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CHAPTER 1,

1. Introduction.

The power of the molecular beam electric resonance
(MBER) spectroscopy in the investigation of structure and
properties of molecules is well established. It 1s a method
which has yielded the finest details about molecular hyperfine
structure, the most sccurate values for molecular electric
dipole moments and rotational moments, and the most reliable
information about the internal intersctions between nuclei and
electrons, The molecules investigated range from simple alkalil
halides to polyatomic species bound by weak van der Waals forces
usually with a closed shell configuration (12) of the electronic
ground state. A review of the MBER investigations perfarmed
until about 1973 is given by Zorn and English (20R 73).,

The first investigation by MBER of molecules in a non-12 state
has been performed on the metastable state aaﬂ of carbon
monoxide (FRE 65, STE 70}. Only one diatomic radical,1] the
stable molecule NO, had been investigeted before this study was
started (NEU 70). In 1972 Freund gt al (FRE 72) measured the
spectrum of LiO produced by heating L120 in an iridium tube
source to 1800 oK. Both NO and LiO have & 2“ ground electronic
state.

Free radicals possess all an open-shell configuration
of the electronic ground state, which implies an unpaired
electron spin or a net electron orbital angular momentum or
both. Consequently they are suitable for electron paramagretic
resonance (EPR) investigations, A large number of EPR measure-
ments have been performed since sabout 1950, The most important
for the present investigation are the measurements on NO by
Beringer et al (BER 50, BER 54), on OH by Radford (RAD 61,

RAD 62), and on SH by Radford (RAD 63), Tanimoto and Uehara

1) In this work all diatomic molecules with a non-12 ground

elsctronic state are called radicals.



(TAN 73) and Brown and Thistlethwaite (BRO 72). Investigations
by the EPR and/or microwave absorption spectroscopy has been
performed on gaseous diatomic radicals NS, NF, SF, SO, CF, FO,
Cl10, BrO and I0. Very few measurements have been done on radi-
cals containing heavy atoms, A complet review about the investi-
gations of free radicals can be found in the monograph of
Carrington (CAR 74), and in the work of Winnewisser et al (WIN 72)
and of Carrington et al (CAR 70).

In the present investigation the MBER technique has
been used to investigate the spectra of the radicals 14ND. 15NO,
OH, 0D, SH and SD. The work was undertaken to investigete the
feasibility of the MBER techniques for the investigation of
spectra of radicals. The production of strong enough beams of the
short lived OH and SH radicals turned out to be one of the main
experimental problems., A fruitless attempt was also undertaken
to produce beams of SF and CN radicals to perform a measurement
of their MBER spectra.

High resolution spectra of all the investigated mole-
cules were obtained from the present MBER study. These spectra
may be of help for the ipterpretation of observed spectra from
interstellar radio sources, and to increase the chance of detec-
ting the presence of those radicals in interstellar space. The
highly accurate measurements (0.1 - 5 kHz) of the position of
the energy levels in the molecules as obtained from the MBER
spectra provide a test of the theory describing the interactions
between nuclel and electrons in diatomic molecules with an open
shell configuration, It is known that the spectra of molecules 1in
a 12 state can well be explained by the existing theories to
within the present experimental accurcy of the MBER technique
(70 - 100 Hz). However the theory of the spectre of molecules in
an open shell configuration was not so well developed. In all
experiments in the past low resolution spectra were obtained
and the theory of Van Vleck (VLE 29), improved by Mulliken
and Christy (MUL 31) and by Almy and Horsfall (ALM 37) was
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capable of explaining the observed spectra. This theory in-
cludes only the fine structure and A-doubling effects. The
observations of hyperfine structure in the spectra of radicals
(BER 50) made it necessary to extend the theory. This was first
done systematically by Frosh and Foley (FRO 52) in a treatement
which includes only first order effects in both fine and hyper-
fine structure. This approximation is capable to explain most of
the low resolution EPR and microwave absorption measurements.
However also in the EPR and microwave absorption investigations
8 nesed was felt to take into account higher order contributions
to the energy (DOU 55, CAR 68). For high resolution MBER obser-
vations of spectra of radicals a further refinement of the
theory was required. Freed (FRE 66) applied a degenerate pertu-
bation theory to the 3" stete. The MBER measurements on CO
in the aaﬂ state were used as a test for the theory (STE 70,
GAM 71}, A development of the theory of the spectrum of a
molecule in a 2" state based on the degenerate perturbation
theory is given in this thesis,

The ground electronic state of the investigated mole-
cules NO, OH and SH is a 2" state. The 2" state is split by the

2

2
spin-orbit interaction to a doublet H1/2 and ﬂ3/2. This

splitting is about 130, 140 and 380 c:m-1 for ND, OH and SH,
respectively. Each of these levels is doubly degenerate if
rotational effects are neglected.

The rotation of the molecule breaks the symmetry of the elec-
tronic charge distribution around the molecular axis, which
splits every rotational stete both in the 2ﬂ1/2 level and in
the 2ﬂ3/2 level into a doublet, celled A-splitting. The ;mallest
known A-splitting occurs in NO: 0.7 MHz in the J = 3/2, ﬂ3/2
state, and increases in all 2“ molecules with increasing
rotational state, but for the lower rotational states investi-
gated in this work is usually below 10 GHz. The nuclear spin(s)
splits levels additionally into a number of sublevels (hyper-
fine A-splitting). The hyperfine A-splitting varies between

1 and about 100 MHz for NO, OH and SH, and can be obtained very

11



Zl

SOURCE

A QUADRUPOLE RESONANCE REGION

QWADRUPOLE
0l — X MASS-FILTER
- IONZER 5L

- §-GUATRUPOLE T0 AEAD - 0UT

| ELECTRONICS
MOLECULAR BEAM DETECTOR

[ neacrion

5 <

Fig. 1 Schematic diagram of the spectrometer (modification of the version of de Leeuw
(LEE 718)). (G 1) gas reservoir primary gas, (G 2) gas reservolr secondary gas, (NV)

needle valve, (BF) buffer field, (HC) horizontal corrector, (SL) second lens, (EX)
exlt aperture.



accurately by the MBER techniques from transitions within one
rotational state (& J=0 transitions). The fine and hyperfine
structure properties of the molecules could be obtained from the
analysis of the observed hyperfine A-doubling spectra, and
are used as a test of the ab-initio calculations of the electro-
nic charge distribution in the molecule.

In the following sections a short description of the
MBER method is given followed by a description of the employed
sources which were used for the production of the radicals. The
thesis 1s a series of five papers covering the experimental
results of the investigated molecules. In the paper on NO also
a developement of the degenerate perturbation theory for 2"

states is given.

2. The molecular beam electric resonance spectrometer.

2.1.1. General principles.

A general outline of a MBER spectrometer is shown in Fig.1.
The principal components are the source, two state selecting
A- and B- fields , a transition region (C-field), and a molecular
beam detector. The molecules in the beam, produced in the source,
ara selected by the A-field in a desired quantum state.
The A-field acts as a polarizer., The beem enters the transi-
tion region (C-field) in which its state may be changed and the
beam then passes through the B-field gquantum state selector
(analyzer) to the detector, whose output is proportionally to the
number of molecules reaching it, If a transition is induced in
the C-fleld from a state in which the molecules are transmitted
by the A- as well as the B-field to a gquantum state in which
the molecules are rejected from the beam by the B-field, the
number of molecules reaching the detector decreases.

In contrast to the operation of an absorption spectrometer
or a beam maser spectrometer it is the flux of molecules, rather

than the intensity of radiation, which is measured.
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The change in the flux of molecules does not depend on the fre-
quency of the induced transitions. With the MBER method transi-
tions in a very wide freguency range cen be observed, from radio
frequencies to, in principle, the sub - millimeter wave region.
This is one of the powerful features of the MBER method, the
other is its high resolving power. If the electric field strength
of the inducing radio frequency or microwave field is perpendi-
cular to the beam path, the line width is only determined by
the transit time of the molecules through the transition region
and is usually 3 to 10 kHz for a 20 c¢m long C-field.

The disadventage of the MBER method is the requirement
of state selection, and its lower sensitivity as compared with

the EPR- and the absorption spectroscopy.

2.1.2. The molecular besm electric resonance machine.

The molecular beam electric resonance spectrometer used
in the present experiments was essentially the same as used by
de Leeuw (LEE 71a; LEE 73). Hence only the features relevant to
the present investigations will be discussed,.

The beam was detected by an electron bombardment ionizer
designed by Stolte (STO 72) followed by a commercial electric
quadrupole mass selector (EAI QUAD 250). The overall efficiency
of the detection system was of the order 2 x 10_3.

Two types of C-field were used in the present experiment:
(1) @ 20 cm long field for high precision Stark measurements at
frequencies below about 2 GHz, and (2) a short (about 8 cm)
transition field for measurements at frequencies above about
2 GHz., The long field consisted of two optically flat quartz
plates coated with a thin gold layer (LEE 71a)., The latter field
was not suitable to induce transitions above 2 GHz. The require-
ment of high resalution and high DC~field homogeneity for Stark
maasurements were incompatible at high frequencies. The main
difficulty was to provide a uniphase excitation over the entire

C-field. First order Doppler effects, seen as a shift or

14



broadening of the spectral line, may arise if the microwave
field 1is not perpendicular to the direction of the molecular
velocity. To avoid some of these problems the smaller transi-
tion field constructed of two copper plates 8 x 4 cm2 and
separated by 1 cm was used for transitions at frequencies to
about 9 GHz. The microwave field was excited by an open-ended
coaxial cable (SMA type) mounted close to the beam. Unfortu-
nately this structure did not operate in a single mode and the
lines were split. However, it was a great improvement compared
to the long C-field, because the microwave field was better
located between the copper plates. The transition frequencies
beyond 3 GHz could be measured with an accuracy of 5 kHz or less.
The accuracy below 3 GHz was much higher because the lines were
unsplit at these freguencies,

The sources that were used in this investigation are

described in Sect. 2.2.

2.1.3, State selection of molecules in a 2" state.,

The state selecting 1s done with inhomogeneous electric
A- and B-fields, which are strong enough to produce significant
deflection of the molecular beam. The force acting on a polar
molecule in an inhomogeneous electric field is given by
oW

(2.1) F-- grad W = - 3¢ grad E

where E the electric field strength and W the Stark energy of
the molecule. The trajectory of a molecule in an inhomogeneous
field depends strongly on aW/A€ 1i.e. on the effective dipole

moment Me » This moment 1s & strong function of the quantum

ff
state of the molecule and of the electric field. If an elec-
tric quadrupole field is used the force on the molecules is
directed perpendicular to the axis of the molecular beam,

because the electric field has an axial symmetry and

15



(2.2) grad € = C

LILK}

]

with_’Co 8 constant depending on the geometry of the selector
and r i1s the radius vector perpendicular to the bsam axis.
Molecules in a quantum state with "eff > o (positive Stark
effect) are transmitted through the quedrupole field, while

molecules in a state with ”a < o (negative Stark effect) are

rejected from the beam. o
Diatomic molecules in a 2“ electronic ground state

have almost ideal properties for state selection with elec-

tric guadrupole fields. If the hyperfine structurs 1s neglec-

ted the 2 and the 2" level each split into two closely

l11/2 372

lying stetes with different symmetry. The upper A-doublet state
has & positive Stark effect while the lower state has a nega-
tive Stark effect. In the C-fisld the transitions from the
upper to the lower A-doublet within one rotational state

(A J = 0) are induced.
2.2, The source

2.2.1. General features.

Three types of beam sources have been used: (1) a simple
nozzle source for beams of stable NO molecules, (2) a high tem-
perature thermal dissociation source for the production of CN
under thermodynamical equilibrium conditions and (3) a gas reac-
tion source for the production of short lived radicals like
OH, SH, SF, etc.

The reaction source shown schematically in Fig. 3 was
mounted in the source chamber pumped by & 500 m3/h mechanical
pump system and separated from the resonance part of the machine
by two buffer chambers: B1, pumped by a 2000 1/sec diffusion
pump, and B2 pumped by a 250 1/sec diffusion pump. The beam was
formed by @ 2 mm diameter conical diaphragm between the source
chambsr and the buffer chamber B1, The distance between this dia-

phragm and the end of the reaction tube could be varied during
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the experiment, and was usually S5 to 20 mm. Between B1 and B2
a 4 mm dismeter conical diasphragm was placed.

The nozzle or the high temperature source were mounted
in the first buffer chamber B1, which served then as & source
chamber, The beam was then formed by a 0.7 - 1 mm diameter

skimmer between B1 and B2.

2,2.,2., The nozzle sourcse.

The nozzle source was a simple gas container with a
hole (nozzle) through which the gas was expanding into the
source chamber. The temperature of the source could be rsgu-
lated betwesn 80 and 300 °K. The choice of the nozzle dia-

meter was determined by the electranic level in which the ob-
served transitions originate. For NO the 2"3/2 level lies about

123 t:m-1 above the 2ﬂ1/2 level. In a nozzle source the gas is

isentropicelly expanding and the energy of the internal degrees
of freedom of the molecules is converted to the lowest energy

levels, Consequently the 2“ level is populated at the expense

1/2
of the 2"3/2 level. Two different source diameters have been
used: 0,5 mm for transitions aoriginating in the zﬂ level and

3/2

0.1 mm for transitions in the zﬂ level. The intensities of

1/2

two transitions, one in the Nl and one in the 2ﬂ level,

1/2 3/2

were observed with both nozzles in order to determine the op-

timum conditions for observation of a transition originating in
2 2

the H1/2 or in the ﬂ3/2

formed et room temperature. It was found that for both nozzles

the intensity of the transition in the 3

level. The measurements were per-

H1/2 lavel increased
when the nozzle pressure was increased up to a maximum pressure
determined by the pumping capacity. At this pressure the line
intensity with the 0.1 mm nozzle was about 3 times higher than
with the 0.5 mm nozzle. The maximum intensity of the transitions
in the 2n3/2 level obtained with the 0.5 mm nozzle was s factor
2.5 higher than with the 0.1 mm nozzle. These results are in
agreement with the expectations. By cooling the source to about

130 Ok the intensities of the transitions of the 2n1/2 level
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again increased by about a factor of 3. For measurements of the
transitions in the 2H3/2 level the 0.5 mm nozzle was used yiel-
ding signal to noise ratio of at least S at RC = 1s,

water cooled copper conductors

) i e mk\

7

gas-inlet
copper
heat shield
BEAM
o e e .
tungsten collars I___Jl.cm

Fig. 2 High temperature dissoclation source

2.2,3, The high temperature dissociation source.

The high temperature source was simular to the one used

by Hendrie (HEN 54) for thermal dissociation of the N, gas. The

2
source shown in Fig. 2 was essentially an effusive source con-

sisting of a tantalum or tungsten tube with a small hole (die-
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meter 0.3 - 0.8 mm) in the middle. The wall thickness was of the
order of 0.4 to 0.6 mm, the outer diameter of the tube S mm and
its length 20 mm. The tube fitted tightly into two tantaelum
collars 10 mm in diameter and 20 mm long. These collars were
connected to two water cooled current leads. The construction
was kept as simple as possible and no radiation shields were
mounted. The tube was directly heated by an alternating current
of S00-800 A. The heat radiation from the furnace (about 2 kW)
was collected on a 5 mm thick cylindrical copper shield, mounted
on one of the water cooled current leads.

The source tubes were made of solid materisl, the tan-
talum tubes by simply drilling, the tungsten tubes by the
spark erosion techniques.

The highest temperature that could be reached with these
tubes was 2800 OK and 3400 OK for a tantalum and tungsten tube;
respectively. The latter tubes turned out to be much less elas-
tic st these high temperature, and often broke spontaneously proba-
bly due to internal stresses. The tantalum tubes were much more

reliable.

2.2,4. The reaction source.

For the formation of a beam of short living radicals a
reaction source was used shown in Fig. 3,which is a modification
of the design used in EPR experiments (CAR 67). The source can-
gisted of a quartz tube of 10 mm inner diameter from which the
gas could freely flow into the source chamber,

In the present experiment usually atoms reacted with
a secondary gas. The highly reactive atoms like H- or F-atoms
or atoms in a metastable state like for example Ar‘, were ob-
tained from an electrode-less {(microwave) discharge in a pri-
mary gas [HZD‘ CF4. Ar) flowing through a circular cavity.

The cavity was the type 5 cavity described by Fehsenfeld et al
(FEH 65) resonating at 2.45 GHz, The microwave power was ob-

tained from an Electro Medical Supplies microwave powergenerator
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Mk.2., regulated from 10 to 200 W. At about 10 mm from the end

of the quartz tube a secondary gas [NUZ' H,S, OCS) entered the

tube through a concentric ring of small hoies, and reacted with
the discharge products.

No attempt was made to measure accurately either the gas
pressure or the flow rate, Such measurements were very difficult
because anly manometers of the McLeod type are appliceble for an
accurate absolute pressure measurement in the range 0.5 to 3 Torr.
These manometers cannot be used for condensable gases, like water.
The primary as well as the secondary gas flow was controlled by
two needle valves and the normal procedure was to optimize the
flow rates for the maximum MBER signal. The setting of the gas
flows was a gamble when no transitions could be observed. The
pressure 1n the source chamber was monitored with a thermotron
gauge. A rough value for the flow rates could be obtaimed by weig-
hing the gas cylinder before and after running the source for a
certain time, usually a few days. However, this method was only
applicable to small cylinders, because an aeccurate weighing
(0.5 g.) could only be performed for cylinders below 3 kg.

No special treatement of the internal wall of the guartz
system was necessary, However, it has proved advantageous to wash
the system every two or three weeks of operation with a 20%
hydrogen fluoride solution in water. This was a standard procedure
in the experiments. The frequency of this cleaning is determined
by the gases that are used. Especlally when carbon compounds

were used a more frequent cleaning was necessary.

3. Production of redicals in the gas phase,

3.1. Introduction

The primary goal of the production of free radicals was
obtaining strong beams for MBER measurements, and the signal to
noise ratio of the observed transitions was all that mattered.
However, in order to get some information about the number of

radicals formed in the reactions, an attempt was made to measure
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the absolute concentrations. This is important for prospects of
of MBER investigations on other not yet investigated radicals
and of possible application of other molecular beam techniques
(for example, the beam-maser technique) to the radicals inves-
tigated in this thesis. For the measurements the reaction source
described in the previous section and the detector of the MBER
machine was employed., Only in one experiment the high tempera-
ture source was used (Sect,3.6.3)., The beam was modulated by a
mechanical beam chopper at about 30 Hz, and phase sensitive de-
tection was epplied to facilitate the determinetion of the com-
position of the beam., However, the detector was an electron
bombardement ilonizer and it was rather hard to determine the
absolute number of molecules in the bsam from the observed in-
tensities of the ion fregments. The relative composition could
be obtained from the intensities of MBER tranaitions of the
radicals, but the unknown ionization efficiencies for the various
molecular species were still involved.

