, 4242-5; and *, 4245-1. 

formating i s through the use of a properly configured 
échelle cross-dispersion spectrometer. Es s e n t i a l l y this 
involves using an échelle grating (a special deeply grooved 
and coarsely ruled grating operated i n high orders to 
achieve high dispersion) and some type of a cross disperser 
to prevent overlap of the various orders (generally a prism 
or f i r s t order grating) followed by some form of image 
reduction. Several configurations of both approaches have 
been evaluated by others (7,29-34) and within our labora
tory. 

Figure 16 shows the use of a prism to provide "order 
sorting v e r t i c a l dispersion." This approach has been 
employed i n a variety of commercial systems. Another 
approach used i n a number of astronomical applications uses 
a conventional f i r s t order grating to provide order sorting 
(see Figure 17). 

This geometry should reduce stray l i g h t associated with 
ref l e c t i o n s from the prism faces but introduces the possibi
l i t y of second order interferences from the order sorting 
grating. While the optimal op t i c a l configuration w i l l no 
doubt be resolved i n the battle f i e l d of the market place, 
the use of two dimensional array detectors i n future commer
c i a l instruments i s near at hand. 
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Figure 17. A crossed grating échelle configuration is being evaluated currently for 
improved stray light rejection in a smaller size package. 
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Luminescence Measurements 
with an Intensified Diode Array 
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Department of Chemistry, Oregon State University, Corvallis, OR 97331 

In the
spectrometry was always conducted with single 
channel systems involving a photomultiplier 
tube (PMT) as the detector. The availability 
of multichannel detectors with internal gain 
has provided a new powerful tool for lumines
cence measurements, and several types of 
applications have been reported (1-15). This 
paper is concerned with the application of an 
intensified diode array (IDA) for dynamic 
molecular fluorescence and chemiluminescence 
measurements. In this paper the types of 
measurements and analytical systems for which 
multichannel detectors are used in our 
laboratory are introduced. Next the specific 
IDA system used is presented along with 
important hardware and software 
considerations. Third, the characteristics 
of the IDA detector are reviewed to give some 
perspective about i t s influence on the 
quality of measurements. Finally, some 
typical applications to chemical systems are 
presented to illustrate the advantages of 
multichannel detection. 

1Current address: Tektronix, Inc., Beaverton, OR 97977. 
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Types of Chemical Systems Studied 

In fluorescence kinetics-based (FL KB) measurements, the 
analyte i s reacted with a selective reagent to form a 
fluorescent product. Under suitable conditions the i n i t i a l 
rate, measured as a change i n the FL signal over a selected time 
period, i s proportional to the analyte concentration. Low 
detection limits (ng/mL and sub ng/mL) are provided by the 
technique for inorganic and organic analytes. Excellent 
s e l e c t i v i t y arises due to the use of fluorescence monitoring (a 
small fraction of molecules fluoresce, excitation and emission 
wavelengths can be optimized), the use of a s p e c i f i c optimized 
chemical reactions, and f i n a l l y the use of a k i n e t i c measurement 
(discrimination against steady state background fluorescence and 
scattering signals and species which react at s i g n i f i c a n t l y 
different rates). Instrumentally
usually made with a scannin
to monitor a s p e c i f i c wavelength band during the course of a 
reaction. 

In chemiluminescence (CL) measurements the analyte i s mixed 
with suitable reagents to cause a reaction to occur i n which an 
intermediate or product i n an excited electronic state i s 
formed. The flash of l i g h t produced i s quantitated as a peak 
height or area. Metal analytes are usually determined by their 
enhancement of a blank CL reaction. In some cases the analyte 
can be the CL precursor. The technique i s suitable for trace 
determination of a wide variety of species with often good selec
t i v i t y . Typically no wavelength selection device i s employed 
and radiation at a l l wavelengths i s directed to a PMT since a l l 
the CL arises from the reaction of interest. 

For both types of measurements described above, the lumines
cence signal i s dynamic or changes with time. Because the reac
tions studied for KB FL measurements have h a l f - l i v e s of 2-30 
min, s i g n i f i c a n t intensity changes can occur over even a few 
seconds. The flash of l i g h t observed in many CL reactions t y p i 
c a l l y has a duration of several seconds or less. Clearly i n 
both situations an undistorted spectrum cannot be acquired with 
a conventional scanning monochromator. 

Instrumentation 

A multiple wavelength spectrometer i s constructed by placing 
a multichannel detector in the focal plane of a spectrograph so 
that each detector element intercepts a different small wave
length range. The multichannel detector used for this work i s a 
Tracor Northern TN-1710-21 IDA. It consists of a Reticon 512 
element diode array (DA) with 0.45 mm high diodes separated by 
50 ]M spacings. The DA i s cooled with a P e l t i e r thermoelec
t r i c cooler. The DA i s mounted at the output of a microchannel 
plate i n t e n s i f i e r (MCP) which has a photocathode with an extend-
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ed red response to provide s e n s i t i v i t y i n the red part of the 
spectrum. The MCP i s an electrostatically-focused image 
inverting i n t e n s i f i e r with a nominal luminous gain of 35,000. A 
s c i n t i l l a t o r i n front of the photocathode determines the 
response in the UV. The commercial IDA i s provided with pre
amplifier and timing electronics. We chose to build our own 
data acquisition and control system, although such a system can 
also be purchased from Tracor Northern. 

The use of the IDA for luminescence spectral measurements i s 
i l l u s t r a t e d i n Figure 1. Fluorescence or chemiluminescence from 
a sample c e l l i s focused on the s l i t of an f/3 spectrograph. 
The spectrograph disperses the radiation i n i t s focal plane 
where the spectrum i s incident on the photocathode of the IDA. 
Some of the photons impingent on the photocathode cause ejection 
of photoelectrons from the photocathode. Each photoelectron 
passes into a channel o
a charge packet of 10^
strikes the phosphor to produce a photon packet for every 
i n i t i a l photoelectron. The photon packet i s impingent on a 
particular diode element and causes many electron-hole pairs to 
be created. After a suitable viewing or integration time, the 
signals from the individual diodes are read out i n a sequential 
manner. The diode signals are related to the amount of charge 
required to destroy the electron-hole pairs created by impingent 
l i g h t or thermal ef f e c t s . The charge pulse is converted to a 
proportional voltage pulse of about 2 ps duration and a 
maximum peak height of 10 V. The maximum value i s determined by 
the saturation level of the diodes (which i s limited by the 
maximum number of electron-hole pairs that can be generated). 
Fiber optic faceplates between the photocathode and input of MCP 
and between the phosphor and the DA ensure that good spatial 
integrity i s obtained. Thus a photon of a particular wavelength 
which strikes a particular part of the photocathode w i l l 
eventually result i n a signal at a particular diode. The 
reciprocal linear dispersion of the spectrograph used i s about 
25 nm/mm yielding 1.3 nm/diode over the wavelength range 
200 - 840 nm. 

Hardware. To employ the IDA, the user must supply a clock 
signal, a begin scan signal, and data acquisition hardware. The 
hardware to accomplish this has been based on a PDP 11/20 mini
computer or a KIM microcomputer plus additional external hard
ware (13-15). The clock signal determines the rate at which the 
diodes are interrogated during readout and was 33 kHz with the 
minicomputer and 125 kHz with the microcomputer. This means the 
time to read out a l l 512 diodes and hence the minimum integra
tion time varies from 15 ms to 3.7 ms, respectively. For the 
microcomputer, direct memory access (DMA) c i r c u i t r y was used to 
increase the data acquisition rate. 
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Figure 1. Instrumental configuration for fluorescence measurements with an intensified 
diode array. 
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The begin scan signal i s used to start the DA diode i n t e r r o 
gation and to control the integration time of a spectrum. The 
array i s cleared with one begin scan signal, the photon signal 
i s integrated, and then another begin scan signal i s used for 
signal readout. The time between begin scan signals determines 
the integration time. 

The diode array signals are output on a video l i n e . This 
was connected to a fast sample-and-hoId and then a fast (2 ps) 
12 b i t ADC. This allows the peak signal voltage from each diode 
to be sampled and converted to a 12 b i t d i g i t a l representation 
to be stored i n computer memory. Sequential memory locations 
are used for the signal from each diode with the saturation 
signal corresponding to 10* 2 or 4096. 

Software. The software was tailored to f i t our particular 
application. Some of th
1. Successive 512 poin

of memory where the integration time ( t ) , time between 
spectra, and a number of spectra are user chosen. 

2. Under user control, s number of successive scans can be 
summed i n the same memory locations for signal averaging. 

3. To save memory space, the data from the f i r s t η diodes can 
be ignored (not stored). 

4. To save memory space and time, the la s t m diodes can be 
clocked at a faster clock rate and the data ignored. 

5. After spectra are acquired, they can be displayed on a 
graphics terminal. Overlapping of different spectra and 
scale expansion allow easy comparison of spectra. 

6. The signal from one diode or the sum of signals from η 
diodes can be displayed. 

7. The sum or difference of any two spectra or of signals from 
one or more diodes can be calculated or displayed. The 
difference option can be used to calculate a rate or 
subtract a blank. 

8. The mean and standard deviation of the signals from any 
group of diodes for a series of equivalent runs can be 
calculated and displayed. 

9. A wavelength c a l i b r a t i o n program allows readout of signal 
information i n terms of nanometers rather than diode numbers. 

Performance Characteristics 

Dark Signal Characteristics. The dark signal characteristics 
are measured with no li g h t impingent the IDA and are important 
because the dark signal l i m i t s the maximum integration time and 
can l i m i t the S/N at low li g h t l e v e l s . Without cooling, the DA 
reaches saturation in about 10 s, while i t takes about 50 s with 
cooling to about -10°C. Normally the heat from the high tempera
ture side of the P e l t i e r cooler i s dissipated by ambient a i r 
movement. Considerable dark signal d r i f t i s observed throughout 
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a day as the a i r temperature changes. We found i t essential to 
use a cooling c o l l a r based on c i r c u l a t i o n of tap water to d i s s i 
pate the heat. This lowered the dark signal by over a factor of 
two, but more s i g n i f i c a n t l y i t lowered the d r i f t i n the dark 
signal. Better thermostating control of the P e l t i e r cooler 
would reduce the d r i f t problem also. 

It was determined that after a large dark signal had accumu
lated, several scans were required to reach a constant dark 
signal level for successive scans. This problem was alleviated 
by continually scanning (providing begin scan pulses) every 
20 ms between spectra to keep the dark signal accumulation at a 
small value. 

Intensif i e r Characteristics. The i n t e n s i f i e r gain can be varied 
between about 200 and 10^. Intensification i s essential for 
luminescence measurement
dark and readout nois
noise situations (signal shot or f l i c k e r noise) i s independent 
of the i n t e n s i f i e r gain. The i n t e n s i f i e r degrades the resolu
tion of the DA by about a factor of 2 to 3.5 diode elements. At 
the lowest i n t e n s i f i e r gain setting the dark signal character
i s t i c s are equivalent to those obtained with the i n t e n s i f i e r 
bias voltage o f f . At f u l l i n t e n s i f i e r gain, the dark signal i s 
increased about 10% and the dark signal noise i s doubled. This 
i s suspected to be due to thermal electrons generated at the 
photocathode that receive the same i n t e n s i f i e r gain as photo
electrons. 

When li g h t i s removed from the photocathode of the i n t e n s i 
f i e r , a decaying l i g h t signal i s observed due to residual 
phosphorescence from the phosphor used i n the i n t e n s i f i e r . It 
appears to be composed of two components with h a l f - l i f e s of tens 
of milliseconds and a few seconds. This behavior did not 
s i g n i f i c a n t l y affect our luminescence measurements. Because 
integration times were t y p i c a l l y 1 s or greater, the shorter-
lived component response time i s i n s i g n i f i c a n t . In other 
experiments (not involving luminescence) with pulsed l i g h t 
sources, the phosphor lifetime did dis t o r t signals modulated at 
frequencies greater than 10 Hz. The longer-lived decay compo
nent effect was i n s i g n i f i c a n t in our time sequence experiments 
because the r e l a t i v e change i n signal between sequential spectra 
was a fraction of f u l l scale. 

Signal and S/N Relationships. As a f i r s t approximation the 
following characteristics are expected to apply: 

n, (1) 

(2) 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



7. INGLE AND RYAN Luminescence Measurements 161 

n. n. L α c, t, s (3) 

1/2 1/2 1/2 c , t , s (4) 

where 
offset signal (fixed pattern "noise") 
dark signal 
l i g h t signal 
t o t a l signal 

CTR = readout noise 

% dark current noise 
= l i g h t signal nois

σ τ t o t a l noise 
c number of channels added together 
t = integration time 
s = number of scans added together 
Equations 1 and 2 just indicate that the t o t a l signal or 

noise i n counts i s due to the sum of three independent e f f e c t s : 
the offset or readout process, the dark signal, and the l i g h t 
s i g n a l . Relationship 3 indicates that i f we add the signals 
from two channels together, integrate twice as long, or sum the 
signals from two scans, the dark and l i g h t signals should 
double. For relationship 4, i t i s assumed that signal levels 
are low enough that fundamental shot noise i s l i m i t i n g , which i s 
proportional to the square root of the signal and hence the 
square root of factors d i r e c t l y proportional to the signal. 

The above relationships were tested by varying c, t, and s 
over a large range (14). F i r s t dark signal measurements were 
made and then measurements were made with the IDA photocathode 
illuminated with uniform white l i g h t . The contributions of dark 
and readout signal and noise were subtracted from the t o t a l 
signal to obtain the contribution from only the l i g h t signal. 

Most of the above relationships are shown to be true and 
S/N1s of 500 were obtained i n some cases. The dependence of 
signals and noise on the number of channels added together i s 
approximate due to diode to diode variations i n dark signal and 
diode responsivity. The dark signal was not proportional to t 
above about 25% of DA saturation; a negative deviation was 
observed. The same affect was observed for the l i g h t signal i f 
the dark signal component reaches 25% saturation i n the integra
tion time. Hence i t i s c r i t i c a l that the dark signal subtracted 
from the t o t a l signal to obtain the net l i g h t i s measured with 
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the same integration time. In this case, the net l i g h t signal 
i s proportional to the incident l i g h t intensity. 

The l i g h t signal noise (στ,) was found not to be proportional 
to the square root of the number of channels unless the diodes 
chosen were separated by 9 diodes. The noise στ, increased 
faster than f o r s m a l l separations because the signals 
from adjacent and near diodes are not independent. This i s 
believed to be due to the resolution degradation caused by the 
i n t e n s i f i e r . Photons s t r i k i n g a 50 μη spot on the inten
s i f i e r photocathode cause an eventual burst of photons over 
several hundred micrometers. Thus the signals from several 
diodes can track together the signal caused by photons ar r i v i n g 
at one spot on the photocathode. 

Detection Limit Considerations. For low l i g h t l e v e l measure
ments, the S/N i s limite
noise (o%) i s about 3.
and with f u l l i n t e n s i f i e r gain, the dark signal noise becomes 
li m i t i n g . The noise generated by the data acquisition c i r c u i t r y 
i s i n s i g n i f i c a n t compared to the readout noise on the video l i n e 
generated by the IDA and i t s electronics. Since i n our system, 
1 readout count i s equivalent to about 5000 e's or about 1-2 
photoelectrons at f u l l i n t e n s i f i e r gain (^ 6000), the readout 
noise i s about 1.7 χ 10^ electrons. Thus our system can 
detect the presence of 4-8 photoelectrons i n one diode channel, 
and hence i s near the photon counting l i m i t . 

Applications of the IDA 

Several chemical systems were studied with the spectrofluo-
rometer with IDA detection to learn about the potential 
advantages provided by multichannel detection. A detection 
l i m i t of 0.2 ng/mL was obtained for measurements of the steady 
state fluorescence of quinine sulfate (12). Here an 8 s 
integration time was employed and the signals from the 6 diodes 
(7.5 nm range) centered at the wavelength of peak emission were 
averaged. The low detection obtained indicates that the IDA i s 
a powerful quantitative tool for trace fluorescence measure
ments. The detection with the IDA i s only about ten times 
higher than obtained with the same spectrofluorometer with 
monochromator wavelength selection and PMT detection (the s l i t 
width was about 4 larger than used with the IDA) · 

Although only information from 6 of the 512 diodes was used 
for quantitative information i n this case, the complete emission 
spectrum was obtained i n a matter of seconds. This i s about two 
orders of magnitude less than the time necessary to scan a 
spectrum with a conventional spectrofluorometer. The a b i l i t y to 
acquire spectra rapidly provides a considerable time savings, 
p a r t i c u l a r l y i n situations where i t i s necessary to survey the 
fluorescence characteristics of a number of compounds. The 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



7. INGLE AND RYAN Luminescence Measurements 163 

wavelengths of emission maxima and r e l a t i v e fluorescence 
in t e n s i t i e s at a number of different excitation wavelengths can 
be established i n a r e l a t i v e l y short time. 

For measurement of steady-state fluorescence, the rapid 
acquisition of spectra i s a convenience but not essential. 
However, the rapid acquisition of spectral information i s 
essential for measurement of transient species or where the 
luminescence signal continually changes with time. This w i l l be 
demonstrated f i r s t for kinetic-based luminescence measurements 
and then chemiluminescence measurements. 

Fluorescence Kinetic-Based Measurements. Our studies of the 
reaction rate determination of thiamine (vitamin Bl) w i l l be 
used to demonstrate the unique c a p a b i l i t i e s of rapid acquisition 
of spectra i n ki n e t i c measurements. The k i n e t i c method i s based 
on the oxidation of thiamin
highly fluorescent thiochrom
the change in fluorescence signal at 444 nm that occurs i n a 
fixed time after mixing the sample and reagents, i s d i r e c t l y 
proportional to the thiamine concentration. 

Figure 2 shows emission spectra of a solution containing 
thiamine and r i b o f l a v i n (vitamin B2) taken with the IDA at 
various times. Curve A i s the spectrum of the o r i g i n a l vitamin 
sample solution a c i d i f i e d to pH 2 with Hg 2 + added. Under 
computer control this i n i t i a l spectrum i s acquired i n 2 s and 
then pH 12.2 buffer i s injected into the sample c e l l to raise 
the reaction mixture pH to i n i t i a t e the thiochrome reaction. 
Curves B, C, and D are the emission spectra obtained at 16, 40, 
and 60 s after i n i t i a t i o n of the reaction with a 2 s integration 
time. These spectra are now used to i l l u s t r a t e a number of 
important points. 
1. The growth of the thiochrome peak centered at 444 nm i s 

obvious· 
2. The difference i n the sum of the signals from the 10 diodes 

(533-545 nm) centered at the wavelength of peak emission of 
thiochrome i s automatically calculated from the stored 
spectra to give a number proportional to the rate. The 
detection l i m i t for thiamine i s 6 χ 10"^ M and i l l u s t r a t e s 
the dete c t i v i t y of the IDA. This i s only a factor of 2 
greater than the detection l i m i t obtained with an equivalent 
system based on PMT detection. 

3. The f i r s t order and second order (not shown) Rayleigh 
scattering peaks of the 365 nm excitation l i g h t are 
obvious. The detectivity of the IDA i s also i l l u s t r a t e d by 
the d i s t i n c t water Raman band at 417 nm. 

4. The i n i t i a l fluorescence peak centered at 550 nm i s due to 
the i n t r i n s i c fluorescence of r i b o f l a v i n . Its intensity i s 
decreased when the pH i s increased. This i l l u s t r a t e s the 
use of the IDA as a diagnostic tool since potential spectral 
interferences i n a real sample can be readily i d e n t i f i e d 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



MULTICHANNEL IMAGE DETECTORS 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



7. INGLE AND RYAN Luminescence Measurements 165 

simultaneously as the primary anal y t i c a l information i s 
obtained. In this case there i s a small spectral overlap of 
the t a i l of the r i b o f l a v i n peak with the maximum of 
thiochrome fluorescence. 

5. The computer was programmed to not only calculate the rate 
of the thiochrome reaction but to subtract a previously 
stored blank spectrum from spectrum A to obtain a signal 
proportional to the r i b o f l a v i n concentration. A detection 
l i m i t of 7 χ Ι Ο " ^ M was obtained for r i b o f l a v i n . Thus 
the multiple wavelength capability of the IDA was used for 
simultaneous determination of vitamins i n one vitamin p i l l 
sample to provide a s i g n i f i c a n t time savings over using two 
an a l y t i c a l procedures on two separate samples. 
The diagnostic c a p a b i l i t i e s of IDA detection were further 

revealed when applying the thiochrome rate method to other 
matrices such as urin
samples can be rapidl
wavelengths. Shifts in the maxima of emission spectra under 
these different conditions reveal the presence of additional 
fluorescent species. Spectra of potential interferents can be 
compared to the spectrum of the sample to confirm the presence 
of certain species. 

In the case of urine samples, a fluorescent compound was 
formed at a rate comparable to the thiochrome reaction when the 
pH was increased. The appearance of this fluorescence peak was 
readily observed when the difference i n spectra taken at 
different times was calculated and displayed. This information 
could not be obtained with a conventional scanning 
spectrofluorometer. 

Clearly by obtaining the complete fluorescence spectrum of 
sample, unique or unexpected interferences or problems can be 
i d e n t i f i e d which might affect the quality of the measurement. 
Differences i n the magnitude of the Rayleigh scatter peak or the 
general background baseline are often indicative of scattering 
components i n the sample. This can explain a decrease i n 
measurement precision due to an increase i n background noise. 

Chemiluminescence Measurements. For chemiluminescence 
measurements, the IDA i s used as a fundamental and diagnostic 
tool rather than a quantitative analysis t o o l . This i s because 
the l i g h t levels i n CL are very low, and normally no wavelength 
selection i s employed. Even with a monochromator and a PMT 
detector, detection l i m i t s are seriously degraded. 

For most chemiluminescence reactions, a multichannel 
spectrometer i s essential to obtain spectra information because 
with discrete sampling (injection of the f i n a l reagent to 
i n i t i a t e the reaction), the CL reaction lasts only at most a few 
seconds. Some chemiluminescence reactions proceed for minutes 
or even hours, but s t i l l there are usually s i g n i f i c a n t intensity 
changes over a minute such that a distorted spectrum would be 
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obtained with a scanning monochromator. We have used the IDA to 
obtain spectra during six different CL reactions (12,15). 
Knowledge of the CL spectrum, and hence wavelength of peak 
emission provides the following advantages. 
1. For later quantitative analysis with a PMT, the PMT 

photocathode response can be chosen for maximum 
de t e c t a b i l i t y . 

2. The CL spectrum can be compared to the absorption spectra of 
reactants, products, and suspected interfering species to 
determine i f spectral absorption interferences or i f 
self-absorption i s s i g n i f i c a n t . 

3. The CL spectrum can be compared to fluorescence spectra of 
intermediates or products to identify the excited species 
responsible for CL, and hence provide mechanistic 
information. The spectrum shown i n Figure 3 i s for the 
reaction of 0C1~ wit
703 nm c l e a r l y indicat
responsible for CL. 

4. The CL spectrum of the blank reaction can be compared to the 
CL spectrum obtained with the analyte to establish i f the 
analyte i s an activator that increases the rate of the blank 
CL reaction or induces a new CL reaction to occur. 
For CL spectra we found i t c r i t i c a l to obtain a "dark" 

spectrum immediately before automated i n i t i a t i o n of the reaction 
by injection of the f i n a l reagent and acquisition of the CL 
spectrum. Subtraction of the dark spectrum from the CL spectrum 
compensates for dark signal d r i f t . Also, signal averaging of 
many spectra (one from each reaction run) i s often essential to 
achieve a reasonable S/N. 

Conclusions 

Our studies have demonstrated that a molecular luminescence 
spectrometer with IDA multichannel detector i s a powerful 
quantitative, fundamental, and diagnostic t o o l . For molecular 
fluorescence i t allows survey spectra to be obtained quickly. 
The simultaneous wavelength coverage i s essential for obtaining 
fluorescence spectra during kinetic reactions. For steady state 
or kinetic measurements, complete fluorescence spectral 
information can be c r i t i c a l i n identifying spectral overlap 
problems i n real samples which can go unnoticed i n conventional 
measurements where only one narrow wavelength range i s 
monitored. For CL measurements, the spectral information i s 
useful for diagnosis of spectral absorption problems, as well as 
for providing mechanistic information. 

A molecular absorption spectrophotometer based on diode 
array detection has been available for many years. Although 
some commercial molecular fluorescence spectrometers have 
provision for attaching a multichannel detector, i t i s 
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Figure 3. Chemiluminescence spectrum of H2 02- OCT singlet oxygen reaction. (Repro
duced from Ref. 15. Copyright 1981, American Chemical Society.) 
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surprising that none have been designed t o t a l l y around an 
int e n s i f i e d diode array. This should occur i n the future. 

It i s natural to compare the performance of an optimized 
spectrofluorometer with PMT detection and photon counting signal 
processing to a spectrofluorometer with IDA detection for 
routine quantitative measurements. Here the sum of the signals 
from a few diodes defines a spectral bandpass equivalent to that 
defined by a monochromator with PMT detection. With our system, 
some loss of detec t a b i l i t y occurs in certain situations. 

Detectability i s sometimes limited by the readout noise, the 
dark signal noise, or the size of the individual diode array 
detector elements. For short integration times (< 1 s) , read
out noise can be l i m i t i n g for very weak signals. Others (17) 
have demonstrated that with proper design of the e l e c t r i c a l read
out c i r c u i t r y , the readout noise can be reduced a factor of 10 
compared to our system
be achieved. This woul
ments. Often for FL measurements a short integration time i s 
used because diode saturation would occur with longer integra
tion times. Thus the present magnitude of the readout noise i s 
often not li m i t i n g because photon carried noise i s dominant. 

For longer integration times used with weaker signals (or i f 
the readout noise was reduced), dark signal noise can be 
li m i t i n g . In our system, the dark signal corresponds to about 
80 photoelectrons/s or about a factor of 10 greater than 
achieved with a good cooled PMT system. This means the r e l a t i v e 
dark signal noise i s greater with the IDA than a PMT. Reduction 
of the dark signal rate, especially the component from the 
i n t e n s i f i e r photocathode, would help. Cooling the i n t e n s i f i e r 
photocathode is possible but would be inconvenient. This again 
would be most c r i t i c a l for CL measurements. We have observed 
many situations where a CL signal was easi l y observed with a PMT 
but was not detectable with the IDA. For many situations with 
fluorescence measurements, the background fluorescence or 
scattering signal count rate i s greater than the dark signal 
count rate such that dark signal noise i s not l i m i t i n g . 

The readout and dark signal noise problems are aggravated by 
the small size of the diode detector element compared to a PMT 
photocathode. In some instances the PMT photocathode views 
about 100 times more photons/s than a diode detector element 
(factoring out the i n t e n s i f i e r gain). This i s the price paid 
for multiple wavelength coverage. This disadvantage can, of 
course, be reduced by using a larger spectrograph entrance s l i t 
width and summing the signals from η diodes. In the later case, 
the readout or dark signal noise increases by νίΓ. 

As previously mentioned, the S/N near the detection l i m i t i s 
often limited for complex real samples by background signal 
noise, and above the detection l i m i t , where the analyte fluores
cence signal i s greater than the background signal, by a n a l y t i 
ca l signal noise. I f shot noise is l i m i t i n g , the smaller detec-
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tor element size can s t i l l cause a S/N disadvantage since the 
S/N i s proportional to the number of photons viewed per unit 
time. 

The S-series Reticon DA has diodes about 5 times t a l l e r (2.5 
mm) than the DA we used, and thus should help this problem. 
Looking to the future, i t would be useful to have diode arrays 
with detector elements 5-10 mm high and with only 100 diodes per 
inch (250 pm spacing). This would increase the number of pho
tons impingent on a diode array element to be more nearly 
comparable to that impingent on a PMT. The larger diode width 
would reduce resolution for the same wavelength coverage but i n 
molecular luminescence high resolution i s not often required and 
ty p i c a l l y we sum the signals from 5-10 diodes for quantitative 
measurements. Hopefully this new diode array could be construct
ed without a si g n i f i c a n t increase i n the dark signal accumula
tion rate and with a large

F i n a l l y , i t should b
certain samples, background or analyte photon signal fluxes are 
large enough that measurements are f l i c k e r noise limited (noise 
proportional to the signal). In this case, the IDA already 
provides detection lim i t s equivalent to that obtained with PMT 
detection. 
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Time-Resolved Resonance Raman Spectroscopy 
of Radiation-Chemical Processes 

G. N. R. TRIPATHI 

Radiation Laboratory, University of Notre Dame, Notre Dame, IN 46556 

A tunable pulsed laser Raman spectrometer for time 
resolved Raman studie
cesses is described
state of art optical multichannel detection and a-
nalysis techniques for data acquisition and elec
tron pulse radiolysis for initiating the reac
tions. By using this technique the resonance Ra
man spectra of intermediates with absorption spec
tra in the 248-900 nm region, and mean lifetimes 
> 30 ns can be examined. This apparatus can be 
used to time resolve the vibrational spectral o-
verlap between transients absorbing in the same 
region, and to follow their decay kinetics by mon
itoring the well resolved Raman peaks. For kin
etic measurements at millisecond time scale, the 
Raman technique is preferable over optical absorp
tion method where low frequency noise is quite 
bothersome. A time resolved Raman study of the 
pulse radiolytic oxidation of aqueous tetrafluoro
-hydroquinone and p-methoxyphenol is briefly dis
cussed. 

Time resolved electronic absorption and emission spectros
copy has been extensively used for solution phase kinetic studies 
of fast chemical processes i n i t i a t e d by ionizing radiation. A 
wealth of information on rate parameters and reaction mechanisms 
on a variety of chemical reactions has been obtained by this tech
nique. As valuable as these techniques are, they have l i m i t a 
tions. In particular, the electronic spectra i n solution are of
ten broad and featureless and offer l i t t l e s t r u c t u r a l information. 
As a consequence, the i d e n t i f i c a t i o n of a reaction intermediate i s 
based on chemical i n t u i t i o n and not on i t s spectral characteris
t i c s . Moreover, when more than one transient i s present i n the 
system with overlapping electronic absorption, the kinetic moni
toring of the individual concentration becomes d i f f i c u l t . Vibra-
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t i o n a l spectra, on the other hand, provide "finger-print" i n f o r 
mation on molecular structure. However, they have been d i f f i c u l t 
to generate on reactive species i n solutions due to low concen
trations generally available for observation and due to their 
transient existence. 

With advent of tunable lasers resonance Raman spectroscopy 
has developed as a powerful t o o l for obtaining the solution phase 
vi b r a t i o n a l spectra of molecular species i n low concentration. 
Ordinary Raman scattering has very poor s e n s i t i v i t y and also 
lacks s e l e c t i v i t y . The Raman band-intensities of individual com
ponents i n a mixture largely depend on their r e l a t i v e concentra
tions. Resonance Raman occurs when excitation i s made i n the 
electronic absorption of a molecule. Then the scattering cross-
section i s enhanced by several orders of magnitude (2,3). By 
taking advantage of this resonance enhancement, the Raman spec
trum of a low concentratio
interference from the solvent^Rama
tra of radicals as low as 10 M i n concentration are reported 
(3). By comparing the spectra recorded i n resonance and off res
onance regions, the resonant scatterer and solvent Raman bands 
can be easi l y distinguished. If several species are present i n 
the system, the Raman spectra of each one can be excited selec
t i v e l y by tuning the excitation wavelength into their electronic 
absorption bands. The resonance Raman spectra exhibit selective 
resonance enhancement of only those fundamental vibrations which 
couple with the electronic t r a n s i t i o n i n resonance, and there
fore, are simple and easier to interpret. Furthermore, the iden
t i f i c a t i o n of the resonance enhanced modes can lead to a de f i n i t e 
assignment of the resonant electronic t r a n s i t i o n . 

For time resolved studies i n solutions the Raman spectra 
must be generated by short laser pulses, and advantage of the 
resonance effect must be taken to selectively enhance the Raman 
intensity of the transient. Recent developments i n the time re
solved resonance Raman spectroscopy (TRRS) are mostly based on 
the short pulse laser excitation and op t i c a l multichannel detec
ti o n . Bridoux and Delhaye (4) were the f i r s t to introduce t h i s 
technique i n Raman spectroscopy. The f i r s t transient Raman spec
trum (p-terphenyl anion) was observed at Riso National Laborato
ry, Denmark, i n 1976 by generating radicals by a single electron 
pulse obtained from a Febetron accelerator (repetition rate, 0.01 
Hz) (5). The early developments (1976-1978) i n TRRS, with a p p l i 
cations i n photochemistry and photobiology, are discussed by 
M.A. El-Sayed (6). In the last four years (1978-1982) improve
ments i n the multi-channel photon detector and low j i t t e r short 
pulse laser technology have greatly expanded the scope of studies 
by TRRS. Recently, this technique has been extended to a wide 
range of applications involving chemical and biochemical reac
tions, physical relaxation phenomena, surface and micellar reac
tions, combustion diagnostics, a n a l y t i c a l microanalysis and 
electro-chemistry (7). 
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Electron pulse r a d i o l y s i s i s a well established method for 
i n i t i a t i n g fast chemical reactions i n controlled conditions, and 
for producing a high concentration of transient species i n a 
short time, f a c i l i t a t i n g their observation by TRRS technique. 
However, very few laboratories have demonstrated capability to 
carry out such experiments (5,8). A single pulse Raman experi
ment such as used at Riso, Denmark, requires a high laser pulse 
energy for scattering. This can induce unwanted photochemical 
and nonlinear effects. An important advantage i n o p t i c a l multi
channel detection l i e s i n i t s capability to integrate the data 
from a large number of pulses i n a reasonable time to improve 
signal/noise r a t i o . However, i n single pulse experiments this 
advantage i s l o s t . By using an electron accelerator which can be 
operated at a high repetition rate, the Raman spectra generated 
by a large number of low energy laser pulses can be integrated 
and averaged i n a short
developing a time resolve
be described here (11). 

In the time resolved Raman measurements on radiation-chemi
c a l systems, o p t i c a l multichannel detection offers some d i s t i n c t 
advantages over the photon counting techniques. The intense 
Cerenkov pulse associated with the electron pulse i s intense 
enough to saturate a photomultiplier tube (PMT). In an o p t i c a l 
multichannel detector, the Cerenkov pulse can be e f f e c t i v e l y 
gated off by turning the detector on within a few nanoseconds af
ter the electron pulse i s over. Apart from t h i s , such spectra 
are free from the variation i n electron or laser pulse intensity 
unlike the spectra obtained by single channel devices. 

Description of the Apparatus 

F i g . 1 shows a schematic of the time resolved resonance 
Raman apparatus for radiation chemical studies. The essential 
components of the experimental set up are (a) a pulsed electron 
radiation source for inducing the reactions, (b) a tunable pulsed 
laser to probe the Raman scattering, (c) a Spex double monochro
mator for analyzing the scattered l i g h t , and (d) a gated detector 
for recording the spectra. 

The electron accelerator employed has been an AS 2000 Van de 
Graaff accelerator manufactured by High Energy Corporation, Bur
lington, Mass. The electronic control c i r c u i t has been modified 
considerably, and at present, t h i s accelerator i s capable of de
l i v e r i n g 30 ns to 5 ys electron pulses of 2 - 2.5 MeV energy and 
^ 1.2 A current at a r e p e t i t i o n rate of 60Hz or less. The accel
erator can also be operated i n the continuous beam mode. The fo-
cussed beam has a diameter of 0.3 cm at the output window. 

