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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 parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that  in order to save time  the 
papers are not typese
by the authors in camera-ready  Paper
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

IŜ ASS SPECTROMETRIC INSTRUMENTATION and the capabilities for 
analysis of organic and organometallic molecules have undergone revolu
tionary advances in the last 3 years. Perhaps the most notable advances are 
in the area of volatilization and ionization of samples. In 1981, a new ion 
source was developed for a conventional high-resolution magnetic mass 
spectrometer that allowed the chemist for the first time to analyze organic 
compounds that were ionic
source used a fast atom
growth has occurred in the use of the fast atom bombardment (FAB) source 
in combination with conventional mass spectrometers, both in academic 
research and in industrial problem solving. 

The technique of FAB mass spectrometry (FABMS) has many similari
ties to that of secondary ion mass spectrometry (SIMS). The basic designs of 
the ion sources are similar, and these sources may share a common mode of 
generating ions. However, many researchers using FABMS consider their 
work to be original discoveries and disregard a wealth of knowledge in the 
field of the surface scientist. The SIMS method is significantly ahead of FAB 
in its development. Those doing FABMS have much to learn from SIMS 
studies. This condition of two analytical techniques advancing down parallel 
paths without any interaction slows the progress in both fields and, more 
importantly, prevents full utilization of these techniques. 

The symposium upon which this book is based was held to encourage 
an open dialogue between researchers in the fields of SIMS and FABMS. 
The intent of the symposium and this book is to provide the basis for an 
interdisciplinary discussion of both the theoretical and applied aspects of 
these surface analytical techniques. The goal is to demythologize the subject 
of particle bombardment and also to bridge the gap that often exists between 
researchers in the fields of SIMS and FABMS. Scientists with a modest 
knowledge of mass spectrometry should gain a clearer understanding of 
desorption techniques and how they can be applied. 

The book is organized into three sections. The first contains the most 
recent views on fundamental aspects of particle bombardment. Discussions 
of 2 5 2 Cf plasma desorption and laser desorption mass spectrometry have 
been included for comparison. The second section addresses the issues 
involved in instrument design, covering work on liquid metal and FAB ion 
guns. The last part presents representative applications of these bombard
ment methods. 

vii 
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The historical development of particle bombardment was presented by 
R. E. Honig as a retrospective lecture at the 32nd Annual Conference on 
Mass Spectrometry and Allied Topics in San Antonio, Texas, in 1984. This 
excellent lecture has subsequently been published, and I recommend it for 
those who wish additional background on the topic [Honig, R. E. In The 
32nd Annual Conference on Mass Spectrometry and Allied Topics— 
Retrospective Lectures; Finnigan, R., Ed.; American Society for Mass 
Spectrometry: East Lansing, MI, 1984; Honig, R. E. Int. J. Mass Spectrom. 
Ion Phys. 1985,66, 31-54]. 
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1 
Molecular Secondary Ion Mass Spectrometry 

Steven J. Pachuta and R. Graham Cooks 

Department of Chemistry, Purdue University, West Lafayette, IN 47907 

Progress in molecular secondary ion mass spectrometry 
(SIMS) is presented, with emphasis on applications and 
the mechanism of ion formation. The mechanism involves 
three processes: (1) energy conversion at the surface, 
(2) ion/molecule
selvedge, and (3)
internally excited gas phase ions. The role of matrix 
effects in mechanistic studies is discussed, as are 
experiments which use chemical reactivity to gain 
insights into mechanism. The use of tandem mass 
spectrometry (MS/MS) in ion structural determinations in 
SIMS and other desorption ionization experiments is 
illustrated. MS/MS provides evidence for unimolecular 
dissociations of gas phase ions, which appear to 
underlie much of the fragmentation seen in molecular 
SIMS. Cases of strong molecule-surface interactions can 
result in dissociation in situ, however, and 
examples are collected. Applications of molecular SIMS 
in quantitative and trace analysis, chromatography, 
studies of ion chemistry, catalysis, and imaging are 
reviewed. Developing areas in molecular SIMS include 
highly endothermic fragmentations and ion beam induced 
surface reactions. 

I t i s a r e m a r k a b l e f e a t u r e o f s e c o n d a r y i o n mass s p e c t r o m e t r y 

( S I M S ) t h a t c o n s i d e r a b l e c h e m i c a l i n f o r m a t i o n i s a c c e s s i b l e t h r o u g h 

t h e p r o c e d u r a l l y s i m p l e p h y s i c a l t e c h n i q u e o f s p u t t e r i n g . 

S I M S — e s p e c i a l l y u n d e r l o w p r i m a r y i o n f l u x c o n d i t i o n s ( " s t a t i c 

S I M S , " a l s o k n o w n a s " m o l e c u l a r S I M S " w h e n a p p l i e d t o 

c o m p o u n d s ) — p r o v i d e s i n f o r m a t i o n on m o l e c u l a r w e i g h t and m o l e c u l a r 

s t r u c t u r e and a l l o w s i s o t o p i c a n a l y s i s . The s u r f a c e s e n s i t i v i t y o f 

S I M S p e r m i t s i t s u s e i n i m a g i n g , i n m o n i t o r i n g o f s u r f a c e 

0097-6156/85/0291-0001S11.75/0 
© 1985 American Chemical Society 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



2 DESORPTION MASS SPECTROMETRY 

r e a c t i o n s , a n d i n c h a r a c t e r i z i n g t h e " l o c a l a t o m i c s t r u c t u r e " o f 

t h e s u r f a c e o f a c o m p l e x m a t e r i a l . H i g h p r i m a r y i o n f l u x e s a r e 

u s e f u l f o r d e p t h p r o f i l i n g and f o r a n a l y s i s o f m a t e r i a l s d i s s o l v e d 

o r s u s p e n d e d i n l i q u i d m a t r i c e s . Some c h a r a c t e r i s t i c s o f m o l e c u l a r 

SIMS a r e g i v e n i n T a b l e I . 

T h i s r e v i e w f o c u s e s on t h e phenomenon o f m o l e c u l a r S I M S — t h a t 

i s , t h e p h y s i c a l a n d c h e m i c a l b a s e s f o r i t s many a n a l y t i c a l 

a p p l i c a t i o n s . The a p p l i c a t i o n s t h e m s e l v e s a r e a l s o r e v i e w e d . The 

c o v e r a g e i s s o m e w h a t h i s t o r i c a l , e m p h a s i z i n g p r o g r e s s w h i c h has 

c o m e o u t o f t h i s a n d o t h e r l a b o r a t o r i e s i n t h e p a s t f i v e y e a r s . 

S I M S i s d i s c u s s e d i n t h e c o n t e x t o f e x p e r i m e n t s u s i n g r e l a t e d 

d e s o r p t i o n i o n i z a t i o

( L D ) and f a s t a tom bombardment ( F A B ) . 

I t w i l l b e h e l p f u l t o s t a r t b y c o n s i d e r i n g t h e s t a t u s o f 

m o l e c u l a r S I M S a s o f 1 9 8 0 , w i t h p a r t i c u l a r r e f e r e n c e t o a r e v i e w 

(I) w h i c h s u m m a r i z e d p r o g r e s s i n m o l e c u l a r SIMS t o t h a t d a t e . 

P e r c e p t i o n s o f t h e b a s i c m e c h a n i s m i n S I M S h a v e c h a n g e d 

s u r p r i s i n g l y l i t t l e i n t h e e n s u i n g p e r i o d , a l t h o u g h c o n s i d e r a b l e 

a d v a n c e s h a v e o c c u r r e d i n e x p e r i m e n t a l and i n s t r u m e n t a l t e c h n i q u e s . 

I n 1 9 8 0 f a s t a t o m b o m b a r d m e n t m a s s s p e c t r o m e t r y u s i n g l i q u i d 

m a t r i c e s d i d n o t e x i s t , m a t r i x e f f e c t s i n S I M S w e r e l i t t l e 

e x p l o r e d , a n d t h e r e w e r e few SIMS s t u d i e s o f c a t a l y s t s . A n a l y s i s 

o f h i g h m o l e c u l a r w e i g h t c o m p o u n d s by SIMS was hampered by t h e 

l i m i t a t i o n s o f t h e q u a d r u p o l e and l o w mass r a n g e s e c t o r a n a l y z e r s 

w h i c h were u s e d a l m o s t e x c l u s i v e l y a t t h a t t i m e . 

W h i l e t h e r e h a s b e e n r a p i d p r o g r e s s i n e a c h o f t h e s e a r e a s , 

t h e g e n e r a t i o n o f p o l y a t o m i c i o n s i s s t i l l s e e n i n t h e t e rms 

p r e s e n t e d i n 1 9 8 0 : ( i ) t h e c o n v e r s i o n o f e n e r g y f r o m t h e f o r m i n 

w h i c h i t i s o r i g i n a l l y a p p l i e d i n t o n e t t r a n s l a t i o n a l e n e r g y o f a 

m o l e c u l e s u f f i c i e n t t o a l l o w i t t o l e a v e t h e s u r f a c e , ( i i ) t h e 

i o n / m o l e c u l e a n d o t h e r c h e m i c a l r e a c t i o n s w h i c h o c c u r a t t h e 

i n t e r f a c e a n d i n t h e s e l v e d g e a n d w h i c h t r a n s f o r m t h e s u r f a c e 

m o l e c u l e s o f i n t e r e s t i n t o g a s p h a s e i o n s s u i t a b l e f o r mass 

a n a l y s i s , a n d ( i i i ) s e c o n d a r y p r o c e s s e s w h i c h a l t e r t h e n a t u r e o f 

t h e i o n b e a m a f t e r i t l e a v e s t h e i n t e r f a c i a l r e g i o n , e s p e c i a l l y 

f r a g m e n t a t i o n d u e t o u n i m o l e c u l a r d i s s o c i a t i o n o f i n t e r n a l l y 
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1. PACHUTA AND COOKS Molecular SIMS 3 

T a b l e I . Some c h a r a c t e r i s t i c s o f m o l e c u l a r SIMS 

A n a l y z e r t y p e s 

Vacuum r e q u i r e m e n t s 

P r i m a r y i o n 

P r i m a r y i o n c u r r e n t 

P r i m a r y i o n e n e r g y 

Sample c o m p o s i t i o n 

P h y s i c a l f o r m o f 

s ample 

Sample s i z e 

S p u t t e r i n g y i e l d s 

S e c o n d a r y i o n e n e r g y 

d i s t r i b u t i o n 

Mass r a n g e 

D e t e c t i o n l i m i t 

O t h e r f e a t u r e s 

Q u a d r u p o l e , s e c t o r ( s ) , t i m e - o f - f l i g h t 

1 0 ~ 1 0 - 1 0 " 6 t o r r 
+ + + + 

A r , X e , Cs , 0 o common 
8 z 

h i g h e r c u r r e n t s s o m e t i m e s a c c e p t a b l e 

5 0 0 - 1 0 0 0 0 eV common 

I n v o l a t i l e o r g a n i c s , i n o r g a n i c s , a n d 

o r g a n o m e t a l 1 i c 8 ; s e m i c o n d u c t o r s ; a d s o r b e d 

g a s e s 

F o i l s ; b u l k s o l i d s ; c o m p r e s s e d p e l l e t s ; 

f r o z e n and l i q u i d m a t r i c e s 

1 0 0 u g - 10 n g c o m m o n ; b u l k ( m u l t i - l a y e r ) 

s a m p l e s o f t e n u s e d 

1% - 0 . 0 1 Z common 

A b o u t 3 eV a v e r a g e , d e p e n d i n g o n s a m p l e ; no 

h i g h e n e r g y t a i l as w i t h a t o m i c s p e c i e s 

U s u a l l y b e l o w 2000 amu; > 20000 p o s s i b l e 

< 10 ^ g f o r s a l t s 

S u r f a c e - s e n s i t i v e ; i s o t o p e - s p e c i f i c ; c a n 

d i s t i n g u i s h m o l e c u l a r w e i g h t , m o l e c u l a r 

s t r u c t u r e ; some c a p a b i l i t y f o r d e p t h 

p r o f i l i n g and i m a g i n g 
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4 DESORPTION MASS SPECTROMETRY 

e x c i t e d g a s phase i o n s . The s e l v e d g e ( t h e t e r m i s due t o R a b a l a i s 

(2^ ) ) i s t h e p l a s m a f o r m e d a t a n d i m m e d i a t e l y above t h e s u r f a c e 

d u r i n g s p u t t e r i n g . 

F i g u r e 1 i s a n e a r l y r e p r e s e n t a t i o n o f t h e s e t h r e e r e g i m e s 

w i t h t h e i r d i s t i n c t i v e p h y s i c a l and c h e m i c a l phenomena (_3). I n 

t h i s e a r l y p i c t u r e , e n e r g y i n t e r c o n v e r s i o n was c o n s i d e r e d as a f o r m 

o f i s o m e r i z a t i o n — " e n e r g y i s o m e r i z a t i o n " — l e a d i n g t o an e x p r e s s i o n 

o f t h e e x c i t a t i o n i n a f o r m more o r l e s s i n d e p e n d e n t o f t h e t y p e o f 

e n e r g y i n p u t . V i b r a t i o n a l e x c i t a t i o n , e s p e c i a l l y o f t h e l o w e r 

f r e q u e n c y m o d e s c o r r e s p o n d i n g t o i n t e r r a o l e c u l a r m o t i o n , was 

c o n s i d e r e d a s t h e b a s i s f o r d e s o r p t i o n . A c t i v a t i o n o f s u r f a c e 

phonons e x p r e s s e s t h e s e

T h r e e t y p e s o f i o n i z a t i o n p r o c e s s e s we re d i s t i n g u i s h e d 

a s c o n t r i b u t i n g t o t h e i o n s o b s e r v e d i n m o l e c u l a r SIMS s p e c t r a : 

d i r e c t d e s o r p t i o n o f p r e c h a r g e d m a t e r i a l s , 

c a t i o n i z a t i o n / a n i o n i z a t i o n , a n d e l e c t r o n i o n i z a t i o n ( E q u a t i o n s 1 - 3 , 

r e s p e c t i v e l y ) . The e q u a t i o n s i l l u s t r a t e o v e r a l l r e a c t i o n s and do 

n o t a t t e m p t t o e x p l a i n d e t a i l e d m e c h a n i s t i c s t e p s . 

C V ( s ) > C + ( g ) + A ' ( g ) ( 1 ) 

M° ( s ) > M° ( g ) C * > [ M + C ] + ( g ) ( 2 ) 

M° ( s ) > M° ( g ) — ^ > M + > ( g ) ( 3 ) 

D e s o r p t i o n o f p r e c h a r g e d m a t e r i a l s ( i . e . , s a l t s ) i s a h i g h l y 

e f f i c i e n t p r o c e s s , s i n c e e n e r g y i s n o t c h a n n e l e d i n t o b o t h an 

i o n i z a t i o n s t e p and a d e s o r p t i o n s t e p ; p r e v i o u s l y e x i s t i n g i o n s a r e 

s i m p l y t r a n s f e r r e d f r o m t h e s o l i d phase t o t h e g a s e o u s p h a s e . T h i s 

e f f e c t m a y b e s e e n i n t h e e a s e w i t h w h i c h S I M S s p e c t r a o f 

q u a t e r n a r y a m m o n i u m s a l t s a r e o b t a i n e d ( 4 ) . D e r i v a t i z a t i o n o f 

z w i t t e r i o n s t o y i e l d s p e c i e s w i t h a n e t c h a r g e i l l u s t r a t e s t h e same 

p o i n t . C a t i o n i z a t i o n o r a n i o n i z a t i o n o f n e u t r a l m o l e c u l e s by 

a t t a c h m e n t o f m e t a l i o n s , p r o t o n s , and o t h e r c h a r g e d s p e c i e s i s t h e 

s e c o n d c o m m o n l y o b s e r v e d i o n i z a t i o n p r o c e s s i n m o l e c u l a r SIMS 

( 5_) . T h i s m a y i n v o l v e d e s o r p t i o n o f n e u t r a l m o l e c u l e s 
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1. PACHUTA AND COOKS Molecular SIMS 

unimolecular 
dissociations 

collision 
Induced 
dissociations 

analysis1 analysis2 analysis1 analysis2 

extraction 

VIBRATIONAL DESORPTIO

REACTION-

IONIZATION -

|ENERGY ISOMERIZATION 

Transformation to 
a common form 

•ENERGY DEPOSITION 

-Unique ion 
formation processes (FI) 

-Simple, fast bond formation or 
dissociation to form, e.g., (C+M) 

-Electron ionization to form M+ , ,~" 

TYPES OF IONS leaving the surface are approximately 
independent of the ionization method. 

TYPES OF FRAGMENTATIONS are governed by the nature 
of the desorbed ions as described by gas phase icn 
chemistry. 

ION ABUNDANCES depend on internal energies which 
vary between and within each method. 

SPECTRAL DETAILS depend on instrumental factors. 

F i g u r e 1. E a r l y p r o p o s a l o f a u n i f i e d m o d e l f o r SIMS and 

o t h e r d e s o r p t i o n i o n i z a t i o n e x p e r i m e n t s . R e p r o d u c e d w i t h 

p e r m i s s i o n f r o m R e f . 3 . C o p y r i g h t 1 9 8 3 , E l s e v i e r S c i e n c e 

P u b l i s h e r s B . V . ( F i r s t p r e s e n t e d a t a c o n f e r e n c e on i o n 

f o r m a t i o n f r o m o r g a n i c s o l i d s , M l i n s t e r , West Ge rmany , 1 9 8 1 . ) 
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6 DESORPTION MASS SPECTROMETRY 

c o n c u r r e n t l y w i t h m e t a l i o n p r o d u c t i o n , f o l l o w e d by r e a c t i o n i n t h e 

s e l v e d g e t o f o r m an a d d u c t . E l e c t r o n s p r e s e n t i n t h e s e l v e d g e as a 

r e s u l t o f s e c o n d a r y e l e c t r o n e m i s s i o n c a n i o n i z e n e u t r a l m o l e c u l e s 

t o g i v e t h e t h i r d t y p e o f i o n i z a t i o n p r o c e s s s e e n i n m o l e c u l a r 

S I M S . T h i s p r o c e s s , f o r m a t i o n o f c a t i o n and a n i o n r a d i c a l s , i s n o t 

p a r t i c u l a r l y e f f i c i e n t , b u t i t c a n somet imes l e a d t o abundan t 

i o n s , f o r e x a m p l e , i n S I M S s p e c t r a o f p o l y c y c l i c a r o m a t i c 

h y d r o c a r b o n s (I). 

I n a d d i t i o n t o t h o s e i o n s fo rmed d u r i n g o r s o o n a f t e r p r i m a r y 

i o n i m p a c t , a s i n t h e p r o c e s s e s j u s t d e s c r i b e d , o t h e r i o n s a r i s e 

t h r o u g h s u b s e q u e n t e v e n t s . U n i m o l e c u l a r r e a c t i o n s o f i o n s , a k i n t o 

m e t a s t a b l e d e c o m p o s i t i o n

o c c u r i n t h e f r e e v a c u u m . T h e r e s u l t i n g f r a g m e n t i o n s h a v e 

i n t e n s i t i e s w h i c h c o n t r a d i c t t h e n o t i o n t h a t SIMS i s a " s o f t 1 1 

i o n i z a t i o n t e c h n i q u e , a l t h o u g h some f r a c t i o n o f t h e i o n p r o d u c t i o n 

e v e n t s c a n be so c h a r a c t e r i z e d . 

I n t h e d i s c u s s i o n o f m e c h a n i s m g i v e n b e l o w , s u p p o r t f o r t h e 

c o n c e p t s j u s t o u t l i n e d w i l l be m a r s h a l l e d f rom newer e x p e r i m e n t a l 

r e s u l t s w h i c h a r e a c c o m o d a t e d by t h e a b o v e m o d e l and w h i c h c a l l f o r 

i n t a c t e m i s s i o n o f m o l e c u l e s . I t s h o u l d be n o t e d , h o w e v e r , t h a t i n 

t h e c a s e o f a s t r o n g m o l e c u l e - s u b s t r a t e i n t e r a c t i o n , f r a g m e n t a t i o n 

p r o b a b l y o c c u r s d i r e c t l y a t t h e s u r f a c e . C l e a r l y t h i s i s t h e c a s e 

w h e n p o l y m e r 8 a r e e x a m i n e d by bombardment t e c h n i q u e s . A l m o s t a l l 

m o l e c u l a r SIMS e x p e r i m e n t s emp loy s t a t i c c o n d i t i o n s i n w h i c h v i r g i n 

s u r f a c e i s s e l e c t e d f o r a n a l y s i s . T y p i c a l maximum i o n c u r r e n t 
— 8 — 2 — 5 d e n s i t i e s o f 1 x 1 0 A cm c o r r e s p o n d t o c a . 6 x 1 0 i o n s 

- 1 ° 2 • s p e r s u r f a c e m o l e c u l e o f 10 A a r e a . T h i s a l l o w s s p u t t e r i n g 

t i m e s t o e x c e e d one h o u r b e f o r e t h e r e i s a s i g n i f i c a n t p r o b a b i l i t y 

o f e x a m i n i n g m o d i f i e d s u r f a c e m a t e r i a l . H o w e v e r , e x a m p l e s a r e 

b e i n g e n c o u n t e r e d a n d w i l l b e d i s c u s s e d b e l o w where s u r f a c e 

c h e m i c a l r e a c t i o n s ( " b e a m d a m a g e " ) do o c c u r u n d e r s t a t i c SIMS 

c o n d i t i o n s i n p a r t i c u l a r c a s e s . T h i s c a n p r o d u c e e x t e n s i v e 

c l e a v a g e s o f h i g h e n e r g y b o n d s a n d r e s u l t i n d i s t i n c t i v e SIMS 

f r a g m e n t a t i o n b e h a v i o r . 

D a t a w i l l a l s o b e g i v e n f o r o t h e r d e s o r p t i o n i o n i z a t i o n 

e x p e r i m e n t s w h i c h s u p p o r t t h e g e n e r a l n o t i o n o f e n e r g y 
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i s o n e r i z a t i o n , a l t h o u g h n o d e t a i l e d t r e a t m e n t o f e n e r g y 

i n t e r c o n v e r 8 i o n i s a t t e m p t e d . T h e t h i r d a s p e c t o f t h e SIMS 

m e c h a n i s m , u n i m o l e c u l a r d i s s o c i a t i o n o f i s o l a t e d gas phase i o n s , i s 

a l s o t h e t o p i c o f s o m e o f t h e newer e x p e r i m e n t s r e p o r t e d b e l o w , 

i n c l u d i n g t h o s e w h i c h u t i l i z e t a n d e m m a s s s p e c t r o m e t r y t o 

c h a r a c t e r i z e t h e s e e v e n t s d i r e c t l y . 

M e c h a n i s m 

T h e f u n d a m e n t a l n a t u r e o f t h e d e s o r p t i o n p r o c e s s i s a c o n t i n u i n g 

s u b j e c t o f c o n t r o v e r s y  The e x t e n s i v e l i t e r a t u r e on s p u t t e r i n g o f 

a t o m i c s p e c i e s h a s l e

a s p e c t s o f a t o m i c S I M S (6_, 7_) . M o l e c u l a r S I M S , h o w e v e r , 

p r e s e n t s a g r e a t e r c h a l l e n g e , a n d t h e m e a n s b y w h i c h a l a r g e 

b i o m o l e c u l e b e c o m e s a n i o n a r e l e s s c l e a r l y u n d e r s t o o d . M o d e l s 

h a v e b e e n p r o p o s e d ( 8 ^ 9 ^ , a n d some c u r r e n t m o d e l s o f m o l e c u l a r 

d e s o r p t i o n a r e d e s c r i b e d i n t h e p r o c e e d i n g s o f t h i s s y m p o s i u m 

( 1 0 - 1 3 ) . O u r o w n q u a l i t a t i v e b u t n o t u n t e s t e d v i e w s a r e g i v e n 

a b o v e a n d m o r e e x t e n s i v e l y i n t h e s e c t i o n s w h i c h f o l l o w . A 

s i g n i f i c a n t q u e s t i o n on w h i c h d i f f e r e n t v i e w s h a v e b e e n t a k e n i s 

t h i s : I s f r a g m e n t a t i o n o f s t a b l e , s t r o n g l y i n t e r n a l l y bonded 

o r g a n i c m o l e c u l e s upon p r i m a r y i o n i m p a c t s i g n i f i c a n t , o r i s t h i s 

o v e r w h e l m i n g l y t h e r e s u l t o f d e l a y e d gas phase d i s s o c i a t i o n s o f 

e n e r g e t i c i o n s ? T h e r e a r e d y n a m i c a l c a l c u l a t i o n s w h i c h c o n f i r m 

t h a t s u c h i n s t a n t a n e o u s d i s s o c i a t i o n s c a n o c c u r ( 1 4 ) , a n d t h e r e 

a r e a n g l e - r e s o l v e d S I M S d a t a w h i c h h a v e b e e n i n t e r p r e t e d as 

e v i d e n c e t h a t t h e y c a n b e a m a j o r s o u r c e o f f r agmen t i o n s ( 1 5 ) . 

M u c h o f t h e d a t a f o r b u l k s a m p l e s p r e s e n t e d and c i t e d h e r e i n , 

i n c l u d i n g t h e s i m i l a r i t i e s i n b e h a v i o r o b s e r v e d when c o m p a r i s o n s 

a r e made w i t h gas phase p r o c e s s e s , l e a d t o t h e o p p o s i t e c o n c l u s i o n . 

T i m e - r e s o l v e d e x p e r i m e n t s i n t h e p i c o s e c o n d r a n g e m i g h t r e s o l v e 

t h i s i s s u e b u t a r e no t now a c c e s s i b l e . 

A f e e l f o r t h e n a t u r e o f t h e m e c h a n i s t i c p r o b l e m c a n be had b y 

e x a m i n i n g t h e e n v i r o n m e n t n e a r t h e s u r f a c e a f t e r an i m p a c t e v e n t 

u s i n g s i m p l e c a l c u l a t i o n s and w i d e l y - a c c e p t e d a s s u m p t i o n s . I t has 
—8 —2 

b e e n n o t e d t h a t a p r i m a r y i o n c u r r e n t d e n s i t y o f 1x10 A cm 
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- 6 o_ 2 - 1 
c o r r e s p o n d s t o 6 x 1 0 i o n s A s . T h i s means t h a t , o n t h e 

6 ° 2 

a v e r a g e , e a c h a r e a o f 6 x 1 0 A r e c e i v e s one " h i t " by a p r i m a r y 

p a r t i c l e e a c h s e c o n d . B e c a u s e o f t h e v e r y l a r g e r e l a t i v e d i s t a n c e s 

a n d l o n g t i m e s b e t w e e n i m p a c t s , e a c h must be c o n s i d e r e d as an 

i s o l a t e d e v e n t . C o n s i d e r t h a t a s i n g l e i m p a c t c a n s p u t t e r t e n 

p a r t i c l e s , e a c h o f mass 200 amu and k i n e t i c e n e r g y 2 e V . U s i n g t h e 
2 

r e l a t i o n t h a t k i n e t i c e n e r g y - 1/2 mv , whe re m i s mass and v i s 

v e l o c i t y , t h e v e l o c i t y o f a 2 e V p a r t i c l e o f mass 200 amu i s 

1 . 3 9 x l 0 5 cm s " 1 , o r 1 . 3 9 x l 0 1 3 A s " 1 . T h e k i n e t i c t h e o r y o f 

g a s e s m a k e s p o s s i b l e t h e c a l c u l a t i o n o f a b s o l u t e p r e s s u r e f o r 
p a r t i c l e s o f a n y k i n e t i

2 
P = 1 / 3 nmv , w h e r e n i s t h e number o f p a r t i c l e s p e r u n i t v o l u m e 

—22 
(JL6_) • S i n c e t h e m a s s o f a 2 0 0 amu p a r t i c l e i s 3 . 3 2 x 1 0 g , 
t h e a b s o l u t e p r e s s u r e f o r t e n s u c h p a r t i c l e s o f 2 eV e n e r g y i s 

10 ° 3 
1 . 8 x 1 0 A t o r r . I f a n a p p r o p r i a t e v o l u m e c a n be j u s t i f i e d , 
t h e p r e s s u r e i n t h i s v o l u m e c a n be c a l c u l a t e d by s i m p l e d i v i s i o n . 

o 
S u p p o s e t h e s e l v e d g e r e g i o n i s a s p h e r e o f r a d i u s 50 A ; h a l f o f t h e 
s p h e r e i s b e l o w t h e p r e - i m p a c t l e v e l o f t h e s u r f a c e , and h a l f i s 

5 ° 3 
a b o v e i t . T h e v o l u m e o f t h i s r e g i o n i s 5 . 2 x 1 0 A . T h e 

4 
p r e s s u r e i n t h i s v o l u m e i s t h u s 3 . 5 x 1 0 t o r r as l o n g as t h e t e n 

- 1 2 

p a r t i c l e s r e m a i n w i t h i n t h e s p h e r e — a t i m e o f r o u g h l y 3 . 6 x 1 0 

s , a s s u m i n g p a r t i c l e s o r i g i n a t e a t t h e c e n t e r o f t h e s p h e r e and 

t h e r e a r e no c o l l i s i o n s . 

I t s h o u l d be s t r e s s e d t h a t t h e s e c a l c u l a t i o n s a r e o f t h e most 

e l e m e n t a r y n a t u r e a n d a r e meant o n l y t o g i v e a f e e l f o r what t h e 

a c t u a l s i t u a t i o n m a y b e . I f t h e c h o s e n c o n d i t i o n s a r e v a r i e d 

e x t e n s i v e l y , h o w e v e r , t h e b a s i c c o n c l u s i o n s r e m a i n u n c h a n g e d . I t 
10 ° 3 

i s i n t e r e s t i n g t o n o t e t h a t e v e n w i t h i n a v o l u m e o f 10 A t h e 

p r e s s u r e w i l l s t i l l be a b o u t 1 t o r r . I n t h i s c a s e p a r t i c l e s w i l l 

h a v e e x i s t e d f o r a r o u n d l O " 1 ^ s ( h u n d r e d s o f bond v i b r a t i o n s ) . A 

r e c e n t F A B s t u d y ( 1 7 ) f o u n d e v i d e n c e f o r s p u t t e r i n g f r o m b u l k 
5 ° 3 

g l y c e r o l , b a s e d i n p a r t o n t h e s p u t t e r i n g o f a 10 A v o l u m e 

w i t h e a c h p r i m a r y p a r t i c l e i m p a c t ( c o r r e s p o n d i n g t o e j e c t i o n o f 

m o r e t h a n 1000 g l y c e r o l m o l e c u l e s p e r X e p r i m a r y a t o m ) . V e r y h i g h 

l o c a l p r e s s u r e s a r e c l e a r l y i n v o l v e d i n F A B , a s i t u a t i o n w h i c h 

s u p p o r t s t h e a s s u m p t i o n s made i n o u r own c o m p a r a t i v e l y c o n s e r v a t i v e 
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I. PACHUTA AND COOKS Molecular SIMS 9 

c a l c u l a t i o n . The p i c t u r e o f t h e s e l v e d g e t h a t emerges i s t h a t o f a 

v e r y h o t , h i g h p r e s s u r e r e g i o n i n w h i c h m u l t i p l e c o l l i s i o n s a r e 

p o s s i b l e . T h i s c a n e x p l a i n many o f t h e e x p e r i m e n t a l o b s e r v a t i o n s 

d i s c u s s e d b e l o w . 

M a t r i x e f f e c t s . W h i l e t h e o r e t i c a l a p p r o a c h e s t o m e c h a n i s t i c 

s t u d i e s f o r m a l a r g e p a r t o f t h e l i t e r a t u r e , i t i s a l s o p o s s i b l e t o 

g a i n i n s i g h t t h r o u g h o b s e r v a t i o n s b a s e d on c h e m i c a l m o d i f i c a t i o n o f 

t h e s y s t e m o f i n t e r e s t . M o d i f i c a t i o n o f t h e s a m p l e m a t r i x p r o v i d e s 

o n e c h e m i c a l a p p r o a c h t o m e c h a n i s t i c i n f o r m a t i o n . S e v e r a l 

d i f f e r e n t t y p e s o f m a t r i x e f f e c t s h a v e b e e n o b s e r v e d . F o r e x a m p l e , 

F i g u r e 2 s h o w s S I M S

s a l t a n d a m m o n i u m c h l o r i d e . The n e a t compound g i v e s an a b u n d a n t 

i n t a c t c a t i o n a t m / z 3 9 0 , as e x p e c t e d f o r a p r e c h a r g e d s p e c i e s . 

R e a r r a n g e m e n t w i t h l o s s o f c y c l o h e x e n e t o g i v e a f r agmen t a t m / z 

3 0 8 i s t h e d o m i n a n t f r a g m e n t a t i o n p r o c e s s o b s e r v e d i n t h e SIMS 

s p e c t r u m o f t h i s compound . S i m i l a r f r a g m e n t a t i o n s , o c c u r r i n g v i a 

e l i m i n a t i o n o f s t a b l e n e u t r a l m o l e c u l e s , a r e a l s o o b s e r v e d when 

q u a t e r n a r y a m m o n i u m i o n s a r e c o l l i s i o n a l l y a c t i v a t e d ( 1 8 ) . I f 

N H ^ C l i s p h y s i c a l l y m i x e d w i t h t h e o r g a n i c s a l t a t d i l u t i o n s o f 

1 : 2 a n d t h e n 1 : 2 0 , a n i n c r e a s e o c c u r s i n t h e i n t a c t c a t i o n 

a b u n d a n c e r e l a t i v e t o t h e f r agmen t a b u n d a n c e ( 1 9 ) . T h i s e f f e c t 

o c c u r s w i t h o u t a d e c r e a s e i n s i g n a l - t o - n o i s e r a t i o , e v e n a t 

d i l u t i o n s a s h i g h as 1 : 1 0 0 0 . A t s u c h h i g h d i l u t i o n s t h e r a t i o o f 

m / z 3 9 0 t o m / z 308 l e v e l s o f f a t a v a l u e o f a b o u t 5 : 1 . A t e n t a t i v e 

e x p l a n a t i o n f o r t h i s m a t r i x e f f e c t i s t h a t t h e i n t a c t c a t i o n i s 

i n i t i a l l y s o l v a t e d b y N H ^ C l . T h e N H ^ C l t h e n f o r m s NH^ and 

H C 1 i n a d e s o l v a t i o n p r o c e s s w h i c h s e r v e s t o t a k e up i n t e r n a l 

e n e r g y f r o m t h e c a t i o n . T h i s l o s s o f i n t e r n a l e n e r g y r e s u l t s i n 

d e c r e a s e d f r a g m e n t a t i o n . T h e d e s o r p t i o n / d e s o l v a t i o n s e q u e n c e 

s u g g e s t e d s e e m s r e a s o n a b l e i n v i e w o f o b s e r v a t i o n s ( s e e b e l o w ) o f 

s o l v e n t - c a t i o n a d d u c t s i n FAB ( 2 0 ) , and o f s e l f c l u s t e r i n g i n FAB 

s p e c t r a o f N H ^ C l i t s e l f ( 2 1 ) a n d S I M S s p e c t r a o f l o w 

t e m p e r a t u r e m a t r i c e s . An a l t e r n a t i v e e x p l a n a t i o n i s t h a t s p u t t e r e d 

c a t i o n s a r e c o l l i s i o n a l l y r e l a x e d b y i n t e r a c t i o n w i t h m a t r i x 

s p e c i e s i n t h e s e l v e d g e , a p r o c e s s o n l y s u b t l y d i f f e r e n t f rom 
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6 
MATRIX CONTROL 

OF 

INTERNAL ENERGY 

cio; 

(a) 308 NEAT 

390 

(b) 
308 

12 NH4CI 

390 

(C) 
308 

1:20 NH.CI 
390 

300 400 m / z 

F i g u r e 2 . E f f e c t o f d i l u t i o n i n a m a t r i x on f r a g m e n t a t i o n i n 

S I M S . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 1 9 . C o p y r i g h t 

1 9 8 3 , A m e r i c a n C h e m i c a l S o c i e t y . 
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d e s o l v a t i o n · I n e i t h e r e v e n t , gas phase d i s s o c i a t i o n s a p p e a r t o 

o c c u r s u b s e q u e n t t o i n t a c t m o l e c u l a r e m i s s i o n . 

A r e l a t e d m a t r i x e f f e c t o f c o n s i d e r a b l e a n a l y t i c a l i n t e r e s t i s 

t h e e n h a n c e m e n t i n a b s o l u t e i o n y i e l d some t imes o b s e r v e d u n d e r 

c o n d i t i o n s o f h i g h d i l u t i o n i n a s o l i d m a t r i x ( 2 2 ) . C o m p a r i s o n 

o f t h e S I M S s p e c t r u m o f a n e a t p y r i l i u m s a l t w i t h t h a t o f t h e same 

s a l t d i l u t e d 1 0 0 0 - f o l d i n N H . C l s h o w s t h a t t h e i n t a c t c a t i o n 
4 

s i g n a l i s o b s e r v e d i n a b o u t t h r e e t i m e s g r e a t e r abundance f o r t h e 

N H ^ C l - d i l u t e d s a m p l e . T h e t h r e e f o l d i n c r e a s e i s o b s e r v e d e v e n 

w h e n t h e a b s o l u t e amount o f s a l t a n a l y z e d i n t h e d i l u t e s a m p l e i s 

o n e t h o u s a n d t i m e s l e s

a d d i t i o n a l a s p e c t o

e n h a n c e d s i g n a l . I o n bombardment y i e l d s p r o d u c t s f o r one day i n 

t h e N H ^ C l m a t r i x , b u t f o r o n l y a b o u t one h o u r i n t h e n e a t s ample 

u n d e r i d e n t i c a l c o n d i t i o n s . E f f e c t i v e d e s o r p t i o n o f ammonium 

c h l o r i d e , w h i c h e n t r a i n s a n a l y t e , i s one way o f a c c o u n t i n g f o r 

t h e s e o b s e r v a t i o n s . 

I n d e p e n d e n t l y o f t h e d e t a i l e d m o d e l u s e d t o d e s c r i b e t h e s e 

m a t r i x e f f e c t s , one must p r o p o s e t h a t m i x i n g on a m o l e c u l a r l e v e l 

o c c u r s b e t w e e n t h e o r g a n i c s a l t and t h e s a l t m a t r i x i n o r d e r t o 

a c c o u n t f o r t h e d r a m a t i c o b s e r v a t i o n s . The e f f e c t s a r e s e e n b o t h 

f o r m i x t u r e s d e p o s i t e d o n s u r f a c e s f r o m s o l u t i o n a n d t h o s e 

b u r n i s h e d on as s o l i d s . F u r t h e r e v i d e n c e o f m i x i n g i s p r o v i d e d b y 

a n o t h e r e f f e c t o f t h e m a t r i x , t h e s u p p r e s s i o n o f i n t e r m o l e c u l a r 

r e a c t i o n s . F i g u r e 3 shows SIMS s p e c t r a o f c a r n i t i n e h y d r o c h l o r i d e 

a s t h e n e a t m a t e r i a l and when d i l u t e d 200 t i m e s w i t h N H . C I . The 
4 

n e a t c o m p o u n d u n d e r g o e s i n t e r m o l e c u l a r m e t h y l a t i o n t o f o r m t h e 

q u a t e r n a r y m e t h y l e s t e r , as e v i d e n c e d by t h e p r e s e n c e o f m/z 176 

f o u r t e e n m a s s u n i t s above t h e i n t a c t c a t i o n a t m/z 1 6 2 . A d d i t i o n 

o f N H ^ C l c a u s e s a d r a m a t i c d e c r e a s e i n t h e a b u n d a n c e o f t h e 

m e t h y l a t e d c a t i o n , w h i c h i n d i c a t e s t h a t n e i g h b o r i n g g r o u p 

i n t e r a c t i o n s a r e m i n i m i z e d i n t h e p r e s e n c e o f t h e m a t r i x . The f a c t 

t h a t t h i s e f f e c t c a n be s e e n e v e n f o r a p h y s i c a l m i x t u r e i n d i c a t e s 

t h a t i o n - b e a m - i n d u c e d m i x i n g must o c c u r , e i t h e r due t o t h e a g e n c y 

o f p r i o r i m p a c t e v e n t s o r i n c o n j u n c t i o n w i t h t h e d e s o r b i n g i m p a c t 

i t s e l f . I m p a c t o f a s i n g l e p r i m a r y p a r t i c l e c o u l d c a u s e m i x i n g 
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o v e r a m u c h l a r g e r s u r f a c e a r e a t h a n w o u l d be s a m p l e d i n t h e 

c o n c u r r e n t s p u t t e r i n g e v e n t , s o a l l o w i n g m i x i n g t o o c c u r u n d e r 

8 t a t i c S I M S c o n d i t i o n s . S u c h m i x i n g i s c o n s i s t e n t w i t h 

o b s e r v a t i o n s b y M i c h l ( 2 3 ) o f c l u s t e r e m i s s i o n i n SIMS o f s m a l l 

m o l e c u l e s o l i d s a t c r y o g e n i c t e m p e r a t u r e s , and w i t h t h e e x c h a n g e o f 

c h l o r i n e f o r h y d r o g e n i n p h y s i c a l m i x t u r e s o f q u a t e r n a r y ammonium 

a n d m e t a l c h l o r i d e s a l t s ( 2A_) . M i c h l h a s a d v a n c e d a c l u s t e r 

e m i s s i o n m o d e l w h i c h a c c o u n t s f o r m i x i n g i n t h e h o t e j e c t e d 

c l u s t e r s and f o r s u b s e q u e n t c o o l i n g b y e j e c t i o n o f s m a l l m o l e c u l e s . 

T h i s i s a n a t t r a c t i v e e x p l a n a t i o n o f t h e e f f e c t s we o b s e r v e f o r 

room t e m p e r a t u r e s a l t m a t r i c e s . 

T h e m e c h a n i s t i c i m p l i c a t i o n

c u r r e n t l y u n d e r s t u d y ( 2 5 ) a r e n o t y e t c l e a r . T h i s e f f e c t 

c o n c e r n s t h e d e g r e e o f f r a g m e n t a t i o n o f a n i o n s as i n f l u e n c e d b y t h e 

n a t u r e o f c a t i o n s p r e s e n t i n t h e m a t r i x . F i g u r e 4 i l l u s t r a t e s 

n e g a t i v e i o n SIMS s p e c t r a o f p o t a s s i u m and ammonium p e r r h e n a t e . A 

s t r i k i n g d i f f e r e n c e i n t h e t w o s p e c t r a i s t h e m u c h g r e a t e r 

a b u n d a n c e o f R e O ^ i n t h e s p e c t r u m o f N H ^ R e O ^ ν ± · t n a t ° * 

K R e O ^ . I f a p h y s i c a l m i x t u r e o f N H ^ R e O ^ a n d KC1 i s s t u d i e d , 

t h e S I M S s p e c t r u m a p p e a r s i d e n t i c a l t o t h a t o f K R e O ^ . The 

s u p p r e s s i o n o f f r a g m e n t a t i o n i n N H ^ R e O ^ i s a l s o e f f e c t e d by 

R b C l and C s C l , b u t no t b y N a C l o r L i C l . T h i s c o u n t e r i o n e f f e c t may 

be a s s o c i a t e d w i t h e l e c t r o n t r a n s f e r phenomena i n t h e s e l v e d g e . 

W h i l e q u e s t i o n s r e m a i n a s t o t h e o r i g i n o f some m a t r i x 

e f f e c t s , m a n i p u l a t i o n o f t h e m a t r i x i s b e i n g e m p l o y e d i n c r e a s i n g l y 

a s a m e a n s f o r o p t i m i z i n g a n a l y s e s . C h e m i s t r y p l a y s a m a j o r r o l e 

i n p r o c e s s e s o c c u r r i n g d u r i n g s p u t t e r i n g . F o r e x a m p l e , B r ^ n s t e d 

a c i d - b a s e c o n c e p t s h a v e b e e n u s e d e f f e c t i v e l y t o i n c r e a s e t h e 

a b u n d a n c e s o f c e r t a i n i o n s i n S I M S . B e n n i n g h o v e n ( 2 6 ) f o u n d t h a t 

a c i d i f i c a t i o n o f a s o l u t i o n f rom w h i c h g l y c i n e was d e p o s i t e d on a 

s u r f a c e r e s u l t e d i n an i n c r e a s e d abundance o f [ M + H ] + i o n s , w h i l e 

a d d i t i o n o f s o d i u m h y d r o x i d e t o t h e s o l u t i o n gave a maximum y i e l d 

o f [ M - H ] i o n s . A d d i t i o n o f j > - 1 o l u e n e s u l f o n i c a c i d t o s ample 

m a t r i c e s h a s b e e n d e m o n s t r a t e d t o g i v e enhancemen t s i n [M+H]* i o n 

y i e l d s f o r a number o f b i o l o g i c a l compounds i n b o t h SIMS and l a s e r 

d e s o r p t i o n ( 2 7 ) . R e c e n t l y t h i s m a t r i x enhancement s t r a t e g y has 
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Carnitine HCI on Ag foil 

(CH3)3NCH2CH(OH)CH2COOHCI 
(M*I4)* 

140 160 
"η m/z 
180 

CarnitineHCI / NH4CI on Ag foil 
ι 2oo dilution 

A g 

100 120 
Τ Τ ψ Τ Τ Π 

140 
TTTTTJ1 

160 

(M* 14)* 

.MMI.MI m/z 

F i g u r e 3 . D e c r e a s e i n a b u n d a n c e o f t h e p r o d u c t o f a n 

i n t e r m o l e c u l a r r e a c t i o n ( m e t h y l a t i o n t o g i v e 1 7 6 + ) upon 

d i l u t i o n i n a m a t r i x . 

KRe0 4 neat 

Re0 4 

Re02" R e 0 3 ~ 
rryrr rryrr 

200 210 220 230 240 250 260 
m/z 

NH 4 Re0 4 

neat 

ReO, 

Re02" 
, r-4 . . 

200 210 220 230 240 2S0 260 

R e 0 4 

m/z 

F i g u r e 4 . E f f e c t o f c o u n t e r i o n upon f r a g m e n t a t i o n o b s e r v e d i n 

S I M S . 
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b e e n e x t e n d e d t o t h e u s e o f L e w i s a c i d s and b a s e s . T o d d , e t 

a l . ( 2 8 ) h a v e a c h i e v e d e n h a n c e m e n t s i n M + ' i o n y i e l d s i n SIMS 

o f p y r e n e d i s s o l v e d i n m o l t e n S b C l ^ . T h e k e y h e r e i s t h e 

e l e c t r o n - a c c e p t i n g a b i l i t y o f S b C l ^ , p o s s i b l y r e s u l t i n g i n 

f o r m a t i o n o f a c h a r g e t r a n s f e r c o m p l e x f r o m w h i c h t h e p y r e n e 

m o l e c u l a r i o n i s e a s i l y d e s o r b e d . 

O t h e r e x p e r i m e n t s . W h i l e m a t r i x e f f e c t s c a n p r o v i d e i n s i g h t 

i n t o t h e n a t u r e o f t h e d e s o r p t i o n p r o c e s s , t h e r e e x i s t o t h e r more 

d i r e c t m e t h o d s f o r o b t a i n i n g i n f o r m a t i o n on t h e SIMS m e c h a n i s m . 

M o n i t o r i n g o f s e c o n d a r y i o n i n t e n s i t y v s . s e c o n d a r y i o n o r 

p r i m a r y i o n k i n e t i c e n e r g

i n f o r m a t i o n ( s e e , f o r e x a m p l e , R a b a l a i s , et^ a l _ . ( 2 9 ) ) . 

P r i m a r y i o n c u r r e n t s c a n be v a r i e d , and beam damage a t h i g h f l u x e s 

m a y b e i n d i c a t i v e o f p a r t i c u l a r p r o c e s s e s ( s e e b e l o w ) . A l s o o f u s e 

i s v a r i a t i o n o f t h e n a t u r e o f t h e p r i m a r y i o n i t s e l f . F o r e x a m p l e , 

s p u t t e r i n g o f m e t a l s o r s e m i c o n d u c t o r s w i t h 0^* p r o d u c e s 

e n h a n c e m e n t i n i o n y i e l d s i n c o m p a r i s o n t o i n e r t g a s e s s u c h as 

A r + ; t h i s c a n .be e x p l a i n e d a s t h e r e s u l t o f o x i d a t i o n o f t h e 

m a t e r i a l , f o r m i n g a b a n d g a p w h i c h l i m i t s n e u t r a l i z a t i o n o f 

s p u t t e r e d i o n s o n e m i s s i o n ( 3 0 ) . ( O x i d a t i o n a l s o a l l o w s d i r e c t 

d e s o r p t i o n o f p r e c h a r g e d i o n s . ) V a r i a t i o n o f t h e a z i m u t h a l a n g l e 

o f i n c i d e n c e o f p r i m a r y i o n s a n d m e a s u r e m e n t o f t h e a n g u l a r 

d i s t r i b u t i o n s o f s e c o n d a r y i o n s h a v e b e e n u s e d b y W i n o g r a d ( 3 1 ) , 

o f t e n i n c o n j u n c t i o n w i t h c l a s s i c a l d y n a m i c s c a l c u l a t i o n s ( 3 2 ) , 

t o s t u d y c l u s t e r f o r m a t i o n and s u r f a c e c o n f i g u r a t i o n s o f a d s o r b e d 

s p e c i e s · 

T h e t i m e d e p e n d e n c e o f d e s o r p t i o n r e m a i n s a l i t t l e - e x p l o r e d 

b u t p o t e n t i a l l y u s e f u l a p p r o a c h f o r m e c h a n i s t i c s t u d i e s . C o t t e r 

( 3 3 ) h a s m o n i t o r e d s e c o n d a r y i o n k i n e t i c e n e r g i e s i n a l a s e r 

d e s o r p t i o n ( L D ) t i m e - o f - f l i g h t i n s t r u m e n t . L a s e r p u l s e s 40 ns w i d e 

w e r e u s e d t o d e s o r b K * i o n s f r o m s o l i d K C l , and t h e i o n s were 

s a m p l e d a t v a r i a b l e t i m e s a f t e r t h e l a s e r p u l s e . E m i s s i o n p e r s i s t s 

f o r s e v e r a l m i c r o s e c o n d s a f t e r e x c i t a t i o n , and s e c o n d a r y i o n 

k i n e t i c e n e r g i e s w e r e f o u n d t o d e c r e a s e when e x a m i n e d a t l o n g e r 

t i m e s a f t e r e x c i t a t i o n . T h i s r e s u l t s u p p o r t s a t h e r m a l m o d e l f o r 
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L D i n w h i c h r e l a x a t i o n o c c u r s a f t e r an i n i t i a l h i g h t e m p e r a t u r e 

s p i k e . T i m e - o f - f 1 i g h t i n s t r u m e n t s a r e w e l l s u i t e d f o r s u c h 

t i m e - d e p e n d e n t s t u d i e s , s i n c e t h e t i m e v a r i a b l e i s m e a s u r e d 

d i r e c t l y . I n a d d i t i o n t o i t s u s e i n L D , TOF i s u s e d e x c l u s i v e l y i n 

p l a s m a d e s o r p t i o n ( P D ) ( 3 4 ) a n d i s b e i n g u s e d i n c r e a s i n g l y i n 

S I M S ( 3 5 , 3 6 ) . I t i s n o t e w o r t h y t h a t a t i m e r e s o l u t i o n o f a b o u t 

1 0 ~ * * s i n f i e l d i o n i z a t i o n i s t h e p r e s e n t l i m i t a t t a i n a b l e i n 

a n y t e c h n i q u e ( 3 7 ) . I f t h e d e s o r p t i o n p r o c e s s i t s e l f o c c u r s on 
— 13 

t h e o r d e r o f o n e v i b r a t i o n a l p e r i o d ( 1 0 s ) ( 3 8 ) , a n y 

i n f o r m a t i o n t o be g a i n e d a b o u t t h e v e r y e a r l y s t a g e s o f d e s o r p t i o n 

i s a t p r e s e n t n o t o b t a i n a b l

S u c h s m a l l d e l a y s a r  p r i m , ,  p r o c e s s e

o c c u r r i n g t h r o u g h s e l v e d g e r e a c t i o n s c o u l d t h e n be d i s t i n g u i s h e d 

f r o m d i r e c t e m i s s i o n p r o c e s s e s , d i r e c t e m i s s i o n c o u l d i n t u r n be 

d i s t i n g u i s h e d f r o m u n i m o l e c u l a r f r a g m e n t a t i o n , and i n f o r m a t i o n 

c o u l d b e g a i n e d o n t h e n a t u r e o f e n e r g y r a n d o m i z a t i o n a t t h e 

s u r f a c e . 

T h e r e m a y a l s o b e m e c h a n i s t i c i n f o r m a t i o n a v a i l a b l e i n TOF 

p e a k s h a p e s . F i g u r e 5 compares t y p e s o f peaks e n c o u n t e r e d i n t h r e e 

d i f f e r e n t a n a l y z e r s i f a r e p e l l i n g v o l t a g e V ( 3 9 ) i s a p p l i e d 

a f t e r f u l l a c c e l e r a t i o n f r o m t h e i o n s o u r c e , b u t p r i o r t o d e t e c t i o n 

( T O F ) o r m a s s a n a l y s i s ( q u a d r u p o l e and m a g n e t i c s e c t o r ) . F o r TOF 

a n d m a g n e t i c a n a l y z e r s , b r o a d m e t a s t a b l e peaks a r e i n d i c a t i v e o f 

d e c o m p o s i t i o n a f t e r f u l l a c c e l e r a t i o n . S i n c e t h e q u a d r u p o l e 

a n a l y z e s m a s s d i r e c t l y , t h e r e i s n o m e t a s t a b l e p e a k i n t h e 

u n m o d i f i e d a n a l y z e r , r e g a r d l e s s o f t h e v a l u e o f V . I n t h e c a s e o f 

m a g n e t i c s e c t o r a n a l y s i s , a m e t a s t a b l e peak a p p e a r s as l o n g as V i s 

h e l d b e l o w a c r i t i c a l v a l u e V . w h e r e V e q u a l s t h e k i n e t i c 
c ' c 

e n e r g y p a r t i t i o n e d i n t o t h e f r a g m e n t i o n . ( T h i s d i s c u s s i o n 

n e g l e c t s f r a g m e n t a t i o n i n t h e r e g i o n f o l l o w i n g a p p l i c a t i o n o f V c ; 

t h i s w o u l d g i v e r i s e t o a s e c o n d p e a k . ) When V s u r p a s s e s V f t h e 

m e t a s t a b l e peak i s no l o n g e r o b s e r v e d , w h i l e t h e n a r r o w peak due t o 

i o n s w i t h f u l l a c c e l e r a t i n g v o l t a g e r e m a i n s . I f V i s z e r o i n t h e 

T O F c a s e , t h e p e a k s h o w s a p r o n o u n c e d b r o a d e n i n g a t t h e b a s e . 

A p p l i c a t i o n o f a r e p e l l i n g v o l t a g e a l l o w s s e p a r a t i o n o f t h i s b r o a d 

p e a k i n t o t w o c o m p o n e n t s : t h a t d u e t o s t a b l e and t h a t due t o 
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m e t a s t a b l e i o n s . I n c r e a s i n g V t o a n d b e y o n d r e s u l t s i n 

c o m p l e t e r e p u l s i o n o f t h e m e t a s t a b l e c o m p o n e n t , w i t h a s l i g h t 

l e n g t h e n i n g o f t h e f l i g h t t i m e f o r s t a b l e i o n s as a r e s u l t o f t h e 

r e p e l l i n g v o l t a g e . D e t e r m i n a t i o n o f t h e t h r e s h o l d e n e r g y f o r 

m e t a s t a b l e d e c o m p o s i t i o n g i v e s i n f o r m a t i o n on t h e i n t e r n a l e n e r g i e s 

o f s e c o n d a r y i o n s , w h i c h u l t i m a t e l y l e a d s b a c k t o t he d e s o r p t i o n 

p r o c e s s . D e t e r m i n a t i o n o f i n t e r n a l e n e r g y d i s t r i b u t i o n s i n 

s p u t t e r e d i o n s s e e m s f e a s i b l e u s i n g new methods ( 4 0 ) , and t h i s 

s h o u l d p r o v i d e f u r t h e r m e c h a n i s t i c i n s i g h t s . 

A t i m e - ο f - f 1 i g h t i n s t r u m e n t ( 4 1 ) h a s r e c e n t l y b e e n 

c o n s t r u c t e d f o r t h e p u r p o s e o f o b s e r v i n g m e t a s t a b l e d e c o m p o s i t i o n s 

o f i o n s f o r m e d i n p l a s m

e l e c t r o s t a t i c m i r r o r t o r e f l e c t t h e i o n beam w h i l e p e r m i t t i n g 

n e u t r a l s t o p a s s t h r o u g h u n h i n d e r e d t o a d e t e c t o r . One o p e r a t i n g 

m o d e i n v o l v e s a c q u i s i t i o n o f a s p e c t r u m w i t h t h e e l e c t r o s t a t i c 

m i r r o r d i s a b l e d , a l l o w i n g b o t h i o n s and n e u t r a l s t o s t r i k e t h e 

d e t e c t o r b e h i n d t h e m i r r o r . A s e c o n d measurement w i t h t h e m i r r o r 

o p e r a t i n g w i l l g i v e a s p e c t r u m o f n e u t r a l s o n l y . T h e s e n e u t r a l s 

m u s t h a v e b e e n f o r m e d b y i n - f l i g h t d e c o m p o s i t i o n o f i o n s , s i n c e 

n e u t r a l s c o u l d n o t b e a c c e l e r a t e d o u t o f t h e i n s t r u m e n t s o u r c e . 

T h e n e u t r a l s , h a v i n g t h e same v e l o c i t i e s as t h e p a r e n t i o n s f rom 

w h i c h t h e y a r i s e , a p p e a r a t f l i g h t t i m e s i d e n t i c a l t o t h o s e o f t h e 

u n f r a g m e n t e d p a r e n t i o n s . T h e i n t e g r a t e d p e a k r a t i o 

( n e u t r a l s ) / ( n e u t r a l s + i o n s ) g i v e s a d i r e c t m e a s u r e o f t h e 

c o n t r i b u t i o n o f m e t a s t a b l e s t o a TOF p e a k . I n some c a s e s , 80% t o 

90% o f t h e p e a k a r e a c o m e s f rom m e t a s t a b l e d e c o m p o s i t i o n s ( 4 2 ) . 

A s e c o n d o p e r a t i n g m o d e o f t h i s i n s t r u m e n t i s a c o i n c i d e n c e 

e x p e r i m e n t i n w h i c h d e t e c t i o n o f b o t h n e u t r a l s and r e f l e c t e d i o n s 

i s a c c o m p l i s h e d s i m u l t a n e o u s l y . I t i s p o s s i b l e i n t h i s mode t o 

i d e n t i f y f r a g m e n t i o n s f o r m e d b y d i s s o c i a t i o n o f a p a r t i c u l a r 

p a r e n t i o n — a c a p a b i l i t y o f g r e a t i m p o r t a n c e f o r i o n s t r u c t u r a l and 

m e c h a n i s t i c s t u d i e s . 

T h e r e a r e a n u m b e r o f r e c e n t s t u d i e s w h i c h , t h o u g h n o t a i m e d 

s p e c i f i c a l l y a t d e t e r m i n i n g t h e m e c h a n i s m o f d e s o r p t i o n , p o i n t t h e 

w a y t o f u t u r e e x p e r i m e n t s i n t h i s a r e a . FAB o f q u i n o n e a n t i b i o t i c s 

( 4 3 ) a p p e a r s t o b e a c c o m p a n i e d b y r e d u c t i o n . Q u i n o n e s w i t h l o w 
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r e d u c t i o n p o t e n t i a l s g i v e l a r g e ( [ M + 2 H ] + e + [M+3H] + ) / [M+H] + 

a n d ( [ M + H ] ~ + M ~ * ) / [ M - H ] ~ r a t i o s . T h e r a t i o s f o l l o w 

p o l a r o g r a p h i c a l l y - m e a s u r e d p o t e n t i a l s and a r e d e p e n d e n t on s o l v e n t , 

a n a l y s i s t i m e , a n d q u i n o n e s t r u c t u r e . A FAB s t u d y by B u r s e y , £ t 

a l . ( 4 4 ) h a s q u a n t i t a t e d t h e c o m p e t i t i o n f o r a l k a l i m e t a l 

c a t i o n s b e t w e e n s o l v e n t g l y c e r o l a n d s o l u t e p h t h a l i c a c i d . A 

f u l l e r u n d e r s t a n d i n g o f t h i s c o m p e t i t i o n and o f t h e p r o c e s s e s 

i n v o l v e d i n t h e r e d u c t i o n s c o u l d a i d g r e a t l y i n t h e e x p l a n a t i o n o f 

m a t r i x e f f e c t s . T h e i n f o r m a t i o n n o w a v a i l a b l e p o i n t s t o 

s i g n i f i c a n t c o n t r i b u t i o n s o f b o t h s e l v e d g e i o n / m o l e c u l e r e a c t i o n s 

a n d s u b s e q u e n t u n i m o l e c u l a r d i s s o c i a t i o n s  U s i n g tandem mass 

s p e c t r o m e t r y ( s e e b e l o w )

f o r d e s o l v a t i o n p r o c e s s e s i n FAB s p e c t r a o f s u c r o s e and g l u c o s e i n 

N a C l - d o p e d g l y c e r o l . S o l v a t e d c l u s t e r s g e n e r a t e d i n FAB w e r e 

c o l 1 i s i o n a l l y d i s s o c i a t e d and f o u n d t o y i e l d f r a g m e n t s o f t h e same 

c o m p o s i t i o n a s o t h e r i o n s i n t h e F A B s u r v e y s p e c t r u m . I t i s 

r e a s o n a b l e t o s u p p o s e t h a t many i o n s i n FAB and SIMS r e s u l t f r o m 

s i m i l a r u n i m o l e c u l a r d i s s o c i a t i o n s . 

C o n t r o l o f t a r g e t s u r f a c e p o t e n t i a l has b e e n u s e d t o i n c r e a s e 

t h e s p e c i f i c i t y o f t h e i n f o r m a t i o n a v a i l a b l e f r o m S I M S . D e t e c t i o n 

o f i n o r g a n i c c o n s t i t u e n t s i n c o a l a n d p o l y m e r s a m p l e s ( 4 6 ) i s 

h a m p e r e d b y t h e s t r o n g m o l e c u l a r i o n b a c k g r o u n d s o f t e n p r e s e n t . By 

c h a r g i n g a s u r f a c e t o a p a r t i c u l a r v a l u e , s e c o n d a r y o r g a n i c i o n s 

w i t h l o w k i n e t i c e n e r g i e s c a n b e s u p p r e s s e d , w h i l e t h e h i g h e r 

e n e r g y a t o m i c i o n s a r e t r a n s m i t t e d . T h i s method i s a v a r i a n t on 

s e c o n d a r y i o n k i n e t i c e n e r g y a n a l y s i s . 

A n e x p e r i m e n t r e l a t e d t o t h a t a b o v e i n v o l v e s h e a t i n g o r 

c o o l i n g s u r f a c e s t o o b s e r v e t h e e f f e c t s , i f a n y , on s p u t t e r i n g . A 

S I M S s t u d y o f e t h y l e n e a d s o r b e d on r u t h e n i u m ( 4 7 ) s u g g e s t s t h e 

t y p e o f i n f o r m a t i o n o b t a i n a b l e w i t h s u r f a c e t e m p e r a t u r e v a r i a t i o n . 

I n F i g u r e 6 , i o n s p r o d u c e d b y s p u t t e r i n g w e r e m o n i t o r e d d u r i n g 

a p p l i c a t i o n o f a t e m p e r a t u r e ramp t o a R u ( O O l ) s u r f a c e . W h i l e a l l 

t h e c a t a l y t i c i m p l i c a t i o n s o f t h i s d a t a w i l l n o t be d i s c u s s e d , t h e 

f i g u r e i s i n f o r m a t i v e i n a m e c h a n i s t i c s e n s e . F o r e x a m p l e , t h e 

f a c t t h a t R u C + a n d R u C ^ + i n c r e a s e a s R u + i n c r e a s e s 

i n d i c a t e s a l o c a l s u r f a c e R u C 0 u n i t o r r e c o m b i n a t i o n o f n e u t r a l C 
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Time-of-
Flight 

V « 0 

Magnetic 
Sector 

ν<ν Λ V>Vr 

Timt of Right (/it) 

F i g u r e 5 . E f f e c t o f gas phase f r a g m e n t a t i o n u p o n peak s h a p e s 

o b s e r v e d u s i n g d i f f e r e n t mass a n a l y z e r s f o r S I M S . 

CO 
ζ 

h-
_J 

LU 

CC*50> 

300 625 950 

TEMPERATURE (K) 
1275 1600 

F i g u r e 6 . S u r f a c e t e m p e r a t u r e dependence o f t h e SIMS s p e c t r u m 

o f e t h y l e n e on R u . 
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o r C2 s p e c i e s w i t h R u + i n t h e s e l v e d g e . T h e f a c t t h a t n o 

p o s i t i v e C + o r i o n s c o u l d b e o b s e r v e d r u l e s o u t 

p a r t i c i p a t i o n b y n e u t r a l Ru i n t h e c a t i o n i z a t i o n p r o c e s s . 

A l t e r n a t i v e m e t h o d s ο f e n e r g y d e p o s i t i o n . T h e 

r e l a t i o n s h i p b e t w e e n S I M S a n d o t h e r d e s o r p t i o n i o n i z a t i o n 

t e c h n i q u e s c a n p r o v i d e a d d i t i o n a l m e c h a n i s t i c i n s i g h t s . I n l a s e r 

d e s o r p t i o n , a s i n S I M S , t h e p r o c e s s e s o f 

c a t i o n i z a t i o n / a n i o n i z a t i o n , d i r e c t d e s o r p t i o n o f p r e c h a r g e d 

m a t e r i a l s , a n d e l e c t r o n i o n i z a t i o n ( E q u a t i o n s 1-3) a r e e a s i l y 

r e c o g n i z e d . T h e s i m i l a r i t i e s b e t w e e n t h e two methods c a n be 

i l l u s t r a t e d b y c o m p a r i n

( s u c h a s d i q u a t e r n a r y ammonium s a l t s ) ( 3 3 , 4 8 ) . T h e s e compounds 

f a i l t o s h o w d o u b l y - c h a r g e d i o n s i n L D , a l t h o u g h a b u n d a n t [ M - H ] + 

o r [ M - C H ^ ] + i o n s a r e s e e n a l o n g w i t h s i n g l y - c h a r g e d f r a g m e n t s . 

D i s s o c i a t i o n o f d i q u a t e r n a r y ammonium s a l t s i n t o two s i n g l y - c h a r g e d 

q u a t e r n a r y i o n s i s s o m e t i m e s o b s e r v e d , a s i s s u b s t i t u t i o n o f 

h a l o g e n s f o r h y d r o g e n . I n r a r e i n s t a n c e s , d o u b l y - c h a r g e d i o n s c a n 

b e o b s e r v e d i n S I M S ( 4 9 ) . The s i m i l a r i t i e s b e t w e e n SIMS a n d LD 

s p e c t r a , e s p e c i a l l y t h o s e o b t a i n e d w i t h p u l s e d beams , f a r o u t w e i g h 

t h e d i f f e r e n c e s , and t h i s i s s i g n i f i c a n t i n v i e w o f t h e c o m p l e t e l y 

d i f f e r e n t means u s e d f o r e x c i t a t i o n . 

T h e t e c h n i q u e s o f f i e l d d e s o r p t i o n ( F D ) a n d 

e l e c t r o h y d r o d y n a m i c i o n i z a t i o n (EHD) d i f f e r f r o m S I M S , L D , and FAB 

i n t h e i r p h y s i c a l b a s i s and i n f e a t u r e s s e e n i n t h e s p e c t r a . F o r 

e x a m p l e , t h e d i q u a t e r n a r y a m m o n i u m s a l t s d i s c u s s e d above y i e l d 

i n t a c t d o u b l y - c h a r g e d i o n s , a n d f r a g m e n t a t i o n i s l e s s e x t e n s i v e . 

N o n e t h e l e s s , t h e t h r e e c l a s s e s o f i o n s d e s c r i b e d f o r m o l e c u l a r SIMS 

a r e g e n e r a l l y s e e n i n F D ( 5 0 ) . A n E H D s t u d y o f a s e r i e s o f 

d i q u a t e r n a r y a m m o n i u m s a l t s ( 5 1 ) l e d t o t h e c o n c l u s i o n t h a t t h e 

a m o u n t o f i n t e r n a l e n e r g y d e p o s i t e d i n EHD i s l e s s t h a n i n SIMS a n d 

F A B . T h e s a m e s t u d y a l s o i n d i c a t e d t h a t FAB ( l i q u i d m a t r i x ) 

d e p o s i t s l e s s e n e r g y t h a n SIMS ( s o l i d m a t r i x ) , so i n t h i s c a s e t h e 

o r d e r o f e n e r g y d e p o s i t i o n i s SIMS > FAB > E H D . 

I t i s g e n e r a l l y r e c o g n i z e d t h a t FAB a n d SIMS r e a l l y r e p r e s e n t 

o n e a n d t h e s a m e s p u t t e r i n g phenomenon . The c h a r g e b o r n e by t h e 
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p r i m a r y p a r t i c l e i s o f l i t t l e m e c h a n i s t i c c o n s e q u e n c e , and i t i s 

t h e l i q u i d m a t r i x w h i c h i s r e s p o s i b l e f o r t h e a d v a n t a g e s and 

d i s a d v a n t a g e s o f F A B . A d i r e c t c o m p a r i s o n b e t w e e n s p e c t r a o b t a i n e d 

w i t h C s + a n d X e ° p r i m a r y b e a m s h a s b e e n r e p o r t e d ( 52 ) . 

P e p t i d e s , l i p i d s , n u c l e o t i d e s , and s t e r o i d s d e s o r b e d f r o m g l y c e r o l 

a r e f o u n d t o e x h i b i t v i r t u a l l y i d e n t i c a l s p e c t r a w i t h b o t h C s + 

a n d X e ° p r i m a r y p a r t i c l e b o m b a r d m e n t . T h e o n l y s i g n i f i c a n t 

d i f f e r e n c e i s a n i n c r e a s e i n s e c o n d a r y i o n i n t e n s i t y w i t h C s + , 

p r o b a b l y due t o t h e a b i l i t y t o b e t t e r f o c u s t h e c h a r g e d beam. 

I n c o n t r a s t t o SIMS and F A B , p l a s m a d e s o r p t i o n e m p l o y s h e a v y , 

v e r y h i g h e n e r g y (MeV) f i s s i o n f r a g m e n t s as p r i m a r y p a r t i c l e s . The 

f l u x o f t h e s e p a r t i c l e

F A B . T h e p r i m a r y e x c i t a t i o n p r o c e s s i n PD i s e l e c t r o n i c , w h i l e 

t h a t i n S I M S and FAB i s g e n e r a l l y c o n s i d e r e d t o a r i s e f r o m n u c l e a r 

s t o p p i n g ( 5 3 ) . D u e t o t h i s e l e c t r o n i c e x c i t a t i o n t h e r e i s a 

d e p e n d e n c e on t h e c h a r g e s t a t e o f t h e p r i m a r y p a r t i c l e , u n l i k e t h e 

s i t u a t i o n i n SIMS and F A B . D e s p i t e d i f f e r e n c e s i n t h e e a r l y s t a g e s 

o f i o n i z a t i o n , h o w e v e r , t h e same t y p e s o f i o n s s e e n i n S I M S , F A B , 

L D , a n d FD a r e a l s o s e e n i n P D . T h i s s u g g e s t s c o n v e r s i o n o f e n e r g y 

t o a common f o r m a f t e r t h e i n i t i a l e n e r g i z a t i o n p r o c e s s . 

S u m m a r y o f m e c h a n i s m . T a k i n g i n t o a c c o u n t t h e d a t a i n hand 

( a n d t h a t w h i c h f o l l o w s ) , i t i s p o s s i b l e t o c l a s s i f y t h e many 

p r o c e s s e s w h i c h o c c u r i n m o l e c u l a r SIMS i n a q u a l i t a t i v e m a n n e r . 

T a b l e I I , w h i l e n o t c o m p l e t e , i l l u s t r a t e s many o f t h e p r o c e s s e s 

w h i c h c o n t r i b u t e t o m o l e c u l a r S I M S , F A B , and LD s p e c t r a . The 

f o l l o w i n g s y n o p s i s o f t h e m e c h a n i s m c o m p l e m e n t s t h e m a t e r i a l i n 

T a b l e I I : 

( 1 ) U p o n p a r t i c l e i m p a c t , e n e r g y i s d e p o s i t e d i n t o a s u r f a c e 

a n d d i s t r i b u t e d t h r o u g h m o m e n t u m t r a n s f e r and v i b r a t i o n a l and 

r o t a t i o n a l e x c i t a t i o n . T h i s l e a d s t o h e a t i n g , e l e c t r o n and p h o t o n 

e m i s s i o n , n e u t r a l p a r t i c l e e m i s s i o n , and i o n e m i s s i o n . 

( 2 ) T h e r e a r e , i n i t i a l l y , a t l e a s t t h r e e t y p e s o f m o l e c u l a r 

i o n s f r o m w h i c h o t h e r i o n s may be d e r i v e d . T h e s e a r e fo rmed b y 

e l e c t r o n i o n i z a t i o n , d i r e c t d e s o r p t i o n , and i o n / m o l e c u l e p r o c e s s e s , 

e s p e c i a l l y c a t i o n i z a t i o n / a n i o n i z a t i o n . The means by w h i c h t h e s e 
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T a b l e I I . I o n f o r m a t i o n p r o c e s s e s i n m o l e c u l a r SIMS 

Probable region of occurrence Comments 
M° ( S ) • 

C+ (,)• 
M° (s) • 
M° (ι)-
M° ( S ) -

•M° (g) ——-·> M" (g) 
• C* (g) 
. H° (g) *C* • (N • C)+ <g) 
- M° (g) • (H •
• H° (g) - • (H • H)+ (g) 

C* (s) • nS° (1) • Cs/ (g) 
C+ (g) * nS° (g) CS„* (g) 

C* (g) • nS° (g) 
• e M,0 ( S ) • M2° (s.l) 

M° (s) • F (g) * Cn* (?* (C„ • F)~ (g) 
(9) • Μ2* (s.l) 

[C° (s) • Ad (g)] • - (C • Ad)1 (g) 
Ad (g) * C • (C • Ad)+ (g) 
nC (s) • • V (9) 
Mj° (s) • Mj° (s) + H • (2M1 • H)4 (g) • (g) 

selvedge 
surface 

selvedge 

selvedge 
surface 

surface (liquid) 
selvedge 
free vacuum 
selvedge 

surface —selvedge 
surface 

selvedge 
surface 
surface 

electron Ionization 
direct desorption 
catIonization 

cat1on1zat1on by protonation 
direct cluster desorption 
solvent attachment 
cat1on1zat1on of solvent 
desolvatlon 
electron transfer 
"bean damage" 
Intact emission 
cat1on1zat1on 
Intact cluster emission 
surface reaction 

unimolecular fragmentation 
M - molecule, C - cation. A" * anion, C » atom or molecule, S - solvent, Ad - adsorbed species, F • fragment, m,n - positive Integers 
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i o n s a r i s e a r e t o s o m e d e g r e e o b s c u r e . F o r e x a m p l e , e l e c t r o n 

i o n i z a t i o n may i n v o l v e d i r e c t s e l v e d g e i o n i z a t i o n o f n e u t r a l s , b u t 

i t c o u l d a l s o i n v o l v e c h a r g e e x c h a n g e o r e l e c t r o n l o s s c o n c u r r e n t l y 

w i t h t h e a c t u a l d e s o r p t i o n o f a m o l e c u l e . 

( 3 ) I o n s f o r m e d i n t h e s e l v e d g e c a n r e a c t w i t h o t h e r i o n s o r 

n e u t r a l s t o f o r m c l u s t e r s a n d o t h e r s e c o n d a r y p r o d u c t s . I o n s 

s p u t t e r e d f r o m l i q u i d m a t r i c e s c a n c a t i o n i z e s o l v e n t m o l e c u l e s . 

( 4 ) Some c l u s t e r s may be d e s o r b e d as i n t a c t u n i t s . L i k e w i s e , 

s o l v a t e d a d d u c t s may be d e s o r b e d f rom l i q u i d m a t r i c e s d i r e c t l y . 

( 5 ) U n d e r n o r m a l e x p e r i m e n t a l c o n d i t i o n s , u n i m o l e c u l a r 

f r a g m e n t a t i o n a n d d e s o l v a t i o n o c c u r p r e d o m i n a n t l y i n f r e e vacuum 

a b o v e t h e s e l v e d g e . 

( 6 ) E s p e c i a l l y u n d e r h i g h f l u x c o n d i t i o n s , some m o l e c u l e s c a n 

b e f r a g m e n t e d d i r e c t l y a t t h e s u r f a c e , and t h e s e f r a g m e n t s c a n f o r m 

a d d u c t s i n t h e s e l v e d g e . 

A l t h o u g h t h e y s p e c i f i c a l l y d e s c r i b e t h e b e h a v i o r o f o r g a n i c 

m o l e c u l e s , i t i s i n t e r e s t i n g t o e x a m i n e t h e e x t e n t t o w h i c h t h e 

p r e c e d i n g g e n e r a l i z a t i o n s a p p l y t o s i m p l e m e t a l s a l t s ( 5 4 ) . 

F i g u r e 7 i s a p o r t i o n o f t h e F A B s p e c t r u m o f S b C l ^ . A 

d i s t i n g u i s h i n g f e a t u r e o f t h i s s p e c t r u m i s t h e p r e s e n c e o f 

s u c c e s s i v e l o s s e s o f n e u t r a l HC1 f r o m i o n s s o l v a t e d by g l y c e r o l . 

T h e n e g a t i v e F A B s p e c t r u m o f S n C l ^ c o n t a i n s s i m i l a r H C l l o s s e s 

a n d a s e r i e s o f S n C l ^ p e a k s a r i s i n g f r o m a d d i t i o n o f C I t o 

S n C l ^ ( p r e s u m a b l y i n t h e s e l v e d g e ) and a p p a r e n t l y f r o m s u c c e s s i v e 

l o s s e s o f C l ^ ( f r e e g a s p h a s e ) . I n t h e s e c a s e s , h e t e r o l y s i s o f 

t h e s u b s t r a t e ( e . g . , t o g i v e S n C l ^ ~ a n d S n C l ^ + ) f o l l o w e d by 

s o l v a t i o n i n t h e s e l v e d g e a n d u n i m o l e c u l a r f r a g m e n t a t i o n v i a 

e l i m i n a t i o n o f s t a b l e n e u t r a l m o l e c u l e s a c c o u n t s f o r much o f t h e 

b e h a v i o r o b s e r v e d i n F A B . 