The determination of the intensity of a beam composed
of a single gas was rather sasy. The detector could in this
case be calibrated by admitting a calibrating gas into the de-
tector chamber. Nitrogen gas has been used as a calibrant, and
it was found that the sensitivity of the detector was about
3(3) x 10_2 A/Tarr. Calculations (MEE 74) showed that this number
was reliable to within a factor of 2 to 4.

In the following by "the number of molecules or radicals”
is meant the number of molecules flowing through the reaction tube.
Only a small part of these molecules reach the detector: about
2 out of 10B molecules, the rest is pumped by the pumps of the
source chamber and of the two buffer chambers. The flow rates
of the primary and secondery gases could be obtained by a com-
parison with the calibrating gas (N2] in combipation with weig-
hing.

3.2, Dissociation of a single gas.

The absolute number of malecules flowing through the dis-
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charge tube could easily be obtained. The discharge products in
a homonuclear diatomic gas like HZ’ 02 and N2 were determined
from the decrease of the relative intensity of the detected ion
peaks at m/e = 2, 32, and 28, respectively. It was found that
at & discharge powser of 150 W the degree of dissociations for

Hz, 02, and N, was roughly constant over a large region of pres-

sures (0.01 tz 3 Torr). The degree of dissociation (@) is defined
as the relative decrease of the number of i1ons when the dis-
charge 1s turned on, detected at the maximum possible value of
m/e for the investigated molecule (for HZ‘ 02 and N2 this value

is 2, 32 and 28, respectively). For N_ the degree of dissocia-

tion was rather sensitive to the posiiion of the microwave
discharge cavity. The discharge region had to be about 2 cm

from the end of the tube. For ell the other investigated gases
the degree of dissociation was not very sensitive to this dis-
tance, and for an sasy handling of the discharge cavity this dis-
tance was taken 30 to 40 cm. The optimum results for a discharge
in Hz, 02 and N2 were «= 16%, 13% and 3%, respectively. These
molecules dissociated into their atoms and the number of atoms
with the discharge on was Zatimes the number of molecules with
the discharge off.

For polyatomic molecules, like for example H,O and CF4,

the composition of the fragments in the beam after tie discharge
was more complex due to possible recombinations in the tube.

The composition of the discharge fragments of water will be
discussed in the next section. The observed degree of dissocia-

tion in HZO and CF4 was B85% and B0%, respectively,

3.3.1, Production of the OH radical.

The OH radicals can be produced in a number of different
reactions, Dousmanis et al (DOU 55) and Radford (RAD 61) aobtained
them simply in a high frequency discharge in water, The most
efficient production is a reaction of atomic hydrogen with N02:
(3.1) H + NU2 -~ 0OH + NO
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This reaction has been lnvestigated by Del Greco and Kaufman

(DEL 62). For investigations on OH in excited vibrational

states a better reaction 1s a reaction of atomic hydrogen with
ozon (MCK 55, LEE 71b, LEE 74, CLO 71), or of atomic hydrogen
with F20 (CHU 70). The present investigation was only performed
in the ground vibrational state of OH and because of the rather
simple sxperimental requirements the reaction (3.,1) was prefered.

The pressures and flows of H20 and NO, were optimized on one of

the known hyperfine A-doubling transiiions of OH.

The hydrogen atoms were obtained from a microwave dis-
charge either in H2 or in H20. At the optimum conditions for the
OH production the flow of H2

1
was 15 x 10 8 mol/s, which gave 5 x 1018 at/s of H-atoms in the

molecules through the reaction tube

discharge (Sect. 3.2). The discharge in water produced a higher
OH yield and the number of H-atoms formed in the discharge of
water under aoptimum conditions was 6 x 1016 at/s. The water dis-
sociated in the discharge mainly into atomic hydrogen and mole-

cular oxygen:
(3.2) HZO +2H+ 1} 02

The H-atcms partly recombine to H,., From the observed peak in-

tensities in the beam at differenz masses and from absolute
measurements with pure H2 and 02 gases it was found that the com-
position of the gas mixture after the discharge in water wes
(original water flow 17 x 1018 mal/s)

1 x 1018 mol/s H20

8 x 1018 mol/s 02
B x 10‘IB at/s H

13 x 10"° mo1/s W,

To obtain the number of NO molecules formed in the reaction of

atomic hydrogen with NO, the intensity of one of the hyperfine

2
A-doubling transitions of NO was measured and compared with the

intensity of the same transition as obtained from a beam of pure
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NO gas, From the known absolute flow rate of the pure NO beam
and the measured intensity retio the number of NO molecules
produced in the reaction (3.1) of 6 x 1016 mol/s was obtained.
It was concluded from the decrease in peak intensity at m/e=

+

46 (NO2 ion) when the water discharge was turned on, that about

80% of the ND2 has been consumed in the reaction.

The NO molecule is a stable radical, while the OH radical
is unstable and recombines very repidly. If we assume that the
number of OH radicals produced in the reaction (3.1) was the
sams as the number of the produced NO molecules (6 x 101B mol/s)
and that the linear flow velocity of the gas in the tube is of
the order of 20 m/s, then the density of OH radicals was
4 x 10"5 mol/cma.

The decay of the OH radicals has been investigated by
ter Meulen (MEU 70). He found that the most rapid recombination

reaction 1is

(3.3) 2 OH H20 + D2

and that after about 0.5 ms (the time needed for the OH redicals
to reach the end of the quartz tube, about 1 cm from the reaction
zone) the number of OH radicals was decreased by a factor of

2, From these results and an investigation of the observed mass
spectrum of the beam we conclude that the composition of the

various gases in the reaction tube is:

3 x 1018 mol/s OH

6 x 1016 mol/s NO

2 x 1018 mol/s NO2
I x 1018 mol/s HZD of which about

65% originates in the re-
combination of the OH radi-

cals
9 x 1078 mo1/s 0, of which about 10%

comes from the recombination
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of the OH radicals

13 x 1018 mol/s H2

All these values were obtained under optimum conditions for the
formation of the OM radical. The estimated number of OH radicals
1s between 2 end 4 x 1018 mol/s through the quartz tube at a
total gas flow of 36 x 1018 mol/s, so a concentration of S to
10%., The uncertainty stems from the approximations and estima-

tions accepted in the calculations.

3.3.2. Production of the OD radical.

The production of the 0D radical is very similar to that
of the OH radical. From Eq. (3.1) it is clear that a replacement
of the hydrogen atoms by deuterium atoms will result in a forme-
tion of 0D radicals. The deuterium atoms were obtained from a

microwave discharge in heavy water, D 0. From an intensity com-

2
parison with the results for OH it was found that the 0D pro-
duction was as efficient as of OH. This is, of course, not un-

expected.

3.4.,1. Productlion of the SH radical.

The AZZ + Xzﬂ band spectra of SH and SD have been mea-
sured by Ramsay (RAM 52). The radicals were produced by flash

photolysis of H,S and DZS'

2
The most efficient reaction for the production of SH
radicals was proposed by McOonald (MCD 63):

(3.4) H + HZS =+ SH « H2

Carrington and Levy (CAR 67) investigated by EPR spectroscopy
the production of SH radicals in a reaction of atomic nitrogen

with HZS:

(3.5) N + HZS -+ SH +« NS

The measured spectra were identified as originating from the
radicals NS and SH.
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The higher efficiency of the reaction (3.4) over the reaction
(3.5) 1s probably due to the fact that much more H-atoms than
N-atoms are available in the primary gas,because of the higher

as compared to N_ (see also Sect.

degree of dissociation of H 2

3.2.).

2

The atomic hydrogen was obtained from a microwave dis-
charge in water as in the cese of the OH production. As secon-
dary gas HZS was used., A replacement of H20 by DZO as primary
gas had hardly any effect on the yield of the SH radicals, as
could unambiguously be concluded from an intensity measurement
of one of the hyperfine A-doubling transitions of SH, This is
explained by the assumption that the highly reactive H-atom

(D-atom) strips off one H-atom from the H,S mclecule., The re-

2
action between atomic deuterium and HZS is:
(3.6) D+ HZS = SH +« HD

Also very weak MBER spectra of SD were observed but this SD ie
probably formed in a secondary reaction in which the hydrogen

atom in SH is replaced by a deuterium atom:
(3.7) SH + D=+ SD + H

A determination of the number of SH radicals produced
in the present experiment was even more difficult than for OH
(Sect.3.3.1.), because it was found that only a very small
fraction of the HZS molecules has been consumed in the reaction
(3,5), Only the relstive number of SH and OH radicals could be
obtained. From an investigation of the beam and line intensities
at optimum conditions for the formation of the radicals, it was
found that about 8 times more OH radicals than SH radicals were
detected. In order to obtain the absolute number of SH radicals
this has to be corrected for the difference in the ionization
efficiencies of the detector for OH and SH., Unfortunately, the
ionization efficienciss for these redicals are not known. If
the efficiencies are assumed to be equal the calculated flow
of SH radicels through the reection tube 1s between 2 and 5 x 1017

molss., The total flow of the water molecules at optimum condi-
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tions for the SH production was the same as for the formation
of OH, and the measured flow of H25 was 34 x 101B mol/s.
From these results it follows that the composition of the gas

mixture in the tube was:

0.2 to 0.5 x 1018 mol/s SH
1 X 1018 mol/s H20
8 X 1018 mol/s 02
12 X 1016 mol/s H2
3 x 1018 mol/s HZS
and 3 x ‘IO1B at /s S (see below).
18

The total gas flow was about 60 x 10 mol/s, so a SH concen-
tration of 0.4 to 1.0%,

Practically no H-atoms were detected in the beam, which
implies that all the H-atoms formed in the discharge (6 x 1018
mol/s) have been ccnsumed in the reaction with H25. However the
number of observed SH radicals was an order of magnitude smaller
than the number of OH radicals under optimum conditions which
indicates a very fast recombination of the SH radicels, at least

in the present source. A possible recombination by

(3.8) 2 SH —~ HZS + 5

was confirmed by a rather strong deposit of solid sulphur, which

was found everywhere in the source chember.

3.4.2. Production of the SD radical.

The SD radical was obtained in the reaction (3.4) by re-
placing HZS by DZS' To obtain a higher yield of SO the hydrogen
atoms should also be replaced by deuterium atoms. For the DZS a
98% enriched sample was used. As this sample had to be recovered
it was desirable to replace H
of D_S by H,S. During the measurements the DS and 0.0 gases

2 2 2 2
were trapped in a liquid nitrogen trap. The 023 was separated

20 by DZD to reduce contamination

from the 020 by repeated destillation between two cold traps.

At every run about 10% of the used D S was lost, mainly due to the

2
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recombination of the SD to DS and sulphur probably by (3.8).

2

3.5, Production of the SF radical,

In order to get an impression of the possibilities for
a production of other types of radicals of the group SF, CF,
NS, FO, C10, BrO and IO an attempt was made to produce SF and
to measure its MBER spectrum. It was known from EPR (CAR 69) and
microwave absorption (AMA 73) measurements on SF, that the best
results could be expected from a reaction of atomic fluorine
with OCS. This is a rather complex reaction and a mass spectro-
metric investigation confirmed that not only SF is formed. The
fluorine atoms were obtained from a microwave discharge in CF4,
which was found to be the best source of atomic fluorine, As
secondary gas 0CS was used. The flow rates of the CF4 gas and
the OCS gas were optimized for a maximum detected lon inten-

sity at m/e = 951 (SF’]. The flow rate of the CF, gas obtained

by weighing of the gas cylinder was 1.2 x 1016 ;ol/s through
the tube, The gas flow of the OCS was approximately the same,
To give an impression of the complexibility of the observed

mass spactrum a spectrum is shown in Fig.4 for the flow rates

of 1.2 x 1015 mol/s for CF4 and OCS. The following observations

were made.

The 1on intensity at m/e = 51 was almost independent of
the microwave power for an input power over 100 W. In the experi-
ment a quartz tube was used, also in the discharge region. This
gave rise to a large concentration of probably 51F4. which ex-
plains the ion peaks associated with Si-atoms, especially the
SiF; peak was quite intense. The guertz tube was strongly etched
by the F-atoms so that after about 8 hours a hole was burned in
the tube at the discharge regiaon. When the quartz tube in the
discharge region was replaced by an about 20 cm long A1203 tube,

+
the SiF

3

SiF; peak comes from the reaction of F-atoms with the rest of the

reaction source, which was made of quartz.

ion peak was reduced by a factor of 20. The residual

An attempt was made to estimate the number of produced
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SF radicals. Only on basis of the mass spectrum this was orac
tically impossible in view of large number of molecules that
were formed. In principle some information about the origin of
ion peaks may be obtained from the focusing behaviour of the
peaks when the electric field is applied to the quadrupoles. Un-
fortunately the effects of the applied field were either very
small or ambiguous., The only significant result was that the

ion peaks m/e = 70 (SF;] and m/e = 51 (SF') were strongly rela-
ted. An upper 1imit for the number of produced SfF radicals

could be obtained by assuming that all the destected signal at
m/e = 51 originated the SF radical and by compering this inten-
sity with the intensity of the detected beam. In addition the
(unknown) 1ionization efficiencies of SH and SF had to be assumed
to be equal. The total number of SF radicals through the quartz
tube was calculated to be 6 x 1016 mol/s, Of course this is an
upper limit and it is possible that the actual number is much

smaller,

SiFy* £Fq* SF* s* $0%,00*

SFy* Fe

— ||UL|L‘I_J| F—"1" P
85 7069 64 60 547 b n B Y

(=]
-

Fig. 4 Mass spectrum of the molecular fragments in the beam

of the reaction between atomic fluorine and OCS.
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Summarizing it can be concluded that the number of SF
radicals formed in the reection between atomic fluorine and OCS
is almost an order of magnitude below the number of produced
SH radicals. An explanation has to be sought in a lowsr effi-
clency of the production of SF from the reaction of atomic fluo-
rine with OCS due to formation of many molecular fragments and
in & larger number of secondary reactions between the SF radi-

cals mutually and between SF and the other reaction fragments,

Population
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Fig. 5 Population of the lower rotational states of the H1/2

and ﬂ3/2 levels of OH, SH, CF, SF, Cl10 end BrQ at T = 300 DK.
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wWhich of these processes plays the most important role, could
not be determined from the present experiments.

We calculated the expected maximum signel to noise ratio
of about 3 st RC = 1 a for a transition of SF originating in the
J = 13/2 state of the 2ﬂ3/2 level using the estimated number of
produced SF radicals, the known intensity of transitions of SH
and the rotational population as obtained from fig. 5.

Using the available data for the spin-orbit coupling constant

and the rotational constant of SF a rough estimate of the A F = 0
transistion frequencies of the J = 13/2, 2ﬂ3/2 state of SF is
about 1300 kHz, A search with the MBER spectrometer in this region
indicated the presence of a transition, but the signal to noise
was smaller than unity at a RC = 1 s. By applying averaging
techniques an MBER measurement of the A F = 0O transitions looks
feasible because only & small frequency region has to be searched.
But to resolve the total spectrum a large number of A F = [
transitions ought to be investigated. As the hyperfine structure
constants of SF are not well known a search over a large fre-
quency region is necessary, which is pratically impossible at
signal to noise ratios of the order of unity. The possibilities
of observation of trensitions originating in the 2H1/2 level are
even much less favourable as can be seen from Fig, 5 and the in-
vestigation was postponed until a way of more efficlent detec-

tion end/or production of SF is found.

3.6. Production of the CN radical,

3.6,1, Introduction.

At the start of the present investigation only little
information about the ground electronic state of CN was known,
Due to its composition of carbon and nitrogen it was expected
that the CN radical would be present in interstellar space. So
a knowledge of accurate transition frequencies &nd spectrum was
desirable. The CN radicel is also interesting from theoretical

point of view, because its ground electronic state 1s a zt state
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with an unpaired spin angular momentum. All the radicals dis-
cussed so Tar have a 2" electronic ground state.

Evenson et el (EVE 64) investigated the CN radicel by
microwave/opticel double resonance. The CN radical was formed
in the reaction of the discharge product of molecular nitrogen
with CH2C12 and other organic compounds. The CN radical was pro-
duced in its excited metastable AZH state. The v = 10 vibratio-
nal level of this state lies very close to the v = 0 level of
the next excited electronic state, the BZE' state. The fluores-
cence which accompanies the reaction of active nitrogen with
CH2C12 is due to emission from the EZE‘ state to the XZE’
ground state. Evenson et al showed that the fluorescence inten-
sity was changed when microwave transitions between the A2ﬂ
and BZZ' states were induced. Recently Meakin and Harris (MEA 72)
and Cook and Levy (COO 73) reinvestigated the CN radical by
employing a somewhat refined technique and obtained more accu-
rate information about the fine and hyperfine structure of the
A2ﬂ and BZE’ states.

However, for the ground electronic state only the rota-
tional constant, the electric dipole moment (THO 68) and some
rather inaccurate information on the hyperfine structure aob-
teined from EPR spectroscopy in inert matrices (EAS 70) was
known. The aim of the present study was the production of a mole-
cular beam of CN radicals for a MBER investigation. Three pro-
ductior methods have been tried:

(1) a reaction method similar to the one used by Evenson et al,
(2) dissociation in & microwave discharge of a gas containing
the CN group, and (3} a high temperature dissociation reaction
under thermodynamic equilibrium conditions. Unfortunately all
three methods faeiled to produce a beam of CN radicals suffi-
ciently strong for a MBER experiment. Recently Penzias et al
(PEN 74} determined the hyperfine structure of the CN radical
from an astronomical observation. The N = 9 to 0 rotationsal
emission line was observed in the Orion nebula and the rotatio-
nal constant, the hyperfine structure as well as the p-doubling

were determined.
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3.6.2., Reaction between atomic N and organic compounds.

The CN radical was produced by Evensan et al (EVE 64) 1in
a diffuse flame reaction between active nitrogen and methylene
chloride. In the present study an attempt was made to produce
the CN radical in the reaction-type source (section 2.2.4.).
The active nitrogen was obtained from a microwave discharge in
Nz. As secondary gas CH2C12
metric investigation of the reaction products it wes found that

and CCl4 was used. From a mass spectro-

a large number of different fragments were formed. The most abun-
dant ones containing a CN group could be identified as CI1CN

and CzNz. It was barely possible to determine the number of CN
redicals from the observed mass spectrum, This was due ta the
fact that all the molecules in the beam containing a CN group
contribute to the signal at m/e = 26, Moreover the signal to
noise ratio of the total intensity at m/e = 26 peak (CN*] was
about 20 at RC = 1 s, and this was much to low for a MBER study
even if all the detected ilons at m/e = 26 originated from the CN
radicel.

