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ABSTRACT

ELECTRIC FIELD INDUCED SPECTRA
OF LINEAR AND AXIALLY SYMMETRIC MOLECULES

By

Peter Lee Willson

Selection rules and line strengths have been calculated for
electric field induced spectra (EFS) of axially symmetric and linear
molecules. A suitable optical arrangement and appropriate experi-
mental techniques have been developed. Experimental observations of
EFS of the linear molecules HCN and DCN and of the axially symmetric
molecules CH,I, CH F, and CH,CN were carried out and
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found to exhibit many of the predicted features.
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CHAPTER 1

INTRODUCTION

This thesis is concerned with the theory and experimental
observation of electric field induced spectra (EFS) of linear and
axially symmetric molecules in the near infrared region.

Qualitative features of the theory and method of experimental
observation are outlined in this chapter. A short description of
the Stark effect is included because of its influence on electric
field induced line shapes and line strengths, and finally the Kerr
effect is discussed for the sake of completness.

Chapter 11 contains a detailed development of the theory of
electric field induced spectra for axially symmetric molecules with
linear molecules included as a special case.

The remainder of this work is devoted tc a description of
the experiments performed and the interpretation cf EFS obtained
for the linear molccules HCN and DCN and for the axially symmetric

molecules CHBF. CH3Br. and CHjl.

ELECTRIC FIELD INDIUCED SPECTRA

In 1932 E.U. Condon (1) proposed production of infrared
molecular spectra by application of an electric field. He pointed
out that the resulting spectra should exhibit selection rules
differing from those of field-free absorption spectra.

Infrared vibrational absorption spectra arise from changes

in the electric dipole moment due to excitation of one or more

1



quanta of vibrational energy. The probability of a radiative
transition occurring between two vibrational states is proportional
to the square of the matrix element of the electric dipole moment
between the two vibrational states. If the molecule is placed in
an electric field, another contribution to the electric dipole
moment is induced which is related linearly to the vector components
of the applied field through the molecular polarizability tensor.
The probability that a different radiative transition may occur
while the molecule is in an electric field is proportional to the
square of the matrix element of the induced dipole moment. Because
of the linear relationship between the induced dipole moment and
the field, the intensities of the new radiative transitions are
proportional to the square of the magnitude of the electric field.
Inducing an electric dipole moment in a molecule has three
important consequences. First, if a molecule has no dipole moment
in any vibrational state (such as the homopolar diatomic molecules
HZ’ D2, 02, etc.), an otherwise unattainable infrared absorption
spectrum may be induced. Crawford and Mac Donald (2) and Terhune
and Peters (3) produced infrared H2 spectra by this method.
Secondly, molecules either possessing a permanent dipole moment
or having a dipole moment in particular states due to vibration
(such as COZ) have possible radiative transitions that are not
otherwise allowed because in this case selection rules are de-
termined by matrix elements of the polarizability tensor instead
of by the dipole moment vector. Finally, the intensities of even

those transitions allowed in the absence of the field are modified

by the presence of the field.



The usual technique of detecting non-induced absorption
spectra is to interrupt the absorption signal periodically with a
mechanical light chopper to provide a pulsed signal for phase
sensitive detection and amplification. On the other hand, for EFS,
the absorption coefficient is proportional to the square of the
applied electric field, an ac electric field produces an '"internal"
modulation at twice the applied field frequency. Omission of the
mechanical light chopper and application of an ac electric field,
therefore, produces a signal at the detector made up of a large dc
component corresponding to field-free absorption and a small ac
component at twice the field frequency corresponding to induced
intensity changes. Phase sensitive ac detection and amplification
of this "modulated dc'" signal eliminates the large dc component and
leaves only that part of the absorption signal arising from the
field. The ac signal is the difference between the signal due to
absorption with the field on and the signal due to absorption with
the field off. This '"difference spectrum' technique of detection
of electric field induced spectra was used in the experimental

portion of this work.

STARK EFFECT

The Stark effect describes the changes in rotational energy
of a molecule due to the interaction of the molecular dipole moment

with the applied field. The interaction Hamiltonian is given by:

= - 1.1
Hy v u F cos ¢ (1.1)

where yu 1is the electric dipole moment, F is the magnitude of

the electric field, and @ is the angle between F and u. 1In



the absence of an external field, the molecular electric dipole
moments have random spatial orientations and the rotational energy
levels have an essential degeneracy. The application of an electric
field defines a spatial direction along which the dipole moments
tend to align through interaction with the field thereby lifting

the rotational degeneracy. Therefore, a transition between two
previously degenerate rotational energy levels would exhibit fine
structure in the presence of an electric field if sufficient
resolving power were available.

If the wave functions for a molecule in the presence of an
electric field were known explicitly, the change in energy of any
rotational state could be calculated exactly. Unfortunately, this
is never the case and approximate methods similar to those described
below must be employed.

The most common treatment of Stark energy shifts for polar
axially symmetric molecules is the weak field approximation. 1In
this approximation, the interaction Hamiltonian is assumed to be
small in comparison to the separation of rotational energy levels
and quantum mechanical perturbation theory is invoked, c.f. (4).

To second order in the field, the change in energy is given by

perturbation theory as:

2
AE = -MEMK +u2F2{(JZ-K2)(J2-M)
JJ+1) 2hcB J3(2J - 1) + 1)

e n® - kAle+n? - Mﬁ} 1.2
G+ D@1+ 1) +3)

where p 1is the permanent electric dipole moment. F 1is the

magnitude of the electric field, B is the inverse of the principal



moment of inertia about an axis perpendicular to the molecular
symmetry axis in units of cm . h is Planck’s constant. and

J, K, and M are the rotational quantum numbers (J is the total
rotational angular momentum quantum number, K is the projection

of J along the molecular symmetry axis, and M is the "magnetic"
quantum number - the projection of J along the direction defined
by the electric field). For a linear molecule possessing a per-
manent electric dipole moment, K = 0. and no first order Stark

effect is possible. The above formula (1.2) for a linear molecule

simplifies to

\E = W2 Fl {J(J +1) - M } 1.3
2heBJJ + 1) | (27 - 1) (27 + 3)

An exact solution of the Stark effect problem is available,
but is not in closed form. This method is attributed to W.E. Lamb
and a detailed discussion is given by Maker (5). The energy
expression is in the form of an infinite continued frzction.
Shirley (6) has numerically evaluated this expression for the few

rotational states through J = 4.

KERR EFFECT

The Kerr effect refers to the optical birefrigence exhibited
by gases, liquids, and solids in the presence of an electric field
(electro-optical birefrigence). The observable in Kerr effect
experiments is the phase difference between electric vector com-
ponents parallel and perpendicular to the electric field, FZ’ of
a light beam initially plane polarized at an angle of 45° with

respect to FZ after passing through a medium of length L.

“Woinx



The theoretical details of this effect are given by Buckingham (7)
and Dows and Buckingham (8). The following discussion is taken
from those papers.

The difference in phase § of the electric vector components
parallel and perpendicular to the field direction of initially plane

polarized light after passage through the gas sample 1s given by:

_ - 2
8 -2nL(nZ nx)/x 2m1BF

z (1.4)

where L 1is the path length, )\ is the wave length of the radiation
in vacuo, (nZ - nX) is the difference between refractive indices

of the medium parallel and perpendicular to the field, respectively,
and B 1is the Kerr ''constant'. The Kerr constant exhibits con-
siderable dispersion.

For frequencies of incident radiation far removed from those
of strong absorption bands of non-isotropic polar molecules, the
dominating process in the dispersion of the Kerr constant B is
the tendency for the molecular dipole moments to zliign along the
field direction. Dispersion of the Kerr constant in this case is
strongly temperature dependent (I-z) and its mrasurement leads
to a knowledge of the anisotropy. (QH -« ). of the polzrizability

&
tensor aij'

The Kerr constant for frequencies of incident radiation
near those of strong absorption bands, on the other hand, is
temperature independent and the dominating contribution to dis-
persion of the "constant" B is due to distortion of the molecule
by the electric field. Quantitative measurements of the dispersion
in this instance would provide values of excited state electric

dipole moments. Quatitative observation of the dispersion in this



region would provide information on the direction of the tramnsition ]
dipole moment with respect to the molecular axes as the increase

or decrease of the Kerr constant with increasing frequency in the

vicinity of an absorption line is governed by the direction of the

transition moment.

The phase difference & is proportional to the square of the
magnitude of the applied electric field (1.4) and the same ac
experimental detection techniques could be used for Kerr effect
experiments as are used for electric field induced spectra. Some
method of taking into account the polarizing effects of a long
narrow Stark cell would be necessary for successful Kerr effect

data interpretation.



CHAPTER II

THEORY OF ELECTRIC FIELD TNDICED SFECTRA

The theory of electric fieid induced spectra will now be con-
sidered in detail. The line strengthsof trarsitions not allowed in
the absence of an externzl field and the corrections to the line
strengths of transitions allowed in the absence of the field will
be calculated for sxially symmetric molecuies and particularized
for linear molecules as needed. The celcuiated line strengths are
given in Tables 2.4 through 2.6. Selection rules obeyed by the
rotational quantum numbers will be derived qualitatively and then

rigorously. Finally, expected line shapes will be described.

LINE STRENGTHS

As a starting point, the integrated sbsorpticn coefficient
k(v) of an absorption line will be needed. Fcr z transition from

state m to state m’. this coefficient 1s

N
k(\:):1 = (E-}‘;T) hvmmgﬁ;' (2.1)
where an is the populztion of the mEE state, Yo is the frequency
of the absorption line. and h is Planck’s constant. 321 is the
Einstein coefficient of induced absorption, which can be calculated
using time-dependent perturbation theory. For =bsorption of
radiation polarized in the space-fixed € direction (X.Y, or Z)
by a gas of axially symmetric molecules, the Einstein B coefficient

is given by
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‘T',V',R'

3
Y-
TR T :_Tzrja’v”““g‘*"""R -1%, (2.2)

where the unprimed quantities refer to the lower state and the
primed quantities refer to the upper state. The electronic and
vibrational quantum numbers are symbolized, respectively, by =
and v. R 1is used to abbreviate the rotational quantum numbers
J, K, and M; where J 1is the total rotational angular momentum
quantum number, K is the quantum number of projection of the
total angular momentum along the molecular symmetry axis, and M
is the quantum number of the projection of the angular momentum

along the spatial axis defined by the electric field. is the

3
electric dipole moment operator along the space-fixed € (X,Y,Z)
direction and <T,V,R|u§|7',v',R'> is the transition moment for
radiation polarized in the space-fixed £ direction. The angular
momenta are shown graphically in Figure (2.1).

The problem of calculating intensities of tranmsitions
allowed in the presence of an external electric field is therefore
one of evaluating the line strengths |<T,V,R|u§|T’3V',R'>‘2 in a
suitably chosen basis set of perturbed eigenfunctions.

Using rigid rotator harmonic oscillator wave functions as
the zero-order basis and -uZFZ as the perturbation, the perturbed
eigenfunctions (to second order in the magnitude FZ of the

electric field applied along the space-fixed Z-direction) have the

form

1
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O

Figure 2.1 Angular Momentum Components of Axially Symmetric Molecules.

P =/3T@+D)

total angular momentum.
projection of P on molecular symmetry axis.

projection of P along field defined spatial
Z axis.
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z' <'r",v",R"|uz|'r,v,R>
F

Y‘T,V,R(FZ) \yT,V,R + zZ . S ?v,‘?vm" YT",V",R"
", v'',R thT,V,R
vr 2 [ Zn <'r"',v"',R“'|uz"r"_.v",R"><1'",v",R"|uz|'r,v,R>
Z [ TN R T ITY ] X0 22 ‘T"',V"T,R"' T",V"F -
R ’
TV T i ’R h ¢ v'r)V’R stv’R
° VT"',V'",R"'
N P LR L LR
lg? A L AR ¥ (2.3)
2 'z V" R" hzcz(vT",V",R" 2 *,v,R :

)

T,V,R

where the prime on the summation indicates exclusion of the state
T,V,R.
Using the perturbed wave functions (2.3), the transition

moment has the form:

<T,V,R‘u§|7',v',R'> = <T,V,R|ug|f',v',R'>o

+<'r,v,R|u§|1",v',R'>F (2.4)
z

where <T:VsRlu§|T':V':R'>O is the transition moment of transitions
allowed in the absence of the field (unperturbed transition moment)
and <T,v,R|u§|T',v',R'>F includes the correction to the transition
moment due to the field fir transitions allowed in the absence of
the field, as well as the transition moment of transitions not allowed
in the absence of the field.

