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The Beekman quartz photoeleetri c spectroph otcmeter , covering th e wavelength range 

from a bout 200 to 1,200 m illi microns, is proving of great utility in swctral t ransm ission and 

absorption measuremen ts. Essen! ia l features of the instrument are described, including 

a constant-temperature enc losu re (for samples) designed a nd constructed at the Bureau. 

Varioll s instrumental characteristics a re noted an d possible errors discllssed , particularly 

those that may be p re ent in the m eas urement of p olarizi ng samp les. Wavelength calibra­

tions a re shown for two instruments. A de tailed ove r-all check of t he re li ability of data 

obtai ned on t he Beckman spect rop hotometer by m eans of g las stand a rds of spectral trans­

mittance shows it to give res ults ove r th e wavelength r a nge from 390 to 750 millimicrons 

fu lly as reliable as those obtained with othe r spectrophotometers, if indi cated precau­

tions are taken. 

I. Introduction 

In a standardization and testing institution such 
as the National Bureau of Standards it is essential 
that every means be taken to insure accuracy of 
results. It is fmther desirable that many differen t 
methods and instruments be available to handle 
the wide variety of testing submitted. 

This is true in spectrophotometry as in other 
fields. Spectrophotometers are subj ec t to many 
annoying and hard-to-detect errors. One can 
have a good instrument, make a careful wave­
length calibrfttion, reduce stray ligh t to negligible 
proportions, reduce the slit widths or use homo­
geneous radiant energy, test the photometric 
scale, and control the temperature of the instru­
ment or the sample. In tllls and other ways he 
may believe that the results obtainable over the 
better part of the appropriate wavelength range 
are highly accurate. H e may also do this with 
other instruments of different type, covering the 
wavelength range in which he is interested. 

He may then carefully measm e the spectral 
transmittance 1 of a glass on each instrument but 

1 The terms spectral transmittance (1') and spectml tmnsmit/ancy ( 1'.) arc 
used as defin ed in the Optical SoeieLy of America Colorimetry Co mmittee 
Report (J . Opt. Soc. Am . 3. , 183; 1944). Spectrltltransmillance (p. 184 and 
188) is th us the rat io of transmitted to incident radiant nux, evalu ated for 
a particular wavelength of incident energy. In the present paper t he term 
is often abbrev iated simpl y to transmiltance. Spectral transmitta ncy (p. 189) 
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find that the resul ts do not agree to the expected 
extent. H e mayor may not have the t ime or 
otherwise be able to elimina te the discrepancy. 
For this reason it is advisable to have several 
different types of instruments on hanel , especially 
if spectrophotometric standards are being issued 
to other laboratories to check the performance of 
their instrumen ts, or if effort is being made to 
determine with the greatest certainty the true 
values of transmittance at the specified wave­
lengths. 

With respect to the wide variety of work 
submi tted, transmission values may range from 
unity down to a few hundredths of 1 percent (for 
example, welding glasses or fil ters for viewing 
searchlights), and these values may be desired to 
two or three significant figures. Al so, the wave­
length ranges of all spectrophotometers are 
limited, and values obtained near the ends of 
these ranges are usually of lowered reliability. 
Furthermore, most spectrophotometers are de-

is the ratio of the transmittance of a solution to that of the solvent in eQ uiva· 
lent thickness, aga in evaluated fo r a particular wavelength. It can be 
measured if the solution and solvent are placed in identical absorption cells. 

Consistent with tho above, th e word transmis8io,~ has been discont inued 
as a specifi c term, along with many other words ending in ion.. A s an ad jec­
tive, however , the word is oftcp useful when it is desi red not to be specifi c. 
For example, in the present paper, the word transmission is used where th e 
statement being made would apply both to the measureme nt oftrans mi Uance 
and to the measurement of t ransmittancy. 
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signed primarily for special purposes and will 
handle adequately only a limited variety of testing. 

For reasons such as these, the Photometry and 
Colorimetry Section of the National Bureau of 
Standards maintains several types of spectro­
photometers that have been developed by the 
Bureau or purchased over a period of years. The 
development or operation of these has been 
described in numerous publications listed in 
Bureau Letter Circulars LC398, 628, and 789, 
and reference to some of these instruments is 
made later in the paper. 

Two of the Beckman quartz spectrophotometers 
have been obtained by the Photometry and 
Colorimetry Section, one in 1943 and one in 1945. 
These were not obtained for the purpose of 
"testiug" the instruments but to facilitate the 
large amount of standardization and testing work 
of the Section, especially during the war periods. 
A complete study of the instruments therefore has 
not been made, but sufficient information on their 
calibration and operation has been obtained to be 
of interest and value to others , as was true earlier 
with the General Electric recording spectro­
photometer.2 

The scope of the present paper is limited mostly 
to transmission measurements, although much of 
the information obtained ' is equally useful in 
reflection work. Furthermore, only the optics of 
the measurements are considered, little study 
having been made of the electric circuits of the 
Beckman spectrophotometer. A few of the points 
noted were briefly considered in a recent pub­
lication.3 

II. Description and Operation of the 
Instrument 

The Beckman spectrophotometer has been dis­
cussed in some detail in a paper by Cary and 
Beckman.4 In that paper questions of design, 
stray radiant energy, photo tube sensitivity, elec­
tric circuits, and slit widths are considered and 
illustrated. Figure 1 of the present paper is a 
reproduction of figure 3 of the paper by Cary and 
Beckman. 

2 Kasson S. Gibson and Harry J. Keegan, Calibration and operation of 
tbe General Electric recording spectrophotometer of tbe National Bureau 
of Standards, J. Opt. Sao. Am . 28, 372 (1938). 

3 Kasson s. Gibson, Spectrophotometers, ASTM Proc. H, 725 (1944). 
• H. H. Cary and Arnold O. Beckman, A Quartz photoelectric speetro­

photometer, J. Opt. Soc. Am. 31, 682 (1941). 
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Radiant energy from an incandescent lamp or 
other illuminant, A, is focused on thc slit, D, by 
means of the concave mirror, B, and the plane 
mirror, C. The beam entering the slit is col­
limated by mirror E and passes through the quartz 
prism to the reflecting surface, F. ·After reflection 
at F the beam returns along nearly the same path 
to the same slit, D , where it emerges slightly 
above the entrance beam and mirror C. After 
passage through the sample or sample compart­
ment, G, the beam is incident on the pbototube r H . , _________ . __ , 8 
I ~ If' I Elf.. t-:::::- II --Et~ L 011 c G ~H 
. --. ---______ J 

FIGU R E I. - Optics of the Beckman spectrophotometer. 
This is a reproduction of fi gure 3 of the paper by Car y and Beckman, 

J . Opt. Soe. Am. 31, 682 (1941) . 

Two photo tubes are supplied installed in the 
instrument, either of which may be insert.ed in the 
beam at will. One is a "cesium oxide" photo tube 
("red sensitive") for use primarily in the range 
from 620 to 1,200 mI-'. The other is a special 
"cesium antimony" phototube ("blue sensitive") . 
for use primarily below 620 mI-'. If incandescent 
lamp and common glass phototu be are used, this 
range terminates at about 320 mI-'. If the tube 
has an envelope of Corning 9740 glass, and if a 
hydrogen lamp with a window of the same type 
of glass is used as source (all supplied with the 
instrument when desired), the range extends to 
about 210 mJ.L. 

The photometric scale is based on electrical 
rather than optical principles. The photoelectric 
current from the irradiated cell produces across 
the phototube load resistor a voltage drop which is 
balanced by a potentiometer. While this null 
setting is being made any imbalance is amplified 
electronically and is indicated by a milliammeter 
on the instrument. Accuracy of the photometric 
scale depends, among other things, on conformity 
of the phototube load resister to Ohm's law, and 
on the linearity of the irradiation-current relation­
ship_ ' As vacuum phot.otubes are used, the rela­
tion should hold closely. It is understood that 
linearity is still further assured by the use of a 
frame-type anode in the phototu bes. 