The very low concentration of CN radicals (estimated to
be smaller than 3 x 1015 mol/s flowing through the reaction tube)
was probably caused by the low concentration of the N-atoms
which 1s & conseguence of the low degree of dissociation of N2
and the complex nature of the reaction between the N-atoms and,
for example, CHZCIZ' The direct formation of CN 1is rather un-
1ikely in this type of reaction which produces a variety of mole-
cular fragments. In addition the CN 1is expected to be very un-

stable,

3.6.3. Dissociation of molecules containing a CN group.

In the first experiment an attempt was made to produce
CN by dissociation in a microwave discharge of CZN2 gas flow-
ing through the reaction tube. Immediately after the start of
the discharge a black depasit on the inside of the tube in the

discharge region was seen, even at low discharge power (30 W).
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The detected beam intensity at m/e = 26 and 52 decreased very
strongly. When the discharge power was increased to 50 W no
beam was detected at all, all the C2N2 probably polimerizing
to a solid (CN]n, coating the wall of the tube. At a dis-
charge power of 20 W same signal was dected at m/e = 26, which
could be refocused by applying voltages on the guadrupaole field
rods. From this it was concluded that some CN radicals were
formed, but the signal to noise ratio of the total beam at
m/e = 26 was still far too low (50 at RC = 1 s) for a MBER study.
Moreover the tube broke spontaneously after about 30 minutes of
operation probably because it was etched by the (CN]n deposit
in the discharge region,

The secand attempt was performed using a reaction of
excited metastable Ar- with C2N2.
microwave discharge i1n a primary gas flow of Ar. No or hardly

*
The Ar was obtained from a

any CN radicals were found in the beam. It was also tried to
*
replace the Ar by H-atoms obtained from a microwave discharge

in water but without any success.

3.6.4. Thermal dissociation of Czﬂz.

In this experiment the high temperature source described
in Sect. 2.2.3. was used. A gas or a gas mixture was heated up
to about 3000 OK and it was hoped that by an equilibraium reac-
tion at this temperature CZNZ would dissociate into CN. At the
low flow rates of the gas(es) the gas mixture inside the furnace
could be considered to be in thermodynamic equilibrium, From a
mass spectrometric investigation i1t was found that the C2N2 was
removed from the beam at a temperature of the furnace ahbove
1200 9K and that the beam only consisted of N2 gas, This obser-

vation can be understood from the following equilibrium reactions

(3.9) czwzzz CN

-
(3.10) C,N, < 2 Clg) + N,
(3.11) IN, + Clg) < on
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The reactions (3.9) and (3.11) can be combined to one reaction

- -
(3.12) CZN2 < 2CN<«2C(g) +N

which is eguivalent to (3.10).

2

which one of these equilibrium reactions plays the dominant role
is determined by the equilibrium constants K of each reaction,
However in this particular case there was another complication:
all the components in the three reactions are permanent gases,
except carbon, which 1Is a solid with a rether low vapor pressure
(‘IU_2 Torr at 3000 OK). This implies that the partial pressure
of the carbon companent is always determined by the vapor pres-
sure at that temperature. The consequence is, that when the

C2N2 starts to dissoclate by the reaction (3.10) at a tempera-
ture below 3000 % the carbon gas which 1s formed, condenses
almost completely, and is removed from the equilibrium, This
results in a complete dissociation of C2N2 into cerbon and N2'
The carbon component has a partial pressure which was too low

to detect and only N_ was found in the beam at temperatures bet-

ween 1200 and 3000 °i.

The above discussion explains the experimental obser-
vations, The question remains, however, 1f it 1is possible to
produce a beam of CN radicals at higher temperatures. An answer
has to be sought in the equilibrium reaction (3.11)., The thermo-
dynamic quantities which determine the equilibrium of the reac-
tion (3.11) were obtained by Berkowitz (BER 62):

12.868

(3.13) log K = T - 2.899
where
(3.14) K = ;Eg;—-.
C" N2
and P PC and PN are the partial pressures in units of one

’
CN 5

atmosphere of CN, C(g) and N2, respectively, For the partial
pressure of Clg} the vapor pressure of carbon at the given
temperature has to be used, and the pressure of the N2 gas can
be chosen arbitrary, because extra N2 gas can be added, if

necessary.
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Table 3.1. The equilibrium Cig) + § N, TN

(%) K Pg] Py Pen

2
3000 5.9 10727 17 0.002 T
3250 1.2 107" 1 0.004
3500 0.59 1 1 0.02
3750 0.34 10 10 0.34

a) Vapor pressure at the given temperature,

Table 3.1. gives the results at a number of temperatures. It is
seen from this Table that a temperature of at least 3500 °K is
required for a reasonable amount of CN radicals. Enormous pro-
blems arise at such a high temperature, because almost all mate-
rials melt. There remains one possibility, "burning® of graphite

in a N2 atmosphere by leading N, through a heated graphite pipe.

However at the temperature of 3200 DK, a massive pipe (length
20 mm, diameter 5 mm) 1s burnt within one minute.

The main conclusion of these experiments 1s, that it is
practicelly impossible to produce any diatomic radical contai-
ning carbon (for example CN or CP) for MBER purposes in a furnace

at thermodynamic equilibrium at reassonably low temperatures.
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The Hyperfine A-Doubling Spectrum of “N'*O and "N"O

W. L. MEERTS AXD A, DymMaxus

Department of Physics, Untversity of Niymegen, Nijmegen, The Nelherlands

The molecular beam electric resonance method was used for the investi-
gation of the hyperfine A-doubling transitions AJ = 0, AF = 0, &1 for a num-
ber of J values of both the %I, and the 2II; states of the molecules MN18Q
and 1®N1¥0, The observed spectrum is explained using the degenerate per-
turbation theory introduced by Freed (7). This thcory is adapted for a I
molecule and includes contributions up to third order in fine and hyperfine
structure. The agreement between observed and caleculated values is satis-
factory.

I. INTRODUCTION

The microwave spectrum of NO was measured previously by Gallagher and
Johnson (2), Favero et al. (3), and by Brown and Radford (4). The A-splitting
constants and the hyperfine structure constants were determined from these
measurements. Recently Neumann (4) measured the hyperfine A-doubling
spectrum of “N'0 with the molecular beam eclectric resonance method and
obtained accurate frequencies of the AJ = 0 transitions and values of the
molecular coupling constants. For theoretical interpretation of the spectrum
Neumann used the degenerate perturbation theory (DPT) discussed by Freed
(1) with fine-structure contributions up to fourth order and hyperfine structure
contributions up to second order. The agrecement between experimental and
theoretical results looked very satisfactory.

The present investigation on NO was intended both as a first step and as a
test case in a program on hyperfine structure of open-shell molecules using the
molecular beam eclectric resonance mcthod. In addition to reproducing the
measurements of Neumann () we were able to measure a large number of
transitions in higher J states of the 2II,,2 and Iy, states of both “NO and *NO.
These transitions extend over a region from about 0.7 NM[Hz to about 1.5 GHaz.
Especially the high-frequency transitions might be of interest to radioastron-
omers. When fitting the present nicasurements in *NO it was discovered that
the frequencies predicted by Neumann (3) for the T1,,» state deviated from our
experimental values by even as much as 250 kHz. It was not possible to explain
these deviations within the scope of the theory used by Neumann. Consequently
we decided to extend the theory by including hyperfine-structure contributions

320
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up to third order This xields new contubutions to the energy, which have a
J dependenee which differs from that present in the theory used by previous
mvestigations (2-3) The new contributions result 1in a much better agreement
betw cen theoretical and experimental frequencies for both molecules

II TIHHLORY
II 1 Hamiltonian

The eomplete Hanmltonian for a diatomie molecule can be written formally as
H = H, + \V + \V/, (1)

where Hy 15 the nonrelativistic Hamiltoman for cleetrome energies in the Born-
Oppenhemmer approximation, V contains the spin-orbit and gyroscopiec terms
which give nise to the A sphtting, and V' desenbes the hy perfine contributions,
For V we used

V=BJ—-L'+8)+ALS, —2BJ S
+ B+ 1%A)(LS-+LS,;) —B(J. L.+ J_L,). (2)

The Hamltontan V of Eq. (2) 15 1n accordance with that of Van Vlech (6),
but differs <lightly from the one used by Ireed (7). 'or the hyperine Hamil-
toman V' we used the expression given by Freed (1) This rather complex ex-
pression will not be reproduced here

With the Hamiltoman (1) the spectrum ot a °IT state 15 calculated using the
degenerate perturbation theory (DPT) desembed by I'reed (7) The contribu-
tions of the fine and hy perfine interactions to the energy are taken into account
up to third order In the final expressions for state cnergies we separate terms
with different dependence on the rotational quantum number J, as only these
terms can be determined from the experimental data. The results show that the
fine structure effeets up to third order describe, within experimental accuracy,
the JJ dependence of the contributions to the A «plitting The hyperfine contribu-
tions up to third order have to be conadered 1n order to obtain an aceeptable
agreement with experimental results, but the fourth-order contnbutions are
below the experimental accuracy and are neglected (sce also Section V) In the
saleulations the interactions of exeiled 23, 2II, and ‘A states with the ground
X <tate arc considered

II 2. Warefunclions, Symmetry and Energy Matne

The ground electrome state of NO 1s a Il state. Appheation of DPT with the
Hamiltonian (1) makes 1t necessary to solve a 4 X 4 secular equation (7).
However, the Hamiltoman (1) 15 mvariant under reflections of the coordinates
and spins of all particles 1n a plane containing the nucler Consequently, 1t wave-
functions are used with the proper symmetry (called Kromg sy mmetry ) with
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respeet to these refleetions (see also Appendix A), the secular determinant
factorsin two 2 X 2 determinants,

The coupling scheme of the angular momenta in the NO molecule is nearly a
Hund case (a) (7, 8). Wavefunctions, including the rotation of the nuclear
frame, are {ormally written as |2Id:i'gz| J)y, whereI' = 27 11, A, -+, and Q@ is
the projection of the total angular momentum J on the molecular axis. These
wavefunctions are defined by

PI= J )= (1/v2) [ JA20) £ (—1)'[J —A-S-Q)] (3

with € = A + 3. The funetions on the right-hand side of [iq. (3) are given by
Ireed (7). Their Kronig symmetry is =+ (—1)"™* (see also Appendix A). The
phase factor ( —1)" has significanceonly if ' = ') s = 4+, in which case (—1)'=
lfors=4,and (—1)"= — lfors = —.

The matrix clements of the fine- and hyperfine-structure Hamiltonian for
a 'II state on the basis defined in Eq. (3) are caleulated using the results of
IFreed (7). The nuclear spin I of the nitrogen atom is coupled with the rotational
angular momentum J to F in the conventional way: J + I = F. The results are
given in Tables I and I1.) Only matrix clements, which are important for further
calculations are tabulated. The matrix is Hermitian,

In V¥ should also be included the term 4 N-S. This term is discussed ex-
tensively by Freed (7). Its contributions to the encrgy are of the order of
100 N[Hz. However, in first order (see Seetion I1. 3) this term does not con-
tribute to the A splitting. The matrix clements of ¥ N-S can easily be cal-
culated using the formulas of Ref. (7). They have exaetly the same JJ dependence
as V of Table I, and give only a correetion to ¢, and 8, , which are an order of
magnitude smaller than those from V. It is clear that these terms can be ab-
sorbed in V for further ealculations, if we are only interested in terms with a
different J dependence. This has been done without changing the definitions of
these constants used in Table 1.

In Tables I and II (and in the following) the symbols ™ (), *II* (1), and
’A* (k) indicate a *¥, I, and *A excited electronic state, respectively; the index
in the brackets numbers the state. Table III defines the quantities used in
Tables T and II, where (7, D, K, and @ are the molecular constants defined by
I'reed (7). The indices correspond to the A values of the initial and final states,
respectively.

I1. 3. Fine Structure

Because we measured A-doubling transitions from a Kronig + to a IKronig —
state within one J state, only contributions to the A splitting are of interest,
i.c., contributions different for states with an opposite symmetry. From Table I

it is scen that only the *X° states give a contribution to the A splitting.

1 A factor v/[I(2I 4+ 1){I + 1)] is missing in the 4th equation of Table V of Ref. (/).



Table I

Matrix elements of V.
The upper and the lower sign in the matrix refer to the (+) and (-) sign of the

wavefunctions, respectively. Only matrix elements which are important for further

calculations are given.

x°m} S 23t )
xzni -;Aﬂwna(.n;)z
xang /2 B,z 343 ( x=T /1)
i) 0,£(-1)°¢; (3+1) ¢z B (3+3)(1)%B_(3+3)
Ri{eN 3K (1048, (1) (3+3)° B (1)2
°r} (1) B, (1)z 3 (1)4B, (1)(x-T/4)
203 o0 n, (k)2 n, ()
2% 5 (8) 0 n (k) y

For BII we substituted Bn-J(J+1)Dn, where D, is the centrifugal distortion constant.

ON I0 NNULOAIS AONINOIUI-0IUVY



Table II Matrix elements of the hyperfine structure hamiltonian (V').

2 +
x°n
3

1t
3/2

Xn

N 4

e

3/2

2555 (1)
2

2.t

H;(l)

2_+
T3/2
2.*
b3/2

2.+
85/ k)

(1)

(k)

y(3(6yy= /6Ky - /6D, J4Coex $D, L (I+1))
+io  (B-x)u

%/5(D11-K11)zy :Q1_1/6(2J+1)zu
¥{D;+(~1)%(G;+D; ) (3+4)}
Y{Y1(l)t(J+§)72(1)}+73(1)u(3-x)
v, (Vzy ¢ Ys(l)zu(J+§)
¥z(G,(k)-D,(k)) + uzQ, (k)

0

y{%(G11+ %/6K11+ %/6D11)+CRSx}+hQ11(gE-x)u
-(Gi'mi Yoy + Q; zu
v, (Lzy ¢ Ys(l)zu(J+i)
ys(l)y + Ys(l)u(g% - x)
- 3DA(k)y

YW(GA(k)+DA(k)) + 2uwQA(k)

[Xa3
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Table III Definition of the quantities used in Table I

and II.

x = J(J+1)
y F(F+1) - J(J+1) - I(I+1)

2J(J+1)
z =V (3-1)(J+3/2)
a B8C(C=1) - J(J+1) I(I+1)

21(21-1) J(J+1)(2T-1)(2J+3)

c = I(I+1) + J(J+1) - P(F+1)
v = \/(J—3/2)(J+5/2)
A]'[ spin-orbit coupling constant of the X2H state
BI[ rotational constant of the X2H state
BZ rotational constant of the 22 state
Crs Describes the nuclear spin-rotation interaction
o; = <22(i)||(B+5A)L_||x2n>
e, = <r(d)|[eL_|[xn>
Q) = <2n(1)||A|]x2n>
B, (1) = <°n(u)][e|[x*n>
n, (k) = <Cn||Be-][%ax)>
ny(k) = <Pn||(+3a)L_| [P (x)> - Aé% /73
Gy = Gyo(3)/72
Dy = 3 Dy(4)
Q= Wy,

1 1
(= 30y 37 K1) 376 Piaqny?
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Table IITI (continued)

Ye(l) = D1_1(1)
v3(1) = ka0,
1,(1) = (Dyy(q) - Kyqqq))/76

Ys(l) = 2/6 Q1—1(l)

_ 1
vgll) = 3/2(011(1) * 7 Kt '/6 D11(1))

GA(k) = G12(k)//2
Dp(k) = 3Dy,
QA(k) = 4 /6 le(k)

The n-th (n = 1, 2, 3)-order perturbation Hamiltoman V™ 1s defined bv
Freed (1, Eq (32))

Ve -y, (@)
Ve — Z Vi 22:?:2(;1)1)2(:2);/120)'_‘,' (3)
ve = v + v, (6)
™ _ Z} V| Euz(l)_)@i;i_;z‘_[)‘(,rllzzl)/z(]»( 250 | Y v 1)
o _ > \'4 Zi‘fr(_Q)(E(H(;)_?)ITVNa Ya® [V ()

Heremn | .= ) 15 one of the XII* states, and (II Z°) = Exen — FEexmigy, the
encrgy difference between the X ’II and the -th excited *=" state
Now we make the following approximation

CSHR@|VI=EQ) = B(J + 1) & (—1)B(J + 13),

where Bz 1\ an cffective rotational constant of the ¥ <tates With this approxi-
mation V37 becomes

5 VAR IO N @2 2(0) | V
i)=§.: (;D) l

In the Tables IV, V, and VI, are tabulated the first , the second , and the third-

B:(J + 1) + (=1)'B:(J +13)] (9
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T able IV First order energy contributions due to fine

structure.

2 s ()2 2 172
<MV = - 3A + B(T+d)

2 3 1),2 +

< H;/QIY( 4 H;/2> = 3ay + B(3(as1)- T/%)
2 % 1)2,%

< n3/2|y( )| n£> =B z

Table V Second order energy conditions due to fine

structure.

<2n§|y(2)|2ﬂz> - Aé2)(J+§)2 s (2J+1)K$2) + Agz)
<2“§/2|Y(2) 2t = NCENEN)
<2H§/2|Y(2)|2H§> = 2z Aﬁz) * Ké2)z (g+3)

order contributions to the energy due to the fine structure, respectively, while
in Table VII are defined the quantities used in Tables IV-VI. The (4) and
(—) signs in Table VII indieate that the sums extend only over = states with
s = + and s = —, respeetively. The fine-structure contributions from Tables
1V--VI are colleeted in Table VIIL according to their J dependence,

I1. 4. Hyperfine Conlribulions

The hyperfine struelure gives contributions to the energy in second and
third order. The second-order hyperfine Iamiltonian is V', the third order con-
sists of three parts. These parts deseribe the interaction with the execited Z, 11,
and A states, The interaction Hamiltonian can be written formally as

Vil = VP () + VP aD + Vi (), (10)



Table VI Third order energy contribution due to finc strucluve.

ST S O NN IR C RN NP (U WENIE P I RY

22K D (m,8) (543 + 2a{3p 3412+ 2Pn ¢ D5 m ) 0e1)?

:K§3)BE(J+5) - A§3)an2 ¥ 'é3)3nz2(J+i)
St DB s e aag-iepal e ¢ Al e (0402 2 B (@ on ) (541022
(3), 2
A1 an.
<2n§|g(3)|2n§/2> = - iz {Aé3)Bn(J+i)2 ¢ 3K\ (2041) + Ag3)BH + a¥s 22

+

2(-2+3, (3+1)2) (A13) & {3 (541)))

+

BE(J+£)2Z {A$3) + Ké3)(J+§)} + BZK$3)(J+%)Z

+

BZA£3)(J+§)2Z.

Vo G
24

SOANVINXU (INV SLUMIN
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Table VII Definitions of the molecular constents used in

Table V and VI.

(n) _ A(n)+ (n)-
L = AT Al

n) A(n)+ _ A]((n)—

? k=12, 3
Agn)i _

(g )“‘

(n)+ ?