Tandem Mass S p e c t r o m e t r y ( M S / M S ) 

A n a d d i t i o n a l d i m e n s i o n o f i n f o r m a t i o n c a n be added t o d e s o r p t i o n 

t e c h n i q u e s i f a s e c o n d s t a g e o f mass a n a l y s i s i s u s e d . T y p i c a l l y 

a n i o n i s ma s s - s e 1 e c t e d w i t h a q u a d r u p o l e o r m a g n e t i c s e c t o r and 

a l l o w e d t o p a s s i n t o a c o l l i s i o n c e l l . A t a r g e t gas i n t h e 
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c o l l i s i o n c e l l c a u s e s c o l l i s i o n a l a c t i v a t i o n o f t h e i o n , w h i c h t h e n 

f r a g m e n t s . F r a g m e n t i o n s a r e m a s s - a n a l y z e d t o o b t a i n a d a u g h t e r 

s p e c t r u m . A n a l t e r n a t i v e s c a n m o d e — t h e p a r e n t s c a n — i n v o l v e s 

s e t t i n g t h e s e c o n d a n a l y z e r t o s e l e c t i o n s o f a c o n s t a n t mass w h i l e 

t h e f i r s t a n a l y z e r i s s c a n n e d ; t h i s p r o d u c e s a s p e c t r u m o f i o n s 

w h i c h f r a g m e n t t o g i v e a p a r t i c u l a r d a u g h t e r i o n . MS/MS i s v e r y 

u s e f u l i n i o n s t r u c t u r e d e t e r m i n a t i o n s , e s p e c i a l l y i n c a s e s where 

a n a b u n d a n t m o l e c u l a r i o n a n d a n a b s e n c e o f f r agmen t i o n s a r e 

e n c o u n t e r e d . I t a l s o h a s p r o v e n v a l u a b l e i n p r o v i d i n g e v i d e n c e 

t h a t g a s p h a s e d i s s o c i a t i o n s a r e r e s p o n s i b l e f o r t h e f r agmen t i o n s 

o b s e r v e d i n S I M S and FAB s p e c t r a o f ( i ) t h i a m i n e , ( i i ) N H ^ C l , and 

( i i i ) s i l v e r p r o p i o n a t e

w i l l be c o n s i d e r e d i n t u r n . 

M S / M S d a u g h t e r s p e c t r a o f a n u m b e r o f i o n s g e n e r a t e d by 

s p u t t e r i n g o f o r g a n i c m a t e r i a l s i n l i q u i d and s o l i d m a t r i c e s h a v e 

b e e n r e p o r t e d ( 55_) . I n o n e e x p e r i m e n t t h e i n t a c t c a t i o n ( m / z 

2 6 5 ) o f t h i a m i n e HC1 was s e l e c t e d and f o u n d t o f r agmen t b y c l e a v a g e 

i n t o t w o m a i n f r a g m e n t s ( m / z 122 and m / z 1 4 4 ) . T h i s r e a c t i o n i s 

i d e n t i c a l t o t h a t s e e n i n t h e SIMS s u r v e y mass s p e c t r u m o f t h i a m i n e 

H C 1 i t s e l f . A n i o n a t m /z 357 was o b s e r v e d i n t h e SIMS s p e c t r u m o f 

t h i a m i n e H C 1 f r o m g l y c e r o l ; t h i s i s t h e a d d u c t [MfG] + , where M i s 

t h e i n t a c t c a t i o n and G i s g l y c e r o l . The d a u g h t e r s p e c t r u m o f t h i s 

i o n w a s e x p e c t e d t o s h o w s i m p l e l o s s o f g l y c e r o l a c c o m p a n i e d by 

t h i a m i n e f r a g m e n t s . T h i s i n d e e d o c c u r s , b u t t h e b a s e peak i n t h e 

d a u g h t e r s p e c t r u m i s m/z 2 3 8 , w h i c h f o r m a l l y c o r r e s p o n d s t o l o s s o f 

g l y c e r o l a n d a n a d d i t i o n a l 27 m a s s u n i t s ( p r o b a b l y H C N ) . 

A p p a r e n t l y t h e g l y c e r o l s o l v e n t r e a c t s w i t h t h e t h i a m i n e c a t i o n t o 

f o r m n e w c o v a l e n t b o n d s . T h i s i s a n e x a m p l e o f an i n t i m a t e 

e o l v e n t - a n a l y t e a s s o c i a t i o n ( a s c o n t r a s t e d w i t h s o l i d m a t r i x d a t a 

i n w h i c h v e r y l o o s e a s s o c i a t i o n s a r e n o r m a l l y i n d i c a t e d ) . 

I n t h e s a m e s t u d y , a n u n e x p e c t e d r e s u l t was o b s e r v e d i n t h e 

d a u g h t e r s p e c t r u m o f t h e i n t a c t c a t i o n ( m / z 162) f r o m c a r n i t i n e 

( s e e M a t r i x e f f e c t s , a b o v e ) . T h e b a s e p e a k i n SIMS MS/MS i s 

m / z 1 0 3 , c o r r e s p o n d i n g t o l o s s o f t r i m e t h y l a m i n e b y r e a r r a n g e m e n t , 

w h i l e t h e s a m e i o n i n t h e SIMS s u r v e y s p e c t r u m i s n e a r l y a b s e n t . 

T h i s i s a s t r i k i n g c a s e o f d i f f e r e n t b e h a v i o r b e t w e e n SIMS and gas 
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p h a s e f r a g m e n t a t i o n s . I t s o r i g i n s a r e n o t e n t i r e l y c l e a r , a l t h o u g h 

d i s s o c i a t i o n i n S I M S i s i n f l u e n c e d by t h e n a t u r e o f t h e m a t r i x , 

p o i n t i n g t o t h e o c c u r r e n c e o f f r a g m e n t a t i o n i n t h e s e l v e d g e . 

A s t u d y o f s i l v e r c a r b o x y l a t e s ( 5 6 ) e m p l o y i n g e v a p o r a t i o n 

f o l l o w e d b y e l e c t r o n i o n i z a t i o n ( E I ) i n c o n j u n c t i o n w i t h MS/MS 

a l l o w e d s t r u c t u r e s t o be f o r m u l a t e d f o r c e r t a i n i o n s o b s e r v e d i n 

S I M S . T h e S I M S s p e c t r u m o f s i l v e r p r o p i o n a t e , f o r e x a m p l e , 

c o n t a i n s u n u s u a l i o n s i n d i c a t i v e o f h i g h e n e r g y bond c l e a v a g e s , i n 

c o n t r a s t t o m o s t o t h e r m o l e c u l a r SIMS s p e c t r a . T h e s e i o n s a r e 

A g C O * * " , A g C O ^ + , A g 2 0 + , a n d e s p e c i a l l y Α 8 2 ° 2 Η 5 + a n d 

A g p r o p C H ( p r o p = C O C Η ) . I n a d d i t i o n , A g , 
A 8 2 ' A 8 3 » A 8 2

o b s e r v e d . I d e a l l y t h e s t r u c t u r e s o f some o f t h e s e i o n s w o u l d be 

d e t e r m i n e d w i t h S I M S M S / M S . W h e n t h i s d i r e c t method was n o t 

a v a i l a b l e , E I s p e c t r a f r o m a v a p o r i z e d s a m p l e w e r e a c q u i r e d on a 

t r i p l e q u a d r u p o l e mass s p e c t r o m e t e r . The i o n s o b s e r v e d i n E I were 

t h e s a m e a s i n S I M S , w i t h t h e e x c e p t i o n o f A g + ( a b s e n t ) and 

A g ^ C O a n d A g ^ C O ^ ( v e r y w e a k ) . T h e s i m i l a r i t y b e t w e e n 

t h e s p e c t r a m a y b e i n d i c a t i v e o f b o t h ( i ) t h e r m a l p r o c e s s e s 

o c c u r r i n g i n SIMS and ( i i ) u n i m o l e c u l a r d i s s o c i a t i o n s o c c u r r i n g i n 

t h e f r e e v a c u u m r e g i o n . P a r e n t a n d d a u g h t e r MS/MS s c a n s p r o d u c e d 

t h e d a t a i n S c h e m e 1 , w h i c h s h o w s t h e o r i g i n s and f a t e s o f t h e 

v a r i o u s A g - c o n t a i n i n g s p e c i e s . A g p r o p * i s s e e n t o b e a 

p a r e n t o f A g ^ C O a n d A g ^ C O ^ , w h i c h a r i s e b y c l e a v a g e o f 

C - C b o n d s i n t h e m e t a l - c o n t a i n i n g c l u s t e r i o n . F o r m a t i o n o f t h e s e 

i o n s i n S I M S i s t h e r e f o r e r e a s o n a b l y a s c r i b e d t o g a s phase 

d i s s o c i a t i o n s . P a r t i c u l a r l y i n t e r e s t i n g i s t h e A g H + i o n , 
+ 

w h i c h d o e s n o t f r a g m e n t t o A g , i n c o n t r a s t t o i o n s l i k e 
+ + 2 

A g C O a n d A g p r o p , w h i c h d o . T h e c o n c l u s i o n i s t h a t 
+ + 

A g 2 C 0 c o n t a i n s a A g - A g b o n d , w h i l e A g ^ H h a s a 

p r o t o n - b o u n d A g - H + - A g s t r u c t u r e . I n c a s e s l i k e t h i s , MS/MS c a n 

o f f e r i m p o r t a n t i n s i g h t s i n t o m o l e c u l a r s t r u c t u r e o t h e r w i s e 

u n o b t a i n a b l e w i t h o n l y one s t a g e o f mass a n a l y s i s . 

T h e o b s e r v a t i o n o f h i g h mass c l u s t e r s i s f a m i l i a r i n S I M S , and 

s o i t i s n o t s u r p r i s i n g t h a t N H ^ C l c l u s t e r s a r e o b s e r v e d i n FAB 

( 2 1 ) . L i k e t h e s o l i d a l k a l i h a l i d e s ( 5 7 ) , NH C l p r o d u c e s a 
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s e r i e s o f c l u s t e r s c o n t a i n i n g gaps a t c e r t a i n m a s s e s . F i g u r e 8 i s 

a p o r t i o n o f t h e p o s i t i v e i o n FAB s p e c t r u m o f N H ^ C l . C l u s t e r s 

a r e c l e a r l y e v i d e n t by t h e d i s t i n c t i v e c h l o r i n e i s o t o p e p a t t e r n s 

a n d a r e d e s c r i b e d b y t h e f o r m u l a [ ( N H . ) C I , ] + · C l u s t e r s 
J 4 χ χ - 1 

i n S I M S , t o o , c o m m o n l y h a v e t h i s g e n e r a l ^ χ Α χ - ^ 1 f o r m u l a 

( 3 0 ) . I n t h i s p a r t i c u l a r c a s e , c l u s t e r s we re o b s e r v e d f rom χ =» 1 

t o χ = 3 8 . A t i n c r e a s i n g l y h i g h m a s s e s , i o n i n t e n s i t i e s d e c r e a s e , 

w i t h e x c e p t i o n s a t χ * 3 8 , 3 2 , 2 3 , and 1 4 , w h e r e i n t e n s i t i e s a r e 

n o t a b l y g r e a t e r t h a n e x p e c t e d . Gaps o c c u r i n t h e c l u s t e r s e r i e s a t 

χ - 3 1 , 2 4 , 2 2 , a n d 1 5 . T h e g a p f o r χ - 1 5 

( [ ( N H ^ ) 1 5 C 1 ^ ] + ) i s c l e a r l

t h e a b s e n c e o f an χ β

17 ( m / ζ 8 7 2 ) a n d χ - 16 ( m / z 819) i o n s w e r e r e c o r d e d . The χ - 17 

i o n w a s f o u n d t o f r a g m e n t t o χ * 1 6 , 1 4 , 1 3 , . . · , w i t h χ * 15 

b e i n g a b s e n t . T h e χ = 16 i o n was f o u n d t o l o s e two N H ^ C l g r o u p s 

t o g i v e t h e s e r i e s χ * 1 4 , 1 3 , 1 2 , . . . . T h u s , t h e χ » 15 

c l u s t e r w a s n o t o b s e r v e d i n any o f t h e e x p e r i m e n t s and i s c l e a r l y 

o f l o w s t a b i l i t y . The MS/MS d a t a c o n f i r m t h a t t h e k e y e l e m e n t s o f 

t h e d e s o r p t i o n i o n i z a t i o n s p e c t r a a r i s e as a r e s u l t o f u n i m o l e c u l a r 

f r a g m e n t a t i o n s , as shown e a r l i e r f o r c e s i u m i o d i d e by S t a n d i n g and 

c o w o r k e r s ( 5 8 ) . 

A p p l i c a t i o n s 

Q u a n t i t a t i v e a n d t r a c e a n a l y s i s . Q u a n t i t a t i v e a n a l y s i s by 

S I M S m u s t b e p e r f o r m e d w i t h an a w a r e n e s s t h a t d i f f e r e n t m a t e r i a l s 

h a v e d i f f e r e n t s p u t t e r i n g y i e l d s , and t h u s a l a r g e peak f o r one 

m a t e r i a l m a y o r m a y n o t i n d i c a t e t h a t i t i s p r e s e n t i n g r e a t e r 

a b u n d a n c e t h a n a m a t e r i a l w h i c h g i v e s a s m a l l e r p e a k . I f 

a p p r o p r i a t e s t a n d a r d s a r e u s e d , h o w e v e r , i t i s p o s s i b l e t o 

a c c u r a t e l y q u a n t i t a t e m a t e r i a l s i n S I M S . As one e x a m p l e , f u l l 

s p e c t r a o f g o o d q u a l i t y and s i g n a l p e r s i s t e n c e o f a t l e a s t t h i r t y 

m i n u t e s u n d e r s t a t i c S I M S c o n d i t i o n s h a v e b e e n r e p o r t e d f o r 

t h e r a p e u t i c q u a t e r n a r y p y r i d i n e a l d o x i m e s a t t h e 50 ng l e v e l 

( 59) . M o n i t o r i n g o f o n l y one i o n a n d / o r s i g n a l a v e r a g i n g c o u l d 

be u s e d t o l o w e r t h e d e t e c t i o n l i m i t s u b s t a n t i a l l y . 
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[Sb6ly-2H]* ANTIMONY TRICHLORIDE / • FAB 
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Figure 7. FAB spectrum of SbCl3 i n glycerol showing fragmentations 
leading to lower mass ions
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Scheme 1. Ion relationships in s i l v e r propionate determined by 
Ms/Ms. Reproduced with permission from Ref. 56. Copyright 1984, 
American Chemical Society. 

%0\ 

Ο I 6 0 
c 

< 
40H 

CD 

14 

FAB NH4C1 ( s o l i d ) ^ ( N H 4 ) | 4 C l | 3 * 

x - I O 

II 

552 

12 

605 

505 

5 3 4 ,578 

13 

858 

828 1 
500 

16 

819 
17 

870 18 

JLeJLX 
700 9 0 0 

m/z 
Figure 8. FAB spectrum of s o l i d NH4CI showing gap in c luster 
ions at (NH4) 1 5 c ! - | 4 + . 
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A s i n m a n y o t h e r q u a n t i t a t i v e mass s p e c t r o m e t r i c s t u d i e s , t h e 

b e s t q u a n t i t a t i v e r e s u l t s a r e o f t e n o b t a i n e d i n m o l e c u l a r SIMS 

t h r o u g h u s e o f i s o t o p i c a l l y - l a b e l l e d i n t e r n a l s t a n d a r d s . T h i s 

p r o c e d u r e has been s u c c e s s f u l l y u s e d i n q u a n t i t a t i n g t h e e x t e n t o f 

m e t h y l a t i o n o f n u c l e o s i d e s p r o d u c e d by i n v i t r o m e t h y l a t i o n o f 

D N A ( 6 0 ) . F i g u r e 9 A i s t h e S I M S s p e c t r u m o f 3 - m e t h y l c y t i d i n e 

(m C ) , c h a r a c t e r i z e d b y t h e 3 - m e t h y l c y t o s i n e i o n ( a r i s i n g f r o m 

c l e a v a g e o f t h e r i b o s e s u g a r ) a t m/z 1 2 6 . M e t h y l a t e d p o l y c y t i d y l i c 

a c i d , e n z y m a t i c a l l y d e g r a d e d i n t h e p r e s e n c e o f d e u t e r a t e d 
2 3 

3 - m e t h y l c y t i d i n e ( [ m e t h y l - H ^ j m C ) , g i v e s t h e SIMS s p e c t r u m 

i n F i g u r e 9 B . T h e i o

d e u t e r a t e d , s t a n d a r d show
3 

t o t h e m / z 1 2 6 peak a r i s i n g f rom m C p r o d u c e d by d e g r a d a t i o n . I n 
3 

t h i s c a s e , 22% o f m C w a s f o u n d i n t h e m e t h y l a t e d p o l y c y t i d y l i c 

a c i d , a f i g u r e w h i c h a g r e e s w i t h t h a t o b t a i n e d i n s t u d i e s by h i g h 

p e r f o r m a n c e l i q u i d c h r o m a t o g r a p h y and n u c l e a r m a g n e t i c r e s o n a n c e . 

A n i m p o r t a n t t o o l f o r q u a n t i t a t i v e as w e l l as q u a l i t a t i v e 

a n a l y s i s b y m o l e c u l a r S I M S i s r e v e r s e d é r i v â t i z a t i o n ( 2 7 ) . I n 

c o n t r a s t t o d e r i v a t i z a t i o n n o r m a l l y e n c o u n t e r e d i n m a s s 

s p e c t r o m e t r y , i n w h i c h a n i n v o l a t i l e m a t e r i a l i s made more 

v o l a t i l e , d e r i v a t i z a t i o n r e a c t i o n s a p p r o p r i a t e t o D I y i e l d a s a l t 

w h i c h c a n be e f f i c i e n t l y i o n i z e d . F i g u r e 10 d e m o n s t r a t e s one s u c h 

d e r i v a t i z a t i o n r e a c t i o n ( 6 1 ) i n w h i c h c o r t i c o s t e r o n e r e a c t s w i t h 

G i r a r d 1 s r e a g e n t Ρ t o f o r m a p y r i d i n i u m s a l t . P o s i t i v e i o n FAB 

a n a l y s i s o f t h e d e r i v a t i z e d m a t e r i a l p r o d u c e s an a b u n d a n t i n t a c t 
1 

c a t i o n f o r as l i t t l e as 1 o f s a m p l e k e t o s t e r o i d . 

T r a c e a n a l y s i s b y S I M S c a n a c h i e v e s t r i k i n g l y l o w d e t e c t i o n 

l i m i t s , e v e n f o r i m p u r e s a m p l e s and m i x t u r e s , when c a r e i s t a k e n t o 

o p t i m i z e e a c h a s p e c t o f t h e e x p e r i m e n t . B e n n i n g h o v e n ' β w o r k on 

b i o m o l e c u l e s i n t h e 1 0 0 0 - 2 0 0 0 m o l e c u l a r w e i g h t r a n g e ( 6 2 ) 

d e m o n s t r a t e s t h i s p o i n t , w i t h 10 ^ m o l d e t e c t i o n l i m i t s b e i n g 

a v a i l a b l e i n a TOF a n a l y z e r . The i m p o r t a n t f a c t o r i n t h i s w o r k i s 

t h e u s e o f a s p u t t e r - c l e a n e d n o b l e m e t a l s u b s t r a t e , w h i c h a l l o w s 

d e p o s i t i o n f r o m s o l u t i o n o f m o n o l a y e r s o r s u b m o n o l a y e r s o f s a m p l e . 

T h e u s e o f c h e m i c a l i o n i z a t i o n w i t h MS/MS has e n a b l e d d e t e c t i o n o f 
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3 - m e t h y l c y t o e i n e ( m / z 1 2 6 ) b y S I M S u s i n g a d 3 ~ l a b e l e d 

i n t e r n a l s t a n d a r d ( m / z 1 2 9 ) . 
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i o n i z a t i o n o f n o n p o l a r compounds . 
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p i c o g r a m a m o u n t s o f c o m p o n e n t s i n b i o l o g i c a l m i x t u r e s ( .63) , and 

SIMS may p r o v i d e e v e n l o w e r d e t e c t i o n l i m i t s f o r m i x t u r e a n a l y s i s . 

C h r o m a t o g r a p h y . SIMS i s p a r t i c u l a r l y w e l l - s u i t e d t o t h e a n a l y s i s 

o f m a t e r i a l s s e p a r a t e d b y p a p e r c h r o m a t o g r a p h y , t h i n l a y e r 

c h r o m a t o g r a p h y ( T L C ) , and e l e c t r o p h o r e s i s . S i n c e s a m p l e i s a l r e a d y 

p r e s e n t o n a s o l i d s u p p o r t i n t h e s e m e t h o d s , d i r e c t a n a l y s i s o f 

s e p a r a t e d c o m p o n e n t s i s e a s i l y p e r f o r m e d . D e t e c t i o n o f t h e 

q u a t e r n a r y a m m o n i u m s a l t m u s c a r i n e i n a mushroom e x t r a c t ( 6 4 ) 

e x e m p l i f i e s t h e t e c h n i q u e . D e t e c t i o n l i m i t s a r e a b o u t 10 p g f o r 

i n s i t u a n a l y s i s o f T L C s p o t s , b u t b y s c r a p i n g o f f s p o t s and 

r e d e p o s i t i n g them on m e t a

m a g n i t u d e b e t t e r a r e o b t a i n e d . T h i s i s due t o r e m o v a l o f much o f 

t h e b a c k g r o u n d s i g n a l w h i c h a r i s e s f r o m t h e p l a t e and t o s a m p l i n g 

o f m o r e m a t e r i a l (S IMS s a m p l e s o n l y s u r f a c e m a t e r i a l , so m a t e r i a l 

a b s o r b e d i n t o t h e s i l i c a g e l o r c e l l u l o s e l a y e r s w i l l n o t be 

s a m p l e d ) . S I M S h a s a l s o b e e n u s e d a s a d e t e c t o r f o r l i q u i d 

c h r o m a t o g r a p h y ( 6 5 ) , b u t t h i s i s e x p e r i m e n t a l l y more d i f f i c u l t 

t h a n d e t e c t i o n o f TLC s p o t s . 

I o n C h e m i s t r y . Q u i t e o f t e n i n m o l e c u l a r S I M S , f r a g m e n t a t i o n i s 

o b s e r v e d w h i c h c a n be e x p l a i n e d t h r o u g h s i m p l e schemes o f t h e s o r t 

c o m m o n l y e n c o u n t e r e d i n e l e c t r o n i m p a c t and c h e m i c a l i o n i z a t i o n 

m a s s s p e c t r o m e t r y . C o n s i d e r F i g u r e 1 1 , t h e SIMS s p e c t r u m o f 

n i c o t i n a m i d e ( J J O · A number o f peaks a r e a p p a r e n t , and Scheme 2 

s e r v e s t o e x p l a i n m a n y o f t h e m . A f t e r a r g e n t a t i o n a t t h e r i n g 

n i t r o g e n a t o m , an a d d i t i o n a l s i l v e r a tom may r e p l a c e a h y d r o g e n t o 

g i v e t h e [ 2 A g + M - H ] + i o n , f o l l o w e d b y l o s s o f H N C 0 t o g i v e 

[ 2 A g + M - H - H N C 0 ] + . ( T h e a t t a c h m e n t o f A g 2 t o [ M - H ] + i s 

a p p a r e n t l y p r e c l u d e d h e r e , s i n c e no [M-H] + f r a g m e n t i o n i s s e e n . ) 

A t t a c h m e n t o f t w o s i l v e r a t o m s i s p r o b a b l y a s e l v e d g e p r o c e s s , 

w h i l e l o s s o f HNCO i s a f r e e gas p h a s e f r a g m e n t a t i o n , as i n d i c a t e d 

b y d i r e c t e x p e r i m e n t s w i t h t h e c o r r e s p o n d i n g p r o t o n a t e d compound . 

O t h e r p e a k s i n t h e s p e c t r u m a r e e a s i l y r e c o g n i z a b l e : t h e r a d i c a l 

n i c o t i n a m i d e c a t i o n M + " , t h e p r o t o n a t e d n i c o t i n a m i d e c a t i o n 

[ M + H ] + , t h e s i l v e r c l u s t e r A g 3

+ , a n d a A g 2 C l + i m p u r i t y 

c l u s t e r w i t h t h e f a m i l i a r [C A , ] + c o m p o s i t i o n . 
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I n t e r e s t i n g b e h a v i o r h a s b e e n o b s e r v e d i n S I M S o f some 

m i x t u r e s o f t e t r a h e d r a l i n o r g a n i c c o m p l e x e s ( 6>6 ) . T a b l e I I I 

p r e s e n t s i o n s o b s e r v e d i n t h e SIMS s p e c t r u m o f a 1:1 m i x t u r e o f 

c o p p e r m e t h y l a n d s i l v e r c y c l o h e x y l i s o c y a n i d e s . A g r a p h i t e 

s u p p o r t a n d g r a n u l a t e d g r a p h i t e m a t r i x we re f o u n d t o g i v e t h e b e s t 

s i g n a l / n o i s e r a t i o s . C o n s i d e r a b l e m i x i n g i n t h e s e l v e d g e i s 

s u g g e s t e d b y l i g a n d e x c h a n g e ( e . g . , [ C u ( C N C y ) 2 l + a n d 

[ A g ( C N C H 3 ) 2 ] ) a n d b y t h e p r e s e n c e o f m i x e d l i g a n d s p e c i e s 

( [ C u ( C N C H ^ ) ( C N C y ) ] ) . O n t h e b a s i s o f a g r o w i n g n u m b e r o f 

s t u d i e s o f i n o r g a n i c c o m p o u n d s a n d c o o r d i n a t i o n c o m p l e x e s 

( 6 7 - 6 9 ) i t i s a p p a r e n t t h a t i n t e r m o l e c u l a r r e a c t i o n s a r e f a r 

m o r e l i k e l y f o r t h e s

s u r m i s e s t h a t t h e s t r o n g e r i n t e r m o l e c u l a r and w e a k e r i n t r a m o l e c u l a r 

b o n d s i n i n o r g a n i c compounds c a u s e t h i s d i f f e r e n c e i n b e h a v i o r f r o m 

t y p i c a l o r g a n i c s a m p l e s . 

C a t a l y s i s . S I M S h a s b e e n u s e d t o s t u d y s y s t e m s o f c a t a l y t i c 

i n t e r e s t , i n c l u d i n g n i c k e l c o m p l e x e s s u p p o r t e d on i n s o l u b l e 

p o l y m e r i c a n d o x i d i c m a t e r i a l s ( 7 0 ) . F i g u r e 12A i s t h e SIMS 

s p e c t r u m o f a n i c k e l c y c l o p e n t a d i e n e t r i p h e n y l p h o s p h i n e c o m p l e x o n 

s i l v e r . T h e n i c k e l p e a k s a r e c h a r a c t e r i s t i c o f t h e c o m p l e x , w h i l e 

t h e A g ( P P h ^ ) + p e a k s i n d i c a t e s e l v e d g e c a t i o n i z a t i o n o f 

t r i p h e n y l p h o s p h i n e b y s p u t t e r e d A g + . I f a l u m i n a i s added t o t h e 

s a m p l e m a t r i x , t h e r e s u l t i n g S I M S s p e c t r u m ( F i g u r e 12B) i s , 

s u r p r i s i n g l y , d e v o i d o f N i - c o n t a i n i n g i o n s . T h i s p r o v i d e s e v i d e n c e 

o f a s t r o n g N i - a l u m i n a i n t e r a c t i o n . The i o n A g ( P P h ^ ) + r e m a i n s 

a b u n d a n t , s u g g e s t i n g t h a t N i - p h o s p h i n e b o n d s a r e c l e a v e d 

p r e f e r e n t i a l l y t o N i - s u p p o r t b o n d s . 

S t u d i e s o f a d s o r b a t e i n t e r a c t i o n s on c a t a l y t i c a l l y r e a c t i v e 

s u r f a c e s c a n a l s o b e c a r r i e d o u t w i t h S I M S . I n one s u c h s t u d y 

( 7 1 , 72) , i s o t o p i c m i x i n g was u s e d t o d e t e r m i n e t h a t c a r b o n and 

o x y g e n a t o m s i n R u C 0 + s p u t t e r e d f r o m a C O - s a t u r a t e d R u ( 0 0 1 ) 

s u r f a c e d o n o t u n d e r g o e x c h a n g e i n t h e SIMS p r o c e s s . The SIMS 
18 

s p e c t r u m o f a R u ( 0 0 1 ) s u r f a c e a f t e r e x p o s u r e t o C 0 c o n t a i n s 

R u C 1 8 0 + a n d R u 2 C 1 8 0 + i o n s , a n d a l s o R u C + , R u 1 8 0 + , 
a n d R u « C + i o n s i n d i c a t i v e o f C - 0 c l e a v a g e . F i g u r e 13 shows t h e 

13 18 
S I M S s p e c t r u m o f a m i x t u r e o f CO a n d C 0 o n R u ( 0 0 1 ) . I n 
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T a b l e I I I . I o n s p r e s e n t i n t h e SIMS s p e c t r u m o f C C u ( C N C H 3 ) ^ ] P F 6 and 
C A g C C N C y ^ l C l O ^ 1:1 w i t h g r a n u l a t e d g r a p h i t e 
o n g r a p h i t e . Cy = c y c l o h e x y l 

I o n s s e e n i n n e a t 
C C U ( C N C H 3 ) 4 D P F 6 

I o n s s e e n o n l y i n 
t h e m i x t u r e 

I o n s s e e n i n n e a t 
C A g ( C N C y ) 4 3 C 1 0 4 

C C u ( C N C H 3 ) 4 : + (1 ) 

C C u ( C N C H 3 ) 3 ] + (1 ) 

C C u ( C N C H 3 ) 2 ] + 

C C U ( C N C H 3 ) 2 + H C N : + 

C C u ( C N C H 3 ) + H C N ] + 

C C u ( C N C H 3 ) ] + 

CCu+2HCN3 + 

CCu+HCNl 

C u + 

t C u ( C N C y ) 2 3 + 

C A g ( C N C H 3 ) 2 : + 

C C u ( C N C H 3 ) ( C N C y ) ] + 

C A g ( C N C H 3 ) 2 + H C N ] + (2 ) 

C C u ( C N C y ) + H C N ] + 

C C u ( C N C y ) D + (3 ) 

C A g ( C N C y ) 9 : 

C A g ( C N C y ) + H C N D + 

C A g ( C N C y ) ] + 

C A g + 2 H C N ] + 

C A g f H C N ] + 

C 6 H 1 1 ( C y ) 

(1 ) P r e s e n t i n t h e n e a t c o m p o u n d , b u t n o t i n t h e m i x t u r e 

(2) P r e s e n c e u n c e r t a i n due t o o v e r l a p w i t h C A g ( C N C y ) 3 + 

(3) P r e s e n c e u n c e r t a i n due t o o v e r l a p w i t h C C u ( C N C H 3 > 2 + H C N ] + 
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Ag Ag 

(2Ag*M-H-HNC0)+ 

Scheme 2. SIMS fragmentation of nicotinamide on s i l v e r . 
Reproduced with permission from Ref. Ί 8 . Copyright 1981, 
Elsevier Science Publishers B.V. 

CpNi(PPh3)CI 

silver support 

Ni(PPh3) AgiPPh^ 

l " " " " M 1 " " I I " " " " ' ! 1 

300 310 320 330 340 350 360 370 380 
m/z 

little or no support 
interaction 

Β CpNi(PPh3)CI 
alumina-silver support 

Ag(PPh3) 

I I I I I " ' 1 " 1 " ! " " I Ί 
300 310 320 330 340 350 360 370 380 

m/z 

Ni-alumina 
interaction 

Figure 12. (A) SIMS spectrum of a nickel complex showing 
c h a r a c t e r i s t i c ions (Cp = C5H5). (B) SIMS spectrum of the 
same complex in an alumina matrix. 
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RuCO(xlO) 

Ζ 

LU 

M A S S 

F i g u r e 1 3 . I s o t o p i c l a b e l i n g u s e d t o f o l l o w C O / R u i n t e r a c t i o n s 

b y S I M S . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 7 1 . C o p y r i g h t 

1 9 8 2 , The A m e r i c a n P h y s i c a l S o c i e t y . 
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s p i t e o f t h e m u l t i p l e RuCO i s o t o p e peaks i n t h e r e g i o n o f i n t e r e s t , 

t h e l a c k o f a p e a k a t m / z 1 2 4 ( w h i c h c o r r e s p o n d s t o 

^ R u * 2 C ^ 0 + ) c l e a r l y i n d i c a t e s t h a t a t o m i c m i x i n g does no t 

o c c u r i n t h i s c a s e . T h e s m a l l p e a k a t m / z 1 3 5 i s 
l 0 ^ R u ^ C ^ O + f o r m e d f r o m t r a c e * ^ C * * * 0 i m p u r i t i e s a n d 

n o t b y m i x i n g . H e n c e , a l t h o u g h s m a l l amounts o f C* a n d 0 + a r e 

f o r m e d d u r i n g i o n b o m b a r d m e n t , R u C O + i s composed o f i n t a c t CO 

g r o u p s , a r e s u l t w h i c h s u p p o r t s i n t a c t e m i s s i o n o f t h e m o l e c u l e . 

I m a g i n g . A l t h o u g h i o n b e a m i m a g i n g o f a t o m i c s p e c i e s i s a 

w e l l - d e v e l o p e d m e t h o d i n i n o r g a n i c S I M S ( 7 3 , 7 4 ) , i m a g i n g o f 

p o l y a t o m i c s e c o n d a r

(_1_> 7 ^ ) , h a s o n l y r e c e n t l y b e e n d e m o n s t r a t e d ( 7_6_, 7_7_) · T h e 

f o r m e r s t u d y e m p l o y e d a n A r + i o n g u n w i t h a 30μπι s p o t s i z e t o 

i m a g e p o l y m e r f i l m s . I n t h e l a t t e r e x p e r i m e n t a vacuum pump f l u i d , 

t h e p e r f l u o r o p o l y e t h e r f o m b l i n , was d e p o s i t e d on t h e w i r e s o f a 

5 0 0 l i n e / i n c h n i c k e l m e s h . The p r i m a r y i o n s o u r c e was a l i q u i d 

m e t a l i o n g u n (78.) c a p a b l e o f p r o d u c i n g a s p o t s i z e l e s s t h a n 0 . 3 

μιη i n d i a m e t e r . M a s s a n a l y s i s w a s p e r f o r m e d w i t h a h i g h 

r e s o l u t i o n d o u b l e f o c u s i n g mass s p e c t r o m e t e r . F o m b l i n i o n s a t m/z 

1 3 1 a n d m / z 1281 were m o n i t o r e d t o o b t a i n two s e p a r a t e i m a g e s , and 

i n b o t h i m a g e s t h e s u p p o r t i n g g r i d s t r u c t u r e i s c l e a r l y v i s i b l e . 

S i n c e s i g n a l a t l o w m a s s was c o n s i d e r a b l y s t r o n g e r t h a n t h a t a t 

h i g h m a s s , t h e i m a g e q u a l i t y f o r m/z 131 i s much b e t t e r t h a n f o r 

m / z 1 2 8 1 . N e v e r t h e l e s s , h i g h mass i m a g i n g was s u c c e s s f u l , a n d , as 

p r e v i o u s l y i n d i c a t e d ( J ^ , 75 ) , o n e c a n e n v i s i o n f u t u r e 

d e v e l o p m e n t s l e a d i n g t o i n s i t u m o n i t o r i n g o f b i o l o g i c a l 

m a t e r i a l s . 

D e v e l o p i n g A r e a s 

I n a d d i t i o n t o m o l e c u l a r i m a g i n g a n d s u c h o b v i o u s a d v a n c e s as 

i n c r e a s e d mass r a n g e and h i g h e r t r a n s m i s s i o n a n a l y z e r s , t h e r e a r e a 

n u m b e r o f n e w t o p i c s i n m o l e c u l a r S I M S e m e r g i n g as a r e a s o f 

i n t e r e s t . Not l e a s t o f t h e s e i s t h e s t u d y o f c h e m i c a l r e a c t i o n s a t 

s u r f a c e s , w h i c h may be one s o u r c e o f t h e beam damage s e e n a t h i g h 

p r i m a r y i o n f l u x e s . A s p e c t a c u l a r e x a m p l e o f i o n - b e a m - i n d u c e d 
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r e a c t i o n i s s e e n i n t h e t h i o p h e n e - A g s y s t e m (79). I f t h i o p h e n e 

v a p o r i s i n t r o d u c e d i n t o t h e vacuum s y s t e m o f a SIMS i n s t r u m e n t 

c o n c u r r e n t l y w i t h i o n bombardment o f a A g s u r f a c e , two u n e x p e c t e d 

i o n s e r i e s a r e o b s e r v e d ( i n some e x p e r i m e n t s ) . One o f t h e s e s e r i e s 

m a y b e d e s c r i b e d by t h e g e n e r a l f o r m u l a [Ag+M+4H-n( 14 ) ] + , w h e r e M 

i s t h i o p h e n e and η e q u a l s 0 , 1, 2 , o r 3 . The c a t i o n i z e d r e d u c t i o n 

p r o d u c t [ A g + M + 4 H ] + i s o b s e r v e d ( n - 0 ) ; t h e e x p e c t e d [Ag+M] + 

a d d u c t i s n o t s e e n . F u r t h e r m o r e , f o r η • 1, 2 , o r 3 , s u c c e s s i v e 

l o s s e s o f C H 2 f r o m t h e h y d r o g e n a t e d a d d u c t a r e i n d i c a t e d . T h e r e 

a r e t w o p r o c e s s e s o c c u r r i n g : c o m p l e t e h y d r o g é n a t i o n ( i n d i c a t e d b y 

t h e a d d i t i o n o f f o u r h y d r o g e n s t o t h e s i l v e r - c a t i o n i z e d m o l e c u l e ) 

a n d h y d r o g e n o l y s i s ( l o s s e

A g 2 H S i o n i s e v i d e n c e t h a t e x t e n s i v e d e c o m p o s i t i o n o f 

t h i o p h e n e i s o c c u r r i n g and t h a t t h e s o u r c e o f h y d r o g e n i s p r o b a b l y 

t h i o p h e n e i t s e l f . T h i s b e h a v i o r was o b s e r v e d i n t h r e e c a s e s o u t o f 

s i x , w h i c h i m p l i e s a d e p e n d e n c e on s a m p l e p r e p a r a t i o n . I n t h e 

u n s u c c e s s f u l c a s e s , t h e s i m p l e [ A g + M ] + a d d u c t was s e e n , w i t h no 

c o n t r i b u t i o n s f r o m h y d r o g é n a t i o n o r h y d r o g e n o l y s i s · C o p p e r and 

p l a t i n u m w e r e a l s o u s e d a s s u b s t r a t e s i n t h e s e e x p e r i m e n t s , b u t 

o n l y [Cu+M] and [Pt+M] w e r e o b s e r v e d . 

E x t e n s i v e C - C b o n d s c i s s i o n a n d r e a r r a n g e m e n t s h a v e b e e n 

o b s e r v e d i n s y s t e m s o t h e r t h a n t h i o p h e n e - A g . T a b l e IV p r e s e n t s a 

n u m b e r o f s u c h c a s e s . T h e s i l v e r c a r b o x y l a t e s ( 5 6 ) h a v e a l r e a d y 

b e e n m e n t i o n e d b r i e f l y . A p r e p o n d e r a n c e o f C O ^ - c o n t a i n i n g a d d u c t β 

s u g g e s t s a g a s p h a s e a n a l o g u e t o t h e c l a s s i c a l H u n s d i e c k e r 

r e a c t i o n ( E q u a t i o n 4 ) . The b e h a v i o r o b s e r v e d w i t h m e t h y l a c e t a t e 

R C 0 o A g + B r 0 — > R B r + C O . + A g B r ( 4 ) 
2 2 HgO 2 

v a p o r i n t r o d u c e d o v e r C u f o i l m a y p a r a l l e l t h e c a s e o f 

t h i o p h e n e - A g . I n a d d i t i o n , d o s i n g o f m e t a l s w i t h 0 ^ i n a 

p r e t r e a t m e n t c h a m b e r p r i o r t o SIMS a n a l y s i s ( 8 0 ) a l s o r e s u l t s i n 

t h e f o r m a t i o n o f u n e x p e c t e d i o n s d u r i n g s p u t t e r i n g . I t s h o u l d be 

e m p h a s i z e d t h a t n o n e o f t h e s e d a t a w e r e o b t a i n e d u n d e r 

e x t r a o r d i n a r i l y h a r s h c o n d i t i o n s ; maximum p r i m a r y i o n c u r r e n t 
— 8 —2 

d e n s i t i e s w e r e o n t h e o r d e r o f 1 x 1 0 A cm . The e x t e n s i v e 

C - C c l e a v a g e , a r i s i n g f r o m i m p l i c i t l y h i g h e n e r g y p r o c e s s e s , 

d i f f e r s f r o m e a r l i e r m o l e c u l a r S I M S d a t a (_1) i n w h i c h s i m p l e 
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T a b l e I V . Summary o f C - C s c i s s i o n i n m o l e c u l a r SIMS 

Compound and C o n d i t i o n s I m p o r t a n t I o n s 

t h i o p h e n e v a p o r / A g f o i l 

(M » t h i o p h e n e ) 

s i l v e r a c e t a t e on g r a p h i t e 

(OAc - a c e t a t e ) 

s i l v e r p r o p i o n a t e o

( p r o p 3 1 p r o p i o n a t e

s i l v e r b e n z o a t e on g r a p h i t e 

( b e n z • b e n z o a t e ) 

m e t h y l a c e t a t e v a p o r / C u f o i l 

m e t h y l a c e t a t e v a p o r / A g f o i l 

c o p p e r a c e t a t e on g r a p h i t e 

0 2 p r e t r e a t m e n t ; CH^CHO 

on A g f o i l a t - 1 1 5 ° C 

0 2 p r e t r e a t m e n t ; CH^CHO 

on A g powder a t 2 5 ° C 

0 2 p r e t r e a t m e n t ; C 2 H 2 

on A g f o i l a t - 1 1 5 ° C 

[ A g + M + 4 H - n ( 1 4 ) ] 

[ 2 A g + M + 5H - n ( 1 4 ) ] + 

η - 0 , 1 , 2 , 3 

A g C 0 + o r AgC Η * 
+ z + + 

A g C 0 2 , AgOAc , A g 2 0 A c 

A g 2 0 2 C 0 A c \ A g 2 0 2 C 0 A c C H 2

+ 

+ + 
A g 2 p r o p , A g 2 0 2 C p r o p , 
A g 2 0 2 C p r o p C H 2

+ 

b e n z C 0 + o r b e n z C ^ H ^ + , 

A g b e n z , A g b e n z 2 , A g 2 H 

A g 2 b e n z + , A g ^ C b e n z * 

C u 0 H + , C u C 0 + o r C u C ^ * , 

C u C 0 2

+ , C u C 2 H 4 C 0 + , C u 2 H + , 

C u M e 0 A c + , C u 2 0 + , C u 2 0 H + , 

C u 2 C 2 H 2

+ 

A g C 0 + o r A g C 2 H 4

+ , A g 2 H + 

CuCO o r C u C 2 H 4 , C u C 0 2 , 

C u 2

+ , C u 2 H + , C u 2 C H 3

+ , 

C u 2 0 A c + , C u 3

+ 

A g C 0 2

+ , A g 2 C H 3

+ 

A g C H 3 , AgO , AgCO o r 

A g C 2 H 4

+ , Α&02*> A g 2 C H 3

+ , 

A g 2 0 + 

A g 2 C 2 H + 

0 2 p r e t r e a t m e n t ; C 2 H 2 

o n Cu f o i l a t 2 5 ° C 

C u 3 C 2 , C u 2 C 2 , 

C u 2 C 2 H 2 
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m o l e c u l a r s p e c i e s a n d r e l a t i v e l y l o w e n e r g y f r a g m e n t a t i o n s w e r e 

a p p a r e n t . A n a l y t i c a l l y , C - C s c i s s i o n i s s o m e t h i n g t o be a v o i d e d , 

b u t f r o m a m e c h a n i s t i c v i e w p o i n t i t may o f f e r much i n s i g h t . I t i s 

l i k e l y t h a t a t l e a s t s o m e o f t h e s e s c i s s i o n s o c c u r a t t h e 

s u r f a c e , f o l l o w e d b y c a t i o n i z a t i o n a n d c o m b i n a t i o n i n t h e 

s e l v e d g e . T h i s i s i n c o n t r a s t t o t h e m o r e common l o w e n e r g y 

u n i m o l e c u l a r f r a g m e n t a t i o n w h i c h o c c u r s i n t h e f r e e gas phase 

( v a c u u m ) . S t r o n g c h e m i s ο r p t i o n i s o n e f a c t o r l i k e l y t o f a v o r 

s u r f a c e bond s c i s s i o n . 

A n o t h e r a r e a i n w h i c h a c t i v i t y i s e x p e c t e d t o i n c r e a s e i n t h e 

f u t u r e i n v o l v e s t h e u s e o f i o n b e a m s f o r m o d i f y i n g a n d / o r 

s y n t h e s i z i n g n e w m a t e r i a l s

f o r s o m e t i m e i n t h e s e m i c o n d u c t o r f i e l d , and s p u t t e r i n g o f a t o m i c 

m a t e r i a l s (82^) h a s a l o n g h i s t o r y a s a m e a n s f o r d e p o s i t i n g 

u n i f o r m l a y e r s on s u r f a c e s . T h e r e h a v e b e e n no r e p o r t s , h o w e v e r , 

o f t h e s p u t t e r d e p o s i t i o n o f m o l e c u l a r s p e c i e s . A d e v i c e has b e e n 

c o n s t r u c t e d ( 8 3 ) f o r t h e p u r p o s e o f s p u t t e r i n g o r g a n i c m a t e r i a l s , 

c o l l e c t i n g t h e m , and a n a l y z i n g them b y S I M S . F i g u r e 14 i l l u s t r a t e s 

t h e a p p a r a t u s , w h i c h h a s b e e n a d d e d t o t h e s a m p l e p r e p a r a t i o n 

c h a m b e r o f a c o m m e r c i a l S IMS i n s t r u m e n t . An i o n gun i s u s e d t o 

b o m b a r d a s u r f a c e w i t h a μΑ beam o f 3keV A r + . T h i s s u r f a c e — t h e 

p r i m a r y s u r f a c e — m a y b e a m e t a l o r g r a p h i t e f o i l and may h a v e 

m a t e r i a l d e p o s i t e d o n i t . S e c o n d a r y i o n s s p u t t e r e d f r o m t h e 

p r i m a r y s u r f a c e a r e c o l l e c t e d a t t h e s e c o n d a r y s u r f a c e , w h i c h 

i s m o u n t e d a t t h e e n d o f a m a g n e t i c t r a n s f e r r o d f o r i n v a c u o 

t r a n s f e r i n t o t h e S I M S m a i n c h a m b e r a f t e r s p u t t e r i n g . The 

s e c o n d a r y s u r f a c e , l i k e t h e p r i m a r y s u r f a c e , c a n b e a n y 

v a c u u m - c o m p a t i b l e m a t e r i a l . A p o t e n t i a l may be a p p l i e d b e t w e e n t h e 

two s u r f a c e s t o c o n t r o l t h e e n e r g y o f t h e s e c o n d a r y i o n s . 

I n a n e a r l y v e r s i o n o f t h i s a p p a r a t u s , t h e s e c o n d a r y s u r f a c e 

i s 2 cm a w a y f r o m t h e p r i m a r y s u r f a c e ; h e n c e , s p u t t e r e d n e u t r a l s , 

w h i c h m a y c o n s t i t u t e t h e m a j o r i t y o f t h e t r a n s f e r r e d p a r t i c l e s , 

p r e s e n t a p r o b l e m d u r i n g m a t e r i a l s t r a n s f e r . D e s p i t e t h e p i t f a l l s 

o f t h i s s i m p i e d e s i g n , t r a n s f e r s o f m a t e r i a l h a v e b e e n made w h i c h 

s h o w a d e p e n d e n c e o n s e c o n d a r y i o n e n e r g y . F o r A g s p u t t e r e d on 

p h e n a n t h r o l i n e - P t , a l a r g e [ A g + M ] + peak was s e e n f o r 300 eV A g 

i o n s , w h i l e f o r 10 e V A g i o n s t h e [ A g + M ] + peak was much s m a l l e r . 
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T h e n e x t s t e p i n t h e e x p e r i m e n t w i l l b e t o i n c o r p o r a t e mass 

a n a l y s i s o f m a t e r i a l s p u t t e r e d f r o m t h e p r i m a r y s u r f a c e i n o r d e r t o 

r e j e c t n e u t r a l s a n d t o be more s e l e c t i v e i n what i s d e p o s i t e d on 

t h e s e c o n d a r y s u r f a c e . I t i s h o p e d t h a t c a t a l y t i c a l l y u s e f u l 

m a t e r i a l s , s u c h a s m a s s - s e l e c t e d s m a l l m e t a l c l u s t e r s , may 

e v e n t u a l l y b e d e p o s i t e d o n s u r f a c e s . F u r t h e r m o r e , i t may be 

p o s s i b l e t o t r a n s f e r r e a c t i v e o r g a n i c s p e c i e s ( s u c h as t h o s e i n 

T a b l e I V ) t o c r e a t e new m a t e r i a l s t h r o u g h c o n t r o l o f t h e p o t e n t i a l 

b e t w e e n t h e two s u r f a c e s . 

ION GUN 

PREPARATION CHAMBER 

F i g u r e 1 4 . A p p a r a t u s t o a l l o w i o n beams t o be u s e d i n s u r f a c e 

p r e p a r a t i o n . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 8 3 . 

C o p y r i g h t 1 9 8 3 , E l s e v i e r S c i e n c e P u b l i s h e r s B . V . 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



40 DESORPTION MASS SPECTROMETRY 

Acknow1edgment s 

We t h a n k D r s . K e n B u s c h , S t e v e U n g e r , a n d T o m K e o u g h f o r 

u n p u b l i s h e d m a t e r i a l . S J P t h a n k s t h e Dow C h e m i c a l C o r p o r a t i o n f o r 

a g r a d u a t e f e l l o w s h i p t h r o u g h t h e P u r d u e I n d u s t r i a l A s s o c i a t e s 

P r o g r a m . T h e s u p p o r t o f t h e N a t i o n a l S c i e n c e F o u n d a t i o n (CHE 

8 1 1 4 4 1 0 ) i s g r a t e f u l l y a c k n o w l e d g e d . 

Literature Cited 

1. Day, R.J.; Unger, S.E.; Cooks, R.G. Anal. Chem. 1980, 52, 
557A. 

2. Honda, F.; Lancaster,
Chem. Phys. 1978,

3. Cooks, R.G.; Busch, K.L. Int. J. Mass Spectrom. Ion. 
Phys. 1983, 53, 111. 

4. Day, R.J.; Unger, S.E.; Cooks, R.G. J. Am. Chem. Soc. 
1979, 101, 501. 

5. Grade, H.; Winograd, N.; Cooks, R.G. J. Am. Chem. Soc. 
1977, 99, 7725. 

6. Sigmund, P. Phys. Rev. 1969, 184, 383. 
7. McCracken, G.M. Rep. Prog. Phys. 1975, 38, 241. 
8. Benninghoven, A. In "Ion Formation from Organic Solids"; 

Benninghoven, Α., Ed.; SPRINGER SERIES IN CHEMICAL PHYSICS No. 
25, Springer-Verlag: Berlin, 1983; p. 64. 

9. Magee, C.W. Int. J. Mass Spectrom. Ion Phys. 1983, 
49, 211. 

10. Garrison, B.J. Ch.2 in this volume. 
11. Winograd, N. Ch.5 in this volume. 
12. Macfarlane, R.D. Ch.3 in this volume. 
13. Hillenkamp, F. Ch.4 in this volume. 
14. Garrison, B.J. J. Am. Chem. Soc. 1982, 104, 6211. 
15. Moon, D.W.; Winograd, N. Int. J. Mass Spectrom. Ion 

Phys. 1983, 52, 217. 
16. O'Hanlon, J.F. "A User's Guide to Vacuum Technology"; John 

Wiley & Sons: New York, 1980; p. 11. 
17. Wong, S.S.; Röllgen, F.W.; Manz, I.; Przyby1ski, M. 

Biomed. Mass Spectrom. 1985, 12, 43. 
18. Unger, S.E.; Day, R.J.; Cooks, R.G. Int. Mass 

Spectrom. Ion Phys. 1981, 39, 231. 
19. Busch, K.L.; Hsu, B.H.; Xie, Y.-X.; Cooks, R.G. Anal. 

Chem. 1983, 55, 1157. 
20. Barber, M.; Bordoli, R.S.; Elliot, G.J.; Sedgwick, R.D.; 

Tyler, A.N. Anal. Chem. 1982, 54, 645A. 
21. Cooks, R.G.; Unger, S.E., unpublished data. 
22. Hsu, B.H.; Xie, Y.-X.; Busch, K.L.; Cooks, R.G. Int. J. 

Mass Spectrom. Ion Phys. 1983, 51, 225. 
23. Michl, J. Int. J. Mass Spectrom. Ion Phys. 1983, 

53, 255. 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



1. PACHUTA AND COOKS Molecular SIMS 41 

24. Day, R.J. Ph.D. Thesis, Purdue University, West Lafayette, 
Indiana, 1980. 

25. Scheifers, S.M., unpublished data. 
26. Benninghoven, Α.; Sichtermann, W.K. Anal. Chem. 1978, 50, 

1180. 
27. Busch, K.L.; Unger, S.E.; Vincze, Α.; Cooks, R.G.; Keough, T. 

J. Am. Chem. Soc. 1982, 104, 1507. 
28. Groenewold, G.S.; Todd, P.J.; Buchanan, M.V. Anal. Chem. 

1984, 56, 2251. 
29. Lancaster, G.M.; Honda, F.; Fukuda, Y.; Rabalais, J.W. J. 

Am. Chem. Soc. 1979, 101, 1951. 
30. Murray, P.T.; Rabalais, J.W. J. Am. Chem. Soc. 1981, 

103, 1007. 
31. Gibbs, R.A.; Winograd, N. Rev. Sci. Instrum. 1981, 52, 

1148. 
32. Foley, K.E.; Winograd, Ν.; Garrison, B.J.; Harrison, Jr., D.E. 

J. Chem. Phys. 1984,
33. Cotter, R.J.; Tabet,

Ion Phys. 1983, 53, 151. 
34. Macfarlane, R.D. Anal. Chem. 1983, 55, 1247A. 
35. Chait, B.T.; Standing, K.G. Int. Mass Spectrom. 

Ion Phys. 1981, 40, 185. 
36. Steffene, P.; Niehuis, E.; Friese, T.; Benninghoven, A. In 

"Ion Formation from Organic Solids"; Benninghoven, Α., Ed.; 
SPRINGER SERIES IN CHEMICAL PHYSICS No. 25, Springer-Verlag: 
Berlin, 1983; p. 111. 

37. Levsen, K. "Fundamental Aspects of Organic Mass Spectrometry"; 
Verlag Chemie: Weinheim, West Germany, 1978; p. 187. 

38. Garrison, B.J. Int. J. Mass Spectrom. Ion Phys. 
1983, 53, 243. 

39. Chait, B.T.; Field, F.H. Int. J. Mass Spectrom. Ion 
Phys. 1981, 41, 17. 

40. Kenttämaa, H.I.; Cooks, R.G. Int. J. Mass Spectrom. 
Ion Processes, in press. 

41. Delia Negra, S.; Le Beyec, Y. Int. J. Mass Spectrom. 
Ion Processes 1984, 61, 21. 

42. Delia Negra, S.; Le Beyec, Y. Institut de Physique 
Νuc1éaire, U n i v e r s i t é Paris-Sud, Report No. 
IPNO-DRE-85-01, 1985. 

43. Cooper, R.; Unger, S. J. Antibiot. 1985, 38, 24. 
44. Bursey, M.M.; Marbury, G.D.; Hass, J.R. Βiomed. Mass 

Spectrom. 1984, 11, 522. 
45. Keough, T., submitted for publication. 
46. McIntyre, N.S.; Chauvin, W.J.; Martin, R.R. Anal. Chem. 

1984, 56, 1519. 
47. Lauderback, L.L. Ph.D. Thesis, Purdue University, West 

Lafayette, Indiana, 1982. 
48. Hercules, D.M.; Day, R.J.; Balasanmugam, K.; Dang, T.A.; Li, 

C.P. Anal. Chem. 1982, 54, 280A. 
49. Ryan, T.M.; Day, R.J.; Cooks, R.G. Anal. Chem. 1980, 52, 

2054. 
50. Röllgen, F.W. In "Ion Formation from Organic Solids"; 

Benninghoven, Α., Ed.; SPRINGER SERIES IN CHEMICAL PHYSICS No. 
25, Springer-Verlag: Berlin, 1983; p. 2. 

51. Cook, K.D.; Chan, K.W.S. Int. J. Mass Spectrom. Ion 
Processes 1983, 54, 135. 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



42 DESORPTION MASS SPECTROMETRY 

52. Aberth, W.; Straub, K.M.; Burlingame, A.L. Anal. Chem. 
1982, 54, 2029. 

53. Macfarlane, R.D. Acc. Chem. Res. 1982, 15, 268. 
54. Emary, W.B., unpublished data. 
55. Glish, G.L.; Todd, P.J.; Busch, K.L.; Cooks, R.G. Int. J. 

Mass Spectrom. Ion Processes 1984, 56, 177. 
56. Busch, K.L.; Cooks, R.G.; Walton, R.A.; Wood, K.V. Inorg. 

Chem. 1984, 23, 4093. 
57. Barlak, T.M.; Wyatt, J.R.; Colton, R.J.; DeCorpo, J.J.; 

Campana, J.E. J. Am. Chem. Soc. 1982, 104, 1212. 
58. Ens, W.; Beavis, R.; Standing, K.G. Phys. Rev. Lett. 

1983, 50, 27. 
59. Vincze, Α.; Busch, K.L.; Cooks, R.G. Anal. Chim. Acta 

1982, 136, 143. 
60. Ashworth, D.J.; Chang, C.; Unger, S.E.; Cooks, R.G. J. 

Org. Chem. 1981, 46, 4770. 
61. DiDonato, G.C.; Busch,
62. Benninghoven, Α.;

Steffens, P. Org. Mass Spectrom. 1984, 19, 346. 
63. Isern-Flecha, I., unpublished data. 
64. Unger, S.E.; Vincze, Α.; Cooks, R.G.; Chrisman, R.; Rothman, 

L.D. Anal. Chem. 1981, 53, 976. 
65. Benninghoven, Α.; Eicke, Α.; Junack, M.; Sichtermann, W.; 

Krizek, J.; Peters, H. Org. Mass Spectrom. 1980, 15, 
459. 

66. Detter, L.D.; Walton, R.A.; Cooks, R.G., unpublished data. 
67. Pierce, J.L.; Busch, K.L.; Walton, R.A.; Cooks, R.G. J. 

Am. Chem. Soc. 1981, 103, 2583. 
68. Pierce, J.L.; Busch, K.L.; Cooks, R.G.; Walton, R.A. Inorg. 

Chem. 1982, 21, 2597. 
69. Pierce, J.L.; Busch, K.L.; Cooks, R.G.; Walton, R.A. Inorg. 

Chem. 1983, 22, 2492. 
70. Pierce, J.L.; Walton, R.A. J. Catal. 1983, 81, 375. 
71. Lauderback, L.L.; Delgass, W.N. Phys. Rev. B 1982, 26, 

5258. 
72. Winograd, N.; Garrison, B.J.; Harrison, Jr., D.E. J. Chem. 

Phys. 1980, 73, 3473. 
73. Brown, Α.; Vickerman, J.C. Analyst 1984, 109, 851. 
74. Brenna, J.T.; Morrison, G.H. Anal. Chem. 1984, 56, 2791. 
75. Busch, K.L.; Cooks, R.G. Science 1982, 218, 247. 
76. Briggs, D. Surf. Interface Anal. 1983, 5, 113. 
77. Stoll, R.G.; Harvan, D.J.; Cole, R.B.; Hass, J.R. Proc. 

32nd Annual Conference οn Mass Spectrometry and 
Allied Topics, 1984, p. 838. 

78. Barofsky, D. Ch.7 in this volume. 
79. Unger, S.E.; Cooks, R.G.; Steinmetz, B.J.; Delgass, W.N. 

Surf. Sci. 1982, 116, L211. 
80. Myers, T.E. Ph.D. Thesis, Purdue University, West Lafayette, 

Indiana, 1984. 
81. Picraux, S.T.; Pope, L.E. Science 1984, 226, 615. 
82. Greene, J.E. CRC Crit. Rev. Solid State Mater. 

Sci. 1983, 11, 47. 
83. LaPack, M.A.; Pachuta, S.J.; Busch, K.L.; Cooks, R.G. Int. 

J. Mass Spectrom. Ion Phys. 1983, 53, 323. 

RECEIVED April 16, 1985 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



2 
Particle Bombardment as Viewed by Molecular 
Dynamics 

Barbara J. Garrison 

Department of Chemistry, The Pennsylvania State University, University Park, PA 16802 

A classical dynamics model is used to investigate nuclear 
motion in solids due
and ions. Of interest
cluster formation both of elemental species such as Nin 

and Arn and molecular species where we have predicted 
intact ejection of benzene-C6H6, pyridine-C5H5N, 
napthalene-C10H8, biphenyl-C12H10 and coronene-C24H12. 
The results presented here show that the energy 
distributions of the parent molecular species, e.g. 
benzene, are narrower than those of atomic species, even 
though the ejection processes in both cases arise from 
energetic nuclear collisions. The bonding geometry also 
influences the ejection yield and angular distribution. 
The specific case of π-bonded and σ-bonded pyridine on a 
metal surface is discussed with comparisons between the 
calculated results and experimental data. 

The bombardment o f s o l i d s by e n e r g e t i c p a r t i c l e beams has a t t r a c t e d 
i n t e r e s t due t o t h e e j e c t i o n o f l a r g e and n o v e l s p e c i e s . These 
s p e c i e s c a n be m o l e c u l e s t h a t a r e p r e s e n t i n t h e o r i g i n a l s a m p l e 
s u c h as a d o d e c a n u c l e o t i d e (V) o r c l u s t e r s t h a t a r e f o r med d u r i n g 
t h e bombardment e v e n t , f o r e x a m p l e [ Ν Ο ζ ^ Ο β ^ ] " * " e j e c t e d f r o m s o l i d 
n i t r o u s o x i d e ( 2 ) . Numerous o t h e r e x a m p l e s a p p e a r i n t h e s e 
p r o c e e d i n g s . 

Our g o a l has b e e n t o u n d e r s t a n d t h e e j e c t i o n mechan i sms and t h e 
r e l a t i o n s h i p o f t h e c l u s t e r s t o t h e o r i g i n a l c o n f i g u r a t i o n o f atoms 
i n t h e s a m p l e . Many mechan isms i n v o l v i n g b o t h t h e m o t i o n o f t h e 
a t o m i c n u c l e i a n d / o r o f e l e c t r o n s c a n be p r o p o s e d t o be r e s p o n s i b l e 
f o r e j e c t i n g t h e m o l e c u l e s . H o w e v e r , i f a s o l i d ( o r l i q u i d ) s a m p l e 
i s bombarded by a h e a v y p a r t i c l e w i t h e n e r g y i n t h e 1 0 0 - 1 0 0 0 0 eV 
r a n g e t h e r e must be e n e r g e t i c c o l l i s i o n s b e t w e e n t h e a t o m i c n u c l e i . 
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Thus as a s t a r t i n g p o i n t f o r u n d e r s t a n d i n g t h e bombardment p r o c e s s 
we have d e v e l o p e d a c l a s s i c a l d y n a m i c s p r o c e d u r e t o mode l t h e 
m o t i o n o f a t o m i c n u c l e i . The p r e d i c t i o n s o f t h e c l a s s i c a l m o d e l f o r 
t h e o b s e r v a b l e s c a n be compared t o t h e d a t a f r o m s p u t t e r i n g , 
s p e c t r o m e t r y ( S I M S ) , f a s t a tom bombardment mass s p e c t r o m e t r y 
( F A B M S ) , and p l a s m a d e s o r p t i o n mass s p e c t r o m e t r y (PDMS) 
e x p e r i m e n t s . I n t h e c i r c u m s t a n c e s whe re t h e r e i s f a v o r a b l e 
a g r e e m e n t b e t w e e n t h e r e s u l t s f r o m t h e c l a s s i c a l m o d e l and 
e x p e r i m e n t a l d a t a i t c a n be c o n c l u d e d t h a t c o l l i s i o n c a s c a d e s a r e 
i m p o r t a n t . The c l a s s i c a l m o d e l t h e n c a n be u s e d t o l o o k a t t h e 
m i c r o s c o p i c p r o c e s s e s w h i c h a r e n o t a c c e s s i b l e f r o m e x p e r i m e n t s i n 
o r d e r t o g i v e us f u r t h e r i n s i g h t i n t o t h e e j e c t i o n m e c h a n i s m s . 

B r i e f l y , t h e t h e o r e t i c a l m o d e l c o n s i s t s o f a p p r o x i m a t i n g t h e 
s o l i d and p o s s i b l e a d s o r b e d m o l e c u l e s by a f i n i t e a r r a y o f atoms 
( 3 - 1 2 ) . A s s u m i n g a p a i r w i s e i n t e r a c t i o n p o t e n t i a l among a l l t h e 
a t o m s , H a m i l t o n ' s e q u a t i o n s o f m o t i o n a r e i n t e g r a t e d t o y i e l d t h e 
p o s i t i o n s and momenta o
t h e c o l l i s i o n c a s c a d e .
t o d e t e r m i n e t h e e x p e r i m e n t a l o b s e r v a b l e s s u c h as t o t a l y i e l d o f 
e j e c t e d p a r t i c l e s , e n e r g y d i s t r i b u t i o n s , a n g u l a r d i s t r i b u t i o n s and 
p o s s i b l e c l u s t e r f o r m a t i o n . One a d v a n t a g e o f t h e c l a s s i c a l 
p r o c e d u r e i s t h a t one c a n m o n i t o r t h e c o l l i s i o n e v e n t s and a n a l y z e 
m i c r o s c o p i c mechan i sms o f v a r i o u s p r o c e s s e s . 

M e c h a n i s m s o f C l u s t e r F o r m a t i o n 

F r o m t h e c l a s s i c a l d y n a m i c a l t r e a t m e n t , i t i s p o s s i b l e t o e x a m i n e 
t h e c l u s t e r f o r m a t i o n m e c h a n i s m i n d e t a i l and t o p r o v i d e 
s e m i q u a n t i t a t i v e i n f o r m a t i o n a b o u t c l u s t e r y i e l d s . I n g e n e r a l , 
t h e s e c a l c u l a t i o n s s u g g e s t t h a t t h e r e a r e t h r e e b a s i c mechanisms o f 
c l u s t e r f o r m a t i o n ( 1 2 ) . F i r s t , f o r s y s t e m s w i t h a t o m i c i d e n t i t y 
s u c h as m e t a l s , o r a t o m i c a d s o r b a t e s o n a s o l i d , t h e e j e c t e d atoms 
c a n i n t e r a c t w i t h e a c h o t h e r i n t h e n e a r - s u r f a c e r e g i o n above t h e 
c r y s t a l t o f o r m a c l u s t e r by a r e c o m b i n a t i o n t y p e o f p r o c e s s ( 3 - 5 ) . 
T h i s d e s c r i p t i o n w o u l d a p p l y t o c l u s t e r s o f t h e t y p e M j ^ o b s e r v e d 
i n many t y p e s o f SIMS e x p e r i m e n t s . I n t h i s c a s e t h e atoms i n t h e 
c l u s t e r do n o t need t o a r i s e f r o m c o n t i g u o u s s i t e s on t h e s u r f a c e , , 
a l t h o u g h i n t h e a b s e n c e o f l o n g - r a n g e i o n i c f o r c e s t h e c a l c u l a t i o n s 
i n d i c a t e t h a t most o f them o r i g i n a t e f r o m a c i r c u l a r r e g i o n o f 
r a d i u s ~ 5 a n g s t r o m s . T h i s r e a r r a n g e m e n t , h o w e v e r , c o m p l i c a t e s any 
s t r a i g h t f o r w a r d d e d u c t i o n o f t h e s u r f a c e s t r u c t u r e f r o m t h e 
c o m p o s i t i o n o f t h e o b s e r v e d c l u s t e r s . We have o b s e r v e d an A r 2 5 
c l u s t e r t o e j e c t f r o m s o l i d a r g o n v i a t h i s mechan i sm ( 1 3 ) . We 
w o u l d a l s o s p e c u l a t e t h a t t h e a l k a l i h a l l d e c l u s t e r s ( C s I ) n C s + w i t h 
η as l a r g e as 70 ( 1 4 ) a l s o f o r m by t h i s b a s i c m e c h a n i s m . 

A s e c o n d t y p e o f c l u s t e r e m i s s i o n i n v o l v e s m o l e c u l a r s p e c i e s 
w h i c h c a n be as s i m p l e as c a r b o n m o n o x i d e o r as c o m p l i c a t e d as t h e 
d o d e c a n u c l e o t l d e m e n t i o n e d a b o v e . I n t h e f i r s t c a s e , t h e CO bond 
s t r e n g t h i s ~ 11 e V , b u t t h e i n t e r a c t i o n w i t h t h e s u r f a c e i s o n l y 
a b o u t 1 e V . C a l c u l a t i o n s i n d i c a t e t h a t t h i s e n e r g y d i f f e r e n c e i s 
s u f f i c i e n t t o a l l o w e j e c t i o n o f CO m o l e c u l e s , a l t h o u g h ~ 15 p e r c e n t 
o f them c a n be d i s s o c i a t e d by t h e i o n beam o r by e n e r g e t i c m e t a l 
a toms ( 6 ) . F o r s u c h m o l e c u l a r s y s t e m s i t i s e a s y t o i n f e r t h e 
o r i g i n a l a t o m i c c o n f i g u r a t i o n s o f t h e m o l e c u l e and t o d e t e r m i n e t h e 
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s u r f a c e c h e m i c a l s t a t e . I f CO w e r e d i s s o c i a t e d i n t o o x y g e n and 
c a r b o n a t o m s , f o r e x a m p l e , t h e c a l c u l a t i o n s s u g g e s t t h a t t h e amount 
o f CO o b s e r v e d s h o u l d d r o p d r a m a t i c a l l y . 

A l t h o u g h t h e b a s i c p r i n c i p l e s b e h i n d t h i s i n t a c t e j e c t i o n 
m e c h a n i s m c a n be i l l u s t r a t e d w i t h c a r b o n m o n o x i d e , t h e 
e x t r a p o l a t i o n t o l a r g e b i o o r g a n i c m o l e c u l e s i s no t n e c e s s a r i l y 
o b v i o u s . C a l c u l â t i o n s have been p e r f o r m e d f o r a s e r i e s o f o r g a n i c 
m o l e c u l e s a d s o r b e d o n a N i ( 0 0 I ) s u r f a c e t o u n d e r s t a n d t h e 
mechan i sms o f m o l e c u l a r e j e c t i o n ( 8 - 1 2 ) . The f i r s t m o l e c u l e s w h i c h 
h a v e more t h a n j u s t a few atoms e x a m i n e d a r e b e n z e n e w h i c h π - b o n d s 
o n a m e t a l s u r f a c e and p y r i d i n e w h i c h c a n e i t h e r π - b o n d o r σ - b o n d 
o n a m e t a l s u r f a c e . L a r g e r s t r u c t u r e s , whose s i z e s a p p r o a c h t h e 
d i a m e t e r o f b i o o r g a n i c m o l e c u l e s , a r e n a p h t h a l e n e , b l p h e n y l and 
c o r o n e n e whose a d s o r p t i o n s t r u c t u r e s a r e unknown. A l l t h e 
m o l e c u l e s e x c e p t p y r i d i n e a r e assumed t o π - b o n d o n t h e s u r f a c e . 

I n a l l c a s e s we f i n d t h a t t h e m o l e c u l a r s p e c i e s may be e j e c t e d 
i n t a c t . F r o m o u r t h e o r e t i c a
t h i s p r o c e s s ( 8 - 9 ) . F i r s t
d e g r e e s o f f r e e d o m and c a n a b s o r b e n e r g y f r o m an e n e r g e t i c 
c o l l i s i o n w i t h o u t d i s s o c i a t i n g . S e c o n d , i n t h e more m a s s i v e 
f r a m e w o r k o f a l a r g e o r g a n i c m o l e c u l e , i n d i v i d u a l a toms w i l l be 
s m a l l i n s i z e compared t o a m e t a l a t o m ; t h u s , i t i s p o s s i b l e t o 
s t r i k e s e v e r a l p a r t s o f t h e m o l e c u l e i n a c o n c e r t e d manner so t h a t 
t h e e n t i r e m o l e c u l e moves i n one d i r e c t i o n . F i n a l l y , by t h e t i m e 
t h e o r g a n i c m o l e c u l e i s s t r u c k , t h e e n e r g y o f t he p r i m a r y p a r t i c l e 
has b e e n d i s s i p a t e d so t h a t t h e k i n e t i c e n e r g i e s a r e t e n s o f eVs 
r a t h e r t h a n h u n d r e d s o r t h o u s a n d s o f e V s . T h e s e t h r e e f a c t o r s a r e 
e q u a l l y v a l i d f o r t h e e j e c t i o n o f e i t h e r c a r b o n m o n o x i d e , benzene 
o r c o r o n e n e . H o w e v e r , i n t h e c a s e s o f t h e l a r g e r m o l e c u l e s , we 
f o u n d t h a t o f t e n 2 -3 m e t a l a toms w o u l d s t r i k e d i f f e r e n t p a r t s o f 
t h e m o l e c u l e d u r i n g t h e e j e c t i o n p r o c e s s . The t i m e f o r t h e 
m o l e c u l e s t o e j e c t a f t e r t h e p r i m a r y p a r t i c l e has h i t t h e s a m p l e i s 
l e s s t h a n 200 f e m t o s e c o n d s ( f s ; I f s - l x l 0 " ^ s ) . T h i s i n t a c t e j e c t i o n 
m e c h a n i s m f o r m o l e c u l e s c a n be a p p l i e d t o m o l e c u l a r s o l i d s . We 
f i n d f o r t h e bombardment o f i c e shows t h a t t h e w a t e r m o l e c u l e s a l s o 
e j e c t i n t a c t ( 1 5 ) . 

I t i s d i f f i c u l t t o make 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 s o f t h e 
f r a g m e n t y i e l d s b e c a u s e t h e f o r c e s t h a t g o v e r n a l l t h e 
r e a r r a n g e m e n t c h a n n e l s a r e n o t k n o w n . H o w e v e r , t h e r e i s one 
i n t e r e s t i n g f e a t u r e r e l a t e d t o f r a g m e n t a t i o n t h a t we have o b s e r v e d . 
M o s t o f t h e f r a g m e n t s f o rmed f r o m d i r e c t c o l l i s i o n s w i t h i n ~ 0 . 2 ps 
a r e t h e p a r e n t m o l e c u l e minus an H , C H , o r fy^l* T h e s e a r i s e f r o m 
a n e n e r g e t i c c o l l i s i o n t h a t r i p s o f f p a r t o f t h e m o l e c u l e . I n t h e 
c a s e o f b i p h e n y l h o w e v e r , a s e v e r i n g b e t w e e n t h e two r i n g s i s 
o b s e r v e d t o o c c u r w i t h some f r e q u e n c y . Thus t h e s t r u c t u r e o f t h e 
m o l e c u l e i n f l u e n c e s t h e n a t u r e o f t h e d i r e c t f r a g m e n t a t i o n p r o c e s s . 
T h e s e s m a l l CH t y p e s p e c i e s w i l l u n d o u b t e d l y be fo rmed d u r i n g t h e 
i o n bombardment p r o c e s s . To be d e t e c t e d , h o w e v e r , i n a 
c o n v e n t i o n a l SIMS o r FABMS a p p a r a t u s t h e y must be fo rmed as an i o n . 
W i t h i n t h i s c l a s s i c a l m o d e l we a r e u n a b l e t o p r e d i c t t h e c h a r g e 
f r a c t i o n . 

The f i n a l m e c h a n i s m f o r c l u s t e r e j e c t i o n i s e s s e n t i a l l y a 
h y b r i d mechan i sm i n v o l v i n g b o t h i n t a c t e j e c t i o n and r e c o m b i n a t i o n . 
I n t h e c a s e o f CO o n N i 3 F e , we f i n d t h a t t h e o b s e r v e d N i C O , Ni2CO 
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and N i F e C O c l u s t e r s f o r m by a r e c o m b i n a t i o n o f e j e c t e d N i and Fe 
a toms w i t h e j e c t e d CO m o l e c u l e s . T h e r e i s a p p a r e n t l y no d i r e c t 
r e l a t i o n b e t w e e n t h e s e m o i e t i e s and l i n e a r and b r i d g e - b o n d s u r f a c e 
s t a t e s . I n t h e c a s e o f c a t l o n i z e d s p e c i e s s u c h as NiCfcHfc* i o n s , we 
p r o p o s e a r e a c t i o n o f t h e t y p e 

N i + + C 6 « 6 N 1 C 6 H 6 + 

The p r e s u m p t i o n t h a t t h e N i s u p p l i e s t h e c h a r g e i s b a s e d on t h e 
f a c t t h a t no C ^ H ^ * i s o b s e r v e d ( 1 6 ) and t h a t t h e i o n i z a t i o n 
p o t e n t i a l o f N i i s l e s s t h a n t h a t o f b e n z e n e . 

T h i s f i n a l h y b r i d mechan i sm may be r e s p o n s i b l e f o r t h e 
f o r m a t i o n o f t h e d i m e r i o n o f t h e d o d e c a n u c l e o t i d e (JL) o r o f w a t e r 
c l u s t e r s ( 1 7 ) . E a c h m o l e c u l a r u n i t e j e c t s i n t a c t and t h e n i n t e r a c t s 
w i t h o t h e r m o l e c u l e s i
e n t i t i e s . I n t h e c a s e
t h a t t h e two H2O m o l e c u l e s o r i g i n a t e f r o m m o s t l y a d j a c e n t s i t e s o n 
t h e s u r f a c e ( 1 5 ) . T h i s i s a c o n s e q u e n c e o f t h e r e l a t i v e l y weak 
H2O-H2O i n t e r a c t i o n . I o n i c c l u s t e r s s u c h as ( H 2 0 ) H + , h o w e v e r , c a n 
f o r m f r o m a n H2O m o l e c u l e and an H"*" i o n t h a t we re f u r t h e r a p a r t o n 
t h e s u r f a c e . 

The f a c t t h a t t h e c o m p o s i t i o n o f t h e e j e c t e d c l u s t e r s may be 
d i f f e r e n t f r o m t h e o r i g i n a l a r r a n g e m e n t o f s u r f a c e atoms i s 
somewhat d i s c o u r a g i n g . As i t t u r n s o u t , h o w e v e r , t h e r e a r e 
s i t u a t i o n s where t he p r e c i s e n a t u r e o f t h e r e a r r a n g e m e n t c a n be 
p r e d i c t e d t h e o r e t i c a l l y . One e x a m p l e i n v o l v e s t h e measured 
O 2~70 " r a t i o as a f u n c t i o n o f o x y g e n c o v e r a g e o n N i ( O O l ) . T h i s 
r a t i o i s f o u r t i m e s h i g h e r f o r 50 p e r c e n t o x y g e n c o v e r a g e 
[ c ( 2 x 2 ) c o v e r a g e ] t h a n f o r 25 p e r c e n t o x y g e n c o v e r a g e 
[ p ( 2 x 2 ) s u r f a c e ] , a change t h a t i s a l s o c a l c u l a t e d w i t h t h e m o d e l 
( 1 8 ) . The r e a s o n f o r t h i s e f f e c t i s t h a t t h e r e a r e no c l o s e l y 
n e i g h b o r i n g o x y g e n atoms on t h e p ( 2 x 2 ) s u r f a c e , and t h e O2 
f o r m a t i o n p r o b a b i l i t y i s much l o w e r . C o n c e p t s o f t h i s s o r t may be 
u s e f u l i n t e s t i n g f o r i s l a n d - g r o w t h mechan isms and d i s t i n g u i s h i n g 
them f r o m t h o s e t h a t p r o c e e d t h r o u g h s e v e r a l d i s t i n c t p h a s e s . 