A nitrogen or excimer pumped dye laser has been used as the 
excitation source. To avoid unwanted photochemical effects, the 
laser pulse energy used for scattering has been less than 0.5 mJ. 
The Van de Graaff accelerator and laser are triggered externally 
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by TTL pulses derived from a common pulse generator for synchro
nized operation. The electron i r r a d i a t i o n i s done from the side 
of the Raman c e l l , and the laser excitation from the bottom. The 
la ser beam i s passed through the irradiated region within 1 mm of 
the exit window of the Raman c e l l . The scattered light i s c o l 
lected normal to the plane of the electron and laser beam by a 
lens of short foc a l length, and focussed on the spectrometer s l i t 
by another lens of f/n comparable to that of the spectrometer 
(f/7.8). A polarization scrambler i s inserted i n the opt i c a l path 
before the s l i t to compensate for the polarization effects of the 
spectrometer gratings. For polarization studies of the Raman 
bands a polarizer i s introduced i n the op t i c a l path before the 
scrambler. A Spex 1402 spectrometer (0.85 m, Czerny Turner) with 
holographic gratings (1800 groves/mm) has been used as the d i s 
persive element. The Raman scattering i s detected by an opt i c a l 
multi-channel analyser  121
microchannel plate i n t e n s i f i e
With the detector place  plan  stag
the. spectrometer, approx. 450 cm of the spectrum can be re
corded on the 700 in t e n s i f i e d channels, and averaged i n the mem
ory or d i r e c t l y on target. The detector i s operated i n gated 
mode at gate pulse width i n the range of 5-20 ns and i t s opera
tion i s synchronized with the Raman signal. By gating the detec
tor the Raman spectra produced a few nanoseconds after the termi
nation of electron pulse can be obtained. The time resolution i s 
achieved by delaying the laser pulse e l e c t r o n i c a l l y with respect 
to the electron pulse. 

A PMT detector mounted at the exit s l i t of the second stage 
of the Spex spectrometer i s used primarily for allignment pur^ 
poses. The PMT signal i s sampled by a 1S1 Tektronix sampling 
oscilloscope gated at the peak of the laser pulse. The output of 
the sampling unit i s d i g i t i z e d and processed by an LSI 11/2 mi
crocomputer interfaced to a PDP 11/55 computer to store the data 
f i l e s . The LSI 11/2 can be used to rotate the gratings with pre
c i s i o n , scan a spectrum, control the experiments and carry out 
the signal averaging task. PMT detection i n pulse r a d i o l y s i s ex
periments has been used only for long-lived species (10). By use 
of an appropriately synchronized fast electromechanical shutter, 
i t i s possible to block the Cerenkov pulse, while allowing the 
Raman signal to reach the spectrometer. However, even with this 
arrangement, i t i s d i f f i c u l t to employ PMT detection for studies 
at times shorter than milliseconds. 

The Raman c e l l used i n these studies has to be small i n v o l 
ume to insure i t s uniform i r r a d i a t i o n . A c y l i n d r i c a l Suprasil 
quartz c e l l , 0.1 - 0.2 ml i n volume with o p t i c a l l y f l a t bottom 
window, with an i n l e t on the side near the bottom and an outlet 
at the top, has been found quite suitable. To avoid product ac
cumulation and bubble formation due to localized heating, the 
solution i s flowed continuously and also precooled with iced 
water before entering the Raman c e l l . For deoxygenation, the 
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solution i s bubbled with a mixture of two gases instead of one 
(N^O + N« or Ar + N^) to avoid saturation. This i s necessary to 
prevent bubble formation. 

This apparatus i s suitable for transient Raman studies of 
ra^iajionjchemical intermediates with absorption spectra (ε > 
10 M cm ) lying i n the region 248-900 nm, and mean lifetimes 
> 30 ns. 

Application 

Using t h i s technique, we have examined the resonance Raman 
spectra of a number of phenoxyl (eg. F i g . 2) and semiquinone rad
i c a l s produced i n the electron pulse r a d i o l y s i s of corresponding 
phenols and hydroquinones (9-15). These radicals absorb i n the 
350-500 nm region and exhibit only modejate^resonance enhancement 
(extinction c o e f f i c i e n t
obtained excellent Rama
decay k i n e t i c s . We c i t e here two examples which demonstrate the 
quality of the results obtained, and also the advantages of this 
technique over the opt i c a l absorption method. 

Electronic absorption spectrum of tetrafluoro-p-benzosemi-
quinone (TFPBSQ) anion (13) i s d i f f i c u l t to distinguish from i t s 
protonated counterpart (p-benzosemiquinone; PBSQ) (9). We pre
sent i n Fig. 3 the resonance Raman spectra of TFPBSQ and PBSQ 
radicals using o p t i c a l multichannel detection. The semiquinone 
radicals were produced by 1 ys electron pulse r a d i o l y s i s of a 
2mM hydroquinone aqueous solution (N^O saturated, pH ̂  11) and 
were measured 10 ys after the electron pulse. These spectra were 
obtained by averaging over approx. 2200 individual spectra, accu
mulated at a rate of 7.5 spectra per second. The S/N r a t i o for 
the most intense peak i s better than 100. The primary oxidizing 
species i n t h i s case has been the OH r a d i c a l . Secondary oxida
ti o n of hydroquinone by Br 2, produced i n ̂ 0 saturated, 0.1 M KBr 
solutions, y i e l d i d e n t i c a l Raman spectra. The Raman spectra of 
the two radicals show characteristic manifestation of their 
structural differences i n contrast to the s i m i l a r i t y i n their _^ 
electronic absorption spectra. The prominents peaks at 1620 cm 
(CC stretch) and 1435 cm (CO stretch) i n PBSQ are shifted to 
1677 cm and 1556 cm respectively i n TFPBSQ. The TFPBSQ spec
trum shows no Raman band-in the frequency region 500-1500 cm , 
although one at 1161 cm (assigned to CH bend) i s observed i n 
the PBSQ spectrum. 

TFPBSQ r a d i c a l i s observed to decay at ms times i n time re
solved Raman and op t i c a l absorption experiments (13). However, 
i n t h i s time domain, the low frequency noise i s quite bothersome 
i n k i n e t i c measurements by the la t t e r method. The Raman measure
ments are free from such disturbances. F i g . 4 depicts the decay 
of the Raman signal (1677 cm band) of TFPBSQ ( i n i t i a l concen
tration, approx. 50 yM) measured at different time delays of the 
probe laser pulse (437 nm) after the electron beam. While the 
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5 0 0 1000 150

RAMAN SHIFT (cm 1) 

Figure 2. Resonance Raman spectrum of phenoxyl radical excited at 399 nm (excimer-
pumped dye laser), 0.5 μ$ after the electron pulse. Radical concentration is approxi

mately 10~4 M. The S/N ratio for the 1505-cmr1 band is better than 50/1. 

C 6 H 4 0 -

C 6 F 4°2 

1000 1200 1400 
CM 1 

1600 1800 

Figure 3. Resonance Raman spectrum (1000-1800 cm'1) of tetrafluoro-p-benzosemi-
quinone radical anion fXe = 437.8) observed 10 μ£ after its creation by 1 μ$ electron pulse 
radiolysis of a basic solution of tetrafluorohydroquinone (2 χ 10~3 M;pH~ 11) in water. 
The dotted line shows the Raman spectrum of p-benzosemiquinone anion obtained 

under similar conditions. 
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Figure 4. Decay of the Raman signal of tetrafluoro-p-benzosemiquinone anion (1677-
cmr1 band) as a function of time (At) between the irradiation pulse and the probe laser. 
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i n i t i a l decay i s quite rapid, the kinetics are obviously compli
cated since the residual signal magnitude at 128 ms delay (20%) 
i s appreciately greater than 2-3% magnitude expected i f the lim
i t i n g decay rate represents a second order process. This r a d i c a l , 
very probably, decays by disproportionation. 

2SQ v ^ HQ + BQ (1) 

which explains the persistence of i t s signal at 128 ms. The rate 
constant for disproportionation was estimated at approx. 10 
Μ β . From a study of the effect of hydroquinone (HQ) concen
tr a t i o n on semiquinone (SQ) decay, the equilibrium constant for 
this reaction (eq. 1) i s estimated at approx. 100. 

The electron r a d i o l y t i c oxidation of para substituted phe
nols i n basic aqueous solutions produces a phenoxyl r a d i c a l along 
with ρ-benzοsemiquinon
attack. The absorption
(400-460 nm). The time resolved resonance Raman technique can be 
used to obtain the spectra of both the radicals and also for es
timating the r e l a t i v e yields-of the two reactions. In Fig. 5 the 
Raman spectra (1400-1700 cm ) obtained at different time i n t e r 
vals after the pulse r a d i o l y s i s of a 2 mM aqueous solution of 
p-methoxylphenol (^0 saturated; pH ̂  11) are depicted. The 
Raman excitation wavelength was 437.8 nm. The Raman spectra ob
tained between 100 ys and 10,000 ys do not show any observable 
va r i a t i o n i n intensity or peak positions and are i d e n t i f i e d with 
p-benzosemiquinone anion. The spectrum shown i n F i g . 5d has ap
proximately one f i f t h the intensity of a spectrum obtained under 
i d e n t i c a l conditions i n the pulse r a d i o l y s i s of a 2mM hydroqui
none solution. Therefore, approx. 20% of the OH radicals, pro
duced by the reaction of electron pulse with ^ 0 saturated water, 
are estimated to attack at the OCH^ s i t e . The Raman spectra ob
tained between 100 ns - 10 ys cl e a r l y show the presence of an
other species with a decay time at the microsecond range along 
with the long lived species (PBSQ). After subtracting d i g i t a l l y 
the PBSQ contribution (Fig. 5d) from the 100 ns data (Fig. 5a) 
the Raman spectrum of the short lived species, i d e n t i f i e d as p-
methoxy-phenoxyl r a d i c a l , i s obtained (Fig. 5e). Since the PBSQ 
ra d i c a l i s r e l a t i v e l y less reactive, i t s Raman bands can be used 
as an internal standard marker for following the kinetic behavior 
of ρ -methoxyphenoxyl r a d i c a l . From the observed spectral inten
s i t i e s the Raman scattering cross-section of PBSQ vibrations i s 
estimated to be approx. 2-5 times higher than that of p-methoxy-
phenoxyl vibrations, at 437.8 nm. 

In summary, we have combined state of the art o p t i c a l multi
channel analysis techniques with the well established method of 
electron pulse r a d i o l y s i s to construct a pulsed laser Raman spec
trometer for time resolved studies of transient intermediates i n 
solution. This apparatus can be applied to time resolve the v i 
brational spectral overlap between transients decaying at d i f f e r -
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Figure 5. Resonance Raman spectra (1400-1700 cm'1) of transient intermediates pro
duced in the pulse radiolysis of a 2 m M aqueous solution of p-methoxyphenol (N20 
saturated; ρ H ~ 11). Key: a-d, the spectra obtained at different times (At) after the 
electron pulse; d, the spectrum of p-benzosemiquinone anion (marked A); and e, the 
spectrum of p-methoxyphenoxy radical (marked B) obtained after subtracting d from a. 
This figure illustrates the use of time-resolved resonance Raman spectroscopy to time-

resolve the spectral overlap between transients decaying at different time scales. 
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ent time scales, i d e n t i f y them on the basis of their characteris
t i c Raman bands, and to i l l u c i d a t e their structure as manifested 
i n t heir v i b r a t i o n a l spectra. Their reaction dynamics can be 
followed by monitoring the temporal changes of the well resolved 
Raman peaks. The resonance Raman band in t e n s i t i e s contain useful 
information for assigning the "poorly resolved" electronic spec
tra of intermediates i n solution. For example, for the 400-
450 nm electronic absorption i n p-benzοsemiquinone anions con
f l i c t i n g assignments have been proposed ( •> B^ and B^ ·> A^) 
by the quantum chemists. However, on the b a l l s o¥ the res§nance 
Raman studies of t h i s r a d i c a l * we have c l e a r l y shown the elec
tronic t r a n s i t i o n to be B^ -> (9,10). The time resolved 
resonance Raman spectroscopy, i s no doubt, a powerful new technique 
for investigating the radiation induced processes i n chemical, 
b i o l o g i c a l and physical systems. 
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9 
Picosecond Emission Spectroscopy 
with Intensified Photodiode Arrays 

P. F. BARBARA and A. J. G. STRANDJORD 

Department of Chemistry, University of Minnesota, Minneapolis, MN 55455 

A spectrometer for recording time and wavelength 
resolved fluorescence data is described in detail
The instrument employ
niques and photodiod
emission spectra at variable delay times after 
molecular excitation. Examples are given of the 
utilization of the apparatus in the study of the 
excited state relaxation of aromatic molecules. 
Experiments to evaluate the accuracy of the tech
nique are also presented. 

Following photo excitation a solution sample returns to 
thermal equilibrium by a variety of photochemical and photo-
physical processes. The faster processes, e.g. vibrational 
relaxation and solvent relaxation, have only recently begun to 
be studied by direct k i n e t i c methods (1.-5.). Picosecond 
emission spectroscopy has been especially useful i n elucidating 
these u l t r a f a s t processes (1,_3,5). As e l e c t r o n i c a l l y excited 
molecules relax, their fluorescence spectrum shows time 
dependence that r e f l e c t s the relaxation processes. 

Many features of the emission spectrum can show time 
dependence, including the spectral shape 0l>.3,6-9), the peak 
intensity, the linear polarization (10) and, i n p r i n c i p l e , 
the c i r c u l a r polarization (11). In extreme cases, the emission 
spectrum can actually have two separate fluorescence bands from 
two diff e r e n t isomers of the e l e c t r o n i c a l l y excited molecules 
(12-15). For molecules with this behavior, i t i s possible to 
determine the kinetics of excited state isomerization by tran
sient emission spectroscopy. 

If one ignores polarization effects, the ideal experimental 
data for the transient emission spectrum of a molecule would be 
a high resolution three dimensional plot of emission-intensity 
versus emission-wavelength and delay time after molecular 
excitation. Most published transient emission data, however, 
are of the form integrated emission intensity over a l l emission-
wavelengths versus delay time. These data, obviously, have less 
useful information than the multidimensional approach. 

0097-6156/83/0236-0183$06.00/0 
© 1983 American Chemical Society 
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In the present paper we describe an apparatus for record
ing transient emission spectra that yields data which approach 
the id e a l multidimensional case. We emphasize i n the discussion 
the advantages of multichannel detection for transient emission 
data. We also b r i e f l y compare our approach to alternative methods 
for recording time and wavelength resolved fluorescence data on 
the picosecond time scale. 

Several experimental methods can be found i n the l i t e r a t u r e 
for recording picosecond time and emission-wavelength resolved 
fluorescence data. They can be c l a s s i f i e d according to how many 
data points, I(t^,,X.), are acquired for each pulse of the 
excitation laser, Jwhere I(t.,λ.) i s a single point on the 
multidimensional representation J o f time and wavelength resolved 
emission data. The most common technique i s to record, for each 
laser pulse, the f u l l kinetics at a single narrow emission wave
length region with a streak-camera/tw
channel analyzer. This
i.e . I(t,X=constant), but i s not well suited for recording 
emission spectra at fixed delay time, i . e . I(t=constant,X). 

A few reports have appeared on combining the streak camera 
temporal dispersion with polychromators and three dimensional 
o p t i c a l multichannel detection. This approach yields three 
dimensional fluorescence data for each laser pulse. With the 
present technological limitations of three dimensional detectors 
and streak cameras, however, data of this type suffer from low 
wavelength resolution. As detector and streak camera technology 
improve, this technique may become the method of choice for 
time and wavelength resolved emission spectra. 

An excellent alternative to the streak camera approach i s 
fluorescence time resolution by the f !up-conversion n method, 
which we describe i n d e t a i l below. In the simplest form of this 
technique, non-linear o p t i c a l methods are employed to esse n t i a l l y 
construct a picosecond "shutter" or "gate". In most applications 
a single emission datum i s acquired for each laser pulse, i . e . 
I(t=constant, X=constant). By repeating the experiment at 
different delay times, kinetic traces can be acquired that are 
of comparable quality to those obtained by streak camera methods 
(16-17). Alternatively, i f delay time i s held constant but X i s 
scanned, high quality emission spectra can be obtained (3). 

In this paper we describe a novel apparatus that combines 
the "upconversion" method with multichannel o p t i c a l detection. 
This instrument records, for each laser pulse, a high-resolution 
emission spectrum .at a chosen delay time, i.e. I(t=constant, X). 

The paper i s organized i n the following way. F i r s t , a bri e ' 
introduction to fluorescence upconversion and other non-linear 
processes i s given. This i s followed by a description of an 
apparatus for making up converted fluorescence measurements, and 
experimental examples for this instrument. The following text 
describes the advantages of op t i c a l multichannel detections for 
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these types of measurements, and compares multichannel detection 
to single channel measurements. F i n a l l y , some further measure
ments on the performance of the apparatus are presented. 
Apparatus 
Background. The discussion begins with a brief review of how 
non-linear o p t i c a l crystals are p r a c t i c a l l y u t i l i z e d i n laser 
spectrometer systems. The most common use of these materials i s 
the production of laser radiation at different frequencies than 
that of the laser fundamental, W . For example, second harmonic 
generation i s often u t i l i z e d to °create radiation at 2W from 
the fundamental l i g h t W . Another technique often used i s sum 
frequency mixing i n non-linear o p t i c a l materials. For example, 
l i g h t of freqency 3W can be generated e f f i c i e n t l y by mixing W 
li g h t with 2W li g h t ? The 2W l i g h t i s prepared independently 0 

by second harmonic generation
can be employed to produc
two l i g h t beams of arbitrary frequency W& and Ŵ , i . e . 
Wg = + Ŵ . In practice, the efficiency of the mixing process 
depends on many parameters which we describe below. 

Over 15 years ago Duquay and Hansen (18) suggested an 
alternative use of sum-frequency generation, namely picosecond 
o p t i c a l sampling. This technique has become a popular method for 
measuring the duration of ultra-short l i g h t pulses. It also has 
been used recently i n time resolved molecular fluorescence 
experiments, the subject of this paper. In this application, sum 
frequency mixing i s usually called upconversion. The flourescence 
radiation of i s mixed (upconverted) i n a nonlinear c r y s t a l 
with a picosecond duration "gate" pulse (W ) to produce up-
converted l i g h t at W- + W . The intensity ^of the upconverted 
l i g h t i s l i n e a r l y related** to the intensity of the fluorescence 
that arrives at the crys t a l at the same time as the gate pulse. 
The incorporation of conversion i n a p r a c t i c a l l y useful fluores
cence spectrometer i s described i n the next section. 
Overview. The experimental apparatus we describe (Fig. 1) i s a 
time and wavelength resolved fluorescence spectrometer which was 
constructed i n our laboratory i n 1981. Two types of picosecond 
experimental data can be acquired with the apparatus: 1) time-
resolved fluorescence traces at narrow (15 nm) emission wave
length regions (method A) and 2) wavelength-resolved "gated" 
fluorescence spectra of fixed delay times after molecular 
excitation (method B). In pr i n c i p l e , both techniques can y i e l d 
the same information by repeating method A at several emission 
wavelengths or by repeating method Β at different delay times. 
In practice, however, method A i s better suited for determining 
quantitative k i n e t i c data, while method Β i s more appropriate for 
studying subtle time-dependent fluorescence spectral shape and 
band position variations. 
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The apparatus employs a passively mode locked Nd/YAG laser 
o s c i l l a t o r , a Pockel c e l l pulse extractor, and Nd/YAG laser 
amplifier to produce ^ 10 mjoule, 30 psec laser pulses at 1064 
nm. Non-linear crystals convert ^ 30% of this l i g h t to 355 nm, 
which i s used for excitation of the sample. The op t i c a l path 
length of the 355 nm l i g h t i s varied by a computer-controlled 
time delay stage. 

The sample fluorescence i s time resolved by the upconversion 
method. The fluorescence i s upconverted i n a Type II KDP cr y s t a l 
by a portion of the 1064 nm l i g h t which travels a fixed path 
that i s portrayed i n Figure 1. The "upconverted" l i g h t intensity 
( λ ^ = + (1064 nm) "*") from the KDP upconverting c r y s t a l i s 
measured as a function of delay stage length to extract the 
fluorescence time dependence. This approach, yields accurate 
kin e t i c traces with excellen
Experimental Examples 
Method A. For Method A we determine the upconverted l i g h t pulse 
intensity with a photomultiplier tube (pmt) which i s interfaced 
by integrator/hold and analog/digital electronics to our Cromemco 
computer. Data c o l l e c t i o n i s automated to enhance accuracy and 
the signal/noise r a t i o by i ) signal averaging over several laser 
pulses, i i ) correcting the data for laser energy fluctuation, 
and i i i ) rejecting data from poorly mode-locked pulses. The 
repetition rate of the laser i s 10 pulses per second. The 
d i g i t a l l y recorded signal i s the ra t i o of upconverted l i g h t 
intensity to t o t a l time integrated fluorescence intensity as a 
function of delay stage length. This r a t i o i s especially i n 
sensitive to laser intensity fluctuations and other sources of 
noise and error (16). 

Method A i s p a r t i c u l a r l y useful for studying the dynamics 
of dual fluorescent systems, including excimer formation and 
excited state isomerization. For example, we have studied the 
dynamics of the excited state isomerization of 3-hydroxyflavone 
(3HF). The stable ground-state form of 3HF i s the "normal" 
(N) isomer. Optical excitation of Ν yields N*, which rapidly 
rearranges to give a different e l e c t r o n i c a l l y excited isomer, 
namely the "tautomer" form (T*). The fluorescence maxima for 
the N* and T* forms are 413 nm and 543 nm, respectively. 

Ο + O H 

Ν Τ 
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In a recent paper (12) we showed that the species re
sponsible for the green (543 nm) fluorescence of 3HF was formed 
k i n e t i c a l l y from blue (413 nm) emitting species by two kinetic 
components. We rationalized this complex behavior by a model 
(Scheme 1) i n which there are two pathways for excited state 
isomerization, i . e . , a slow and a fast component. 

kAC 

"AB 

k A + k A 
aA nrA 

k +k „ rB nrB k +k „ rC nrC 

Scheme 1 
Here A i s the i n i t i a l l y state which i s the source of the fast 
component of the blue emission; Β i s a "relaxed 1 1 form of A which 
fluoresces to give the slower blue component; CJ i s the sole 
source of green emission, k A and k „ are the non-radiative 

nrA nrB decay rates for A and B, and k . and k _ are the radiative rates — — rA rB 
for these species. represents the T̂ L tautomer and A and Β are 
two different forms of N*_, see Strandjord, et a l . (12), for 
further d e t a i l s , k and k are the " f a s t " and "slow" rate 
constants for ESIPT, respectively. 

Figure 2 portrays time integrated fluorescence spectra of 
3HF that reveal the dual fluorescence bands of this molecule 
(12-15). Spectra are presented for methanol solvent and 
Di-Methanol solvent for which the 3HF alcoholic proton i s ex
changed with a deuteron. Kinetic traces recorded by method A 
for 3HF are shown i n Figure 3. Each trace was acquired i n ^ 500 
sec. of instrument time, i . e . , 5000 laser pulses. 

The "blue" emission decays with a "short" and "long" f i r s t -
order time constant, τ and τ , respectively. The green emission, 
in turn, i s formed with these same time constants. In many 
environments, however, i s much less than our instrument time 
resolution (̂  30 psec), see below. In these cases, the blue 
emission appears to exhibit a single decay time, τ . Accordingly* 

Β 
the green emission formation kinetics shows an "immediate" com
ponent and a "delayed" component associated with τ Δ and τ , 
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Figure 2. Time-integrated fluorescence spectra (297 K) of 10~5 M solutions of 3 H F in 
methanol (—) and MeOD (—). The spectra are plotted on the same relative intensity 

scale. 
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T=240K 

T=240K 

I I I 
0 200 400 

Time (psec) 

Figure 3. Time-resolvedfluorescence traces of 3 H F in MeOH and MeOD acquired by 
Method A (see text). The 413-nm emission was indirectly monitored by upconversion at 
297 nm, and the 543-nm emission was monitored by upconversion at 360 nm. The points 
in thefigure are experimental data, and the solid lines are computerfits to this data. (The 

fitting algorithm has been described elsewhere (I).) 
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respectively, see Figure 3. Either the blue or green emission 
can, therefore, be used to determine τ (12). 

Β 
We have been able to study the experimentally determined 

time constants, e.g. τ , for 3HF fluoresence as a function of 
Β 

solvent, temperature and isotopic substitution of the solute and 
solvent. These data, when combined with other spectroscopic 
measurements have been employed i n the investigation of the 
isomerization mechanism of 3HF. 
Method B. Very few molecules exhibit dramatic fluoresence 
dynamics of the type observed for 3HF. In most cases the 
observed effects are more subtle, involving a s l i g h t time-
dependent var i a t i o n i n the fluorescence band p r o f i l e . Effects of 
this type can be due to v i b r a t i o n a l relaxation, solvent relax
ation and torsional relaxation

We employ method Β
mode, our apparatus yields r e l a t i v e high-resolution fluorescence 
spectra at diff e r e n t time windows after excitation of the 
sample by the 355 nm pulse. The spectra are acquired by the 
upconversion method. The upconverted fluorescence spectrum i s 
recorded simultaneously at a l l monitored wavelengths by an 
opt i c a l multichannel analyzer. It i s constructed from a poly
chromator (HR320 Instruments SA) and an i n t e n s i f i e d s i l i c o n 
photodiode array detector (Princeton Applied Research Model 
1412). The detector i s interfaced to our Cromemco computer. 

We have used this approach to investigate the excited 
state relaxation dynamics of 2-(2 ?-hydroxyphenyl)benzothiazole, 
HBR (1). The fluorescence properties of this molecule are well 
described by a k i n e t i c scheme outlined i n Figure 4. 

Barbara, Brus and Rentzepis recently reported that the 
rapidly formed (< 4 psec) keto (2) fluorescence spectrum of HBT 
exhibited a band-shape evolution for ^ 10 psec after excitation 
of (1) (8). These authors, who monitored the fluorescence 
kinetics at diff e r e n t 10 nm wide regions, observed that the high 
energy edge (475 nm) of the keto fluorescence suffered a rapid 
bathochromic s h i f t for ^ 10 psec. Our time-resolved ki n e t i c 
traces also exhibit evidence for a short-lived broadened blue 
edge (1). We have observed that the 460±10 nm emission exhibits 
a < 10 psec risetime and two l i f e t i m e s , one 20 ± 10 psec and the 
other > 2000 psec. The 490 nm kinetics, i n contrast, exhibits 
a single > 2000 psec l i f e t i m e , but two risetimes. One of these 
i s < 10 psec, our instrument resolution with deionvolution, and 
the other i s 30 ± 10 psec. The dual risetime kinetics at 480 nm 
are c l e a r l y distinguishable from the response of our apparatus 
to emission with a single < 5 psec risetime. We assume that the 
< 10 psec formation component represents k ~ l i n Figure 4, see 
reference ( 1). 

In an attempt to further characterize this interesting 
phenomenon, we have investigated the fluorescence of HBT i n 
argon by method Β (1). We observe that the early (y 50 psec) 
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fluorescence spectrum of HBT i s indeed detectably different from 
spectra recorded from 100 psec - 2000 psec, see Figures 5 and 6. 
The 50 psec spectrum as compared to the 250 psec spectrum, on 
the same r e l a t i v e emission intensity scale, actually shows more 
intensity at 465 nm but less at 485 nm. This i s supported by 
the experiments described i n the previous section. The fluore
scence band-shape shows much less evolution during the period 
100 - 2000 psec. Figure 5 shows spectra i n the region of the 
onset of 2*_ emission. Detectable variations between the ^ 50 psec 
and > 100 psec spectrum are also present i n the > 490 nm region, 
but we have not investigated this wavelength region i n d e t a i l . 
The wavelength scales for the upconverted spectra i n Figures 5 
and 6 were calculated from the formula 

the λ values are the experimentall
above. 

It i s interesting to note that the "gated 1 1 spectra are 
highly reproducible. This i s demonstrated i n the lower panel of 
Figure 5 where traces from two separate determinations of the 
115 psec spectrum are plotted on the same intensity scale. 

The spectra i n Figure 5 have not been corrected for the 
wavelength dependent s e n s i t i v i t y of our apparatus i n the "gated1' 
mode. We discuss this subject i n d e t a i l below. This correction, 
which should be i d e n t i c a l for a l l time values, i s , however, 
small as judged by a comparison of the non-time-resolved emission 
spectrum (Figure 6a) to the late time-gated spectrum which should 
be responsible for more than 99% of the non-time-resolved 
fluoresence (Figure 6b). 

The time evolution of the fluorescence spectrum of HBT 
shown i n Figure 5 i s entirely consistent with the previous 
proposal that 2*̂  i s i n i t i a l l y created with excess vibrational 
energy that dissipates on the 10-30 psec time scale (8). The 
broadened and shifted high-energy edge of _2* band as compared 
to the relaxed (> 250 psec) spectrum, seems to be analogous to 
other examples of fluorescence band-shape time dependence due 
to v ibrational relaxation i n the excited-electronic state (2,6). 
We have concluded, therefore, that i s created from the 
1* 2*_ process with an i n i t i a l v i b r a t i o n a l excess. 
Photodiode Array Versus Photomultiplier Detection. The advan
tages of photodiode array detection, PDA, as compared to photo
mult i p l i e r tube, pmt, detection for emission spectroscopy are 
well known (19). These advantages are especially important for 
the s p e c i f i c examples we discuss here, namely, upconverting 
emission spectroscopy. This i s dramatically demonstrated i n 
Figure 7 where we compare single channel pmt versus multichannel 
PDA detection of a small portion of the upconverted fluorescence 
spectrum of coumarin 520 i n ethanol solvent at room temperature. 

f l + 1064 -1 nm 
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2 

ENOL KETO 

Figure 4. A representation of the phototautomerization mechanism of 2-(2-hydroxy-
phenyl)benzothiazole (HBT) in nonpolar solvents. 

1 1 1 1 1 

465 475 485 
WAVELENGTH 

Figure 5. Time-resolved fluorescence spectra of HBT in an argon matrix at 12 Κ 
acquired by Method B. The time labels on the spectra represent different delay times with 
respect to excitation by the 355-nm, 30-ps laser pulse. The wavelength scale, kn, has been 
calculated from the formula 

^ ~ Κ! + 0064 nmf1 

where klH. is the actual observation wavelength of the upconvertedfluorescence. (Repro
duced from Ref. 1. Copyright 1983, American Chemical Society.) 
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WAVELENGTH <-«.> 
Figure 6. A time-integrated fluorescence spectrum of HBT (top) under the sample 
conditions described in Figure 5. The bottom panel portrays a spectrum of the type 
described in Figure 5. (Reproduced from Ref 1. Copyright 1983, American Chemical 

Society.) 
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^--200 psec Delay 
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- 1 
500 510 520 530 

Actual Wavelength (nm) 

Figure 7. A comparison of photodiode array multichannel detection to photomultiplier 
tube single channel detection for the upconverted emission spectrum of coumarin 520. 
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The fluorescence spectrum of this molecule i s broad and 
structureless i n the wavelength region of Figure 7. With PDA 
opt i c a l multichannel detection we observe, as expected, no 
signal at negative delay time with respect to the a r r i v a l time 
of the 355 nm pulse at the sample, and at 200 psec after the 
pulse arrives, the broad structureless spectrum of coumarin 
520 i s observed. The experimental parameters were as follows: 
1.0 mm entrance s l i t s on the Instruments SA HR 320 spectro
meter, t o t a l accumulation time 60 s e c , a laser repetion 
rate of 10 pulses-per-second, and certain PDA settings which 
are described below. 

Single channel pmt detection of the same spectrum with the 
same HR 320 spectrometer exhibits at least on order of magnitude 
lower signal to noise r a t i o . For the pmt measurements, entrance 
and exit s l i t s of 1.0 mm were employed and the HR 320 wave
length was scanned d i g i t a l l y
the same for the PDA an

Why does multichannel PDA detection exhibit such improved 
signal to noise over single channel pmt detection? A major 
factor i s cl e a r l y that the signal averaging intergration time 
of each of 170 resolution elements i n the PDA case i s the f u l l 
acquisition time, i . e . , 60 seconds, while the acquisition time 
for the PMT experiments i s a small fract i o n , 1/20, of the t o t a l 
acquisition time due to the necessity of scanning for single 
channel detection. 

A second very important factor i s associated with pulse-to-
pulse fluctuations of the laser intensity, which i n our system 
can be as great as V30%. The PDA experiment for time resolved 
upconverted spectra i s especially insensitive to intensity 
fluctuations of the laser intensity because the spectrum i s 
acquired simultaneously and the fluctuations of the different 
channels are correlated. In contrast, for single channel de
tection these fluctuations are uncorrelated and contribute noise 
to the spectrum. As mentioned above, we have attempted i n the 
single channel case to correct for these fluctuations by r a t i o -
metry using the time integrated fluorescence intensity as a 
measure of the laser fluctuation. But our experience i s that the 
correlation of upconverted l i g h t intensity with the integrated 
fluorescence intensity i s not perfectly linear, as expected from 
ideal considerations, and actually exhibits large fluctuations 
about the expected linear relationship. The nonideality may be 
due to pulse-to-pulse fluctuations of the spa t i a l characteristics 
of the laser which could vary the efficiency of upconversion. 

A third and f i n a l factor that, i n pr i n c i p l e , can be an 
advantage of PDA detection i s associated with signal averaging. 
For the PDA measurements the signal averaging for Figure 7 was 
accomplished primarily by analog intergration of the signal on 
the photodiode array. In d e t a i l , a 20 second delay was incor
porated between three read cycles of the PDA, and the signal was 
di g i t i z e d only three times, i . e . each read cycle. For the pmt 
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measurements, in contrast, the signal i s d i g i t i z e d for each 
laser pulse and d i g i t i z a t i o n and readout noise can contribute 
s i g n i f i c a n t l y to the data. In p r i n c i p l e , an analog intergration 
scheme might also be incorporated with the pmt detector. In 
practice, commercially available long time (>1 sec) integrators 
for pmt detectors are subject to e l e c t r i c a l d r i f t which con
tributes to the overall noise characteristics of the system. 
Perhaps the important conclusion here i s that commercially 
available PDA detectors l i k e PAR 1420 have superbly constructed 
signal processing electronics that allow for near ideal analog 
signal averaging, but comparable equipment for pmt detectors 
are not, to our knowledge, available. 
Instrument Performance 
Wavelength Se n s i t i v i t y . The o v e r a l l wavelength s e n s i t i v i t y of 
emission spectrometers play
accuracy of the recorde
lengths that can e f f e c t i v e l y be studied by a particular appa
ratus. The upconversion method adds a source of wavelength 
dependent s e n s i t i v i t y that i s both useful and problematic. 

On the positive side, upconversion allows e f f i c i e n t de
tection of red wavelengths (> 650 nm) where direct detection 
spectrometers are insensitive. For example, for our spectro
meter 700 nm fluorescence i s upconverted to 422 nm. This l a t t e r 
wavelength i s i n a region where our pmt and array detectors are 
quite sensitive. 

A disadvantage of the upconversion approach, however, i s 
that the efficiency of non-linear mixing can be a strong 
function of the wavelengths of each of the beams and their 
orientation r e l a t i v e to the dir e c t i o n of the o p t i c a l axis of 
the non-linear c r y s t a l . This phenomenon i s a result of the 
phase-matching requirement for sum frequency generation. A 
detailed discussion of phase matching i n fluorescence upcon
version can be found elsewhere (16). 

