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                                 ABSTRACT

         In order to operate the infra-red spectrophotometer automaticall'y, proper
      attention should be given to the facts that the resolving power, scanning speed
      of wavelength and the signal-to-noise ratio ef the spectrometer are not mutually
      independent but are related in a complicated rnanner. It will be shown, however,
      that their mutual dependence can be expressed by a somewhat simpie fermula.

1. IntroductioR
                                                                      ttt
    Tlte sources ef limitations in the resolving power ef a recording monechromator

may be divided into two groups ; Ramely, those concerning with the optical conditions

of the monochromator, which are present even at infinitely narrow slit-width, and

those relating to the electrical conditions, such as the signal-to-noise ratios of the

receiving system aRd the scanning speed of wavelength of the recordln.a spectrophoto-

meter.

    The optica} factors have already been discussed in detail by Brodersen (1).

Mereever, in practice a considerably wide slit-width has to be clto$en in order to

maintain a eertain value of the signal-to-noise ratio of receiving system, so that there

is no meaning to pursue along this way indefinitely.

    Therefere, the second group, i.e. e}ectrical conditions wlll be mainly discussed

in the following pages ln order to get conditions for good resolution and recording

accuracy.

2. Condition for wavelength scanning

    The most important condition for driviRg a monochromator is to scan the wave-

length with constant time T per spectral slit-width. Let the dispersed image of the

entrance slit be moved past the exit slit at a 11near speed ef fdÅë/dt, where dÅë/dt is

the rate of rotation of the scanning Littrow mirror and fthe focal length of collimator

'(see Fig. 1),
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                  Fig. 1. 0ptical layout of infra-red monochromator.

    The spectrai slit-width s is proportiona} to the ratio of the geometrical slit-width

IJYA to the linear clispersion Lx of the prism taken as constant ever the wavelength

interval concerned ln the plane of the exit slit, namely:

                                s==aiWx/LK, (1)
vLhere ai is a constant. Since, however,

                                 LK =a2DK f, (2)
where DK is the angular dispersion and a, is another constant, the spectral slit-

width becomes
                     '
                                 s::::8ril-lll}• (3)

    For the angle dto through which the scanning systern must be turned in order

to scan a spectra! slit-width s, we have

                                 tiÅë=:a3Dxs, (4)
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 which, by (3), becomes

                                  dto =xx a, WA/f, (5)
 where a3 and a4 are both constants. .
    Therefore, ln order to get a constant scanning time T per spectral siight-width,

we should have
                                                tt                                 [il/ .. gg .. aiw.-A, . (6)

namely, the raÅíe ef drive dÅë/dt of dispersing system must be proportional to the

geometrical sli"width, independently of dispersion. .

3. Relation between wavelength scanning time T and response oÅí eleetronic

    system

    Tet T be the response time of the receiving system, including the associated

circgits, and dA be the wavelength interval scanned in a time P. Then, the smal}est

wave!ength interval dk by which two signals can be separated and clearly resolved,

is determined by

                                    dA dA
                                     T P'

Using the conventiona! optical definition for reso}ving power it follows that the

resolving power R.... in the scanning system is given by

                                       Z 2,P                                R$can == a'R =" ?2t72 ' (7)

Since, on the other hand, dl/P=:fdÅë/dt, we get, using (6),

                                          ZT                                 Rsean "" arwK, (8)

where a is a constant of proportiona}ity.

    Thus, we see that the resolving power in the scanning system is proportional

to wavelength X and scanning time T and inversely proportional te response time T

and geornetrical slit-width Wx. It seems that this resolving power can be raised by

decreasing both r andi Wx , but one cannot decrease T indefinitely not only from the

•practica! standpoint bttt also for the reason that the signal-to-noise ratio decreases in

proportion to Tb (2). Also, the slit-widt!i Wx cannot be decreased indefinitely, because

the slit-width is controlled automatically in order to keep the energy passing through

the second siit approximately constant in the recording spectrophotometer.

