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There is, at present, a discrepancy of 162 X10 ' between
the temperature invariant part of the dielectric constant
of HC1 and the square of the index of refraction extra-
polated to in6nite wave-length; a difference which is more
than 10 times the estimated uncertainty of the measure-
ments, and which is usually assumed to be due to the
contribution of infrared vibration bands to the index. In
order to test the validity of the above assumption and also
to investigate a seldom used method of determining the
effective charge of molecules, the optical dispersion of
HC1 has been measured between 1 and 10@,.These measure-
ments yield a value of (1.00&0.05) &10 " e.s.u. for the
effective charge of the rotator-vibrator; which shows, in

agreement with measurements of intensity of absorption,
that the contribution of the rotator-vibrator to e is
much too small to explain the above discrepancy. Since the

uncertainty in n ~ as obtained from the refraction measure-
ments is not more than 3&10 e, this indicates that the
uncertainty in the dielectric constant measurements must
be somewhat larger than is ordinarily assumed. During the
course of the investigation, it was discovered that the
contribution of the pure rotation to the index of refraction
was large enough to be measured with a fair degree of
accuracy. Since most of the rotators are in excited states,
these data furnish a quantitative check of the negative
terms in the Kramers dispersion formula. They also furnish
a new means of determining the electric moment; and the
fact that the moment which is obtained agrees with that
obtained from dielectric constant measurements indicates
that the low absorption intensities observed by Czerny and
by Badger must be in error.

INTRGDUcTIoN

CCORDING to ordinary dispersion theory,
the temperature invariant part of the di-

electric constant should be equal to the square of
the index of refraction extrapolated to zero
frequency. Van Vleck' has pointed out that for
HCI there is a difference between the two which
is far greater than the estimated uncertainty of
the measurements. For example, the index of
refraction measurements of Cuthbertson and
Cuthbertson, ' extrapolated from the visible, give
for n '—1 878 1.0 '&2 10 ' while, from dielec-
tric constant measurements, Zahn' obtains

1040 10 '+10 10 ', a difference of (162&12)
~ 10 '. The usual explanation for such discrep-
ancies, that is, that they are due to the contri-
bution of molecular vibration to the index,
seemed in this case to be extremely improbable,
since the absorption intensity measurements of
Bourgin' indicate a contribution of the infrared
vibration to e of only 1 10 '. However, accurate
measurements of absolute intensity are ex-
tremely difhcult to make, and the wide range of
values reported by various observers' makes a
determination by a diR'erent method highly
desirable.

It was Professor Van Vleck's suggestion that
'Van Vleck, The Theory of E/ectric and 3fagnetic SNs-

cePtibiIAies.
'C. and M. Cuthbertson, Phil. Trans. Roy. Soc. A213,

1 (1913).' C-. T. Zahn, Phys. Rev. 24, 400 (1924).

4 D. G. Bourgin, Phys. Rev. 29, /94 (1927); 32, 237
(1928).' For a review of intensity measurements up to 1926,
see D. M. Dennison, Phil. Mag. 1, 216 (1926).
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variations in the room as well as the unreliability
of the mercury thermometer, the temperature
readings may have been in error by as much as
O. &5'C.

A two junction, bismuth-tellurium, vacuum,
thermopile, rigidly mounted on the carriage of a
comparator, served as a detector for the radia-
tion. Several of the 6rst runs were made with a
pile equipped with a charcoal trap immersed in
liquid air to maintain the vacuum. With this
arrangement the determinations of image posi-
tion showed small irregularities which were ap-
parently attributable to small displacements of
the comparator carriage caused by a variation in
buoyancy due to evaporation of the liquid air.
When a thermopile without a trap was used, it
had to be repumped about once a month.

Changes of deviation were measured for
changes of pressure of one to two atmospheres.
To determine the position of the image, gal-
vanometer readings were taken at definite space
intervals as the thermopile was moved across the
image. When 0.2 mm slits were used the reading
was recorded every 0.050 mm, with 0.5 mm slits
every 0.T00 mm, and with 1 mm slits, every 0.200
mm. These readings were plotted, deflection
against position, and the center of gravity of the
resulting curve determined. This was averaged
with the intersection of tangents drawn on
opposite sides of the maximum. For some of the
readings the direction of motion of the compara-
tor was reversed. A comparison of the direct and
reverse readings for the 0.2 mm slits indicates
that the determinations of the image position are
dependable to within 0 002 mm with large
energies, and to about 0.005 mm with the
smallest energy used. With 0.5 mm slits the
uncertainty is about 0.004 mm and with 1 mm
slits about 0.020 mm. The change of deviation for
a change of two atmospheres in the HC1 pressure
was about 2.9 mm.

