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ABSTRACT

A high-resolution study has been made of the electric field-
induced vibration-rotation absorption spectra of HZ and DZ' The
induced absorption was modulated at 90 cps by square wave fields
of 100,000 volts/cm maximum value applied to a one meter long
Stark cell of the light guide type operated at pressures up to thirty
atmospheres. The spectrum was analyzed by a F/15 vacuum grat-
ing spectrograph of the Ebert design using a 200 mm widge grating
with 300 lines per mm double passed. The radiation was detected
by lead sulfide photoconductive cells cooled by liquid nitrogen. The
small modulated componeﬁt»iof the output of the detector was isolated
and amplified electronically. White light fringes produced in a
Fabry-Perot etalon were used for the determination of the line po-
sitions. The absolute intensities of the lines were measured for
specific polarization directions in order to calculate the polariza-
bility components of the molecules. The spectral resolution varied
between 0.1 and 0.2 cm_l. The probable error in the determination
of the transition frequencies was 0.02 cm-l, and that for the values

of the polarizability components was 3 percent.
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The v, . transitions observed for HZ included 6 Q branch

0-1
lines, 4 S lines, and 1 O line that was largely obscured; and the

U

0-2 transitions, 3 @ lines. For DZ’ 5 Q and 5 S lines were de-

tected in the fundamental, and 3 @Q lines in the overtone. The
spectral resolution used (0.1 to 0.2 cm_l) was comparable to the
line widths. A new get of molecular constants was calculated for
both H2 and DZ to best fit the data, generally within 0.01 cm-l
They differed only slightly from those given by Stoicheff. The ratio
of the equilibrium vibrational frequencies of H2 and D2 could not be
compared closely with the ratio determined by the reduced masses
of the molecules because of the lack of a reliable value of er- for

3

D The values obtained for the polarizability matrix elements <

2’ 01
and 5’01 for both molecules are in excellent agreement with the most
recent experimental determinations from static electric field-induced
absorption and photoelectric Raman and Rayleigh scattering data.

It is concluded thaf the modulated electric field absorption
technique offers the highest sensitivity in the detection of weak
vibration-rotation transitions in H, and DZ’ and yields values of line
positions and intensities of comparable or greater accuracy than

other available methods. Several changes are suggested that should

further improve the technique.
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I. INTRODUCTION

Although Condon (1) had predicted that absorption by a nor-
mally inactive molecular vibration could be induced by the applica-
tion of a strong electric field, the phenomenon was not observed
until 1953 by Crawford and Dagg (2) for HZ’ using a static electric
field. Terhune (3) in the éast year studied the vibration-rotation

absorption bands of H2 and D, with a spectral resolution of 1 to 2

2

cm using a low-frequency alternating electric field to modulate
the absorption and then selectively amplifying only the small A.C.
modulated portion of the output signal from the detector. His re-
sults showed the feasibility of the quantitative investigation of such
normally inactive molecula.r vibrations through their electric field-
induced spectra. The same technique had been suggested earlier by
Woodward (4).

The electric field-induced spectrum is analogous to the Ra-
man spectrum in that a D.C. or low-frequency electric field induces
a dipole moment in the molecule in the same fashion that the very-
high-frequency electric field of a photon induces a dipole moment

in the case of the Raman spectrum (1). (See also the theory of the



Raman spectrum by Plazcek [5].) The selection rules and intensity
calculations are very similar in the two cases, differing only in fhe
effects due to the directions of polarization and observation relative
to that of the incident radiation, and to the frequency dependence of
an absorption versus an emission process.

The present work is an attempt to extent Terhune's work so
as to expioit this method. H2 and D2 were again used as test cases,
although the same apparatus could be used with few changes for the
measurement of similar inactive vibrations in a large number of
molecules. The major factors involved in this effort to enhance the
performance were: (a) the use of the vacuum Ebert' multipass grat-
ing spectrometer for high spectral resolution as well as the elimi-
nation of the interference of atmospheric water-vapor absorption
bands; (b) a high-pressure Stark cell of one meter length of the
light guide type having a uniform spacing of the electrodes and a
high efficiency with respect to transmission; (c) a square-wave high-
voltage power supply to maintain a constant electric field between
the electrodes so that accurate values of the intensities of the ab-
sorption lines and hence the polarizability components could be
measured; (d) the use of lead sulfide photoconductive detectors that
were cooled to dry ice and liquid air temperatures to enhance their

response; and (e) the use of a Fabry-Perot etalon that generated



equally spaced white-light fringes to calibrate the spectra to a higher
accuracy than is possible using the grating drivé alone.

By virtue of these instrumental features, it was hoped that
information on the vibrational-rotational energy levels and the polar-
izability of molecular hydrogen and deuterium would be obtained in
greater detail and accuracy than by other methods; namely, electronic-
emission spectra, Raman spectra, and vibrational quadrupole spectra.

These other methods possess certain advantages and disad-
vantages when they are compared with electric field-induced spectra.

The electronic-emission spectra of both H. and D‘2 lie in the vacuum

2
ultraviolet. Transitiong from quite high vibrational states are ob-
served, although only low rotational states (J = 4 or 5), character-
istic of a room-temperature distribution, are found (the small number
of rotational levels with an appreciable population being due to the
small moment of inertia involved). Absolute wave-length measure-
ments in the vacuum in ultraviolet are difficult, and extraordinary
precision is necessary in order to determine accurately the vibra-
tional and rotational constants since the electronic contribution to the
energy is so much larger relatively. Jeppesen (6, 7) gave data for
the first five vibrational states of HZ and for nine vibrational states

-1
of DZ’ with an accuracy of the order of 1 ¢cmm ~. A considerable

improvement could be realized at the present time; for example,



in Herzberg's (8) measurements on atomic hydrogen in the same
spectral region a probable error of 0.02 cm_1 is reported. The
intensity of the electronic-emission spectrum is overwhelmingly
greater (by a factor of 106 or more) than that of the Raman, quad-
rupole, or field-induced spectra.

The recent Raman work by Stoicheff (9) has given the most
accurate values of the molecular constants of H2 and D2 for the
v=20and v = 1 states. He observed four phre rotation lines and
four lines in the Q branch of the fundamental vibration for HZ with
a probable error of 0.02 cm-l; and for DZ’ five pure rotation lines
and five Q branch lines, good to 0.05 cm-l. The exciting radiation
was either the 4358 A or 4046 »A mercury line. . Photographic re-
cording permitted the use of long integration times (up to 36 hours),
and the wave-length standards available in the visible gave a straight
forward calibration technique. Gas pressures of one to two atmos-
pheres were used in a multipassed high-efficiency Raman cell of
80 cm illuminated length.

Information onﬂ several components of the polarizability tensor
of the molecule can be obtained from its scattering. A measurement
of the absolute intensity of Raman scattering does not appear possible.

However, the ratios of the anisotropic polarizability to the isotropic

Yo Y-
polarizabilities, I_oTo_g_ and I—?—'- | , can be calculated from
LX) Ko, ,



the depolarization of the Rayleigh and Raman scattering, respectively.
In addition, the ratio of the intensity of Raman to Rayleigh scattering
- coupled with the value of &gye from refractive index data enables one
to calculate &) . These equations are discussed in detail in Chap-
ter II. In this manner, Stansbury, Crawford, and Welsh (10) have ob-
tained data for both H2 and DZ' Problems in photographic intensity
measurements along with the small value of the ratio of Raman to
Rayleigh scattering limit the'accuracy of their work, however. Yo-
shino and Bernstein (11) have recently published work on the photo-
electric measurement of Raman intensities of a number of gases,
including H2 and DZ' Although done at low resolution, the probable
error in the polarizability values is reduced to several percent.
Although molecuiar quadrupole absorption is extremely feeble,
Herzberg (12) has observed photographically several lines in the
first and second overtones of H2 with the aid of extremely long path
lengths, 1.2 kilomgﬁters and 4.5 kilometers, respectively, both at ten
atmospheres pressure. He detected four lines in each band, one in
each Q branch, and three in each S branch, with an accuracy of
about 0.02 cm-l. Conceivably, the fundamental could be sought out,
yet it is of only approximately the same strength as the overtones
because of the large mechanical and electrical anharmonicity of HZ’

and also because the quadrupole absorption intensity varies as )f3.



The latter effect would make it even more difficult to observe the
quadrupole transitions of DZ or other molecules.

The observations made by Crawford and Dagg (2) of the field-
induced absorption of H2 were complicated by the presence of a large
background abéorption arising in a similar manner from molecular
fields during collisions between molecules. The brief time interval
of the collision process leads to an extremely wide half-width for
these pressure-induced lines. However, this background may shift
the apparent position of the maxima of the static field-induced ab-
sorption lines. In addition, only the stronger lines can be distin-
guished from this background. Since the absorption must be appre-
ciable to be distinguishable from the background, only the more
intense lines are observable, and the absorption is in the nonlinear
range so that absolute absorption‘strengths and hence polarizability
values are difficult to determine. Crawford and MacDonald (13) pub-
lished further results for static electric fields after measurements
in the present work were completed. Their work was done at a
resolution of 0.5 to 1 cm-l, and frequency shifts from Stoicheff's
Raman data of 0.1 to 0.2 Cm.1 were reported for several lines
(QI[O], Ql[l]' QI[Z], Q1[3], and Sl[l] were observed). After extrap-
olation to zero absorption, values of the absorption coefficients were

obtained and values were calculated to an estimated accuracy of



1 or 2 percent. A slight increase in absorption strength was noted
for Ql(l) at higher pressures.

