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Dispersion of the Kerr Electro-Optic Effect in the Short Infrared Spectrum
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(Received July 10, 1933)

Measurements of the Kerr electro-optic effect have been
made on carbon disulphide, nitrobenzene, o-nitrotoluene,
chlorobenzene, and halowax oil over a spectral region
extending from the sodium lines to beyond 1.6p, {2.1p for
CS2), or some three times the wave-length range previously
investigated by other observers. A spectro-radiometric
method was used, involving effectively the measurement
of the minor axis of the ellipse into which the plane
polarized radiation is converted by the electrostatic stress
in the Kerr cell. The potentials across the cell of 3300 to
31,000 volts were furnished by a kenotron and condenser

equipment. The Havelock formula for electro-optic dis-
persion X= C(n' —1)'/nX and two others have been tested
in connection with the results. In most cases the agreement
with the Havelock formula is somewhat better than with
the ot'hers and for CS2 this law fits the observed dispersion
almost within the limits of experimental error throughout
the spectral range investigated. Beyond 1p, the dispersion
of all the liquids is much the same and the agreement with
all these formulas reasonably good. In fact, for this
region the Kerr effect is very nearly proportional to the
inverse wave-length.

HE dispersion of the Kerr electro-optic
effect (birefringence produced by high elec-

trostatic field) has been extensively investigated
for the visible spectrum. ' In the ultraviolet,
Szivessy and Dierkesmann' have applied photo-
graphic means to the study of a number of
liquids in this connection. Apparently no
previous investigators, however, have experi-
mented with this effect in the infrared. In this
paper' we shall describe the method and results
of a study of the electro-optic dispersion of five
liquids in the wave-length range from that of the
sodium lines to about 2p, together with a com-
parison of the results with theory.

DISPERSION FORMULAS

If n„and n, are the refractive indices for the
components of the light vibrating parallel and
perpendicular, respectively, to the lines of force,
the phase difference D after passing through l cm
of the substance in an electric field of E e.s.u. is

D = 2ml(n„—n, )/X = 27rKLE' radians, (1)

where ) is the wave-length of the light. X is
called the Kerr constant.

Three dispersion formulas will be tested in
connection with the present work; they are (a)
the well-known Havelock law'

X= C (n' —1)'/nX, (2)

and (c) one recently developed by Serber' on a
quantum basis which, on approximation, sim-
plifies to

(n'+ 2) (n' —1) 1+v'/vP
K= C3 1+C4 (4)

n) 1 —v'/vP

where vl is the main ultraviolet absorption
frequency, really the centroid frequency. The
latter two formulas apply primarily to the case
of gases, where the mutual inHuence of the
molecules is small, but they should also hold

(b) a development on the basis of the Born"
classical theory,

X= Cm(n'+2) (n' —1)/n)

4 T. H. Havelock, Proc. Roy. Soc. A80, 28 (1907),
A84, 492 (1911);Phys. Rev. 28, 136 (1909).

' M. Born, Ann. d. Physik 55, 177 (1918). See also
H. A. Stuart, Zeits. f. Physik 55, 358 (1929); Ergebnisse
d. Exacten Naturwiss. 10, 159, Julius Springer (1931);
C. V. Raman and K. S. Krishnan, Phil. Mag. 3, 713
(1927); Proc. Roy. Soc. A117, 1, 589 (1928).

' R. Serber, Phys. Rev. 43, 1011 (1933).
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'For general references see J. W. Beams, Rev. Mod.
Phys. 4, 133—172 (1932); G. Szivessy, Handb. d. Physik
21, 724—884, Julius Springer (1929).

2 G. Szivessy and A. Dierkesmann, Ann. d. Physik 3,
507 (1929).

' The following brief accounts have been published:
L. R. Ingersoll, Phys. Rev. 37, 1184 (1931);L. R. Ingersoll
and W. R. Winch, Phys. Rev. 42, 909 (1932).
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approximately for liquids, although in the case
of (b) only for nonpolar molecules.

EXPERIMENTAL METHOD

The method and apparatus are partly the
outgrowth of investigations carried out some
years ago by one' of us on the Faraday and Kerr
magneto-optic effects in the infrared. Fig. 1

sin' (8/2) =&'/&'.