P r a c t i c a l l y speaking, we have found that i t i s possible to 
upconvert an ^ 75 nm wide region of v i s i b l e fluorescence with 
a less than 80% drop i n e f f i c i e n c y toward the edges of the 
region. This i s accomplished by simultaneously satisfying the 
phase match requirement at several wavelengths by focussing the 
fluorescence l i g h t i n the Type II KDP c r y s t a l . The crystal i s 
t i l t e d to maximize the conversion ef f i c i e n c y at the center of 
the desired region. This approach yields ^ 75 nm wide spectra 
throughout the v i s i b l e , near u l t r a v i o l e t and near infrared 
region, depending on the c r y s t a l angle and the spectrometer 
settings. 

Accurate fluorescence spectra can be produced from the raw 
upconverted data by suitable data processing on our Cromemco 
computer. Typically, we correct for the channel dependent gain 
of the photodiode array and the wavelength dependent efficiency 
of the upconversion process which we determine independently. 
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The wavelength axes of the spectra are also calibrated by the 
fluorescence processing software. 
Linearity. A common source of error for picosecond time-resolved 
emission spectrometers i s a non-linear response of the detector 
to emission intensity. Streak camera temporal dispersors, for 
example, exhibit a limited dynamic range, which, i n unfavorable 
cases, can lead to severe experimental a r t i f a c t s (20-21). 

The apparatus we describe i n this paper has two potential 
sources of errors due to non-linearity, namely, the upconversion 
process and the actual detector, i.e. photodiode array or pmt. 

The upconversion process can, in pr i n c i p l e , be non-linear 
at high fluorescence l i g h t intensity. We have examined the 
l i n e a r i t y of upconversion f o r our apparatus by studying the up-
converted l i g h t intensity versus fluorescence intensity at 
fixed delay time. The observed dependence i n Figure 8 demon
strates that the upconversio
linear range for the experimenta
voke. The fluorescence intensity i n Figure 9 was varied by 
calibrated neutral density f i l t e r s . The l i n e a r i t y of the pmt 
and associated electronics was v e r i f i e d independently. 

We have also studied the d i g i t a l signal intensity versus 
l i g h t intensity behavior of the photodiode array detector used 
i n method B. Non-linear effects have been observed for Vidicon 
multichannel analyzers when employed i n measuring the intensity 
of picosecond duration l i g h t . Photodiode arrays, i n contrast, 
have rarely been employed i n picosecond spectrometer, and, we 
are not aware of a previous study of the l i n e a r i t y of these 
devices for the detection of high intensity picosecond duration 
l i g h t . 

The d i g i t a l signal intensity from the photodiode array 
that was described above versus intensity of ̂  50 psec duration 
l i g h t i s shown i n Figure 9 . A linear behavior i s , i n fact, 
observed. 

0 50 100 

Intensity 

Figure 8. A plot of measured upconverted signal intensity (PMT voltage) vs. fluores
cence intensity at fixed delay time. The data were acquired using Method A, and the 
fluorescence intensity was varied with neutral density filters. PMT voltage was moni

tored by integrator and hold electronics followed by an analog to digital converter. 
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ο 

Intensity 

Figure 9. An evaluation of the response of the photodiode arrays signal as a function of 
light intensity of— 50 ps duration.
filter. The light was created by
~ 30-ps, 355-nm light pulses. This molecule is known to have a fluorescence lifetime of 

6 + 3 ps in these environments. 
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Picosecond Spectroscopy and Applications 
to Chemical and Biological Systems 

E. F. HILINSKI, S. V. MILTON, and P. M. RENTZEPIS 

Bell Laboratories, Murray Hill, NJ 07974 

The mechanisms of a number of photochemical 
reactions and photophysical  hav
been elucidated
sion, absorption, and Raman spectroscopy. 
Picosecond spectroscopy enables one to observe 
ultrafast events in great detail as a reaction 
evolves. Most picosecond laser systems cur
rently rely on optical multichannel detectors 
(OMCDs) as a means by which spectra of transient 
species and states are recorded and their 
formation and decay kinetics measured. In this 
paper, we describe some early optical detection 
methods used to obtain picosecond spectroscopic 
data. Also we present examples of the applica
tion of picosecond absorption and emission 
spectroscopy to such mechanistic problems as 
the photodissociation of haloaromatic compounds, 
the visual transduction process, and inter-
molecular photoinitiated electron transfer. 

Picosecond spectroscopy provides a means of studying u l t r a -
fast events which occur in physical, chemical, and bi o l o g i c a l 
processes. Several types of laser systems are currently 
available which possess time resolution ranging from less than 
one picosecond to several picoseconds. These systems can be 
used to observe transient states and species involved in a 
reaction and to measure their formation and decay kinetics by 
means of picosecond absorption, emission and Raman spectroscopy. 
Technological advances in lasers and opti c a l detection systems 
have permitted an increasing number of photochemical reactions 
to be studied in. greater d e t a i l than was previously possible. 
Several recent reviews (1-4) have been written which describe 
these picosecond laser systems and several applications of them 
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to i m p o r t a n t b i o l o g i c a l and c h e m i c a l problems. Here we w i l l 
b r i e f l y p r e s e n t s e v e r a l of the e a r l i e r as w e l l as more r e c e n t 
o p t i c a l t e c h n i q u e s which have been used t o study the t r a n s i e n t 
s p e c i e s and s t a t e s generated by p i c o s e c o n d l a s e r e x c i t a t i o n . 
We s h a l l a l s o d i s c u s s some experiments performed u t i l i z i n g 
p i c o s e c o n d s p e c t r o s c o p y which p r o v i d e examples of the types o f 
problems which can be s t u d i e d and the d e t a i l e d i n f o r m a t i o n which 
can be o b t a i n e d . 

Methods o f O p t i c a l D e t e c t i o n 

When the g e n e r a t i o n of p i c o s e c o n d l a s e r p u l s e s f i r s t became 
p o s s i b l e i n the l a b o r a t o r y , methods o f e l e c t r o n i c d e t e c t i o n 
which c u r r e n t l y a r e i n such widespread use f o r measurements 
performed on the p i c o s e c o n d time s c a l e , e.g. s t r e a k cameras and 
two-dimensional photodiod
the e x p e r i m e n t e r . Technique
measure a c c u r a t e l y the k i n e t i c s of p h o t o i n i t i a t e d events which 
occur on t h i s u l t r a s h o r t time s c a l e , but more i m p o r t a n t l y t o 
monitor the w i d t h and shape of the l a s e r p u l s e to ensure r e l i a b l e 
and r e p r o d u c i b l e g e n e r a t i o n of these p u l s e s . 

I n i t i a l l y a two photon f l u o r e s c e n c e (TPF) t e c h n i q u e (_5,6) 
was u t i l i z e d to m o n i t o r b o t h c h e m i c a l k i n e t i c s and l a s e r p u l s e s . 
The TPF apparatus o r d i n a r i l y c o n s i s t s of a few o p t i c a l components 
which d i r e c t the l a s e r p u l s e s i n t o an o p t i c a l c e l l c o n t a i n i n g 
a s u i t a b l e f l u o r e s c e n t c h e m i c a l . ( 7 ) The l a s e r p u l s e i s then 
a l l o w e d to t r a v e r s e the c e l l and r e f l e c t back upon i t s e l f 
( F i g u r e l a ) . Another arrangement i s a t r i a n g u l a r c o n f i g u r a t i o n 
of m i r r o r s i n which a beam s p l i t t e r d i v i d e s the l a s e r p u l s e i n t o 
two e q u a l p u l s e s which a r e then r e d i r e c t e d by two m i r r o r s to 
i n t e r s e c t w i t h i n the sample c e l l ( F i g u r e l b ) . A photograph i s 
made of th e r e s u l t i n g f l u o r e s c e n c e . The photograph i s then 
a n a l y z e d w i t h a d e n s i t o m e t e r i n o r d e r to determine the f l u o r e s 
cence i n t e n s i t y v e r s u s p o s i t i o n . The f i n a l d e n s i t o m e t e r t r a c e 
i s a n a l y z e d to e x t r a c t temporal i n f o r m a t i o n about the l i g h t 
p u l s e s . 

Another e a r l y method used to m o n i t o r the l a s e r p u l s e was 
the t h r e e photon f l u o r e s c e n c e (3PF) technique.(8,9) The advan
tage of 3PF over TPF i s t w o - f o l d : the c o n t r a s t r a t i o i s 10:1 
f o r 3PF as opposed to 3:1 f o r TPF; and i n a d d i t i o n to temporal 
i n f o r m a t i o n about the p u l s e s a v a i l a b l e by TPF, 3PF a l s o p r o v i d e s 
p u l s e shape i n f o r m a t i o n . ( 1 0 - 1 3 ) T h i s a d d i t i o n a l i n f o r m a t i o n i s 
o b t a i n e d because the t h i r d - o r d e r c o r r e l a t i o n f u n c t i o n which 
r e l a t e s the 3PF i n t e n s i t y to t h e p u l s e i n t e n s i t y i n c l u d e s 
dependence upon the phase of the p u l s e f r e q u e n c y components.(11) 
A g a i n , the r e s u l t i n g f l u o r e s c e n c e i s photographed, and a d e n s i 
tometer t r a c e i s made to determine f l u o r e s c e n c e i n t e n s i t i e s . 
A z ulene i s an example of a m o l e c u l e which has been s t u d i e d q u i t e 
e x t e n s i v e l y . ( 1 4 - 2 0 ) T y p i c a l d a t a a r e shown i n F i g u r e 2. 
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FILTERS 

Figure 1. (A) Apparatus used for time-resolved picosecond absorption spectroscopy 
which utilizes the TPF technique. A set of photodiodes and oscilloscopes (PI, P2, P3, and 
P4) are used to measure the intensity of the laser pulse before and after each pass through 
the cell. (Reproduced with permission from Ref 15. Copyright 1969, North-Holland 

Publishing Company.) 
(B)An alternative TPF experimental arrangement consisting of two TPF triangles, one 
contains the sample being studied and the other contains a standard chemical used for 
TPF. Key: BS, beam splitter; F, optical filter; R, reflector; L, lens; PD, photodiode; 

potassium dihydrogenphosphate (KDP) second-harmonic generating crystal (Repro
duced with permission from Ref. 20. Copyright 1978, Weizmann Science Press of Israel.) 
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2 mm 

2 mm 
. 3 5 H 

Figure 2. Typical experimental data for consecutive TPF of azulene in solution excited 
at 530 nm. The upper microdensitometer trace corresponds to the azulene pattern; the 
lower trace is the TPF pattern of a BBOT dye solution obtained simultaneously with the 
azulene data. (Reproduced with permission from Ref 20. Copyright 1978, Weizmann 

Science Press of Israel.) 
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A l t h o u g h the use of TPF and 3PF methods proved to be h i g h l y 
s u c c e s s f u l i n some c h e m i c a l systems, they were not a p p l i c a b l e 
to most. Other e x p e r i m e n t a l t e c h n i q u e s had to be developed. 
The o p t i c a l m u l t i c h a n n e l d e t e c t o r (OMCD) p l a y e d an important r o l e 
i n t h e development of new t e c h n i q u e s . Recording d a t a i n a p o i n t -
b y - p o i n t f a s h i o n , i . e . u s i n g a probe l i g h t of a s i n g l e f r e q u e n c y 
and a t a p a r t i c u l a r d e l a y time a f t e r e x c i t a t i o n w i t h one l a s e r 
s h o t , makes da t a g a t h e r i n g i n t r i n s i c a l l y more d i f f i c u l t t o c o r 
r e l a t e w i t h c o n d i t i o n s o f the e x c i t a t i o n p r o c e s s . W i t h t he 
advent o f m u l t i c h a n n e l photodiode a r r a y s , one can now monitor 
an e n t i r e sequence of events o c c u r r i n g a f t e r e x c i t a t i o n by each 
l a s e r p u l s e . Coupled w i t h a pol y c h r o m a t o r , e c h e l o n , o r s t r e a k 
camera, the amount of i n f o r m a t i o n a v a i l a b l e per shot i s o r d e r s 
of magnitude g r e a t e r than w i t h a s i n g l e p h o t o m u l t i p l i e r tube 
(PMT) o r photodiode (PD) arrangement. L i s t e d i n Table I a r e 
some advantages and di s a d v a n t a g e
A l t h o u g h we s t i l l do us
t i o n s i n our experiments, we b e l i e v e t h a t the advantages of the 
OMCD f a r surpass i t s d i s a d v a n t a g e s . 

Concurrent w i t h the development o f s u i t a b l e photodiode 
a r r a y s , t e c h n i q u e s were b e i n g developed f o r g e n e r a t i n g d i s p e r s i o n 
i n b o t h the time and wavelength domains. I n 1970 i t was 
observed (21) t h a t f o c u s i n g i n t e n s e p i c o s e c o n d p u l s e s i n t o some 
s o l i d s and l i q u i d s produced superbroadened c o n t i n u a w i t h band-
w i d t h s o f >10^cm - 1. I t was a l s o shown (22) t h a t these "white 
l i g h t " p u l s e s had d u r a t i o n s on the o r d e r o f the p i c o s e c o n d p u l s e s 
which produced them. These continuum p u l s e s have proven to be 
v e r y u s e f u l f o r t i m e - r e s o l v e d s p e c t r o s c o p y . 

Time d i s p e r s i o n can be ac h i e v e d by use of an echelon ( 2 3 ) , 
a stepped o p t i c a l d e l a y which p r o v i d e s d i s c r e t e temporal d i s 
p e r s i o n by s u b j e c t i n g the c r o s s s e c t i o n of the i n t e r r o g a t i n g 
p u l s e t o a s e r i e s o f d i f f e r e n t o p t i c a l p a t h l e n g t h s . An echelon 
can be b u i l t i n a number of d i f f e r e n t ways; one of which i s w i t h 
a s e t o f o p t i c a l l y c o n t a c t e d g l a s s or q u a r t z p l a t e s which 
impresses the time l a g a l o n g the c r o s s s e c t i o n of the beam 
depending upon the t h i c k n e s s of g l a s s t h a t the l i g h t has to 
t r a v e r s e . The advantages o f t h i s method a r e s u b s t a n t i a l when 
coupled t o an OMCD. Using t h i s t e c h n i q u e , one can measure the 
k i n e t i c s of a ch e m i c a l event w i t h p i c o s e c o n d time r e s o l u t i o n . 
When an OMCD i s used i n c o n j u n c t i o n w i t h a po l y c h r o m a t o r , the 
changes i n l i g h t a b s o r p t i o n as a f u n c t i o n of time and wavelength 
which a r e e x h i b i t e d by the m o l e c u l e under i n v e s t i g a t i o n can be 
mon i t o r e d , 

A c r i d i n e has been s t u d i e d by means of the e c h e l o n 
technique.(24,25) The changes i n a b s o r p t i o n (ΔΑ) were measured 
w i t h a double beam picose c o n d spectrometer s i m i l a r t o the one 
shown i n F i g u r e 3. The d i f f e r e n c e a b s o r p t i o n spectrum a t one 
s e l e c t e d d e l a y time a f t e r e x c i t a t i o n was c a l c u l a t e d a c c o r d i n g to 
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ί ςβχ(λ) ) ( ςηοβχ(λ)) 

where ΔΑ i s the change i n absorbance, g e x ^ ) a n ( j R e x ^ a r e the 
i n t e n s i t i e s as a f u n c t i o n o f wavelength of the sample probe and 
the r e f e r e n c e probe, r e s p e c t i v e l y , when the sample i s s u b j e c t e d 
to e x c i t a t i o n by the l a s e r p u l s e . s n o e x ( X > and Rnoex(X) a r e t h i 2 

probe l i g h t i n t e n s i t i e s when the sample i s not s u b j e c t e d t o 
e x c i t a t i o n by the l a s e r p u l s e . 

A s i n g l e p i c o s e c o n d p u l s e a t 1060 nm was e x t r a c t e d from a 
mode-locked t r a i n o f an Nd r g l a s s l a s e r . A f t e r subsequent 
a m p l i f i c a t i o n s of the ̂ 6-ps FWHM l a s e r p u l s e , peak powers of 
V50 g i g a w a t t s a r e e a s i l y g e n e r a t e d . P a r t of the fundamental 
l i g h t i s then c o n v e r t e d i n t o the second harmonic (530 nm) by 
means of a KDP c r y s t a l
then f r e q u e n c y mixed w i t
duce the t h i r d harmonic (355 nm). The rem a i n i n g 1060-nm and 
530-nm p u l s e s a r e used t o produce the pi c o s e c o n d "white l i g h t " 
continuum p u l s e i n C C l ^ . The continuum i s then d i s p e r s e d i n 
time through an echelon and focused onto the sample. One of the 
f i r s t segments o f l i g h t out of the echelon i s always timed f o r 
a r r i v a l a t the sample c e l l a t a known time r e l a t i v e to e x c i t a 
t i o n . T h i s t i m i n g i s a c h i e v e d e i t h e r by the b l e a c h i n g of a dye 
such as DODCI, which under h i g h power d i s p l a y s a r e c o v e r y time 
of a few p i c o s e c o n d s , o r by means o f a K e r r e f f e c t o p t i c a l 
s h u t t e r , f o r example a CS 2 c e l l . 

The 355-nm p u l s e i s used to e x c i t e t he sample, and the 
continuum segments (probe p u l s e s a r e used t o mo n i t o r the 
r e s u l t i n g ΔΑ. The probe p u l s e s , a f t e r p a s s i n g through the 
sample a r e then f o c u s e d i n t o a monochromator which has mounted 
to i t s output a two d i m e n s i o n a l s i l i c o n i n t e n s i f i e d t a r g e t 
photodiode a r r a y connected t o a computer. W i t h t h e monochromator 
set a t 430 nm, Sundstrom e t . a l . (24) d i r e c t l y measured the 
p o p u l a t i o n growth r a t e o f the lowest t r i p l e t s t a t e of a c r i d i n e , 
which when c a l c u l a t e d from the d a t a i l l u s t r a t e d i n F i g u r e 4 i s 
3 χ 1 0 1 0 s e c - 1 . 

Another example o f the use of o p t i c a l m u l t i c h a n n e l d e t e c 
t i o n i s the pi c o s e c o n d s p e c t r o s c o p i c study o f a c r i d i n e , 
s - t e t r a z i n e , and rhodamine Β by Barbara e t . a l . ( 2 6 ) I n t h i s type 
of s t u d y , a sample c o n t a i n i n g the compound of i n t e r e s t i s p l a c e d 
i n t h e p a t h o f an ̂ 6-ps FWHM l a s e r p u l s e . The l a s e r p u l s e i s 
focuse d onto the sample c e l l , and the e m i t t e d l i g h t i s c o l l e c t e d 
and d i r e c t e d , by an assembly of l e n s e s , i n t o a s t r e a k camera 
which i s capable of t i m e - r e s o l v i n g the e m i s s i o n . P r o c e s s i n g 
and a n a l y s i s o f the s t r e a k camera data a r e accomplished by means 
of an assembly c o n s i s t i n g of a two-dimensional photodiode a r r a y 
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Figure 4. Absorption changes in acridine monitored at 430 nm from 0 to 800 ps after 
excitation at 355 nm. The polarizations of exciting and probing light pulses were parallel 
to each other. (Reproduced with permission from Ref. 24. Copyright 1977, American 

Institute of Physics.) 
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210 MULTICHANNEL IMAGE DETECTORS 

( v i d i c o n or r e t i c o n ) , o p t i c a l m u l t i - c h a n n e l a n a l y z e r (OMA), and 
a computer. 

We s h a l l use the p i c o s e c o n d l a s e r system d e s c r i b e d by 
Barbara e t . a l . (26) as an example of an apparatus which can be 
used f o r e m i s s i o n s t u d i e s and i n c l u d e a d i s c u s s i o n of the prob
lems and l i m i t a t i o n s t h a t must be c o n s i d e r e d and c o r r e c t e d i n 
o r d e r to o b t a i n m e a n i n g f u l , r e l i a b l e d a t a . They used a 
p a s s i v e l y mode-locked N d ^ + : g l a s s o s c i l l a t o r to generate a t r a i n 
of 1060-nm, 6-ps FWHM p u l s e s . S i n g l e p u l s e s were e x t r a c t e d 
e l e c t r o - o p t i c a l l y from the p u l s e t r a i n which emerges from the 
l a s e r c a v i t y and a m p l i f i e d to ^100 mJ by means ο f t h r e e Nd 3 +:YAG 
a m p l i f i e r s . Samples of a c r i d i n e were e x c i t e d w i t h the t h i r d 
harmonic (355 nm) of the l a s e r fundamental wavelength. The 
second harmonic (532 nm) was used f o r e x c i t a t i o n of s - t e t r a z i n e 
and rhodamine B. The e x c i t a t i o n l i g h t p u l s e was focused to a 
2-mm spot on the sample
p u l s e was d i r e c t e d i n t
t i m i n g marker which preceded the e x c i t a t i o n p u l s e . 

F i g u r e 5 i l l u s t r a t e s a t y p i c a l s t r e a k image of the time 
dependent f l u o r e s c e n c e which r e s u l t s by e x c i t a t i o n of rhodamine 
Β a t 530 nm w i t h a 0.1 mJ l a s e r p u l s e . The p r e p u l s e i s observed 
a t 50 ps b e f o r e the appearance of the time-dependent f l u o r e s 
cence s i g n a l . D i s t o r t i o n s of the s t r e a k image a r e the r e s u l t of 
a number of c o n t r i b u t i n g causes which i n c l u d e v i g n e t t i n g i n the 
o p t i c s r e l a y i n g the e m i t t e d l i g h t from the sample to the s t r e a k 
camera s l i t , channel-dependent s e n s i t i v i t y w i t h i n the OMA, 
n o n - l i n e a r i t y i n t h e time base of the s t r e a k camera, and changes 
i n g a i n a l o n g the s u r f a c e of the photocathode of the s t r e a k 
camera. C a l i b r a t i o n s of the time base can be made o p t i c a l l y by 
use of étalons which s p l i t an incoming l a s e r p u l s e and d e l a y the 
s p l i t p u l s e s s p a t i a l l y , and t h e r e f o r e t e m p o r a l l y , by known 
amounts of time. These t e m p o r a l l y s p l i t p u l s e s a r e then d e t e c t e d 
by means of the s t r e a k earnera/vidicon/OMA/computer system. 
V a r i a t i o n s i n s i g n a l i n t e n s i t y a l o n g the time a x i s can be 
c o r r e c t e d by measurement of i n t e n s i t y v s . time f o r a l o n g - l i v e d 
e m i s s i o n a t s e l e c t e d s t r e a k speeds. T h i s measurement p r o v i d e s a 
g a i n p r o f i l e f o r the s t r e a k camera. The g a i n p r o f i l e of the 
s t r e a k camera and t h e time-base c o r r e c t i o n can be a p p l i e d as 
c o r r e c t i o n s to raw s t r e a k d a t a a t the time of d a t a p r o c e s s i n g . 
F i g u r e 5 i l l u s t r a t e s the change i n appearance of d a t a o b t a i n e d 
f o r the t i m e - r e s o l v e d f l u o r e s c e n c e of rhodamine Β a f t e r c o r r e c 
t i o n s a r e made which compensate f o r o p t i c a l d e t e c t i o n e r r o r s . 
The apparent f l u o r e s c e n c e decay which i s q u i t e obvious i n 
F i g u r e 5 i s the r e s u l t of d i s t o r t i o n caused by the method of 
s i g n a l d e t e c t i o n . Once c o r r e c t e d a p r a c t i c a l l y c o n s t a n t f l u o r e s 
cence i n t e n s i t y i s observed i n the 120-350 ps range of time a f t e r 
e x c i t a t i o n . T h i s s h o u l d be the case s i n c e rhodamine Β e x h i b i t s 
a f l u o r e s c e n c e l i f e t i m e i n the range of nanoseconds. 
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Figure 5. The data processing system with actual time-resolved fluorescence measured 
for a 5 χ 10~4 M rhodamine Β in ethanol (1-mm pathlength) excited by a 0.1-mJ, 530-nm 
laser pulse. The data obtained initiallyfrom the OMA are corrected by computer. In these 
data, the average time between points (individual OMA channels) is 0.8 ps. (Reproduced 
with permission from Ref. 26. Copyright 1980, North-Holland Publishing Company.) 
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Typically, in measurements of time-resolved luminescence in 
the time regime of tens of picoseconds, data obtained from 10 to 
20 laser shots are averaged to improve the signal-to-noise r a t i o 
and to minimize the effects of shot-to-shot variations in the 
laser pulse energy and shape. Once the r e l i a b i l i t y of the data 
has been ensured by application of the corrections described 
above and made necessary by detector-induced distortions, the 
time-resolved fluorescence data i s analyzed in terms of a 
kinetic model which assumes that the emitting state i s formed 
with a risetime, T R , and a decay time, τ-p. Deconvolution of the 
excitation pulse from the observed molecular fluorescence i s 
performed numerically. The shape of the excitation pulse to 
be removed from the streak camera data i s assumed to be the same 
as the prepulse shape, and therefore the prepulse i s generally 
used for the deconvolution procedure. Figure 6 i l l u s t r a t e s the 
quality of the f i t of th
can be achieved. 

In their study of the fluorescence of acridine in hexane 
induced by a 0.1 mJ, 355-nm laser pulse, Barbara et. a l . (26) 
demonstrated the s e n s i t i v i t y of this technique for the measure
ment of T R and Tp,. The best f i t of the data, in this case, i s 
a risetime, T r , which i s pulse-width limited and a decay l i f e 
time, Tp, of 38 ps. These data which are i l l u s t r a t e d in Figure 
6 indicate that risetimes as short as 3 ps can be accurately 
determined, and decay lifetimes can be f i t t e d with an accuracy 
of M O L 

Applications of Picosecond Spectroscopy 

Photodissociation of Haloaromatic Compounds. Picosecond emission 
spectroscopy was recently employed (27,28) to study the photo-
dissociation of haloaromatics and the subsequent fluorescence of 
the formed ra d i c a l s . An e a r l i e r paper by Huppert et. a l . (29) 
describes the predissociative pathways of the haloaromatics 
following excitation at 266 and 355 nm. What makes the more 
recent work different i s that, after the i n i t i a l excitation by a 
266-nm 25-ps FWHM pulse, a second 355-nm 25-ps pulse irradiates 
the same area of the sample. With this two-color fluorescence 
technique they were able to observe c l e a r l y the reaction dyna
mics of the radicals which were formed by the i n i t i a l l i g h t 
pulse. 

The compounds which were investigated by means of the two-
color fluorescence technique were l-(bromomethyl)naphthalene, 
1- (chloromethyl)naphthalene, 2-(bromomethyl)naphthalene, and 
2- (chloromethyl)naphthalene. Fluorescence which resulted when a 
particular (halomethyl)naphthalene in hexane was excited at 266 
nm alone or at 266 and 355 nm was monitored in either of two 
ways. Emission intensity vs. time for a particular range of 
wavelengths was measured by means of an Imacon streak camera and 
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P r i n c e t o n A p p l i e d Research (PAR) 1205A OMA d e t e c t i o n system. 
E m i s s i o n i n t e n s i t y v s . wavelength was measured w i t h o u t time 
r e s o l u t i o n by means of a polychromator and PAR 1205A d e t e c t i o n 
system. 

When e x c i t e d a t 266 nm, a l l f o u r compounds e x h i b i t e d a 
broad b l u e f l u o r e s c e n c e c e n t e r e d a t ̂ 0 0 nm w i t h l i f e t i m e s 
r a n g i n g from 100 t o 3500 ps. E x c i t a t i o n w i t h a second 355-nm 
l a s e r p u l s e which was del a y e d r e l a t i v e t o the f i r s t 266-nm p u l s e 
produced a f l u o r e s c e n c e c e n t e r e d a t ̂ 600 nm w i t h a l i f e t i m e o f 
VL0 n s . S i n c e the e m i s s i o n s p e c t r a ( F i g u r e 7) o b t a i n e d by 
e x c i t a t i o n of l - ( c h l o r o m e t h y l ) n a p h t h a l e n e and l-( b r o m o m e t h y l ) -
naphthalene a r e superimposable i n the r e g i o n from 550 t o 750 nm, 
t h i s r e d f l u o r e s c e n c e was a t t r i b u t e d t o the 1-naphthylmethyl 
r a d i c a l . I n a s i m i l a r manner, the r e d f l u o r e s c e n c e r e s u l t i n g 
from t w o - c o l o r e x c i t a t i o n o f 2 - ( c h l o r o m e t h y l ) n a p h t h a l e n e and 
2-(bromomethyl)naphthalen
r a d i c a l . T h i s t w o - c o l o
t i o n w i t h OMCDs has proven t o be a p o w e r f u l t o o l i n the study of 
p h o t o d i s s o c i a t i o n of h a l o a r o m a t i c compounds. 

The V i s u a l T r a n s d u c t i o n P r o c e s s . P i c o s e c o n d a b s o r p t i o n s p e c t r o s 
copy which u t i l i z e s OMCDs a l s o has p r o v i d e d i m p o r t a n t m e c h a n i s t i c 
i n f o r m a t i o n t h a t p r e v i o u s l y was not a v a i l a b l e by means of o t h e r 
t e c h n i q u e s . D e t a i l e d pathways of a number of r e a c t i o n s which 
a r e important from a p h y s i c a l , c h e m i c a l , and/or b i o l o g i c a l v i e w 
p o i n t have been e l u c i d a t e d by means of t h i s t e c h n i q u e . A r e c e n t 
p i c o s e c o n d s p e c t r o s c o p i c study by S p a l i n k e t . a l . (30) has 
demonstrated t h a t an e x p e r i m e n t a l c r i t e r i o n , which has been used 
to support the h y p o t h e s i s t h a t c i s - t r a n s i s o m e r i z a t i o n (31) i s 
the p r i m a r y event i n the v i s u a l t r a n s d u c t i o n p r o c e s s , i s not true. 
T h i s c r i t e r i o n i s based on t h e commonly o c c u r r i n g statement 
t h a t b o t h the n a t u r a l l y o c c u r r i n g 1 1 - c i s - r h o d o p s i n and the 
s y n t h e t i c 9 - c i s - r h o d o p s i n l e a d t o the same pr i m a r y photochemical 
p r o d u c t , b a t h o r h o d o p s i n . Of c o u r s e , the e x i s t e n c e of a common 
i n t e r m e d i a t e generated from e i t h e r 1 1 - c i s - o r 9 - c i s - r h o d o p s i n 
would support the commonly proposed mechanism of c i s - t r a n s 
i s o m e r i z a t i o n as the pri m a r y event i n the v i s u a l t r a n s d u c t i o n 
p r o c e s s . However, the d a t a o b t a i n e d by S p a l i n k e t . a l . (30) 
i n d i c a t e t h a t a common i n t e r m e d i a t e i s not generated from both 
r h o d o p s i n s . 

Using a mode-locked Nd 3 +:YAG l a s e r system to generate 
p i c o s e c o n d sample e x c i t a t i o n p u l s e s and picosec o n d p r o b i n g 
continuum p u l s e s i n t h e i r double beam sp e c t r o m e t e r , S p a l i n k 
e t . a l . (30) were a b l e to measure d i f f e r e n c e a b s o r p t i o n s p e c t r a 
of i r r a d i a t e d samples of 1 1 - c i s - r h o d o p s i n and 9 - c i s - r h o d o p s i n 
a t s e l e c t e d times a f t e r e x c i t a t i o n by means of a PAR OMA-2 
o p t i c a l m u l t i c h a n n e l d e t e c t i o n system. The d i f f e r e n c e absorp
t i o n s p e c t r a l d a t a were o b t a i n e d over t h e e n t i r e s p e c t r a l range 
from 410 nm to 650 nm a t one time w i t h an OMCD as opposed to t h e 
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t(psec) 

Figure 6. Time-resolved fluorescence ofa 1.1 x 10~3 M acridine in hexane excited by a 
0.1-mJ, 355-nm laser pulse. The experimental points, which are averagedfrom nine laser 
shots, are displayed with the computer-generated curves that were calculated to fit 
fluoresence risetimes, tr, and fluorescence decay times, tf, to the experimental data. 
(Reproduced with permission from Ref. 26. Copyright 1980, North-Holland Publishing 

Company.) 
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Figure 7. Two-color fluorescence spectra of the 1-naphthylmethyl and 2-naphthyl-
methyl radicals. Spectra were produced by excitation of the sample with a 25-ps, 266-nm 
laser pulse followed by a 25-ps, 355-nm pulse delayed by ~ 60 ps. Key to (halo-
methylnaphthalenes: a, l-(chloromethyl)naphtha1ene; b, 2-(chloromethyl)naphthalene; 
c, l-(bromomethyl)naphthalene; and d, 2-(bromomethyl)naphthalene. Note: the fluo
rescence in the blue region of Spectrum c is due to impurities that contaminated the 

sample of l-(bromomethyl)naphthalene (28). 

older, tedious wavelength-by-wavelength method. The difference 
absorption spectrum at one selected delay time after excitation 
was calculated according to equation 1 and i s the average of 
data obtained from at least 55 excitations by laser pulses. 

Figure 8 i l l u s t r a t e s the difference spectra obtained 85 ps 
after excitation of samples of 9-cis-rhodopsin and 11-cis-
rhodopsin at room temperature with 25-ps, 532-nm laser pulses. 
The time of 85 ps after excitation was selected to ensure that 
only the batho-intermediate was observed.(30) Inspection of 
both spectra reveals two important differences that had previ
ously gone undetected. F i r s t , the spectral bands of positive 
ΔΑ and of negative ΔΑ and the isosbestic point which result from 
excitation of 9-cis-rhodopsin are shifted bathochromically by 
VL0 nm r e l a t i v e to the corresponding positions in the difference 
spectrum measured 85 ps after excitation of 11-cis-rhodopsin. 
This 10-nm s h i f t to longer wavelengths i s similar to the s h i f t 
observed for the ground-state absorption maximum of 9-cis-
rhodopsin r e l a t i v e to 11-cis-rhodopsin (Figure 8). The second 
difference i s that, although both 11-cis-rhodopsin and 9-cis-
rhodopsin exhibit the same amount of decreased absorption 
corresponding to ground-state depopulation, the r a t i o of their 
absorption maxima i s not 1:1, as should be expected for the 
generation of a common intermediate f rom both precursors, but 
1.5:1. 

Computer subtraction of the two negative s t a t i c absorption 
spectra from the two difference absorption spectra obtained v i a 
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Figure 8. (a) (1) 11-cis-Rhodopsin absorption spectrum; (2) calculated spectrum of 
bathorhodopsin from excitation of 11-cis-rhodopsin [resolvedfrom difference spectrum 
(curve 3) by assuming a 15% bleach]; and (3) difference absorption spectrum obtained by 
532-nm excitation of a sample of 11-cis-rhodopsin. 
(b) (1) 9-cis-Rhodopsin spectrum; (2) calculated spectrum of bathorhodopsin from 
excitation of 9-cis-rhodopsin fresolvedfrom difference spectrum (curve 3) by assuming a 
13% bleach]; and (3) difference absorption spectrum obtained by 532-nm excitation of a 
sample of 9-cis-rhodopsin. 
(c) Comparison of the two calculated bathorhodopsin spectra (a2 and b2). Both spectra 
are scaled to the same maximum absorption to illustrate the relative spectral shift. The 
77-cis- and 9-cis-rhodopsin spectra are al and bl, respectively. The region from 525 to 
545 nm is eliminatedfrom the spectra as a result of a Raman notch filter used to remove 

scattered 532-nm laser light. (Reproduced with permission from Ref. 30.) 
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an OMCD y i e l d s t he a b s o r p t i o n s p e c t r a of the bathorhodopsins 
formed 85 ps a f t e r e x c i t a t i o n o f 1 1 - c i s - r h o d o p s i n and 9 - c i s -
r h o d o p s i n ( F i g u r e 8 c ) . A p p r o p r i a t e s c a l i n g of the two a b s o r p t i o n 
bands c l e a r l y r e v e a l s t h a t they a r e not superimposable. The 
d i f f e r e n c e s between the a b s o r p t i o n s p e c t r a o b t a i n e d by e x c i t a t i o n 
of 9 - c i s - r h o d o p s i n and 1 1 - c i s - r h o d o p s i n were found to p e r s i s t t o 
a time of a t l e a s t 8 ns a f t e r e x c i t a t i o n of the sample. These 
data c l e a r l y demonstrate t h a t e x c i t a t i o n of 9 - c i s - r h o d o p s i n 
and 1 1 - c i s - r h o d o p s i n by 532-nm l i g h t does not l e a d t o the forma
t i o n of a common i n t e r m e d i a t e . A l t h o u g h these p i c o s e c o n d 
a b s o r p t i o n d a t a do not p r o v i d e d i r e c t s t r u c t u r a l i n f o r m a t i o n , 
such as t h a t g i v e n by Raman o r i n f r a - r e d s p e c t r o s c o p y , they a r e 
c o n v i n c i n g evidence t h a t one sho u l d not accept the c i s - t r a n s 
i s o m e r i z a t i o n mechanism on the b a s i s of the f o r m a t i o n of a 
common b a t h o - i n t e r m e d i a t e from both 1 1 - c i s - r h o d o p s i n and 9 - c i s -
r h o d o p s i n . A d d i t i o n a
suggest t h a t the pr i m a r
i n v o l v e s a s l i g h t s k e l e t a l d e f o r m a t i o n coupled w i t h a p r o t o n 
t r a n s l o c a t i o n (32 ,33) . 