In general, three readings are necessary to make 
a transmission determination at any wavelength, 
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(1) the zero reading, in which the beam is blocked 
from the photo tube by an "off" shutter, and the 
O"alvanometer is brought to balance by a "dark 
~urrent" adjustor, (2) the 100-percent reading, in 
which the beam falls on the phototube after pass­
ing through the transmission standard (blanI 
beam, solvent cell, or standard glass) , and the 
milliammeter is brought to balance by adjusting 
the slit width or the "sensitivi ty" ad justor , and 
(3) the transmission reading, in which the unknown 
or test sample is placed in the beam and the galva­
nometer, is brought to balance by turning the 
potentiometer dial carrying the "transmission" 
or " density" 5 scale. The 100-percen t reading 
may be made either by setting the dial to 100.0 or, 
more conveniently, by setting a selector switch to 
"check". This switch is then set to "I" for the 
the transmission r eading, or to ".1" if it is desired 
to read transmi sion values between 0.0000 and 
0.1000 on a " X 10" scale. Unless the transmis­
sion values are low (below 0.10), the zero reading 
does not usually have to be checked at every 
wavelength. 

The instrument is designed primarily to meas­
ure the transmit tancy, T s (or- Ioglo T s) of solu­
tions relative to solvent in a l-cm thickness, and 
a holder is supplied for carrying the l -cm cells 
furnished with the instrumen t , as well as shorter 
cells, which are also available. To measure the 
transmittance of glasses, it was necessary to con­
struct a special holder tha t would fit into the 
shifting platform. The glass can thus be readily 
moved in and out of the beam. Samples up to 
about 2 inches square can be accommodated. 

To handle solutions up to 10 em in thickness the 
manufacturers supply an alternative sample cham­
ber which may be placed between the instrument 
slit and the phototube compartment. They also 
supply absorption cells 2, 5, and 10 cm in length 
with adjustable holder. This a uxiliary equipment 
was purchased with the first Beckman spectro­
photometer, but for reasons of convenience, the 
carrier has been replaced by a consta1lt-tempera­
ture enclosure designed in the Photometry and 
Colorimetry Section, which will accommodate 
the absorption cells used with the BUTeau's Konig­
Martens and Gibson spectrophotometers. 

Ii The words "transmission" and "density" are engraved on th e dial on 
which the scales are carried . B y density , in t.his case, is rllC31lt the negath"c 
logaritbm of transmittance or transmittancy. 

Beckman Spectrophotometer 

1. Constant-Temperature Enclosure 

This constant-temperature enclosure is some­
what similar to those used on the above spectro­
photometers. The outs ide dimensions were neces­
sarily smaller, however, a i t had to fL t light-tight 
into the sample chamber up plied with the Beck­
man instrumen t. 

Figure 2 shows this enclos ure along with various 
other accessories r elated to the instrumen t or th e 
measurements. The temperature of the holder, 
A , is kept constant at 25° C or other desired tem-· 
perature by means of water pumped through 

F IGURE 2.- Beckman spectrophotometer and various auxil­
iary equipment as installed and used in the Photometry 
and ColoTimetry S ection of the National Bureau oj Stan­
dards (see text f or exvlanation). 

from a constant-temperature bath . The tem­
perature of the water in the holder is indicated by 

. the thermometer shown, the bulb of which is 
placed inside between the two cell compartments. 

The absorption cell parts are shown beside the 
instrument. These cells are 1, 2, 4, or 10 em in 
length. They have been described in detail in 
previous publications. 6 They consist of glass 
tubes on the inside, with separate glass or quartz 
end plates held on by the bl:ass caps. The cells 
are thus easily taken apart for cleaning. 

The diameter of the openings in the constant­
temperature enclosure is about 30 mm, just large 
enough to hold the absorption cells shown and also 

6 K. S. Gibson, IT . J . McNicholas, E. P . '1' . 'l'y nd all , M . K. l'rehafer. W. E . 
Mathewson , rrhe spectral transmissive properties of dyes. I. Seven per­
mitted food dycs ill the visible, ul tra·v iolet, and Ilear infra-red, BS Sci. Pap . 
18 , J21 (1922) S440. Also descri bed in R P30 (see foot note 12). 
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the glass standards of spectral transmittance which 
the National Bureau of Standards issues. Other 
samples, such as 2-inch squares of glass or plas tic, 
can be mounted on the outside of the holder 
resting on the pla tform and held in place by a 
sprmg finger . 

This means of temperature control is considered 
adequa te for the purpose, which is primarily to 
hold the samples at some specified temperature 
within room-temperature range. In Washington, 

. D . C. these room tempera tures may vary from less 
than 20° C in the winter to about 35° C in th e 
summer , and such v ariations may have important 
effects on transmission values. An additional 
r eason for the temperature control is that the lamp 
sources on the Beckman spectrophotometer are 
closely adjacent to the sample compartment, an~l 
without th e control , th e whole enclosure (with 
samples) slowly heats up during extended measure­
ments. 

Although this means of t emperature control is 
primarily for maintenance a t 25 ° C, it is also con­
sidered adequate foi- maintaining the absorption 
cells and 30-mm glass s tandards at temperatures 
from about 2.5 0 up to 55 0 C, and has often been so 
used. 

Certain other points of interest may be no ted in 
figure 2. At B is the holder for glass samples to 
which refer ence has already been made, used wh en 
temperature control of the sample is unnecessary. 
At 0 is the four-compar tillent solution-cell holder 
supplied with the instrumen t . At D is th e slide 
carrying th e stray-energy filter , supplied with the 
instrument. 

At E is an auxiliary indicator line which has been 
added above the wavelength scale of the ins tru­
men t. The use of a single indicator line, as in­
stalled in the instrumen t, results in parallax and 
consequent uncertainties of wave leng th se tting 
larger than desired . A slide-rule indicator glass 
fits nicely into the space, and was cemented onto 
the instrument glass with the black line up. The 
two fine lines thus presented great iy increase the 
precision of wave-leng th settings. 

2 . Multiple Reflections 

Cer tain other points regarding the instrumen t 
and its operation may b e noted. On th e 1943 
instrumen t both sli ts were covered with plane 
quartz plates to keep out dust and fumes . How­
ever , the normal divergence of th e exit beam pre-
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vented accurate measurements with 10-cm cells, 
th e beam hitting the sides of th e cell near the far 
end. To remedy this th e quar tz plate over th e 
exit sli t was changed to a lens of 30-cm focal 
length , which r endered th e b eam more or ll:'ss 
" parallel" and m ade i t possible t o use cell lengths 
up to 10 cm. On the 1945 instrum en t, th e quar tz 
plate over thl:' exi t sli t had been replaced by this 
type of lens when received. 

On both instrumen ts this lens has been placed 
in th e sliding piece carrying th e stray-energy 
fil ter, so th at it Can be moved in or out a t will, 
and no pla te or lens has b een left over th e exit sli t. 
Thi s is to avoid the sligh t multiple-refl ection 
error obtained with th e quar tz pla te or lens in 
use when a glass sample is measured r elative to a 
blank beam. For a non absorbing glass sample 
of index l.7, th e error in T , by measurem ent, 
amounts to about 1 percent, the value obtained 
b eing too high . When solu tions are m easured 
r ela tive to solven ts in similar cells, or when one 
glass is measured r ela tive to anoth er , this effect 
is usually of negligible importance. Furth er 
troubles originat ing in th c Cjuartz plates are di s­
cussed below. 

3 . Stray Spectral Energy 

S tray light can readily be p erceived by looking 
directly in to the exit sli t of th e instrument a t a 
region of low luminosity--fol' example, below 450 
or above 700 mtL. Likewise, in the spectral r egiol1fS 
to which the photo tubes are relatively insensi tive, 
s tray energy from the r est of the spectrum may be 
present in important amounts. It should be 
no ted that, with the usual ty pe of cesium oxid e 
pho totube, the response obtained from 1,200 to 
2 ,000 mtL on the Beckman sp ectropho tometer is 
produced almost entirely by stray energy. E nor­
mous errors may be obtained if the instrum C'n t is 
used at scale set t ings nomin ally in this r egion . 

