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Abstract — The expressions of the energy levels and linestrengths of the Stark effect for both symmetric and
asymmetric rotors have been derived by employing the spherical tensor operator and first-order rotational repre-
sentations, The application of the Wigner-Eckart theorem have been briefly discussed. The magnitudes of the
energy matrix elements for first and second-orders and line strengths of J up to 4 of the symmetric tops have been
tabulated. Some experimental measurements have been discussed.

I. Introduction

In the previous works [1, 2],the expressions in terms of 3j symbols for the pure rotational transition line streng-
ths have been derived for both symmetric and asymmetric rotors. The concept set forth there is to use the relations
of the linear combinations between the direction cosines and the first-order rotational representations. Both, functions
of the Euler’s angles, are generally used to express the geometric relations between the space-fixed frame and body-
fixed frame respectively in the cartesian coordinates and the spherical coordinates. It is found that the calculations
and derivations in terms of the tensor operator algebra are much easier and more convenient than the traditional
methods in cartesian forms [3-5]. It is feasible and worthwhile to further extend this kind of special and useful
algebra to the case of Stark effect. Stark effect is due to the interaction between the permanent dipole moment in
the body-fixed frame and the external electric field in the space-fixed frame. So that the dipole moment, electric
field, wave functions of the rotational energy levels, and direction cosines are the most essential elements. Recently
the spherical tensor operator has been used for the Stark effect of the symmetric tops [6, 7]. The explicit forms are
in terms of 3j symbels, In order to reduce the laborious calculations of the Stark effect for asymmetric rotors, a
several processes have been established [8-11]. They do not, in fact, help too much. The reason is that they don’t
reduce the formulas any more. The purpose of this paper is to used the first-order rotational representations and the
wave functions in rotational representations to establish  the expressions of the energy levels and line strengths of
the Stark effect for the asymmetric rotors. The explicit forms are in 3j symbols. The same procedure used for that
of the symmetric tops and the application of the Wigner-Eckart theorem for both cases will be briefly discussed. The

comparsions between the experimental data and our calculated results are also presented.

II. Derivation

The Hamiltoman of Stark effect is given as

H= -u. E

where U is the permanent dipole moment in the body-fixed frame and E is the external electric field in the space-

fixed frame.
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100 Su: Stark Effect

. Symmetric tops

The dipole moment of a symmetric top is directed along the symmetry z axis, the interaction energy of { atan
angle 8 in an external electric field Eis- uE cos 8. If we consider the direction cosine, the interaction energy may
then the written as- WE &5, or -«uzE, where ¢ 7.z 1s the direction cosine between Z and z-axes and uz the dipole
moment component along Z-axis. Replacing the direction cosine %7, by its equivalent rotational representation
Dg})) shown in Ref. 2, we may write the energy as - uE Df){]). The expression - u Dgf}) is equivalent to ué”,
wiich is the spherical form of the dipole moment component along the space-fixed Z-axis, Tie wave functions of
symmetric tops used for the Stark effect are [JKM » , where J stands for rotational quantum number, K and M the

projection quantum numbers respectively along z and Z-axes. The first-order perturbation energy matrix elements

are
<J'K'M'|- nEDD IkM > or <1' K | - u (D E| JKM >
Following the integration of three D’s [12, 13]

i 5 A
<J'K'M']D(;:§), | IKM > = DMK [250+1) (2541)1 % (M % «M.) (K " “K,) , (D

we have the matrix elements as

<3'K'M'|- uEDLD) |3KkM > =- yECHMK (21 141) @u+1)) %

J=s Ja i I =1 &7
X ) (2)

M 0 -M K 0 X'
If we consider the Wigner-Eckart theorem [14]

‘C('J'K'M'IT{k}| a JKM }:(-IJJ‘ﬂKI (J' k J)
-M"' q M

x <o'T'K' [TV [lajk > | (3)

then we obtain the matrix elements of - ugl)E as
M A RS
<J'K'M'|- po(”E JKM > =(-1))' ‘M' () <IK' || vD|IK >. @
-M' 0 M

The reduced matrix element in Eq. (4) represents the dipole moment matrix element in symmetric top [1, 6], and
its square represents the line strength of pure rotational transition. Combining the explicit form of the reduced

matrix element

<I'K' | uD IR s= w K (i) @i+ % (II( ; :{) ;
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interchanging the proper columns, we may write Eq. (4) as

O (2

0 M)

: 2 (S B .
K 0 X (5)

<3'K'M" |-uQ E[IRM > =- yECD) KMy +1)2341)) %

Since K and M are integers, the phase in Eq. (2) will be equal to that in Eq. (5). Consequently both ecﬁuaﬁ?ns z;re
equivalent. Considering theenergy levels of the Stark effect for a given rotational state |JK> and using ( MM 0 )

= (-ﬁJ'M M = then we have the frist-order splitting energies
[(2I+DI+1)] 7

(1) KM
= ——— 6
EJKM HE J(J+1) (6)