The hydrogen molecule has been the subject of extensive
theoretical work due to its unique position as the simplest stable
molecule. Although calculations of the energy levels have been
made, they in no way rival the accuracy to the experimental values.
On the other hand, theoretical and experimental values of the polar-
izability matrix elements are of cofnparable accuracy. The most
complete theoretical treatment of these qﬁantities has been given by
Ishiguro, Arai, Mizushima, and Kotani (14). Their values of the
average polarizability and the anisotropic component for the ground
vibrational state ( o,cand Jpg ) agree closely with the ‘experimentally
determined values. However, for the polarizability elements involved
in a transition between the ground and first excited vibrational state
(Xo; and X::n ), the various experimental values range between 10 and
40 percent below the calculated values. Considering that these quan-
‘tities furnish a fairly sensitive test of the accuracy of the wave
function selected, a reliable experimental determination was thought
to be of value. The results by Yoshino and Bernstein and by Craw-
ford and MacDonald have largely settled this question, however, by

showing the calculated values to be in error.



For the present investigation, it was estimated from the
available performance information on the spectrometer that at 0.1
cm spectral resolution absorptions of one part in one thousand
could be readily detected at a one-second response time. Using
this value and Terhune's (3) data, it was predicted that with a one-
meter absorption cell at thirty atmospheres pressure it would be
possible to observe transitions an order of magnitude weaker than

had been observed in the Raman effect of H‘2 and D_; for example,

Z;
the lower lines of the S branch and several lines in the O branch
of the fundamental, and possibly several lines in the Q branch of

the first overtone. Further, it appeared that the frequencies could
be measured to approximately 0.01 cm-l.

Additionally, the absolute intensities of the lines could be de-

termined with a reasonable accuracy so that Xey and o1 could be

evaluated within an error of several percent, both for HZ and DZ'



II. THEORY OF ELECTRIC FIELD-INDUCED
ABSORPTION SPECTRA

2.1 Line intensities and polarizabilities

The intensity I of light passing through an absorbing medium

such as in the region of an absorption line may be expressed as
-pM L
Tow) = Io e P (1)

in which P(V) is the absorption coefficient which is a function of the
frequency of the light ¥ in wave numbers (cm_l), L is the path length,
and IO is the initial intensity of the light. When the product /o(v')L
is small compared to one (which avoids any effects due' to strong

absorptions), the exponential may be approximated so that

.I_o_:.]?_I_.-(-V-? = P(V’) T—-n (2)
©

In this experiment only low-level absorptions satisfying this were
.considered. Since an absorption line has a finite width, we must
integrate equation 2 over the [requency range of the absorption
line, the integral being denoted by the symbol A, which will be called

the absorption strength:
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‘I'o-]‘,cv) dv

o

= L jp()f)d\f (3)
LY

The quantity on the left is experimentally measured as the area un-
der the absorption line expressed in terms of the relative intensity
and the wave-number interval. The integral fP(V) JV' is known as
the integrated absorption coefficient, symbolized by K, and can be
expressed in terms of the dipole moment of the molecule and con-
sequently the polarizability.

The integrated absorption coefficient K for any molecule with
degenerate M levels, in plane polarized light, neglecting quadrupole

and higher terms, is given by the expression:

T

“VIJ‘ 813 NnvJ v 2
Kavi ™ Rezarn "\VJZZ ""“’JM’/“wlthM >

where h is Planck's constant; c, the velocity of light; n, v, J, the
electronic, vitrational, and rotation quantum numbers of the initial

state; n', v', J', those of the final state, respectively; Nrl 7 the
v

lVlJl

nvy the frequency dif-

number of molecules in the initial state; V
ference between the initial and final states in wave numbers; M, the
projection of J on the preferred axis; and Mo the component of the
dipole moment in the direction of the electric field of the light vec-

tor (15). In the case of the field-induced spectra, the static electric

field introduces a preferred axis in space, and the absorption
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coefficient depends upon whether the electric field of the light is
perpendicular or parallel to the static electric field.

In this investigation, no electronic transitions occurred, so
that the electronic quantum number, n, remained constant; hence it
will be dropped from the equations that follow.

In the case of degenerate M levels, the quantity NV , the

J

number of molecules in the initial state, is given by (16):

N %(J) (2J+1) e~ Wys /KT
NVJ - Z 8(1.) (Zj*l) e—WvJ/kT

= N fus )

3
where N is the number of molecules per cm under the experimental

conditions and g(J) is the statistical weight or degeneracy of the lev-
els due to nuclear spin. In Hz, g(J) is one for even J and three for
odd J; in DZ’ it is two for even J and one for odd J. WVJ is the

energy difference between the state vJ and the ground state. As the
transitions considered here are all from the ground vibrational state,

"% 3 is expressed in terms of the rotational constants BO and Do’
SV

and the zero point energy G(l/Z):

Wyg = [B, JJ+1) - DoJZ(J—”)z]%c + G (%) (6)

The zero point energy cancels out when this is used in equation 5.
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The theory of thé induced dipole moment absorption will be
specialized to the case of homonuclear diatomic molecules, which do
not possess a permanent dipole moment because of their symmetry.
The dipole moment p,is that induced by the static electric field, E,

which will be considered to be in the z direction:

/
NW = O(wz E% (7)

where w is the space-fixed direction of the incident light and o('WZ
are the space-fixed components of the polarizability tensor. The
polarizability of a molecule is usually expressed with respect to
molecule-fixed axes, and the space-fixed components are related to
the molecule-fixed components, O(ij’ through the transformation:

z = 2 Ay Qg Xig (®)

O(w
where the a's are the direction cosines connecting the two systems.
The usual convention is to let O(” be the molecular polarizability
along the internuclear axis and &, be the polarizability perpendicular

to the internuclear axis. Then an average isotropic polarizability &

and anisotropic polarizability § are defined by:

o = (dy 12« )/3 (9)

§F = o -ty (10)
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The matrix elements of the induced dipole moments are then

written as:
<vIM |yl viI'™M Y =

4\/IM‘Z awaza"(
!

If we consider the vibration-rotation interaction as small, we can

iaE%\ viIT™M Y o

separate the induced dipole matrix elements into two parts; the one
part containing the polarizabilities is dependent only upon the vibra-
tional quantum numbers, while the part containing the direction co-
sines is dependent only upon the rotational quantum numbers.
U 1 [ -
3
] 1] . /
L <IMlaweaglum><vldiglvo &, ),
i
Let us consider first the term dependent upon the vibrational

quantum number; the matrix element in its integral form is:

(Xiglyy = <vldgglv = ¥ o1y (0) ¥ ) de 13

4
where the Vs are the vibrational eigenfunctions of the molecule.
Now expand the polarizability in a power series in r, the relative

position of the nuclei in the diatomic molecule:
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By substijtutipng equation 14 in equation 13 we may find the effective terms
for the various vibrational trar;sitions. The vibrational eigenfunctions
of molecular hydrogeri are rigorously either even or odd functions
of r. For the v = 0 to v = 0 terms (the pure rotational spectrum),
therefore, only the even powers of r in the expansion of O(ia' contrib-
ute to the matrix element, and the largest term is given by (0(’(3)0.
For the v = 0 to v = 1 transition, the term proportional to the first
derivative of the poiarizability gives the largest contribution. As an
approximation, the integrals may be evaluated using harmonic oscil-
lator eigenfunctions (5, 17). Table I lists the expansion of the ma-
trix elements and the form they take when evaluated using the har-
monic oscillator eigenfunctions. Since the actual potential for the
hydrogen molecule is appreciably anharmonic (9), the result is not
particularly accurate. Ishiguro et al. (14) have calculated the polar-
izability and other similar properties of HZ’ HD, and D2 using a
Morse potential function, and have pointed out the large changes in
the matrix elements caused by the anharmonicity.

The part of the matrix element dependent upon the rotational
quantum numbers is particularly simple, since the splitting of the M
substates is too small to be observable, so that only the sum over

all final M-states and the average over all initial M- states is of

interest.
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TABLE 1
POLARIZABILITY MATRIX ELEMENTS USING HARMONIC
OSCILLATOR EIGENFUNCTIONS (17)
Let C = h/anaj/e/xc; ), is the vibrational frequency for infinitesimal

-1
amplitude in cm , and p is the reduced mass in grams.

62d. .
_8753)0 (YZ)VV* L. .

For AV -O
(dz'j)vv - (o(l'a')o + /R <

- () l/aC(?;i;aZ (o) 4 - - -

id
For Av=z|
' _ Q- 630( .
dz‘g )v',\m’ ﬁo(\r)vjw + /b 8-;3 O(Y3)V)V+\ 4.
_ )z aai> CY2 . \3/2 (30C;
= m<—5—7‘?o+ 2 (V+') lefao‘\.
For AV =2
o (Sl
(@iz)y viz = \/2<§Y_£a>o (B
= \/2@3&’;@)'C\/(vm(wz) ..
Y (o)
For AV =3

= /e C}_’Qﬁ;) ¥z Vivel ) (va2)(v43)  + - -
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The results of the calculation are given in Table II, where

ININZ 2
(S ) is the line strength and is defined as:
J Mo L -
VV' +J ] [ ] 2’
(SM _ \ z I<VJM)°<:N1\VJM>, (17)

J Nov 1 2T+l W '™=-J

The perpendicular or parallel subscript refers to the electric vector
of the light, being either perpendicular or parallel to the static elec-
tric field.

