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SUMMARY 

A new and experimental photodensitometer designed for quantitative chroma- 
tography is described. The principaf features of the instrument were based upon the 
results of an extensive theoretical analysis and incorporate a mechanical arrangement 
for the production of a flying spot and an optic.& pati in which two bezms of light 
are separated after interaction with the medium. The device is constructed so as to be 
suit&k for operation in the three principal modes; in refkctance measurements only 
the ratio of the beam signak is formed, whilst in transmittance measurements the ratio 
is converted to logarithmic form, in the ffuorescenee mode only a single beam is used. 

The spectral rauge of the instrument extends from the red end of the visible 
spectrum to the medium ultraviolet, and quartz optics are utilized in most of the optic 
elements. A quartz halogen Iamp and a xenon-mercury lamp may be used afteinatively 
as the light source. Changeable interfec=nce fifters are employed to determine the 
spectral position of the light beams and semiconductor photo-diodes with sensitivities 
extending into the ultraviolet are used as photo-detectors. In the determination of the 
sensitivity fimits of the device the photo-diodes were repfaced by photomuftipIiers and 
the apparatus was shown to fuBil most of the cafculated theoretical predictions. 

This paper describes the principal features of the design of an experimental 
photometer for application in quantitative thin-media chromatography. The instru- 
ment was developed in our laboratories as a potentiaf research tool for investigations 
into the biochemistry of the ccntrzl nervous system. Extreme sensitivity coupted with 
hi&accuracy and good repeatability were the mast important design targets. 1t was 
zlsrz thought desirabfe that the output of the insmmenr: be available in a form which 
would k. convenient both for immediate interpretation and for further analysis. 
Computer compatibility of the output of the instrument was the obvious answer. 



A new instrument OUE& to be suitzbk for &I the types of PhotoMetric deter- 
~&X&OIIS which are COMMO& employ& in thh-media cbromatogaphy 2nd reI2t& 

2~d Similar techaiques. In practice t&i, me~~flS that measuremens sliorrlo be possibfe 

in both the tr2nsmission 2nd the reG&mce mode over 2 rune Of wmefengths ex- 

tsndkg from the red end of the visible spectrum fo l t&e nca,r uItraviolet FT. Con- 
ventiona~ horescence 2nd Suorescerxe quenching capaMitieS were also desired, 
thoqb rittle empitzsis h2~ !xen pf2& rrp& the iatter. Switching from one mode of 
operation to ansther should be esy and i~C$Ie as Iittfe manipukion as possible. 

Wiien devetopmeci of the device started, the principal chrom2to~ap~c medium 

used by the presumptive user, was peper. The traspoti mechanism was desised 
therefore for this patiiczzfar me&m, ck2rIy it is 2 reE2tiveiy simple matter to modify 

the mechanism in order to accommodate all types of media. 

Tf;e acrual development of the instrument (see Figs:. t 2nd 8 for schematic 

representation) wits preceded by BTZ extensive theoretical study of the factors affecting 
tbe performsn~ of photometrit methods ;zs applied to quantitative thin-media chro- 
m2to~aphy. The results obtained are largely published in a series of background 
papers by the a~tbo_rs’-~~_ A comprehensive survey showkg the appfication of rhe 

tbeorebicaf conclusions to t&e conceptu21 de& of the device will be published shortly. 

En many cases, it w2s found that the necessary tecchniques were available and welt 
known in other 6eIds of technolo,~, brat rhst they had to be adapted to the speci$k 
r,quirements of chrt~matogr2phy. 

S 

CO 

Based upon these sipdies it was decided that for best performsmce &e insti- 
ment should incorporate the following principal feaures: it should be 2 true do&&- 

be2m instrument with OXI& SgXCtF21 (w2velength) sep2r2tior; betweerr the tv;o beams- 

in order to a.cbieve this a uI_bique alxangement of tb.e optic& system was developed’ 
which yrmitted the 2voidzmce of any SF2ti2l or time sepparation of the be2ms befor: 
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they had interacted with the chromatogram. Equally irr;portant was the zdoption of 
the principle of frying spot scam&. c The resulting more complex mechanical and 
optical design was considered to be more than justified since there would be no need 
to worry about the concentration distribution within a measured zone. in order to 
achieve this principal, the two beam signals have to be tineariged in terms of concen- 
tration before being combined and further processed. Of the simpler procedures 
available for this purpose logarithm forming For transmittance rend simple inversion 
for reflectance measurements appeared to produce the optimum resuItsLS. For 
fluorescence analysis, linearization is not requiredLo*“. 