E n e r g y D i s t r i b u t i o n s 

The e n e r g y d i s t r i b u t i o n o f a t o m i c s p e c i e s e j e c t e d I n bombardment 
e x p e r i m e n t s a r e c h a r a c t e r i z e d by a peak a t l - 5 e V and a h i g h e n e r g y 
t a i l t h a t goes a p p r o x i m a t e l y as E " n whe re n * 2 . T h i s d i s t r i b u t i o n 
I s c h a r a c t e r i s t i c o f a n o n - e q u i l i b r i u m c o l l i s i o n c a s c a d e . The 
e n e r g y d i s t r i b u t i o n s o f t h e p a r e n t m o l e c u l a r s p e c i e s a r e much 
n a r r o w e r , h o w e v e r , and o f t e n t e r m i n a t e a t ~ 1 0 e V . Shown i n F i g u r e 
l a a r e e x p e r i m e n t a l e n e r g y d i s t r i b u t i o n s f o r A g + , C6H5"*" and C 2 H 2 + 

i o n s e j e c t e d f r o m a s y s t e m w i t h a m o n o l a y e r o f b e n z e n e a d s o r b e d on 
a A g ( l l l ) c r y s t a l f a c e ( 1 9 ) . S i n c e t h e m o l e c u l a r s p e c i e s i s 
e j e c t i n g d u r i n g t h e same c o l l i s i o n c a s c a d e as t h e A g + i o n s and on 
t h e same t i m e s c a l e one w o u l d e x p e c t t h e d i s t r i b u t i o n o f c o l l i s i o n 
e n e r g i e s t h a t c a u s e e j e c t i o n t o be t h e same f o r t h e Ag atoms and 
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t h e CfcHfc m o l e c u l e s . H o w e v e r , t h e e n e r g e t i c c o l l i s i o n s w i t h t h e 
m o l e c u l a r s p e c i e s c a n and do c a u s e f r a g m e n t a t i o n . Thus t h e 
e n e r g e t i c b e n z e n e m o l e c u l e s a r e d e p l e t e d . The f r a g m e n t s t h e n 
s h o u l d have a d i s t r i b u t i o n a t h i g h e r e n e r g i e s as i s i l l u s t r a t e d by 
t h e C2H2"*" f r a g m e n t e n e r g y d i s t r i b u t i o n shown i n F i g u r e l a . N o t e 
t h a t t h e peak o f t h e C 2 H 2 + d i s t r i b u t i o n i s a t a h i g h e r e n e r g y t h a n 
t h a t o f t he C5H5"*" d i s t r i b u t i o n . S i n c e t h e peak p o s i t i o n c a n be 
c o r r e l a t e d t o t h e b i n d i n g e n e r g y o f t h e s p e c i e s t o t he s u r f a c e , t h e 
peak o f the C 2 H 2 + d i s t r i b u t i o n s h o u l d be h i g h e r s i n c e i t s b i n d i n g 
e n e r g y i n c l u d e s two C - C bond e n e r g i e s . The e n e r g y d i s t r i b u t i o n s 
f r o m t h e c a l c u l a t i o n s ( F i g u r e l b ) i l l u s t r a t e t h e same p h y s i c a l 
phenomena . 

I t i s t e m p t i n g t o u s e t h e e n e r g y d i s t r i b u t i o n s o f t h e e j e c t e d 
p a r t i c l e s as a k e y t o u n d e r s t a n d i n g t h e mechanisms r e s p o n s i b l e f o r 
t h e d e e o r p t i o n . C a r e must be t a k e n , h o w e v e r , as c o l l i s i o n c a s c a d e s 
c a n g i v e r i s e t o a t l e a s t t h r e e d i s t i n c t i v e s h a p e s o f e n e r g y 
d i s t r i b u t i o n s as show
t h e d i s t r i b u t i o n o f m e t a
f a c t t h e c a l c u l a t e d C5H5 d i s t r i b u t i o n o f F i g u r e l b c a n be 
r e a s o n a b l y a p p r o x i m a t e d by a M a x w e l l - B o l t z m a n n f o r m e v e n t h o u g h a 
t h e r m a l e q u i l i b r i u m i s n o t p r e s e n t i n t h e s o l i d d u r i n g t h e e j e c t i o n 
e v e n t . The c a l c u l a t i o n s i n d i c a t e t h a t e n e r g y d i s t r i b u t i o n s o f 
e l e m e n t a l ( a n d p r e f e r a b l y b o t h t h e n e u t r a l and c h a r g e d ) s p e c i e s 
c o u l d p o s s i b l y be t h e most u s e f u l f o r c o m p a r i n g t o t h e d i f f e r e n t 
e x p e r i m e n t a l mechan i sms as t h e s e p a r t i c l e s c a n n o t be f r a g m e n t e d i n 
e n e r g e t i c c o l l i s i o n s . E v e n h e r e , h o w e v e r , one c a n o b t a i n e n e r g y 
d i s t r i b u t i o n s f r o m SIMS e x p e r i m e n t s t h a t f a l l o f f more r a p i d l y t h a n 
E " 2 i f l ow e n e r g y (<250 e V ) p r i m a r y i o n beams a r e used ( 2 0 ) . 

M a t r i x E f f e c t s 

The c o m p o s i t i o n o f t h e s o l i d o r m a t r i x w h i c h i s b e i n g bombarded has 
a l a r g e i n f l u e n c e o n t h e t y p e s o f s p e c i e s o b s e r v e d t o e j e c t . T h i s 
i s t r u e n o t o n l y f o r t h e i o n i z a t i o n p r o c e s s b u t a l s o f o r t h e 
n u c l e a r m o t i o n . Shown i n F i g u r e 2 a r e SIMS s p e c t r a o f b e n z e n e 
t a k e n f o r t h r e e d i f f e r e n t s u b s t r a t e s . The d a t a i n F i g u r e 2b was 
o b t a i n e d f o r A r + i o n bombarded N i ( 0 0 1 ) e x p o s e d t o 3 l a n g m u i r s o f 
b e n z e n e ( 1 6 ) . T h i s dose c o r r e s p o n d s t o a p p r o x i m a t e l y one 
m o n o l a y e r c o v e r a g e . T h i s s p e c t r u m c o n t a i n s o n l y t h e N i + , N i 2 + a n d 
N i C 6 H 6 + i o n s « K a r w a c k i and W i n o g r a d a l s o p e r f o r m e d SIMS 
e x p e r i m e n t s f o r C5H5 a d s o r b e d o n N i ( 0 0 1 ) w h e r e t h e y d o s e d t h e 
s u r f a c e w i t h 2100 l a n g m u i r s o f b e n z e n e ( 1 6 ) . T h i s SIMS 
s p e c t r u m i s shown I n F i g u r e 2 c . H e r e t h e m u l t i p l e l a y e r s o f 
b e n z e n e a t t e n u a t e t h e N I + , N i 2 + , and c a t i o n i z e d NiC^H^"*" p e a k s . 
T h i s s p e c t r u m , h o w e v e r , does c o n t a i n h y d r o c a r b o n f r a g m e n t s o f l o w e r 
m a s s e s . 

Two SIMS e x p e r i m e n t s have been p e r f o r m e d o n s o l i d benzene a t a 
t e m p e r a t u r e o f 77 Κ ( 1 7 , 2 1 ) . The mass s p e c t r u m f r o m L a n c a s t e r 
e t a l . i s shown i n F i g u r e 2 d . They o b s e r v e peaks a t a l l masses 
c o r r e s p o n d i n g t o Cffi^ w h e r e η < 3 0 . The p r e d o m i n a n t peaks a r e t h e 
C [ , C2» and C3 s p e c i e s , i n ag reemen t w i t h t h e work o f K a r w a c k i and 
W i n o g r a d ( F i g u r e 2 c ) . We b e l i e v e t h e r e a s o n we do no t o b s e r v e 
t h e s e ( ^ Η ^ s p e c i e s w i t h η > 6 i n t h e c a l c u l a t i o n s i s due t o t h e 
l o w d e n s i t y o f b e n z e n e m o l e c u l e s o n t h e N l s u r f a c e . 
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F i g u r e 2 · Benzene mass s p e c t r a . The most i n t e n s e peak i n e a c h 
g r o u p i n g has b e e n i d e n t i f i e d , a ) C a l c u l a t e d , ( 9 ) . b ) 
E x p e r i m e n t a l S I M S , 3 l a n g m u i r s o f ^ Η 6 o n N i ( O O l ) , ( 1 6 ) . c ) 
E x p e r i m e n t a l S I M S , 2100 l a n g m u i r s o f C 6 H 6 o n N i ( O O l ) , ( JL6) . d ) 
E x p e r i m e n t a l S I M S , s o l i d benzene ( 1 7 ) . R e p r o d u c e d w i t h 
p e r m i s s i o n f r o m R e f . 1 2 . C o p y r i g h t 1 9 3 3 , E l s e v i e r S c i e n c e 
P u b l i s h i n g C o . 
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I t i s o b v i o u s f r o m F i g u r e 2 b - d t h a t t he s a m p l e p r e p a r a t i o n 
s t r o n g l y a f f e c t s t h e mass s p e c t r u m . The l o w c o v e r a g e s t u d y a p p e a r s 
t o be t h e one where t h e p a r e n t s p e c i e s c a n be most e a s i l y 
i d e n t i f i e d as l o n g as t h e r e i s an e n e r g e t i c a l l y f a v o r a b l e means o f 
i o n i z a t i o n , e . g . , c a t i o n i z a t l o n . The s o l i d b e n z e n e s t u d i e s a r e 
i n t e r e s t i n g i n t h a t a v a r i e t y o f l a r g e c l u s t e r s a r e o b s e r v e d . 
H o w e v e r , i f t h e s a m p l e were o f an unknown compound, i t w o u l d be 
d i f f i c u l t t o e x t r a c t t h e p a r e n t s p e c i e s f r o m F i g u r e 2 d . The 
c a l c u l a t e d s p e c t r u m ( F i g u r e 2a) p r e d i c t s t h e p a r e n t m o l e c u l e , C 5 H 5 , 
t o be t h e most a b u n d a n t o r g a n i c s p e c i e s . The c o m p a r a b l e 
e x p e r i m e n t a l d a t a , F i g u r e 2 b , h o w e v e r , has no C5H5"*" peak b u t a 
l a r g e NiC^H^"*" p e a k . H e r e t h e n , t h e e l e c t r o n i c e n v i r o n m e n t 
i n f l u e n c e s w h i c h s p e c i e s a r e o b s e r v e d . 

M o l e c u l a r O r i e n t a t i o n E f f e c t s ; B e n z e n e v s . P y r i d i n e 

I t i s o f i n t e r e s t t o compar
b o n d e d t o t h e s u r f a c e w i t
i n t e r a c t i o n w i t h t h e s u r f a c e i s s h a r e d among s i x c a r b o n atoms v i a 
t h e π - e l e c t r o n c l o u d . I n p y r i d i n e , h o w e v e r , t h e b o n d i n g o c c u r s 
a l m o s t t o t a l l y t h r o u g h t h e n i t r o g e n a tom w h i l e t h e r e m a i n d e r o f t h e 
m o l e c u l e i s p o i n t i n g away f r o m t h e s u r f a c e . The most s t r i k i n g 
d i f f e r e n c e b e t w e e n t h e two c a s e s i s t h a t t he computed y i e l d o f 
m o l e c u l a r s p e c i e s f o r t h e p y r i d i n e s y s t e m i s e x t r e m e l y l ow ( 9 ) . 
The r e a s o n s f o r t h e m a j o r d i f f e r e n c e i n y i e l d s f o r t h e s e two 
s t r u c t u r e s i s c l e a r f r o m an a n a l y s i s o f t h e t r a j e c t o r i e s t h a t l e a d 
t o m o l e c u l a r e j e c t i o n o f p y r i d i n e . V e r y s i m p l y , p y r i d i n e e j e c t i o n 
r e q u i r e s t h e s p e c i f i c c l e a v a g e o f a N - N i bond d u r i n g a s i n g l e 
c o l l i s i o n . When a c a r b o n a tom i s s t r u c k , t h e m o l e c u l e e i t h e r s t a y s 
o n t h e s u r f a c e o r t e n d s t o d i s s o c i a t e . T h e r e a p p e a r s t o be no 
e f f i c i e n t modes o f t r a n s f e r r i n g t h e e n e r g y o f c o l l i s i o n s w i t h t h e 
m o l e c u l e i n t o t r a n s l a t i o n away f r o m t h e s u r f a c e . O b v i o u s l y t h e 
o r i g i n a l s t r u c t u r e o f t h e o r g a n i c m o l e c u l e s , t h e n , a f f e c t s t h e 
e j e c t i o n and f r a g m e n t a t i o n p r o c e s s e s . One w o u l d no t n e c e s s a r i l y 
e x p e c t s i m i l a r s p e c t r a f r o m a s a m p l e o f a m o n o l a y e r o f o r g a n i c 
m o l e c u l e s o n a m e t a l , a l i q u i d , o r an o r d e r e d s o l i d . 

T h e s e o r i e n t a t i o n a l e f f e c t s have r e c e n t l y been c o n f i r m e d i n 
SIMS measurement s o f p y r i d i n e and b e n z e n e a d s o r b e d o n A g ( l l l ) ( 2 2 ) . 
I n t h i s s y s t e m t h e b e n z e n e π - b o n d s t o t h e s u r f a c e w h i l e t h e 
p y r i d i n e π - b o n d s a t l o w c o v e r a g e s b u t r e a r r a n g e s a t h i g h e r 
c o v e r a g e s t o σ - b o n d t o t h e s u r f a c e . The i n t e n s i t y o f t h e AgC^H^"*" 
i o n m o n o t o n i c a l l y i n c r e a s e s as t h e b e n z e n e c o v e r a g e on t h e s i l v e r 
s u r f a c e i s i n c r e a s e d t o one m o n o l a y e r . The A g C 5 H 5 N + and C5H5NH"*" 
i o n i n t e n s i t i e s , h o w e v e r , i n i t i a l l y i n c r e a s e and t h e n d e c r e a s e as 
t h e m o l e c u l e r e a r r a n g e s o n t h e s u r f a c e , and f i n a l l y i n c r e a s e a g a i n 
a s t h e p y r i d i n e c o v e r a g e i s i n c r e a s e d t o one m o n o l a y e r . 

The a r r a n g e m e n t o f t h e m o l e c u l e s o n t h e s u r f a c e a l s o 
I n f l u e n c e s t h e a n g u l a r d i s t r i b u t i o n s o f t h e e j e c t e d s p e c i e s ( 2 2 ) . 
The p o l a r a n g l e d i s t r i b u t i o n s o f v a r i o u s e j e c t e d i o n s f o r f o u r 
s y s t e m s - 2 . 5 L benzene ( m o n o l a y e r ) , 4 . 5 L p y r i d i n e ( m o n o l a y e r , 
σ - b o n d e d ) 0 . 1 5 L p y r i d i n e ( π - b o n d e d ) , and 12 L t h i o p h e n e 
( m o n o l a y e r ) o n A g ( l l l ) have b e e n m e a s u r e d . The r e s u l t s o f t h e s e 
d i s t r i b u t i o n measuremen t s a r e i l l u s t r a t e d i n F i g u r e 3 . F o r 
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m o n o l a y e r b e n z e n e and f o r l ow c o v e r a g e p y r i d i n e where t h e m o l e c u l e s 
a r e b e l i e v e d t o l i e f l a t o n A g ( l l l ) , t h e p o l a r a n g l e d i s t r i b u t i o n 
o f ( M - H ) + ( b e n z e n e ) and (M+H)+ ( p y r i d i n e ) a r e b r o a d w i t h a peak a t 
θ - 2 0 ° measured w i t h r e s p e c t t o t he s u r f a c e n o r m a l . A t t h e o n s e t 
o f t h e change i n b o n d i n g c o n f i g u r a t i o n , h o w e v e r , t h e p o l a r a n g l e 
d i s t r i b u t i o n o f t h e C 5 H 5 N H + i o n s h a r p e n s d r a m a t i c a l l y and t h e peak 
moves t o θ β 1 0 ° · I t a p p e a r s t h a t t h e a r r a y o f σ - b o n d e d p y r i d i n e 
m o l e c u l e s p r o v i d e s a means o f f o c u s i n g t h e d i r e c t i o n o f e j e c t i o n o f 
t h e p y r i d i n e m o l e c u l e s . F u r t h e r , t h e p o l a r a n g l e d i s t r i b u t i o n o f 
t h e h i g h k i n e t i c e n e r g y i o n s ( 6 - 1 0 e V ) e j e c t e d f r o m t h e σ - b o n d e d 
p y r i d i n e s t r u c t u r e i s 20-30% w i d e r t h a n t h e d i s t r i b u t i o n o f t h e l o w 
k i n e t i c e n e r g y i o n s ( 3 - 7 e V ) as i s shown i n F i g u r e l b . T h i s t r e n d 
t o w a r d w i d e r p o l a r a n g l e d i s t r i b u t i o n s f o r f a s t e r m o v i n g p a r t i c l e s 
i s c o u n t e r t o t h a t o b s e r v e d f o r a tom e j e c t i o n . The p o l a r a n g l e 
d i s t r i b u t i o n o f t h i o p h e n e , i s n a r r o w w i t h a peak a t θ - 1 0 ° C , 
i n d i c a t i n g t h a t i t a l s o i s ο - b o n d e d t o t h e s u r f a c e . 

I n t h i s c a s e i t a p p e a r
a r e c h a n n e l i n g t h e e j e c t i n
d i r e c t i o n ( 2 3 ) . One e x a m p l e o f how t h i s b l o c k i n g c a n s i g n i f i c a n t l y 
a f f e c t t he t r a j e c t o r y o f an e j e c t i n g p y r i d i n e m o l e c u l e i s 
i l l u s t r a t e d i n F i g u r e 4 . O n l y t h e s p e c i e s (one A r + i o n and two 
p y r i d i n e m o l e c u l e s ) d i r e c t l y i n v o l v e d I n t h i s p a r t i c u l a r e j e c t i o n 
p r o c e s s a r e s h o w n . I n t h i s e x a m p l e t h e m e t a l s u b s t r a t e p l a y s no 
d i r e c t r o l e i n e j e c t i n g t h e m o l e c u l e . The g r i d l i n e s a r e d rawn 
b e t w e e n t h e n e a r e s t - n e i g h b o r atoms i n t h e f i r s t p l a n e o f t h e 
m l c r o c r y e t a l l i t e . The e l a p s e d t i m e d u r i n g t h e c o l l i s i o n 
p r o c e s s i s shown I n f s (1 f s - l x l O " 1 ^ s ) . The i n i t i a l p o s i t i o n s o f 
t h e atoms a r e d rawn i n F i g u r e 2 (0 f s ) . A t 33 f s t h e A r + I o n , 
w h i c h has b a c k s c a t t e r e d f r o m t h e s u r f a c e , I s c o l l i d i n g w i t h 3 
c a r b o n atoms I t h e t a r g e t p y r i d i n e m o l e c u l e . The k i n e t i c e n e r g y o f 
t h e c e n t e r o f mass o f t h i s p y r i d i n e m o l e c u l e i s 1 1 . 6 eV and i t s 
m o l e c u l a r a x i s i s o r i e n t e d a t a p o l a r a n g l e o f 6 = 6 6 ° f r o m the 
s u r f a c e n o r m a l . A t 85 f s t h e e j e c t i n g p y r i d i n e m o l e c u l e c o l l i d e s 
w i t h a n e i g h b o r i n g p y r i d i n e m o l e c u l e and d i s s i p a t e s a f r a c t i o n o f 
i t s momentum. A t t h e f i n a l s t a g e o f t h e s p u t t e r i n g p r o c e s s ( 1 2 0 
f s ) , t h e p y r i d i n e m o l e c u l e e j e c t s m o l e c u l a r l y , e v e n t h o u g h 
d i s t o r t e d , a t a p o l a r a n g l e o f 9 - 3 1 ° w i t h 1.40 eV o f k i n e t i c 
e n e r g y . Due t o t h e b l o c k i n g by a n e i g h b o r i n g p y r i d i n e m o l e c u l e , 
t h e p o l a r a n g l e o f t h e e j e c t e d p y r i d i n e m o l e c u l e i s a l t e r e d f r o m 
6 6 ° t o 3 1 ° . The w a l l s c r e a t e d by p y r i d i n e m o l e c u l e s a r e n o t 
c o m p l e t e l y r i g i d as i n d i c a t e d by t h e d i s t o r t e d m o l e c u l e shown o n 
t h e l e f t i n t h e 120 f s f r a m e . T h e r e f o r e , a p y r i d i n e m o l e c u l e 
e j e c t i n g w i t h a l a r g e k i n e t i c e n e r g y w i l l n o t f e e l a s t r o n g enough 
f o r c e t o c h a n n e l i t c o m p l e t e l y i n t o t he upward d i r e c t i o n . The 
p o l a r a n g l e d i s t r i b u t i o n o f t h e h i g h e n e r g y e j e c t e d p a r t i c l e s i s 
t h u s b r o a d e r t h a n t h a t o f t h e l o w e n e r g y e j e c t e d p a r t i c l e s . T h i s 
mechan i sm i s d i s t i n c t f r o m t h a t f o u n d w i t h a tom e j e c t i o n . I n t h i s 
l a t t e r c a s e , t h e e n e r g y d e p e n d e n c e o f t h e a z i m u t h a l d i s t r i b u t i o n i s 
r e l a t e d t o t h e t i m e o f e j e c t i o n and c o n s e q u e n t l y t o t h e amount o f 
s u r f a c e s t r u c t u r e p r e s e n t when t he a tom e j e c t s . N o t e t h a t f o r t h e 
π - b o n d e d benzene s y s t e m , t h e r e a r e no c h a n n e l s t o o r i e n t t h e 
e j e c t i n g m o l e c u l e s . 
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τ — I — I — I — I — I — I — I — Γ 

θ (degrees) 

F i g u r e 3 · N o r m a l i z e d p o l a r a n g l e d i s t r i b u t i o n o f m o l e c u l a r i o n 
y i e l d s f o r 4 . 5 L p y r i d i n e ( , ( M + H ) + ) , 0 . 1 5 L p y r i d i n e 
( , (M+H)+) , 2 . 5 L b e n z e n e ( · · · · , ( M - H ) + ) , and 12 L 
t h i o p h e n e ( - · - · - · - · - , M+) o n A g ( l l l ) a t 153K. The p y r i d i n e 
a n d b e n z e n e d a t a i s f r o m ( 2 2 ) and t h i o p h e n e d a t a has been 
s u p p l i e d by t h e same a u t h o r s . 

F i g u r e 4 . Change o f t h e e j e c t i o n a n g l e o f a s p u t t e r e d p y r i d i n e 
m o l e c u l e ( r i g h t one ) due t o t h e b l o c k i n g by a n e i g h b o r i n g 
p y r i d i n e m o l e c u l e ( l e f t o n e ) . The l a b e l s a r e i n f s where 1 f s -
l x l O " 1 5 s e c o n d . (0 f s ) I n i t i a l p o s i t i o n s o f t he a t o m s . (33 f s ) 
The b a c k s c a t t e r e d A r + i o n c o l l i d e s and e j e c t s t h e p y r i d i n e 
m o l e c u l e a t a p o l a r a n g l e o f 9 - 6 6 ° . (85 f s ) The e j e c t i n g 
p y r i d i n e m o l e c u l e I s b l o c k e d by a n e i g h b o r i n g p y r i d i n e m o l e c u l e . 
( 1 2 0 f s ) F i n a l l y , t h e e j e c t i o n p o l a r a n g l e i s changed t o θ - 3 1 ° . 
B o t h t h e s p u t t e r e d m o l e c u l e and t h e b l o c k i n g m o l e c u l e a r e 
d i s t o r t e d . Reproduced wi t h permission from Ref. 2 3 . Copyright 
1985, E l s e v i e r Science P u b l i s h i n g Co. 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



2. GARRISON Particle Bombardment 53 

F r a g m e n t a t i o n 

T h e r e has b e e n c o n s i d e r a b l e s p e c u l a t i o n as t o w h e t h e r t h e o b s e r v e d 
f r a g m e n t s f o r m p r i m a r i l y f r o m d i r e c t c o l l i s i o n s a t t h e s u r f a c e 
( i . e . w i t h i n ~ 0 . 2 χ 1 0 ~ * 2 8 a f t e r t h e p r i m a r y p a r t i c l e has s t r u c k ) 
o r f r o m d i s s o c i a t i o n o f l a r g e r s p e c i e s d u r i n g t h e f l i g h t t o t h e 
d e t e c t o r ( o f t e n as l o n g as 1 0 " ^ s ) . The c a l c u l a t i o n s show t h a t i t 
i s d e f i n i t e l y p o s s i b l e t o f o r m numerous f r a g m e n t s i n d i r e c t 
c o l l i s i o n s a t t h e s u r f a c e ( F i g u r e 2 a ) . F r o m t h e c a l c u l a t i o n s we 
h a v e e s t i m a t e d t h a t a p p r o x i m a t e l y t h r e e q u a r t e r s o f t h e e j e c t e d 
b e n z e n e m o l e c u l e s h a v e l e s s t h a n 5 eV o f i n t e r n a l e n e r g y ( 9 ) . 
T h e r e i s a r e a s o n a b l e p r o b a b i l i t y t h a t t h e s e v i b r a t i o n a l l y c o l d e r 
m o l e c u l e s w i l l r e m a i n i n t a c t . The e n e r g e t i c m o l e c u l e s , on t h e o t h e r 
h a n d , w i l l u n d o u b t e d l y d i s s o c i a t e . 

A t t h i s s t a g e i t i s n e c e s s a r y t o d e s i g n c l e v e r e x p e r i m e n t s o r 
t h e o r e t i c a l a p p r o a c h e s t o h e l p e l u c i d a t e t h e d i f f e r e n t p o s s i b l e 
modes o f f r a g m e n t a t i o n . R e c e n t l
o f e x a m i n i n g t h e p o l a r a n g l
d i f f e r e n t i a t i n g b e t w e e n t h e f r a g m e n t a t i o n s c h e m e s . He f i n d s t h a t 
f o r c h l o r o b e n z e n e a d s o r b e d o n A g ( l l l ) t h a t t h e C ^ l ^ * and C l ' i o n s 
p r o b a b l y f o r m by d i r e c t c o l l i s i o n s o n t h e s u r f a c e . F o r t h e 
c h l o r o b e n z e n e as w e l l as b e n z e n e and p y r i d i n e a d s o r b e d o n s i l v e r , 
he f o u n d t h a t n e i t h e r m o l e c u l a r o r f r a g m e n t i o n s fo rmed by gas 
p h a s e d e c o m p o s i t i o n o f a c a t i o n i z e d s p e c i e s . 

I n t h e c a s e o f t h e a l k a l i h a l l d e c l u s t e r s ( 1 4 ) , r e c e n t w o r k 
h a s shown t h a t t h e o s c i l l a t i o n s I n i o n i n t e n s i t y w i t h c l u s t e r s i z e 
a r e due t o d i s s o c i a t i o n o f m e t a s t a b l e s p e c i e s d u r i n g t h e f l i g h t t o 
t h e d e t e c t o r ( 2 5 ) . S p e c t r a t a k e n 0 . 2 p s a f t e r bombardment e x h i b i t a 
m o n o t o n i e d e c r e a s e i n i o n i n t e n s i t y w i t h i n c r e a s i n g c l u s t e r s i z e . 
S p e c t r a t a k e n a f t e r 7 0 u s , h o w e v e r , show an i n c r e a s e i n t h e 
( C s I ) i 3 C s + i o n i n t e n s i t y and a d e c r e a s e i n t h e ( C e I ) i 4 C s + and 
( C s I ) i 5 C e + i o n i n t e n s i t i e s . H e r e t h e n , d e c o m p o s i t i o n o f l a r g e r 
s p e c i e s d u r i n g t h e f l i g h t t o t h e d e t e c t o r ha s a n o t i c e a b l e e f f e c t 
o n t h e c l u e t e r y i e l d s . T h e s e e x p e r i m e n t s t h o u g h make no s t a t e m e n t 
as t o how t h e c l u s t e r s a r e i n i t i a l l y f o r m e d n e a r t h e s u r f a c e . 

C l o s i n g S t a t e m e n t s 

A c l a s s i c a l d y n a m i c s m o d e l has been d e v e l o p e d t o i n v e s t i g a t e t h e 
i m p o r t a n c e o f c o l l i s i o n a l p r o c e s s e s i n heavy p a r t i c l e bombardment 
e x p e r i m e n t s . T h i s p r o c e d u r e i s v e r y p o w e r f u l f o r d e s c r i b i n g 
c o l l i s i o n a l e v e n t s and p r o v i d e s a w o r k i n g h y p o t h e s i s a g a i n s t w h i c h 
e x p e r i m e n t a l d a t a c a n be c o m p a r e d . We have shown numerous e x a m p l e s 
f r o m SIMS e x p e r i m e n t s w h e r e t h e c a l c u l a t i o n s have f i t e x p e r i m e n t a l 
d a t a v e r y w e l l . The t i m e has come f o r t h e e x p e r i m e n t a l i s t s t o 
c o n c e i v e and e x e c u t e e x p e r i m e n t s a i m e d a t u n c o v e r i n g t h e 
f u n d a m e n t a l p r o c e s s e s I n v o l v e d I n t h e SIMS and FABMS p r o c e d u r e s . 

I t s h o u l d be n o t e d t h a t v a r i o u s r e s e a r c h e r s have d i f f e r e n t 
g o a l s f o r u s i n g and u n d e r s t a n d i n g t h e i o n bombardment p r o c e s s . 
T h e r e a r e t h o s e who a r e u s i n g t h e t e c h n i q u e t o o b t a i n i n f o r m a t i o n 
a b o u t a m o l e c u l e t h a t t h e y have p l a c e d o n t h e s u r f a c e . T h a t i s , 
t h e y wan t a mass and p o s s i b l y a s t r u c t u r e d e t e r m i n a t i o n . O t h e r 
r e s e a r c h e r s a r e p r i m a r i l y c o n c e r n e d w i t h d e t e r m i n i n g t h e e l e m e n t a l 
c o m p o s i t i o n o f t h e s a m p l e w h i l e o t h e r s use t h e t e c h n i q u e t o measure 
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t h e g e o m e t r i c a l a r r a n g e m e n t o f t h e atoms and m o l e c u l e s on t h e 
s u r f a c e . A n o t h e r a r e a o f i n t e r e s t i s t o p r o b e t h e e l e c t r o n i c 
p r o c e s s e s i n v o l v e d when an a tom o r m o l e c u l e i s i n t h e n e a r s u r f a c e 
r e g i o n . A l t h o u g h t h e s e g o a l s a r e q u i t e v a r i e d t h e f u n d a m e n t a l 
p r o c e s s e s a r e i n t e r m i n g l e d . To u n d e r s t a n d o u r own a r e a o f i n t e r e s t 
we need t o u n d e r s t a n d a l l o f t h e e x p e r i m e n t a l r e s u l t s and t h e 
d e t a i l e d e v e n t s o c c u r r i n g o n t h e m i c r o s c o p i c l e v e l . 

A c k n o w l e d g m e n t 

The i n t e r a c t i o n w i t h t h o s e who have s u p p l i e d t h e e x p e r i m e n t a l d a t a » 
D . W. M o o n , R . J . B l e i l e r , E . J . K a r w a c k i and N . W i n o g r a d , has 
g r e a t l y h e l p e d i n s o l i d i f y i n g many o f t h e i d e a s p r e s e n t e d h e r e . I 
t h a n k them f o r a l l o w i n g me t o use t h e i r d a t a as w e l l as f o r many 
s t i m u l a t i n g c o n v e r s a t i o n s . The f i n a n c i a l s u p p o r t o f t h e N a t i o n a l 
S c i e n c e F o u n d a t i o n , t h e O f f i c e o f N a v a l R e s e a r c h and t h e C a m i l l e 
and H e n r y D r e y f u s F o u n d a t i o
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3 
Role of Intermolecular Interactions in the Desorption 
of Molecular Ions from Surfaces 

Ronald D. Macfarlane 

Department of Chemistry, Texas A&M University, College Station, TX 77843 

Intermolecular interactions of surface molecules can 
modify the spectrum of molecular ions that are 
desorbed when the surface is excited. These 
interactions may
induced desorption
and may involve the manner in which excitation energy 
from the primary ion is dissipated into the medium. 
A brief account of some experiments being carried out 
to gain a better understanding of the energy 
relaxation process for high and low energy ion 
bombardment is given. Experiments using Langmuir 
adsorption to control intermolecular spacing between 
Rhodamine molecules are described with a 
demonstration of the influence on the mass spectra of 
these species. Finally, some experiments on the 
desorption of molecular ions of insulin will be 
discussed. 

T h i s s y m p o s i u m i s d e v o t e d t o a d i s c u s s i o n o f t h e s i m i l a r i t i e s a n d 
d i f f e r e n c e s o f SIMS a n d F A B , t h e two mos t p o p u l a r p a r t i c l e - i n d u c e d 
d e s o r p t i o n m e t h o d s . T h e r e i s a n o t h e r m e t h o d c a l l e d 2 5 2 - C a l i f o r n i u m 
p l a s m a d e s o r p t i o n mass s p e c t r o m e t r y ( 2 5 2 - C f PDMS) w h i c h was 
i n t r o d u c e d i n 1974 t h a t b e a r s a s t r o n g r e s e m b l a n c e t o t h e s e m e t h o d s 
p r i m a r i l y f r o m t h e s i m i l a r i t i e s o f t h e m a i n f e a t u r e s o f t h e mass 
s p e c t r u m o f t h e d e s o r b e d m o l e c u l a r i o n s (_1) . I t i s p r o b a b l y f o r t h i s 
r e a s o n t h a t 2 5 2 - C f PDMS was i n c l u d e d i n t h i s S y m p o s i u m b e c a u s e i t may 
be p a r t o f t h e c o m p l e x p i c t u r e o f how t h e s e m e t h o d s w o r k . T h a t t h e 
mass s p e c t r a a r e r e m a r k a b l y s i m i l a r i n m o s t c a s e s , p a r t i c u l a r i l y f o r 
c o m p l e x b i o m o l e c u l e s , i s a n i m p o r t a n t o b s e r v a t i o n b e c a u s e i t i m p l i e s 
t h a t t h e p a r t i c u l a r m o l e c u l a r e x c i t a t i o n s t h a t a r e o p e r a t i n g i n t h e 
e m i s s i o n - i o n i z a t i o n p r o c e s s may be i n s e n s i t i v e t o t h e d e t a i l s o f t h e 
p r i m a r y e n e r g y f o r m b r o u g h t i n b y t h e i n c o m i n g i o n o r a t o m , t h a t i t 
d o e s n o t m a t t e r w h e t h e r t h e p r i m a r y p a r t i c l e i s a n i o n , a t o m , p h o t o n , 
o r i s a t k e V o r 100 MeV e n e r g y . T h i s r e m a r k a b l e u n i v e r s a l i t y i s one 
o f t h e p u z z l i n g a s p e c t s o f t h e p r o b l e m . M o d e l s h a v e b e e n i n t r o d u c e d 
t o g i v e some p h y s i c a l p i c t u r e t o what m i g h t be g o i n g o n a n d w h i l e 
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t h e s e h a v e g i v e n c o n c e p t u a l i n s i g h t s t h e y may a l s o h a v e c o n t r i b u t e d 
t o t h e p r e s e n t s t a t e o f c o n f u s i o n . T h e p r o b l e m i s t h a t t h e r e a r e n o t 
e n o u g h e x p e r i m e n t a l f a c t s o n w h i c h t o b a s e a s o u n d m o d e l . H o w e v e r , 
t h e r e a r e some d a t a , some f r o m f i e l d s n o t a s s o c i a t e d w i t h mass 
s p e c t r o m e t r y , t h a t may be g i v i n g some c l u e s t o what i s g o i n g o n . T h e 
f i r s t p a r t o f t h i s p a p e r i n c l u d e s some o f t h e s e r e s u l t s . T h e s e c o n d 
p a r t d e s c r i b e s some o f o u r r e c e n t s t u d i e s t h a t r e l a t e t o t h e r o l e o f 
i n t e r m o l e c u l a r i n t e r a c t i o n s i n m e d i a t i n g t h e e m i s s i o n - i o n i z a t i o n 
p r o c e s s . F i n a l l y , r e s u l t s o n t h e d e s o r p t i o n o f m a s s i v e m o l e c u l a r 
i o n s o f b i o p o l y m e r s w i l l be d i s c u s s e d ; t h e r e seem t o be some r e a l 
d i f f e r e n c e s b e t w e e n low a n d h i g h e n e r g y p a r t i c l e - i n d u c e d e m i s s i o n f o r 
t h e s e s p e c i e s . 

T h e E n e r g y D e p o s i t i o n P r o c e s s 

I t i s now c l e a r t h a t i t d o e s n o t m a t t e r w h e t h e r a p r i m a r y p a r t i c l e i s 
n e u t r a l o r c h a r g e d a n d
a n d FAB l i e w i t h i n t h
s u b s e q u e n t d i s c u s s i o n s i n t h i s p a p e r no d i s t i n c t i o n w i l l be made 
b e t w e e n n e u t r a l a n d i o n i c p r i m a r y p a r t i c l e s . T h e SIMS a n d F A B m e t h o d 
u t i l i z e p r i m a r y i o n s i n t h e 5 -20 k e V r e g i m e where n u c l e a r s t o p p i n g i s 
known t o be t h e p r i m a r y m e c h a n i s m f o r e n e r g y d e p o s i t i o n . T h e i n i t i a l 
i m p a c t t r i g g e r s a c o l l i s i o n c a s c a d e w h i c h r e s u l t s i n t h e s p u t t e r i n g 
o f s e c o n d a r y a t o m i c i o n s w i t h a r e l a t i v e l y h i g h k i n e t i c e n e r g y 
d i s t r i b u t i o n , a s i g n a t u r e o f p r o c e s s e s s u p p o r t e d b y a n e n e r g e t i c 
c o l l i s i o n c a s c a d e . T h i s p h a s e o f t h e i n t e r a c t i o n i s w e l l s u p p o r t e d 
b y e x p e r i m e n t a l d a t a a n d a q u a n t i t a t i v e t h e o r y , t h e S i g m u n d 
s p u t t e r i n g t h e o r y (2). M o l e c u l a r i o n s e m i t t e d i n t h e p r o c e s s h a v e a 
much l o w e r k i n e t i c e n e r g y d i s t r i b u t i o n w h i c h c a n n o t be f i t t e d t o 
S i g m u n d t h e o r y s u g g e s t i n g t h a t t h e y a r e n o t e m i t t e d d u r i n g t h e p a r t 
o f t h e c o l l i s i o n c a s c a d e t h a t p r o d u c e s a t o m i c i o n s (3). R e c e n t l y , 
S t a n d i n g s t u d i e d t h e e m i s s i o n o f m o l e c u l a r i o n s o f s i m p l e a m i n o a c i d s 
a s a f u n c t i o n o f p r i m a r y i o n e n e r g y u s i n g i o n s r a n g i n g f r o m L i t o C s 
a n d e n e r g i e s f r o m 1 t o 16 k e V (jl) . T h e r e were some i m p o r t a n t 
c o n c l u s i o n s i n t h i s s t u d y : m o l e c u l a r i o n y i e l d s c l o s e l y f o l l o w t h e 
amount o f e n e r g y b r o u g h t i n b y t h e n u c l e a r s t o p p i n g m e c h a n i s m a n d f o r 
L i p r i m a r y i o n s w h e r e n u c l e a r a n d e l e c t r o n i c s t o p p i n g b o t h c o n t r i b u t e 
t o t h e e n e r g y d e p o s i t i o n i t was t h e t o t a l e n e r g y d e p o s i t e d t h a t was 
t h e s i g n i f i c a n t f a c t o r i n d e t e r m i n i n g t h e m o l e c u l a r i o n y i e l d . 
E l e c t r o n i c e x c i t a t i o n i s d i f f e r e n t f r o m n u c l e a r e x c i t a t i o n b e c a u s e 
t h e e x c i t a t i o n i n v o l v e s p r o m o t i n g e l e c t r o n s i n t h e m a t r i x t o h i g h e r 
e x c i t a t i o n s t a t e s w h e r e a s n u c l e a r e x c i t a t i o n moves a t o m s f r o m t h e i r 
p o s i t i o n s i n t h e m a t r i x . T h e S t a n d i n g r e s u l t s g i v e e x p e r i m e n t a l 
e v i d e n c e t h a t d e s p i t e t h e s e l a r g e d i f f e r e n c e s i n t h e i n i t i a l f o r m o f 
e x c i t a t i o n o f t h e m a t r i x , t h e e m i s s i o n o f s e c o n d a r y m o l e c u l a r i o n s i s 
i n s e n s i t i v e t o t h e s e d i f f e r e n c e s . 

A c o n s i d e r a b l e amount i s known a b o u t d e t a i l s o f t h e p r i m a r y 
e v e n t s i n e l e c t r o n i c e x c i t a t i o n . E l e c t r o n i c e x c i t a t i o n c r o s s 
s e c t i o n s a r e d e p e n d e n t o n t h e c h a r g e a n d v e l o c i t y o f t h e i n c i d e n t 
p r i m a r y i o n . B o t h o f t h e s e p a r a m e t e r s h a v e b e e n c o n f i r m e d t o be t h e 
i m p o r t a n t v a r i a b l e s i n t h e e m i s s i o n o f s e c o n d a r y m o l e c u l a r i o n s u n d e r 
bombardment b y i o n s i n t h e 5 0 - 1 0 0 MeV r e g i m e (1 M e V / u ) ( 5 - 6 ) . T h e 
e x c i t a t i o n p r o m o t e s e l e c t r o n s w i t h i n a t o m s a n d m o l e c u l e s t o v e r y h i g h 
e n e r g i e s r e s u l t i n g i n i o n i z a t i o n a n d e m i s s i o n o f s e c o n d a r y e l e c t r o n s 
(up t o 50 p e r i n c i d e n t i o n ) ( 7 ) . T h e e x c i t a t i o n o f e l e c t r o n s i n c o r e 
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l e v e l s p r o d u c e s v a c a n c i e s t h a t a r e r e f i l l e d b y A u g e r p r o c e s s e s 
r e s u l t i n g i n a t o m i c i o n s w i t h m u l t i p l e c h a r g e s t a t e s . T h e s e a r e 
p a r t o f t h e s p e c t r u m o f a t o m i c i o n s e m i t t e d i n 1 M e v / u i o n 
bombardment a n d a r e t o t a l l y a b s e n t i n SIMS s p e c t r a u s i n g t h e same 
t a r g e t s . W e l l e r h a s r e c e n t l y made t h i s c o m p a r i s o n a n d h a s e x t e n d e d 
t h e e n e r g y r a n g e f o r SIMS p r i m a r y i o n s t o 100 k e V (8). 

H i g h e n e r g y i o n s e n t e r i n g a s o l i d p r o d u c e a l i n e a r damage t r a c k 
o f a b o u t 15 m i c r o n s i n l e n g t h t h a t c a n be v i s u a l i z e d b y e l e c t r o n 
m i c r o s c o p y (9). T h e l i n e a r e n e r g y t r a n s f e r ( L E T ) t o t h e m a t r i x i s a 
m e a s u r e o f t h e d e n s i t y o f e n e r g y d e p o s i t i o n w h i c h i s a f u n c t i o n o f 
t h e c h a r g e a n d v e l o c i t y o f t h e p r i m a r y i o n . By v a r y i n g t h e c h a r g e o f 
t h e p r i m a r y i o n a n d w i t h a k n o w l e d g e o f t h e c h a r g e e q u i l i b r a t i o n 
p r o c e s s , V o i t h a s shown t h a t o n l y t h e e n e r g y d e p o s i t e d w i t h i n t h e t o p 
6 - 1 0 m o l e c u l a r l a y e r s o f a v a l i n e m a t r i x i s c o n t r i b u t i n g t o t h e 
e m i s s i o n o f s e c o n d a r y m o l e c u l a r i o n s . T h i s means t h a t f o r a 100 MeV 
f i s s i o n f r a g m e n t i o n , a s i s u s e d i n 2 5 2 - C f - P D M S , o n l y 50 k e V i s u s e d 
i n t h e e m i s s i o n o f s e c o n d a r
c o n c e n t r a t e d i n a v e r
s u b f e m t o s e c o n d t i m e f r a m e , g i v i n g a n e f f e c t i v e power d e n s i t y o f 10 
w a t t s / c m ^ . T h e p r o f i l e o f a h e a v y i o n t r a c k c o n t a i n s a n i n n e r c o r e 
w i t h a r a d i u s o f 0 . 1 nm t h a t i n c l u d e s a l l t h e a toms a n d m o l e c u l e s 
t h a t were e x c i t e d b y t h e p r i m a r y i o n . T h i s i s s u r r o u n d e d b y a 
c y l i n d e r o f e n e r g e t i c e l e c t r o n s ( d e l t a r a y s ) e x t e n d i n g t o 1 nm t h a t 
were e j e c t e d f r o m t h e i n n e r c o r e i n t h e i n i t i a l e x c i t a t i o n p r o c e s s 
( 1 0 ) . The l i f e t i m e o f t h i s t r a c k s t r u c t u r e i s a p p r o x i m a t e l y 1 0 ~ 1 7 s . 

T h e r e i s n o t much e x p e r i m e n t a l i n f o r m a t i o n a s t o what h a p p e n s a f t e r 
t h i s . 

T h e E n e r g y D i s p e r s i o n P r o c e s s 

W h i l e t h e p r i m a r y e x c i t a t i o n p r o c e s s e s f o r b o t h k e V a n d MeV i o n s i s 
w e l l u n d e r s t o o d , l i t t l e i s known o n how t h i s e n e r g y i s t r a n s f o r m e d 
i n t o t h e f o r m r e q u i r e d f o r t h e e j e c t i o n o f s e c o n d a r y m o l e c u l a r i o n s . 
I n b o t h c a s e s , t h e v o l u m e e x c i t e d , i f c r y s t a l l i n e , i s m e l t e d a n d 
f r e e z e s t o a n a m o r p h o u s s t a t e (11-12) . T h i s i s a n e x p e r i m e n t a l 
o b s e r v a t i o n i n d i c a t i n g t h a t a t some s t a g e i n t h e e n e r g y d i s p e r s i o n 
l a t t i c e v i b r a t i o n s a r e e x c i t e d t o a l e v e l where i n t e r m o l e c u l a r b o n d s 
a r e b r o k e n . We h a v e some e x p e r i m e n t a l c l u e s a s t o what h a p p e n s a f t e r 
t h e p r i m a r y t r a c k i s f o r m e d b y a h i g h e n e r g y i o n . I f t h e t r a c k i s 
f o r m e d i n a s e m i c o n d u c t o r , i t i s p o s s i b l e t o c o l l e c t a n d m e a s u r e t h e 
e l e c t r o n c u r r e n t p r o d u c e d i n t h e g e n e r a t i o n o f e l e c t r o n - h o l e p a i r s . 
T h i s i s t h e b a s i s f o r t h e o p e r a t i o n o f s e m i c o n d u c t o r d e t e c t o r s u s e d 
i n n u c l e a r s p e c t r o s c o p y . F o r i o n s w i t h a h i g h L E T , t h e d e n s i t y o f 
e l e c t r o n - h o l e p a i r f o r m a t i o n i s s o g r e a t t h a t r e c o m b i n a t i o n p r o c e s s e s 
o c c u r ( n o n - l i n e a r p r o c e s s e s ) r e s u l t i n g i n a l o s s o f e l e c t r o n c u r r e n t 
( i o n i z a t i o n d e f e c t ) {13). When t h e m a t r i x i s a n i n s u l a t o r , e n e r g y 
t r a n s f e r i s m e d i a t e d by v a r i o u s f o r m s o f e x c i t o n s w h i c h c a n p r o p a g a t e 
t h r o u g h t h e s o l i d . T h e e x c i t o n c o n c e p t was f i r s t i n t r o d u c e d b y 
F o r s t e r a s a m e c h a n i s m f o r e n e r g y t r a n s f e r i n s o l i d s . The e x i s t e n c e 
o f e x c i t o n s ( q u a n t a o f e l e c t r o n i c e x c i t a t i o n ) i s now w e l l d o c u m e n t e d 
a n d i t s r o l e i n s e c o n d a r y i o n e m i s s i o n a s now b e e n e x p e r i m e n t a l l y 
v e r i f i e d f o r a r g o n a toms s p u t t e r e d b y MeV He i o n s f r o m a r g o n i c e 
( 1 5 ) . E x c i t o n m i g r a t i o n t o f l u o r e s c e n t s i t e s i n p l a s t i c 
s c i n t i l l a t o r s i s t h e m e c h a n i s m o f t h e o p e r a t i o n o f p l a s t i c 
s c i n t i l l a t o r c r y s t a l s a s p a r t i c l e d e t e c t o r s f o r n u c l e a r s p e c t r o s c o p y . 
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m u l t i p h o n o n a b s o r p t i o n i n t o t h e b o n d s h o l d i n g t h e m o l e c u l e t o t h e 
s u r f a c e (22). T h e k e y m e a s u r e m e n t s t o be made t h a t w o u l d c o n t r i b u t e 
t o a n u n d e r s t a n d i n g o f t h i s p h a s e o f t h e p r o b l e m a r e t h e k i n e t i c 
e n e r g y a n d a n g u l a r d i s t r i b u t i o n o f t h e e j e c t e d i o n s a n d m o l e c u l e s . 
W i n o g r a d h a s made t h e s e m e a s u r e m e n t s f o r SIMS u s i n g w e l l - d e f i n e d 
a d s o r b a t e - s u b s t r a t e s y s t e m s a n d W i e n h a s made s i m i l a r m e a s u r e m e n t s 
f o r 2 5 2 - C F - P D M S ( 2 3 , 2 4 ) . 

P e r h a p s t h e most c o n f u s i n g a s p e c t o f t h e p r o b l e m i s t h e 
i o n i z a t i o n m e c h a n i s m . I t i s d i f f i c u l t t o c o n t r o l t h e m a t r i x t o t h e 
l e v e l w h e r e s i g n i f i c a n t p r o g r e s s c a n be made i n u n d e r s t a n d i n g what 
p r o c e s s e s a r e i n v o l v e d t h a t p r o d u c e t h e i o n i z e d m o l e c u l e . T h e 
s i m p l e s t s p e c i e s t o s t u d y i s t h e p r e f o r m e d i o n , a s p e c i e s i n t h e 
c o n d e n s e d p h a s e t h a t h a s l o s t o r g a i n e d most o f a n e l e c t r o n a s a 
c o n s e q u e n c e o f e l e c t r o n e g a t i v i t y d i f f e r e n c e s . W h e t h e r i t r e m a i n s a n 
i o n i n t h e e m i s s i o n p r o c e s s d e p e n d s o n t h e e l e c t r o n i c i n t e r a c t i o n s 
o p e r a t i n g a t t h e s u r f a c e b e t w e e n a d s o r b a t e a n d s u b s t r a t e (25) . T h e 
l a r g e r t h e i o n , t h e g r e a t e
s t a t e i s r e t a i n e d . L a r g
a n d l a r g e o r g a n i c a n i o n s ( o l i g o n u c l e o t i d e s ) a r e e x a m p l e s . S m a l l 
a n i o n s s u c h a s C l " i n N a C l a r e a p p a r e n t l y e m i t t e d a s n e u t r a l s p e c i e s 
w h i l e m u l t i p l y c h a r g e d s p e c i e s a r e e m i t t e d a s s i n g l y c h a r g e d i o n s 
( 2 6 , 2 7 ) . T h e s e o b s e r v a t i o n s s u g g e s t t h a t s u r f a c e p r o c e s s e s c a n p l a y 
a r o l e i n d e t e r m i n i n g t h e u l t i m a t e c h a r g e s t a t e o f a d e s o r b e d 
s p e c i e s . 

When one c o n s i d e r s t h e r o l e o f t h e m a t r i x i n t h e p a r t i c l e -
i n d u c e d e m i s s i o n o f s e c o n d a r y i o n s i t i s no w o n d e r t h a t i t i s s o 
d i f f i c u l t t o u n r a v e l a l l t h e p r o c e s s e s t h a t t a k e p l a c e . T h e m a t r i x 
i s t h e medium i n w h i c h t h e p r i m a r y e x c i t a t i o n o c c u r s . I t must a l s o 
d i s p e r s e some o f t h a t e n e r g y t o s i t e s a t t h e s u r f a c e where s e c o n d a r y 
i o n e m i s s i o n o c c u r s . I t must p r o v i d e t h e s p e c i e s t o be d e s o r b e d a n d 
a t t h e same t i m e m e d i a t e t h e i o n i z a t i o n p r o c e s s . I n a n a t t e m p t t o 
u n d e r s t a n d t h e s e c o m p l e x c o u p l e d p r o c e s s e s we h a v e t r i e d t o s i m p l i f y 
t h e s y s t e m b y f i r s t s e l e c t i n g a homogeneous s u b s t r a t e f o r t h e e n e r g y 
d e p o s i t i o n a n d t h e n s t u d y i n g t h e i o n i z a t i o n - e m i s s i o n p r o c e s s f o r 
s p e c i e s t h a t a r e p r e s e n t a s a s u b m o n o l a y e r o n t h e s u r f a c e ( 2 8 ) . 

P o l y m e r i c S u r f a c e s a s S u b s t r a t e s 

I n a 2 5 2 - C f - P D M S m e a s u r e m e n t , t h e s a m p l e c o n s i s t s o f a t h i n 
m e t a l l i z e d b a c k i n g o n w h i c h t h e s a m p l e i s d e p o s i t e d u s i n g t e c h n i q u e s 
s u c h a s t h e e l e c t r o s p r a y m e t h o d (29) . T h e c o n d u c t i n g s u r f a c e i s 
r e q u i r e d i n t h e m e a s u r e m e n t b e c a u s e i t e s t a b l i s h e s t h e e l e c t r i c f i e l d 
l i n e s t h r o u g h w h i c h t h e e j e c t e d i o n s a r e a c c e l e r a t e d . We h a v e 
r e c e n t l y f o u n d t h a t i f we r e v e r s e t h e m e t a l l i z e d p o l y m e r f i l m s o t h a t 
t h e p o l y m e r s i d e i s t h e d e s o r p t i o n s u r f a c e , i t i s s t i l l p o s s i b l e t o 
o b t a i n g o o d q u a l i t y mass s p e c t r a t h a t show no e v i d e n c e f o r 
e l e c t r o s t a t i c c h a r g i n g . T h i s g e o m e t r y i s d e p i c t e d i n F i g u r e 1 . T h e 
s i g n i f i c a n c e o f t h i s i s t h a t t h e p o l y m e r s u r f a c e c a n be u t i l i z e d t o 
s e l e c t i v e l y a d s o r b s o l u t e m o l e c u l e s f r o m s o l u t i o n s i n a manner 
a n a l o g o u s t o t h e a d s o r p t i o n o f s o l u t e s o n t o t h e s t a t i o n a r y p h a s e i n 
l i q u i d c h r o m a t o g r a p h y c o l u m n s . T h e number d e n s i t y o f s o l u t e 
m o l e c u l e s on t h e s u r f a c e c a n be c o n t r o l l e d b y v a r y i n g t h e s o l u t i o n 
c o n c e n t r a t i o n a n d s o l v e n t t y p e . I n t h e f i r s t e x p e r i m e n t s t h e n a t i v e 
p o l y m e r s u r f a c e o f M y l a r ( p o l y e t h y l e n e t e r e p h t h a l a t e ) was e m p l o y e d 
a n d s o l u t e m o l e c u l e s were a d s o r b e d o n t o t h e M y l a r s u r f a c e f r o m 
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When t h e s e d e t e c t o r s a r e u s e d f o r t h e h i g h L E T f i s s i o n f r a g m e n t s t h e 
l i g h t o u t p u t i s c o n s i d e r a b l y r e d u c e d r e l a t i v e t o o t h e r i o n s w i t h 
c o m p a r a b l e e n e r g y b u t l o w e r L E T (_16) . T h i s h a s b e e n a t t r i b u t e d t o 
t h e q u e n c h i n g o f e x c i t o n s t a t e s i n t h e h e a v y i o n t r a c k due t o t h e i r 
h i g h d e n s i t y . T h e s e r a d i a t i o n l e s s t r a n s i t i o n s d e p o s i t t h e i r e n e r g i e s 
i n t o v i b r a t i o n a l e x c i t a t i o n w i t h i n t h e m a t r i x . T h e e x c i t o n m o d e l i s 
w e l l d e v e l o p e d . T h e r e a r e many d i f f e r e n t t y p e s o f e x c i t o n s ( e . g . 
a t o m i c a n d m o l e c u l a r ) . K i m u r a h a s shown t h a t a l k a l i h a l i d e s e x c i t e d 
by h i g h e n e r g y i o n s f i r s t f o r m a t o m i c e x c i t o n s t h a t l o c a l i z e o n 
i n d i v i d u a l i o n s w i t h i n t h e c r y s t a l l a t t i c e b u t t h e s e u l t i m a t e l y d e c a y 
i n t o m o l e c u l a r e x c i t o n s t h a t a r e a s s o c i a t e d w i t h d i a t o m i c s t a t e s a n d 
w h i c h f l u o r e s c e w i t h a c h a r a c t e r i s t i c s p e c t r u m ( 1 7 ) . 

A n a t t r a c t i v e f e a t u r e o f t h e e x c i t o n m o d e l i s e n t r y i n t o t h e 
f a m i l y o f e x c i t o n s t a t e s c a n be made b y e i t h e r e l e c t r o n i c e x c i t a t i o n 
( t r a n s v e r s e e x c i t o n s ) a s w i t h h i g h e n e r g y i o n s o r b y c o l l i s i o n a l 

p r o c e s s e s ( l o n g i t u d i n a l e x c i t o n s ) a n d b o t h c o u l d d e c a y i n t o t h e same 
p a t t e r n o f e l e c t r o n i c a n
p r o v i d e a m i c r o s c o p i c e x p l a n a t i o
2 5 2 - C f - P D M S mass s p e c t r a . I f t h e e m i s s i o n o f s e c o n d a r y i o n s f r o m 
s u r f a c e s i s m e d i a t e d b y e x c i t o n - p h o n o n p r o c e s s e s , t h e e n e r g y 
d i s p e r s i o n w i l l be i n f l u e n c e d b y p h y s i c a l f e a t u r e s o f t h e m a t r i x 
( d e g r e e o f c r y s t a l l i n i t y a n d p u r i t y ) w h i c h a r e n o t e a s i l y c o n t r o l l e d . 

F o r s p e c i e s w i t h a m u l t i p l i c i t y o f i n t e r m o l e c u l a r i n t e r a c t i o n s a n d 
w h i c h do n o t e x i s t a s i o n s i n t h e s o l i d s t a t e , t h e p r o b a b i l i t y f o r 
s e c o n d a r y m o l e c u l a r i o n f o r m a t i o n i s d e p e n d e n t o n p r o p e r t i e s o f t h e 
m a t r i x w h i c h a r e n o t u n d e r s t o o d ( 1 9 ) . T h e r e l a t i o n s h i p o f m o l e c u l e s 
a t t h e s u r f a c e w h i c h a r e p a r t i c i p a t i n g i n t h e f o r m a t i o n o f s e c o n d a r y 
i o n s w i t h n e i g h b o r i n g m o l e c u l e s may a l s o be i m p o r t a n t i n t h e f i n a l 
s t a g e s o f t h e e n e r g y d i s p e r s i o n p r o c e s s . Some e x p e r i m e n t s d i r e c t e d 
t o t h i s q u e s t i o n w i l l be d e s c r i b e d l a t e r i n t h i s p a p e r . 

T h e E m i s s i o n - I o n i z a t i o n P r o c e s s 

T h e f a c t t h a t s e c o n d a r y i o n s a r e i n d e e d o b s e r v e d i n SIMS (FAB) a n d 
2 5 2 - C f - P D M S means t h a t some o f t h e e n e r g y d i s p e r s i o n a p p e a r s i n t h e 
f o r m n e e d e d t o e f f e c t e m i s s i o n o f m o l e c u l a r s p e c i e s f r o m t h e s u r f a c e 
w h i c h u l t i m a t e l y a p p e a r a s i o n s i n a mass s p e c t r o m e t e r . S t a n d i n g h a s 
made t h e p o i n t t h a t i n s t r u m e n t a l p a r a m e t e r s may be i n f l u e n c i n g t h e 
i o n f o r m a t i o n s t e p ( 2 0 ) . T h e t i m e - o f - f l i g h t mass s p e c t r o m e t e r s u s e d 
i n 2 5 2 - C f - P D M S a n d i n some SIMS s t u d i e s a r e p r i m a r i l y s e n s i t i v e t o 
i o n - f o r m i n g p r o c e s s e s t h a t o c c u r a t o r v e r y c l o s e (10 nm) t o t h e 
s u r f a c e w h i l e i n m o s t m a g n e t i c s e c t o r a n d q u a d r u p o l e i n s t r u m e n t s , t h e 
i o n i z a t i o n r e g i o n may be c o n s i d e r a b l y e x t e n d e d t o t h e p o i n t w h e r e g a s 
p h a s e i o n - m o l e c u l e r e a c t i o n s m i g h t o c c u r . T h i s a m b i g u i t y may be t h e 
s o u r c e o f some o f t h e d i s a g r e e m e n t s w i t h r e g a r d t o w h e r e t h e 
i o n i z a t i o n i s o c c u r r i n g . G a s p h a s e i o n - m o l e c u l e r e a c t i o n s s u c h a s 
o c c u r i n c h e m i c a l i o n i z a t i o n a r e b e t t e r u n d e r s t o o d t h a n t h e p r o c e s s e s 
t h a t o c c u r a t s u r f a c e s . T h e m e c h a n i s m o f t h e e m i s s i o n p r o c e s s h a s 
b e e n t h e s u b j e c t o f s e v e r a l t h e o r e t i c a l t r e a t m e n t s . One o f t h e s e 
c o n s i d e r s t h a t t h e e m i s s i o n p r o c e s s i s a s s o c i a t e d w i t h t h e l a t e r 
s t a g e s o f t h e c o l l i s i o n c a s c a d e a n d t h a t e v e n i n t h e c a s e o f a n 
i n i t i a l p r i m a r y e l e c t r o n i c e x c i t a t i o n a c o l l i s i o n - l i k e c a s c a d e i s 
d e v e l o p e d ( 2 1 ) . A n o t h e r a p p r o a c h c o n s i d e r s t h e e n e r g y t o be s o w e l l 
d i s p e r s e d t h a t t h e e m i s s i o n s i t e i s v i b r a t i o n a l l y e x c i t e d . T h e 
m o l e c u l e i s e j e c t e d f r o m t h e s u r f a c e a s a c o n s e q u e n c e o f a 
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s o l u t i o n s o f p o l a r s o l v e n t s ( w a t e r , m e t h a n o l , e t h a n o l ) u t i l i z i n g t h e 
h y d r o p h o b i c i n t e r a c t i o n ( 3 0 ) . I n s u b s e q u e n t e x p e r i m e n t s t h e M y l a r 
s u r f a c e was c h e m i c a l l y m o d i f i e d b y c o a t i n g w i t h p o l y m e r s h a v i n g 
d i f f e r e n t f u n c t i o n a l g r o u p s ( c a t i o n e x c h a n g e , a n i o n e x c h a n g e ) s o t h a t 
t h e a d s o r p t i o n p r o p e r t i e s c o u l d be v a r i e d o v e r a w i d e r a n g e . T h i s 
a r r a n g e m e n t o f s u b s t r a t e - a d s o r b a t e made i t p o s s i b l e t o u t i l i z e a 
f i x e d homogeneous m a t r i x w h e r e t h e p r i m a r y e n e r g y d e p o s i t i o n a n d 
d i s p e r s i o n o c c u r r e d . I n a d d i t i o n , b y v a r y i n g t h e c o n c e n t r a t i o n o f 
t h e s o l u t i o n , i t was p o s s i b l e t o p r o d u c e f i l m s w i t h d i f f e r e n t number 
d e n s i t i e s o f s o l u t e s p e c i e s . T h e q u e s t i o n s t o be a n s w e r e d i n i t i a l l y 
w e r e : d o e s t h e n a t u r e o f t h e s u b s t r a t e i n f l u e n c e t h e mass s p e c t r u m 
o f i o n s t h a t a r e e m i t t e d f r o m t h e s u r f a c e ? Does t h e s u r f a c e 
c o n c e n t r a t i o n o f s o l u t e m o l e c u l e s i n f l u e n c e t h e mass s p e c t r u m o f 
s e c o n d a r y i o n s i n ways o t h e r t h a n e f f e c t i n g t h e o v e r a l l i n t e n s i t y o f 
t h e i o n s ? 

R h o d a m i n e 6 - G . T h i s m o l e c u l
b e c a u s e i t s a d s o r p t i o n c h a r a c t e r i s t i c
s t u d i e d . T h e f l u o r e s c e n c e c h a r a c t e r i s t i c s o f t h i s m o l e c u l e when 
a d s o r b e d o n a s u r f a c e p r o v i d e s a n i n t e r n a l m e a s u r e f o r t h e a v e r a g e 
d i s t a n c e b e t w e e n m o l e c u l e s (31) . I n a d d i t i o n t h e s o l i d e x i s t s i n t h e 
f o r m o f a h y d r o c h l o r i d e s a l t a n d t h e c a t i o n e x i s t s e s s e n t i a l l y a s a 
l a r g e p r e f o r m e d i o n . T h e s t r u c t u r e o f t h e m o l e c u l e h a s a l a r g e 
a r o m a t i c c o m p o n e n t s o t h a t a d s o r p t i o n o n t h e M y l a r w h i c h a l s o h a s a n 
a r o m a t i c r i n g i n i t s s t r u c t u r e i s f a v o r a b l e . T h e 2 5 2 - C f - P D M S 
s p e c t r u m o f a n e l e c t r o s p r a y e d d e p o s i t o f t h i s m o l e c u l e i s d o m i n a t e d 
b y a n i n t e n s e m o l e c u l a r i o n w i t h v e r y l i t t l e f r a g m e n t a t i o n . T h e 
s t u d y i n v o l v e d t h e p r e p a r a t i o n o f a s e r i e s o f e t h a n o l s o l u t i o n s o f 
R h o d a m i n e 6 - G w i t h c o n c e n t r a t i o n s v a r y i n g f r o m 10"^ M t o 1 0 ~ 2 M . A 
l O O u l a l i q u o t was d e p o s i t e d o n t h e s u r f a c e o f t h e M y l a r a n d 
e q u i l i b r a t e d f o r a few m i n u t e s . T h e d r o p l e t was t h e n r e m o v e d a n d t h e 
s a m p l e was i n s e r t e d i n t o t h e mass s p e c t r o m e t e r f o r mass a n a l y s i s . 
T h i s p r o c e d u r e was r e p e a t e d u s i n g t h e d i f f e r e n t s o l u t i o n 
c o n c e n t r a t i o n s g i v i n g a s e r i e s o f t a r g e t s w i t h i n c r e a s i n g 
c o n c e n t r a t i o n s o f t h e s o l u t e o n t h e M y l a r s u r f a c e . F i g u r e 2 shows 
t h e 2 5 2 - C f - P D M S s p e c t r u m o f one o f t h e M y l a r f i l m s c o n t a i n i n g 
R h o d a m i n e 6 - G a d s o r b e d f r o m a 10"^ M s o l u t i o n . F i g u r e 3 i s a p l o t o f 
t h e i n t e n s i t y o f t h e R h o d a m i n e 6 - G m o l e c u l a r i o n a s a f u n c t i o n o f 
s o l u t i o n c o n c e n t r a t i o n . T h e r e p r o d u c i b i l i t y o f t h e m e a s u r e m e n t i s 
10%. A n i n d e p e n d e n t m e a s u r e m e n t o f t h e number d e n s i t y o f R h o d a m i n e 
6 - G b y a B e e r - L a m b e r t a b s o r b a n c e c o n f i r m e d t h e r e s u l t s o f e a r l i e r 
m e a s u r e m e n t s o f G a r o f f u s i n g o p t i c a l s p e c t r o s c o p i c t e c h n i q u e s (_31) . 
T h e i n t e n s i t y - c o n c e n t r a t i o n c u r v e i s c h a r a c t e r i s t i c o f a L a n g m u i r 
a d s o r p t i o n m e c h a n i s m . I t was p o s s i b l e t o d e d u c e f r o m t h e l i n e a r 
p o r t i o n o f t h e c u r v e t h a t t h e e f f e c t i v e r e g i o n o f e x c i t a t i o n f o r i o n 
e m i s s i o n i s r e l a t i v e l y s m a l l , much s m a l l e r t h a n t h e 20 nm d i a m e t e r 
damage a r e a s m e a s u r e d b y e l e c t r o n m i c r o s c o p y f o r e q u i v a l e n t s a m p l e s 
( 1 2 ) . I f t h e e x c i t a t i o n a r e a were l a r g e , a t a p a r t i c u l a r number 
d e n s i t y t h e a r e a w o u l d h a v e i n t e r c e p t e d more t h a n one m o l e c u l e . T h i s 
w o u l d h a v e r e s u l t e d i n a p o s i t i v e d e v i a t i o n i n t h e l i n e a r p o r t i o n o f 
t h e a d s o r p t i o n c u r v e a n d none was o b s e r v e d . Two e f f e c t s w e r e 
o b s e r v e d t h a t r e l a t e t o t h e i n f l u e n c e o f t h e number d e n s i t y a t t h e 
s u r f a c e o n t h e n a t u r e o f t h e mass s p e c t r u m o f s e c o n d a r y i o n s . F i r s t , 
t h e C I c o u n t e r i o n s were o n l y o b s e r v e d when m o n o l a y e r c o v e r a g e was 
r e a l i z e d . T h i s i m p l i e s t h a t C I i s e m i t t e d a s a n e u t r a l s p e c i e s a t 
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Concentration (x10~4 M) 

F i g u r e 3 : T h e m o l e c u l a r i o n i n t e n s i t y o f R h o d a m i n e - 6 - G 
( d e t e r m i n e d b y 2 5 2 - C f - P D M S ) a s a f u n c t i o n o f s o l u t i o n 
c o n c e n t r a t i o n . 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



64 DESORPTION MASS SPECTROMETRY 

l o w c o v e r a g e b u t a s a n a n i o n a t h i g h c o v e r a g e . W h i l e t h e r e was no 
d e t e c t i b l e c h a n g e i n t h e mass s p e c t r u m i n t h e r e g i o n o f t h e m o l e c u l a r 
i o n , t h e r e were s i g n i f i c a n t d i f f e r e n c e s i n t h e d i m e r i o n r e g i o n . 
T h i s i s shown i n F i g u r e 4 . A t low c o v e r a g e t h e r e i s no e v i d e n c e f o r 
d i m e r i o n f o r m a t i o n . A t i n t e r m e d i a t e c o v e r a g e , a b r o a d d i s t r i b u t i o n 
a p p e a r s w h i c h i s c h a r a c t e r i s t i c o f m e t a s t a b l e i o n e m i s s i o n . T h i s we 
a t t r i b u t e t o t h e f o r m a t i o n o f c o n t a c t p a i r d i m e r s w h i c h a r e r a n d o m l y 
a l i g n e d i n t h e m a t r i x . A t h i g h c o v e r a g e where t h e s o l u t i o n c o n t a i n e d 
a s i g n i f i c a n t c o m p o n e n t o f s t a b l e d i m e r s t h e r e was a s i g n i f i c a n t 
i n t e n s i t y o f d i m e r - r e l a t e d i o n s i n t h e mass s p e c t r u m . T h i s f i r s t 
s t u d y c o n f i r m e d t h e f e a s i b i l i t y o f c a r r y i n g o u t mass m e a s u r e m e n t s f o r 
a s e r i e s o f m o l e c u l e s w i t h v a r y i n g i n t e r m o l e c u l a r s e p a r a t i o n s . 

R h o d a m i n e - B . T h i s m o l e c u l e i s c l o s e l y r e l a t e d t o R h o d a m i n e 6 - G i n 
s t r u c t u r e a s w e l l a s i n i t s o p t i c a l p r o p e r t i e s . T h e 2 5 2 - C f - P D M S 
s p e c t r u m , h o w e v e r d o e s h a v e a n i m p o r t a n t d i f f e r e n c e . I t c o n t a i n s a 
f r a g m e n t i o n c o r r e s p o n d i n
f r a g m e n t a t i o n i s a m e a s u r
m o l e c u l e , i t was p o s s i b l e t o d e t e r m i n e w h e t h e r two R h o d a m i n e - B 
m o l e c u l e s i n c l o s e p r o x i m i t y b e h a v e d a n y d i f f e r e n t l y f r o m m o l e c u l e s 
i s o l a t e d f r o m e a c h o t h e r o n t h e s u r f a c e . F i g u r e 5 shows t h e r e s u l t s 
o f t h i s e x p e r i m e n t . A t l o w s u r f a c e c o n c e n t r a t i o n s , t h e f r a g m e n t a n d 
m o l e c u l a r i o n i n t e n s i t y a r e c o m p a r a b l e w h i l e a t h i g h c o v e r a g e t h e 
f r a g m e n t i o n i n t e n s i t y i s n o t i c e a b l y d i m i n i s h e d . T h i s o b s e r v a t i o n 
s u g g e s t s t h a t t h e e x c i t a t i o n e n e r g y c a n be s h a r e d amongs t m o l e c u l e s 
when t h e y a r e i n c l o s e p r o x i m i t y . I n a v e r y r e c e n t m e a s u r e m e n t w h e r e 
t h e R h o d a m i n e - B was a d s o r b e d o n a n e v a p o r a t e d A u l a y e r , t h e f r a g m e n t 
i o n was e s s e n t i a l l y a b s e n t . T h i s i n d i c a t e s t h a t t h e d e g r e e o f 
m o l e c u l a r e x c i t a t i o n c a n a l s o be c o n t r o l l e d b y c h a n g i n g t h e 
s u b s t r a t e . 

E m i s s i o n o f M a s s i v e M o l e c u l a r I o n s F r o m S u r f a c e s 

P a r t o f t h e c u r r e n t i n t e r e s t i n t h e u s e o f p a r t i c l e - i n d u c e d e m i s s i o n 
f o r t h e mass s p e c t r o m e t r y o f o r g a n i c s p e c i e s i s t h a t i t h a s b e e n 
p o s s i b l e t o d e s o r b i o n s o f v e r y l a r g e c o m p l e x b i o m o l e c u l e s l i k e 
i n s u l i n . T h e c u r r e n t r e c o r d i s f o r t h e p r o t e i n t r y p s i n w h i c h h a s a 
m o l e c u l a r w e i g h t o f 2 3 , 0 0 0 u (_32) . I t i s i n t h e s t u d y o f t h e s e 
s p e c i e s by t h e v a r i o u s p a r t i c l e - i n d u c e d d e s o r p t i o n m e t h o d s t h a t 
d i f f e r e n c e s a r e b e g i n n i n g t o a p p e a r b e t w e e n F A B , S I M S , a n d 2 5 2 - C f -
PDMS. F o r t h e k e V p r i m a r y i o n work ( S I M S , FAB) d i f f e r e n c e s a r e 
a p p e a r i n g t h a t seem t o be a s s o c i a t e d w i t h t h e m a t r i x . FAB h a s b e e n 
more s u c c e s s f u l i n p r o d u c i n g t h e s e i o n s t h a n S I M S . T h e r e a s o n s a r e 
n o t y e t u n d e r s t o o d . I t h a s b e e n s u g g e s t e d b y s e v e r a l i n v e s t i g a t o r s 
t h a t t h e d i f f e r e n c e i s a s s o c i a t e d w i t h t h e h i g h e r m o b i l i t y o f s o l u t e 
s p e c i e s i n t h e l i q u i d m a t r i x , b u t p e r h a p s t h e l i q u i d m a t r i x i s 
s u p p o r t i n g t h e g e n e r a t i o n o f a n a e r o s o l i n t h e i o n s o u r c e o r i s 
p r o v i d i n g a r e g i o n o f h i g h l o c a l p r e s s u r e where g a s p h a s e p r o c e s s e s 
m i g h t o c c u r . B e n n i n g h o v e n , e a r l i e r i n t h e s t u d i e s o f m o l e c u l a r SIMS 
i n t r o d u c e d t h e c o n c e p t o f a damage c r o s s s e c t i o n t o e x p l a i n t h e 
o b s e r v a t i o n t h a t t h e y i e l d o f s e c o n d a r y i o n s d e c r e a s e s when t h e 
f r a c t i o n o f t h e s u r f a c e n o t p e r t u r b e d b y t h e e f f e c t s o f t h e c o l l i s i o n 
c a s c a d e d i m i n i s h e s ( 3 3 ) . T h e s u g g e s t i o n was t h a t t h e damaged a r e a i s 
a c t u a l l y d e p l e t e d i n m o l e c u l e s t h a t c o u l d c o n t r i b u t e t o t h e 
d e s o r p t i o n y i e l d . T h e "damage c r o s s s e c t i o n " i s p r e c i s e l y a m e a s u r e 
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o f t h e l o s s o f t h e a b i l i t y o f t h e m a t r i x t o d e s o r b s p e c i e s a s i o n s 
a n d t h e r e may be s e v e r a l f a c t o r s t h a t c o u l d c o n t r i b u t e t o t h i s 
e f f e c t . T h i s i s a l s o o b s e r v e d f o r h i g h e n e r g y i o n e x c i t a t i o n ( 3 4 ) . 
T h e SIMS s t u d i e s r e f e r r e d t o e a r l i e r s u g g e s t s t h a t t h e damage r e g i o n s 
r e p r e s e n t p a r t s o f t h e m a t r i x t h a t h a v e become a m o r p h o u s (11). T h i s 
means t h a t when t h e m o l e c u l e s i n t h e m a t r i x become r a n d o m l y o r i e n t e d 
t h a t p a r t o f t h e m a t r i x c a n n o t s u p p o r t t h e e m i s s i o n o f m o l e c u l a r 
i o n s . F o r F A B h o w e v e r , t h e m o l e c u l e s i n t h e e x c i t a t i o n r e g i o n o n l y 
t e m p o r a r i l y l o s e t h e i r r e l a t i v e a l i g n m e n t . T h e i r h i g h m o b i l i t y i n 
t h e f l u i d m a t r i x g i v e s t h e m a n o p p o r t u n i t y t o r e s t o r e t h e i r p r e f e r r e d 
o r i e n t a t i o n w h i c h p r e s u m a b l y e n h a n c e s t h e i r i n t e r m o l e c u l a r 
i n t e r a c t i o n s . T h e i m p l i c a t i o n h e r e i s t h a t t h e f o r m a t i o n o f 
m o l e c u l a r i o n s may be m e d i a t e d b y t h e i n t e r m o l e c u l a r i n t e r a c t i o n . 

A t t h e p r e s e n t , t h e F A B m e t h o d h a s b e e n a b l e t o p r o d u c e 
m o l e c u l a r i o n s o f b i o m o l e c u l e s u p t o m / z 1 0 , 0 0 0 ( 3 5 ) . M o l e c u l a r i o n 
y i e l d s a r e d e c r e a s i n g o r d e r s o f m a g n i t u d e w i t h e a c h 1000 u i n c r e a s e 
i n m a s s . T h i s i s n o t t h
a r e b e g i n n i n g t o show
e m i t t e d p e r i n c i d e n t i o n i s a f a c t o r o f 4 h i g h e r f o r h i g h e n e r g y 
p r i m a r i e s a n d m u l t i p l i c i t i e s a s h i g h a s 36 h a v e b e e n d e t e c t e d f o r 
some f i s s i o n t r a c k s ( 3 6 , 3 7 ) . S u n d q v i s t h a s shown t h a t t h e d e s o r p t i o n 
o f l a r g e m o l e c u l a r i o n s r e q u i r e s t h e h i g h e n e r g y d e n s i t y o f t h e t r a c k 
p r o d u c e d b y a h i g h e n e r g y p r i m a r y i o n . T h e y i e l d o f i n s u l i n 
m o l e c u l a r i o n s v a r i e s a s t h e L E T t o t h e s i x t h power w h i l e f o r s m a l l 
m o l e c u l e s t h e y i e l d v a r i e s a s t h e L E T t o t h e f i r s t o r s e c o n d p o w e r . 
T h i s means t h a t n o n - l i n e a r p r o c e s s e s a r e i n v o l v e d i n t h e d e s o r p t i o n 
o f t h e s e s p e c i e s . What t h e s e a r e i s n o t known b u t i t may be t h a t t h e 
q u e n c h i n g p r o c e s s e s o b s e r v e d i n h e a v y i o n t r a c k s due t o h i g h 
c o n c e n t r a t i o n s o f e l e c t r o n - h o l e p a i r s o r m o l e c u l a r e x c i t o n s may b e 
c o n t r i b u t i n g t o t h e d e s o r p t i o n o f l a r g e , c o m p l e x m o l e c u l a r i o n s . T h e 
L E T o f a t y p i c a l SIMS p r i m a r y i o n i s a f a c t o r o f 10 l o w e r t h a n f o r a 
2 5 2 - C f f i s s i o n f r a g m e n t . T h i s t r a n s l a t e s t o a s i x o r d e r s o f 
m a g n i t u d e e n h a n c e m e n t f o r t h e y i e l d o f i n s u l i n f o r 2 5 2 - C f - P D M S 
r e l a t i v e t o SIMS u s i n g a s o l i d m a t r i x . P r o c e s s e s o c c u r r i n g i n t h e 
l i q u i d m a t r i x o f F A B may e n h a n c e t h i s y i e l d . 