This work is concerned with the second term of (2.4) which is

given by:
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<t,v,Rlp |7' v RS>, =
€ F
Z
j?' <T,v,R‘uZ|T",v",R"><¢",v",R"\ug]1'fv',R'>
FZ i ‘;;,' an e 'I’",V“,R“— :
) ’ ' \)T’V’R
[] <T,V,R|u ‘T",V",R"X‘T",V",R"‘u |‘|",V',R'>
+F g Z (¢
" y" R" he " v'".R" -3)
sV v‘f',v',R'

to lowest order in Fz. The doubly primed quantities refer to the
intermediate states through which the unprimed (lower) and primed
(upper) states are coupled by the perturbation, -szz.

Dows and Buckingham (9) have shown that the terms in the

sums of equation (2.5) can be separated into three types, viz.,
<T,V,R‘p§‘f',v',R'> =Yg * g * ) (2.6)

with the following conditions imposed on the terms:

Part Yg‘ v =y in first sum of (2.5)
v = y! in second sum of (2.5)

Part ag: " = in first sum of (2.5)
't =q! in second sum of (2.5)

Part k§= LA X in first sum of (2.5)
LA K B in second sum of (2.5).

Part yg results from the mixing of rotational wavefunctions within
the same vibronic state (vibrational and electronic quantum numbers
are unchanged) through the perturbation; part 6; arises from the
mixing of rotational wavefunctions belonging to different vibrational

states but within the same electronic state; and part xg results

from the mixing of rotational wavefunctions belonging to different
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electronic states through the perturbation. Because of the relative

magnitudes of the energy denominators, >>6§>>xg in all cases

Ye
where the Born-Oppenheimer approximation is valid. For polar
molecules, therefore, yg will predominate, whereas for non-polar

molecules, 1§ is the only non-zero term. The explicit forms of

yg, 6 , and *g were given by Dows and Buckingham (9).

"gR hcvR

’ <T,V,R|u |‘|",V',R"><1",V'_.R"|u. |T',V',R'>
) : z . @.7)

- F { z' <T’V’R|uz|?’V’R"x*’v’R"|“i|?"v"R'>

"

R"#R' hcvR,

<T,vV Rlu |T,v",R"><¢,v" R"]u |T ,2V',R">
6 = F / Z U 5
g Z " v'',R

v'%v R hev
v,R
Z' ‘z <'r,v,R|u.§|'r',v" R"><'r',v",R"‘uzlf',v'R'>
v'év' R" hev' ',R'
’

o »V’R|uz| T",V",R"X"I‘",V" ’R"‘u'gh' ' ’v.l ,R'J>
= F =
"# V" R

T vT,R"
hch V,R
zn Z <LV, R|u§“‘,n’vn R'Ser",v" Rll‘uz‘-r ,wW',R'>
+ T . (2.9)
Tu#l V",R" hc\’.‘.':v ’R'

From these expressions (2.7), (2.8), and (2.9) the selection
rules obeyed by the rotational quantum numbers for transitions in the
presence of an external electric field may be deduced. xg is an
expression for the matrix elements of the polarizability tensor of
an axially symmetric molecule (10). Therefore, in the case of a
non-polar molecule where 1§ is the only surviving term, the selection

rules obeyed by the rotational quantum numbers in electric field
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induced spectra are the same as those of Raman scattering. 1In

this case, electric field induced spectra can be thought of as Raman
spectra in the limit where the frequency of incident radiation
approaches zero, as E.U. Condon (1) pointed out. Since Yg and 6g
are the same functions of the rotational matrix elements as xg,
electric field induced spectra obey the selection rules of the Raman
effect in general, but the intensities are different due to the

energy difference denominators in yg and 65' xg is the tramsition
moment for the Raman effect and the line strengths for this effect
have been given by Placzek and Teller (11).

In all cases, evaluation of the matrix elements may be
accomplished by expressing the dipole moment operators in terms of
molecular-fixed coordinates: |

.y 2
Ba am,y’zawud (2.10)
where A = X, Y,Z (space-fixed coordinates), and the .Aa are the
direction cosines between the molecule-fixed coordinates (lower case
subscript) and space-fixed coordinates, whose matrix elements are
well known (cf. Strandberg (12) or Townes and Schawlow (4)). The
relationship between the two coordinate systems is shown in Figure

2.2).

POLAR MOLECULES

When the relevant transition moment Yg for molecules having
a permanent dipole moment (which must lie along the (z) symmetry
axis) is written in terms of molecule-fixed coordinates, each

summation in equation (2.7) becomes a summation over nine terms.

r



Figure 2.2.

15

Relationship between space-fixed coordinates X,Y, and Z
and molecule-fixed coordinates x,y, and z.
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A convenient separation of Yg into two terms characteristic

of the type of transition involved is possible.
Yg = “Yg +'LY§; (2.11)

ﬂyg includes all terms containing W, @and u;, and Yg includes
1 = d ' = l, and [
all terms containing By "y and “y where the By nd

are dipole moment expectation values, viz.,

wy = <T.V‘uq|TnV> and u; = <T',V'\ud|7',v'>.

Finally, the ﬂyg and LYg can then be further separated
according to the selection rules on K, which may be determined by

inspection of the direction cosine matrix elements, so that

Ivg = (‘Wg)x'gx + (‘\.Yg,)K'ﬁKi1 (2.12)

K'=K K'=K+1 K'=K+2
= , Xz Ak .13
1Y¥g (wg) + (*Yg) + (‘Wg) (2.13)

where

. n 1)
K=K <R|azz\R ~R |a§z|R >
Olye) =F, <tlp |t'v'>{p 2: —— y
Ve Z I | { Z RUSR hcvR'

L <R a R"XR" a R|>
+u,'Z |2, | T |4;,| } (2.14)

2Rt T helk,

(v 2 -

' <Rla, |R"><R"|(a, +a )|R'>
7z £x gy
F, <T,v|p ‘r',v'>{u Z — W
2 I | Z RUsR hevy

R

! R" R'><R +a,  )|R">
+”.z <Rl 4| xﬁR!,i'_sx ey } (2.15)

Z R"#R' hevg,

and
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" = +
Gy )K K,K+2 _
3
" <R|(a + a )|R"><R"|(8 + a )‘R'>
FZ <T ,»V|U'x|1" ,V'>{ X éx zy R" ix Ey
R"#R hcvR

' ' [] " '
+z u.x<R‘ (agx + iy)‘R:R |(i§x + .ZY)‘R >} (2.16)

R"#R' hcvR,

K'=K+
(xyg) kil .
' <R|(a, +a )|R"S<R"|a, |R'>
FZ <7'V|uz‘7'svg>{u Z Zx Zy U €z
X R"#R hev
R
1
<R|la, |R"x<R"|(a, +a )|R'>
") = o —2 } 2:17)
R"#R' hcvR.

The selection rules on J, the total angular momentum, in equations
(2.14) through (2.17) may be seen by inspection of the direction
cosine matrix elements to be AJ =0, + 1, + 2 (with the obvious
restriction that J and J' must remain non-negative and K < J)
as in the Raman effect. The conditions under which the various AK
transitions can take place and the line strengths appropriate to
these conditions are obtained using symmetry considerations in the
section which follows.

If individual Stark effect transitions (transitions between
lower and upper state M values) are resolvable, the electric field
induced line strengths for the various transitions possible in polar
axially symmetric molecules are given by individual terms such as

)J',K',M',T',V'

K' 2 |
I o TY gy, v =| (| or ,,yg)x| . (2.18)
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In the near infra-red region, however, Stark effect frequency shifts
are seldom as large as the line width due to pressure broadening (13),
especially under our experimental conditions where the Stark cell

was pressurized to 1/2 atm. with SF,_ to prevent electrical break-

6
down. Thus, to a very high degree of approximation, a mofeculanr
absonpiion Line in the presence of an external electric field can be
characterized by a Line strength, a central §requency, and a Line
shape whose origin and form are related to the amount of Stark
broadening it suffers. The effect of Stark splitting on line shape
is discussed later. Under the assumption of small Stark splitting,
the M degeneracy can be treated as remaining and equation (2.18)
must be summed over M and M'; the lower and upper state degen-

eracies, respectively. Listed for C, symmetry molecules in
P y 3y y y

tables (2.4 through 2.6) are my calculated values of the allowed

J' K ,rt,v! K' 2
= 5 2.1
o uedy oy M’M.“H or 1) | (219

the line strengths of tranmsitions not allowed in the absence of an
external electric field to lowest order in the field aad the lowest
order correction to the line strengths of transitions allowed in
the absence of the field. The tables may be used for electronic
transitions in their given form. For rotation-vibration spectra

‘f'

=~ and for pure rotation spectra §' =+ and v' =v.

A partial check of the results for the (Hfg) was obtained
by comparison with the results of Dows and Buckingham (9) for diatomic
molecules by setting K =0 in the tabulated expressions. 1In

addition, the quantum dependence of the (ﬂrg) and (. I.), for the

g

most part, could be checked with the Raman line strengths given by
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Placzek and Teller (11) because in the Raman effect, as in electric
field spectra, a sum over M and M’ of the product of two
direction cosine matrix elements occurs. The energy difference
denominators in the electric field induced intensities prevent com-
parison with the AJ = 0 Raman values. Complete agreement in

quantum dependence was found in all cases which could be compared.

SELECTION RULES

The discussion of electric field induced spectra will now
be restricted to fundamental and overtone vibration-rotation bands

(t =7') 1in molecules possessing C symmetry; specifically,

3v

those molecules having the form XYZ The following discussion

3
uses elementary group theoretical arguments to predict the
selection rules tabulated in Table (2.3).

The line strengths, (TZ), are proportional to the square of

the product of a diagonal matrix element, <TV‘M ‘7v>, and an off

B

diagonal matrix element, <TV‘M \TV'>, A useful theorem from group

B

theory can be applied to these matrix elements to determine the
conditions under which they must wvanish. These conditions yield

the required set of selection rules. The theorem states that if

. d M are partners in bases for the irreducible
Ynai’ Yn'a'i' an 83 re partners in ba r

representations of a group, then <Y > =0 provided

LN LSO

X " , does not contain
8 o

the trivial representation (14). 1In a simpler form this rule

*
the direct product representation Fa x T

r‘l’

*
states that the direct product representation Fa X Fa, must

transform, or have component that transforms, like T for the

B’

matrix element to be non-zero (15).
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Application of the above theorem requires knowledge of the
transformation properties of the three components of the dipole
moment operator, the transformation properties of the normal
vibrations, and the direct product multiplication table of the
irreducible representations of the group under consideration.

Table (2.1) is the character table for the C point group.

3v
From the definition of the components of the dipole moment

coperator;

My =zei"1’ by gzeiyi’ K 'z

e z,;
i 1 z 1 i1

where e, is the charge of the particle having coordinates XY
and z, and the character table for CBv’ it is clear that Moot

’

y
and T have the same behavior with respect to symmetry operations

as the translations Tx’ Ty, and Tz, respectively. Therefore,

B

< and uy transform according to E, the doubly degenerate

irreducible representation of Cyy2 and b, transforms according

to Al, the totally symmetric irreducible representation of C

3v
(l6) .
The degenerate normal vibrational modes of molecules possess-
ing C symmetry must transform according to E, the only two

3v

dimensional irreducible representation of Cq, There are two
choices according to which the non-degenerate vibrations could

transform - Al and A2. Since Az is the irreducible representation

of rotations about the symmetry axis, Rz, the only true Az type
vibrations are torsional modes. Therefore, molecules of the form

XYZ, will have no true vibrational modes that transform according

3

to Az and all non-degenerate vibrational modes must transform

according to Al (1e6).
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Cay E 12 | 3
2
x~ + y2, z2 z A1 1 1 1
Rz A2 1 1 -1
2 2
X =Y, Xy X,y
E 2 -1 0
Xz, yz Rx, Ry
TABLE 2.1 Character Table for C3v
A1 A2 E
A1 A1 A2 E
A2 A2 A1 E
+ +
E E E A1 A2 E

TABLE 2.2 Direct Product Multiplication Table for C3v

-
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The direct product multiplication table for C3v can be
determined using the character table, Table (2.1), and is shown in
Table (2.2).

Application of the above theorem to the diagonal matrix
elements by = <Tvlua|7v> and p& = <¢v'lud|Tv’>, shows that by
and pé are never necessarily zero, whereas, ux is always zero
and p; can only be non-zero if v' refers to an upper vibrational
state that transforms. or has a component that transforms, according
to E. Simple physical arguments yield the same result. The average
value of the dipole moment vector in the ground state is the component
along the molecular symmetry axis. Ap;, on the other hand, can only
be non-zero in upper vibrational states that induce a dipole moment
perpendicular to the molecular symmetry axis.

In non-degenerate fundamental and overtone vibrational modes,
both v and v' transform according to Al; therefore, only the
diagonal and off diagonal matrix elements of W, 4re nmon-zero.
Examination of equations (2.14) through (2.17) shows that only
(2.14) satisfies this criterion and hence AK = 0 transitions
are the only possibility in non-degenerate fundamentsl and over-
tone bands.

