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ABSTRACT

The value of the dipole moment, ¥, of NH in the ASTT
state was found to be 1.31 b .03 Debye. This value waé
determined from data on the Stark effectmmeasured from
spectrograms of the AT - x3<", 3360 X, band taken on a
3.4 meter grating spectrograph in third order giving a
resolution of about 100,000, The theory of the Stark
effect in molécules was taken from papers b& W. G. Penny5
and Van Vleck and Hill®. The magnitude of the electric
field was determined from the Stark splitting of the
hydrogeh line ﬁB ‘according to the théory given in The
Theory of Atomic Spectraé. In the near future I should
be able to complete work on the cT->a's, 324C A, band
and give the values of the dipole moments for states c
and a as well. Thus it will be possible to determine

how the dipole moment changes with electronic config-

uration.
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INTRODUCTION

The study of the dipole moments of diatomic hydrides
was undertaken at the University of British Columbia in
1962 by Professor F. W. Dalby in order to; a) provide
information concerning dipole transition moments in
diatomic molecules so that the concentrations of these
molecules in the intersfellar gas might be determined,
b) check the assumptions made in the theoretical cal-~
culations of dipole transition moments. The NH molecule
is not known to exist in the interstellar gas but is
interesting from a theoretical point of view.

There are several methods of determining dipole
moments. The most direct of which is spectroscopic
observations of the Stark effect. Microwave spectros-
copy while very accurate is limited to measurements of
the ground state of a molecule., Optical spectroscopy
while not quite so accurate can be used to investigate
the excited states as well as the ground state of a
molecule. For these reasons the technique of optical
observations on the Stark effect was used to measure the
dipole moment.

The dipole moment of the AT state was determined
first because: a) the ground state, x4 , exhibits no
first order Stark effect, b) of the six known states
of NH this is the only one for which transitions to the
ground state are known, c¢) there should be no complica-

tions due to both upper and lower states splitting.



2
I shall discuss first the experimental method and
then the analysis of the data and the theory of the

Stark effect.



EXPERIMENT

APPARATUS

One of the attractive features of this experiment
was the simplicity of the apparatus required. To do the
eXpériment it was necessary only to focus the light from
the high field regién of a Lo Surdo type discharge tube
(see figure 1) running in ammonia on the slit of a stig-
matic spectrograph of resolution around 100,000, The
bottom of the glass discharge tube was sealed by means
of a large rubber stbpper with the cathode passing
through it. This provided for easy inspection, changing,
and cleaning of the cathode. The cathode itself was an
aluminum wire fitted as tightly as possible inside a
gquartz capillary tube in such s way that the top of the
aluminum wire was flush with the top of the quartz cap-
illary tube. A flat disk anode was permesnently mounted
in the top of the discharge tube about eight inches from
the cathode. Ammonia was passed through the discharge
tube from a needle valve to a liquid air cooled trap and
a vacuum pump. The pressure could be controlled by adjust-
ing the needle valve which controlled the rate at which
ammonia entered the discharge tube. In this wsy the
pressure could be set at any value between .01 and 2 mm
of mercury. The light from the high field region of the
discharge was passed out of the discharge tube by a
gquartz window and then focused by a quartz lens system

of 15 cm focal length on the slit of a 3.4 meter Jarrell
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lines ere slso split. They are P,(2) and PQ23(2) and this
is the only exposure on which they show up. The various
components of the latter two lines are overlapped so that
no reliéble data may be taken from them. Immediately to
the left, longer wavelength, of the RQ21(O) line is a
weaker line the position of which is a function of field
strength. This line is the field inducedvline originating
from the other level of the lambds doublet A3ﬂ] Jd =1,

For exposures 2 and 20 the positions of the three
components of the RQ21(O) line were measured at the
same height, same field strength, and the differences
between each side component and the center component are
given in the data. It was not possible to resolve all
three components on exposures 18, 19 top, and 19 bottom
therefore only the distance from the field induced line
to the center component is giVen for these exposures.