REsUr.Ts

The relationship between change of deviation
and index of refraction is given by the expression'

n 1 DN =K(L Lo) 31 —K(L— L0)I2j. —

In this equation hN takes care of the changes of
index of the air surrounding the prism due to
changes in temperature and barometric pressure

TABLE I. Index of refraction of IJCl. Column V gives
the method of observation. {1)One vacuum reading and
one HC1 reading, {2)vacuum readings before and after the
HC1 readings, {3)direct and reversed readings in each case
with vacuum readings before and after the HCI readings.

%AVE
LENGTH

(microns)

0.915
1.06
1.29
1.925
2.21
2.32
2.40
2.48
2.53
2.56
2.56
2.645
2.73
2.815
2.90
2.90
2.985
3.07
3.15
3.23
3.315

3.705
3.705
3.78
3.855
3.855
3.855
3.925
3.995
3.995
4.06
4.135
4.135
4.135
4.40
4.4p
4.59
4.59
4.59
4.955
4.955
5.185
5.755
5.755
6.055
6.96
8.00
8.95

10.20

442.7
442.6
441.3
440.0
439.6
438.2
438.4
438.4
438.3
437.4
437.6
436.5
437.2
436.5
435.6
435.7
435.0
433.6
433.0
426.3
422.6

446.9
444.3
446.1
442.4
442.6
443.4
443,0
441.4
441.1
439.8
441.5
440.3
442.2
439.2
439.4
438.5
439.4
439.7
438.6
437.8
436.3
437.7
435.1
435.6
432.1
431.1
429.6
428.1

(mm)

1495
1495
920
920
920
743

1506
743
920

1509
1506

743
1506
743

1509
1506

743
1506
743

1506
743

1506
1495
1509
1506
1495
1418
1509
1506
1495
1509
1506
1495
1418
1506
1495
1506
1495
1418
1506
1418
1495
1506
1495
1418
1307
1307
1307
1307

SLIT WIDTH
(mm)

0.5
0.5
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.2
0.5
0.2
0.2
0.5
0.5
0.2
0.2
0.5
0.2
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
1.0
1.0
1.0
1.0

METHOD
oF oBs.

1
3
1
1
1
3
1
1
3
1
1
1
3
1
2

2
3
1
3
2
1
2
3
3
3
3

*Poor data.

occurring between the times the vacuum and
high pressure readings were taken. I. and L,o are
the positions of the slit image when the gas prism
is full and evacuated, respectively. The constant
X, which depends on the geometry of construc-
tion of the gas spectrometer, was determined by
calibration with dry air. As standards the follow-

ing values given by Wetterblad were used:
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FIG. 2. Index of refraction of HC1 as a function of wave-length. The continuous curve is the
result of substituting ~ =1.00X10 "e.s.u. and p. =1.18X10 "e.s.u. in the Kramers dispersion
formula. The dotted curve represents the computed curve when the negative terms are omitted
from the dispersion formula. The dashed curve indicates the course the curve would take if
the pure rotation contributed nothing to the index of refraction.

(no —1)10'=288.78 at 1.27'', 288.12 at 2.32',
287.90 at 4.59@, at 760 mm O'C. In reducing
from experimental to standard conditions- and
vice versa, the following relation was used

(n —1)(1+nt) 760
no —&=

Pl:1+P(P—76o)j
where a is the temperature coefficient of expan-
sion and P is a factor introduced to allow for the
fact that the index of refraction is not exactly
proportional to the pressure. For air P is equal to
8.10 ' (Wetterblad), and for HCl it is 1.6 10 '.
For HC1, since there were no tabulated values of

P, this reduction was made by means of extrapo-
lated pv data" and the Clausius-Masotti equa-
tion.

The values of no —1 are given in Table I and

plotted in Fig. 2. In each case, all readings for one
wave-length taken in one run are averaged.
Column V indicates the method of observation:
(1) One vacuum reading and one HCl reading,

(2) vacuum readings before and after the HCI
readings, (3) direct and reversed readings in each
case with vacuum readings before and after the
HCl readings. A smooth curve —not shown —was

"R.W. Gray and F. P. Burt, J. Chem. Soc. 95, 1633
(19O9).

drawn to fit these points and the values of the
index for particular wave-lengths were read from
this curve. This curve was redrawn several times
and the average values used in the following
analysis.