I n t e r m o l e c u l a r Photo-Induced E l e c t r o n T r a n s f e r . P i c o s e c o n d 
a b s o r p t i o n s p e c t r o s c o p y has a l s o been a p p l i e d r e c e n t l y to 
s t u d i e s o f i n t e r m o l e c u l a r e l e c t r o n t r a n s f e r on the pic o s e c o n d 
time s c a l e . ( 3 4 ) As i n the p r e v i o u s l y d e s c r i b e d study of 
r h o d o p s i n , the photo-induced i n t e r m o l e c u l a r e l e c t r o n t r a n s f e r 
between c h l o r a n i l (CHL) and the arenes, naphthalene (NAP), 
9,10-dihydrophenanthrene (DHP), and indene (IN) was s t u d i e d 
by means of pico s e c o n d a b s o r p t i o n s p e c t r o s c o p y which u t i l i z e s 
an OMCD. D i f f e r e n c e a b s o r p t i o n s p e c t r a of samples of CHL and 
one of these p a r t i c u l a r arenes i n a c e t o n i t r i l e were measured a t 
s e l e c t e d d e l a y times a f t e r e x c i t a t i o n a t 355-nm w i t h 25-ps FWHM 
l a s e r p u l s e s . These p i c o s e c o n d s p e c t r o s c o p i c s t u d i e s r e v e a l e d 
i n f o r m a t i o n about the mechanism of i n t e r m o l e c u l a r e l e c t r o n 
t r a n s f e r and subsequent r a d i c a l i o n f o r m a t i o n t h a t was not pos
s i b l e i n p r e v i o u s s p e c t r o s c o p i c s t u d i e s performed on the nano
second (35-37) and microsecond (38,39) time s c a l e s . 

The d i f f e r e n c e a b s o r p t i o n s p e c t r a taken a t s e l e c t e d d e l a y 
times a f t e r e x c i t a t i o n p ermit one t o monit o r the e v o l u t i o n o f 
the e l e c t r o n t r a n s f e r r e a c t i o n ( F i g u r e 9 ) . The study of the 
CHL/DHP system w i l l be used as an example. At 25 ps a f t e r 
e x c i t a t i o n a t 355 nm, a broad a b s o r p t i o n band near 485 nm i s 
observed and has been a s s i g n e d to the S n <- t r a n s i t i o n of 
CHL. The T n +• ̂  a b s o r p t i o n band of CHL a t ̂ 510 nm a l o n g w i t h 
the f i r s t t r a c e s of the D„ «- D a b s o r p t i o n band o f DHP* a t 625 

n o 
nm a r e apparent a t 75 ps a f t e r e x c i t a t i o n . The r e a c t i o n p r o 
ceeds through s e v e r a l i n t e r m e d i a t e s t e p s u n t i l a t ̂ 2 ns the 
a b s o r p t i o n bands of CHL" and DHP· a r e the o n l y bands which can be 
observed. 

The e a r l y stages o f t h e photo-induced e l e c t r o n t r a n s f e r 
between the donor arenes and the a c c e p t o r m o l e c u l e , CHL, a r e 
composed of dynamic events which c o u l d not be r e s o l v e d i n the 
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Figure 9. Difference absorption spectra obtained at different times after 355-nm excita
tion of0.027 M chloranil, and 0.080 M 9,10-dihydrophenanthrene in acetonitrile. 

studies performed on the slower time scales. In the systems 
of CHL/DHP (see Figure 9) and CHL/NAP, the absorption bands 
of the cation radicals from the time of 75-100 ps after excita
tion, when they are f i r s t observed, to times of VL ns after 
excitation exhibit changes in position of absorption maximum in 
the case of DHP· and changes in int e n s i t i e s of vibr a t i o n a l bands 
in the case of ΝΑΡ·. These changes, revealed by picosecond laser 
excitation and interrogation coupled with optical multichannel 
detection, were interpreted in terms of changes in the r e l a t i v e 
position of the i n i t i a l l y formed ion pairs by means of a d i f 
fusion process u n t i l an equilibrium position i s established 
between cation, anion, and solvent molecules. In recent pico
second spectroscopic studies, Simons and Peters have also 
observed s h i f t s of the absorption maximum of benzophenone 
radi c a l anion generated by photoreduction of benzophenone by 
amines.(40,41) 

Summary 

In the preceding discussion, we have presented several 
op t i c a l detection methods that can be used when one employs 
picosecond emission or absorption spectroscopy as a means of 
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i d e n t i f y i n g t r a n s i e n t s t a t e s and s p e c i e s i n v o l v e d i n photochemi
c a l r e a c t i o n s and measuring t h e i r f o r m a t i o n and decay k i n e t i c s . 
We l i m i t e d our d i s c u s s i o n t o o n l y a few methods of o p t i c a l 
d e t e c t i o n , but we b e l i e v e t h a t these examples demonstrate the 
advantages of o p t i c a l m u l t i c h a n n e l d e t e c t o r s . The examples of 
a p p l i c a t i o n s of pi c o s e c o n d s p e c t r o s c o p y enable us to a p p r e c i a t e 
the c a p a b i l i t i e s o f OMCDs, namely k i n e t i c data and o p t i c a l 
a b s o r p t i o n and e m i s s i o n s p e c t r a can be o b t a i n e d and i n t e r p r e t e d 
more r e a d i l y w i t h OMCDs than by o t h e r p o i n t - b y - p o i n t methods. 
The v e r s a t i l i t y of OMCDs and, of c o u r s e , advances i n l a s e r 
t e c h n o l o g y have been r e s p o n s i b l e f o r the i n c r e a s i n g numbers 
of a p p l i c a t i o n s of pi c o s e c o n d s p e c t r o s c o p y to problems i n 
areas of p h y s i c s , c h e m i s t r y , and b i o l o g y . 
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Data Acquisition System for a Jitter-Free 
Signal Averaging Streak Camera 

W. KNOX and L. FORSLEY 

Laboratory for Laser Energetics, University of Rochester, Rochester, NY 14623 

A streak camer
has been developed. With this degree of precision, a 
simple method of signal averaging of picosecond fluores
cence events may be employed: direct summation. This 
results in a substantial increase in the signal-to-noise 
ratio of time-resolved fluorescence measurements over 
single-shot records. 

In this article we discuss the implementation of an 
optical multichannel analyzer on a jitter-free streak 
camera which allows signal averaging without operator 
intervention at a repetition rate of 1 Hz and provides for 
acquisition routines which are specifically suited to this 
application. Several experimental examples are discussed 
which illustrate the features of the system. 

Streak Camera 

The streak camera (1, 2) is a versatile method of fluorescence 
detection with picosecond resolution (3, 4). The photocathode responds 
over a wide spectral range (190 nm to ~ 850 nm for S-20), it responds 
equally to any polarization of light and is non-selective in terms of solid 
angle of incident light. These features combine to make the streak 
camera an attractive system for general use in picosecond photophysics. 

One difficulty with the conventional streak camera is the lack of 
absolute synchronization between the sweep circuit and the transient 
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under study. This leads to uncertainty in the time axis due to jitter in the 
recorded transient. For fast sweeps which are necessary for picosecond 
time resolution, the jitter in the best conventional electronic sweep 
generators (30-100 psec) may be a substantial fraction of the entire 
recorded trace width, making simple averaging methods impossible. 

This problem has been dealt with by using an intense time marker 
(5,6) and sliding successive shots to superimpose their marker pulses 
before averaging. This technique requires an operator to monitor the 
acquisition process and manually select data for averaging. Corrections 
for field distortion and intensity response must be applied to each shot 
before shifting and averaging. Therefore, it is not practical to average 
several hundred shots routinely with this technique. A synchronously 
driven streak camera uses amplified RF from a synchronously driven dye 
laser to provide sweep voltage for the camera (7), but this method is not 
applicable to single-shot systems. 

Limited signal-to-noise ratio in single shot fluorescence recordings 
has been a primary difficult
fluorometry experiments the signal level available on a single-shot basis 
may be particularly restricted by one or more of the following para
meters: excitation energy, fluorescence lifetime, f/# of collection optics, 
quantum efficiency of fluorescence and concentration of fluorescent 
species. In these cases it is desirable to average many shots (30-1000) to 
obtain acceptable signal-to-noise ratio, thus a simple and efficient 
method of averaging single-shot streaks is necessary. 

Jitter-Free Streak Camera 

A picosecond high-power semiconductor switch has been used to 
generate a high-voltage electrical ramp pulse for the streak camera which 
is synchronized to within 2 psec to the transient under study (8). Using a 
linear photoconductive process in semi-insulating GaAs:Cr, sweep speeds 
in the range of 6 psec/mm to 50 psec/mm have been obtained with no 
timing drift (9). The system has been described in several articles (4, 8̂  
11), but the principle of operation will be briefly reviewed. 

The typical requirement for deflection is a ramp pulse of 2-5 kv 
with 1-10 nsec risetime. Electronic sweep drivers such as avalanche 
transistor stacks, spark gaps, krytrons, and microwave triodes have been 
used in commercial streak cameras with jitter of as low as ί 30 psec but 
typically 100 psec. A l l sweep electronics exhibit an internal trigger delay 
of 10-100 nsec which depends upon parameters such as voltage, age of 
device, ambient temperature, etc. Variability in one or all any of these 
parameters leads to a timing drift of a few nsec as an inherent slowly 
varying instability on top of the shot-to-shot jitter which cannot be 
controlled. Conventional electronics are not capable of providing a high-
voltage ramp pulse which is precisely synchronized with a picosecond 
event, that is with jitter of < 1 psec. The jitter inherent in these devices 
originates in the statistical nature of the avalanche multiplication process 
which is used in the generation of the ramp pulse. 
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In order to obtain jitter-free deflection, the ramp voltage is 
generated by optically implanting carriers in a bulk semiconductor which 
is biased at a high voltage (1-5 kV). Since the linear photoconductive 
process has no intrinsic instability such as in avalanche switching the 
voltage waveform is synchronized to within ~ 1 ps to the incident optical 
pulse. Residual timing fluctuation depends only upon laser pulse stability. 

The GaAs:Cr photoconductive switch is operated at room tempera
ture and D C bias which results in simple and reliable operation. Since the 
photoconductive process has no intrinsic delay, there is no drift of time 
origin over long periods, and the internal delay does not depend on the 
sweep speed as in the case of a conventional driver. 

Signal averaging can be performed in a simple manner with a low 
jitter streak camera since the signals do not have to be selected or 
individually corrected before summation. Using an active-passive mode-
locked N d * + : Y A G laser generating 30 psec pulses at a repetition rate of 
1 Hz, 300 shots can be accumulated in 5 minutes without operator 
intervention. The signal-to-nois
number of shots averaged, so this results in almost 20 times the single-
shot signal-to-noise ratio. 

This technique can be directly employed at higher repetition rates, 
and recently operation at up to 500 Hz has been demonstrated. It should 
be noted that this deflection scheme is applicable to any streak camera. 
The switch requires -100 pJ of incident optical energy. 

Data Acquisition 

When signals are averaged over a period of minutes, a common 
problem with the silicon vidicon-based scanning system is a persistent 
background drift, or random change in the detector dark current level. 
Acquisition cycles typically consist of accumulating the required number 
of shots and storing data, disabling the laser trigger and accumulating an 
equal number of background scans. The two curves are then subtracted to 
extract the signal. Over this period of time, the background level 
generally will have drifted by a fraction of the total signal height, or even 
much more than the signal height in the case of very weak signals which 
are frequently encountered. The background level doubles for every 7°C 
increase in the diode array temperature and it is difficult to control the 
temperature of the array accurately enough to prevent this problem. 
Cooling the detector head to -40 °C results in a highly nonlinear intensity 
response to pulsed signals, so this is not an acceptable solution to the 
problem, and background drift is encountered even when the detector is 
cooled because of heating from the readout beam. 

A solution to this problem is to subtract a background signal 
immediately after each fluorescence signal acquisition and repeat until all 
signals have been acquired. This mode of scanning is not available on the 
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OMA-II model optical multichannel analyzer (12) as supplied. The OMA-II 
can be operated in a fully user-programmable mode ("open-system") using 
a Forth-based operating system. In this mode, any desired scan pattern 
and acquisition routine may be specified. 

Forth (13), a programming language designed for real time control 
of peripherals and data processing, allows direct machine language access 
to the computer. We have programmed an alternate background subtrac
tion routine which starts a scan, fires the laser, then moves 500 channels 
of data to an accumulator file in random access memory. It then starts 
another scan, disables the laser trigger, and subtracts the background scan 
from the accumulator file. This process is interleaved with a display 
routine which shows the running average, and is repeated until the 
required number of shots has been accumulated. This is implemented 
without hardware modifications on the ΟΜΑ-Π by connecting the "exter
nal event start" signal through D C relay #1 contacts and triggering the 
laser with this signal. The relay is alternately closed and opened under 
software control in betwee
relay #2 is connected to an audio device (sonalert) which is activated 
after the acquisition cycle is completed, thus signaling the operator. By 
writing the data accumulation and display routines in assembler, the 
entire process runs easily between laser shots at 1 Hz. In fact, operation 
at 1 Hz is presently limited only by vidicon readout linearity characteris
tics, since it is necessary to take 20 scans to achieve reasonable intensity 
linearity. 

With the use of the alternate background subtraction mode, the 
background drift problem is eliminated, regardless of the length of the 
averaging operation. The system operates as a lock-in amplifier, con
stantly subtracting background in the process of acquiring signals. This 
allows the recording of transients which are a fraction of the instrumental 
background level without fear of loss of information. Direct comparison 
of data to theoretical models is facilitated by the high signal-to-noise 
ratio and lack of background and temporal drift which can thus be 
achieved. 

Applications 

The system described above has been used in a variety of applica
tions. In several cases, detection of extremely weak signals was made 
possible by averaging up to 800 shots. We have made the first measure
ment of fluorescence on the picosecond time scale from an amorphous 
semiconductor: AS2S3 (14, 15), as discussed later. We have recently 
investigated the fluorescence kinetics of cis-and trans-polyacetylene (16). 
In these cases, detection of fluorescence with quantum efficiencies below 
10~6 on very fast timescales was greatly facilitated by signal averaging. 

In biological physics studies, we have measured the excitation 
intensity dependence of chlorophyll a/b fluorescence (17), anisotropy 
decay times of tryptophan in various environments (18), energy transfer in 
spinach chloroplasts (19), and decay kinetics of hematoporphyrin deriv
ative (20). 
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In chemistry studies, we have measured fluorescence decay of 
phthalazine in various solvents (21), depolarization decay times of rhoda
mine 6G in various solvents (22), and torsional dynamics of DNA (23). 

Three specific examples are discussed which illustrate the capabil
ities of the jitter-free signal averaging streak camera. 

Fluorescence Response of Color Center 

Vibrational relaxation of color centers has been thought to occur in 
less than 10 picoseconds. Recently, the response time for formation of 
gain after optical pumping has been determined for F centers in KC1(24), 
and F A centers in K C l : L i (25). Until now there have been no direct 
measurements of the fluorescence rise time of F or M centers in alkali 
halides. In Fig . 1, we show a measurement of the fluorescence response 
of the M center in NaF. Thirty shots of the scattered excitation pulse (a) 
are compared with thirty
calculated curves represent the fluorescence response assuming three-
level kinetics with rise times of τ=0, 3 and 12 psec. These curves have 
been calculated on an open system OMA-II using the excitation pulse (a) 
as the driving term for the differential equations. The best fit occurs for 
τ=0 psec, but the accuracy of this data is 11 psec. The vibrational 
relaxation time of the M center in NaF is therefore < 1 psec. Thus, it is 
possible to determine response times down to a small fraction of the 
excitation pulse width by signal averaging with low jitter. 

It is critical in these experiments that the laser pulse profile remain 
constant and free of satellite pulses in order to obtain accuracy of 
- 1 picosecond. The active-passive modelocked N d ^ + : Y A G oscillator used 
in this experiment satisfies these requirements, but a purely passively 
modelocked oscillator does not. In particular, the modelocked Nd:Glass 
laser which was used in many early experiments produced pulses of 
duration in the range 5-10 picoseconds. These short pulses were obtained 
at the expense of pulse width and energy stability as well as high 
incidence of satellite pulses. Although the jitter-free streak camera 
system discussed here is in principle applicable to Nd:Glass systems of 
this kind, the timing accuracy and ultimate risetime measurement cap
ability would be better for the case of a Nd :YAG system with 20 
picosecond highly reproducible pulses. 

Averaging of Very Weak Signals 

The extensive signal averaging capability afforded by the technique 
described here makes possible some experiments where data from a single 
or even 10 or 20 shots would not be interprétable. In Fig. 2, we show a 
measurement of fluorescence of amorphous AS2S3 (14, 15) excited below 
the bandgap by the N d : Y A G second harmonic at 532 nm. A single shot (a) 
contains discrete events which are representative of individual photo
electron events at the photocathode. On very high gain (107), these 
events are clearly visible and far above the OMA noise level. In (b), we 
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TIME (psec) 

Figure 1. The absolute flourescence timing. Rise of fluorescence of M center in NaF. 
Curve a shows 30 shots ofexcitation pulse scattered by a thin (300 μm) crystal, and Curve 
b shows 30 shots of fluorescence rise. Calculated curves show solution to differential 
equations assuming response times of τ- Ops, 3 ps, and 12 ps. These results imply a rapid 

relaxation process with r < / ps. 
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Figure 2. The averaging of very weak signals. Luminescence of amorphous As2S3 at 
154 K. Comparison of 1 shot (a) and an average of300 shots (b). Time constant of decay 

is determined to be 155 + 35 ps (inset). Scattered excitation pulse defines t = 0. 
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show the result of a 300 shot summation with the scattered excitation 
pulse at t=0. A semi-log inset shows the determination of the decay time. 
This measurement was taken at 154 °K, and subsequent runs allowed a 
detailed determination of the temperature dependence of the nonradiative 
contribution to the decay time. A risetime of < 10 ps was found. Long-
term timing stability of several hours is critical in extended temperature 
cycling experiments. 

This represents a measurement in the limit of vanishing signal, 
where single photoelectron events are individually resolved and recorded. 
In this regime, the method of marker pulse overlapping becomes impos
sible to use because the marker pulse is generally made very intense to 
accurately define the time origin for averaging. The high intensity 
marker pulse interferes with the recording of the weak signal because of 
electron scattering in the image converter tube and cross-talk in the 
multichannel array. The ability to signal average in the single-photoelec-
tron range should enable many studies which are not possible with limited 
numbers of shots. 

Fluorescence Depolarization Measurements 

Fluorescence depolarization time courses contain information about 
rotational diffusion (26). The main difficulty with streak camera 
measurements of time-resolved fluorescence depolarization is limited 
signal-to-noise ratio of single shot records. The fluorescence anisotropy 
parameter is defined as : 

I , ( t ) - I A ( t ) ( 1 ) 

r ( t ) = l , ( t ) + 2 l 1 ( t ) 

where I(|(t) is the time dependent intensity in the polarization parallel to 
the excitation polarization and Ij(t) is the intensity in the polarization 
perpendicular to the excitation polarization. This quantity is very 
sensitive to noise in the measurement of I|((t) and Ix(t), and hence signal 
averaging can greatly increase the quality of these measurements. 

Several problems were encountered in early fluorescence depolari
zation work. Since the I,( (t) and Ix(t) were acquired on separate shots in 
the presence of large laser energy fluctuations, the data had to be 
arbitrarily scaled to either match tails at late time or early times. Using 
two-track detection, where I„(t) and lL(t) were measured simultaneously 
for each shot, the fluorescence depolarization of Rhodamine Β was 
measured with high accuracy in a large range of solvent viscosities and 
ionic concentrations (22). The two-track technique eliminates the 
problem of shot-to-shot energy fluctuations in the determination of the 
depolarization factor, and the high signal-to-noise ratio available with 
signal averaging allows greater sensitivity to detail. 

Another problem with single shot recordings of this sort is that the 
high current density caused by an intense signal of long duration (such as 
that obtained with a nanosecond fluorescence lifetime) causes a distor-
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tion of the waveform which is intensity-dependent. This distortion can be 
seen with single shot events and is effectively impossible to compensate 
for. In any streak camera experiment requiring high signal-to-noise ratio, 
a signal averaging technique should be used with single-shot intensities 
well below the level of distortions. In addition, the high excitation 
intensities required for samples in single shot experiments may give rise 
to other unwanted effects such as saturation and stimulated emission. 

Fluorescence anisotropy of N-acetyl-tryptophananide has been 
measured (18) in various environments. This experiment was particularly 
difficult because it required excitation at the fourth harmonic (266 nm) 
with limited energy (2pJ) and detection in the UV at 340 nm. Fig . 3 shows 
the result of increasing viscosity on the decay time of the anistropy 
calculated using Eq. 1. In order to obtain these results, 400 traces of I„(t) 
and Ii(t) were averaged. 

Our streak camera with a fused-silica lens was found to have less 
than 5% of intrinsic anisotropy for fluorescence collection, and this is 
taken into account whe
horizontal excitations. When such a correction is taken into account, we 
find that ultraviolet time-dependent anisotropy values can be measured to 
within - 0.5% upon averaging up to 400 shots. 

Conclusion 

The jitter-free operation of a streak camera increases the precision 
of measurement over single-shot fluorescence records. With this i n 
creased precision, detailed comparison of data with dynamic models is 
made feasible. The low-light level signal enchancement afforded by 
signal averaging requires careful attention to background offsets. Opera
tion of the ΟΜΑ-Π in a Forth-based open system provides the necessary 
flexiblity to meet these requirements. Data acquisition routines can be 
designed according to the experiment at hand. The LSI-11 processor in 
the ΟΜΑ-Π can be utilized to its full potential by writing time-critical 
routines in assembly code. This system allows for general data acquisition 
and theoretical modeling routines on the same machine, thus eliminating 
data transfer to other computers which may be slow or inconvenient. 
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Figure 3. Examples of UV-ftuorescence anisotropy decay. Anistropy decay of fluores
cence ofN-acetyl-tryptophanamide with excitation at 266 nm and detection at 340 nm. 
Solvent viscosity dependence is investigated with Οψο glycerol (a), 50% glycerol (b), and 
97%) glycerol (c). The scattered excitation pulse defines t-O.To obtain this signal-to-noise 

ratio, 400 shots were averaged. 
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The concept of th
matrix" is introduced in order to facilitate the 
interpretation of a chemical analysis when 
information about the spatial distribution of the 
analytes is included. Methods for displaying the 
chemical composition matrix as a "chemical image" are 
discussed. Generally, the chemical content matrix is 
not obtained directly, but must be deduced from 
spectroscopic measurements at each point in space. 
This data set is most conveniently thought of as a 
"spectroscopic image." Methods for obtaining the 
spectroscopic image by scanning are considered. It 
is shown that schemes which employ imaging detectors 
have large time and/or signal-to-noise ratio 
advantages over methods using single-channel 
detectors. As an example of the use of an imaging 
detector to obtain the spectral image, we present the 
"Multichannel Imaging Spectrophotometer" (MIS). It 
is shown that a "multichannel disadvantage" limits 
the ability of imaging devices to detect analytes 
embedded in scattering media. Possible remedies for 
this problem are devised and data presented to 
support them. 

As the proceedings of t h i s symposium attest, imaging 
detectors have an important role to play i n a n a l y t i c a l o p t i c a l 
spectroscopy. They have been p a r t i c u l a r l y e f f e c t i v e i n solving 
problems of multicomponent analysis, where i t i s necessary to 
make spectroscopic measurements at multiple wavelengths. Also, 
the multichannel advantage of an o p t i c a l array i s often valuable 
when a chromatographic technique for separation i s combined with 
a spectroscopic technique for fingerprinting ( 1 , 2 ) . The recent 
commercial introduction of l i q u i d chromatography detectors 
consisting of rapid scanning UV-VIS spectrometers employing diode 
arrays demonstrates the growing appreciation of the power of 
these techniques ( 3^5 ) . 
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The university of Washington group has concentrated on the 
use of imaging detectors i n fluorescence spectrophotometry (6). 
Our instrument, the Video Fluorometer (7), uses a unique o p t i c a l 
concept which allows us to record i n d i g i t a l form a series of 
fluorescence spectra as a sequenced set of up to 256 excitation 
wavelengths i n a time as short as 16.7 msec without mechanical 
scanning. The effe c t of t h i s novel scheme i s to produce an image 
which contains both excitation and emission spectra. To capture 
t h i s image quantitatively, we use an SIT vidicon as a sensitive 
multichannel imaging device interfaced to a PDP 11/04 computer 
through a high speed frame buffer memory. The performance of the 
Video Fluorometer has been thoroughly tested (8,9) and a series 
of algorithms has been designed to allow quantitative (10,11) and 
qual i t a t i v e (12) analysis of complex mixtures. 

Recently, we have interfaced the Video Fluorometer to a 
l i q u i d chromatograph s
mixture could be separate
time as they emerged fro  (13) y 
constructing a second generation of video fluorometers, replacing 
the SIT camera with an even more sensitive i n t e n s i f i e d diode 
array, and incorporating a rapidly scanned nitrogen laser pumped 
dye laser as excitation source. This system i s being interfaced 
to a c a p i l l a r y gas chromatograph v i a a molecular beam so that 
ultra-high resolution spectroscopy can be performed "on-the-fly" 

While applying o p t i c a l imaging detectors to a n a l y t i c a l 
spectroscopy, we gradually began to appreciate t h e i r potential 
for elucidation of those problems of multicomponent analysis 
where i t was desired not only to i d e n t i f y and quantitate each 
component but also to specify i t s location i n space as well, 
i . e . when an a l y t i c a l chemistry was to be performed with s p a t i a l 
resolution. I t i s our b e l i e f that a n a l y t i c a l chemists w i l l 
become increasingly concerned with t h i s problem i n the next 
decade (15/16) and that o p t i c a l imaging detectors w i l l play a 
major role i n i t s solution. 

Conceptual Framework 

The desired endpoint of the task of a n a l y t i c a l chemistry 
with s p a t i a l resolution i s a l i s t of the analytes present, t h e i r 
amounts, and the s p a t i a l locations of each. The best means for 
organizing such a l i s t i s i n the form of a "chemical 
composition/distribution tensor," Ç , each element of which i s a 
vector c of dimension 3+R, whose f i r s t three elements refer to 
the s p e c i f i c location i n space, and the remaining R elements give 
the amounts of each of the R d i s t i n c t chemical components 
recognized, i . e . 

(14). 

i,j,k,m,n ) [1] 

Here, the indices i , j , k refer to the three s p a t i a l coordinates. 
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and the R indices m, n M . . . enumerate the R d i s t i n c t 
components. 

The chemical composition tensor can be written conveniently 
as a 3+R by L matrix, C, which which consists of L ordered rows 
which are the vectors c, and the scalar L i s the t o t a l number of 
s p a t i a l elements. Interpretation of the chemical composition 
tensor as a table quickly becomes d i f f i c u l t for complex objects 
with multiple analytes. A much better representation i s i n the 
form of a "chemical image" displayed on a computer graphics 
terminal. For a two-dimensional object t h i s i s readi l y done 
because there i s a one-to-one correspondence between the 
positions on the object and locations on the x,y display. Each 
chemical entity can be readi l y i d e n t i f i e d i f i t i s encoded as a 
p a r t i c u l a r color with the intensity being proportional to l o c a l 
concentration. For three-dimensional objects, the task i s more 
d i f f i c u l t . One simpl
computed tomography an
two-dimensional s l i c e s
s p e c i f i c e n t i t i e s are organizable as discrete subobjects, e.g. 
inclusions i n a rock, surfaces enclosing each object may be 
defined, the three-dimensional scene projected on a two 
dimensional plane, the v i s i b l e surfaces false-color encoded, and 
hidden objects removed. In the case where objects are embedded 
within other objects, one can define "clipping" planes or use 
semitransparent outer surfaces. Some beautifu l examples of the 
use of these techniques for portraying the structures and 
interactions of biomolecules have been given by Langridge and 
coworkers (17). 

unfortunately, the chemical composition tensor i s not a 
d i r e c t l y measureable quantity. Instead, i t must be deduced from 
indirec t data. In the f i r s t place, spectroscopic measurements 
w i l l usually be used to i d e n t i f y and quantify the chemical 
substances present. There may or may not be a one-to-one 
relationship between the intensity at one p a r t i c u l a r wavelength 
and the l o c a l concencentration of a p a r t i c u l a r chemical entity. 
In the second place, i f the analysis i s to be three-dimensional 
and non-destructive, the chosen range of electromagnetic 
radiation must be transmitted through the object for multiple 
orientations of the object. The reconstruction of 
three-dimensional information from a series of two-dimensional 
projections i s not at a l l t r i v i a l , but we s h a l l leave t h i s aspect 
of t h i s problem to a l a t e r date. 

Of major concern i n t h i s work i s the i r r e f u t a b l e fact that 
when high resolution chemical images are being sought, where a 
number of analytes are to be i d e n t i f i e d and quantified, huge 
amounts of data w i l l be involved. For example a single 
two-dimensional object resolved to 256 points i n both s p a t i a l 
domains with absorbance measured at 256 wavelengths to a 
precision of one part i n 256 w i l l require 16.78 Mbytes for 
storage. While such data storage and processing requirements 
w i l l s t r a i n the capacities of present-day computers, recent 
advantages i n o p t i c a l storage techniques (such as the read/write 
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video disk) and inexpensive pipelined array processors give us 
optimism that t h i s part of the problem i s tractable. There s t i l l 
remains the d i f f i c u l t y of acquiring a l l of the data i n a f i n i t e 
period of time. For example, consider the acquisition of data 
for the 256x256 image mentioned above using a conventional 
spectrometer which takes one second to obtain a 256-point 
spectrum from one s p a t i a l element on the object: a t o t a l of 18 
hours would be needed! Clearly, multichannel detectors would be 
of enormous benefit i n reducing the data acquisition time and/or 
improving the signal-to-noise r a t i o (SNR) for a given acquisition 
time. 

We s h a l l now consider several methods for acquiring 
spectroscopic images using o p t i c a l imaging detectors. In the 
f i r s t method, shown schematically i n Figure 1, a one-dimensional 
array detector i s used at the output of a spectrometer to acquire 
a l l the desired spectra
location at a time. Th
by displacement of th  objec  throug g spo
shown i n Figure 1A or by displacement of the image of the f u l l y 
illuminated object through a fixed aperture before the 
spectrometer as shown i n Figure IB. Either of these methods w i l l 
p o t e n t i a l l y y i e l d a time advantage of Ν over a single-channel 
detector, where Ν i s the number of spectral elements acquired. 
For convenience, we have shown lasers as the l i g h t sources, but 
incoherent sources may be used as well and indeed w i l l be needed 
for absorption/reflectance imaging. 

Even more e f f i c i e n t methods for c o l l e c t i n g the spectral 
image are shown i n Figure 2. In these schemes, a two-dimensional 
imaging detector i s used to capture a s p a t i a l image of the 
object. In the case where the spectral measurement i s 
absorption, reflectance, or excitation, the object i s illuminated 
by a sequence of uniform monochromatic wavelengths produced by a 
tunable laser or lamp/monochromator combination, as shown i n 
Figure 2A. One s p a t i a l image i s acquired at each wavelength of 
interest and stored i n d i g i t a l or analog form. In the case where 
the spectral measurement i s o p t i c a l emission or Raman scattering, 
a monochromator i s used as an imaging wavelength f i l t e r , and one 
s p a t i a l image at each wavelength of interest i s obtained, as 
shown i n Figure 2B. This scheme has been successfully used to 
produce Micro-Raman images of high contrast and resolution (18). 
In the case of fluorescence imaging, the schemes of Figures 2A 
and 2B can be combined to y i e l d an instrument capable of 
recording both excitation and emission information on an extended 
object. 

Obviously, the above strategies employing a two-dimensional 
s p a t i a l detector have a much larger multichannel advantage than 
schemes using a one-dimensional spectral detector. Their 
potential time advantage i s MXN, where M i s the number of 
s p a t i a l l y resolved elements i n the X d i r e c t i o n and Ν i s the 
number of s p a t i a l l y resolved elements i n the Y d i r e c t i o n . 
E s s e n t i a l l y , designs based upon two-dimensional detectors can 
acquire a complete spectral image i n the same time as a 
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Figure I. Schemes for using a one-dimensional array detector to acquire spectral images. 
Key: top, scanning of object; and bottom, scanning of image. 
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Figure 2. Schemes for using a two-dimensional array detector to acquire spectral images. 
Key: top, acquiring an absorption, reflectance, or excitation image; and bottom, acquir

ing an emission or scattering image. 
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conventional non-imaging spectrometer takes to scan the spectrum 
of a homogeneous material. 

The Multichannel Imaging Spectrometer 

In t h i s section, we w i l l describe an instrument, the 
"Multichannel Imaging Spectrometer" (MIS) which i s capable of 
recording the absorption or reflectance spectrum at up to 64,000 
points on an object i n a time as short as two minutes. As a 
paradigm for s p a t i a l l y resolved a n a l y t i c a l chemistry we have used 
MIS to analyze materials on thin-layer chromatographic plates 
both q u a l i t a t i v e l y and quantitatively (19). Several data 
analysis strategies have been devised to e f f i c i e n t l y use the 
spectral data from MIS to resolve overlapping spots. A schematic 
of our single beam imaging spectrophotometer i s given i n Figure 
3. A twenty-watt tungste
stable DC power suppl
selection was accomplished with a Bausch and Lomb 1/4 meter 
monochromator equipped with a 600 lines/mm grating blazed for 300 
nm. S l i t s were set to provide a spectral bandpass of 7 nm. 
Wavelength scanning was accomplished by means of a variable speed 
motor . In order to uniformly illuminate the thin-layer plate, 
an image of the d i f f r a c t i o n grating was projected on to the plate 
by means of a lens placed at the e x i t s l i t ( f i e l d stop ). Light 
transmitted through the plate was collected by an f/0.78 CCTV 
lens, and focused onto the photosensitive surface of the SIT 
vidicon camera (Quantex QX-10). Our d i g i t a l t e l e v i s i o n 
photometry system has been previously described (8). 