The relative intensity of the Stark effect for a symmetric top is defined as the square of the dipole moment
matrix elements between two states [J'K'M'> and [JKM > | itis

SU'K'M'+JKM) = | <I'K'M'| uz|IKM>| 2 .
By use of the equivalent u D[Eé) of Uz, the intensity may be written as
e A = S e e 1y 2
SA'K'M'+ JKM) = |u< J'K'M'| Dy [TKM> | , @)

and by use of Eq.(1), the expression shown above may then be written as

V2 i
ST 'K M'+ JKM) = [1 221 '+1) (2J+1) (J ; Jo) }(J o ) ..
K 0 K M0 -M

The expression in the bracket [ ] apparently stands for the line strength of the pure rotational transition for a sym-
metric top, and it can be omitted for a certain rotational transition line. For simplicity, the line strength of Stark
effect may be written as

Yookie BY ;

S(J'K'M'+ JIKM)= ; 9
M 0 -M

From Eq. (9) we find the selection rules are AM=0. Wnen M=0, only the cases of J'-J = +1 are allowable.

Once the first-order correction isnot adequately  accurate, the second-order correction is needed. The general

form for the second-order perturbation is

@ _ w2E? | <JKM IDE)I{))lj'I{'M‘ﬂ_z-
Eykm = e ONO)
Ejlx-Er'g'

From the definition of the relative intensity of the Stark effect and Eq. (7), we realize that tue absolute value in the
numerator of the equation shown above stands for nothing but the relative intensity of Stark effect line between tie
states IJ 'K'M' > and IJKM > . In order to obtain the non-zero terms in the numerator and to avoid the zero
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(2)
term in the denominator, we find that only those terms, containing AK=0, AM=0, and AJ= #1, contribute to Eygp; -

Using the rotational energy E y= [BJ{J+1)+(A-BJK2] for each specified state, we get the second-order energy conec-

tion
2

L J#1 1 T §2 11 3
J
(2) { LAY ( M 0 M) ( K o0 -K)

Bren = -
KM JJ+1) - (J+1) (J42)
J-1 2 ]1- J\2
@I+1)2I-1) ( ’ J) ( y (T3 )
. M 0 -M K 0 K/ |u282 | (10)
IO+ - (J-1) (D) B +-

By use of the equivalent of 3j symbols, the equation shown above may be rewritten as

) W i ol B (4 Dl O (€D e O (Jz-Kz)(JZ-MZ)I

E = - (11)
JEM -~ 2B A+1)3(2343)(21+1) Bar+1)2I1 J

Where B is the rotational constant of a symmetric top. Equation (11) has been used widely and recently derived by

means of the spherical tensor operator algebra in Ref. 7.
2. Asymmetric rotors

The first-order Hamiltonian operator of a asymmetric rotor is given by
(D=. y.g=-
H B E=-EZ ¥ 97, , (12)

where E is the external electric field directed along the space-fixed Z axis, and Mg is the permanent dipole moment
component directed along the body-fixed g axis. Applying the perturbation theory in evaluating the matrix element
of Eq. (12), we have to use the asymmetric rotor wave functions, which are expressed as the linear combination of
the symmetric top basis. These two kinds of wave functions have the same J and M. The main process for the Stark
effect energy levels is to obtain the direction cosine matrix elements between two energy levels |J't'M'> and |[JtM> .
It was found that there were no-diagonal matrix elements for H(D by considering the symmetry properties of the

Fourgroup in Ref. 8. This means there is no first-order conection energy of the Stark effect for an asymmetric rotor.
For the second-order pertubation, the general form of the energy correction is given as

|[<JeM| 05, e M'> |2
£ (13)

). o g g
g B

JTM Tt
(0) . (O
E]T EJ i,

wiere the summation is to extend only over those values of E©@ for which E(®)  is not near E©) . Replacing
3 J% Lo Jr
¢Zg‘ say g=z, by its rotational representation Dé]o) , and taking the linear combination forms of |.T ™ > and

[J' e'M"' >, we obtain the expression for the numerator in Eq. (13) as
|<3't'M| o, , [JrM > |2=]2C C <IKM D) | 'K, M |2 (14)
Zz i ij i i 0o i 5 :

Where Ci and Cj are tne linear combination coefficients of the Wang wave functions. The method of obtaining C; and
Cj has been discussed by King et al [15]. Using Eq. (1), we obtain the explicit form in terms of 3j symbols for
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Eq. (14) as

§ Y o
1 Ty et 2_ '
|<J':M[¢ZZ]JTM >| _EzJ +l}(2]+l}|i3{3 (ofof (Kj . »Kj) | }

(J 1 J')
y (15)
M 0 -M'

where the expression in the bracket [ ] stands for the line strength along z-axis as shown in Ref. 2, whicn is re-
gularly expressed by A,. For non-vanishing matrix elements, the value of M shall be equal to that of M'. Combining
Egs. (13) and (15) and using lz for the line strength, we obtain the expression along z-axis as