The spectral range from the red end of the visible spectrum to the medium 
riY was covered by incorporating two light sources; a quartz hafogen Iamp for 
routine work in the visible part of the spectrum and a high-pressure mercury-xenon 
Iamp for the UV. In pEace of the latter, other gas-discharge lamps, e.g. xenon, deute- 
rium, could be used. The extension of the measuring range into .the uZraviofet re- 
quired the use of Uv transparent mate&t In most of the optical elements. As quartz 
was chosen for this purpose and since quartz optics are expensive, it became important 
to make the optical system as simpfe as possible. B-use of this a relatively low ef- 
ficiency of utilization of the available light ensued. 

Semiconductor photo-diodes with extended Uv sensitivity were adopted as 
photo-detectors_ They were diodes of the Schottky Barrier (PIN) type operated in the 
photo conductive mode. Their spectral response curve is shown in Fig. 2b. With the 
use of these detectors the performance of the instrument became fimited by electrical 
noise. This was due to the unexpectedly high efficiency of suppression of optical noise 
together with poor utiIization of the avaiIab!e light. Phcto-multipIiers were then 
temporarily substituted to explore the performance fin&s of the method. 

The formation of a ratio between the two beam signals after !Inearization was 
adopted is the most effeient method of reducing optical noise. The electronic circuits 
involved in the ampUication and the processing of the photo-detector output signals 
are of the conventional type. Analog integration is carried out along the scanning 
fines (see Fig. 5) and the integrated output is recorded as a staircase curve O-C a strip 

chart recorder. The stair~se representation (see Fig. 3) WZLS chosen to make subse- 
quent manual integration over the width of a zone easier. A smoothing GlIter was also 
provided; when optionally switched in, it produced the customary smooth shape (see 
Fig. 3b) of the output recording. 

From the beginning, the need for further processing of the raw output data 
was recognized and it was decided that this should be achieved by computational 
procedu,-es. An analog to digital (A/D) converter was, therefore, incorporated into 
the system. The A,43 converter was interfaced with an IBM compatible digital mag- 
netic tape unit so that a large computer (EBPX 360) co&d be used for processing: this 
aspect of the anaIysis wiII be described in a subsequent Dublication. Experiments were 
also made with an afl-digitaf electronics. The results were encouraging and wilE be 
used as a basis for future deveIopment. 

There are many techniques known (and used} to produce a fl,ving spot scan. 
The arrangement f%nalIy adopted is shown in Fig. 4. It consists of a meti drum with 
a helicaf slit, which revoEves beneath a stationary rectangular aperture in the support 



!e) 
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Fig. 3. Typical sfxz_pe of an s_n&ogue output signal after Iine integration. a, Staircase; b, smoothed. 

The chramatogram is cIamped into a rectanguIar support frame, which can 
accommodate thin media up to 50 mm wide and 500 mm fang. The medium is gripped 
only at the edges thus leaving near& aI its width unobstructed for the scanning 
beam. The support frame is moved longiitudinaIl_v by a rack and pinion drive. Both 
the scanning drum and the pinion are driven via suitable gears from the same motor. 

Fig, 4. S&em&c d&ram of a drum-type frying spot arrangement. 



The ge2r ratios are chosen so rhat the whofe exposed area of the me&Em is covered 
by the scan (see-Fig. 5). If desired, the transport of the medium can be disengaged, 
leaving the scan line In a stationary position. 

