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STARK—ZEEMAN HYPERFINE STRUCTURE OF H79Br AND H8!Br BY
MOLECULAR-BEAM ELECTRIC-RESONANCE SPECTROSCOPY
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We used the molecular-beam electric-resonance (MBER) methed 1o measure the Stark—Zeeman hyperfine struc-
ture of the molecutes H?> Br and H3' Br. For the ground vibrational state (v = ) and the rotational state 7 = 1 we ob-
tain for both molecules the electric dipole moment and hyperfine structure constants. For the H3'Br motecule we
also measured the magnetic molecular constants: g5 = 0.37122(8), xj~xy = ~0.139(7) kHz kG“z, (oav)Br = 2748(40)
{ppm), (oy—0,)p; = 732(14) (ppm), and {oy—0 34 = 24(12) {pem)}.

1. in&oduction

In this experiment we used 2 molecular-beam
electric-resonance (MBER) machine [1}, with an
added feature of a large homogeneous magnet in the
transition region, 10 measure both the electric and
magnetic properties of the molecules H'9Br and
HB81Br. The magnet, capable of producing up to 8.5
kG in the transition region, made it possible to look
at transitions between Stark and/or Zeeman shifted
sublevels,

Jones and Gordy [2] and more recently Van Dijk
[3] used the method of submillimeter wave spectro-
scopy to determine the hyperfine constants for these
molecules. By fitting the observed transitions be-
tween Stark sublevels in the J = 1, v = 0 states of
these molecules we obtain a more accurate set of con-
stants than those obtained by Van Dijk. The constants
we measured in this manner are the effective electric
dipole moment gy, the quadrupole coupling con-
stants (eqQ)g, for the bromine nuclei (Jg, = 3/5), the
spin—rotation constant for the bromine (cg,), and
the hydrogen (cy) nuclei, and the tensorial {d) as
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well as the scalar (dg) parts of the spin—spin interac-
tion in both molecules [4}. Using these constants for
HB!Br we fit the observed Stark—Zeeman transitions
to determine for the first time the magnetic properties
of the H81Br molecule: the average shielding (a,,)g,
of the bromine nucleus, the anisotropy in the shield-
ing of the bromine ((o; — 6,)g,) and the hydrogen
((o; — 0,)y) nuclei, the anisotropy in the magnetic
susceptibility (x;—X,), and the rotational g5 value
which determines the rotational magnetic moment 115
of the molecule according to the formula iy =gy J.
By combining the present Stark-field results with
the results of Van Dijk [3] the anisotropy of the mo-
lecular polarizability (o —«,) could also be deter-
mined. The molecular quadrupole moment 0 was ob-
tained from the measured x; — x, and py values.

2. Theory

«

The hamiltonian for a diatomic ! Z molecule with

" both nuclear spins unequal to zero in an external elec-

tric and magnetic field can be written as {1, 5, 6]
H=H,+AJ?+ ?Qk' Vit LM, J,
]
+ §[k~Dk,-f,—uefﬁ’—-}E-tx‘E—B*G'I

~48-x8- Tl (1-9,)°8 |
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- where the sums are aver the two nuclei.

The first term H, represents the electronic and
vibrational energy of the molecule, while the second
term the rotational energy with A the rotational con-
stant and J the rotational angular momentum. The
third term describes the quadrupole interaction of
the bromine nucleus (both 79Br and 81Br have / =
3/3); since Iy = 1/ the sum reduces to a single term.
The fourth term represents the spin—rotation inter-
action, and the fifth term the sum of both the direct
and the electron-coupled spin—spin interacrion, The
sixth and seventh terms represent the Stark energy,
and the contribution of the electric polarizability.
The Iast three terms represent the interactions of the -
molecule with an external magnetic field. They are in
order, the molecular Zeeman effect, the magnetic
susceptibility and the nuclear Zeeman cffect includ-
ing electronic shielding.

The matrix clements of the above hamiltonian are
products of vector coupling coefticients and coupling
constants representing the strength of the different
interactions.

In the limit of weak external fields the quadrupole
interaction js dominant. Hence the appropriate repre-
sentation is |(J /g, ) F| Iy FMp), while in the limit of
strong external field the couplings are broken down,
the appropriate representation is in that case
W My Iy Mig Jyy M) In the hydrogen bromide mol-
ecules the quadrupole interaction splits the J = 1
(v=0) level into three sublevels with F; = 3/, 5/2
and !/,. The separation betypeen adjacent levels is of
the order of 100 MHz. For the fields we use (3.3

-kVem™! and 8.4 kG) the Zeeman contribution is
about an order of magnitude smaller, and the Stark
contribution is another order of magnitude smaller.
The spin—rotation and spin-spin interactions are of
order of 100 kHz. For this reason we shall use a partly
coupled representation to characterize tne states. The
representation is |(/Jg,) Fy M, Iy Mp,,) abbreviated:
as [F\Mp, M)

The matrix elements for the above hamiltonian
have been reported elsewhere [1] in the high field
representation, and will not be reproduced here. A
computer program calculates these matrix elements
and solves the secular equation to obtain the eigen-
values and the eigenvectors. The program also calcu-

lates the transition frequencies and the intensities,
using the usual two-level transition probability [1].