Singly and multiply excited degenerate vibrations have an
associated vibrational angular momentum 4 that must be considered
in conjunction with other symmetry considerations in any selection

rule calculation. For the degenerate vibration vi, the associated

vibrational angular momentum Li can take on values
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L, =, i(vi - 2), j(vi -4),...0 or +1;

where vy is the number of vibrational quanta of the vish mode
excited (Herzberg p. 81, 16). Amat's rule relating AK and AL

for C symmetry is given by (17)

3o

AK -‘E:ALi = +3p
i

where p 1is an integer and ALi = Li because { of the rovibronic
ground state is zero.

In a degenerate fundamental vibration, as previously mentioned,
u;; W, and u; are non-zero and { has values { = +l1. Consider-
ation of the transformation properties of the matrix element
<T,vlua|7,v’> shows that <T,v|uz|1,v'> = 0, whereas,
<T,v|ux|1,v'> is not necessarily zero because v transforms
according to Al and v' transforms according to E. Examination
of equations (2.14) through (2.17) shows that (2.13), AK = +1, and
(2.16) . AK = 0, +2. both satisfy the above conditions. Application
of Amat's rule for this case gives the following results: for
AR = +2, M =-%AK; for AK = +1, M = AK; and for AK = 0, the
rule cannot be satisfied. Therefore, the selection rules obeyed
by degenerate fundamentals are AK = +2 and AK = +1 with the
line strengths given by equations (2.16) and (2.15), respectively.

A doubly excited degenerate vibrational state transforms
according to the symmetric direct product representation,
and E refer to the parallel and

EXE=A_ +E, where A

1 1
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perpendicular components of the band, respectively (15). Therefore,
none of the matrix elements <T,lea|T,v'>, Mo u;, and u; are
necessarily zero and AK = 0, #1, +2 transitions are allowed. It
must now be determined which AK transitions take place to the E
level and which take place to the Ay level as well as whether the
intensities of the AK = +1 transitions are given by either or
both of equations (2.15) and (2.17) and whether the intensities of
the AK = 0 transitions are given by either or both of equations
(2.14) and (2.16). A doubly excited degenerate vibrational state
has vibrational angular momentum components of { = +2, 0; the level
that transforms according to E has { = +2 associated with it,

while the level that transforms as A has £ = 0 associated with

1
it as shown in Figure (2.3).
E, L = +2
symmetric E X E = A1 + E Degenerate Vibrational
State
Al £ =0
A4 =0 Rovibronic Ground State

Figure 2.3 Symmetry of Doubly Excited Degenerate C3 Vibration.
v

The AK =0 transition can only occur between the ground rovibronic
state and A1 state of the doubly excited degenerate vibrational
state because Amat's rule required that M =0 for OK = 0. There-
fore the AK = 0 transitions can only occur in the parallel com-
ponent of the band with line strengths given by (2.14). The

AK = +1 transitions can only occur between the rovibronic ground

state and the E state of the degenerate overtone because Amat's
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rule requires that M = +2 for AK = +1. Therefore, the line
strengths of the AK = +1 transition are given by equation (2.15).
Finally, the AK = 2 transitions from the ground state must
terminate at the E level because Amat’'s rule requires A, = +2
for AK = #2.

The resulting selection rules are summarized in Table (2.3).

Type of wvibration AK M Transition moment | Line strength
iven by equation |in Table

Non-degenerate fun-

damentals and over- AK=0 M =AK (2.14) 2.4
tones
Degenerate Funda- AK=+1 | AM=0K (2.15) 2.5
mentals 1
AK=+2 =-EAK (2.16) 2.6

Degenerate Overtones

a. Parallel AK=0 M =0K (2.14) 2.4
b. Perpendicular Ak=t1 M =-28K (2.15) 2.5
AK=1+2 | M=0K (2.16) 2.6
E.F.S. selection rules for C3V symmetry molecules.
A =0, +1. #2 in 31l cases.
Table (2.3)

LINEAR MOLECULES

The Sayvetz (18) conditions may be employed to specialize
all of the expressions given for symmetric top molecules in this
chapter to the case of linear polar molecules. For non-degenerate
fundamentals and overtones of a linear molecule, the transition
moment is given by equation (2.14) with K set equal to zero and

the line strengths are given in Table (2.4) with K set equal to
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TABLE (2.4)

Line Strengths for AK=0 Electric
Field Induced Transitions

A. Transitions Forbidden in Absence of Field

F,2 u u'
. \J=0,K=0,t',v' _ "2 . o122 z| 2
(“rZ)J,K,T,V - 36 l<T’Vlule v kes t RoB
F,?2 u' u lz

(It )J+2,K,r',v' z z

A 2
= |<‘T,V|p 'T',V'>| -
2’ 3,K, 1,V 30 2 hcB' (J+2)  hcB(J+1)|

[(3+1) =K2] [(3+2) 2=K>]

X
(J+1) (J+2) (23+3)
F,? u u' 2
- ' ' 2
W) T2 K TV o L vy [t v e - 2
1Rty 30 hcBI  hcB' (J-1)
2 2 2 2
x I -K ) [(3-1) -K ]
J(J-1) (27-1)
J=0,K=0,1',v' _
W3,k 1,v =0
J+2,K,t',v' _ 3 J+2,K,t',v’
T3, Koty = 7N g5,x) v

3 J-2,K,1',v"
X,k ,v I kI
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B. Correction to Transitions Allowed in Absence of Field

J,K,t',v’ Fzz|”'V’“z|T"v"’|2 My bg |
U|IZ)J#0,K,I,V = 60h2c2 g- + —;T
(432+1) (J%-K?) 4(J%2-K?) [(J+1) 2-K?]
* J “123-1) - J2(J+1) 2
(432+48J+5) [(J+1) 2-K?]
+

(J+1) “ (2J+3)

L |

| ' [ 2 2 2 w2
R EAL L TAAR A [<xvlu, [t',v'> |2 3(3+2)K2 [(3+1) 2-K?)

2°3,K, v 60h2c2 7+ 1) S

u u, ! 2
X |~ = 2

B(J+2) B'J

2]« ' v, 2 - 2 2_w?
Z2°"J,K,1,v 60h? c? 75
. v 12
% uz _ vLZ I
B(J-1) B' (J+1)
J+1,K,t',v' _ 3 J+1,K,1',v"
T TS = U TS
J-1,K,t",v' _ 3 J+1,K,t',v'
(“FX)J,K,r,V = I(”rZ)J,K,T,V
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TABLE (2.5)

Line Strengths for AK=}1l Electric
Field Induced Transitions

A, Transitions Forbidden in Absence of Field

"

F, 2 U
+ v
() grer it =--Z—|<1.v|uxlr',v'>|2 —Fe.
’ heB (J+1)
[(J+1)2-K2](J+K+2)(J+K+3)
th (J+2 (J+1) (J+2) (2J+3)
- + (- F,2 u
e R REIR A L e
AN 60 hcBJ
[] 2
" < L92-K?) (JFK-1) (JFK-2)
hcB' (J-1) J(J-1) (2J-1)
J+2,Ktl, v J+2,Kt1,+°
myr )J K, 1,V I(”rz)J K,r v
J-2,K¥1,1',v' _ J-2,Kt1, ' ,v"
Ny 3 %07, v = zW) g ke, v
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B. Corrections to Transitions Allowed in Absence of Field

e e e —

F 2
+ ¥ v
e TFOREL TVt Ly e vt |2 35K) (3FRe D)
yRe eV 120 X
(2J+1)
2 W ' 2
(4J +1) ‘rz (JtK) - VA (J.T.K-l)
J%(2J-1) |hcB hcB'
4 fhz Ll'z g
+ (JtK) - (J7K-1) —— (JFK+1)
J2(J+1)°? lth hcB! hcB
vy (43248J+45) | "z w'y 2
- (JtK+2) | + (J3K+1) - (J+K+2)
hcB! | (J+1) 5(23+3) |hcB hcB!
F 2
J+1,Kx1l,<',v'
(||l’z)J K,T V,T 'V '—-—E_—‘l‘T:V|HXIT',V'>|2 J(J+2)
A 120 h2c? (J+1) S
My (Izk+l) M
X e - zZ (JiK)
B(J+2) B'J
X (JxK+1) (JxK+2)
4 J-1,K*1,r',v’ Fg’ » (J+1) (J-1)
M)y k)0 o = [ r,vu |1, v
Pt 120 h?c? J5
i~ )
x ey (JtK)  _ Y 2 (Jik+1)
L B(J-1) B' (J+1)

x (JTK) (J3K-1)
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2
+ v ' F
T e e RAPA M R
1T 240 h?c
i, 2
+ + | u
J(J+1) (JEK) (J¥K+1) X 1 l z (JK) < (6J-1)
(2J+1) J¢ (23-1) I_B2
81’2“'2 1"22 . -
+ —=—=(g7k-1) (J%K) (J-1) + : (J;K—l)‘(GJ-l{J
BB' B!
2 2“22 3uzu'z
- (J*K) (JFK+1) + —=—=(2J2+42J-1+2K212K)
J2(J+1)?% B¢ BB'
2uv22
+ > (J3K-1) (J1K+2)
Bl
1 ‘“22 8“z"'z
+ Ty (JFK+1) 2 (6J+47) + ————=(JFK+1)(TEK+2) (J+2)
(J+1) ®(23+3) L.z BB'
L' 2
+ j (JEK+2) 2 (6J+7)
B':
J-1,K*1,r',v' _ 3 J+1,Kt1,1',v
Mry) 3 g+ ,v = zWID3 01, v
J-1,Kf1,1',v' _ 3 J-1,Kt1,+',v
M) g,k 0 ,v =7UT 5.k, v
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TABLE (2.6)

Line Strengths for AK=%2 Electric

Field Induced Transitions

2] 2 (1=
u.r )Jzz,KtZ,T',V' - FZ I\!,V'uxl‘["v'>| (J+K) (J;K-l)
Z2'J3,K,t,v 240 h2g?2 (23+1)
i H
(JEK+1) (JtK+2) x({ L43%+1) | X

J3(23-1) [?BJ-(A—B)(liZK)

! 2
L
X
+

2B'J+(A'-B') (312K)
—

H

[
4 , pY;
J(J+1) L_2BJ-(A-B)(1:tzK)

Lt
+ X " " x

2B'J+(A'-B')(312K[J L?B(J+l)+(A-B)(1i2K)

y ]

+ Y x | . _(432+83+5)
2B'(J+1)—(A'—B')(332Kl} (J+1) 3(23+3)

B \

} DX . Ux 2

LgB(J+l)+(A—B)(li2K) 2B'(J+1)-(A'-B"') (3t2K)

F
J+1,K:2, ',y | T(3e2
W gk 0 7 = |l ot vre |2 S0TH2)

(J+1) 3

U ' 2
T x e
[

L_ZB(J+1)+(A-B)(I*ZK)](J+2) [2B' (J+1)+(A'~B') (3%2K)]J

X (JFK) (JEK+1) (TtK+2) (JEK+3)
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2
J-1,K*2,1',v" F, o (J+1) (3-1)

r = —<T,V |k yv'>
(L Z)J 'Ky v 60 h2c2| ! I xl J3

, 2
Hx M x
x -

L}zaJ—(A-B)(lizx)](J-l) [2B'J-(A'-B') (3t2K)] (J+1)

x (JF7K) (JFK-1) (JF¥K+1) (JFK-2)

F 2
J+2,K* 2 ' ' Z
("’FZ)JK ARNAS =—-—|<‘[,V|pxl[',v'>lz
' 30 h?c?

r ¥ x by T
' 1

X
LEB(J+1)+(A—B)(112K) 2B' (J+2)+(A'-B"') (312K

(JEK+1) (JtK+2) (J1tK+3) (JtK+4)
(J+1) (J+2) (2J+3)

F 2
J2K2,T"V' Z 1 L 2

r = — T,V v

L) g,k 1, v 30 h2 Fherevlugl et vt
" u' I

X X -

2BJ- (A-B) (1*2K) 2B' (J-1)-(A'-B' )(3+2K_J
X (JFK) (JFK-1) (JFK-2) (JFK-3)

J(J-1) (2J+1)

21 . (] v, |2
J22,K+2,¢',v' Fai t’VlnxIT v

(JFK) (JFK-1)
LIy g k01, v

120 h4c?