A =

2 t HZ
Agn)t - %

i (IIZ)

)

& The sums extend for the (+)sign only over t* states, for
the (-)sign only over the I states.
with
]V' =i (1«)><2u"/iz (i) |V V_I 241/0 (l)>( z71/2 OIR4!
Vil (3) = 2 = g y (112, o 4o
JV | "I (0)CTE (O |V V| "M (0)CT: (D | V
v () = ,Z ML (mm‘ o+ () o
VI () (D IV VT (0)C1 (1) I_V} i
+ (IT1Ly) (T111,) I
and
\ (V1857 (B)(A5n (k) |V V| A5 (k))CAs (k) |V
Viy' (a) = Z (I-IX;,)_ + (AL )

V_I_AEQ (k))(zA:s.t/_z k) |V + VAR (U)( Aﬁ/z (k) ) Vl

* (11A0) (Ma,) f
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Table VIII Collected contributions to the fine structure

(1) ,4(2) (3)

up to third order (V = HF). .

2 ) 2 % _
< H%'EF' H;) =

- %a1+a2(J+5)2+a (J+§)h+u (2J+1)+ah( ) +ta (J+%)z

2 % 2 * -1 7 2 1,2 2 2
< “3/2I§F| H3/2> = !AH+BH(J(J+1)- E)+a9z +a10(J+z) z iae(J+§)z

< H1|H | H3/2 = a62+a z(J+%)21a7z(J+%)ta82(J+§)3
With o, = A-Ag -A! An 2A(2) (3)BH

o =3 +A(e)+,AnA(3) ROMC RO

ay = (2)+3A(3)An+ A(3)

a = K;3)32+2I$3)(BZ-BH)

ag = - K£3)BH

ag - +Ag2)+B (A(3)+5A(3) %A(3))

a, = K;2)+KS3)(B -B )+A(3) By

ag = K§3)(B -B;)

0 = Aéz) 1A(3)(An 8, )_A(3)

- (3
%0 = A7 (Bg-Bp)

Q
|

(3),,(3)
= (A1 +A2 )(BZ-BH)




Table IX Energy contributions due to the hyperfine

structure up to third order.

(2) , ((3) _
(pe *Ynr = Hyp)
<2H§|§hf|2ni> = y{81+85(J+%)2 + 89z2 + Cpox * 32(J+;) + 310(J+;)3} +
+ule, (2-x) + 9, (20 (41)% £ 052°(343))
Al IR 1PnS > = yBo#8af + B (3+1) 4 Bgu® + Coox} +
37215l T3/2> 3*P6 7 8 RS

2_% 2.t
n3/2|§hf| H%>

+ uls, (g% - x) + ¢, (g% - x)(3+1)% + ¢622

zy{Bh+B1122 + 812(J+5)} +

+ zu{t ¢, (J+) + ¢, - ¢u“2 * ¢5z2(J+5)}

t ¢522(J+§)}

ON J0 WAULIALS KDNANOHII-OIAV
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Table X Definition of the molecular constants from Table IX,

By

D.O. v,(1)A (1)
(I %/61(”- —13—/6D11)+22 11 2 S
1 (nzf) I (nn)

e Z s Di;i+0i(Gi+Di) i E yz(l)Kn(l)
1-1 i (m z?) 1 (nm)

n,(k)D, (k)
2c+l%x+lmn)4z 2 s,
27117 6 o1 371
x (n Ak)

(1A (1)-2B_(1))y,.(1)
.o EAT[ ) H( Y6

1 (n “1)

25 D.z.-0,(G.+D,) ;E b, (k)n, (k)
%/6(D11—K11)+ 171 1'71 1 -3 A n1 +
T (n zz) K (ma)

2 ny(k){G, (k)-D, (k)} +Z_ B (1) {y, (1) (1))

k (n Ak) 1 (n Hl)
. E ci(Gi:Di) . E v1(1)ﬁn(1)
i (nm ):i) 1 (n "1)
. (G,+D, )z, . 1), (1B (1)

0 S
i (m zi) 1 (n nl)
En(l)Y6(l)

1 (n nl)

, 2 n,(k){G, (k)+D, (k)}

k (n Ak)
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Table X (continued)

333

k

E Y,(1)B (1)
2 LS S
(nn,)

1

2? —
(m “1)

1

Z PGGY +Z By (1)v,(1)
(n £3) (mn)

i i 1

- _Zﬁ(l)%(l) -2Zn1(k)QA(k)
" (nm) (1 a,)

1 k

1

= hQ it e
(nn)

= 2/6q,_, z (-1)8
_ 2ZY3(1)EH(1)
(n nl)

1

) 2% Ys(l)ﬁn(l)
(n nl)

1

k

(HZ)

QZn,(k)[GA(k)-DA(k)] . Qthu)ﬁnm
(ma) (mm)

(3E,(1)-28; (1) )y4(1) Zn1(k)QA(k)
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Table X (continued)

Z ? n, ()a, (k)
¢
6 (nz) (HA)

’

Z n,(k)Q, <k>
b 4
(mz? )

” (nA)

The second- and third-order hyperfine contributions due to the fine structure
are easily caleulated using I2qs. (11)-(13), and Tables I and II. The result is
given in Table IX, while in Table X arc delined the relations between the
molecular constants of Tables IX and I11.

Lxperimentally we can scparate only terms with a different J dependence.
This reduces the equations of Table I1X to those of Table XI. The equations
given in Tables VIII and XI are the final results. The molecular constants
defined in these equations should deseribe the hyperfine A-doubling spectrum
up to third order in energy. The theory outlined above is used to analyze the
experimental spectrum. The constants are adjusted by a least-squares method
to fit the experimental data.

IIT. EXPERIMENTAL RESULTS

The experiments were performed using the molecular beam cleetrie resonance
method. The experimental setup has been deseribed in detail elsewhere (9).
IFor the measurements on *N"*0 we used an enriched (95 %) sample. The gas
was recovered after every run of about 4 hr. The loss was approximately 1.5 %
per run. The measured frequencies involved the eleetrie dipole transitions from
a 4 Kronig symmetry level to a — Kronig symmetry level, within one J state.

The NO molecule in its *II state has a very strong Zeeman effect, and the
transitions of the “II;» state are strongly split by the earth’s magnetic field.
These splittings decrease with inereasing J value, The AF = 0 transitions are
seen as triplets. The frequeneies of the eentral lines of these triplets are, within
experimental accuracy, those of the zero field transitions. The AF = +1 transi-
tions appear as broad doublets (“NO) or triplets (°NO) symmetrically located
about the zero field frequencies. We were able to minimize the magnetice field to
~ 5 mG, The full line widths were 10 20 kHz for J = 35 and 3, of ’II,» , and
less than 10 kHz for the other transitions.
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Table XI Hyperfine structure contributions up to third order

after collecting terms with the same J dependence.

Y +20xg )£ (341) (xp#2Px)) +

2. % 2 #
< H%I_I:thl II;)

+ ul(3-x) (£ #5,3(341) )20 27(3+1))

2 _ 2
3/2|H fl H3/2 = Y{X3+z X-T} +
+ wlEox) (0, 3(341) + (re(3+1)20)
< nnghfl H3/2 = ZY{(XL"'Zng)th(J"'%)} +
+ zu{i(c3+CSJ(J+1))(J+%)+(K6-ChJ(J+1))}
vith x, = B +8,+iCpg MR RN
X3 = By*+B,-38g+iCpq gy = ¢5-10g
Xy = Bh gy, = ¢h
X5 = Bg*8o+Cpg ts = b
- _ 15
Xg = 310 Lg = ¢7"T ¢1&
Xq = BgtB +Bg*Cpg L1 = %
Xg = Byq
Xg = By

The observed transition frequencies at zero electric and magnetic fields and
their uncertainties are given in Table XII for “*N'°0O, and in Table XIII for
”leo.

As can be seen from Table XII the experimental results of Neumann (5) on



Table XII Observed and predicted hyperfine A-doubling

transitions for 1hN16O.

Observed frequencies (MHz)

previous Calculated
J Q F, F_& This work measurements {(5) frequencies
0.5 0.5 0.5 0.5 205.9510(2)  205.951(1) 205.9582
1.5 1.5 L31.1905(2)  431.191(1) 431.1587
1.5 0.5 L11,2056(2) L11.206(1) 411.1886
0.5 1.5 225.9357(2)  225.936(1) 225.9282
1.5 0.5 0.5 0.5 560.8538(2) 560.8529
1.5 1.5 651.5425(2)  651.543(1) 651.5275
2.5 2.5 801.1963(2) 801.2179
1.5 2.5 758.9106(2) 758.9379
2.5 1.5 693.8282(2) 693.8076
0.5 1.5 62L4.6494(2) 624 .6259
1.5 0.5 587.7467(2) 587.75L5
2,5 0.5 1.5 1.5 929.259 (k) 929,241
3.5 3.5 1160.7768(3) 1160.8073
3.5 2.5 1t14,677(15) 1114, 7102
2.5 3.5 1072.596(12) 1072.6308
2.5 1.5 991,7338(2) 991.7351
1.5 2.5 96k .023 (2) 964 0428
3.5 0.5 4.5 4.5 1514,768 (1) 1514.7580
b5 3,5 1434,588 (1) 1434 6099
3.5 L,5 467,511 (1) 1467.4984
3.5 2.5 1325,299 (1) 1325.2872
2.5 3.5 1348,L459 (k) 1348.4151
1,5 1.5 1.5 1,5 0.612 (1) 0.612(1) 0.6118
2.5 2.5 1.029 (1) 1.029(1) 1.0288
1.5 2.5 Th.931 (3) TL.930(1) TL.9212
2.5 1.5 73.286 (3) 73.289(1) 73.2806
0.5 1.5 46,464 (3) 46.L470(5) 46,4567
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Table XII (continued)

Observed frequencies (Miz)

e previous Calculated
J Q@ F, F_ This work measurement (5) frequencies
2,5 1.5 2.5 1.5 3.121 (1) 3.121(1) 3.1203
3.5 3.5 3.923 (1) 3.923(1) 3.9226
3.5 2.5 47,211 (1) L71.212(1) 47,2122
2.5 3.5 40,172 (6) 40.1693
2.5 1.5 34.390(30) 34.3715
3.5 1.5 3.5 b5 39,221 (2) 39,2310
2.5 3.5 31.550 (L) 31.5k15
45 1.5 5.5 L5 ko.512 (1) ko0.5129
L5 3.5 35.045 (2) 35.0452
5.5 1.5 k.5 L,5 31,124 (1) 31.124(1) 31,1251
5.5 5.5 30.265 (1)  30.265(1) 30.2649
6.5 6.5 32,425 (1) 32.h425(1) 32,4242
5.5 6.5 48,786 (1) 48,7861
6.5 5.5 13.905 (1) 13.9029
6.5 1.5 5.5 5.5 L9.ko5 (1)  49.ko5(1) 49,4056
6.5 6.5 L8,578 (1)  48.577(1) L8.57T2
T.5 T.5 51.260 (1) 51.260(1) 51,2598
7.5 6.5 63.6L0 (1) 63.6409
6.5 T.5 36.196 (1) 36.1960
6.5 5.5 59.742 (1) 59.7421
5.5 6.5 38.243 (1) 38.2406
7.5 1.5 6.5 6.5 73.5%0 (1)  73.540(1) 73.5397
7.5 T.5 T2.786 (1) 72.786(1) 72.7853
8.5 8.5 76.025 (1)  76.025(1) 76 .0240
7.5 8.5 85.255 (1) 85.2563
8.5 7.5 63.552 (1) 63.5530
6.5 7.5 81.547 (1) 81.5468
7.5 6.5 64,778 (1) 64.7783
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Table XIT (continued)

Observed frequencies (MHz)

a previous Calculated
J Q F + F_ This work measurements frequencies
8.5 1.5 7.5 T.5 104,216 (2) 1042147
8.5 8.5 103.575 (2) 103.5T46
9.5 9.5 107.400 (1) 107.3Lk00
9.5 8.5 114,024 (1) 114,0220
8.5 9.5 96.951 (1) 96.9526
8.5 T.5 110,306 (1) 110.3057
7.5 8.5 97.483 (1) 97.4836

a F, F-state with Kronig symmetry #.

-1 . . . . _
\"°0 agree very well with ours. However, his predicted frequencies (), espe-
cially for the Iy state, show a great discrepancy with our experimental results.

1IV. ANALYSIS OF THE SPECTRUM

I'rom Table VIII it follows that the A splitting is determined by the constants
ez, a, as, a7, and ay . We make the following approximations for the other
molecular constants from Table VIII:

ay = dy; 0 = Bu+ ar; a5 = Bu + as; a5 = ag; a0 = ay = 0.

This is a permitted approximation, beeause terms which do not contribute
direetly to the A splitiing must be at least of the order of 10 MHz to give higher-
order offects on the cnergy within the present experimental accuracy (about
1 kHz). IFrom Table VIII it follows that a5 = as(Bu—B:)/Bu. As An and By
are hnown from other experiments the A splitting is deseribed up to third order
by four constants as, @, as, and a7 .

IV. 1. ®N"0.

The absenee of the contributions from electric quadrupole interaction in
BN'0 (1 = 1,) simplifies the spectrum considerably. Nine hyperfine structure
constants, all x, have to be determined for this molecule.

We calculated the coeflicient matrix, which describes the dependence of the
calculated frequencies on the various constants. The rank of this matrix was



Table XIII Observed and calculated hyperfine A-doubling

transitions for 15N16O.
Observed Calculated
J Q F, F frequencies (MHz)  frequencies (MHz)
0.5 0.5 O 0 501.1979
0 1 L482.6212(2) 482.6189
1 0 309,2256(2) 309.2217
1 1 290.6565(2) 290.6426
1.5 0.5 1 1 790.9748(3) 790.9651
2 1 Th2,8364(3) Th2,8346
1 2 670.,7076(3) 670.7201
2 2 622,5690(3) 622.5896
2,5 0.5 2 2 1121.1513(3) 1121.1691
2 3 1064 ,69L4
3 2 1015.4147(5) 1015.3914
3 3 958.9183(3) 958.9167
3,5 0.5 3 3 1454 ,9160(5) 1454 .,9013
N 3 1394 ,6320
3 Y 1355.0719
L L 1294 ,8026
1.5 1.5 2 1 84.589 (2) 8L4.5877
1 2 82.9340
1 1 0.8732
2 2 0,780 (5) 0.780L4
2.5 1.5 2 3 55.738 (3) 55.7429
3 2 49,1965
2 2 3.393 (3) 3.3923
3 3 3.154 (1) 3.15k42
3.5 1.5 L 3 45,5804
3 h 29.3107
3 3 8.35L4
L 4 7.9152
L,s 1,5 L4 5 Ll 5249
I b 16,5308
5 5 15,8352
5 L 12,1591
5.5 1.5 6 5 50.2509(5) 50.2511
5 5 28.66kL2(5) 28 .663k
6 6 27.6570(5) 27.6578
5 6 6.0702(5) 6.0701
6.5 1.5 6 7 62.2184(5) 62.2183
6 6 45.4609(5) 45,460k
T T kL .0920(5) Lk, 0927
7 6 27.3347(5) 27.3349
7.5 1.5 8 ¢ 80.4891(5) 80.4891
T T 67.5905(5) 67.5905
8 8 65.8107(5) 65.8110
7 8 52.9121(5) 52.9124
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Table XIII (continued)

8.5 1.5 8 9 105.3590(5) 105.3590
8 8 95.6788(5) 95.6795 '
9 9 93.4413(5) 93.4403
9 8 83.7610(5) 83.7608

a

F, F-state with Kronig symmetry *.

smaller than the number of constants. Consequently not all constants can be
determined independently from the experimental data. It turned out that there
is a relation between xi, x5, and x7 . I'rom the coeflicient matrix it follows, that
the effect of xs on the energy can be absorbed in an effective x5, and xr

Xs = Xs — aXi, (1)

xi = x1+ axs. (15)
The constants xs and x7 in Table X1 are replaced by x5 and x; , respectively,
whereas the effect of x4 in the matrix element (‘I | Hys | “115.) of Table XI
can be taken as zero in the fitting procedure. The value of « is ealculated from
the coefficient matrix. The resulting « (Table X1IV) is varying very slowly
with increasing J. The error in the value of a is set equal to the maximum vari-
ation in « with increasing J.

The molecular constants a3, as, as, a7, X1, X2, X3, Xsl, Xs » X7', xs, and xe
arc varied in a least-squarcs fit of the experimental spectrum. The constant
xs was found to be very small, and was subsequently set at zero.

Using Lqgs. (14) and (15) we calculated xs and (x5 + x7) from x5 and x7'.
Table XIV lists the values of the molecular constants of the best least-squares
{it. The calculated frequencies are given in Table XIII.

IV. 2. "N

The hyperfine-structure constants x; through x, are determined in the same
way as for "N'*0. The nuclear spin I = 1 of N introduces a contribution to the
hyperfine energy due to the electric quadrupole interaction. This makes it neces-
sary to determine scven additional molecular constants ¢ through ¢;. The
clectric quadrupole constants adjusted in the least-squares fit of the spectrum
of “N"0 are ¢, &, &3, and & . The remaining three constants ¢, ¢, and {7
were found to be less than 1 kHz without giving any improvement of the fit
and are as taken zcro. The results are listed in Table XIV. The calculated
frequencies are tabulated in Table XII. Table XV lists the molecular con-
stants taken from other sources and used as known in the fit.



Table XIV Molecular constants of 1hN160 and 15N16

0 obtained
in this work (all values are in MHz, except a,

which is dimensionless).

constant name value for 11‘1\1160 value for 15N16O
a3 89.0235(2) 85.8210(2)
o, 1.4132(L) 1.3149(L4)
a, (~1.06(5))x1073 (~1.36(5))x1073
a (-0.10(1))x1073 (~0.10(1))x1073
X, 46.3151(T) -65.0240(T)
X5 56.3001(5) ~78.9582(L)
X3 113.639 (2) -159.468 (3)
Xé 0.6015(T) -0.8414(T)
X (0.56(6))x103 (-3.77(6))x1073
X7 -0.5837(3) 0.7888(1)
Xg (-5.2 (5))x1073 (8.2 (5))x107
g, -1.841 (1)
%5 -1.862 (1)
N 12,115 (ko)
t (-15.4 (7))x107
a 0.02836(2) 0.027334(8)
X), -20.896 (25) 29.875 (25)

X5 * Xq (17.8 (8))x1o'3 (-55.6 (B))x1o"3
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)
Table XV Molecular constants of 14N16 15N16

0 and 0 taken from

v

other sources and used in the present fit.

value for 11‘N160 value for 15N160 Ref.
-1 & -1
AL 123.160 em 123.160 cm (15)
B, 50 838.56 MHz Lo ok1.34 MHz (2)
DII 0.177 MHz 0.139 MHz ( 2)
B, 59 568,76 Miz 57 206 MHz (M
We used for 15N160 the value of “‘N160.

V. DISCUSSION

The differences between the experimental frequencies and the frequencies
calculated as outlined above (Tables XII and XIII) are approximately an order
of magnitude smaller than between the experimental and the predicted fre-
quencies of Neumann (9). The third-order hyperfine-structure contributions
give rise to a number of terms with a different J dependence. These contributions
are responsible for the better agreement between experiment and theory; they
were not included In previous calculations of the spectrum. The additional
coupling constants are xs through xs , and ¢{.