The camera was operated to c o l l e c t a sequence of images 
synchronously with the scanning of the wavelength drive of the 
monochromator. The software for t h i s operation was developed by 
Hershberger, et. a l . (13) for fluorescence detection of l i q u i d 
chromatographic effluents but was readily modified to serve the 
present need. Real-time displays of the monochromatic plate 
image and the absorption spectrum at two locations on the plate 
are available. Data consisting of a series of images taken over 
a selected wavelength region are stored on disk for l a t e r 
post-run processing, either by the PDP 11/04 or by a remote VAX 
11/780. 

In Figure 4 we i l l u s t r a t e the c a p a b i l i t y of MIS to analyze 
several one dimensional chromatograms simultaneously. The images 
are from a Whatman LHP-K plate which was spotted with various 
amounts of H2TPP porphine i n f i v e separate lanes (1.1, 2.2, 3.3, 
4.4 and 5.5 #g respectively, right to l e f t i n 4A). In lane 3, a 
mixture of H2TPP along with ZnTPP and PdEP was spotted. The 
plate was then developed i n a dichloromethane/cyclohexane (50:50) 
mixture for 3.5 min. Figure 4A shows the raw transmission image 
of the sample plate and a blank plate, respectively, at 420 nm. 
In 4B the two images of 4A are combined into an absorbance image 
and displayed as an isometric projection. This l a t t e r display i s 
useful for v i s u a l i z i n g the quantitative relationships among the 
absorbances of the spots. The upper trace i n Figure 4C i s the 
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Figure 4. Use of MIS to analyze several one-dimensional chromatograms simul
taneously. 
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spectrum of H2TPP from the spot i n lane 1. It was obtained by 
assembling the intensity values at a selected p i x e l from each of 
the images i n the series stored on the disk. The analogy with a 
selected ion chromatogram of GC-MS data i s obvious. The lower 
trace i s the spectrum of the same spot obtained on a Cary 219 
spectrophotometer, i l l u s t r a t i n g good agreement. F i n a l l y , Figure 
4D i s a plot of the integrated absorbance vs. the (known) amount 
of H TPP i n each lane. At 580 nm there i s an excellent linear 
correlation between observed absorbance and quantity of 
porphyrin, whereas at 420 nm a non-linear correlation i s observed 
which exhibits a "saturation" behavior at high quantities. This 
l a t t e r phenomenon i s attributed to the higher absorptivity at 420 
nm leading to higher absorbances, and consequently greater 
photometric errors. Sources of photometric error include stray 
l i g h t i n the single monochromator system and "glare" from 
scattered photons. Both f thes  would tend t  reduc
contrast and thus lea
Independent experiment
obtained at 420 nm when smaller amounts of porphyrins were 
applied to the plate. For example, a li n e a r c a l i b r a t i o n p l ot was 
obtained for 5 to 30 ng of ZnTPP. 

A second data set i s shown i n Figure 5 and was designed to 
te s t the c a p a b i l i t i e s of the instrument for analysis i n two 
s p a t i a l dimensions. Here, a Whatman LHP-K was spotted with a 
mixture of the three pophyrins H TPP, ZnTPP and PdEP. It was 
then developed for 3.5 min. with ethyl acetate, turned 90 
degrees and then developed for 4.0 min. with the 
dichchloromethane/cyclohexane mixture. Under these conditions 
the components are only p a r t i a l l y resolved. The data shown i n 
Figure 5 are several absorbance images of the plate taken at 
various wavelengths for a mixture of three porphines. Especially 
s t r i k i n g i s the degree of d i f f e r e n t i a l enhancement of the 
selected (compound) spots as a function of wavelength of 
illumination. In 5A, the plate i s imaged at 420 nm where a l l of 
the porphyrins absorb. The next three images were taken at 523 
nm, 554 nm and 594 nm; H2TPP absorbs strongly at 523 nm, PdEP at 
554 nm, and ZnTPP at 594 nm. In 5B, then, the main contour peak 
i s due to H2TPP, while there i s a weaker peak to the l e f t of i t 
due to weak absorption by PdEP. Likewise i n 5C the l e f t PdEP 
peak i s strong and the right H2TPP peak somewhat diminished. In 
5D, only the ZnTPP i s seen. 

Quantitative analysis of t h i s mixture i s has been carried 
out by using rank annihilation and least squares (20). As with 
the one-dimensional chromatograms, two-dimensional chromatograms 
can be analyzed quantitatively even when the spots are severly 
overlapping. Figure 6 i l l u s t r a t e s the process of q u a l i t a t i v e 
analysis of the two-dimensional chromatogram by means of 
"fa c t o r i z a t i o n " (20). The input data are shown as a "stack" of 
images; t y p i c a l examples of which are displayed i n Figure 5. The 
decomposition of these data into t h e i r three components i s 
i l l u s t r a t e d i n Figure 6B-D. The absorption spectrum and the 
retention p r o f i l e s along the χ and y axes are a l l shown for each 
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Figure 5. Two-dimensional chromatography contour plots of a mixture of H2TPP, 
ZnTPP, and PdEP at selected absorption wavelengths. Key: A, 420 nm; B, 523 nm; 

C, 554 nm; and D, 594 nm. 
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Figure 6. Three-dimensional factorization of the two-dimensional chromatogram of 
Figure 5. Key: A, stack of all two-dimensional chromatography images as a function of 
wavelength; and B-D, individual spatial-spectral components (B- PdEP; C- H2TPP; 
and D - ZnTPP); each three-dimensional plot is the spatial representation of the 

associated compound (spectrum). 
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of the three components. The spectra shown superimposed nearly 
exactly with those of the pure components. 

Imaging spectrophotometry of thin-layer plates i s yet 
another example of the benefit of using a "hyphenated" method 
(21) for multicomponent analysis, i . e . a separation technique 
coupled with a spectroscopic technique. Our instrument compares 
favorably with the GC-MS i n that the operator has great 
f l e x i b i l i t y for display and analysis of the data: p l o t t i n g the 
absorption spectrum of a selected spot i s analagous to p l o t t i n g 
the mass spectrum of a selected GC peak, while displaying the 
transmission image of the plate at a selected wavelength i s 
analgous to displaying a selected ion chromatogram. Although the 
resolution of c a p i l l a r y GC i s much higher than that of 
conventional one dimensional TLC, the great f l e x i b i l i t y inherent 
i n and the ease of implementation of two-dimensional 
chromatography may i n some cases provide a compelling reason to 
prefer TLC with absorbanc
cost per analysis, p a r a l l e
of the instrumentation are taken into account. 

Detection of Objects Embedded i n Scattering Médiat The 
Multichannel Disadvantage. 

In the conceptualization section we showed that imaging 
schemes using two-dimensional detectors have the greatest 
multichannel advantage. At the same time they also have a 
"multichannel disadvantage" when three-dimensional imaging i s 
performed on scattering objects. Consider the problem of 
detecting an absorbing object embedded i n a clear and scattering 
medium as shown i n Figures 7A and B. As can be seen, an opaque 
medium scatters the l i g h t beam multiple times, so that i n e f f e c t 
the photons diffuse through the medium. Under these 
circumstances, l i g h t can scatter around the object of interest 
and reduce contrast. Moreover, the spreading of the beam due to 
d i f f u s i o n causes loss of resolution. 

We now propose two schemes for reducing the stray l i g h t . 
In the f i r s t one we construct the image point by point, as shown 
in Figure 8A, and relegate our multichannel detector (not shown) 
to acquisition of the spectrum. This scheme i s p a r t i c u l a r l y 
e f f e c t i v e when the l i g h t source i s coherent. As Ishimaru (22) 
has shown, the presence of scatterers acts to degrade the qua l i t y 
of the beam. However, the unscattered l i g h t remains coherent and 
can be focused to a d i f f r a c t i o n - l i m i t e d spot. A s p a t i a l f i l t e r 
placed before the detector w i l l serve to block a major f r a c t i o n 
of the scattered l i g h t while transmitting nearly a l l of the 
coherent l i g h t . Figure 8A shows a simple scheme for coherent 
imaging. 

In a preliminary experiment, we have compared coherent and 
incoherent imaging of a strongly absorbing object suspended i n a 
highly scattering medium. As a test object, we have used a 2-mm 
wide, f l a t metal plate ( t o t a l l y absorbing) suspended i n a 10-mm 
wide cuvet containing a diluted solution of milk. When the cuvet 
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Figure 7. Comparison of images of absorbing objects embedded in a nonscattering 
medium (left) or a scattering medium (right). 
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was illuminated by a diffuse l i g h t source, one could see no 
evidence of the metal plate by eye. However, when the 
transilluminated cuvet was viewed with a s i l i c o n target vidicon, 
the plate was barely distinguishable as a diffuse, low contrast 
object when the contrast control on the monitor was set to i t s 
maximum. The apparatus for performing coherent and non-coherent 
imaging i s shown i n Figure 8A. Figure 8B gives the results of 
scans across the curvet with and without the s p a t i a l f i l t e r . The 
considerably improved contrast and resolution for coherent 
imaging i s obvious. 

Our second scheme for overcoming the multichannel 
disadvantage involves temporal discrimination. E s s e n t i a l l y , the 
object i s illuminated with a very short pulse of l i g h t (a 
one-picosecond duration pulse i s required to achieve millimeter 
scale resolution). The d i f f u s e l y scattered l i g h t w i l l t r a v e l a 
much longer path length tha  th  coherent ( unscattered) l i g h t 
(23); the l a t t e r i s simpl
radiation are resolve y placing  picosecon  l i g h  gat
front of an imaging detector and opening i t when the unscattered 
pulse i s expected. The f e a s i b i l i t y of t h i s technique of 
"range-gating" for detection of objects i n scattering media has 
been carried out with an apparatus shown i n Figure 9. The 
mode-locked Nd:glass laser produces an output t r a i n of 
approximately 100 infrared pulses (λ«1.06μ), each about 10 psec 
i n duration, spaced 7 nsec apart and carrying a power density of 
several hundred megawatts. This t r a i n of pulses i s directed 
through a harmonic generating c r y s t a l , where about 10% of the 
infrared output i s frequency doubled to 0.53β green l i g h t . These 
green pulses are therefore synchronized to the infrared ones. 

The infrared and green pulses are subsequently separated by 
a dichroic beam s p l i t t e r . The infrared pulses t r a v e l d i r e c t l y to 
the u l t r a f a s t o p t i c a l kerr eff e c t shutter (24) while the green 
pulses are diverted through an o p t i c a l delay l i n e which consists 
of one movable and two fixed prisms. The shutter consists of a 
c e l l of carbon d i s u l f i d e placed between two crossed polarizers, 
Ρ and Ρ 2· The infrared pulses induce a short-lived 
birefringence i n the CS 2 as they t r a v e l through the c e l l , causing 
the otherwise opaque combination of crossed polarizers to 
transmit l i g h t for a time i n t e r v a l of about 10 psec. A camera or 
two-dimensional array detector records the desired l i g h t signal 
gated by the shutter. The green pulses are directed through an 
o p t i c a l delay l i n e consisting of one moveable and two fixed 
prisms and axe then aimed by another prism towards the target, 
which consists of a 1 cm diameter bull's-eye drawn i n white ink 
on black paper. In front of t h i s target i s interposed the 
obscuring medium. In t h i s case, a c e l l containing a 20-mm 
thickness of diluted milk was placed 3 cm i n front of the 
target. The o p t i c a l delay l i n e was adjusted to synchronize the 
simultaneous a r r i v a l at the shutter of the Nth echo from the 
target and the (N+l)th infrared gating pulse. By t h i s technique 
the green backscattered echo from the obscuring medium was 
blocked from the camera because i t arrived at the shutter before 
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Figure 8. Scheme for coherent light imaging. Key: top, apparatus; and bottom, results. 
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the infrared gating pulse. As a result, a photographic image of 
only the target was recorded by the camera. 

The results are shown i n Figure 10. A close-up side view 
of the target and water c e l l i s shown i n Figure 10A. Under 
dir e c t f r o n t a l laser illumination without range-gating, the 
result i s as shown i n Figure 10B. The very strong backscatter 
from the milky water completely obscures the target. Figure IOC 
shows the results of range-gating. The target image exhibits 
remarkable c l a r i t y and contrast, and i t s quality i s v i r t u a l l y the 
same as that of unobstructed photographs of the target. This 
image c l a r i t y i s result of the separation of the coherent echo 
signal from the incoherent diffuse scattered l i g h t generated by 
the target echo on i t s trav e r s a l of the obscuring c e l l . The 
propagation of picosecond pulses i n di f f u s e media i s the subject 
of ongoing investigations at the University of Washington 
(24-27). Multichannel detector
our diagnostic approach
pulse-broadening i n diffus  (28)
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Figure 9. Scheme of overall experimental setup for range-gated imaging through diffuse 
media. 
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Figure 10. (A ) Close-up side view of the target and water cell. (B) Results under direct 
frontal laser illumination without range gating. (C) Results of range gating. 
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Conclusions 

Over the next decade, a n a l y t i c a l chemists w i l l have to 
become increasingly concerned with the acquisition and 
interpretation of chemical images. These i n turn must be 
obtained from multidimensional spectral images, and i t i s here 
that multichannel detectors can play a major role i n decreasing 
the data acquisition time and/or improving the signal-to-noise 
r a t i o . The preliminary data presented i n t h i s paper and 
elsewhere (19,29) show that multichannel detectors can f u l f i l l 
t h e i r promise i n t h i s role and can even handle the d i f f i c u l t 
problem of detecting and characterizing objects embedded i n 
strongly scattering media. 

We have not addressed the problem of analyzing the spectral 
image and transforming i t into the chemical image  We only note 
that many of the algorithm
(10-12,20,30) for convolutin
readily and e f f i c a c i o u s l y applied to t h i s problem. 
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Detection of Extreme UV and Soft X-Rays 
with Microchannel Plates: A Review 

OSWALD H. W. S IEGMUND and ROGER F. M A L I N A 

Space Sciences Laboratory, University of California, Berkeley, CA 94720 

Microchannel plates ar
dimensional imaging a
(10 - 100 Å) for astronomy and microscopy. Although bare microchan-
nel plates have low sensitivity (5% - 10% quantum detection efficiency) 
in this spectral region, use of photocathodes can increase substantially 
(to 30%-40%) microchannel plate performance. This, combined with the 
high spatial resolution (<50μm), fast time response (<300 ps), and 
large effective area (up to 100 mm diameter) achievable with microchan
nel plates make the latter a very attractive and versatile tool. We discuss 
the properties of microchannel plates, photocathode materials, and vari
ous microchannel plate detector readout schemes that have been used 
for soft X-ray and EUV detection. 

MicroChannel plate (MCP) detectors have been used in recent years as window-
less X-ray and E U V detectors for astrophysical instrumentation. Successful applications 
have included the High Resolution Imager on the Einstein satellite Q ) , the E U V spec
trometers on Voyager (2) and the airglow spectrometer on the P78-1 spacecraft (3). 
MCP ' s have been selected as the detectors for NASA ' s upcoming Extreme Ultraviolet 
Explorer (EUVE) satellite (4); this report was prepared as a part of the development 
for the E U V E satellite. 

MicroChannel plates (MCP's) are thin glass wafers composed of a large number 
(>10 5) of tubes or channels (Figure 1), the inner surfaces of which have a high secon
dary electron emission coefficient. Each glass channel in the array is used as an 
independent photomultiplier. Fabrication of MCP 's is accomplished by several stages 
of drawing and stacking of glass-filled lead glass tubes to produce a boule. This boule is 
then sliced into wafers of the desired thickness and diameter. After the glass cores are 
etched out, the active surfaces of the M C P are produced by reduction of the glass sur
face at high temperature (250°C - 450°C) in a hydrogen atmosphere. 

MCP 's can be made in a variety of geometries, although normally they are in the 
form of rectangular or circular flat wafers whose thickness is 40 to 120 times the diame
ter of the glass tubes. A number of manufacturers now sell MCP 's either mounted or 
unmounted; the most readily available are 1 inch diameter MCP 's with 40:1 channel 
length to diameter (L / d) ratio manufactured for military night vision devices. Some 
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manufacturers (5 ,6 ) will, however, cut MCP 's to special requirements. Commonly-
used channel diameters fall in the range 12.5 μ m to 40 μ m. For specialized applica
tions, MCP 's with spherical or cylindrical concave surfaces have also been made (5, 6), 
primarily to match the focal plane of spectrometers or grazing incidence mirrors. The 
channel orientation relative to the M C P front surface can also be specified. Although 
the channels are usually normal to the plate surface, they can be made at slant angles 
(typically 10° —20° to normal), and MCP 's with curved channels are now available. 

In operation, a high potential (—1000 V) is applied between the faces of the 
MCP , each of which is coated with a thin layer of metal to provide an electrode. 
Depending on the application, experimenters can use the front face negative with the 
rear face at a smaller negative voltage, or the front face grounded with the rear face at 
high positive potential. When radiation strikes the inner surface of a channel, there is a 
probability that an electron will be ejected. This probability is high (9, 10) for ionized 
particles (>60%), but is comparatively low (5%-10%) for soft X-rays and E U V radia
tion. Electrons which are ejected from the channel walls are accelerated down the 
channel by the applied electri
further secondary electrons. Thi
down the channel. The gain (electrons per detected photon) of single MCP 's is typi
cally 103 to 105. Higher gains are normally achieved by cascading two or more MCP 's 
in series, or using curved channel MCP's . 

Quantum Detection Efficiency 

Under typical operating conditions (high negative H V on M C P front surface), the 
sensitive area of an M C P is limited to the open channel area (typically —60%), since 
electrons emitted by radiation hitting the interchannel web are not collected. One way 
of increasing the open area is to funnel (6, 1J_, 1_2) the input end of the channels, 
although practical limitations restrict the maximum open area to —80%. However, it is 
also possible to recover the electrons from the interchannel web by using a small posi
tive potential (13) on the front of the M C P or by placing a grid at high negative poten
tial 0 4 , .15) close to the front of the M C P to deflect electrons back into the channels. 
It is also worth noting that investigations 06) have shown that there is a dependence of 
the sensitivity on the polarization of the incident radiation. 

A summary of the data on the quantum detection efficiency (QDE) of bare 
MCP 's is given in Figure 2, where we define the ' Q D E ' as the probability of an 
incident photon giving rise to an output electron pulse from the MCP. The studies of 
Fraser 07 ) and Parkes et al. (18) were made without a deflecting grid, while the detec
tors of Martin et al. (15) and Taylor et al (14) included an electron deflecting grid 
which increased the efficiency by approximately 30% over a bare MCP. The angle of 
incidence of the detected photons relative to the channel walls is an important factor in 
determining the QDE . This angle is indicated in Figure 2. 

Typical Q D E response curves as a function of photon incidence angle are given in 
Figure 3. The sharp drop in Q D E below — 5° —• 10° grazing angle is explained by the 
increase of channel wall reflectivity at low grazing angles 09) . Although the peak Q D E 
is reached at —10° to the channel wall for X U V photons, the peak angle gradually 
increases to —15° for E U V photons. At progressively higher angles of incidence, the 
depth of penetration of the incoming radiation into the M C P material increases; thus, 
the probability of secondary electrons escaping reduces and results in lower QDE . 
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Figure I. Scheme of a microchannel plate. 
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Figure 2. Quantum detection efficiency (%) 
of bare MCPs as a function of wavelength 
(A ). Key: ; 30° (14); *, 20° (17); +, 8° (15); 

Δ, S° (\%);andn, 20° (18). 
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Figure 3. Quantum detection efficiency (ψο) 
of bare MCPs as a function ofgrazing angle 
of incidence (degrees). Key: ο,λ-44Λ ( 17); 
__ χ = 68Α (\S);—,\ = 44À (\S);and-~, 

λ = 584 A (97). 
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Taking into account the angular factor, the Q D E as a function of wavelength 
shows a slow increase in Q D E as photon energies decrease from soft X-rays to E U V 
followed by a drop-off in Q D E above 1200 A. This is caused by the decreasing absorp
tion depth of incident photons (19) as the wavelength increases, resulting in higher 
secondary electron ejection probability, followed by a cutoff which is determined by the 
work function of the M C P material. 

Regarding the nature of the active surface composition of the bare MCP's , 
detailed investigations have been made by Panitz et al. (13) and Siddiqui (20). These 
show that, although the M C P faces are coated with an electrode material (Ni, Cr, 
nichrome), there is a thin (100 A) top surface layer rich in potassium (20) that has 
been transported up from the underlying glass. The inner surfaces of the channels also 
have a surface layer which is rich in alkali (primarily K) metals (oxides), Si, and S1O2 
(13, 20). These surface layers, in addition to the composition of the bulk glass (PbO + 
S i0 2 , predominantly), determine the Q D E (19). Improvements in the Q D E may, how
ever, be obtained by the use of photocathode materials deposited on the M C P surface, 
which will be discussed later i

M C P Gain and Pulse Height Distribution 

The gain and pulse height distribution of MCP 's have been studied by many 
authors (21-27). Single straight channel MCP 's may be operated up to gains of 10 4-10 5 

(12, 21-23) and give negative exponential output pulse height distributions (1_2, 21, 22, 
25). [A number of authors have developed models for the gain characteristics of 
MCP ' s (12, 26, 27).] The M C P gain increases rapidly with applied voltage (12, 23, 26, 
27) up to 104-105, and then begins to level off. This 'saturation' of the gain (at high 
gains) occurs because the charge density in the output end of the channel is high 
enough to initiate space charge effects. The resulting charge build-up on the channel 
walls lowers the accelerating field and reduces the kinetic energy of the electrons. This, 
in turn, causes a reduction in the secondary electron yield and hence, limits the gain. 
The maximum gain achievable at fixed applied voltage and channel length over diame
ter ratio (Ljd) has been shown (21, 27) to be proportional to the channel diameter and 
is in the range 10 5-10 6 for common M C P geometries. Normally, however, straight 
channel MCP 's cannot be operated at these high gains because of ion feedback effects. 
Positive ions are produced by collisions of electrons with residual gas molecules (at 
pressures >10~ 6 torr) in the channels and gas molecules released from the channel 
walls during multiplication (22, 23, 28). The ions travel back up the channel and may 
strike the channel wall near the M C P input face, releasing electrons, which results in a 
secondary electron avalanche and afterpulsing. 

The problem of ion feedback has been circumvented in a number of ways. First, 
if the MCP 's are baked in vacuum, 'scrubbed' by running them at high current, and 
not reexposed to air, the problem of desorbed gas from the channel walls is greatly 
reduced. Good results are achieved in this way for sealed tube devices. At high gains, 
however, the baking and scrubbing are insufficient to suppress ion feedback, so various 
geometrical modifications of MCP 's have been devised. 

One method is to use MCP 's with curved channels ((L/d) typically in the range 
80:1 —• 140:1), so that ions strike the channel walls closer to their point of origin than in 
a straight channel MCP. This reduces the size of the secondary electron pulses associ
ated with ion feedback to acceptable levels, allowing gains of up to 2 x 106 to be used. 
At these high gains, the pulse height distribution is peaked with a Gaussian type shape 
and a F W H M on the order of 30% - 60% (30-32, 34). The narrow pulse height 
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distribution is a consequence of the limiting of the gain when operated in the 
'saturated' mode, as described previously. 

Ion feedback may also be reduced by using a tandem (V) or triple (Z) stacking 
arrangement of MCP's. These configurations are oriented such that there is an angle of 
about 15° —20° between the channels at the stack interfaces. Ions generated at the 
stack output face cannot proceed past this bend, and thus produce only small secondary 
electron pulses. Tandem and Ζ arrangements have operational gains as high as 10 7-10 8 

( L 28> 33), with a gain/voltage curve shape similar to that of single MCP's (Figure 4). 
A pair of 40:1 L/d MCP 's separated by 25 μ m —• 150 μ m is a commonly used tandem 
configuration (23, 28). 

The pulse height distributions for a tandem of two 40:1 L/d MCP's in this 
arrangement are poor (100%-200% FWHM) (23, 28, 31) compared to curved channel 
MCP's . However, by increasing the L/d ratio of each of the MCP 's to 80:1, or greater, 
and using each M C P in a near saturated mode, pulse height distributions of 30% — 50% 
F W H M have been achieved (1_, 25, 27, 33). Figure 5 demonstrates the progressive 
narrowing of the pulse height
two 80:1 (5) MCP 's placed back to back (no gap). Recent results (27) also indicate 
that reducing the channel diameter improves the pulse height distribution. 

The configuration of the interface between the two MCP 's of a tandem is an 
important factor in determining the gain/pulse height performance. For a back to back 
tandem pair of MCP's , electrons from the first M C P can enter only a maximum of 3 
channels (35) in the second MCP , assuming flat M C P surfaces. If a small gap between 
the MCP 's is introduced, the electrons from the first M C P can spread into many more 
channels of the second plate. This results in an increase of the gain, since more chan
nels contribute; however, the pulse height distribution is degraded because the channels 
of the second plate are not as highly saturated. If a field is applied across the gap (23, 
27, 36) between the MCP's , the gain drops and pulse height F W H M is found to 
improve. This results because the electrons from the first plate are accelerated into 
fewer channels of the second MCP. The configuration used in any application depends 
on the desired gain/pulse height characteristics. 

It should be noted that the gain of MCP 's is not constant with accumulated 
dosage. Lifetests 0 , 12, 25, 29) of MCP ' s have shown that there is an initial sharp 
drop in the gain, associated with outgassing of the channel walls, followed by a plateau 
region of stable operation. The behavior of M C P parameters after re-exposure to air 
(37, 38) indicates reversible increases in gain attributable to adsorption of gas in the 
channels. For this reason, it is advisable to 'scrub' (or 'burn in') MCP 's until the pla
teau region is reached before use. Another frequently-used technique is to bake out 
(29) MCP 's in vacuum; however, this can cause an additional permanent drop of the 
MCP gain. It has been suggested (13) that, in addition to driving off adsorbed gases 
and water vapour, the bake causes desorption of the alkali metals which are responsible 
for the secondary emission properties of the MCP. Desorption of alkali metals under 
electron bombardment may also play a part in determining the overall lifetime of 
MCP's, although there is, at present, insufficient information to characterize M C P life
time properties completely. 

Unlike conventional photomultiplier tubes, MCP 's can be subjected to high mag
netic fields (>100 G) without significant changes in gain and pulse height distribution 
(39). This is attributable to the small size and length of the M C P channels and the 
high electric fields within the channels. Magnetic fields are, however, a more serious 
concern in the readout system located behind the MCP. 
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Figure 4. Gain / voltage curve for a tandem Voltage Applied 
pair of mi L/d MCPs with d = 12.5 μτη. (Each MCP) 

Figure 5. Pulse height distribution of a tan
dem pair of MCPs each having L/d = 80.1 
anda = 12.5 μm. Conditions (top): gain, 106; 
and FWHM, 58ψ0. Conditions (middle): 
gain, 1.9 χ 106; and FWHM, 41%. Con
ditions (bottom): gain, 4.6 x 106; and 

FWHM, 32%). 

A 

a. 

Number of Events 1 
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Noise characteristics 

The number of background noise events Q8 , 23, 29) from both single and tan
dem MCP 's is generally very low (< 1 count/cm2/sec), but this can still be a 
significant limitation in applications such as X-ray and E U V astronomy, where very low 
count rates are experienced. Lower thresholds must be carefully chosen to exclude the 
low gain exponential tail responsible for a large fraction of the background counts. 
Most manufacturers now produce MCP 's which have, on average, dark count rates of 
< 0.5 counts/sec/cm2, and we have found that selected plates can have rates as low as 
0.1 - 0.2 counts/sec/cm2. Investigation Q ) of the sources of background events sug
gests that, at sea level, cosmic ray events, intrinsic radioactivity, and thermionic emis
sion contribute less than 5% to the overall background rate. It has been suggested CO 

that defects in the M C P channel walls are responsible for the background events 
through field emission. This correlates with the non-saturated pulse height distribu
tions obtained for background events using a tandem, indicating that background events 
are generated all along the channel walls (1). 

Other noise phenomena
'switched on' channels, 'hot spots', 'dead' channels, and field emission from mounting 
hardware. Due to improved selection and production techniques, the incidence of 
'dead' channels and 'switched on' channels is now relatively low. However, hot spots, 
producing relatively large numbers of spurious events, are a more common occurrence. 
Currently this effect is thought to be associated with dust or damage on the front sur
face of MCP's. Certainly our experiences suggest that, if care is taken with cleanliness 
and handling of MCP's , the occurrence of hot spots can be kept very low. 

Time Response and Count Rate Performance 

A single event electron pulse emerging from a M C P can be extremely short (< 1 
ns) in duration (23, 30, 40-42). Due to the high fields and short distances, the transit 
time of the electrons through a M C P is calculated to be on the order of 250 ps (40:1 
L/d MCP) and the transit time spread to be about 50 ps (42). Experimental results 
with M C P photomultiplier tubes (PMT's) indicate (23, 30, 40, 41) that pulse widths of 
200 - 300 ps can be achieved with single MCP's . Fast M C P PMT's with Ζ M C P 
configurations have longer (23, 40, 41) pulse widths (300 - 500 ps), due to the extra 
length of the channels. Slowing-down effects, caused by the reduction of electron ener
gies in the saturated mode also contribute to this. 

The recovery time of a single channel after an event is determined by the rate at 
which the extracted charge can be replaced. For a typical 1 mm thick M C P of resis
tance 300 mft, the channel recovery time tc is of the order 20 ms (21, 23), where 
r c — RCCC (Rc and Cc are the effective channel resistance and capacitance, respec
tively). So, the maximum event rate per channel is —50 counts/sec, and if this rate is 
exceeded, the channel does not recover fully between events and the gain drops as a 
consequence. Since an M C P has on the order of 105 - 106 channels, the overall count
ing rate can be very high (>10 6 counts/sec), provided no channel experiences more 
than —50 counts/sec. Some manufacturers (5, 6) provide MCP 's with low channel 
resistance to reduce the channel time constant in applications which require high local
ized counting rates. 

For a tandem M C P configuration, a number of channels of the second M C P are 
excited by a single event in the front MCP. Therefore, neighboring channels of the 
first M C P will, in effect, cause some of the same channels of the second M C P to be 
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excited. So, although the recovery time for a single event is similar to that for a single 
MCP , the overall counting rate for the tandem is lower, by a factor equivalent to the 
number of channels which a single event excites in the second MCP. 

Photocathode Materials 

Photocathode materials are used routinely to enhance the detection efficiency of 
MCP 's at soft X-ray and E U V wavelengths. Unlike detectors with optical photo-
cathodes, most M C P detectors for this wavelength range operate in a 'windowless' 
mode, because there are no suitable window materials sufficiently strong to hold back 1 
atm. Since either production of photocathodes in situ or transport of unsealed devices 
under ultra high vacuum is usually impractical in space instrumentation, photocathodes 
which are stable under exposure to air are normally selected. Since the photon energies 
of interest are in excess of 10 eV, photocathode materials with relatively high work 
functions (a few eV) can be used. Widely used materials include MgF 2 , L i F and Csl. 
Many other alkali halides ar
since many of these compound

Photocathodes may be used in two configurations, opaque (or reflection) photo-
cathodes and transmission photocathodes. Detailed calculations of the performance of 
both types of photocathode may be found in the articles of Henke (43-45). Opaque 
photocathodes usually are deposited directly onto the input face of the M C P such that 
the photocathode material penetrates a short distance into the channels. Thus incident 
radiation which enters the channels strikes the photocathode material, resulting in 
enhanced detection efficiency. As in the case of a bare MCP , radiation striking the 
interchannel web is not normally detected, so electron deflection grids in front of the 
M C P are sometimes used to further the enhancement of detection efficiency. 

Transmission photocathodes for E U V and soft X-ray applications can be deposited 
on very thin substrates such as parylene, polypropylene, lexan, aluminum, or even fine 
mesh grids. This photocathode assembly is normally used in a proximity-focussed 
configuration mounted close to the M C P input (300 μ,ηι —• 1000 μ,ιτι). Electrons emit
ted from the photocathode are then accelerated to the M C P by a high electric field (500 
— 1000 V/mm). One of the limitations of this configuration, however, is that the pho
toelectrons spread laterally in the photocathode/MCP gap, resulting in a practical limita
tion of —50 μπγ F W H M for the position resolution (33, 46). In general, transmission 
photocathodes also show lower quantum yields (electrons/incident photon) than opaque 
photocathode configurations. 

Cesium Iodide 

Cesium iodide has received much attention recently as a potential photocathode 
material (17, 47-55) by virtue of its high quantum efficiency in the soft X-ray and E U V 
regions. A compilation of Csl efficiency data in the range 10 A - 2000 A for a number 
of different configurations is given in Figure 6. (Grazing angle of incidence is indi
cated). The measurements of Fraser 07 ) , Martin et ai 05 ) , and McClintock (47) were 
taken with opaque Csl coatings on the surface of MCP's . However, the QDE 's meas
ured by Fraser refer to efficiency of Csl in the channels alone, since the electrons emit
ted from the interchannel web were not collected. On the other hand, in the measure
ments of McClintock and Martin et al. electrons from the interchannel web were col
lected with an electric field. In the latter case 04 ) , the channels were found to contri
bute little (—20%) to the overall quantum efficiency. This was because the Csl coating 
inside the channels was too thin (<400 A) , resulting in a low photoyield. 
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In comparison, the measurements of Lukirskii (48) and Iyesaar (49) are of the 
Q D E of evaporated Csl coatings on flat substrates, and not on MCP's . These show the 
Q D E peak associated with the strong absorption (4d - 4f transition) peak of Csl at 
about 100 eV. This agrees with the results obtained by measurement of the photoemis-
sion current from Csl evaporated coatings (50, 51). The high yields obtained on flat 
substrates will be reduced proportionally by the open area of the M C P unless a 
deflection grid is used. 

Investigations (51, 52) of the variation of quantum efficiency as a function of the 
Csl layer thickness show that (Figure 7) the quantum detection o efficiency, for 
wavelengthso under 100A, is nearly constant for layers above 1000A in thickness. 
Below 1000A thick, the Q D E falls off, due to the increasing transmission of the photo-
cathode layer. 

The Q D E is also a function of the grazing angle of incidence of the incoming radi
ation, as is the case for bare MCP's . The typical curve for Csl is shown in Figure 8, 
demonstrating that there is a peak efficiency at small angles of incidence. It has been 
shown that (51, 52), as for al
due to low energy secondary electrons, which have a narrow energy distribution that is 
relatively invariant with the energy of the incoming radiation (51). 

It is clear from the above that improvements in the Q D E of Csl coatings on 
MCP 's should be achievable by using coatings of sufficient thickness on both the web 
and the channel areas and by using a collecting field above the MCP. 

Some work has also been done with Csl transmission photocathodes (53, 54). 
Bateman (54) has used low density (5% relative density) Csl layers on thin aluminum 
substrates and has obtained high efficiencies (60%) in the X-ray region (6 - 20 keV). 
For work at longer wavelengths, very thin foil substrates are required. Another method 
has been used by Carruthers (53), where the Csl photocathode is deposited on a fine 
mesh grid (36% open area), which is placed in front of the MCP. Due to the reduction 
in sensitive area, however, the efficiency obtained was somewhat less than that for 
opaque photocathodes. 

A n important aspect of the performance of Csl is its stability under atmospheric 
conditions. Several workers ( Π , 50, 51, 55) have reported no degradation of Q D E in 
the range 1 A - 250 A , even under exposure to humid atmosphere. There is evidence 
(53), however, of degradation of Q D E at longer wavelengths after exposure to humid 
air. 

Magnesium Fluoride and Lithium Fluoride 

M g F 2 has been used extensively as an opaque photocathode material for the E U V 
and X-ray regions Q_, 48, 55-59). This is due to its stability in air (55-57) and its abil
ity to increase the quantum efficiency of bare MCP 's by up to a factor of four. 