- The hydrcgen line Hﬁ seen in plate 2 splits into

‘eight well resolved components. The theory predicts tgi'ﬁ

these will be deviated by % 10, 2

1

8, 6, Xy, in units

AR

of 0.0642 B, cm~l, where E is the field strength in kV/cm.
In order to nullify any second order effects the distance
between pairs of components was measured. Thﬁs four
values of 00,0642 E were available from each exposure.

The values of E given are the averages of the four values.
DATA

In the following data tables the errors given are the

standard deviations of several measurements.
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DATA

EXPOSURE SPLITTINGS IN CM™! FIELD STRENGTH
NUMBER LEFT RIGHT IN kV PER CM

COMPONENT  COMPONENT x 10

2 1.25 ¥ ,02 0.63 % .04 112 ¥ 2

20 1.18 * .oy 0.54 % .05 9.8 % 2

18 0.97 £ .04 69 1

19 top 0.87 ¥ .04 u8 % 2

19 bottom 0.89 * .oy 58 % 2
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DETERMINATION OF THE DIPOLE MOMENT

In order to determine the dipole moment from the
data given it is necessary to investigate the effect of
an electric field on the molecule. The theory of the
Stark effect on molecules is given in Penny's paper5.
The results of the theory applied to diatomic molecules
can be found in Herzberg's bookl° We shall present here
the theory of the Stark effect on diatomic molecules.
THE STARK EFFECT ON DIATOMIC MOLECULES

Let a'complete set of attributes of a diatomic
molecule be represented by the following guantum numbers;
J, total angular momentum; M, component of J in the field
direction;;L, angular momentum along the internuclear
axis; P, parity;~n, electronic angular momentum along the
internuclear axis; 8, spin angular momentum; 4, comﬁonent
of S along the internuclear axis; and ™« , remaining
electronic quantum numbers. Thé state of a diatomic
molecule can then be represented by {XJIMS A & L P|. It
is assumed that the effect of the electric field is suf-
ficiently small that we may regard it as a perturbation
on the field free states of the molecule. The validity
of this assumption is dehonstrated by the general agree-
ment between predicted’and measured Stark effects. The
perturbation hamiltéﬁién;is éf the form |

H' =4 eF B (D)

[

where e is the charge of the electron, ?i

- -
vector of the i'th electron and E is the electric field

is the position
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vector. 8ince distomic molecules are axially symmetric‘
this can be written more simply by letting 31 be the
component of?i along the internuclear axis and & the
angle between E and the internuclear axis. . Thus
H' = éLe $:E cos © o (2)
In determining the energy change due to the perturbation
it will be necessary to evaluate matrix elements of the
fbrm
% TMSA¢aP| 4 e BB cos oldaMsAL Ay (3)
which can be written
E<okl%e§d°(/><o(JMSAinP | cosol| J\NI\S\A‘i‘,({Pl) (L)
This is of the éame form as dipole transition moments for
AM = O, Thus we can use the previously derived selection
rules found in Herzberg1 on pages 240 to 245. We give
below the selection rules for the more common coupling

schemes.

1) AT = % O;J:O%J:O»

J
2) AM = 0,% 4 A
3) Symmefric terms combine only with symmetric terms
and the converse | ' ’
4) only levels of opposite parity combihe
5) odd states inferact only with even states and the
converse
Selection rules which apply only to Hund's coupling cases
(a)and ( )
1) ap=%1,0
2) AS=0
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Selection rules which apply only if both states are coupled
according to Hund's case ( a )

1) A4=0 |

2) pA=3%1,0

3) AJ = 0 is forbidden for fL= 0. = 0.

It can be seen that the matrix elements (4) will be
non zero between the two lambda doublets of a particular
diatomic molecular level and further the mutual perturbation
between a pair of lambda doublets will be much larger than
the perturbation between neighbouring rotational levels.

To a first order of accuracy then, we need consider only
the perturbation between a pair of lambda doublets. (L) is
now of the form

E‘(ox\%e Gy { MSALQP |cose | MSALAP') (5)
The left portion of which is the dipole moment,V , in the
state represented byX and the right hand portion is the
average_value of cos® which may in general be determined
classically from the vector model (figure 2). Thus (5)
becomes

E})%‘%ﬂ (6)
Letting € be the perturbed energy and W, and W, the
unperturbed energies of the lambda doublets of the molec-

ular state. We can write (see page 15 of Herzbergl)°

MO ;
W, - € B3Ca+1) { -
=0
e
BI(a+1) - W - €

Solving (7) we get
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€ = B W) T 3w W) J : +(§("£1“)”«%.w25 V2o @

IfA = 0, no lambda doubling, or if the rotational levels
are close together then the perturbation between neigh-

bouring rotational levels will be of significance. The

energies due to this perturbation are given by Van Vleck
and Hi117.