AJ vv'
The integrated absorption coefficient (KJ' )Ho*l is then given

by:
' v'(Frp1) a3, vv’
(KAJ)W = 81'3 N .FVJ’ Ez Vi3 ( SJ )

T Morr heo or L (18)

The experimentally measured quantity is the product of the
path length and the integrated absorption coefficient (see equation 3)

which was denoted by A:

AT . VV'

b3, vv' )
J " oy A

(A%)

Expressing the parameters of the right-hand side of equation 19 in

:(K (19)

\| oy A

laboratory units, the working relation for the absorption strength, A,

is:
, 2 v E+aY)  aT\vVv 35
(A”)V" _LPE V- S ) - 1.018x10
JMory T v TvJ J Mo (20)
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TABLE II

THE LINE STRENGTHS

@ Branch

(Sg)vv' = (o )24+ 4 J(I+1) ()2
n WTs (2 )(ze3) vV

oywW' _ | J(I*1) 2
(SJ)_L T 15 (201 )(2743) (8yv)

S Branch
+2vv' _ 2 (J+1)(T+2) 2
(55 )u T 5 (2343)(RI+)) (8vd
W () (R 2
(53 o= 10 (23+3)(23+1 (¥ov)

O Branch
-2,vv' - 2__ J!J-”
83 )n = 15 (23-)(=+) (%12
-2yw' ) J(J-1) 2
(SJ )_L T 10 (23-1)(234) (XW')
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where P is the pressure in atmospheres;

L, the path length in cm;

E, the electric field in volts/cm;

T, the temperature in °K;

V., the frequency in cm_l;

S is in units of cm ;
and the other quantities were defined previously. The units of A are
cm  and perpendicular or parallel refers to the orientation of the
electric field vector of the light with respect to the static electric
field.

The line strengths defined in equation 17 are the same as
those occurring in the Raman effect (5, 18). The polarizabilities
o(o(and Yg‘ may be evaluated by the combination of Raman data and
other data, as absolute Raman intensity measurements are not feas-
ible. The ratio of the Raman intensity (v = 0, v' = 1) to the Ray-
leigh intensity (v' = 0, v' = 0), using unpolarized incident light and
collecting both perpendicular and parallel components in the trans-

verse direction, is given by (17):

2
Toaman _ (W=3,)" 45 o + 13 ¥ 1)
Laylagn V5 45 o} 13 ¥

Secondly, the depolarization factorsp are measured to obtain the ra-

f Aon and oo

from the following relations (19, 20, 21):
Yo\ Yoo

tios o




2
6 Yo
P Raman 45 o2 +7 Yo (22)
2
___.é_!.'ff__,—- (23)
P Reyleqn = 45 a2, +7 P

The value for Xyois calculated from either the dielectric constant
€ or the index of refraction (22) of H, and D2 using the Clausius-

Massotti relation:

€-1 = 4_11_539__‘\1 (24)

€ +2 3

in which N is the number of molecules per unit volume.

2.2 Energy levels

The vibrational-rotational levels for the transitions that were

observed are expressed by this equation (16):
T(V)\T) — G(V) g F_V (J) (25)
where

% v 3

N 3 3
F(5) = B,d@n) = DU n) « HoT (I

Bv = Be~ °(e(v+yz) *Xé(v*'/a)z+ tec (28)



20

Dv = Dg tBe(vae) + Se(vey)s. .. (29)
Since HV is very small, Stoicheff (9) assumed that:

Hy =< He & HD (30)

The selection rules for the transitions observed in the homo-

nuclear diatomic molecules are AJ-: 0 (Q branch), AJ = 2 (S branch)

’

and AJ = -2 (O branch), and AV = 1, 2, . . .

The Q branch transitions are given by the following equation:
— - 3
Q.= Vo-v t (Bv Bo) J( J+l) - (Dv’Do)ﬁT"” (31)
The S branch transitions are given as:

S (0) = vy, +B,(0+2)(743) - By J(I#1)

-D,, (J+2)2 (J+43)2 + D, J2(J+1 )2

(32)
+ Mo [(F92)2 (33)% = J3(T+1)° ]
and the O branch as:
O,(T) = v, +B, (J-2)(F1) - B, ()
- D, (3-2)2 (J-1)2 + D JET+1)2
(33)

+Hy  [(32)7 (3-1)3 - 3+
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The best avajlable values for the constants of H.2 and DZ are given
by Stoicheff (9) from Raman spectra measurement, but for HZ also
using Herzberg's quadrupole absorption spectra (12) for the over-

tones. His values were used to calculate the expected line positions.



III. THE EXPERIMENTAL ARRANGEMENT

3.1 Introduction

A block diagram of the experimental arrangement is shown
in Figure 1. Continuous radiation from tungsten filament projection
lamp for wave lengths shorter than 2.7u or a Nernst glower for
wave lengths beyond 2.7p, is magnified to f/45 and focused into a
light-guide type Stark cell containing the gas, then is demagnified to
f/15 to match the entrance aperture of the spectrometer. After being
dispersed by the spectrometer, the light is demagnified by a factor
of two by a spherical mirror and is further reduced by a factor of
five by an off-axis ellipsoidal mirror onto the lead sulfide photocon-
ductive detector which could be cooled to dry ice or liquid air tem-
peratures. |

The output signal from the PbS detector is amplified by a
tuned amplifier and is rectified synchronously with a reference sig-
nal derived from a mgchanical chopper interrupting the beam at 90
cps for normal operation, or from a 90 cps high-voltage square-
wave generator in the field-induced spectra method. The infrared

signal is then recorded on a two-pen recorder, the other pen being

22
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used to record simultaneously the fringes from a Fabry-Perot etalon
calibration system.

The entire light path may be either evacuated or flushed with
dry nitrogen to avoid the absorption lines due to water vapor and
carbon dioxide. Evacuating the spectrometer alloweq vacuum wave
lengths to be measured directly, avoiding any errors due to uncer-
tainty in the refractive index of the air.

As the electric field-induced spectra are dependent upon the
direction of polarization of the light with respect to the electric field,
provisions were made for measuring the polarization of the infrared
radiation. A Perkin-Elmer AgCl polarizer inserted at the entrance
to the Stark cell was used for wave lengths beyond 2.5, while Polar-
oid HR polarizers were used for the shorter wave lengths. The lat-
ter were inserted into the beam near thg focus just before the infra-
red filter. A switch on the grating drive generated reference marks
on the recorder traces of both channels. These pips were about 0.3

-1
cm apart at 4,000 cm , and were used to record the counter

number and thereby the grating angle.

3.2 The gas cell

The high-pressure gas cell is shown in Figure 2. It functions

as a light guide, with the two electrodes serving as two sides and
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the polished Plexiglas insulators as the other two sides of the guide.
The light from the source was magnified by a factor of three to an
aperture of f/45 to reduce the number of reflections from the cell
walls and thereby to increase the transmission efficiency of the cell.
The electrodes were chrome-plated ground-tool-steel flats, 36 inches
long, 2 inches wide, and 1/2 inch thick, with the edges rounded to
a 1/4 inch radius. The Plexiglas strips separating the electrodes
were held in place with Ciba araldite epoxy resin cement. The
spacing of the electrodes was 0.171 cm and the effective length was
88.3 cm (this is corrected for end effects). The upper limit to the
field strength was set by the breakdown field for hydrogen, which
increases with pressure to approximately 100,000 volts/cm at fif-
teen atmospheres (23), and then varies quite slowly with pressure.
The corresponding maximum voltage applied to the electrodes is
17 kv. For other gases, appreciably higher fields could be used
before breakdown of the gas would be encountered, but then prob-
lems associated with the insulation and switching, as well as corona,
might arise.

" The pressure in the cell was measured with an Ashcroft
1082A laboratory standard pressure gauge which had an accuracy

of 0.25 percent.
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The H.2 used throughout this work was obtained from the Bird
Gas Corporation, and the D2 from the Stuart Oxygen Company. Both
contained some water vapor; this caused some difficulty in the O
branch of HZ' A tank of extra-dry H2 was obtained from thg Mathe-
son Company, but it was empty upon arrival, and another did not
arrive soon enough to be used. The cell was always evacuated prior
to filling.

The high-voltage connection to the cell was made by bringing
the insulated cable (Birnbach 7458, rated at 40 kv) through a Plexi-
glas leadthrough and sealing the assembly with araldite cement. The
windows were originally calcium fluoride, but one cleaved and was
replaced with a lithium fluoride window that had a transmission
limit at about ép wave length. They were also sealed in place with
araldite cement. The whole assembly of electrodes, high-voltage
connections, and one end plate slipped out of the gas chamber as a
unit to facilitate alignment and cleaning. All sharp corners inside
the cell and around the leadthrough were rounded to avoid corona
and insulation breakdown. Lucite blocks were machined to fill in
all excess space between the electrodes and the cylinder walls in
otder to reduce the quantity of gas required (the cell had a final

volume of about 70 cc).
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3.3 The high-voltage power supply

Tﬁe high voltage (to 20 kv) required for the gas cell was sup-
plied by a 140 watt RF type DC supply, similar to the one described
by Mautner and Schade (24), and is shown in Figure 3. For the
static electric field work, it was connected directly to the gas cell
with a potential divider to read the applied voltage. For the modu-
lated electric field technique, a rotating spark gap shown in Figure 4
was used to connect the cell alternately to the high voltage and then
to ground at a 90 cps rate.

The RF oscillator high-voltage supply was a conventional type,
rated at 35 kv at 5 ma, Wi‘t'h an oscillation frequency of about 85 kc.
The high-voltage step-up coil was obtained from Spellman Electronics,
New York City. The filaments of the high-voltage rectifier were
heated by a separate RF oscillator operating at about 3 megacycles
per second. An RF supply avoided the special high-voltage insulation
that otherwise would have been required in the filament circuit.

The gas cell had a capacitance of about 850 puf, and required
0.17 joule to charge it to 20 kv. For a 90 cps repetition rate, the
power consumption by the cell was 15 watts, which was dissipated in
the charging and discharging circuit (25). Five 0.5 megohm resistors,
each of six-watt capacity (25 kv rating) ’were placed in serie’s with

the spark gap and the cell to prevent overheating of the insulation,
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and to reduce spark gap erosion as well as noise radiation from the
spark. These resistors along with the cell capacitance gave a rise
time constant of 71 microseconds, which was much less than the
signal period of 11,000 microseconds.

A 0.004 uf storage or filter capacitor (large compared to the
capacitance of the gas cell) was placed between the high-voltage line
and ground just before the spark gap to serve as a charge ballast
to insure a short time constant on charging the gas cell.