T el
2 F AWM 0 M 16
(EJer‘J'T' 0 (M (16)
EJT ‘EJ‘T'
By use of the same procedure, the expressions of the contributions due to tne other two axes will be
ra 2
5 3 L '3
(2) g "MIM o0 M
(Ejrydx T o (17)
o (0) (0)
Ey¢-Ejpiet
2 (J 1 J')2
U
2 g y ¥y\M 0 -M
E(3)y = : (18)
e : “a‘)y Ll T
gt
The total contribution will be the summation of Egs. (16), (17), and.(18), it is
, (J i 7 f
; U “As \M -M
gl _g2z "g g 0 ; i)

Jrhvi T
o I TR

The relative intensity of the Stark effect for the asymmetric rotors is defined as the square of the dipole moment
matrix elements between two states |JThi > and [I't'M' >, it is

S et T = | <3 T, D) [Tevis | 2
For specifying the axis to wnich v, is due, it is more suitable to rewrite the above equation as

SZ(J'r‘Iv1'+JTI\ri)=uzz [(J"c'[vi'](PZZ | JxM> | 2

where the square of the absolute value is equivalent to Eq. (15), whicn involves the line strength along z-axis and tae
projection part. The rotational line strengtn may be dropped for the Stark effect, so that the line strengti for Stark
effect is
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AL 11 1r\2
SU't "M+ JTi) = ) (20)
M 0 -M'

III. Results and Discussions

The energy elements of the frist-order perturbation for the symmetric tops nave been calculated for J up to 4 by
Eq. (2). The magnitudes with the proper quantum numbers are given in Table 1.

Table 1. Energy elements of frist-order perturbation for I up 4.

] K JK(3j) M JM (31) ELEMENT
1
1 -0.4082483
-1 0.4082483 0.5000000
0 0.0000000 0.0000000
1 -0.4082483 -0.5000000
2
1 0.1825742
-2 0.3651484 0.3333333
-1 -0.1825742 0.1666667
0 0.0000000 0.0000000
1 0.1825742 -0.1666667
& -0.3651484 -0.3333333
2 -0.3651484
2 0.3651484 0.6666667
-1 -0.1825742 0.3333333
0 0.0000000 0.0000000
1 0.1825742 -0.3333333
2 -0.3651484 -0.6666667
3
1 -0.1091089
-3 0.3273268 0.2500000
-2 -0.2182179 0.1666667
-1 0.1091089 0.0833333
0 0.0000000 '0.0000000
1 -0.1091089 -0.0833333
2 0.2182179 -0.1666667
3 -0.3273268 -0.2500000
2 0.2182179
-3 0.3273268 0.5000000
-2 -0.2182179 0.3333333
-1 0.1091089 0.1666667
0 0.0000000 0.0000000
1 -0.1091089 -0.1666667
2 0.2182179 -0.3333333
3 -0.3273268 -0.5000000
3 -0.3273268
=3 0.3273268 0.7500000
-2 -0.2182179 0.5000000
-1 0.1091089 0.2500000
0 0.0000000 0.0000000
1 -0.1091089 -0.2500000
2 0.2182179 -0.5000000
3 -0.3273268 -0.7500000
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4
1 0.0745356
) 0.2981424 0.2000000
-3 -0.2236068 0.1500000
-2 0.1490712 0.1000000
-1 -0.0745356 0.0500000
0 0.0000000 0.0000000
1 0.0745356 -0.0500000
2 -0.1490712 -0.1000000
3 0.2236068 -0.1500000
4 -0.2981424 -0.2000000
2 -0.1490712
i 0.2981424 0.4000000
-3 -0.2236068 0.3000000
-2 0.1490712 0.2000000
-1 -0.0745356 0.1000000
0 0.0000000 0.0000000
1 0.0745356 -0.1000000
% -0.1490712 -0.2000000
3 0.2236068 -0.3000000
4 -0.2981424 -0.4000000
3 0.2236068
-4 0.2981424 0.6000000
-3 -0.2236068 0.4500000
-2 0.1490712 0.3000000
-1 -0.0745356 0.1500000
0 0.0000000 0.0000000
1 0.0745356 -0.1500000
2 -0.1490712 -0.3000000
3 0.2236068 -0.4500000
4 -0.2981424 -0.6000000
4 -0.2981424
-4 0.2981424 0.8000000
-3 -0.2236068 0.6000000
-2 0.1490712 0.4000000

1 -0.0745356 0.2000000
0 0.0000000 0.0000000
1 0.0745356 -0.2000000
2 -0.1490712 -0.4000000
3 0.2236068 40.6000000
4 -0.2981424 -0.8000000

The first column represents the rotational quantum number J, the second one the sub-quantum number K in body-
fixed frame, the third one the value of 3j symbols involving I's and K's, the forth one tire sub-quantum number ¥
in space-fixed frame, the fifth one tae value of 3j symbols involving I’s and Ni's, and tne last one tie energy matrix
element. The real energy shift in MHz shall be the multiplication of tiese elements E (V/em), u (Debye), and

conversion factor 0.50348. The spacings between any two energy levels of Stark effect are equal.