However, the fit for the frequencies of the QHm state 1s not as good as we ex-
pected. An obvious thought is that negleet of higher-order contributions from
fine and hyperfine structure might be responsible for the remaining discrepancy.

The fourth-order fine structure can be separated into two parts. One part
containing terms with a similar ./ dependence as those of Table VIIT and may be
absorbed in e through oy without changing anything in the mathematies of the
least-squares fit. The other part contains terms with a different J dependence.
However, caleulations of these contributions and rough estimates similar to
those of Ref. (1) showed that they were smaller than the experimental accuracy.
So fourth-order fine structure cannot explain the discrepancy.

The fourth-order hyperfine contributions were caleulated by IFreed (1) for
a "Il state. They were caleulated by us for a "I state and included in the least-
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Table XVI Pelaticns between hyperfine constants of Table XI
and conventional constants (neglecting third

order effects).

conventional constants present constants Ref.
1
& -:§(3x1 + )(3) (10)
¢ 2(-x,*x,) + 2 (10)
17Xy’ 7 3X3
d 2)(2 (10)
eQq, 3z, +z,) (16)

squares fit of the speetrum It was not necessary to itroduce new coupling con-
stants Unfortunately no improvement of the fit was obtained. 'or tlis reason
we did not discuss here the explicit expressions for the fourth-order contiibution
of the hyperfine structure We did not ind any other contribution which could
explain the diserepancy between the experimental and theoretieal frequencies.

No attempt was made to perform the very tedious fifth-order calculations

Compari~on with previous experiments (2-J5) 1> not simple, because the third-
order hyperfine effeets were always negleeted. Tspeenally the molecular fine-
structure constants az and a7 include third order as well as second-order effeets.
However, if the third order cffects 1n the hyperfine-structure constants are
neglected, one can easily deduce relations between the hvperfine constants
dehined by IFrosh and Lolev (8), and by Dousmanis ef al. (10), and the constants
used 1 this work This 15 done 1in Table XVI

Neglecting third-order effects 1n the hyperfine strueture, we calculated from
Tables XVI and XIV the hyperfime coupling constants of Table XVII In this
table are also hsted the results of previous investigations It <hould be noted
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Table XVIT Values of the conventional constants obtained in the present work and by other investigations.

In these constants third order effects are neglected. (All values in MHz).

Constant Present value Neumann (5) Radford and Brown (4) Favero et al (3) Gallagher and Johnson (2)
s (Mn'6o) 8L.195(2) 84,208 (2) 84.28(52) 83.82 83.40
b (Mx160) 81,79 (5)  141.508(75) 41.8 (6.3) 68.49 68.91
e ("w'%)  _s8.66 (5) -58.37 (1)  -58.8 (T.1) -86.34 -87.60
d (”‘NTso) 112,600(1) 112.6196(3) 116 (30) 112.60

eqq,("™'%)  -1.852(2)  -1.876 (8) -1.81(30) -2 -1.75

eq,(™n'®0) 24,23 (8)  23.04 (5) 23.1 ( 4) 33 27.9
a (Py'%)  -118.189(3) -118.21(50) -116.94
v (5'%)  -59.78 (5) -59.8 (5.8) -96.63
¢ ("n'%)  83.51 (5) 83.4 (6.8) 122,82
d (15N160) -157.929(1) -159  (33) -157.88
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that the accuracy of the molecular constants, especially ¢ and d, claimed by
Neumann (5) is too high, because he negleets the third-order hyperfine effects.
Our calculated hyperfine-structure constants agree quite well with those of
Neumann (8) and Brown and Radford (4).
APPENDIX
The molecular Hamiltonian H of a diatomic molecule is invariant under re-
flections e, in a plane containing the molecular axis, so that
o Ho, =H (Al)

and the wavefunctions, which are used as basis for the calculation of the matrix
elements of H, must have the proper symmetry with respeet to these reflec-
tions.

The zero-th-order molecular wavefunctions in a Hund case (a) can formally
be written as | JAZQ). They can be split into a rotational and a rotationless
part:

where | J@2) is the rotational part. Under the reflections .. the functions
|J AZQ) behave as (6, 11-14)

00 | JAZSQ) = (—1)'(=1)""¥FH  J A -2 — Q). (A3)

Herein s is even or odd for 7 or £ states, respectively, and zero otherwise.
So funetions with a proper symmetry can be defined as

| #4100 0) = (1/v2)[ JAZR) & (=1)"[J — A — 2 — )], (A4)

where T stands for =°,IT, A, - - - .
The symmetry of these functions under the reflections o is == (—1)""%:

O s I 2S+II‘:|:“.“ J) = 4+ (_l)J—S l2S4-IPd: 2 |J) (:\5)

This is called the IKronig symmetry of the functions. These definitions of sym-
metry are in agreement with Herzberg (7), but differ slightly from those of
Freed (1).

The symmetry considerations halve the number of matrix elements which
must be caleulated. I'rom Eqgs. (A1) and (A3) it follows.

(JASQ | H | J'A'TQ) = (JASQ| o) Ho.. | J'A'S'Q) (46)
46
=f(J—A—S-Q|H|J — A -3 —-q),
where

s+ FI+I/+8 F8714-¢ ! — (43 Al
f_ (_])(v+s)+ +J/+8S 874040 (+ )+(A+‘\). (4\7)
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With
J=J,8 =8, (=" = (=1)7",
Eq.(A7) becomes
f= (-1 (AS8)
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ABSTRACT

The hyperfine A-doubling transitions of the low-J states of OD were measured, using the molecular
beam electric-resonance technique. These measurements are used to calculate some other transitions
of OD, which might also be of interest for radio astrophysics.

Subject headings: hyperfine structure — molecules — radio lines

In 1955 Dousmanis, Sanders, and Townes (1955) reported the first measurements
of the microwave A-doubling transition frequencies of OD. The observed frequencies
were those belonging to the AF — 0 transitions in the 2Il;,, and 2Il,,. electronic
states. The hyperfine splitting of the transition was well resolved in the latter state but
not in the 2II,,, state. Consequently these lines contain almost no information about
the hyperfine structure of OD. Some of the hyperfine-structure constants of OD can be
predicted, however, from the corresponding values of OH reported by Radiord (1962)
and the ratio of the nuclear g-factors of proton and deuteron. Because of the rather
large uncertainties of the frequencies measured by Dousmanis et al. (1955), it is not
possible to predict the transitions in the low-lying J-states of OD with an accuracy
better than 2 MHz, using this approach. It is felt that more precise transition fre-
quencies are needed to increase chance of detecting the presence of the OD radical in
interstellar space.

We measured all the hyperfine A-doubling transitions below 5 GHz originating in
the lower J states of the electronic states 2I1,,, and 2Il;,5. The measurements were
performed using the molecular-beam electric-resonance method. The OD radicals are
produced by the reaction D 4+ NOy— OD + NO (Del Greco and Kaufman 1962).
The atomic deuterium was produced by a 2.45-GHz microwave discharge in DO.
The Earth’s magnetic field is reduced by careful screening and compensation to about
5 milligauss. The signal-to-noise ratio of the observed transitions varied from 5 to 25
with an RC time of 3 s. The full line width at half-height was in the order of 10 kHz
for most transitions. The experimental accuracy of the frequencies varied from 0.2
to 3 kHz and was mainly determined by the signal-to-noise ratio. The observed fre-
quencies correspond to the AJ = 0; AF =0, = 1; A-doubling transitions between
states with different Kronig symmetries. They are tabulated in table 1.

The theory developed in the previous paper (Meerts and Dymanus 1972) for a
diatomic molecule in a 2II state is used to explain the observed spectrum. The
molecular constants defined herein are calculated using a least-squares fit of our
experimental frequencies and those of Dousmanis ef af. (1955), weighted with their
experimental uncertainties. As can be seen from table 1, the agreement is quite good.
The molecular constants, which are varied in this fit, are those discussed in the pre-
vious paper (Meerts and Dymanus 1972): in addition, the spin-orbit coupling con-
stant 4, is calculated. The values obtained for the hyperfine structure constants are
given in table 2, Their definitions are those of Frosh and Foley (1952) and are also
given by Meerts and Dymanus (1972). By using the molecular constants, obtained
from the least squares fit, we calculated frequencies of a number of transitions of OD
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TABLE 1

OBSERVED AND PREDICTED HYPERFINE A-DOUBLING TrRANSITIONS OF THE OD RADICAL

Observed minus

Predicted
Electronic Observed Frequency Frequency

State J F_ * F_ (MHz) (kHz)

E5 ) PP, 05 05 03 3093 6057(10) +04
15 15 3111 1414(10) 405

05 15 3090 2163(10) —03

15 05 3114 5294(10) —0.3

Mg/p eoveeennnns 15 05 oS 310 1445( 5) +04
15 15 3102147( 5) 407

25 25 310 3627(10) +04

15 05 303 0320(20) +03

05 15 317 3290(40) +2.6

25 15 298 0970(10) 00

1§ 2.5 322 4800(20) +0.6

2II3/2 ............ 25 15 15 1190 5659( 2) 0.0
25 25 1190 7741( 2) 00

35 35 1191 1047( 2) +01

15 25 1186 9986(30) —15

2.5 1.5 1194 3390(10) —09

2.5 35 1185 8712(10) 00

35 25 1196 0060(30) —14

L3 | SN 35 25 25 2822 0007(20) +1.4
35 35 2822 3883(20) +20

35 25 2820 8514(20) —16

25 3s 2823 5328(20) 402

35 45 28210857(20) —04

45 35 2824 2276(20) —02

* The subscript +(—) refers to the even (odd) Kronig symmetry (Meerts and Dymanus 1972).

in the range 5-10 GHz which might also be of interest to radio astronomy. The results
can be found in table 3. The estimated accuracy is 20 kHz or less for the lower J
states increasing to 200 kHz for the higher J states.

The authors wish to thank Mr. G. H. M. ter Horst for his help in obtaining the
experimental results.

TABLE 2

HYPERFINE COUPLING CONSTANTS OF OD

Molecular Constant* Value (MHz)

2 +13297(2)
b. v i e —17962(6)
€ v tiih e seeeen . +4-20 234(6)
d. ... ..o ol +-8.768(1)
€0F) o eeeiinainn +0143(2)
eQgy ... o v . —0 122(6)

* For the convention of the constants see
Meerts and Dymanus (1972)
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TABLE 3

PRrEDICTED FREQUENCIES (in MHz) oF SOME HYPERFINE A-DOUBLING
TransiTIONS OF OD

~

¥y
+

"y

211, ,5 Level 2, ,, Level

5887.720
5894.655
5906.189
5887.241
5895.134
5894.123
5906.721

8110.631
8117.917
8128.085
8109.867
8118.681
8117.082
8128.920

9578.721
9586.088
9595.526
9577.391
9587.419
9584.601
9597.014

10191.845 5303.986
10199.164 5304.575
10208.077 5305.339
10189.893 5304.645
10201.116 5303.916
10196.995 5305.585
10210.246 5304.329

NPhPRLNRWL WEANLRERUN CNNRON L RRNORN=O
nntntninng nntntnnhin intntnnnnin Lnnntnnn n
PUNNBRNPWLW PRUNRLN NORNONR NRRONRO
ninninintinin, Mhinrntnnin nnninin mtntnnnntnin

REFERENCES

Del Greco, F. P., and Kaufman, F. 1962, Discussions Faraday Soc., 33, 128.
Dousmanis, G. C., Sanders, T. M., and Townes, C. H. 1955, Phys. Rev., 100, 1735,
Frosh, R. A, and Foley, M. M., 1952, Phys. Rev., 88, 1337,

Meerts, W. L., and Dymanus, A. 1972, J. Mol. Spectrosc. (November issue).
Radford, H. E. 1962, Pkys. Rev., 126, 1035,






Volume 23, number 1

CHLMICAL PHYSICS LETTLRS

1 November 1973

CHAPTER 4,

ELECTRIC DIPGLE MOMENTS OF OH AND OD
BY MOLECULAR BEAM ELECTRIC RESONANCE
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Fysisch Laboratortum Katholieke Universitett Nymcgen The Netherlands
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The Stark shufts of hyperfine A doubling transitions onginating from the 211/, level of OH and OD are observed
From these shifts we calculated the values of the clectric dipole moments 1 6676(9)D for OH and 1 65312(14)D

for OD

1 Introduction

The electric dipole moment of the hydroxyl radical
(OH) has been nvestigated by several authors [1-3]
The most accurate value 1s reported by Powell and
Lide [4] 4= 1660(10) D obtained from the Stark
shifts of the microwave A-doublet transition of the
21375, J = 7/2 level at 13438 MHz

After a molecular beam electric resonance study of
the hyperfine A doubling spectrum of OD 1n zero ex
ternal fields [5] we decided to investigate the Stark
effect of OH and OD 1n order to obtain more accurate
values of the dipole moments for both molecules as a
first step 1n an investigation of their vibrational de
pendence

2 Theory

The hamiltonian used [or the interpretation of the
observed spectra 1s

H=H +H -y E (1)

Herewn Hg and Hy¢ describe the fine, hyperfine struc
ture contributions, respectively, the last term gives the
Stark effect, where g 1s the permanent dipole moment
of the molecule, and E the external electnic field

For the interpretation of the spectra in zero elec
tric field we used the theory developed in a previous
paper [6] The lowest electronic state of the hydroxyl

radical 1s a 2[1 state The rotational wavefunctions can
be formally written [6] as lzﬂ’,’m.’), where Q. takes
the values 1/2 and 3/2, and p stands for £ The nuclear
spin I of the hydrogen or deuteron nucleus 1s coupled
with the rotational angular momentum J to F in the
conventional way J+I=F

The basic hyperfine wavefunctions take the form
IZH’I’mJII-MF) Theuwr Kronig symmetry 15 p ( 1y 2

The matrix elements of Hy and Hy on these basic
wavefunctions are extensively discussed by Meerts and
Dymanus [6] The matrix elements of the Stark con
tribution can easily be calculated (see also Freed [7])
The result 1s

ane

- 2 gt
o JIFM |- E12TVP J'IC'M)

=§(1Q1, I DYUF[(2/+1) (U +1)(2F+1)(2F +1)] 112

J F1I F 1 F J J
x{", ) )@
FJ o) \-Mp oM/ \-1gio 19l
In this expression E 1s taken paralle! to the z axis As
the Stark effect operator has non zero matrix elements

only between states with a different Kronig symmetry,
the constant f takes the values

f=0 iflJ-J'1=0andp=p,
orl/-J'I=1and p#p,

= (=P -ME-19 iherwise
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The encrgy nitnix for the fine and hyperfine struc
ture contnbutions involve d simple 2 X 2 secular equa
tton The Sturk ctfect enlarges the seculsr problem
considerably because of the couphing between states
with difterent v mmetry and matnix clements off
dugonal in J ind £ The only good quantum number
of the hamiltonian (1) 1s M, We calculated for cach
Mg value the tonl matnx ot A including AJ =+ ]
coupling terms The latter terms are responsible for
second vrder contnbutions to the Stark encrgy Hhgher
order terms turnced out te be far below the expert
mental accuricy The caleulations were performed us
ing 4 computer program which drieonalizes the com
plete hamiltoman matrnix

3 Results and discussion

The measurements were performed using a molec
ular beam electric resonance spectrometer (MBER)
described elsewhere [8] Imitually ttempts were made
to measure the Stark sphittinz of the lowest rotational
level (J = 3/2) ol the 2114 5 tate Tlns state has a very
strong Zeeman effect Although the earth s magnetic
field has been compensated Jor with extreme care 1n
ternal inconsistencics in the yrder of 1 107 1n the
measured Stark splittings we ¢ obscrved These are
caused probablv by the comonent of the earth s mag
netie ficdd perpendicular to the clectric field estinaled
tobe IS 30 mG As an 4 tetnative we deaded to
measure the Stark etlect of tie transitions belonging
to the 2lll 5 state which 1s essentially non magnetic
However the conditions (or MBER are not favourable
because of the relativels high transition frequencies in
zero externdl fields 4 7 CH/ for OM [9] and 3 1 GHz
for OD [5] respectively 1n their lowest rotational
state J = 1/2 It turned vt 11at the Stark sphtting
for OD .ould very well be obscrved at 3 1 GHz but
the OH transition at 4 7 GH: could not be obsenved
Fortunately the zero fiecld transitions of the J = 9/2
211, 5 state of OH are a* casw MBER frequencies be
tween 88 and 165 MH, So for OH the Stark splitting
of these trunsitions 1s observed The zero ficld transt
tion frequencies are gven 1n table |

The measurements are do1e at different electric
field strengths and lor dilferent hyperfine transitions
for both OH and OD The miximum Stark shift was
20 MHz and 15 MHz for OD and Ol respectively
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[ibie 1
Observed zero fidld A doubling 1rinsitions of the 21Ty,
J9 2lad ol O

1Y i Lrcquency (MlIr)
4 4 164 7960(5)
5 5 117 1495(5)
4 S 192 9957(5)
5 4 88 9504(5)

4) The subsctipt + € ) reders to the even todd) Rromg swm
mctry [6]

Using the theory discussed in the previous section the
Stark shifts are calculated and values lor the electric
dipole moments for OH 1nd OD are fitted to the ex
perimental data The obtaned dipole moments were
1 66758(10) D and 1 65312(14) D for Ol and OD
respectively The agreement between experimental
and calculated Stark shifts was excellunt within expen
mental accuracy The quoted crrors are based on the
expenimental uncertainties

However difficulties encountered in fitting the
zero field spectrum force us to merease the maccuracy
in the reported value of the dipole moment of OH The
nucleus of the ditficulties 1s the ligh accuracy of the
measurements and the rither strong centrifugal distor
ton which has to be taken into account when fitting
the zero field spectrum as well as the Stark spectrum

The OH molecule can be described by an interme
diate Hund s ase between (ay and (b) In the fit of
the former spectrum we used an intermediate repre-
sentation starting from the case (a) basic wavefunc
tions For the rotational constant (By;) and the cen
trifugal distortion constant (Dpy) of the 211 state we
used the valuws reported by Dicke and Crosswhite
[10] These constants were obtained from 4 fit of the
observed ultraviolet band spectrum of OH to the the
oretical spectrum calculated 1n an intermediate repre
sentation starting from the Hund s case (b) wavelunc
tions

This procedure 1s correct but problems are intro
duced by an approximation 1n the expressions for
the rotational energy (functions f 1(K) of ref [10])
the By; part 15 1n an intermediate case but the Dy,
part in pure (b) case This approxumation 1s a good
one for hugh J values for which OH 1s close to case (b)
but not for low J values relevant to the present in
vestigation For the correct treatment of the rotational
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energy 1n our representation we had to transform the
harmiltonian matnx of Dieke and Crosswhite Fssen-
tially this ts a transformation [rom the Hund’s (b) to
the Hund’s (a) representation However. when this s
done an additional Dy;-contnibution [proportional 1o
J(J +1)] appears for the rotational encrgy If Dieke
and Crosswhute had used this approach their By; and
Dy;-values would have been shghtly different

The ratio between the rotational energy (including
distortion effects) and the spin orbit energy 15 a meas-
ure for the mixing of the 211, and 2144 levels As
the Stark effect matrix elements are unequal for the
two levels, the calculated Stark shifts depend on the
mrxing of the levels A slight change of the D,; con-
stant will cause a very small variation in the mixing of
both 211 levels and consequently in the Stark shufts
The effect on the dipole moment can be 5 10% Ttis
felt, that the error in the dipole moment of OH should
reflect this uncertainty (0 0009 D). resultig tn y =
1 6676(9) D for OH

The observed Stark transitions are given in table 2
These transitions may be used to obtain a more accu-
rate value of u(OH). when the uncertainty of Dy 15
removed

There are no problems in the iterpretation of the
Stark spectrum ot OD, because the lowest J-state,
J=1/2.1sa pure lem-state, without any mixing
with the 2115, level The obtained dipole moment
forOD1s 1 65312(14) D For By and Dy; of OD we
used the values given by Dousmanis et al [11]

For Planck’s constant the recent value of Taylor
etal. [12] isused A =6626196(50) X 10 347J sec

The value of the anisotropy 1n the electric polanz-

Table 2
Observed transttion frequencies of O in electnic field

Frequency (MHz2)

F, MF, F_ MF E =157 157(5) E =314 314(10)
Viem V/im
5 s 12) 2363(7) 132 7439(7)

167 6140(7) 175 7787(7)
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ability for OH 1s not known, however, the value will
lie between 0 2and 1 0X 10 2 ¢m3 The elfect on
the Stark shifts 1s estimated for an assumed value ot
10X 10 Mcm® This causes shifts or 10 Hz or less.
which 1s far below the experimenial accuracy (700
H/)

The value of the dipole moment of OH as reported
by Powell and Lide [4] kas to he corrected for the in-
correct value of the Jdipole moment of OCS they used
to calibrate the electnic field strength [13. 14] The
corrected value 1 667(701 D 15 in good agrecment
with the present more 4. urate v.lue

The observed 1sotopie effect m the dipole moment
of OH and OD 1s about 8 X 10 3. which 1s quite an
acceptable value This dilference 1s caused by vibra-
tional effects It1s, howe er, not possible to discuss
these effects quantitatively only on the basis of the
dipole moments for OH and OD in the ground vibra-
tional state, one also needs the values for other vibra-
tional states
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CHAPTER 5.