Provisions were made in the high-voltage power supply for
the insertion of four 6BK4 regulator tubes. Although‘ the supply was
sufficiently stable for this work, such regulator tubes may be useful
subsequently.

The rotating spark gap shown in Figure 4 was used as a
high-voltage switch. The high-voltage lead to the gas cell was con-
nected to the center fixed electrode, the high-voltage supply to the
upper fixed electrode, and the ground to the lower fixed electrode.
The rotating wheel had three electrodes all connected to the center
fixed electrode. As the wheel was rotated at 1800 rpm by a syn-
chronous motor, the cell was alternately switched to the high voltage
and then to ground. It was found necessary to space the upper elec-
trode about 1/8 inch from the moving electrodes to avoid a prema-

ture breakdown which produced a stepped wave form rather than the
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square wave desired. The maximum voltage obtainable was reduced
by the potential drop across the spark gap of the order of 1 kv.

Magnesium electrodes wére used in the spark gap as they
were light and self-cleaning. The mushroom shape reduced the
jitter or erratic breakdown at both ends of the square pulse, and
also gave greater electrode life due to the greater area.

A considerable amount of ozone was generated by the sparks
and accumulated in the housing until there was sufficient vapor pres-
ent to produce a mild explosion. In order to avoid this interruption
in the continuity of the experiment, dry N2 was continuously passed
through the spark gap assembly.

The high-voltage signal was measured by means of a resistor
potential divider consisting of a 250 megohm resistor (rated at 40 kv)
and a 50,000 ohm resistor. The ratio of these was determined to be
5058 = 0.1 percent with a Wheatstone bridge circuit. The synchron-
izing signal for the detection system was derived from this network
also.

The wave form was actually trapezoidal due to the discharge
time constant of the gas cell through the resistances to ground, and
the quenching of the spark across the grounding gap. The avérage

of the squares of the voltages was taken as the effective voltage
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since the intensjty of the induced ahsorption is proportional to the

square of the field.

Vv, | ;
\/ H
L S S S R
ViZ VS V2 4 VB
Vepf = 2 = 2
Typical values far these voltages were: V1 = 17 kv; VZ would be
15.3 kv; V3 about 1.5 kv; gnd V4 about 2.0 kv. The values were

abtained from the face of a Dumont 304A oscilloscope using the DC
amplifier in the vertical deflection chanpel. The vertical sweep was
calibrated just prior ta a run against a dry cell which had been
measured previ-ously with a precision potentiometer; the accuracy

in reading the voltage from the oscilloscope face was the limit to

the accuracy of the Polarizability measurement.
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3.4 The spectrometer

The spectrometer used in this work is the Ebert-type high-
resolution vacuum grating monochromator designed and built by
Marshall (26) and modified by Brown (27). The instrument has a
119 inch focal length, 24 inch diameter, spherical mirror, gold
plated for high reflectivity in the near infrared.

The grating used was a Bausch and Lomb replica with a ruled
area, 127 mm by 203 mm, having 3000 rulings per cm. The blaze
angle was 25.6°, corresponding to about 2.8 microns in this spec-
trometer. The grating was double-passed (28) throughout this in-
vestigation to increase the dispersion. This had an undesirable
effect in the Q branches of hydrogen which occur at angles less than
the blaze angle for the first-order spectrum of the fundamental (v =
0 to 1 transition) and for the first- and second-order spectra of
the first overtone (v = 0 to 2 transition). The light with the elec-
tric field parallel to the static electric field (the component that is
most strongly absorbed in the Q branches by a factor of about 50)
was only 25 percent of the total intensity in the Q branch region.
The effect of the double passing of the grating in these regions was
to double the dispersion but also to further reduce the component

that would be appreciably absorbed. A 12,000 line/inch grating
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blazed for two mijcrons wpulg pot have this large polarizing effect
(29) in the Q brapch regiop, but one was not availaple at the time.

The theoretical resolving power R, of a multipassed gratjng
is the prodyct of the number of passes, r, apd the number of lines
on the grating, or in this case: RO = S\L\;‘ = 122,000. At 4Qp0 cm—l,
this wauld lead to a theoretical spectral width dV° of 0.03 cm_l
Brown observed a resalving power of apout 100,000 or 0.04 C‘m-1
for this instrument douple-passed which was commensurate with the
influence of the finite half-width of the absorption lines. The pres-
sure-braadened width of the HZ apsarption lipes opserved in this
investigation was ahout Q.15 cm-l for the pressures used in the gas
cell. The instrument was cansequently operated at spectral slit
widths betweepn 0.1 and 0.2 cm-l a8 a compromise hetween detect-
ability and resolutian.

The interfering orders from the grating were elimipated by
filters. For the major portion of the work, a single germapium fil-
ter transmitting only beyond_ 1.8 m%érons was sufficient. At wave
lengths beyond 3 ;Vnicrons a Bausch and Lomh multilayer djelectric
long wave length pass filter was added. In the v = 0-2 tranpsition of
HZ’ which occurred at 1.2 microns and was measured ip the second

arder, the first arder was eliminated with ap ammonjum dihydrogen

phosphate crystal which has a lang wave length cutoff about 1.7
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microns, and the third and higher orders with a Corning 2540 filter
which only passes radiation beyond 0.9 micron. The v = 0-2 transi-
tion in DZ at about 1.7 microns was; studied in second order using
a glass filter to absorb the first order, and a crystal of silicon
absorbing below 1.2 microns to cut off the third and higher orders.
To locate the approximate positions in the spectrum, a grat-
ing equation was formulated in terms of the counter numbers on the

rotation of the grating drive:

: n-1503.53
" sin [0.00223744 (C - Co)]

where n is the spectral order; C, the counter number; and Co, the
grating zero or central image. Due to a defect in the grating drive,
the grating zero, Co, changed erratically and shifted the spectral
positions by up to 0.2 cm-l. The instrument was also found to be
slightly temperature sensitive, probably because Yf a difference in
expansion between the aluminum bedplate and the steel drive tape.

A close check of the temperature during a run was maintained with
a Wheatstone bridge having a thermistor in one arm. This thermis-
tor was anchored to the bedplatevin the vicinity of the grating drive
mechanism. A resistance change corresponding to 0.003°C change
in the bedplate could be detected. The primary calibration, however,

was by means of the Fabry- Perot etalon system to be described
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later so that this erratic behavior was a handicap rather than a lim-
itation.

The pressure in the spectrometer was generally held below
50 microns of Hg. While the data were being taken, the pumps had
to be turned off to stop noise arising from vibration, but the large
volume of the tank provided suffi'cient ballast so that the pressure
remained below 100 microns of Hg. The effect of the index of re-
fraction of air at this pressure was below the accuracy of the cali-

bration.

3.5 The exit optics and infrared detector

The exit optics of the spectrometer consisted of a spherical
mirror which demagnified the exit slit image by a factor of two and
an off-axis ellipsoidal mirror which reduced the image another fac-
tor of five. The ellipsoidal mirror was in the detector housing (see
Figure 5) and could be adjusted without destroying the vacuum by
distorting the brass bellows.

The detector was mounted on a copper rod which extended
through the vacuum housing into a Dewar flask containing the cool-
ant, either dry ice-alcohol or liquid air. The rod was mounted on
thin stainless steel tubing to cut down conduction heat transfer. To

reduce the radiation noise on the detector (30), a cooled radiation
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shield was placed around the detector, permitting it to ''see"! only
the ellipsoidal mirror.

The infrared detectors used were Eastman Kodak Ektron lead
sulfide photoconductive cells with their geometry chosen to match
the exit optics as nearly as possible. The cells were 0.25 X 2.5
mm with the electrodes parallel to the long dimension. The cells
were cooled to dry ice and liquid N2 temperatures, both to increase
their signal-to-noise ratio and to extend their long wave length re-
sponse (23). The resistance of the lead sulfide increased with de-
creasing temperature, and the bias resiétors in series with the cells
were changed to match the resistance of the cells at the working
temperatures. Table III lists the resistance and signal-to-noise
data of two of the cells used--a conventional lead sulfide and a
''plumbide'' detector--at these temperatures. ''Plumbide'' is a
special lead sulfide with an enhanced long wave length response.
The signal-to-noise data were taken at various slit widths and with
a four-second time constant. For the synchronous detector system,
the time constant is related to the band pass by 'rrA;S: 1, where
At is the band pass in éyé‘les/sec. and S is the time constant in
seconds. This was used to recompute the data for the standard
1 cycle/sec. form. The signal-to-noise varied as the square of the

spectral slit width; but all of the values were recomputed using this
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TABLE III

PERFORMANCE OF LEAD SULFIDE DETECTORS
IN EBERT SPECTROMETER
(tungsten filament source and germanium filter)

Wave Signal
Detector Resistance Length t'o .
Noise
At Room Temperature
Lead sulfide . ... ... ........ 230 K 2.0 p 40,000
Lead sulfide . . ... ... ....... 230 K 2.5 p 25,000
Plumbide .. . ... .. ... .. .... 30 K 2.5 p 2,000
At Dry Ice Temperature
Lead sulfide . . ... .......... 3.3 meg 2.5 130,000
Plumbide ... ... ... ... ... .. 200 K 2.0 p 28,000
Plumbide . .. .. ... v 200 K 25 4 28,000
At Liquid Air Temperature
Lead sulfide . . . . ... ........ 160 meg 2.5 300,000
Plumbide . .. ... ... .. ... .. 3 meg 2.0 p 150,000
Plumbide . .. ... ... ... ..... 3 meg. 25 150,000
Plumbide . ... ... .. ... ... .. 3 meg. 3.15u 50,000
Plumbide ... .. ... ......... 3 meg 3.34u 11,000

-1
aCorrected to 1 cm spectral band pass and 1 cycle/sec.
amplifier band pass.
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relation for a 1 cm_l spectral slit width. The noise is one-quarter
the peak-to-peak excursions ‘of the pen (excluding the random infre-
quent large swing). The long wave length data with the Nernst
glower source was representative of that used in the D2 work.