While it would be possible to measure the
ratio of 8' to A' directly, it is simpler to get at
it by means of a rotation n of the original plane
of polarization as shown in (c). This results in a
beam of intensity C' being transmitted by the
analyzer and this is easily compared with the
intensity 8' which results from the excitation of
the Kerr cell, being of the same order of mag-
nitude. The equation, as indicated in Fig. 1., is

sin. ' (8/2) = sin'n 8'/C'. (6)

APPARATUS

Fig. 2 shows the general arrangement of the
apparatus. Light from the special strip-filament

I
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Fzo. 1. Diagram illustrating the principles involved in the
measurements.

illustrates the method. As indicated in (a), light
vibrating at 45' with the plane of the Kerr cell
comes from the polarizer whose azimuth is
indicated at¹.It is obvious that none of this
radiation will pass the analyzer of azimuth ¹2,
at right angles to this, until a potential is applied
across the cell as in (b). This produces a difference
of velocity of the two component beams, which
results in the Kerr phase difference D (or fi as
we have called it, measured in degrees) and the
consequent elliptical vibration. If A represents
the amplitude of the original vibration and B
the semi-minor axis of the ellipse, then, as is
clear from the figure, the relation is

~ L. R. Ingersoll, Phil. Mag. 11, 41 (1906); Phys. Rev.
23, 490 (1906); Phil. Mag. 18, 74 (1909); Phys. Rzv, 9,
257 (1917};J.O.S.A. and R.S.I. 6, 663 (1922}.

FIG. 2. General arrangement of the apparatus. S, strip
filament tungsten lamp; ¹,¹,double image (or nicol)
prisms, crossed; X, Kerr cell; and 8, bolometer or thermo-
pile.

lamp was focussed by a silvered concave mirror
and, after passing through the polarizer, was
converged in a narrow conical beam between the
plates of the Kerr cell. It then went on to the
analyzer which was crossed so that no light
passed until the Kerr cell was excited, in which
case the transmitted radiation was focussed on
the slit of the spectrometer and, after dispersion
into a spectrum, fell on the receiver. It may be
remarked that both polarizer and analyzer were
really double-image prisms instead of nicols, but
they were used in exactly the same way, for the
second image, being turned aside at a small

angle, was readily cut off. The polarizer was
mounted in a large conical bearing so that it
could be rotated between stops by the angle o.,
mentioned above, which in the present work was
21 20'.

In the first work with this apparatus the radi-
ation receiver was a bolometer used with a
Thomson galvanometer. It was later replaced,
however, by a sensitive bismuth-tellurium ther-
mopile. This had a receiving surface (using a
double couple —uncompensated) of Q.S mmX10
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mm and was used in high vacuum maintained
by a charcoal trap in liquid air. When con-
nected with a Zc (Kipp and Zonen) galvanometer
it gave a tenfold gain in sensitivity over the
bolometric outfit, even when used with narrower
slit and longer focus mirrors in the spectrometer.
Since a variety of conditions —in most cases the
absorption of the liquid under test was the
limiting factor —confined the measurements to
the short infrared, a glass prism could be used
in the spectrometer. This was a large 45' prism
of heavy glass, the dispersion of which was
calibrated with the aid of a grating.

The high voltage was furnished by two keno-
trons and condenser connected with a 140,000
volt transformer, which, in turn, was controlled
by an autotransformer allowing the application
of any fraction of the 220 volt primary e.m. f. in
1 percent steps. Because of the 'minuteness of the
current the output voltage ripple was only a
fraction of a percent in most cases. To measure
the voltage on the Kerr cell a Wulf electrometer
(Leybold) was connected across its terminals.
This had a range up to 50,000 volts and was an
essential part of the equipment since inevitable
small voltage Huctuations were of frequent
occurrence. ,

Four different Kerr cells were used, varying in
length from 5 to 39 cm, the shorter cells being
used for liquids of high Kerr constant such as
nitrobenzene and the longest for carbon disul-
phide. They consisted in all cases of glass tubes
of 6 cm or more in diameter with ends of tested
plate glass cemented on, usually with water
glass. The Kerr plates were of heavy brass,
nearly as long as the cell, from 4 to 5 cm wide
and from 4 to 13 mm apart. Drilled glass plates
screwed on top and bottom kept them accurately
spaced.

The making of measurements was. , relhtively
simple. With the spectrometer set at the desired
wave-length the high voltage. 'was alternately
thrown on and off the Kerr, cell at regular in-
tervals of about a minute and the corresponding
galvanometer deflection measured. The Wulf
electrometer was also read each time the cell was
excited. Then, with the voltage off, the gal-
vanometer deflection was read as the polarizer
was turned through the angle o.. The Kerr
effect, measured by 6, could then be calculated

at once from Eq. (6). To avoid correction for
errors in galvanometer proportionality it was
very desirable to have the deflections for 8 and
C as nearly equal as possible. This was accom-
plished by cutting down one or the other inten-
sity by a suitable and known factor, and, after
some experimentation, the best way found to do
this was to place in the beam a rotating sector
of accurately measured opening.