J(J+1) 1l
(23+1) J°(23-1)

(JEK+1) (JtK+2) x p2(6J-1) - 8pq(J-1)
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oo | :
+ g?(6J-1) + —f—z———— I2ps - 3(pt + gs) + 2qgt
__1 J« (J‘f’l)l L_

—

|
+ 1 is2(6J+7) - 8st(J+2) + t2(6J+7)
l

(J+1) “(2J+3)

where
p = "x
2BJ- (A-B) (1*2K)
L}
q = " x
2B'J+ (A'-B") (3%2K)
S = L‘x
2B (J+1)+ (A-B) (1t2K)
R )
t = “x
2B' (J+1)-(A'-B"') (3*2K)
J+1,Kt2,¢',v' _ 3 J+1,K¥2,1',v"'
(er)J,K,t,V - 4(1FZ)J,K,r,v
J-1,Kx2,:',v' _ 3, J-1,K¥2,t',v'
LI 3k v = 745,500, v
J+2,K2,¢',v' _ 3 J+2,K¥2,1',v'
LTy 3,K,1,v = 7UI) 3 kv
J-2,Kx2,+:',v"' 3 J-2,K¥2,:',v!
r ’ ’ ’ - 2 ’ ’ ’
U 3 k01, v 71T 5 k1, v
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zero. Transitions involving the degenerate vibrational states of
linesr wolecules cainnot be treated by the above non-degenerate
perturbation theory because degenerate states with the same + 4
within the same vibrational state interact through the electric
fieid. Degenerate perturbation theory is applied to this problem
in Chapter IV in connection with the interpretation of observed

electric field induced spectra of HCN.

LINE SHAPES

The following development of the theory of electric field
induced spectra by Bridge. Haner, and Dows (13) parallels the
perturbation treatment already presented and gives additional
information on expected line shapes.

In the absence of an external field absorption line shapes
are due to three processes. First, the natural line breadth results
from the finite lifetime of energy states in conjunction with the
uncertainty principle. Secondly, the random motion of molecules
in a g3s causes absorpticn cf a distribution cf frequencies due to
the Doppler effect that can be described by a Gaussian function.
Finally, intersactions between molecules- pressure broadening-
causes absorption with a Lorentzian distribution of frequencies.

In addition. an external electric field removes the upper
and lower state M degeneracies and even though the transitions
may not be resolvable, a distribution of frequencies about the
central frequency will be present. We will characterize electric
field induced absorption lines by their center frequency, an

integrated line strength and a line shape that arises from the

1"



35
field splittings in addition to the other broadening effects
described szbove.
Assuming a line shape function S and retaining the previous
weak field assumption so that the absorption coefficient k(v) is
a sum over the upper and lower state M degeneracies, the absorption
coefficient becomes

k(v,Fz) = [thK/<2J+1)iZ BJKM(FZ)S[V -

(FZ)] , (2.20)
M,M’

Y0JKM

where the only previously undefined symbol is v » the frequency

0JKM
of the absorption line including field effects. The form of S can
be taken as independent of M so long as the assumption of weak
electric fields is wvalid.

Under the assumption of weak fields the absorption coefficient

k(v,FZ) and the Einstein B coefficient may each be expanded in

powers of the field.

2 4
= ) + v) +.o.. .21
k(v,F,) = k (V) + F k,(v) +F k (v) (2.21)
B (F)) =R + F_B + FZB +. . (2.22)
JKM " Z “0JKM Z 1JKM Z 2JKM

0dd powers of the field drop out of the absorption coefficient

k(v,FZ) on summing over M and M' because

n n
, \ = A - .
AnJKMJ'K'M'FZ nJK-MJ'K'M'( Fz)

This is apparent because absorption cannot depend upon the sense of

the field. The BOJKM in (2.22) are the field independent Einstein
B coefficients for induced absorption and the B2JKM are pro-

. 3 J'K'M'
portional (by a factor of 8m /hc) to the (1")JKM calculated

earlier. The are discussed qualitatively below. A similar

By yxkm
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expansion of the frequency v (F_) occurring in the argument of

OJKM ™ z

the line shape function yields:

. e} 2
F )=y + + ... )
Voo Fz? T Vosr t fioim Tz Y fogxm Tz * ’ (2.23)
h £ are the nt® order Stark splitti
where f ... are the n— order Stark splittings.

1f the Stark frequency shifts are small compared to the line
width A, the line shape function can be expanded in powers of the

shift.
: - of o 1 o .
S{.v - \’OJKM(FZ)} = S%_'V‘ = VO} + S {\) - VO.}[V - \)O]/A
* SII{V - vg}ﬁ(v - vo)/A]2 +o.., (2.24)

where the coefficients Sn(v) are, by Taylor's theorem,

n _ n -1 4" .
S (v) = (-8) (n!) ——;’S(v)
dv

Combining expansions (2.22), (2.23), and (2.24) and comparing
coefficients of F; with expansion (2.21) makes the following

identifications possible.

:“/‘Zv-& A._O
k_(v) [h»JK (23+1)) " S{v vo}

MMI

- h. — 2 11 o
kz(v) = [thK/(2J+1)}{- BOJKM(fl/A) S T {v - vo}

ml

‘fz/A) + B

1 0.
,[BOJKM( (fl/A)]s {v - vo}

MM 1JKM

, o
+ " B, 1o S{v - vo}}

k, (W) = [thK/(2J+1)]MM;[BO(f1/A)4 sTV{v - vol +o..] (2.25)
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kz(v) in equation (2.25) is made up of three terms:
_,a b c
ky() = k(W) k() + ko) (2.26)
where

kg(v) = [thK/(2J+1){Z, BZJKM s{v - vz}

ml
kb(v) = [hy /(2J+1)]2 (B (£.,/8) +B (f /A)]slfv -V
2 JK v OJKMTT2 LJKM 1 : )
ko (v) = [hv,,/(2J+1 )i £ /n2% st °
2O = Thyy/ @IFDIL By gy (B /)7 877w - vl

ml

These three terms correspond to three different types of electric

field induced spectra (EFS)-type (a) EFS in which k; dominates

the other two terms, type (b) EFS when kg dominates the other
two terms, and type (c) EFS when k; dominates k; and kg.
The type of EFS observed is determined by the molecular parameters
involved rather than being the choice of the experimenter.

k;(v) is the absorption coefficient of a line having the
same shape S(v - vZ) as an absorption line in the absence of the

field but a different line strength B Therefore, a type (a)

2JKM’
EFS difference spectrum will be a spectrum showing the same line
shapes as a field free absorption spectrum but with a different
intensity distribution and different selection rules. The line
strengths of type (a) EFS are those calculated previously in the
chapter, given in Tables 2.4 through 2.6.

kg(V) contains two terms - one involving first order Stark
splitting £, and the other involving second order Stark splitting

1

f2. The second order Stark effect term has the same line strength

L]
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as a field-free absorption line so a type (b) EFS difference spectrum
will appear as the difference between two lines of the same in-
tensity, one slightly shifted in frequency from the other due to

second order Stark splitting. The first order Stark effect term
describes the fact that some intensity is transferred from the

M - M' transition to the -M - -M' transition. I have not calculated
the BlJKM'
k;(v) is directly interpretable in terms of the first order
Stark effect. A type (c) EFS difference spectrum will appear as the
difference between two absorption lines of the same strength BOJKM
one of which is broadened with respect to the other by first order
Stark splitting. The line strengths for k;(v) have been calculated
for perpendicular bands (13) and are given in Table (2.7).

If the line shape is assumed Lorentzian, then the three line

shapes are (from Taylor's theorem):

type (a) EFS

S{v - v} = (U/mp) (1/ & + 1)), (2.27)

type (b) EFS

I o 2x
sTiv - V0) = (/) , (2.28)
{ vo} (x2 + 1)2
type (c) EFS
sy - v0) = ) (Gx - D/ + D), (2.29)

where x = (v - vz)/Aa

These are shown graphically in Figure (2.4) and are in agreement
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TABLE 2.7
Line Strengths of EFS Type (c) Transitions

A. Light Polarized Parallel to the Electric Field

Transition Line Strength

l<rovlu |t w52 S0+ D@ R+ DU 2R +2)

J-J+1
7722 3
KoK+ 60n%c?p? (21 + 1)@ + 1)
: 2
(K + Du Ku
X - Z_ Z
J + 2 J :}
T <t v\u. |t v's|? (34‘ +30 - DIQ + 1) - KK + 1))
727 3
KoK 41 22 Pu+ %@+
x {K+ Dp' -K }2
+Du' - Ku,
JaJ-1 l<r.vlu, \1=',v'>|2(J2-1)(JIK)(JIK-1)
K=K+1 60n2c’a? 3225 + 1)

(K + 1)u’z K W, 2
N\ T3 -1 T T+F1
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B. Light Polarized Perpendicular to the Electric Field

Transition

Line Strength

l<t,vlu, |s‘-?,v’>|2 @FK+1)J +K+2)

J-J+1
2
K-K+1 120h2 2 g+ 1) 23 + 1)
43 + 5 2,2 .
x{ T2 KX D~ - 8KE* Duu,
43 +3 2 2
+ —
)
2
J=J l<rvlu | tv'>"L@ + D) - K(K_-#_- 1)]
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EFS Type (a)

EFS Type (b)
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Figure (2.4) Electric Field Induced Line Shapes.
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with the qualitative arguments presented above.

In practice, the line shape function is a much more compli-
cated function than Lorentzian or Gaussian (c.f., 19 or 20) and
monochromator slit effects must be considered. The intensity of

the absorption line is transformed by the spectrometer according to
I'(',F,) = [ I(,F)BM - v')dy, (2.30)

where the slit function B(v - v') 1is the fractional intensity of
light of frequency v transmitted by the spectrometer set to

frequency v' and I(v,FZ) is given for a Beer's law absorber by

L(v,Fp) = 1°(v) exp [-k(v,F,)1], (2.31)

where L 1is the absorption path length and- Io(v) is the intensity

of the incident radiation of frequency w.

VALIDITY OF PERTURBATION EXPANSION

The perturbation and power series expansion treatments of
electric field induced spectra both require the perturbing field
to be weak. This requirement means that the perturbation energy
uF must be small compared to the separation of rotational energy
levels, i.e., for a polar axially symmetric molecule pF < 2hcBJ
for the JE-I'l rotational level, B being the rotational constant in
units of cm-l. For methyl fluoride with . ¥ 2 Debye and
B=1 cm-l, the upper limit on the field is 200J esu (60J KV/cm)
so that a field of 30 Kv/cm is small for practically all

rotational levels.
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For high electric fields and in the case of molecules posses-
sing large electric dipole moments, the perturbation expansion does
not converge. 1In these cases, Lamb's method (see Chapter I) of find-
ing an exact solution for the Stark energy levels could be used. With
very accurate values of Stark energy changes, accurate numerical wave
functions good for all values of electric field could be found for
use in intensity calculations. A considerable amount of computer time
and storage space would be required for this problem in all cases

except for very low values of J.



CHAPTER III

EXPERIMENTAL TECHNIQUE

The apparatus and frequency measuring techniques used in the
experimental portion of this thesis are described in this chapter.

Two experimental stages for the detection and measurement of
electric field induced spectra were used in the course of this work.
The original system was assembled to determine whether EFS could be
obseryed in the near infrared region. As soon as induced spectra
were obtained using the original system, improvements were made in
the design of the fore-optical system to increase energy and im-
prove resolution Both experimental arrangements are described
be low.

Because induced intensity changes are proportional to the
square of the electric field and are orders of magnitude smaller
than zero-field absorption signals, it was decided to use phase
sensitive ac electronic techniques. An ac electric field was used
to modulate the light transmitted by the cell (rather than a
mechanical light chopper) and amplification was done at twice the
electric field frequency because of the FZ2 dependence of the
line strength.

A block diagram of the apparatus is shown in Figure (3.1).

The general experimental arrangement was the following.
Light from the carbon rod source (21) was focused by a CaF2 lens
at the entrance of the parallel plate, electrically capacitive,

"Stark cell" described in detail below. The light was modulated
44
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by the 45 Hz. high voltage applied to the hot electrode of the Stark
cell and then focused by fore optics on the entrance slit of the
monochromator (described in detail by Aubel (22) with modifications
described by Keck (21)). The dispersed light from the monochromator
was then focused on a lead sulfide detector cooled to liquid nitrogen
temperature., The signal from the lead sulfide detector was phase
sensitive detected (Aubel (22)) using a 90 Hz. reference signal,
amplified, and finally recorded by one pen of a Leeds and Northrup
dual pen recorder. Electrical energy for the high voltage and the
reference signal was provided by a Behlman Engineering audio
oscillator having three 120 volt outputs. The 45 Hz. reference
voltage had its frequency doubled by a lab built full wave rectifier
and was fed into the phase sensitive detector through a phase shift-

ing network providing phase changes throughout 360 degrees.