Cooling the lead sulfide cells turned out to be somewhat of
a risk, particularly with liquid nitrogen. The contractior; due to the
temperature change not infrequently caused the soldered electrode to
separate from the rest of the detector, in which case a new detector
had to be installed. The detectors of one type varied quite a bit in
sensitivity as well as spectral response, so that a broken detector
was a minor calamity.

The important detector characteristics for low-level electric
field-induced spectra work are the dynamic range (the ratio of
maximum signal without cell saturation to the noise) and the line-
arity of the cell response. The former was not studied in detail
since at the slit widths used not enough radiant power was trans-
mitted to saturate the cell. The lead sulfide detector, both at dry
ice and liquid N2 temperatures, did saturate at signal-to-noise ratios
of about 3000 for a 1 cycle bandpass. The dynamic range of the
plumbide detector at liquid N2 temperature appeared to be about
8000 for 1 cycle bandpasé. The dynamic. range of the detector de-

termined the smallest value of the modulated absorption that could
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be detected. In general, the dynamic range appeared to be much
greater for detectors at room temperature. The linearity charac-
teristic is important for éccurate intensity measurements, although
it is of no particular concern in determining line positions. The
detectors were found to be linear over a very wide range nearly to
saturation. The linearity was tested in a variety of ways: (a) by a
neon bulb flashed at 90 cps in a strong DC light beam that was
varied; (b) by varying the source intensity and observing the change
in the intensity of electric field-induced absorption; and (c) by in-
serting filters and polarizers into the beam so as to vary the back-
gfound signal but with only known minor changes (reflection losses,
et cetera) in the electric field-induced absorption signal. Through-
out the dynamic range of the detector, the linearity was found to hold

within experimental error in all cases.

3.6 The calibration system

The calibration system utilized white light Fabry-Perot fringes
that were recorded simultaneously with the infrared spectra (27),
similar to the work of Douglas and Sharma (31) and Plyler et al. (32).
A tungsten filament projection lamp was‘used as the source of
radiation. An achromatic lens collimated the light onto the Fabry-

Perot etalon with a second identical lens forming the image on a
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variable auxiliary aperture that isolated the central fringe. The im-
age was then magnified by a factor of two to match the entrance
solid-angle aperture of the spectrometer. The image fraom the
Fabry-Perot etalon was placed low on the entrance slit pelow the
infrared beam and after bejng single-passed through the spectrome-
ter was received at the upper end of the exit slit. A lens system
then focused this light onto a Dumont 6;292 photomultiplier placed
outside the vacuum tank of the spectrometer. By proper choice of
the Corning glass filters (33) in conjupction with the long wave
length cutoff of the photbmultiplier at 0.62u; grating orders other
than the one desired could be rejected.

The white-light Fabry-Perot system forms a set of fringes
equally spaced on a wave-numper scale which may be recarded
simultaneously with the infrared spectrum on a two-pen recorder.
For the ipterferometer in a vacuum (ipn this case the spectrometer),
the spacing of the fringes is dependent only upon the interferometer
spacing, t. The spacer separating the quartz interferometer plates
wag made of invar jn arder ta keep the effect of temperature vari-
ation to a mipimum. The maximum drjft during a rup was about
0.02 Cm—l but was usually much less.

The interferometer equation is:

m
ALATE cos ¢ (34)
> 2t S
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: ‘ , -1 '
where m is the order number, y is the frequency in cm , and ¢
is the angle between the ray and the normal to the interferometer
surfaces. The interferometer was carefully aligned so that ¢ was

0, and hence:

vy = wm K (35)

-1 1
where K is the etalon constant in cm  and is equal to > The vis-

ible light passing through the etalon corresponds to a certain fre-

quency Vf of the infrared where the visible light is given as

Vo = ny C (36)
s\n ©

and the infrared light as

v; = Nz ¢ (37)
s\ &

where C is the‘grating constant; 8, the grating angle; nI, the spectral
order of the gratir.lg for the infrared radiation; and n the grating
spectral order of the visible light through the Fabry-Perot inter-
ferometer.

Hence:
V.I - mwm !\—E K ) A (38)
ny

where the quantity in parentheses is the effective etalon constant.
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The infrared spectral order was determined by the filters used in
the infrared channel, and the visible spectral order by the combina-
tion of filters and photomultiplier cutoff in the interferometer chan-
nel. The quantity m will then describe a frequency of light Vi for
a given etalon constant.

To determine the etalon constant initially, the number of
fringes between two lines of known frequencies, Yy, and ){, were
measured. This same method was then used to determine the fre-
quency difference between a known line and the line being measured.

The quality of the Fabry-Perot fringes, the ratio of Inten-
sitymax to Intensitymin, varied with the size of the exit slit which
acted as the scannin.g aperture. The quality of the fringes is very
dependent upon the size. of this aperture (34). Table IV gives some
fringe qualities that -were obtained with the calibration system under
different conditions of etalon spacing, slit width, and auxiliary aper-
ture. At 4000 cm_l, 25-micron-width slits were equivalent to a
spectral width of about 0.04 cm-l; 50-micron slits to 0.05 cm-l;
and 100-micron slits to 0.08 cm . Above 100 microns, the spec-
tral width varied linearly with slit width.

In this investigation, the etalon was initially calibrated using

the 1.0829 micron helium line in second order and the R(19) and

P(20) lines of the first overtone of CO. All lay in the region where
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TABLE IV

FABRY-PEROT FRINGE QUALITY
(at 4000 cm~ 1)

1 Width at
Slit Aper- max Half Ht.
Width ture I . Width of
min
Order

For 5 mm Spacer, Fourth Order on Grating

50 p 1/16" 52/48
' "

25 1/4 60/45

25 p 1/8" 48/32

25 p . 1/16" 31/18

For 2 mm Spacer, Fourth Order on Grating

250 u 1/8" 90/72
150 w 1/8" 100/45 0.46
100 1/8" 87/25
17
50 1/8 70/12
25 o 1/8" 94/13 0.35

For 1 mm Spacer, Fourth Order on Grating

”n

250 1/4 80/33 0.45

"

150 p 1/4 78/19 - 0.41
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visible light of the fringe system was in the fourth spectral order
of the grating. The helium line had been measured photographically
with an interferometer by Meggers and Humphreys (35). Their
value for the wave length in air which is accurate to about one
part in 107 was corrected to vacuum wave lengths using the re-
fractive index data of Edlen (36). (The correction of Rank et al. [37]
to Edlen's formula would be about three parts in 107 which is beyond
our present calibration accuracy.) The CO lines had been measured
interferometrically by Rank et al. (38) to an absolute accuracy of
about two parts in 107.

The value of the etalon obtained from the initial calibration
was used in conjunction with the P(19) line to obtain the frequency

; the two
> e tw

of the Ql(O) electric field-induced absorption line of H
-1

lines are only about 14 cm apart. The position of the Ql(O) line

in combination with the He line was used in all subsequent H2 meas-

urements. The S lines of H2 were measured relative to the second

order He line. In DZ’ the etalon constant measured from the H2

work was used to calculate the Q branch lines relative to the third
order of the 1.0829 micron He line as this was less than 100 cm™ !
from the Q branch.

The S branch lines of D2 were measured relative to the fifth

order of the 0.5875 micron and the fourth order of the 0.7065 micron
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lines of He; the former was about 15 cm—1 from the S(2) line and
the latter was near the S(5) lines of DZ' The wave lengths of these
lines were taken from Crosswhite and Dieke (39).

Temperature fluctuations in the spectrometer set the limit on
the accuracy of the measurements which is estimated to be = 0.02
cm . During a run, the spectrometer bedplate was monitored con-
tinuously to insure the correct etalon calibration.

The vacuum tank of the spectrometer was used as the gas
cell for the carbon monoxide as the optical path length for the
double-passed beam was about 86 feet and pressures as low as 300u
Hg could be used which avoided pressure broadening the absorption
lines.

The helium lines were excited in a Geissler tube by a 5 kv
neon-sign transformer. The beam was brought into the infrared

channel through a right-angle prism that slipped into the beam in

the foreoptics.

3.7 The electronic detection system

The infrared channel and the calibration channel used the
tuned amplifier-synchronous rectifier technique, similar to that of
Hickmott and Terhune (40). In normal operétion, the infrared chan-

nel was modulated at 90 cps by a three-bladed light chopper driven
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by an 1800 rpm synchronous motor; the blade also chopped a light
beam incident on a phototube, producing the synchronizing signal.
In recording the electric field-induced spectra, the high-voltage
electric field inducing the absorption produced the synchronizing
éignal through a voltage divider network. This was also a 90 cps
rate set by the rotating spark gap.

The calibration channel was modulated at 390 cps using a
thirteen-bladed chopper on an 1800 rpm synchronous motor. This
chopper also modulated the input to a phototube, providing the syn-
chronizing signal for the calibration channel. The chopping frequen-
cies were chosen so as to avoid cross talk with the 60 cps line and
between each other. Synchronous drives were mandatory to prevent
beating with the line frequency.

The infrared amplifier and the calibration amplifier used the
AC coupled high-gain cascade triode circuit devised by Wylie (41)
with the addition of negative feedback for stability and linearity.
Band-pass LC filters were used to eliminate the third and higher
harmonics that arise in the square-wave modulation because the
synchronous rectifier system does not reject odd harmonics. Daven
attenuators (1.5 db per step) were used in both amplifiers to adjust

the gain.
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The synchronous rectifiers (the infrared synchronous recti-
fier is shown in Figure 6) had electrical phase shift’ adjustments to
obtain the proper phase relations between the synchronizing signal
and the signal carrying the information. The phase was adjusted for
maximum deflection of the recorder with an infrared signal input for
the normal mode of infrared operation and for a known spectral line
in the electric field-induced method. The phase could also be ad-
justed by monitoring the Lissajou figure from the mid-point and one
arm of the synchronous rectifier bridge. (The points are labeled
upper and left in Figure 6.) When the signals were out of phase,
the signal was a figure eight, very full, and was a "V'"' when they
were in phase. This was a good check of the phase relations for
either type of operation.