Table 2. Line strengtns for Stark effect.

0 (.00000
-1 0.0000000 0.0000000 0.0000000 0.16667
0 0.0000000 0.0000000 0.0000000 0.00000
1 0.0000000 0.0000000 0.0000000 0.16667
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1.50000

2.00000

1.50000

0.00000

0.83333

3.33333

3.00000

2.66667

1.66667

0.00000
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N

0.5000000
0.0000000
-0.5000000

0.0000000
0.0000000
0.0000000

0.5000000
0.0000000
-0.5000000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.3333333
0.1666667
0.0000000
-0.1666667
-0.3333333

0.6666667
0.3333333
0.0000000
-0.3333333
-0.6666667

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.3333333
0.1666667
0.0000000
-0.1666667
-0.3333333

0.6666667
0.3333333
0.0000000
-0.3333333
-0.6666667

0.0000000
0.0000000
0.0000000
0.0000000

0.5000000
0.0000000
-0.5000000

0.0000000
0.0000000
0.0000000

0.1666667
0.0000000
-0.1666667

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.3333333
0.1666667
0.0000000
-0.1666667
-0.3333333

0.6666667
0.3333333
0.0000000
-0.3333333
-0.6666667

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.1666667
0.0833333
0.0000000
-0.0833333
-0.1666667

0.3333333
0.1666667
0.0000000
-0.1666667
-0.3333333

0.0000000
0.0000000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000

-0.3333333
0.0000000
0.3333333

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

-0.1666667
-0.8333333
0.0000000
0.0833333
0.1666667

-0.3333333
-0.1666667
0.0000000
0.1666667
0.3333333

0.0000000
0.0000000
0.0000000
0.0000000
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0.16667
0.00000
0.16667

0.10000
0.13333
0.10000

0.10000
0.13333
0.10000

0.13333
0.03333
0.00000
0.03333
0.13333

0.13333
0.03333
0.00000
0.03333
0.13333

0.13333
0.03333
0.00000
0.03333
0.13333

0.04762
0.07619
0.08571
0.07619
0.04762

0.04762
0.07619
0.08571
0.07619
0.04762

0.04762
0.07619
0.08571
0.07619
0.04762

0.10714
0.04762
0.01190
0.00000
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1 0.58333
2 233333
3 5.25000
3 4
0 4.00000
1 3.75000
2 3.00000
3 175000

'
[a%]

G BD - D e B

WO = O — b2

W - O ' W - O

R
O = W

0.0000000
0.0000000
0.0000000

0.2500000
0.1666667
0.0833333
0.0000000
-0.0833333
-0.1666667
-0.2500000

0.5000000
0.3333333
0.1666667
0.0000000
-0.1666667
-0.3333333
-0.5000000

0.7500000
0.5000000
0.2500000
0.0000000
-0.2500000
-0.5000000
-0.7500000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.2500000
0.1666667
0.0833333
0.0000000
-0.0833333
-0.1666667
-0.2500000

0.5000000
0.3333333
0.1666667
0.0000000
-0.1666667
-0.3333333
-0.5000000

0.7500000
0.5000000
0.2500000
0.0000000

0.0000000
0.0000000
0.0000000

0.2500000
0.1666667
0.0833333
0.0000000
-0.0833333
-0.1666667
-0.2500000

0.5000000
0.3333333
0.1666667
0.0000000
-0.1666667
-0.3333333
-0.5000000

0.7500000
0.5000000
0.2500000
0.0000000
-0.2500000
-0.5000000
-0.7500000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.1500000
0.1000000
0.0500000
0.0000000
-0.0500000
-0.1000000
-0.1500000

0.3000000
0.2000000
0.1000000
0.0000000
-0.1000000
-0.2000000
-0.3000000

0.4500000
0.3000000
0.1500000
0.0000000

0.0000000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

-0.1000000
-0.0666667
-0.0333333
0.0000000
0.0333333
0.0666667
0.1000000

-0.2000000
-0.1333333
-0.0666667
0.0000000
0.0666667
0.1333333
0.2000000

-0.3000000
-0.2000000
-0.1000000

0.0000000

0.01190
0.04762
0.10714

0.10714
0.04762
0.01190
0.00000
0.01190
0.04762
0.10714

0.10714
0.04762
0.01190
0.00000
0.01190
0.04762
0.10714

0.10714
0.04762
0.01190
0.00000
0.01190
0.04762
0.10714

0.02778
0.04762
0.05952
0.06349
0.05952
0.04762
0.02778

0.02778
0.04762
0.05952
0.06349
0.05952
0.04762
0.02778

0.02778
0.04762
0.05952
0.06349
0.05952
0.04762
0.02778

0.02778
0.04762
0.05952
0.06349
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1 -0.2500000 -0.1500000  0.1000000  0.05952
2 -0.5000000 -0.3000000  0.2000000 0.04762
3 -0.7500000 -0.4500000  0.3000000 0.02778