The application of the Havelock or other
electro-optic dispersion equation demands a
knowledge of the index of refraction n and since
this is known in the infrared for only a few
liquids it had to be measured specially in the
present case. This was done by the method of
total reflection, using two glass plates cemented
together to form a very thin air cell. It rotated
in a cell filled with the liquid and was mounted
in a divided circle which allowed the angle to be
read to 1'. The check of these measurements at
the sodium wave-length with the ordinary
tabulated values was very good.

SoURcEs QF ERRQR

I. Impurities

The best available material was used and this
was further purified, if necessary, by the usual
chemical and physical means. The last step in
purification was usually to shake up the liquid
with P205, let stand for a day or two, and then
distill. In most cases, however, the current drawn
by the cell on the initial application of the voltage
was many times that (of the order of a milli-

ampere, sometimes much less) to which it finally
settled down after perhaps an hour. This was
attributed to the presence of a minute amount of
water and water-soluble impurities which were
electrolyzed out and held on one of the plates.
Reversing the current at once released these
impurities, so throughout the work the voltage
was always applied in the same direction. This
self-purification was an important step in the
process of the measurements and no readings
were taken until the current had settled down
to its minimum value.

2. Lack of Beld uniformity, edge and. end sects
The use of a slightly conical beam (necessary

to secure sufficient energy) meant that parts of
the beam would approach nearer the plates than
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others and into a region of inevitable field non-
uniformity because of the rather wide (up to 13
mm) distance necessary between the plates. This
would be a vital source of error if absolute values
were demanded in the measurements, but in view
of the fact that only relative values are necessary
for dispersion measurements it became of some-
what secondary importance. It was necessary
nevertheless to see that the position of the beam
in the cell did not shift in the slightest degree
during any one run, i.e., series of measurements
throughout the spectral range.

3. Temperature variation

A thermometer in the cell was read at occa-
sional intervals and the cell cooled by fan, if
necessary, to keep temperature variations within
1'C. The mean temperature in most cases was
24'C.

4. Voltage variations

As already explained, the gulf electrometer
was read every time the voltage was applied to
the cell. Making use of the fact that the Kerr
effect is proportional to the square of the field, a
correction was accordingly applied to each
measurement to bring it effectively to a definite
mean voltage.

Creep

This was one of the most serious difficulties.
In certain liquids, notably chlorobenzene, the
Kerr effect, as measured, began to decrease
slightly after the field had been on for a minute
or more; in other cases a small increase would
take place. No explanation could be found for
this and it is planned to make it the object of a
special study in the future. Its effect was
minimized in the present case by taking readings
at definite regular intervals.

6. Spectral impurity

This may be of two sorts: (1) a very small
amount of general impurity due to radiation
scattering in the prism-mirror system and (2)
the inevitable coverage by the receiver (and slit
image) of an appreciable spectral range. The
first sort was taken account of by making a
series of Kerr measurements in the neighborhood
of the sodium wave-length with a piece of heat-

absorbing glass before the slit. This cut out prac-
tically all the infrared impurity and led to a
correction of the order of 0.5 percent which was
applied to the results for the sodium and ad-
joining wave-lengths. A similar test made with a
cell containing iodine in CS~, which absorbed the
visible, indicated that no such corrections were
necessary in the infrared.

The second sort of error was minimized by
making the receiver and slit as narrow as
possible. That this error was not large enough
to be taken seriously into account was indicated
by a comparison of results with the bolometer
and those made later with the thermopile under
conditions of somewhat larger effective dis-
persion. These indicated that the only uncer-
tainty is in the neighborhood of the sodium
wave-length. This is as applied to the results as
a whole. There is one case, however, in which
this error is so serious as to render measurements
almost meaningless and that is in the immediate
neighborhood of an absorption band. After much
time spent in fruitless investigation of this
point with the use of double dispersion, we were
compelled to limit our study for the present to
spectral regions free of marked absorption,
although we hope at some time in the future to
be able to develop a means of studying in this
connection the interesting phenomena which may
group around an absorption line or band.

RESULTS

The following liquids were tested:

Carbon disulphide

This was purified by treatment with mercury
and filtration, then phosphorus pentoxide and
distillation and used in Kerr cell with plates
37.5 cm long and 1.3 cm apart at 31,200 volts.