CALcULATIoN oF e AND p,

In the interpretation of the above data, con-
tributions from three sources must be considered,
the electrons, the vibrator-rotator, and the rigid
rotator. The electronic contribution was obtained
by extrapolation from the data of Cuthbertson
and Cuthbertson reduced to standard conditions.
In order to get best agreement with theory on

both sides of the rotation-vibration band it was
necessary to add 0.9 10 ' to their values. This
shift is reasonable since the values of the index of
air used for calibration by Cuthbertson and by
Wetterblad differed by approximately this
amount. A constant shift such as was used means
that the Cuthbertson data were actually used

only to determine the rate of change of the
electronic contribution with frequency.

In computing the contribution of the vibrator-
rotator it was found that the use of a single

frequency was unsatisfactory near the band. In
order to consider the effect of the several fre-

quencies in the band, the values of the ampli-
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tudes as given by Oppenheimer" were substituted in the Kramers dispersion formula"

8~% v(l' f) ~Pe'(1 l,') ~'
~2 1 P e wP(vr

pe-~&'I'r ~, ~' hLv(l', L)' v—0'5

The final result obtained for the contribution of the vibrator-rotator was

~Fg—~ml & & ~F~~-~m-«»
Ave(n' —1)= .+~ &» ~=~ v(0, m; 1, m —1)'—v' v(0, m —1; 1, m)' —v'

0

where e=eRective charge, v= the frequency of the incident light, I= the moment of inertia of the
unexcited molecule, vo ——the normal frequency of vibration,

F= [v(0, m; 1, m —1)/vo]j 1+4rm(1+-', rm ——',r) j,
F'=

I v(0, m —1; 1, m)/vo]j 1 4rm(1 s—rm ——8r)$ r=h/4~2Ivo.

It was found suAicient to sum up to m = i2. The frequencies and energy levels were obtained from the
values given by Colby, -Meyer, and Bronk. "

The contribution of the pure rotation'was calculated by means of the Kramers dispersion formula
in the form given by Debye (polar molecules). The same result may of course be obtained by sub-
stituting in Eq. (1) the matrix components of the electric moment of the rigid rotator. Since, in

the region investigated, the rotational frequencies are always small compared with the frequency of
the radiation used, v„could be neglected in the denominator. The contribution of the rotator may then
be written

hs(rP 1)=- p (m~e s' ~&—» @pe —vr &»—),
oo 1

3~Iv'P(2m+1)e ~"~»
0

where p is the electric moment.
Considering all the contributions to the index

of refraction, we then have n02 1=(no—' 1)&~c-
+f(X)e'+g(X)p'. We thus have two disposable
constants, e and p which are to be evaluated by
comparison with the experimental results. These
may be evaluated by successive approximations.
We therefore assume a value of e' and calculate
p' by comparison with the experimental curve,
use this value of y' and correct e', continuing this
process until the values obtained for e' and p'
remain constant throughout the range of wave-
lengths available. In this calculation, the extrapo-
lated values from Cuthbertson and Cuthbertson
are shifted a small amount as indicated previ-
ously. The average values of ~' and p' are ob-
tained by weighting each value of e' or p' in

"J.R. Oppenheimer, Camb. Phil. Soc. Proc. 23, 327
(1926). See also, D. M. Dennison, Phys. Rev. 31, 501
(1928). Note added in proof: The theory of the dispersion of
a polar gas has recently been treated by C. Manneback,
Zeeman, Uerhandelingen, pp. 293—301."Reference 1, p. 361.

"Colby, Meyer and Bronk, Astrophys. J. 57, 7 (1923).

proportion to the contribution to the index at
that point, excluding the values at 9 and 10p,

where the probable error in the experimental
values of no —1 is large. The final results for e

and p are

&=1.00X10 "e.s.u. ; p, =1.18X10 "e.s.u.

These values of e and p were used in calculating
the values of no —1 shown in Table II. This table
also shows the agreement between the computed
values and the experimental values used in the
analysis. The smooth curve in Fig. 2 is plotted
from the computed values to show the agreement
with the experimental points.

D1SCUSSION

Although precise estimates of probable error
are difficult to make for measurements such as
these, it is possible, without any long rigorous
analysis, to set rather definite limits to the uncer-
tainty in the values of the eRective charge and
electric moment which have been calculated
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TABLE II. Experimental and computed values of n0 —1
for IICl.