4 4
0 0.00000
-4 0.0000000 0.0000000 0.0000000 0.08889
=3 0.0000000 0.0000000 0.0000000 0.05000
<2 0.0000000 0.0000000 0.0000000 0.02222
-1 0.0000000 0.0000000 0.0000000 0.00556
0 0.0000000 0.0000000 0.0000000 0.00000
1 0.0000000 0.0000000 0.0000000 0.00556
2 0.0000000 0.0000000 0.0000000 0.02222
3 0.0000000 0.0000000 0.0000000 0.05000
4 0.0000000 0.0000000 0.0000000 0.08889
1 045000
4 02000000  0.2000000  0.0000000  0.08889
-3 0.1500000  0.1500000  0.0000000  0.05000
2 0.1000000  0.1000000  0.0000000  0,02222
-1 0.0500000 0.0500000 0.0000000 0.00556
0 0.0000000 0.0000000 0.0000000 0.00000
1 -0.0500000 -0.0500000 0.0000000 0.00556
2 -0.1000000  -0.1000000 0.0000000 0.02222
3 -0.1500000 -0.1500000 0.0000000 0.05000
4 -0.2000000  -0.2000000 0.0000000 0.08889
2 1.80000
- 0.4000000 0.4000000 0.0000000 0.08889
-3 03000000  0.3000000  0.0000000  0.05000
2 02000000  0.2000000  0.0000000  0.02222
-1 0.1000000  0.1000000  0.0000000  0.00556
0  0.0000000 0.0000000  0.0000000  0.00000
1 -0.1000000 -0.1000000  0.0000000  0.00556
2 -0.2000000 -0.2000000  0.0000000  0.02222
3 -0.3000000  -0.3000000 0.0000000 0.05000
4 -0.4000000  -0.4000000 0.0000000 0.08889
3 4.05000
-t 0.6000000 0.6000000 0.0000000 0.08889
-3 0.4500000 0.4500000 0.0000000 0.05000
-2 0.3000000 0.3000000 0.0000000 0.02222
-1 0.1500000 0.1500000 0.0000000 0.00556
0  0.0000000 0.0000000  0.0000000 000000
1 -0.1500000 -0.1500000  0.0000000  0.00556
2 -0.3000000 -0.3000000  0.0000000  0.02222
3 -0.4500000 -0.4500000  0.0000000  0.05000
B -0.6000000 -0.6000000 0.0000000 0.08889
4 7.20000

-4 0.8000000 0.8000000  0.0000000 0.08889
-3 0.6000000 0.6000000 0.0000000 0.05000
=2 0.4000000 0.4000000 0.0000000 0.02222
-1 0.2000000 0.2000000 0.0000000 0.00556
0 0.0000000 0.0000000 0.0000000 0.00000
1 -0.2000000  -0.2000000 0.0000000 0.00556
2 -0.4000000  -0.4000000 0.0000000 0.02222
3 -0.6000000  -0.6000000 0.0000000 0.05000
4  -0.8000000 -0.8000000 0.0000000 0.08889

Table 2 gives the line strengths of the Stark effect. The frist three columns stand for the allowed rotational transition
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quantum numbers, lower J, upper J, and K, the forth one the rotational transition line strengtiis calculated by the
part in bracket of Eg. (8),the fifth the allowed sub-quantum numbers M, the next two tne energy saifts with respect
to the lower and upper rotational states, tie next one the shift element with respect to the rotational transition line,
and tne last one the line strength of the Stark effect calculated by Eq. (9). The real shift in Mz with respect to the
rotational transition shall be tie multiplication of shift element, E (V/em), 1 (Debye), and conversion factor.
From Table 2 we realize that  the spectral displacements due to Stark effect are symmetrically placed about tae rota-
tional transition line for both AJ=1 and 0. Starting from the rotational line, it is seen that the line strengtis for the
case AJ=1 are decreasing but those for the case AJ=0 are increasing. The pure rotation of the case AJ=0 does not
exist. This is contrary to the case for the molecules havinginternal rotational [16] orinversion [17], it does. Tae
frist-order Stark effect of CH3OH due to internal rotation [17] have been observed. The magnitudes of line strengths
calculated by Eq. (9) are tabulated in Table 3 and shown in Figure 1. The comparsion betweenthe observed pattern
and Figure 1 shows that the line strengths agree very well.

Figure 1. Pattern of line strengths and displacements of Stark effect of CH3OH for J=6. The scale of frequency is
arbitrary.

Table 3. Line stfengt.ns of Stark effect for CH3OH.