The program varies the coupling constanis of the ham-
iltonian to obtain a least value for the x2 of the fit.
Second order quadrupole interactions proportional
to (egQ)?/4 [7] due to coupling of states with J' =
J* 2 are not included in the program and are added
later to the calculated frequencies. These corrections
are —1.778 kHz for the F| - F| = 3/~ If, transitions
are +2.963 kHz for the 3/; - 5/, transitions of H®!Br;
—2.546 kHz and +4.244 kHz for the transitions 3/,
— 15 and 3/» = 5/, respectively, of HT9Br.

3. Experimental apparatus

The MBER apparatus used in this experiment has

been described in detail elsewhere [1]. Hence, only
relevant features will be described here. Commercial

HBr gas was used for this experiment and the runs
were performed with the source at room temperature.
The beam machine employs a symmetric A and B
fields configuration with electric quadrupoles as state
selectors. The C field has two parallel plates for the
application of the radio frequency and dc electric
fields and a large C-type external electromagnet with
pole tips 50 cm X 24 cm and 9 cm gap, which can be
placed over the parallel plates, when studying Zee-
man effect. The C-field plates are separated by quartz
spacers 0.63632(2) c¢m thick. In most of the runs we
used a Stark voltage of +1100 V on one plate and
—1000 V on the other. Hence the resulting electric
field was 3300.23 Vcm~1. Two Fluke 332 A voltage
standards were used for this field. The magnetic field
was measured with a NMR probe before and after the
magnet was placed over the C-field chamber. Measure-
ment of the magnetic field during the runs was not
possible.

The rf voltage is obtained from a Hewlett—Packard
5105 A synthesizer, chopped at 25 Hz and amplified.
The detector is a commercial mass filter with particle
multiplier and phase sensitive demodulation. Signal
to noise ratio was about 10 for the stronger lines at
an intergration time constant of 1 sec.

4, Spectra and results

The constants obtained by Van Dijk for H79.818;
were used to calculate the approxirmate Stark hyper-



O.B. Dabbousi et al., Hyperfine structure of HBr

fine frequencies for the J = 1, v = 0 states of the mol-
ecules. The calculated frequencies were within a
couple of kHz from the observed ones.

Deviations between the observed frequencies at
3300.23 Vem~! and the frequencies calculated using
the best-fit constants was for most lines 20 ~ 50 Ha.
Only for a few lines the deviation was 100 — 140 Hz.
For HB1Br 18 well resolved transitions were observed,
for H79Br nine. The observed full line width of the
spectra was 1.2 — 1.6 kHz. This is in agreement with
the natural line width for the time of flight of the
molecules in the transition region. For some of the ob-
served lines the splitting of their components in the
earth’s magnetic field is large enough to cause them
to appear as a broad symmetric or asymmetric line,

or as two separate lines.
The separation of the (F].Mp, M)

- (F1, M Mpy) = (3h, 21h, £15) > (5)2, F1h, £1h)
transition in H‘h Br at 109754.32 kHz was used to
measure the magnitude of the field in the C can, the
value was 0.47 G. For this line the electromagnet had
to be used to reduce the residual field in the C region. ‘

Preliminary runs at 100 G and 8.4 kG were per-
formed for H8! Br to obtain a starting set of the mag-
netic constants for the fitting procedure. As men-
tioned above it was not possible to establish the mag-
nitude of the magnetic field at the beam position or
during the runs. Hence we measured the magnitude of
the field before placing the magnet over the C region
and measured the frequencies of the transitions
Ch, 35, ~1h) = (%2, 1, ~11) and (3, 3, 12)

-+ (5h, 14, 1h) whose frequencies at £y, = 3300.23
Vcem™! and B = 8397.15 G were 102437.590(25)

and 102410.560(25) kHz, respectively, Then we moved
the magnet away and remeasured the field.

The observations of different runs were self consis-
tent. The 102.4 MHz lines have a ~0.916 kHz G~}
dependence on the magnetic field and a +120 HzV-1cm
on the electric fieid. Thus we measured this line regu-
larly during the runs and all observed lines were cor-
rected for drift and variation in the magnetic field
from one tun to another,

For monitoring of the electric field between the
runs we used two lines at 109766.439%60) and
109757.759%(60) kHz corresponding to the transitions
(%h, 15, 15) = (h, 'h, 1h) and (34, th, ~1h)

(54, 1}, ~14), respectively. These lines have a
+0.054 kHzG~1 and an electric field dependence of
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+1416 Hz V-1 cm. The above monitoring procedures
indicated that the magnetic field drift was ahout
0.60 G, mostly due to temperature variation, and the
electric field variation was within 15 ppm. The aver-
ages of the correcied values of the transition frequen-
cies were [itted to obtain the magnetic constants.