T h e r o l e o f t h e m a t r i x i n t h e f o r m a t i o n o f m o l e c u l a r i o n s o f 
l a r g e c o m p l e x b i o m o l e c u l e s seems t o be more a c u t e t h a n w i t h s m a l l e r 
m o l e c u l e s . I t i s h o p e d t h a t t h e s t u d i e s u s i n g a d s o r b e d s p e c i e s o n 
d i f f e r e n t s u r f a c e s w i l l g i v e i n s i g h t s t o t h e o p t i m u m m a t r i x f o r t h e 
d e s o r p t i o n o f t h e s e l a r g e r i o n s . 

C o n c l u s i o n s 

I t i s t h e i n t e n t o f t h i s S y m p o s i u m t o make some p r o g r e s s i n t h e 
u n d e r s t a n d i n g o f t h e s i m i l a r i t i e s a n d d i f f e r e n c e s o f SIMS a n d F A B 
when t h e s e m e t h o d s a r e u s e d t o p r o d u c e m o l e c u l a r i o n s o f 
b i o m o l e c u l e s . C e r t a i n l y some p r o g r e s s h a s b e e n made i n u n d e r s t a n d i n g 
some o f t h e s i m i l a r i t i e s i n t e r m s o f t h e mode o f p r i m a r y e n e r g y 
t r a n s f e r . L i q u i d m a t r i x v s . s o l i d m a t r i x i s a much more d i f f i c u l t 
q u e s t i o n b u t t h e e x p e r i m e n t a l f a c t s a t t h i s t i m e s u p p o r t t h e n o t i o n 
t h a t t h e l i q u i d m a t r i x , u n d e r h i g h p r i m a r y f l u x e x c i t a t i o n , h a s 
f e a t u r e s t h a t a r e n o t p r e s e n t i n a s o l i d s t a t e SIMS e x p e r i m e n t . 
Where d o e s 2 5 2 - C f - P D M S f i t i n t h i s p i c t u r e ? I s i t r e a l l y SIMS a n d 
n o t h i n g m o r e ? P e r h a p s t h i s i s a q u e s t i o n more p h i l o s o p h i c a l t h a n 
s u b s t a n t i v e a t t h i s p o i n t . T h e 2 5 2 - C f - P D M S m e t h o d i s a m a v e r i c k i n 
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t h e mass s p e c t r o m e t r y c o m m u n i t y . None o f i t s f e a t u r e s f i t i n t o t h e 
m o l d o f a c c e p t a b l e mass s p e c t r o m e t r i c m e t h o d s b u t t h i s i s f o r us an 
a t t r a c t i o n r a t h e r t h a n d e t e r r e n t . T h e h i s t o r i c a l p e r s p e c t i v e o f mass 
s p e c t r o m e t r y h a s a s i g n i f i c a n t c o m p o n e n t o f D a r w i n i a n 
e v o l u t i o n t h e s u r v i v a l o f t h e f i t t e s t . . . . o f m e t h o d s . T h e 
s u r v i v a l o f 2 5 2 - C F - P D M S , o r SIMS o r FAB a s a s p e c i e s f o r mass 
s p e c t r o m e t r y o f b i o m o l e c u l e s w i l l be d e p e n d e n t o n t h e i r r e l a t i v e 
u t i l i t y o v e r a l o n g t i m e s p a n ; i n 2 5 2 - C f - P D M S , t i m e i s a c o m f o r t a b l e 
v a r i a b l e . 
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Processes of Laser-Induced Ion Formation 
in Mass Spectrometry 
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Frankfurt, Federal Republic of Germany 
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In its first part the paper discusses properties of 
laser desorption spectra of nonvolatile, fragile organic 
compounds as well as current models, suggested for the 
relevant ion formation
recent results on
the laser wavelength on desorption spectra are presented. 

The g e n e r a t i o n o f i o n s f r o m s o l i d s a m p l e s b y h i g h p o w e r l a s e r p u l s e s 
h a s b e e n i n t e n s e l y i n v e s t i g a t e d i n f u s i o n r e s e a r c h f o r o v e r 20 y e a r s . 
The h o t p l a s m a s , p r o d u c e d i n t h e s e e x p e r i m e n t s c o n t a i n p r e d o m i n a n t l y 
m u l t i p l y c h a r g e d i o n s o f h i g h k i n e t i c e n e r g y (33). The g e n e r a t i o n o f 
i o n s o u t o f t h e c o n d e n s e d p h a s e w i t h l a s e r s f o r a n a l y t i c a l p u r p o s e s 
i n mass s p e c t r o m e t r y h a s o n l y more r e c e n t l y g a i n e d c o n s i d e r a b l e 
i n t e r e s t . T h r e e f i e l d s o f a p p l i c a t i o n j u s t i f y t h i s i n t e r e s t : 
1. L a s e r beams c a n b e f o c u s e d down t o t h e d i f f r a c t i o n l i m i t o f 0.2 -

0.5 μπι w i t h v e r y h i g h e f f i c i e n c y . T h i s h a s l e a d t o t h e d e v e l o p 
ment o f t h g L a s e r - M a s s - S p e c t r o m e t r i c M i c r o p r o b e s LAMMA 500 , 
LAMMA 1000 a n d L I M A . T h e s e i n s t r u m e n t s a r e d e s i g n e d f o r t a s k s i n 
p r i n c i p l e c o m p a r a b l e t o t h o s e o f d y n a m i c SIMS o r i m a g i n g i o n -
m i c r o p r o b e s . 

2. A c o n v i n c i n g b o d y o f e x p e r i m e n t a l i n f o r m a t i o n , now a v a i l a b l e i n 
t h e l i t e r a t u r e , s e r v e s a s c o n f i r m a t i o n f o r t h e p o s s i b i l i t y t o 
d e s o r b m o l e c u l a r i o n s o u t o f t h e c o n d e n s e d p h a s e e v e n f o r o r g a n i c 
m o l e c u l e s w h i c h a r e g e n e r a l l y c o n s i d e r e d n o n v o l a t i l e a n d / o r 
f r a g i l e a n d do t h e r e f o r e n o t l e n d t h e m s e l v e s t o c l a s s i c a l mass 
s p e c t r o m e t r i c a n a l y s i s . H e r e t h e l a s e r - M S c o m p e t e s w i t h t e c h 
n i q u e s s u c h a s s t a t i c SIMS o r F A B M S , p l a s m a - a n d f i e l d - d e s o r p t i o n . 

3. A t s u i t a b l y h i g h l a s e r i r r a d i a n c e s a t t h e s o l i d s u r f a c e , a p l a s m a 
i s f o r m e d a s m e n t i o n e d a b o v e . W i t h p r o p e r l y c h o s e n i r r a d i a t i o n 
p a r a m e t e r s , t h i s p l a s m a shows f e a t u r e s , c o m p a r a b l e t o t h o s e o f 
H F - s p a r k s o u r c e s , commonly u s e d i n mass s p e c t r o m e t r y o f i n o r g a n i c 
s o l i d s a m p l e s . F r o m r e s u l t s , r e p o r t e d i n t h e l i t e r a t u r e (1, 2, 3), 
i t c a n b e d e d u c e d t h a t t h e l a s e r s o u r c e may o f f e r some a d v a n t a g e s 
o v e r c l a s s i c a l s p a r k s o u r c e s w i t h r e s p e c t t o s a m p l e p r e p a r a t i o n 
( n o n c o n d u c t o r s ) , r e p r o d u c i b i l i t y , c o l l e c t i o n e f f i c i e n c y a n d u n i 
f o r m i t y o f e l e m e n t a l s e n s i t i v i t y f a c t o r s . T h e l a s e r i n a d d i t i o n 
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o f f e r s t h e a d v a n t a g e o f h i g h s p a t i a l r e s o l u t i o n a s d e s c r i b e d 
i n 1. 

The r e s u l t s r e p o r t e d b y t h e d i f f e r e n t g r o u p s h a v e a l l b e e n 

o b t a i n e d w i t h e x p e r i m e n t a l a r r a n g e m e n t s t h a t d i f f e r g r e a t l y i n t h e 

t y p e s o f l a s e r u s e d , t h e w a v e l e n g t h s , t i m e r e g i m e - a n d i r r a d i a n c e s 

o n t h e s a m p l e , i n t h e s a m p l e g e o m e t r y a n d s a m p l e p r e p a r a t i o n , t h e 

mass s p e c t r o m e t e r s a n d t h e d e t e c t i o n s y s t e m s . The m o s t p e r t i n e n t i n 

f o r m a t i o n o n t h e d i f f e r e n t s y s t e m s t h a t h a v e b e e n s u c c e s s f u l l y a p p l i e d 

t o o r g a n i c mass s p e c t r o m e t r y i s c o m p i l e d i n r e f . {h). 
T h i s p a p e r c o n t a i n s a d i s c u s s i o n o f t h e m o s t i m p o r t a n t f e a t u r e s 

o f l a s e r - i n d u c e d - i o n s p e c t r a a n d m e c h a n i s m s o f i o n f o r m a t i o n , some o f 

t h e m e x p e r i m e n t a l l y p r o v e n , some o f t h e m s t i l l u n d e r d i s c u s s i o n a n d 

i n v e s t i g a t i o n . S p e c i a l a t t e n t i o n w i l l be g i v e n t o t h e LAMMA t e c h n i q u e , 

b e c a u s e t h i s i s t h e a u t h o r s own f i e l d o f w o r k , b u t r e f e r e n c e t o o t h e r 

s y s t e m s w i l l b e i n c l u d e d w h e r e a p p r o p r i a t e . 

C h a r a c t e r i s t i c s o f s p e c t r

I o n s p e c t r a o f i n o r g a n i c a s w e l l a s o f o r g a n i c s a m p l e s h a v e b e e n 

p u b l i s h e d b y many a u t h o r s . T y p i c a l l y t h e y e x h i b i t t h e f o l l o w i n g 

g e n e r a l f e a t u r e s : 

1. W i t h i n t h e u s e f u l r a n g e o f e x p e r i m e n t a l p a r a m e t e r s , a l m o s t e x 

c l u s i v e l y s i n g l y c h a r g e d i o n s a r e d e t e c t e d . 

2 . To a h i g h e r o r l e s s e r d e g r e e - d e p e n d i n g o n t h e e x p e r i m e n t a l 

t e c h n i q u e - i o n i n i t i a l e n e r g y d i s t r i b u t i o n s do n o t r e f l e c t e q u i 

l i b r i u m d i s t r i b u t i o n s a n d a t t e m p t s t o f i t t h e m t o a M a x w e l l i a n 

d i s t r i b u t i o n l e a d s t o t e m p e r a t u r e s t h a t a r e t o o h i g h t o b e 

r e a l i s t i c . 

3. I o n s o f b o t h p o l a r i t i e s a r e g e n e r a t e d , u s u a l l y a t c o m p a r a b l e 

a b u n d a n c e s . F o r a t o m i c i o n s , t h e i r y i e l d i s g o v e r n e d i n f i r s t 

o r d e r b y t h e i o n i z a t i o n p o t e n t i a l o r e l e c t r o n a f f i n i t y . F o r a c i d i c 

c o m p o u n d s , s p e c i f i c m o l e c u l a r i o n s ( e . g . ( M - H ) ) a r e f o u n d m o s t l y 

i n t h e n e g a t i v e i o n s p e c t r a ; f o r b a s i c compounds s p e c i f i c i o n s 

( e . g . (M+H) , ( M + A l k a l i ) ) a r e more e a s i l y i d e n t i f i e d i n t h e 

p o s i t i v e i o n s p e c t r a . The somewhat s u r p r i s i n g r e s u l t s o b t a i n e d 

f o r o r g a n i c s a l t s w i l l b e d i s c u s s e d f u r t h e r d o w n . 

k. R e l a t i v e s e n s i t i v i t y f a c t o r s f o r a t o m i c i o n s o u t o f a g i v e n m a t r i x 

v a r y b y o n l y o n e , i n e x t r e m e c a s e s b y a b o u t t w o , o r d e r s o f m a g n i 

t u d e a t l e a s t f o r t h e h i g h i r r a d i a n c e t e c h n i q u e s (J_). T h i s h o l d s 

e v e n f o r i o n s o_f o n l y + o n e p o l a r i t y , i . e . u n d e r s u i t a b l e c o n d i t i o n s 

i o n s s u c h a s F o r C I a r e d e t e c t e d i n p o s i t i v e i o n s p e c t r a . T h i s 

c o n t r a s t s f a v o u r a b l y w i t h e . g . SIMS w h e r e s e n s i t i v i t y f a c t o r s 

v a r y b y s e v e r a l o r d e r s o f m a g n i t u d e . 

5. The s p e c t r a o f b o t h a t o m i c a n d m o l e c u l a r i o n s a r e q u a l i t a t i v e l y 

a n d q u a n t i t a t i v e l y i n f l u e n c e d b y t h e s u r r o u n d i n g m a t r i x a n d t h e 

b o n d i n g s t a t e o f a g i v e n s p e c i e s t o t h a t m a t r i x . A g a i n t h i s i n 

f l u e n c e becomes l e s s p r o n o u n c e d i n t h e d e t e c t i o n o f a t o m i c i o n s 

a t h i g h e r i r r a d i a n c e s . + 

6. C l u s t e r i o n s s u c h a s Me" (j>) f o r m e t a l s , Me 0 -(6, 7) f r o m b i n a r y 

m e t a l o x i d e s a n d A H - {&) f o r a l k a l ^ h a l i d e s ^ u n s p e c i f i c C^H -

c l u s t e r s a s w e l l a s § p e c i f i c (2M+Na) ( £ ) f o r o r g a n i c m o l e c u l e s 

a r e r e l a t i v e l y f r e q u e n t u p t o r e l a t i v e c l u s t e r m a s s e s o f s e v e r a l 

h u n d r e d . C l u s t e r d i s t r i b u t i o n s r e f l e c t b o n d e n e r g i e s a n d c l u s t e r 

s t a b i l i t i e s , b u t t h e y c a n n o t u s u a l l y b e f i t t e d b y a d i s t r i b u t i o n 
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function reflecting a r e a l i s t i c equilibriums temperature {8). 
Cluster distributions seem to drastically depend as the sample 
preparation technique and the surface state. 

For molecular ions some additional features are observed: 
7. Polarity of the molecule seems to be supportive to desorption in 

contrast to thermal evaporation, where polar groups must, as a 
rule, be derivatized, to render a molecule volatile. 

8. Ions are predominantly of the even electron type, protonation and 
deprotonation rather than electron abstraction or attachment are 
common processes. Radical ions are only rarely generated from 
strongly aromatic compounds (see Fig. 7 ) · 

9. Cationization by alkali-metal ions i s very frequent. Cationization 
by other metal ions (e.g. Ag, Cu, Mg etc.) has also been observed 
under suitable conditions (10, 11, 12) as has been anionization; 
e.g. by chlorine (11). 

10. For the techniques using very short  high irradiance laser pulses
a more or less smoot
observed with increasin
the LAMMA technique this transition does not always occur at iden
t i c a l irradiances for positive and negative ions. This w i l l be 
discussed in more detail later in this paper. 

At least for molecular ions, the similarities between a l l de
sorption spectra are believed to result from common chemistry that 
the molecules or ions undergo. It appears that in a l l desorption 
techniques there must be a step at which such chemical reactions can 
occur, most probably as a stabilizing step. Most of this chemistry 
seems to be governed by much the same molecular properties that are 
also known to govern most of the chemistry in the gas phase or in 
solution. It is then obvious that these common features must not 
necessarily indicate equal excitation and ion formation processes 
for a l l the desorption techniques or even among the different laser 
desorption arrangements. Indeed, the rather different mechanisms, 
discussed in the following section, have only rather recently been 
recognized, and only after the more subtle differences in the spectra 
and other ion properties had been worked out. 

Ion formation mechanisms 

Four ion formation processes can at least in principle be d i s t i n 
guished. They contribute to varying degrees to the spectra obtained 
with the different techniques 
1. Thermal evaporation of ions from the solid. 
2. Thermal evaporation of neutral molecules from the solid followed 

by ionization in the gas phase. 
3. Laser desorption. 
h. Ion formation in a laser generated plasma. 

The f i r s t two processes are called thermal, because they can 
also be induced by classical Joule- or non-laser radiative heating, 
usually in conjunction with heat conduction to the sample surface. 
Thermal evaporation of cations of quarternary ammonium salts and 
anions of sodium tetraphenylborate has been demonstrated by several 
groups (13» I**, 15)· Such a thermal evaporation of ions, common for 
metals and inorganic salts such as alkalihalides, had not originally 
been expected to occur for organics as well. It should be most pro-
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bable for organic salts with quarternary salts possifcly exhibiting a 
singularly high yield (13)• 

V o l a t i l i t y , together with thermal sta b i l i t y are the two terms 
that are used to characterize the chance for thermally evaporating 
neutral molecules from the condensed into the gas phase. Based on 
former experiments employing mostly electron ionization, most organic 
molecules, particularly bioorganic ones with relative molecular masses 
above about 100 were believed to be involatile and thermally unstable. 
Recently Rollgen et.al. (1U, 15, 16, 17) as well as Kistemaker et.al. 
(18, 19 » 20) have published investigations that strongly point to a 
thermal evaporation of neutral molecules of sucrose and a number of 
other organic substances followed by ionization in the gas phase by 
ion-molecule reactions with a l k a l i ions. If no separate source for 
the a l k a l i ions is provided, the existence of separate areas of lower 
temperature, just high enough for the onset of evaporation of intact 
neutral molecules (e.g. ~ 300 - 350 C), and of high enough temperature 
(> 750 C) for thermal evaporatio
for this process to occur
ion formation process in a l l the CW-CO^-laser experiments. Besides 
ion-molecule reactions in the gas phase, thermal surface ionization 
at hot surface areas presumably through decomposition of neutrally 
evaporated clusters of salts of carboxylic- and sulfonic acids has 
also been suggested (J_U). COTTER et.al. (22, 23, 2U) have in addition 
shown that the evaporation of ions and even more of neutrals may per
sist for times of 10-20 ys, considerably beyond the laser exposure, 
i f temperature decay is slow. This is because of the amount of energy 
deposited and because of limited heat conduction. In the experiments, 
pulsed C0 2-laser (« 100 ns) with irradiances around 10 W/cm2 have 
been used. Thermal equilibrium should certainly be established on the 
molecular scale in this time domain, yet molecular ions of relative 
mass beyond several thausand have been observed with peak temperatures, 
calculated by the authors, of ca. 2000K. 

These results certainly c a l l for future extensive and systematic 
investigations of the v o l a t i l i t y of organic molecules and ions as a 
function of molecular size and structure. There seems to be some 
evidence that neutral peptides up to M^Z < 1900 can be evaporated 
by slow radiative heating of samples on a gold substrate (25.). In 
view of these observations, the frequent statement that polarity 
generally supports "desorption" may also need further consideration, 
at least in cases where thermal evaporation plays a key role in the 
ion formation. 

The term desorption is used in contrast to evaporation in cases 
in which a transition of a molecular or ion from the condensed into 
the gas phase i s assumed to take place under non thermal equilibrium 
condition. The underlying idea is that at thermal equilibrium, tem
peratures for an evaporation would lead to a correspondingly high 
excitation of internal vibrational modes of excitation leading to 
fragmentation of the molecule. As mentioned above, several charac
t e r i s t i c s of the ion spectra (2., 6.) cannot reasonably be f i t t e d to 
an equilibrium temperature model. These properties seem to be the 
more pronounced, the higher the laser irradiance (i.e. usually the 
shorter the pulse) and are best documented for the LAMMA technique. 
Though metastable decay of ions i s observed and w i l l be discussed 
below, the decay rate for most of the ions i s very small and decay 
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times are long. In particular, peak widths of spectra obtained with 
the ion reflector, i.e. with instruments that compensate for the 
i n i t i a l energy distribution, reflect ion generation times of at most 
10 ns, i.e. within the laser pulse length. This indicates no appre
ciable ion decay or gas phase reactions during the ion acceleration 
phase; i.e. in the time range of ten to several hundred nanoseconds 
at distances beyond ca. 10 urn from the sample surface. 

The mechanisms that lead to such laser desorption are now be
lieved to be collective, non equilibrium processes in the condensed 
phase (26). In this respect they are closer to processes that must 
be assumed to lead to ion generation in SIMS and plasma desorption 
rather than to the thermal laser induced ion generation discussed 
above, even though the spectra are often indistinguishable for a l l 
different laser techniques. The recently reported observation of 
metal ion (Cu, Ag, Mg etc.) attachement for desorption with high 
power, short pulse lasers (10, 11, 12) also points to the similarity 
with SIMS. 

The reason for th
thermal evaporation is most easily understood for the LAMMA 500 
arrangement. Because of the tight focusing of the laser beam, the 
total energy delivered i s typically only about 100 nJ or less. More
over, there i s no substrate that could absorb energy and then conduct 
i t to the sample; both sample and thin-film-substrate are usually 
"evaporated" simultaneous in the focus during the laser shot. The 
total affected volume of about < 0.1 ym̂  expands at a speed of 
105 cm s 1 or more. As a result, probability of gas phase collisions 
for a given ion or molecule i s very small compared to arragements 
with large irradiated areas and/or long irradiation times. Thermal 
processes are much more l i k e l y for the LAMMA 1000 arrangement. 
FEIGL et.al. (27) were able to show that at ion generation threshold 
(_ 0.1 yj) from a bulk metal surface, ion generation occurs essen
t i a l l y during the laser pulse time only. At 10-times threshold energy 
(«. 1 y j ) , the strong ion emission during laser irradiation is followed 
by a emission of ions lasting for several microseconds, presumably 
of thermal origin due to the heated bulk sample. This i s in agreement 
with the above discussed results reported by Cotter. 

The details of the formation processes of the observed ions are 
as yet not well understood. The frequent observation of ions which 
have undergone substantial structural rearrangements or even chemical 
reactions, unlikely to occur on a nanosecond timescale in the solid 
state, suggest that there i s an intermediate state of higher mobility, 
similiar to suggestions made for SIMS. The upper limits given above 
for times and locations within which such reactions would have to 
take place would certainly allow such an intermediate state to have 
particle densities several orders of magnitude below that of solid 
state density. Yet average particle distances and the lack of a 
shielding solvent probably prohibit a direct application of l i q u i d -
or gas phase chemistry to this intermediate state, particularly as 
i t i s of transient nature, such that no chemical and probably even no 
thermal equilibrium i s attained. ^ _2 

At laser irradiances of typically about 10 Wcm and above, 
dense plasmas are formed from any solid sample, as i s well documented 
by the large number of laser fusion experiments. In this mode of 
operation, energy i s deposited into the solid during the i n i t i a l 
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phase of the laser pulse only, creating a highly absorbing plasma in 
front of the surface, shielding i t from incoming radiation of the 
later part of the laser pulse (28). A substantial amount of energy of 
the laser beam w i l l thereby be deposited into the plasma, increasing 
i t s temperature as well as density of ions and electrons. The plasma 
mode is certainly not suited for organic mass spectrometry. Molecules 
w i l l be mostly broken down to their atomic constituents, multiply 
charged atomic ions w i l l become abundant with increasing laser i r r a 
diance and ion i n i t i a l energies w i l l extend into the range of k i l o -
electronvolts. For the analysis of inorganic specimen such as metals 
or minerals, this mode has on the other hand been shown to have de
cided advantages, because the ion yields become nearly uniform for a l l 
elements throughout the periodic table (1, 2, 3). It remains puzzling 
though that even under operational conditions at which the formation 
of relatively dense plasmas in local thermodynamic equilibriums i s 
expected, abundance of doubly charged ions i s usually below the de
tection l i m i t . This woul
prior to acceleration o
cient experimental evidence for the four mechanisms discussed to be 
active in the various laser desorption experiments, the actual inter
pretation of experimental results may not be as straightforward. In 
many cases, more than just one process may contribute to the results 
observed. For example, i t i s quite l i k e l y that under a suitable choice 
of experimental parameters in laser desorption with high power lasers, 
one can simultaneously create a plasma in the center of the non uni
formly irradiated area, get laser desorption from the periphery and 
even thermal emission due to a heated substrate for times longer than 
the laser pulse. 

Discussion 

From the above discussion of the characteristics of the spectra and 
ion formation mechanisms, i t i s obvious that, though there can be no 
doubt about the usefulness of laser mass spectrometry for a large 
variety of analytical tasks, more research i s needed for a better 
understanding. This i s particularly true for the transition from ther
mal evaporation to desorption and the desorption mode i t s e l f . In the 
following, a few f i r s t results of such experiments, conducted recently 
in the author's group, w i l l be reported. 

Wavelength dependence of ion formation 

Laser wavelength should be one of the key parameters in systematic 
investigations into ion formation processes. Results should be parti
cularly indicative for bioorganic molecules and wavelengths in the 
far UV, where strong differences in classical absorption for different 
groups of such molecules are known to exist. The group at the i n s t i 
tute of spectroscopy of the USSR Academy of Sciences has reported 
strong resonance desorption in the far UV for a number of molecular 
systems (29, 30» 31). On the other hand, the above mentioned collec
tive, non equilibrium processes do not suggest a direct influence of 
classical resonance absorption for irradiances above about 10' W/cm , 
at which a l l samples very effectively absorb energy from the radi
ation f i e l d . Nevertheless, the spectra shown in Fig. 1 seem to de-
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monstrate such resonance effects at irradiances close to ion detection 
threshold. For the wavelength of 266 run, tyrosine exhibits strong, 
serine almost no classical absorption. At threshold irradiance, the 
tyrosine spectrum (top right) shows the parent molecular ion as the 
base peak with only two other contributions by the decarboxylated 
molecule and the molecular residue. In particular, no signals of 
alkali-ions or alkali-attached ions are detected. These ions appear 
only at irradiance a factor 2 above threshold (lower right). At the 
same time, the contributions of the fragment-ions increase consider
ably apparently at the cost of those of the parent molecule. Ion 
detection for the non absorbing serine occurs only at an irradiance 
another factor of 3 higher (lower l e f t ) . Even at threshold strong 
contributions from al k a l i ions and alkali-attached molecular ions are 
always observed, as well as cluster ions. Very similar results have 
been obtained for other pairs of aromatic and aliphatic aminoacids 
as well as for small peptides containing only aliphatic aminoacids 
or those of both types. Thes
detail in the future. 

Formation of metastable ions 

As discussed above, metastable decay should, among others, yield i n 
formation about tj^e degree of internal excitation of the generated 
ions. A LAMMA 500 instrument has therefore been supplemented to 
allow for the simultaneous detection of ions and neutrals (Fig. 2). 
With the potentials of the various sections of the instrument set as 
shown, the detector in the ion-reflected path w i l l register a l l ions 
at their respective mass numbers that remained stable during the whole 
acceleration- and flight time (_ 20 ns £ t < ~ 50 y s for ions of 
Mr/Z = 500). Due to the geometry of the reflector, ions created by 
metastable decay along a l l of the flight path w i l l usually not reach 
the detector. Neutrals, formed by decay during the ion flig h t time in 
the d r i f t region preceeding the ion reflector („ 200 ns < t < _ 25 ys 
for parent ions of Mp/Z = 500), w i l l be registered by the second, 
straight tube detector. It should be noted that these neutrals are 
recorded at the massnumber of their parent ion, rather than their 
true mass. With this arrangement, the generation of neutrals through 
metastable decay and some features of the spectra of positive- vs. 
those of negative ions out of some organic acids and their salts 
have been studied. 

Figs. 3 and k show the positive and negative ion spectra of 
phthalic acid (up) and their neutrals (down). A l l major peaks of the 
spectra of either polarity can be assigned to the parent molecule or 
to relatively simple fragments. Metastable decay i s somewhat more 
pronounced for the negative ions. It should be noted that the two 
detection paths have not, so far, been absolutely calibrated relative 
to each other, so the spectra of ions and neutrals cannot be compared 
on an absolute scale. The spectra of positive and negative ions of the 
salt sodium phthalate are shown in Figs. 5 and 6. Though taken at 
comparable laser irrdiances among each other and to those of the acid, 
the spectra are quite different from those of the acid. Most of the 
major peaks in the positive ion spectra can again be assigned to the 
parent molecule or simple fragments thereof, but metastable decay i s 
considerably more pronounced. The negative ion spectrum i s different 
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Figure 1. Spectra of the aminoacids tyrosine (Tyr) and serine 
(Ser), obtained at different laser irradiances E ^ . Laser wave
length was 266 nm. For explanation see text. 
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Figure 2. Schematic diagram of LAMMA 500 instrument, adapted 
for simultaneous detection of ions and neutrals. 
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Figure 3. Positive ion spectra (up) of phthalic acid and of 
neutrals (down) from metastable decay of positive ions. 
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Figure U. Negative ion (up) spectra of phthalic acid and-of 
neutrals (down) from metastable decay of negative ions. 
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F i g u r e 5. P o s i t i v e i o n ( u p ) s p e c t r a o f s o d i u m p h t h a l a t e a n d o f 
n e u t r a l s (down) f r o m m e t a s t a b l e d e c a y o f p o s i t i v e i o n s . 
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Figure 6. Negative ion (up) spectra of sodiumphthalate and of 
neutrals (down) from metastable decay of negative ions. A l l non 
assigned peaks represent C H cluster ions. 
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altogether. Only the small peak at M^Z = TT can unambiguously be 
assigned to a fragment of the parent molecule; the peak at Μ̂ ,/Ζ = 121 
may contain a contribution from the decarboxylated parent anion, as 
evidenced by the very strong peak of neutrals. A l l other ion- and 
neutral signals represent unspecific C Η -clusters. It i s interesting 
to note further that the centroid of tëemcluster distribution of the 
neutrals as compered to the ions i s strongly shifted towards larger 
clusters. 

A considerable difference between the spectra of positive and 
negative ions i s also typical for highly aromatic compounds. Fig. Τ 
shows the spectra of benzopyrene as an example. The positive ion 
spectrum i s amazingly simple. Detection of the radical parent ion i s 
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Figure T- Positive- (top"; and negative ion (middle) spectra and 
of neutrals (bottom) from metastable decay of negative ions of 
benzopyrene. 
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typical for highly aromatic compounds. No neutrals from positive ion 
decay have been detected. The negative ion spectrum and that of their 
neutrals on the other hand resemble very much those of the salt shown 
before. Similar observations as to the differences between positive-
and negative ion spectra have also been made by other investigators 
(32). At this stage of the investigation, we suspect that the pheno
menon is observed only for samples, which, upon laser irradiation, 
generate a substantial number of electrons besides ions and neutrals. 
In the negative ion mode, these electrons are accelerated along with 
the ions, resulting in collisions and electron attachement. 

The described experiments w i l l have to be continued and other, 
and more sophisticated experiments need to be designed in order to 
unravel at least the most important basic processes in laser desorp-
tion. Hopefully a better understanding of these processes w i l l then 
lead to an optimization of the instrumental parameters for a given 
analysis. 

These experiments hav
Forschungsgemeinschaft an
Technologie (BMFT). 
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Angle-Resolved Secondary Ion Mass Spectrometry 
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The interaction
characterized by
distribution of sputtered secondary ions and neutrals. The 
results are compared to classical dynamics calculations of 
the ion impact event. Examples using secondary ions are 
given for clean Ni{001}, Cu{001} reacted with O2, Ni{001} 
and Ni{7 9 11} reacted with CO, and Ag{111} reacted with 
benzene. The neutral Rh atoms desorbed from Rh{001} are 
characterized by multiphoton resonance ionizaton of these 
atoms after they have left the surface. 

The collision of a keV heavy particle with a solid initiates a 
complex series of events which may ultimately lead to the 
ejection of a variety of atomic and molecular species. The 
composition of these speciee are often characteristic of the 
original make-up of the target. Whether dealing with a low dose 
SIMS experiment or a focussed primary beam used for ion 
microscopy, it is necessary to obtain a detailed understanding of 
the ion bombardment event to appreciate the mechanisms involved 
in the ejection process. In a global sense, there are two 
phenomena which need to be examined. The first is to predict the 
nuclear motion in the solid which gives rise to the ejection of 
atoms and the second is to evaluate the inelastic events that 
give rise to excited species and secondary ions. The first aspect 
of the problem has been extensively developed utilizing a 
straightfoward classical dynamics model to follow the flow of 
energy through the lattice for the first picosecond or so after 
bombardment^ 1) The ionization problem is much more difficult, 
although progress is now being made using a number of approaches. 

It is our view that in order to compare experimental 
measurements to the emerging theoretical predictions, it is 
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necessary to be very careful in specifying the type of sample 
to be studied and in defining the measurement conditions as 
precisely as possible. 

In this paper } we report on a series of experiments aimed at 
measuring the yield of secondary ions and neutrals as a function of 
their take-off angle and their kinetic energy. This approach, rather 
than measuring angle and energy-integrated yields, allows much more 
detailed comparisons to theory and makes the testing of proposed 
models much more straightforward. 

Angular Distributions of Secondary Ions From Clean Single Crystal 
Surfaces 

Using the general experimental and theoretical approach described 
above, it is now our goal to see what type of structure-sensitive 
information exists in the angular distributions of the secondary 
pqns. As Wehner showe
neutrals are highly anisotropi
symmetry. There have been many attempts to explain these 
distributions. One such explanation is that the ejection occurs 
along close-packed lattice directions which extend deep within the 
crystal.(2) This idea nicely explained the peaks in the angular 
distributions but required that there be quite a bit of long range 
order in the solid even during the impact event. That requirement 
seems a bit hard to swallow in view of the extensive damage that is 
created within the crystal. Although controversy existed concerning 
these "foc usons" for many years, the molecular dynamics calculations 
of Harrison clearly showed that the ejection was dominated by near 
surface collisions rather than those from beneath the surface.(3) 

Ni* Ion Angular distributions from Ni(OOl). The results of 
calculations are displayed schematically in Figure 1, where a 
Ni{001} crystal face is given as an example. Here, each atom's 
ultimate fate is plotted as a point on a plate high above the solid. 
Atoms that are ejected perpendicular to the surface (0 = 0") are 
plotted in the center of the plate. 

The molecular dynamics calculations yield a clear 
picture of the scattering mechanisms that give rise to these 
angular anisotropics, particularly for the higher kinetic 
energy atoms. Most of the ejected particles arise from within 
two or three lattice spacings from the impact point and suffer 
only a few scattering events. The spacings between the surface 
atoms exert a strong directional effect during ejection. Note 
that most particles are ejected along φ = 0e, since there are 
no atoms in the surface to block their path. The nearest 
neighbor atom along φ = 45* inhibits ejection in this 
direction. It is possible, using the apparatus shown in Figure 
2, to compare the measured angular distributions of secondary 
ions to the calculated distributions for a clean Ni{001} 
single crystal surface.(4) The results of this comparison are 
shown in Figure 3.(5) Each panel represents an azimuthal angle 
scan at a particular polar angle. The calculated curves have 
been corrected for the presence of an image force which tends 
to bend the secondary ions toward the surface plane. The 
agreement between the two curves is reasonable under all 
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F i g u r e 1. C o o r d i n a t
d i s t r i b u t i o n s . 

F i g u r e 2. S c h e m a t i c v i e w o f the s p e c t r o m e t e r . The components 
i l l u s t r a t e d i n c l u d e M, c r y s t a l m a n i p u l a t o r ; Q.M.S., q u a d r u p o l e 
mass s p e c t r o m e t e r ; I.G., p r i m a r y i o n s o u r c e ; E.S., en e r g y 
s p e c t r o m e t e r ; G, B a y a r d - A l p e r t gauge; T, c r y s t a l t a r g e t ; and 
G.I., gas i n l e t . A u x i l i a r y components a r e o m i t t e d f o r g r a p h i c a l 
c l a r i t y . The SIMS e x p e r i m e n t a l geometry and c o o r d i n a t e systems 
a r e d e f i n e d i n t h e i n s e t . R e produced w i t h p e r m i s s i o n from 
R e f . 4. C o p y r i g h t 1981, A m e r i c a n I n s t i t u t e o f P h y s i c s . 
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conditions. Note that in accord with the schematic 
presentation in Figure 1, the secondary ion intensity 
maximizes at φ = 0e and minimizes at φ = 45° for Θ > 45\ Thus 
it appears that in this simple situation, 
ion angular distributions behave similarly to the neutrals and are 
well-predicted by theory. 

Nia* Ion Angular Distributions from Ni{001}. A real advantage of the 
static SIMS method over other surfaces analysis techniques is that 
molecular cluster ions may be produced which are characteristic of 
the surface chemistry. It would be most interesting, then, to be 
able to obtain the angular distribution of these species to see if 
they too contain information about surface structure. As shown in 
Figure 4, the experimental angular distributions for Nii* ions 
actually exhibit a sharper azimuthal anisotropy than the Ni* 
ions. (5) This result is also observed in the classical dynamics 
calculations.(6) Of particula
that the mechanisms tha
be ascertained from the theory. As it turns out, most o  the dimers 
that are formed at φ = o° and θ = 45° originate from a similar set 
of collision sequences as illustrated in Figure 5. The Ar* ion 
strikes target surface atom 4, initiating motion in the solid that 
eventually ejects atome 1 and 3 into the vacuum. Both of these atoms 
are channeled through the fourfold holes in the φ = 0" direction, 
are moving parallel to each other, and are fairly close together. 
Note that the two atoms that form the dimer do not originate from 
nearest-neighbor sites on the surface. 

There is an important ramification of the concept that the 
dimers that give rise to the maxima in the angular distribution are 
formed primarily from constituent atoms whose original relative 
location on the surface is known. If this result were extrapolated to 
alloy surfaces such as Ni iFe( l l l ) , the relative placement of the alloy 
components on the surface would be determined. For example, for the 
NisFe(lll) spectra there should be no nearest neighbor Fe atoms on a 
perfect (111) alloy surface, yet an Fei* peak is observed.(7) 

Angular Distributions of Secondary Ions From Adsorbate Covered 
Surfaces 

The channeling phenomena observed from clean surfaces should 
also be found in more complex systems such as metals covered 
with a chemisorbed layer. For these cases, there are various 
ways in which one might envision the angle to be important. 
Examples of azimuthal anisotropics have already been seen for 
the case of clean metals where surface channeling and blocking 
give rise to the observed effect. This situation should also 
apply to adsorbate covered surfaces. Other possibilities 
include the study of anisotropics in the polar angle 
distributions as well as in the yield of particles due to 
changes in the angle of incidence of the primary ion. 

Considerable progress in quantitatively describing the 
ejection of chemisorbed atoms and molecules from metals has 
been made using molecular dynamics calculations. The main 
difficulty in describing any situation like this is to develop 
appropriate interaction potentials which describe the 
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scattering events. Since little is known about these potentials, 
early calculations have utilized pair-wise additive potentials 
for adsorbates which have the same form as for the substrate, but 
with different mass. The exact form of the potential is not as 
critical as the atomic placement of the adsorbate atom. Thus, in 
the calculation, the geometry and coverage of the adsorbate may 
be varied over a wide range to test how these quantities 
influence ejection mechanisms and ultimately the angular 
distributions. In this section, examples of how several different 
experimental configurations can be utilized will be reviewed. 

Atomic Adsorbate. The first application of angle-resolved SIMS to 
the determination of the surface structure of chemisorbed layers 
is for oxygen adsorbed on the {001} face of Cu.(6) In this 
situation, the oxygen overlayer forms a c(2x2) structure as 
determined by LEED. Classical dynamics calculations indicate that 
the oxygen should be
originally bonded abov
in the path of the ejected substrate species. However, if the 
oxygen is in a hole site, bonded to four substrate atoms, its 
predicted angle of ejection is φ = 45*. Experimental studies have 
confirmed that the oxygen resides in a fourfold bridge site 
because it is ejected in the φ = 45e direction.(6) 

There are a number of complications associated with this 
simple interpretation. First, the magnitude of the azimuthal 
anisotropics are dependent upon the kinetic energy of the 
desorbing ion. For the very low energy particles, there has been 
sufficient damage to the crystal structure near the impact point 
of the primary ion that the channeling mechanisms are no longer 
operative. On the other hand, at higher kinetic energies, say 
greater than 10 eV, the desorbing ion leaves the surface early in 
the collision cascade while there is still considerable order in 
the crystal. The channeling mechanisms are much stronger and the 
angular anisotropics are larger. 

A second complication involves the determination of the 
height of the adsorbate atom above the surface plane. 
Calculations have been performed where this bond distance has 
been varied over several angstroms in order to find the best fit 
with experiment. (8.9) These studies have also shown that there is 
a sensitivity of the polar angle distribution to the effective 
size of the adsorbed atom. Thus, it is important to know more 
about the scattering potential parameters if this distance is to 
be determined accurately. It appears, however, that the type of 
adsorption site may be determined in a reasonably straightforward 
manner. 

Adsorption of CO on NHOOU. The response of a surface to ion 
bombardment covered with a molecularly adsorbed species is 
mechanistically distinct from the atomic absorbate case. For CO on 
Ni{001}, for example, the strong C-0 bond of 11.1 eV and the weak 
Ni-CO bond of 1.3 eV allows the CO molecule to leave the surface 
without fragmentation. In the experimental studies, the main peaks 
in the SIMS spectra for a Ni{001} surface exposed to a saturation 
coverage of CO are Ni*, Nii*, Nij*, NiCO*, NitCO% and NÛCO*. All 
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5. WINOGRAD Angle-Resolved SIMS 89 

ions show a smooth increase in intensity with CO adsorption and 
reach saturation after 2-L CO exposure (0.5 monolayer coverage). 
The yields of C+, O*, NiC* and NiO+, are all less than 0.01 of 
the Ni* intensity. 

The classical dynamics treatment for CO on Ni{001) yields 
results which are in qualitative agreement with these findings. 
Approximately 80% of the CO molecules that eject are found to eject 
intact, without rearrangement. The formation of NiCO and NiiCO 
clusters have been observed to form over the surface via 
reactions of Ni atoms and CO molecules. No evidence has been 
found for NiC and NiO clusters in the calculations. The ion 
bombardment approach, then, is a very sensitive probe for 
distinguishing between molecular and dissociative adsorption 
processes. 

A number of workers have attempted to identify structural 
relationships found using other techniques such as LEED and 
vibrational spectroscop
correlation of NiiCO* t
bonded CO is an example of this approach. As it happens, the 
calculations clearly show that the mechanism of cluster formation 
is not consistent with this picture since the clusters form over 
the surface via atomic collisions. Furthermore, combined 
LEED/SIMS results indicate that the cluster ion yields are not 
directly related to the adsorbate/Bubstrate geometry. (10) The 
c(2x2) structure of CO on Ni{001) with all the molecules in the 
atop site gave the same NitCOVNiCO* ratio as the compressed 
hexagonal LEED structure which muet have both A-top and 
bridge-bonded CO molecules. 

On the other hand, it is clear that angular distributions 
for atomic ad so r bates are very sensitive to the surface structure 
so it is not unreasonable to anticipate similar effects for the 
Ni/CO system. Extensive calculations using the molecular dynamics 
procedure(5) have been completed for the atop and twofold bridge 
bonding configurations but statistical considerations have 
restricted the analysis to only the Ni atoms. As shown in Figure 
6 when the CO is in the Α - t o p geometry, the calculated Ni 
distributions peak along azimuthal directions which are similar 
to the clean surface. For the twofold bridge case, however, the 
CO over layer tends to randomly scatter the ejecting Ni atoms 
producing a much different pattern.(Ill Τ η θ predictions for the 
atop bonding geometry, when corrected for the presence of the 
image force, are in quite good agreement with experiment, and are 
consistent with the wide range of other experimental data 
available for the system. 

Adsorption of CO on Ni{7 9 111. Since the azimuthal angle 
distributions are sensitive to subtle differences between surface 
structures, it is of interest to examine the role of larger 
surface irregularities such as surface steps on the measured 
quantities. For example, suppose the orientation of the primary 
ion beam in the SIMS experiment is fixed at different azimuthal 
angles with respect to the step edge. If the ejection process is 
structure-sensitive, then changes in yield and cluster formation 
probabilities should be observed as the ion bombards "up" or 
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Figure 5. Mechanism of formation of the N 1 2 dimer which 
p r e f e r e n t i a l l y e j e c t s i n the <100> d i r e c t i o n s c o n t r i b u t i n g the 
maj o r i t y of i n t e n s i t  t  th k i  th  angula  d i s t r i b u t i o n
(a) Ni(OOl) showing th
numbers are l a b e l s whil
f o r the mechanism shown i n Figure 8b. Atoms 1 and 3 eje c t as 
i n d i c a t e d by the arrows forming a dimer, which i s p r e f e r e n t i a l l y 
moving i n a <100> d i r e c t i o n . (b) Three-dimensional representation 
of a dimer formation process. The t h i n g r i d l i n e s are drawn 
between the nearest-neighbor Ni atoms i n a given l a y e r . For 
g r a p h i c a l c l a r i t y , only the atoms d i r e c t l y i n volved i n the mechanism 
are shown. Reproduced wit h permission from Ref. 6. Copyright 1980, 
American P h y s i c a l I n s t i t u t e . 

Φ, degrees 

Figure 6. P r e d i c t e d Azimuthal dependence of the Ni+ ion y i e l d f o r 
Ni(001)c(2x2)-CO f o r CO adsorbed i n atop ( ) and twofold s i t e s 
( • )» Only those p a r t i c l e s with k i n e t i c energies of 3+3 eV 
were counted. Experimental points (····)- Reproduced with 
permission from Ref. 11. Copyright 1984, Springer-Verlang. 
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"down" the steps. In addition, the desorption of chemisorbed 
molecules should be influenced by their proximity to the step 
edge. 

Carbon monoxide chemisorption on Ni{7 9 11} represents an 
interesting; case with which to check these concepts since 
comparable studies have been performed on Ni{001) and Ni{lll) and 
since a number of other experimental methods have been applied to 
this system. Electron energy loss spectroscopic (EELS) studies 
performed at 150 Κ suggest that the initial adsorption occurs in 
threefold and twofold bridge sites along the step edge. Beyond 
this point, the CO molecules begin to occupy terrace sites. (12) 
Thus, the low temperature adsorption of CO on Ni{7 9 11} presents 
a realm of interesting structural phases which should be 
sensitive to the azimuthal angle of incidence of the primary ion 
beam. 

The experimental results for the NiCO* ion yield as a 
function of angle is illustrate
the angles are define
yields are higher at φ = 180" than at φ = 0°, with the most 
significant variations occurring at intermediate angles. At 0.2 L 
exposure, the NiCO* ion signal shows a broad peak which appears 
at φ = 115°. This peak shifts slightly to 105° and sharpens 
somewhat at an exposure of 0.4 L . By 0.6 L exposure the peak has 
become very intense and is only 10* wide, centered at φ = 100°. 
As the CO coverage increases this peak becomes very broad. At the 
saturation exposure of 2.8 L the NiCO* ion intensity displays a 
broad maximum between φ = 40° and φ = 160°. An exposure of 0.6 L 
corresponds almost exactly to the exposure at which the EELS 
results indicate that all the CO molecules were bound to 
adsorption sites near the step edge and that all the edge sites 
were occupied.(10) Apparently, the specific bonding site of the 
CO next to the step edge is responsible for the sharp peak in the 
NiCO* ion signal at φ = 110". At saturation, the peak loses this 
definition completely, presumably since the CO molecules occupy 
several sites. At CO exposures performed at room temperature the 
azimuthal plots do not exhibit such sharp features, as 
illustrated in Figure 7. Calculations performed for the twofold 
bridge step-edge adsorption geometry corresponding to the 0.6 L 
exposure point successfully reproduce the sharp feature at φ = 
120°, although it has not yet been possible to identify the 
specific collision mechanisms that cause it to occur.(13) 

Angle-Resolved SIMS Studies of Organic Monolayers. We have seen 
how the angular distributions reflect the bonding geometry of 
adeorbates through analysis of the azimuthal anisotropics and by 
varying the angle of incidence of the primary ion. The next 
possibility is to see if there are channeling mechanisms which 
act perpendicularly to the surface and which manifest themselves 
in the polar angle distributions. The model systems which 
illustrate this effect are benzene and pyridine adsorbed on 
A g ( l l l ) at 153 K. These model systems are of interest for a 
number of reasons, (i) The molecules are similar in size and 
shape and should behave in a closely related fashion under the 
influence of ion bombardment, (ii) Classical dynamics 
calculations have been performed on these molecules adsorbed on 
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231Κ 300K 

φ in degrees ο Φ In degrees b 

Figure 7. Normalized NiCO + i n t e n s i t y versus azimuthal angle 0 
as a f u n c t i o n of CO exposure. Reproduced with permission from 
Ref. 13. Copyright 1984, American I n s t i t u t e of Physics. 

Figure 8. D e f i n i t i o n of the polar ( 0 ) and azimuthal ( 0 ) angles 
of incidence of the primary ion beam r e l a t i v e to the Ni{7 9 l l } 
surface. Reproduced wit h permission from Ref. 13. Copyright 1984, 
American I n s t i t u t e of Phy s i c s . 
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Ni(OOl) where dramatic differences in the molecule yield are 
predicted to occur with molecular orientation.(14) (iii) Electron 
energy loss spectroscopy indicates that pyridine on A g ( l l l ) 
initially adsorbs in ir-bonded configuration but undergoes a 
compreseional phase transition to a σ - b o n d e d configuration as the 
coverage is increased.(15) Benzene, on the other hand, is 
believed to remain in the ir-bonded configuration at all 
coverages.(16) A more detailed discussion of these effects is 
presented in reference 1. 

Angular Distributions of Neutral Atoms Desorbed From Single 
Crystal 

Most experimental studies aimed toward determining the angular 
distributions of secondary particles have focussed on the 
measurement of the secondary ions. The reason for this emphasis 
is that there have bee
neutral species with monolaye
valuable to be able to perform these experiments to be able to 
obtain data that was directly comparable to the classical 
dynamics calculations and to get some 
insight into how the secondary ion fraction is affected by the 
take-off angle. 

In this section, we describe a new apparatus and some 
preliminary results, aimed at providing detailed trajectory 
information on the ejected neutrals. It i s based on a 
time-of-flight measurement for the neutral energies, multiphoton 
resonance ionization (MPRI) for the particle selectivity, (17) and 
t w o - d i m e n B i o n a l position sensitive detection for the angular 
information. The detector is operated in an ultra-high vacuum 
environment, on well-characterized surfaces, and with low primary 
ion dosages onto the sample. A schematic representation of the 
experiment is illustrated in Figure 9. The desorption is 
initiated by a 0.2 μ β , 5 KeV Ar+ ion pulse incident on the sample 
at 45° focussed to 0.2 cm 1, and ionization is accomplished by 
absorption of photons from a 5 ns laser pulse obtained from the 
output of a Nd:YAG pumped dye laser. Under the present operating 
conditions we can detect neutrals whose kinetic energies vary 
from 0.2-50 eV into a total enclosed angle of over 100°. A 
complete analysis may be performed using a total dose of less 
than 10" incident Ar* ions/cm 1. A detailed description of the 
apparatus will be given elsewhere. (18) 

Using this detector, we have initiated a series of 
experiments aimed at determining the energy and angular 
distributions of Rh atoms ejected from clean and ad so r bate 
covered polycrystalline and single crystal surfaces. Rhodium 
atoms may be efficiently and selectively ionized using 312.4 nm 
laser light, obtained by frequency doubling the output of the dye 
laser. From the polycrystalline material, we find the velocity 
distribution of Rh atoms follows closely the form predicted by 
Thompson(19) with a peak intensity occurring at ~5 eV and a high 
energy tail decreasing in intensity as E ~ s . Polar angle 
distributions exhibit nearly a cos 1 shape. From a Rh{001) 
crystal, the velocity distribution generally peaks at a higher 
value than that found from the polycrystalline surface, and 
depends strongly on the value of the polar collection angle. For 
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example9 the energy of the emitted atoms tend to be distributed 
about higher kinetic energies when the polar angle is chosen to 
coincide with a peak in the atom intensities, a result in 
qualitative agreement with classical dynamics calculations. 

In addition to energy distribution measurements into a 
given angle, we are able to extract angular distribution 
measurements of particles with a given energy. Polar distribution 
measurements at a given azimuth from Rh{001} show three peaks of 
preferred ejection angles. The position of these peaks are 
predicted well by the classical dynamics calculations as shown in 
Figure 10. Of particular interest is the peak observed normal to 
the surface. This normal ejection peak is more prominent at 30 eV 
than at 10 eV which corresponds to an energy distribution with a 
larger high-energy tail. Variations in the relative intensity of 
this center peak relative to the side peaks are observed when an 
absorbate such as sulfur is placed on the crystal surface. A 
preliminary example o
hoped that these variations
of the ion impact event, will lead to a new approach for 
characterizing such adsorbates. 

VIDEO 
DIGITIZER 

VIDEO 
CAMERA 

/ Ν 

Figure 9. Detector for performing energy and angle-resolved 
measurement of neutrals desorbed from surfaces. 
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τ f - ! 1 ι—•—ι—1—ι—»—ι—'—Γ 

Figure 10. Measured angular distributions from clean Rh{001). 
Rh atoms with kinetic energies between 2 and 34 eV 
are collected. The points represent experimental 
data while the line represents calculated results. 
The crystal is aligned along φ = 0e. 

Polar angle 

Figure 11. Measured angular distributions for clean Rh{001} 
( ) and Rh{001) covered with approximately 10% 
of a monolayer of sulfur ( )· Rh between 2 and 8 
eV are collected. Surface cleanliness as coverages 
were estimated using Auger spectroscopy. 
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Conclusions 

It is hoped that the experimental examples discussed in this 
paper, together with the numerous comparisons to classical 
dynamics calculations, yield convincing evidence that the ion 
bombardment phenomenon is becoming well-understood. Of particular 
interest is the fact that the trajectories of the secondary ions 
appear to follow reasonably closely those of the calculated 
neutrals. In addition, angle and energy-resolved measurements may 
provide a new approach for elucidation of the structure of single 
crystal surfaces. 
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6 
Secondary Ion Mass Spectrometer Design 
Considerations for Organic and Inorganic Analysis 

C. W. Magee 

RCA Laboratories, Princeton, NJ 08540 

This paper describes, in detail, the various instrument 
design aspects which must be considered when building a 
secondary ion mass spectrometer for organic and inorgan
ic analyses. The
these two kinds of
not surprising that the secondary ion mass spectrometers 
specificially designed for organic and inorganic analy
ses are also quite different. Major component areas 
such as primary ion beam, secondary ion optics, mass 
spectrometer, detection and vacuum systems are dis
cussed. 

The t e c h n i q u e o f s e c o n d a r y i o n mass s p e c t r o m e t r y ( S I M S ) i s one o f 
e x t r e m e l y l a r g e s c o p e . By u s i n g e n e r g e t i c p a r t i c l e bombardment o f 
a s u r f a c e and d e t e c t i n g w i t h a mass s p e c t r o m e t e r t h e c h a r g e d p a r t i 
c l e s w h i c h a r e e m i t t e d , one c a n 

( 1 ) d e t e c t e l e m e n t s o r m o l e c u l e s ; 
(2) d e t e c t i o n s r a n g i n g i n mass f r o m 1 t o >5000 D a l t o n s 
( 3 ) d e t e c t c o n c e n t r a t i o n s o f c o n s t i t u e n t s r a n g i n g f r o m 100% 

t o a p a r t - p e r - b i l l i o n 
( 4 ) g e n e r a t e t h e d e t e c t e d s i g n a l f r o m t h e f i r s t m o n o l a y e r o f 

t h e s a m p l e s u r f a c e o r s p u t t e r t o d e p t h s g r e a t e r t h a n 10 urn b e l o w 
t h e o r i g i n a l s u r f a c e 

N o t s u r p r i s i n g l y , h o w e v e r , a l l o f t h e s e c a p a b i l i t i e s a r e 
g e n e r a l l y n o t a c h i e v e d w i t h i n a s i n g l e SIMS i n s t r u m e n t . I t i s 
n e c e s s a r y t o e x a m i n e c r i t i c a l l y t h e r e q u i r e m e n t s a t hand and c h o o s e 
t h o s e d e s i g n f e a t u r e s w h i c h l e a d t o an i n s t r u m e n t b e s t s u i t e d t o 
t h e d e f i n e d n e e d . 

The f e a t u r e s f r o m w h i c h one has t o c h o o s e i n b u i l d i n g a SIMS 
i n s t r u m e n t a r e as numerous and v a r i e d a s t h e p r o b l e m s w h i c h t h e 
t e c h n i q u e c a n a d d r e s s . Shown c o n c e p t i o n a l l y i n F i g u r e 1 a r e t h e 
v a r i o u s c h o i c e s f o r p r i m a r y b o m b a r d i n g beam f o r m a t i o n and e m i t t e d 
p a r t i c l e d e t e c t i o n , a l l e n c o m p a s s e d w i t h i n a vacuum s y s t e m . 

T h e i o n s o u r c e c a n be o f a number o f d i f f e r e n t t y p e s c a p a b l e 
o f m a k i n g i o n s o f a l a r g e v a r i e t y o f a t o m s . One may a l s o bombard 
t h e s u r f a c e w i t h a beam o f e n e r g e t i c n e u t r a l a toms o r a p h o t o n beam 
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g e n e r a t e d by a l a s e r . The beam s i z e and c u r r e n t d e n s i t y a r e i m 
p o r t a n t , and d e p e n d i n g on t h e a p p l i c a t i o n , one may w i s h t o r a s t e r 
t h e p r i m a r y beam and u s e e l e c t r o n i c s i g n a l g a t i n g t e c h n i q u e s t o 
s p a t i a l l y s e l e c t t h e a r e a f r o m w h i c h t o a c c e p t t h e s i g n a l . The 
s a m p l e may be a b u l k s o l i d , t h i n f i l m , m o n o l a y e r , o r a l i q u i d . 

The s y s t e m f o r mass a n a l y s i s and d e t e c t i o n o f t h e e m i t t e d i o n s 
a l s o i n v o l v e s many c h o i c e s o f c o m p o n e n t s . I n o r d e r t o t r a n s f e r 
i o n s most e f f i c i e n t l y f r o m t h e s a m p l e t o t h e mass s p e c t r o m e t e r , one 
may c h o o s e t o u s e an i o n e x t r a c t i o n l e n s . D e p e n d i n g on r e q u i r e 
m e n t s , t h i s l e n s may o r may n o t be o f t h e i m a g e - f o r m i n g i m m e r s i o n 
t y p e . M o s t i n s t r u m e n t s w i l l r e q u i r e some k i n d o f e n e r g y f i l t e r t o 
s e l e c t t h e k i n e t i c e n e r g y o f t h e i o n s e n t e r i n g the mass s p e c t r o 
m e t e r . The mass s p e c t r o m e t e r i t s e l f may be a q u a d r u p o l e , m a g n e t i c 
s e c t o r , o r t i m e - o f - f l i g h t i n s t r u m e n t w i t h e i t h e r a c o n v e n t i o n a l 
e l e c t r o n m u l t i p l i e r o r c h a n n e l p l a t e d e t e c t o r . The d e t e c t o r s y s t e m 
c a n be o p e r a t e d i n e i t h e r t h e a n a l o g mode o r t h e p u l s e c o u n t i n g 
mode w i t h d a t a h a n d l i n
r e c o r d e r t o a c o m p u t e r

Of c o u r s e , e v e r y t h i n g e x c e p t t h e e l e c t r o n i c s and d a t a s y s t e m 
a s s o c i a t e d w i t h t h e SIMS e x p e r i m e n t must be i n a vacuum s y s t e m , 
w i t h t h e e x p e r i m e n t a l r e s u l t s d e s i r e d d i c t a t i n g t h e d e g r e e o f 
vacuum r e q u i r e d . T h i s c a n r a n g e f r o m u l t r a - h i g h vacuum t o 
p r e s s u r e s a c h i e v a b l e w i t h a s i m p l e d i f f u s i o n pump. 

S y s t e m R e q u i r e m e n t s f o r I n o r g a n i c and O r g a n i c SIMS 

When d e s i g n i n g a SIMS i n s t r u m e n t t o g i v e t h e b e s t p o s s i b l e r e s u l t s 
f o r a g i v e n t y p e o f a n a l y s i s one must know w h i c h componen ts a r e 
n e c e s s a r y f o r t h e d e s i r e d p e r f o r m a n c e , and i n d e e d , what k i n d o f 
p e r f o r m a n c e i s r e q u i r e d . T a b l e I l i s t s t h e t h r e e b a s i c a r e a s o f 
S I M S a n a l y s i s t o be d i s c u s s e d h e r e . U n d e r e a c h t y p e o f a n a l y s i s 
a r e l i s t e d t h e mos t a p p r o p r i a t e componen t s and d e s i g n f e a t u r e s . 

I n o r g a n i c S I M S — D e p t h P r o f i l i n g 

I n o r g a n i c s e c o n d a r y i o n mass s p e c t r o m e t r y d e a l s w i t h t h e a n a l y s i s 
o f t h e e l e m e n t a l c o m p o s i t i o n o f a s a m p l e . Due t o t h e f a c t t h a t t h e 
s a m p l e m u s t be s p u t t e r e d a w a y t o g e n e r a t e a S I M S s i g n a l , t h e 
i n s t a n t a n e o u s s a m p l e s u r f a c e f r o m w h i c h t h e s e c o n d a r y i o n s a r e 
e m i t t e d c o n t i n u o u s l y r e c e d e s i n t o t h e b u l k . I f i o n s o f i n t e r e s t 
a r e m o n i t o r e d as a f u n c t i o n o f a n a l y s i s t i m e , d e p t h p r o f i l e s o f 
t h o s e e l e m e n t s i n t h e s o l i d a r e o b t a i n e d . T h i s i s t h e a n a l y s i s 
me thod most o f t e n u s e d i n i n o r g a n i c S I M S . The r e q u i r e m e n t s o f t h i s 
method o f a n a l y s i s d i c t a t e t h e d e s i g n o f t h e i n o r g a n i c SIMS i n s t r u 
m e n t . The q u a l i t y o f t h e p r i m a r y i o n beam o f a d e p t h p r o f i l i n g 
i n o r g a n i c SIMS i n s t r u m e n t i s v e r y i m p o r t a n t . I t must be o f h i g h 
c u r r e n t d e n s i t y . I n o r d e r t o r e d u c e c r a t e r edge e f f e c t s , O ) t h e 
beam must be r a s t e r e d 5 t o 10 beam d i a m e t e r s on a s i d e t o p r o d u c e a 
f l a t - b o t t o m e d c r a t e r f r o m t h e c e n t e r o f w h i c h t h e d a t a a r e t a k e n . 
I o n s g e n e r a t e d f r o m t h e s l o p i n g c r a t e r w a l l a r e r e j e c t e d by an 
e l e c t r o n i c a p e r t u r e ( 2 ) o r by t h e i o n o p t i c s o f t h e s e c o n d a r y i o n 
e x t r a c t i o n l e n s ( d i s c u s s e d l a t e r ) . I n a d d i t i o n , i t i s i m p o r t a n t 
t h a t no e n e r g e t i c n e u t r a l s be a l l o w e d t o h i t t h e s a m p l e b e c a u s e 
t h e y w i l l c r e a t e i o n s f r o m t h e s l o p i n g c r a t e r w a l l s ( 3 , 4 ) and t h e s e 
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T a b l e I · I n s t r u m e n t a l R e q u i r e m e n t s f o r I n o r g a n i c and O r g a n i c SIMS 
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i o n s w i l l n o t be r e j e c t e d b y e l e c t r o n i c g a t i n g . Mass a n a l y s i s o f 
t h e p r i m a r y beam i s g e n e r a l l y d e s i r a b l e t o i n s u r e t h a t no i m p u r i 
t i e s a r e p r e s e n t i n t h e beam. S u c h s p e c i e s w i l l become i m p l a n t e d 
i n t o t h e s a m p l e and p r e c l u d e t h e i r a n a l y s i s a t l o w c o n c e n t r a t i o n s 
i n a s a m p l e ( 2 ) . 

Once s e c o n d a r y i o n s a r e g e n e r a t e d f r o m t h e a n a l y s i s a r e a o f 
i n t e r e s t , i t i s e s s e n t i a l t o t r a n s m i t them f r o m t h e s a m p l e s u r f a c e 
t o t h e e n t r a n c e s l i t o r a p e r t u r e o f t h e mass s p e c t r o m e t e r . T h i s i s 
mos t o f t e n done w i t h a n i m m e r s i o n l e n s , s o named b e c a u s e t h e s a m p l e 
i s M i m m e r s e d , , i n t h e e l e c t r i c f i e l d o f t h e l e n s ( 2 , 5 ) . A n e l e c t r o 
s t a t i c a n a l y z e r ( E S A ) i s a l s o n e e d e d t o s e l e c t a n e n e r g y b a n d p a s s 
o f s e c o n d a r y i o n s f o r t h e mass s p e c t r o m e t e r . T h i s i s n e e d e d i n 
i n o r g a n i c SIMS b e c a u s e a t o m i c l o n e e m i t t e d f r o m t h e s u r f a c e h a v e a n 
e n e r g y s p r e a d o f s e v e r a l t e n s o f e l e c t r o n v o l t s . I n a d d i t i o n , a n 
E S A s e r v e s t o b l o c k t h e l i n e - o f - s i g h t f r o m t h e s a m p l e s u r f a c e t o 
t h e mass s p e c t r o m e t e r m a k i n g i t I m p o s s i b l e f o r b a c k s c a t t e r e d 
p r i m a r y i o n s and e m i t t e
t h e e l e c t r o n m u l t i p l i e

The mass s p e c t r o m e t e r u s e d i n i n o r g a n i c SIMS c a n e i t h e r be a 
m a g n e t i c s e c t o r i n s t r u m e n t o r a q u a d r u p o l e i n s t r u m e n t . I t n e e d 
o n l y have a mass r a n g e o f 1 t o 240 i n o r d e r t o measu re a l l a t o m i c 
i o n s i n t h e p e r i o d i c t a b l e . T h i s s m a l l mass r a n g e i s b e n e f i c i a l 
b e c a u s e i t a l l o w s one t o u s e a q u a d r u p o l e r o d s t r u c t u r e w i t h l a r g e 
d i a m e t e r r o d s t h u s i n c r e a s i n g i o n t r a n s m i s s i o n . A l t e r n a t i v e l y , 
w i t h a s e c t o r - t y p e i n s t r u m e n t o n e c a n u s e a h i g h a c c e l e r a t i n g 
p o t e n t i a l w h i c h a l s o i m p r o v e s i o n t r a n s m i s s i o n . F o r many m a t e r i a l s 
p r o b l e m s i t i s a l s o d e s i r a b l e t o h a v e a mass s p e c t r o m e t e r c a p a b l e 
o f h i g h mass r e s o l v i n g power f o r s e p a r a t i o n o f c l o s e l y s p a c e d p e a k s 
i n t h e mass s p e c t r u m w h i c h o c c u r a t t h e a p p r o x i m a t e l y same n o m i n a l 
mass ( 6 ) · 

The d e t e c t o r s y s t e m u s e d i n mos t i n o r g a n i c SIMS i n s t r u m e n t s 
c o n s i s t s o f a d i s c r e t e d y n o d e e l e c t r o n m u l t i p l i e r f e e d i n g u l t r a s e n 
s i t i v e , h i g h s p e e d p u l s e c o u n t i n g e l e c t r o n i c s . A c h a r g e s e n s i t i v e 
a m p l i f i e r c a p a b l e o f d e t e c t i n g 10 - 1 0 e l e c t r o n s a t 100 MHz ( 7 ) 
s h o u l d be u s e d a l o n g w i t h a n e l e c t r o n m u l t i p l i e r c a p a b l e o f 
d e l i v e r i n g c o u n t r a t e s >10 M c / s w i t h no g a i n d e g r a d a t i o n and w i t h 
l o w b a c k g r o u n d (<0 .1 c / s e c ) . The 6 -7 o r d e r - o f - m a g n i t u d e r a n g e i n 
s i g n a l i n t e n s i t y o b s e r v e d i n i n o r g a n i c SIMS r e q u i r e s s u c h e l a b o r a t e 
i o n d e t e c t i o n s c h e m e s . One must a l s o c o n s i d e r t h e vacuum r e q u i r e d 
i n t h e s a m p l e chamber d u r i n g a n a l y s i s . 

U l t r a - h i g h vacuum i s d e s i r a b l e i n t h e v i c i n i t y o f t h e s a m p l e 
i n o r d e r t o k e e p t h e s a m p l e " c l e a n " d u r i n g a n a l y s i s . M o l e c u l e s 
f r o m t h e r e s i d u a l gas^ s t r i k e t h e s a m p l e a t a r a t e e q u i v a l e n t t o one 
m o n o l a y e r / s e c a t 10 t o r r . E l e m e n t s s t r i k i n g t h e s a m p l e f r o m t h e 
r e s i d u a l ga s s u c h a H , C , 0 and Ν a r e a n a l y z e d a s t h o u g h t h e y w e r e 
o r i g i n a l l y p r e s e n t i n t h e s a m p l e t h u s y i e l d i n g a n a n o m a l o u s l y h i g h 
c o n c e n t r a t i o n f o r t h e s e s p e c i e s . 

O r g a n i c SIMS - S o l i d S u r f a c e s 

O r g a n i c S I M S , a s t h e name i m p l i e s , d e a l s w i t h t h e s p u t t e r i n g and 
i o n i z a t i o n o f o r g a n i c m o l e c u l e s f r o m s u r f a c e s . The a b i l i t y t o 
d e t e c t s p u t t e r e d i o n s o f o r g a n i c m o l e c u l e s was f i r s t r e p o r t e d b y 
B e n n i n g h o v e n ( 8 ) who s t u d i e d t h e e m i s s i o n o f I n t a c t amino a c i d i o n s 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



102 DESORPTION M A S S S P E C T R O M E T R Y 

f r o m a s o l i d s u r f a c e . A n i n s t r u m e n t s u i t e d f o r s u c h a n a l y s e s 
e v o l v e s q u i t e n a t u r a l l y f r o m a n i n o r g a n i c SIMS i n s t r u m e n t . As 
T a b l e I s h o w s , many o f t h e d e s i g n r e q u i r e m e n t s a r e t h e same y e t 
t h e r e a r e s e v e r a l i m p o r t a n t d i f f e r e n c e s w h i c h make t h i s t y p e o f 
m a c h i n e v e r y s p e c i a l . 

Of p r i m a r y i m p o r t a n c e when s p u t t e r i n g o r g a n i c m o l e c u l e s i s 
t h a t t h o s e m o l e c u l e s h a v e many i n t e r a t o m i c b o n d s w h i c h c a n be 
b r o k e n e a s i l y by t h e i m p a c t o f t h e p r i m a r y b o m b a r d i n g p a r t i c l e . I n 
o r d e r t o p r e v e n t t h e s p u t t e r i n g o f s e v e r e l y d a m a g e d m o l e c u l a r 
f r a g m e n t i o n s o f l i t t l e a n a l y t i c a l s i g n i f i c a n c e , i t i s n e c e s s a r y t o 
l i m i t t h e e x p e r i m e n t s u c h t h a t i o n s a r e e m i t t e d o n l y f r o m r e g i o n s 
o f t h e s a m p l e w h i c h h a v e n o t b e e n d a m a g e d b y p r e v i o u s p r i m a r y 
p a r t i c l e bombardmen t . P r a c t i c a l l y s p e a k i n g , t h i s g e n e r a l l y means 
t h a t a c o m p l e t e s p e c t r u m must be t a k e n b e f o r e 10% o f t h e u p p e r m o s t 
m o n o l a y e r o f s a m p l e h a s s u f f e r e d r a d i a t i o n damage . O t h e r w i s e , t h e 
p r o b a b i l i t y o f i o n e m i s s i o n f r o m a p r e v i o u s l y damaged r e g i o n w i l l 
b e a p p r e c i a b l e ( 9 ) · On
a n a l y s i s i s e x t r e m e l y s a m p l
o r d e r t o o b t a i n t h e l a r g e s t s i g n a l p o s s i b l e , o r t o o b t a i n a u s e a b l e 
s i g n a l f o r a s l o n g a t i m e as p o s s i b l e , one must d e s i g n an i n s t r u 
m e n t w h i c h s p u t t e r s and e x t r a c t s i o n s f r o m as l a r g e a n a r e a o f t h e 
s a m p l e a s p o s s i b l e . I t i s t h i s r e q u i r e m e n t t h a t s e t s t h i s k i n d o f 
SIMS i n s t r u m e n t a p a r t f r o m a l l o t h e r s . 

F o r op t imum p e r f o r m a n c e , an i n s t r u m e n t d e s i g n e d t o d e t e c t 
o r g a n i c i o n s f r o m s o l i d s u r f a c e s s h o u l d u s e a p r i m a r y i o n beam o f 
l o w c u r r e n t d e n s i t y and r e l a t i v e l y s m a l l s i z e . The beam s h o u l d n o t 
c o n t a i n any e n e r g e t i c n e u t r a l p a r t i c l e s , and i t s h o u l d be r a s t e r e d . 
The r e a s o n s b e h i n d t h e s e r e q u i r e m e n t s a r e i n t i m a t e l y r e l a t e d t o t h e 
n e e d f o r l a r g e - a r e a s e c o n d a r y i o n g e n e r a t i o n and e x t r a c t i o n and 
w i l l be c o v e r e d i n t h e d i s c u s s i o n . F o r a n a l y s i s o f n o n c o n d u c t i n g 
s u r f a c e s , a beam o f e n e r g e t i c n e u t r a l a toms may h a v e t o be e m p l o y e d 
t o r e d u c e s a m p l e c h a r g i n g . B u t due t o t h e e x t r e m e l y l o w f l u e n c e s 
u s e d i n o r g a n i c s u r f a c e l a y e r a n a l y s i s , i o n beams w i l l u s u a l l y n o t 
r e s u l t i n s e v e r e s a m p l e c h a r g i n g . 

T h e s e c o n d a r y i o n o p t i c s r e q u i r e d f o r l a r g e - a r e a i o n e x t r a c 
t i o n a r e v e r y s p e c i a l i z e d and w i l l a l s o be c o v e r e d i n t h e d i s c u s s 
i o n . T h e y i n v o l v e a n i m m e r s i o n l e n s and d y n a m i c m a t c h i n g o f t h e 
i o n e m i s s i o n p o i n t w i t h t h e e n t r a n c e a p e r t u r e / s l i t o f t h e mass 
s p e c t r o m e t e r . A g a i n , a n E S A i s n e e d e d , more h o w e v e r , t o f i l t e r o u t 
h i g h - e n e r g y n e u t r a l p a r t i c l e s and p h o t o n s t h a n t o e n e r g y - f i l t e r t h e 
s e c o n d a r y i o n s b e c a u s e o r g a n i c m o l e c u l a r i o n s a r e e m i t t e d w i t h a 
c h a r a c t e r i s t i c a l l y l o w s p r e a d o f k i n e t i c e n e r g i e s ( 9 ) . 

The mass s p e c t r o m e t e r u s e d i n o r g a n i c SIMS o f s o l i d s u r f a c e s 
may be a q u a d r u p o l e , m a g n e t i c s e c t o r , o r t i m e - o f - f l i g h t t y p e , b u t 
s h o u l d p r e f e r a b l y have a mass r a n g e t o a p p r o x i m a t e l y 1000 D . Low 
mass r e s o l v i n g power i s u s e d b e c a u s e t h e s i g n a l l e v e l s a r e g e n e r 
a l l y t o o l o w f o r u s e w i t h h i g h mass r e s o l v i n g power s p e c t r o m e t e r s 
w h i c h h a v e l o w e r i o n t r a n s m i s s i o n f a c t o r s . 

L i k e t h e i r i n o r g a n i c c o u n t e r p a r t s , s o l i d - s u r f a c e o r g a n i c SIMS 
i n s t r u m e n t s u s e s i n g l e - i o n d e t e c t i o n schemes e x c e p t t h a t t h e h i g h 
c o u n t r a t e r e q u i r e m e n t s a r e n o t so s e v e r e . T h e r e i s , h o w e v e r , t h e 
p o s s i b i l i t y o f u s i n g a m a g n e t i c s e c t o r s p e c t r o m e t e r w i t h M a t t a u c h -
H e r t z o g g e o m e t r y and p h o t o p l a t e o r m i c r o c h a n n e l p l a t e d e t e c t i o n . 
T h i s i s a d v a n t a g e o u s b e c a u s e a l l masses a r e c o l l e c t e d s i m u l t a n 
e o u s l y , t h u s m a k i n g maximum u s e o f t h e s e c o n d a r y i o n s g e n e r a t e d . 
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The vacuum r e q u i r e m e n t s f o r t h i s t y p e o f SIMS i n s t r u m e n t a r e 
e x t r e m e l y s t r i n g e n t b e c a u s e t h e u p p e r m o s t m o n o l a y e r o f t h e s a m p l e 
must n o t become c o n t a m i n a t e d b y t h e r e s i d u a l gas i n t h e i n s t r u m e n t , 
o t h e r w i s e t h e s p e c t r u m o b s e r v e d w i l l b e a r l i t t l e r e s e m b l a n c e t o t h e 
a c t u a l s a m p l e s u r f a c e * 

O r g a n i c SIMS - L i q u i d S u r f a c e s 

S e v e r a l y e a r s a g o , a n o v e l s a m p l e p r e p a r a t i o n t e c h n i q u e was 
d e v e l o p e d ( 1 0 ) f o r s p u t t e r i n g i n t a c t o r g a n i c m o l e c u l e s f r o m s u r 
f a c e s . The k e y f e a t u r e o f t h e t e c h n i q u e i s t h e u s e o f a v i s c o u s , 
n o n - v o l a t i l e l i q u i d s u r f a c e f r o m w h i c h t o s p u t t e r and g e n e r a t e 
o r g a n i c s e c o n d a r y i o n s . 

The a c t u a l momentum t r a n s f e r p r o c e s s i n v o l v e d i n s p u t t e r i n g 
( 1 1 ) i s t h e same f o r l i q u i d s and s o l i d s due t o s h o r t t i m e d u r a t i o n 
( p i c o s e c o n d s ) o f a c o l l i s i o n c a s c a d e d u r i n g w h i c h t h e a toms o f a 
l i q u i d a r e e s s e n t i a l l
b e t w e e n s u c c e s s i v e i m p a c t
a r e a on t h e s a m p l e s u r f a c e ( a p p r o x i m a t e a r e a damaged by p r i m a r y 
p a r t i c l e i m p a c t ) , t h e m o l e c u l e s o f a l i q u i d c a n move c o n s i d e r a b l e 
d i s t a n c e s . T y p i c a l m o l e c u l a r v e l o c i t i e s a r e 30 m / s e c . ( 9 ) T h i s 
means t h a t as f a s t as t h e u p p e r m o s t s u r f a c e m o n o l a y e r i s damaged b y 
p r i m a r y p a r t i c l e bombardmen t , i t i s m i x e d i n t o t h e l i q u i d b u l k by 
d i f f u s i o n and r e p l a c e d by new, undamaged m a t e r i a l . T h i s l i q u i d -
p h a s e m i x i n g a l l o w s l a r g e f l u x e s o f p r i m a r y b o m b a r d i n g p a r t i c l e s t o 
be u s e d w h i l e s t i l l m a i n t a i n i n g a n undamaged s u r f a c e m o n o l a y e r f r o m 
w h i c h t o e m i t s e c o n d a r y i o n s . The l a r g e b o m b a r d i n g f l u x w i l l , i n 
t u r n , p r o d u c e a l a r g e f l u x o f s e c o n d a r y i o n s , l a r g e e n o u g h t o be 
u s e d b y a more c o n v e n t i o n a l o r g a n i c mass s p e c t r o m e t e r . 