M Line Strength Ratio
- i 0.00183 1.00
. 0:00733 4,00
+3 0.01648 9.00
+4 0.02930 16.00
+5 0.04579 25.00
+6 0.06593 36.00

The second-order perturbation of symmetric tops nave been computed by tne expressions in bracket in Eq. (11)
and given in Table 4. The first three columns represent rotational quantum number J, sub-quantum numbers K and
M respectively, the forth one the contribution due to J+1 part, the fifth one the contribution due to J-1 part, and the
last one the summation of those two. The real contribution in MHz will be the multiplication of the last column, E2,

uz, reciprocial B (MH,), and conversion factor (0.50348)2.
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Table 4. Energy elements of second-order perturbation for J up to 4 of symmetric tops.

J
(0]

MMMI‘JNNMNMI‘«JMIJI\JMN

= wwmmwmmuwwwmmuwuwwmmmmwwwmmm

-

el = i = T o

o WWWNWNMbJI\JNMMMM—'——‘—'—H—‘DDODDOD MMPJIJN‘—-—'—-———'DOODO

M
0

'
b

i "
W

-1

J+1
-0.1666667

-0.0500000
-0.0666667
-0.0500000
-0.0375000
-0.0500000
-0.0375000

-0.0238095
-0.0380952
-0.0428571
-0.0380952
-0.0238095
-0.0211640
-0.0338624
-0.0380952
-0.0338624
-0.0211640
-0.0132275
-0.0211640
-0.0238095
-0.0211640
-0.0132275

-0.0138889
-0.0238095
-0.0297619
-0.0317460
-0.0297619
-0.0238095
-0.0138889
-0.0130208
-0.0223214
-0.0279018
-0.0297619
-0.0279018
-0.0223214
-0.0130208
-0.0104167
-0.0178571
-0.0223214
-0.0238095
-0.0223214
-0.0178571
-0.0104167
-0.0060764
-0.0104167
-0.0130208
-0.0138889
-0.0130208
-0.0104167
-0.0060764

-0.0090909

J-1
0.0000000

0.0000000
0.1666667
0.0000000
0.0000000
0.0000000
0.0000000

0.0000000
0.0500000
0.0666667
0.0500000
0.0000000
0.0000000
0.0375000
0.0500000
0.0375000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.0000000
0.0238095
0.0380952
0.0428571
0.0380952
0.0238095
0.0000000
0.0000000
0.0211640
0.0338624
0.0380952
0.0338624
0.0211640
0.0000000
0.0000000
0.0132275
0.0211640
0.0238095
0.0211640
0.0132275
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.0000000

SUM
-0.1666667

-0.0500000

0.1000000
-0.0500000
-0.0375000
-0.0500000
-0.0375000

-0.0238095
0.0119048
0.0238095
0.0119048

-0,0238095

-0.0211640
0.0036376
0.0119048
0.0036376

-0.0211640

-0.0132275

-0.0211640

-0.0238095

-0.0211640

-0.0132275

-0.0138889
0.0000000
0.0083333
00111111
0.0083333
0.0000000

-0.0138889

-0.0130208

-0.0011574
0.0059606
0.0083333
0.0059606

-0.0011574

-0.0130208

-0.0104167

-0.0046296

-0.0011574
0.0000000

-0.0011574

-0.0046296

-0.0104167

-0.0060764

-0.0104167

-0.0130208

-0.0138889

-0.0130208

-0.0104167

-0.0060764

-0.0020909



The Journal of National Chiao Tung University, Vol 7, 1980 tidd

B 0 “3 -0.0161616 0.0138889 -0.0022727
4 0 =2 -0.0212121 0.0238095 0.0025974
4 0 -1 -0.0242424 0.0297619 0.0055195
4 0 0 -0.0252525 0.0317460 0.0064935
B 0 1 -0.0242424 0.0297619 0.0055195
+ 0 2 -0.0212121 0.0238095 0.0025974
4 0 3 -0.0161616 0.0138889 -0.0022727
- 0 4 -0.0090909 0.0000000 -0.0090909
e 1 -4 -0.0087273 0.0000000 -0.0087273
4 1 3 -0.0155152 0.0130208 -0.0024943
4 1 -2 -0.0203636 0.0223214 0.0019578
4 1 =} -0.0232727 0.0279018 0.0046291
4 1 0 -0.0242424 0.0297619 0.0055195
B 1 1 -0.0232727 0.0279018 0.0046291
4 1 2 -0.0203636 0.0223214 0.0019578
4 i 3 -0.0155152 0.0130208 -0.0024943
4 1 4 -0.0087273 0.0000000 -0.0087273
4 2 -4 -0.0076364 0.0000000 -0.0076364
4 2 -3 -0.0135758 0.0104167 -0.0031591
4 2 -2 -0.0178182 0.0178571 0.0000390
4 2 ~1 -0.0203636 0.0223214 0.0019578
4 2 0 -0.0212121 0.0238095 0.0025974
4 iz 1 -0.0203636 0.0223214 0.0019578
4 2 2 -0.0178182 0.0178571 0.0000390
4 2 3 -0.0135758 0.0104167 -0.0031591
4 2 4 -0,0076364 0.0000000 -0.0076364
4 3 -4 -0.0058182 0.0000000 -0.0058182
4 3 -3 -0.0103434 0.0060764 -0.0042670
4 3 2 -0.0135758 0.0104167 -0.0031591
B 3 -1 -0.0155152 0.0130208 -0.0024943
4 3 0 -0.0161616 0.0138889 -0.0022727
4 3 1 -0.0155152 0.0130208 -0.0024943
4 3 2 -0.0135758 0.0104167 -0.0031591
4 3 3 -0.0103434 0.0060764 -0.0042670
+ 3 4 -0.0058182 0.0000000 -0.0058182
4 4 -4 -0,0032727 0.0000000 -0.0032727
4 4 -3 -0.0058182 0.0000000 -0.0058182
4 4 -2 -0.0076364 0.0000000 -0.0076364
4 4 -1 -0.0087273 0.0000000 -0.0087273
4 4 0 -0.0090909 0.0000000 -0.0090909
4 4 1 -0.0087273 0.0000000 -0.0087273
+ 4 2 -0.0076364 0.0000000 -0.0076364
4 4 3 -0.0058182 0.0000000 -0.0058182
B B 4 -0.0032727 0.0000000 -0.0032727