THE HYPERFINE A-DOUBLING SPECTRUM OF SULFUR HYDRIDE IN THE M. STATE

W. L. MEERTS a¥D A. DYMANUS
Department of Physics, University of Nijmegen, The Netherlands
Receised 1973 October 25

ABSTRACT

The hyperfine A-doubling spectrum of the five lowest rotational states of the 23, v = O state is
measured using the molecular-heam electric-resonance method. From the Stark splittings of the observed
transitions the value of the electric dipole moment of SH is determined: u = 0.7580(1) D.

Subject headings: molecules — byperfine structure

A search for the emission lines of the sulfur hydride
(SH) molecule in astronomical sources has been per-
formed by Mecks, Gordon, and Litvak (1969) and by
Heciles and Turner (1971). These attempts were un-
successful, partly because of the inaccuracy of the
A-doublet transition frequencies. The A-doublet transi-
tion of the lowest rotational states J = 3/2 and
J = 5/2 of the 13,5, v = Ostate of SH were investigated
by several authers using paramagnetic resonance spec-
troscopy (Radford and Linzer 1963; Brown and Thistle-
thwaite 1972; Tanimoto and Uehara 1973). The ac-
curacy of the predicted frequencies was of the order of
100-200 kHz. In order to check reliability of the
ESR predictions and to obtain more accurate A-doublet
transition frequencies for the SH radical we used the
molecular-beam electric-resonance method for the five

lowest rotational states of the My, level. In addition
the value of the electric dipole moment of SH is ob-
tained.

The SH radical is produced by the reaction of hydro-
gen atoms with H»S. The hydrogen atoms are produced
by a 2.45-GHz microwave discharge in water. The
signal-to-noise ratio of the SH transitions varied be-
tween 1 and 15 with a RC = 5 s. The observed fre-
quencies correspond to the AJ =0, AF =0+ 1, A-
doubling transitions between states with different
Kronig symmetry, originating in the five lowest J-states
of the electronic ground state *IIy,2. The lowest transition
frequencies of the *I1y: electronic state lie at about 8.4
GHz, beyond our present experimental possibilities.
The observed transition frequencies are listed in table 1.

The theory discussed in an earlier paper (Meerts and

OBSERVED A-DOUBLING TRANSITION FREQUENCIES (in MHz) OF THE

TABLE 1

2115, ELECTRONIC STATE 0OF SH

)
+
.

F_ Present Observation

Predicted from ESR Measurements

111.26(10)t

111.4862(5)
1 111.58(10)t

-5452{5)
100.293(3)
122.737(3)
442.4781(5)
442.6277(5)
437.9154(20)
417.1876(20)

1094.1871(5)

1094 .4596(10)

1093 5326(20)

1095 1179(20)

2158.2986(10)

2158.7239(10)

2160.5318(10)

2156.4902(10)

3714.8864(20)

3715.4892(20)

=

440.4(2)§
441.200)§

U B N W B WWR W =N -
QULR NN B ORI WL NN = N =

111.39(10) ¢
111.44(105%

440.8(2)4
440.9(2)1!

* The subscript + (—) refers to the even (odd) Kronig symmetry (Mecerts and Dymanus 1972).
1 Radford and Linzer 1963.

t Tanimoto and Uehara 1973,

§ Brown and Thistlethwaite 1972.
| Correction by J. M. Brown added as note in the paper of Tanimoto and Uehara 1973.
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Dymanus 1972) 1s used 1o explain the observed spec-
trum However, due to the lack of information about
the 2L ; state, the fine structure constants cannot be
determined unambiguously The following hyperfine-
structure constants are obtamned from the observed
spectrum ¢ + 3(b + ¢), b, and d, a definition of these
constants can be found 1in Mcerts and Dymanus (1972)
The obtaincd values for SH arc given 1n table 2 In this
table we also hist the ESR results of Tanmimoto and
Uchara (1973) They are ¢ssentially 1n agreement with
the present values The A doubling transition frcquen-
cies for the lowest J states predicted from ESR m
vestigations are shown in table 1 It should be noted
that there are rathcr strong deviations from the present
direct measurements

From the obeerved Stark shifts of the dlzp, J = 5/2
state and the theory discussed by Meerts and Dyvmanus
(1973), we calculated the clectric dipole moment of SH

The value obtamed 1s 0 7580(1) debve Previous mea-
surements of this value by Byfleet, Carrington, and
Russell (1971) yielded p = 0 62(1) debye This value 18
not n agreement with the present more accurate result
The calculated dipole moment of SH by Cade and Huo
(1966), u = 0861 debye, 15 1n rather good agreement
with the present experimental value

TABLE 2

H1PERFINE STRLCTURE CoNsTANTS (in MHz) oF SH

Present Tammoto and
Constant Investigation Uehara (1973)
a+}(b+c) +17 075(6) +17 0(2)
b —63 540(40) —60(2
d +27 386(60) +29(17)
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CHAPTER 6.

A Molecular Beam Electric Resonance Study of the Hyperfine
)

A-doubling Spectrum of OH, OD, SH and SD.1

W.L. Meerts and A. Dymanus
Abstract.

The molecular beam electric resonance method was
employed to obtain a complete set of hyperfine A-doubling
transitions of the free radicals OH, OD, SH, and SD. The
cbserved spectra could very well be explained by the degenerate
perturbation theory adepted to the 2H state. The exjerimental
results include fine and hyperfine coupling constants and the
electric dipole moments for all four molecules, and some
magnetic properties of SH., The deduced hyperfine coupling

constants agree well with the ab-initio caleulations.

1) Submitted March 1975 (with Fig.6) to the special (Herzberg)

issue of the Canadian Journal of Physics.
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1. Introduction.

The structure and spectra of free radicals, here defined
as molecules with one or more unpaired electrons, have been
subject of a large mumber of theoretical studies and of experimen-
tal investigations using practically all available spectroscopic
techniques. In contrast to the vast majority of stable molecules the
ground electronic state of many free radicals is a state with =
non-zero electronic orbital and/or spin angular momentum. Because
of these angular momenta the energy levels of the radicals show
fine structure and effects of the coupling between rotation and
electronic motion, such as A-doubling in a 2H state and
p-doubling in a 22 state. The experimental investigations on the
spectra of free radicals range from classical vacuum ultra violet
(UV) spectroscopy to gas phase electron paramegnetic resonance
(EPR) and microwave spectroscopy. The present commnication
describes a study of the OH, OD, SH, and SD redicals by the
molecular beam electrie resonance (MBER) technique, These
radicals all have the 2n3/2 ground electronic state.

The most extensive measurements and analyses of the UV
band spectra of OH were performed by Dieke and Crosswhite {1962).
The UV spectrum of OD was measured recently by Clyne et al (1973).
The first measurements of the microwave A-doubling spectra of OH
and OD radicals were reported by Dousmanis et al (1955). The
observed spectra originate from direct transitions between the
A-doublet levels of rotetional states in the 2n1/2 and the 2H3/2

electronic levels. The observed spectra are in the frequency range
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from 7.7 to 37 GHz. The experimental accuracy of the observed
frequencies of Dousmanis et al (1955) varied between 0.05 and
0.5 MHz. An extension (to the order of (E )2
(E

energies in the 2H states was employed to explain the observed

/Eel or

rot
/Eel)2) of Van Vleck's theory (Ven Vleck 1929) of molecular

fine
spectra. Subsequent investigations on OH by Poynter and Beaudet
(1968) on the 2H3/2, J =17/2, 9/2 and 11/2 states, by Radford

(1968) on the 2H1/2, J = 1/2 end 2“ , J = 5/2 states, and by

3/2
Ball et al {1970; 1971) on the 2n1/2. J = 3/2 and 5/2 states,
improved considerably the accuracy of the zero field transitions.
Recently ter Meulen and Dymanus (1972) used & beam-maser spec-
trometer to obtain very accurate hyperfine A-doubling transitions

frequencies of the 2H J = 3/2 state of OH. The magnetie

3/2*
properties of OH in the 2n1/2, J = 3/2 and 5/2 states and in the
2H3/2, J = 3/2, 5/2 and T/2 states were investigated by Readford
(1961; 1962) using the gas phase EPR technique. From the analysis
of the EPR spectra Radford deduced the 81 values and the values
for the hyperfine constants of OH, and the 85 factor for OD in the
2n3/2, J = 3/2 state. Accurate hyperfine A-doubling transition
frequencies of OD in the 2n1/2. J = 1/2 state and in the 2H3/2,
J = 3/2, 5/2 and T/2 states were obtained by Meerts and Dymanus
(1973a) from an MBER investigation. This investigation yielded
also accurate values of the electric dipole moments of both
radicals (Meerts and Dymanus 1973b).

The free radicals SH and SD have not been as extensively
investigated as OH and OD. Ramsay (1952) obtained and analyzed

the A2E + X2H band spectra of SH and SD and determined the
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rotational and vibrational constants of both radicals, The EPR
techniques were used on SH by Radford and Linzer (1963) for the
2H3/2. J = 3/2 state, by Tenimoto and Uehara (1973) for the

2n3/2. J = 3/2 and 5/2 states, and by Brown and Thistlethwaite

(1972) for the 2H J = 5/2 state. However, neither for SH nor

3/2°
for SD hyperfine A-doubling transitions were observed. Those of
SH have recently been obtained by Meerts and Dymanus (197L4) for
the 2H3/2, J = 3/2, 5/2, 7/2, 9/2 and 11/2 states using the MBER
technique.

In the present investigation we used the molecular beam
electric resonance technique on OH, OD, SH, and SD in order to
obtain a complete as possible set of accurate experimental data
on the AJ = 0 hyperfine A-doubling transitions in the lower
2

rotational states of the ground vibrational state and the n1/2

and 2H3/2 electronic states of the four radicels. This wes a
logical step in a program on the hyperfine structure of open-shell
molecules using the MBER method, which was started with a study

of the only stable diatomic radical, NO (Meerts and Dymanus 1972).
The MBER technique furnished high resolution hyperfine A-doubling
spectra of the investigated radicels. The project was undertaken

to investigate the feasibility of the MBER technique to short
living radicals like OH and SH and to provide accurete hyperfine
A-doubling spectra for & larger number of open-shell molecules, The
experimental spectra could be used for a test of the current

theories of the fine and hyperfine interactions in a molecule in

a 2H state.
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A degenerate perturbation theory developed previously for
the interpretation of the spectra of NO (Meerts and Dymanus 1972)
was emp.oyed to explain the hyperfine A-doubling spectra of OH,
0D, SH, and SD. It turned out that the theory extended to third
ordzr in fine and hyperfine structure wvas well capable of
explaining the observed spectra for most transitions within the
exp=rimental accuracy. Only for the interpretation of the spectrum
of JH we suspect that higher order hyperfine structure contribu-
tiois should be included to improve the agreement between the
exrerimental and the calculated spectrum.

From the analysis of the spectra the molecular properties,
rel.ted specifically either to the properties of the unpaired
w-e.ectron or to the charge distribution of all the electrons
in -he nolecules, could be determined. Ab-initio molecular orbital
calculations are available only for the properties of OH and SH
dir 'ctly related to the m-electron distribution. It was found that
the ab-initio results of Kayama (1963) for OH and of Kotake et al
(19°1) and Bendazzoli et al (1972) for OH and SH are in reasonably
gool agreement with the present experimentel results,

The observed laboratory transition frequencies may be of
hel" in the identification of observed spectra from interstellar
radio sources and increase the chance of detecting the presence
of “he (D, the SH or may be even the SD radicals in space.
Esp2cially the chance of detecting the SH redieal has been
coniderably improved by the reliable hyperfine A-doubling
traisition frequencies obtained in the present investigation. A

sea ‘ch for the emission lines of the SH molecule has already been
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undertaken by Meeks et al (1969) and by Heiles and Turner (1971).
The attempts were unsuccessful, partly because of the errors in
the A-doublet transition frequencies available at thet time.

The values of the electric dipole moments of the four
radicals have been obtained from the observed Stark shifts of
some transitions. Significant isotopic effects were found.
Unfortunately, it is not possible to deduce reliable information
about vibrational and centrifugal effects on the electric dipole
moments from the isotopic dependence alone. Herefore measurements
in excited vibrational states are needed.

The SH radical in the 2H1/2, J = 1/2 state was also investi-
gated in a magnetic field. An analysis of the spectrum is given
and the gJ-factors of this state are reported. A large difference
of 85 values for the upper and the lower A-doublet levels is found.
This effect can be explained by breaking of the symmetry of the
electronic charge distribution around the molecular axis by the

rotation of the molecule.

2. Experimental Techniques.

The experiments were performed using & molecular beam elec-
tric resonance spectrometer described in detail elsewhere (de Leeuw
1971; de Leeuw and Dymanus 1973). Only the features pertinent to
the present investigation are discussed here. In the experi-
ments we used two types of C-fields: (1) a 20 cm long field for
high precision Stark measurements at low frequencies and (2) a

short (about 8 cm) transition field for measurements et frequencies
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above about 2 GHz. The latter field, constructed of two flat
copper plates, was unsuitable for Stark measurements because of
poor DC-field homogeneity. Its small dimensions permitted good
shielding of the earth's magnetic field for measurements of the
zero-field transition frequencies. We succeeded in shielding the
earth's magnetic field to about S5 mG, which was enough even for
accurate measurements on the AF = 4+ 1 transitions (Meerts and
Dymanue 1972). The long field consisted of two optically flat
quartz plates, coated with a thin gold layer (de Leeuw 1971).
The microwave power for inducing the transitions was obtained
from a Hewlett-Packerd 8660B synthesizer for frequencies below
1 GHz. Three Varian backward wave oscillators were used for the
generation of frequencies in the GHz-range. These oscillators
were frequency stabilized by phase locking techniques.

The beam was detected by an electron bombardment ionizer
designed by Stolte (1972), folloved by an electric quadrupole
mass selector. The overall efficiency of the detection system

was of the order of 2 x 1073,

NDz or HzS

———

Source Buffer
Discharge cavity chamber chamber

Fig. 6. Schematic diagram of the reaction source.
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The beams of short-lived free radicals were produceéd in r
reaction type source schematically shown in Fig. 6. The OH radicrls
vere formed in the reaction between atomic hydrogen and NO2 by

(Del Greco and Keufman 1962)

[1] H+ NO2 + OH + NO

For the production of the OD radicals the hydrogen atoms were
replaced by deuterium stoms. The SH and SD radicals were prcduced
in the reaction of atomic hydrogen with st and DQS, respectively,
by

[2] H+H28-»SH+H2

for SH and

[3) H+D25»SD+1{D

for SD. The atomic hydrogen was obtained from a microwave dis-
charge at 2.45 GHz in water at the entrance of the tube. The
pover fed into the discharge was usually about 150 W. The deu-

terium atoms were obtained from a microwave discharge in D20.

For D.S we used a 98 % enriched sample. Because the D

5 S sample

2
had to be recovered, we also replaced H20 by DEO in the pro-

duction of the SD radicals to reduce contamination of the D2§
sample by Hes. A reaction of atomic deuterium and st resulted

in only a small number of SD radicals and almost the same number
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of SH radicals as obtained in the reaction [ 2] . This indicates
that the hydrogen atoms probably strip off one of the hydrogen
atoms from the st molecule forming H2 and SH as proposed by
MeDonald (1963).

To handle the large gas flows, the source chamber was
pumped by a mechanical pump system with a capacity of 500 m3/h.
The source chamber was separated from the resonance part of the
machine by two buffer chambers, pumped by diffusion pumps. The
beam was formed by & conical diaphragm 2 mm in diemeter between
the source chamber and the first buffer chamber. The distance
between this diaphragm and the end of the reaction tube could dbe
varied during the experiment, but was usually S to 20 mm,

The observed full linewidth at one half of the peak inten-
sity varied between 3 and 25 kHz, depending on the type of C-
field and on the observed transitions. The linewidths for the
AF = 0 transitions were determined essentially by the transit
time of the molecules through the resonance region (C-field).
However, the linewidths for the AF = #+ 1 transitions were largely

determined by the residual earth's magnetic field (Meerts and

Dyranus 1972). The observed signal to noise ratio at BC = 5 s
for the transitions of OH, OD, SH and SD was typically 100, LO,
20 and 6, respectively. A spectral line of a transition of SH in

the J = 3/2 state is shown in Fig. 8.