A s j u s t m e n t i o n e d , a l i q u i d s u r f a c e o r g a n i c SIMS i n s t r u m e n t 
s h o u l d u s e a h i g h f l u x p r i m a r y b o m b a r d i n g beam. I t may be an i o n 
beam o r a beam o f e n e r g e t i c n e u t r a l a t o m s . I n e i t h e r c a s e , i t 
s h o u l d h a v e a s m a l l d i a m e t e r f o r r e a s o n s w h i c h w i l l be made c l e a r 
i n t h e d i s c u s s i o n . C a r e m u s t be t a k e n , h o w e v e r , t o k e e p t h e 
c u r r e n t d e n s i t y o f t h e b o m b a r d i n g beam w i t h i n r e a s o n a b l e l i m i t s 
( s e v e r a l mA/cm ) i n o r d e r t o k e e p w i t h i n t h i s d a m a g e / m i x i n g r e g i m e . 
I o n s o u r c e s o f e x c e e d i n g h i g h b r i g h t n e s s , s u c h as f i e l d e m i s s i o n 
g u n s , c a n p r o d u c e i o n beams c a p a b l e o f b e i n g f o c u s s e d t o c u r r e n t 
d e n s i t i e s a p p r o a c h i n g 1 A / c m · U n d e r t h e s e c o n d i t i o n s , ^ t h e t i m e 
b e t w e e n s u c c e s s i v e p r i m a r y i o n i m p a c t s w i t h i n t h e 100A a r e a o f 
damage w o u l d be s o s h o r t t h a t t h e m i x i n g o f t h e damage i n t o t h e 
b u l k c o u l d n o t o c c u r f r o m one p r i m a r y i o n i m p a c t t o t h e n e x t . 

T h e s e c o n d a r y i o n e x t r a c t i o n o p t i c s s h o u l d I n c l u d e a n 
i m m e r s i o n l e n s a b o v e t h e s a m p l e s u r f a c e t o m a x i m i z e s e c o n d a r y i o n 
t r a n s m i s s i o n f r o m t h e s a m p l e s u r f a c e t o t h e mass s p e c t r o m e t e r . A n 
e l e c t r o s t a t i c a n a l y z e r s h o u l d a g a i n be u s e d t o f i l t e r o u t h i g h -
e n e r g y n e u t r a l p a r t i c l e s and p h o t o n s f r o m t h e s e c o n d a r y i o n beam. 
E n e r g y a n a l y s i s o f t h e s e c o n d a r y i o n s i s g e n e r a l l y n o t n e c e s s a r y , 
b u t c a n be u s e d t o v a r y t h e amount o f f r a g m e n t a t i o n o b s e r v e d i n t h e 
mass s p e c t r u m ( 9 ) . 

T h e r e s t o f t h e m a s s s p e c t r o m e t e r c a n be a c o n v e n t i o n a l 
o r g a n i c i n s t r u m e n t . H i g h mass q u a d r u p o l e mass f i l t e r s o r m a g n e t i c 
s e c t o r i n s t r u m e n t s may be u s e d . A mass r a n g e t o 5000 D i s a d v i s -
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a b l e t o make u s e o f t h e m e a s u r a b l e i o n c u r r e n t s o f v e r y l a r g e m o l e 
c u l a r i o n s o f b i o m e d i c a l i m p o r t a n c e w h i c h c a n be g e n e r a t e d u s i n g 
t h e l i q u i d - m a t r i x t e c h n i q u e s . One may a l s o e m p l o y h i g h mass r e s o 
l u t i o n and c o l l u s i o n i n d u c e d - d i s s o c i a t i o n t e c h n i q u e s due t o t h e 
l a r g e s e c o n d a r y i o n c u r r e n t s a v a i l a b l e . I o n d e t e c t i o n may be i n 
t h e a n a l o g mode, and mos t i m p o r t a n t l y , c o n v e n t i o n a l mass s p e c t r o m 
e t r y d a t a a c q u i s i t i o n s y s t e m s may be u s e d b e c a u s e o f t h e l a r g e i o n 
c u r r e n t s a v a i l a b l e . Vacuum r e q u i r e m e n t s a r e n o t s t r i n g e n t b e c a u s e 
t h e p r e s s u r e a n d r e s i d u a l g a s c o m p o s i t i o n a r e d i c t a t e d b y t h e 
o r g a n i c l i q u i d b e i n g u s e d f o r t h e s a m p l e m a t r i x . 

D i s c u s s i o n 

I n t h e p r e v i o u s s e c t i o n , we d i s c u s s e d t h e g e n e r a l d e s i g n o b j e c t i v e s 
o f SIMS i n s t r u m e n t s u s e d f o r t h r e e s p e c i f i c t y p e s o f a n a l y s e s : 1) 
e l e m e n t a l d e p t h p r o f i l i n g a n a l y s e s ; 2 ) o r g a n i c a n a l y s e s o f s o l i d 
s u r f a c e s ; and 3 ) o r g a n i
d e s i g n f e a t u r e s a r e show
T a b l e I more c l o s e l y , and w i t h a h o r i z o n t a l e m p h a s i s i n s t e a d o f t h e 
p r e v i o u s v e r t i c a l e m p h a s i s , one c a n s e e t h a t s e v e r a l d e s i g n f e a 
t u r e s a r e d e s i r a b l e i n a l l SIMS i n s t r u m e n t s . U n d e r t h e Primary 
Beam c a t e g o r y , one s e e s t h a t a l l t h r e e t y p e s o f SIMS i n s t r u m e n t s 
s h o u l d u s e s m a l l d i a m e t e r b o m b a r d i n g beams . U n d e r Secondary Ion 
Opt ics , one w i l l n o t i c e t h a t t h e u s e o f a n i m m e r s i o n l e n s f o r s e c 
o n d a r y i o n e x t r a c t i o n i s a l w a y s d e s i r a b l e , as i s a n e l e c t r o s t a t i c 
e n e r g y a n a l y z e r . T h e s e two c r i t i c a l c a t e g o r i e s w i l l be d i s c u s s e d 
i n t h i s s e c t i o n , b u t t h e y w i l l be d i s c u s s e d i n r e v e r s e o r d e r , 
s t a r t i n g w i t h S e c o n d a r y I o n O p t i c s , f o r r e a s o n s w h i c h w i l l become 
a p p a r e n t . 

S e c o n d a r y I o n O p t i c s 

S t r i c t l y s p e a k i n g , t h e t e r m " s e c o n d a r y i o n o p t i c s " r e f e r s t o a l l 
t h o s e i o n - o p t i c a l componen t s w h i c h t r a n s m i t s e c o n d a r y i o n s f r o m t h e 
s a m p l e s u r f a c e t o t h e d e t e c t o r . F o r t h e s a k e o f t h i s d i s c u s s i o n we 
w i l l l i m i t t h e s c o p e o f t h e t e r m t o t h o s e s e c o n d a r y i o n - o p t i c a l 
c o m p o n e n t s b e t w e e n t h e s a m p l e s u r f a c e and t h e mass s p e c t r o m e t e r . 
W i t h t h i s r e s t r i c t i o n , we s e e t h a t t h e p u r p o s e o f t h e s e c o n d a r y i o n 
o p t i c s i s t o e x t r a c t t h e i o n s e f f i c i e n t l y f r o m t h e s a m p l e s u r f a c e 
a n d p r e s e n t them t o t h e e n t r a n c e o f t h e mass s p e c t r o m e t e r i n a 
s a t i s f a c t o r y m a n n e r . R e c o g n i t i o n o f t h r e e i m p o r t a n t f a c t s a r e 
n e c e s s a r y f o r s u c h i o n o p t i c s d e s i g n : 

1) S e c o n d a r y i o n s a r e e m i t t e d f r o m t h e s a m p l e s u r f a c e 
w i t h a c o s i n e d i s t r i b u t i o n c e n t e r e d a b o u t t h e s a m p l e 
s u r f a c e n o r m a l a s shown i n F i g u r e 2 . 

2 ) The g e o m e t r i c a l a n d / o r e l e c t r i c a l e n t r a n c e a p e r t u r e s 
o f mass s p e c t r o m e t e r s a r e v e r y s m a l l . 

3 ) The L i o u v i l l e Theo rem s t a t e s t h a t one c a n e x t r a c t and 
t r a n s m i t i o n s e m i t t e d f r o m a l a r g e a r e a on t h e s a m p l e 
s u r f a c e w i t h a n a r r o w a n g l e o f d i v e r g e n c e , o r one c a n 
e x t r a c t and t r a n s m i t i o n s e m i t t e d f r o m t h e s u r f a c e 
w i t h a l a r g e a n g l e o f d i v e r g e n c e , b u t o n l y f r o m a 
s m a l l a r e a o n t h e s a m p l e s u r f a c e . B u t o n e c a n n o t 
s i m u l t a n e o u s l y e x t r a c t i o n s w i t h l a r g e a n g u l a r 
d i v e r g e n c e f r o m a l a r g e a r e a . 
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T h e c o n s e q u e n c e s o f t h e s e b o u n d a r y c o n d i t i o n s s t r i c t l y l i m i t 
t h e s e c o n d a r y i o n t r a n s m i s s i o n e f f i c i e n c y o f t h e i n s t r u m e n t and 
t h u s , u l t i m a t e l y , t h e s e n s i t i v i t y o f t h e a n a l y s i s . 

I n o r d e r t o o b t a i n h i g h s e n s i t i v i t y t h e s e c o n d a r y i o n o p t i c s 
must be c a p a b l e o f t r a n s m i t t i n g t o t h e mass s p e c t r o m e t e r t h o s e i o n s 
w h i c h a r e e m i t t e d a t l a r g e a n g l e s w i t h r e s p e c t t o t h e s u r f a c e 
n o r m a l . T h i s i s b e s t a c c o m p l i s h e d w i t h a n i m m e r s i o n l e n s ( 1 2 ) 
p l a c e d c l o s e t o t h e s a m p l e s u r f a c e a s shown i n F i g u r e 3 . The l e n s 
s h o u l d f o r m a r e a l image o f t h e s a m p l e s u r f a c e i n a n image p l a n e 
w h i c h t h e n m u s t be " t r a n s f e r r e d " t o t h e e n t r a n c e o f t h e m a s s 
s p e c t r o m e t e r w i t h t r a n s f e r o p t i c s . The n e t r e s u l t i s t h a t a l a r g e 
f r a c t i o n o f t h e i o n s e m i t t e d f r o m a p o i n t o n t h e s a m p l e w i l l be 
Imaged o n t o t h e e n t r a n c e a p e r t u r e o f t h e mass s p e c t r o m e t e r 
r e s u l t i n g i n h i g h t r a n s m i s s i o n e f f i c i e n c y and s e n s i t i v i t y . 

A t t h i s p o i n t , i t i s a p p r o p r i a t e t o c o n s i d e r t h e s i z e o f t h e 
e n t r a n c e a p e r t u r e o f t h e mass s p e c t r o m e t e r . D o u b l e - f o c u s i n g mag
n e t i c s e c t o r i n s t r u m e n t
C l e a r l y , i f a r e a l i o n - i m a g
a t i n g t h i s a p e r t u r e , o n l y t h o s e i o n s o r i g i n a t i n g f r o m a v e r y s m a l l 
a r e a o f t h a t e m i t t i n g s u r f a c e w i l l b e p a s s e d i n t o t h e m a s s 
s p e c t r o m e t e r . T h u s , i t i s i n a d v i s a b l e t o d e s i g n a l i q u i d s u r f a c e 
o r g a n i c SIMS i n s t r u m e n t w h i c h u s e s a l a r g e d i a m e t e r ( m i l l i m e t e r s ) 
b o m b a r d i n g beam b e c a u s e o n l y t h o s e i o n s e m i t t e d f r o m a 1 0 - 1 0 0 
m i c r o m e t e r d i a m a t e r a r e a o f t h e s a m p l e s u r f a c e w i l l be p a s s e d i n t o 
t h e mass s p e c t r o m e t e r . Any p r i m a r y beam f a l l i n g o u t s i d e t h i s a r e a 
w i l l o n l y c o n t r i b u t e t o r a d i a t i o n damage o f t h e s a m p l e and n o t t o 
t h e a n a l y t i c a l s i g n a l . T h e r e f o r e , s m a l l d i a m e t e r , f o c u e a b l e i o n 
beams a r e r e c o m m e n d e d f o r t h i s a p p l i c a t i o n f o r m o s t e f f i c i e n t 
s a m p l e u t i l i z a t i o n . 

One m i g h t t h i n k t h a t q u a d r u p o l e mass s p e c t r o m e t e r s w o u l d be 
l e s s s u s c e p t i b l e t o t h i s l i m i t a t i o n b e c a u s e o f t h e i r much l a r g e r 
e n t r a n c e a p e r t u r e s . U n f o r t u n a t e l y , t h i s i s o n l y m a r g i n a l l y t r u e , 
a n d o n l y f o r i o n s o f l o w m a s s . T h i s i s b e c a u s e t h e e l e c t r i c a l 
e n t r a n c e a p e r t u r e o f t h e q u a d r u p o l e i s u s u a l l y c o n s i d e r a b l y s m a l l e r 
t h a n t h e p h y s i c a l e n t r a n c e a p e r t u r e . B y " e l e c t r i c a l e n t r a n c e 
a p e r t u r e " we mean t h a t a r e a o f t h e p h y s i c a l e n t r a n c e a p e r a t u r e 
t h r o u g h w h i c h i o n s m u s t t r a v e l i f t h e y a r e t o be t r a n s m i t t e d 
t h r o u g h t h e q u a d r u p o l e r o d s t r u c t u r e . The r a d i u s o f t h i s a p e r t u r e , 
r ^ , i s s m a l l and m a s s - d e p e n d e n t as s e e n by t h e f o l l o w i n g e q u a t i o n 

r - 2 / 3 r ( Δ Μ / Μ ) 1 / 2 ( 1 ) 
q ο 

w h e r e r i s t h e r a d i u s o f t h e l a r g e s t c i r c l e t h a t c a n be i n s c r i b e d 
w i t h i n t n e f o u r q u a d r u p o l e r o d s , and Δ Μ / ^ i s t h e mass r e s o l u t i o n o f 
t h e s p e c t r o m e t e r ( 1 3 ) . 

C o n s i d e r a q u a d r u p o l e mass s p e c t r o m e t e r w i t h 6mm d i a m e t e r r o d s 
o p e r a t i n g a t a mass r e s o l v i n g power o f 600 ( w h i c h i s needed f o r 
h i g h m a s s o r g a n i c l i q u i d s u r f a c e S I M S ) . T h e r a d i u s o f t h e 
e l e c t r i c a l e n t r a n c e a p e r t u r e i s o n l y 0.07mm ( 0 . 0 0 3 " ) . T h i s a l s o 
m a k e s ^a v e r y s m a l l t a r g e t f o r t h e s e c o n d a r y i o n o p t i c s t o " h i t " 
w i t h t h e i o n s b e i n g e m i t t e d f r o m t h e s a m p l e . The o p t i c s c a n f u n c 
t i o n much more e f f i c i e n t l y i n t r a n s m i t t i n g i o n s f r o m t h e s a m p l e 
s u r f a c e i n t o t h e mass s p e c t r o m e t e r i f t h e s e c o n d a r y i o n s a r e b e i n g 
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Cosine. 
X>istrieu.tiori 

Figure 2. Cosine d i s t r i b u t i o n s of sputtered p a r t i c l e s . The length 
of the arrow i s p r o p o r t i o n a
that d i r e c t i o n . 

5 Ν 

) Â o A # w i r ^ — • — — = » 

Β 
A* 

Figure 3. Immersion lens a uniform f i e l d E n i s set up between the 
target S and an electrode Ν (at ground p o t e n t i a l ) . S and Ν are 
p a r a l l e l . The ions emitted at point A of the f l a t surface of 
object S are accelerated by t h i s uniform f i e l d . The ions escape 
from the a c c e l e r a t i n g f i e l d through a round hole (T) i n N. The 
o p t i c a l axis of the system of c o l l e c t i o n i s the axis (z'z) of the 
hole, which l i e s perpendicular to the surface of the t a r g e t . The 
hole Τ acts as a di v e r g i n g l e n s . A u n i p o t e n t l a l lens L, with a z'z 
axis p r o j e c t s the v i r t u a l image A of the surface i n a r e a l image 
A 1. At the same time, t h i s lens produces a r e a l image of the 
crossover over which a "contrast" diaphragm can be placed. The 
diameter of the diaphragm l i m i t s a diameter on the i n i t i a l v i r t u a l 
p u p i l and therefore the sample area from which ions are accepted. 
Reproduced with permission from Ref. 5 copyright 1980, Academic 
Press. 
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e m i t t e d f r o m a s m a l l s p o t on t h e s a m p l e s u r f a c e ( b e c a u s e o f t h e 
L i o u v i l l e t h e o r e m ) . T h e r e f o r e , s m a l l ( 5 0 - 1 5 0 urn) d i a m e t e r p r i m a r y 
i o n beams s h o u l d a l w a y s be u s e d f o r s p u t t e r i n g . 

B u t what a b o u t e x t r a c t i n g o r g a n i c s e c o n d a r y i o n s e m i t t e d f r o m 
a s o l i d s u r f a c e whe re one d e s i r e s t o s p u t t e r t h e s u r f a c e o v e r a 
l a r g e a r e a s o t h a t no one s p o t a c c u m u l a t e s a h i g h amount o f r a d i a 
t i o n damage? The L i o u v i l l e t h e o r e m s p e c i f i c a l l y s t a t e s t h a t one 
c a n n o t e x t r a c t a l a r g e number o f s e c o n d a r y i o n s ( t h o s e i o n s w i t h a 
l a r g e a n g l e o f d i v e r g e n c e ) f r o m s u c h a l a r g e a r e a a s w o u l d be 
r e q u i r e d f o r a h i g h l y s e n s i t i v e a n a l y s i s . The s o l u t i o n t o t h i s 
p r o b l e m o f e f f i c i e n t i o n e x t r a c t i o n f r o m l a r g e a r e a s i s c a l l e d 
" d y n a m i c e m i t t a n c e m a t c h i n g " . As f i r s t d e s c r i b e d by L i e b l ( 1 4 ) , 
t h e t e c h n i q u e p r o v i d e s a c l e v e r i o n - o p t i c a l p a t h a r o u n d t h e r e 
s t r i c t i o n s o f t h e L o u i v i l l e t h e o r e m . 

O p t i m u m t r a n s m i s s i o n o f s e c o n d a r y i o n s i s a c h i e v e d when t h e 
a c c e p t a n c e o f t h e mass s p e c t r o m e t e r i s m a t c h e d w i t h t h e s e c o n d a r y 
i o n b e a m . F i g u r e 4 a show
o n d a r y i o n beam f r o m t h
s l i t . * I f d i s t h e d i a m e t e r o f t h e a r e a t o be a n a l y z e d , t h e e n 
t r a n c e s l i t ( [wid th s ) ha s t o a c c e p t t h e image + 6^ w h i c h i s + 

^ 2 " ^ 1 i s t n e v i r t u a * w i d t h o f t h e s a m p l e p o i n t , g i v e n by = V ^ / E 
w h e r e i s t h e i n i t i a l k i n e t i c e n e r g y and Ε i s t h e f i e l d s t r e n g t h 
on t h e s u r f a c e . T h i s e x p l a i n s t h e d e s i r a b i l i t y f o r h i g h e x t r a c t i o n 
f i e l d s a t t h e s a m p l e s u r f a c e ) . U s i n g t h e L o u i v i l l e t h e o r e m , we 
o b t a i n 

(άι + J j l ^ . s<X 2 ( 2 ) 

T h i s r e s u l t s i n a c e r t a i n beam d i v e r g e n c e ° f w h i c h o n l y t h e 
a n g l e oi> i s a c c e p t e d by t h e mass s p e c t r o m e t e r . T h i s i s t h e c a s e 
w h e t h e r a l a r g e , s t a t i o n a r y beam i r r a d i a t e s t h e e n t i r e w i d t h d ^ , o r 
a f i n e beam p r o b e i s r a s t e r s c a n n e d o v e r d ^ . T h i s r e p r e s e n t s t h e 
s t a t e o f t h e a r t f o r v i r t u a l l y a l l s o l i d - s u r f a c e o r g a n i c SIMS i n 
s t r u m e n t s . H o w e v e r , i f a f i n e s c a n n e d p r i m a r y beam i s u s e d , t h e 
t r a n s m i s s i o n c a n be i m p r o v e d c o n s i d e r a b l y by u s i n g d y n a m i c e m i t t 
a n c e m a t c h i n g shown i n F i g u r e 4 b . I n t h i s s c h e m e , t h e s e c o n d a r y 
i o n beam t r a n s f e r o p t i c s i n c o r p o r a t e s a d e f l e c t o r s y n c h r o n i z e d w i t h 
t h e p r i m a r y beam m o v e m e n t s o t h a t t h e m o v e m e n t o f t h e v i r t u a l 
s o u r c e s p o t S i s c a n c e l l e d . I n s t e a d o f t h e p r e v i o u s e q u a t i o n , t h e 
f o l l o w i n g c o n d i t i o n must now be met 

0*1*1 " S C * 2 ( 3 ) 

w i t h t h e same s l i t w i d t h S and Oi ^ . The f i n a l beam d i v e r g e n c e o< 2 

i n t h i s c a s e i s now s m a l l e r by a f a c t o r o f (d^l S ^) + 1 and a c c o r d 
i n g l y , more o f t h e s e c o n d a r y i o n s f a l l w i t h i n t h e a c c e p t a n c e a n g l e 
o f t h e mass s p e c t o m e t e r . 

D y n a m i c e m i t t a n c e m a t c h i n g has b e e n a p p l i e d w i t h g r e a t s u c c e s s 
i n t h e f i e l d o f o r g a n i c s o l i d s u r f a c e SIMS a n a l y s i s by Campana and 
c o - w o r k e r s ( 1 5 ) and by B e n n i n g h o v e n and c o - w o r k e r s ( 1 6 ) , b u t due t o 
t h e s o p h i s t i c a t i o n r e q u i r e d , t h i s t e c h n i q u e has n o t y e t s e e n w i d e 
u s e i n t h e f i e l d . N e v e r t h e l e s s , as a n a l y t i c a l r e q u i r e m e n t s c a l l 
f o r h i g h e r s e n s i t i v i t y , e s p e c i a l l y f o r h i g h mass i o n s , d y n a m i c 
e m i t t a n c e m a t c h i n g w i l l be r e q u i r e d . 
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F i g u r e 4 . S e c o n d a r y i o n T r a n s f e r f r o m s a m p l e t o mass s p e c t r o m e t e r . 

a ) s t a t i c beam t r a n s f e r 
b ) d y n a m i c beam t r a n s f e r ( d y n a m i c e m i t t a n c e 

m a t c h i n g ) 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



6. M A G E E SIMS Design Considerations 

F u t u r e T r e n d s i n SIMS I n s t r u m e n t a t i o n 

109 

W h i l e s e c o n d a r y i o n mass s p e c t r o m e t r y h a s b e e n p r a c t i c e d f o r o v e r 
30 y e a r s , t h e t e c h n i q u e i s f a r f r o m " m a t u r e ' 1 . I n f a c t , i n t h e o r 
g a n i c SIMS f i e l d , t h e t e c h n i q u e i s s t i l l i n i t s i n f a n c y . M o s t o f 
t h e d e s i r a b l e i n s t r u m e n t a l f e a t u r e s o u t l i n e d i n t h i s p a p e r f o r o r 
g a n i c SIMS i n s t r u m e n t s h a v e y e t t o be i n c o r p o r a t e d i n t o p r e s e n t - d a y 
m a c h i n e s . M o s t i n s t r u m e n t s c u r r e n t l y b e i n g u s e d f o r o r g a n i c SIMS 
w e r e o r i g i n a l l y d e s i g n e d f o r q u i t e d i f f e r e n t p u r p o s e s a n d h a v e 
c a p a b i l i t i e s f o r SIMS f a r b e l o w t h o s e w h i c h a r e p o t e n t i a l l y a v a i l 
a b l e i f c u r r e n t l y a v a i l a b l e i o n - o p t i c a l t e c h n i q u e s a r e u s e d . T h i s 
i s p a r t i c u l a r l y t r u e i n t h e l i q u i d - s u r f a c e o r g a n i c SIMS f i e l d . 
None o f t h e i n s t r u m e n t s u s e f i n e l y f o c u s s e d i o n beams t o s p u t t e r 
o n l y t h a t a r e a o n t h e s a m p l e s u r f a c e w h i c h w i l l p r o d u c e i o n s t h a t 
c a n be t r a n s m i t t e d b y t h e mass s p e c t r o m e t e r . F o r r e a s o n s w h i c h a r e 
u n c l e a r , t h e m a k e r s o f m a g n e t i c s e c t o r o r g a n i c SIMS i n s t r u m e n t s 
p r o m u l g a t e t h e m y s t i q u
i o n b e a m i n t o t h e s a m p l
p r e s e n t w h e n , i n f a c t , t h i s h a s b e e n d o n e e v e r s i n c e t h e b e g i n n i n g 
o f SIMS ( 1 7 ) . 

S e c o n d a r y i o n e x t r a c t i o n o p t i c s a r e a l s o f a r f r o m o p t i m i z e d . 
No c u r r e n t l y c o m m e r c i a l l y a v a i l a b l e o r g a n i c SIMS i n s t r u m e n t s 
u t i l i z e a n i m m e r s i o n l e n s f o r i o n e x t r a c t i o n . T h e r e i s no q u e s t i o n 
t h a t t h e i n s t r u m e n t s i n c u r r e n t u s e , e v e n t h o u g h n o t o p t i m a l l y 
d e s i g n e d f o r t h i s p u r p o s e , h a v e p r o v i d e d a w e a l t h o f i n f o r m a t i o n 
f o r o r g a n i c c h e m i s t s a n d mass s p e c t r o m e t r i s t s · B u t what i n s t r u 
m e n t a t i o n a r e we g o i n g t o n e e d t o s o l v e t o m o r r o w ' s p r o b l e m s ? A n 
a r e a t h a t i s b e c o m i n g i n c r e a s i n g l y i m p o r t a n t i s t h e m o l e c u l a r 
c h a r a c t e r i z a t i o n o f s o l i d s u r f a c e s . A t p r e s e n t , we h a v e n o 
a n a l y t i c a l t e c h n i q u e s t o p r o b e t h i s t y p e o f s a m p l e o t h e r t h a n 
o r g a n i c S I M S . E l e m e n t a l c h a r a c t e r i z a t i o n o f s o l i d s u r f a c e s c a n be 
o b t a i n e d u s i n g a v a r i e t y o f t e c h n i q u e s ( S I M S , A u g e r e l e c t r o n 
s p e c t r o m e t r y , X - r a y p h o t o e l e c t r o n s p e c t r o m e t r y , e t c . ) . B u t when i t 
comes t o a n s w e r i n g t h e q u e s t i o n , "What m o l e c u l e s a r e p r e s e n t o n my 
s a m p l e s u r f a c e ? " , we a r e i n g r e a t n e e d o f more s o p h i s t i c a t e d SIMS 
i n s t r u m e n t a t i o n . B e s i d e s a n i n s t r u m e n t w i t h t h e f e a t u r e s d e s c r i b e d 
h e r e ( s m a l l i o n beams u s e d w i t h d y n a m i c e m i t t a n c e m a t c h i n g , h i g h 
t r a n s m i s s i o n e x t r a c t i o n o p t i c s , e t c . ) , t h e r e a r e s e v e r a l o t h e r 
i n s t r u m e n t a l a p p r o a c h e s w h i c h c o u l d p r o v i d e e x c i t i n g p o s s i b i l i t i e s 
f o r h i g h s e n s i t i v i t y m o l e c u l a r s u r f a c e mass s p e c t r o m e t r y . O p t i m i 
z a t i o n o f t i m e - o f - f l i g h t i n s t r u m e n t a t i o n h a s o b v i o u s a d v a n t a g e s d u e 
t o h i g h i o n t r a n s m i s s i o n a n d d e t e c t i o n o f a l l t r a n s m i t t e d s p e c i e s . 
T h i s a r e a w i l l u n d o u b t e d l y s e e a g r e a t i n c r e a s e i n I n t e r e s t i n t h e 
n e a r f u t u r e . 

A n o t h e r e x c i t i n g p o s s i b i l i t y f o r h i g h s e n s i t i v i t y m o l e c u l a r 
s u r f a c e mass s p e c t r o m e t r y i s t h e u s e o f l a s e r - e x c i t e d i o n d e s o r p -
t i o n i n a p u l s e d i o n c y c l o t r o n r e s o n a n c e e x p e r i m e n t u s i n g F o u r i e r 
t r a n s f o r m t e c h n i q u e s . I n a n i d e a l s i t u a t i o n , t h i s scheme c o u l d i n 
c l u d e a l l t h o s e a t t r i b u t e s w h i c h a r e d e s i r a b l e f o r s o l i d - s u r f a c e 
m o l e c u l a r c h a r a c t e r i z a t i o n : 

1) s u r f a c e s e n s i t i v i t y d u e t o l a s e r d e s o r p t l o n 
2 ) h i g h " t r a n s m i s s i o n " d u e t o t h e h i g h c o l l e c t i o n e f f i c i e n c y 

o f t h e p u l s e d I C R c e l l a p p r o a c h 
3 ) h i g h mass r e s o l u t i o n 

4) h i g h mass r a n g e 
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T h e s e a r e a s s h o u l d p r o v i d e some e x c i t i n g a v e n u e s t o e x p l o r e i n t h e 
c o m i n g y e a r s f o r o r g a n i c S I M S . 

B u t what a b o u t i n o r g a n i c SIMS? H e r e t h e f i e l d i s i n d e e d more 
m a t u r e w i t h t h e a d v e n t o f t h e i m s - 3 f by CAMECA:Thornson-CSF i n 1978 
( 5 ) . B u t t h e r e a r e s t i l l a f ew i n t e r e s t i n g i n s t r u m e n t a l a s p e c t s t o 
e x p l o r e , one o f w h i c h i s t h e a p p l i c a t i o n o f u l t r a - f i n e l y f o c u s s e d 
i o n beams ( 1 8 ) . 

I n t h e l a s t s e v e r a l y e a r s , r e s e a r c h e r s h a v e d e v e l o p e d t h e 
l i q u i d - m e t a l f i e l d - i o n i z a t i o n s o u r c e t o a h i g h l e v e l o f p e r f o r m a n c e 
and r e l i a b i l i t y . D e v e l o p e d m a i n l y f o r d i r e c t - w r i t i n g i o n i m p l a n t a 
t i o n and i o n beam l i t h o g r a p h y , t h e s e s o u r c e s h a v e t h e p o t e n t i a l o f 
g r e a t l y e n h a n c i n g t h e c a p a b i l i t i e s o f i n o r g a n i c d e p t h - p r o f i l i n g 
SIMS i n s t r u m e n t s . T h e i r h i g h b r i g h t n e s s makes i t p o s s i b l e t o fojjm 
beams <100oR i n d i a m e t e r w i t h c u r r e n t d e n s i t i e s o f many A / c m · 
U n f o r t u n a t e l y , h o w e v e r , t h e beam s p e c i e s a v a i l a b l e a r e l i m i t e d 
m a i n l y t o Ga and I n f r o m m e t a l s w h i c h h a v e l o w m e l t i n g p o i n t s and 
l o w c h e m i c a l r e a c t i v i t y
y i e l d - e n h a n c i n g c h a r a c t e r i s t i c
a n a l y s e s and may e v e n r e d u c e t h e y i e l d o f p o s i t i v e l y c h a r g e d i o n s . 
I n a d d i t i o n , t h e s e i o n s o u r c e s , due t o t h e i r e x c e e d i n g l y s m a l l beam 
s i z e n o t w i t h s t a n d i n g t h e i r h i g h c u r r e n t d e n s i t i e s , a r e s e v e r e l y 
l i m i t e d i n t h e t o t a l i o n c u r r e n t d e l i v e r a b l e t o t h e t a r g e t . T h i s 
means t h a t i n o r d e r t o o b t a i n h i g h s e n s i t i v i t y w i t h t h e s e s m a l l 
b e a m s , o n l y t h e h i g h e s t t r a n s m i s s i o n mass s p e c t r o m e t e r s s h o u l d be 
u s e d . T h i s l i m i t a t i o n e s s e n t i a l l y r u l e s o u t a l l q u a d r u p o l e t y p e 
I n s t r u m e n t s due t o t h e i r l i m i t e d t r a n s m i s s i o n o f i o n s w i t h a w i d e 
e n e r g y s p r e a d as i s t h e c a s e w i t h a t o m i c s e c o n d a r y i o n s . 

T h e l i q u i d m e t a l i o n s o u r c e c o u l d h e l p d r a m a t i c a l l y i n t h e 
a r e a o f + n e g a t i v e s e c o n d a r y i o n mass s p e c t r o m e t r y where b o m b a r d i n g 
w i t h C s i o n s has p r o v e n v e r y b e n e f i c i a l ( 1 9 ) . T h i s i s due t o t h e 
l a r g e I n c r e a s e i n n e g a t i v e i o n e m i s s i o n f r o m a c e s l a t e d , l o w work 
f u n c t i o n s u r f a c e . U n f o r t u n a t e l y , t h e s o u r c e s u s e d t o p r o d u c e 
c e s i u m i o n s a r e o f t h e s u r f a c e i o n i z a t i o n t y p e ( 2 0 ) w h i c h h a s a l o w 
b r i g h t n e s s . I f t h e l i q u i d m e t a l f i e l d e m i s s i o n i o n s o u r c e c a n be 
d e v e l o p e d t o o p e r a t e r e l i a b l y w i t h l i q u i d c e s i u m , t h e n s m a l l , h i g h -
c u r r e n t d e n s i t y i o n beams c o u l d be f o r m e d . C u r r e n t l y , h o w e v e r , t h e 
r e a c t i v e n a t u r e o f t h e m e t a l makes t h e l i q u i d m e t a l f i e l d e m i s s i o n 
c e s i u m i o n s o u r c e m o r e o f a r e s e a r c h p r o j e c t t h a n a r o u t i n e 
a n a l y t i c a l t e c h n i q u e . 

Summary 

I t has b e e n t h e p u r p o s e o f t h i s p a p e r t o p r o v i d e a n o v e r v i e w o f t h e 
b a s i c d i f f e r e n c e s and s i m i l a r i t i e s o f t h e v a r i o u s t y p e s o f 
i n s t r u m e n t s w h i c h d e t e c t i o n i z e d p a r t i c l e s e m i t t e d f r o m s u r f a c e s by 
e n e r g e t i c p a r t i c l e bombardmen t . S i n c e t h e s c o p e o f s e c o n d a r y i o n 
mass s p e c t r o m e t r y i s s o b r o a d , i t i s n o t s u r p r i s i n g t h a t no one 
i n s t r u m e n t h a s b e e n d e s i g n e d t o p e r f o r m o p t i m a l l y f o r a l l t y p e s o f 
S I M S a n a l y s e s . D e s i g n a s p e c t s o f t h e p r i m a r y beam, e x t r a c t i o n 
o p t i c s , mas s s p e c t r o m e t e r , d e t e c t i o n e q u i p m e n t and vacuum s y s t e m 
must be c o n s i d e r e d t o c o n s t r u c t a n i n s t r u m e n t b e s t s u i t e d f o r a 
p a r t i c u l a r p u r p o s e . 
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Liquid Metal Ion Sources 
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Use of liquid metal ion (LMI) sources to produce 
secondary ions in the dynamic SIMS mode has yielded 
ion abundances of sugars up to 50 times greater than 
those produced with neutral argon beams and in the 
static SIMS mode
weight information
of crystal violet and 2 x 10-13 mole of leucine-
enkephalin. LMI sources permit broad variation of 
the mass and molecular type of the bombarding 
particles, a potentially useful feature for studies 
of secondary ionization of organic molecules. 
Construction of LMI sources, attachment to existing 
mass spectrometers, and operation are relatively 
simple. 

The l i q u i d m e t a l i o n ( L M I ) s o u r c e i s an e l e c t r o h y d r o d y n a m i c f i e l d 
e m i t t e r . E x p e r i m e n t a l l y , i t i s known t h a t e m i s s i o n t a k e s p l a c e f rom 
a cone o f l i q u i d m e t a l O ) w h i c h i s fo rmed by a p p l i c a t i o n o f a 
r e l a t i v e l y h i g h e l e c t r i c p o t e n t i a l and m a i n t a i n e d b y the r e s u l t i n g 
h i g h e l e c t r i c f i e l d ( 2 , 3 ) . The i o n s o u r c e o p e r a t e s w i t h a v a r i e t y 
o f m e t a l s . F o r any g i v e n m e t a l b o t h i o n s and c h a r g e d m i c r o p a r t i c l e s 
a r e e m i t t e d . The i o n i c component i s c o m p r i s e d o f s i n g l y and 
m u l t i p l y c h a r g e d a t o m i c and m o l e c u l a r i o n s ; T a b l e I l i s t s some o f 
the i o n s p e c i e s p r o d u c e d by LMI s o u r c e s . The r e l a t i v e abundances o f 
t h e s e d i f f e r e n t i o n s as w e l l as t h e i r i n d i v i d u a l e n e r g y 
d i s t r i b u t i o n s and a n g u l a r d i v e r g e n c e s a r e s t r o n g l y d e p e n d e n t on the 
t o t a l e m i s s i o n c u r r e n t ( 4 - 1 5 ) . A l t h o u g h i t has n o t b e e n s t u d i e d 
as t h o r o u g h l y as the i o n i c p a r t , t h e c h a r g e d m i c r o p a r t i c l e 
component a p p a r e n t l y a c c o u n t s f o r abou t t w o - t h i r d s o f t he e j e c t e d 
m a t e r i a l a t e m i t t e r c u r r e n t s l e s s t h a n 100 uA ( 1 6 ) , and b o t h the 
s i z e and s i z e r a n g e o f t he c h a r g e d m i c r o p a r t i c l e s have been shown 
t o i n c r e a s e m e a s u r a b l y w i t h i n c r e a s i n g e m i s s i o n c u r r e n t ( 1 7 , 1 8 ) . 
A t p r e s e n t t h e r e a r e many unknown a s p e c t s c o n c e r n i n g the i o n i z a t i o n 
and e j e c t i o n p r o c e s s e s o c c u r r i n g a t the a p e x o f the e m i s s i o n c o n e ; 
h e n c e , a t h e o r e t i c a l m o d e l c o n s i s t e n t w i t h the LMI s o u r c e ' s 
e m i s s i o n p r o p e r t i e s has n o t y e t b e e n f o r m u l a t e d . 

0097-6156/85/0291-0113S06.00/0 
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Table I. S e l e c t i o n of Ions Produced by LMI Sources 

Ion Species (m/z, most abundant isotope) 
Element / Ζ 

A l 1 3 . 5 2 7 , 5 4 , 8 1 , 1 0 8 , 

S i 
Ni 
Ga 
Se 
Ag 
In 
Sn 

14 
29 
3 4 . 5 

5 7 . 5 
6 0 , 1 8 0 , 3 0 0 , 420 

540 

135 
2 8 , 56 
5 8 , 116 
6 9 , 1 3 8 , 2 0 7 , 276 
80 
107 
1 1 5 , 230 
1 2 0 , 2 4 0 , 3 6 0 , 480 

Cs 
Au 
Pb 
B i 
U 

1 0 4 . 5 , 3 1 3 . 5 , 5 2 2 . 5 

6 0 0 , 7 2 0 , 840 
133 

2 0 9 , 4 1 8 , 627 
238 

A LMI emitter i s v i r t u a l l y a point source; thus, i t s 
p r i n c i p a l , d i s t i n g u i s h i n g , o p t i c a l c h a r a c t e r i s t i c i s i t s very high 
brightness which can be shown f o r a t y p i c a l emitter to be on the 
order of 1 0 6 A/cm 2sr (_19). Focused beams that d e l i v e r 2 0 - 1 2 0 pA 
i n t o spots of about 100 nm diameter at a convergence h a l f - a n g l e of 
1 rarad ( 1 - 5 x l O 5 A/cm 2sr) have been achieved r e c e n t l y i n the 
development of LMI sources f o r ion microprobe a n a l y s i s of s o l i d s 
( 2 0 , 2 1 ) . This brightness feature i s important to several 
charged-particle-beam techniques i n m i c r o f a b r i c a t i o n , ion beam 
li t h o g r a p h y , maskless ion i m p l a n t a t i o n , ion microprobe a n a l y s i s , 
and ion pr o p u l s i o n ( 2 , 3 , 2 2 , 2 3 ) . Consequently, there i s 
considerable s c i e n t i f i c and engineering i n t e r e s t i n LMI sources. 

Recently, t h i s i n v e s t i g a t o r and h i s colleagues began using LMI 
sources to produce ions from l i q u i d organic s o l u t i o n s ( 2 4 - 2 8 ) . 
This a p p l i c a t i o n was motivated by the p o t e n t i a l f o r e x p l o i t i n g the 
LMI source's r i c h s e l e c t i o n of ions and m i c r o p a r t i c l e s to 
i n v e s t i g a t e secondary i o n i z a t i o n processes, the p o s s i b i l i t y of 
improving s e n s i t i v i t y , and the more remote prospect of achieving 
l o c a l i z e d , molecular a n a l y s i s of b i o l o g i c a l t i s s u e s with a f i n e l y 
focused ion beam. 

The c o n s t r u c t i o n and operation of LMI sources are b r i e f l y 
described i n the f i r s t s e c t i o n of t h i s paper. The p o t e n t i a l use of 
LMI sources i n fundamental i n v e s t i g a t i o n s of secondary ion emission 
from l i q u i d organic matrices i s discussed i n the f o l l o w i n g s e c t i o n . 
The few e x i s t i n g p r e l i m i n a r y reports on LMI/SIMS combinations used 
or studied for a n a l y t i c a l purposes are reviewed i n the f i n a l 
s e c t i o n . 

F a b r i c a t i o n and operation 

The two common c o n f i g u r a t i o n s f o r LMI emitters are the c a p i l l a r y 
(2) and the needle (_3), Figure 1. As i t s name suggests the 
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former, Figure l a , u t i l i z e s a narrow c a p i l l a r y . Molten metal i s 
drawn through the c a p i l l a r y from a r e s e r v o i r to the end where the 
cone of l i q u i d metal i s formed. Although they can have very long 
l i f e t i m e s , these emitters are d i f f i c u l t to make and, to the best of 
t h i s w r i t e r ' s knowledge, have not yet been employed for SIMS of 
organic compounds. 

A needle source c o n s i s t s of a h a i r p i n filament ( M 8 0 μιη 
diameter), u s u a l l y of a r e f r a c t o r y metal such as tungsten, with a 
short length of smaller diameter ( M 2 5 μπι) wire spot-welded to i t , 
Figure l b . The t i p of the l a t t e r w ire, the e m i t t e r , i s 
e l e c t r o c h e m i c a l l y etched to a point with a radius of curvature at 
the apex of 2 - 5 μπι; the etching technique for tungsten has been 
described i n d e t a i l by others ( 7 , 2 9 ) . As q u i c k l y as p o s s i b l e 
a f t e r the assembly i s thermally cleaned under vacuum (MO ** Pa), 
the emitter i s dipped i n t o a molten pool of l i q u i d metal and then 
withdrawn. I f done c o r r e c t l y , the j u n c t i o n formed by the bend i n 
the filament and the emitte
and the emitter w i l l appea
i t s surface. 

C e r t a i n d e t a i l s are important to the s u c c e s s f u l wetting and 
operation of a LMI source. The emitter wire must be of an element 
or a l l o y which i s wettable by the l i q u i d metal to be used i n the 
source. Thermodynamica1 concepts and data found i n handbooks ( 3 0 ) 
or reference books ( 3 1 , 3 2 ) can be u s e f u l f o r s e l e c t i n g compatible 
e m i t t e r - m e t a l / l i q u i d - m e t a l combinations. I t i s g e n e r a l l y necessary 
to remove the emitter's metal oxide s k i n before i t can be wetted; 
t h i s i s accomplished i n the e l e c t r o c h e m i c a l and thermal c l e a n i n g 
steps. Wetting of the e m i t t e r ' s shank and sharpened t i p i s f u r t h e r 
f a c i l i t a t e d by chemical e t c h i n g to groove and roughen t h e i r 
surfaces ( 7 , 2 9 ) . The metal i n the wetting r e s e r v o i r should be 
kept scrupulously free of dust, o i l , or other d i r t . Scum on the 
r e s e r v o i r ' s surface w i l l be t r a n s f e r r e d to the emitter during 
w e t t i n g , and the source w i l l not operate c o r r e c t l y or at a l l . I t i s 
u s e f u l to provide the wetting chamber with a viewing port to 
observe the emission p a t t e r n of a f r e s h l y wetted emitter as a 
simple performance t e s t before removing i t from the vacuum. 

A LMI emitter's smallness makes i t p o s s i b l e to attach i t to 
the ion source of almost any magnetic sector or quadrupole mass 
spectrometer. Ion sources which have already been designed for f a s t 
atom bombardment (FAB) or f i e l d desorption (FD) are i d e a l l y s u i t e d 
to m o d i f i c a t i o n for LMI/SIMS ope r a t i o n . 

For most a n a l y t i c a l a p p l i c a t i o n s the LMI source can be 
employed i n a simple unfocused form. A diagram of an unfocused LMI 
source appendaged to the side of a magnetic sector instrument's ion 
source i s shown i n Figure 2 . Figure 3 e x h i b i t s a photograph of an 
a c t u a l source of t h i s same design. More s o p h i s t i c a t e d LMI sources, 
which can be focused ( 2 4 , 2 8 , 3 3 ) and/or pulsed ( 3 3 ) , have been 
designed to i n v e s t i g a t e i o n i z a t i o n mechanisms and t e s t s e n s i t i v i t y 
l i m i t s . 

LMI sources with needle emitters operate i n e s s e n t i a l l y the 
same way as f i e l d i o n i z a t i o n or f i e l d desorption sources. The 
filament i s r e s i s t i v e l y heated to melt the metal f i l m and/or 
promote i t s flow to the t i p of the e m i t t e r . T y p i c a l l y , the emitter 
or anode i s p o s i t i v e l y biased 3 - 5 kV with respect to i t s counter 
e l e c t r o d e , the cathode; the a c t u a l operating voltage i s determined 
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Pressure 
Supply 

(a) (b
F i g u r e 1. L i q u i d m e t a l i o n e m i t t e r s : ( a ) c a p i l l a r y , ( b ) n e e d l e . 

M S 
entrance sl it ' 

Lens -

Acceleration 7 * 
electrode, l-3kV(V 0 ) 

Target 
V a + A V ( 2 0 - 4 5 V ) 

Sample 
probe rod 

LMI 
cathode |_MI anode 

(emitter) 

F i g u r e 2 . S c h e m a t i c o f a n o n f o c u s i n g LMI s o u r c e a t t a c h e d t o the 
i o n s o u r c e o f a s i n g l e - f o c u s i n g m a g n e t i c - s e c t o r mass 
s p e c t r o m e t e r . 
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Figure 3 . Photograph of a nonfocusing LMI source: ( 
unassembled, (b) assembled and attached to the ion 
source of a s i n g l e - f o c u s i n g magnetic-sector mass 
spectrometer. 
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by the emission onset v o l t a g e , a q u a n t i t y which i s geometry 
dependent, and the des i r e d emission c u r r e n t . The anode current i s a 
convenient parameter for monitoring the source's emission. In an 
unfocused c o n f i g u r a t i o n the cathode can be maintained at the same 
p o t e n t i a l as the a c c e l e r a t i o n electrode i n the mass spectrometer 
io n source. This arrangement has the disadvantage, however, that 
the impact energy of the primary ions and the emission current are 
both determined by the LMI source's operating v o l t a g e . In order to 
separately c o n t r o l the primary beam current and energy, i t i s 
necessary to be able to vary the anode-cathode p o t e n t i a l , i.e.the 
LMI source's operating v o l t a g e , independently of the emitter's 
p o t e n t i a l . One method f or accomplishing t h i s i s to f l o a t the power 
supply f o r the LMI source as i l l u s t r a t e d s c h e m a tically i n Figure 2. 

I n v e s t i g a t i o n of secondary i o n i z a t i o n processes 

One of the most s i g n i f i c a n
SIMS of organic compound
measurements of secondary p a r t i c l e y i e l d s . Such measurements are 
important f o r understanding the processes of secondary ion emission 
from s o l i d and l i q u i d organic samples. T o t a l p a r t i c l e y i e l d s 
r e f l e c t d i r e c t l y the dynamical aspects of emission processes; 
v a r i a t i o n s i n primary beam energy, i n c i d e n t f l u x d e n s i t y , and 
primary p a r t i c l e mass, f or example, are a l l manifested i n changes 
i n t o t a l p a r t i c l e y i e l d s . The r a t i o of secondary ion y i e l d to t o t a l 
p a r t i c l e y i e l d and the r a t i o of secondary ion y i e l d s from two 
d i f f e r e n t species can be s e n s i t i v e , q u a n t i t a t i v e monitors of the 
chemistry and k i n e t i c s , r e s p e c t i v e l y , of i o n i z a t i o n processes. 

The p a r t i c u l a r advantage LMI sources o f f e r to such experiments 
i s a s e l e c t i o n of prospective primary p a r t i c l e s that spans a broad 
range of mass and molecular type. Some of the ions a v a i l a b l e from 
LMI sources are l i s t e d i n Table I. Among the p a r t i c l e s tabulated 
there are sev e r a l groupings w i t h i n which the e f f e c t s of various 
p a r t i c l e types can be probed e s s e n t i a l l y independently of p a r t i c l e 
mass, e.g. 2 9Si£ (58), 5 8 N i + (58), 1 1 6 S n + + (58); 1 0 7 A g + (107), 
2 7 A l t (108); 27Alt (135), 6 9 G a 2 (138); 6 9Ga£ (207), 2 0 9 B i + (209); 
1 9 7 A u t + (295.5), 1 1 8 S n r (295); and 2 0 W (414), 1 1 8 S n J + (413). 
For example, experiments might be conducted with ions from one or 
more of these groups to d i s t i n g u i s h between l i n e a r and nonlinear 
c o l l i s i o n processes (34). This author and h i s co-workers r e c e n t l y 
described an apparatus that combines a LMI source and a Wien f i l t e r 
to produce a focused beam of p a r t i c l e s which are sele c t e d by mass 
and type (28). When completed, t h i s v e r s a t i l e probe w i l l be used 
to i n v e s t i g a t e secondary emission from l i q u i d organic matrices. 

This same group of i n v e s t i g a t o r s has also been developing a 
combined gravimetric/scintillât ion counting technique for measuring 
t o t a l secondary p a r t i c l e y i e l d s from l i q u i d organic s o l u t i o n s 
(28,35). P r e l i m i n a r y r e s u l t s , Figures 4 and 5, from measurements 
on g l y c e r o l s o l u t i o n s are s u r p r i s i n g . The t o t a l p a r t i c l e y i e l d s 
from g l y c e r o l bombarded by 3-5 keV indium ions are i n the range of 
1000-4000, two to three orders of magnitude higher than those 
g e n e r a l l y observed for metals i n t h i s energy range. The y i e l d s f o r 
moderately concentrated sugar s o l u t i o n s appear to be twice as large 
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F i g u r e 4 . T o t a l p a r t i c l e y i e l d s o f g l y c e r o l v e r s u s p r i m a r y i o n 
e n e r g y : I n - L M I s o u r c e . 
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[sucrose] (M) 

F i g u r e 5 . T o t a l p a r t i c l e y i e l d s o f s u c r o s e v e r s u s s u c r o s e 
c o n c e n t r a t i o n i n g l y c e r o l : I n - L M I s o u r c e . 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



7. B A R O F S K Y Liquid Metal Ion Sources 121 

as those for pure g l y c e r o l . The y i e l d s f o r both the pure m a t e r i a l 
and the s o l u t i o n s are n o n l i n e a r l y i n c r e a s i n g functions of energy. 
Sucrose y i e l d as a f u n c t i o n of s o l u t i o n c o n c e n t r a t i o n , Figure 5, i s 
e s s e n t i a l l y l i n e a r over the range s t u d i e d . P o s i t i v e and negative 
secondary i o n i z a t i o n e f f i c i e n c i e s of sucrose were estimated from 
cursory ion y i e l d measurements to be about 1x10 5 and 4x10 ** 
r e s p e c t i v e l y . + R e s u l t s s i m i l a r to those f o r sucrose were obtained 
for the (M+l) i o n of adenosine. 

A n a l y t i c a l a p p l i c a t i o n s 

This author and h i s associates i n i t i a t e d t h e i r work with LMI 
e m i t t e r s to determine' i f they would be u s e f u l i n fundamental 
i n v e s t i g a t i o n s of secondary ion emission from l i q u i d organic 
matrices. As a r e s u l t , the i n i t i a l experiments with LMI sources 
were performed on samples d i s s o l v e d i n g l y c e r o l i n the same manner 
as i s commonly done fo
molecular ions of the sampl
these experiments (24,25,27). For example, the abundance of the 
(M + Na) ion of stachyose produced from a g l y c e r o l matrix by 
bombardment with gold ions was found to be about 50 times that 
produced with a n e u t r a l argon beam and about 15 times that produced 
with a n e u t r a l xenon beam; the energies and current d e n s i t i e s at 
the target were comparable for a l l of the primary beams. 

The large gain i n molecular ion abundance obtained by changing 
from a primary beam of argon atoms to one of gold ions cannot be 
explained on s t r i c t l y t h e o r e t i c a l grounds and may be p a r t i a l l y due 
to d i f f e r e n c e s i n mounting the primary sources ( 2_7 ) . Regardless 
of i t s e x p l a n a t i o n , i t demonstrates that a l t e r n a t e primary source 
c o n d i t i o n s e x i s t which can s i g n i f i c a n t l y increase the s e n s i t i v i t y 
i n SIMS of compounds i n l i q u i d organic s o l u t i o n s . Examples which 
demonstrate the p o t e n t i a l u t i l i t y of t h i s increased s e n s i t i v i t y 
have been published elsewhere (24,25,27). 

Because of i t s point source c h a r a c t e r i s t i c , the LMI emitter i s 
p a r t i c u l a r l y w e l l s u i t e d to producing f i n e l y focused beams. I t may 
be p o s s i b l e to take advantage of t h i s focusing c h a r a c t e r i s t i c to 
increase the s e n s i t i v i t y of SIMS for organic compounds. Focusing 
the primary beam to a very small spot on the sample target can, 
with the proper source geometry, reduce the area which must be 
covered by sample. This could be taken advantage of to 
s i g n i f i c a n t l y reduce the a c t u a l amount of sample required for mass 
a n a l y s i s and, consequently, achieve an increase i n a n a l y t i c a l (not 
j u s t instrumental) s e n s i t i v i t y . Because n e u t r a l atom beams cannot 
be focused, i t would not be p o s s i b l e to implement t h i s method of 
i n c r e a s i n g s e n s i t i v i t y with FAB sources. In t h i s respect an ion 
beam i s superior to an atom beam. 

Chiat and F i e l d (33) have r e c e n t l y i n v e s t i g a t e d the use of a 
focused, pulsed LMI source i n combination with a t i m e - o f - f l i g h t 
mass spectrometer for i n c r e a s i n g the s e n s i t i v i t y of analyses by 
s t a t i c SIMS. Their p r e l i m i n a r y r e s u l t s are noteworthy. Using a 
primary beam focused to 100 μπι diameter and average ion current 
d e n s i t i e s of 0.6-60 nA/cm2 at the t a r g e t , they were able to o b t a i n 
u s e f u l molecular weight information from as l i t t l e as l x l 0 " 1 5 m o l e 
of c r y s t a l v i o l e t and 3 x 1 ο " 1 2mole of leucine-enkephalin, a 
neuropentapeptide. A c t u a l l y , only 6% of the t o t a l sample introduced 
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into the mass spectrometer was bombarded by the primary beam 
i n d i c a t i n g that the mass s p e c t r a l information was being obtained on 
jus t 6x10 1 7mole and 2x10 * 3mole r e s p e c t i v e l y of these two 
compounds. These i n v e s t i g a t o r s concluded from there findings that 
s u b s t a n t i a l improvement in s e n s i t i v i t y can be obtained by applying 
sample only to the area struck by the primary beam and that the 
inherent l i m i t a t i o n in s e n s i t i v i t y by t h i s method w i l l a r i s e i n 
pr a c t i c e from an i n a b i l i t y to handle very small amounts of material 
c l e a n l y . 

S t o l l , et a l (36) r e c e n t l y reported the operation of an ion 
microprobe that i n d i r e c t l y demonstrated the p o t e n t i a l for higher 
s e n s i t i v i t y i n the dynamic SIMS mode when a f i n e l y focused primary 
ion beam i s employed. The ion microprobe consisted of a focused 1MI 
source, capable of producing a beam spot < 1 pm and an ion 
current density on the order of 1 A/cm2 at the target, attached to 
a high r e s o l u t i o n double focusing mass spectrometer (VG ZAB-2F) 
(37). To maintain both optimu
spectrometer and s p a t i a
r e l a t i v e l y large f i e l d of view (6 mm χ 6 ram), two, h i g h - p r e c i s i o n , 
p i e z o e l e c t r i c l i n e a r motors were used to move the sample probe i n a 
X-Y plane perpendicular to the incident primary ion beam without 
d e f l e c t i n g the l a t t e r . This system was used to image a f i n e Ni-wire 
mesh (500 mesh, 25 μπι wire diameter) with secondary ions of 
various organic compounds which had been deposited on the mesh; for 
example, a molecular image of the mesh was produced with a Fomblin 
ion at 1281 Daltons. Because of the very small beam dimension, the 
molecular weight of the imaging ion, and the use of a magnetic 
sector instrument, t h i s experiment i n d i r e c t l y i n d i c a t e s a high 
s e n s i t i v i t y . It suggests that only a very small absolute amount of 
l i q u i d sample s o l u t i o n would be required for a n a l y s i s with t h i s 
instrument. 

Although only l i m i t e d r e s u l t s have been reported to date, LMI 
sources do appear to have p o t e n t i a l for p r a c t i c a l , a n a l y t i c a l 
a p p l i c a t i o n s in SIMS of organic compounds. 
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Fast Atom Bombardment Mass Spectrometry Technique 
and Ion Guns 

Julius Perel 

Phrasor Scientific, Inc., Duarte, CA 91010 

The FABMS (Fast Atom Bombardment Mass Spectrometry) 
technique is reviewed in this chapter with emphasis 
upon laboratory instrumentation and procedures. 
Several popularly used primary beam guns are described 
including the effects
Illustrative equations
to the primary impingement rates are presented. Geo
metrical arrangements between the primary beam, the 
sample target surface and the analyzer axis are illus
trated. Solutions are suggested to overcoming limita
tions encountered in retrofitting FAB on mass spectro
meters. Testing procedures are outlined along with 
matrix considerations. Sources of noise generated 
during particle impingement are examined. Some new 
experimental techniques are discussed which lead to 
increasing signal-to-noise ratios. Finally, SIMS 
(Secondary Ion Mass Spectrometry) is shown to be 
available to spectrometrists who have FABMS. 

B a c k g r o u n d 

A l t h o u g h t h e FABMS ( F a s t A tom Bombardment M a s s S p e c t r o m e t r y ) t e c h 
n i q u e h a s o n l y b e e n i n u s e f o r a f ew s h o r t y e a r s ( s i n c e 1 9 8 1 ) , i t 
t r a c e s i t s r o o t s b a c k w e l l o v e r a c e n t u r y ( 1 ) . I t h a s b e e n o b s e r v e d 
t h a t t h e bombardment o f a s u r f a c e b y e n e r g e t i c i o n s p r o d u c e s t h e d e 
s o r p t i o n o f a toms and m o l e c u l e s f r o m t h e s u r f a c e o f t h e t a r g e t . T h i s 
p r o c e s s , known a s S p u t t e r i n g , p r o d u c e s a y i e l d (number o f a toms s p u t 
t e r e d p e r i n c i d e n t i o n ) w h i c h g e n e r a l l y i n c r e a s e s w i t h t h e e n e r g y , 
t h e mass and t h e i n c i d e n c e a n g l e o f bombardment ( 2 ) . 

O n l y a s m a l l f r a c t i o n , p e r h a p s 1 p e r c e n t o f t h e s p u t t e r e d p a r 
t i c l e s , w e r e f o u n d t o be c h a r g e d ( 3 ) . B o t h p o s i t i v e and n e g a t i v e 
c h a r g e s w e r e f o u n d , d e p e n d i n g u p o n ~ t h e t a r g e t m a t e r i a l s . When mass 
a n a l y s i s was a p p l i e d t o t h e p r o c e s s , i t was t h e n known as S e c o n d a r y 
I o n M a s s S p e c t r o m e t r y ( S I M S ) . S u b s e q u e n t l y , SIMS h a s b e e n an i m p o r 
t a n t a i d i n i n v e s t i g a t i n g t h e s u r f a c e m a t e r i a l , t h e u n d e r l y i n g com
p o s i t i o n c a n a l s o be a n a l y z e d , l e a d i n g t o t h e t e c h n i q u e o f d e p t h p r o 
f i l i n g . M e t h o d s w e r e d e v e l o p e d t o d e p o s i t o r g a n i c s a m p l e s o n 
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s u r f a c e s w h i c h w e r e t h e n s u b j e c t e d t o S I M S . T h i s was known a s 
O r g a n i c SIMS o r M o l e c u l a r S I M S , and became i n t e r e s t i n g t o b i o 
c h e m i s t s ( 3 - 5 ) . N o n - v o l a t i l e o r g a n i c s a m p l e s c a n be a n a l y s e d u s i n g 
t h i s t e c h n i q u e . H o w e v e r , t h i s me thod s u f f e r s f r o m s h o r t s a m p l e l i f e 
t i m e . When a s a m p l e e x i s t s a s a m o n o l a y e r , one i s l i m i t e d t o a b o u t 
1 0 1 2 m o l e c u l e s o n a t y p i c a l s p e c t r o m e t e r t a r g e t a r e a . T h u s l o w bom
b a r d i n g i o n c u r r e n t d e n s i t i e s w e r e r e q u i r e d t o e x t e n d t h e l i f e t i m e , 
b u t t h i s i n t u r n r e s u l t e d i n l o w s i g n a l s ( 1 , 6 ) . 

A n i n n o v a t i o n i n t r o d u c e d b y B a r b e r and c o l l e a g u e s ( 7 - 9 ) a l l o w e d 
t h e o b s e r v a t i o n o f n o n - v o l a t i l e and t h e r m a l l y l a b i l e m o l e c u l e s w i t h 
a d e q u a t e s a m p l e l i f e t i m e . The s a m p l e compound , d i s s o l v e d i n g l y c e r o l , 
was p l a c e d o n a p r o b e t i p and i n t r o d u c e d i n t o t h e s p e c t r o m e t e r . Bom
b a r d m e n t b y f a s t n e u t r a l a toms p r o d u c e d d e s o r b e d m o l e c u l a r i o n s w i t h 
some f r a g m e n t a t i o n s p e c t r a . F a s t a toms w e r e c h o s e n b e c a u s e t h e y w e r e 
n o t s l o w e d o r d e f l e c t e d b y t h e p o s i t i v e v o l t a g e o n t h e i o n i z a t i o n 
s o u r c e o f t h e m a g n e t i c s e c t o r mass s p e c t r o m e t e r u s e d o n t h e s e f i r s t 
t e s t s and t h e y a v o i d e d c h a r g i n
t e c h n i q u e became known a
( F A B M S ) , t h e new i n n o v a t i o n was t h e u s e o f t h e l i q u i d m a t r i x t o c o n 
t a i n t h e s a m p l e . W e l l known i n t h e e a r l i e r s p u t t e r i n g and SIMS r e 
s e a r c h , c h a r g i n g was n o t a p r o b l e m and f a s t i o n s p e r f o r m e q u a l l y w e l l 
a s f a s t a toms ( 1 , 1 0 , 1 1 ) . O t h e r names , s u c h as L i q u i d SIMS h a v e 
b e e n s u g g e s t e d f o r t h i s p r o c e s s , b u t s o f a r F A B M S , a m i s n o m e r , r e 
m a i n s r o o t e d . FABMS s h o u l d be d e f i n e d as a p r o c e s s o f a tom a n d / o r 
i o n bombardment o f a l i q u i d c o n t a i n i n g a s a m p l e compound d i s s o l v e d o r 
f l o a t i n g i n o r d e r t o d e s o r b m o l e c u l a r i o n s f o r a n a l y s i s w i t h a mass 
s p e c t r o m e t e r . 

Guns T h a t P r o d u c e t h e P r i m a r y Beams 

S e v e r a l guns h a v e b e e n u s e d t o p r o d u c e t h e p r i m a r y beam t o bombard 
t h e FABMS t a r g e t ( 1 2 ) . T h e s e beams a r e composed o f f a s t n e u t r a l 
a toms o r i o n s , o r a m i x t u r e o f t h e t w o . I t does n o t a p p e a r t h a t t h e 
c h a r g e s t a t e i s c r i t i c a l , b e c a u s e d e s o r p t i o n i s p r o d u c e d by momentum 
t r a n s f e r . Some o f t h e guns and t h e c h a r a c t e r i s t i c s o f t h e beams a r e 
e x a m i n e d i n t h i s s e c t i o n . 

The S a d d l e - F i e l d Gun The S a d d l e - F i e l d G u n , c a p a b l e o f p r o d u c i n g b o t h 
f a s t a toms and i o n s , was f i r s t c o m m e r c i a l l y i n t r o d u c e d f o r FABMS 
a n a l y s i s ( 7 , 1 3 ) . E l e c t r o n o s c i l l a t i o n s a r e i n d u c e d i n t h e gun cham
b e r b y e l e c t r o s t a t i c f i e l d s a p p l i e d b e t w e e n t h e p o s i t i v e anode and 
t h e n e g a t i v e ( g r o u n d e d ) c a t h o d e a s s e e n i n F i g u r e 1. E l e c t r o n s 
a c c e l e r a t e d f r o m t h e c a t h o d e r e g i o n t o w a r d t h e a n o d e , p a s s t h r o u g h 
t h e c e n t r a l o p e n i n g s b e c a u s e o f t h e f i e l d c o n f i g u r a t i o n . Upon 
a p p r o a c h i n g t h e c a t h o d e on t h e o t h e r s i d e , t h e y a r e s l o w e d , t h e n r e 
t u r n t o w a r d t h e anode a g a i n t o r e p e a t t h e r e v e r s e t r a j e c t o r y . I o n s 
a r e g e n e r a t e d by e l e c t r o n i m p a c t u p o n t h e gas a toms i n t r o d u c e d i n t o 
t h e gun c h a m b e r , t h u s f o r m i n g a p l a s m a i n w h i c h new e l e c t r o n s a r e 
g e n e r a t e d . I o n s a c c e l e r a t e d t o w a r d t h e u p p e r anode c a n p a s s t h r o u g h 
t h e a p e r t u r e t o f o r m a n i o n beam. The beam c u r r e n t i s c o n t r o l l e d by 
v a r y i n g t h e v o l t a g e a n d / o r t h e gas f l o w . F a s t a toms a r e b e l i e v e d t o 
a r i s e when t h e f a s t i o n s c a p t u r e an e l e c t r o n d u r i n g an i o n - e l e c t r o n 
c o l l i s i o n ( 1 3 ) . B e c a u s e o f t h e more f a v o r a b l e c o l l i s i o n c r o s s s e c 
t i o n s , i t a p p e a r s more p r o b a b l e t h a t f a s t a toms a r i s e f r o m i o n - a t o m 
c h a r g e t r a n s f e r c o l l i s i o n s . 
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The C a p i l l a r i t r o n The C a p i l l a r i t r o n i o n s o u r c e ( F i g u r e 2) c o n s i s t s 
o f a f i n e b o r e (25μιη) c a p i l l a r y n o z z l e a n d a c o n c e n t r i c e x t r a c t o r 
e l e c t r o d e ( 1 4 - 1 6 ) . By f l o w i n g a gas o r v a p o r t h r o u g h t h e c a p i l l a r y , 
a m i c r o d i s c h a r g e o r p l a s m a i s f o r m e d a t t h e e x i t o r i f i c e when a v o l 
t a g e (> 2kV) i s a p p l i e d b e t w e e n t h e c a p i l l a r y and t h e g r o u n d e d e x t r a c 
t o r e l e c t r o d e . The s m a l l d i m e n s i o n s o f t h e c a p i l l a r y o r i f i c e and 
o v e r a l l n o z z l e s h a p e a r e i m p o r t a n t f a c t o r s i n t h e i n i t i a t i o n and 
s t a b i l i t y o f t h e p l a s m a and s u b s e q u e n t i o n / a t o m beam. T h e s e s m a l l 
d i m e n s i o n s a l l o w guns t o b e d e s i g n e d t o accommodate t i g h t a r e a s s u c h 
a s i n t h e c a s e o f t h e D I P G u n . I o n s g e n e r a t e d by t h e p l a s m a a r e 
a c c e l e r a t e d b y t h e e l e c t r i c f i e l d a t t h e n o z z l e t i p t o f o r m a beam. 
Some o f t h e i o n s , when c o l l i d i n g w i t h gas a toms e m e r g i n g f r o m t h e 
o r i f i c e , a r e n e u t r a l i z e d b y c h a r g e t r a n s f e r and s o become f a s t a t o m s . 
T h e s e f a s t a toms compose a p p r o x i m a t e l y h a l f o f t h e e n e r g e t i c beam 
( 1 5 ) . The beam c u r r e n t i s a l s o c o n t r o l l e d b y t h e v o l t a g e and gas 
f l o w r a t e . T y p i c a l l y x e n o n i s recommended a s t h e gas f e e d i n t o t h e 
gun b e c a u s e o f i t s h i g h
c a n p r o d u c e FAB s p e c t r a

The C e s i u m I o n Gun The C e s i u m Gun was i n t r o d u c e d a s a FABMS gun 
b e c a u s e t h e i o n mass i s l a r g e , c l o s e t o t h a t o f x e n o n , and b e c a u s e i t 
d o e s n o t p r o d u c e a gas l o a d ( 1 2 ) . Gas f e d guns p r o d u c e a gas l o a d 
w h i c h d e g r a d e s s p e c t r a o n s p e c t r o m e t e r s h a v i n g i n s u f f i c e n t p u m p i n g 
s p e e d . O p e r a t i o n o f t h i s gun c a n be e x p l a i n e d w i t h t h e h e l p o f 
F i g u r e 3 . I o n s a r e t h e r m i o n i c a l l y e m i t t e d f r o m t h e a l k a l i a l u m i n o -
s i l i c a t e s o l i d m a i n t a i n e d a t a h i g h t e m p e r a t u r e (~ 1 0 0 0 ° C ) whe re t h e 
a l k a l i s p e c i e s h a v e r e l a t i v e l y f r e e movement . Upon d e s o r p t i o n f r o m 
t h e s u r f a c e t h e i o n s a r e a c c e l e r a t e d b y t h e e l e c t r i c f i e l d s a p p l i e d 
b e t w e e n t h e e m i t t e r and t h e a c c e l o r g r o u n d e d e l e c t r o d e . T o t a l e m i s 
s i o n c u r r e n t f r o m t h e h e a t e d e m i t t e r s u r f a c e i s a s t r o n g f u n c t i o n o f 
t h e t e m p e r a t u r e . V i r t u a l l y no f a s t o r s l o w a t o m s a r e p r e s e n t and t h e 
i o n beam e n e r g y d i s t r i b u t i o n i s v e r y n a r r o w . T h i s n a r r o w e n e r g y 
s p r e a d w i t h t h e h e l p o f t h e l e n s shown i n t h e f i g u r e , a l l o w s f o r beam 
f o c u s i n g w h i c h i s n o t r e a d i l y a v a i l a b l e w i t h some o f t h e gas s o u r c e s . 
The C e s i u m Gun h a s b e e n r e p o r t e d t o p r o d u c e c l e a n e r s p e c t r a w i t h 
l o w e r n o i s e t h a n t h e g a s - t y p e gun ( 1 8 ) . 

O t h e r P r i m a r y Beam Guns The L i q u i d M e t a l I o n i z a t i o n ( L M I ) s o u r c e , 
a l s o a n o n - g a s - f e d s o u r c e , o p e r a t e s o n t h e p r i n c i p l e o f p r o d u c i n g a 
c o n e - l i k e apex o n t h e s u r f a c e o f a l i q u i d m e t a l e x p o s e d t o an i n t e n s e 
e l e c t r i c f i e l d . A t t h e l i q u i d c o n e a p e x , t h e f i e l d s a r e s u f f i c i e n t l y 
h i g h (> 1 0 9 V / m ) t o e x t r a c t i o n s b y a f i e l d e m i s s i o n p r o c e s s . I n 
o r d e r t o p r o d u c e t h e h i g h f i e l d s r e q u i r e d f o r i o n e m i s s i o n u s i n g 
m o d e r a t e e x t r a c t i o n v o l t a g e s (< l O k V ) , s h a r p , p o i n t e d e m i t t e r s w e t t e d 
b y a l i q u i d m e t a l a r e g e n e r a l l y e m p l o y e d . M o l e c u l a r SIMS s t u d i e s 
w e r e made u s i n g a l i q u i d m e t a l i o n s o u r c e ( 1 9 ) . 

R a d i o a c t i v e f i s s i o n p r o d u c t s t r a v e l l i n g w i t h v e r y h i g h e n e r g i e s 
(MeV) h a v e a l s o b e e n u s e d t o d e s o r b m o l e c u l a r i o n s f r o m a s u r f a c e 
( 2 0 ) . 

E f f e c t s o f P r i m a r y Beam S p e c i e s P r e d i c t i o n o f FABMS s o u r c e s p u t t e r 
i n g y i e l d s c a n b e g e n e r a l l y s u p p o r t e d b y a v a i l a b l e d a t a o n s e c o n d a r y 
i o n e m i s s i o n c o e f f i c i e n t s . F o r s e c o n d a r y i o n s d e t e c t e d a t z e r o a n g l e 
w i t h r e s p e c t t o t h e s u r f a c e n o r m a l , t h e s e c o n d a r y i o n e m i s s i o n y i e l d 
g e n e r a l l y i n c r e a s e s w i t h t h e mass o f t h e p r i m a r y i o n s b e c a u s e o f t h e 
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i n c r e a s e d momentum t r a n s f e r d u r i n g t h e i o n - t a r g e t c o l l i s i o n s . A r g o n 
(40 amu) i s o f t e n u s e d a s t h e p r i m a r y beam gas b e c a u s e o f i t s a v a i l 
a b i l i t y and l o w c o s t . I n c r e a s e d s e c o n d a r y i o n y i e l d s w e r e o b s e r v e d 
u n d e r x e n o n (131 amu) a t o m / i o n bombardment (21) w h i c h l e d t o o t h e r 
a p p r o a c h e s s u c h a s n o n - g a s - f e d s o u r c e s u s i n g c e s i u m i o n s (133 amu) 
w i t h a mass c l o s e l y m a t c h i n g t h a t o f x e n o n . F u r t h e r e f f o r t s t o i n 
c r e a s e t h e mass o f t h e b o m b a r d i n g s p e c i e s h a s s e e n t h e u s e o f a m e r 
c u r y (200 amu) i o n beam o b t a i n e d u s i n g a s a d d l e - f i e l d i o n s o u r c e 
( 2 2 ) . M e r c u r y r e p r e s e n t s one o f t h e h i g h mass a t o m i c i o n s g e n e r a t e d 
b y c o n v e n t i o n a l i o n s o u r c e s and was r e p o r t e d t o p r o d u c e a n e n h a n c e 
ment o f t h e s e c o n d a r y i o n s i g n a l . A n a t t e m p t t o e x c e e d t h e mass 
l i m i t a t i o n i m p o s e d b y m o n a t o m i c e l e m e n t s h a s r e s u l t e d i n FABMS 
s t u d i e s i n v o l v i n g m o l e c u l a r i o n s ( 2 3 ) . S i l o x a n e ( d i f f u s i o n pump 
f l u i d ) u s e d w i t h a s a d d l e - f i e l d i o n s o u r c e , s i m i l a r t o t h e m e r c u r y 
i n v e s t i g a t i o n s , p r o d u c e d 531 amu i o n s whose bombardment gave a r e 
p o r t e d enhancemen t i n t h e s e c o n d a r y i o n y i e l d . 

R e c e n t d e v e l o p m e n t
f o r i n c r e a s i n g s e c o n d a r
s p e c i e s i n v e s t i g a t e d w e r e o f t h e t y p e M z w h e r e M = Ga , I n , S i A u 
o r B i . M a s s a n a l y s i s o f t h e beam c o m p o s i t i o n o f L M I s o u r c e s r e v e a l 
t h e p r e s e n c e o f c l u s t e r and m u l t i p l y - c h a r g e d i o n s , i n a d d i t i o n t o 
t h e p r e d o m i n a n t M i o n . T h e s e c o m p l e x m u l t i p l y - c h a r g e d s p e c i e s p r o 
v i d e a means f o r i n c r e a s i n g t h e bombardment e n e r g y w i t h o u t t h e n e e d 
f o r h i g h a c c e l e r a t i n g v o l t a g e s and t h e r e b y i n c r e a s i n g t h e s e c o n d a r y 
i o n y i e l d . F u t u r e a p p r o a c h e s may see FABMS guns w h i c h bombard 
o r g a n i c s a m p l e s u r f a c e s b y c h a r g e d g l y c e r o l c l u s t e r s i n t h e r a n g e o f 
10A (~10 5 amu) t o 100A d r o p l e t s ( - l O ^ a m u ) . 

A l t h o u g h i t i s c l e a r f r o m t h e a b o v e d i s c u s s i o n t h a t i n c r e a s e d 
mass o f t h e p r i m a r y i o n s p e c i e s l e a d s t o h i g h y i e l d s , n e a r l y any i o n 
c o u l d b e u s e d . S u c c e s s f u l FABMS s p e c t r a w e r e o b t a i n e d u s i n g n i t r o 
gen ga s when i n e r t g a s e s w e r e n o t a v a i l a b l e f o r t h e C a p i l l a r i t r o n . 
E v e n when gas f r o m a t a n k i s n o t a v a i l a b l e , w h i c h h a s o c c u r e d a t 
t r a d e show e x h i b i t i o n s , a i r f r o m t h e room was u s e d t o o b t a i n good 
s p e c t r a a s s e e n i n F i g u r e ( 4 ) . 

P r i m a r y I o n F l u x D e s o r p t i o n r a t e s i n c r e a s e w i t h h i g h e r p r i m a r y i o n 
f l u x r a t e s u n t i l s a t u r a t i o n e f f e c t s s e t i n . S a t u r a t i o n may be due 
t o d e p l e t i o n o f s a m p l e , l o s s o f m a t r i x o r r e p l e n i s h m e n t n o t k e e p i n g 
up t o t h e d e s o r p t i o n r a t e . 