When the external electric field is not parallel to electric vector of the microwave field but perpendicular to it, the
1
cases for A M= +1 components are observed. The displacements from tne rotational line between two states E} +]] KMz
and Ejgy g are given by
K(Mtl) KM = uEQMIDK

AT e e R =
av=l-vE o) D! T Toman)

2n

and the line strengths will be changed to
2 i 1

: J+1 Fes el X I+1 T |
S(JKM =+ J+1KM 1) = ( ) ( na
SR VNI 7 aEade TR S A .



112 Su: Stark Effect

The Stark effect of CD3F [18] for this case have been investigated previously. Tie experimental measurements
of tire rotational lins | 1™ 2 will be discussed below. The magnitudes of the energy elements of Stark effect for boti
rotational states are given in Table 5, The line strengths calculated by Eq. (22) are listed in Table 6.

Table 5. Stark effect energy elements of rotational states | 11> and [21> for CD3F.

[ 2 [t 0 1 2

0.500000 0.0 -0.500000
0.166666 L0.0 -0.166666

-0.333333 |

2 [0.333333

Table 6. Line strengths and energy matrix element differences of Stark effect for rotational states

[11> and [21>
<States J'K''J K | Energy matrix Line

= element

AMS | 1121 differencs strength
-1 4 | 2 0.166666 0.20000
1 -1 0 -0.500000 0.03333
-1 0 [ -1 0.166666 £ 0.10000
1 0 1 -0.166666 0.10000
-1 | 0 0.500000 0.03333
| 1 2 0.166666 0.20000

From Table 6 we find that there are six components, but two pairs are coincident, so that only four components can
be observed. They are + 0.166666 (+1/6) and +0.5000 (*}2). The line strengths of the coincident pairs will also be
added, finally they are 0.3 and 0.03333. Which indicates that these are symmetrically placed about the rotational line
with line strengths 1:9:9:1. When the electric field is weak the first-order perturbation is accurate enough. If the
electric field is getting stronger, the second-order perturbation shall be taken into account. The second-order correc-
tions for the Stark effect shown above were considered. The first and second-order corrections for both states are
respectively given in Tables 7 and 8. The spectral shifts for both orders are shown in Table 9.

Table 7. First-and second-order corrections of Stark effectfor [11> of CD5F, E=1500 v/em, u=1.868D.

M Frist-order | Second-order | Second-order | Total (MHz)
(MHz) element (MHz)
l -1 705.32 -0.037500 -3.65 701.67
| 0 0.00 £0.050000 | -4.87 4.87
| 1 =705.32 -0.037500 -3.65 -708.97

Table 8. First-and second-order corrections of Stark effect for 121 >

M | Frist-order Second-order Second-ordcr' Total (MHz)
('MH_z}_ ) element (MHz)
2 47021 | -0.021164 | -2.06 468.15
4 | 23501 | 0003638 | 035 235.46
0 0.00 0.011905 1.16 1.16
1 | 2351 0.003638 | 0.35 234.76
12 | -47021 -0.021164 | -2.06 47227 |

of CD4F, E=1500v/cm, 1 =1.868D.
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Table 9. Line strengths and displacements for first- and second-order perturbation on 11 - 21 of CD3 F.

States [ J'K' J K Frist-order Frist &Second )
m 11 29 (MHz) PR B o
31 1 2 235.11 -233.52 0.200000
T 1 0 770532 70051 0.033333
q 0 =) 335.11 240.33 0.100000
1 0 1 -235.11 -229.89 0.100000
-1 1 0 705.32 710.13 0.033333
| 1 2 235.11 236.70 0.200000

At stronger field, when the second-order corrections become significant, the coincident pairs due to degeneracies

are removed, and six components will be observed as shown in Figure 2.