Both preamplifiers were RC coupled using triodes. The first
stage of the infrared preamplifier employed a 6CB6 connected as a
triode and operéted at a reduced plate supply voltage to reduce tu‘be
noise (42). The infrared preamplifier had an additional attenuator
switch of a factor of eight after the first stage to prevent high-level
signals from overloading any succeeding stage.

The noise from the first stage of the infrared preamplifier
was the predo;ninant noise in the circuit, and it in turn was down

by a factor of three or more from the current noise of the lead
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sulfide detector. The high-voltage spark gap would only cause ex-
cess noise (of a very erratic variety) when there was a poor con-
nection in a lead to the first tube, especially corrosion in the con-
nector in the lead between the detector and the grid of the first
stage, or there was a portioh of the circuit that was not adequately
grounded. In general, the entire electronics system had to be
'"cleaned up'' to a very high degree to permit operation of the high-

voltage spark gap without an increase in the noise level.



IV. RESULTS AND CONCLUSIONS

4.1 General results

The high det‘ectability of induced infrared absorption of H2
and D2 with this particular apparatus is illustrated by the rapidly
scanned traces of the Q branches of each molecule reproduced on
Figures 7 and 8. The experimental conditions are given in the
legend with each figure--the most noteworthy being the spectral
band width of 0.2 cm-1 for H2 and 0.1 cm"1 for DZ. This resolu-
tion is the equal of that of the best available Raman spectra, but
the signal-to-noise level is vastly increased. The lower signal-to-
noise ratio in the D2 spectrum near 3000 cm-1 is due to the dwin-
dling response of the lead sulfide detector whose long wave length
limit of sensitivity is not far beyond 3000 cm-l. This situation
made it impossible to observe any Q lines of D2 having J larger
than 4.

The absorption strength of the lines, as expressed in equa-
tion (20), was observed to vary linearly with the pressure of HZ in
the cell, but quadratically with the electric field intensity across the

cell. Both dependences are to be expected from the theory. The
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Q (1)

4155.21

Q,(3) Q, (2) Q, (0)

4125.85

N

Yy —>

Fig. 7. Q branch of w.1 of Hp. 87,000 volts/cm, 21.5 atm of Hpo, l-sec
response, 0.2 cm ~ slits.
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accuracy of both measurements was set by the uncertainty in the
value of the electric field strength (+ 3 percent).

Although the induced absorption increases with the pressure,
the optimum pressure is dependent upon two additional factors (con-
sidering the cell length fixed). Pressure- or collision-induced ab-
sorption also occurs and gives rise to a broad, continuous absorption
chiefly in the region of the fundamental (42). This absorption is
proportional to the square of the pressure and leads to a reduced
signal at high pressures. It is not modulated by the AC electric
field in the cell, however, énd hence only reduces the amount of
flux falling on the detector. Iﬁ the overtone region either extremely
high pressures or very long cells could be used before there would
be an appreciable pressure-induced background.

The second factor influencing the choice of pressure concerns
the pressure dependence of the width of the absorption lines. This
factor sets the limit on the accuracy of the measurements of the
line positions. Data were taken on the line width of Ql(O) of H2
using slit widths to give a 0.10 cm_1 spectral band pass (demon-
strated by the line widths of the overtone of CO at very low pres-
sure). The values obtained were 0.16 cm_1 half-width at 250 psi

and 0.21 cm_l at 500 psi. Additionally, it was found that the line
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width was independent of the electric field strength up to values of
100,000 volts/cm'1

In view of these results, actual operating conditions for most
of the work were set by using the highest electric field strength
that could be maintained constant by the high-voltage power supply
(100,000 volts/cm max), and a pressure high enough to prevent break-
down in the cell (fifteen atmospheres wgs adequate). In the case of
very weak lines, the pressure was increased to a maximum of
thirty-five atmospheres. Wherever possible, spectral slit widths
slightly smaller than the line‘ widths were used (usually 0.15 cm-l),
but again the very weak lines could only be detected with wider slits.

Some measurements were taken with a static electric field on
the Q1 lines of HZ to check the accuracy of the intensity values ob-
tained with the 90 cps square-wave fieid, and the results agreed
within the estimated error. All subsequent data were taken with the
modulated-field method, and the majority of the lines were so weakly
absorbing that they could only be detected in this fashion.

Some typical traces of the electric field-induced spectral lines
of H, are presented in Figures 9 through 13, and of D, in Figures
14 through 16. In order to obtain the relative strengths of the vari-
ous lines, these traces had to be corrected for the relative gain of

the amplifier, the detector sensitivity, and the polarizing effect of the



Q, (4)

ABSORPTION —

Q,(5)

Fig. 9. Q(4) and @ (5) of vg_y of Ho. 88,000 volts/emi 21 atm of Hp,
16-sec response, 0.2 cm™* slits, fringe spacing 1.25 cm™ ",
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Fig. 10. 51(0) and $1(1) of vo.1 of Hp. 86,000 volts/cm, 21 atm of Hp,
li-sec response, 0.2 cm — slits, fringe spacing 1.25 cm ~.
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,(3)

T_

Fig. 11. 89(2) and 8(3) of vy_y of Hp. 86,000 volts/cm, 21 atm of Hp,
L-sec response for S1(2), 16-sec response for S1(3), slits 0.2 cm'l,
fringe spacing 1.25 cm™ .
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0,(2)

AN

0(2)

ABSORPTION ——
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Y —

Fig. 12. 01(2) of vp-1 of Hp. 92,000 volts/em, 21 atm of Hp, lk-sec
response on bottom, 16-sec response on top, slits 0.2 cm'l, fringe
spacing 1.0 em™ L,
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0)

ABSORPTION

s

Fig. 13. @2(0), Qo(1), and Qo(2) of vg.o of Ho. 91,000 volts/cm,
30 atm of Hp, lG-sec response, 0.4 em~! slits.
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5,(0)

5,(1)

ABSORPTION

5,(2)

Y —e

Fig. 14. $7(0), 81(1), and 89(2) of vp_y of Do. 87,500 volts/cm,
21.5 atm of Do, Y_-sec response, 0.2 em-1 slits, fringe spacing 1.0

cm
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Fig. 15. 81(3) and S3(4) of wp.1 of Do. 87,500 volts/em, 21.5

atm of Do, l6-sec response, 0.22 cm”

cm

slits, fringe spacing 1.0
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Q,(0)

Qa(1)
S
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Q
N
Q,l2)
vV —

Fig.16. Qo(0), Qo(1), and Qo(2) of Vy_p of Dp. 97,000 volts/cm,
20.5 atm of Dp, l6-sec response, 0.3 em~t slits, fringe spacing

1.67 em™L.
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spectrometer. These spectra are the actual recorder traces with
the Fabry-Perot calibration fringes above. The fringe spacing was
determined by the wave length of the light producing the fringes and
by the spacing of the interferometer plates as discussed in Sec. 3.6.
Figure 12 shows the only O branch line ''observed.'' It is barely
discernible as the flat break in the much larger intensity variation
due to Stark modulation of a water vapor absorption line in the same
region. The water vapor was present as an impurity in the H2 in
the cell since its absorption was modulated in the fashion noted by
Terhune (3). It appeared as a first derivation of a normal line, with
positive and negative excursions from zero as would be expected for
a normal absorption line of a polar molecule broadened by the Stark
effect. Unfortunately, a tank of extra dry H2 was delivered empty
due to a leaky valve, so that no further attempts were made to ob-
tain better data on 01(2) or any other O1 lines, all of which lie in

range of strong HZO absorption.

4.2 Line positions

The frequencies of all vibration-rotation transitions observed

in this work are given for H, in Table V and for DZ in Table VI.

2

-1
The probable error for most of the frequencies is £ 0.02 cm ,

-1
being somewhat larger ( 0.03 cm ) for weaker lines such as Q1(4)
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TABLE V

LINE POSITIONS OF H2

Deviation of

Observed Calculated Frequency
Transition Value .

(cm-1) Stoi;l)leff Present

Q0" 4161.14 -0.01 0.000
Ql(l)a 4155.21 -0.01 +0.001
Q,@)° 4143.43 -0.04 -0.002
Q,(3)° 4125.85 20.02 +0.002
Q, (4) | 4102.59 +0.15 +0.002
Q,(5) 4073.73 +0.64 -0.007
$,(0) 4497.81 -0.03 +0.003
s, (1) 4712.81 +0.07 -0.008
5,(2) 4916.82 -0.08 -0.015
5,(3) 5108.26 -0.24 +0.010

0,(2) 3807.3° -0.55 -0.55
Q,(0) 8086.88 +0.24 0.000
QZ(I)C 8075.19 +0.20 +0.004
Q,2) 8051.86 +0.25 +0.007

aObserved by Stoicheff in Raman effect.
bInaccurate due to interference by water vapor in cell.