Nitrobenzene

Purification was by fractional freezing, fol-
lowed by P205 treatment and distillation. The
cell was 8.0 cm long with plates 0.6 cm apart.
Voltages were 3310, 5250, and 8710.

o-Nitrotoluene (Eastman)
This was dehydrated and distilled. The cell

was 4.5 cm long, 0.4 cm plate separation. Voltages
were 4795 and 10,020.
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Chlorobenzene (Eastman)
This was dehydrated and distilled. The cell

was 10.0 cm long, 0.6 cm separation. Voltages
were 22,840 and 28,550.

Halowax Oil No. 1007', from the Halowax Cor-
poration of New York

This is a chloronapthalin whose properties
make it a good liquid to test in the present con-
nection. It was used untreated. The cell was 8.0
cm long, 0.6 cm separation. Voltages were 13,590,
19,420, and 25,970.

The results are given in the table and the
curves of Fig. 3. The values of 8 plotted in the
curves are the actual angles in degrees as
measured. While it would be possible to compute

the absolute values of the Kerr constant by
using the voltages and cell dimensions as given,
the error involved would be large because of the
edge and end effects as already mentioned.
These, however, in no way affect the dispersion
results which are considered to have a probable
error of not more than 1 percent for the spectral
range 0.7y to 1.4p (2.0y, for CS2). The approx-
imate values of the Kerr constant for the sodium
wave-length are, referred to CS2 as 1: nitro-
benzene, 99; o-nitrotoluene, 37; chlorobenzene,
3; halowax, 4.

While measurements were made for two or
three different voltages on all liquids save CS2
all the separate results are not given, for it was
found, as might be expected, that the dispersion

TABcE I. Relative J err constants.

Computed Kerr
constantsObserved

Kerr
n constants Havelock Born Serber 1/~

Computed Kerr
constantsObserved

Kerr
n constants Havelock Born Serber 1/X

Carbon
0.589
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60
1.70
1.80
1.90
2.00
2.10

di sul phide
1.6275
1.6253
1.6138
1.6060
1.6006
1.5969
1.5942
1.5922
1.5905
1.5891
1.5880
1.5870
1.5861
1.5852
1.5845
1.5840
1.5835

1.872
1.836
1.515
1.287
1.124
1.000
0.896
0.816
0.749
0.695
0.647
0.601
0.566
0.538
0.510
0.485
0.462

¹itrobensene

0.589'
.60
.70
.80
.90

1.00
1.10
1.20
1.30
1.40
1.50
1.60

1.5525 1.825
1.5506 1.770
1.5417 1.470
1.5355 1.280
1.5318 1.125
1.5296 1.000
1.5282 0.900
1.5271 0.818
1.5261 0.751
1.5253 0.697
1.5248 0.663
1.5240 0.626

1.885
1.835
1.510
1.289
1.123
1.000
0.899
0.818
0.751
0.694
0.645
0.602
0.565
0.531
0.503
0.479
0.454

1.853
1.806
1.497
1.279
1.120
1.000
0.901
0.825
0.759
0.702
0.654
0.612

1.810
1.768
1.476
1.272
1.122
1.000
0.903
0.825
0.757
0.700
0.653
0.608
0.576
0.543
0.511
0.486
0.462

1.789
1.742
1.472
1.267
1.117
1.000
0.906
0.828
0.763
0.707
0.659
0.629

1.899
1.850
1.514
1.288
1.122
1.000
0.899
0.817
0.750
0.694
0.646
0.603
0.565
0.534
0.503
0.477
0.454

1.945
1.891
1.537
1.298
1.128
1.000
0.900
0.818
0.750
0.693
0.644
0.601

1.697
1.667
1.428
1.250
1.111
1.000
0.909
0.833
0.769
0.714
0.667
0.625
0.588
0.555
0.526
0.500
0.476

1.697
1.667
1.428
1.250
1.111
1.000
0.909
0.833
0.769
0.714
0.667
0.625

Halomax
0.589
.60
.70
.80
.90

1.00
1.10
1.20
1.30
1.40
1.50
1.60

1.6374
1.6354
1.6251
1.6183
1.6132
1.6098
&.6073
1.6054
1.6042
1.6031
1.6023
1.6015

o-¹trotoluene
0.589 1.5472
.60 1.5442
.70 1.5357
.80 1.5305
.90 1.5269

1.00 1.5244
1.10 1.5223
1.20 1.5208
1.30 1.5198
1.40 1.5191
1.50 1.5186
1.60 1.5181

Chlorobensene
0.589 1.5246
.60 1.5236
.70 1.5161
.80 1.5111
.90 1.5085

1.00 1.5069
1.10 1.5055
1.20 1.5044
1.30 1.5037
1.40 1.5033
1.50 1.5029
1.60 1.5025