2
T3/20
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3. Theory.

The Hamiltonian for the interpretation of high-resolution
spectra of the open-shell diatomic molecules can be written

formally as

(4 H=EB,+Hy + Bpp* Bopo

vhere go is the non-relativistic Hamiltonian for electroniec
energies in the Born-Oppenheimer approximation, EF contains the
spin-orbit and the rotational and gyroscopic terms which give rise
to the A-splitting and the fine structure, Bhf describes the
hyperfine contributions and the last term Byn=-WE gives the
interaction of the electric dipole moment y of the molecule with
an external electric field E (Stark effect). For Hp ve used the
expression of Vaen Vlieck (1929)

[5)  Hp=B(3° - 12+ 5°) + AL, - 2B2.8

+ (B + 3ANL4S. + L.Ss) ~ B(J4l + I L)
Herein A is the spin-orbit constant, B is the rotational constant;
L and S represent the orbital and spin angular momentum of the
electrons, respectively; J stands for the total rotational angular
momentum including the rotation of the nuclear frame, but exclu-
ding the nuclear spins. The hyperfine Hamiltonian Ehf expressed in

spherical tensor operators is (Freed 1966):

as



(6] =t :2;:(-1)q ol D)3, +

11
+ ;/302( q) (1)(5 )T(1)(I)C(2)(91I’¢1I / ?I +

QsH\H gQ~u ~

+%w;2;unqﬂ”qnghgnuu)+

1 o(2)5yp(2)
+ Zq(-ﬂ Tq (9_)’1‘_q (V,) + Cpg LoZ

Herein £ = g gI U, uN, where g, gI, uo, and uN is the g value for

the free electron, the nuclear g-factor, the Bohr magneton, and

nuclear magneton, respectively; L is the distance between

electron 1 and the nucleus I, T(I)(ﬂ) is the spherical tensor of
rank 1 constructed from the components of an angular momentum

M=(I,L,, §1), vwhile:

1

(n g = > e J”w,:
protons p L P

(2) (2) 3 (2) 3
(81 T(Y) = - e C (O b )/ + T C U6 a0 ) /Ry

are spherical tensor operators of rank two describing the nuclear
quadrupole moment (tensor) and the gradient of the electric field
at the position of the nucleus I in the molecule. In expression

[7] and [8) ZK is the atom number of the second nucleus K (K # I)

and RKI is8 the distance between the two nuclei, © 11 KI) is the

angle between T.(R ) and the bond axis (z-sxis) end ¢,.(¢. ) is
1I'VKI 1I''KI

the azimuthal angle. The hyperfine interactions of Fg. [ 6] are

written in one electron notation as used in the reduced density
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matrix formulation (McWeeny 1960; McWeeny 1965).

The first contribution to the hyperfine Hamiltonian of
Eq. [ 6] represents the interaction between the magnetic moment uy
associated with nuclear spin I and the orbitel angular momentum L
of the electrons. The second term describes the interaction of ur
with the spin angular momentum S of the electrons with zero
density at the nucleus I. The third term is the Fermi contact
term. The fourth contribution to ﬂhf is due to the nuclear elec-
tric quadrupotie interaction. The last term represents the inter-
action between My and the orbital motion of the nuclei due to the
rotation of the molecule (spin-rotation interaction); CRS is the
coupling constant of this interaction.

With the Hamiltonian of Eq. [5] and [6] the spectrum has
been calculated using the degenerate perturbation theory described
by Freed (1966) extended and adapted to a 21 state by Meerts mnd
Dymanus (1972). Application of this theory to the Hamiltonians )
and H . (zero external field) involves the solution of a 4 x U
secular equation. However, these Hamiltonians are invariant under
reflections of the coordinates and spins of all the particles in
a plane containing the nuclei. Consequently if wavefunctions are
used with the proper Kronig symmetry (Van Vleck 1929) with res-
pect of these reflections, the secular determinant factors into
two 2 x 2 determinants.

The coupling scheme for the electronic and rotational part
of the wavefunction adopted in the calculations is the Hund's (a).

. + . : . . :
Wavefunctions, |2ﬂ1h|,J>,1nclud1ng nuclear rotation are in this

coupling scheme defined as:
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(9l lzﬁ'nl' J> = ;’E [|JA£Q> + |3 -p £ -n>:|

with Q= A+ I; A, I and Q are the projections on the molecular
axis of L, S and J, respectively; |n| can take the values 1/2 and
3/2. The wavefunctions |JALQ> are given by Freed (19€6). The total
wavefunction |2HTn| JIFMF> of the molecule inecluding the nuclear
part is obtained es a product of the electronic-rotational wave-
function IZHTQI’ J> and of the nuclear spin wavefunction |I MI>
corresponding to the coupling scheme: F = J + I, where F is the
total anguler momentum of the molecule. These wavefunctions are
used as a basis for the degenerate perturbation celeulation of
the energy matrix.

All molecules investigated can be deseribed by a coupling
vhich is intermediete between the Hund's case (e) and (b). The
proper wavefunctions are obtained automatically by solving the
secular problem. The contributions of the fine and hyperfine
interactions to the energy are taken into account up to third
order. In the final expressions for the state energies we
separate terms with different dependence on the rotational
quantum number J, as only these terms cen be determined from the
experimental data. The matrix elements of ). and Ehf in terms of
J and a number of coupling constants were obtained using the
degenerate perturbation theory developed in a previous paper

(Meerts end Dymanus 1972). The results are
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+ 2 %
[ 10] <2nilﬂF+ﬂhf| ni> =
- Jorag(3+1) e, (593 0, (2541 2ay (3eh) Psa (34))27
+ ¥l *2ox ) 2T+ (%2 ox V1l (3ox) (¢ 42, 3(3+1)) 2t 22 (541 ))
1 5727 € b 1k il 27h
o * 2 %
(11 < ng|EF+ghf| 112) =
B (33 )-PIvagzsa, (704) 2 tag (341)22
+ y{xgre 1l (Fox) (5,00, 3(3+1)) (g sr (341))2°),
[12] <2n;|5F+_}1hf|2n§> =

u€7+a11z(J+%)2ta7Z(J+%)taPz(J+%)3

+ 2y +20xg g (T+) Mzl (£ 4 3 (341)) (34 (T ot I(I+ 1)),

(7-4)(3+3),
v (5-D3+

x = J(J+1),

Herein: z

y = (F(F+1)=J(J+1)=I(1+1))/(23(J+1)),

2c(c-1)=J(J+1)1(1+1)
2I(21-1)J(J+1)(27-1)(2J+3) °*

C = I(I+1)+J(J+1)-F(F+1).

The upper sign in Eq. [ 10), [ 11] and [ 12) is eppropriate for the
1
states with (-1)J ? Kronig symmetry, the lower sign for states with

1
(-1)J+2 Kronig symmetry.

92



The coupling constants A”, Bn and a, describe the
contibutions to the fine structure and the A-splitting in
the various orders of approximation. In the first order a,
can be approximated by An, the spin orbit coupling constant
of a T state; a, and a¢ by Bn the rotational constant of a
N state. In the second and third order all ui’s are essentially
different, but to a good approximation a, & A

A~ B+
»a, B ta

1 n’ 2 7°
ag Bn *ags a5 vy and ag ~ ag (Bn - BZ)/BH’ vwhere B is the
rotational constant of a I state. The coupling constants ay» g
ags ags Uqg and a4 contain only third order effects, but only
ay» ag and ag contribute directly to the A-splitting. The cou-
pling constants %0 and ey are set to zero because they do not
contribute directly to the A-splitting and their effects are too
small to be detected. The coupling constants X3 are associated
with the magnetic hyperfine interactions and ;i's with the elec-
tric quadrupole interaction. The coupling constant X531 Xg» Xp»
Xg* Xg and L)y ;5, Lgo ;T contain only third order effects, while
the others contain second as well as third order contributions.
From the observed spectra it was found that the contributions to
the energy of Xg» ;h, ;6 and ;7 were too small to be determined
and the constants were taken ecual to zero.

The coupling constants a;s X;» &; are rather complex
expressions containing first, second as well as third order con-
tributions. They are tabulated by Meerts and Dymanus (1972). A
comparison of the present hyperfine coupling constants X5 L3

with those of the conventional theory (Dousmanis et al 1955;

Radford 1961; Radford 1962; Lin and Mizushima 1955) can only be
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made if the third order effects e-e neglected. In this approxi-
mation the relations between the present and the conventional

hyperfine structure coupling constants are:

3(a-3(b+c))

(131 x

(1 x, =3

(151 xq = §(asd(bee))

[16] x, = - 3

[ By "L < qu1

118

t3 Jeqq,

If third order effects are neglected the relations between the
present A-splitting parameters and those used by other investi-

gators are:

[19] ay = - Za = ip + 3q
[ 20] a; = =B = 3q

as B were used by Dousmanis et al (1955) and p, q were introduced
by Mulliken and Christy (1931)

The contributions to the energy of the last term of the
Hamiltonian [ 3] , the Stark effect, is extensively discussed by
Meerts and Dymanus (1973b) and the formulae are not reproduced

here.
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The observed spectra of OH, OD, SH and SD are analysed
using the theory outlined above. However, in this theory developed
primarily for NO, the centrifugal distortion effects are neglected.
The neglect was fully justified for NO but such is not the case for
the light molecules of the present investigation. A simple replace-

ment of Bn by B_ - DII J(J + 1) with DII the centrifugal distortion

i
constant in the above equations is not correct. Problems arise
because in the present calculations the values of Bn, DH’ accepted
for all four molecules and for SH and SD also the values of An
are those obtained from analyses of rovibronic or electronie
spectra. As these analyses are based on an effective Familtonian
vwhich is slightly different from the present one the spectroscopic
constants derived are different. In order to obtain compatible con-
stants An, BH' and DH for the calculations of the state energies
we have to use a Hamiltonian compaetible with the one used in the
anelyses of the electronic or rovibronic spectre.

The electronic spectra of SH and SD were analysed by Ramsay
(1952) using the expressions given by Almy and Horsfall (1937).
These expressions are based on the Hund's case (a) representation,
vhich we also used. So for the interpretation of the spectra of SH
and SD our expressions [10], [ 11] and [ 12] are compatible (in
this case identical) with those of Almy and Horsfall. The
centrifugal distortion effects are taken care of simply by
adding the contributions of DH in Eq. {10}, { 11] and [ 12] with
the value of Dn determined by Ramsay (1952). The rotational con-
stants B_ and Dn of OH and OD were obtained by Dieke and Cross-

n
vhite (1962) from a fit of the ultraviolet band spectrum to the

95



theoretical spectrum calculated using e Hund's case (b) represen-
tation. In order to take correctly into account the contri-
butions of Bn and Dn for OH and OD, we have to use the Dieke and
Crossvhite's expression for the rotational energy, or what comes
to the same, to transform the Hund's case (b) rotational Hemil-
tonian used by Dieke and Crosswhite to the case (a) representation.
The rotational energy of e 2]1 molecule in the Hund's case (b)
representation is given by B(K(K+1)-1), where B = Bn(1-Dn/BnK(K+1))
1

and K can take the values J + 3 and J - %. In this revresentation

the 2 x 2 rotational energy matrix can be written in the form

B (T - D@+ 1) -1) 0
(211 (W), =

0 BT+ P+ 1) -1)

vhere B, = B_ - DH(J - 3T + 1) and B, =B - D“(J + (T + 3.

Ji¢
This matrix can be transformed to the Hund's case (a) representa-

tion by the transformation:
(22] (), =R () (R)

where
-‘/J -3 ‘)J + i

23] R = !

The matrix (}iR)a contains the contributions of Bn which are the
same as Eq, [10], {11} and [ 12].

All molecules discussed in this paper are properly des-
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cribed in a Hund's case intermediate between (&) and (b). The
ratio between the spin-orbit energy and the rotational energy (1))

is & measure for the mixing of the 2n1/2 and the 2“ levels.

3/2
The smaller the value of |A| is, the stronger is the effect of

the mixing. This mixing also depends on DH' As pointed out by

Mee -ts snd Dymanus (1973b) the determination of molecular constants
whirh are sensitive to this mixing, e.g. G By Xy Xgs Zq and
the electric dipole moment y, will be affected by the value of Bﬂ’
D“ and A". However, only for OH(A = ~7.5) these mixing effects do
plav a role in the determination of the molecular constants, and
the values as obtained from the least squares fit of the spectra

dep~nd slightly on the choice of B_ and DH' For OD (= -1k,0),

n
SH (A= -39.8) and SD (A= -T6.9) the effects of the mixing of the
2H1/2 ard 2n3/2 levels on the determination of the molecular

constants can be neglected.

4, ZTxperimental results and analysis of the spectra.

All the observed trensitions involved the electric dipole
treasitions between hyperfine sublevels in zero magnetic field
frcam a +Kronig symmetry level to a -Kronig symmetry level within

one J-state of the 2H1/2 or the 2“ electronic level. The

3/2
moleculer and hyperfine constants were obtained from the fit of
the observed spectra to the spectra calculated using the theory
outlined in the previous section. The values of the molecular

constants taken from other sources and used in the analysis of

the spectra are reproduced in Table 5. The physical constants
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Table 1.

Observed and calculated hyperfine A-doubling transitions

of OH. PI stands for present investigations,

a) Observed Observed minus
J 0 F F frequency Reference calculated frequency
- (MHZ ) (kHz)
1/2 1/2 1 1 4750.656(3) b, 27.5
0 1 4660.242(3) b. 24,7
1 0 4765.562(3) b. 19.3
3/2 1/2 1 1 T761.T47(5) c. -7.5
2 2 7820.125(5) c. 0.3
2 1 7749.909(5) c. -9.2
1 2 7831.962(5) c. 1.1
s/2 /2 2 2 8135.870(5) p1d) 0.8
3 3 8189.587(5) p1d) .6
2 3 8118.051(5) prd) -5
3 2 8207.402(5) p1d) 5.8
T/21/2 3 3 5473.045(5) PI -.3
L b 5523.438(5) PI -12.6
y 3 sL49.436(5) PI -12.8
3 b 5547.0b2(5) PI -9.1
9/2 1/2 4 & 164 .,7960(10) pre) =41
5 5 117.1h95(10)  p1®) -5.6
L5 192.9957(10)  PI®) -11.3
5 ) 88.9504(10) PIe) 2.1
3/2 3/2 1 1 1665.40184(20) . 26.0
2 2 1667.35903(20) f. 27.4
2 1 1612.23101(20) ¢f. 28.0
1 2 1720.52998(20) f. 25.4
5/23/2 2 2 6030.747(5) PI -20,2
3 3 6035.092(5) PI -18,2
2 3 6016.746(5) pI®) -25.7
3 2 6049.084(8) b. =21.7
7/23/2 3 3 1343k .62(1) g. -65
L L 13441,36(1) g. -100
9/23/2 4 L 23817.6153(20) h. 6.3
5 5 23826.6211{30) h. 5.5
4 5 23838.46(1) €. k80
5 4 23805.13(1) 2. -150
11/2 3/2 5 5 36983.47(3) g- -9h0
6 6 36994 .43(5) g. -910

a) The subscript + (-) refers to the even (odd) Kronig symmetry
b) Readford (1968)

¢) Ball et al (1970)
4) Also reported by Ball et al (1971)

e) Reported by Meerts and Dymanus (1973b)

f) ter Meulen and Dymanus (1972)
g) Poynter and Beaudet (1968)
h) ter Meulen (1970)
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vere taken from Taylor et sl (1969). The measurements and results

are reported below for the individual molecules.

4.1, The spectrum of the OH radical.

The first measurements of the A-doubling transitions of OH

were performed by Dousmanis et al (1955), on the % J = 3/2

1/2°*

and 5/2 states and on the 2H J =7T/2, 9/2 and 11/2 states., The

3/2*

spectra of these transitions have been reinvestigated using impro-
ved experimental techniques by several investigators (Poynter and
Beaudet 1968; Radford 1968; Ball et al 1970; Ball et al 1971; ter

Meulen and Dynamus 1972, see also Table 1), We investigated the

2

J = 5/2 state of the 1 level, and the J = §/2, 7/2 and 9/2

3/2

states of the 2n level to obtain a complete set of the zero

1/2

field transition frequencies of the lowver J-states of the 2H1/2

and the 2H levels., The transition frequencies of the 2n1/2,

3/2
J = 9/2 state have already been reported in a previous communice-
tion (Meerts and Dymanus 1973b). A list of all the aveilable data
and the references on the hyperfine A-doubling transitions of OH

is giver in Table 1. A few remarks should be made about this Table,

The AF = 0 transitions of the J = 9/2, 2H state have also been

3/2
measured by Poynter and Beaudet (1968), but only the much more
accurate frequencies obtained by ter Meulen (1970) with a beam

maser are reproduced in Table 1, We also remeasured the transi-

. 2
tioas of the n3/2. J = 5/2 state and found that the AF = 0
transitions slightly deviate from the results of Radford (1968).

The trarnsitions observed in the J = 5/2 state of the 2H level

1/2
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are in agreement with those of Ball et al (1971).

The transition frequencies of Table 1 were used in a least
squares fit to the calculated spectrum, The fine structure contri-
butions are determined by Bn, DH' An, ays ars Qs and o The
first two constants were taken from the results of Dieke and Cross-
vhite (1962) and the remaining five were varied in the fit. For the
hyperfine contributions we essentially used the same ap- roach as in
the enalysis of the spectra of NO (Meerts and Dymanus 1972) but

with a modification for the hyperfine constants X, s x5 and xT. As

shown by Meerts and Dymanus (1972) these constants are related:

[24) X = xg - ax,

5

x7+dxh

[25] X%

In a molecule, which can well be described by the Hund's case (a)
approximation, a depends weekly on J. Fowever, the OH radical
belongs to the class intermediate between Hund's case (a) and (b).

Because of the very strong coupling between the 2 and the

2

/2
ﬂ3/2 level (small absolute value of AH/BH) a varies by about

10 % for the investigated J states., So X, and X, cen, in

X5
principle, be determined independently. Unfortunately the corre-
lation between these three constants was still too large to cal-
culate all of them from the observed spectra. We decided to choose
for a variation of x), and of Xsg + X+ The other hyperfine con-

stants varied in the least squares fit were X1s Xo» X3 Xg and y_.

The molecular constants of OH obtained in this way are given in
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Table 4, A comparison between the experimental spectrum and the
spectrum calculated using the best fit constants is shown in
Table 1. The agreement between experimental and predicted fre-
quencies is satisfactory. However, the results are not as good as
we hoped, especially if compared with the results for OD (Table 2
and next section). The experimental results obtained by Poynter
and Beaudet (1968) deviate strongly from the calculated frequen-
cies. These results are not self consistent. The transitions of

the J = 9/2 state of the 2n level has to fulfil the following

3/2

sum rule

[26] (5, > )=k >Lb )+ (5 +5)- v »5)

Herein v(F+ > Fl) is the frequency of the transition from F+ to

Fl. The observed transitions of Poynter and Besudet violate this
rule by 670 kHz in spite of the claimed experimental accuracy of

10 kHz. As we used their results in the fit we decided to increase
the quoted errors to 200 kHz. Unfortunately, we are not able to
measure these transitions at this moment to check the reliebility
of the calculations. However, in view of the results on the spectra
of the other radicals discussed in the next sections, we feel that
the employed theory is capable of predicting the transitions of

the J = 7/2, 9/2 and 11/2 states of the 2“ level to within 30

3/2
kHz.