INITIAL EXPERIMENT

Because electric field induced signals are small, Stark cell
design is important. In order to observe induced transitions, the
cell must provide electric fields of the order of tens of Kv/cm,
transmit a reasonable fraction of incident radiation, and provide
an absorption path length sizable enough for appreciable absorption
to occur. Professor C. W. Peter's group at the University of
Michigan faced identical problems in their Stark effect experiments
and our cell is essentially a copy of theirs (5).

The original Stark cell was constructed as shown in Figure
(3.2). Two slabs, 2"x36"x%", of selected Libbey Ownes Ford 'Mirro-
Pane', a front surface chromium coated mirror, were separated by

%" wide .0075" strips of insulating Du Pont ‘Mylar' and stainless
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h 4

steel Lufkin gauge stock. The gauge stock also served to make -
electrical contact to the mirror surfaces. With the spacers in
place, the cell was placed between two pieces of channel iron
loaded with lead bricks. Pressure was uniformly distributed along
the edges of the cell by placing rubber strips between the glass
and the iron rails. Ren Plastics RP 201 green epoxy was used to
cement along the edges. Later cells were cemented with RP 1240
because it is easier to handle. The cell was placed in a housing
consisting of a piece of brass S band wave guide with removable
endplates and CaF2 end windows. Sample pressures were measured

by a Welch Scientific Co. Dubrovin gauge connected to the housing
through a glass manifold. The manifold also served to introduce
and remove sample gases from the Stark cell. One electrode lead
(gauge stock) was soldered directly to the grounded brass housing.
The high voltage was connected to the cell through a hermetic seal.
The exposed gauge stock was covered with corona dope to prevent
electrical breakdown of the gas at these places. The brass housing
and accessories remained basically unchanged throughout the exper-
imental portion of this work. All six Stark cells constructed
during this portion of the work suffered electrical breakdown after
five to eight hours of operation and had to be discarded.

In the first system, a 12 cm focal length CaF, lens was used
to form an image of the exit aperture of the Stark cell at an inter-
mediate focus of the monochromator. Because the optical elements
used in the preliminary investigation were those on hand in the
laboratory, matching the f/ number of the light beam to the mono-

chromator was impossible. Weak but interesting electric field
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3 31, and CH3CN were observed with this -

apparatus although no frequency measurements were attempted at that

induced transitions in CH,Br, CH

time.

FINAL ARRANGEMENT

The largest defect in the original experiment was the lack
of energy available in the monochromator. In order to overcome
this difficulty, it was decided to increase the separation of the
Stark cell plates to about 2 mm. as a method of increasing trans-
mission efficiency and make a careful study of the optical pro-
perties of such a cell to see if it could be conveniently matched
to the monochromator. However, wider separation of the plates
decreases the breakdown voltage of a gas at low sample pressures;
but this problem can be minimized with a heavy inert buffer gas
such as SF6 (23). Essentially, this is a trade of possible res-
olution, because of the pressure broadening., for energy in the
monochromator.

It was observed experimentally with plate separations on
the order of 2 mm. that light diverged horizontally from the exit
end of the Stark cell at approximately f/8 and diverged vertically
from the entrance end of the cell at approximately f£/20 using
f/4 source optics. The horizontal f/ number was not well defined.
The beam was observed to have a non-uniform intensity distribution
in the horizontal plane due to multiple reflections from the cell
walls. The appearance of the pattern resembled an interference
pattern with poorly defined edges and was highly dependent upon

alignment.
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The optical problem was to f£ill the monochromator, correcting
for the astigmatism (equal to the length of the cell), and simulta-
neously match both horizontal and vertical f/ numbers to that of the
monochromator.

My soluticn to this problem for a Stark cell of arbitrary
length L is the following two lens system. A spherical lens placed
at its focal distance from the exit end of the cell to simultaneously
match the vertical f/ number of the cell to the monochromator and
collimate the horizontally divergent portion of the bean. With these
two conditions plus the fact that the difference between the object
distances for the horizontal and vertical portions of the beam is the
length of the cell L. the required focal length f of the spherical

lens may be calculated from the thin lens formula as
f = mL.

m is the ratio of the f/ number of the monochromator to the cell's
vertical f/ number, viz., the magnification required to match the
cell's vertical f/ number to that of the monochromator. The second
lens. beyornd the spherical lens, is cylindrical with an f/ number
equal to that of the monochromator and a focal length determined by
the width of the collimated beam. The cylindrical lens, while having
little effect on the vertical! portion of the beam, focuses the
collimated protion of the beam at the point where the spherical lens
focused the vertical portion of the beam.

Although our monochromator is f/5, it was more convenient to
focus the emergenent light at an intermediate focus in the regular
fore-optical system at f/10. The 100 cm length of our Stark cell

and the demagnificaticn of the vertical portion of the beam from
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£/20 to £/10 determined the focal length of the spherical lens to be
50 c¢cm. The measured hcrizontal dimension of 6.5 cm, together with
the required £/10, of the collimated beam determined the focal
length of the cylindrical lens to be 65 cm. The optical system is
shown in Figure (3.3).

Details of the shepe calculations for the two CaF, lenses

2

used in this system are presented below.

LENS CALCJLAIIONS

The radii of curvature of the lenses in an optical system
should be chosen so that spherical aberration and coma introduced
by one element are minimized or cancelled by succeeding optical
elements. This capn te done by calculating the position factors of
the elements involved (determined by image and obj=ct distances)
and then choosing the best shape factor for each element which, in
turn. fixes the radii of curvature of the lenses in the system.

Cancellation of spherical aberration is only possible for
a combination of two or more lenses of opposite sign. viz., con-
verging and diverging lerses., Coma, on the other hand, may be made
positive, negative, or zero for a single lens by proper choice of
shape factor (24). The parameters of our optical system were not
sufficiently free to allew cancellation of spherical aberration;
but the calculations for minimization of this effect were performed.
Fortunately, the best shape factor for minimization of spherical
aberration is very clcse to that for minimization of coma. After
performing the necessary calculations, it was learned that con-
verging cylindrical lenses other than plano-convex are excessively

expensive. Plano-cornvex is, fortunately, close to the best lens
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shape for focusing collimated light. The following lens calculations
are those for the cost-constrained lens system.

The horizontal (collimated) portion of the beam in the fore-
optical system was measured to be approximately 6.5 cm. wide. There-
fore., an f/10 converging cylindrical lens of focal length 65 cm. was
required. Since the index of refraction of CaF. is approximately

2

1.42 in the near infrared and one radius of curvature r2 of this

lens was fixed by cost to be «, the other radius of curvature r,

is given by the lens makers' formula (24)
1/f = (n - 1) (i— -, (3.1)
1 2
to be 27.30 cm.
The spherical lens., on the other hand, has only its focal
length (50 cm.) and the position factor p, given by (24)

_s' - s
P= 7. o 3.2

fixed, where s' and s are the image and otject distances,

respectively. The position factor for this lens is of course
different for the horizontal and vertical bezms. The best shape
factor q. to minimize spherical aberration., 4nd hence the radii
of curvature of this lens must be a compromise between the best
values for the horizontal and vertical beams individually.

It is desirable that the horizontal portion of the beam
be as free of spherical aberration and coma as possible because
this part of the beam determines how many rulings on the grating
of the monochromator are covered. The horizontal beam has object

and image distances of s =50 cm. and s' = w. respectively.
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Therefore its position factor from (3.2) is p = +41.0. The best

shape factor for reducing spherical aberration in a lens is given

by (24):
2
_-2(m - Dp
q n + 2 A (3.3)
For the horizontal beam. the best shape factor is q = -0.594. The

vertical portion of the beam, on the other hand, has object and image
distances of s = 150 cm. and s' = 75 cm., respectively. The vertical
beam has a position factor of p = -1/3 and therefore a best shape

factor of q = +0.198. The quantity Ls’ which is a measure of the

axial difference in focal length, is defined by (24):

1
L =7 -1 (3.4)
S Sh SP

or

2 3
__h 1 n+2 2 2 n
L, 8f3 a(a-1) [ﬁ’l q +4 (ntl)pq + 3n + 2) (n-1)p + 1 |

where s' is the image distance for an oblique ray traversing the

h

lens at a distance h from the axis and s'p is the image distance

of the paraxial ray. The quantity Ls was plotted for the horizontal
and vertical beams as a function of the shape factor to find a
compromise shape factor. q was chosen to be q = -0.50. The radii

of curvature of the spherical lens are then given by (24)

_ 2f(n-1) _ 2f(n-1
r, e and r, -1 . (3.5)
With q = -0.50, f = 50.0 cm., and n = 1.42; the radii of curvature
are r, = 84.0 cm. and r, = -29.0 cm. - the negative sign indicates

surfaces curved in opposite directions. It is important that the
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lenses face in the proper direction when in use. The two lenses were
purchased from John Unertl Optical Co.

The two lenses were mounted on a large two axis cross slide
that allowed accurate independent adjustments of each lens parallel
and perpendicular to the light beam. The brass Stark cell housing
was mounted on a specially designed three axis cross slide and
connected to the fore-optical vacuum chamber (the shoe box) through
an evacuated bellows. This arrangement allowed the walls of the fore-
optical vacuum chamber to flex under atmospheric pressure without
affecting alignment as well as providing easy external adjustments

in focus and position.

FREQUENCY CALTIBRATION

Frequency measurements of EFS signals were made in the
following manner. Absorption lines of an appropriate molecule or
molecules whose frequencies bracket the frequency region of the
EFS signal and whose frequencies are well enough known to be
suitable as standards. are recorded before and after the EFS
signal. The grating is never allowed to stop. Simultaneously,
visible light Edser-Butler interference fringes having constant
frequency spacing are recorded throughout the region of interest
on the second pen of the dual pen recorder. The fringes provide
a linear interpolation scale for frequency determination of the
EFS lines lying between the standard frequencies. The details
of this method are given by Olman (25) and by Rao, Humphreys,

and Rank (26).



CHAPTER IV

ELECTRIC FIELD INDUCED SPECTRA OF HCN

The linear molecule HCN was chosen as an experimental test of
the new optical system because of its large permanent electric dipole
moment (3 Debye), well spaced lines, and f-type doubling. The result-
ing induced spectra proved so interesting that a major part of thé

experimental effort was directed toward this mclecule.

Linear Molecules--General Features

The three normal vibrational modes of a linear tri-atomic

molecule are shown in Figure (4.1). Two of these, 2 and v, are

non-degenerate while the bending mode, v is two-fold degenerate,

2’
e.g., the molecule can bend in the plane of the paper or perpendicular
to the plane of the paper.

The rotation-vibration absorption spectra cf ncn-degenerate

fundamental and overtone bands of linear molecules are extremely simple.

Approximately evenly spaced R {(AJ = +1) and P (AJ = -1) lines march

out from the band origin where no Q (AJ
In terms of axially symmetric molecules, the quantum number K, the
projection of the total angular momentum along the molecular symmetry
axis, is zero so that in an electric field only second order Stark
effect is possible.

Transitions involving the two-fold degenerate vibration

V2
are somewhat more complex both in the appearance of absorption bands

and in the effects that an electric field may produce.
56

0) transitions are possible.
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Figure (4.1) - Normal Vibrational Modes of HCN.
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v, has a fairly low frequency (712 cm-1 for HCN) so that this

2

state is appreciably populated at room temperature. Consequently,
many fundamental and overtone rotation-vibration bands are accompanied

by "hot bands", viz., transitions for which v, is the lower vibra-

tional state rather than the vibrational ground state.

The vibration being essentially a two dimensional har-

V2

monic oscillator has an associated angular momentum. If v, quanta

2
of the

v, vibration are excited, a (v2 + 1)-fold degeneracy is
present and angular momenta (in units of h/2n) of g =‘i(v2 - 2),
irlz -4),..., *1 or 0 are possible. 1If v, = 1, for example, &

can be +1 corresponding to an angular momentum of rotation in either
direction about the moelcular symmetry axis. Obviously, the total
angular momentum quantum number must be greater than or equal to ¢

in a degenerate vibration.

The (v2 + 1)-fold degeneracy remains only to lowest order for
the following reascns {16). A linear molecule excited to a degenerate
vibrational state is formally analogous to a slightly asymmetric
rotor. The angular mcmentum 4 is analogous to K in the limiting
case symmetric top. Therefore in the symmetric top limit, states of
the same magnitude of { are degenerate. Further small splittings
of states having the same magnitude of { (commonly referred to as
4 -type doubling) takes place through the mutual interaction of the
vy and vy, vibrational states. The z+, vy vibrational state

2

lying above the vibrational state (of symmetry T]) in energy,

vy

+
interacts with the positive component T of v, The negative

component T of v, is unaffected. The interaction lowers the

. + )
energy of the statesbelonging to 1] with respect to those belonging

to M~ by an amount given by qJ(J + 1), where q 1is approximately
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constant within a given vibrational state (q * 0.007 cul.1 for HON (4)

in the fundamentai).

vy
For absorption spectra, the selection rules governing rotation-

vibration transitions of linear molecules are (16):
M =0, +i; AJ =0, +1 (J =04 J =0); te -

where the - (+) indicates whether the rotational wave function
changes sign (doesn't change sign) under the inversion operation.