One stray-energy filter is supplied wi th each \ 
instrument, as already indicated . This is a 
dense purple glass, transmitting the ultraviolet · 
freely and absorbing the visible strongly, and, as 
r ecommend ed, should always be used when 
m easurements with the incandescent source are 
being made below 400 m tL. A similar (blue) fil ter : 
for the r egion from 400 to 500 mil is advanta geous I 

fo r some work. In this r egion, erroneous values 
of transmittance from 0.001 to 0.005 may be I 
obtained with nonfluorescent y ellow selenium 

Journal o f Research 



glasses, whose true transmittance IS known to 
be' 0.000 . 

This example shows that the importance of stray 
energy depends not only on the spectral region 
but also on the type of glass or solution being 
measured. This is further mentioned below in 
connection with the measurements made on the 
cobalt-blue spectrophotometri c standard. Addi­
t ional slides have been purchased for holding 
stray-energy filters of varying type, which may 
be inserted at wm in the instruments. 

To avoid multipl e-reflection errors, the stray­
energy fil ter should be mounted with surfaces 
inclined somewhat to the plane of the sample being 
measured . 

4. Measurement of Fluorescent Samples 

In spectrophotometers where the radiant energy 
is dispersed before incidence upon the sample, an 
error of measurement may occur with fluorescen t 
samples. For example, if energy of wavelength 
550 mJ.' excites reddish fluoresccnce, this fluores­
cent energy is incident directly upon the phototube 
and adds to the photocurrent excited by the nor­
mally transmi tted or reflected energy at 550 mJ.L . 
The magnitude of this error depends on the ratio 
of fluorescent to incident energy and on the rela­
tive sensitivi ty of the pho totube to the inciden t 
and the fluorescen t energy. 

The error is apparen tly never very large in trans­
mission measurements because the fluorescen t 
energy is emitted throughout the whole spherical 
solid angle, and only a small fraction of it is inci­
den t upon the phototube. If of importance, the 
error can be reduced by placing the sample as far 
from the photocell as possible and by the use of 
selective filters transmitting the inciden t energy 
freely and absorbing the fluorescent energy 
strongly. The error is of much greater impor­
tance in the spectral reflection measurement of 
diffusing samples, because here the angle of the 
fluorescent ener gy accepted for measurement 
bears the same ratio to the full hemispherical 
angle as does the reflected spectral energy itSf'lf. 

III. Other Instrumental Characteristics 

A matter of interest and importance in the use 
of any spectropho tometer is the relative spectral 
response of the receptor and the spectra.! purity 

Beckm.an Spectrophotom.eter 

of the radiant energy transmitted by the exit slit 
under normal working condi t ions. The former is 
of importance in connection with tudy or el im­
ination of errors resulting from tray energy, and 
the latter is of importance (along with othm' 
factors) in any consideration of the a bsolute 
accuracy of spectral-transmission measurements. 

Information on both of these points is given in 
the paper by Cary and Beckman. In their figure 
4 the relative photocurren ts for nominal band 
wid ths of 3 mJ.' are illustrated, and in their fi gure 9 
are given the minimum spectral band widths that 
permit scale readings to 0.1 percent. For the 
Bureau instruments it was desired to know the 
relative spectral response of each phototu be when 
the slits are kept at a constant mechanical wid th 
and to determine the spectral band widths trans­
mitted by the exit slit over the whole wavelength 
range und er normal working co ndi t ions, this latter 
amounting to a check of Cary and Beckman's 
figure 9. 

1. Sp ectral-Response Curves 

The relative response curves were obtained for 
each phototube with the incandescent illuminan t 
in normal operation. W'ith the selcctor dial set 
fit " 1" the slits were adjusted to give a reading of 
100.0 at the wavelength of maximum response for 
each cell . R eadings on the photometric scale 
were then mad e at the various wavelengths 
through the spectrum, continual check (and slight 
adj ustment if n ecessary) being made to keep all 
readings truly relative to 100.0 at the respective 
wavelengths of maximum response. When the 
relative response fell to about 10.0 the selector 
dial was changed to " .1 ", and the readings were 
made to one more decimal place. The results are 
shown in figure 3. R eadings were taken at every 
2 or 10 mJ.' , as there shown. The data for the 
blue-sensitive phototube were obtained with the 
1943 instrument; those for the red-sensitive photo­
tube with the 1945 instrument. D ata obtained 
with different phototubes are of course somewhat 
different, bu t those shown are considered typical. 
It may be repeated that these data are for con­
stant mechanical slit width and are not corrected 
for dispersion of the prism or other selectivity 
within the instrument or for energy distr ibution 
of source. 
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2. Pola riza tion Effects 

It may be noted that some of the curves of 
fi gure 3 are smooth and typical of the response 
curves ordinarily ob tained with pho totubes of 
these kinds wi th incandescent illuminant and 
prismatic dispersion . The other curves however , , 
are characterized by ripples superposed on the 
response curves. This is shown by curvcs 1 and 3 
of figure 3. 

The primary factor causing these ripples is the 
quartz pla te over the en trance sli t. This plate 
on both instruments was found to be cut wi th its 
faces parallel to the optic axis of the quartz 
crystaP ~When such a plate is placed between 
polar izing elemen ts and oriented so that i ts axis 
is not paralll:'l with tha t of either of the polarizing 
elements, Lhe spectrum contains a number of 
dark bands r egularly spaced throughout . The 
conspicuousness of these bands depends on the 
degree of polariza tion of the polarizing elements 
and on the deviation of the optic axis of the quartz 
plate from the polarization planes of these ele­
ments, being greatest if at 45° to bo th of these 
planes. 

The following explanation of the effect is given 
by R. W . Wood. "Vhen plane polarized ligh t is 

'Determ inat ions made by F. P . P helps of the Bureau 's P olarimetry 
Sect IOn, from whom helpful adv ice in this connection was recch·erl. 
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passed through a doubly refracting crystalline 
plate cut parallel to the axis, "it is r esolved into 
two componen ts vibrating a t righ t angles to 
each other which Lraverse the plate with differen t 
velocities and consequently emerge wi.th a phase­
difference depending on the thickness of the plate 
. . . Owing to dispersion the phase-difference 
of the e~ergent components depends no t only 
on the tluckness of the crystal plate but also on the 
,:avel~ngth of the light, consequently if white 
lIght I S employed the state of polarization of the 
transmitted light var ies as we pass along the 
spectrum, and if a pla te of moderate thickness is 
used and the ligh t is passed through a Nicol and 
into a spectroscope, t he spectrum will be found 
to be furrowed by dark bands which represen t 
the wavelengths quen ched by the Nicol. " 8 

In the present instance the polarizing elements 
appear to be (1) the incandescent filament itself 
(whi: h may ~ive up to 20-percent polarization 9), 
modIfi ed possIbly by elliptical polarization by the 
two mirrors, on one side of the quartz plate, and 
(2) the refrac ting surface of the dispersing prism 
on the other side. ' 

8 Physical optics, 3d ed., p. 349 (T he Macmillan Co. N ew York N Y 
1934). ' , " ., 

• A. G. Worthing, Deviation from Lambert 's law and polar ization ofi igbt 
emitted by incandescent tungsten, tantalum, and molybdenum and cbanges 
III the optICal constants of tungsten with tem perature J . Opt. Soc Am 13 
63.5 (1926). ' . . • 

"RED" CELL. 

800 100 1000 1100 1200 

WAVE LENIITH. m JJ 

FIGURE 3.- SpectraZ-Tesponse curves of phototubes in a B eckman spectrophotometer . 