“Observed by Herzberg by quadrupole absorption.
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TABLE VI

LINE POSITIONS OF DZ

Deviation of

Observed Calculated Frequency
Transition Value

(cm~1) Stoi;?eff Present

Q,(0)” 2993.49 +0.06 0.000
Q7 2991.39 +0.06 -0.004
Q(2)* 2987.18 +0.05 -0.002
Q1(3)a 2980.86 +0.02 +0.006
Q4)* 2972.46 +0.08 -0.010
$,(0) 3166.22 +0.04 +0.005
S, (1) 3278.43 -0.01 -0.019
s,(2) 3387.20 0.00 -0.005
S,(3) 3492.04 +0.09 +0.022
S, (4) 3592.52 +0.25 +0.011

Q,(0) 5867.66 0.00

Q,(1) 5863.46 +0.02

Q,(2) 5855.12 0.00

aObserved by Stoicheff in Raman effect.
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and Q1(5) of HZ’ and 81(3) and all Q2 lines of both H2 and DZ' The
difference between the frequencies calculated from Stoicheff's con-
stants and the observed frequencies is given, and shows sizable
deviations (of 0.5 crn—1 or more) for the larger J values. A new
set of molecular constants for H2 and D2 were calculated to best

fit the present data, and the frequency differences between the cal-
culated and observed frequencies are also included in Tables V and
VI. For H,, use was made of Herzberg's Q3(1) frequency to obtain

2

{_ueye. In DZ’ this term was assumed zero for lack of reliable data.
In general, the observed frequencies differed from those
calculated from Stoicheff's constants to an appreciable amount only
for transitions involving the higher levels in both J and V. With
respect to previously observed lines, only Qz(l) of the overtone band
of HZ showed a marked shift of 0.20 cm—1 from the quadrupole ab-
sorption spectra reported by Herzberg, well beyond the estimated
error of 0.02 cm-1 in each measurement. (Actually, the ultraviolet
electronic spectra yield values for all of these transitions, but, as
mentioned éarlier, the accuracy is at best one or more cm’ DIt
appeared conceivable, although improbable, that the electric field-
induced transition could be shifted by a Stark effect. The magni-

tudes of the polarizability components indicated that such a shift

-1
would be of the order of 0.001 cm . A sensitive experimental
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check of a possible shift could be made by altering the square-wave
modulation of the field from on-off to high-low. This could be done
easily by inserting a capacitor in the ground wire to the spark gap
so that the charge on the plates of the absorption cell was partially
drained off to raise the inserted capacitor to an equal voltage. The
phase-sensitive rectification rendered any absorption during the low-
field half-cycle as a negative signal, and the difference between the
positive and negative rectified signals was recorded. If there were
a shift in line position with field strength, the positive and negative
signals would be displaced and the recorder trace would be ésym-
metric. Observations of both the Ql(l) and Qz(l) lines showed no
detectable asymmetry. This was tried with various values of the
capacitors to obtain different field strengths (2-1/2 Ema was con-
sidered optimum), and it was estimated from the intensities of the
positive and negative signals that a shift of 0.01 cm would have
been readily apparent. It would appear that Herzberg's measure-
ment of the Qz(l) is in error, and this does not seem unreasonable
in view of the weakness of the line image at the long wave length
limit of the photographic plate.

The only previous information on the overtone of DZ was from

the electronic ultraviolet spectra reported by Jeppeson (7). Although
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Jeppeson's values are considerably less accurate, the agreement is

well within the experimental error tolerance.

4.3 Molecular constants

A new set of molecular constants describing the vibrational

and rotational energies is given in Table VII for both H, and DZ’

2
the terms being identified by equations 26 to 29 . Stoicheff's
values of these constants are also given where available. One would

think that a check on the accuracy of these constants would be fur-

nished by the isotopic condition:

where p is the reduced mass. Hc;wever, in the case of hydrogen
particularly, small corrections must be applied to Be and we to
reach the '"'true'' equilibrium state for which the ratios should hold
exactly. A correction due to vibration~rotation interaction calculated
by Dunham (43) increases both u)e and Be. Similarly, Van Vleck
(44) calculated electronic interactions affecting the ground state of
the hydrogen molecule andvfound that these also served to increase
the value of u)e and Be. The ''true'' equilibrium constants obtained
after these corrections are: for HZ’ o.): = 4405.40 c:m_1 and BZ =

B

- -1 * -1
60.850 cm 1; and for D u); = 3114.15 cm and Be = 30.451 cm

2’
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TABLE VII
MOLECULAR CONSTANTS OF H, AND D,
Item 2 DZ

Present Stoicheff Present Stoicheff
W 4401.60 4400.390 3112.81
Wox_ 121.66 120.8148 59.66
Wy, 0.88 0.72419
B, .. .. 60.8496 60.8407 30.434 30.442%
oy 3.0438 3.01774 1.061 1.0623
o 0.0792 0.02855 0.009
D ..... 0.04955  0.046841 0.01085 0.01164%
Be - -0.00395 -0.001706 0.0 0.00059%
d...... 0.00087 0.0000308 0.0
Hy - ... 9.6 x 107> 5.2 x 10°° 1 x 1078
Ho oo 7.9 x 107> 5.2 x 107° 1 x 107°
H, ... 7.0 x 1070 5.2 x 107° 1 x 10°°
Voo - 4161.14 4161.137 2993.49 2993561
Vo, - 8086.88 8087.112 5867.66
Vo3 - 11782.50°  11782.352

aEstimated.

bDerived from Herzberg's value of Q3(1).
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Using atomic masses from the American Institute of Physics Hand-

book of 1957, the values of the ratios are given in Table VIII. The
ratio of the reduced masses of the molecules considering only the
nuclei is also listed. At first glance, the uncorrected data appear
to fit nicely, but an estimation of the probable errors shows that
this is fortuitous. Be of HZ is thought accurate to 0.005 crn_1

(1 part in 10,000); B_ of D, to 0.0l em™ ! (1 part in 3,000), so

that the error in their ratio is about £0.001. The values of u)e
are more reliable, but we is dependent upon changes in the vibra-

tional frequencies, by the relation:

Awe = S.9A(5)) - 3.87 AVs_z) +.76 D (V5 4)

For H‘2 this leads to an estimated uncertainty of 5 parts in 100,000

for O)e. For DZ’ the absence of a reliable value of Vo3 leads to

a large uncertainty. In the calculations here u)eye of D2 was as-

sumed to be negligible. However, Jeppeson's electronic spectra

data showed that it is appreciable. This could lead to an error in
2

we of D, as large as 1 part in 1,000. When Jeppeson's value of

vV is used with the present data to evaluate a modified uJé for

0-3
-1
D2 (3115.83 cm ), the ratio of the square of the HZ and DZ fre-

quencies is reduced quite a bit below the reduced mass ratio, and

the interaction corrections then bring the ratio closer to the reduced
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TABLE VIII

ISOTOPE EFFECT ON &)e AND Be OF H2 AND D2

Reduced Mass Ratio

"D
2
Atomic masses: —— = 1.99846 + 0.00001
“H
2
Hdz |
Nuclear masses: —— = 1.99901 %= 0.00001
v
)
Ratio of Equilibrium Values from Present Data
2
w B
[ e]H‘2 [ e]H‘2
— = 1.99948 -[-é——]——- = 1.99940
[U)e]DZ eD,

Ratio of Corrected Equilibrium Values

%2 *
w
9 Ty, (501,
—s ° 2.00121 —— = 2.00055
[w ] (B ]
e D, e’ D,

Ratio with [w ] Modified by «d y Term from Jeppeson's
e D2 e’ e

Electronic Spectra Data

2 %2
[we ]Hz [we ]HZ
= 1.99560 ———— = 1.99733
[w!z] [(A)'%Z]
e D2 e D2
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mass ratio. The situation is clearer for the HZ—HD isotopes, which
were treated by Stoicheff, and for which reasonably accurate vibra-
tional data are available through v = 3. The uncorrected UJe ratio
squared is 1.33258; corrected for interactions it is 1.33325. The
reduced mass ratio for the bare nuclei is 1.33311, and for the atoms
1.33299. The estimated error in we of either HZ or HD is 5 parts
in 100,000, and in the ratio £0.0001. The interaction corrections

are of the order of several cm-l and presumed accurate to several
percent, so that the u)é* ratio is also probably good to £0.0001. The
differences in this case appear to be significant. The uncorrected
ratio is out of line, and the corrected ratio agrees with the reduced
" mass ratio of the bare nuclei as predicted by Van Vleck. (Stoicheff's
conclusion that the data were of insufficient accuracy evidently was
caused by the use of. inaccurate values of the reduced masses.)
These differences are quite a bit larger for the HZ-DZ isotopes,

and the present data coupled with a reliable value of Vo-3 of D2
should show it clearly. Measurement of this second overtone could
probably be best accomplished by a quadrupole absorption spectrum.

It is perhaps possible to observe it through electric field-induced

absorption, but improbable that it could be found by Raman scatter-

ing.
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Crawford and MacDonald have reported in their static electric
field studies that Ql(O) and particularly Ql(l) differ by the order of
0.1 cm-1 from Stoicheff's values. The line position was also ob-
served to be slightly dependent upon the pressure. The present
measurements show no indication of such effects and it is suggested
that they arise from variations in the pressure-induced absorption
background. It is very unlikely, however, that the slope of the
broad pressure-induced absorption could be sufficient to shift the
apparent center of a line when observed as in the present case by

modulation of the field with narrow slit widths.