1.857
1.807
1.491
1.277
1.120
1.000
0.905
0.823
0.761
0.708
0.664
0.618

1.806
1.756
1.448
1.250
1.110
1.000
0.907
0.832

(0.772)
(0.723)
(0.680)
(0.644)

1.807
1.771
1.480
1.278
1.124
1.000
0.902
0.827
0.763
0.712
0.658
0.617

1.839 1.770 1.684 1.697
1.799 1.735 1.655 1.667
1.496 1.460 1.424 1.428
1.283 1.262 1.245 1.250
1.129 1.115 1.109 1.111
1.000 1.000 1.000 1.000
0,912 0.907 0.910 0.909
0.833 0.828 0.834 0.833
0.766 0.764 0.770 0.769
0.710 0.708 0.716 0.714
0.662 0.660 0.669 0.667
0.620 0.619 0.627 0.625

1.885 1.797
1.837 1.757
1.522 1.475
1.302 1.252
1.136 1.119
1.000 1.000
0.902 0.903
0.821 0.826
0.755 0.761
0.698 0.704
0.649 0.656
0.607 0.614

1.697
1.667
1.428
1.250
1.111
1.000
0.909
0.833
0.769
0.714
0.667
0.625

1.857 1.793 1.739 1.697
1.798 1.745 1.695 1.667
1.494 1.466 1.444 1.428
1.272 1.267 1.257 1.250
1.122 1.117 1.114 1.111
1.000 1.000 1.000 1.000
0.901 0.905 0.907 0.909
0.822 0.827 0.827 0.833
0.751 0.761 0.766 0.769
0.699 0.705 0.710 0.714
0.653 0.657 0.663 0.667
0.610 0.616 0.621 0.625
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Fio. 3u. Kerr effect dispersion curves for o-nitrotoluene, halowax, and carbon disulphide; b, Kerr effect dispersion
curves for nitrobenzene and chlorobenzene.

is not dependent on the voltage. A possible
exception to this is o-nitrotoluene, which is to be
investigated further in this connection. Two
voltages are plotted in Fig. 3b to indicate the
general accuracy and agreement of the results.
The results for the different voltages gave a
general agreement with the law of proportion-
ality of the Kerr effect to the square of the field
but, for the same general reasons as already
mentioned, the suitability and accuracy of the
method in this connection was not particularly
good.

The observed values in Tab1e I are a com-
posite of the results for all the different voltages
for each material. The Havelock and Born
computed values need no explanation since each
involves only a single constant, which is fixed
by the fact that all values are referred to that
at 1p, as unity. In using the Serber formula the
main ultraviolet absorption wave-length for each

substance was used, varying from 2000 to 2600A.
The second constants were determined by fitting
the observed curves at two points between 0.8
and 1.4p.

The values listed for the refractive index are
those determined (temp. 22'C) in the present
work, save those for CS2 which are from the
L. and B. tables.

DISCUSSION OF RESULTS: CONCLUSIONS

Perhaps the most striking thing about the
results is the fact that the simple Havelock
formula, with its rather meager theoretical
background, fits the facts on the whole better
than either of the others. However, the Born
formula really applies only to nonpolar materials
so, in all strictness, its use here should be limited
to CS2. Regarding the Serber formula, it may
also be explained that there is no certainty that
the ultraviolet frequencies as chosen are really
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the centroid frequencies which should be used.
To find these by a process of fitting the observed
curve, however, would require the determination
of one more constant.

It will be noted from the tables that the
Havelock formula gives slightly Larger values
than the observed for shorter wave-lengths and
slightly smaller for the longer wave-lengths, i.e. ,

a somewhat steeper dispersion curve. This was
also found to be the case by Szivessy and Dier-
kesmann' for three of the five liquids they
tested in the visible and ultraviolet. Only one
liquid, vis'. , chlorobenzene, was common to these
two investigations. For this liquid Havelock's
law fits somewhat better in the ultraviolet than
in the infrared.

As a matter of fact, beyond 1p, the simple law
of the inverse wave-length fits the observed
values about as well as any of the more com-
plicated formulas, particularly for the polar

liquids. A little study of this point shows that a
formula of the type

which by some simplification can be read out of
Serber's work' would fit the results best of all.

The general conclusion to be drawn from our
results is that for wave-lengths beyond 1p the
electro-optic dispersion is much the same for the
five liquids investigated, is in reasonably good
agreement with any of the three dispersion
formulas tested and, indeed, departs only
slightly from the simple inverse wave-length law.
For the shorter wave-lengths agreement with
theory is not as good, although in some cases the
Havelock formula fits very well. For carbon
disulphide the deviations of our results from
Havelock's law is almost within the limits of
experimental error for the whole spectral region
investigated.