Assume t h e p r i m a r y i o n c u r r e n t l e a v i n g t h e gun i s i n t h e r a n g e 
o f one m i c r o a m p e r e . A f t e r t r a v e l l i n g a d i s t a n c e o f 10cm t h e c u r r e n t 
d e n s i t y ( j ) i s a b o u t Ι μ Α / c m 2 when t h e s p r e a d i s a b o u t 5 ° . I f 
t h e t a r g e t a r e a (a) i s 5mm2 t h e n t h e p r i m a r y i o n beam ( i ) b o m b a r 
d i n g t h e t a r g e t i s g i v e n b y 

i = J a = ( 1 0 - 6 A ) ( 0 . 0 5 c m 2 ) _ χ ^ ( 1 ) 

2 
cm 

The number o f p r i m a r y i o n s p e r s e c o n d (n) b o m b a r d i n g t h e t a r g e t i s 

n = 1 = 5 * 1 0 " 8 A = 3 . 1 2 5 χ l O 1 1 ^ (2 ) 
6 1 .6 χ 1 0 _ 1 9 c o u l 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



130 DESORPTION M A S S S P E C T R O M E T R Y 

w h e r e e = 1.6 χ 10 1 9 c o u l t h e i o n i c ( o r e l e c t r o n i c ) c h a r g e . 
T y p i c a l l y t h e y i e l d o f s e c o n d a r y i o n s (Υ) , d e f i n e d as t h e r a t i o o f 
s e c o n d a r y t o p r i m a r y i o n c u r r e n t i s a b o u t 1 p e r c e n t . The s e c o n d a r y 
i o n c u r r e n t ( I ) i s t h e n 

I = i Y = 5 χ Ι Ο " 8 χ 0 . 0 1 = 5 χ 1 0 _ 1 0 A (3) 

o r 3 . 1 2 5 χ 1 0 9 i o n s / s e c . 

G e n e r a l l y , t h e s e c o n d a r y i o n c u r r e n t d e s o r b e d f r o m a s u r f a c e , b o m b a r d 
ed b y t h e p r i m a r y i o n s , i s composed o f v a r i o u s m a s s e s t h a t c a n b e r e 
s o l v e d b y t h e a n a l y z e r . We w i l l i n s t e a d assume t h e s a m p l e i s a 
s i n g l e mass o f 100 amu. C o n s i d e r a 100 nanogram o f s a m p l e mass (m) 
d i s s o l v e d i n a g l y c e r o l m a t r i x o f %\i!L and p l a c e d on t h e t a r g e t . The 
t o t a l number o f s a m p l e p a r t i c l e s (N) i s g i v e n b y 

m N o 1 0 "Ν = — — - jo

w h e r e m i s t h e s a m p l e m a s s , Ν i s A v a g a d r o ' s number 6 . 0 2 3 χ 1 0 2 3 

p a r t i c l e s p e r m o l e and M i s t h e m o l e c u l a r w e i g h t o f t h e s a m p l e i n 
g r a m s / m o l e , o r 100 amu i n t h i s e x a m p l e . 

I f t h e s a m p l e i s u n i f o r m l y d i s p e r s e d i n t h e g l y c e r o l w i t h a d e n 
s i t y o f 1 . 2 6 , t h e n t h e r e w o u l d be one s a m p l e m o l e c u l e f o r e v e r y 6900 
g l y c e r o l m o l e c u l e s . The FABMS p r o c e s s d e m o n s t r a t e s a much h i g h e r 
r a t i o o f s p u t t e r e d s a m p l e i o n s t o g l y c e r o l i o n s , o t h e r w i s e t h e s i g n a l 
w o u l d be t o t a l l y l o s t i n t h e g l y c e r o l s i g n a l ( n o i s e ) . T h i s l e a d s t o 
t h e b e l i e f t h a t a s a m p l e a m e n a b l e t o FABMS a n a l y s i s p r o b a b l y r e s i d e s 
m o s t l y o n t h e g l y c e r o l s u r f a c e . T h i s i s a l s o s e e n i n d a t a s h o w i n g 
s a m p l e d e p l e t i o n w i t h t i m e a c c o m p a n i e d b y a n i n c r e a s e i n t h e g l y c e r o l 
p e a k s . 

G e o m e t r y and M a s s S p e c t r o m e t e r L i m i t a t i o n s 

U n d e r c o n s i d e r a t i o n i s t h e g e o m e t r y o f t h e t a r g e t s u r f a c e i n r e l a t i o n 
t o t h e i n c i d e n t p r i m a r y beam and t h e d i r e c t i o n t o t h e a n a l y z e r . T h i s 
w i l l be f o l l o w e d b y an e x a m i n a t i o n o f l i m i t a t i o n s f o u n d o n mass s p e c 
t r o m e t e r s a l o n g w i t h s o l u t i o n s and s u g g e s t i o n s t o a i d i n c o n v e r t i n g 
t o F A B M S . 

G e o m e t r i c a l A r r a n g e m e n t s To a r r a n g e a p p r o p r i a t e a n d / o r o p t i m a l c o n 
d i t i o n s f o r s e c o n d a r y i o n e m m i s s i o n y i e l d , t h e g e o m e t r i c a l a n g l e s 
w i l l f i r s t be d e f i n e d . 

F i g u r e 5 shows t h e i n c i d e n t p r i m a r y beam i m p i n g i n g u p o n t h e t a r 
g e t c o n t a i n i n g a l i q u i d o r s o l i d s a m p l e . A n g l e o f p r i m a r y i o n i n c i 
d e n c e u p o n t h e t a r g e t s u r f a c e i s c o n v e n t i o n a l l y d e f i n e d w i t h r e s p e c t 
t o t h e s u r f a c e n o r m a l . T h e f i g u r e i l l u s t r a t e s t h e t y p i c a l FABMS 
a r r a n g e m e n t . The i o n gun p r o d u c i n g t h e p r i m a r y beam i s o f t e n a t a n 
a n g l e o f 9 0 ° w i t h t h e a x i s o f t h e a p e r t u r e s t o t h e a n a l y z e r . The 
s a m p l e a t t h e t i p o f t h e p r o b e i s i n t r o d u c e d i n t o t h e i o n s o u r c e 
u s i n g t h e vacuum l o c k i n l e t . When t h e t a r g e t i s r o t a t a b l e a b o u t t h e 
a x i s p e r p e n d i c u l a r t o t h e f i g u r e , t h e a n g l e o f i n c i d e n c e (Θ) c a n be 
v a r i e d . T h i s a l s o v a r i e s t h e a n g l e t o t h e a n a l y z e r ( φ ) s i n c e t h e s e 
two a n g l e s a r e c o m p l e m e n t a r y ( θ + φ = 9 0 ° ) . I t ha s b e e n f o u n d t h a t 
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t h e s p e c t r a l maximum h a s a n op t i mum v a l u e when θ = 6 4 ° ( 2 1 , 2 5 , 2 6 ) . 
F o r some s p e c t r o m e t e r s i t i s n o t p o s s i b l e t o r o t a t e t h e t a r g e t a b o u t 
t h a t a x i s b e c a u s e o f t h e p o s i t i o n o f t h e vacuum i n l e t , b u t i t i s 
p o s s i b l e t o a t t a i n t h i s o p t i m a l a n g u l a r a r r a n g e m e n t . F i g u r e 6 i s a 
t h r e e d i m e n s i o n a l d i a g r a m s h o w i n g t h e p r i m a r y beam and t h e a n a l y z e r 
a t 9 0 ° f r o m e a c h o t h e r and t h r e e d i f f e r e n t t a r g e t t i p c o n f i g u r a t i o n s 
a p p r o p r i a t e f o r d i f f e r e n t i n l e t s . T i p s h a p e s o n e a c h o f t h e t a r g e t s 
t h a t a c h i e v e t h e op t imum a n g l e d i s c u s s e d a b o v e a r e d e p i c t e d . 
F i g u r e 7 shows a c r o s s - s e c t i o n a l v i e w o f t h e t a r g e t s u r f a c e and how 
e a c h p r o b e t y p e f i t s t h e a r r a n g e m e n t i n i t i a l l y i l l u s t r a t e d i n 
F i g u r e 6 . E a c h t a r g e t h a s t h e same s u r f a c e i n common b u t e n t e r s 
a l o n g a d i f f e r e n t a x i s . I f t h e vacuum i n l e t i s n o t a l o n g a m a j o r 
a x i s , t h e t a r g e t a n g l e c a n s t i l l be made t o f i t t h e o p t i m a l a n g l e . 
S i m i l a r c o n f i g u r a t i o n s c a n be a n a l y z e d e v e n i f t h e p r i m a r y beam and 
t h e a n a l y z e r do n o t make an a n g l e o f 9 0 ° . O f a l l t h e p o s s i b l e d i f 
f i c u l t i e s e n c o u n t e r e d i n c o n v e r t i n g t o FABMS c a p a b i l i t y , i t i s t h e 
vacuum p r o b e i n l e t t h a t
a b s o l u t e r e q u i r e m e n t . 

P r e s s u r e P r o b l e m s Many o f t h e o l d e r and some o f t h e new s m a l l e r mass 
s p e c t r o m e t e r s h a v e r e l a t i v e l y l o w p u m p i n g c a p a c i t y . O f t e n t h e r e i s 
no d i f f e r e n t i a l p u m p i n g t o m i n i m i z e t h e s o u r c e l o a d o n t h e a n a l y z e r 
c h a m b e r . E x t r a pumps h a v e b e e n s u c c e s s f u l l y added t o s p e c t r o m e t e r s 
b u t t h i s r e q u i r e s a m a j o r a l t e r a t i o n t o t h e s p e c t r o m e t e r m a n i f o l d . 
The gas guns d e s c r i b e d p r e v i o u s l y p r o d u c e a gas l o a d s u c h t h a t t h e 
o p e r a t i o n a l p r e s s u r e c a n e x c e e d 10 ** to r r . T h i s w i l l d e g r a d e t h e 
s p e c t r a b y d e c r e a s i n g t h e s i g n a l , e s p e c i a l l y f o r t h e h i g h e r mass 
p e a k s . F i g u r e 8 shows t h e p e a k s i z e o f two P F T B A mass p e a k s as a 
f u n c t i o n o f p r e s s u r e . The e x c e s s p r e s s u r e was due t o x e n o n gas b l e d 
i n t o t h e e n t i r e chamber o f a b e n c h t o p mass s p e c t r o m e t e r , i n c l u d i n g 
t h e s o u r c e and t h e a n a l y z e r . The p r e s s u r e d a t a was n o t c o r r e c t e d f o r 
x e n o n b u t was made w i t h an i o n i z a t i o n gauge c a l i b r a t e d f o r n i t r o g e n . 
To c o r r e c t t h e p r e s s u r e t h e s e v a l u e s s h o u l d b e d i v i d e d b y a f a c t o r 
o f 2 . 5 . I t _ w o u l d be d e s i r a b l e t o o p e r a t e b e l o w 1 0 _ , * t o r r and p r e f e r 
a b l y 6 χ 10 5 t o r r o r l o w e r a s s e e n o n t h e c u r v e s . N e v e r t h e l e s s 
FABMS s p e c t r a c a n be t a k e n a t 2 χ 1 0 - l * t o r r , as shown i n F i g u r e 9 
( 2 7 ) . 

FABMS c a n be a c c o m p l i s h e d o n s p e c t r o m e t e r s h a v i n g l o w p u m p i n g 
s p e e d s , u s i n g t h e C e s i u m I o n G u n . T h i s gun c a u s e s no gas l o a d and 
p r o d u c e s v i r t u a l l y no n e u t r a l a toms a s d i s c u s s e d p r e v i o u s l y . The 
gun s h o u l d b e k e p t a t a r e a s o n a b l e d i s t a n c e f r o m t h e i o n i z a t i o n 
s o u r c e t o a v o i d h e a t i n g w h i c h c a n l i m i t t h e s a m p l e l i f e t i m e . 

F l a n g e P o r t D i f f i c u l t i e s S e v e r a l mass s p e c t r o m e t e r t y p e s i n u s e 
h a v e n o n - s t a n d a r d f l a n g e s f o r m o u n t i n g t h e FABMS g u n . Some do n o t 
h a v e c o n f i â t c o n f i g u r a t i o n s and o t h e r f l a n g e p o r t s a r e j u s t t o o 
s m a l l . B o t h d i f f i c u l t i e s c a n be s o l v e d u s i n g a f l a n g e a d a p t e r 
h a v i n g a c o n v e n t i o n a l m a t i n g f l a n g e a t one end t o f i t t h e gun and 
t h e m a t c h t o t h e s p e c t r o m e t e r f l a n g e a t t h e o t h e r e n d . G e n e r a l l y t h e 
gun f i t s i n s i d e t h i s a d a p t e r . I n some c a s e s t h i s p u t s t h e gun f a r 
f r o m t h e s o u r c e r e s u l t i n g i n l o w beam c u r r e n t d e n s i t i e s a t t h e t a r 
g e t . I t i s l e s s o f a p r o b l e m w i t h t h e C e s i u m Gun b e c a u s e i t i s more 
a m e n a b l e t o f o c u s i n g , w h i c h i s n o t r e a d i l y a v a i l a b l e t o t h e gas 
g u n s . A s e c o n d s o l u t i o n i s t h e u s e o f t h e M i n i F A C S g u n . D e s i g n e d 
t o f i t s m a l l f l a n g e o p e n i n g s , t h i s gun c o n f i g u r a t i o n b r i n g s t h e i o n 
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F i g u r e 4 . S p e c t r u m o f c e t a t s [ H e x a d e c y l t r i n e t h y l asmmonium 
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TO 
ANALYZER 

F i g u r e 7 . Opt imum a n g u l a r r e l a t i o n s h i p a t t h e FABMS t a r g e t . 
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F i g u r e 9 . S p e c t r u m o f Z o n y l FSC a f l u o r o s u r f a c t a n t [ R f CH2CH2SCH2-
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beam g e n e r a t o r t o w i t h i n 1cm o f t h e a p e r t u r e o n t h e mass s p e c t r o m e t e r 
i o n i z a t i o n s o u r c e . T h u s h i g h c u r r e n t d e n s i t i e s a r e m a i n t a i n e d e v e n 
when o p e r a t i n g a t l o w c u r r e n t l e v e l s . 

No F l a n g e P o r t A v a i l a b l e Some s p e c t r o m e t e r s h a v e no f l a n g e p o r t 
a v a i l a b l e f o r t h e FAB g u n . N e v e r t h e l e s s a FABMS c o n v e r s i o n c a n be 
made u s i n g t h e D I P Gun o n l y i f a vacuum i n l e t e x i s t s . The vacuum i n 
l e t mus t be l a r g e r t h a n o n e - q u a r t e r i n c h i n s i z e , p r e f e r a b l y one h a l f -
i n c h . D I P Guns h a v e b e e n made and t e s t e d h a v i n g d i a m e t e r s o f 11mm, 
0 . 4 7 8 i n c h e s and ^ i n c h . O f c o u r s e t h e D I P Gun c a n be u t i l i z e d and 
i s e v e n d e s i r a b l e i f a s p a r e vacuum p o r t i s a v a i l a b l e b e c a u s e i t i s 
s i m p l e t o i n s t a l l and a s s u r e s a l i g n m e n t b e t w e e n t h e gun and t h e 
t a r g e t ( 2 8 ) . 

The D I P Gun i s a n i n s e r t i o n p r o b e w h i c h c o n t a i n s b o t h t h e i o n 
gun and t h e t a r g e t t i p . T h i s d e s i g n , p l a c i n g t h e i o n g e n e r a t o r a t 
t h e end o f a n a r r o w p r o b e , was made p o s s i b l e u s i n g t h e C a p i l l a r i t r o n 
w h i c h h a s v e r y s m a l l d i m e n s i o n s
C a p i l l a r i t r o n i n t h e D I
r i g h t a f t e r i n s e r t i o n and t h e gun c a n b e removed i m m e d i a t e l y a f t e r 
b e c a u s e n e i t h e r h e a t i n g n o r c o o l i n g i s r e q u i r e d . 

The d e t a i l s o f t h e c o n f i g u r a t i o n a t t h e end o f t h e D I P Gun d e 
s i g n e d f o r a q u a d r u p o l e i s i l l u s t r a t e d i n F i g u r e 1 0 . The n o z z l e t i p , 
w h e r e t h e i o n beam i s g e n e r a t e d , i s l o c a t e d w i t h i n and a t t h e end o f 
t h e p r o b e s h a f t . The i o n beam p a s s e s a x i a l l y t h r o u g h t h e p r o b e t i p 
and i m p i n g e s u p o n t h e t a r g e t c o n t a i n i n g t h e s a m p l e . T h e t a r g e t w h i c h 
i s e l e c t r i c a l l y g r o u n d e d , h a s b e e n d e s i g n e d f o r q u a d r u p o l e mass s p e c 
t r o m e t e r s . A n e l e c t r i c a l l y i n s u l a t e d t a r g e t , shown i n F i g u r e 1 1 , i s 
u s e d w i t h a m a g n e t i c s e c t o r mass s p e c t r o m e t e r w h e r e i o n i z a t i o n 
s o u r c e s a r e o p e r a t e d a t s e v e r a l k i l o v o l t s . I n t h i s l a t t e r d e s i g n , 
t h e t a r g e t h o l d e r c o n t a c t s t h e i o n i z a t i o n s o u r c e b l o c k so a s t o 
a t t a i n t h e same v o l t a g e l e v e l . B e c a u s e t h e C a p i l l a r i t r o n g e n e r a t e s 
f a s t i o n s and a t o m s , b o t h e q u a l l y c a p a b l e o f d e s o r b i n g i o n s f r o m t h e 
s a m p l e s u r f a c e , f a s t a toms w i l l i m p i n g e u p o n t h e t a r g e t e v e n when t h e 
gun v o l t a g e i s l o w e r t h a n t h e i o n i z a t i o n s o u r c e v o l t a g e . 

S p e c i a l Gun M o u n t s The guns d e s c r i b e d a b o v e a r e mounted o n f l a n g e s o r 
o r i n t r o d u c e d t h r o u g h t h e vacuum l o c k . A few s p e c i a l i s t s h a v e moun
t e d t h e FABMS gun o n t h e mass s p e c t r o m e t e r i o n i z a t i o n s o u r c e s t r u c t u r e 
w i t h good r e s u l t s . T h e s e m o u n t i n g p r o c e d u r e s r e q u i r e c a r e f u l p l a n 
n i n g and a l t e r a t i o n s o f t h e s o u r c e s t r u c t u r e t o a s s u r e a l i g n m e n t and 
m i n i m a l o p e r a t i o n a l i n t e r f e r e n c e . 

R u d a t (29 ) h a s t a k e n t h e n o z z l e f r o m a C a p i l l a r i t r o n gun and 
m o u n t e d i t o n h i s s p e c t r o m e t e r s o u r c e . B e c a u s e o f t h e s m a l l d i s t a n c e 
b e t w e e n gun and t a r g e t , s u f f i c i e n t i o n bombardment i s a t t a i n e d a t v e r y 
l o w gun c u r r e n t s . C l o s e l y r e l a t e d t o t h i s w o r k i s t h a t o f McEwen who 
moun ted a c e s i u m gun o n h i s i o n i z a t i o n s o u r c e ( 3 0 ) . T h e gun f u n c t i o n 
ed b y u s i n g a f i l a m e n t t o h e a t c e s i u m c h l o r i d e s a l t s t h a t d r o v e o f f 
t h e c e s i u m . B e f o r e e m e r g i n g f r o m t h e gun t o w a r d t h e t a r g e t , c e s i u m 
v a p o r i s s u r f a c e i o n i z e d b y t h e f i l a m e n t , t h e n a c c e l e r a t e d by t h e 
i m p r e s s e d m o I t a g e . 

A d i f f e r e n t t y p e o f c e s i u m gun was mounted o n t h e i o n i z a t i o n 
s o u r c e and compared w i t h a c o n v e n t i o n a l gas gun ( 1 0 ) . T h i s c e s i u m 
gun o p e r a t e s o n t h e p r i n c i p l e s d e s c r i b e d e a r l i e r . The more f a v o r a b l e 
r e s u l t s r e p o r t e d w i t h t h e c e s i u m gun t e s t c o u l d be a t t r i b u t e d i n p a r t 
t o t h e b e t t e r f o c u s i n g p e r f o r m e d w i t h t h e c e s i u m gun and t h e s h o r t e r 
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d i s t a n c e t o t h e t a r g e t , i n a d d i t i o n t o o t h e r f e a t u r e s o f t h e c e s i u m 
beam, d i s c u s s e d l a t e r . 

S p e c t r o m e t e r T e s t s 

M a t r i x C o n s i d e r a t i o n s N o n - v o l a t i l e and t h e r m a l l y f r a g i l e m o l e c u l a r 
s a m p l e s a r e d i s s o l v e d i n a l i q u i d m a t r i x f o r i n t r o d u c t i o n i n t o t h e 
s p e c t r o m e t e r t o p e r f o r m FABMS m e a s u r e m e n t s . The p r o p e r t i e s g e n e r a l l y 
i m p o s e d u p o n t h e m a t r i x i n c l u d e : a b i l i t y t o d i s s o l v e s a m p l e s and 
p o s s e s s i o n o f l o w v a p o r p r e s s u r e t o e x t e n d l i f e t i m e i n t h e vacuum 
e n v i r o n m e n t . S a m p l e l i f e t i m e s h o u l d be s e v e r a l m i n u t e s t o be a b l e 
t o o p t i m i z e t h e s p e c t r a l s i g n a l and make s e v e r a l s p e c t r a l r u n s . Many 
o r g a n i c l i q u i d s t h a t s a t i s f y t h e s e r e q u i r e m e n t s h a v e b e e n u s e d t o o b 
t a i n FAB d a t a b y s e v e r a l i n v e s t i g a t o r s ( 7 , 3 1 , 3 2 ) . Two o f t h e more 
o f t e n u s e d m a t r i c e s a r e g l y c e r o l and t h i o g l y c e r o l I n a d d i t i o n , a 

l i q u i d m e t a l m a t r i x was u s e d t o f l o a t t h e s a m p l e t o o b t a i n FABMS 
s p e c t r a ( 3 3 ) . 

G l y c e r o l , t h e m o s t
C o n s i d e r a s a m p l e d i s s o l v e d i n g l y c e r o l and a d r o p l e t p l a c e d o n t h e 
t a r g e t . Assume a d r o p l e t v o l u m e o f 0 .5mm 3 w i t h a d e n s i t y o f 
1 . 2 6 g / c m 3 g i v i n g a mass o f 6 . 3 χ l O ' ^ g . The g l y c e r o l w i l l e v a p o r a t e 
i n t h e vacuum a t a r a t e w h i c h i s s t r o n g l y d e p e n d e n t u p o n t h e t e m p e r a 
t u r e . T h e e v a p o r a t i o n r a t e , m , i n g / s e c , i s g i v e n b y 

A ( - £ - ) = 5 . 8 3 3 χ 1 0 ~ 2 P # ) * * a 
s e c 1 

w h e r e Ρ i s t h e v a p o r p r e s s u r e i n t o r r , M i s t h e m o l e c u l a r w e i g h t , 
Τ i s t h e K e l v i n t e m p e r a t u r e and " a " i s t h e a r e a i n c m 2 . A t 2 0 ° C t h e 
v a p o r p r e s s u r e i s 1 .75 χ 1 0 _ l * t o r r and t h e e v a p o r a t i o n r a t e i s 
2 . 9 χ 10 7g/sec f r o m a s a m p l e w h o s e a r e a i s 5 m m 2 . A t t h i s r a t e t h e 
g l y c e r o l w o u l d l a s t 14 m i n u t e s and a t 4 0 ° C o n l y 5 m i n u t e s . A t 1 0 0 ° C 
i t w o u l d d i s a p p e a r i n a b o u t 2 s e c o n d s . T h i s i l l u s t r a t e s t h e i m p o r 
t a n c e o f m a i n t a i n i n g a c o o l e d t a r g e t and s o u r c e b e l o w 3 0 ° C . H e a t i n g 
t r a n s f e r t u b e s and a n a l y z e r s s h o u l d be a v o i d e d . D a t a c a n be t a k e n a t 
h i g h e r t e m p e r a t u r e s , b u t t h e s h o r t l i f e t i m e s r e q u i r e e x c e l l e n t p r e 
p a r a t i o n and i m p o s e i n s u f f i c i e n t t i m e f o r o p t i m i z a t i o n . 

T h e n e x t q u e s t i o n i s : w h a t i s t h e e f f e c t o f s p u t t e r i n g o n 
s a m p l e l i f e t i m e ? I f we assume t h a t t h e s p u t t e r i n g y i e l d i s u n i t y and 
t h e c u r r e n t i s 5 χ 1 θ " 8 Α , t h e s p u t t e r i n g r a t e w o u l d b e 3 χ 1 0 1 1 p a r t / 
s e c o r 4 . 6 χ 1 0 ~ 1 1 g / s e c . T h i s i s o v e r 6000 t i m e s l o w e r t h a n t h e e v a 
p o r a t i o n r a t e a t 2 0 ° C . E v e n i f t h e y i e l d w e r e h i g h e r and t h e i o n 
c u r r e n t r a i s e d , i t i s n o t l i k e l y t h a t t h e s p u t t e r i n g r a t e w o u l d c o m 
p e t e w i t h e v a p o r a t i o n . H o w e v e r , t h e i o n bombardment c a n h e a t t h e 
s a m p l e and t a r g e t s t r u c t u r e , r a i s e t h e t e m p e r a t u r e , and c a u s e more 
r a p i d e v a p o r a t i o n . 

I o n bombardment o f g l y c e r o l w i t h s a m p l e d i s s o l v e d c a n p r o d u c e 
m o l e c u l a r i o n s and g l y c e r o l c l u s t e r i o n s . F i e l d (34) s t u d i e d t h e 
e f f e c t s o f b o m b a r d i n g a g l y c e r o l s a m p l e t o s t u d y t h e p r o d u c t s . B e t t e r 
m o l e c u l a r i o n s p e c t r a w e r e f o u n d t o o c c u r when a c i d o r a l k a l i s a l t s 
w e r e added ( 2 ) . 

S p e c t r o m e t e r P r e p a r a t i o n To o p e r a t e w i t h s u f f i c i e n t s a m p l e l i f e t i m e , 
t h e i o n i z a t i o n s o u r c e and n e a r b y componen t s s u c h a s t h e t r a n s f e r t u b e 
and e x i t s l i t s s h o u l d be c o o l e d h o u r s b e f o r e i n i t i a t i n g t e s t s . T h i s 
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i s t o a s s u r e t h a t t h e s o u r c e t e m p e r a t u r e i s b e l o w 3 0 ° t o p r o d u c e 
s a m p l e l i f e t i m e s o f o v e r 10 m i n u t e s . The e l e c t r o n e m i t t i n g f i l a m e n t 
u s e d w i t h E I mus t b e t u r n e d o f f . I n some c a s e s i t h e l p s t o o p t i m i z e 
t h e s p e c t r o m e t e r p a r a m e t e r s t o f a v o r h i g h mass s e n s i t i v i t y . T h e n i t 
s h o u l d be b a l a n c e d o v e r t h e mass r a n g e a f t e r a p p r o p r i a t e h i g h mass 
p e a k s a r e o b s e r v e d . 

To a s s u r e t h a t p r o p e r gun o p e r a t i o n and a l i g n m e n t e x i s t , t h e 
f o l l o w i n g t e s t i n g p r o c e d u r e i s s u g g e s t e d . 
1. T u r n o n t h e FABMS Gun w i t h no t a r g e t i n t h e s o u r c e . The p r e s s u r e 

i n t h e s o u r c e chamber w i l l i n c r e a s e when a gas gun i s u s e d b u t 
show no e f f e c t w i t h a c e s i u m g u n . The s p e c t r u m o f t h e g a s , be i t 
x e n o n o r a r g o n , w i l l b e o b s e r v e d - o r c e s i u m f r o m a c e s i u m g u n . 

2 . I n s e r t t h e b a r e t a r g e t i n t o t h e s o u r c e and t u r n o n t h e i o n g u n . 
S p e c t r a o f t h e t a r g e t m a t e r i a l w i l l b e o b s e r v e d . T h i s i s 
a c t u a l l y a SIMS s p e c t r a . I f t h e t a r g e t m a t e r i a l i s s t a i n l e s s 
s t e e l , t h e s p e c t r u m w i l l show p e a k s i n t h e 50 t o 60 amu r a n g e f o r 
i s o t o p e s o f i r o n an
t h e t a r g e t t i p . N o t
v o l t a g e i s g e n e r a l l y i n e f f e c t u a l b e c a u s e o f s h i e l d i n g . H o w e v e r , 
a p p l y i n g v o l t a g e t o t h e t a r g e t , i f i t i s e l e c t r i c a l l y i s o l a t e d , 
c a n e n h a n c e t h e s i g n a l ( 2 6 ) . 

3 . P l a c e a d r o p l e t o f g l y c e r o l o n t h e t a r g e t and i n s e r t t h e p r o b e t o 
o b s e r v e t h e s p e c t r u m o f t h e g l y c e r o l monomer, d i m e r , t r i m e r , e t c . 
and d e r i v a t i v e s . O p t i m i z e t h e p a r a m e t e r s t o o b t a i n s t r o n g p e a k s 
and min imum n o i s e . 

4 . D i s s o l v e a known s a m p l e i n g l y c e r o l , p l a c e i t o n t h e t a r g e t , i n 
s e r t and t a k e t h e FAB s p e c t r u m . Compare t h e s p e c t r u m w i t h p u b 
l i s h e d s p e c t r a and o p t i m i z e t h e s i g n a l s . 

5 . T h e n one i s r e a d y t o m e a s u r e an unknown s a m p l e w i t h t h e k n o w l e d g e 
t h a t t h e FAB mode i s i n good o p e r a t i o n . 

T h i s s e r i e s o f t e s t s a s s u r e s t h a t : t h e gun i s o p e r a t i n g , t h e t a r g e t 
i s i n p l a c e , g l y c e r o l i s i n t h e c o r r e c t p l a c e , a known FAB s p e c t r u m 
i s d u p l i c a t e d . 

N o i s e When t h e s p e c t r a l s i g n a l s a r e l o w , FABMS s p e c t r a show a c o n 
t i n u o u s b a c k g r o u n d n o i s e . A p e a k w i l l show up a t v i r t u a l l y e a c h 
mass ( 3 2 ) . T h i s i s t h o u g h t t o be c a u s e d b y t h e v e r y p r o c e s s o f i o n / 
a tom bombardmen t . When t h e e n e r g e t i c i o n s / a t o m s s t r i k e t h e s a m p l e 
s u r f a c e , momentum i s t r a n s f e r r e d w h i c h c a u s e s t h e d e s o r p t i o n o f s p u t 
t e r e d m o l e c u l e s and i o n s a t p e r h a p s a s h o r t d i s t a n c e away f r o m t h e 
i m p a c t s i t e . B u t r i g h t a t t h e i m p a c t s i t e , t h e c o l l i s i o n c a u s e s 
f r a g m e n t a t i o n . Some o f t h e s e f r a g m e n t s a r e c h a r g e d and p r o d u c e p e a k s 
a l l o v e r t h e s p e c t r a l r a n g e . I n a d d i t i o n , f a s t i o n / a t o m s a r e r e f l e c 
t e d o f f t h e v a r i o u s s u r f a c e s a n d i n t o t h e a n a l y z e r r e g i o n . A mag
n e t i c s e c t o r s p e c t r o m e t e r w i l l n o t a l l o w t h e a toms t o r e a c h t h e d e 
t e c t o r b e c a u s e o f t h e c u r v e d p a t h and t h e i o n s do n o t h a v e t h e c o r 
r e c t e n e r g y t o p a s s t h r o u g h t h e c u r v e d p a t h t o p r o d u c e a s i g n a l . 
H o w e v e r , a q u a d r u p o l e w i l l t r a n s m i t f a s t a toms and f a s t i o n s w i t h no 
d i s c r i m i n a t i o n w h i c h p r o d u c e s n o i s e . One w o u l d e x p e c t t h a t x e n o n , 
more so t h a n a r g o n , w o u l d p r o d u c e a l o w e r n o i s e l e v e l , o r h i g h e r 
s i g n a l - t o - n o i s e r a t i o b e c a u s e f e w e r p r i m a r y i o n s / a t o m s a r e r e q u i r e d 
t o p r o d u c e a c o m p a r a b l e s i g n a l . C e s i u m i o n s w e r e f o u n d t o be e v e n 
more f a v o r a b l e i n p r o d u c i n g l o w n o i s e o n a q u a d r u p o l e , a s d i s c u s s e d 
p r e v i o u s l y and shown i n F i g u r e 12 ( 1 8 J . M u c h o f t h e n o i s e i s a t t r i 
b u t e d t o f a s t a toms w h i c h a r e t h o u g h t t o u n d e r g o p r i m a r y s c a t t e r i n g 
and more r e a d i l y p a s s t h r o u g h t h e a n a l y z e r . 
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Some New and O l d T e c h n i q u e s 

I n c o n s i d e r i n g t h e many p o s s i b l e a r r a n g e m e n t s o f g u n , t a r g e t and 
a n a l y z e r , t h e d i r e c t i o n mos t a v o i d e d i s " i n - l i n e " . When t h e p r i m a r y 
beam i s f i r e d i n l i n e w i t h t h e a n a l y z e r , t h e beam i o n s c o n t r i b u t e 
g r e a t l y t o t h e n o i s e b a c k g r o u n d w i t h o u t e v e n b e i n g s c a t t e r e d . How
e v e r , two s u c c e s s f u l e x a m p l e s o f n e a r - i n - l i n e m o u n t i n g a r e d e s c r i b e d 
h e r e . 

D I P Gun I n - L i n e o n a Q u a d r u p o l e A s t a n d a r d D I P G u n , d e s c r i b e d a b o v e , 
was f i t t e d w i t h a s p e c i a l t i p f o r t e s t i n g ' on a F i n n i g a n 4500 M a s s 
S p e c t r o m e t e r w h i c h h a s t h e vacuum l o c k i n l e t i n l i n e w i t h t h e q u a d 
r u p o l e a n a l y z e r . R e q u i r e m e n t s a r e i m p o s e d t h a t t h e p r i m a r y beam n o t 
i m p i n g e d i r e c t l y o n t h e a n a l y z e r e n t r a n c e a p e r t u r e s and t h a t t h e 
s e c o n d a r y i o n s l e a v i n g t h e t a r g e t be d i r e c t e d t o w a r d t h e a n a l y z e r . 
F i g u r e 13 shows a c o n f i g u r a t i o n t h a t s a t i s f i e s t h e s e r e q u i r e m e n t s . 
The i o n beam l e a v i n g t h
by t h e p r o x i m i t y o f t h e
T a r g e t a t t h e end o f t h e t i p c o n t a i n s t h e s a m p l e . Bombardment o f t h e 
s a m p l e a t t h e g r a z i n g a n g l e o f i n c i d e n c e e n h a n c e s t h e p r o d u c t i o n o f 
s l o w m o l e c u l a r i o n s and a l s o p r o d u c e s f a s t s c a t t e r e d i o n s / a t o m s . A 
p o s i t i v e p o t e n t i a l o n t h e S h i e l d / R e p e l l e r p r o v i d e s t h e f i e l d t o r e p e l 
s l o w i o n s t o w a r d t h e a n a l y z e r w h i l e t h e y a r e a t t r a c t e d t o w a r d t h e 
D r a w O u t e l e c t r o d e . The S h i e l d / R e p e l l e r a l s o i s t h e b a r r i e r p r e v e n 
t i n g p r i m a r y i o n s / a t o m s f r o m t r a v e l i n g d i r e c t l y t o w a r d t h e a n a l y z e r . 
T h i s g e n e r a l c o n f i g u r a t i o n w i t h o u t t h e v o l t a g e o n t h e S h i e l d / R e p e l l e r 
and t h e d e f l e c t o r t a b was t e s t e d u s i n g a D I P Gun o n a 4500 and p r o 
d u c e d s u i t a b l e s p e c t r a shown i n F i g u r e 14 ( 3 5 , 3 6 ) . 

F i g u r e 1 3 . D I P Gun t i p f o r an i n l i n e vacuum l o c k i n l e t . 
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C e s i u m Gun I n - L i n e on a M a g n e t i c S e c t o r A c e s i u m gun was moun ted i n 
t h e s o u r c e m a n i f o l d o r i e n t e d s o t h a t t h e i o n beam j u s t m i s s e s t h e 
e n t r a n c e a p e r t u r e o f a n M S - 5 0 ( 3 7 ) . The t a r g e t , c o a t e d w i t h s a m p l e , 
i s t h e i n s i d e o f a t r u n c a t e d cone. T h e g r a z i n g a n g l e o f i n c i d e n c e 
was a l s o a d v a n t a g e o u s i n p r o d u c i n g more s e c o n d a r y i o n s . 

L o w e r i n g N o i s e L e v e l s T e c h n i q u e s t o l o w e r t h e n o i s e l e v e l due t o 
i o n / a t o m s c a t t e r i n g a r e b e i n g i n v e s t i g a t e d . The D I P Gun t a r g e t i s 
o r i e n t e d t o f a c e t h e a n a l y z e r , d e s c r i b e d b e f o r e , w h i c h i s t h e c o n 
f i g u r a t i o n f o u n d t o m a x i m i z e t h e s e c o n d a r y i o n s i g n a l s . B u t i t a l s o 
r e s u l t s i n i n t e n s e i o n s / a t o m s s c a t t e r i n g t o w a r d t h e a n a l y z e r . The 
D I P Gun c a n be r o t a t e d t o d e c r e a s e t h e n o i s e due t o s c a t t e r i n g . 
F i g u r e 15 shows t h e t a r g e t t i p f a c i n g t h e a n a l y z e r ( 0 ° ) and r o t a t e d 
t h r o u g h 9 0 ° and 1 8 0 ° . A t 9 0 ° f ew i o n s / a t o m s a r e d i r e c t l y s c a t t e r e d 
t o w a r d t h e a n a l y z e r . A t 1 8 0 ° no i o n s / a t o m s a r e s c a t t e r e d t o w a r d t h e 
a n a l y z e r . T h e n o i s e l e v e l d e c r e a s e s m a r k e d l y a s t h e a n g l e i n c r e a s e s 
w i t h a min imum a t 1 8 0 °
d i t i o n s , n o t t o v a r y a p p r e c i a b l
c a n be a c c e l e r a t e d t o w a r d t h e a n a l y z e r b y t h e r e p e l l e r and d r a w o u t 
e l e c t r o d e . The s i g n a l - t o - n o i s e r a t i o was f o u n d t o i n c r e a s e b y a 
f a c t o r o f 40 o n a q u a d r u p o l e mass s p e c t r o m e t e r ( 3 5 ) . 

T h e s e c o n d e x a m p l e e m p l o y s t h e n e a r g r a z i n g p r i m a r y i o n i n c i 
d e n t o n t h e t a r g e t w h i c h f a c e s t h e a n a l y z e r e n t r a n c e a p e r t u r e o f a 
m a g n e t i c s e c t o r . The s c a t t e r e d i o n s l e a v e n e a r l y p a r a l l e l t o t h e 
s u r f a c e and t h e s l o w m o l e c u l a r i o n s a r e d r a w n o u t u s i n g an i m m e r s i o n 
l e n s ( 3 7 ) . 

S e c o n d a r y I o n M a s s S p e c t r o m e t r y SIMS p r e c e d e d a n d l a i d much o f t h e 
g r o u n d w o r k u s e d i n FABMS as d i s c u s s e d i n t h e B a c k g r o u n d . To come 
f u l l c i r c l e a FAB a p p a r a t u s o n a mass s p e c t r o m e t e r c a n be u s e d t o 

F i g u r e 1 5 . D i p Gun t i p shown i n t h r e e o r i e n t a t i o n s o f 0 ° , 9 0 ° . 
and 180 u s e d t o m i n i m i z e FAB n o i s e . 
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a n a l y z e s u r f a c e s o f a w i d e r a n g e o f m a t e r i a l s , i n c l u d i n g t h e 
t a r g e t o r i n t h e f o r m o f s m a l l s a m p l e s . B o t h f a s t a toms and i o n s 

a r e c a p a b l e o f d e s o r b i n g i o n s f r o m v i r t u a l l y any s o l i d s u r f a c e . 
S i m i l a r t o O r g a n i c S I M S , i n o r g a n i c s u r f a c e s a r e a n a l y z a b l e . The t a r 
g e t s u r f a c e c a n be t h e s a m p l e as i n t h e t e s t s d e s c r i b e d p r e v i o u s l y 
t o d e t e r m i n e t h e s e n s i t i v e p o s i t i o n and o r i e n t a t i o n o f t h e t a r g e t b y 
o b s e r v i n g t h e SIMS s p e c t r a o f t h e s t a i n l e s s s t e e l t a r g e t . O t h e r 
m a t e r i a l s i n t h e f o r m o f f o i l s , p o w d e r s o r f a b r i c s c a n be cemen ted 
t o t h e t a r g e t a n d bombarded by t h e beam f r o m t h e FABMS g u n . S e v e r a l 
m e t a l s and c e r a m i c s w e r e a n a l y z e d b y t h i s m e t h o d . 

A t a n t a l u m f o i l was c u t i n t o a s a m p l e s l i g h t l y s m a l l e r t h a n t h e 
t a r g e t s t a g e . I t was g l u e d o n w i t h s e v e r a l d i f f e r e n t o r d i n a r y 
c e m e n t s . The r e s u l t a n t s p e c t r u m r e v e a l e d a w i d e r a n g e o f t a n t a l u m 
and o x i d e m o l e c u l e s ( c l u s t e r s ) . T h e s e i n c l u d e t h r e e s t r i k i n g p e a k s 
o f T a , TaO and T a 0 2 f o l l o w e d b y a s e r i e s o f much s m a l l e r p e a k s , e a c h 
s e p a r a t e d b y 16 amu. A l s o o b s e r v e d was T a 2 , T a 2 0 , T a 2 Û 2 and T a 3 , 
T a 3 0 , T a 3 0 2 e t c . T h e s
one d o m i n a n t i s o t o p e o
l y z e d and t h i s i s shown i n F i g u r e 1 6 . M o l y b d e n u m h a s s e v e n d o m i n a n t 
i s o t o p e s b e t w e e n 92 and 100 and t h e r e l a t i v e a b u n d a n c e s s e e n i n t h e 
s p e c t r u m i s a p p r o x i m a t e l y e q u i v a l e n t t o t h e i s o t o p e a b u n d a n c e s . 
A n o t h e r g r o u p i n g w i t h o x y g e n added i s s e e n 16 amu a b o v e t h e f i r s t o n e , 
and a t h i r d w i t h 0 2 added i s a l s o o b s e r v e d . The M o 2 g r o u p w i t h t h e 
0 and 0 2 a d d i t i o n s a r e a l s o o b s e r v a b l e . O n l y s l i g h t e v i d e n c e o f t h e 
M o 3 g r o u p i s s e e n . 
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F i g u r e 1 6 . SIMS s p e c t r u m o f a molybdenum f o i l t a k e n o n an HP 5995 
B e n c h - T o p M S . 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 

http://I11l.i1


8. PEREL FABMS Technique and ion Guns 143 

Acknowledgment 

The a u t h o r w i s h e s t o a c k n o w l e d g e t h e h e l p p r o v i d e d b y J o h n F . Mahoney 
i n p r e p a r i n g t h i s p a p e r . 

Literature Cited 

1. Honig, R.E., "The Development of Secondary Ion Mass Spectrometry 
(SIMS)", 32nd Annual Conference on Mass Spectrometry and Allied 
Topics", Retrospective Lectures, San Antonio, Texas, 19, (27 May-
1 June 1984). 

2. McNeal, C.J., "Symposium on Fast Atom and Ion Induced Mass Spec
trometry of Non-Volatile Organic Solids", Anal. Chem. 54, 43A, 
1982. 

3. Scheifers, S.M.; Hollar, R.C.; Busch, K.L. and Cooks, R.G., 
"Molecular Secondary Ion Mass Spectrometry", Amer. Laboratory, 
19, March 1982. 

4. Day, R.J.; Unger, S.E.
1980. 

5. Benninghoven, Α., Int. J. Mass Spectrom. Ion Phys., 46, p. 459, 
1983. 

6. Busch, K.L. and Cooks, R.G., Science, 218, p. 247, 15 October 
1982. 

7. Barber, M.; Bordoli, R.S.; Sedgwick, R.D.; and Tyler, A.N.; 
J.C.S. Dhem. Comm., p. 325 (1981). 

8. Barber, M.; Bordoli, G.J.; Elliott, R.D.; Sedgwick, R.D. and 
Tyler, A.N., Anal. Chem., 54, p. 645A, 1982. 

9. Barber, Μ., R.S. Bordoli, R.D. Sedgwick and A.N. Tyler, "Fast 
Atom Bombardment Mass Spectrometry, Anal. Chem. Symp. Ser., 12 
pp. 177-83, 1983. 

10. Aberth, W.; Straub, K.M.; and Burlingame, A.L., Anal. Chem., 54, 
pp. 2029-2093, 1982. 

11. Campana, J.E., Int. J. Mass Spectrom, Ion Phys., 51, pp. 133-4, 
1983. 

12. Mahoney, J.F.; Perel, J.; S. Taylor, "Primary Ion Sources for 
Fast Atom Bombardment Mass Spectrometry", Am. Laboratory, p. 92, 
March 1984. 

13. Franks, J., Inter. J. Mass Spectrom. Ion Phys., pp.343-6, 1983. 
14. Mahoney, J.F.; Perel, J. and Forrester, A.T., Appl. Phys. Lett. 

38(s), 320, 1981. 
15 Mahoney, J.F.; Goebel, D.M.; Perel, J. and Forrester, A.T., 

Biom. Mass Spectr., 10, p. 61, 1983. 
16. Perel, J. and Mahoney, J.F., "Analysis of the Operation of the 

FACS (Fast Atom Capillaritron Source)", Paper MOD4, ASMS 13th 
Annual Conference on Mass Spectrometry and Allied Topics, 
Honolulu, HI, 6-11 June 1982. 

17. Aberth, W. and Burlingame, A.L., "Use of a Cesium Primary Beam 
for Liquid SIMS Analysis of Bio-organic Compounds", Springer 
Ser., Chem. Phys., 25, pp. 167-71, 1983. 

18. Kenyon, C.N.; Goodley, J.; Mahoney, J. and Perel, J., "Particle 
Induced Mass Spectrometry Using a Conventional HP 598X Quadru
pole MS with a Cesium Primary Ion Beam", 31st Annual Conference 
on Mass Spectrometry and Allied Topics, Boston, MA, p. 864, 
8-13 May 1983. 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



1 4 4 DESORPTION MASS SPECTROMETRY 

19. Barofsky, D.F.; Giessmann, V.; Bell A.E.; and Swanson, L.W., 
Anal. Chem., 55, p. 1318, (1983). 

20. MacFarlane, R.D.; Acc. Chem. Res., 15, pp. 268-275, 1982. 
21. Martin, S.A.; Costello, C.E.; and Biemann, Anal. Chem., 54 

pp. 2362-68, 1982. 
22. Stoll, R; Schade, V.; Roellgen, F.W.; Giesmann, V. and Barofsky, 

D.F., Inter. J. Mass Spectrom. and Ion Phys., 43, pp. 227-229, 
1982. 

23. Wong, D.S., Stoll, R. and Roellgen, F.W., Z. Naturforsh., 37A, 
pp. 718-719, 1982. 

24. Mahoney, J.F.; Perel, J.; Goodley, P.C.; Kenyon, C.N. and 
Faull, Κ., "Modification of an HP 5985 GC/MS for FAB using a 
Fast Atom Capillaritron Source (FACS)", Inter. J. Mass Spectrom. 
and Ion Phys., 48, pp. 419-422, 1983. Presented at 9th Inter. 
Mass Spectrom. Conf., Vienna, August 1982. 

25. Faull, K.F.; Tyler, A.N.; Sims, H.; Barchas, J.D.; Massey, I.J.; 
Kenyon, C.N.; Goodley,
Chem., 56, p. 308,

26. Caprioli, R.M.; Bechner, C.F., and Smith, L.A., Biomed. Mass 
Spectrom., 10 pp. 94-97,(1983. 

27. Perel, J.; Mahoney, J.F., and J-L. Truche, "FAB for Bench-
Top and Orphaned Mass Spectrometers", Paper No. 409, Pittsburgh 
Conference and Exposition, New Orleans, L.A., 25 Feb-1 March 
1985. 

28. Perel, J.; Faull, K.F.; Mahoney, J.F.; Tyler, A.N. and 
Barchas, J.D., "Direct Insertion Probe Gun for FAB Mass Spectro
metry", American Laboratory, November 1984. 

29. Rudat, M.A.; Anal. Chem., 54, p. 1917, 1982. 
30. McEwen, C.N.; Anal. Chem., 55, pp. 967-8, 1983. 
31. Heller, D.N.; Fenselau, C.; Yergey, J., and Cotter, R.J., Anal. 

Chem., 56, pp. 2274-2277, 1984. 
32. Rinehart Jr, K.L., Science, 218, p. 254, 15 October 1982. 
33. Ross, M.M., and Colton, Richard J., Anal. Chem., 55, pp. 1170-1, 

1983. 
34. Field, F.H., J. Phys. Chem., 86, pp. 5115-23, 1982. 
35. Perel, J.; Mahoney, J.F., "Lowering FAB Noise in Quadrupole Mass 

Spectrometers", 33rd Annual Conference of Mass Spectrometry and 
Allied Topics, San Diego, CA, 26-31 May 1985. 

36. Voyksner, R.; private communication. 
37. Alberth, W., and Burlingame, A.L., Anal. Chem., 56, p. 2915, 

1984. 

RECEIVED July 24, 1 9 8 5 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



9 
Fast Atom Bombardment Secondary Ion Mass 
Spectrometry Surface Analysis 

J. A. Leys 

Analytical and Properties Research Laboratory, Central Research Laboratories, 
3M, St. Paul, MN 55144-1000 

Fast atom bombardment (FAB) secondary ion 
mass spectrometry (SIMS) permits the static 
and dynamic surface analysis of insulating 
materials without the severe charging effects 
experienced by
relatively low
may accumulate on insulating materials during 
fast atom bombardment due to secondary ion 
and electron emission is readily neutralized 
by low energy photoelectrons produced by 
irradiation of the area adjacent to the sample 
with a small mercury discharge lamp located 
within the analysis chamber. Characteristics 
of the FAB gun and applications of the 
FAB SIMS technique to the analysis of polymer 
films and inorganic powders are described. 

SIMS analysis of electrically insulating surfaces using a 
positive or negative ion beam requires surface charge 
neutralization in order to obtain useful secondary ion yields. 
This is most often accomplished by irradiating the surface 
under investigation with a 0.5 to 3 keV electron beam. This 
requires very careful adjustment of neutralizing beam 
parameters since any small residual charge on the specimen 
surface may affect both the secondary ion yield and the 
energy distribution of the secondary ions. In quadrupole mass 
analyzer based systems, slight surface charging often results 
in the secondary ion energy distribution shifting to values 
outside the band pass of the quadrupole prefilter. Under these 
conditions, a partial or total loss of signal occurs. In 
addition, as the specimen is eroded by sputtering, the work 
function and other surface characteristics change resulting in 
the need for more or less constant fine tuning of the 
neutralization parameters during surface analysis. Further, 
the added thermal and electrical effects of the electron beam 
can cause damage to fragile polymeric materials, it can result 
in unwanted electron beam stimulated surface desorption, and 
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can cause migration or diffusion of alkali metals away from 
the surface. 

The use of FAB probes to alleviate the problems 
associated with surface charging has been previously reported 
in literature (1-4). In general, these articles suggest that no 
external neutralization source is required with a neutral beam 
on insulators. This article will show where neutralization can 
be used to advantage and will describe results obtained with 
a simple scheme of neutralization utilizing photoelectrons 
ejected from the area surrounding the sample when irradiated 
by a small mercury discharge lamp within the analysis 
chamber. The use of FAB SIMS for the analysis of polymer 
surfaces and inorganic oxides will also be reported. 

Experimental 

FAB sources of variou
high "current" source
Capillitron 06) which have recently come into use for bulk 
mass spectrometric analysis of involatile organic materials are 
generally not useful for "low-damage" surface analysis. The 
reason is because of the inability of these sources to obtain 
steady or reproducible atom flux at the low dose conditions, 
i .e., 10-6 to 10-10 A/cm2 equivalent, required for the analysis 
of thermally sensitive materials. The source used in this 
study is shown in Figure 1 and consists of a commercial ion 
gun (Mini Beam - Kratos, Inc.) to which has been added a 
charge exchange chamber to neutralize the ions from the ion 
gun. Sources of this type have recently been described in 
literature (7-9). Since significant surface chemical differences 
between samples can be accompanied by only subtle intensity 
changes in molecular SIMS fragmentation patterns, emphasis 
was placed on designing a source which produced a stable 
and highly reproducible atom beam. The design shown permits 
precise measurement and control of the gas pressure in the 
ion source region and in the exchange chamber which are 
necessary requirements for reproducible operation. Figure 2 
shows that for argon, the most efficient charge exchange 
occurs within a narrow pressure region centered at about 1.5 
χ 10-2 torr. The data show that the pressure at which the 
neutral flux is maximum is independent of the beam energy. 
This is due to the essentially constant charge exchange 
cross section for argon within this energy range. At pressures 
higher than optimum for neutralization, the neutral flux is 
reduced by scattering processes. At the optimum pressure, our 
measurements show that approximately one half of the ions are 
neutralized. The pressure in the ion source region is 
maintained at 1 χ 10~4 torr and in the charge exchange 
chamber at 1.5 x 10-2 torr by automatic pressure controllers 
(Veeco APC/1000) which operate piezoelectric leak valves. When 
operated as an ion source (charge exchange chamber 
evacuated), the gun is capable of maximum argon ion current 
of 1.5 microamps at 5 keV at a spot size of about 2 mm. The 
maximum equivalent neutral flux as measured indirectly by 
secondary ion yields from neutral bombardment of a titanium 
metal target is approximately one half of the ion current. 
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*As measured by secondary ion s igna l at 
M/Z Λ8 from titanium metal target 
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The secondary ion extraction optics and ion energy filter 
is of commercial design (Kratos). Also incorporated in the 
analysis chamber is a scanning electron gun having a 
1 micron beam size which is used for imaging and positioning 
the specimen under the neutral beam. In most cases, the area 
where the FAB beam impinges upon the sample is visible by 
secondary electron imaging thus providing a convenient method 
of sample positioning. The charge neutralizer consists of a 
Series 81 Analamp mercury discharge lamp (BHK, Inc., Mon
rovia, CA), located within the analysis chamber approximately 
7 cm from the specimen surface. The lamp is mounted on a 
1 cm diameter copper bar which in turn is mounted on a 
chamber flange. This heat-sink mounting is required to 
prevent excessive pressure buildup in the lamp which causes 
an unstable discharge. 

Results and Discussio

Charge Neutralization. When an insulator is bombarded with 
a beam 07 ions, the resultant surface charge will depend on 
the sum of the primary current and its potential, current from 
the emission of secondary ions and electrons, and tertiary 
currents representing miscellaneous contributions from scat
tered ions, neutrals, and electrons within the analysis 
chamber. When neutral particles are used for bombardment, 
the resultant surface charge will depend primarily on the sum 
of the secondary and tertiary currents. The surface potential 
buildup is thus much lower with a neutral beam than with an 
ion beam, and it is always possible to obtain a SIMS spectrum 
without any form of charge neutralization which is not the 
case when ion bombardment is used. Nevertheless, the charge 
effect with neutral bombardment can result in significant 
problems in SIMS analysis. Specifically, quadrupole mass 
spectrometers require that the secondary ion energy distribu
tion be in a range generally below 20 eV in order to achieve 
efficient mass filtering. Although in principal one can 
decelerate secondary ions to below this potential; the 
difficulty with this approach is that the charge on the 
insulator is generally not maintained constant during analy
sis. This is particularly true of powdered materials, 
individual particles of which may achieve significantly 
different electrostatic charge. In addition, it is often 
advantageous to select a narrow energy band pass of 
secondary ions in order to differentiate between mass spectral 
interferences caused by molecular and atomic species (JO). 
Under these conditions, changes or instabilities in the energy 
distribution of the secondary ions during the analysis will 
confuse the results. 

Figure 3a shows a pattern of the FAB SIMS spectra of a 
photochromic glass. Molecular fragment ions are apparent from 
M/Z 60-70, and zirconium atomic fragment ions are observed at 
M/Z 90-96. No neutralization was used, and the band pass of 
the quadrupole prefilter was adjusted for maximum signal at 
90 AMU. A direct measurement of the secondary ion energy 
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distribution was not made, but computer modeling of the 
prefilter characteristics suggests that under the conditions 
used, the band pass was centered at about 45 eV. Even 
though the quadrupole resolution setting was at its optimal 
value, the resolution of the spectrum is poor because of the 
high energy of the secondary ions. Figure 3b shows the 
spectrum of the same glass after turning on the mercury 
discharge lamp and readjusting the prefilter settings to again 
obtain maximum signal at 90 AMU. (The center of the prefilter 
band pass was estimated to be 7 volts.) The y intensity axis 
in both cases was the same. 

The neutralization effect of the mercury lamp appears to 
be due to the ejection of low energy photoelectrons from the 
vacuum chamber walls and equipment contained therein. 
Focusing an external source of mercury radiation directly onto 
the sample surface (using UV transmitting optics) does not 
result in charge neutralization
radiation is directe
immediately above and to the side of the sample, then 
neutralization takes place. Figure 4 shows the target current 
from photoelectrons, obtained with a conductive target, as the 
target potential is varied from 0 to +20 volts. Over one half 
of the available photoelectrons are collected at a target bias 
of 5 volts. This suggests that an insulating specimen surface 
which may charge to +45 volts during fast atom bombardment 
would be a very efficient collector of the photoelectrons. 
Considering the secondary and tertiary currents normally 
involved during analysis, it is likely that the surface 
potential of insulators remains at 5 volts or below because of 
the "self-regulating" effect of charge neutralization by this 
technique. Charge neutralization can also be accomplished by 
irradiating the sample with low energy electrons from a source 
such as a heated tungsten filament. This technique adds 
considerable thermal energy to the sample unless the source is 
designed to shield the sample from the infrared radiation of 
the filament. High energy electrons such as from an electron 
gun having rastering capabilities can also be used, however, 
this requires careful and continual adjustment because 
neutralization is not self-compensating, and slight surface 
changes result in over or under neutralization. 

Figure 5 shows the effect of thermal damage on 
polyethylene when utilizing a 2 keV, 1 microamp electron beam 
for charge neutralization. "Carbonization" of the surface 
begins to take place within the first few seconds of analysis 
when the electron beam is used whereas with the mercury-
lamp-photoelectron method, a stable spectrum is obtained for 
periods of several minutes. 

During analysis using negative secondary ions, the 
extraction optics and quadrupole detector are biased in such 
a manner as to pass and detect electrons as well as negative 
ions. Figure 6a shows the spectrum of contaminated quartz 
from argon ion bombardment with electron gun (2 keV) charge 
neutralization, and Figure 6b shows a spectrum of the same 
sample with equivalent argon neutral beam bombardment and 
without charge neutralization. The difference in background 
counts shown at 45 AMU is about a factor of 30. 
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a . without charge b . with photoelectron 
neutral izat ion charge neutral izat ion 

Figure 3. FAB SIMS Spectra of Photochrome Glass 
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Figure 6. Negative SIMS Spectra of Contaminated Quartz 
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Cobalt Oxide Analysis. The magnetic characteristics of ferric 
oxide particles of the type used in magnetic recording media 
are often modified by surface treatments involving deposition 
of up to a few hundred angstroms of oxides of cobalt on the 
iron oxide particles. The cobalt oxidation state (oxide 
stoichiometry) is not readily determined on surfaces of this 
type by the more conventional techniques such as X-ray or 
electron diffraction or X-ray photoelectron spectroscopy (XPS 
or ESCA). These particles are thermally unstable and are 
electrical insulators. Initial attempts to differentiate the 
various oxides of cobalt with ion beam bombardment and 
electrom beam charge neutralization were not successful. 
Table I shows the relative abundances of secondary ions from 
argon atom bombardment for the oxides and hydroxide of 
cobalt indicated. The data were normalized to the M/Z 59 
intensity. Line 5 shows the average of the data shown in 
line 1 (CoO) and lin
for an equal mixtur
yields were the same for both. This agrees well with the data 
for C03O4 which can be thought of as CoO-Co203. The 
hydroxide spectrum is distinguished in particular by the large 
peak at M/Z 134. The negative ion spectrum of Co(0H)2 also 
contains a parent peak at 77 which is not observed for the 
oxides. In addition, the hydroxide contains larger peaks at 
M/Z 33 (HO2)- and 17 (OH)- than the cobalt oxides. 

Table I. FAB SIMS Fragmentation of Cobalt Oxides 

Co+ CoO+ 
+ 

C02 Co20+ Co202+ 

59 75 U8 134 150 

1. CoO 100 3.4 11.4 23 1.2 
2. C02O3 100 1.9 11.0 14 0.2 
3. Co 30 4 100 2.7 11.2 18 0.5 
4. Co(0H)2 100 7.6 11.7 95 4 
5. CoO 100 2.6 11 18 0.7 

+ 
Co 20 3 

Polymer Surface Analysis. The major technique used for the 
surface analysis of polymers has been X-ray photoelectron 
spectroscopy (XPS or ESCA). However, this technique is often 
not adequate to determine the molecular structure of polymers. 
This has prompted many workers to explore the potential of 
SIMS for this work ( 11-16). Significant problems encountered 
with ion beam bombardment in conjunction with electron beam 
charge neutralization have been drift in the polymer surface 
potential and thermal damage from the combined effects of the 
electron and ion beams. These problems do not exist when 
utilizing FAB in conjunction with photoelectron charge 
neutralization. 

Figures 7a, b, and c show the SIMS spectra of known 
polymers PTFE, FEP, and PVF2. Briggs and Wootton (13) 
report that radiation from electron beam charge neutralization 
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Figure 7- FAB SIMS Spectra of Fluoropolymers and Plasma 
Treated Polypropylene Surfaces 
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in itself caused significant emission of molecular ions such as 
CF3+ from surfaces such as PTFE. This was confirmed in this 
laboratory. No desorbed ions were observed with the mercury 
photoelectron method of charge neutralization. Figures 7d, e, 
and f show the SIMS spectra of polypropylene which has been 
surface modified by plasma treatment in the fluoride gas 
indicated. The peak intensity values from 12 through 35 AMU 
were normalized to carbon M/Z 12 intensity and are tabulated 
in Table II. SIMS spectra of PTFE and FEP do not show the 
hydrocarbon fragmentation series characteristic of the other 
surfaces because the hydrogen atoms are fully substituted by 
fluorine. Mass 13 for these samples shows 2% of the mass 12 
peak. Carbon 13C accounts for 1% of this; the remaining 1% is 
likely due to surface contamination. The first difference 
between these two samples occurs at M/Z 69 (CF3 + ) where this 
peak is about twice the intensity for the FEP samples as the 
PTFE surface. At highe
are observed. The relativ
UCH2 + t and I5CH3+ for the plasma treated polypropylene 
surfaces are an indication of the amount of fluorine substitu
tion. This is confirmed by the XPS or ESCA carbon (15) 
spectra of the same samples which are shown in Figures 8â", 
b, and c. The intensity of the XPS hydrocarbon peaks show 
general agreement with the intensity of the peaks at 
M/Z 13, 14, and 15 in the SIMS spectra. 

The negative FAB SIMS spectra of the fluoropolymers did 
not contain any particularly useful information. The major 
peak observed is at M/Z 19 F". Small peaks of one percent 
intensity or less are observed at M/Z 12 C ", 16 0~, 24 C2", 
31 C F - , and 38 ¥2~· 0 u r experience suggests that negative 
FAB SIMS appears to be the most useful for the determination 
of the relative amount of oxygen in the polymer structure 
since positive SIMS has low sensitivity for oxygen and 
potential interference from hydrocarbons at M/Z 16. 

Conclusion 

FAB SIMS in conjunction with charge neutralization utilizing 
mercury discharge lamp induced photoelectrons permits low-
damage highly reproducible analysis of electrically insulating 
surfaces. Stable spectra can be obtained from polymeric 
materials such as polyethylene for periods of an hour or 
more. Minor spectrum differences between samples such as the 
various oxides of cobalt, which may have previously been due 
to thermal or surface potential effects, can now be more 
confidently assigned to compositional differences. 
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Figure 8. XPS Carbon (15) Spectra of 
Plasma Treated Polypropylene 
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Secondary Ion Mass Spectrometry: 
A Multidimensional Technique 

Richard J. Colton1, David A. Kidwell1, George O. Ramseyer2, and Mark M. Ross1 

1Chemistry Division, Naval Research Laboratory, Washington, DC 20375-5000 
2General Electric Company, Syracuse, NY 13221 

This paper discusses SIMS as a multi-dimensional 
technique for the
materials. The
inorganic SIMS and organic (molecular) SIMS. The 
inorganic SIMS part focuses on methods of quantitative 
analysis and depth profiling applications. In 
particular, the parameters that makes SIMS difficult to 
quantify -secondary ion yield, matrix effects, and 
instrumental effects - are reviewed as well as the 
various physical models and empirical methods used to 
quantify SIMS data. The instrumental and experimental 
parameters that affect SIMS depth profiling are also 
reviewed. The organic SIMS part discusses the method of 
ionization and the various sample preparation and 
matrix-assisted procedures used for analysis. The 
matrices include various solid-state and liquid 
matrices such as ammonium chloride, charcoal, glycerol, 
and gallium. A neutral beam source was developed to 
analyze thick, insulating films. Various chemical 
derivatization procedures have been developed to 
enhance the sensitivity of molecular SIMS and to 
selectively detect components in mixtures. 

Bombarding a s o l i d s urface with low energy (keV) ions or 
ne u t r a l s r e s u l t s i n the emission of secondary p a r t i c l e s : 
p o s i t i v e and negative i o n s , n e u t r a l s , e l e c t r o n s , and photons. 
This phenomenon, known as s p u t t e r i n g , i s dependent on s e v e r a l 
important parameters such as the energy, mass, and angle of the 
i n c i d e n t beam and the mass, s t r u c t u r e , and bi n d i n g energy of 
the atoms which form the surface of the tar g e t [ J j . Mass 
a n a l y s i s of the sputtered secondary ions forms the b a s i s of 
secondary ion mass spectrometry (SIMS) [ 2 ] . 

0097-6156/85/0291 -0160509.50/0 
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As a surface a n a l y t i c a l t o o l , SIMS has s e v e r a l advantages 
over X-ray photoelectron spectroscopy (XPS) and Auger e l e c t r o n 
spectroscopy (AES). SIMS i s s e n s i t i v e to a l l elements and 
isotopes i n the p e r i o d i c t a b l e , whereas XPS and AES cannot 
detect H and He. SIMS a l s o has a lower d e t e c t i o n l i m i t of «ν 10-5 
atomic percent (at.JS) compared to 0.1 at.5S and 1.0 a t . % f o r AES 
and XPS, r e s p e c t i v e l y . However, SIMS has s e v e r a l disadvantages. 
I t s elemental s e n s i t i v i t y v a r i e s over f i v e orders of magnitude 
and d i f f e r s f o r a given element i n d i f f e r e n t sample matrices, 
i . e . , SIMS shows a strong matrix e f f e c t . This matrix e f f e c t 
makes SIMS measurements d i f f i c u l t t o q u a n t i f y . Recent progress, 
however, has been made e s p e c i a l l y i n the development of q u a n t i 
t a t i v e models f o r the a n a l y s i s of semiconductors [ 3 - 5 ] . 

SIMS methodology has evolved along two d i s t i n c t l i n e s . The 
f i r s t and o r i g i n a l method showed SIMS as an a n a l y t i c a l t o o l f o r 
depth p r o f i l i n g and m i c r o a n a l y s i s
microscope or microprob
p r o f i l i n g , i o n imaging and micro-area a n a l y s i s [ 2 , 6 ] . This SIMS 
method, commonly r e f e r r e d to as "dynamic SIMS", uses a r e l a 
t i v e l y high primary i o n beam f l u x c(> 1x10"^ A/cm2) t o generate 
specimen s p u t t e r i n g r a t e s o f > 50A/min. The high s p u t t e r i n g 
r a t e s enhance the s e n s i t i v i t y of the method. The dynamic SIMS 
method has been ap p l i e d p r i m a r i l y to s t u d i e s i n e l e c t r o n i c 
technology and m a t e r i a l science [ 7 - 9 ] . 

The second SIMS method was pioneered by A. Benninghoven 
(Univ. of Munster, West Germany) i n the l a t e I960 1s and i s 
capable of a n a l y z i n g surface monolayers [ 1 0 ] , To achieve 
monolayer s e n s i t i v i t y , i t i s f i r s t necessary t o reduce the 
sample s p u t t e r i n g rate by lowering the primary i o n beam f l u x 
( t y p i c a l l y < 1X10" 9 A/cm2) and second, i n order to compensate 
for the corresponding l o s s i n s i g n a l i n t e n s i t y (due to the lower 
f l u x ) , the a n a l y s i s area i s increased by broadening or r a s t e r i n g 
the primary i o n beam. This SIMS method known as " s t a t i c " 
[12,13] or low damage [14] SIMS has been a p p l i e d to the study of 
gas-surface i n t e r a c t i o n s [7-9,15-17]. (The pioneering work of 
Macfarlane (Texas A&M U n i v e r s i t y ) d e a l i n g with Californium-252 
plasma desorption mass spectrometry was important i n 
e s t a b l i s h i n g that l a r g e organic molecules could be desorbed as 
i n t a c t molecular and m o l e c u l a r - l i k e ions [ 1 1 ] ) . 

As a sub-element of the s t a t i c SIMS methodology, SIMS has 
become (most r e c e n t l y ) a new i o n i z a t i o n source f o r the a n a l y s i s 
of n o n v o l a t i l e and thermally l a b i l e molecules i n c l u d i n g polymers 
and l a r g e biomolecules such as p r o t e i n s . Since most of these 
l a t t e r s t u d i e s d e a l with the emission of polyatomic or molecular 
i o n s , the name "molecular SIMS" has been a p p l i e d [18-21]. 

The a p p l i c a t i o n of molecular SIMS as a s e n s i t i v e i o n i z a t i o n 
source f o r n o n v o l a t i l e and thermally l a b i l e molecules compares 
favorably with other new i o n i z a t i o n methods i n mass spectrometry 
such as f i e l d desorption (FD), Californium-252 plasma desorption 
(PD), f a s t heavy i o n induced desorption (FHIID), l a s e r desorp-
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t i o n (LD) or l a s e r microprobe mass a n a l y s i s (LAMMA), and 
fast-atom bombardment (FAB) or l i q u i d SIMS [21-23], In each of 
these techniques, the molecules are desorbed and i o n i z e d 
d i r e c t l y from the s o l i d s t a t e and appear as molecular and/or 
m o l e c u l a r - l i k e (protonatçd, deprotonated, and/or c a t i o n i z e d ) 
i o n s , e.g., Μ±·, [M ± H]" and [M + c a t i o n ] * . 

This paper discusses SIMS as a multi-dimensional technique 
f o r the a n a l y s i s of i n o r g a n i c and organic m a t e r i a l s . The paper 
i s d i v i d e d i n t o two p a r t s : i n o r g a n i c and organic (or molecular) 
SIMS. The i n o r g a n i c SIMS part focuses on the methods of 
q u a n t i t a t i v e a n a l y s i s and depth p r o f i l i n g a p p l i c a t i o n s . In 
p a r t i c u l a r , SIMS matrix e f f e c t s are defined and the p h y s i c a l 
models and e m p i r i c a l methods used to qu a n t i f y SIMS r e s u l t s are 
reviewed. 

The emission of molecula
with respect to the metho
pre p a r a t i o n and m a t r i x - a s s i s t e d procedures used. The matrices 
i n c l u d e various s o l i d - s t a t e and l i q u i d matrices such as ammonium 
c h l o r i d e , c h a r c o a l , g l y c e r o l , and g a l l i u m . A n e u t r a l beam 
source i s described to analyze t h i c k i n s u l a t i n g f i l m s . Various 
chemical d e r i v a t i z a t i o n procedures have been developed to 
enhance the s e n s i t i v i t y of molecular SIMS and to s e l e c t i v e l y 
detect components i n mixtures. 

Inorganic SIMS 

The r e s u l t s discussed i n t h i s s e c t i o n deal p r i m a r i l y with the 
methods used to q u a n t i f y dynamic SIMS r e s u l t s obtained from 
depth p r o f i l i n g s t u d i e s of i n o r g a n i c m a t e r i a l s such as semi
conductors. 

Q u a n t i t a t i v e A n a l y s i s . SIMS has many unique features (compared 
to other surface a n a l y t i c a l techniques) such as hydrogen and 
isotope d e t e c t i o n , a d e t e c t i o n l i m i t as low as 10"^g, sur f a c e / 
monolayer s e n s i t i v i t y , compound s p e c i f i c i t y , and high s p a t i a l 
r e s o l u t i o n (<100θΧ ). In a d d i t i o n , SIMS i s perhaps the most 
v e r s a t i l e surface a n a l y t i c a l technique. I t can depth p r o f i l e 
semiconductors, image b i o l o g i c a l t i s s u e s , study gas-surface 
i n t e r a c t i o n s / a d s o r b a t e geometry, and i o n i z e n o n v o l a t i l e and 
thermally l a b i l e molecules. However, i t i s of t e n s a i d that 
"SIMS i s d i f f i c u l t to q u a n t i f y " . While t h i s statement i s t r u e 
to a large extent, recent progress has been made to develop 
q u a n t i t a t i v e methods that convert measured secondary i o n 
i n t e n s i t i e s to atomic concentrations and to apply these methods 
to analyze depth p r o f i l e s and i o n images. The q u a n t i t a t i v e 
methods used i n SIMS have been reviewed r e c e n t l y by Werner [ 3 j , 
Wittmaack [4] and Morrison [ 5 j . Magee and Honig [ 2 4 ] , Hofmann 
[25,26] and Wittmaack [27] have reviewed the a p p l i c a t i o n of 
these methods to depth p r o f i l e a n a l y s i s . 
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An example of a SIMS depth p r o f i l e i s shown i n Figure 1 f o r 
a 11β implanted S i specimen. The p r o f i l e i s p l o t t e d a f t e r a 
fashion being promoted by the ASTM E-42.06 Surface A n a l y s i s 
subcommittee on SIMS. The depth p r o f i l e i s recorded by moni
t o r i n g the secondary ion i n t e n s i t y ( i n counts per second) of the 
11 B + implanted species and the ^ ^ S i + matrix element as a 
f u n c t i o n of s p u t t e r i n g time ( i n seconds). The p l o t of secondary 
i o n i n t e n s i t y versus s p u t t e r i n g time represents the raw e x p e r i 
mental data which are converted to the i l Β atomic con c e n t r a t i o n 
( i n atoms/cm^) and depth ( i n nanometers). The conce n t r a t i o n 
s c a l e i s obtained using a standard reference specimen (as w i l l 
be described below); and the depth s c a l e i s obtained by 
measuring the depth of the sputtered c r a t e r by p r o f i l o m e t r i c o r 
i n t e r f e r o m e t r i c techniques. (As s i g n i n g a l i n e a r depth s c a l e 
assumes a l i n e a r s p u t ter r a t e which may not apply. See below 
f o r a d i s c u s s i o n of nonlinear s p u t t e r i n g e f f e c t s . ) 

Let us begin by
measurements d i f f i c u l t t o q u a n t i f y . F i r s t , the secondary i o n 
y i e l d (defined as the r a t i o o f the number of secondary ions 
sputtered from the surface of a s o l i d sample to the number of 
primary ions i n c i d e n t upon the specimen) v a r i e s over four orders 
of magnitude from element to element. Second, the y i e l d of each 
ion i s a f f e c t e d by the composition of the matrix. This i s the 
w e l l known SIMS "matrix" e f f e c t " . T h i r d , instrumental e f f e c t s 
and i o n c o l l e c t i o n / d e t e c t i o n e f f i c i e n c i e s can vary from i n s t r u 
ment to instrument and specimen to specimen. 

Secondary ion y i e l d s are defined as the t o t a l number of 
secondary ions sputtered from the specimen per i n c i d e n t i o n of 
given mass, energy, charge, and angle of incidence [ 2 7 ] . 
P o s i t i v e secondary i o n y i e l d s are enhanced by oxygen and other 
e l e c t r o n e g a t i v e r e a c t i v e s p ecies and negative secondary i o n 
y i e l d s are enhanced by cesium and other e l e c t r o p o s i t i v e r e a c t i v e 
s p e c i e s [ 4 ] . Depending upon the sample matrix, r e a c t i v e 
m a t e r i a l s have increased the secondary i o n y i e l d s of some 
elements by orders of magnitude [ 2 9 ] . The energy of the primary 
i o n s , the mass of the primary i o n s , and the s p u t t e r i n g y i e l d 
determine the concentration of the primary i o n that i s implanted 
i n t o the sample matrix once e q u i l i b r i u m between the r a t e of 
i m p l a n t a t i o n and s p u t t e r i n g i s reached [ 3 0 ] , The nature and 
co n c e n t r a t i o n of the implanted species a l s o a f f e c t s d i r e c t l y the 
secondary ion y i e l d s . 

Anderson and Hinthorne [31] have determined th a t f o r 
p o s i t i v e secondary ions an element's secondary i o n y i e l d i s 
i n v e r s e l y p r o p o r t i o n a l to the f i r s t i o n i z a t i o n p o t e n t i a l of an 
element. A s i m i l a r r e l a t i o n s h i p has been e s t a b l i s h e d between 
negative secondary i o n y i e l d s and e l e c t r o n a f f i n i t i e s [4,31,32]. 

The SIMS "matrix e f f e c t " i s defined as any change i n the 
secondary ion y i e l d s which are caused by changes i n the chemical 
composition or s t r u c t u r e of a p a r t i c u l a r specimen [ 2 8 ] . An 
example of the SIMS matrix e f f e c t i s i l l u s t r a t e d i n Figure 2 f o r 
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Figure 2 . SIMS depth p r o f i l e of 9Be+ ions i n GaAs and AlGaAs matrices. 
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Be l a y e r s grown by molecular beam epitaxy (MBE) i n GaAs and 
AlGaAs matrices. Even though the concentration of Be i n both 
matrices i s approximately the same, i . e . , 1 ppm o r ~ 2 x 1 0 ^ 
atoms/cm^, the secondary i o n i n t e n s i t y of 9 B e + i o n s d i f f e r s by 
about a f a c t o r of ten. The Be + i o n y i e l d from AlGaAs i s higher 
than from GaAs. The v a r i a t i o n of secondary ion y i e l d s by an 
order of magnitude occurs f o r most elements implanted i n t o 
d i f f e r e n t semiconductor matrices [33,34]. 

Other examples of SIMS matrix e f f e c t s f o l l o w . When argon 
was used as the primary i o n , S l o d z i a n [35] determined that the 
i o n y i e l d of Ta+ from Ta metal was three orders of magnitude 
lower then the i o n y i e l d from Ta oxide. G a n j e i , Leta, and 
Morrison [36] have determined that secondary i o n y i e l d s do not 
change uniformly f o r d i f f e r e n t elements i n s t e e l s and other 
m e t a l l u r g i c a l m a t e r i a l s when the r e s i d u a l oxygen pressure of the 
sanple chamber i s increase
y i e l d s from amorphous
concluded that a small but s i g n i f i c a n t matrix e f f e c t e x i s t e d Tor 
the matrix elements i r o n and boron i n a s e r i e s o f specimens.) 
On the other hand, i n g l a s s matrices, Ganjei and Morrison [37] 
found that oxygen d i d not a f f e c t the secondary i o n y i e l d s 
probably because the g l a s s matrices were already saturated with 
oxygen. 