These are as obtained, relath' e to ]~o . o at the respecti" e maxima, for constan t mechanical sli t widths and with no corrections for ener distribution 
of source, dlspemon of spectrometer, or other factors affect ing the selectiv ity. For explanat ion, sce text. gy 
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The ripples in the sensitivity curves are not 
apparent if (1) the quartz plate is oriented with 
its axis at 0° or 90° to the polarizing plane of the 
dispersing prism, (2) the plate is removed from 
the instrument, (3) a quartz plate cut, peI'pen­
dicular to the a}.."is is used over the entrance sli ts, 
or (4) a glass plate is used over the entrance slit. 
The quartz lens or plate in the upper beam (re­
gardless of how cut) has no appreciable effect on 
the sensitivity curve at any orientation; in this 
case, the quartz is not between polarizing elements. 

The band effect can readily be seen if the quartz 
plate (faces cut parallel to optic axis) is taken out 
of the instrument and examined between polariz­
ing elements with a hand spectroscope. One of 
the polarizing elements may be the sky or a bare 
tungsten filament. The filament of the incan­
descent source of the Beckman spectrophotometer 
is thus demonstrated to be giving off partially 
polarized light. The dispersing prism of the 
hand spectroscope is the second polarizing ele­
ment. Of co urse, the effect i far more pro­
nounced if the polarizing elements are two 
Polaroids or nicols. 

,\Vith reference to figure 3, again, curves 1 were 
obtained soon after the receipt of the respective 
instruments. In both cases the entrance quartz 
plate had not been disturbed before the data were 
taken, and it would appear from the magnitudes 
of the ripples that each plate had been mounted 
with its axis approximately at 45° to the polariz­
ing planes of the dispersing prism and lamp 
filament. The other curves of figure 3 were ob­
tained later, curves 2 with the entrance quartz 
plate removed, curves 3 with it reinserted at the 
45° position. It may be noted, incidentally, that 
curves 1 and 3 ("blue" cell), which check closely, 
were obtained with different photo tubes ; curves 
1 and 3 ("red" cell), which show change of sensi­
tivity, were obtained with the same photo tube 14 
months apart. 

It was at first though t that the ripples shown in 
figure 3 were of no particular importance. How­
ever, when measurement of the spectral transmit­
tance of polarizing materials was attempted, it 
was found that the ripples were caused by some 
polarization phenomena, and could no longer 
be ignored. The effect was accordingly investi­
gated, as partially described above. It is un­
necessary to consider all the data obtained, 
but it is worthwhile to point out somc of the 
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results obtained if due precautions are not taken. 
For example, in figure 4, top, is shown (1) the 

"transmittance" curve obtained on a polarizing 
goggle inserted in the earrier of the Beckman 
spectrophotometcr at random Ol·ien tation 10 and 
with the entrance plate of the instrument at 
unknown orientation. From 570 to 600 m,u are 
shown also (2) the maximum and minimum values 
of "transmittance" obtained by turning the 
goggle in its own plane (90° apart), and (3) the 
cor·responding values obtained on' the Gibson 
photoelectric spectrophotometer (with Hilger con­
stant-deviation glass prism). Similar ripple have 
been noted in the transmission curves of polarizing 
materials obtained by others with Beckman 
quartz spectropho tometers. 

The effect was studied at some length by 
measuring the "transmittance" of a Polaroid 
sample, these measurements more or less parallel­
ing in time those from which the sensitivity curves 
were obtained, as described above. Some of the 
data are presented in the lower half of figure 4. 

In figure 4 A, the quartz plate over the entrance 
slit is placed with its optic axis at 45° to the slit, 
and no plate or lens is over the exit slit. The 
angles shown beside the five curves in A refer to 
various orientations of the polaroid. In the 0° 
position the electric vector of the radiant energy 
transmitted by the Polal'oid is in the vertical plane 
parallel to the slits and the refracting faces of the 
dispersing prism. At + 45° and -45° the Polaroid 
is turned at 45° from the 0° position. At + 90° 
and - 90° the Polaroid is turned at right angles 
from the 0° position. . 

In Band 0, figure 4, the quartz entrance plate 
has been turned so that the optic axis is respec­
tively horizontal and vertical, the angles on the 
graphs indicating the same respective orientations 
of the Polaroid as before. No plate or lens is over 
the exit slit. 

In D, figure 4, the quartz entrance plate has 
been removed, and there is no plate or lens over the 
exit slit. For comparison are shown (the large 
crossed circles) the corresponding values obtained 
on the Gibson glass-prism spectrophotometer. 

In E, figure 4, the quartz plate is still removed 
from the entrance slit but has been inserted over 
the exit slit at the 45° position. D ata were also 
obtained with the quartz plate over the exit slit 
oriented at 0° and 90°. At 0° the cmves obtained 

10 The shape and size of t he sample did not I)Crmit of orientation at 45". 
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were similar to the Beckman (small circle) curves 
of figure 4,D, with about the same total spread. 
At 90° the curves were similar to those of figure 
4.,0, but with a total spread of only 0.02. 

The following comments may be made regarding 
the data of figures 3 and 4. 

1. The conditions causing the ripples of figure 
3 are the same as those causing the worst distor­
tions, figure 4,A , during measurement of t he 
transmittance of polarizing samples. It is prob­
able that tile entnmce quartz plate was close to 
the 45° position when the data shown in the top 
half of figure 4 were obtained. 

2. Complete elimination of the trouble is effected 
by removing both quartz plates (or plate and lens) 
over the entrance and exit slits, figures 3 and 4,D. 

3. Residual effects not apparent in the sensi­
tivity curves may be found (by means of the 
Polaroid) under other than 45° orientation of the 
entrance quartz plate (cut parallel to the optic 
axis). Such residual effects are shown in figures 
4,B and 0, and in other data not given. I n this 
connection it should be pointed out that the angles 
indicated in figure 4 were rather crudely deter­
mined, particularly the angles at which t he quartz 
plate was oriented. They are subject to an 

uncertainty of at least ± 5°. Whether or not, for 
example, the "ripples" of figure 4,B and 0, 
would be eliminated by more exact 0° and 90° 
positioning was not investigated . 

4. With both quartz plates removed the errors 
possible in the measurement of a polarizing 
sample at random orientation appear much less 
than on a glass-prism instrument. Note in 
figure 4,D the total spread of about 0.02 on the 
Beckman as contrasted with the spread of about 
0.11 on the Gibson instrument. This is undoubt­
edly largely due to difference in the angle at which 
the radiant energy enters and leaves the respective 
quartz and glass prisms at 530 mJ.! on the two 
instruments. 

Many of these results were shown to Mr. Cary 
(see footnote 4) in November 1946, who indicated 
that the entrance plates and the exit lens or 
plate were cut from wastage material remaining 
from construction of the quartz d ispersing prisms 
and that the optic axis in these plates may be 
parallel or perpendicular to the faces or at angles 
in between. Accordingly , other users of the 
Beckman nuty or may not have been bothered by 
the effects shown in figures 3 and 4. As, in the 
past, these platf's have thus been cut at various 
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angles to the optic axis and apparently inserted 
at random, it seems well to state the following 
conclusions: 

1. No trouble has been experienced and no 
errors detected relating to this effect, except in 
the measurement of polarizing ~aterials . 

2. To avoid important errors in the measure­
ment of polarizing materials, the entrance quartz 
plate has been removed and the exit quartz lens 

, is used only when it is necessary or desirable to 
I collimate the beam (as wh en measuring thick 
I samples or in reflection work). 
I 3. One can readily study the effect on his 

I· instrument by carrying out measurements similar 
to those shown in the lower half of figure 4. By 
measuring the transmittance of a polarizing sample 
at various orientations over a short range of 
wavelengths, the effect can be quickly found if 
present. 