-~-he BVO lamps used possess ditferent electricall characteristics and are sq+ed, 
therefore, by independent powe r supplies. Both sapplies are czrefrtlly stibitized, aJ- 
thou+& b-use of ratio formiizg, thz system is much less sensitive to variations of the 
Eight output of the famps t&z I, -P the case in al1 previorrsly described scanning devices. 
The two lamps along with r-heir respective coflimating mirrors and lenses are bowed 
in a T-&aped attachment to the main body of the instrume~% A two-position mirror 
is used to switch betwectn the lamps (see Fig. 6). A heat Mter is provided to protect 
the _rzst of the OF&Xi system from the heat generated by the lamps. A cyii&rical 
quzrtzz ier~ produces a rectangufar shaped image of the Ii&t sowce in the piane of 
the sqport table of the medium. The size of this irna~~~ is approtiirnatefy equaf to the 
size of the slit-shaped aperture in this ‘tible. 

l?rovKon has also been made to insert wavelerigtb-sekctiue or po!a$.& 
5iters into the path of the ilkminatkg @&. Wavelength selection 02 the primary 
side is desirabfe fOF fhoiescence measnrements ; pokuking filters may be of advantage 
for reefectwkce measurements. 
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Fig. 6. Schematic r2presentation of the kmp housing_ a, Quartz hdo~29 tzm~p; h, xenoo-mercury 

high-pr2sstm lamp; c, two-position mirror for Izmp swiuitcbi~~g; d, best filter; e, optimai additional 
fliter. 

surface element. These factors have to be kept in mind when determining the optical 
density of such a medium. 

For eEcient ~Zzation of the available Eifit a collecting fens possessing a 
large diameter and &aced close to the surface of the medium is required. Its purpose 
is ta produce 8 much reduced size image of any point on the scaanniog line rrpon the 

sensitive surface area of the photo-detector. The noise contribntioa of most photo- 
detectors is proportionaI to the square root of their light-sensitive area, -4 substantial 
reduction in the width of the image mainly in the transversal direction is, therefore, 

desirahfe. A combination of spherical and cytindricaI lenses is required to achieve 



this -oaf. In order to possess a rezsanably tmifarm fight_calIecting egCieW regadess 
of thee position of the sfzzming spot across the medium the mzin Coil~tiEg front Iens 
was ascribeti a ciiazneter xxne 30% iugs tb2n the mhvi_mrrm width of the medium. 
It wixs made &Cl&X in &ape, tha@ 8 rect%lguIar shhape would have been ew$J 
satisfactory. The urrifotity Of light coffeedan achieved across the width of the Sk 
was quite s&isf~ctory, but ‘&e ta-tij el%ciency f&I short of expect2tionS. A Fresnei 
lens system c&d be expected to provide s superior pelrfmrn2nee. 

-From the calIecting fens system the light is dixcteci towards a beam splitter- 
mix-For system, which &tides f&e light bearI3 into au0 separate bemS with approti- 
mutely equal ime:ensities. One of the two beams separated in this wzy becomes the 
ptincippal measuriig bezm whilst tie Other afle becomes the refererrce beam. Inter- 
ference titers czm be iosertcd into the paths of these two beams in order to select their 
reqtired spectral position. Space is also provided far the addition of other filters such 
as a neutrat density or po!tizin, (1 flter. AF- additional smaEL Iens then focuses the 
imege of Ehe scanned slit upon the hvo photo-detectors (Fig. 8). 

Fig. 8. The opticA km dividing arrangement (schen-&c~ on the semndzry side. 2. Collecting Ems; 
b, bezm splitter; C, iixed mirror; d, filters; e, irrzge %wssing lens; fl and fZ, photo-detectors. 

Afthaugh *he double beam method is afso advzmtageorrs for Suorescence 
mezsurements, the comb&&ion of the two beam signals in such a way as to combzt 
&cie&y opt&l noise, is much less strai@forwa.rd. As the theoretie& analysis for 

&is patiiculzr case had not reached a sufkientiy advaock stage to be included in the 
instrument design, $lfuoresceent zones are measured s&g a single beam in the con- 
ventional mzfncer. 