The s p u t t e r i n g y i e l d of a m a t e r i a l i s a l s o matrix depen
dent. The s p u t t e r i n g y i e l d i s defined as the r a t i o of the 
number of ions and atoms sputtered from the surface of a 
specimen to the number of primary ions i n c i d e n t upon the 
specimen [28]. S i n g l e c r y s t a l m a t e r i a l s with the same c r y s t a l 
o r i e n t a t i o n under the same experimental c o n d i t i o n s w i l l have 
uniform s p u t t e r i n g r a t e s . The s p u t t e r i n g rate can be determined 
from the area that was sputtered and the number of primary ions 
that impinged upon that area. However, changes i n the c r y s t a l 
o r i e n t a t i o n of a s i n g l e c r y s t a l have changed s p u t t e r i n g y i e l d s 
by up to 505o [33,34], A l s o , d i f f e r e n t chemical phases u s u a l l y 
have d i f f e r e n t s p u t t e r i n g y i e l d s . S p u t t e r i n g y i e l d e f f e c t s are 
u s u a l l y considered to be matrix e f f e c t s . 

In p a r t i c u l a r , Katz et a l . [39] found a l i n e a r c o r r e l a t i o n 
between sample s p u t t e r i n g y i e l d and average sample mass. With 
t h i s r e l a t i o n s h i p the authors could p r e d i c t i o n y i e l d s and 
d e t e c t i o n l i m i t s of r e l a t e d compounds. In another study 
i n v o l v i n g pure elemental matrices, an in v e r s e r e l a t i o n s h i p was 
determined between a matrix element's secondary i o n y i e l d and 
the s p u t t e r i n g r a t e o f that matrix when e i t h e r cesium or oxygen 
was used as the primary i o n [40-43], A s i m i l a r r e l a t i o n s h i p was 
found f o r secondary i o n y i e l d s of t r a c e elements i n s i n g l e 
element matrices [ 3 2 ] , These authors concluded that only the 
i o n i z a t i o n p o t e n t i a l or e l e c t r o n a f f i n i t y of the sputtered atom 
and the near-surface concentration o f oxygen or cesium con
t r o l l e d secondary i o n y i e l d s . Furthermore, they concluded, that 
at l e a s t f or metal s u i c i d e s , group IV elements, and GaAs, the 
matrix e f f e c t i s merely an a r t i f a c t caused by d i f f e r e n t 
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s p u t t e r i n g y i e l d s . However, Wittmaack [44] has noted t h a t the 
p r e c i s i o n of the r e s u l t s d i d not i n h i s o p i n i o n j u s t i f y t h e i r 
c o n c l u s i o n s , and that matrix e f f e c t s are a c t u a l l y present w i t h i n 
the experimental e r r o r o f the data which had been presented 
l o g a r i t h m i c a l l y . A l s o , important p h y s i c a l processes such as 
d i f f e r e n t i a l s p u t t e r i n g were not considered, and would preclude 
the a p p l i c a t i o n of t h i s model to m a t e r i a l s w i t h complex 
matrices. 

Galuska and Morrison [45] showed that the secondary i o n 
y i e l d s and s p u t t e r i n g y i e l d s of A l x G a i _ x A s matrices are l i n e a r l y 
dependent on the sample composition. R e l a t i v e ion y i e l d , and 
r e l a t i v e s p u t t e r i n g y i e l d c a l i b r a t i o n l i n e s are used to 
determine the concentration of Β implanted i n t o a m u l t i l a y e r -
m u l t i m a t r i x specimen. In other work [ 4 6 ] , they a p p l i e d a 
p o i n t - b y - p o i n t matrix e f f e c t c a l i b r a t i o n procedure to a v a r i e t y 
o f A l x G a i _ x A s m u l t i l a y e r - m u l t i m a t r i
The procedure used the l i n e a
and s p u t t e r i n g y i e l d s on matrix composition to q u a n t i f y depth 
p r o f i l e s through matrix g r a d i e n t s and i n t e r f a c e s . In the a c t u a l 
procedure, a computer program i s used to c o r r e c t depth p r o f i l e s 
f o r matrix e f f e c t s . For example, f o r A l x G a i _ x A s matrices, the 
matrix composition and depth at each point of a depth p r o f i l e i s 
determined by an i t e r a c t i v e process i n v o l v i n g c a l i b r a t i o n l i n e s 
f o r both r e l a t i v e s p u t t e r i n g y i e l d and the r e l a t i v e ion y i e l d o f 

Dopant p r o f i l e s are then c o r r e c t e d f o r matrix changes by 
use of the appropriate dopant c a l i b r a t i o n l i n e s . 

Rudat and Morrison [47] have determined that instrumental 
t r a n s m i s s i o n f a c t o r s change as a f u n c t i o n of the r e s i d u a l oxygen 
pressure i n the sample chamber for the analyses of s i n g l e 
elemental matrices. 

Useful Ion Y i e l d s . Q u a n t i t a t i o n of SIMS r e s u l t s r e q u i r e s one to 
determine the r e l a t i o n s h i p between the measured secondary i o n 
i n t e n s i t i e s , I , and the o r i g i n a l elemental concentration of the 
s o l i d . For a p a r t i c u l a r element M the measured secondary i o n 
i n t e n s i t y has been defined by Morrison and S l o d z i a n [6] as 

I = τ* C mSJ pA (1) 

where τ i s the p r a c t i c a l or u s e f u l i o n y i e l d , Cm i s the concen
t r a t i o n of the element M c o r r e c t e d for i t s i s o t o p i c abundance, S 
i s the t o t a l s p u t t e r i n g y i e l d , 3p i s the primary beam curre n t 
d e n s i t y , and A i s the a n a l y s i s area of the t a r g e t surface. The 
u s e f u l ion y i e l d i s defined as the r a t i o of the number of M4" 
ions detected to the t o t a l number of atoms sputtered from the 
s o l i d s u r f a c e . The d i f f i c u l t y of s o l v i n g Equation 1 f o r Ĉ , i s 
that for complex matrices the u s e f u l i o n y i e l d and the t o t a l 
s p u t t e r i n g y i e l d are not known. 

An element's u s e f u l i o n y i e l d i s i n v e r s e l y p r o p o r t i o n a l to 
the element's f i r s t i o n i z a t i o n p o t e n t i a l and a f f e c t e d by v a r i o u s 
instrumental f a c t o r s and sampling c o n d i t i o n s , the chemical s t a t e 
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of the element, and the chemical and p h y s i c a l p r o p e r t i e s of i t s 
l o c a t i o n i n the s o l i d . I f the s p u t t e r i n g r a t e can be de
termined, the chemical composition and d e n s i t y of the matrix are 
known, and there i s no p r e f e r e n t i a l s p u t t e r i n g , then the u s e f u l 
i o n y i e l d can be determined experimentally. I f the matrix of a 
standard and a sample are i d e n t i c a l , then the measured u s e f u l 
i o n y i e l d from the standard can be used i n Equation 1 t o solve 
f o r C m i n the specimen. Useful ion y i e l d s have been determined 
fo r elements implanted i n s i n g l e c r y s t a l semiconductors by Leta 
and Morrison [33] and can be used as standards f o r s i m i l a r 
semiconductor m a t e r i a l s . Because instrumental and sampling 
parameters a f f e c t the u s e f u l i o n y i e l d , i t i s necessary to 
determine u s e f u l i o n y i e l d values f o r the standards at the same 
time that the specimen i s being analyzed. Depending upon the 
matrix i n which they are implanted, some of the element's u s e f u l 
ion y i e l d s were found to vary by up to an order of maqnitude. 

P h y s i c a l Models. Two b a s i
secondary ion i n t e n s i t i e s : p h y s i c a l models and e m p i r i c a l 
methods. The p h y s i c a l models c o n s i s t of s e v e r a l t h e o r e t i c a l or 
semi-empirical treatments developed to simulate secondary i o n 
emission [3,48-50]. Although s e v e r a l models have been developed 
(see Werner L3J f o r a recent review) and continue to be a p p l i e d , 
the use of c a l i b r a t i o n standards ( e m p i r i c a l methods) c o n s i s t 
e n t l y give b e t t e r r e s u l t s , e.g., accuracies of a f a c t o r of 2-3 
f o r p h y s i c a l models compared to 10-20% f o r e m p i r i c a l methods. 

The p h y s i c a l models attempt to account f o r the i n f l u e n c e o f 
such parameters as i o n i z a t i o n p o t e n t i a l , work f u n c t i o n , and 
binding energy on the secondary i o n y i e l d i n order to describe 
the ion emission process. While there are perhaps over 20 
d i f f e r e n t models, some of the well-known models i n c l u d e the 
k i n e t i c model [51] which describes ions formed by an Auger 
d e - e x c i t a t i o n process of e x c i t e d n e u t r a l p a r t i c l e s emitted by 
c o l l i s i o n cascade; the a u t o - i o n i z a t i o n model [52-54], v a l i d f o r 
rare-gas ion bombardment, which p o s t u l a t e s bombardment induced 
inner s h e l l e x c i t a t i o n i n t o an a u t o - i o n i z i n g s t a t e and r e 
l a x a t i o n v i a an Auger process; sur f a c e e f f e c t s models [55-59] 
where a p a r t i c l e while being ejected i s assumed to change i t s 
e l e c t r o n i c s t r u c t u r e at or near the surface of the specimen v i a 
e l e c t r o n t r a n s i t i o n s ; and various thermodynamics models i n 
c l u d i n g the well-known l o c a l thermal e q u i l i b r i u m (LTE) model 
[3 1 ] , s i m p l i f i e d 2-parameter [60-61] and 1-parameter [ 62-65] 
LTE models, and a l o c a l thermal nonequilibrium model [65-68]. 

The LTE model has been a point of controversy f o r s e v e r a l 
years [50] because the values used i n the Saha-Egget equation 
to approximate the temperature and e l e c t r o n d e n s i t y of the 
assumed plasma are u n r e a l i s t i c a l l y high. The model never
t h e l e s s continues to be used i n SIMS and f o r some cases the 
r e s u l t s can be q u i t e good. I t i s recommended, however, that the 
model be t e s t e d against s u i t a b l e c a l i b r a t i o n standards p r i o r to 
a n a l y z i n g unknowns [69-71]. 
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Newbury [72] found that a major source of e r r o r i n the LTE 
model o r i g i n a t e s from instrumental d i s c r i m i n a t i o n . Sources of 
such d i s c r i m i n a t i o n i n c l u d e the energy bandpass of the secondary 
io n spectrometer and conversion e f f i c i e n c i e s of the ion 
d e t e c t o r . 

E m p i r i c a l Methods. The e m p i r i c a l methods use c a l i b r a t i o n 
standards to derive s e n s i t i v i t y f a c t o r s that can be used to 
determine the unknown con c e n t r a t i o n of given elements i n s i m i l a r 
matrices [ 3 ] . The s e n s i t i v i t y f a c t o r s are d e r i v e d from c a l i 
b r a t i o n curves that p l o t measured secondary i o n i n t e n s i t i e s 
versus the known conce n t r a t i o n of standards. Three types o f 
s e n s i t i v i t y f a c t o r s have been used: the absolute s e n s i t i v i t y 
f a c t o r , the r e l a t i v e s e n s i t i v i t y f a c t o r , and the indexed 
r e l a t i v e elemental s e n s i t i v i t y f a c t o r . 

The absolute s e n s i t i v i t

Ιχ 
ASF X = (2) 

c x * x 

where I x i s the measured secondary i o n i n t e n s i t y of one isotope 
o f element X, C x i s the c o n c e n t r a t i o n of element X, and f x i s 
the i s o t o p i c abundances of the elemental isotope being measured. 

Q u a n t i t a t i v e information i s obtained by determining the 
ASF X from the c a l i b r a t i o n curve generated using e x t e r n a l 
standards. I d e a l l y , the p l o t of I x versus C x g i v e s a s t r a i g h t 
l i n e s with slope equal to ASF X. For best r e s u l t s , the matrix of 
the specimen must be the same as the e x t e r n a l standard. In 
a d d i t i o n , instrumental f a c t o r s (such as angle of incidence, 
c o l l e c t i o n / d e t e c t i o n e f f i c i e n c y , etc) and matrix-dependent 
f a c t o r s ( s p u t t e r i n g y i e l d s , i o n y i e l d , etc.) must a l s o be the 
same. There are no c o r r e c t i o n s for experimental v a r i a t i o n s or 
p r e f e r e n t i a l s p u t t e r i n g . For i d e n t i c a l i n o r g a n i c specimens and 
standards q u a n t i t a t i o n with high accuracy has been achieved by 
the ASF method. 

The r e l a t i v e s e n s i t i v i t y f a c t o r (RSF) i s defined as 

Ιχ/^χ^χ 
R S F x / r e f = (3) 

I r e f / ^ r e f ^ r e f 
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where I i s the measured secondary i o n i n t e n s i t y , C i s the 
elemental c o n c e n t r a t i o n , f i s the i s o t o p i c abundance, and the 
s u b s c r i p t s χ and r e f denote the analyte and reference elements, 
r e s p e c t i v e l y . 

Q u a n t i t a t i v e information i s obtained by determining the RSF 
from a c a l i b r a t i o n curve generated by p l o t t i n g I x / I r e f versus 
C x / C r e f . An i n t e r n a l reference element ("ref") i s used to 
e l i m i n a t e long-term instrument i n s t a b i l i t i e s such as d r i f t i n 
the instrument or f l u c t u a t i o n s i n the primary i o n c u r r e n t . The 
i n t e r n a l reference element i s u s u a l l y a matrix element. For 
example, a c a l i b r a t i o n curve used i n our la b o r a t o r y for the 
q u a n t i t a t i o n of Be i n GaAs i s shown i n Figure 3. The secondary 
i o n i n t e n s i t y of ̂ Be + (normalized to the i n t e r n a l reference 
element, the matrix element ?5/\s+) i s p l o t t e d against the 
concen t r a t i o n of Be i n the standards. Since the Be concen
t r a t i o n i s s e v e r a l order
elements, the concentratio
As, i s assumed to be constant. 

The reference element included i n the RSF method compen
sates f o r some types of experimental f l u c t u a t i o n s . The RSF 
method has been a p p l i e d to the elemental determinations i n 
groups of s i m i l a r i n o r g a n i c matrices i n c l u d i n g g l a s s e s 
[37,73-75], metals [37,75], and minerals [76]. I f the specimen 
and reference matrices are s i m i l a r , the RSF method has been 
shown to give a p r e c i s i o n of +155SS [73]. 

The indexed r e l a t i v e elemental s e n s i t i v i t y f a c t o r or matrix 
i o n species r a t i o (MISR) [2,36,77] indexes changes i n the 
r e l a t i v e s e n s i t i v i t y f a c t o r s t o changes i n the surface com
p o s i t i o n , p a r t i c u l a r l y , i f the surface i s exposed to or 
bombarded with oxygen. For example, when oxygen i s leaked i n t o 
the specimen chamber, a c a l i b r a t i o n curve can be generated t h a t 
p l o t s the RSF's as a f u n c t i o n of the Μ0+/Μ+ i o n r a t i o . The 
M0 +/M + i o n r a t i o i s chosen as an i n t e r n a l i n d i c a t o r because i t 
was found to be very s e n s i t i v e to the oxygen surface coverage 
which, i n t u r n , a f f e c t s the secondary i o n y i e l d s . With the 
indexed RSF method a s u b s t a n t i a l improvement i n p r e c i s i o n to 
±5-10% has been achieved over the simple RSF method [ 2 ] , 
p a r t i c u l a r l y , for the q u a n t i t a t i o n o f metals. 

One problem i n q u a n t i t a t i v e SIMS i s caused by v a r i a t i o n s of 
the instruments. To evaluate these instrumental f a c t o r s , 
Newbury [70] conducted comparative SIMS s t u d i e s of s e l e c t e d 
g l a s s e s and" s t e e l s with l a b o r a t o r i e s i n the U.S., Japan, and 
Europe. He had each l a b o r a t o r y c a l c u l a t e r e l a t i v e s e n s i t i v i t y 
f a c t o r s f or s e v e r a l elements under a v a r i e t y of experimental 
c o n d i t i o n s . These r e s u l t s were a s t o n i s h i n g and showed that a 
given r e l a t i v e s e n s i t i v i t y f a c t o r v a r i e d from 5 to 60. He a l s o 
compared the measured concentrations with p r e d i c t e d values from 
p h y s i c a l models. 
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1x10 1x10 1x10 1x10 1x10 

Concentration of Be (atoms/cm ) 

F i g u r e 3 . SIMS c a l i b r a t i o n c u r v e f o r t h e q u a n t i t a t i o n o f Be 
i n G a A s . 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



C O L T O N ET A L . SIMS 

C a l i b r a t i o n Standards. The e m p i r i c a l methods use c a l i b r a t i o n 
standards which are t y p i c a l l y from g l a s s e s or i r o n a l l o y s t h a t 
are c h e m i c a l l y doped with elements of known con c e n t r a t i o n s . The 
N a t i o n a l Bureau of Standards (NBS) s u p p l i e s s e v e r a l c h a r a c t e r 
i z e d standards of t h i s type. 

M e t a l l i c g l a s s e s are a l s o being used as standards. 
Rudenauer and coworkers [ 7 8 , 7 9 ] use m e t a l l i c g l a s s e s as 
standards for s e v e r a l reasons: 1 ) the m e t a l l i c g l a s s e s are 
s i n g l e phase systems and are homogeneous at the micron s c a l e ; 2 ) 
m e t a l l i c g l a s s e s can be prepared i n a broader c o n c e n t r a t i o n 
range than a l l o y i n g components, and even i n s o l u b l e elements can 
form an amorphous phase under s u i t a b l e c o n d i t i o n s ; 3 ) the i o n 
y i e l d s of elements i n i s o t o p i c amorphous a l l o y s are not-
dependent on the o r i e n t a t i o n of the bombardment surface; and 4 ) 
amorphous a l l o y s have m e t a l l i c c h a r a c t e r . 

One problem, however
standards i n SIMS i s homogeneity. This i s p a r t i c u l a r l y acute 
f o r the i r o n a l l o y s . A recent SIMS study concluded that some of 
the NBS s t e e l standards are u n s u i t a b l e as standards i n SIMS 
because a l l of the elements are not homogeneous w i t h i n the 
sampling area of 1 0 0 A [ 3 6 , 6 9 ] , Therefore, researchers must be 
c a r e f u l i n both t h e i r choice of standard and which elements i n 
each standard are s u i t a b l e c a l i b r a n t s . 

One way to overcome the sample homogeneity problem has been 
t o develop standards by i o n i m p l a n t a t i o n [ 8 0 - 8 3 ] . Here, the 
c o n c e n t r a t i o n and d i s t r i b u t i o n of the dopants can be c o n t r o l l e d 
more a c c u r a t e l y , thereby forming standards with b e t t e r homo
geneity. However, the r e s u l t s with semiconductors, have been 
much more r e l i a b l e than with ion-implanted metal standards [ 8 2 , 

Leta and Morrison [ 8 2 , 8 3 ] have described a new e m p i r i c a l 
method f o r q u a n t i t a t i v e SIMS a n a l y s i s . They use the method of 
s o l i d - s t a t e a d d i t i o n i n which they implant t h e i r specimens with 
a known conce n t r a t i o n of the element of i n t e r e s t . Since the 
depth p r o f i l e of the implanted species has a c h a r a c t e r i s t i c 
Gaussian shape, i t i s e a s i l y d i s t i n g u i s h e d from the element 
o r i g i n a l l y present i n the specimen. Therefore, the known 
con c e n t r a t i o n of the implanted element i s used as an i n t e r n a l 
standard to determine the c o n c e n t r a t i o n of the unknown. 

Depth P r o f i l i n g . As the s p u t t e r i n g process i n SIMS removes 
successive atomic l a y e r s from the s o l i d , the in-depth com
p o s i t i o n and d i s t r i b u t i o n of elements can be determined by 
recording the secondary i o n i n t e n s i t y f o r each element as a 
f u n c t i o n of s p u t t e r i n g time, producing a s p u t t e r depth p r o f i l e . 
The secondary i o n i n t e n s i t i e s are u s u a l l y converted to t h e i r 
r e s p e c t i v e atomic concentrations by the appropriate q u a n t i t a t i v e 
methods discussed above and the time a x i s i s converted to a 
depth (dista n c e ) s c a l e (see Figure 1 ) . Although s p u t t e r depth 
p r o f i l i n g has found widespread a p p l i c a t i o n i n the semiconductor 

8 3 ] . 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



172 DESORPTION MASS SPECTROMETRY 

i n d u s t r y , there are various e f f e c t s a s s o c i a t e d w i t h i o n - s o l i d 
i n t e r a c t i o n s that are not yet w e l l enough understood to convert 
the measured depth p r o f i l e to the t r u e c o n c e n t r a t i o n p r o f i l e of 
the specimen. 

Many of these e f f e c t s i n SIMS depth p r o f i l i n g have been 
reviewed r e c e n t l y by Wittmaack [ 2 7 ] , Hofmann [25, 26] and Magee 
and Honig [ 24]. Wittmaack [27]~~has w r i t t e n an e x c e l l e n t review 
d e t a i l i n g the recent progress and b a s i c p h y s i c a l problems 
encountered i n depth p r o f i l i n g by SIMS. He shows that SIMS has 
reached a l e v e l of p e r f e c t i o n which i s u n p a r a l l e l by other 
a n a l y t i c a l techniques, p a r t i c u l a r l y the in-depth a n a l y s i s of low 
c o n c e n t r a t i o n implants. There are a n a l y s i s problems, however, 
caused by the i n t e r a c t i o n of primary ions with the r e s i d u a l gas, 
the adsorption and i n c o r p o r a t i o n of r e s i d u a l gases, s p u t t e r i n g 
y i e l d v a r i a t i o n s due to the accumulation of primary atoms i n the 
specimen, mass i n t e r f e r e n c
atomic species under study
dopant atoms, i.e.,atomic mixing e f f e c t s . Hofmann [26] a l s o 
summarizes the d i s t o r t i n g e f f e c t s i n s p u t t e r depth p r o f i l i n g as 
due to instrumental f a c t o r s (e.g., adsorption of r e s i d u a l gases, 
r e d e p o s i t i o n of sputtered s p e c i e s , c r a t e r edge e f f e c t s , 
i m p u r i t i e s i n the i o n beam, n e u t r a l s from the ion source, 
nonuniform i o n beam i n t e n s i t y , mean inf o r m a t i o n depth), specimen 
c h a r a c t e r i s t i c s (e.g., o r i g i n a l surface roughness, c r y s t a l l i n e 
and defect s t r u c t u r e , multiphases or compounds, i n s u l a t o r s ) , and 
r a d i a t i o n induced e f f e c t s (e.g., primary i o n i m p l a n t a t i o n , 
atomic mixing, enhanced d i f f u s i o n and segregation, s p u t t e r i n g 
induced roughness, p r e f e r e n t i a l s p u t t e r i n g , and specimen 
decomposition). 

Hofmann (25, 26) discusses ways to minimize these e f f e c t s 
as w e l l as t h e i r i n f l u e n c e on depth r e s o l u t i o n . For example, 
the e f f e c t s of surface contamination are reduced by using a high 
p u r i t y i o n beam and UHV c o n d i t i o n s . S p u t t e r i n g with r e a c t i v e 
ions reduces topographical change and favors q u a n t i t a t i v e analy
s i s . Using two i o n guns at d i f f e r e n t angles and r o t a t i n g the 
specimen w i l l suppress i n c i d e n t angle dependent t e x t u r i n g and 
core formation. R e c o i l i m p l a n t a t i o n and atomic mixing e f f e c t s 
are reduced by using heavy primary ions with low energy (<1 keV) 
and at oblique incidence. Ion beam r a s t e r i n g provides uniform 
s p u t t e r i n g and r a s t e r g a t i n g avoids c r a t e r edge e f f e c t s . Optimal 
r e s u l t s are a l s o expected f o r s o l i d s having a) f l a t and smooth 
s u r f a c e s , b) amorphous s t r u c t u r e s with no second phases, and c) 
components with s i m i l a r s p u t t e r i n g y i e l d s . Specimens with high 
e l e c t r i c a l and thermal c o n d u c t i v i t y are a l s o p r e f e r r e d . 

In another review, Magee and Honig [24] d i s c u s s three 
important aspects of depth p r o f i l i n g by SIMS: depth r e s o l u t i o n , 
dynamic range and s e n s i t i v i t y . F i r s t , the depth r e s o l u t i o n i s a 
measure of the p r o f i l e q u a l i t y . They point out that the depth 
r e s o l u t i o n i s l i m i t e d by atomic mixing e f f e c t s and the f l a t n e s s 
of the sputtered c r a t e r w i t h i n the analyzed area. Second, the 
dynamic range of depth p r o f i l e s i s l i m i t e d by c r a t e r edge 
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e f f e c t s , n e u t r a l beam e f f e c t s , s p e c t r a l i n t e r f e r e n c e s , r e s i d u a l 
gas contamination, recontamination from p r e v i o u s l y sputtered 
m a t e r i a l s , and noise from the d e t e c t i o n of n o n f i l t e r a b l e 
p a r t i c l e s . T h i r d , i n the absence of a measurable background, 
the u l t i m a t e s e n s i t i v i t y of a depth p r o f i l e a n a l y s i s i s 
dependent on i o n y i e l d and analyzed area and can be increased 
only at the expense of depth and s p a t i a l r e s o l u t i o n . 

Organic SIMS 

SIMS has become a d i v e r s e t o o l i n the study of many d i f f e r e n t 
substances other tha
the paper d i s c u s s e s th
polyatomic ions from th  organi  compound
c l u d i n g polymers and biomolecules. 

I o n i z a t i o n Methods/Processes. The recent development of s e v e r a l 
new i o n i z a t i o n methods i n mass spectrometry has s i g n i f i c a n t l y 
improved the c a p a b i l i t y f o r the a n a l y s i s of n o n v o l a t i l e and 
t h e r m a l l y l a b i l e molecules [18-23]. Several of these methods 
(e.g., f i e l d d e sorption (FD), Californium-252 plasma desorption 
(PD), f a s t heavy i o n induced desorption (FHIID), l a s e r -
d e sorption (LD), SIMS, and f a s t atom bombardment (FAB) or l i q u i d 
SIMS) desorb and i o n i z e molecules d i r e c t l y from the s o l i d s t a t e , 
thereby reducing the chance of thermal degradation. Although 
these methods employ fundamentally d i f f e r e n t e x c i t a t i o n sources, 
s i m i l a r i t i e s i n t h e i r mass s p e c t r a , such as, the appearance of 
protonated, deprotonated, and/or c a t i o n i z e d molecular i o n s , 
suggest a r e l a t e d i o n i z a t i o n process. 

The i o n i z a t i o n process i n SIMS i s undoubtedly dependent on 
such p h y s i c a l p r o p e r t i e s as the i o n i z a t i o n p o t e n t i a l or the 
e l e c t r o n a f f i n i t y o f a given s p e c i e s . Researchers i n molecular 
SIMS have defined phenomenologically three d i s t i n c t i o n i z a t i o n 
processes based on the type o f ions created and t h e i r r e l a t i v e 
ease of i o n i z a t i o n [ 1 8 ] , 

The f i r s t process i n v o l v e s e l e c t r o n i o n i z a t i o n to form 
r a d i c a l Μ+· molecular i o n s . This process has been observed 
p r i m a r i l y f o r nonpolar molecules. The proposed mechanisms are 
charge-exchange t r a n s i t i o n s between sputtered ions and the 
n e u t r a l organic molecules or e l e c t r o n attachment of low-energy 
secondary e l e c t r o n s to n e u t r a l molecules. The fragmentation 
r e a c t i o n s of the Μ+· i o n s u s u a l l y f o l l o w the d i s s o c i a t i o n 
pathways f o r odd-electron gas-phase i o n s . 

The second process i n v o l v e s the formation of protonated or 
c a t i o n i z e d molecular i o n s , i . e . , [M+H] + or [M+C] +, where the 
c a t i o n i z i n g species C i s u s u a l l y a metal i o n from the s u b s t r a t e , 
matrix, or an i m p u r i t y . The b a s i c fragmentation process 
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i n v o l v e s the l o s s of n e u t r a l molecules from the even-electron 
ions due to unimolecular d i s s o c i a t i o n r e a c t i o n s which are common 
i n other forms of mass spectrometry, e.g., chemical i o n i z a t i o n 
mass spectrometry. 

The t h i r d process of i o n i z a t i o n i n molecular SIMS i n v o l v e s 
the d i r e c t emission of i n t a c t (or performed) charged species 
from the s o l i d s t a t e as [M-anion] + or [M-cation]~ i o n s . SIMS 
s t u d i e s of organic s a l t s y i e l d intense c a t i o n i c and a n i o n i c 
species with l i t t l e fragmentation [ 8 5 ] . The secondary i o n 
i n t e n s i t y f o r the organic s a l t s i s g e n e r a l l y two orders of 
magnitude higher than that observed i n c a t i o n i z a t i o n . In f a c t , 
the r e l a t i v e i o n i z a t i o n e f f i c i e n c y (number of secondary ions 
desorbed/number of molecules desorbed) f o r these processes i n 
molecular SIMS i s d i r e c t emission > c a t i o n i z a t i o n > e l e c t r o n 
i o n i z a t i o n . The higher e f f i c i e n c y of the d i r e c t emission 
process lowers the d e t e c t i o
such that picogram q u a n t i t i e

Sample P r e p a r a t i o n . The methods of sample preparation a f f e c t 
the chemical and p h y s i c a l p r o p e r t i e s of the sample molecules and 
hence can profoundly i n f l u e n c e the secondary i o n formation/ 
emission process. In e a r l i e r molecular SIMS s t u d i e s the samples 
were prepared by p l a c i n g a d i l u t e s o l u t i o n o f the compound onto 
an acid-etched Ag f o i l [87, 88]. The a c i d etched surface 
p r o v i d e s , a subs t r a t e onto which t h i n l a y e r s of the compound can 
be deposited from s o l u t i o n s with extended c o n c e n t r a t i o n ranges. 
I f on the other hand, the subst r a t e was not etched and the 
con c e n t r a t i o n of the s o l u t i o n was too hi g h , the adsorbed 
molecular f i l m would grow too t h i c k and consequently quench the 
secondary i o n emission. 

D e r i v a t i z i n g the n e u t r a l sample molecules t o form i o n i c 
s pecies enhances t h e i r secondary ion y i e l d . D e r i v a t i z a t i o n o f 
the n e u t r a l sample molecules can of t e n be accomplished by simply 
adding a c i d or base to the sample s o l u t i o n , or through the 
chemical m o d i f i c a t i o n of s p e c i f i c f u n c t i o n a l groups of the 
molecules, e.g., q u a t e r n i z a t i o n r e a c t i o n s [20, 89]. 

Se v e r a l other sample pr e p a r a t i o n methods were developed to 
s i m p l i f y the s o l u t i o n - d e p o s i t i o n procedures. For example, Cooks 
and coworkers s t u d i e d adduct i o n formation ( c a t i o n i z a t i o n ) of 
s e v e r a l organic compounds when the organic was burnished 
(rubbed) onto a metal f o i l , mixed with a metal s a l t and then 
burnished onto a metal f o i l , or j u s t mixed with metal powders or 
s a l t s and pressed i n t o p e l l e t s . Not only d i d the SIMS s p e c t r a 
show dramatic d i f f e r e n c e s i s the e f f i c i e n c y of adduct i o n 
formation f o r d i f f e r e n t metals, but the sample preparation 
methods had an e q u a l l y dramatic e f f e c t on the SIMS s p e c t r a [ 1 8 ] . 

M a t r i x a s s i s t e d SIMS. Molecular i o n emission from a number of 
s o l i d - s t a t e and l i q u i d matrices has been i n v e s t i g a t e d r e c e n t l y . 
There are two types of s o l i d - s t a t e matrices used i n molecular 
SIMS namely, low temperature matrices (such as the rare-gas 
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s o l i d s [90] and frozen molecular s o l i d s [91-93]) and room 
temperature matrices (such as ammonium c h l o r i d e , NH4CI [96-98] 
and carbon [99, 100]). One important property of these 
matrices i s t h e i r a b i l i t y to matrix i s o l a t e and d i l u t e the 
sample molecules. In a d d i t i o n , because NH4CI i s not chemically 
i n e r t , i t can protonate molecules more b a s i c than ammonia [96] 
enhancing t h e i r i o n y i e l d [97, 98], The carbon matrix, on the 
other hand, has the unique property of being able to s t r o n g l y 
adsorb many organic molecules, even v o l a t i l e and nonpolar 
compounds [99, 100]. 

The recent use of l i q u i d matrices i n SIMS has l e d to 
s e v e r a l s i g n i f i c a n t accomplishments, p a r t i c u l a r l y for the 
a n a l y s i s of biomolecules by FAB mass spectrometry [101]. In the 
F A B / l i q u i d SIMS technique, the analyte i s d i s s o l v e d i n a l i q u i d 
m a t r i x, such as g l y c e r o l , at some optimum con c e n t r a t i o n i n order 
to provide a surface which
c o n s t a n t l y replenished
the bulk to the surface. The m o b i l i t y of the sample molecules 
i n the l i q u i d matrix i s an important property of t h i s type of 
matrix. 

We have r e c e n t l y i n v e s t i g a t e d another type of mobile matrix 
- a l i q u i d metal [100, 102]. Here, we discovered that i o n 
bombardment of the l i q u i d metal s u r f a c e , upon which sample 
p a r t i c l e s were deposited, r e s u l t e d i n movement of the sample 
spe c i e s towards the primary i o n beam where they were desorbed 
and f i n a l l y detected by the mass analyzer. 

Carbon. Since a c t i v a t e d carbons or charcoals are used as 
adsorbents f o r airborne or aqueous p o l l u t a n t s , one o b j e c t i v e of 
a recent i n v e s t i g a t i o n was to develop a new a n a l y t i c a l method 
f o r the d i r e c t and r a p i d i d e n t i f i c a t i o n of organic compounds 
adsorbed on carbon. One important c l a s s of organic compounds -
the p o l y c y c l i c aromatic compounds (PACs) were p r e v i o u s l y 
d i f f i c u l t to analyze by SIMS because of t h e i r low i o n y i e l d and 
low adsorption energies on metal s u r f a c e s . By adsorption on 
carbon v o l a t i l e organic compounds such as the s u b s t i t u t e d 
benzenes (toluene, xylene, and mesitylene) are r e a d i l y detected 
without c r y o g e n i c a l l y c o o l i n g the matrix [99]. In f a c t , the 
molecular i o n s i g n a l of toluene l a s t e d for"T/2 t o ~ 1 hour when 
the carbon was saturated with toluene. Since toluene was 
detected, but not benzene, the minimum adsorption energy 
necessary to permit d e t e c t i o n i s taken to be the heat of 
adsorption f o r toluene or -11 kcal/mol. 

When the l a r g e r n o n v o l a t i l e PACs are adsorbed on carbon, 
molecular and c a t i o n i z e d ions are a l s o detected r e a d i l y (99). 
We b e l i e v e that the high surface area and p o r o s i t y of the carbon 
provides a three-dimensional matrix over which the sample 
molecules are dispersed and from which ions can be emitted f o r 
extended periods of time. For example, 2 yg of a PAC on carbon 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



176 D E S O R P T I O N M A S S S P E C T R O M E T R Y 

emitted c a t i o n i z e d ions f o r over one hour. A d e t e c t i o n l i m i t of 
- 1 ng of phenanthrene on carbon was measured under dynamic 
s p u t t e r i n g c o n d i t i o n s ( i . e . , > 1 X 10"^ A/cm 2). 

Figures 4 and 5 show the molecular SIMS s p e c t r a of phenan
threne and 9-aminophenanthrene taken from four d i f f e r e n t 
m a t r i c e s : Ag f o i l , NH4CI, carbon, and a l i q u i d metal [103]. We 
found that the molecular i o n y i e l d s and i o n i z a t i o n e f f i c i e n c e s 
f o r phenanthrene (at m/z 178) were s i m i l a r from the Ag, NH4CI 
and carbon m a t r i c e s , but that the signal-to-background r a t i o was 
much b e t t e r from the carbon matrix. (The mass peak at m/z 191 
i s a t t r i b u t e d to a contaminant i n e i t h e r the vacuum chamber or 
sample. Since many d i f f e r e n t p o l y c y c l i c aromatic hydrocarbon 
compounds had been stud i e d over many months, the vacuum chamber 
and sample c a r r o u s e
contamination problem.
other hand, i t s secondary  y i e l y 
were enhanced by the NH4CI matrix as evident by the higher 
counting r a t e i n Figure 5. This observation demonstrates how 
the chemical p r o p e r t i e s of NH4CI can i n f l u e n c e the secondary i o n 
emission of molecules c o n t a i n i n g c e r t a i n f u n c t i o n a l groups. 
Further comparison of the matrices showed tha t the Ag matrix was 
the e a s i e s t to prepare but required a s t a t i c primary beam to 
ensure low background and good s i g n a l - t o - n o i s e . The NH4CI 
matrix enhanced the i o n emission for most s u b s t i t u t e d compounds 
and worked best ( i . e . , high s i g n a l - t o - n o i s e ) with a s t a t i c i o n 
beam. The unsubstituted PACs were most e a s i l y analyzed from 
carbon where use of a dynamic primary beam was p o s s i b l e without 
i n c r e a s i n g the background i o n i n t e n s i t y . 

L i q u i d Metal Substrate. I n i t i a l experiments using a CAMECA i o n 
microscope (5.5 keV Ar+ or 0 2+ i o n beam at >1 Χ 10" 6 A/cm2) 
demonstrated that the l i q u i d metal (a gallium/indium a l l o y ) 
provided a s u i t a b l e s ubstrate from which l o n g - l i v e d Μ+· i o n 
emission of organic molecules occurred while using a dynamic 
primary i o n beam [100, 102], The experimental set-up f o r the 
l i q u i d metal s u b s t r a t e i s shown sc h e m a t i c a l l y i n Figure 6. We 
found that i o n bombardment of the l i q u i d metal s u r f a c e , upon 
which sample p a r t i c l e s were deposited, r e s u l t e d i n movement of 
the sample species towards the primary i o n beam where they are 
desorbed and f i n a l l y detected by the mass analyzer. This l i q u i d 
metal s u b s t r a t e o f f e r s s e v e r a l advantages over conventional 
l i q u i d or s o l i d matrices (see Table I ) . For example, the 
gallium/indium a l l o y has a smooth surface onto which s o l i d s can 
be dispersed. The l i q u i d metal i s a l s o conducting and has a low 
vapor pressure. 
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SPECTRUM 

MATRIX 

Ag 

( M + H ) + 

NH 4 CI/Ag 

1:100 D I L U T I O N 
(M + H)+ 

C/Ag 
1 :100 D I L U T I O N 

liquid Ga/ln 
1 0 3 

1 ι ο 

3 0 0 c p s 

2 5 0 0 c p 8 

2 5 0 c p

6 k e V A r <10 p e r t l c l e a / c n T a e c 

1 | |g s a m p l e 

MW 193 

4 0 p g s a m p l e 

(M-f ln) 

2 0 0 0 c p s 3 0 8 

<M + Q a ) + 

ι π / ζ » - · * 

Figure 5. SIMS spectra of 9-aminophenanthrene taken from s i l v e r 
f o i l , ammonium c h l o r i d e , carbon, and gallium/indium a l l o y . Repro
duced with permission from Ref. 103. Copyright 1983, E l s e v i e r 
Science Publishing Co. 

MASS SPECTROMETER 
DYNAMIC MOLECULAR 

PARTICLE BEAM · ̂ T^ S E C O N D A R Y IONS 

RETAINING RING 
\ 

ADSORBATE 

MOLECULES 

GLASS SUBSTRATE 

Figure 6. Schematic diagram of the experimental set-up for dynamic 
SIMS ana l y s i s using a l i q u i d metal substrate. Reproduced with 
permission from Ref. 103. Copyright 1983, E l s e v i e r Science Pub. Co. 
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TABLE I. Comparisons of the L i q u i d Metal and G l y c e r o l 
Substrates f o r Molecular SIMS 

Matrix 
Property L i q u i d M e t a l 8 O r g a n i c 0 

Sample I n t r o d u c t i o n 

Interference Peaks 

Physiochemical Nature 
of S u r f a c e / L i q u i d 

Vapor Pressure 

Required Sample S i z e 

C o n d u c t i v i t y 

Surface 

Few 

Smooth/Inert 

10-11 t o r r 

1-50 g 

High 

Bulk S o l u t i o n 

Many 

P o l a r / S e l e c t i v e 
Solvent 

3 χ 1 0 " 4 t o r r 

10-500 ng 

Low (must add 
s a l t i f charg
i n g 

a Ga/In a l l o y 
D G l y c e r o l 

SIMS s p e c t r a of phenanthrene and 9-aminophenanthrene analyzed 
from the l i q u i d metal surface are shown i n Figures 4 and 5. The 
l i q u i d metal s u b s t r a t e r e q u i r e s a dynamic i o n beam and sample 
conce n t r a t i o n of 10-40 g f o r optimum performance i n order t o 
s u s t a i n the l o n g - l i v e d molecular i o n emission. C a t i o n i z a t i o n of 
the organic molecules by Ga + and I n + , i . e . , [M +Ga]+ and [M + 
I n ] + , occurs with high e f f i c i e n c y . 

Polymers. Molecular SIMS i s an e s p e c i a l l y a t t r a c t i v e surface 
a n a l y t i c a l technique f o r the c h a r a c t e r i z a t i o n of polymer 
surfaces because of i t s high surface s e n s i t i v i t y , molecular 
s p e c i f i c i t y over an extended mass range, and v e r s a t i l i t y i n 
i o n i z a t i o n . However, only a few polymer SIMS s t u d i e s have been 
reported [104-113] due to the s e r i o u s sample charging problems 
t h a t occur with t h i c k i n s u l a t i n g f i l m s . 

A number o f experimental methods have been used to reduce 
the charging of i n s u l a t o r surfaces [114, 115] e s p e c i a l l y i n AES 
or SIMS experiments where charged primary beams are employed. 
These methods in c l u d e (a) e l e c t r i c a l compensation, (b) f l o o d i n g 
with low-energy e l e c t r o n s or i o n s , (c) evaporating conducting 
f i l m s or g r i d s onto the s u r f a c e , (d) i n c r e a s i n g the p a r t i a l 
pressures o f oxygen i n order to increase the surface conduct
i v i t y , (e) e m i t t i n g secondary e l e c t r o n s from a metal f o i l placed 
near the i n s u l a t o r s u r f a c e , ( f ) using negative primary i o n s , (g) 
using n e u t r a l primary p a r t i c l e s , (h) using cesium primary i o n s 
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or cesium surface o v e r l a y e r s , and ( i ) heating the specimen. 
Although a number of these methods have been h i g h l y s u c c e s s f u l 
i n s p e c i f i c cases, the m a j o r i t y of them are experimentally 
cumbersome and i r r e p r o d u c i b l e . 

To overcome t h i s problem, we have modified a commercial i o n 
gun to generate a d i f f u s e fast-atom beam [116, 117]. The ion 
beam n e u t r a l i z e r shown i n Figure 7 c o n s i s t s o f a m u l t i - h o l e 
metal p l a t e through which the primary ions pass. The ions are 
n e u t r a l i z e d by the i o n / s u r f a c e i n t e r a c t i o n s that occur as the 
beam passes through the metal aperatures and by charge-exchange 
r e a c t i o n s that occur w i t h i n the gun assembly. A r e p e l l e r g r i d 
i s used to remove the r e s i d u a l ions from the n e u t r a l i z e d beam. 

The SIMS spectrum o f a 0.5 mm t h i c k f i l m of polystyrene 
cast on s i l v e r i s shown i n Figure 8. The c h a r a c t e r i s t i c i o n s , 
phenyl-type (m/z 77, 78
styrene (m/z 105) alon
from p y r o l y s i s s t u d i e s , are observed. 

D e r i v a t i z a i o n SIMS. The s e n s i t i v i t y o f SIMS f o r quaternary 
ammonium s a l t s extends to the nanogram or subnanogram range 
[ 8 6 ] , This enhanced s e n s i t i v i t y forms the b a s i s of a new 
a n a l y t i c a l method to detect organic compounds i n mixtures. 
S p e c i f i c a l l y , a t a r g e t compound i n a mixture i s s e l e c t i v e l y 
d e r i v a t i z e d to form a quaternary ammonium s a l t and the d e r i v 
a t i v e i s analyzed using SIMS. The compound i s d e r i v a t i z e d 
d i r e c t l y i n the mixture without sample e x t r a c t i o n or clean-up 
p r i o r to a n a l y s i s . In a d d i t i o n , because only the d e r i v a t i z e d 
s p e c i e s are detected with high s e n s i t i v i t y , the mass s p e c t r a 
are much simpler and compounds i n mixtures can be analyzed using 
much l e s s complex instrumentation. To date, we have a p p l i e d 
these methods to analyze drug compounds from u r i n e [ 1 8 ] , to 
detect aldehydes and ketones [119] i n a i r or adsorbe3"~on 
a c t i v a t e d charcoals [120], t o sequence peptides [121] and other 
biomolecules [122], 

D e t e c t i o n of Drugs. SIMS has been a p p l i e d p r e v i o u s l y to the 
de t e c t i o n of s e v e r a l drugs i n urine [123]. We have demonstrated 
picogram s e n s i t i v i t y f o r drugs i n u r i n e by f i r s t performing a 
simple d e r i v a t i z a t i o n with methyl i o d i d e , according to Equation 
4 t o form a quaternary ammonium s a l t o f the drug p r i o r to 
ana l y z i n g the u r i n e with SIMS [118]. 

BASIC DRUG*DERIVATIZATION S C H E M E 

Basic Drug (in water or urine)/ MeOH + C H 3 I 

(4) 
Methylated Quaternary Salt 

*Drugs containing amines 

K 2 C O 3 

eo e c 
30 min. 
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SECONDARY PARTICLE 

EJECTION FROM SAMPLER-

CHARGED SPECIES 

ARE DEFLECTED 

ION BEAM 
NEUTRALIZER 

SAMPLE 

CERAMIC 
STANDOFF 

ION GUN 
ASSEMBLY 

NEUTRAL SPECIES 

REPELLER 
GRID 

( 5 0 0 0 ) 
\ VOLTS/ 

5000 β V 
POSITIVE IONS 

Figure 7. Schematic diagram of commercial ion gun modified with an 
ion beam n e u t r a l i z e r . Reproduced with permission from Ref. 116. 
Copyright 1983, E l s e v i e r Science Publishing Co. 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



/
-C

H
2

-Ç
H

-\
 

V 
Θ
 ί 

(M
O

N
O

M
ER

 +
 M

l*
 

fC
7
H

7
]*

 

χ1
0 "

1 

JU
L— 

20
 

—JJ
 LJ

LJ
iL IC

H
2
-C

-C
H

,]
 

+
 

30
 

40
 

50
 

60
 

70
 

80
 

90
 

10
0
 

11
0
 

12
0
 

Γ 
χΙ

Ο
 

[C
H 2

 
= 

C
C

-C
H

] +
 '

 
[C

.C
]+

-

15
0 

J
 

m
/z

 

[P
h 2

 
C

3
H

3
] 

+
 

Fi
gu

re
 
8
.
 
SI
MS

 
sp

ec
tr

um
 
of
 a

 0
.5
 m
m
 t

hi
ck

 
in

su
la

ti
ng

 
fi

lm
 
of

 p
ol

ys
ty

re
ne

 
ca

st
 
o
n
 s

il
ve

r.
 

Re
pr

od
uc

ed
 
wi

th
 
pe

rm
is

si
on

 
fr

om
 R

ef
. 
11

6.
 

Co
py

ri
gh

t 
19

83
, 

El
se

vi
er

 
Sc

ie
nc

e 
Pu

bl
is

hi
ng
 C
o.

 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



10. C O L T O N E T A L . SIMS 183 

Figure 9 shows a commercial drug mixture i n human ur i n e 
u n d e r i v a t i z e d and d e r i v a t i z e d with methyl i o d i d e . In Figure 9a 
the propoxyphene and methamphetamine are not observed from the 
ur i n e . However, upon d e r i v a t i z a t i o n , molecular ions from both 
can be seen and the i o n i n t e n s i t y from methadone and quinine 
have been increased by a f a c t o r of ten. 

We have d e r i v a t i z e d and observed other drugs such as 
morphine, codeine, amphetamine, and meperidine with s i m i l a r 
r e s u l t s . Cocaine could not be d e r i v a t i z e d under the c o n d i t i o n s 
that we employed and was only detected as the protonated 
molecular i o n . 

We have a l s o employed other d e r i v a t i z a t i o n techniques to 
s e l e c t i v e l y l a b e l other moieties such as carbonyls and a p p l i e d 
these to the s e l e c t i v e d e t e c t i o n o f s t e r o i d s [119]. G i r a r d ' s 
Reagent Ρ r e a c t s wit
according to Equatio

Girard s Reagent Ρ Aldehyde/Ketone Derivative 
(152) (M) (M+134) ( 5 ) 

The ions corresponding to the d e r i v a t i z e d c a r b o n y l - c o n t a i n i n g 
compounds are detected as [M + 134]+, where M i s the molecular 
weight o f the aldehyde or ketone. 

S t e r o i d s such as progesterone, t e s t o s t e r o n e , and c o r t i s o n e 
have been d e r i v a t i z e d and analyzed with t h i s method. Cortisone 
was chosen to demonstrate the enhanced s e n s i t i v i t y obtained with 
the d e r i v a t i z a t i o n / S I M S technique. The SIMS r e s u l t s f or 
u n d e r i v a t i z e d and d e r i v a t i z e d c o r t i s o n e are presented i n Figure 
10. The ions that are observed from c o r t i s o n e i n c l u d e the 
molecular i o n [M + H ] + (m/z 361), the s i l v e r c a t i o n i z e d i o n [M + 
Ag]+ (m/z 467 and 469), and the fragment io n at m/z 407 and 409 
corresponding to the l o s s of the OCHCH2OH group. 

With 100 ng of c o r t i s o n e only [M + A g ] + i s observed. The 
SIMS s p e c t r a of d e r i v a t i z e d c o r t i s o n e , on the other hand, show a 
s i n g l e peak corresponding to the molecular ion o f the d e r i v a 
t i z e d species and an i o n o f low abundance corresponding to the 
same fragmentation observed f o r the u n d e r i v a t i z e d species. The 
d e r i v a t i z e d c o r t i s o n e was detected at 10 ng with the same 
s i g n a l - t o - n o i s e r a t i o as that f o r 100 ng of u n d e r i v a t i z e d 
c o r t i s o n e , which i s approximately an order o f magnitude 
improvement i n the d e t e c t i o n s e n s i t i v i t y . 

Q u a n t i t a t i v e A n a l y s i s . The de r i v a t i z a t i o n / S I M S method can a l s o 
be a p p l i e d q u a n t i t a t i v e l y . For example, two ketones, acetone 
and dg-acetone, were mixed i n v a r i o u s concentrations i n the 
range of 0.1 t o 10 mg/mL and i n the r a t i o s of dg/dg = 10/1, 1/1, 
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(a) Cortisone 

(KhAgJ1* 

ω 
υ 
c 
(Ο 

•σ 
c 
ZS 

4 6 9 4 6 7 2800 ope 

( Μ + Η Γ 

1000 ng 

361 
( M + A g - 6 0 ) L 

1(1 
250

100 ng 

m/z 

(b ) Derivatized Cortisone 

T3 C 3 
<: 
c 
ο 

10 ng 

m/z 

F i g u r e 1 0 . SIMS s p e c t r a oF a) u n d e r i v a t i z e d c o r t i s o n e and b) 
d e r i v a t i z e d c o r t i s o n e . 
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1/10. D e r i v a t i z i n g the mixture using the G i r a r d 1 s reagent 
r e a c t i o n given by Equation 5 produces the r e s u l t s presented i n 
Figure 11 [119]). 

I t i s evident from the s p e c t r a that absolute i o n abundances 
cannot be used for q u a n t i t a t i o n . However, the i o n abundance 
r a t i o of the two compounds remained constant over the s e l e c t e d 
c o n c e n t r a t i o n range. Therefore, i n t e r n a l standards must be used 
f o r q u a n t i t a t i o n by SIMS. This has been found to be true f o r 
fast-atom bombardment mass spectrometry (FABMS), a l s o [124]. 

Sequencing of Biomolecules. The enhanced d e t e c t i o n of charged 
over uncharged compounds a l s o forms the b a s i s f o r a method of 
sequencing of biomolecules [121]. A peptide i s s e l e c t i v e l y 
l a b e l e d at the N- or C-terminus with a charged group (Equation 
6 ) , p a r t i a l l y cleaved, e s t e r i f i e d and a c y l a t e d , and the mixture 
examined by SIMS. Only the charged, l a b e l e d components i n the 
mixture are observed. Sinc
the l a b e l i s at only on
r e a d i l y reconstructed. The s p e c t r a o f two peptides sequenced 
from the N-terminus are shown i n Figure 12. Only low nanogram 
l e v e l s of each charged species are necessary for d e t e c t i o n . I t 
should a l s o be emphasized that the SIMS s p e c t r a were taken of 
the u n p u r i f i e d mixtures. 

H2NGIyGlyPheOH 

Hydrolysis^ 

Mel MesNGIyGlyPheOMe (6) 

m/z 
336 Me3NGIyGlyPheOMe 

189 Me3NGryGryOMe 

132 Me3NGIyOMe 

Charged and 
observed 

F 3 C ^ 

F 3 C ^ 
F a C ^ 

NPheOMe 

NGIyOMe 

NGIyPheOMe 

Not charged and 

not observed 

Our method of enhancing the emission of b i o l o g i c a l 
molecules by a t t a c h i n g charged groups has a l s o been a p p l i e d to 
o l i g o s a c c h a r i d e s . Sugars are normally only observed with 
d i f f i c u l t y using SIMS. However, reducing sugars can be r e a d i l y 
l a b e l e d i n aqueous media with G i r a r d ' s reagents. Once l a b e l e d , 
the sugars can be observed at much lower concentrations than the 
corresponding u n d e r i v a t i z e d m a t e r i a l s . Figure 13 shows the SIMS 
spe c t r a of u n d e r i v a t i z e d maltose deposited from s o l u t i o n onto a 
s i l v e r s u r f a c e ( F i g 13a), mixed i n an ammonium c h l o r i d e matrix 
-matrix a s s i s t e d SIMS - ( F i g 13b and c ) , and d e r i v a t i z e d maltose 
( F i g 13d). The d e r i v a t i z e d sugar can be observed at 100 times 
lower concentrations than the corresponding u n d e r i v a t i z e d 
m a t e r i a l . 
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C O L T O N E T A L . SIMS 

a) 4ug Maltose + 

3keV Xe Ion Bombardment 

[lOOcps j 
-2x10"8A/cm2 

b) 4ug Maltose + Ammonium Chloride 

M+Ag 
jlOOcps 465 

c 
3 
η 
< 
c c) 40ng Maltose + Arnrrrcnium CNoride 
ο 

jlOOcps J 

HOC H, HOCH^ ο 

d) 40ng Derivatized Maltose 498 
M-HjO 

JlOOcps 4 8 0 

m/z 

F i g u r e 1 3 . SIMS s p e c t r a o f m a l t o s e and d e r i v a t i z e d m a l t o s e . 
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Fast Atom Bombardment Combined with Tandem Mass 
Spectrometry for the Study of Collisionally Induced 
Remote Charge Site Decompositions 
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Lincoln, NE 68588 
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Several classes of FAB desorbed, closed-shell ions have 
been found to decompose
unprecedented manner.
with long alkyl chains and involves parallel losses of the 
elements of CnH2n+2 initiated from the alkyl terminus. 
The mechanism appears to be a 1,4-elimination of H2 to 
give a neutral alkene (CnH2n) and an unsaturated charged 
fragment. The reactions do not rely on charge initiation 
and, as a result, they are termed "remote charge site 
fragmentations." Considerable structural information may 
be obtained by interpreting the spectra of daughter ions. 
The information includes location of double bonds in 
fatty acids, indentification of components in complex 
lipids, determination of compositions of anionic and 
cationic surfactants, and identification of long-chained 
alkyl substituants on phosphonium and ammonium ions. 

F a s t a tom bombardment ( F A B ) and s e c o n d a r y i o n mass s p e c t r o m e t r y 
( S I M S ) a r e i m p o r t a n t me thods f o r s t r u c t u r a l d e t e r m i n a t i o n o f 
c o m p o u n d s . The me thods a r e now b e i n g a p p l i e d t o more and more 
c o m p l e x s u b s t a n c e s o f b i o l o g i c a l and c o m m e r c i a l i n t e r e s t . T h e s e 
c o m p o u n d s , when d e s o r b e d by u s i n g p a r t i c l e bombardment , may n o t g i v e 
a b u n d a n t f r a g m e n t a t i o n . O f t e n , t h o s e f r a g m e n t i o n s w h i c h a r e f o r m e d 
a r e d i f f i c u l t t o d i s t i n g u i s h f r o m m a t r i x i o n s when l i q u i d m a t r i c e s 
s u c h a s g l y c e r o l a r e u s e d . M o r e o v e r , t h e compounds may o c c u r a s 
p a r t o f m i x t u r e s w h i c h may be d i f f i c u l t t o s e p a r a t e p r i o r t o t h e 
mass s p e c t r o m e t r y d e t e r m i n a t i o n . 

T h e s e p r o b l e m s c a n o f t e n be s o l v e d by e m p l o y i n g a tandem mass 
s p e c t r o m e t e r (MS-MS) a s t h e mass a n a l y z e r f o r SIMS o r F A B . The 
f i r s t mass s p e c t r o m e t e r s e r v e s a s a s e p a r a t i o n s d e v i c e w h i c h a l l o w s 
a n y g i v e n d e s o r b e d i o n t o be i s o l a t e d f o r f u r t h e r s t u d y , u s u a l l y 
t h e i o n i s c o l l i s i o n a l l y a c t i v a t e d by a c c e l e r a t i n g i t i n t o a 
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c o l l i s i o n c e l l c o n t a i n i n g an i n e r t gas, u s u a l l y helium. One of the 
consequences of c o l l i s i o n a l a c t i v a t i o n i s production of fragment 
ions which can be separated and detected by using the second mass 
spectrometer. 

A few years ago, we began a research program to develop 
methods of a n a l y s i s which would i n v o l v e the use of FAB and a high 
performance tandem mass spectrometer. The tandem instrument was the 
f i r s t t r i p l e s e c t o r mass spectrometer to be designed and b u i l t by a 
commercial instrument company (Kratos of Manchester, U.K.). The 
f i r s t mass spectrometer of the combination i s a double f o c u s s i n g 
Kratos MS-50 which i s coupled to a low r e s o l u t i o n e l e c t r o s t a t i c 
a n a l y z e r , which serves as the second mass spectrometer (_1). This 
FAB MS-MS combination has been used to v e r i f y the s t r u c t u r e s of an 
unknown c y c l i c peptide ( 2 ) , a new amino a c i d modified by d i p h t h e r i a 
t o x i n ( 3 ) f and an o r n i t h i n e - c o n t a i n i n g l i p i d ( 4 ) . A number of 
methods have a l s o been worked out which r e l y on t h i s 
i n s t r u m e n t a t i o n . The
c y c l i c peptides ( 5 )
unsaturated f a t t y a c i d  (7)  a n a l y s i
a n i o n i c (8) and c a t i o n i c s u r f a c t a n t s ( 9 ) . 

In t h i s chapter, we have chosen to review the r e s u l t s obtained 
i n s t u d i e s of the c o l l i s i o n a l a c t i v a t i o n of saturated and 
unsaturated f a t t y a c i d carboxylates and other r e l a t e d a n i o n i c 
substances such as s u l f a t e s and s u l f o n a t e s . We w i l l show that these 
kinds of compounds undergo a unique set of fragmentation r e a c t i o n s 
which occur remote from the charge s i t e . R e s u l t s which point to the 
mechanism of the r e a c t i o n s and to p o s s i b l e a n a l y t i c a l a p p l i c a t i o n s , 
p a r t i c u l a r l y the study of s u r f a c t a n t s , w i l l a l s o be reviewed. 
These r e a c t i o n s are not reserved f o r negative ions only; c e r t a i n 
p o s i t i v e ions a l s o undergo remote charge s i t e fragmentations. Our 
i n t e n t i o n i s to dis c u s s i n some d e t a i l one c l a s s of decomposition 
r e a c t i o n s i n order to show the i n t e r e s t i n g chemistry which can be 
e x h i b i t e d by gas-phase ion s desorbed by p a r t i c l e bombardment. 
Moreover, we hope that the d i s c u s s i o n w i l l help s t i m u l a t e new 
developments i n desorption i o n i z a t i o n which w i l l permit 
i n v e s t i g a t i o n s of t h i s nature to be conducted on higher mass ions 
and lower q u a n t i t i e s of chemical compounds. 

D e s c r i p t i o n o f the Phenomenon 

Fast Atom Bombardment (J_0) i s an e f f e c t i v e desorption method f o r 
many molecules of b i o l o g i c a l i n t e r e s t such as long chained f a t t y 
a c i d s . I n the negative i o n mode, the FAB sp e c t r a of t y p i c a l f a t t y 
a c i d s show p r i n c i p a l l y (M-H)~ i o n s . The p a l m i t i c a c i d spectrum i n 
Figure 1 i s a r e p r e s e n t a t i v e example. Even under c o n d i t i o n s of high 
m u l t i p l i e r gain and m a g n i f i c a t i o n , convincing evidence f o r 
a d d i t i o n a l fragmentation i s l a c k i n g i n spe c t r a acquired i n t o a 
computer at slow scan r a t e s of 30 sec/decade. 

While the spectrum shown i n Figure 1 may be very u s e f u l i n many 
a p p l i c a t i o n s , i t does not r e v e a l s t r u c t u r a l i n f o r m a t i o n . I n many 
cases, such i n f o r m a t i o n may be obtained by studying the metastable 
decomposition of major i o n s . The instrument used i n t h i s l a b o r a t o r y 
may be operated i n a manner i n which an i o n such as the (M-H)~ i o n 
of the f a t t y a c i d i s s e l e c t e d , even at high r e s o l u t i o n i f necessary, 
by using MS-I and i t s decompositions i n the f i e l d f r e e r e g i o n 
between MS-I and MS-II followed by scanning the second ESA (MS-II). 
However, the metastable decompositions of the (M-H)~ ion s of the 
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f a t t y a c i d s we have st u d i e d i n v o l v e only a very low abundance water 
l o s s . This l o s s i s only apparent f o r a c i d s w i t h chains of 16 
carbons or more, and then the r e l a t i v e abundance of the appropriate 
metastable ions decomposing i n the t h i r d f i e l d f r e e region i s a 
f a c t o r of 60,000 smaller than the abundance of the (M-H)~ i o n . 

However, high energy c o l l i s i o n a l a c t i v a t i o n (JJ .»J2) of 
carboxylate anions such as the (M-H)~ i o n of p a l m i t i c a c i d , i n an 
MS/MS experiment causes fragmentation as shown i n Figure 2A. This 
d i s t i n c t i v e and h i g h l y r e p r o d u c i b l e p a t t e r n i s found f o r carboxylate 
anions with a carbon chain length of at l e a s t s i x or seven atoms 
and i s w e l l - d e f i n e d f o r those anions c o n t a i n i n g 10 carbon atoms or 
more. The decompositions observed may be f o r m a l l y described as a 
s e r i e s of p a r a l l e l alkane l o s s e s from the (M-H)~ i o n . A l s o observed 
are losses which lead to ions m/z 58 and m/z 86 and the l o s s of 
water. These decompositions occur f o r 1-2J of the c o l l i s i o n a l l y 
suppressed i o n beam. The s e r i e s of p a r a l l e l l o s s e s of the elements 
of n e u t r a l alkanes i
l o s s e s of n e u t r a l alkan
groups f o r a v a r i e t y of compounds which i n c l u d e secondary a l c o h o l s , 
ketones, amines, and quaternary ammonium ions (13-19) these l o s s e s 
are associated with s p e c i f i c rearrangements a t the charge s i t e and 
are not part of a s e r i e s of alkane l o s s e s . Another noteworthy 
f e a t u r e of the CAD spec t r a i s the abundance of high mass fragment 
i o n s . Stenhagen's c l a s s i c s t u d i e s of long chain carboxylate e s t e r 
r a d i c a l c a t i o n s (20-22) show that fragmentations occur which favor 
the formation of low mass i o n s . 

Mechanism. The abundance of high mass ions combined w i t h the 
expec t a t i o n t h a t the charge should r e s i d e a t the carboxylate s i t e , 
suggest th a t the lo s s e s of the elements CnH2n^2 p r e f e r e n t i a l l y 
occur from the end of the carbon chain remote from the c a r b o x y l a t e . 
This assumption was shown to be v a l i d f o r the CHjj l o s s from 
p a l m i t i c a c i d by comparing the CAD spectra of the (M-H)~ i o n of 
unlabeled p a l m i t i c a c i d w i t h the spectra of the (M-H)~ i o n of 
16,16,16 - d o-palmitic a c i d ( F i g . 2). The two spec t r a d i f f e r only i n 
the mass of the (M-H)~ i o n . A l l other ions have the same m/z values 
i n d i c a t i n g t h a t indeed the CH4 l o s s i s from the a l k y l terminus of 
the palmitate anion. Studies of other l a b e l e d c a r b o x y l i c a c i d s 
(23,24) i n c l u d i n g 7 , 7 , 8 , 8 - d 4-palmitic a c i d , 9 , 1 0 - d 2-myristic a c i d , 
9 , 1 0 - d 2-stearic a c i d , 2,3 -d2-octanoic, 9 ,10 ,12 ,13-djj-stearic a c i d , 
9,10 ,12,13,15 , l6 -d6-stearic a c i d , 4,5,7,8,10,11,13,14,16,17,19,20-
-d<|2-docosahexanoic a c i d , and 5 , 6 , 7 , 8 , 1 1 , 1 2 ,14,15 - d e-eicosanoic 
a c i d , provide a d d i t i o n a l supporting evidence f o r the mechanism of 
t h i s process. 

The p a t t e r n of apparent alkane l o s s e s from s p e c i f i c a l l y 
deuterated carboxylate ions i s most e a s i l y r a t i o n a l i z e d by inv o k i n g 
a 1 , 2-elimination mechanism (see Equation 1) 

H 

(1) 

+ CH_=CH(CH.) COO' d d m 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



J E N S E N E T A L . Remote Charge Site Decompositions 

.> 30 • 

Palmitic Acid 
Negative ion 

HO 
M/Z 

(M-H)-

ii 

Figure 1. Negative i o n mass spectrum o f the FAB desorbed 
p a l m i t i c a c i d . Io
mat r i x . 

CO 
Palmitic Acid M/Z 255 (M-H)-

< 
8 
φ 

' ι ι » ι ι f't η ι 

Figure 2. Spectra of the daughter ions produced by 
c o l l i s i o n a l l y a c t i v a t i n g the (M-H)" i o n s of unlabeled p a l m i t i c 
a c i d (A) and 16,16,16-d - p a l m i t i c a c i d ( B ) . Note the spectra 
d i f f e r only i n the mass of the main beam. 
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F o r e x a m p l e , upon c o l l i s i o n a l a c t i v a t i o n , 7,7,8,8 - d j j - p a l m i t i c a c i d 
l o s e s u n l a b e l e d ^2^2n+2 f r o m C H 4 t o C 6 H 1 4 * H o w e v e r , t h e l o s s e s o f 
s e v e n and e i g h t c a r b o n s a r e a s C7H15D and C g H ^ D . T h e s e l o s s e s o f 
C ^ H ^ D and C%H<\*jO a r e g r e a t e r t h a n 90%; i . e . l e s s t h a n 10J l o s s e s o f 
0γΗ- |5 o r CQH^Q o c c u r . T h i s was mos t c l e a r l y e s t a b l i s h e d by u s i n g 
t h e NIEHS f o u r s e c t o r mass s p e c t r o m e t e r w h i c h has t h e c a p a b i l i t y f o r 
u n i t r e s o l u t i o n o f M S - I I (we a c k n o w l e d g e D r . Ron H a s s f o r a l l o w i n g 
u s t h i s o p p o r t u n i t y ) . 

The 1 , 2 - e l i m i n a t i o n m e c h a n i s m a s shown i n E q u a t i o n 1 i s a 
f o u r - e l e c t r o n o r b i t a l s y m m e t r y f o r b i d d e n p r o c e s s (25). T h e r e f o r e , 
a n a l t e r n a t i v e m e c h a n i s m , s u c h a s t h e a l l o w e d s i x e l e c t r o n p r o c e s s 
shown i n E q u a t i o n 2, may be more l i k e l y . I f t h e r e a c t i o n p r o c è d e s 
i n t h i s m a n n e r , a t e r m i n a l l y u n s a t u r a t e d f a t t y a c i d c a r b o x y l a t e w i l l 
be f o r m e d j u s t a s f o r t h e 1 , 2 - e l i m i n a t i o n . The d e u t e r i u m l a b e l i n g 

r e s u l t s w i l l be t h e same f o r t h i s m e c h a n i s m a s f o r t h a t shown i n 
E q u a t i o n 1; t h a t i s , d e u t e r i u m l a b e l i n g w i l l n o t p e r m i t us t o 
d i s t i n g u i s h b e t w e e n t h e m e c h a n i s m s shown i n E q u a t i o n s 1 and 2 . The 
n e u t r a l p r o d u c t s o f t h e r e a c t i o n w i l l be h y d r o g e n and an a l k e n e , 
w h i c h , o f c o u r s e , c a n n o t be d i s t i n g u i s h e d mass s p e c t r o m e t r i c a l l y 
f r o m t h e a l k a n e p r o d u c t r e q u i r e d i f t h e m e c h a n i s m i n E q u a t i o n 1 i s 
c o r r e c t . 

I n a d d i t i o n t o m e c h a n i s m c o n s i d e r a t i o n s , s e v e r a l o t h e r 
g e n e r a l i z a t i o n s c a n be made r e g a r d i n g t h e c o l l i s i o n a l l y - i n d u c e d 
d i s s o c i a t i o n o f t h e l o n g c h a i n e d a c i d s . The f i r s t i s t h a t t h i s 
u n i q u e f r a g m e n t a t i o n b e h a v i o r o c c u r s f o r c l o s e d - s h e l l c a r b o x y l a t e 
a n i o n s . The s e c o n d i s t h a t t h e i n i t i a t i o n o f f r a g m e n t a t i o n r e m o t e 
f r o m t h e c h a r g e s i t e i s a s i g n i f i c a n t d e p a r t u r e f r o m t h e 
w e l l - a c c e p t e d c h a r g e - s i t e o r r a d i c a l - s i t e i n i t i a t i o n o f 
d e c o m p o s i t i o n s o f g a s - p h a s e i o n s . The r o l e o f t h e c h a r g e s i t e may 
be r e d u c e d due t o t h e f a c t t h a t t h i s f r a g m e n t a t i o n a p p e a r s t o 
r e s e m b l e a h i g h e n e r g y t h e r m a l p r o c e s s . E v i d e n c e f o r t h i s i n c l u d e s 
t h e f a c t t h a t a s e r i e s o f p a r a l l e l C n H2n+2 l ° 3 3 e s o c c u r i n t h e 
p y r o l y s i s o f f a t t y a c i d e s t e r s . F o r e x a m p l e , S u n e t a l . h a v e shown 
t h a t t h e p y r o l y s i s o f 9,10-d2 o c t a d e c a n o a t e ( 2 6 ) l e a d s t o p r o d u c t i o n 
o f a s e r i e s o f a l k e n e s and u n s a t u r a t e d f a t t y e s t e r s . The r e l a t i v e 
a b u n d a n c e s o f t h e v a r i o u s u n s a t u r a t e d e s t e r s a r e c o m p a r a b l e w i t h 
t h e a b u n d a n c e s o f t h e p r o d u c t i o n s t h a t we s e e i n t h e CAD s p e c t r u m . 
The 1 , 4 - e l i m i n a t i o n m e c h a n i s m p r o p o s e d above i s e n t i r e l y c o n s i s t e n t 
w i t h t h e r e s u l t s f r o m t h e t h e r m o l y s i s s t u d i e s . 

O t h e r e v i d e n c e t h a t t h e f r a g m e n t a t i o n i s a h i g h e n e r g y p r o c e s s 
i s f o u n d by o b t a i n i n g mass s p e c t r a a t a h i g h e r d y n a m i c r a n g e t h a n 
was e m p l o y e d f o r t h e f u l l s c a n mass s p e c t r a d i s c u s s e d e a r l i e r . I n 
t h e mass r a n g e m / z 224 t o t h e m o l e c u l a r i o n , i o n s m / z 225, 237, and 
239 were s e e n w i t h a b u n d a n c e s o f 0.64$, 0 .29%, and 0.81% w i t h 
r e s p e c t t o t h e ( M - H ) " i o n a t m / z 255. T h e s e i o n s c o r r e s p o n d t o t h e 
l o s s e s o f C 2 H 5 , w a t e r and C H 4 , r e s p e c t i v e l y . U n d e r n o r m a l FAB 
c o n d i t i o n s , one e x p e c t s t h e d e s o r b e d i o n s t o h a v e a n e n e r g y 

H H 

C H - ( C H 0 ) CH 3 2 η ν C H - ( C H
2 m 2 3 2 n 2 2 

+ C H 0 = C H ( C H ) COO" 
! 2 2 m 
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distribution with at least a small number of ions of relat ively high 
energy. As the narrow scan data indicate, a small fraction of the 
desorbed ions possess sufficient energy to undergo these remote 
charge site fragmentations. The phenomenon becomes much more 
apparent after high energy co l l i s iona l activation. 

Evidence for Remote S i te . Losses of the elements CnH2n+2 c o u l d 

occur remote from the charge s ite but s t i l l result from coi l ing (27) 
of the molecule to allow interaction between the alkyl chain and 
charge s i te . Evidence that coi l ing i s not necessary for the 
reaction to occur was provided by examining the co l l i s iona l ly 
activated decomposition of the (M-H)~ ion of cholesteryl 
hemisuccinate (Fig. 3)» a r ig id molecule. In this case CnH2n+2 
losses occur from the a lkyl chain remote from the charge-bearing 
carboxylate. Analysis of a molecular model indicates that a minimum 
length of seven carbons in the alkyl chain is necessary for any 
interaction with the charg
multiple double bonds i
the poss ibi l i ty of charge dispersion by resonance effects. 

The CAD spectrum of the (M-H)~ ion of cholesteryl 
hemisuccinate (Fig. 3) also i l lus trates one specific type of 
structural information which can be obtained from the remote loss 
pattern. The co l l i s iona l ly activated (M-H)~ ions decompose by 
losing CH4, a major fragmentation, and then the elements of C3H3, 
but v ir tual ly no loss of C2H5 occurs. This i s readily explained in 
terms of the structure of the a lkyl chain. Since there is a methyl 
branch at the end, increased probability for CH4 loss and, according 
to the above mechanisms, reduced probability for C2H6 loss are 
expected. Hence, branch points in a carbon chain may be Identified 
by the suppression of specific (^2^2 losses* As indicated in this 
spectrum, remote losses resume once the branch point i s passed; . i .e . 
C3H8 and C4H10 losses occur as expected. 

Strategy for Locating Double Bonds. A structural feature revealed 
by the series of CnH2n+2 losses from co l l i s iona l ly activated ions is 
the presence and location of a double bond in the a lkyl chain of a 
carboxylate anion (7). This would be expected from either a 
1 , 2 - é l i m i n â t i o n mechanism proposed in Equation 1 or a 
1,4-elimination of H2 (Equation 2) as the transfer of v inyl ic 
hydrogens and cleavage of the double bond are not anticipated. The 
double bond i s located by the absence of specific CnH2n+2 losses. 
The co l l i s iona l ly activated decompositions of 9-hexadecenolc acid 
gives rise to a typical spectral pattern (Fig. 4). Two abundant 
ions (A and A") are followed by three very low abundance ions at 
lower mass and then a third abundant ion (B). The abundant ions A 
and Β arise from a hydrogen transfer and cleavage of the two C-C 
a l l y l i c bonds, one on the acid side and the other on the hydrocarbon 
side. Alternative and more l ike ly mechanisms are given in 
Equations 3 and 4. The f i r s t mechanism depicts C nH^ n^2 loss remote 
from the double bond; the second shows the fac i le 
allyl-cleavage/rearrangement. Both should be thermally allowed. 
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H H 

A * 
CH-(CH 0) CH f .CHCH=CH(CH9) COl >- (3) 
3 2 η \ ^ * / 2 m 2 

- Λ 
CH2»-CH2 

CH_(CH,) CH=CH0 + H_ + CH-sCHCHsCHiCH,.) CO! 3 2 1 1 2 2 2 2 D 2 

C H 0 ( C H 0 ) C H 0 - C H ^ C H - ( C H 0 ) COO" >- (4) 
3 2 η 2 ι ^ | 2 m 

C H Q ( C H
3 2 η 2 2 2 2 2 m 

The p o t e n t i a l f o r l o c a t i n g m u l t i p l e d o u b l e bonds i n 
l o n g - c h a i n e d c a r b o x y l a t e a n i o n s w o u l d be e x p e c t e d . H o w e v e r , t h e 
a c t u a l s p e c t r a o b t a i n e d f o r s u c h i o n s , a r e n o t i n t e r p r e t e d e a s i l y a s 
t h o s e o f m o n o u n s a t u r a t e d f a t t y a c i d s . F u r t h e r m o r e , h i g h l y 
u n s a t u r a t e d a c i d a n i o n s u n d e r g o o n l y l o s s o f 45 amu, and no r e m o t e 
c h a r g e s i t e f r a g m e n t a t i o n i s s e e n . L a b e l i n g p r o c e d u r e s , u s e d 
i n i t i a l l y i n t h e m e c h a n i s t i c s t u d i e s , p r o v i d e a n a l t e r n a t i v e 
a p p r o a c h f o r l o c a t i n g m u l t i p l e d o u b l e b o n d s . The l a b e l e d compounds , 
9,10 - d p - s t e a r l c a c i d , 9,10 - d p - m y r i s t i o a c i d and 2,3 - d p - o c t a n o l c 
a c i d , w e r e p r e p a r e d by t h e r e d u c t i o n o f t h e i r r e s p e c t i v e u n s a t u r a t e d 
compounds by u s i n g d i i r a i d e (N2D2) (28,2£). C o l l i s i o n a l a c t i v a t i o n 
o f t h e r e d u c e d compounds was n o t o n l y i n f o r m a t i v e r e g a r d i n g t h e 
m e c h a n i s m b u t a l s o p e r m i t t e d t h e p o s i t i o n o f t h e d o u b l e bond t o be 
d e t e r m i n e d by a c c o u n t i n g f o r mass s h i f t s o f s p e c i f i c i o n s w i t h 
r e s p e c t t o t h e i r u n l a b e l e d c o u n t e r p a r t s . The d e c r e a s e d i n t e n s i t y o f 
p e a k s a t t r i b u t e d t o i o n s f o r m e d a s a r e s u l t o f d e c o m p o s i t i o n s a t 
l a b e l e d c a r b o n s i t e s i s due t o t r a n s f e r o f b o t h h y d r o g e n and 
d e u t e r i u m a s a g i v e n l a b e l e d c a r b o n a tom h a s one o f e a c h . H e n c e 
t h e s e l e s s I n t e n s e , s l i g h t l y b r o a d e n e d p e a k s a r e a c t u a l l y u n r e s o l v e d 
d o u b l e t s w h i c h a l s o s e r v e a s m a r k e r s f o r t h e d o u b l e bond l o c a t i o n . 
The d i i m i d e r e a c t i o n was s u b s e q u e n t l y e m p l o y e d t o r e d u c e m u l t i p l y 
u n s a t u r a t e d f a t t y a c i d s i n c l u d i n g l i n o l e i c , l l n o l e n i c , e l e o s t e a r i c , 
a r a c h l d o n i c , and d o c o s a h e x a e n o i c , w h i c h c o n t a i n t w o , t h r e e , t h r e e , 
f o u r , and s i x d o u b l e bonds r e s p e c t i v e l y . 