(1-0)

Figure 2. Pattern of line strengths and displacements of Stark effect on rotational transition line
11 +21 of CD3F. E=1500v/cm, ¥=1.868D. Each scale represents 100 MHz. Solid
lines represent first-order correction and dash lines for first- and second-order corrections,
(Perpendicular case).

If the electric field is parallel to the electric vector, the Stark effect involving the first and second-orders will be
simpler than the perpendicular one. We consider the same rotational line 1+ 2. The magnitudes of energy matrix
elements of the first-order pertubation and line strengths are tabulated in Table 10, and the first and second-orders
corrections collected from Tables 6 and 7 are shown in Table 11.

Table 10. Line strengths and energy element differences of Stark effect on 11+ 21 (parallel case).

8 ik el I I ' Lower Upper Difference [ Line

il | 2.1 state state (Us-Ls) strength

-1 -1 0.500000 0.166666 -0.333333 0.100000

0 0 0.0 0.0 0.0 0.133333
1 1 -0.500000 -0.166666 0.333333 0.100000

The line strengths and displacements about tie rotational line are illustrated in Figure 3. It is found that tie spec-
trum shifts with second-order correction are toward the increasing frequency.
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Table 11. Line strengtns and displacements for first and second-orders perturbation on 11> 2 of

CD3F (parallel case).

s JK First-order | First and second Line
11 2k (MHz) -order (MHz) strength
-1 -1 -470.21 466.21 0.100000
0 0 0.00 6.03 0.133333
\_I 1 470.21 47421 0.100000
)
Ti r
| . !
| [ !
| I :
| | |
| I i
g L i i 1 i L 5 e
\I"o —_V

Figure 3. Stark effect pattern of first-order correction (solid line) witn first-order and second-order
conections (dash line) on rotational transition line 1 1™ 2190f CDSF' Each scale repre-

sents 100MHz (parallel case).

Tue Stark effect of HDO [19] on the rotational line 291 * 25 was measured and the dipole moment was decided
to be 0.662D. The line strength used is 3.3030. Strictly speaking, that value is not adequately accurate. Con-
sidering the wave functions shown in Table 12 for both states and using the expression for line strength in Ref. 2, we
obtain the value 3.315855 for line strength, It yields the dipole moment 0.659D, whici is much closer to 0.6567D
[20]. The simulated displacements and line strengths on 4]4+ 523 of water [21] will be illustrated in Figure 4 and
their corresponding magnitudes are listed in Table 13.

Table 12. Wave function and reduced energies of HDO for J =2 k =-0.6891.

Energy Reduced
Wave function Submatrix

level energy

270 2.3499947 -0.0724093| 20> +0.99737501225| ET

221 2.3109000 122> FE

211 -2.7564000 121> O

215 -3.6891000 121> ot

202 -5.1063946 | 0.9973750120>+0.0724093 | 22 » ‘ Et

The line strengths shown in Figure 4 are decreased toward the increasing frequency. The line strengths listed inthe
last column in Table 2 may also be used fo' those of asymmetric rotors.
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Table 13. Displacement elements and line strengths on 4,4+ 5,53 of water.

™ Displacement Line strength| Ratio of line strength
0 -13.09 0.0505050 2.78
1 -11.77 0.0484848 2.67
2 -7.82 0.0424242 233
3 -1.23 0.0323232 1.78
4 7.00 0.0181818 1.00
)

Figure 4. Stark effect pattern on rotational transition line 44+ 555 of HyO. The scale of frequency

is arbitrary.

IV. Conclusions

The energy levels and line strengths of the Stark effect for both symmetric and asymmetric rotors have been cal-
culated by means of the first-order rotational representations. The explicit forms ar2 in 3j symbols. The fact that
the relative intensity of Stark effect includes the line strength of rotational line shows more physical feeling than the
previous form does. The second-order perturbation for both kinds of rotors also involves the rotational line strengti,
so that the accuracy of line strength is important for determining the dipole moment. A little error will affect tne
deviation of dipole moment. The decision of the dipole moment in HDO mention in Ref. 19is an example. Tiie
Stark effect spectra are used fo determine the dipole moment in molecules, and the decided dipole moment comes
back for checking consistence. The Stark effect spectra are also used to help identifying very low J rotational tran-
sitions which are used to decide the molecular structure, For the spectra of Stark effect, the magnitudes of tne
rotational energy levels and line strengths have to be calculated. There is no any new procedure calculating tae
rotational energy levels to replace the traditional one shown in Ref. 15. The reduced Stark coefficients listed in
Ref. 8 do not essentially help too much, since the interpolation still has to be used for an proper asymmetry parame-
ter. The individual coefficient of the direction cosine matrix elements tabulated in Ref. 11 might be useful only for
J < 2. The calculations of spectra of Stark effect for J > 2 shall be performed by the starting point of the rotational
transition line strength. In conclusion this paper suggests a simple and convenient approach for dealing with the
computation of Stark effect, by which tire lengthy work can be furtner reduced.
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