For me?lsurem’ents from the iiluminated side, wkhes they be of the refkctance 
OF Buorescence type, the photo-detector After arrangement is maintiined, but mezms 
have to be prc$ded to coliect the light returned from the illuminated surfice of the 
medium and to guide it to t5e photo-detector f&eF assembly. After some expetimen&- 
tion with a beam splitter-mirror sysremt the aiterrrative of a fiber optic fight guide 
system wzs adopted inscezd. Though mechzmical cansideratians pEve;enkd the use 
of 2 large bplndle cross-section, its entrance ape&x+ could be placed yeq near ta tfie 
ikninated surface thus compensating far .zny loss of e%ciency due to the small 
collecting apermre avaflabfe znd to the rather crude fens systems pgaed at the en_ 
trulCe and e& Of the blmdle. Since &Z&g is not required a non_ca&ent bum-& 
wzs used. %Ie bundk was ksr: radomized and then dit$ded &o %Q haEves azus 
~epkcing the bzzm splibreF mentiorred above. %-he Iight leaving the exit ape&es of 
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tk bundle eiere crudely co&mated add then passed through the sslme Gters as used 
in the transmittance arrangement and finaLly focused upon the photo-de&tars. 

The ntide range of fight iatensities that can be accommodated by semiconductor 
photo-detectors without overload or impairment of their Iinearity of response obviates 
the need fur an optic& sensitivity cantraf. Such an advantage does not obtain in the 
case of photo-mu&ipIiers~ where neutrai density filters are required in order to adjust 
the intensity of the light reaching the photo-muitipliers fa an optimum level. _4n 
electrical overload prote&an is how-ever provided, so that damage to the photo- 
detectors does not occur fallowing excessive 3.luminatian. It should be painted out 
that the photodensi{ometer described in this paper was designed to use semiconductor 
photo-detectors; photo-muftipliers were only used when it was discovered that the 
performance af +&e device wzs Limited by the electrical noise of the photo-detectors, 
not the apt&f noise ;?s had been ar$inally amicipated. This was due partly to the 
unexpectedly e%cient cancellation of the optical noise and partly to the relatively 
poor performance of the optic& system. Photo-muftipliers were provided and used 
in or’der to test the fulf capabilities of the system. The performance data reported in 
the f&owing paper refer, therefore, to Ehe photo-multiplier version. 

fn instruments of the kind described above it is custamrrry to interrupt (to 
chop) the fight beam at regular intervals. Chapping is usuaify achieved by mechanical 
mezns, in this case by a chappin g drum with regukuly spaced slits, which revolves 
concentricaffy and synchronously with the scanning dmm (see FZg. zt). The chopping 
frequency is determined by the revolving speed of the drum and the number of slits 
it cxries. This frequency is not chosen arbitratiiy but is determined largely by the 
noise characteristics of the photo-detector. Chapping the light beam at regular 
intervzfs amounts to what, in tetecommunicatians technalom, is called modulation. 
The S&I& produced by the fight beam is originally d-c. in character. By chopping it 
is shifted to a higher frequency position symmetricaily centered around the chapping 
frequency. This is shown schematicatly in Fi g. 9. It is a well knosx fact that far aprimal 
noise ~cprfarmznce, phote-detectors of any kind should operzte above a certain 
minimal frequency2 which is ctied the crass-over frequency of the device. The crass- 
over frequency is dependent upon the manufacttiring technology and mzy, therefore, 
vzry from type to type; it must be c&&ted from the manufacturer’s specif%atiarts. 
The-width of the side bands in Fig. 9 is Iarge!y dependent upon the scanning speed 
and the size of the frying spot. En this case, a relatively coarse caster possessing 35 
spots per scan line was adopted. With a scanning speed of four lines per second this 
restrlted in 140 spots per second corresponding to a minimum practical width of each 
side band of about 100 Hz (70 Hz theoretic&y). 

Based upon these cansiderztians z chapping frequency of 450 Kz_was chosen 
_ as % compromise betweerr mechanical and electrical requirements. Experience later 
showed that this choice was on the law side and values of the order of 800 Hz warrld 

; have been preferable. 