The r e d u c t i o n p r o c e d u r e i n v o l v e d r e a c t i n g d e u t e r o d i i m i d e , 
w h i c h was g e n e r a t e d f r o m h y d r a z i n e - d 4 i n D2O, w i t h t h e u n s a t u r a t e d 
f a t t y a c i d s (28,29). The a c i d was f i r s t n e u t r a l i z e d w i t h l i t h i u m 
h y d r o x i d e and t h e r e s u l t i n g l i t h i u m s a l t d r i e d . The s a l t was t h e n 
d i s s o l v e d i n D2O a l o n g w i t h N 2 D 4 , and t h e s o l u t i o n h e a t e d t o s l o w 
r e f l u x f o r 3-4 d a y s u n t i l b u b b l i n g c e a s e d . The r e d u c e d a c i d was 
t h e n e x t r a c t e d i n d i e t h y l e t h e r and i n v e s t i g a t e d u s i n g FAB and CAD 
mass s p e c t r o m e t r y . 

A r a c h l d o n i c a c i d , w h i c h i s a r e p r e s e n t a t i v e e x a m p l e , was 
r e d u c e d t o g i v e a p p r o x i m a t e l y 30% d e - e i c o s a n o i c a c i d . The 
c o r r e s p o n d i n g ( M - H ) " was s u f f i c i e n t l y a b u n d a n t t h a t i t c o u l d be 
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selected using MS-1 of the tandem mass spectrometer and cleanly 
co l l i s i ona l ly activated. The CAD spectrum can be found in reference 
2 3 · Alkane losses involving the incorporation of one deuterium are 
f i r s t found as the losses of C4H9D and C5H11D. According to the 
mechanisms, the most remote double bond from the carboxyl end must 
be at position 14. Similarly , losses of C7H13D3 and C8H15D35 
C10H17D5 and C11H19D55 and C13H21D7 and C14H23D7 are interpreted to 
locate the other three double bonds at positions 11, 8, and 5, 
respectively. 

Application to Complex Lip ids . Structural information may be 
obtained for complex l ip ids as a result of remote charge site 
fragmentation (23). The negative ion FAB spectra, as well as the 
co l l i s iona l activation spectra of the major ions, have been obtained 
for a number of phospholipids, including phosphatidylcholines, 
phosphatidylserines, phosphatidylinositols, cardio l ip id , 
phosphatidylthanolamin
phosphatidylcholines, fo
that three high mass ions are formed which correspond to losses of 
various portions of the choline. In addition, ions which may be 
attributed to carboxylate anions from the fatty acid chains are also 
observed. For α - p h o s p h a t i d y l c h o l i n e , B-stearoyl-y-oleoyl 
(structure a), the principal ions of the FAB spectra are m/z 773» 
728, 702, 283, and 281. The constituent fatty acid carboxylates are 
the most abundant ions formed in the decomposition of the desorbed 
l i p i d . Col l i s ional activation indicated that these anions 
originate via decompositions of the three high mass ions. By 
co l l i s iona l ly activating the m/z 281 ions and comparing the CAD 
spectrum of the fragments of m/z 281 formed from the l i p i d with 
those of the (M-H)~ of authentic samples of oleic and vaccenic acids 
i t could be confirmed that one of the fatty acid constituents was 
oleic and not vaccenic acid, for example. As expected, the CAD 

0 
II 

H 2C-0-C-(CH 2) ?CH=CH(CH 2) ?CH 3 

0 

II 
H C - 0 - C - ( C H 2 ) l 4 - C H 3 

0 

II 
H 2 C-0-P-0-CH 2 CH 2 N(CH 3 ) 3 

0 
a 

spectra of oleic acid and the m/z 281 ion from the l i p i d are 
characterized by suppressed fragmentations corresponding to CeH-ie» 
C9H20 and C10H22 losses. For vaccenic acid, fragmentations which 
lead to expulsion of C5H14, C7H15, and C3H18 are suppressed. 
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A p p l i c a t i o n t o O t h e r N e g a t i v e I o n s . Remote c h a r g e s i t e 
f r a g m e n t a t i o n and i t s u t i l i t y f o r r e v e a l i n g s t r u c t u r a l i n f o r m a t i o n 
a r e n o t l i m i t e d t o c a r b o x y l a t e a n i o n s . O t h e r c l a s s e s o f a n i o n s 
i n c l u d i n g a l k y l s u l f a t e s , a l k y l e t h e r s u l f a t e s , a l k y l s u l f o n a t e s , 
a n d n - a c y l a t e d a m i n o a c i d s c a n be d e s o r b e d a s ( M - H ) ~ a n d 
c o l l i s i o n a l l y a c t i v a t e d t o u n d e r g o C n H 2 n + 2 l o s s e s . A l l o f t h e s e 
compounds p o s s e s s t h e common f e a t u r e s o f l o n g a l k y l c h a i n s and 
s t a b l e , h i g h l y l o c a l i z e d a n i o n i c s i t e s . 

Many o f t h e s e s u b s t a n c e s h a v e s u b s t a n t i a l c o m m e r c i a l 
s i g n i f i c a n c e a s s u r f a c t a n t s . The w i d e r a n g e o f compounds f o u n d i n 
a n y g i v e n s u r f a c t a n t c r e a t e s a c h a l l e n g i n g p r o b l e m i f one w i s h e s t o 
a n a l y z e i t . The n a t u r e o f t h e m i x t u r e s i s o f t e n o b s c u r e a s t h e r aw 
m a t e r i a l s a r e i n v a r i a b l y m i x t u r e s o f f a t t y a c i d s , a l c o h o l s , o r 
h y d r o c a r b o n p r e c u r s o r s . L y o n e t a l . (8) h ave d e m o n s t r a t e d t h a t FAB 
c o m b i n e d w i t h MS/MS c a n be u s e d t o d e a l w i t h t h e s e m i x t u r e s . 

The a n a l y s i s o f a m i x t u r e o f a l k y l s u l f o n a t e s i s r e p r e s e n t a t i v e 
o f t h e s u c c e s s o f t h i
F A B - g e n e r a t e d m o l e c u l a
s u l f a t e ( F i g u r e 5 ) , a l l o w s one t o v e r i f y t h a t t h e m a t e r i a l i s a 
s u l f a t e ( i o n s m / z 80 and 96 w h i c h a r e SO3" and SO4"", r e s p e c t i v e l y ) , 
t o o b t a i n t h e l e n g t h o f t h e c a r b o n c h a i n by c o u n t i n g peak m a n i f o l d s 
f r o m m / z 96 t o t h e m o l e c u l a r i o n , and t o v e r i f y t h a t t h e a l k y l g r o u p 
i s n o r m a l ( n o t b r a n c h e d ) . The peak m a n i f o l d s c o r r e s p o n d t o i o n s 
f o r m e d by r e m o t e c h a r g e s i t e 0 η Η2η+2 l o s s e s . The l o s s e s a r e 
c o m p a r a b l e w i t h t h o s e s e e n f o r c a r b o x y l a t e s ( F i g . 2 ) . I n a d d i t i o n , 
t h e b a s i c p a t t e r n o f r e l a t i v e a b u n d a n c e s i s s i m i l a r ; i ^ e . C3H8 l o s s 
m o s t f a v o r e d w i t h a d e c r e a s e f o r more c o m p l e x C n H 2 n + 2 « 

I t a p p e a r s f o r b o t h c a r b o x y l a t e s and s u l f a t e s t h a t t h e r e m o t e 
c h a r g e s i t e f r a g m e n t a t i o n i s f i r s t s e e n when t h e p r o d u c t i o n h a s a 
c h a i n l e n g t h o f f o u r a toms a t t a c h e d t o t h e c h a r g e s i t e . F o r f a t t y 
a c i d s , t h e s e r i e s b e g i n s a t m / z 99 ( s e e s t r u c t u r e b ) , and f o r 
s u l f a t e s , i t s t a r t s w i t h m / z 137 ( s e e s t r u c t u r e c ) . I o n s m / z 86 f o r 
c a r b o x y l a t e s and m / z 124 f o r s u l f a t e s a r e a n a l o g s . B o t h a r e 
p r e s u m a b l y 5-membered r i n g r a d i c a l a n i o n s w h i c h c o n t a i n t h e 
f u n c t i o n a l g r o u p ( s t r u c t u r e s d and e ) . A d i f f e r e n c e b e t w e e n t h e 
s u l f a t e s and c a r b o x y l a t e s i s t h e l o s s o f w a t e r w h i c h o c c u r s o n l y f o r 
t h e c a r b o x y l a t e a n i o n . T h i s d e c o m p o s i t i o n i s p r o b a b l y n o t a r e m o t e 
c h a r g e s i t e r e a c t i o n . 

C H 2 = C H C H 2 C H 2 C 0 0 " C H 2 = C H C H 2 0 S 0 3 

0 " Ί · ο Τ 

A s f o r t h e c a r b o x y l a t e s , t h e r e m o t e s i t e f r a g m e n t a t i o n i s much 
more p r o n o u n c e d w i t h i n c r e a s i n g c a r b o n c h a i n l e n g t h . F o r e x a m p l e , 
f r a g m e n t a t i o n i s s e e n f o r o c t y l s u l f a t e b u t i s much more p r o n o u n c e d 
f o r l o n g e r - c h a i n e d s u l f a t e s s u c h as h e x a d e c y l s u l f a t e . 
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Figure 3· CAD spectrum of the negative ions from the 
d i s s o c i a t i o n of c h o l e s t e r y l hemisuccinate (M-H)" m/z 485. 
Expanded p o r t i o n of the spectrum i n the mass range ra/z 300 t o 
m/z 500 i s shown. 

Trans-9-Hexadecenoic Acid 
Λ Λ Λ Λ Λ Λ Λ / 0 0 0 " 
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50 
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Figure 4. Spectrum of the daughter 
c o l l i s i o n a l l y a c t i v a t i n g the 
trans-9-hexadecenoic a c i d . 

ions 
(M-H)" 

produced 
ions 

by 
of 

50 100 150 200 250 300 
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Figure 5. Spectrum of the daughter ions produced by 
c o l l i s i o n a l l y a c t i v a t i n g the (M-H)" i o n s of hexadecyl 
s u l f a t e . 
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Nevertheless, the octyl sulfate CAD spectrum yields sufficient 
information to allow the compound to be distinguished from isomeric 
2-ethylhexyl sulfate (for a comparison, see ref . 8). The branching 
of the 2-ethylhexyl sulfate causes suppression of fragmentation at 
the branch point in a fashion analogous to that seen for the 
carboxylates and for the steroid (see Figure 3). 

Analysis of an alkyl ether sulfate surfactant further 
exemplifies the u t i l i t y of the FAB MS/MS techniques for dealing with 
complex mixtures (8). The negative ion FAB spectrum contains a 
series of ions separated by 44 amu starting with m/z 265, the lowest 
mass ion of significant abundance, and continuing in a regular 
pattern to m/z 705- Additional homologous series differing by 14 
amu are also observed. Selection and co l l i s iona l activation of any 
of these ions produced consistent CAD spectra with two features: a 
cnH2n+2 1 0 3 3 series and an equally well-defined repetitive pattern 
which could be attributed to each ethylene oxide unit (8). It was 
apparent from the CAD
parent ions that the mixtur
sulfates containing one to ten ethylene oxide units. Those with one 
to four units were found to be the most abundant. Other 
constituents containing tr ldeoyl , tetradeoyl, and pentadecyl alkane 
moieties gave ions which were superimposed on this dodecyl series. 
The remote CnH2n+2 loss pattern of the respective CAD spectra 
allowed for identif ication of a lkyl homologs. 

The MS/MS approach to the analysis of surfactant mixtures seems 
to be applicable to most types of anionic surfactants (8). While 
each class exhibits certain unique fragmentations, which depend on 
the functional groups present, the characteristic negative ion CAD 
spectra reveal structural information pertaining to alkyl chain 
length and branching for a l l cases studied thus far except 
s u l f o s u c c i n a t e s · 

In cases of extensive branching, as for the 
alkylbenzenesulfonates, the CnH2n+2 l o s s series i s s ignif icantly 
perturbed compared to the straight chain a lkyl sulfates, but i t i s 
suff ic ient ly abundant to show perturbations in the loss pattern. 
These perturbations may be i n t e r p r é t a b l e for identifying branch 
points. N-Acylated amino acids also show a suppressed remote charge 
s i te loss series because the preferred fragmentations are the 
decarboxylation of the parent anion and formation of the carboxylate 
anion of the amino acid (8). 

Application to Ammonium and Phosphonium Ions. The remote charge 
s i te paral le l CnH2n+2 1 0 3 3 fragmentations are not limited to 
negative ions but have also been observed as a result of co l l i s iona l 
activation of positive ions, including those formed from long 
chained amines, quaternary ammonium compounds, and phosphonium 
sal ts . These substances also share the common features of long 
a lkyl chains and stable, closed-shell charge s i tes . 

While remote s ite fragmentations are often the dominant 
decompositions of negative ions, positive ions usually undergo 
additional types of fragmentations. The CAD spectrum of 
hexadecylamine (Fig. 6) i s a typical example of the spectra obtained 
for the (M+H)+ ion of long chained amines. Ions at m/z 100 or 
greater result from fragmentations in which CnH2n^-2 segments are 
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e x p e l l e d . This set of fragmentations i s analogous t o that seen f o r 
the anions discussed p r e v i o u s l y i n t h i s chapter. Although they are 
of low abundance, the ions may be used to determine chain length by 
counting the number that appear i n the CAD spectrum ( 9 ) . 

As i l l u s t r a t e d i n Figure 6, two other types o f fragmentation 
are observed f o r c o l l i s i o n a l l y - a o t i v a t e d ammonium i o n s . The most 
abundant products are a l k y l and a l k e n y l c a t i o n s which have three to 
f i v e carbon atoms. These presumably r e s u l t from fragmentation of 
higher mass a l i p h a t i c carbocations to y i e l d the a l k y l s e r i e s of 
cn H 2 n+1 ( m / z **3, 57, 71, etc . ) and the a l k e n y l s e r i e s of C n H 2 n - l 
(m/z 41, 55, 59, e t c . ) . For sa t u r a t e d , long-chained amines, the 
predominant ions are of the a l k y l s e r i e s , but the presence of a 
double bond causes the most abundant s e r i e s to be a l k e n y l ions C9). 
The t h i r d fragmentation pathway y i e l d s n i t r o g e n c o n t a i n i n g i o n s , 
namely NHi|+ (m/z 18) and CH2NH2* (m/z 30), and i n some cases m/z 44. 
This i s i n sharp c o n t r a s t w i t h the decompositions of amine r a d i c a l 
c a t i o n s which lead p r i n c i p a l l
fragments. 

The i n f o r m a t i o n from a f u l l scan FAB spectrum and from CAD 
spe c t r a of s e l e c t e d ions may be used, as f o r the anions to analyze 
a mixture and to obtain s p e c i f i c s t r u c t u r a l i d e n t i f i c a t i o n s . For 
example, the p o s i t i v e i o n FAB spectrum of dimethyldi-(hydrogenated 
tallow)ammonium c h l o r i d e has dominant ions a t m/z 550, 552, 492, 
466, and 438, which i n d i c a t e that i t i s a mixture (90. C o l l i s i o n a l 
a c t i v a t i o n of each of these i o n s , as shown f o r the m/z 494 i o n i n 
Figu r e 7, re v e a l s s t r u c t u r a l i n f o r m a t i o n . The increased prominence 
o f the remote s i t e C n H2n+2 1 0 3 3 fragmentation f o r dimethyl 
quaternary ammonium i o n as compared to amines ( F i g . 6) i s both 
i n t e r e s t i n g and u s e f u l . For example, counting the number of 
fragment ions ( F i g . 7) from the molecular i o n (m/z 494) to ion s m/z 
296 (A), m/z 268 (B), and m/z 240 (C), r e v e a l s that l o s s e s of 
C14 H30> C16 H34 8 X 1 ( 1 C18 H38> r e s p e c t i v e l y , occur from the parent i o n . 
Since these ions terminate the prominent remote charge s i t e l o s s 
s e r i e s , i t i s concluded t h a t the mixture contains two dimethyl 
d i a l k y l ammonium ions of the general formula ( C E ^ ^ N + R ^ where, f o r 
one c o n s t i t u e n t , R<] and R2 are both hexadecyl and f o r the other, R-j 
and R2 are t e t r a d e c y l and o c t a d e c y l . 

Mixtures of more complex n i t r o g e n - c o n t a i n i n g compounds such as 
amine oxides and ethoxylated quaternary amines are a l s o amenable to 
the type of i n v e s t i g a t i o n described above ( 9 ) . The CAD spe c t r a of 
these substances are dominated by a few in f o r m a t i v e i o n s which 
r e s u l t from s p e c i f i c fragmentations c h a r a c t e r i s t i c of the c l a s s of 
compounds. The C n H 2 n + 2 1 0 3 3 s e r i e s a l s o occurs but a t a l e s s 
abundant l e v e l f o r the ethoxylated compounds, and the s e r i e s i s of 
low abundance f o r the amine oxides. 

Another c l a s s of p o s i t i v e ions which undergo Crfl2n+2 1 θ 3 3 θ 3 

remote from the charge s i t e are t r i p h e n y l a l k y l phosphonium s a l t s . 
C o l l i s i o n a l a c t i v a t i o n o f n-decyl t r i p h e n y l phosphonium ions 
desorbed d i r e c t l y by using FAB r e s u l t s i n formation of daughter ions 
which i n c l u d e a prominent i o n m/z 262 a t t r i b u t e d to (Côf^^Pt and a 
set of ions i n the range m/z 300-387 formed by C n H2n+2 l o s s e s 
(Figure 8 ) . A study of the dependence on t r a n s l a t i o n a l energy 
revealed that a t high c o l l i s i o n c e l l p o t e n t i a l s (low c o l l i s i o n 
energies of a few hundred v o l t s ) , remote s i t e fragmentation i s 
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F i g u r e 6 . CAD s p e c t r u m o f t h e d e c o m p o s i t i o n o f t h e ( M + H ) + i o n 
o f h e x a d e c y l a m i n e . 
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F i g u r e 8. S p e c t r u m o f t h e d a u g h t e r i o n s p r o d u c e d by 
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d i f f i c u l t to observe. However, i t becomes an i n c r e a s i n g l y 
s i g n i f i c a n t f eature of the CAD spectrum as the c o l l i s i o n energies 
are r a i s e d to kV l e v e l s (30). 

Conclusion 

P a r a l l e l l o s s e s of a s e r i e s of fragments of the elements CnH2n+2 
from c o l l i s i o n a l l y a c t i v a t e d , c l o s e d - s h e l l , l o n g - a l k y l chained ions 
i s a wide-spread phenomenon. As shown, t h i s type of fragmentation 
can be used to r e v e a l s t r u c t u r a l f e a t u r e s such as a l k y l chain length 
and s i t e s of branching and double bonds. Because the fragmentation 
r e q u i r e s high energy and does not r e l y on the charge s i t e , we 
suggest th a t these decompositions c o n s t i t u t e a new c l a s s o f 
re a c t i o n s not p r e v i o u s l y observed i n mass spectrometry. 

The fragmentation of c h o l e s t e r y l hemisuccinate i s a c l e a r 
i l l u s t r a t i o n t h a t the phenomenon occurs p h y s i c a l l y remote from the 
charge s i t e and that charg
apparently not important
c o v a l e n t l y saturated charge s i t e s , a l s o show remote charge s i t e 
fragmentation. The r e a c t i o n s o f ammonium ions serve as f u r t h e r 
support f o r the i d e a t h a t t r a n s i t o r y charge on the a l k y l c h a i n , 
formed by hydrogen t r a n s f e r t o the charge s i t e , does not i n i t i a t e 
the fragmentation. 

Improvements i n SIMS and FAB which lead to more intense i o n 
beams are h i g h l y d e s i r e a b l e because tha t w i l l permit the i n f o r m a t i o n 
t o be obtained f o r smaller samples and f o r lower abundance 
c o n s t i t u e n t s i n complex mixtures such as s u r f a c t a n t s . Moreover, 
consecutive a c t i v a t i o n steps (MS/MS/MS) should be important i n 
i n v e s t i g a t i o n s of mixtures o f complex l i p i d s and r e l a t e d m a t e r i a l s . 
Here one step of c o l l i s i o n a l a c t i v a t i o n i s necessary to l i b e r a t e the 
f a t t y a c i d carboxylate and a second step i s r e q u i r e d to a c t i v a t e the 
anions. These experiments a l s o r e q u i r e intense i o n beams. I t i s 
our hope that the a n a l y t i c a l p o s s i b i l i t i e s r a i s e d by the chemistry 
discusses here w i l l s t i m u l a t e f u r t h e r research to improve FAB and 
SIMS. 
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Analysis of Reactions in Aqueous Solution Using Fast 
Atom Bombardment Mass Spectrometry 

Richard M. Caprioli 

University of Texas Medical School at Houston, Houston, TX 77030 

Fast atom bombardment
for the quantitative determination of ionic species, in 
glycerol/water solutions, which are produced by chemical 
and enzymic reactions. It is shown that reaction con
stants can be determined in this manner and that they 
can be accurately related to those determined by other 
methods used in the analysis of aqueous solutions. The 
reactions studied include proton dissociation constants 
for organic acids, an enzyme equilibrium constant, and 
enzyme rate constants using natural substrates. 

Fast atom bombardment mass spectrometry (FABMS) has become an 
important a d d i t i o n to the i o n i z a t i o n techniques a v a i l a b l e to the 
a n a l y t i c a l chemist i n recent years. I t has been p a r t i c u l a r l y 
u s e f u l i n a number of div e r s e a p p l i c a t i o n s which include molecular 
weight determinations at high mass, peptide and oli g o s a c c h a r i d e 
sequencing, s t r u c t u r a l a n a l y s i s of organic compounds, determination 
of s a l t s and metal complexes, and the a n a l y s i s of i o n i c species i n 
aqueous s o l u t i o n s . This paper w i l l focus on some aspects of the 
qu a n t i t a t i v e measurement of i o n i c species i n s o l u t i o n . The reader 
i s r e f e r r e d to a more comprehensive review f o r more d e t a i l s of some 
of the examples given here as w e l l as other a p p l i c a t i o n s (1). 

One of the important questions with regard to the use of FABMS 
i n f o l l o w i n g i o n i c r e a c t i o n s i s whether the technique can accurate
l y sample the i o n i c species i n s o l u t i o n so as not to perturb the 
chemical dynamics which e x i s t at that point i n time, i . e . , w i l l the 
ions which are measured i n the gas phase have the same i o n i c d i s 
t r i b u t i o n as they had i n the aqueous phase. If so, then under 
what conditions do these considerations hold? 

A number of recent studies have shown that under c e r t a i n 
c o n d i t i o n s , FABMS indeed can very a c c u r a t e l y measure the balance of 
i o n i c species i n ongoing chemical r e a c t i o n s i n s o l u t i o n s . These 
studies include the determination of a c i d d i s s o c i a t i o n constants 
(2), e q u i l i b r i u m constants f o r enzyme catalyzed r e a c t i o n s (1), 
metal-ligand a s s o c i a t i o n constants (3), and measurements of 
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r e a c t i o n r a t e s f o r s p e c i f i c s u b s t r a t e - e n z y m e r e a c t i o n s ( 4 ) . 
S e v e r a l o f t h e s e a p p l i c a t i o n s w i l l be d i s c u s s e d i n t h i s p a p e r . 

A c i d D i s s o c i a t i o n C o n s t a n t s 

E a r l y w o r k w i t h a q u e o u s s o l u t i o n s c o n t a i n i n g i o n i c s o l u t e s i n a 1:1 
m i x t u r e o f w a t e r a n d g l y c e r o l showed t h a t f a c t o r s s u c h a s t h e pH 
o f t h e s o l u t i o n and s a l t c o n t e n t had s i g n i f i c a n t and r e p r o d u c i b l e 
e f f e c t s o n t h e d i s t r i b u t i o n o f i o n i c s p e c i e s m e a s u r e d by t h e mass 
s p e c t r o m e t e r . U s i n g t h e H e n d e r s o n - H a s s e l b a l c h e q u a t i o n u n d e r 
s i m p l i f y i n g c o n d i t i o n s ( a t l o w i o n i c s t r e n g t h s w i t h a c i d componen t s 
whose p K a ' s l i e b e t w e e n 3 and 1 0 ) , i t was shown t h a t t h e p K a o f a n 
a c i d c o u l d be a c c u r a t e l y d e t e r m i n e d k n o w i n g t h e pH o f t h e s o l u t i o n 
and t h e c o n c e n t r a t i o n s o f a c i d and b a s e s p e c i e s ( 2 ) . W i t h r e s p e c t 
t o t h e measu remen t o f t h i s c o n s t a n t b y F A B M S , 

P K a = pH + l o

( A N a + H )  + ( A N a + N a )

w h e r e ( H A + H ^ + i s t h e i o n ^ n t e n s i t y o f t h e u n d i s s o c i a t e d a c i d H A , 
and (ANa+H) and (ANa+Na) a r e t h e i o n i n t e n s i t i e s o f t h e c o r r e s 
p o n d i n g c o n j u g a t e b a s e A " . F o r e x a m p l e , t h e s h i f t i n t h e m o l e c u l a r 
i o n s p e c i e s a s a f u n c t i o n o f P H i s shown i n F i g u r e 1 f o r t h e 
z w i t t e r i o n i c compound t r i s ( h y d r o x y m e t h y l ) m e t h y l a m i n o p r o p a n e s u l f o n a t e 
( T A P S ) . A s t h e pH i s l o w e r e d b e l o w t h e p K a o f t h e a c i d , t h e 
p r o t o n a t e d f o r m o f t h e compound p r e d o m i n a t e s . F u r t h e r , t h e q u a n t i 
t a t i v e s h i f t o f i o n c u r r e n t c a n be d e s c r i b e d m a t h e m a t i c a l l y a c c o r d i n g 
t o e s t a b l i s h e d e q u a t i o n s . S i n c e t h e s e m e a s u r e m e n t s w e r e p e r f o r m e d 
i n 50% g l y c e r o l s o l u t i o n s , one d i r e c t l y c a l c u l a t e s t h e p K a 1 (G50) 
f o r t h e a c i d , t h a t i s , a n a p p a r e n t p K a a t a g i v e n i o n i c s t r e n g t h 
i n a s o l u t i o n c o n t a i n i n g 50% g l y c e r o l . I n o r d e r t o compare t h i s 
v a l u e w i t h t h o s e r e p o r t e d i n t h e l i t e r a t u r e , u s u a l l y e x p r e s s e d a s 
p K a , i t i s n e c e s s a r y t o a p p l y c o r r e c t i o n s f o r t h e e f f e c t o f i o n i c 
s t r e n g t h and t h e d i e l e c t r i c c o n s t a n t d i f f e r e n c e b e t w e e n t h e a q u e o u s 
g l y c e r o l s o l u t i o n and w a t e r . The m a g n i t u d e o f t h e s e two e f f e c t s 
c a n b e d e t e r m i n e d e x p e r i m e n t a l l y ; a p l o t o f t h e a p p a r e n t p K a v s 
i o n i c s t r e n g t h g i v e s a s t r a i g h t l i n e w h i c h c a n be e x t r a p o l a t e d t o 
z e r o i o n i c s t r e n g t h and a p l o t o f a p p a r e n t p K a v s g l y c e r o l c o n t e n t 
e x t r a p o l a t e d t o z e r o g l y c e r o l c o n t e n t . W i t h t h e s e c o r r e c t i o n s , t h e 
p K a ' s o f s e v e r a l t y p e s o f a c i d s w e r e m e a s u r e d and compared w i t h 
p u b l i s h e d v a l u e s . F o r t w e n t y - f i v e d i f f e r e n t a c i d s , t h e a v e r a g e 
d e v i a t i o n o f t h e v a l u e f o r t h e p K a d e t e r m i n e d b y FABMS w i t h 
r e s p e c t t o t h o s e r e p o r t e d i n t h e l i t e r a t u r e was a p p r o x i m a t e l y 
± 0 . 0 5 p K a u n i t s . 

I n f u r t h e r w o r k i n v o l v i n g t h e m e a s u r e m e n t s o f a c i d i t y c o n s t a n t s 
b y F A B M S , i t was f o u n d t h a t t h e m e a s u r e m e n t s o f p K a ' s c o u l d be 
a p p l i e d i n a q u a l i t a t i v e manner u s i n g t h e B o r n e q u a t i o n (5) t o 
c a l c u l a t e t h e a v e r a g e i o n i c r a d i i o f t h e a c i d and b a s e s p e c i e s i n 
s o l u t i o n . A m o d i f i e d f o r m o f t h i s e q u a t i o n f o l l o w s ( 6 ) , 

( p K a ) g - ( P K a ) w = ( 1 / D s _ 1 / D ^ ) 
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Figure 1. Effect of ρΗ on the molecular ion species of solutions 
of TAPS [tris(hydroxymethyl)methylaminopropanesulfonic acid] in 
50% glycerol/water. HA represents the protonated amine, a zwitt-
erion of molecular weight 243, and A"" the conjugate base formed 
from dissociation of a proton from the acid. Reproduced from 
Ref. 2. Copyright 1983, American Chemical Society. 
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where the subscripts s and w refer to the values of the appropriate 
constants in solvent and water, respectively, η i s the charge number, 
and r the average ionic r a d i i of the ions. Essentially, the equation 
shows that the change in the value of the pKa of a given acid in a 
solvent relative to that in water i s a function of the charge of the 
various species, the radius of the ions, and the difference in the 
dielectric constant of the two solvents. However, the equation i s 
not quantitative because i t f a i l s to take into account several 
important factors, one of which i s the energy of solvation of the 
various ionic species. Nevertheless, the ionic r a d i i calculated 
from the pKa shift were found to approximate a straight line for 
the mass range 50-500, with an acid of molecular weight 100 having 
an ionic radius of approximately 2 angstroms and that of molecular 
weight 400, approximately 7 angstroms. The importance of these 
data l i e s not so much in the specific values measured, but rather 
in the fact that they show that under specified conditions the 
bombardment process doe
ionic species so that th
to that which existed i  liqui  phase
butions can be predicted from considerations derived from classical 
approaches. 

Several factors appear to be important for the accurate measure
ment of ionic components in aqueous solutions by FABMS. Fi r s t , the 
glycerol content can generally be varied between 40 and 70%; below 
40% evaporation of the water from the FAB probe tip i s too rapid to 
obtain reproducible data and above 70% the dielectric constant change 
is sufficiently large so as to significantly alter the acidity scale 
and ionic interactions. Second, i t i s essential that sufficient 
concentrations of counterions are present so that charge pairing can 
occur, for example, a l l A ions should be paired to give A ..Na . 
If not, the base species w i l l be inadequately collected in the gas 
phase analysis by an instrument set up to collect positively 
charged ions. Third, multiple positive charges on a molecule can 
cause d i f f i c u l t y since these are generally more weakly charge paired 
and lose a positively charged fragment either in the process of 
sputtering from the sample surface or from fragmentation prior to 
analysis. 

Enzyme Reactions 

Other types of reactions which have been studied using FABMS include 
those catalyzed by enzymes. This application i s particularly 
interesting because i t represents for the f i r s t time a generally 
useful and molecularly specific probe with which to measure a 
wide variety of enzyme substrates and products. Two approaches have 
been successful, one i n which the reaction i s followed by the removal 
of aliquots of sample taken at timed intervals with subsequent 
analysis by FABMS and the other allowing the reaction to take place 
in a glycerol-water mixture on the probe directly inside the mass 
spectrometer. The choice of either method depends upon the 
application. If the prime interest i s to analyze a substrate, for 
example, monitoring the release of amino acids from a polypeptide 
using an exopeptidase, then direct analysis inside the spectrometer 
may be preferred. If, on the other hand, the prime interest l i e s 
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in obtaining kinetic data for a particular enzyme-substrate reaction, 
then analysis of a batch reaction where aliquots are removed at 
timed intervals would be the better approach. 

A number of enzymes have been shown to retain considerable 
activity in aqueous-glycerol solutions and, further, can retain 
this activity under intermittent bombardment with high energy 
neutral atoms. These include trypsin, chymotrypsin, dipeptidyl 
peptidases, proline specific endopeptidase, V8 protease, and 
carboxypeptidase Y (4,7). Figure 2 shows the FAB mass spectrum of 
the digestion products of the hydrolysis of the peptide β-caso-
morphin (Tyr-Pro-Phe-Pro-Gly-Pro-Ile) by the enzyme proline specific 
endopeptidase. The ions at m/z 678 and 524 represent the (MfH) 
species of the product peptides Tyr-Pro-Phe-Pro-Gly-Pro and Tyr-
Pro-Phe-Pro, respectively. This spectrum was taken after 17 minutes 
of reaction within the mass spectrometer. Perhaps the most impor
tant aspect of this work i s that i t allows one to directly follow 
in a real-time analysis th
enzyme digestion of a substrat
information even with very  sampl  regard,
method provides an extremely sensitive, rapid, and mass specific 
detection system. 

Enzyme Kinetics 

In the determination of steady state reaction kinetic constants 
of enzyme-substrate reactions, FABMS also provides some very 
unique capabilities. Since these studies are best performed in 
the absence of glycerol in the reaction mixture, the preferred 
method i s that which analyzes aliquots which are removed from a 
batch reaction at timed intervals. Quantitation of the reactants 
and products of interest i s essential. When using internal 
standards, generally, the closer in mass the ion of interest i s to 
that of the internal standard, the better i s the quantitative 
accuracy. Using these techniques in the determination of kinetic 
constants of trypsin with several peptide substrates, i t was found 
that these constants could be easily measured (8). FABMS was used 
to follow the decrease in the reactant substrate and/or the 
increase in the products with time and with varying concentrations 
of substrate. Rates of reactions were calculated from these data 
for each of the several substrate concentrations used and from 
the Lineweaver-Burk plot, the values of Km and Vmax are obtained. 
For example, Figure 3 shows the Lineweaver-Burk plot for the 
hydrolysis of the peptide Met-Arg-Phe-Ala by trypsin. The X-inter-
cept i s equal to -1/Km, and the Y-intercept to 1/Vmax. From these 
data, the value of Km was found to be 1.9 mM, Vmax 0.31 ymoles/ 
ml/min, and kcat 7.1 sec" for this specific peptide. 

The molecular specificity of FABMS opens new areas for 
kinetic analysis of enzyme-substrate interactions. Since the 
method i s applicable to virtually a l l substrates whether or not 
they have a UV or v i s i b l e spectrum, natural substrates can be 
used in place of synthetic substrates. Although much has been 
learned through use of the latter, their reaction constants can 
indeed be quite different than those of natural substrates. 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



214 DESORPTION MASS SPECTROMETRY 

100.0 

IVE 100 
100.0 π 

50.0-

• I h l M M ^ i ^ ^ L ^ ' i i . i . j r„, J , , ( , 
150 200 250 300 

524 

I k f ι ,H» I'M] ' Ί ' I' 1 1 ' . 1 I ' 1 I 1 Ί ' I 1 I 1 1 1 !*" ! 

Ν/Ε 400 450 500 
100.0-1 

55Θ 

50.0 Η 

1 I 1 I 1 

678 
I 

M/E 
M 1 1 I 1 t 1 I 1 ! 1 I 1 J 1 1 1 

650 ?C0 

791 

4-

t 

f 
350 

€00 

750. 
I 1 1 r 

800 3*0 

Figure 2. Hy d r o l y s i s of 3-casomorphin, (Mt-H) = 791, by p r o l i n e 
s p e c i f i c endopeptidase i n real-time w i t h i n the mass spectrometer. 
Top: FAB spectrum before a d d i t i o n of enzyme. Bottom: FAB spec
trum a f t e r 17 minutes of enzyme h y d r o l y s i s . Ions at m/ζ 678 and 
524 correspond to new peptides produced i n the r e a c t i o n on the 
probe t i p . Reproduced with permission from Ref. 8 . Copyright 
1983, L. A. Smith, Ph.D. Thesis, U n i v e r s i t y of Texas Medical School. 

In Desorption Mass Spectrometry; Lyon, P.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



12. CAPRIOLI Analysis of Reactions in Aqueous Solution 215 

12 « 

1/V 8 

4 · 

^~^1/Vmax 
-1/Km 

V 
-0.4 0.4 0.8 Λ 2 

1/(S) 

Figure 3. Lineweaver-Burk p l o t f o r the h y d r o l y s i s of Met-Arg-Phe-
A l a by t r y p s i n . The experimental parameters are described i n 
reference 8. The v e l o c i t y of the r e a c t i o n , V, i s expressed i n 
u n i t s of ymoles/ml/min. and the substrate concentration, (S) i n 
mM. 
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Conclusion 

FABMS offers many advantages to the chemist in the analysis of 
reactions taking place in aqueous solutions as well as for the 
determination of ionic species under more static conditions. It 
brings to bear on those applications where reactions must proceed 
in aqueous solutions the molecular specificity of mass spectrometry. 
The extraction, concentration and derivatization steps formerly 
required for the analysis of organic compounds in aqueous solutions 
using other mass spectrometric ionization methods are often d i f f i c u l t 
and time consuming, but more importantly can lead to significant 
changes in the chemical dynamics which exist in the aqueous media. 

One of the advantages of FAB over other soft ionization 
techniques i s that i t uses glycerol (or some other suitable liquid 
phase) which sets up a condition where the surface of the droplet is 
constantly replenished with sample molecules  A second advantage 
of the liquid matrix i s
place virt u a l l y at the sit

There i s no doubt that FABMS has brought to the analytical 
chemist an important tool with which to probe molecular structure. 
It i s a simple technique which can be employed on most mass spectro
meters in use today. The near future promises u t i l i z a t i o n of the 
method in the investigation of important new concepts in biochemical 
and medical research. 
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13 
Applications of Fast Atom Bombardment 
in Bioorganic Chemistry 

Dudley H. Williams 

University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW, England 

The advent of FAB mass spectrometry has allowed the 

routine molecular

molecules, without derivatization, up to ca 3,000 

Daltons, and in exceptional cases, within 1 mass unit 

to the region of 8,000 Daltons. This advance, coupled 

with FAB fragmentation, and enzymic digestion 

techniques, has allowed the rapid solution of a number 

of problems in protein and peptide chemistry - problems 

which were hitherto rather difficult to solve. Examples 

are given. 

The discovery of FAB mass spectrometry in 198l by Barber and co-
1 2 workers has, along with SIMS, and Californium plasma desorption 

mass spectrometry,^ revolutionized the study of polar molecules by 
mass spectrometry. This paper is concerned with the application of 
FAB mass spectrometry to solve problems in peptide and protein 
chemistry. 

The work to be presented has, when done in the author's 
laboratory, been carried out on a Kratos MS-50 mass spectrometer, 
f i t t e d with a magnet possessing a mass range of 3000 Daltons at 
f u l l accelerating voltage (8KV). Xenon atoms of k-9 KeV 
translational energy have been used as bombarding particles into 
a matrix most commonly consisting of thioglycerol/diglycerol (1:1), 

or glycerol. The instrument is f i t t e d with a post-acceleration 
detector, so that the translational energies of incoming ions can 

0097-6156/85/0291-0217$06.00/0 
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be increased by 9KeV, before impinging on an aluminized button. This 
device is indicated schematically in Fig. 1. 

The most significant advantages of the FAB method are the 
a b i l i t y to study underivatized peptides, a reduction in sample size, 
and the f a c i l i t y to study larger peptides. Peptides containing 
between k and 30 amino acid residues are conveniently studied with 
our present equipment. 

A sample size of approximately 0.1 nanomoles is generally 
sufficient for molecular weight determination in either the positive 
or negative ion mode, but does not normally allow the sequence of 
amino acids to be determined. Larger sample sizes, typically between 
1 and 5 nanomoles, affor
are observed in the positive and negative ion modes from both N  and 
C-termini of the peptide and this may enable the complete sequence 
of the peptide to be determined. 

The amount of sequence information available in the positive 
and negative ion FAB mass spectra of peptides varies considerably. 
The abundance of sequence ions is in part dependent on sample size 
but this is clearly not the only factor since large sample sizes 
( 50 nanomoles) often f a i l to provide extensive sequence information 
for some peptides. Sequence information is frequently not complete 
and the absence of either C or Ν terminal sequence ions does not 
allow the complete sequence determination. 

EI mass spectrometry of derivatized peptides complements FAB 
mass spectrometry but suffers from the disadvantage that larger 
sample sizes are usually required. For sample sizes less than 20 

nanomoles and for high molecular weight peptides, alternative 
methods of generating sequence information are desirable. Carboxy-
peptidase digestion to generate a mixture of C-terminal fragments 
and chemical removal of N-terminal amino acid residues via the 
subtractive Edman degradation, coupled with FAB mass spectrometry 
offer a promising alternative. 

As an example where sequence information is available without 
the use of Edman or carboxypeptidase degradation, a study of 
calcineurin Β may be cited. This work also allowed, most importantly, 
the determination of an N-terminal blocking group as myristic acid. 

Calcineurin Β is a calcium-binding protein f i r s t found in 
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bovine brain, and early work on this protein demonstrated that the 
NH^-terminus of calcineurin Β was blocked. When calcineurin Β was 
cleaved with cyanogen bromide, and applied to an HPLC column, a 
peptide (CB-l) lacking a free NH^-terminal amino acid was eluted as 
a sharp peak at 57% acetonitrile. The amino acid composition of CB-l 
showed that i t was a decapeptide containing only two hydrophobic 
amino acids. This indicated that the blocking group was much more 
hydrophobic than the acetyl, formyl or pyrrolidone carboxylic acid 
groups most commonly found at the N-termini of proteins. 

Peptide CB-l had 1271 as determined by FAB mass spectrometry 
in the positive ion mode [ (M + Na) + = 1291*·, (M + H) + = 1272] and in 
the negative ion mode [(
acid groups was determined from the positive ion FAB mass spectrum of 
the esterified peptide. An increase in of 60 was observed, which 
corresponds to the formation of two methyl esters plus methanolysis 
of the C-terminal homoserine lactone. The M of the amino acid com-

r 
ponent of CB-l was 1060, indicating that the M of the blocking group 
was 211. 

When calcineurin Β was digested with Staphylococcus aureus 
proteinase, a peptide, SP1, lacking a free NH^-terminal amino acid 
was also eluted from HPLC at 57% acetonitrile. Amino acid analysis 
showed i t to be a tripeptide Gly,Asx,Glx. From the known specificity 
of S. aureus proteinase the C-terminal reside of SP1 must be Glu. FAB 
mass spectrometry established the of SP1 as 528, and esterifica-
tion of this peptide led to an increase in to 556, which corres
ponds to the formation of two methyl esters. Since SP1 has two free 
carboxyl groups, the sequence of SP1 must be X-(Gly,Asn)-Glu and the 

of the blocking group must be 211. 

The assignments of sequence ions observed in the FAB mass 
spectrum of CB-l and i t s methyl ester are given in Table I, and 
suggested that the sequence of CB-l was: 

Gly-Asn-Glu-Ala-Ser-Tyr-Pro-Leu-Glu-Hsl 
Assuming that the blocking group X is linked to the NĤ -

terminal glycine by the usual amide bond, then hydrolysis should 
yield a carboxylic acid = 228. This corresponds to the of a 
C ^ saturated fatty acid, the mass spectra are consistent with the 
supposition that X is C H CO-. This possibility was confirmed by 
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Table I A 
Assignment of the sequence ions in the 

FAB mass sectra of decapeptide 

Type of M -Values of fragment ions M deter-
f ragmen t mining 
iona χ Gly Asn Glu Ala Ser Tyr Pro Leu Glu Hsl peak 

b 
+ Na 621 708 968 108l 1210 129^ 
+ NAcy 856 953 1066 1294 
+ CAmin 1027 913 784 713 1294 
+ CAmin 1005 891 762 1272 
+ CAlk 897 768 129^ 

b 
- NA 597 684 944 1057 1186 1270 
- NAcy 58
- CAmin 1003 889 76
- CAlk 988 874 744 1270 

Most of the sequence ions observed in the positive ion ( + ) mode are 
cationised by NA+. The base peaks in the positive ion FAB mass 
spectra of peptides that lack basic functional groups as in CB-l 
often correspond to the M of peptides cationised by the formation 
of adducts with Na+ and/or K+, traces of which are usually present 
in the matrix. 

Table I B 
Assignment of the sequence ions in the 
FAB mass spectra of the decapeptide ester 

Type of M -Values of the fragment ions M deter
fragment r mining 
i o n a X Gly Asn Glu- Ala,Ser Pro Leu Glu- Homo- peak 

-OMe -OMe -Ser-
-OMe 

+ Na 
b 

982 1095 1238 1354 
+ NAcy 870 1080 1354 
+ CAmin 1087 973 1354 
+ CAlk 

+ 

957 8l4 1354 

fragment ions are named as follows : 
CAmin CAlk 

NAcy NA 
Bond cleavages are accompanied by a hydrogen transfer to the charged 
fragment except in the NAcy case. Positive and negative signs 
indicate cationic and anionic fragment ions, respectively. 
^Due to cyclic nature of the proline residue fragmentation of NA 
type does not produce fragment ions. 
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isolating the blocking group as i t s methyl ester. On gas chromato
graphy, this ester co-migrated with methyl myristate. 

We were also able to use FAB mass spectrometry to determine the 
amino acid sequence around the active site serine in the acyl 
transference domain of rabbit mammary fatty acid synthase.6 The 
synthase was labelled in the acyl transferase domain(s) by the 
formation of O-ester intermediates after incubation with ["^C]-
acetyl- or malonyl-CoA (Fig. 2A). The modified protein was then 
digested with elastase (Fig. 2B), and radioactive material isolated 
via successive purification steps on Sephadex G-50 and reverse phase 
HPLC. The isolated peptides were then sequenced by FAB MS. The data 
summarized in Table II establishe
and malonyl hexapeptide  N-acyl-Ser-leu-Gly-Glu-Val-Ala

The N-terminal location of the acyl group was confirmed by 
showing that the molecular ions were identical after treatment with 
acetic anhydride, which would acetylate a free amino group. Since 
the linkages between the acetyl and malonyl groups and intact fatty 
acid synthase are sensitive to hydroxylamine ( l M, pH 9-5, 2.Oh, 
38°C; unpublished work), the i n i t i a l acylation cannot be at an amino 
group. An O-MJ migration must have occurred after proteolytic 
digestion. 

Our own work is now evolving, in part, to use FAB mass 
spectrometry to determine which portions of some genes are expressed 
in the frog Xenopus laevis. The genes in question are those coding 
for some of the peptides which are secreted through the frog skin 
when the frog is stimulated (by handling, or by infection with 
epinephrine or nor-epinephrine). These peptides are significant 
because of the remarkable structural, and physiological activity, 
similarities which exist between them and a number of mammalian 
neuropeptides. If known (and sequenced) frog skin peptides are used 
as a guide to synthesize appropriate c-DNA probes, the genes which 
code for these peptides can be isolated and sequenced. However, i t 
is then a problem to know which other parts of the gene are express
ed in peptide production. FAB mass spectrometry has proved to be a 
very powerful tool in solving this problem. FAB MS has been used 
to show that a large number of hitherto unidentified peptides are 
excreted by Xenopus laevis, although for most of these only MH+ ions 
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• 8kV 

+ 6kV 

+ 4kV 

-9kV 

ION BEAM 

\ / / / / SLIT 
-3-5kV 

F i g u r e 1. S c h e m a t i c i l l u s t r a t i o n o f t h e p o s t - a c c e l e r a t i o n 

d e t e c t o r . 

CORE OF FATTY/ 

ACID SYNTHASE 
-^SCoA 

I 
*CH 2 C0 2 H 

"0-C-CH 2 —C0 2 H 

Elastase Digestion ( 6 h , 37 C) 

F i g u r e 2. S c h e m a t i c i l l u s t r a t i o n o f p r o t e i n r a d i o - l a b e l l i n g a n d 

e l a s t a s e d i s g e s t i o n . 
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Table II 

Amino acid sequence information a derived from negative ion FAB mass 
spectra of the malonyl- and acetyl-hexapepties 0 

659 486/470 373/35^ 316/300^ 

Malonyl — Ser — Leu •Ala-OH 

359 488 587 659 

H+ 

N-Malony

-C0„ 

A c e t y l — Ser 

486/470 ̂  373/357^ 3l6/30(^ 

Val- •Ala-OH H + 

N-Ac ety1-hexap ep t i de 

Sequence ions observed in the negative ion FAB mass spectra of the 
above peptides are as follows: 

-CA -CAlk 

- NH - -CHR- -C0- -NH-

-NA 

where the -CA and -NA cleavages occur with hydrogen transfer to the 
charged fragment. 
bSome decarboxylation of the malonyl group to produce an acetyl 
group was observed in the FAB mass spectra of the N-malonyl-
hexapeptide. 
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are observed in peptide mixtures. However, when these molecular ions 
are considered in the light of known gene sequences, and in the 
light of possible processing sites in the peptides which they would 
produce i f transcribed and translated, f u l l peptide sequences 
corresponding to the molecular ions can be proposed. These peptide 
sequences can then be validated (or otherwise) by one or two cycles 
of Edman degradation, with re-determination of the molecular weight 
by FAB (as outlined previously in this article) after each cycle.7 

Although the above work is not completed, the principle by which FAB 
mass spectrometry can be used in conjunction with known gene 
sequences, and in particular to check their accuracy, can be 

illustrated by referenc
It is obvious that i t is prudent to check the correctness of 

the amino acid sequence derived from the base sequence of the gene 
not only at the NĤ  and COOH termini, which is the common practice, 
but throughout the entire protein. This would help to uncover any 
significant errors as well as address the possibility of post-
translational modifications. 

For checking the correctness of a proposed structure the pro
tein is hydrolyzed at specific sites - i.e., with trypsin - to 
produce a pool of smaller peptides, which is then partially 
separated by HPLC into five or six fractions. Each fraction is then 
subjected to FAB-MS, which allows the determination of the molecular 
weights of most or a l l of the peptides present in each fraction. 
These values are then compared with the molecular weights of the 
tryptic peptides predicted from the DNA deduced amino acid sequence. 
The fractions can then also be subjected to Edman dégradâtion(s) and 
the molecular weights of the shortened peptides determined by FAB-MS 
to identify the NH^-terminal amino acid(s) of each peptide from the 
change in i t s molecular weight. For example, a tryptic digest of the 
protein Gln-tRNA synthetase was separated into six crude fractions 
by HPLC to remove the enzyme, reagents, salts, and other contami
nants and also to reduce the complexity of the original digest, 
which, in turn, reduces the complexity of the resulting FAB mass 
spectra. There were two predicted tryptic peptides of M̂ s 736 and 
1379, respectively, which is 10 daltons less than two unmatched ex
perimentally found peptides (M s 7̂ 6 and 1389). The former cover the 
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amino acid positions 7-12 and 1-12, i.e., they are overlapping 
peptides from the NĤ  terminus of Gln-tRNA synthetase. Only the pair 
serine/proline differs by 10 daltons. The preliminary sequence i n 
deed contained serine in position J, which is common to both, and 
the condon used for serine was TCG, which could be converted to pro
line condon CCG i f base 19 were C rather than T. 

Re-inspection of the DNA sequence analysis data revealed that 
not only base 19 is C but also base l 8 . Because both CGT and CGC 
code for arginine, the corrected sequence now contains an arginine-
proline bond, which trypsin splits very slowly. This is probably the 
reason why both tryptic peptides (positions 1-12 and 7-12) were 
observed. The following

acid sequences of this region. 
AGT-GAG-GCA-GAA-GCC-CGT-TCG-ACT-AAC-TTT-ATC-CGT 
Ser-Glu-Ala-Glu-Ala-Arg-Ser-Thr-Asn-Phe-Ile-Arg 
AGT-GAG-GCA-GAA-GCC-CGC-CCG-ACT-AAC-TTT-ATC-CGT 
Ser-Glu-Ala-Glu-Ala-Arg-Pro-Thr-Asn-Phe-Ile-Arg 

C o n c l u s i o n 

It is evident from the foregoing examples that FAB mass 
spectrometry is a powerful technique in several aspects of protein 
and peptide chemistry. This is particularly true in determining the 
nature of blocking groups in proteins, in checking the sequences 
of bases in genes (by examining the resulting protein), and in 
determining which portions of genes are expressed (when the peptide 
products are readily available as relatively pure components, or 
simple mixtures). 
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14 
Use of Secondary Ion Mass Spectrometry to Study 
Surface Chemistry of Adhesive Bonding Materials 

W. L. Baun 

Mechanics and Surface Interactions Branch, Air Force Wright Aeronautical Laboratories, 
AFWAL/MLBM, Wright-Patterson Air Force Base, OH 45433 

Secondary Ion Mass Spectrometry used as a solo instru
ment or in concert
an excellent technique
try of adhesive bonding materials. The application of 
SIMS is shown in relation to pretreatments of metals 
and alloys, chemistry and structure of adhesives, and 
locus of failure of debonded specimens. 

The i d e a o f b u i l d i n g s t r u c t u r e s w h i c h a r e s t r o n g e r a n d more d u r a b l e 
w h i l e a t t h e same t i m e l i g h t e r i n w e i g h t w o u l d a p p e a r c o n t r a d i c t i v e , 
b u t h a s b e e n a c c o m p l i s h e d u s i n g a d h e s i v e b o n d i n g and c o m p o s i t e 
m a t e r i a l s . Such n o v e l c o n s t r u c t i o n and m a t e r i a l s a r e u s e d e x t e n 
s i v e l y i n t h e a e r o s p a c e a n d a u t o m o t i v e i n d u s t r i e s . S i n c e t h e s e 
s t r u c t u r e s d e p e n d o n t h e i n t e r a c t i o n o f s u r f a c e s and t h e f o r m a t i o n 
o f i n t e r f a c e s , i t i s n e c e s s a r y t o d e v e l o p me thods o f p h y s i c a l and 
c h e m i c a l c h a r a c t e r i z a t i o n w h i c h a r e a p p l i c a b l e t o s u c h t y p e s o f 
m a t e r i a l s . S e c o n d a r y i o n mass s p e c t r o m e t r y , u s e d e i t h e r a s a s t a n d 
a l o n e i n s t r u m e n t , o r a s a complemen t t o o t h e r t e c h n i q u e s , h a s p r o v e n 
o f v a l u e f o r c h a r a c t e r i z a t i o n o f o r i g i n a l m a t e r i a l s a n d f a i l u r e 
s u r f a c e s f o l l o w i n g u s e o r a c c e l e r a t e d t e s t . S i n c e t h e s e p r o c e e d i n g s 
c o n t a i n d e t a i l e d d e s c r i p t i o n s o f t h e SIMS t e c h n i q u e a n d i t s v a r i a 
t i o n s , e m p h a s i s w i l l be p l a c e d i n t h i s a c c o u n t o n a p p l i c a t i o n o f t h e 
method t o s u r f a c e p r e p a r a t i o n a n d a d h e s i v e b o n d i n g . T h e o r e t i c a l a n d 
p r a c t i c a l o p e r a t i o n a l a s p e c t s o f SIMS w i l l be c o n s i d e r e d o n l y 
i n s o f a r a s t h e y p e r t a i n t o a d h e s i v e b o n d i n g r e s e a r c h . 

D i s c u s s i o n 

I n d e c i d i n g w h i c h s u r f a c e c h e m i s t r y t o o l s t o u s e f o r t h e b r o a d a r e a 
o f a d h e s i o n a n d f o r a d h e s i v e b o n d i n g i n p a r t i c u l a r , a number o f 
a s p e c t s mus t be c o n s i d e r e d . M o r e o f t e n t h a n n o t , a c o m b i n a t i o n o f 
i n s t r u m e n t s mus t be u s e d t o t a k e a d v a n t a g e o f t h e u n i q u e i n f o r m a t i o n 
p r o v i d e d b y e a c h m e t h o d . T a b l e 1 shows some o f t h e i m p o r t a n t 
a s p e c t s o f a d h e s i v e b o n d i n g and some o f t h e c h a r a c t e r i z a t i o n me thods 

w h i c h a r e a p p l i c a b l e i n t h e s e a r e a s . The a c r o n y m s a r e t h o s e u s e d 
2 

i n t h e r e v i e w by P o w e l l ' . 

This chapter not subject to U.S. copyright. 
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It i s seen i n Table 1 that SINS i s applicable to several areas 
of investigation in adhesive bonding. SIMS may be used in a variety 
of ways including species imaging of the surface (SUMS) which may 
be especially useful for clarifying mixed mode failure surfaces. 

ο 
The main features of SIMS are shown in Table ΙΓ"\ 

Chemistry of Adherends 

A determination of the chemistry cf metallic adherends presents 
problems of each of the areas discussed here. Many of the surface 
chemical techniques are applicable to the analysis of adherends, and 
because of the s t a b i l i t y and good conductivity, decomposition and 
surface charging are not problems. Surface chemical analysis i s 
usually devoted to (1) determining the amount and distribution of 
elements purposely place
property, and (2) detectio
which may be deleterious to the adhesive bond. Many chemical 
etching and oxidizing treatments are used on metal and alloys to 
enhance adhesive bonding of the surface. Enhancement cones about by 
roughening of the surface and by changing the surface chemistry. In 
addition, some thermal treatments, such as the bond cure i n adhesive 
bonding, may affect the composition of the surface, either by 
introducing impurities or by increasing or decreasing a concen
tration of alloying elements at the surface. McDevitt and co-work-

4 5 6 
ers ' 9 used SIMS and other modern surface analysis tools to 
analyze several aluminum alloys following chemical treatment for 
adhesive bonding. They found a number of interesting phenomena, 
including the formation of an interfacial region rich in copper on 
the structural alloy 2024 aluminum. The concentration and width of 
this potential weak boundary layer was found to vary depending on 
the etching conditions of the sulfuric acid-sodium dichromate 
solution. This solution i s related to the surface preparation 
method known as the FPL etch. Similar results were obtained more 
recently by Sun and Co-workers^. The formation of such potential 
weak boundary layers may influence both the i n i t i a l bondability and 
the long time durability of the adhesive bond. Baun et a l used Ion 
Scattering Spectrometry (ISS), Secondary Ion Mass Spectrometry 
(SIMS) and Auger Electron Spectrometry (AES) to analyze a variety of 
metal and alloy adherends. These authors also used several surface 
treatments on titanium and titanium alloys and analyzed them by 
surface techniques such as ISS, SIMS, AES and SEM9, 1 0 ' 1 1 . Large 
differences in chemistry were observed on titanium and i t s alloys 
depending on the surface treatments. Some possible steps in the 
surface preparation of titanium alloys for adhesive bonding are 

12 
shown in Table III . 
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T a b l e I 
A s p e c t s ^ o f a d h e s i v e b o n d i n g a n d a p p l i c a b l e s u r f a c e c h a r a c t e r i z a t i o n 
me thods 

A d h e r e n d c h e m i s t r y 
A E A P S , A E M , A E S , A P S , B I S , C I S , C L , E M , E S , E X A F S , I I R S , I I X S , IMMA, 
I S , I S S , D I P , P E S , R B S , S I M S , S X A P S , SXES 

A d h e r e n d s t r u c t u r e a n d m o r p h o l o g y 

A E M , E L L , E M , H E E D , IMMA, L E E D , S E M , S U M S , S R S , S T E M , T E M , X E M , XRD 

A d h e s i v e c h e m i s t r y 
A E S , A I M , ASW, A T R , E S R , H A , 1 R S , I S S , L S , P E S , S I M S , U P S , XPS 

A d h e s i v e s t r u c t u r e a n d m o r p h o l o g y 
A T R , I R , U V , RAMAN, SEM 

I n t e r a c t i o n o f p o l y m e r s
A E S , A I M , ASW, C P D , E L L , E E L S , E S D I , E S D N , F D , F D S , H A , 1 R S , I R , 
I S S , I S D , L E E D , L S , P D , S C , S I M S , U P S , X P S , RAMAN 

F a i l u r e s u r f a c e s ( l o c u s o f f a i l u r e ) 
A E S , A T R , E L L , I S S , S I M S , P E S , X P S , S E M , S X E S , S X A P S , S R S , UPS 

T a b l e I I 
M a i n f e a t u r e s o f SIMS a s a s u r f a c e a n a l y s i s me thod 

P o s i t i v e - I n f o r m a t i o n d e p t h i n t h e " m o n o l a y e r r a n g e " 
- D e t e c t i o n o f a l l e l e m e n t s i n c l u d i n g h y d r o g e n 
- D e t e c t i o n o f c h e m i c a l compounds 
- I s o t o p e s e p a r a t i o n 
- E x t r e m e l y h i g h s e n s i t i v i t y f o r many e l e m e n t s a n d 

compounds (^10 ^ m o n o l a y e r s ) 
- Q u a n t i t a t i v e a n a l y s i s a f t e r c a l i b r a t i o n 
- N e g l i g i b l e d e s t r u c t i o n o f t h e s u r f a c e ( S t a t i c S I M S ) 
- E l e m e n t a l p r o f i l i n g ( D y n a m i c S I M S ) 
- E l e m e n t a l a n d C l u s t e r I m a g i n g 

N e g a t i v e - L a r g e d i f f e r e n c e s i n s e n s i t i v i t y f o r d i f f e r e n t " s u r f a c e 
s t r u c t u r e s " ( f a c t o r 1000) 

- P r o b l e m s i n q u a n t i t a t i v e i n t e r p r e t a t i o n o f m o l e c u l a r 
s p e c t r a 

- I o n i n d u c e d s u r f a c e r e a c t i o n s 
- S u r f a c e C h a r g i n g i n I n s u l a t o r s 
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T a b l e I I I 
S u r f a c e P r e p a r a t i o n s o f T i t a n i u m A l l o y s f o r A d h e s i v e B o n d i n g 

12 

1 
C l e a n 

2 
E t c h 

3 
C o n v e r t 

4 
M o d i f y 

S o l v e n t 

1. L i q u i d 

2 . V a p o r 

A b r a s i o n 

A l k a l i n e 

C o m b i n a t i o n s 

A c i d s 

H F , H N 0 3 , 

H 2 S 0 4 , 

H 3 P 0 4 

C o m b i n a t i o n s 

A l k a l i n

A b r a s i v

S l u r r y 

C h e m i c a l 

P h o s p h a t e s , 

F l u o r i d e s , 

e t c . 

A n o d i z a t i o n 

C o m b i n a t i o n s 

B o i l i n g H^O 

B o i l i n g H 2 Q ± ± 

D r y H e a t 

H e a t + H u m i d i t y 

A b s o r p t i o n 

C o r o n a , e t c « 

The s u r f a c e c h e m i s t r y o f T i t a n i u m a l l o y s v a r i e s w i t h e a c h 
p h y s i c a l o r c h e m i c a l t r e a t m e n t . A n e x a m p l e o f I S S / S I M S r e s u l t s f r o m 
a t y p i c a l c h e m i c a l p r e t r e a t m e n t f o r T i - 6 A 1 - 4 V i s s e e n i n F i g u r e 1. 
H e r e t h e s a m p l e was d e g r e a s e d , e t c h e d i n K N O ^ / H F a n d c o n v e r t e d w i t h 
a m i x t u r e o f H F , NaF a n d Na^PO^ i n a q u e o u s s o l u t i o n . S p e c t r a f r o m 

t h i s s u r f a c e shows t h a t i t i s f a r f r o m b e i n g a s i m p l e o x i d e . A n I S S 
s p e c t r u m f r o m a t y p i c a l T i O ^ s u r f a c e i s shown i n t h e i n s e t f o r 

c o m p a r i s o n . N o t e i n t h e SIMS d a t a t h e a p p e a r a n c e o f t h e m o l e c u l a r 

i o n T i F + , w h i c h s u g g e s t s t h e c o m b i n a t i o n o f f l u o r i n e a n d t i t a n i u m . 
I t i s a l s o i n t e r e s t i n g t h a t s o d i u m a n d f l u o r i n e do n o t seem t o be 
a s s o c i a t e d e v e n t h o u g h a p p r e c i a b l e amount s o f e a c h o c c u r o n t h e 
s u r f a c e . SIMS d a t a i n F i g u r e 2A f o r a t y p i c a l a n o d i z e d o x i d e f o r m e d 
i n a n e u t r a l N a „ I I P 0 , + H o P 0 . s o l u t i o n a t 50 v o l t s shows a s p e c t r u m 

s i m i l a r t o t h e c r y s t a l l i n e o x i d e , r u t i l e . T h e s e t h i n a n o d i z e d 

s p e c i m e n s show l a r g e amounts o f T i O + i n r e l a t i o n t o T i + . I t i s 
i n t e r e s t i n g t h a t t h e a l l o y i n g e l e m e n t v a n a d i u m i s n e a r l y a b s e n t i n 
t h e o x i d e l a y e r . The s u r f a c e c h e m i s t r y o f p o r o u s a n o d i z e d o x i d e s 
a r e much d i f f e r e n t a s s e e n i n F i g u r e 2B w h e r e t h e SIMS s p e c t r u m i s 
shown f o r a t h i c k o x i d e f o r m e d i n t h e same e l e c t r o l y t e a s A , b u t a t 

13 
100V w h i c h i s n e a r t h e b r e a k d o w n v o l t a g e f o r t h i s e l e c t r o l y t e and 
t i t a n i u m . SIMS d a t a show h y d r o c a r b o n s , a l k a l i e l e m e n t s , c a l c i u m , 
a n d mos t i m p o r t a n t l y e v i d e n c e o f p h o s p h o r u s ( p r o b a b l y p h o s p h a t e i o n ) 
i n t h e p o r o u s f i l m . A E S e l e m e n t a l p r o f i l e s show t h a t p h o s p h o r u s 
c o n c e n t r a t i o n s a r e h i g h a t t h e s u r f a c e a n d c o n t i n u e o n i n t o t h e 
f i l m . 

I n i t i a l b o n d a b i l i t y o f a n o d i z e d s u r f a c e s was t e s t e d i n t h e l a p 
s h e a r c o n f i g u r a t i o n u s i n g numerous c o m m e r c i a l e p o x y a d h e s i v e s . W i t h 
one e x c e p t i o n , a l l s u r f a c e s p r o v e d t o be b o n d a b l e a n d g a v e a c c e p t 
a b l e l a p s h e a r v a l u e s . T h a t e x c e p t i o n was a n a n o d i z e d f i l m f o r m e d 
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SIMS 197-7 

,Na* 

Af 

10* 

JHS. 
m\mmmm H mmm m mnn n m rmi rr-t I lit 11 20 30 40 50 

atomic mass units 

2500 V 
ISS 

F i g u r e 1. I S S / S I M S D a t a f o r T 1 - 6 A 1 - 4 V A l l o y E t c h e d w i t h 
H F / H N O . a n d C o n v e r t e d w i t h H F / N a F / N a ^ P O ^ . I n s e t 
shows t y p i c a l I S S S p e c t r u m f r o m T i 0 o . 

> 104A 

10 20 30 40 50 60 

Atomic Mass Units 

SIMS 

Na* 

C H ; 

PO: 

10 20 30 40 50 60 

Atomic Mass Units 

F i g u r e . 2 . SIMS D a t a f o r T 1 - 6 A 1 - 4 V A l l o y . 
A . S p e c i m e n A n o d i z e d i n N a 0 H P O , + H Q P 0 , ( p H » 7 ) 
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i n any electrolyte containing fluorine ions. The result was rather 
unexpected since a commercial patent calls for the addition of 
fluorine ions to a solution to increase the current density and 
subsequently the porosity of the anodized film for adhesive bonding. 
The adhesive showed good adhesion to the oxide film in these cases. 
Failure often occurred interfacially at the oxide/metal interface 
even using lap shear specimens. Uhen a test i n which pure shear was 
placed at the interface, as in the three-point-bend method, then 
failure always took place interfacially at the oxide/metal inter
face. Peel tests on anodized films in which fluorine was present 
also showed interfacial failure in most tests. Peel strength in the 
anodized regions was vi r t u a l l y zero. SIMS spectra showed fluorine 
to be present on these surfaces (both on the adhesive and adherend). 
An interesting result was the appearance of F + in the residual gas 
analysis when the electron beam in AES was placed on the sample, 
suggesting easy desorption and a very unstable surface  In fact
when electron beam current
quently was desorbed completely
spectrum. 

SIMS spectra from simple etching processes also showed inter
esting results. Figure 3 shows the high activity of etched sur
faces, and tendency to react with elements found in tap water. Note 
that the calcium from the water appears to combine with fluorine 
l e f t on the surface by the hydrofluosilicic acid, but there i s 
l i t t l e suggestion of any reaction between fluorine and titanium to 
form a compound. Also of interest i s the very low concentration of 
the alloying element aluminum on these surfaces in view of the high 
secondary ion yield from aluminum. Vanadium, which was not observed 
in the anodized specimens, appears prominently on most acid etched 
surfaces. Aluminum alloys show equally interesting surface chemis
try changes with processing. Many aluminum alloys following pro
cessing including hot r o l l i n g and heat treatment, show surface 
elemental concentrations far different from true bulk composition. 
Even following cleaning such as degreasing and alkaline bath, 
appreciable differences are seen between surface and bulk as shown 
in Figure 4. Here SIMS and ISS spectra are shown for a degreased 
and l i g h t l y alkaline cleaned 2024 alloy. SIMS shows a large amount 
of Mg on the surface and the ISS ratio of 0 to Mg-Al i s about that 
MgO. One advantage of SIMS showing i t s complementary nature i s seen 
here where Mg and Al cannot be resolved in ISS but i s easily sep
arated in the SIMS spectrum. When the surface i s etched i n a 
stronger alkaline solution, the SIMS spectrum ( B ) shows a much 
smaller ratio of Mg to A l , much more in line with the magnesium 
content of approximately 1.5%. 

Other surface treatments which etch away the surface s t i l l 
leave the surface composition much different from the bulk. Figure 
5 shows the ISS/SIMS spectra for 2024 aluminum alloy etched in a 
mixture of n i t r i c and hydrofluoric acids. As i s seen in both 
spectra, copper i s prominent on the surface. This i s a very mild 
case of surface smutting . Surface smut i s observed in many mate-' 
r i a l s which are heavily etched in acid or alkaline media. Smut on 
stainless steel has been studied by ISS/SIMS1^. An example of such 
spectra on a smutted 304 stainless steel surface i s seen in Figure 6 
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F i g u r e 6 . I S S / S I M S D a t a F rom S m u t t e d S t a i n l e s s S t e e l 
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and i s f o u n d t o be m o s t l y s i l i c o n and o x y g e n . E v e n when t h e s u r f a c e 
i s v i s i b l y d e s m u t t e d , o f t e n t r a c e s r e m a i n w h i c h a r e m e a s u r a b l e b y 
I S S / S I M S . S m u t t e d a n d d e - s m u t t e d s u r f a c e s w e r e e x a m i n e d by s e v e r a l 
a n a l y t i c a l t e c h n i q u e s . The r e s u l t s o f w h i c h a r e s u m m a r i z e d i n T a b l e 
I V . 

T a b l e I V 
S p e c i e s f o u n d o n 304 s t a i n l e s s s t e e l by s u r f a c e a n a l y s i s t e c h n i q u e s 

T e c h n i q u e S m u t t e d i n H 2 S 0 ^ D e - s m u t t e d i n H ^ O ^ - C r O ^ 

, 0 , C l , C , C u , F e , C r , N i 

0 , C , C u  F e  C

, N a + , S i 0
+ + +

, C r , N i , C u 

AES 

I S S 

+SIMS 

- S I M S 

XPS 

S i 

S i 

S i " 

Fe' 

C H 
η η 

S i O 

0 , C , S , F e , C r , N i 

0  N a  F e  C

CH , Fe , C r , N i 
I I __ __ _ _ 

, 0 , OH , S 1 0 ~ , S i 0 2 ~ , C n H n > 0 " , 0 H " , C l " " , S i 0 

> 3~, S i F ~ , S i 0 F ~ , S i 0 2 F , F e 0 2 " ( g r e a t l y r e d u c e d ) 

CrO ~ CrO ~ FeO 

C r O " 

C r 0 2 , C r 0 3 , F e 0 2 

C G , 0 , S , S i b , N , C u , F e , C r , N i C , 0 , F e , C r , N i 

M o r e t h a n one f o r m . 

O x i d e f o r m . 

C h e m i s t r y a n d S t r u c t u r e o f A d h c s i v e s 

SIMS i s v e r y s e n s i t i v e t o s u r f a c e m o l e c u l a r s t r u c t u r e , s h o w i n g 
f r a g m e n t a t i o n p a t t e r n c h a n g e s e v e n o n t h e same m a t e r i a l b u t g i v e n 
d i f f e r e n t t r e a t m e n t . F i g u r e 7 shows SIMS d a t a f o r a c o m m e r c i a l 
t w c - p a r t e p o x y m i x e d u n d e r t h e same c o n d i t i o n s a n d t h e n d i v i d e d i n t o 
two p o r t i o n s , one c u r e d 24 h o u r s a t room t e m p e r a t u r e a n d t h e o t h e r 
c u r e d one h o u r a t 2 5 0 ° F . 

A s c a n be s e e n , some l a r g e r f r a g m e n t s a r e s e e n i n t h e s a m p l e 
h e l d a t e l e v a t e d t e m p e r a t u r e , a n d s o d i u m h a s s e g r e g a t e d t o t h e 
s u r f a c e . S u c h s e g r e g a t i o n i s v e r y common i n h i g h t e m p e r a t u r e c u r e d 
s p e c i m e n s , w h e r e s o d i u m i s o f t e n f o u n d a t t h e f a i l u r e s u r f a c e i n a n 
a d h e s i v e f a i l u r e mode. I S S / S I M S d a t a f r o m t h e a d h e s i v e s i d e o f a 
t i t a n i u m - e p o x y f a i l u r e i n t e r f a c e f r o m a t e n s i l e t e s t s p e c i m e n a r e 
shewn i n F i g u r e 8 . 

The f r a g m e n t a t i o n p a t t e r n i s d i f f e r e n t ( c o m p a r e d t o t h e two 
p a r t e p o x y ) f r o m t h i s t e m p e r a t u r e s e n s i t i v e t a p e e p o x y a n d s o d i u m i s 
s e e n a t t h e f a i l u r e i n t e r f a c e . S o d i u m was a l s o o b s e r v e d o n t h e 
m a t c h i n g t i t a n i u m s i d e o f t h e s p e c i m e n . 
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F a i l u r e S u r f a c e s 

SIMS a n d t h e o t h e r c o m p l e m e n t a r y s u r f a c e s p e c t r o s c o p i e s a r e 
e x t r e m e l y u s e f u l i n d e t e r m i n i n g j u s t w h e r e a n a d h e s i v e bonded s t r u c 
t u r e a c t u a l l y s e p a r a t e d . F o l l o w i n g f a i l u r e d u r i n g s e r v i c e o r t e s t , 
i t i s n o t a l w a y s o b v i o u s j u s t w h e r e t h e f a i l u r e t o o k p l a c e . O f t e n a 
f a i l u r e i s t e r m e d " a d h e s i v e " o r i n t e r f a c i a l j u s t b e c a u s e t h e 
a d h e r e n d a p p e a r s t o be " c l e a n " (no a d h e s i v e ) . I n a c t u a l i t y t h e 
f a i l u r e may h a v e o c c u r r e d i n a weak b o u n d a r y l a y e r v e r y n e a r a n 
i n t e r f a c e . A f a i l u r e may a l s o be i n i t i a t e d i n one a r e a a n d p r o g r e s s 
I n t o a n o t h e r w e a k e r a r e a . F i g u r e 9 shows a m o d e l o f a n a d h e s i v e 
b o n d and some o f t h e f e a t u r e s c o n t r i b u t i n g t o a f i n g e r p r i n t s p e c t r u m 
w h i c h p i n p o i n t s t h e e x a c t l o c u s o f f a i l u r e . E x a m p l e s o f t h e s e 
c h e m i c a l " f i n g e r p r i n t s " w e r e shown e a r l i e r i n I S S / S I M S s p e c t r a f r o m 
a l l o y s u r f a c e s i n w h i c h a l l o y i n g a n d i m p u r i t y e l e m e n t d i s t r i b u t i o n s 
w e r e f a r d i f f e r e n t f r o m b u l k v a l u e s . I n a d d i t i o n , some o f t h e 
i n t e r f a c i a l r e g i o n s sho
p a s t h i s t o r y o r p u r p o s e l
e a r l i e r , bonds on m e t a l  a l l o y g 
e t c h i n g o r d u r i n g p r o c e s s i n g o f t e n show weak b o u n d a r y l a y e r f a i l u r e s 
i n w h i c h l a r g e q u a n t i t i e s o f a l k a l i e l e m e n t s h a v e m i g r a t e d t o t h e 
i n t e r f a c e . S u c h a f a i l u r e s u r f a c e a l o n g w i t h t h e o r i g i n a l T 1 - 6 A 1 - 4 V 
e t c h e d s u r f a c e shown i n F i g u r e 10 o r i g i n a t e d w i t h r e s e a r c h o n 
m o d e l i n g o f g o l d a d h e s i o n t o t i t a n i u m a l l o y s . F o l l o w i n g e a s y p e e l 
o f t h e g o l d , t h e s u r f a c e was f o u n d t o p r o d u c e a h i g h s o d i u m s i g n a l 
I n t h e SIMS s p e c t r a w h i c h h a d n o t b e e n o b s e r v e d i n t h e o r i g i n a l 
s u r f a c e . The g o l d s i d e o f t h e f a i l u r e a l s o c o n t a i n e d a l a r g e amount 
o f s o d i u m . 

P u r p o s e l y added e l e m e n t s a l s o o f t e n h e l p t o p i n p o i n t a n e x a c t 
l o c u s o f f a i l u r e a s i l l u s t r a t e d i n F i g u r e 1 1 . H e r e a f a i l u r e i s 
shown t o h a v e o c c u r r e d n e a r t h e p r i n e r - a l u m i n u m a l l o y i n t e r f a c e a s 
i n d i c a t e d b y SIMS a n d o t h e r s p e c t r a w h i c h showed e l e m e n t s o f t h e 
c o r r o s i o n i n h i b i t o r ( s t r o n t i u m c h r o m a t e ) o n t h e f a i l u r e s u r f a c e s . 
S i m i l a r w o r k u s i n g SIMS h a s been u s e d t o i n f e r e n v i r o n m e n t a l c o r r o 
s i o n r e s i s t a n c e a n d t o d e t e r m i n e t h i c k n e s s o f t h i n s i l a n i z e d 
s u r f a c e s ^ 

SUMMARY 

I o n beams p r o v i d e u s e f u l i n f o r m a t i o n e i t h e r a s a d i a g n o s t i c t o o l o r 
a s a p r e c i s i o n e t c h i n g me thod i n a d h e s i v e b o n d i n g r e s e a r c h . The 
c o m b i n a t i o n o f SIMS w i t h c o m p l e m e n t a r y me thods s u c h a s I S S o r AES 
p r o v i d e s a p o w e r f u l t o o l f o r e l e m e n t a l a n d l i m i t e d s t r u c t u r a l 
c h a r a c t e r i z a t i o n o f m e t a l s , a l l o y s a n d a d h e s i v e s . The r e s u l t s shown 
h e r e i n d i c a t e t h a t s u r f a c e c h e m i s t r y ( a n d i n t e r f a c e c h e m i s t r y ) c a n 
be d e c i d e d l y d i f f e r e n t f r o m b u l k c h e m i s t r y . O f t e n i t i s t h i s 
c h e m i s t r y w h i c h g o v e r n s t h e q u a l i t y a n d d u r a b i l i t y o f a n a d h e s i v e 
b o n d . T h e s e same s u r f a c e t e c h n i q u e s a l s o a l l o w a n a n a l y s i s o f t h e 
l o c u s o f f a i l u r e o f b o n d e d m a t e r i a l s w h i c h f a i l i n s e r v i c e o r t e s t . 
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