X10 6 X10 '

C D E D —E
no —1 no —1

(COMP. ) (EXP. CURVE)
X10 6 X10 s X10 s X10 6

1.0 443.41
1.5 441.33
2.0 440.61
2.5 440.27
2.6 440.22
2.7 440.18
2.8 440.15
2.9 440.12
3.0 440.09
3.1 440.06
3.2 440.04
3.3 440.02

—0.11
.27
.59

1.28
1.50
1.81
2.22
2.78—3.63
5.04—8.06—17.16*

—0.17
.38
.67

1.05
1.14
1.23
1.33
1.41
1.52
1.62
1073
1.84

443.13 442.7
440.68 440.6
439.35 439.6
437.94 438.1
437.58 437.7
437.14 437.2
436.60 436.5
435.93 435.8
434.94 434.8
433.40 433.4
430.25 430.5

(421.02) 421.8

+0.4
+ .1

02

2
.1—.1

+ 1
+ 1
+ .1

.0
~ 2
.8

3.7 439.95 +12.05*
3.8 439.94 + 8.45
3.9 439.92 + 5.99
4.0 439.91 + 4.87
4.1 439.90 + 4.18
4.2. 439.89 + 3.71
4.3 439.88 + 3.36

3.09
2.87
2.23
1.92
1.73
1.65
1.57
1.51
1.46
1.39
1.34

4.4 439.87 +
4.5 439.86. +
5.0 439.83 +
5.5 439.80 +
6.0 439.78 +
6.5 439.77 +
7.0 439.75 +
7.5 439.74 +
8.0 439.74 +
9.0 439.72 +

10.0 439.72 +

2\3 1—2.44
2.58
2.70
2.84—2.98—3.12—3.27—3.41—4.21
5.11—6.08
7.11—8.28—9.51—10.80—13.67—16.88

(449.69)
445.95
443.33
442.08
441.24
440.62
440.12
439.69
439.32
437.85
436.61
435.43
434.31
433.04
431.74
430.40
427.44
424.18

446.4
443.0
443.0
442.2

440.8
440.3
439.8
439.4
437.8
436.4
435.1
434.0
432.9
431.9
431.0
429.4
427.9

+33
+3.0
+ 3

1
.2
I2
02

.1

.1
+ .1
+ .2
+ 3
+ 3
+ .1

02

.6—2.0
307

A, (n-1) by extrapolating data of Cuthbertson and Cuthbertson and
adding 0.90 X10:6.

B, contr bution of vibrator-rotator to index (computed).
C, contribution of rotator to index (computed).

*Too close to the absorption band to be reliable.

above. The average deviation of the exper'imental

points from the computed curve is 0.34X10 ' on
the short wave-length side of the vibration band
and 0.47)&10 on the long wave-length side.
Considering the number of experimental points,
a generous estimate of the probable uncertainty
is then 0.1X10 ' on the short wave-length side
and 0.2&(10 ' on the long wave-length side.
Inspection of Table II shows that if the readings
are. weighted as before, according to the size of
the contribution, this corresponds roughly to an
error of about 0.05X10 " in the square of the
effective charge or 0.025X1.0 " in the effective,
charge. 9/hile this may be a little optimistic, we
feel confident that this value of the effective
charge cannot be in error by more than +0.05
&10 "e.s.u. As corroborative evidence there are
the data obtained with the old thermopile, data
which were not used in the final computations for
the reason mentioned above. Three complete

dispersion curves obtained with this pile gave a
value for the effective charge of 0.95&(10 " on
rough computation by ignoring the contribution
of the pure rotation, and by using mainly the
short wave-length side of the band. Taking
account of the effect of the rotator would of
course raise the result.

The value of the effective charge [(1.00 &0.05)
X10 " e.s.u.j which we have obtained from
measurements of the index of refraction, agrees
with that obtained by Bourgin" from measure-
ments of intensity of absorption. Other intensity
measurements, ' both earlier and more recent,
giving values for the effective charge varying
between 0.2 and 0.5 10 " cannot be reconciled
with the refraction measurements. For example,
the value of 0.48X10 "reported comparatively
recently by Bartholome" would require a con-
tribution to the index of refraction only one-
fourth as large as is observed. " The results
indicate, therefore, that for molecules with
effective charges as large as that of HC1 or
larger, the refraction measurements probably
afford a more accurate determination of the
effective charge than do measurements of inten-
sity of absorption. The prism method used in this
work is, of course, unsatisfactory for the case of
molecules (or modes of vibration) of much smaller
effective charge, but interference refractometry is
not limited in this way and should furnish
sufficiently accurate results in such cases.