820 2((32-u2)(72- 2 J+1)%-M2) ((3+1)%-a?)
E = 24?% {?33(2J3§)(2J-1%- (§J11%3 (2}£§)Z2J+3) (9)

I feel it is wise at this point to explain the units
used in the above formulae., The energiesé¢ , Wl’ Wé, and
B are in em™ Y. E is in volts per cm. A is in volts <.

The quantum numbers J, M,‘and.ﬂ.are of course unitless.
These units are not standard, but are conVenient from an
experimental point of view,

DETERMINATION OF THE ELECTRIC FIELD

Before going on to an evaluation of M for the 3TT1
J = 1 state it will be necessary to know the field strength,
I shall therefore give a brief resume of the Stark effect
on hydrogen as found in Theory of Atomic Spectra6. The
state of a hydrogen atom can be described by: n, principle
gquantum number; m, magnhetic gquantum number; kl and k2,
guantum numbers in parsbolic co-ordinates determined from
the relations

n = ky+k,+|m|+1 k; z 0 (10)

1
The first order energy change, AV , due to an interaction
with an electric field E in kV/cm is given by

AV = - 0.0642 n(k1-k2)E (11)
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The correct expression for AY including second order
effects is
A\?:iaE+bE2
The constants a and b may be found in the Theory of At&mic
Spectra6. By measuring the separation of corresponding
pairs of components we measure the guantity
(a2 E+bE) -(-aBE+bE)=2a6
in which second order terms have been eliminated. The
first order Stark pattern for Hﬁ,is shown in figure 3.
The splitting is in units of 0.0642 E and the lengths of
the lines are proportional to the theoretical intensities.
The polarization of the component is indicated by draWing
it in the -7, parallel to E, or 0, perpendicular to E,
half plane,
THE %Q,,(0) LINE

Let us apply the foregoing to the RQzl(O) line. This
line (shown in figures L4 and 5) is the result of a tran-
sition from 31f1 J=1to>%£7 J=1. In the lower state,
354~ 7 =1, there is no first order Stark effect since
A= 0 ( no lambda doubling) and L= O. Most of the Stark
splitting is in the upper, 3TT1 J =1, Level. For this
level Jd = 1, =1, M = 0,1. The M = O levels are un-
perturbed in first order and the M = 1 levels are shifted
apart by an ammount &. Thus letting the energy of the
unperturbed RQ21 gg) line be zero and the lambda doubling
be A and substitu&ing these values in (8); ¢ is given by

€(é +p) = Aﬁigf (12)
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or

Le(é +étll 2 (13)

E

With reference to the deta and plate 3, & is the smaller
of the two splittings measured and (¢ +A) the larger.
The Stark effect on this line is shown in figure 5.
Using the data from exposures 2 and 20 we can determine
€ and A . Using the value of A so determined, values
of & can be determined from the data from exposures 18,
19 top, and 19 bottom and in this way a value of/J deter-
mined from these exposures.

The average value of A is 0.63 I .02 em™l, This

-1

is in good agreement with the value 0.64 cm determined

from the graph in Dixon's paperj. Using A = 0.63 % .02
em T we derive the following from the deta.

REFINED DATA

EXPOSURE €(e +A1 ° 13
NUMBER IN C (VvoLTs/cM)< x 108
2 0.78 ¥ .06 125 £ 4
20 0.6L % .07 90 ¥ i
18 0.33 & .17 u7 ¥ 2
19 top 0.21 ¥ .14 22 Xy
19 bottom 0.23 % 1y 3u %L

€ (€ +A) is plotted as a function of E° in figure
6., The slope of this graph, %)JZ in vblts-z, was deter-
mined by the method of least sguares fitting and the
value of)J;so obtained is

M = .960 ¥ .03 Debye
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3"\'\’1 J = 1 for an upper

Of the seven lines with
level only the line RQ21(0) is sufficiently far from -
other lines to allow a“measurement of the splittings.
Therefore the only avail%ble value of ¥ for this state
is the one just given. A rough measurement of the
splittings for the lines P, (2) and PQ23 (2)‘was in
reasonable agreement, 20%, with this value of M .