    In this connection, therefore, the relation between the slit-width and the signal-
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to-noise ratio is important. Referring to Fig. 1, which shows the optical design factors,

the eneygy fiux in the spectral band dl passing through the entrance slit and the

apertttre stop is given by nAhurN2dl , where A is the source radiation per cm2 per

steradiation per unit dl at wave!ength l, h the height of the slit, W the width of

the slit aRd N the numerical aperture of the co!limator and aperture stop. The

dispersing element spreads this spectral band over a width fDKdZ in the plane of

the exit siit, but the portion failing on the secoRd slit passes to the receiver. Thus,

the flux which generates the signal in the receiver is given by

                     . Es =fDW,dlxerrhhwN2da,

where an opticai transmission factor e has been added in order to account for losses

dUe to absorption and unwanted refieÅëtions. Since the real slit-width W is proportiona}

to the geometrical slit-width WK , we may finally put

                                     AWx2                                Es -wwB'- Dxfi"• (9)

where B is a constant of proportionality. '
    Empirica}ly the thermal agitation nelse E. in the yeceiver ef optimum design is

given by (2)

                                  En nv- ha i' , (iO)
where a is the area of reeeiver, E. is expressed in terms of the incident fiux required

to produce a signal voltage equal to the RMS value of the noise voltage, and le is a

constant depending on the type of construction, materia}s emp}oyed and the speed of

response of measuring system. Dividing (9) by (10), we obtain

                               Es,-thY./Z• ("'

where o" is a censtant of proportionality. Since, as mentioRed before, Es/E. decreases

in proportion to rt}) , we may ultimately put the relation between the slit-width and

the signal-to-noise ratio in the form :

                               Es Tij Wx2                                            , (12)                               ]Ei;l=" Dx

where rc is a constant of propertlonality. We see from this equation that the signal-

to-noise ratio becomes large when WK is large, but, according to Eq. (8) R.... becomes

small in this case.

    Taking the above tvv'o formulae (8) and (12) into consideration, we obtain the

foilowing condkions for operation of recording spectropkotometer.



              gOME REMARKS ON iNFRA-REi]> SPECTROPHOTOMEtrLER 339

    (a) High resolution is obtained by slow scanning speed, fast response time and

         narrow slit-width.

    (b) Accurate transmission value is obtained by slow response time and wide

         slit-width.

These two conditjons are not consistent with each other, however. The optimum

solutions may be obtained by widening the s}it of the spectrometer until the optical

and e}ectrical resolving power become equal to each other for a particular scanning

time T. So, the most desirab}e condition for the user, i. e., high resolution, fast

scanning as well as accurate transmission value may be established only by the

suitable arrangement of T, T, WA and moreover signal amplifier gain factor G as in

the case of the Beckman Spectrophotometer IR-2T, which will be described precise}y

in the next paragraph.

3. Applicatien to the Beckman Speetrophotometer

    We had the opportunity to handle with thd Beckman IR-2T Infra-red Spectro-

photometer and examined its construction in detail. Now, we shall begin with the

main feature of this instrument.

    The BeckmaR Infra-red Spectrophotometer is a sing}e beam monochromator instru-

ment empioying " Memory Standardization " to obtain direct tran$mittancy recordings

on the pen recorder. The 100.0b' refereBce level for direct transmittancy recording

is autornatically deterrnined by rnaking a "standardization run" agaiRst the definite

light source, especially containing the empty or so}vent fi11ed sample cell in the

optical path of the monochromator. The automatic slit control system maintains the

arnplified photoreceiver signa! EK aÅí a constant value Ee, and is so arranged that

the electric signal for the function of the slit-width versus wavelength is recorded

on a tape recorder. Thus, the following relation for Ex is obtained:

                            Ex '":' Eo ="=" )' WKGF( WA), (13)*

wliere G is the thermocouple signa} amplifier gain factor and r is a constant.