Figure 9 gives a composite of the measurements of the Q D E of M g F 2 at specified 
grazing angles of incidence. The measurements of Lapson et al. (56), Likurskii et al. 
(48), and Savinov et al. (55) were all made with single channel electron multipliers, 
while the measurements of Henry et al. (1 ) and Fraser (58) were done using MCP's . 
Due to the large variation in the grazing angle of incidence at which these measure
ments were made, it is important to note that the dependence of Q D E on angle is very 
similar to that of Csl and bare MCP 's Q , 48, 55, 57, 58). Nevertheless, it is evident 
that M g F 2 has two reasonably high (40% QDE) Q D E peaks at —200 A and —500 A , 
indicating the suitability of this material for use in the EUV . 
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Figure 6. Quantum detection of
of Csl-coated MCPs and fat samples, as a 
function of wavelength. Key: —, Reference 
48 (10°); —, Reference 49 (20 and 23°); — 
and -, Reference 17; -, Reference 15 (8°); 

and o, Reference 47. Wavelength (A) 

Figure 7. Relative quantum yield of Csl 
coatings as a function of Csl layer thickness. 
Key: +, λ = 44Â (51 ) ; a n d % % \ - 4 4 A (52). 
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Investigations (55, 60) of the stability of M g F 2 photocathodes under exposure to a 
laboratory environment show that, over relatively long periods (weeks), there is little 
degradation of QDE . However, Smith et al. (57) have observed a factor of two degrada
tion in Q D E over a period of 400 days under unspecified storage conditions. 

The Q D E profile of L i F as a function of wavelength is similar to that of M g F 2 

(48, 55, 60), with Q D E peaks in the regions of λ = 200 A (55) and λ = 550 A (60, 59). 
In general, the Q D E of L i F is close to that of MgF 2 , except in the regions of 
100 A - 2 0 0 A and 800 A - 1 0 0 0 A , where the L i F Q D E is higher than that of M g F 2 

(55, 60). L i F is not as widely used as MgF 2 because there is evidence (57, 60) to sug
gest that the Q D E drops on exposure to laboratory air, presumably due to the hygros
copic nature of L iF . Other data (55) indicate very little degradation of Q D E , however, 
even after 1 month in air. It has been suggested (58) that relative humidity levels may 
play a large part in this respect, a factor not specified in these measurements. 

Other Photocathode Materials 

A number of other photocathode materials have been examined (48, 50, 52, 55, 
59) to determine their potential as photocathodes in the soft X-ray and E U V regions. 
The majority of these are alkali halides or alkali earth halides, such as KI, SrF 2 , and 
CaF 2 , which have, in general, significantly higher Q D E than evaporated metal photo-
cathodes (48, 52, 55, 59). Most of the alkali halides exhibit a similar dependence of 
Q D E on grazing angle of incidence (48, 55), which is close to that of the bare MCP. 
Alkali halides show varying degrees of hygroscopic behavior, however, which again 
influences the choice of materials. A number of other materials (BeO, MgO, and Cul) 
which exhibit high Q D E have also been considered (48, 50, 52, 55). The Q D E maxima 
of these materials at selected wavelength bands may be found particularly useful in 
some applications. 

M C P Image Readout Systems 

In recent years, considerable effort has been made to develop high resolution 
distortion-free image readout systems for MCP's . The result is that there is now a large 
range of readout systems with varying resolution, speed, size, and image linearity 
characteristics. The choice of readout system is normaly determined by the constraints 
imposed by the required application, but the comparison of the readout systems dis
cussed here (shown in Table I) gives a general idea of the operational parameters. 

Phosphor/photodetector Systems 

The use of proximity-focussed phosphor screen behind an M C P is an established 
procedure for second generation image intensifier tubes. It is also a convenient method 
for examination of soft X-ray and E U V images. Electronic registration of the images 
can then be accomplished with a T V camera (61), photodiode arrays (62, 63, 98-103) 
or C C D ' s (62, 64, 65) coupled to the phosphor screen by lenses or fiber optic windows. 
Although the event spot size on the phosphor screen is normally 50 μ m - 100 μ, m 
F W H M (63 ), determination of the centroid of the intensity distribution can give better 
resolution than this, provided the M C P channel size and pixel size are sufficiently 
small. For example, the event centroid position on a C C D may be found by examining 
the signal levels on adjacent pixels to determine the center of gravity of the charge 
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Table I. Demonstrated Published Performance of Position Readout Systems 
Readout System Active 

Area 
FWHM 
Spatial 

Resolution 

Pixels Time 
Resolution 

Max 
Count 
Rate 

Refer
ences 

Resistive Anode 25x25 mm —50 μ m 500x500 <10/us >104 (80) 

Wedge and Strip 25x25 mm <40 μιη 600x600 < 10 /LIS > 4 x l 0 4 (33) 

Phosphor + TV 21x21 mm <25 μτη 850x850 >10 ms 104 (61) 

Phosphor 4- Reticon 26 mm <40 Aim 1024x1 5 ms <104 (63) 

Phosphor + CCD 10x10 mm —100 μτη 190x244 >10 ms >10 4 (64) 

Multiwire 26x26 mm <25 μτη >1000x1000 <8 Ats >104 (1) 

Multianode, Quadrant l x l mm — 10 /nm 100x100 <1 Ats >105 (72) 

Multianode, Array 10x10 m

Codacon 26 mm 25 μτη 1024x1 <1 μβ 106 (47) 

M A M A 10x10 mm —20 μπ\ 512x512 <1 μβ 106 (32) 

distribution. The statistical variation of the event centroid position, for the same real 
event position, is much smaller than the overall event spot size. 

CCD ' s and photodiode arrays are obtainable with dimensions on the order of 1 
cm square; for larger formats, the use of tapered fiber optics gives larger effective areas 
which can be used at correspondingly lower spatial resolution. Alternatively, arrays of 
CCD ' s and photodiode arrays have been proposed (66). Count rates can be quite high 
with these devices (>10 4 counts/sec); however, if two events fall in similar positions 
within one readout time frame, the centroid position will be averaged. This type of 
effect may be corrected by pulse amplitude rejection, provided that the M C P pulse 
height distribution is sufficiently narrow (<70% FWHM) . Due to the strong fields and 
small distances for the proximity-focussed phosphor scheme, this arrangement is fairly 
immune to external magnetic fields. This is not true for some of the following readout 
schemes, however, where relatively large distances and low field strengths are used. 
Examples of applications of these types of detector include a photodiode system for 
astronomical F U V spectrophotometry (63), plasma fusion spectroscopy (99-103), and 
E U V spectroscopy using a C C D system for upper atmosphere studies (64, 65). 

Multiwire Readout Systems 

Multiwire position readout systems have been used for a number of years with 
proportional counter detectors (67, 68). Adaptations of this method have proved very 
successful in imaging applications with MCP 's (1, 69-71). A typical arrangement (Fig
ure 10) is described by Knapp (69) and consists of two planes of closely spaced wires. 
Each wire is 0.1 mm in diameter and individual wires are spaced at 0.2 mm intervals 
with a gap on the order of the wire spacing between the two planes. The wires in the 
two planes run orthogonal to each other to permit determination of both the χ and y 
coordinates of an event. Resistors interconnect the wires in each plane and 
preamplifiers are connected to every eighth wire. Thus, a readout system of —130 + 
130 wires, for example, requires 16 + 16 amplifiers. Electron clouds emerging from 
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the M C P are allowed to spread over a number of wires of this 'crossed grid' readout 
system. The coarse event position is found by locating the preamplifier with the 
greatest signal and the centroid position is determined by the ratios of charge division 
between neighbouring preamplifiers. The large number of amplifiers required is a 
disadvantage in some applications. 

The crossed grid readout system gives very little image distortion (70) and can be 
extended to relatively large areas (>26 x 26 mm) without loss of spatial resolution. 
Resolution (—10 μτη FWHM) comparable to the M C P channel diameter has been 
demonstrated CO for a 130 + 130 (26 mm x 26 mm) multiwire system, and can be 
maintained up to counting rates of the order of 104 counts/sec. This type of crossed 
grid readout was successfully used for the High Resolution Imager (HRI) on the Ein
stein satellite (1_) at soft X-ray wavelengths (0.25 - 1.5 keV) and has also been used for 
detection of F U V (1000 A - 2500 Â) light from gas scintillation proportional counters 
(71). 

Multianode Imaging Systems 

There are a number of multanode readout systems (47, 72-78) which have been 
used with MCP's. One such system is the quadrant anode (72), which consists of a 
metal disc divided into four separate quadrants, each connected to a preamplifier. 
Charge clouds from the M C P are allowed to spread over an area 1 - 2 mm in diameter 
before striking the anode. The ratio of the charges detected by diametrically opposed 
quadrants then gives the χ and y event positions. Due to the low noise of the anode, 
very high resolution (<25 μτη FWHM) can be achieved and individual M C P channels 
are easily resolved (72). However, this system allows imaging only of a small area, 1 -
2 mm across, close to the center of the anode, and furthermore, the images obtained 
are very distorted, due to the nonlinear relationship of charge division to position. 

Another simple readout scheme is the discrete anode array (11, 74). This usually 
takes the form of a rectangular array of individual square metal anodes, each connected 
to an amplifier. The event pattern is determined by finding the anode onto which the 
charge from the M C P falls, so the position resolution is therefore limited to the indivi
dual anode size (typically — 1 mm x 1 mm). Unfortunately, this kind of anode array 
cannot be extended usefully to give large numbers of pixels over large areas, due to the 
large number of connections and preamplifiers required. However, low resolution 
anode arrays are particularly useful for high speed devices, since the metal anodes allow 
extraction of charge on short timescales. Commercial optical photocathode/ MCP/ 
multianode devices have demonstrated <300 ps risetime with 4 x 4 image resolution 
(74), 600 ps risetime with 24 χ 18 pixels (75), and a 10 x 10 anode U V sensitive (Csl 
photocathode) tube has been investigated by Timothy (32). 

C O D A C O N Readout System 

Recently, several high resolution large area multianode readout systems have 
been developed (34, 47). One of these, the C O D A C O N , consists of a large number of 
thin (15 μτη wide) metal strips on a 10 μτη thick dielectric substrate. On the opposite 
side of the substrate are a number of pairs of binary code tracks (Figure 11). This 
arrangement is placed close (50 μπύ to the output of a curved channel M C P such that 
an event will deposit charge onto a single metal strip. Charge is induced capacitively on 
the binary code tracks at the appropriate position. According to the distribution of 
induced charge on the binary code tracks, the differential amplifiers connected to binary 
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Figure 10. Scheme of a section of a multiwire position readout system. 

Figure II. Scheme of a 3-bit Codacon position readout system. 
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code pairs will switch to the appropriate state, giving a (parallel) reverse binary position 
readout. Since the anode output already provides digital encoding of the event location, 
the processing electronics is very simple. Therefore only η amplifiers are needed for 2" 
position locations in one dimension. Resolution of —25 μ,ηι F W H M has been achieved 
with a 1024 element linear array (26 mm long) of the type described (47). Two dimen
sional systems of the C O D A C O N type have also been constructed (76) (a 32 x 32 
pixel array was recently demonstrated to one of the authors (OS)). In this case, two 
sets of orthogonally-aligned metal strips are placed on top of one another such that they 
are insulated from each other but are both exposed to the charge from the MCP. The 
sets of strips extend outside the required active area to two independent sets of binary 
code tracks, thus giving both χ and y event positions. 

Image linearity with C O D A C O N schemes is very good and extension to larger 
areas should be possible without loss of position resolution. Fabrication of the C O D A 
C O N pattern, however, requires multilayer integrated circuit production techniques. A 
MCP/linear C O D A C O N system of the type described (wth a Csl photocathode on the 
M C P front face) has been use
(47) and a two dimensional syste
cation (76). 

Multi-Anode MicroChannel Plate Array 

A n alternative multianode readout arrangement is the Multi-Anode MicroChannel 
plate Array ( M A M A ) , developed by Timothy et al. (77). As in the case of the two 
dimensional C O D A C O N , two sets of orthogonal thin ( 1 5 - 2 5 μιη wide) metal strips 
are sandwiched together, but insulated from one another, with the exposed metal left 
bare. This assembly is then placed close to (50 μ m - 100 μ,ηι) the M C P output, so that 
charge from the M C P is allowed to spread over two or three metal strips when imping
ing on the array. In the case of the M A M A , however, strips in each set are connected 
together in a scheme similar to that illustrated in Figure 12 for a 1 x 32 linear array. In 
this fashion, 96 amplifier/discriminators are required for a 512 x 512 array, for exam
ple. However, unlike the C O D A C O N , the position encoding must be carried out in the 
processing electronics. The coarse O/2) event position is determined with the lower 4 
output lines and the fine (1/16) event position then can be deduced using the upper 8 
output lines. Precise (1/32) event positions then may be found by interpolation 
between the 2 or 3 strips involved. To ensure registration of an event on 2 or 3 strips, 
it is essential to keep the dynamic range of the signals low. For this reason, M A M A 
readouts require the narrow pulse height distributions that are available from curved 
channel or high L/d tandem MCP's . 

A variety of M A M A arrays have been built (1 x 512, 512 x 512, 256 x 1024, 
etc.) which demonstrate good resolution (—20 μτη FWHM) over areas of —1 cm χ 1 
cm without any detectable image distortions. The event processing time is typically < 1 
μβ, allowing counting rates of up to 106 counts/sec to be achieved with little (<10%) 
dead time. As in the case of the C O D A C O N , the M A M A pattern is produced with 
multilayer integrated circuit techniques. A number of M A M A detectors are being built 
for use at optical E U V and soft X-ray wavelengths, in both ground-based (77) and 
rocket-launched applications (34). 
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Figure 12. Scheme of a 1 * 32 Mama readout system. 
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Resistive Anode Position Readout Systems 

Resistive anode position readout systems have been used extensively in applica
tions with MCP's and gas proportional counters (78-91). The anode consists of a resis
tive coating (several 100 kil) applied to an insulating substrate, ensuring that the coat
ing resistivity is uniform. A simple one dimensional readout can take the form of a 
rectangular sheet with contacts at opposite ends, and a simple two dimensional readout 
can be a square sheet with contacts at the corners. A particular advantage of resistive 
anode readouts is the small number of amplifiers required; only four amplifiers are 
required for full 2 dimensional imaging. These anodes are usually mounted close (< 1 
mm) behind the M C P output face. 

Two methods can be used to determine event positions, charge division between 
the opposing contacts, or difference in pulse development times between opposing con
tacts. These systems are used since the diffusion of charge from the event location 
gives pulse amplitudes and risetimes proportional to the distance from the contact. 
Simple one dimensional resistiv
simple two dimensional resistiv
charge reflection effects (88). This problem may be largely overcome by using a 
specially-terminated resistive anode ("Gear" anode) with low resistivity borders (84, 
87 , 89 , 90 ). Position resolution of resistive anode detectors is limited by the 
signal/noise ratio, rather than the anode element dimensions, since the resistive ele
ments display considerable thermal noise. However, by using high gain tandem M C P 
configurations, resolutions of —50 μτη F W H M (over —25 mm) have been achieved 
(80) with count rates in excess of 104 counts/sec. The count rate capability is limited 
by the combination of charge diffusion time and electronic processing time. Several 
types of resistive anode detector are available commercially (Hamamatsu, ITT, Surface 
Science Laboratories, ITL). Applications of the resistive anode scheme include soft X -
ray imaging for the E X O S A T satellite (91), F U V spectroscopy of stellar and planetary 
objects (78, 79), and E U V spectroscopic studies of airglow (81). 

Wedge and Strip Readout Systems 

Although the principle of the wedge and strip anode was suggested as early as 
1966 (92), only recently has interest been shown in this position readout technique for 
MCP 's (33, 93-96). The wedge and strip anode can take a variety of forms. The most 
commonly used version has three electrodes (Figure 13), connected to only 3 amplifiers 
for full two dimensional imaging. The anodes are formed by etching the required pat
tern in a thin (10 μτη thick) metal layer which has been deposited on an insulating sub
strate, using standard printed circuit board techniques. One electrode is a set of taper
ing wedge shapes, another is a set of varying width strips, and the third covers the area 
between the latter two. The insulating gaps between the electrodes are approximately 
50 μ m wide and the pattern repetition period is —1 mm. 

The wedge and strip anode must be placed —1 cm behind the M C P output, to 
allow the emerging charge cloud to spread over more than one repetition period of the 
pattern. The incident charge then is divided among the electrodes in ratios according to 
the electrode areas. Since the areas of the wedges vary linearly with position in one 
axis, and the areas of the strips vary linearly with position in the other axis, ratios of 
the charge seen on each of these electrodes with respect to the total charge give linear 
χ and y event positions. (It is important to note that this type of readout system may 
need magnetic shielding, since a magnetic field of —1 Gauss is sufficient to deflect 
image points by —100 μηι.) 
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Figure 13. Scheme of a wedge and strip position sensitive anode. 
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Results show that the image distortion is quite low (better than for comparable 
resistive anode detectors) for detectors with active areas of —20 mm (33, 93, 94). The 
position resolution is determined by the preamplifier noise levels and by statistical vari
ations in the charge division (33, 93). Provided that the amplifier time constants are 
>1 /xs, the resolution achievable with the wedge and strip is superior to that of the 
resistive anode at a given gain and anode size. Using high gain tandem M C P 
configurations, resolution of <40 μτη F W H M has been achieved (33) over —25 mm at 
count rates of up to 4 — 5 x 104 counts/sec. Systems of this type have been used in opt
ical detectors (33) for ground-based spectroscopy and will be used for E U V imaging and 
spectroscopy on the Extreme Ultraviolet Explorer Satellite (4). 
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Multichannel Extreme UV Spectroscopy 
of High Temperature Plasmas 

RAYMOND J. FONCK 

Plasma Physics Laboratory, Princeton University, Princeton, NJ 08544 

Spectroscopy of magnetically confined high 
temperature plasma
spectral ranges deal
impurity line radiation or continuum radiation. 
Detailed knowledge of absolute intensities, temporal 
behavior, and spatial distributions of the emitted 
radiation is desired. As tokamak fac i l i t i e s become 
more complex, larger, and less accessible, there has 
been an increased emphasis on developing new instru
mentation to provide such information in a minimum 
number of discharges. The availability of 
spatially-imaging detectors for use in the vacuum 
ultraviolet region (especially the intensified 
photodiode array) has generated the development of a 
variety of multichannel spectrometers for appli
cations on tokamak f a c i l i t i e s . 

The measurement of extreme u l t r a v i o l e t radiation (EUV) 
emitted from magnetically confined fusion plasmas deals 
p r i n c i p a l l y with the study of l i n e emissions from highly ionized 
impurities i n the hot plasma (J_). The 500-1600 A spectral range 
includes the major Δη = 0 transitions of common i n t r i n s i c low-Z 
impurities such as carbon and oxygen, while the 100-500 Â range 
contains the p r i n c i p a l lines from highly ionized metals such as 
Fe, T i , and Ni. In a hot plasma with central electron 
temperatures on the order of several keV, the low-Z impurity 
radiation comes mainly from the cool plasma periphery while the 
metallic radiation i s emitted from the hotter core region of the 
plasma. Measurement of these emissions can provide sensitive 
l o c a l diagnostics of plasma properties. Determination of the 
absolute i n t e n s i t i e s of spectral lines are coupled with impurity 
transport models (2̂ -4̂  to provide estimates of t o t a l radiative 
power loss due to the impurities. Even re l a t i v e measurements 
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under changing discharge conditions can be used to interpret the 
effects of plasma-wall interactions. Finally/ plasma properties 
such as ion temperature and rotation v e l o c i t i e s can be obtained 
through high resolution studies of impurity spectra. 

A given fusion-grade plasma, whether i t i s i n a tokamak, 
magnetic mirror, or other magnetic confinement device, w i l l i n 
general contain several impurity species, and a l l ion stages of a 
given atomic species w i l l be present somewhere i n the discharge. 
This of course leads to very complex spectra which must be 
measured and analyzed. For example, Figure 1 shows an EUV 
spectrum obtained from the PDX tokamak, and the prominent lines of 
O, C, Fe, and T i ions are indicated. The large background at 
short wavelengths i s due p r i n c i p a l l y to unresolved lines from 
several ion stages of the impurities. Measurements of the time 
h i s t o r i e s of the absolute i n t e n s i t i e s of the designated spectral 
lines i n Figure 1 durin
the minimum amount of informatio
idea of impurity radiated power. To obtain more detailed 
information, such as the transport of impurities across the 
magnetic f i e l d lines i n the tokamak, both sp a t i a l and temporal 
distributions of these li n e s and several others would have to be 
measured. 

Clearly, t h i s becomes a formidable task requiring a large 
number of reproducible discharges when done with conventional 
monochromators. As fusion experiments become more expensive and 
less accessible to the experimenter, r e l i a b l e multichannel 
spectrometers are becoming essential to obtain appropriate 
information on discharge conditions. Even more important than the 
detailed studies of impurities alluded to above i s the a b i l i t y to 
give immediate feedback on impurity behavior and content under 
rapidly changing conditions. In the largest magnetic confinement 
devices, such as the TFTR tokamak, th i s "machine monitor" mode of 
operation w i l l be an indispensible aid to guide the variation of 
discharge operation. 

In t h i s paper, we discuss the requirements for multichannel 
EUV detectors for studies i n controlled thermonuclear research 
(CTR) plasmas. The emphasis i s on obtaining spectra from tokamak 
experiments, but considerations for magnetic mirrors are 
similar. We mention several types of detectors used i n the 20 to 
1700 Â range i n CTR, but only the most common, the i n t e n s i f i e d 
photodiode array, w i l l be discussed i n d e t a i l . These detectors 
are usually placed at the focal surface of an EUV spectrometer, 
which can range from a conventional normal or grazing incidence 
system with a single spherical d i f f r a c t i o n grating to more exotic 
o p t i c a l systems designed to perform s p e c i f i c measurements. 
Examples of both types of uses w i l l be given. 

General Considerations 
There are several c r i t e r i a which are used to evaluate 

multichannel detectors for use i n CTR. Some of those are: 
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Figure 1. Extreme UV (EUV) spectrum, from the PDX tokamak, showing prominent 
impurity emission lines. (Reproduced with permission from Ref. 12. Copyright 1982, 

Appl. Optics.J 
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(A) S e n s i t i v i t y 
(B) S t a b i l i t y 
(C) Uniformity 
(D) Spatial Resolution 
(E) Dynamic Range 
(F) Time Resolution 
(G) Susceptibility to harsh electromagnetic environments 
(H) Storage space requirements 
(I) Radiation hardness 

Several of these properties are interelated, and the 
importance of a given feature depends i n large part on the 
proposed application. We concentrate here on applications to 
broad spectral band monitoring of CTR plasmas to provide 
qua l i t a t i v e and quantitative survey spectra. 

The spectral range of interest i s t y p i c a l l y anywhere from 20 
to 1500 Â for general impurity monitoring  and a detector must 
have good s e n s i t i v i t y
range. Since absolut
required, the s t a b i l i t y of a detector's response over long periods 
i s especially c r u c i a l for minimizing the required maintenance and 
recalibration e f f o r t s . This requirement becomes more important as 
tokamak f a c i l i t i e s become larger and less accessible. For a given 
spectrometer, the s p a t i a l resolution of the detector determines, 
i n large part, the ultimate spectral resolution of the system 
consistent with the spectrometer apertures being large enough to 
admit a detectable l i g h t flux. In addition to resolution as 
specified by the f u l l width at half maximum (FWHM) of a spectral 
l i n e p r o f i l e , the contrast afforded by the detector ( i . e . , how 
fast the wings of the l i n e p r o f i l e drop away from the l i n e center) 
i s an important factor i n determining the a b i l i t y to detect weak 
lines i n close proximity to very strong l i n e s . Typical l i n e 
i n t e n s i t i v e s range from 10 1 2 to 10 1 5 photons/cm2^* s e s r and 
experience on several tokamaks indicate that spectrometer s l i t s 
with at least 20 to 50 Um widths are required for reasonable 
signal-to-noise r a t i o s . Hence detectors with FWHM < 50 Um are 
desirable to obtain 2 to 3 detector resolution elements within the 
instrumental l i n e p r o f i l e . Transient events i n hot plasmas can 
occur on time scales of ~ 0.1 ms [e.g., impurity spectra produced 
by laser ablation i n j e c t i o n (5^), or excitation of impurity spectra 
by pulsed diagnostics neutral beams (6_)] while for rountine 
monitoring of impurities, a time resolution of ~ 10 ms i s 
s u f f i c i e n t . F i n a l l y , CTR experiments present noisy e l e c t r i c a l and 
magnetic environments for operation of sensitive imaging 
detectors, and care i s required to provide appropriate shielding 
and i s o l a t i o n . Steady state and transient magnetic f i e l d s on the 
order of 1 kG are present i n diagnostic areas, and large 
electromagnetic pulses are present near the machines (some of the 
larger perturbations being due to f a u l t s or abrupt terminations of 
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several MW neutral beam sources or to the presence of several MW 
radiofrequency sources for heating the plasma). The near future 
w i l l see CTR plasmas which emit large levels of energetic 
neutrons, and detectors must be hardened for radiation noise and 
damage. 

The generic one-dimensional imaging device used for EUV 
plasma spectroscopy employs a microchannel plate (MCP) {7) image 
intensifier/converter placed at the focal surface of the 
spectrometer. This provides an imaging device which converts EUV 
photons to electrons and amplifies the electron current with gains 
of 10 to 10 6. These detectors have a very fast time response (8_, 
9̂ ) and are easily available from several commercial sources. The 
main disadvantages to the MCP seem to be the available dynamic 
range, especially at high gain, and to a lesser extent, the 
achievable s p a t i a l resolution i n a t y p i c a l MCP proximity focussed 
i n t e n s i f i e r . Both of thes
addressed and improved upo

The conversion of the electron signal out the back of the MCP 
to a useful signal i s achieved via two approaches: 1) the 
electron current i s read d i r e c t l y with some sort of multi-anode 
structure, which allows operation i n either a pulse-counting or 
analog current measurement mode; and 2) the electrons are 
accelerated into a phosphor to produce v i s i b l e photons which are 
then detected by a multichannel v i s i b l e l i g h t detector. The 
l a t t e r approach i s almost always used i n an analog mode for broad 
band magnetic fusion spectroscopy. We give most of our attention 
to t h i s second approach because i t i s the most widely used and 
offers the greatest f l e x i b i l i t y i n a given detector. 

Several v i s i b l e detectors have been used i n CTR research as 
the encoding device behind an MCP for EUV spectroscopy. These 
have included a gated Vidicon (10), a CID camera (11), and most 
commonly, a self scanning photodiode array (PDA) (12, 13). The 
s e l f scanning PDA has achieved widespread use and has shown i t s e l f 
to be a very useful and f l e x i b l e detector. It i s discussed i n 
some d e t a i l i n the next section. 

Intensified Photodiode Array 

An i n t e n s i f i e d photodiode array (IPDA) detector for one-
dimensional s p a t i a l imaging i n the EUV i s shown i n Figure 2. This 
type of detector was o r i g i n a l l y described by Riegler and Moore 
(14) · It consists of a microchannel plate whose output i s 
o p t i c a l l y coupled to a s e l f scanning photodiode array. An 
incident photon produces a photoelectron which i s subsequently 
amplified by the MCP. The exiting electrons are proximity 
focussed onto a phosphor layer which converts the electron energy 
to v i s i b l e photons. Proximity focussing i s accomplished by 
applying a 5 kV potential across the small gap (~ 1 mm) between 
the back of the MCP and the phosphor. P-20 phosphor i s t y i c a l l y 
used for maximum signal and good matching to the photodiode array 
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response. This phosphor i s coated on the face of a fi b e r optic 
image conduit which i s o p t i c a l l y contacted to the PDA. 

The photodiode array most commonly used i s the Reticon 1024SF 
which has 1024 pixels on 25 Um centers. Each p i x e l i s 2.5 mm 
high, which gives an aspect r a t i o (height to width) of 100:1 and 
i s well suited for acting as an exit s l i t for a grating 
spectrometer. The large p i x e l size allows a large dynamic range 
(maximum signal/readout noise) i n a single scan. These features 
make the i n t e n s i f i e d photodiode array a very attractive detector 
for simultaneous observation of intense and weak emissions. 

Requiring at least 2 pixels per resolution element gives a 
maximum of 512 resolution elements across the array. Readout 
times of the PDA can vary greatly depending on the driving 
electronics/ and scan integration times from 1 to 50 msec are 
readily achievable. The PDA has v i r t u a l l y no image lag on 
successive scans, whic
rapidly varying spectra
determined by the photocathode material on the MCP and the PDA 
responds only to the phosphor output/ the IPDA can serve as a 
general detector ranging from the soft X-ray to the far v i s i b l e . 
The response of an IPDA with a Cul photocathode i s shown i n 
Figure 3. 

Another attractive feature of the PDA i s the f l e x i b i l i t y i n 
readout pattern available with single detector. By s e l e c t i v e l y 
c o l l e c t i n g data from predetermined pixels or groups of pixels, 
time resolution can be increased and required memory space can be 
minimized. 

The resolution of the IPDA detector i s determined c h i e f l y by 
spreading of the electron cloud as i t exits the back of the MCP 
and i s accelerated towards the phosphor. Ignoring space charge 
effects, which are unimportant for a single MCP run at a gain of 
10^ or less, (15) simple o r b i t theory gives the charge spreading 
due to a point source of electrons i n the channel to be 

Y = 2 s i n (2θ) ( 1̂ + V /Ucos20 - l) (1) 
v -u ph Ph 

In Eq. (1), Y i s the diameter of the electron cloud at the 
phosphor surface, θ i s the eff e c t i v e angle at which an electron i s 
emitted relati v e to the MCP channel axis, s i s the separation 
between the phosphor surface and the MCP, U i s the mean electron 
energy at the end of the channel, and Vp h i s the potential 
difference between phosphor and MCP. Although t h i s description 
grossly oversimplifies the actual physical processes occuring at 
the MCP-phosphor interface, i t provides a remarkably good semi
quantitative estimate of the net detector resolution. Figure (4) 
shows the measured FWHM of a spectral l i n e p r o f i l e measured with 
an IPDA on the output planes of two VUV spectrometers with similar 
instrumental functions. The s o l i d l i n e i s given by Eq. (1) with a 
50 Um offset added to account for the channel-to-channel 
separation of the MCP (15 Um) and the spectrometer resolution due 
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Figure 2. Intensifiedphotodiode array detectorfor one-dimensional UV spatial imaging. 
(Reproduced with permission from Ref. 13. Copyright 1981, American Institute of 

Physics.) 
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Figure 3. IPDA detector response for an MCP with a Cul photocathode. Ordinate is in 
units of electrons produced in the photodiode array per photon incident on the MCP. 
(Reproduced with permission from Ref. 13. Copyright 1981, American Institute of 

Physics.) 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



284 M U L T I C H A N N E L I M A G E D E T E C T O R S 

200 

160 

120 

80 

0 = Proto-SPRED,s=I.Omm 

Δ =Proto-SPRED,s =0.4 mm 

• =SPRED , s = l.0mm 

x =SPRED ts=0.43mm 

W/, 
GRATING RE 

0.8 I .0 1.4 

s/Vph'^i mm/kV1^) 

I .6 

Figure 4. Resolution obtained with an IPDA as a function of intensifier parameters. 

Solid line is from Equation I with V-30 Vand θ -10.5° plus an offset of50 μτη. The grating resolution usedfor 
the two spectrometers is noted. The Proto-SPRED spectrometer is shown in Figure 10, and the SPRED 
spectrometer is shown in Figure 12. The area marked MCP reflects the channel-to-channel spacing of the MCP. 

(Reproduced with permission from Ref 12. Copyright 1982, Appl . OpticsJ 
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to the f i n i t e s l i t width (~ 30 Urn) . The values of U = 30 eV and 
θ = 10.5° used for the f i t to the data are t y p i c a l for a single 
stage MCP i n t e n s i f i e r (16)· 

In practice, the detector resolution i s limited by the value 
of s, the MCP-phosphor separation, since e l e c t r i c a l breakdown 
eventually occurs i f V p h i s kept at a reasonably high value of ~ 5 
kV. Values of s down to 0.4 mm are possible with V p h = 5 kV i f 
s u f f i c i e n t precautions are taken to ensure a clean vacuum and that 
the phosphor and MCP surfaces are s u f f i c i e n t l y smooth. 

Although a FWHM of 40 Um or less i s achievable with the IPDA, 
the l i n e p r o f i l e obtained with t h i s detector i s not optimal for 
quantitative spectroscopy of dense spectra. Figure 5 shows the 
l i n e p r o f i l e (at 304 Â) obtained with an IPDA on a grazing 
incidence spectrometer. The s o l i d l i n e i s a least squares best 
f i t of the data to a convolution of the PDA response function (a 
trapozoid of base widt
Lorentzian function. Th
description of the l i n e p r o f i l e from the i n t e n s i f i e r indicates 
that the wings of the instrumental function decrease rather slowly 
as one moves away from the l i n e center. This presents severe 
problems when trying to separate weak lines from nearby strong 
li n e s (c.f. Figure 1). In effect, the i n t e n s i f i e d PDA suffers 
from r e l a t i v e l y poor contrast and, i n many cases, t h i s property 
can be i t s chief defect. 

The time response of the IPDA i s usually determined by the 
decay time of the phosphore s ence of the phosphor layer. For P-20 
phosphor, i t usually takes about 2 ms for the output to decay to 
10% of the i n i t i a l value. A t y p i c a l decay characteristic for an 
MCP i n t e n s i f i e r i s shown i n Figure 6. The decay i s not 
exponential. Faster decays can be obtained using other phosphors, 
but phosphor efficiency and optimal matching to the PDA response 
may then be compromised. 

The major sources of noise i n the detector are dark current 
shot noise and readout noise (17). A PDA has a fixed pattern 
noise l e v e l due to transient signals being coupled to the video 
lines by external stray capacitances and a noise l e v e l due to 
uncertainty i n resetting each diode during the readout process. 
Dark current noise can be made negligible by cooling the PDA (a 
t y p i c a l temperature for operation i s -20°C using a P e l t i e r 
thermoelectric cooler). The fixed pattern noise l e v e l can be 
eliminated by subtracting a dark scan from the data scan, as shown 
in Figure 7. With careful c i r c u i t design, the residual noise 
l e v e l can be reduced to ~ 1000 electron-hole pairs i n a controlled 
environment· 

The output of a p i x e l of the PDA i s linear up to at least 2 χ 
10^ times greater than i t s noise l e v e l , and comparison of the 
r a t i o between weak and strong spectral lines using the IPDA 
indicates that the MCP/intensifier output also i s linear to ± 5% 
over t h i s same range. Thus, the dynamic range i n a single scan 
can be as high as 104:1, which i s very useful since spectra from 
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2 4 6 

Figure 5. Line profile obtained with an IPDA detector system. 
Key:0, signalsfrom individual pixels; and—, the best fit ofdata to a convolution ofa Lorentzianfunction with 
the PDA response function and the entrance slit width. FWHM of the fitted Lorentzian is 1.84 pixels. 

(Reproduced with permission from Ref. 12. Copyright 1982, Appl . Optics J 
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Figure 6. Decay characteristic of an intensifier phosphor output when a steady source is 
stopped att-0. The intensifier had P-20 phosphor. (Reproduced with permission from 

Ref. 12. Copyright 1982, Appl. Optics.J 
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plasmas can have both weak and strong l i n e s of interest i n a given 
discharge. 