The second order contributions to the energy due
to the Stark effect and the contributions due to the
electric polarizability have the same J .M dependence
for a I  molecule. Consequently they cannot be de-
termined separately from our measurements and only
an effective dipole moment p g defined by:

—3uL ) 2hAI (I +1)
=-3p22RAJJ+1) +(a, —a),

can be deduced.

The elcctric constants for H7%Br obtained from
the least squares it of the Stark hyperfine transitions
of the molccule are given in table 1. In table 2 we list
the electric and magnetic constants for H81Br. In the
evaluation of the data we used 4 =250357.519 MHz
and 250 280.192 MHz for H79Br and H81Br, respec-
tively [3]. For the Planck’s constant we used the val-
ue 6.626196(50) X 16~34 I sec.

The errors quoted on the electric and magnetic
dipole moments and on (0,,)g, are due to uncertain-
ties in the electric and magnetic field, respectively.
The uncertainty in the value of the magnetic field is
of the order of 1X 10~*. When the magnetic field is
changed by +1 G the magnetic constants (g, ), and
& change by +20 ppm and —4 X 1073, respectively;
all the other constants do not change within the ex-
perimental errors. Hence the values for these quantities
should be gy = 0.37122(8) and (g, )5, = 2748(40).
The errors of the other quantities ate three times
their standard deviation.

S. Discussion

In tables 1 and 2 we list also the results of Van Dijk's
work as well as those of others for comparision with
the results of the present investigation. The agreement
between ours and Van Dijk’s results seems to be better
for H79Br than it is for H8!Br.

The values for the effective electric dipole moments
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'Table 1 - :

- Molecular constants of H Br (/=1,v = 0)

~ Constant Present work Van Dijk [3]. Other measurements
e (D) 0.82657(8) 2 0.8272(3) 0.834(8) [10]
(qu)Br(kHZ) 532305.90(24) 532304.1(8) 535400(1400) 2]
o (kH2) 290.796(28) 290.83(8) 290(200) [2]
ey (kH2) —41.97(26) _41.27G31) —43(3) [8)

- dy (kH2) 10.296(70) 10.03(21)
dg (kHz) —0.145(159)

- 8) Effective dipole moment, see text.

for the HBr molecules, despite the increased accuracy
of our measurement, still do not reflect the effects of
isotopic substitution. Hence we can take an average
value for this quantity as 0.82656(6) D. Other meas-
urements of the electric dipole moment are by Zahn
[9]1.0.788 D and by Robinette and Sanderson [10]
0.834(8) D. Tipping and Herman [11] calculated the
electric dipole moment for this molecule using the
vibration rotation data of Babrov et al. [12], to be
'0.824(6) D. Van Dijk using his DBr, HBr isotopic sub-
stitution data, obtained for the dipole moment in the
equilibrium configuration a value 0.8165(5) D. The
measurements of Van Dijk of HBr involved Stark
transitions for which the effect of the polarizability
was zero. Using Van Dijk’s average value of , for
H7®Br and H8!Br and our effective dipole moment

Table2 ‘
Molecular constants of H*'Br U= 1,v=0)

Mgy, &y —a; can be calculated for HBr. The obtained
value for a; —a, fits nicely in the list of polarizabili-
ties for the different hydrogen halides as shown in
table 3. :

From the measured magnetic constants of H81Br
we calculated the molecular quadrupole moment of
the ground vibrational state. The method is described
by De Leeuw and Dymanus [1] for HF and HC. The

‘result for HBr is (8),-¢ = 4.14(13) X 10~26 esu cm?2.

The values for the electronic and nuclear contribution
to the molecular quadrupole moment are listed in

.table 4 in comparison with those for HF and HCI as

obtained by De Leeuw and Dymanus [1]. The trend
of the various contributions to the molecular quadru-
pole moment of the investigated hydrogen halides con-
firms qualitative expectations. Quantitative considera-

Constant Present work Van Dijk [3] Other measurements
Hey (D) 0.82654(8) 0.8275(3) 0.834(8) [10]
(eqQ)p, (kHz) . 444680.66(15) 444679.3(8) 447900 (1400) (2]
cp; (kH2) 313.370(21) 313.25(8) 310(100) (2]
cpy (kHz) -42.14(12) -41.2331) - —43(3) [8)
d (kHz) 11.138(51) 10.89(21) -

-dg (kHz) -0.063(72)
(0av)g, (PPM) 2748(20)

. (c“ —a))g,(PPm) . 732(14)

: '_(ail — oy (ppm) i 24(12) _
x) = x; KHzkG™?) - -0.139(D
&

0'37122.(8) -

@ Effective dipole moment, see tcxt.
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Table 3

Polarisability anisotropy of hydrogen halides

Molecule ay - ul(A3) Reference

HF 0.22(2) 113]

HCL 031 [14]

HBr 0.58(14) Present result
Table 4

Molecular quadrupole moment of hydrogen halides

Quantity HF {1} HCE (1) 1pr
(10728 esucm®)

©%) g ~-1.52(3)  -3.95(12) ~5.54(13)
Mg EX: 7.69 9.68
@),-g 2.36(3) 3.74(12) 4.14(13)

2) present results.

tive considerations have to await ab initio calculations
on HBr.
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