    On subsequent "play back ", the signai from the tape recorder controls the slit

and wave!ength servo-motors, precisely reproducing the standardizing conditions so

that absorption spectra from a sample are recorded in transmittancy when the sample

is inserted into the optical path of the spectrometer at "play back run". So, in the

case of the Beckman Spectrophotometer, high reso}ution and accurate transmission

   * F(Wx) is the correction term of G as introduced according to the following reason. In
the Beckman IR-2T control system, it is necessary to drive an adjustable attenuator with the
slit-motor, so that the percent error per revolution ef the slit-motor is constant regardless of
slit setting, since the slit-width versus retation is Bon-linear. The factor is autematically
controlled according to the slit-width.
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                                                '                                                 4'             Fig. 3. Infra-red absorption curves of polystyrene film taken with
                    the gain factor 1, 2, 7 and 10.

are obtained, considering the above-described formulae (8), (12) and (13).

    By using the Beckman Infra-red Spectrophotorneter IR-2T, we measured
absorption spectra of polystyrene film at various values of the scanning speed T,

Beckman

the

the
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     ' Fig. 4. Infra-red absorptl'on curves of polystyrene taken With '

                 Si'\',',/iS.W,==1,-S•e6•-,8-,-4,-andf.

response time r and the gain G. The results are shown in Figs. 2, 3,

well as in Tables 1, 2 and 3. In these tables are given the absorption

polystyrene film, which have been measured from Figs. 3, 4 and 5.

4 and 5, as

values of the



342

•.
N-.

li. YAGt

--e--e-e-

             Fig. 5. Infra-red absorption curves of polystYrene taken with

                    s;2•f,2w, -i/,g, g, f,i a.d g.

  Table 1. Absorption of polystyrene film Table 2. Absorption of polystyrene film

          (o.08 rnm) (O.08 mm)
                         Gain J wavelength ... tC/' - -...Wavelength
 in MiCrOnS 1 4 7 lo in MiCrOnS 16,!8 16i'4 8,'4 4,4 2,!4
    8.6 18 28 30 31.5 -' 8.6 35 33 34 32.5 i29.5
    8.8 - - 14 16.5 8.8 16.5 15 20.3 i16.5 11s.7
          1                                                                33.5                                                          34                                                                      30 27.5                                                    33.5                                32.5 9.5                   23.5                         29.7    9.5 i            30    9.9 •m 265.3 3! 3L5 9.9 33.5 37v5 3:.5 351 [39
                                                                          1   10.5 ,- - 10 15 10.5 11.5 11.5 12.5 10.5 ilO.5
          •- -36 54543          1                                                                43.7                                                          42                                43.7 11.1                                                    42.7                                                                     42.7 41.5                         40.3                   31.8   11.1 i 12
   12 1.1 14.9 17.6 18.1 12 20,5 20.7 20.5 22 22.5
  Aux. Gain i, Sec.ISW(T) 8, Period (r) 4. Aux. Gain tl-, Gain 10.

    From these results it can obviously be seen that the user of the infra-red

spectrophotometer must control the three variables : (1) resolution, (2) signal-to-noise

ratio, and (3) speed of scanning over wide ranges, in order to obtain full power and

flexibility from the spectrophotometer.

    Resolution R.... is the first of the three important variables. We need high

resolution if we wish to study highly detailed spectra. If we scan fast at high
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Table 3. Absorption of polystyrene film (O.08 inm)

Wavelength
m mlcrons

T/.

16/16

8.6

8.8

 9.5

 9,9

10.5

21.1

12

1 36.5

 16
i 30.5
l 35

l
 10.5

  4
 43
 19

8/8
l

 34
 15.5

 34.5

 36,5

 10

  3
 41

 20l

4/8

31.5

14.7

28.5

29.5

 8.5

40

18.5

4/4

34.5

16.5

33.5

35.9

3

12.5

4

46.5

22

2/4

28
13.5

26.5

29

12

42.5

i9.5

2/2

30

18

30

37.5

5

i5

7

44.5

21.5

            Aux, GaiR -X:}, Gain 10.

bttt lt wlll take somewhat }onger time to make

compromises will be made with any spectrophotometer.

    The signal-to-noise ratio Es/E. is the second of the three important variables.

If the signal is large compared with the noise, the chart record will be smooth and

successive spectrograms of the same sample will match each other closely, and so we

can obtain accurate transrnlssion readings or the highest resolution (see Table 1).