It is unfortunate that the dipole moment may only
be determined for the 3"r\’l J =1 state. It is felt
however thaf}) is essentially independent of (2. and J
and is therefore the same for all levels of the A 3TT

state.

22
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CORRECTIONS
MIXED COUPLING _

The value of M in (14) is the apparent dipdle moment
derived from data on the 31T1 J = 1 level. This level is .
not s pure state but is mixed slightly with the >TT, J = 1
level. The correct wave function is therefore of the
form
a(ﬁ‘rr1 J=1) + b(iTTO J=1)
where () indicates the pure wave function of the state
indicated. The factors a and b may be determined by
formula ( V, 78 ) in Herzberg1 from the métrix elements
for the interaction between the two states given by Van

Vlieck and H1119 and shown below,

3—”—1 3—ﬁ'01
547, B(X+1) B(2X)Z
21T, B(2x)? B(X+1)-A (15)
X=J(J+1) (16)

A is the separation of the 5TT1 and.zﬂTb states. B is the
3T

rotational constant for the state.
a = .8572 (17)
b = .5150 - (18)

The average value of cos e 1is
<a(37rl,J=1)+b(3Tro,J=1)(cose la(31T1,J=1)+b(31rogJ=1?>(19)
Which is of the same form as a dipole transition moment

for A M = O. The only non zero term is therefore

@2(3’)’11“&1)\0089\(31‘\' 9J=1> (20)
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Thus the correction factor a2 = 7347 must be applied to
the old value oﬁ};. Therefore the corrected value of U is

+

962 .
N= 3y = 2t

SECOND ORDER EFFECTS

.03 Debye. (21)

There is a second order Stark effect on both the

-1 -
M. J = 1 and the S¢ J = 1 states. There is of course

1
a mutusl Stark perturbation between all rotational levels,
In general this perturbation is very much larger for
neighbouring rotational levels and so we shall determine
the perturbation only hetween neighbouring rotational
levels.,

The ° 6~ J = 1 state is the lowest rotational state.
Any second order effect will therefore cause a shift to
lower energies. The M = O level will be shifted slightly
more than the M = 1 level. The effect of this is to
shift all components of the RQZI(O) line toward higher
energies and to slightly broaden them. These effects
were eliminated from the data by measuring all the com-
ponents at the same height (field strength) on the plate.

The second order effects on the 31f1 J = 1 level are
as follows., The M = 0 levels are shifted down by an
ammount

1 EW° (22)

AV (M =0) = T5 2HE
The M 5 1 levels are shifted down by an ammount

WE
AV (M = 1) = 56 x %?$%_. (23)

Thus the outer components are shifted o) X 555 less
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than the center component. This difference in the shifts
will have a direct effect on the measured values of A, €,
and € + A, Evaluating this difference using J = 1.3

Debye, E = 111,000 Volts/cm, and B = 16,3 cmil we get

2 2 )
114_5 x %ﬁ%" - 0.0025 cm™ !

(24)
which is not significant compared to the errors in
measurment,
ERRORS

vAll errors quoted are standard deviations. Assuming;
the theory of the Stark effect and the mixed coupling

correction are asccurate this is a realistic measure of the

possible error in the dipole moment.
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SUMMARY

The value of the dipole moment of NH in the A>TT, J = 1
state is 1.31 ¥ .03 Debye. It would be of interest to check
the dependence of/U on J and the vibrational quantum number,
v. To do this it would be necessary to use a spectrograph
of greater dispersion and a discharge tube giving greater
electric fields.

The determiﬁation of the dipole moment in the c LTr
and a 1& states from data on the 3240 K band should be
completed in the near future, This will give an idea as
to how the dipole moment changes with electronic con-

figuration,
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