The readout and data storage electronics for the IPDA can be 
quite varied, and two systems presently i n use on tokamaks are 
mentioned here. Figure 8 shows a block diagram of the electronics 
used i n an IPDA system i n use at the Princeton university Plasma 
Physics Laboratory (PPPL) on the PDX and PLT tokamaks. The PDA i s 
controlled by an optical multichannel analyzer system from EG&G 
Princeton Applied Research Corporation. This system, whose 
performance i s described i n some d e t a i l by Talmi and Simpson (17) 
allows a great deal of f l e x i b i l i t y i n the output format of the PDA 
data. The entire 1024 pixels or selected portions thereof can be 
read ( f u l l or p a r t i a l spectrographic modes of operation); 
alternately, adjacent pixels can be grouped to a common datum 
readout and other spectral regions skipped to allow observation of 
spe c i f i c spectral line
for a f u l l spectrographi
seven isolated spectral l i n e s ( i . e . , p i x e l groups) can be sampled 
at a 1 kHz clock rate i n the polychromator mode. The PARC 1412 
detector head and PARC 1218 PDA controller module are interfaced 
to a mainframe computer system v i a a CAMAC interface system. The 
data i s read d i r e c t l y into dual port memory modules which act as 
buffers for temporary data storage. The output register supplies 
programming commands to specify the PDA readout pattern, and the 
programmable clock provides a sequence of trigger pulses, each of 
which i n i t i a t e s a scan of the PDA. The programmable clock allows 
varying scan integration times for importance sampling during a 
tokamak discharge (duration ~ 1 sec) and hence helps minimize 
l o c a l memory requirements. The l o c a l CAMAC crate i s fi b e r 
o p t i c a l l y coupled to the s e r i a l CAMAC highway to eliminate ground 
loops and noise pickup. The CAMAC system i s controlled by a PDP-
11 on PDX and PLT. This interface system provides a r e l a t i v e l y 
simple and cheap method of interfacing a PDA detector system to an 
existing data acquisition system with several separate diagnostic 
systems controlled by a single computer. 

An alternate approach using a dedicated desktop computer has 
been developed by the Johns Hopkins University spectroscopy group 
(13). A block diagram of th e i r system i s shown i n Figure 9. The 
Reticon Evaluation C i r c u i t Board (RC1024S) i s used for the 
scanning c i r c u i t r y . The d i g i t i z e d (12-bit) data are transmitted 
to the remote data processor and control unit and held i n a buffer 
memory access. The data i s stored on f l e x i b l e disk and can be 
processed and displayed on graphical output between plasma 
shots. This system has the advantages of a dedicated computer 
system and easy mobility, while largest disadvantages seem to be 
cost and lack of general a v a i l a b i l i t y . The system shown i n Figure 
9 reads out a f u l l scan every 3.7 ms. This increased time 
resolution comes out at the expense of dynamic range ( i . e . , 12-bit 
data versus 14-bit data output from the PARC electronics)· 
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Applications of the IPDA 

The application of IPDA1s to spectroscopy of fusion plasma i s 
a r e l a t i v e l y new pheonomenon and we mention here a few of the 
conventional and unconventional EUV spectrometer systems made 
possible by the a v a i l a b i l i t y of these detectors. 

The simplest application of the IPDA i s to place i t at the 
output focal surface of a t y p i c a l vacuum u l t r a v i o l e t 
monochromator. Such a system i s shown i n Figure 10 and has been 
employed on the PDX tokamak ( 18). The spectrometer i s a 0.2 m 
foc a l length normal incidence spectrometer which i s readily 
available commercially (e.g., Action Research Corporation, Model 
VM-502)· The orientation of the detector as shown results i n 
substantial defocussing on the edges of the detector plane, but 
t h i s can be minimized by proper orientation of the detector along 
the tangential focal surfac
and hence large dept
coverage of ~ 900 Â i n f i r s t order of d i f f r a c t i o n with ~ 3 Â 
resolution. Rotation of the grating allows coverage of the 300-
1700 Â spectral range. The holographic gratings employed i n the 
spectrometer provide a s u f f i c i e n t l y broad blaze that increased 
resolution i s available with reasonable e f f i c i e n c i e s by working i n 
higher orders of d i f f r a c t i o n . This spectrometer system has been 
used to provide a monitor of general machine and impurity 
conditions. A sample of spectra obtained from the PDX tokamak i s 
given i n Figure 11· The spectrum labelled Diverted corresponds to 
discharges bounded by a magnetic divertor system on PDX which i s 
employed to remove the contact between the hot plasma and a 
material surface to a remote b u r i a l chamber, thus minimizing the 
production and influx of metallic impurities in the discharge. 
The second scan corresponds to a discharge with a conventional 
metallic (titanium) r a i l l i m i t e r i n the main plasma chamber to 
provide the plasma-surface contact point. The reduction of 
metallic impurities and increased fueling requirements (evidenced 
by increased hydrogen emissions) i n diverted discharges i s 
immediately obvious from these two spectra. 

A much more sophisticated and v e r s a t i l e normal incidence 
time-resolving spectrograph i s described by B e l l , Finkenthal, and 
Moos (13). They employ a normal incidence spectrometer with seven 
separate d i f f r a c t i o n gratings and an IPDA detector system i n place 
of the exit s l i t on the Rowland c i r c l e . The gratings are blazed 
and coated to give maximum eff i c i e n c y i n different wavelength 
intervals. A p r e - s l i t i s employed to illuminate a single grating 
at a time. This system has been employed on the Alcator A and 
TFR-600 tokamaks. The wavelength range i s 300-200 Â and the 
resolution varies between 0.7 to 4 Â. 

Since many important spectral lines from hot plasmas are 
emitted at very short wavelengths (< 300 Â), the IPDA has been 
increasingly used i n grazing incidence spectrometer systems on 
tokamak f a c i l i t i e s . Hodge et a l . (19) have placed an IPDA tangent 
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to the Rowland c i r c l e on a 1-meter foca l length grazing incidence 
spectrometer (a = 88°) i n order to observe spectra i n the 20 to 
300 Â range from the PLT tokamak. A desirable feature while 
working at such grazing angles of incidence on the detector plane 
i s that an electron c o l l e c t i o n f i e l d be employed or the MCP must 
be funneled to provide a decent detection e f f i c i e n c y (20)· A 
general impurity monitor for tokamak plasmas has been developed by 
the author and co-workers by employing a Type IV t o r o i d a l 
d i f f r a c t i o n grating i n a grazing incidence spectrometer (a = 71°) 
(12) · The gratings are aberration-corrected to give a f l a t f o c a l 
surface which matches the input face of an IPDA. A schematic of 
such a system i s shown i n Figure 12. This spectrometer provides 
spectra over the 100-1100 Â range with 2 Â resolution. A f u l l 
spectrum such as shown i n Figure 1 i s recorded every 20 ms. 

The f l e x i b i l i t y and u t i l i t y of these spectrometers with IPDA 
detectors i s quite obvious
low wavelength spectra
in Figure 12. Only one half of f i v e of the f u l l t h i r t y - f i v e 
recorded scans are shown here. The abrupt appearance of the TiXI 
and XII lines and a group of lines at 200-300 Â i n scan 13 i s 
indicative of an influx of titanium into the discharge. Within 20 
msec, these ions have diffused into the hot plasma core and 
ionized up to produce strong TiXIX and XX l i n e s . Before these 
atoms leave the plasma, another burst of T i influx occurs i n scan 
15. Throughout these random bursts of T i influx, i t i s noted that 
the oxygen radiation i s unaffected. This wealth of information i s 
obtained i n a single shot, while a standard monochromator would 
have required a large number of reproducible discharges to produce 
similar information. 

Operation i n the polychromatic mode allows the determination 
of the time evolution of individual ion species. Figure 14 shows 
polychromatic data obtained with the spectrometer of Figure 12 on 
the PDX tokamak. For t h i s data, several groups of p i x e l s , ranging 
i n sizes from 4 to 8 pixels and each covering a spectral l i n e of 
interest, were sampled with a 2 msec integration time. The sudden 
r i s e i n the ScXI and ScXVII lines i s due to a short burst of 
scandium influx induced via laser ablation of a thin Sc f i l m from 
a glass s l i d e . As Sc moves into the discharge i t ionizes upward 
u n t i l i t reaches a terminal stage of ScXVIII or XIX i n the center 
of the discharge. The subsequent decay of these central ions i s 
due to the loss of Sc from the discharge and i s a measure of the 
impurity confinement time. The fact that the OVI radiation 
remains unchanged throughout t h i s process indicates that the 
in j e c t i o n process i s nonperturbing. Again, the number of 
discharges required to get the salient data i s s i g n i f i c a n t l y 
reduced by using the IPDA/spectrometer system instead of 
conventional monochromators. 

Discussion 
A notable multichannel spectrometer which does not use an 

IPDA i s the SIDS (Spatial Imaging Detector System) spectrometer 
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Figure 13. Time evolution of low-wavelength spectra showing bursting of titanium 
radiation in a PDX discharge. (Reproduced with permission from Ref. 12. Copyright 

1982, Appl OpticsJ 

Figure 14. Polychromatic output of the spectrometer in Figure 12 showing the time 
evolution of Sc spectral lines arising from laser blowoff injection of Sc in a tokamak 
discharge, integration time is 2 ms. (Reproduced with permission from Ref. 12. Copy

right 1982, Appl. Optics.; 
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system developed by Richards jet a^. (21 ) · This system uses a 
discrete anode array behind a high gain MCP combination to provide 
a photon counting detector with 19 separate channels. Placing 
this detector behind the exit s l i t of a conventional normal 
incidence EUV spectrometer allows one-dimensional images of the 
plasma to be recorded at a given wavelength with r e l a t i v e l y high 
time resolution (~ 0.1 msec). This system has been used 
extensively on the Alcator tokamaks and on the TMX magnetic mirror 
experiment. 

The above discussion i s presented merely to give an idea of 
the types of EUV detectors and their applications i n use on 
present fusion plasma experiments. It i s by no means an 
exhaustive l i s t of p o s s i b i l i t i e s . Indeed, several different 
detectors are i n use or being planned i n future experiments. 
Resistive anode encoders w i l l probably see more use i n fusion 
experiments as they becom
low count rates availabl
these detectors being used mostly for l i n e p r o f i l e studies (e.g., 
ion temperature measurements v i a Doppler broadening 
measurements)· Intensified CCD arrays (back-illuminated or 
otherwise), vidicon or CID systems, lens-coupled i n t e n s i f i e r s , and 
anode detectors have a l l seen some use on tokamak experiments or 
are planned for the near future, but have not been widely used as 
yet. However, i n terms of a v a i l a b i l i t y , p i x e l format, dynamic 
range, i n s e n s i t i v i t y to magnetic f i e l d s , compact package, and 
moderate cost, the IPDA remains the most v e r s a t i l e multichannel 
EUV detector for plasma spectroscopy. 

An interesting development of the IPDA has recently been 
reported by Benjamin et a l . ( 22). They use a high gain (~ 10^) 
MCP combination coupled with a rapid readout of the PDA to allow 
detection of individual photons. Centroiding of the photon pulse 
allows spa t i a l resolutions less than the p i x e l width. Also, a 
P-46 phosphor i s used for fast time response. This system may be 
quite useful for l i n e p r o f i l e measurements i n the EUV, where low 
counting rates can be tolerated. 

Improvements i n the IPDA would be desirable i n the areas of 
resolution and contrast. The high wings i n the l i n e p r o f i l e s from 
some i n t e n s i f i e r s should be eliminated i f possible, perhaps by 
adjusting the end spo i l i n g depth of the MCP or t a i l o r i n g the 
phosphor thickness to reduce l i g h t scattering i n the phosphor. 
F i n a l l y , a large problem looming on the horizon for the use of 
these detectors i n fusion research i s the performance and 
r e l i a b i l i t y expected i n high radiation environments. Even i n the 
r e l a t i v e l y protected areas near the next generation of fusion 
experiments (e.g. TFTR, JET, JT-60), fast neutrons (14 MeV) and 
the resultant gamma rays w i l l provide a f a i r l y h o s t i l e 
environment. Considerations of noise, degradation and damage to 
the PDA, ans deterioration or coloring of the f i b e r optics w i l l 
have to be addressed i n the near future. 
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Spectrometers for Rocket, Balloon, 
and Spacecraft Experiments 

AKIYOSHI MATSUZAKI, YOSHIHARU NAKAMURA, and TOMIZO ITOH 

The Institute of Space and Astronautical Science, Komaba, Meguro, Tokyo 153, Japan 

While photometers using band-pass filters have long 
been the most popula
nomic studies, mainl
can imagine that more exact and new experimental data 
could become available from variable spectral mea
surements. Yet, in spite of this promise, very few 
such experiments have been made. Especially, no 
variable spectral window spectrometers have been 
available for rocket experiments; fast scanning of 
a spectrum is required in order to measure it with
out being affected by rocket motion. Moreover the 
spectrometer must be designed to get the satisfactory 
experimental results under various adverse conditions 
and restrictions, e.g., shock of launching, dimensions 
and data transmission limitations, etc.. In recent 
years, we have developed new types of spectrometers 
based on multichannel spectroscopy using image sensors 
for rocket, balloon, and spacecraft experiments. 

T h i s a r t i c l e r e p o r t s on new i n s t r u m e n t a t i o n f o r measuring 
s p e c t r a i n r o c k e t , b a l l o o n , and s p a c e c r a f t o b s e r v a t i o n s . I n the 
p a s t , most o p t i c a l measurements, performed i n aeronomic o p t i c a l 
e x p eriments, were o b t a i n e d w i t h bandpass f i l t e r photometers. 
However, t h e r e are many advantages t o measurements o f whole 
s p e c t r a , i . e . , more i n f o r m a t i v e d a t a can be o b t a i n e d . For example, 
l e a s t - s q u a r e s curve f i t t i n g t e c h n i q u e s can be used t o o b t a i n more 
a c c u r a t e i n t e r p r e t a t i o n s , r o t a t i o n a l and v i b r a t i o n a l temperatures 
can be c a l c u l a t e d and dynamic m o l e c u l a r p r o c e s s e s can be s t u d i e d . 

Table I , shows the spectrometers r e c e n t l y developed by the 
a u t h o r s . A l l are based on the p r i n c i p l e o f m u l t i c h a n n e l s p e c t r o s 
copy u t i l i z i n g image d e v i c e s as sensors ( 1 ) . In the s e spectrome
t e r s , a spectrum i s scanned r a p i d l y e l e c t r o n i c a l l y , t y p i c a l l y i n 
10 ms. S p e c t r a l d a t a can be r e a d i l y a v a i l a b l e i n a d i g i t i z e d form, 
the s e n s i t i v i t y o f these image d e v i c e s i s g e n e r a l l y b e t t e r than 

0097-6156/ 83/0236-0297S07.50/0 
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Table I. 

L i s t o f the spectrometers developed by the authors f o r r o c k e t , 

b a l l o o n , and s a t e l l i t e experiments. 

Μ Ν J wavelength ~ ^ . purpose o f No. on board . & D e t e c t o r s F r . r e g i o n experiment 

1. r o c k e t 

2. r o c k e t 

near IR 
(680-900nm) 

near IR 
(755-770nm) 

a r r a y ment o f H 2 0 and 0 2 

c o n c e n t r a t i o n s and 
temperature. 

image i n t e n s i - The r o t a t i o n a l 
f i e d photodiode temperature o f the 
a r r a y m o l e c u l e . 

3 b a l l o o n near IR charge coupled The s t r a t o s p h e r i c 
(670-870nm) d e v i c e (CCD) a e r o s o l e x t i n c t i o n . 

4. b a l l o o n IR 
(2-5ym) 

p y r o e l e c t r i c 
v i d i c o n 

Simultaneous measure
ment o f H 2 0 , C 0 2 , 
and C H 4 c o n c e n t r a 
t i o n s . 

s a t e l l i t e IR 
(1.6-2.4ym) 
(2.8-4.8ym) 
(8.8-10.2ym) 

s o l i d - s t a t e 
p y r o e l e c t r i c 
a r r a y sensor 

Simultaneous measure
ment o f H 2 0 , C 0 2 , 
C H 4 , and O 3 concen
t r a t i o n s . 
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t h a t o f any e x i s t i n g p h o t o g r a p h i c emulsions and l i n e a r i t y i s 
s a t i s f a c t o r y over a wide dynamic range ( 2 ) . 

T h i s paper w i l l c o n c e n t r a t e on the unique requirements o f 
aeronomic s p e c t r o s c o p y and on the a p p l i c a t i o n o f image d e v i c e s t o 
these measurements. Spectrometer 1, Table I , was developed f o r 
r o c k e t experiments i n t e n d e d t o measure the NIR a b s o r p t i o n s p e c t r a 
o f H 20 and 0^ molecules i n the middle atmosphere. A photodiode 
a r r a y was used as the s p e c t r o m e t r i c sensor. With t h i s s p e c t r o 
meter we were a b l e t o measure the NIR s o l a r r a d i a t i o n spectrum 
w i t h an a l t i t u d e r e s o l u t i o n b e t t e r than 2 km. Spectrometer 2, 
Table I , was b a s i c a l l y o f the same d e s i g n as s p e c t r o m e t e r 1, 
except t h a t an image i n t e n s i f i e r was o p t i c a l l y coupled t o the 
diode a r r a y t o p e r m i t low l i g h t - l e v e l measurements. The r e s o l u 
t i o n o f t h i s s pectrometer was adequate f o r measurements o f 
r o t a t i o n a l p r o f i l e s o f t h e Α-band a b s o r p t i o n s p e c t r a o f 0^ mole
c u l e s . We were a b l e t
oxygen m o l e c u l e s , i n th
w i t h an a c c u r a c y o f + 1.5°, and a s p a t i a l r e s o l u t i o n b e t t e r than 
2 km. These experiments p r o v i d e d the b a s i s f o r study o f the 
dynamic p r o c e s s e s o f atmospheric m o l e c u l e s . Spectrometer 3, 
Table I , p r o v i d e d y e t another i n s t r u m e n t a l approach f o r b a l l o o n 
experiments i n t e n d e d t o measure the e x t i n c t i o n o f s o l a r r a d i a t i o n 
by s t r a t o s p h e r i c a e r o s o l . Spectrometer 4, T a b l e I , based on the 
use o f a p y r o e l e c t r i c v i d i c o n image d e v i c e , was developed t o 
measure the s t r o n g a b s o r p t i o n bands o f n o n - i s o n u c l e a r molecules ( 
2-5 ym r a n g e ) . R e c e n t l y we have developed s p e c t r o m e t e r 5, T a b l e 
I , based on the use o f a s e l f - s c a n n e d s o l i d s t a t e p y r o e l e c t r i c 
a r r a y sensor. The main advantages o f t h i s s e n s o r , over the 
p y r o e l e c t r i c v i d i c o n , a re i t s improved s e n s i t i v i t y and reduced 
c h a n n e l - t o - c h a n n e l c r o s s - t a l k . 

We w i l l f i r s t d i s c u s s s t u d i e s performed w i t h spectrometers 1 
and 2, then w i t h spectrometer 3 and f i n a l l y s p e c t r o m e t e r s 4 and 
5. In the s p e c t r a l measurements, d a t a p r o c e s s i n g i s o f e s s e n t i a l 
importance. Because, a l a r g e amount o f e x p e r i m e n t a l d a t a must be 
q u i c k l y and a c c u r a t e l y t r a n s m i t t e d , a PCM ( p u l s e code modulation) 
t e l e m e t r y i s i n d i s p e n s a b l e , and w i l l be a l s o d i s c u s s e d . 

1. Rocket-borne Spectrometer f o r the Study o f Dynamic M o l e c u l a r 
Processes i n the Atmosphere 

In the r o c k e t experiments, the NIR a b s o r p t i o n s p e c t r a o f 
v a r i o u s atmospheric c o n s t i t u e n t s were measured. U s i n g the s o l a r 
l i g h t as the p r i m a r y l i g h t source i t s e x t i n c t i o n due t o absorption 
and s c a t t e r i n g by the atmospheric c o n s t i t u e n t s was measured ( 3 ) . 
T h i s method a l l o w s measurements o f a b s o r p t i o n s p e c t r a w i t h a con
t a m i n a t i o n - f r e e and long o p t i c a l p a t h . However, because o f the 
complex and r a p i d motion o f the r o c k e t i t i s d i f f i c u l t t o con
t i n u o u s l y u t i l i z e the s o l a r l i g h t . A r o c k e t motion can be r o u g h l y 
c o n s i d e r e d as c o m p r i s i n g t h r e e b a s i c motions: s p i n around the 
r o c k e t a x i s , p r e c e s s i o n o f the l o n g i t u d i n a l a x i s , and change o f 
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the trajectory azimuth. With S-310 type rocket, used i n this 
study» the period of spin motion i s approx. 1/3 Hz, i n the f i r s t 
50 seconds following launch, and approx. 1 Hz thereafter. The 
period and amplitude of the precession are approx. 4 minute and 
25°, as a whole angle, respectively. Changes in the trajectory 
azimuth depend on the rocket altitude and is affected by wind and 
other factors such as the position of the mass center of the 
rocket etc.. To successfully u t i l i z e a spectrometer based on the 
solar occultation method we had to resolve two essential problems: 
(1) How can the period of constant incidence of solar light be 
prolonged? (2) How rapidly can a spectrum be measured? Another 
important problem that had to be solved was the deveolpment of a 
mechanical support for the spectrometer to counteract the violent 
vibrations and acceleration of the rocket. 

Spectrometer 1 i s based on a linear seIf-scanned image sensor, 
capable of providing a
spectrometer was borne
from Kagoshima Space Center (131°04 45"E, 31°15 00"N) at 17:47 
JST (Japan Standard time, 135°E) on February 2, 1980. The spec
trometer, that measured the NIR absorption of atmospheric 
constituents such as 0^ and Ĥ O, was according to our knowledge 
the f i r s t rocket-borne multichannel spectrometer capable of 
measuring spectra with an altitude resolution better than 2 km. 
The schematic diagram of the spectrometer i s shown i n Figure 1. 
The solar light entered the spectrometer input s l i t through a 
window which was opened on the rocket wall. The optical system, 
consisting of lenses, a d i f f u s e r , and a random-type optical fiber 
coupler, transmitted a uniform solar l i g h t into the spectrometer 
with a f i e l d of view of 50°, Figure 2. The dispersion spectrome
ter used was a Jobin Yvon H-10IR monochromator (f=100 mm, F/3.5, 
with a grating of 600 g/mm). The grating and mirror holders were 
spe c i a l l y reinforced. A linear photodiode array, Matsushita MEL 
1024KV, 1024 elements, was used. 

The video signals from the diode array were d i g i t i z e d (8-bits) 
temporarily stored in memory and then transmitted to ground by 
the PCM telemetry system. The transmitted data, received and 
decoded by the PCM telemetry ground system, were acquired by a 
microcomputer-based data processing system u t i l i z i n g a DMA con
t r o l l e d floppy diskette as a master storage device. Because the 
rocket spun at the rate of 1-3 Hz, the period of solar li g h t 
incidence was rather short, 139 ms and 46 ms, for 1 and 3 Hz re
spectively, whereas the scan time was 10 ms per spectrum. 

To achieve maximum effi c i e n c y , measurements of spectral data 
were i n i t i a t e d by a trigger signal from a reference detector. 
Following triggering, two spectra were selected and transmitted 
to ground at a 25.6 kbaud rate. The f i e l d angles and the direction 
of the f i e l d were ide n t i c a l for the diode array and the op t i c a l 
trigger. Following this transmission, the sequence was started 
again, according to the time diagram shown i n Figure 3, and so on. 
Although eight spectra could be measured i n the READ mode only 
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Figure 1. Schematic diagram of the rocket-borne NIR spectrometer. Key: A, amplifier; 
S/H, sample and hold; A/DC, analog-to-digital converter; D/A, digital-to-analog con
verter; and ALU, arithmetical logic unit. (Reproduced with permission from Ref. 3. 

Copyright 1981, American Institute of Physics.) 
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Figure 2. The optical system of the spectrometer and the image patterns of the solar light 
at the focal point of lens (1), at the diffuser (2), at the entrance offiber (3), at the exit of 
fiber (4), and at the surface of the sensor (5). (Reproduced with permission from Ref. 3. 

Copyright 1981, American Institute of Physics.) 

In Multichannel Image Detectors Volume 2; Talmi, Y.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



302 M U L T I C H A N N E L I M A G E D E T E C T O R S 

two were transmitted in order to obtain the desireble altitude 
resolution of better than 2 km. The second spectrum was automat
i c a l l y stored in memory. To qualify as a good spectrum i . e . , to 
be transmitted to ground, the integrated signal intensity of each 
spectrum was compared with a preset value. This intensity value 
was predetermined based on ground intensity measurements and also 
from scattering extinction values calculated from a i r mass and 
scattering cross-section values of the atmosphere. When the 
measured integrated intensity surpassed this preset value, i t was 
automatically stored. This procedure i s performed again u n t i l a 
"good" spectrum i s stored. By this discrimination we can select 
the spectrum which was measured under constant intensity of solar 
l i g h t . Since the second "good" spectrum was considered most 
probably "good" i t was automatically selected. Moreover, to pro
tect against malfunction of the trigger system, i t was possible 
to sotre spectra whos
threshold level even withou

It i s important that the trigger signal i s not affected by 
spurious noise signals, and therefore i t must be carefully 
shielded. The variation in the rocket spin period and the inten
s i t y variation of the solar light intensity on the trigger sensor 
can cause j i t t e r in the trigger time. To eliminate this j i t t e r , 
a d i f f e r e n t i a l amplifier was used in the trigger-control elec
tronic c i r c u i t . 

Figure 4 i s an example of spectra measured with the spec
trometer 1 system in the S-310-8 rocket experiment. The A-band 
absorption spectra of oxygen molecules, which originate from the 
^ g C v ^ O H ^ g l V ^ O ) and *Σ*(ν ! = l)«-3Ig(v"=0) transitions (4), have 
been observed at 763 and 692 nm, respectively. The rotational 
bands (3,0,1) and (2,1,1) of water vapors have also been observed 
at 720 and 820 nm, respectively (5). 

Measurements of the rotational and vibrational temperatures 
of atmospheric molecules provide direct information on the 
molecular processes in the upper atmosphere. These temperatures 
are obtained from high resolution vibrational and rotational 
spectral p r o f i l e s . 

Spectrometer 2 was used to measure the rotational p r o f i l e of 
the Α-band absorption spectrum of oxygen^molecules. The resolu
tion of the spectrometer, approx. 1.2 cnf , was adequate to deter
mine the rotational temperature with an accuracy of ±1.5°. The 
measurement of the absorption spectum was based on the solar 
occultation method. The basic instrumentation i f similar to that 
used in the S-310-8 rocket experiment. To obtain the necessary 
spectral resolution of 1.2 cm"1, the monochromator used had a 
focal length of 400 mm and i t u t i l i z e d a grating with 2000 g/mm. 
The image sensor comprised a microchannel plate (MCP) image 
i n t e n s i f i e r (proximity focused, ITT type F-4769) o p t i c a l l y cou
pled to a 1024 element self-scanned photodiode array (RL-1024SF). 
To ensure a uniform solar light illumination, within the 50° 
f i e l d of view, a diffused plate was used as a light scatterer 
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Figure 3. The time sequence of the rocket-borne spectrometer. (Reproduced with per
mission from Ref. 3. Copyright 1981, American Institute of Physics.) 
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and a lens system with an i r i s were added. Figure 5a shows the 
schematic diagram of the spectrometer system and Figure 5b shows 
i t s photograph. The dimensions of the spectrometer were 260 mm 
(diameter) χ 365 mm length. Its weight was 20 kg. This spec
trometer was S-310-11 rocket borne. The rocket was launched from 
KSC at 18:38 JST on September 7, 1981. The zenith angle of the 
sun was 92° at the time of launch. Figure 5c shows a photograph 
of the spectrometer set in the nose come of the rocket. Figure 
6 shows the S-310-11 rocket and i t s launch. 

The f i r s t v a l i d spectrum was measured 16 seconds after 
launch and two spectra were transmitted each second thereafter. 
An example of the spectra measured, i s given in Figure 7. 
"Spectrum 1" shows the rotational p r o f i l e of the Α-band absorp
tion spectrum of 0 2 molecules. This absorption band i s very 
intense at low altitudes and decreases at higher altitudes. In 
"spectrum 2", measured
spectrum of O 2 has p r a c t i c a l l
lines of the solar radiation are seen c l e a r l y instead. From such 
spectra, the absorption intensity ( i . e . absorbance) at each wave
length can be obtained using the Beer-Lambert law, ln(I 0/I)=nql, 
where I 0 and I are the incident and transmitted spectral values, 
q the cross-section and η the density. The pathlength i s 1. 
Because atmospheric molecules and aerosols quench the solar light 
according to the relationship of wavelength and scattering set by 
Rayleigh and Mie scattering, the I 0 values are expected to be different at 
different altitudes; the I 0 value must be evaluated for each spec
trum. As mentioned in a previous study (6), the plot of. 
[ l n { l 1 ( X ) / I 1 ( X 1 ) } - l n { l h ( X ) / I h ( A 1 ) } ] as a function of (λ'^-λ 4 ) 
gives an excellent approximation of the l i n e a r i t y in the wave
length region where the absorption extinction i s negligible. In 
the above expression, I i s the signal intensity and the subscripts 
1 and h correspond to spectra measured at low and high altitudes. 
\\ i s a d e f i n i t i v e wavelength, where the absorption c o e f f i c i e n t 
i s negligible. In this case, 755 nm was chosen as Xj. Good 
l i n e a r i t y was obtained by using the least squares method in the 
wavelength regions of 754.5 to 758.5 nm and 768.0 to 769.0 nm, 
Figure 8. Similar l i n e a r i t i e s were confirmed for a l l other 
spectra measured in this experiment. The subtraction of the 
[ l n { l 1 ( X ) / I 1 ( X i ) } - l n { l h ( X ) / I h ( X i ) } ] value from the extrapolated 
l i n e a r i t y gives the absorbance at each wavelength, Figure 9. 

In order to obtain the rotational temperature, we need to 
calculate the theoretical spectra at various temperatures. The 
theoretical basis for calculating the absorption of the atmos
pheric O 2 band has been developed by Schlapp (7), Tinkham and 
Strandberg (8), Watson (9), and T i l f o r d et a l . (10). The detailed 
spectroscopic assignment has been made by Babcock and Herzberg 
(4): The 0 2 Α-band has the following four branches, RR, RQ, PQ, 
and PP, where P, Q, and R correspond to AJ=-1, 0, +1, respective
ly and where the superscript R and Ρ correspond to ΔΚ=+1 and ΔΚ=-1, 
respectively. The detailed procedure for the theoretical 
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^ ! ! ' Ί Γ Τ - Μ - R A M 

C G C C -| integral | J_ 

D n U differential 
r u n amplifier 

H shiftregister h » P C M - T M 
I -» fshift pulsei 

" ~ ~ ~ ~ ~ Lset pulsej 

— | l a t c h | - 4 D 7 Â > » F M - T M 

Figure 5. (a) A schematic diagram of the rocket-borne spectrometer designedfor meas
uring the rotational profile of the Α-band absorption spectrum of O, molecules. Key: II, 
image intensifier; IS, photodiode array; CG, clock generator; CC, clock controller; and 
P D, photodiode. (Reproduced with permission from Ref. 11. Copyright 1983, American 
Geophysical Union.) 
(b) A photograph of the rocket-borne spectrometer. Key: 1, polychromator; 2, airtight 
chamber; 3, electronics; 4, position of the entrance slit of the polychromator; and 5, 
entrance of the optical system that introduces the solar light into the polychromator. 
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Figure 5. (c) The spectrometer, set in the nose cone of the rocket. Key: I, entrance 
window for the polychromator; and 2, entrance window for the triggering optical 

system. 

Figure 6a. Photograph of the S-310-11 rocket. 
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Figure 6b. Photograph of the S-310 rocket launch. 
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Figure 7. Examples of the solar radiation spectra measured in the S-310-11 rocket 
experiment. Key: 1, measured at 24.8 km; and 2, 190 km. (Reproduced with permission 

from Ref. 11. Copyright 1981, American Geophysical Union.) 
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Figure 8. Plot of the [ln{\ (kj/lfk,)} - //ifl/XJ/I/X, )}] value as a function of the (λ;4 -
X4) value. Here, Ifkjand \/X)are the signal intensities of Spectra 1 and 2 of Figure 7, 
respectively, at a wavelength λ = 755 nm. (Reproduced with permission from Ref 11. 

Copyright 1983, American Geophysical Union.) 

Figure 9. The absorbance spectrum obtained from the plot in Figure 8. (Reproduced 
with permission from Ref. 11. Copyright 1983, American Geophysical Union.) 
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calculation has been previously described (11). An example of 
the spectra obtained from these theoretical calculations i s shown 
in Figure 10. To achieve a best f i t between the observed and 
calculated spectra the absorptions of th e i r peaks were compared. 
An example to such a comparison, for a temperature of 220 Κ i s 
shown i n Figure 11. The better the calculated spectrum repro
duces the experimental one the more closely the various peaks 
alligned with the linear relationship curve. Similar plots were 
produced for various temperatures and standard deviation values 
1. e., σ=/Σ[ ( f ^ - f ) z , where (£*i-f) are the deviations from the 
l i n e a r i t y , were calculated by using the least squares method. 
Evaluated standard deviations as fuction of temperature are shown 
in Figure 12. From the minimum value of standard deviation, the 
rotational temperature of "spectrum l f f i n Figure 2 i s calculated 
to be 218±1.5 K. 

The temperature obtaine
21 km and agrees with tha
plements, 1966, as compiled in the "Handbook of Geophysics and 
Space Environments". This means, that this altitude, the 0 2 ( 3 Σ ^ ) 
molecules are i n thermal equilibrium with ground state N 2 mole
cules; the c o l l i s i o n a l deactivation i s faster than activation of 
oxygen photochemical processes (12). Thus, we were able to confirm 
that the present spectrometer measures the effective spectrum 
necessary to determine rotational temperatures with a satisfacto
ry accuracy. The rotational temperatures of the 0 2 (^Σσ) 
molecule, at other altitudes were s i m i l a r l y obtained, fhe f i n a l 
report w i l l be presented elsewhere (13). 

2. Stratospheric Aerosol Measurements Using the CCD-Based 
Spectrometer 

Balloon experiments can be effective for studies of photo
chemical reactions of stratospheric molecules. Spectrometer 3, 
Table I, was used to obtain altitude p r o f i l e s of scattering coef
f i c i e n t s of stratospheric aerosols. The spectrometer i s shown 
schematically i n Figure 13. Correct solar l i g h t illumination of 
the spectrometer was controled by combination of azimuth and 
zenith controllers. A Jobin Yvon H20IR monochromator (F/3.5, 
f=200 mm, 600g/mm grating) without i t s exit s l i t was used as the 
polychromator. Wavelength ca l i b r a t i o n was performed using a 
He-Ne laser and a Hg lamp as reference sources. The multichannel 
imager was a 2048-element linear self-scanned charge-coupled 
device, NEC model yPD 792. Video signal was d i g i t i z e d (8 b i t 
converter), temporarily stored i n memory and then transmitted to 
ground, at a rate of one spectrum per second, by an FM (frequency 
modulation) analog telemeter. The scanning rate of the CCD was 
204.8 elements/ms. The balloon borne spectrometer, balloon 
B15-IOO, was launched from the Sanriku Balloon Center (SBC, 39° 
09.5 »N, 141°49.5'E) at 6:30 a.m. JST on May 31, 1979. The balloon 
altitude was 22 km when i t was in level f l i g h t . The experiment 
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Figure 10. Example of the spectrum obtained by the theoretical calculation. (Repro
duced with permission from Ref 11. Copyright 1983, American Geophysical Union.) 
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Figure 12. The standard deviation σ for the plot in Figure 11, as a function of tempera
ture. (Reproduced with permission from Ref. 11. Copyright 1983, American Geophysical 

Union.) 