4.4 Intensities and polarizabilities

The experimental intensities shown in Table IX and Table X
are in terms of the absorption strength, A, given by equation 20;
all observed intensities were reduced to unit electric field, unit
pressure, and the same source intensity and detector sensitivity. The
predicted intensities are those calculated for unit pressure and elec-
tric field from equation 20 using polarizabilities determined from
this work and listed in Table XI, both for unpolarized light and for
light as polarized in this equipment. A comparison of the two shows
the detrimental effect of this grating on the Q branch lines of HZ'

was measured from Ql(O), ol , from Sl(l) for H2 and

Since O(o o\

\
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TABLE IX
INTENSITIES OF HZ TRANSITIONS
Predict
. redic efi Calculated
(light polarized .
Transition Observega as in this (unpolarized
A X 101 equipment) light)
quipmel A x 1016
A X 10
Ql(O) 35 35 73
Ql(l) 135 160 390
QI(Z) 32 31 59
Q1(3) 27 26 53
Q1(4) 1.3 1.2 2.5
Q1(5) 0.27 0.28 0.58
Sl(O) 7.8 7.3 8.0
Sl(l) 23 23 26
Sl(Z) 4.5 3.7 4.1
Sl(3) 2.1 2.7 3.1
01(2) ? 1.2 1.2
QZ(O) 0.2 0.24 0.53
Qz(l) 1.3 1.3 2.8
QZ(Z) 0.2 0.21 0.42

%A is the absorption strength for unit pressure and unit
electric field strength per cm path as in equation 20 .
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TABLE X

INTENSITIES OF D2 TRANSITIONS

Ob (ligﬁje}?(l)f;i?z ed Calcula?ed
Transition served ‘as in this (unpolarized
A x 10162 equipment) light)16
A x 1016 A X 10
Q, (0) 63.5 63.5 51.6
Q, (1) 79.3 75.5 60.6
'Ql(Z) 146 140 113
Q,(3) 51 41.4 33.5
Q,(4) 28~ 34.4 27.7
$,(0) 5.8 5.80 5.65
s, (1) 4.3 4.05 3.99
5,(2) 6.7 6.64 6.58
s,(3) 1.0 1.87 1.86
S, (4) 0.88 1.53 1.53
Q,(0) 0.4 0.70 0.60
Q,(1) 0.8 0.83 0.70
Q,(2) 1.54 1.54 1.30

%A is the absorption strength for unit electric field strength
per atmosphere pressure per cm of path as in equation 20 .
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POLARIZABILITIES OF H2 AND D2

X 0} Z{«01 « 02
i i 2 2 2
Investigation % 10 5 % 10 5 % 10 5 . Method
cm?3 cm?3 cm?
)
Present work ... .. 0.97 0.78 0.06 AC electric field
Terhune . . . . .. ... 0.9 0.72 AC electric field
Crawford. and
MacDonald .. ... .. 0.97 0.72 DC electric field
Stansbury et al., and
Cabannes and
Rousset . . .. ... .. 1.05 Photographic Raman
Yoshino and
Bernstein ., .. .. ... 0.985 0.75 Photoelectric Raman
Ishiguro et al. 1.39 0.90 Theoretical
2

Present work ... .. 0.81 0.66 0.06 AC electric field
Terhune ., . .. .. ... 0.8 0.65 AC electric field
Stansbury et al. 0.80 0.90 Photographic Raman
Yoshino and 2
Bernstein . .. .. ... 0.89 0.68 Photoelectric Raman

1.13 0.71 Theoretical

Ishiguro et al.

a . . . .
Uncertain in absolute units--measured relative to neo-

pentane.
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from Sl(O) for'DZ, -and o(oa from Qz(l) for H. and QZ(Z) for DZ’

2
these lines should agree exactly with the experimental values. The
agreement for the other lines is good except for Ql(l) of H2 and
some of the very low-level lines. The former was absorbing so
strongly under the conditions used that it was not in the linear
range of the exponential law and it appeared weaker than it actﬁally
was.

The values of the polarizability components for H_ and D2

2

are recorded in Table XI. The value of ™, was determined from

the absorption intensity of the Ql(O) line which has no dependence

0,01
].7 from Table II).

on ?f;\ (see equation [20] with the line strength [S0 f

The X;‘ was measured from the absorption intensity of the Sl(l) line

for H, and the SI(O) line for D2 as the S branch lines depend only

2

upon ¥g, and not on ol., (see equation [20] with [S+Z]01 from
o\ ot J Il ordL

Table II). The ratio of ol,, to X;‘ was also measured by compar-

ing the absorption strengths of Ql(O) and Sl(J) for the same electric
field and gas pressure. The absorption strength includes corrections
for the polarization and dispersion of the grating, and for the rela-
tive signal-to-noise ratios due to changing source intensity and
detector sensitivity. Both 0(9\ and X;‘ were accurate to about 3
peréent; the major source of error was in reading the voltages on

the oscilloscope trace. The measurement of doz_ is accurate to



81

about 10 percent; it was complicated by a number of factors: (a)
the overtone lines are weak; (b) the filters used to isolate the sec-
ond order in which they were run were not wholly satisfactory;
and (c) the lines measured (the st.rongest ones) depended upon both
™5, and bza, the latter only to a small degree.- The ratio of
br‘oz/o(oa was taken to be about equal to X;‘/do\ ; this assumption
checked with the values in the paper of Ishiguro et al. (14).
Terhune's (3) values for O(o' and X;\ are listed for com-
parison. The O, 's for H, and D, obtained by Stansbury et al. (10)
from the ratio of Rayleigh to Raman scattering when expressed as
the matrix element (equation [13]) used here agree with these val-
ues. If the value for {pp of HZ is taken to be 8.05 X 10-25 c:m3
as would be calculated from the dielectric constants of Maryott and
Buckley (45) rather than the 8.4 X 10-25 cm3 used by Stansbury et
al., the agreement for HZ would be even better. The X;, calculated
using equation (22) from the depolarization ratios of the Raman scat-
tering are also given; the H2 data are from Cabannes and Rousset
(21) as corrected by Stansbury et al., who took D2 to have the same
depolarization ratio. The agreement with the photoelectric Raman
values reported by Yoshino and Bernstein (11) is very close for both

oo, and Jo, of HZ. and DZ' Likewise, the present result for &4, of

H2 is equal to that determined by a static electric field absorption
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measurement by Crawford and MacDonald (13). The slight disparity
between their value of X;\ and that reported here could be attributed
to their difficulty in measuring the intensity of the very weak S line
in the presence of background absorption. The theoretical values
calculated by Ishiguro et al. (14) deviate considerably for oy, of both
HZ and DZ' and somewhat less for %\. They quote an accuracy of

several percent for 44 and X;,, and reasonably &, and ﬁ; would

be expected to have a much greater error.

4.5 Summary

A high-resolution study of the vibration-rotation transitions
of a normally nonabsorbing molecule induced by a strong square-
wave modulated electric field has been shown to yield more complete
data of equal or better accuracy than available by other means both
with respect to line frequencies and intensities. Several Q lines'of
the overtone were observed for Hz and DZ’ along with approximately
five lines in the Q and S branches of the fundamental of each mole-
cule. A new set of molecular constants was calculated to best fit

the data, but the values for D_ were notably inferior to those of H

2 2

for both the vibrational and the rotational constants. The polariza-
bility components &g, , X;\ , and doa were evaluated from the abso-

lute absorption intensities of the lines, and they agreed within
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experimental error (3 percent) with the recent photoelectric Raman
determination.

One possible area in which these results might be applied
concerns the existence of strong electric fields in the atmosphere--
either of the earth or of the sun. If such were the case, for suf-
ficiently low path lengths with a finite concentrgtion of molecular
hydrogen the absorption might be detected in the infrared solar
spectrum. An examination of the solar spectrum atlas prepared
by Mohler, Pierce, McMath, and Goldberg (46) shows no indication
of the presence of any molecular hydrogen Q lines. It is thought,
however, that the signal strength in the solar spectrum is large
enough so that absorption considerably below the 1 percent value
observable from the above aflas could be detected experimentally.

A number of changes could be made in the apparatus to
improve the accuracy and detectability, factors that are relevant
especially in the determ%nation of the vibrational overtones. The
measurement of line position is at present limited by temperature
fluctuations that affect both the grating drive and the calibration of
the Fabry-Perot etalon. In addition, there is an erratic linkage in
the grating drive which is very bothersome irregularly. A higher
signal-to-noise level could be almost certainly found by selecting

the most sensitive PbS cell from an assortment. This is particularly
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true for the region of the Q branch of the fundamental of DZ. A
slower chopping frequency would probably also yield a gain in
signal-to-noise for PbS cells cooled to liquid nitrogen temperature.
Additional factors are available by using a longer slit length of the
spectrometer, and by using a slower responSertime. A longer ab-
sorption cell would be indicated to improve the detectability of
weak absorptions, although one must be careful here. Since most
of the observations are of Q branch lines which absorb principally
radiation with its electric vector parallel to the applied field, any
polarizing effect in the system may be quite important. Unfortu-
nately, because of Fresnel's reflection laws, the cell transmits E_L
more freely than E|, and a lengthened cell may actually decrease
the sensitivity.

The polarization properties of the diffraction grating’enter
the problem in a similar way, and for optimum detection of Q lines
the grating selected with the present apparatus should be used in the
region of maximum efficiency for radiation polarized perpendicular
to the grooves..

A more significant change could apparently be realized by
the use of a cooled absorption cell. A higher density would be ob-
tained for the same pressure, so that the absorption would be in-

creased. Because of the higher density, the electric field strength



85

could be raised. The lines would be narrower, and by the Boltzman
distribution the low J lines would be strengthened. In addition, for
H2 it would be possible to use enriched parahydrogen to increase the
intensity of the Q(0) lines. Some slight gain would result from a
corresponding reduction in the pressure-induced background. Finally,
the substitution of a Fabry-Perot scanning interferometer as a spec-
trometer in place of the grating would yield a vastly higher level of
radiation flux, so that still smaller changes in absorption could be
detected with the proviso that the detector does not saturate.

Some of these changes require only minor alterations, others
major revisions of the apparatus. It is felt that an order of magni-
tude increase in detectability can be realized relatively easily, and
that a second order of magnitude increase is available with the ex-
penditure of considerable effort.

Another area in which electric field-induced spectra may be
of value concerns infrared inactive but Raman active transitions in
liquids and solids. The Raman scattering intensity in dense phases
is not proportional to the density but depends instead upon fluctua-
tions in the density and is consequently weak. The induced absorp-
tion intensity, however, is directly proportional to the density for
weak absorption. Fur’therrhore, liquids and solids that are noncon-

ducting possess a high dielectric strength so that considerably higher
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electric fields may be applied without breakdown. These factors
should combine to increase the detectability of induced absorption
by several orders of magnitude over that of a gas, and should per-

mit observation of such transitions even with thermal detectors.
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