Q branch transitions cannot occur when A{ =0 and ¢ = 0.

The 3300 cm‘1 Region of HON

When otserved with zero field, the strongest absorption in the

3300 crn-1 region of HCN is due to the v fundamental, a 8+ - E+

3
transition. Accompanying this band at lower frequencies are the
fairly strong '"hot band" v, + V3 = v, (M- and the

2V2 + vy - sz (A - ) "hot band'" which is very weak at room
temperature due to the Boltzmann factor, Another standard notation

. . A - A
denoting the:ze bands is (41, 2% v3)upper le, vy, v3)lower’

e.g.. v, + V3 = vy is written (O, 11, 1) - (0. 11, 0). 1In
absorption, both bands are parallel bands (M, = 0) and have
rotational selection rules AJ =0, +1 so that R, P, and Q
branches are allowed.

The calibration of this region was particularly simple
because the frequencies of the vy absorption lines are well known
and commonly used as standards. The prccedure during a calibrated
EFS run was to admit a few Torr of HON and run an absorption spectrum
of the higher P{J) 1lines. The mechanical light chopper was then

turned off and the absorption cell pressurized to % atm. with SF6
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to prevent electrical breakdown while the grating continued to turn.
The electric field wis turned on and the EFS run. At the end of the
EFS portion of th: run, the electric field was turned off, the
pressure of the HCN and SF6 mixture reduced to 2 cm.. and the
absorption spectrum ¢f the higher R(J) lines run.

Figure (4.2) :zhows the observed electric field induced spectrum
1n this region. Positive signal represents an increase in absorption
with the fie'd on. Experimental conditions for this spectrum are

given in Table (4.1).

EFS cf the Band cf HCY

V3

The V3 fundament sl exhibits several interesting aspects of
electric field induced :zpectra as well as allowing a 'direct'" measure-
ment of the band origin.

The induced Q branch is clearly evident in figure 4.2).

The line shape is cf type ta) as expected from the line shape expan-
sion of Chapter IT. 3Solely positive signal represents the difference
b=tween abscrption with the field on and 2 lack of stsorpticn without

the fieild. The Q ©branch is madz up of three partiaily resolved

"lines". From fcrmula (1.3), 1t 1s evident that the M =+l oM =0
and M =0 - M =+l transitions will be symmetrically displaced
toward higher and iower frequencies. respectively, while the AM =0

transition is not displaced from the band origin. Table (4.2) shows
calculated values of the relative intensities of the Q(0), Q(1l).

and Q(2) lines for electric field strengths near 30 Kv/cm. It is
reasonable to assume from the values in the table., that only these
three lines contribute szignificantly to the intensity of the observed

induced Q branch. The spiitting of the induced Q branch is
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attributable to partial resolution of the second order Stark effect
components.

The apparent absence of observable AM = 0 transitions in the
induced Q branch prompted polarization experiments because AM = 0
transitions occur for light polarized parallel to the field while
AM = #1 transitions occur for light polarized perpendicular to the
fieid. It was found experimentally that in the 3 micron region our
Stark cell transmitted about 8 times as much light energy polarized
perpendicular to the field (in the plane of the cell height) as that
polarized paraliei to the field. Therefore, alf 0f the spectra shown
An Zhis thesis are essentially reconded with Light polarized perpen-
diculan to the §4ield dinection.

Attempts to increase the resolution of the Q branch lines
by decreasing the monochromator slit width were unsuccessful. The
result of this operation was simply to decrease the intensity and
eliminate some of the detail observed in the hot btands that are
present. 1Tt was concluded that the pressure broadening due to the
SF6 was sufficient to make further resolution impossible.

Weak and noisy induced AM = 0 transitions in the vy Q
branch cf HCN were recorded by placing a silver chloride stacked
plate polarizer in the light beam emergent from the Stark cell with
the polarizer oriented to transmit light polarized parallel to the
electric field.

The two side peaks of the EFS Q branch were measured at
frequencies of 3311.335 cm-1 and 3311.582 cm-l. The average fre-

quencies of these two lines is 3311.458 cm-1 and should be the fre-

quency of the band crigin. The low point between the two peaks was
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Line Transition Relative
QW) |M| - |M’| Intensity
Q(0) 0-0 0.09
0-0 0.03
Q(1) 1.0 0.02
l1-1 0.02
0-0 0.002
1-.0 0.001
Q(2) 141 0.001
251 0.002
2 42 0.004

Table (4.2) Relative Intensities of
Q Branch Transitions for HCN.
(30 Kv/cm Electric Field)
measured to be 3311.465 cm-l. Both of these measurements agree
-1 *
within experimental error of approximately .015 cm ! with the
calculated frequency of the band origin of 3311.4733 cm-1 (27).

R(O) and P(l) in v are striking examples of type (b)

3
EFS line shapes. All AM components of R(0) are shifted toward
higher frequency while all of those of P(l) are shifted toward

lower frequency by second order Stark effect (see equation (1.3)).
The difference between absorption with the field on and absorption
with the field off produces this characteristic up-down or down-up

asymmetric line shape. 1f all of the assumptions in the perturbation

development of the line shape expansion were valid, an EFS type (b)

three standard deviations
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line shape--first derivative of a Lorentzian line shape with respect
to frequency--would have a zero at the central frequency of the ab-
sorption line in the absence of a field. The zero of the EFS P(1l)
line was measured at a frequency of 3308.467 cm-1 compared to the
value of Rank, et. al., (27), of 3308.5169 cm °. The zero of R(0)
was measured to be 3314.472 cm"1 compared to the value of Rank, et.
al., (27), of 3314.4089 cm-l. The larger discrepancy between these
numbers is actually to be expected when the weak field assumption
under which the line shape expansion was developed is examined for
HCN .

The assumption that second order Stark splitting is too small
for AM type transitions to be resolved in HCN clearly doesn't hold
because partial resolution was attained in the Q branch. The
"smallness parameter', pF/JB, for the perturbation expansion of HCN
is nearly unity for electric field strengths near 30 Kv/cm. With the
electric field strengths used in this experiment. the theoretical
model has been extended beyond its intended range, though the
qualitative line shapes are in excellent agreement with the pre-
dictions of the mode:.

The measured zero of P(l) and the measured zero of R(0)
should occur at lower and higher frequencies, respectively, than
predicted by the expansion. The condition for the EFS line shape
of P(l) to have a zero at the central frequency of the absorption
line is shown graphically in Figure (4.3a). The induced line (shown
dotted) has to have its position shifted toward lower frequency, its
intensity increased. and perhaps have its envelope broadened by the
field such that the induced line overlaps the absorption line (shown

solid) precisely as shown in Figure (4.3a) for only then will the



66

Figure (4.3) Overlapping in P(l) Transition
in Vg of HCN.

(Field = 0, indicated by solid line)
(a) According to theory.
(b) Experimentally observed.

difference between the intensities of these two lines be zero at the
central frequency of the absorption line. Because of the large Stark
shifts shown by HCN, P(l) would be expected to be shifted to a lower
frequency than assumed in the expansion with the resulting zero of the
EFS line shape also occuring at a lower frequency. This situation is
shown in Figure (4.3b). The opposite effect would occur in R(0)

and its EFS line shape zero would be expected at a higher frequency
than theoretically predicted.

For higher values of the total angular momentum J, the P(J)
and R(J) lines are asymmetrically broadened by the field, viz., not
all of the AM components for either type of line are shifted toward
higher or lower frequency. 1In addition, the Stark splittings become
smaller and the increase in intensity due to the field decreases
rapidly with increasing J. Consequently, those few lines that are
intense enough to be observable have asymmetric line shapes resembling

EFS type (c) in the sense that positive-negative-positive signal is
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observed. No quantitive conclusions have been derived from these -

weaker transitionms.

EFS of the \,‘2 + \)3 - \)2 Band of HCN

The electric field induced spectrum of the HON wv. + v. - v

2 3 2
hot band exhibited several interesting effects arising from the {-type
doubling of the upper and lower vibrational states.

Figure (4.4a) shows an energy level diagram of the upper and
lower vibrational states for the Vo + V3 = v, band including the
(+) and (-) symmetry of the states with respect to inversion. The
lowest member of each allowed transition is also indicated. (The
4-type doubling of the J states has been exaggerated.)

In the presence of an electric field, the two nearly degen-
erate H states for a given J value, having eigenfunctions
yo o

1 and Y; and unperturbed energies w? and wz, can interact

strongly through the perturtation

= o o o :
“Fuy, = °F [ ¥ cos(9) ¥, sin(e)dody
or %.1)
. = Eu M
fupy JU+)

w 1is the average vaiue of the electric dipole moment in the g -type
doubled state. The following results are taken from the lucid
development of this problem given by Townes and Schawlow (4). Since
a linear molecule excited to a degenerate vibrational state is

formally equivalent to a slightly asymmetric rotor, the problem is

also included in the general development of Stark effects in

asymmetric rotors given by Golden and Wilson (28).
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Transitions in
Band of Linear Molecules.

(a) Electric Field =0
(b) Electric Field # 0
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The resulting energy shift obtained by solving the two
dimensional secular equation for this degenerate perturbation theory

problem is:

w‘;+w; (wi-w‘;)z AL
B =—5—2\\T2 ) *Fupnf %.2)
o o , .
where W1 - W2 = qJ(J+1) in this case.

The perturbed eigenfunctions are:

€
n

o )
a(F)Yl + b(F)Wz

and 4.3)
(o] (o}
-b(F)\y1 + a(F)‘i’2 ’

€
]

where the coefficients a(F) and b(F) are given by:

o 0,2 22" o o %
- + -
) = /(Wl Wp) HAFpgy + Wy - W)
' ) 2 21
2 \/(w‘{ - wg) + 4F T,
(%.4)
-
R T A
b(F) =
o o 2 2 2 1
2\/“"1 - W)+ 4F,
If the degeneracy is nearly complete [as it is in HCN where
(w‘i - w‘z’) = qJ(J+1) is small)], then (4.2) may be expanded
w‘; +w‘2’
BE = —=—5—=+Fu, . 4.5)

Thus, a "first order" Stark effect with a symmetric splitting of the
degenerate { states occurs in the degenerate vibrational states of

linear molecules.

If Wi - Wg = 0, (4.5) would be exact and be the magnitude of

the result obtained by application of first order perturbation theory
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to an axially symmetric rotor in the presence of a field. For a
slightly asymmetric rotor, the two solutions of (4.5) describe the
splitting of the nearly degenerate symmetric rotor limiting case
states + K by the field.

Due to the mixing of the +{ states through the field, both
{4 components for a given J 1in the upper and lower vibrational states
of a T -~ 11 transition contain (-) as well as (+) character and the
(+ » -) selection rule allowing only two transitions between the two-fold
degenerate upper and lower states breaks down. Consequently, four
transitions are possible rather than the two allowed in the absence
of the field. This is shown diagramatically in Figure (4.4b) for
the lowest member of each type of allowed transition.

The R(l) EFS transition shown in Figure (4.2) is a splendid
example of these field effects. The symmetric positive-negative-
positive shape of the induced line is characteristic of EFS type (c)
line shapes resulting from symmetric displacement of the two transi-
tions allowed in the absence of a field. The weak, partially resolved
positive signals flanking the main '"line'" are induced transitions
corresponding to the field-free forbidden (+ e +) and (- « -)
transitions having lower and higher frequencies than either of the
field-displaced previously allowed (+ e« -) transitions. The ratio
of tﬁe intensity of field-free forbidden (+ « +) induced transitions
to the intensity of the induced field-free allowed (+ « -) transi-

tions is shown below to be proportional to

a' (F)b(F) - a(F)b'(F) |2
a(F)a'(F) + b(F)b'(F)

a(F) and b(F) are the coefficients in the perturbed eigenfunctions
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given in equations (4.3) and (4.4). Primes denote upper state co-
efficients. Thus, the comparitively weak induced transitions ob-

served in the vy + vy - band of HON that are not allowed in the

V2
absence of a field are consistent with theoretical considerations
because a'(F) and a(F) as well as b'(F) and b(F) will be
nearly equal.

Figure (4.5) shows the upper and lower {-type doublet states
participating in the transitions under consideration. The zero-
field eigenfunctions and zero-field symmetry with respect to in-
version are indicated for each of the four energy levels. A prime
indicates the upper state. The example transition forbidden in the

absence of a field is indicated by a broken line and the zero-field

allowed transition is shown by a solid line.

10
¥2

[Xe]
Y

[0}

¥y

)

Yl
Figure (4.5) Energy Level Diagram of 1l - 11

Transitions in a Linear Molecule.