The output signal from the photo-detectors is fairly small and must therefore 
be suitably amplified in order to permit further processing. Sign& Ievet co&rots are 



&x3 provided at this poinr. &ce tfre g&t beam is &oppZd, the SigRd iS eSSeRtiE&’ 
a.c. and many stabi&y prcbfenzs corm,, e 9-t d with the i3_q$.ification of low-fevei d.c. 

sigz& are thus avoided, The originz~l sigml, however, must be mtored md t&s is 
done by a subsequent full-wzve recctifier bridge (see Fig. 10). A band pass fikr ahfad 

of th2 rectifier reduces Cne noise content, whilst a low pass after rectification smoothes 
the sigml by ;enovizg the remainders of the chapping frequency. The width of the 
pass band of these filters is determined by the previowly menfioned width of the side 
barrds of the madziated sig&. 

The further patis of the sigml are diKerent depending upan the diEererit 
principaf mades af operation. For fluorescence measuremenLs &-regardless of the side 
of the medium from which they are taken, aziy the signa! of the principaf measuring 

Seam is enpbyed. ft is pass& via a b&x anrpiifier to 28 anzfag integratar. The 
ifrtegmtar is essentially a %&-gtin d.c. amp$&r with a resktive-capacihe f&x&xk 
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rletwo& between output and input. The integrator is staxted at the beginning of each 
scan Iine by a trigger pulse derived from the positiorr of the scanning &rum. It inte- 

grates the signal over the duration of one scan line, at tke end of which it is again reset. 

The vaiue reached is held ia a sample and hold circuit until the ead of the followirig 

integration period. From the sample and hofd circuit ic* is passed on via a br&er 
amplifier to the output. In this way a staircase output wave of the shzpe shown in 

Fig. 3 is produced. The height of each stair corresponds to the integral of the 

fluonscence signaE over the last sca~l Iioe. A staandard anafog recorder is used to 
dispfay the output. If a smooth output curve is desired, a smoothing fZter c2n be 
inserted into the output circuit ahead of the recorder. 

For conventional transmittance and reflectznce measurements both beam sig- 
nals are utilized. After rectification, filtering azd amplification they are fed to an analog 

dividing circuit, wh.ick produces the ratio S(r)JS(r),, where Sft)R aod s(r),, are the 
instan’tineous values of tke beam signals from th e reference beam and the measuring 
beam respectively_ 1x1 the reflectance mode of operatioa the resulting ratio is passed 

0x1 to the integrating stage and recorded in the manner described above. In the 
transmittance mope, a logarithmic amplifier is interposed between the ratio forming 
circuit and the integrator. 

The purpose of fogarithm and/or ratio forming is twofold. Firstly, the optical 
noise is considerably decreased and the signat made nearly independent of fluctuations 
of the output of the light source_ Second@, a signat is obtained whick is a closely 

linear Function of the coxentration. It is only on tkis basis, that 2 flying spot system 

can operate efZicientiy. Et should be noted that linearization must be pe_rformed before 
integration. At extremely low concentrations the output signal is always a cfosely 

Iinear function of the concentratio& in which case linearization of the obtput is not 
required. Compensation ofthe opt&f noise then becomes the most importar,t purpose 
of the described circuits. 

it has &ready been mentioned that digital processing of the raw data supplied 

by the photometer imp:oves, in many respects, performance and efficiency of the 

scanning technique. To render this possible withortt the need for external peripheral 
eqrripment an analog to digital (A/D) convetier has beeen built into the device. This 
device converts the output signal into 2 string of IO-bit digitaf words, which are then 
stored OR a computer compatible magnetic tape. The written tape unit serves as input 
medium for f&ther processing on a suitaMe computer. 

The digital part of the photometer is interfaced fulIy with the magnetic tape 
unit used. fn view of the Iow speed of data generatioE5 paper tape storage would be 

just as feasibfe. Interfacing with a low-cost mini-computer For on-fine prccessing was 
contemplated, but not implemented at this time. 

The experimental instrument was built as two units: one nni; co&a& the 

me&anicaI and optical parts and is housed in a light-tigkt casing in order to provide 

. access to the transport mechanisms to facilitate easy loading and unioading of the 

chromatograms. 
The electronics section wits built 2s a separate unit; it is connected by cabfes 
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