We cannot have all these advantages at high scanning speed. Accuratetransmis$ion

readings combined with high scanning speed give rise to the loss of resolutlon,

because Es!E. is large and T is small and hence R.... is small: high resolution

combined with high scanning speed results in a noisy record and hence results in

the loss of aceuracy in transmission readings, as described before. In Figs. 4 and 5,

the values of T/T are compared with each other, and these relations may be uRderstood

easily.

    Scanning speed T is the last of the three lmportaRt variables, and refers to the

time required for the light of any particular wavelength to traverse the exit s}lt as

the infra-red spectrum sweeps across the slit plates. The scanning speed for a series

of runs is measured in seconds per spectral slit-width. The instrument automatically

changes the speed of the waveleRgth drive as the siit-width changes to give the

selected speed in seconds per slit-width. This allows us to traverse each slit-width

in the tirne proportional to the response period of the recording system, where the

proportional constant depends on the nature of the spectrum. Such scanning rates

will give maximum eMciency (3).

    Moreover, we lose accuracy if the response period is Songer than the time taken

to scan one spectral slit-width, because the chart wiil not be able to follow the changes

in absorption fast enough. Empirically, in our instrument, when for sltarp spectra

SPECTROPHOTOMETER 343
  resoltttion (i.e., R,... is large and

  T is small 2n the formu}a (8)), we

  must accept a chart record with

  relatively inaccurate tran$mission

  value, because the record will be

  noisy (i.e., T ls small and then Es/E.

  becemes small in (12)). In Fig. 4,

  the record is very noisy when T/r

  igL equal to 16/4. If we scan s!owly

  at high reso}ution (l.e., both Rscan

  and T are large in (8)), the chart

  record will be free of noise and wil!

  have accgrate transmission values,

the spectrogram (see Fig. 5). These
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as in the case of gases the proportiona} constant T/r is equal to unity, wehave good

recording (see Fig. 5). For broad spectra as in the case of iiquids, T/r is equal

to 2, except in regions of strong sharp back ground absorption where the constant

is equal to unity.

    Then, in addiÅíion to the three importaRt variables mentioned above, we must

especia}ly refer to the relations between amplifiey gain factor G and s}it-width WK

according to the formula (13).

    In order to keep hlgh resolution, we must use narrow slit, high amp}ifier gain

and a short response period of the recording system, according to formulae (8) and

(13). The combination of high amp!ifier gain and short response periods causes

noisy or randomly irregular chart record.

    We can obtain a quiet chart record, i.e., accurate traRsmission values, by using

}ow amplifier gain together with either of wide s!it and long response perfods of Åíhe

recording system or together with these two, according to the formulae (i2) and

(13). Wide slits, though giving quiet records, reduce reso!ution (see Fig. 3). Thus

it is evident that we lose resolution or accuracy of transmission readings if we go

to the case of extreme}y fast scanning. Nevertheiess, if we are more interested in

finding the main absorption peak'of the sample than in exact transmission values

or resoiution and want to obtain results in a hurry, rapid scanniRg rnay be most

usefui.

5. Summary
    (1) Resolution is automatica}ly kept to a maximum as determined by the chosen

amplification G, response peyiod r and scanning speed T.

    (2) Transmlttancy recoyding accuracy is limited only by signa!-to-noise ratio

and linearity oÅí the used amp}ifiey in the single beam optical system such as the

Beckman IR-2T Spectrophotometer.

    (3) Recording speed may automaticaily be maintained at a maximum consistent

with the reso}ving power of the spectrophotometer and chosen recording condiÅíion.

    To get versatility in the infra-red spectrophotometer, ks user must change the

speed of scanning T, the response time T and the gain factor G over wide range and

inust set the spectrophotometer in the best condition as stated above.

    The planning of this work was stimulated when the opportuniÅíy was given to the

writer to handle with the Beckman Infra-red Spectrophotometer purchased for Professor

Y6ichi Uchida with a grant-in-aid for scientific research of the Ministry of Education.

The writer wishes to express his cordial thanks to Professor Uchida for his kind

advices during the course of this work.
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