3 . Spectral-Purity Data 

The spectral purity- that is, the exten t of 
spectrum transmitted by the slits as normally 

I used- was obtained as follows: For any given set 
of conditions (source, filter, phototube), with the 
"sensitivity" dial set three turns counterclockwise 
from extr eme (as recommended in the instructions), 
and with the srlector switch set at "check" 
(equivalent to 100.0 on the "1" scale), the slit 
widths in millimeters necessary to obtain a balance 
of the galvanometer were determined. The 
mechanical slit widths so determined were then 
multiplied by the values of millimicrons per milli­
meter supplied by the manufacturer . 

The results are shown in figure 5. These values 
were obtained 011 the 1943 instrument. Values ob­
taiIlrd on the second instrument arc somewhat 
greater but otherwise similar. In either case the 
values are comparable with those illustrated by 
Cary and Beckman in their figlln~ 9. 

These slit widths are in general smn,ller , in some 
cases much smaller , than are usually practicable 
with commercial instruments and comprise one of 
the major advantages of the Beekman spectro­
photometer for certain types of work. It is pointed 
out by the makers of the instrument that still 
smaller slit widths may be used if the 100-percent 
reading is made with th e selector switch set at 
"1" instead of at "check". The sensitivity is, of 
course, decreased under this condition. 

The narrowness of the slits makes unimportant 

Beckman Spectrophotometer 

for much work the fact that the operator of t.he 
instrumrnt is limited in his freedom to set the slits 
at any desired width, and in normal operation they 
will vary as shown in figure 5. For most materials, 
for example, essentially the same result will be 
obtainrd whether the slit have widths equivalent 
to 1 or 2 mil. However , with many of the rare­
earth glasses or solu tions, this is not true. Al­
though, in general, the narrower the slits the more 
nearly will the measured transmission value ap­
proach the true trnnsmissioll value, even on the 
Beckman instrument the slits are not narrow 
enough to make sneh further change negl igible 
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with these materials. This is of considerable 
importance in chemical analytical work. In such 
work, in comparing results on different instru­
ments or in analytical work with any instrument, 
it may be more important that the results be ob­
tained at known slit widths than that these widths 
be as narrow as possible. 

IV. Wavelength Calibration 
The wavelength scale of the Beckman spectro­

photometer provides direct reading in millimicrons. 
Because of the variable dispers ion incident to all 
prism spectrophotometers, this results in greatly 
varying lengths of the intervals on the scale repre­
senting any given number of millimicrons as the 
spectrum is traversed from the ultraviolet through 
the visible and into the infrared . On the Beck-
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man spectrophotometer the smalles t scale division 
is equal to 0.5 m,u from 200 to 300 m,u, 1 m,u from 
300 to 400 mJ,t , 2 m,u from 400 to 600 mJ,t , and 5 
m,u from 600 to 2,000 m,u. (However , as pointed 
out elsewhere, the sensitivity of the phototube 
does not permit reliable measurement above 1,200 
m,u, approximately. ) 

On . a direct-reading spectrophotometer two 
types of wavelength checks should be considered 
if the greatest accuracy with the instrument is to 
be obtained. On the Beckman instrument one 
of these checks relates to adjustment of the inter­
nal screw (reached from the left end of the instru­
ment) that rotates the collimating mirror and 
enables the whole wavelength scale to be brought 
into approximately correct adjustment. Such 
a check, or adjustment, should be made when the 
instrument is received and as often thereafter as 
may be found necessary or desirable. With the 
instruments considered in this paper the Hg green 
line (546.1 mJ,t) has proved very satisfactory for 
this check. 

The second check on the wavelength scale re­
lates to the small residual errors that may be 
presen t when the bes t average adjustment has 
been made by means of the adjustment screw. 
These errors cannot easily be eliminated and, if 
they are large enough to be of importance, they 
should be allowed for in setting the wavelength 
scale. 

Four ligh t sources have been used in the wave­
length calibration of the instruments: (1) the 
quar tz-mercury lamp supplied with the Beckman 
spectropho tometer if desired , (2) the hydrogen 
arc, also suppli ed wi th the instrument if desired , 
(3) a helium lamp (vacuum tube), and (4) a 
similar neon lamp. 

A calibration technic was employed that gave 
scale corrections always on the basis of correct 
adjustment (zero error) a t 546.1 m,u. In effect, 
settings with this H g reference line were made 
before and after the settings with each of the 
numerous other lines of the various sources, 10 
settings being made on each . Any deviations of 
the settings on the reference line from the correct 
value of 546 .1 were allowed for in deteimining the 
deviations for the other line. In making this 
allowance the rela tive variable dispersion of the 
prism (as represen ted by the millimicrons-per­
millimeter slit -wid th curve supplied by the 
makers) was taken into account. 
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The scale corrections thus obtained are shown 
in figure 6 for the two instruments. It will be 
no ted tha t the H g green line at 546.1 (the " R ef. " 
point) has zero correction in both plots. 

In studying these correction curves th e milli­
micron equivalen t of 0.1 scale division should be 
no ted; this is shown between the two correction 
curves. This equivalent is a lso importan t as 
affecting the precision of the settings; no te parti-
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cularly the differ ence in precision above and below 
600 m ,u. 

These data arc published with the though t that 
they may serve to inform other s of the magni tudes 
of the wavelength errors to b e expected on th e 
B eckman spectropho tometers. They are so small 
that they may probably be neglected in most work 
for which the instrumen ts are used . They ar e 
likewise so small that they can be determined only 
by the most careful work and after installing th e 
auxiliary indicator line over th e wavelength scale 
(see p . 604) to eliminate parallax. On the other 
hand these errors are large enough to be importan t 
in much of the Bureau's work, particularly wh en 
standardization is being done. 

Whether or not the detailed check illustrated in 
figure 6 is made, it may be emphasized that check 
should often be made on some reference line to 
insure that gross wavelength errors have not 
developed. 
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V. Check of the Photometric Scale 
A check of the photometric scale of a spectro­

photometer independent of all other sources of 
error is difficult or impossible to make on most 
spectrophotometers. Useful for this purpose 
would be a series of samples whose respective 
transmittances do not vary with wavel enGth, 
which will not displace the beam, and for 'wl~ich 
the transmittances can be independently deter­
mined with high accuracy. No such glasses or 
other materials are available, however. 

On a visual spectrophotometer such a check is 
possible by means of rapidly rotating sectors. If 
such sectors are properly mad e, the fraction of the 
total opening relative to 360°, that is, the effective 
transmittance of the sector , can be measured on a 
circular dividing engine with uncertainties only in 
the fifth decimal place. Of course, the use of 
such rotating sectors is based on the validity of 
Talbot's law. Throughout the spectrum, no cer­
tain deviations from this relation are known how­
ever . As a matter of fact, average values ob tained 
over a period of years in measuring the" transmit­
tances" of accurately calibrated rotating sectors 
on the NBS Konig-Martens spectrophotometer 
prove both the validity of Talbot's law at various 
wavelengths and the reliability of the instrument 
over most of the photometric scale , or else there 
is a remarkable balancing of errors. 

On photoelectric spectropho tometers, however , 
at least the ones considered in this paper, the use 
of rotating sectors to check the reliabili ty of the 
photometric scale is either impossible or attended 
wi th too much uncertain ty for one reason or ano ther. 

Accordingly, shortly after the advent of com­
mercial photoelectric spectrophotometers, the 
National Bureau of tandards insti tuted the serv­
ice of issuing glass standards of spectral trans­
mittance. 1I To date, abo ut 80 of these filters 
have been issued with accompanying certificates. 

Three of the four types of filters used for tIllS 
purpose are of moderate selectivity, covering a 
large part of the transmittance range from 0.00 
to 0.90 at various wavelengths. A single filter 
thus covers a consid erable part of the transmit­
tance scale. In one sense these are inferior to 
strictly neutral filters in that a deviation from the 
true value may be due to other causes than in­
accuracy of the photometric scale. On the other 

11 K . S. Gibson, Geraldine K. Walker, and Mabel E. Brown, Filters for 
testing the reliability of spectrophotometers, J, Opt. Soc. Am . 24, 58 (1934) , 
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hand, they are superior to the neutral filters in 
detecting stray-light, slit-width, and gross wave­
length errors. 