Solid line = allowed transition.

+

.L-r.----_-_},_‘

Broken line = forbidden tramsition.

The eigenfunction of the upper { level of the upper vib-

rational state in the presence of a field Y& is given by equation (4.3).

U e ! 1O ' 1O
Yu b (F)Y1 + a (F)Yz .

As the field approaches zero, b'(F) - 0 and .Y& - Yéo as it should.

Similarly, the eigenfunction of the lower level of the lower
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vibrational state in the presence of a field Y

L is given by

[o] (o]
YL a(l’)\t'1 + b(F)?z.

The transition moment between these two states is given by

AR
(6.6)

<{a(F)‘i’c{ + b(F)\y;}luz|{-b' (F)\}'io + a' (F)?i°}>.

Only two of the four possible matrix elements on the right hand side
of equation (4.6) are non-zero because of symmetry considerations.

Therefore, equation (4.6) reduces to

<YL|uz|Y&> = a'(F)b(F) <&;\uzlvéo>
4.7

-a(®)b' (®) A, lv1% . “n
The two matrix elements in equation (4.7) are the changes in the
dipole moment in going from the lower to the upper vibrational state
and should be almost identical. Thus, the field induced transition
moment for this transition is proportional to ([a'(F)b(F) - a(F)b'(F)]
and the intensity of the induced transition is proportional to
(a'(F)b(F) - a(F)b'(F)]z.

The eigenfunction of the lower { 1level of the upper state

Y£ in the presence of a field is given by

' = o 10 ' o'
YL a'(F)Y, +b ®)y, .

Yi reduces to Yio as the field approaches zero because b'(F)
goes to zero as F - 0. Calculation of the transition moment for
a transition between the lower state used in the preceding example

and this upper state yields:




—
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<YL‘“‘ZWI:> = a(F)a'(F) <‘i'(i|,u.z|‘¥io>
. o ;O

+bE)DE) ¥ lu |v, >

Thus, the induced transition moment of this field-free allowed
transition is proportional to (a(F)a'(F) + b(F)b'(F)] and the
intensity of the induced transition is proportional to

fa(F)a'(F) + b(F)b'(F)]Z. The ratio of the induced intensity of

the field-free forbidden (+ « +) transition to the induced intensity
of the zero-field allowed (+ « -) transition is therefore

[a' @)bE) - a@E)b' F#)1>
la(F)a'(F) + b(F)b'(F)]?

The absence of the R(0) and P(l) '"missing lines" (because
J cannot be zero in either state) is evident in the induced spectrum.
Thus far, the author has found no satisfactory explanation for the
line shape of the induced Q branch in the bands of HCN.

Listed in Table (4 1) are the measured frequencies of the

+ . -V bands of

and v 2

stronger signals in the EFS of the )

V3 3
HCN. The permanent electric dipole moment was calculated using the
frequency splittings measured in the Q branch and equation (1.3)
to be 3.0 + 0.3 Debye. Our value agrees within experimental error
with the value measured by Maker of 3.001 + 0.007 Debye (5).

The spectacular electric field effects experimentally observed
in the Vo + V3 TV, hot band of HCN was the stimulus for further

investigation of this molecule.

The 4000 cm-1 Region of HCN

When observed with zero field, the strongest absorption in
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2 37 V2

Identification Frequencies Polarity
of Peaks of Signal
QW) V3 3311.335 positive
3311.582 positive
P(1) V3 3308.256 positive
3308.661 negative
R(0) vy 3314.271 negative
3314.668 positive
3283.038 positive
P(3) vy + Vg = v, 3283.228 negative
3283.307 positive
3285.979 positive
P(2) vy + Vg -V, 3286.219 negative
3286.459 positive
3291.587 positive
Q) v, + vy TV, 3292.129 negative
3292.734 positive
3297.540 positive
3297.830 positive
R(l)v2 + vy TV, 3298.058 negative
3298.304 positive
3298.668 negative
3300.555 positive
R(Z)v2 + Va TV, 3300.950 negative
3301.140 positive
Table (4 1) EFS Frequencies in vV, and
v, + v, - of HCN.

K
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the 4000 c:m-1 region of HCN is due to the perpendicular (A, = 1) T - ¢
combination band v, + Vg - Accompanying this band are two perpen-
dicular hot bands (0, 22, 1) - (0, 1%, 0) A - I and

+
0, 20, 1) - (0, 11, 0) ¥ - 1. Only the upper state of v, + v is

2 3
4 -type doubled whereas both the upper and lower states of the accom-
panying hot bands exhibit f-type doubling. Unfortunately, frequency
calibration in this region is much more difficult due to the lack of
suitable wave-length standards and the band was not calibrated.

Figure (4.6a) shows an energy level diagram for the Vy + vV,
absorption band including the (+) and (-) symmetry with respect to
inversion. The lowest member of each possible type of transition is
also indicated. The {-type doubling of the various J states is
greatly exaggerated,

In the presence of an electric field the nearly degenerate
+ 4 states for a given J value in the upper vibrational state
interact producing the energy shifts and subsequent mixing of the
(+) and (-) character of the states as described in the previous
section. The resulting breakdown of the (+ e -) selection rule in
the presence of a field makes each previously single transition a
doublet as shown for the lowest member of the R, P, and Q branches
in Figure (4.6b).

The interaction with the electric field lowers the energy of

the lower {-type doubled level upon which all field free P and R

branch lines terminate by an amount (in cm-l) given by:
AE = —ule/hc, (4.8)

where the symbols are defined in the previous section. An allowed

absorption line terminating on the lower {-type doubled level in the
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(b)

P(2) [Q(1) |R(0)

- - - - — - - - -

Figure (4.6) Transitions in [ - &
Band of Linear Molecule.

(a) Electric Field =0
(b) Electric Field # 0
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presence of the field will have its frequency lowered by the amount
given in (4.8). The previously forbidden transition to the upper

4 -type doubled level will have a frequency higher than the allowed
absorption transition by an amount determined by (4.8) plus qJ(J+1)
due to Coriolis resonance described in the previous section.

A different induced intensity distribution would be expected
for transitions in which only the upper (or lower) state exhibits
2-type doubling. The perturbed eigenfunctions given by equation (4.3)
may be applied to calculate the induced transition moments when only
one state is [-type doubled. The following results are obtained from
the calculation. The induced transition moment for the transition
forbidden in the absence of a field is proportional to b'(F). The
induced transition moment for the transition allowed in the absence
of a field is proportional to a(F). The ratio of the intensities of
these two induced transitions is therefore proportional to

[b'(F)/a(F)]z, viz.,

!
ﬁ2+4“,2F2M2 _

4 z ~ 1
(b'(F)/a@E)]? = J_(J+1) ]
2 . 4y ’FoM?
S z T4
I+

With a field of 30 Kv/cm, wF = 0.8 cm and q = 0.007 el for

n

HCN. Thus, the induced zero-field forbidden transition in the
v, + vy band of HCN may be nearly as intense as the zero-field
allowed transition.

Examination of the R branch line shapes in the spectrum
shown in Figure (4.7) confirms the above analysis. In R(0) the

two transitions allowed in the field are badly overlapped similar
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to the situation shown in Figure (4.8). The R(J), J # 0, lines do
not exhibit the overlapping to the same extent because the frequency
separation between the zero-field absorption line and the induced
transition terminating on the upper { 1level increases as qJ(J+1).
The source of the small EFS signals on the high frequency side of
R(5), R(6), etc., is not known. A weakly absorbing unidentified
band in this region was observed in absorption surveys and these

EFS lines may arise from that band.

Transitions in the P branch of vy + vy should be of the
same shape as those in the R branch but are overlapped by the lines
of the (0, 22, 1) - (0, 11, 0) hot band. Note that P(l) is
missing because the J = 0 1level of the upper state cannot exist
(J must be at least as large as {).

For Q branch transitions the arguments given above concern-
ing upper and lower 4 1levels must be reversed because Q branch
transitions all terminate on the upper 4 1level in the absence of

a field due to the (+ « -) selection rule.

The v

) + V3 Q branch which consists of solely positive

signal in the spectrum in Figure (4.7) is a result cf the high
sample pressure. Figure (4.9) is a tracing of the line shape
obtained for the Q branch with considerably lower pressure. 1Its
shape is also EFS type (c), as expected. The asymmetry of the line
is a result of the asymmetric shape of the absorption Q branch.
The very strong unresolved Q branch in absorption spectra of
perpendicular bands of linear molecules occurs only when there are
nearly equal rotational constants B in the upper and lower vib-
rational states. The shape of the absorption Q branch is roughly

triangular, trailing toward lower frequency. The strong positive
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Figure (4.8) Overlapping in EFS R(0) Transition

in vy +v3 Band of HCN.

(Broken line is zero-field absorption)

Figure (4.9) Tracing of Low Pressure HCN

v, + vV, Band Induced Q Branch.
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signal on the right hand side of the induced line is in the region
where no zero-field absorption takes place. The weaker positive peak
on the low frequency side is in the region where zero-field absorption

takes place.

The two hot bands (0, 20, 1) - (0, 11, 0) at lower frequency

and (O, 22, 1) - (0, 11, 0) shown in Figure (4.8) are essentially

1
identical to the (0, 17, 1) - (0, 11, 0) hot band of the previous
section except their line shapes are distorted by the overlapping P

i + .
branch lines of vz v3

The 6500 cm.1 Region of HCN

The 2v3 band of HCN near 6500 cm-1 is very similar to Vg
in absorption as well as EFS and the EFS spectrum of this region
was calibrated in the same manner as that of Vg viz., using 2v3
absorption lines as wavelength standards.

The induced Q branch at the band origin of 2v3 was not as
well resolved as that in Vg The center of the Q branch "line"
was measured to be 6519.597 cm-l. The frequency of the band origin
of 2v, was calculated by Rank, et. al., (27), as 6519.6145 em L.

The zeroes of the EFS line shapes of P(1) and R(0) were measured

as 6516.603 cm * and 6522. 619 cm‘l, respectively. The central
frequencies of P(l) and R(0) are 6516.6581 crn-1 and 6522 .5286 cm-l,
respectively.

The above results are consistent with those presented for

Vg of HCN.
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The vy + Vg Band of DCN

An electric field induced spectrum of the v,  + Vg band of

1
DCN near 4520 cm.1 was run to compare with the results found in HCN.
Unfortunately, so little of this gas was on hand that the resulting
signals were extremely weak. The induced Q branch was barely dis-
cernable.

Frequency measurements of the induced lines in DCN were made
v, and 2v3 of HCN, viz., DCN absorp-

tion lines were used as wavelength standards.

in the same manner used for

The zeroes of the EFS P(1) and R(0) line shapes were
measured at frequencies of 4520.774 cm-1 and 4525.745 cm—l, respec-
tively. The central frequencies of P(l) and R(0) measured by
Rank, et. al., (29) are 4520.858 cm_1 and 4525.656 cm-l, respectively.

The results for DCN are also consistent with those found in
HCN.

The induced Q branch in DCN was too weak to measure.




CHAPTER V
ELECTRIC FIELD INDUCED SPECTRA OF

AXTALLY SYMMETRIC MOLECULES

Electric field induced spectra were observed for the following

axially symmetric molecules: CH3Br, CH

All attempts to obtain an induced CH

I, CH,Cl, CH,CN, and CH,F.

3 3 3
D spectrum failed, probably be-

3

3

cause of its extremely small permanent electric dipole moment (0.01
Debye (30)). The induced spectra of the above molecules were very

similar in appearance to one another and the spectrum of CHBI is

discussed as an example. The induced 2v5 band of CH3F is also dis-

cussed as an example of EFS parallel bands. Relative intensity
measurements were made for selected transitions in the A induced
spectrum of CH3F in an attempt to determine the excited state dipole
moment .

The 3000 cm-1 Region of CH3I

Figures (5.1) and (5.2) show the electric field induced and

absorption spectra, respectively, of the and bands of

\)1 \)4

CH3I near 3000 cm-l. The electric field induced spectrum was obtained

with a peak electric field strength of approximately 27 Kv/cm and
sample pressure of 10 Torr. The Stark cell was pressurized to % atm.

with SF, to prevent electrical breakdown. No frequency measurements

6

were attempted for this molecule.

3

electric dipole moment perpendicular to the molecular symmetry axis
83

Absorption in the A band of CH,I arises from changes in the
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and is consequently referred to as a perpendicular band. Selection
rules governing changes in the K and J quantum numbers (the pro-
jection of the total angular momentum along the molecular symmetry
axis and the total angular momentum, respectively) in perpendicular

absorption bands are the following:
AK = +1 and AJ =0, +1.