As has already been pointed out, the fact that
the effective charge is as small as 1.00X10 ",
means that the contribution of the rotator-
vibrator to n ' is about 2X10 ', a contribution
far too small to be of any help ''n removing the
discrepancy of 162 )C 10 ' between the value
obtained by extrapolating optical index of re-
fraction data and that obtained from dielectric
constant measurements. The authors have had
the benefit of numerous discussions with Dr.
Zahn concerning the possible causes of this
discrepancy. Dr. Zahn has made several su'gges-

tions concerning refinements in the interpretation
of the dielectric constant measurements, but

~4 From Bourgin's data, Dennison computes & =0.94
X10 "while Bourgin obtains 0.86&(10 "e.s.u."E. Bartholome, Zeits. f. physik. Chemic 823, 131
(1933).

"See, however, a discussion of Bartholome's method by
Kemble in J. Chem. Phys. 3, 316 (1935).
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rough estimates indicate that the contribution
to n ' is invariably very small compared to the
existing difference of 162 X 10 '. The fact that von
Braunmuhl's'7 result for n„' differs from that of
Zahn by 562 X10 ' indicates that perhaps some
source of error has been overlooked. It must also
be kept in mind that, for the case of HC1, n '
is small compared with the total dielectric
constant, so that a fairly small change in the
dielectric constant data would be sufhcient to
bring about complete agreement. '

So far as the electric moment is concerned, a
rough computation, such as that already made
for the effective charge, indicates an uncertainty
of about Q.09X10 '6 in p, or about Q.Q45X1Q "
in p. Eight percent would, therefore, be a gener-
ous estimate of the uncertainty in p. The values
of p which seem to be most generally quoted in

the literature are those of Zahn' and von Braun-
muhl" who obtained 1.034 X 10—"and 1.18
X10 " e.s.u. , respectively, using temperature
variation of the dielectric constant. However, for
the temperature invariant part of the dielectric
constant, Zahn obtains 1040X 10 ' and von
Braunmiihl obtains 478 X 10 ' while n —1
=880 X 10 '. Consideration of the above meas-
urements of the index of refraction together with
the data of Cuthbertson and Cuthbertson shows

dehnitely that the value 880 10 ' for n
cannot be in error by more than 3 X10 ', indicat-
ing that the uncertainties in the dielectric
constant measurements must be somewhat larger
than is generally assumed. If we use the value of
n„' —1 obtained from the refraction measure-
ments and Zahn's dielectric constant we obtain
1 07X10 is e.s.u. for p, and, using von Braun-
muhl's dielectric constant, 1.1,2X10 "e.s.u. If
correction is made for the fact that the Langevin-
Debye formula is not strictly applicable to HC1
at room temperature, " these values are raised
about 0.016X 10 ". The agreement between
these values for p and the one which we obtain
from our dispersion measurements, 1.18X10 "
&10X10 ' e.s.u. , must be considered satisfactory
since the uncertainty of the different values is

larger than the difference between them. The
present knowledge of the magnitude of the
electric moment of HC1 is probably best expressed

~ H. J. v. Braunmuhl, Physik. Zeits. 28, 141 (1927).' Reference 1, p. 197.

by p= (1.11+0.05) )&10 ' e.s.u. Further index of
refraction measurements, especially at longer
wave-lengths, should reduce the uncertainty in p,

to well below 5 percent.
The importance of the negative terms in the

dispersion formula is shown in Fig. 2. The dotted
line in the long wave-length region is obtained by
considering only the positive terms in .the rota-
tional part of the Kramers dispersion formula,
those corresponding to absorption, and neglect-
ing the negative terms corresponding to induced
emission. The dashed line indicates the course the
curve would take if there were no contribution
from the rotator. It will be noted that the contri-
bution which would be obtained by using only
the positive terms is about 2-, times that by using
the complete formula. The necessity for negative
terms in the dispersion formula has, of course,
already been demonstrated by the careful and
extensive work of Ladenburg" and his associates
on the dispersion of electrically excited gases. In
their experiments, however, it was extremely
difhcult to determine the concentration of atoms
in excited states, and furthermore, only a small
fraction of the atoms could be maintained in these
excited states. The conditions in the present work
on HC1 were more favorable for a quantitative
check since most of the molecules were in excited
rotational states, and since the distribution
among the excited states was dehnitely deter-
mined by the temperature of the gas.

The fact that a reasonable value of p is ob-
tained from the contribution of the pure rotation
to the index of refraction suggests that the
anomalously low absorption intensities measured

by Czerny" and by Badger" are to be explained

by the fact that measurements of absolute
intensity are extremely difhcult to make, espe-
cially in the far infrared. "
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