One of the four types of filters used for these 
spectrophotometric standards is a fairly dense 
cobalt blue glass, designated as Corning G55A. 
(TIllS glass is also lmown as Corning Signal 
Purple, present catalog designation 5551.) The 
30-mm disks cut from the original roundel were 
recently exhausted, and it beca,me necessary to 
prepare new samples from a new rounclel. TIllS 
of course required an extensive series of mea,sure­
ments in order that values of transmittance might 
be determined with satisfactory certainty. (After 
basic values are thus determined for selected disks 
from a given roundel, values of spectml trans­
mittance for other disks cut from this roundel can 
be determined with much less labor, as noted below). 

About the time that these measurements were 
necessitated, the second Beckman spectropho­
tometer was received. It was decided that an 
excellent opportunity was thus presented for (1) 
making a fairly thorough check of the reliabili ty 
of transmittance measurements made on the 
Beckman pectrophotometer as it was received 
from the manufacturer , and (2) if no consistent 
errors appeared to be present 'in the Beckman data 
thus obtained, increasing the over-all reliability 
of the basic spectral-transmittance values for the 
new glass disks. Only tluee things were done to 
the second Beckman instrument for these meas­
uremen t- the quartz lens over the exit sli t was 
removed to eliminate multiple-reflection errors, a 
careful check of the wavelength calibration was 
made after installation of the second indicator 
line, and the temperature-control sample holder 
constructed at the Bureau was used, all as previ­
ously noted. 

Corresponding work with the first Beckman 
spectrophotometer received in 1943 had no t been 
done for two reasons: (1) the urgency of other work 
made it inlpossible to devote the necessary time 
for such measurements as long as the original up­
ply of spectrophotometric standards held ou t and , 
(2) trouble was experienced in readings obtainE'd 
with the cesium-oxide phoLotube, particularly at 
low transmissions, in that there was excessive and 
erratic. "creep" of the galvanometer needle, and 
a definite and trustworthy reading at the e low 
transmittances could seldom be obtained. Chang­
ing phototu bes did no t r emedy the trouble. 
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Similar trouble was not experienced with the 
cesium-antimony phototube or with either pho to­
tube circuit on the new instrument. 

Among the many disks cut from tht' second 
G55A roundel, designated as G55A/1, were two 
which were identical ill spectral transmittance, 
and a third which was also identical over part of 
t he range. The identity of these spectral trans­
mittances was established within about 0.1 per­
cent of the transmittance by comparat ive meas­
urements on the Beckman spectrophotometer. 

Ivleasurements were accordingly made on each 
of these glasses by each of the authors, on the 

Beckman, the Konig-Martens visual 12 and the 
Gibson photoelectric 13 spectrophotometers, and 
at the various wavelengths in the visible spectrum 
indicated in table 1. The temperature of the 
sample was kept at 25° C for all the measurements, 
so that this source of variation or uncertainty was 
eliminated. I I 

12 H . J. McNicholas, Equipmen t for rourine spectral transmission and 
reflection measurements, BS J. Research I, 7~3 (1928) RP30. 

13 K. S. Gibson, Direct-read ing photoelectric measurement of spectral 
transmission, J. Opt. Soc. Am. & R ev . Sci. In str. 7, 693 (1923) . 

14 The General Electric recordi ng spectrophotometers were not used in 
th is standa rdization of the Go5AfJ glass because (I) no tem perature control 
has been devised for use on these spectrophotometers, and (2) t he slit widths 
are undesirably large for this type of work. 

TABLE 1.- Values of transmittance as measured with the B eckman, Konig-Martens, and Gibson spectrophotorneters 

Wave­
length 

390 

404.7 

430. 8 

47 1. 3 

491.6 

501. 6 

520 

540 

546.1 

560 

578 

r,oo 

620 

640 

667.8 

680 

690 

706.5 
720 
750 

Source 

{
MerCUf y ____________ No __ _ 

IncandescenL .... _ .. No __ . 
__ __ . do ______ . ______ . No __ . 

{Mercur.r __ __________ No __ _ 
Incandescent. ______ . No __ _ 

____ . do _____________ {~~~:: 

____ . do • ___________ I~. :~ :: 
I es ~_ 

Yes __ INO --. 

____ . do . _____________ ~o -- . 
.1- e~ __ 
Yes .. 

. ____ do ____________ {~;;:: 
____ . do _____________ No __ . 

. __ . do . __________ {~;;:: 
____ . do _ . . ___________ No: __ 
____ . do ______________ No __ . 
__ __ . do .. ____________ No __ . 

• Rotating sector used in blank beam. 

Sample: Corning G55AfJ of 3-mm t hickness; temperature : 25° C. 

4 

4 
6 
4 
4 

b(6) 
(2) 

(6b) 
(6r) 
(2b) 
(2r) 
(2b) 
(4r) 
(2b) 
(2r) 

Beckman 

.0305 

. 0335 

.0332 

.0646 

. 0271 

.0281 
(.0075) 
(.0072) 
(.0106) 
(.0130) 
(.0096) 
(.0100) 
(. 0084) 
(.0100) 
(. 0070) 
(.0081) 
. 0338 

. 136 

.342 

.7136 

. 8449 

.9015 

.0006 

.0001 

. 0004 

.0004 

.0003 

.0002 
(. 0001) 
(.0002) 
(.0002) 
(.000i) 
(.0004) 
(.001)2) 
(.0001) 
(. 0006) 
(.0003) 
(. 0007) 
.0006 

.003 

. 007 

.0047 

. 0014 

. 0010 

6 

6 
4 

(4) 

Konig-Martens 

·. 0310 
· .03355 

'.0630 
· .02723 

·.00743 

·.01003 

·.00743 

· . 0337 

(.321) 

.00017 

. 00006 

. 00018 

.00015 

. 00012 

.0001l 

.00010 

. 0008 

(. 009) 

4 
6 

(4) 

(4) 

4 
4 

G ibson 

.0308 

. 0337 

. 0642 
(.0284) 

(.0371) 

. 137 

.345 

.7110 

.8455 

.9016 

b Values in parentheses were not used in deriving the adopted values of transmitt.ance nor in compu ting the huge errors. 

612 

. 0006 

.0005 
(. 0004) 

(.0011) 

. 006 

. 012 

.0015 

.0018 

.0014 

.0308 

.064 

.0273 

. 0074 

.0100 

.0074 

. 034 

. 14 

.34 

.713 

. 845 

.901 

Computed 
huge error 

(= 4.9X 
probable 

error) 

0.0032 

.0040 

.00 16 

.00,)8 

. 0033 

.0030 

.0010 

.00045 

. 00021 

.00074 

_ 00044 

.00020 

. 00021 

. 00022 

.00 11 

. 008 

.015 

.0056 

.0024 

.0018 
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In tabl e 1 are gIven for each of the three 
instruments, at each of the respective wavelengths, 
the number of determinations of transmittance 
made, th e average value of the transmi ttance so 
measured, and the average deviat ion of each 
determination from the average value. On the 
B eckman and Gibson spectropho tometers, each 
determination consists of two or more readings 
with separate wavelength settings . On the Konig­
Martens spectropho tometer a determina tion is 
derived from 20 photometric settings, 10 with 
the sample in each b eam . In columns 2 and 3 
a nd in t he footno tes arc indicated cer tain experi­
mental conditions pertinent to the determinations. 
In the last t wo columns arc given the basic values 
of transmittance adopted from the measurements 
for the NBS standard glass, together with the 
" huge enol' '' (4.9 t imes the probable errol') 15 as 
computed from the deviations of the several 
separate determinations from this adopted value. 
Eigh t or more determina tions always entered into 
the computation of this huge error. 