Figure 13. The schematic diagram of the balloon-borne spectrometer. Key: M, mirrors 
for introducing the solar light correctly into the polychromator; BS, beam splitter; LC, 
light-intensity controller; L, focusing lenses; F, filter for removing higher-order dispersed 
light; P, polychromator; I, CCD; A, amplifier; S, sample and holder; A/D, analog-to-
digital converter; M, memory (RAM); L, latch; D/A, digital-to-analog converter; eg, 
clock generator; cc, clock controller; PD, photodiode for monitoring light intensity; T, 
thermocouple for monitoring temperature; and TM, FM analog transmitter. (Repro

duced with permission from Ref. 6. Copyright 1983, American Geophysical Union.) 
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was performed u n t i l sunset (at the balloon a l t i t u d e ) . The spec
t r a l resolution of the polychromator was calculated to be 10 cm~l 
(100 ym s l i t width). Because the width of each CCD element was 
14 ym (9ym length), i t provided a nominal spatial resolution that 
i s 7 times better (100/14). The input optics of the system focus
ed a 2 mm diameter image of the solar disk on the entrance s l i t 
of the polychromator. The altitude resolution of the input 
optics, 30° f i e l d of view, i s approx.4 km. However, since only 
9 ym (element height) of this 2 mm image are measured, the theo
r e t i c a l altitude resolution of the spectrometer i s approx. 0.02 km 
(4 km χ 0.009/2). Nevertheless, due to various abberations, the 
actual altitude resolution was estimated at better than 0.1 km. 
Figure 14 shows typ i c a l spectra. It i s clear that more solar 
light i s quenched as shorter wavelengths are approached. These 
spectral radiations are due to scattering extinction by atmos
pheric molecules and aerosols
function of the sun altitude
the extinction coefficients of atmospheric aerosols. Details on 
these calculations w i l l be reported elsewhere (6). This p r o f i l e 
i s shown i n Figure 15. It i s close to the p r o f i l e given in the 
SAM II measurements, near Alaska during 16-19 July, 1979 (14). 
The aerosol scattering extinction coefficients given in Elterman's 
model (15) were, however, three times larger than ours. This 
suggests that our results are closer to "background l e v e l " values, 
and that Elterman's model represents a period of high aerosol 
concentration, due to volcanic eruptions. 

The results obtained in this study can be concluded as 
follows. 
(1) Spectra can be readily measured: accuracy of data can be 

increased through least-mean-squares data analysis. Conse
quently, the effects of absorption or scattering of solar 
radiation can be determined with s u f f i c i e n t accuracy. 

(2) Spectrum scan rate i s fast: Acquired spectra are therefore 
free from distortions due to balloon and gondola motions and 
variations of the sun altitude. Good altitude resolution i s 
obtainable and measurement signal-to-noise can be improved by 
summation (ensemble averaging) of consecutive spectra mea
sured in each altitude i n t e r v a l . 

(3) The excellent altitude resolution achieved with this linear 
CCD array suggests that further improvement i n resolution can 
be obtained with area-array CCD's. 

3. IR Spectrometer for Balloon and S a t e l l i t e Experiments 

Because many atmospheric constituents absorb e f f i c i e n t l y i n 
the infrared spectral region, the development of an IR multi
channel spectrometer was important to complement our near IR 
spectrometers. Origi n a l l y , the pyroelectric vidicon (16) was 
selected as the IR image devices. This imager i s a thermal 
rather than photon detector, and as such detects only variations 
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Figure 15. Altitude profile of aerosol extinction coefficient, oa. Key: o, current result; 
and~[j Elterman's model. (Reproduced with permission from Ref. 6. Copyright 1983, 
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in thermal flux. Consequently, the pyroelectric vidicon does not 
require cooling to reduce the background thermal noise. The per
formance of this detector w i l l be discussed below. At the present 
time we are developing a new IR spectrometer that w i l l use a s e l f -
scanned s o l i d state pyroelectric array. This spectrometer w i l l 
be used in s a t e l l i t e experiments. 

3a. Balloon-borne IR Spectrometer Pyroelectric Vidicon Sensor 
A schematic diagram of the system i s shown in Figure 16 a. 

The solar IR radiation was directed to the focusing optical system 
by an azimuth controller and two-axis-controled solar tracking 
system. Because the pyroelectric vidicon i s insensitive to cw 
thermal signals, the polychromator-dispersed solar radiation was 
chopped at a frequency of 2 Hz, pr i o r to incidenting on i t . The 
selected chopping frequency i s compromized due to i t s opposite 
effect on s e n s i t i v i t y an
duces positive signals durin
signals during periods of closed chopper. Since negative signals 
cannot be read out by the electron beam, the potential of the 
pyroelectric target i s a r t i f i c a i a l l y raised to a positive enough 
pedestal potential i . e . , counteract maximum negative signals 
during closed chopper periods. To eliminate this pedestal, the 
negative signal i s automatically subtracted from each preceeding 
positive signal, p r i o r to transmission, Figure 16a, and after the 
video signal from the vidicon i s amplified. The subtracted 
d i g i t i z e d signal i s stored i n memory. 

Because the solar irradiance varies greatly across the IR 
region of interest (2 to 5 ym) a three stage polychromator was 
used. Each stage displays a different spectral region across the 
detector and thus improves i t s v i r t u a l dynamic range and i t s spec
t r a l resolution. The timing diagram i s shown i n Figure 17. The 
status of the system i s indicated by the "FLAG" pulse. The 
spectrometer measures the spectrum in the "MEASURE" mode, and 
transmitts date to ground during "DATA-SEND" mode. The "MEASURE" 
mode lasts f o r a single chopper period. Forty-eight horizontal lines 
are swept in each frame. The video signal of each li n e i s converted 
to 8-bits d i g i t a l data by 128 conversion pulses. Therefore, a 
spectrum represents an 8 b i t s χ 128 element datum. For each spectrum, 
the spectral data of two lines were stored in memory, since the 
height of the dispersed spectrum i s larger than the scanning line 
of the vidicon. Therefore six specra were measured for each frame. 
Since the signals with the t h i r d and fourth frames were the most 
intense and produced the best s p a t i a l resolution, they were stored 
in memory, during the "MEASURE" mode. In the "DATA-SEND" mode, 
the s i x spectral records of the accumulated t h i r d frame and the 
six spectral records of the accumulated fourth frame, after nega
tive subtraction, were transmitted to ground. ^ 

The average spectral resolution was approx. 50 cm , limited 
by the s e n s i t i v i t y of the pyroelectric vidicon. The target, poly-
vinylidene phthalate ( P V H 2 ) , i s approx. ten times less sensitive 
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Figure 16. (a) Schematic diagram of the balloon-borne IR spectrometer. Key: S S1-6, sun 
sensor; W, attenuator; CMcont., command controller; RL, relay; HV, high voltage power 
supply; and MPX, multiplexer. 
(b) The three-stage polychromator. Key: L, focusing lenses; F, cutoff filters for order 
separations; S, entrance slits; Ml, collimating mirrors; M2, focusing mirrors; M3, flat 
mirrors; and FG, target of the pyroelectric vidicon. (Reproduced with permission from 

Ref. 17. Copyright 1982, American Institute of Physics.) 
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Figure 17. The timing diagram of the electronic system of the spectrometer. (Reproduced 
with permission from Ref. 17. Copyright 1982, American Institute of Physics.) 
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than the more standard t r i g l y c i n e sulfate (TGS) target. However, 
i t was preferred for space experiments because the Currie point 
of TGS is too low, i . e . , 49°C. A more detailed description of the 
spectrometer i s given elsewhere (17). 

3b. Satellite-borne IR Spectrometer Pyroelectric Array Sensor 
Very recently, a self-scanned pyroelectric array sensor, with 

higher s e n s i t i v i t y and reduced cross-talk, has become available 
(18, 19). Also, the pedestal level setting i s far less demanding 
compared to the pyroelectric vidicon. We are currently developing 
a new IR spectrometer based on this sensor, to be used in con
junction with our s a t e l l i t e (EXOS-C) experiment. Using the solar 
occultation method, this spectrometer w i l l measure the IR absorp
tion spectra of atmospheric molecules such as, H 2 O , C O 2 , O 3 , and 
C H 4 , in the 2-10 ym wavelength region. To obtain maximum dynamic 
range and spectral resolution
again be used. Thus, th
sured in the 1.6-2.4 ym wavelength range (0.025 ym/mm), those of 
C 0 2 and C H 4 , in the 2.8-4.8 ym range (0.032 ym/mm) and those of 
O 3 in the 8.8-10.2 ym range (0.0448 ym/mm). In the 1.6-2.4 ym 
and 2.8-4.8 ym ranges the Spiricon model IR-32-42 and IR-64-42, 
s l i g h t l y modified, w i l l be used, respectively. These detectors, 
however, are not sensitive enough i n the 8.8-10.2 ym range where 
the solar irradiance i s low. In this range, a 16-element pyro
e l e c t r i c array sensor that has no self-scanning system w i l l be 
used. Each element w i l l be d i r e c t l y connected to i t s own preampli
f i e r and the video signal w i l l be measured by a lock-in ampli
f i e r . Launching of this IR-spectrometer i s planned for February 
1984. 

4. Spectral Data Processing 

Since we have to transmit a large amount of spectral data 
exactly and quickly in rocket, balloon, and s a t e l l i t e experiments, 
a d i g i t a l data transmission method i s indispensable. For example, 
in the spectra shown in Figure 14, which were transmitted by an 
FM analog telemetry, there i s noise which i s associated with 
element-to-element s e n s i t i v i t y radiations. I f the s e n s i t i v i t y of 
each element i s measured before the experiment, correction factors, 
for these variations, can be made and therefore correct the raw 
spectral data transmitted by the PCM telemetry. However, exact 
correction for spectra transmitted by the analog telemetry (see 
Figure 14) is impossible, since these rapid variations are f i l t e r 
ed to some extent, i . e . , high frequency components are lost. 

Figure 18 shows the overall process of PCM telemetry. The 
data from a rocket-, balloon-, or satellite-borne physical instru
ment are edited in a PCM frame pattern with an encoder and then 
transmitted by the PCM telemetry to the ground. The PCM data are 
decoded and acquired in a computer system. In data analysis, a 
computer system i s also used. Although data acquisition and data 
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analysis are usually performed d i f f e r e n t l y , t h e i r recorded data 
formats must be compatible. Such a computer system i s prepared 
for s a t e l l i t e experiment, but not for our rocket and balloon ex
periments. It seems to be wasteful to use an expensive computer 
system for rocket and balloon experiments within the limited 
budget. Therefore, we constructed a microcomputer-based PCM data 
processing system for making data acquisition and analysis. In 
this system two types of 16-bit microcomputers have been used; a 
single-board microcomputer has been extended for high-speed data 
acquisition(ASSEMBLER-based) and a personal computer i s used for 
data analysis (BASIC-based). Since the microprocessor i s some
what smaller, the required task i s often beyond the capability of 
a single microprocessor. Therefore, i t i s preferred to adapt 
microcomputers to special tasks and use them in a multiprocessor 
system. The maximum rate of data aquisition i s 4096 bytes of 
data / 986 ms. The result
system indicates that th
the following ways: (1) the data-processing system can be con
nected ea s i l y to different PCM telemetry systems with a simple 
interface, and (2) a personal-computer-based data analysis can be 
made. More details on our microcomputer-based PCM data process
ing system has been described elsewhere (20). 

5. Conclusion 

The multichannel spectrometric system developed for our ex
periment have been proven viable and useful for a variety of 
spectroscopic studies. Further system design should consider the 
following parameters. 
(1) S e n s i t i v i t y The most sensitive imaging detector, available 

at the present time i s an MCP image i n t e n s i f i e d photodiode 
array. Its s e n s i t i v i t y , however, i s lower than that of photo-
multipliers. To regain signal-to-noise, the diode array i s 
cooled to allow for on-target signal integration. Space ex
periments, however, do not easily lend themselves to long 
integration times because of rocket motion. Better s e n s i t i v i 
t i e s should be obtained through the use of MCP-image intensi
f i e s d i r e c t l y attached to multi-anode arrays. These de
tectors are used in the photon-counting readout mode. Various 
methods for position sensing anodes were previously reviewed 
C21). 

(2) Dynamic range In aeronomic optical measurement, a wide 
dynamic range i s usually required. For example, since the 
solar radiation intensity varies greatly with wavelength, a 
wide detector dynamic range i s necessary to measure i t s 
spectrum simultaneously. Similarly, a wide dynamic range i s 
required to measure the variations in airglow intensity with 
altitude. The factors that determine the upper and lower 
limits of the dynamic range of a li g h t sensor are i t s sensi
t i v i t y saturation effect and i t s noise, respectively. To 
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reduce the effect of electromagnetic and thermal noise, the 
sensor must be appropriately shielded and cooled. At the 
upper l e v e l , the signal saturation process must be ca r e f u l l y 
evaluated. In the microchannel plate (MCP) for example, the 
output current i s limited by the maximum current supported by 
charges derived from the walls of the individual channels. 
Consequently, the amplification gain of the MCP can be greatly 
reduced when the incident signal i s excessively large, i . e . , 
signal saturation occurs and there i s a departure from 
l i n e a r i t y in the transfer characteristics of the detector. 
Eventhough, the high s e n s i t i v i t y and wide dynamic range 

achieved with the photomultiplier and other single channel de
tectors may not be f u l l y achieved with multichannel detectors, such 
instruments perform well enough to aquire high quality data, 
otherwise unobtainable in rocket, balloon and spacecraft observa
tions. 
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Blooming—Continued 
elimination, 125,126f 

on charge-injection devices, 149 
SIT, 35,36f 

Bromomethylnaphthalenes, two-color 
fluorescence, 212-13 

C 

CID—See Charge-injection devices 
CL—See Chemiluminescence 
CODACON readout systems, microchannel 

plates, 265-67,266f 
CTR—See Controlled thermonuclear 

reasearch plasmas 
Camera devices, types, 134 
Camera system, with charge-injectio

devices, 118 
Cereal, analysis by thiochrom

method, 165 
Cesium iodide, 260-61 
quantum detection efficiency, 262f 

Charge-coupled devices, 60 
UV enhanced, I45f 
charge collection, 138f 
construction, 134 
frame-by-frame readout, 137f 
limitations, 139,142 
operation characteristics, 133-54 
pixel layout, 136f 
readout, 136f 
sa t e l l i t e experiments, 298t 
spectral response curves, I46f 
stratospheric aerosol 

measurements, 309,311f,312 
use by astronomers, 139 

Charge-injection devices, 60 
blooming elimination, 149 
camera system, 119f 
charge amplifier, 120 
construction, 134 
destructive readout, 149 
detection limits, 129 
detector response linearity, 121,122f 
Injection mode readout, I47f 
iron solution, 127,128f 
low-light levels, noise source, 121 
manganese working curve, 129f 
mixing destructive and nondestructive 

readouts, 125 
nondestructive readout, 149 
nondestructive/destructive 

readout, T48f 
operation, 149 
operation characteristics, 133-54 
spectral response curves, 151f 

Chemical composition and distribution 
tensor, 234 

Chemical composition tensor, 235 

Chemical systems, picosecond 
spectroscopy, 201-20 

Chemiluminescence 
measurements, 156,165-66 

Chemiluminescence spectrum, l67f 
advantages, 166 

Chloranil 
absorption spectra, 2l8f 
photoinduced intermolecular electron 

transfer, 217 
Chloromethylnaphthalenes, two-color 

fluorescence, 212-13 
Chromatograms, one dimensional, 240f 
C l i n i c a l determinations, trace 

elements, 113 
Coherent light imaging, 247f 
Continuous source, 58 
Controlled thermonuclear reasearch 

plasma

Copper iodide photocathode, intensified 
photodiode array, 283f 

Coumarin 520, upconverted emission 
spectra, 194f 

Crossed-grating échelle 
spectrometer, 153f 

Crosstalk, SIT, 35 

D 

DCP—See Direct current plasma 
DMA—See Direct memory access 
Dark charge, 20 
Dark charge level, intensified s i l i c o n 

photodiode detector, 19f 
Dark signal characteristics, in 

intensified diode arrays, 159-60 
Data acquisition system, 65-67 

linear diode array, 66f 
Detection, definition, 20 
Detector, wide dynamic range array 

absorbance spectrometry, 57-74 
performance, 67-70 
rotation spectrometry, 57-74 

Direct current plasma, 117,125,127 
Direct memory access, 67 
Direct reader, 59 
method, 134 

Discharge lag, 37 
dwell times results, 38f 

Donor arenes, photoinduced intermole
cular electron transfer, 217 

Double-beam picosecond laser 
system, 207f 

Dwell time, 37 
Dynamic range 

definition, 23,80 
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Dynamic range—Continued 
inductively coupled plasma 

sources, 83f 
intensified s i l i c o n intensified 

target vidicon, 23 
intraspectral, 23 
memory, 23 
overall, for plasma sources, 82t 

Dynamic range 
SIT, 23 
single channel, 23 

Ε 

EUV—See Extreme UV 
Echelle spectrometer 

crossed-grating, 153f 
modified, 122f 
starting orders, 152f 

Echelons, 205 
Electron pulse radiolysis, 173 
Electron transfer, intermolecular 

phtoinduced, 215,217 
Electronic wavelength scanning image 

dissector, 59 
Electrostatic image intensifier, 39 
Emission spectroscopy, limitations, 171 
Excimer formation, studies, 187 
Excited state isomerization 
scheme, 188 
studies, 187 

Experiments, range gating, 
results, 249f 

Extreme UV 
detection, 253-76 
intensified photodiode array, 281-88 
measurement, 277 
noise characteristics, 259 
phos'phor/photodetector systems, 263 
photocathode materials, 260 
transmission photocathodes, 260 

Extreme UV Spectroscopy, multichannel, 
of high temperature plasmas, 277-96 

F 

Fluorescence, acridine, 212 
Fluorescence anisotropy parameter, 228 
Fluorescence depolarization 

measurements, 228 
Fluorescence intensity, vs. 

upconverted signal intensity, 197f 
Fluorescence kinetic-based 

measurements, 163-65 
instrumentation, 156 

Fluorescence measurements, intensified 
diode arrays instrumentation, 158f 

Fluorescence spectrum, 165,183 
accuracy from upconverted data, 196 

Fluorescence timing, absolute, 226f 
Forth programming language, 224 
Frame transfer, 135 
Frame-by-frame readout, 135,137f 
Fusion-grade plasma, spectra, 279f 

G 

Gated spectra, picosecond emission 
spectroscopy, 192 

Glass, determination of trace 
concentrations, 105-9 

result comparison, 106t,107t 

Haloaromatic compounds, 
photodissociation, 212-13 

High temperature plasmas, 
multichannel EUV, 277-96 

Horse blood serum, copper and zinc 
determination, 112-13 

Hot spots, microchannel plates, 259 
Human urine, copper and zinc 

determination, 112-13 
Hydrogen fluoride, time-integrated 

fluorescence spectra, I89f,190f 
Hydroxyphenylbenzothiazole, excited 

state relaxation dynamics, 191,193f 

I 

ICP—See Inductively coupled plasma 
sources and Plasma sources 

IDA—See Intensified diode arrays 
IR spectrometer 

balloon experiments, 312-14 
balloon-borne, 314-17 
sa t e l l i t e experiments, 312-14 
satellite-borne, 317 

ISIT—See Intensified s i l i c o n 
intensified target vidicon 

ISPD—See Intensified s i l i c o n 
photodiode array detector 

Image dissectors, 59 
Image intensified photodiode array, 

s a t e l l i t e experiments, 298t 
Imaging spectrophotometry, thin layer 

plates, 244 
In-memory integration, 97 
Inductively coupled plasma sources 

background corrections, 86-94 
linear dynamic range, 83f 
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Inductively coupled plasma sources— 
Continued 

noise features, 101 
overall dynamic range, 82t 
readout noise 
uncorrected background shifts, 87 

Inductively coupled plasma-atomic 
emission spectroscopy, 75-117 

See also Inductively coupled plasma 
sources 

I n i t i a l integration time, equation, 62 
Instrument optics, 64-65 
Integration time 
automatic optimization, 61-64 
i n i t i a l , equation, 62 
t o t a l , 65 

Intensified diode arrays 
applications, 162-63 
characteristics, 160 
chemiluminescence measurements
dark signal characteristics
detection limits, 162 
diagnostic capabilities, 165 
emission spectra, I63,l64f 
fluorescence measurements, 

instrumetation, 158f 
hardware, 157,159 
light signal noise, 162 
luminescence measurements, 155-70 
signal-to-noise, 160 
software, 159 
thiochrome rate method, 163 
use for luminescence, 157 

Intensified photodiode array 
applications, 289-92 
copper iodide photocathodes, 283f 
extreme UV, 281-88 
grazing incidence spectrometer, 286f 
noise, 285 
one-dimesion imaging, 28l,283f 
picosecond emission spectroscopy, 18 
resolution, 282,285 
time response, 285 
tokamaks, 287 

Intensified self-scanning photodiode 
array detector, detection, 96t 

Intensified s i l i c o n intensified target 
vidicon, 3 

cost and a v a i l a b i l i t y , 5 
dark charge level, 19f 
distortion, 26 
dynamic range, 23 
gain, 20,21 
gating, 17 
power consumption, 10 

Intensified s i l i c o n photodiode array 
detector 

cost and a v a i l a b i l i t y , 5 
distortion, 26 
gain, 21 
gating, 17 

Intensified s i l i c o n photodiode a r r a y — · 
Continued 

power consumption, 10 
random access capability, 15 
r e l i a b i l i t y , 8 

Intermolecular photoinduced electron 
transfer, 215,217 

Intraspectral dynamic range, 23 
Ion feedback, circumvention, 256 

J 

J i t t e r free deflection, 223 
J i t t e r free streak camera, 222-23 

applications, 224-25 
averaging weak signals, 227f 
dat  aquisitio  system  221-32 

signal averaging, 223 
weak signal averaging, 225-28 

L 

LDA—See Linear diode arrays 
LED—See Light emitting diode 
LQD—See Limit of quantitative 

determination 
Lag, dwell times results, 38f 
Light emitting diode, 37 
Light imaging, coherent, 247f 
Light signal noise, in intensified 

diode arrays, 162 
Limit of quantitative determination, 81 
Line peak width effects, 109t 
Linear diode array, 60 

dark current reduction, 62 
data acquisition system, 66f 
data acquistion capabilities, 65 
integrating capability, 61 
microcomputor control system, 66f 
stray light interference, 70-71 

Linearity 
emission spectrometers, 197 
fluorescence, 197 

Liquid chromatography, 233,234 
Lithium fluoride, 261,263 
Low-level signals, causes, 2 
Low-light level applications, opto

electronic image detectors, 1-29 
Low-light level measurements 
astronomy, 59 
s i l i c o n intensified target tube, 59 

Low-light level spectroscopy, 59 
Low-light levels, charge-injection 

device noise source, 121 
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Luminescence,measurements, with 
intensified diode arrays, 155-70 

Multiwavelength'ORD spectrometry, 70-71 
Multiwavelength detector, photographic 

plate, 59 
Multiwire position readout system, 266f 

MCP—See MicroChannel plate image 
intensifier and MicroChannel 
plates 

MIS—See Multichannel imaging 
spectrometer 

Magnesium fluoride, 261,263 
quantum detection efficiency, 262f 

Memory dynamic range, 23 
Methoxyphenol, radiolysis, resonance 

Raman spectra, I80f 
MicroChannel plate image intensifier, 4 
MicroChannel plates, 255f 
CODACON readout systems, 265-67,266
count rate performance, 25
decay, 286f 
fabrication, 253 
gain, 256-58 
image readout systems, 263,264t 
magnetic f i e l d susceptibility, 257 
multianode array, 267 
multianode imaging systems, 265 
multiwire readout systems, 264-65 
noise characteristics, 259 
photocathode materials, 260 
pulse height distribution, 256-58 
quantum detection efficiency, 254-56 
resistive anode readout, 269 
strip readout, 269,271 
time response, 259 
wedge readout, 269,271 

Modified échelle spectrometer, 122f 
Modulation transfer function, pin 

cushion distortion, 27 
Multianode microchannel plate 

array, 267 
Multichannel, disadvantage, 244 
Multichannel array detection, coupled 

with plasma-atomic emission 
spectroscopy, 75-117 

Multichannel extreme UV, of high 
temperature plasmas, 277-96 

Multichannel imaging 
spectrometer, 238-44,239f,240f 

Multichannel parallel detector, 5 
characteristics, 6t 
ideal, 6t 
spectrometer performance, 6,7 

Multielement emission spectrometry, 
charge-injection devices, 117-31 

Multiple detectors, types, 58 
Multiple wavelength detection for 

overcoming limitations, 58 
Multiple wavelength spectrometer, 

construction, 156 

Naphthylmethyl radicals, two-color 
fluorescence spectra, 2l4f 

Noise characteristics, microchannel 
plates, 259 

Nondestructive readout, charge-
injection devices, 123 

Nondestructive/destructive readout, 
charge-injection devices, I48f 

Nonlinear responses, 197 

0 

OID—See Optoelectronic image devices 
Objects in scattering media, 

detection, 244-48 
On-target integration, 97 
On-target signal integration, 22f 
One dimensional array detector, 237f 
Optical multichannel detectors, 

advantages and disadvantages, 206f 
Optical rotation, optical system for 

multiwavelength measurement, 66f 
Optoelectronic image devices 

capabilities, 76 
low-light level applications, 1-29 
selection, 1-29 

Over-illumination, of pixels, 135 

Ρ 

PDA—See Photodiode array 
PMT—See Photomultiplier tube 
Para-substituted phenols, time-

resolved resonance Raman 
spectroscopy, 179 

Phenoxyl radicals, analysis by time-
resolved resonance Raman 
spectroscopy, 176,177f 

Phosphor/photodetector systems, 263-64 
Photo starvation, causes, 2 
Photocathode materials, 263 

cesium iodide, 260-61 
lithium fluoride, 261,263 
magnesium fluoride, 261,263 
microchannel plates, 260 

Photocathodes, configurations, 260 
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Photodiode array 
advantages and disadvantages, 206f 
construction, 134 
for s a t e l l i t e experiments, 298t 
multichannel detection, 194f 
response evaluation, 198f 
vs. photomultiplier 

detection, 192,195 
Photodiode detectors, comparison to 

photomultiplier, 57 
Photodissociation of haloaromatic 

compounds, 212-13 
Photographic plate, 59 
Photoinduced intermolecular electron 

transfer 
chloranil, 217 
donor arenes, 217 

Photometer, light source, 57 
Photomultiplier detection vs

photodiode array, 192,19
Photomultiplier tube 
advantages and disadvantages, 206f 
comparison to photodiodes, 57 
coupled, noise features, 101 
desirable features, 133 
detection limits, 96t 

Photon shot noise, charge-injection 
devices, 123 

Photons, storage, 135 
Picosecond absorption spectroscopy, 

time-resolved, apparatus, 203f 
Picosecond emission spectroscopy 

apparatus, I85,l86f 
gated spectra, 192 
with intensified photodiode 

arrays, 183-200 
Picosecond laser spectroscopy, 2 
Picosecond laser system, 

double-beam, 207f 
Picosecond photophysics, streak 

camera, 222 
Picosecond spectroscopy, 201-2 

applications, 212-17 
biological systems, 201-20 
chemical systems, 201-20 
optical detection, 202-12 
rhodopsin, 215 

Picosecond time-resolved emission 
spectrometers, 197 

Pincushion distortion, 4lf 
effects, 39 

on detected spectra, 42f 
Pixels 

definition, 134 
over-illumination, 135 
super, 139 

Plasma background emission intensity, 
noise, 100f 

Plasma background subtraction 
efficiency, 85f 

on-detector integration, 86f 

Plasma emission, 47f 
Plasma sources 

background corrections, 86-94 
dynamic range, 80-81 

overall, 82t 
linear dynamic range, 83f 
linearity, 80-81 
noise features, 101 
radio frequency interference, 81 
readout noise, 81 
uncorrected background shi f t s , 87 

Plasma-atomic emission spectroscopy, 
inductively coupled, 75-117 

Polychromator method, 134 
Potassium analysis, super pixel 

technique, 139,l40f 
Pyroelectric array sensor, 317 
Pyroelectric vidicon, s a t e l l i t e 

experiments  298t 

Q 

Quantum detection efficiency 
cesium iodide, 26l,262f 
definition, 254 
magnesium fluoride, 262f 
microchannel plates, 255f 

Quartz-iodine lamp, spectrum, 63f 

R 

Radiation-chemical processes 
Raman c e l l , 175 
deoxygenation, 175-76 
time-resolved resonance Raman 

spectroscopy, 171-82 
Radio frequency interference, 

effects, 98f 
Range gated imaging, 247f 
Range gating, 246 
Readout 

frame-by-frame, 135 
mode, 135 

Resistive anode position readout 
systems, 269 

Resolution, s i l i c o n photodiode 
array, 16f 

Resonance Raman spectra 
tetrafluoro-£-benzosemi-

quinone, 176,177f 
£-me thoxyphenol, 18Of 
selective resonance enhancement, 172 

Response variations, intensified 
s i l i c o n photodiode array, 19f 

Rhodamine B, streak image, 210,211f 
Rhodopsin, picosecond spectroscopy, 215 
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Rhodopsin absorption spectrum, 2l6f 
Rocket(s), S-310-11, 306f 
Rocket experiments 

spectral data processing, 317-19 
spectrometers, 297-320 

Rocket-borne spectrometers, 301f 
dynamic molecular atmospheric 

studies, 299-309 
optical system, 301f 
temperature measurement, 304 

Rotation spectrometry, wide dynamic 
range array detector, 57-74 

S 

SIT—See Silicon intensified target 
vidicon and Silicon vidico
detectors 

SPD—See Se If-scanned photodiod
arrays, Self-scanning photodiode 
array detectors, and Silicon 
photodiode detector 

SSANACON, 61 
See also Self-scanned anode array 

Satellite experiments, 
IR spectrometers, 312-14 
spectral data processing, 317-19 

Satellite-borne IR spectrometer, 317 
Scanning time sequence, 63f 
Scattering media 

images, 245f 
objects in , 244-48 

Selective knockdown, for blooming 
elimination, 125,126f 

Self-scanned anode array, with 
microchannel plate multiplier, 61 

Self-scanned photodiode arrays, 
capabilities, 76 

Self-scanning photodiode array 
detectors 

detection limits, 94-103,96t 
integration methods, 97 
noise characteristics, 94-103 
useful s l i t width, 104 

Semiquinone radicals, analysis by time-
resolved resonance Raman 
spectroscopy, 176,177f 

Signal integration, on-target, 22f 
Signal-to-noise relationship 

with beryllium analysis, 103t 
in intensified diode arrays, 160 
with zinc analysis, 103t 

Silicon intensified target 
vidicon, 3,207f 

blooming, 36t 
channel-to-channel response, 43,45f 
control, 34 
cooling problems, 94 
cost and a v a i l a b i l i t y , 5 

Silicon intensified target—Continued 
detection l i m i t i s , 96t 
distortion, 26,44f 
in low-light level measurements, 59 

Silicon photodiode arrays, 4 
characteristics, 60 
dynamic range extension, 61 

Silicon photodiode detector 
cost and a v a i l a b i l i t y , 5 
distortion, 27 
gain, 21 
gating, 17 
random access capability, 15 
resolution, 13,l6f 
response variations, 20 
signal storage capability, 24 
simplicity, 9 
spectrometric performance, 11 

Silico  target  fo  storage  35 

Sodium analysis, super pixel 
technique, 139,141f 

Soft X-ray 
detection, 253-76 
phosphor/photodetector systems, 263 
photocathode materials, 260 
transmission photocathodes, 260 

Solid-state pyroelectric array sensor, 
s a t e l l i t e experiments, 298t 

Solution phase vibrational spectra, 172 
Spacecraft experiments, 

spectrometers, 297-320 
Spatial imaging detector system, 295 
Spatial resolution in spectral images, 

analytical chemistry, 233-52 
Spectral interferences, 84 
Spectral line 

internal standards, improvement 
in signal-to-noise, 103t 

near f i e l d radiation effect, 14f 
Spectral stripping 

misconceptions, 94 
net spectra, 88f 

Steady-state fluorescence, 
measurement, 163 

Storage devices, 3 
Stratospheric aerosol measurements, 

charge-coupled devices, 309,312 
Stray light, reduction, 244 
Streak camera, 22Λ-22 

data aquisition, 2223-24 
j i t t e r free, 222-23 

applications, 224-25 
averaging weak signals, 227f 
fluorescence response of color 

center, 225 
weak signal averaging, 225-28 
signal averaging, data aquisition 

system, 221-32 
Streak image, distortions, 21θ 
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Sum frequency mixing—See Upconversion 
Super pixel technique, 

chemical analysis, 139,l40f 

Τ 

TPF—See Two photon fluorescence 
TRRS—See Time-resolved 

resonance Raman spectroscopy 
Temporal discrimination, 246 
Tetrafluoro-£-benzosemiquinone 
Raman signal decay, 176,178f 
resonance Raman spectra, 176,177f 

Thallium, analytical 
calibration, 89f,90f 

Thin layer chromatography, 238 
Thin layer plates, imaging 

spectrophotometry, 244 
Thiochrome rate method, 163 

for cereal, 165 
for urine, 165 

Three-dimensional factorization, two-
dimensional chromatography, 243f 

Three photon fluorescence, 202 
Time dispersion, 205 
Time gating capability, 39 
Time-integrated fluorescence spectra, 

hydrogen fluoride, I89f,190f 
Time-resolved electronic absorption 

spectroscopy, limitations, 171 
Time-resolved fluorescence 

acridine, 2l4f 
apparatus, 186f 

Time-resolved picosecond absorption 
spectroscopy, apparatus, 203f 

Time-resolved resonance Raman 
spectroscopy 

apparatus, 173-76, 174f 
]>-benzosemiquinone anion, 179 
excitation source, 173 
history, 172 
para-substituted phenols, 179 
phenoxyl radicals, 176,177f 
radiation-chemical processes, 171-82 
semiquinone radicals, 176,177f 

Time-resolved spectra, s i l i c o n 
intensified target vidicon, 46,47f 

Tokamaks 
intensified photodiode array, 287 
polychromatic mode, 292 

Total integration time, 65 
Transient emission spectra, 

recording, 184 
Tungsten lamp, 58 
Two dimensional array detector, 237f 
Two dimensional chromatography, 242f 

three-dimensional factorization, 243f 
Two photon fluorescence, 

apparatus, 202,203f 

Two-color fluorescence spectra, 
naphthylmethyl radicals, 2l4f 

Two-dimensional arrays, 58 
Two-photon fluorescence, azulene, 204f 

U 

UV fluorescence anisotropy decay, 230f 
ultrashort spectroscopy, 2 
Upconversion 

disadvantage, 196 
fluorescence spectra, accuracy, 196 
wavelength sensitivity, 196-97 

Upconversion method, 184 
See also Fluorescence upconversion 

Upconverted emission spectra, 
coumari  520  194f 

Urine 
analysis by thiochrome rate 

method, 165 
fluorescent compound comparison, 165 

V 

Vanadium 
signal, 91,94 
signal integration, 93f 

Variable integration time, method, 80 
Vibrational spectra, 172 

solution phase, 172 
Video fluorometer, 233,234 
Vidicon detectors 

blooming, 25 
lag, 25 

Visual transduction process, 213,215 

W 

Wavelength sensitivity 
emission spectrometers, 196-97 
upconversion, 196-97 

Wavelength-resolved apparatus, I86f 
Wavelength-to-diode calibration, 104 
Weak signal averaging, streak camera, 

j i t t e r free, 227f 

X 

X-Ray astronomy, noise 
characteristics, 259 
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