Spectroscopic notation denoting changes in J and K is similar to
that for linear molecules, viz., P denotes a change of -1, Q cor-
responds to no change, and R denotes a change of +1. A particular

)

transition is denoted by KAJK(J), where AK can be P or R for
a perpendicular band and AJ can be P, Q, or R. 1In this notation,
K and J refer to the lower state quantum numbers, e.g., RQI(Z)

denotes the transition from the state J =2, K =1 to the state

Absorption in the vy band of CH3I arises from changes in the
electric dipole moment parallel to the molecular symmetry axis and is
consequently referred to as a parallel band. The selection rules
obeyed by the rotational quantum numbers in a parallel band are
AK = 0 and AJ =0, +1.

Band of CH_ I

Electric Field Induced Spectrum of the A 3

Axially symmetric molecules exhibit first order Stark effect
in all states where K # 0 (c.f., equation (1.2)). EFS type (c)
line shapes are therefore expected. The electric field symmetrically
broadens the absorption line so that the difference between absorp-
tion with the field on and zero-field absorption has the characteristic

EFS type (c) positive-negative-positive line shape. This is also the
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case in transitions for which K =0 in perpendicular bands, viz., —

RRO(J), RPO(J), and RQO(J) because although the lower state has
K =0 so that no first order Stark effect is possible (c.f., equa-
tion (1.2)), the upper state has K # 0 and a first order Stark
effect is possible in this state. The K =0 case in the perpen-
dicular band of a symmetric top molecule is similar to the EFS of

the vy + vq band of HCN in which only one of the statesinvolved in

the transition exhibited first order Stark effect.

The induced v4 3

beautifully illustrates EFS type (c) line shapes in the RRK(J),

spectrum of CH,I shown in Figure (5.1)

"B, (), PR ). and Rp (1) series. Electric field induced en-
hancement of lower J transitions and attenuation of higher J
transitions is apparent and consistent with intensity predictions
(c.f., Table (2.7)). The influence of nuclear spin statistics is
also apparent in the absorption spectrum, Figure (5.2)., as well as
in the induced spectrum. Those series in which K 1is zero or a
multiple of 3 in the ground state have enhanced intensities as a
result of the three-fold symmetry axis and the proton nuclear spin
statistics.

The electric field induced spectrum of A demonstrates the
usefulness of this experimental technique for making a large number
of assignments of specific transitions in symmetric top spectra.
Assignment of transitions in the typical symmetric top absorption
spectrum is sometimes an arduous task of sorting out large numbers
of closely lying lines. Comparison of the induced spectrum to the
absorption spectrum shows that EFS clearly and uniquely picks out
the low J transitions of a large number of series and makes their

correct assignment almost trivial. This is one of the most useful
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applicationsof this experimental technique for axially symmetric
molecules.

Solely positive signal in the RQ and gQ branches is attri-
buted to the high degree of overlapping of individual R'QK(J) and
RQK(J) transitions and high sample pressure. The induced RQ and
PQ "lines'" can be pictured as the difference between two "lines"
one of which has a larger intensity due to the field than the other.
These lines are analogous to the Q branch observed in the induced
vy + vV, band of HCN. As was the case in HCN (c.f., Figure (4.9)),

R

low pressure EFS of Q and Pb branches in CH,F exhibited asym-

3
metrical EFS type (c) line shapes.

RQS in CH,I is a "split" Q branch as shown in the
absorption spectrum, Figure (5.2). 1In the induced spectrum, the
right (high frequency) side of this split Q branch is much more
intense than the left side. A possible interpretation of this line
shape consistent with EFS intensity distributions is that the indi-
vidual RQS(J) transitions for lower values of J, say J =5
through J = 10. are on the high frequency side and those of higher

values of J are shifted toward lower frequency by the perturbation

responsible for the splitting.

Electric Field Induced Spectrum of the vy Band of CH31

Comparison of the EFS in Figure (5.1) and the absorption

V1
spectrum in Figure (5.2) shows that only a few induced transitions

near the band origin are present. This behavior is partly a result

of high sample pressure. The absorption band of a methyl halide

V1
is typically very strongly absorbing and overlaps the v, fundamental

to a considerable extent confounding assignments in both bands. With
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the sample pressure required for the vy EFS, vy absorbs nearly 100
percent in the 'wings" flanking the band origin. Consequently, changes
in intensity in the 'wing" regions are unnoticeable and no induced
lines are observable. Those few lines appearing are near the band
origin having low quantum numbers and occurring at frequencies where
absorption is much less than in the wing regions.

A lower pressure EFS parallel band was obtained for CH3F.

Discussion of these transitions is deferred until those results are

discussed.

Electric Field Induced Spectra of CH3F

Electric field induced spectra were observed and frequency
measurements made for the following bands of CH3F: Vir Vo 2v5, vy + Vq
and vy + V- The EFS line shapes observed in the 2v5 band of
CH3F are described as examples of effects found in the parallel
bands of axially symmetric molecules. A method of determining the
ratio of the electric dipole moment in the upper vibrational state

to that in the vibrational ground state through relative intensity

measurements is presented and applied to the \A vibration.

Electric Field Induced Spectrum of the 2v5 Band of CH3F

While EFS type (b) as well as EFS type (c) line shapes would
be expected in parallel bands of an axially symmetric molecule, only
EFS type (c) shapes were observed in these bands of CH3F.

The three types of absorption transitions in parallel bands,
viz., QQK(J), QPK(J), and QRK(J), should exhibit EFS type (c) line
shapes for K # 0 because both states involved in the transition

exhibit first order Stark effects. Several series of QPK(J) and
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QRK(J) having EFS type (c) line shapes were observed in the 2v5

band of CH3Fw The identification of these series was again straight-

forward due to the weak EFS intensities of overlapping transitions
involving higher quantum numbers.

Q Q
QO(J) and the RO(J),

The zero series transitions, viz., the
should exhibit EFS type (b) line shapes. The reason for this expected
behavior is that both states involved in the transition have K =0
and only second order Stark effect is possible. QRO(O) is completely

analogous to R(0) 1in the band of HCN.

V3
It was not possible to identify any EFS type (b) line shapes in
any of the parallel band EFS obtained. A possible explanation is the

following. Based on the observed EFS of the band of HN, only

V3
the first line in either the QQO(J) or QRO(J) series would be
expected to be intense enough to be observable. Unfortunately, the
region near the band origin of 2v5 where these transitions should
occur had an appearance resembling a damped sinusoidal oscillation.
This appearance is possibly due to numerous Q branch transitions,
but nothing distinct was identifiable.

Band of CH.F

Electric Field Induced Spectrum of the A 3

The method given below for determining the excited state
electric dipole moment requires measurement of the relative intensities
of selected transitions. It was found experimentally that EFS of the
A perpendicular band of CH3F could be obtained at sample pressures
so low that the RR and PP lines were not observable in the ab-
sorption spectrum of the CH3F-SF6 mixture under the same experimental

conditions. With this low a pressure, induced absorption will be

very close to linear (exp [-kL] ® k L). For this reason, the A

ue
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band EFS of CH3F was chosen for an experimental attempt to determine

the ratio of the electric dipole moment in the vibrational state

V4
to that in the vibrational ground state.

The intensity relationships for EFS type (c) lines in Table (2.7)
are proportional to linear combinations of (K'p.')2 and (Ku)z, where
K' and K are the K quantum numbers of the upper and lower vibra-
tional states, respectively. u' and y are the expectation values
of the electric dipole moment in the upper and lower vibrational
states, respectively. The intensity of an EFS type (c) transition
from the state K =0 to K' =1 is, therefore, proportional to

2
@") and independent of . Similarly, the intensity of an EFS

type (c) transition from the state K =1 to the state K' =0 is

proportional to (u,)2 and independent of y'. The ratio of the
intensity of a transition from K =0 to K' =1 to the intensity
of a transition from K =1 to K' =0 should be proportional to
(u.'/u)z.

Qualitative reasoning gives the same result. EFS type (c)
line shapes arise from first order Stark effects and only states for
which K # 0 are affected by the field to first order. To first
order therefore, only the upper state dipole moment of a K =0 to
K' =1 transition interacts with the field, whereas, only the lower
state dipole moment of a K =1 to K' =0 \transition interacts
with the field.

The following six series of lines in an axially symmetric
molecule are suitable for use in such a determination of the upper
state dipole moment: RRO(J), RPb(J), PPl(J), PRI(J), RQO(J) and
%QI(J)' Individual lines in the last two series are not usually

well enough resolved for the relative intensities of individual
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transitions to be measured.
Substitution of K =0 or K =1 into the appropriate inten-
sity formula in Table (2.7) yields the following relationships for

the relative intensities of the four usable series of lines in CHBF:

I {Raom} -G el KRN
(3+1) “ (23+1)
I{RPO(J)} ol e red KRN
J%(23+1)
= 3 (5.1)
I{PPI(J)} =G —2-“—“- (u)2
J7(23+1)
I{PRl(J)} e Lo |2
(J+1) “ (23+1)

where G 1is a constant within a given band. The four ratios of

equations (5.1) which will yield Qi'/u)z are the following:

R p ~ [2n L2
1{ RO(J)} /1 {PI(JH)} - [———2J+3] @'/

R p _ [ 2343 VL2
I{ PO(J+1)} / I{ Rl(J)} = [Eﬁ] @' /)

(5.2)
I{RRO<J>}/1 {Palm} - Fﬁ’j—ﬁ] @'
. .

R J) ) /1 P (& = rﬁ—'—l W'/ )2

14 By P, (D) A3+l W

The statistical weights due to the effect of nuclear spin statistics

have not been included in the above intensity ratios. The intensity
of the K =0 1lines in CHBF must be divided by 2.
Two slow scan (0.0l degree/min. grating speed) EFS runs of the

region of v containing those transitions suitable for use in the

4
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dipole moment calculation were obtained. The following lines appeared —
to be free enough of influence from nearby lines to be usable: RRO(Z),
"Ry 3), Ry 5), Ry (6): Rr (), Tr @, Te 3, P (6), and Fr (9).
Using a triangular approximation, their areas were measured using a
6X magnifier for use as intensities in the calculations. All possible
combinations of the above lines were used in formulas (5.1) to esti-
mate the ratio of (u'/u). The fifteen sample values listed in
Table (5.1) illustrate the results. The average value for the ratio
of ('/w) was 0.9 with a maximum deviation of 0.5.

The electric dipole mgment in the Vg vibrational state of
HCN has been measured using Stark effect frequencies to be only 0.5
percent larger than that in the ground vibrational state (5). The
0.5 percent change can be assumed to be a typical order of magnitude
value for dipole moment changes due to molecular vibration. Even
the most sophisticated present day methods of intensity measurement
are incapable of high enough accuracy for determination of such small
changes in electric dipole moments. If highly precise intensity

measurements become possible in the future, this method of determin-

ing excited state electric dipole moments may prove more useful.
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J J
of Fr (1) of Fr )
Transition Transition

2 2

2 3

2 6

2 7

3 2

3 6

3 7

5 2

5 3

5 6

5 7

6 3

6 6

6 7

9 7
Table 5.1 Measured Ratio of v4 and Ground State

Electric Dipole Moments for CH,F.

3




CHAPTER V1

CONCLUSIONS

EFS appears to be a useful new tool for infrared spectro-
scopists. Observed EFS exhibit 1line shapes and intensities in good
qualitative agreement with theoretical predictions. In the linear
molecule HCN, for example, we observed line shapes corresponding to
two different types of normally forbidden transitions, second order
Stark effect, first order Stark effect, and intensity enhancement due
to {-type doubling. For all of the axially symmetric molecules, we
found EFS a valuable tool in assigning transitions because those
transitions involving states of low angular momenta are very much
stronger than those involving states of higher angular momenta.

From the ratios of intensities of EFS transitions in the A band

of CH,F, we obtained an estimate of the excited state electric dipole

3
moment. Improved experimental techniques should eventually lead to

more quantitative results.

Suggestions for Future Development

Several improvements should be made in the present electric
field induced spectrum apparatus. First, a Princeton Applied Research
(PAR) phase sensitive lock-in amplifier (or better) in conjunction
with a precision reference frequency doubler should provide a sub-
stantial increase in information to noise ratio and allow operation
at an optimum detection frequency. This piece of apparatus would

also be of benefit to those interested primarily in absorption
95
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spectra. Secondly, a dc amplifier to enable simultaneous recording
of absorption and EFS signals would provide a useful frequency
calibration method as well as greatly facilitating transition iden-
tifications. Thirdly, the optimum dimensions and separation of a
Stark cell for use in EFS studies should be experimentally determined.
Finally, if the spectral deconvolution studies about to be undertaken
in our laboratory prove successful and experimental improvements can
be made in the EFS apparatus to obtain an order of magnitude better
resolution, useful information about line widths and excited state

electric dipole moments could be obtained from induced spectra.
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