In a consideration of th e data of table 1, the 
following points should be no ted: 

1. The K onig-Nlar tens and Gibson spectro­
pho tometers were used in the usual rou t ine 
manner. 

2. As part of the purpose of these measurement 
was a test of th e B eckman instrum ent, measure­
ments were made at all wavelengths. On the 
other two instruments measurements were not 
made at those wavelengths which long experience 
has indicated to be relatively unreli able. This 
obviously appEe to the v iolet and red ends of 
the spectrum with the Konig-Martens visual 
spectrophotometer . For this type of glass with 
the Gibson spectrophotometer it applies to the 
region from 600 to 660 m il , where the trans­
mittance is extremely low and stray energy 
renders the values relatively unreliable ; this 
stray-energy error is believed to affect the values 
for this glass measured on this instrument at 578 
and 667.8 m il also. 

3. The same sor t of error is apparent in th e data 
obtained with th e Beckman spectrophotometer in 
the region of very low transmittance with this 
glass, though apparently to a less extent. In 
both instrumen ts thi is the region in which the 

"Mansfield Merri man, A tex tbook on the method of least squares, 8th 
ed ., rev., p. 205 (John Wile), & So ns, I nc. , New York, N. Y., 1915). Pew" s 
approximation formula was used to co mpute probable errors. 
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" blue sensitive" and the "red sen itive" photo­
tubes give a bout the same response-neal' 590 
mil on the Gib on and ncar 625 mil on the Beck­
man. Normally , in either case the pho totube 
giving the greatest response is u cd in the mea ure­
men ts . For most types of sample either in tru­
ment, with the appropriate phototube, will give a 
accW'ate resul ts through this region as at other 
regions. V\' ith this glass, howeve r, for which the 
transmi ttance being measured is very low and for 
which the transmi ttance is high at tho e spectral 
regions in which the phototube is much more 
sensitive, the freely transmi tted stray energy from 
these r egions may produce an importan t error. 
On th e Beckman spectropho tometer this wa 
cher-k ed by the usc of stray-energy fil ters- Corn­
ing 2424 with the " blue sensit ive" phototube from 
600 to 640 mil and a Corning medium Aldo with 
th e " red sensitive" phototube from 620 to 640 
mil . It can b e seen that the measured trans­
mittance is lowered and on the average comes close 
to the values obtained with the Konig-Martens 
spectrophotometer. 

4. The three instrwnents for which data are given 
in table 1 differ in the number of decimal places 
whi.ch can be obtained in the transmittance, T. 

(a) Values of T on the Gibson spectrophoto­
meter can be read to only 0.001 , or at most 0.0005, 

However , this reading is definite as a vernier is 
provided on the reading scale of th e ro tating 
sector. For low transmittances the number of 
signifi cant fig ul'es is therefore limi ted, and the 
four th decimals given in the table resul t simply 
from the averaging. 

(b) On the B eckman instrument, values of T 
can be read to 0.001 by estimating tenths of a 
division, or on the same dial to 0.0001 for values 
of transmi t tance less than 0.11 if the selector (lial 
is set t9 ".1". This greatly facilitates making 
the reading, but otherwise t her e appears to be 
little gain in the use of th e magnified scale. 
Sligh t and erra tic" creeping" of the galvanometer 
often makes it uncertain wh en the best reading is 
obtained. The a uthors have been able to obtain 
the precision indi cated by the average deviations 
shown in table 1 for these low values only by 
consistent checking of the " off" r eading, bringing 
the transmi ttance reading to such a value that the 
galvanometer position is identical for the two 
juxtaposed readings. 
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(c) On the Konig-Martens spectrophotometer, 
the photometric settings are read to tenths of a 
degree (by vernier if desired) and transmittances 
computed by the cot X tan relation. The normal 
number of significant figures is tln'ee for transmit­
tances greater than 0.10, although four are often 
kept temporarily. When the "10%" sector (T= 
0.09945) is used in the blank beam, the same 
number of significant figures is obtained but the 
uncertainty as represented by the average devia­
tion has been moved to the fourth decimal place. 
With the "1%" sector (T= 0.00883) there is 
another displacement of the significant figures, but 
the lowered brightness may result in slight uncer­
tainty still in the fourth decimal. 

5. The precision or reproducibility ofreadings of 
the Beckman spectrophotometer, as judged by the 
average deviations, is comparable to that of the 
other instruments, except that the Konig-Martens 
is better than either the Beckman or the Gibson 
instruments at the low values of T, as already dis­
cussed. It should be noted that each of the four 
t o six determinations at each wavelength on the 
various spectrophotometers was made on a differ­
ent day, this work extending off and on over a 
period of weeks. The reproducibility of either 
photoelectric instrument at anyone time and 
wavelength setting is in general superior to that 
indicated in table 1. The Beckman is the most 
rapid of the three instruments, being somewhat 
superior in this respect to the Gibson and greatly 
superior of course to the Konig-Martens (visual). 

6. No error in the photometric scale of the 
Beckman spectrophotometer can be demonstrated 
by the data of table 1. The following details 
may be noted: 

(1) The consistent differences between results 
by the Beckman and the Gibson spectrophoto­
meters at the shortest wavelengths are not repre­
sentative of results always obtained on these 
instruments at these wavelengths. For example, 
see below in connection with the results of table 2. 

(2) Exceptat390and404.7mM, the average value 
at each wavelength obtained on the Beckman 
either lies between the values obtained on the 
other instruments or agrees closely with one of 
them. This holds even at the low values at 620 
and 640 mM when the stray-energy filters are used. 

(3) The use of the Hg source at the four wave­
lengths noted has proved very satisfactory. After 
a short. warming-up period the lamp becomes 
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steady. The slit widths are larger than with the 
incandescent source, but this is of no consequence 
as the light is homogeneous. It may be noted 
that in every case the values obtained with the 
Hg source are closer to the finally adopted values 
than those obtained at the same wavelengths 
with the incandescent source . The values ob· 
tained with the Hg source are not subject to wave­
length error or to as great a stray-energy error. 

TABLE 2.-Compa1·ison of average transmittance obtai ned 
with the Beckman spectrophot01neter with those adopted 
from extensive measurements on the B eckman, Konig­
l1fartens , and Gibson specirophotometers 

[Samples: Jena BO 14 (Oreen) and Corning ITT (Yellow C), each or 2-mm 
thickness. Temperature: 25° C. Measurements by Lois A. Peterson] 

\Vave 
length 

1111' 
390 
404.7 
420 
435.8 
471. 3 
5Ol. 6 
520 
530 
546.1 
560 
578 
587.6 
600 
620 
640 
660 
667.8 
690 
710 
720 
750 
800 
850 
900 
950 

1000 

Deviation or average 
.Adopted transmittance Beckman value from 

Jena 
B014 

0.862 
.877 

.893 

.894 

.859 

.760 

.67 1 

.585 

. 473 

.350 

.256 

. 187 

. 122 

.074 

.057 

. 051 

. 057 

. 072 

. 094 

. 124 

Corning 
HT Yellow 

C 

0. 025 
.020 
.019 
.0240 
. 081 
. 208 
.316 
.379 
. 479 
. 557 
. 636 
. 668 
.699 
. 731 
. 747 
.754 

.755 

.748 

. 730 

. 69~ 

.631 

.600 

adopted transmittance 

Jena 
BOH 

0.000 
.000 

. 000 

. 00l 

. 00l 

-. 001 
. 001 

-. 002 
-. 001 

-. 001 
.001 
. 001 

.000 

.001 

.000 

. 000 

. 000 

. 001 

.000 

. 001 

COrJlin p: 
TIT Yellow 

C 

0.001 
-. 001 

.000 

.0003 

. 000 
-. 001 

. 001 
-. 001 
-. 001 

. 002 

. 000 

.000 

. 000 

. 000 

.002 

. 000 

-.001 

-. 00l 
-. 001 

.000 

+.001 

. 000 

(4) At all but the lowest transmittances, the 
values obtained on the Beckman instrument differ 
from the finally adopted values by amounts that 
(1) are less than the uncertainties of the adopted 
values, and (2) do not exceed 1 percent of the 
value. 

7. The adopted values and huge errors shown 
in the table are similar to those certified on the 
G55A standards of spectral transmittance issued 
by the National Bureau of Standard8, except 
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that in the certificates the huge errors are des­
ignated by the term "uncertainty" and are re­
ported to the same number of decimal places as 
the transmittance itself. 

In fUTther confirmation of the reliability of the 
photometric scale of the Beckman spectroph0 tom­
eter are results obtained more recently by Lois 
A. Peterson of the Photometry and Colorimetry 
Section, with two other of the JBS standards 
of spectral transrillttance, a J ena green glass and 
a Corning yellow gla~ . The same spectrophotom­
eters 'were used as for the work on the blue 
glass standard just described, and the number of 
determinations, the ullcertainties, and the various 
other factors entering into the measurements were 
all comparable with those listed above. No stray­
energy filter was used on the Beckman except 
at 390 mM. 

The results are shown in table 2, in which are 
given for each standard (1) the adopted (usually 
the average) values obtained as a result of the 
extensive measurements on the three spectro­
photometers (except that the visual determina­
tions do not rxtend beyond 435.8 and 667 .8 M) , 
and (2) the deviations of tbe average Beckman 
values from these adopted values. Examination 
of these data shows that there is no consistent 
deviation of the spectral transmittances obtained 
on the Beckman spectrophotometer from those 
obtained on the other instruments. 

In addition to the general over-aU reliability 
of the Beckman spectrophotometer demon­
strated above, special note may be made of the 
precision and reliability with which two nearly 
identical samples may be spectrophotometrically 
compared. In tbis case the "100 %" reading is 
taken with a standard sample in the beam (instead 
of with the beam blank or with a solvent cell in 
the beam) and the only condition that has been 
changed to obtain balance is that the slits have 
been widened. Of course, the lower the trans­
mittance the wider must the slits be for balance, 
but as this width will vary inversely as the square 
root of the tranRmittance they will be only about 
10 times th e normal wid tIl wIlen the transmittance 
is as low as O.OJ . 

For comparing two nearly identical sa mpl es 
such wid ths are not at all rxcessive. As a result, 
if accurately calibrated standard are available, 
such as the three glas e to which reference haR 
been made above, the spec tral transmittance of 
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similar glasses may be determined in a very short 
time with an accuracy comparable to that of the 
tand arci , even for the very low transmittances. 

In other words, the comparison can be made with 
uncertainties of hut 0.1 or 0.2 percent of the 
transmittance, regardlcss of whether thi is near 
0. 9 or 0.01. 

An additional important feature o[ these nar­
row slits is that low transmittances can be deter­
mined by a "step-down" proceciure, in which, for 
example, a glass transmitting 10 percent may be 
measured and used as standard [or a glas trans­
mitting 1 percent, that in turn for a gla ss trans­
mitting 0.1 percent, and so on. On the Beckman 
instrument the slits do not become excessively 
large in this procedurl'. 

VI. Conclusions 

On the basis of measurements made mostly on a 
Beckman spectrophotometer received in the Pho­
tometry and Colorimetry Section of the National 
Bureau of Standards in 1945, it nppears that the 
instrument is capablr of precise and aCCUl'ate 
meaSLll'emen t of spectral transmittance or trans­
mittancy. This conclusion is ba. ed on measure­
ment of the spectral transmittance of certain 
glass s tandards on the Beckman, the Konig­
Martens, and the Gibson spcctrop hotometers. 
The meaSUl'ements were lirill ted to the spectral 
range from 390 to 750 mM, but there seems no reason 
to doub t the reliability of transmission data ob­
tained on the Beckman instrumrllt at wavelengths 
beyond this range- to approximately 1,000 mM in 
the infrared, and to either 320 or 210 mM in the 
ultraviolet, depending on the so w'ce and phototube 
used in the instrument. 

On all t hree instrwnents the glass sample were 
kept at 25° C, being mounted in temperature­
control boxes constructed at the National Bureau 
of Standards. The general statemen t of reliability 
given above is also dependent on careful check 
of the wavelength scale and on adj us tmen t or cor­
rection of any errors grcater than about 0.1 mM. 
Furthermore, it applies only to values of trans­
mittance from 1.00 to about 0.02. Bclow 0.02 
there is no demonstrated errol' in the p ho tometric 
scale, but definite reproducible r esults for values 
in th is rcgion have not al ways becn obtainable. 

If the - logIO T scale i used, large uncertainties 
may thus be present i.f values of the order of 
- 10gloT = 2.0 are being meas w·ed. Wh ere possi-
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ble it would be preferable to adjust solutions so 
that absorbancies greater than 1.0 or 1.5 need 
not be measured. 

The slit widths normally used on the Beckman 
spectrophotometer are believed to be less than 
those on any other commercial spectrophotometer. 
For spectral-transmission measurements these 
widths normally are such as to transmit from 0.5 
to 1.5 mIL of spectrum within the range 220 to 950 
mIL when the appropriate source and phototube 
are used. This feature of the instrument serves 
three useful purposes. It enables the spectral 
transmission of samples having high selectivity to 
be determined with an accuracy unattainable with 
instruments having wider sli ts. It makes possible 
the precise and accurate comparison of nearly 
identical samples, even those having high absorp­
tion, without the use of slits unduly wide. It 
makes possible the reliable determination of very 
low transmittances by a step-down procedure 
with samples of intermediate transmittance. 

As with any spectrophotometer the wavelength 
calibration should be carefully checked when the 
instrument is received and as often thereafter as 
may be found necessary. The mercury green line 
at 546.1 mIL has proved to be a good reference line 
for adjustment purposes. ~When this wavelength 
is correctly adjusted, errors in the rest of the scale 
exceeding 0.5 mIL were not found on either of the 
instruments considered, except above 600 mIL, where 
the dispersion is relatively small . 

As with any single-dispersion spectrophotometer 
stray-energy errors will usually be present in the 
regions of low spectral response. The filter sup­
plied by the makers of the Beckman instrument 
should always be used in the region from 320 to 
400 mIL with incandescent source. Other filters may 
be desirable for certain types of transmission or 
for other special reasons. Multiple reflection 
effects should be considered if errors less than 1 
percent are considered important. 
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The instrument is subject to error if a fluorescent 
sample is measured . The magnitude of this error 
will depend on the ratio of fluorescent to incident 
energy and on the inter-relation of the photocell 
sensitivity and the wavelength regions of excita­
tion and fluorescence. If the fluorescent energy 
is in the visible region, it can be detected by 
placing the sample in the beam and viewing it 
from above as the wavelength is varied through 
the ultraviolet and visible regions. One can thus 
be forewarned. If the fluorescence is in the 
ultraviolet, such errol' would be difficult to detect 
without special equipment for the purpose. The 
errol' can be much greater in reflection than in 
transmission measurements. 

Care should be taken in the measurement of thE 
transmittance of polarizing materials. Two effects 
may be noted . As with all prism instruments the 
energy transmitted by the dispersing prism be­
comes partially polarized. As a result, the value 
of transmittance obtained will depend on the 
orientation of the polarizing sample being meas­
ured. A second and more serious effect may arise 
if the quartz plate over the entrance slit (and to a 
much less extent the quartz plate or lens over the 
exit slit) is cut with the optic axis parallel to the 
surfaces of the plate. Serious distortions of the 
transmittance curve may result, as shown in 
figure 4. 

In conclusion, therefore, it may be stated that 
spectral-transmission measurcmcnts of high re­
liability are obtainable on the Beckman quartz 
spectrophotometer. To obtain such results, how­
ever, one must take various precautions . The 
instrument is convenient and rapid to use and 
covers a wavelength range not heretofore readily 
available in a single instrument. 

WASHI'\GTON, N[arch 7, 1947. 
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