Recently Destombes et al (19T4) reanalysed the spectrum of
OH by applying the theory of Poynter and Beaudet (1968) to the ob-

served A-doubling transitions of OH presented in Table 1 excluding

101



Table 2. Observed and calculated hyperfine A-doubling transitions

of OD as obtained in the present experiments,

a) Observed Observed minus
J 2 F+ F_ frequency calculated frequency
(MHz) (xHAz)
3/2 /2 /2 /2 5887.741(5) -0.3
/2 3/2 5894 .680(5) 0.4
5/2 5/2 5906.215(5) 1.8
32 1/2 5887.282(5) -2,1
/2 3/2 5895.135(5) -1.8
s/2  3/2 5894.179(5) -1.5
3/2  5/2 5906.712(5) -0.3
s/2 1/2 3/2 3/2 8110.717(5) 2.8
5/2  5/2 8118.013(5) 7.5
/2 1/2 8128.181(5) 7.0
3/2 5/2 8109.994(5) 3.8
5/2  3/2 8118.733(5) 3.5
s/2  1/2 8117,228(5) 5.3
7/2 5/2 8128.961(5) k,2
9/2 3/2 T/2 1/2 5304.015(5) -k,
9/2 9/2 5304 .600(5) -3.7
11/2 11/2 5305.372(5) -1.0
1/2  9/2 5304.681(5) 3.1
9/2 11/2 5305.619(5) -0.h
1/2  9/2 530k,359(5) 1.8

a) The subscript + (-) refers to the even (odd) Kronig symmetry.
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those of the 2H1/2, J = 7/2 and 9/2 states. The disagreement
between the observed frequencies and those calculated by Destombes
et a1l is an order of magnitude larger than obtained from the
present calculations. This is due to the neglect of third order
hyperfine structure contributions in the calculastions of Destombes

et a1 (197L).

4,2, The spectrum of the OD radical

In & previous investigation on the OD radical (Meerts and

Dymanus 1973a) we reported the hyperfine A-doubling transitions in

2

a number of rotational states of the 2n and 1 electronic

3/2 1/2
state. In the latter state only the transitions in the rotational

state J = 1/2 were measured from which only limited information

about the fine and hyperfine structure of the 2n level could be

1/2
obtained. So we decided to investigate also the J = 3/2 and 5/2

rotational states of the 2n level, and also the J = 9/2 state of

1/2

the 2n level. The observed transition frequencies are given in

3/2
Table 2, A recalculation of the molecular constants in a least
squares fit was performed using the new experimental transition
frequencies vex(i,w), and those obtained previously vpx(i’P) (Meerts
and Dymanus 1973a). We used essentially the same theory as for OH,
extended to include the electric quadrupole interaction due to the
nuclear spin of the deuteron (I = 1). The contributions of this

interaction are described by Tys Lo Lo and ¢_. A comparison

5
between vex(i,v) and the calculated spectrum using the best fit

constants is shown in Table 2, It is seen that the overall agree-
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ment is quite good, while for vex(i,p) the differences with the
\

calculated frequencies are generally smaller than 1 klPz. So the

vex(i,p) values are not reproduced here. The molecular constants

of OD obtained from the least sauares fit of all the available

transitions are given in Table k.
4.3. The SH radical.

The A-doubling transitions in the lowest rotational states
J =3/2, 5/2, 1/2, 9/2 and 11/2 of the 2n3/2 level of SH were
measured recently by Meerts and Dymanus {197k). In order to obtein
information about the 2H1/2 level, we measured two transi-

tions in the J = 1/2 state of the 2 level at about 8.4 AFz. The

M2
transitions could unambiguously be identified from the srlittings
in a magnetic field of 100 G. The transition frequency is
8445,211(5) MHz for the F+ +F_= 1+ -1 transition and
8459.034(5) MPz for the F »F_=1_2>0_ transition. The details
of the procedure are given in an internal report (Meerts 1974). The

observed magnetic spectrum of 2n level of SH is discussed in

1/2
Sect. 4.6, The energy level scheme of the lowest rotational states
of SH and the observed transitions of SH are shown in Fig. T,

. oy . . 2

In the fit both the transition frequencies in the H1/2,

J = 1/2 state obteined in the present investigation and those of
2

the H3/2,

1y (Meerts and Dymanus 197h4) were used. The least squares fit proce-

J = 3/2, 5/2, 1/2, 9/2 and 11/2 states reported previous-

dure differed slightly from that used in the analyses of the spectra

of OH and OD. It was found that the spin-orbit coupling constant An
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Table 3. Observed and calculated hyperfine A-doubling transitions
of SD in the Ny/o state obtained in the present

measurements.
a) Observed Observed minus
J F+ F_ frequency calculated frequency
(MHz) {kHz)
3/2 5/2 5/2 16.120(3) -

3/2 1/2 14.,719(5)
7/2 5/2 13.643(3)
5/2 T/2 18.591(3)
s/2 3/2 3/2 6L,295(1)
5/2 5/2 64.299(1)
T/2 T1/2 6L,307(1)
3/2 5/2 63.410(5)
5/2 3/2 65.181(1)
5/2 T/2 63.096(3)
T/2 5/2 65.505(2)
T/2 5/2 5/2 160.15L46(10)
T/2 T/2 160.1617(10)
9/2 9/2 160.1767(7)
1/2 572 159.635(2)
5/2 T/2 160.6807(10)
9/2  T1/2 159.5752(10)
T/2 9/2 160.7660(10)
9/2 T/2 7/2 318.8188(7)
9/2 9/2 318.833L4(T)
11/2 11/2 318.8568(7)
T/2 9/2 318.583(2)
9/2 T/2 319.073(1)
9/2  11/2 318.650(1)
11/2 9/2 319.052(1)
11/2 13/2  13/2 55%.8335(1)
13/2 11/2 11/2 881.757(2)
13/2 13/2 881.788(2)
15/2  15/2 881,831(1)
11/2  13/2 881.959(5)

o .

. . - . . « o o
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a) The subscript + (-) refers to the even (o0dd) Kronig symmetry.
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could not be obtained from the observed SH spectrum and had to be
kept constant. The value derived by Ramsay (1952) was used. As only

one J-state of the 2H level was measured, only the hyperfine con-

1/2
stants x,, Xpr Xg» and Xy, could be deduced. The remaining constants
(x5 + Xgv Xg» and x9) describe the third order hyperfine contribu-
tions and can only be obtained if also transitions in higher rote-
tional states are measured. The molecular constants obtained for SH
ere given in Table L. The differences between the calculated spectra
using the best fit constents of Table L and the observed frequencies
lie within the quoted experimental accuracy of 0.5 - 5 kFz for each
and 2"

transition in the 2" state. This indicates a very good

3/2 1/2

agreement between theory and experiment for SH.
h,4, The SD radical.

Serious problems were encountered in obtaining the A-doubling
spectrum of SD mainly because of the poor signal to noise ratio. The
total number of SD radicals produced in the beam was the same as the
number of SH radicals. However, the population of the rotational
states for SD is lower than for SH by a factor of about two. More-
over the J-states of SD are split into more hyperfine levels than
those of SH. The observed signal to noise ratio varied between 1 and 10
at RC = 5 s. The frequencies of the weakest transitions were obtained
by applying signal averaging techniaues. We investigated the J = 3/2

to J = 13/2 states of the 2F level of SD. An unsuccessful search

3/2
was made for the transitions in the lowest rotational state J = 1/2
of 2H1/2. The observed transitions of the 2H3/2 level of SD are
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Table 4. Molecular constants of OH, OD, SH, and SD obtained from

a least squares fit of the observed spectra,

Molecule
Quantity

OH oD SH SD
By -130.38(2)  -139.22(2)
ay {(MHz) 118k, 4o7(2)  776.588(2) 2108.0(2)
a, (MEz) -582,61(2) -164.69(2) -141.9(1)
a, (Miz) -2.937(k)  -0.527(3) 2.1(k)
ag (Miz) 2.813(}) 0.507(3) 0.50(k)
x, (Miz) 39.497(8) 6.078(1)  24.0u(6)
Xo (vz) 28.311(9) 4.38L(1) 13.68(6) 2.10(8)
Xy (MHz) 139.55(4) 21.654(T)  25.617(8) L4.022(5)
x, (Miz) 59.04(L) 9.034(10)  31.72(2)  L4,82L(15)
Xs * Xg (kHz)  -201(8) -16(3)
xg (kHz) -11(1) -1.2(7)
Xg {kHz) -16(3) -1.2(7)
£, (xHz) 28L(1)
£, (kHz) 286(7) 149 (k)
24 (kHz) -62(6) -25(12)
g, (kHz) o(2)

a)

108
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of B_ and D were

n n

taken from Table 5.




given in Table 3. For the J = 11/2 state only one transition is
reported, because only this transiticn could be seen as a single
line. Calculations showed, that for the J = 11/2 state & number of
transitions have accidentally almost the same frequencies,

The transition frequencies of Table 3 of SD were used in a
least squares fit to obtain the moleculaer constants. Only some of
the molecular constants could be obtained, because no transitions of

the 2H level were available, The results are given in Table 4,

1/2
The egreement (Table 3) between the calculated and experimental

frequencies is excellent.

4.5. The electric dipole moment,

The electric dipole moments of the four radicals were
determined from the Stark shifts of transitions in a given rota-
tional state. The results for OH and OD were discussed by Meerts
end Dymanus (1973b) in & previous communication. In the present
investigation we observed the Stark shifts of the transitions
originating in the J = 5/2 state of the 2H3/2 level both of SH and
SD. The velues obtained for the electric dipole moments are given
in Table T together with the values for OH and OD obtained pre-

viously by Meerts and Dymanus (1973b).

4.6. The magnetic spectrum of the 2n1[2, J = 1/2 state of SH.

The splitting of the A-doubling transitions of SH in the

J = 1/2 state of the 2“ level at 8.4 GHz was investigated in a

1/2
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Table 5. Molecular constants of OH, OD, SH and SD accepted in

the fit of the MBER spectra (in cm—l).

. Molecule
Quantity
ox®) op®) s¢) sp®)
An -376.96 —376.75
By 18.515 9.868 9.h611 h.9oo3
D, 0.00187 0.00052 o.ooohB0 0.000135

a) Dieke and Crosswhite (1962).
b) Dousmanis et al (1955).

¢) Ramsay (1952).

- 111 646 MHz

Il 1 [ 1 I 1 1

frequency (1 KHz between markers)

Fig. 8. Typical spectral line of SH.
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weak external magnetic field. Although the primary object of the
measurements was identification of the transitions some information
about the magnetic properties of SH could be deduced from the obser-
ved splitting. A brief outline of the theory used for the inter-
pretation of the splittings is given below.

The Zeeman Hemiltonian H, of a diatomic molecule in a Il state
in an external magnetic field is given by Carrington et al {1968)

(21 H =w H.(L+es) -guu H.I-gu H.(I-L-35)

0

The first and second term represents the electronic and nuclear
Zeeman effect, respectively, while the last tcrm describes the
Zeeman effect of the rotating nuclei. For the rotational state

J = 1/2 of the 2“ level the paramagnetic contributions of the

1/2
spin and orbital angular momentum almost cancel. At low (100 G)

magnetic fields, ﬂz for this state can be treated as a first order
perturbation of the hyperfine A-doublet levels, From the results of

Carrington et al (1968) we obtain for the Zeeman energy:

2 1F

[28] < ni JIFMF|§Z|2H§ JTM>= (-1)FF

(2F+1) x

M 0%

JF 1 )
+
x |uoHe; (-1)J+I+F”{ }[J(J+1)(2J+1)1 ’s
FJ1

IFJ
+ gy (-1)7HF { } [T(z+1)(21e1))

FII

m



In deriving Eq. [ 28] the interactions between the 2 and %

3/2 1/2
states have been neglected. Consequently Eq. [ 28] is correct only
for the lowest rotational state J = 1/2 for which this assumption

+ . .
is fully justified. The molecular g-factor g} is defined as
(29 & = sy (e 1 (@I - e} - &
g - 23(J3+1) €r o ‘= Er R

+ +
The matrix element <n'|Tg1)(£)|H‘> can be obtained by a perturbation
theory similar to that employed for the explanation of the A-split-
ting (Meerts and Dymanus 1972) and can be approximated by (Redford

1961)

2 .(1) +
[30) «<n [Ty "(L)W> =12 8,

where Al is a correction originating from the second and higher

order interactions of the ground 2H state with the excited 22
states. In this approximation the first term (1) is simply the
first-order expectation value of Lz for a 2H state. The correction
Al has the same origin as the A-splitting, breaking of the symmetry
of the electronic charge distribution around the molecular axis by
the rotation of the nuclear frame. This effect results in a diffe-
rent gJ-factor for the states with + and - symmetry. From the obser-
ved splittings of the treansitions of SH at 8.l GHz in a magnetic

N

field of 100 G, we obtained: A, = - 0.014(2) and gg = 6(2) x 107

1
assuming g = 2.00232 and 8y = 5,5856, the g-factor of the electron

and the proton, respectively. From Fq. [29] end [30] it follows
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_ 1-0-gR

+
(31 @&;-85= A
J(J+1)

1
The g-factor of a diatomic molecule in a 2y state has been discussed
by Radford (1961). Using his results the following expression is

derived for g} - g5t

<t|r |z>
131 & - g = —¥— L
J J J(J+1) B’

. . . . 2
where E is the energy difference between the first excited I state
end the ground 2H state and € = <H|ALy + 2BLylE>. This expression is

correct only for the J = 1/2 state of the 2“ level. The quantity

1/2
O/E can be expressed in the constants describing the A-splitting if

only one excited 22 state is assumed:

a

3
‘(Iu.,El

With the results collected in Table 4 we obtain for SH: O/E =

3
(333 -=-

-5.8 x 10-3.with the derived values for Al and ©/E, we calculated
the electronic matrix element <H|Ly|2> using Eq. [31] end [32]. The
result is <H|Ly|2> = 0.60(8) for SH. In spite of the rather crude
approximation performed in Eq. [ 32] and f 33] this value compares
well with that of OH found by Radford (1961) <H|Ly|£> = 0.68(1),
and the theoretical velue of 3/2 calculated from the pure

precession approximation (Dousmanis et sl 1955).
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5. Discussion.,

The analysis of the hyperfine A-doubling spectra yielded
both the fine structure constants and the hyperfine coupling con-
stants for all investigated molecules. From the least squares fit
of the spectra of OH and OD a value for the ratio AH/BH (= 2) could
be deduced, assuming fixed values for By and Dy (Table 5). An inde-
pendent value for An can only be obtained from transitions between
2n1/2 3/2 levels. The value of |l| for OH and OD is rather
2

small, indicating & strong mixing between the 2ﬂ1/2 and T

end 2n
3/2
levels. This makes it possible to obtain a value for X directly

from the A-doubling spectra. In SH and SD the coupling between

2

2 .
"1/2 and H3/2 1s much weaker, and the value of A, had to be taken

n
from other sources. The values of An obtained in the present
investigation for OH and OD, -139.38 <:m.1 and -139.22 cm-1, respec-
tively, both in the ground vibrational state, lend strong support
for the reliability of the epplied theory. The present value of A
for OH is -T7.528(2); other reported values are: -7.547 (Dieke and
Crosswhite 1962), -7.44L(17) (Dousmanis et al 1955), -7.504(3)
(Radford 1962) and -7.5086 (Mizushima 1972). For OD we found A =
-14,108(4 ) while other investigators reported the values =-13,954(32)
(Dousmanis et al 1955) and -14,08(1) (Radford 1961). When comparing
these values it should be noted that in all cases X is obtained as
a parameter, which describes the mixing between the 2H1/2 and 2H3/2
levels. The fact that this mixing is very strong in OH and OD makes

it possible to determine A, but the errors in the constants B" and

Dp, affect strongly the value of A. Especially the centrifugal dis-

1h



di tortion has a significant effect on A: a variation of +10 % in
Dy in OH results in a shift of +0.08 em™! in Ay as obtained in the
least sjuares fit of the spectrum.

A comparison between the G3 and 07 which deseribe the A-
sp'ittiig and the values obtained by other investigators is not
sitple, because third order effects are absorbed in the parameters
usad in the present theory. A neglect of the third order contribu-
tinns yields relations [ 19] and [ 20] . The result for the A-doubling
constan® obtained by various investigators for OH and OD are col-
lected in Table 6. As can be seen from this table the present A-
sp ittiig constants deviate from those of Dousmanis et al (1955).
Th deviation can partly be explained by the poor accuracy of the
exwerim:ntal results of Dousmanis et al (1955) which deviate for
al! traisitions from the much more accurate present results. The
deviations with the results of Mizushima (1972) for OH can be ex-
pltined by the slight difference in the third order fine struc-
tu‘e ccatributions to ) end e

It is of interest to compare the experimentally determined
A-rplit'ing parameters e, and a, in the different isotopic species.

3 T

If third order effects are neglected ay and a, can be written as

(Meerts and Dymanus 1972)

. = EE: (18 <2z(i)||BL-||x2“><2z(i)|I(B+%A)L_||X2H>

3 : Ep - Egq

. 3 oy |<®z(3)mr_|1x°n>|2
35 a, = -1
17 & E - .

[ 34
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Table 6. The A-doubling paremeters for OH, OD, SH and SD as

obtained from various investigations,

(A1l values are in MHz.)

. Present Dousmanis et al. Mizushima Ramsay

Quantity ; vestigetion (1955) (1972) (1952)

u3(OH) 1184 . 407 1180.7(1.5) 1183.128

uT(OH) -582,61 -576.2(1.7) -582.89

u3(0D) 776.588 TTh.5(1.1)

a7(0D) -164.69 -161.9(1.7)

a,(SH) 2108.0 2100(50)%)

aT(SH) -141.9 -180(ko)

a,(sD) 1127.3") 1150(50)

5 (5D) -38.07°) -50(40)

a) Estimated assuming uncertainties of 0,001 to 0.002 cm-1 in the

constants p, and q, obtained by Ramsay (1952).

b) Obtained from the results for SH by isotopic substitution, see

text.
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vhere the sums are taken over all excited -I° etates; s = + with
(-<1)®° = 1 for s = +, and (=1)® = =1 for 8 = -, In the approximation
that the reduced matrix elements in the above equations can be
vritten as a product of the rotational constent Bn and the matrix
element <2:(i)|lL_||x2n>, and that <r(i)||AL_||X?1> is the same for
is

the two isotopes, 8y - Gy 7

proportional to Bﬁ. Thie is a part of the pure precession approxi-

is proportional to B vhereas a

mation (Dousmanis et al 1955). The experimental value for

(a, -

a,)
OH
[36] R, (oH/OD) = (—3—7-;-—

3~ %’op

is 1.877 and the wvalue for

(a,)
OH
[37 R, (0R/OD) = ‘/(—#g

is 1,881, while (Bn)on/(Bn)on = 1.876. It may be concluded from

these values that the pure precession approximation allows a good

prediction of the A-splitting parameters u3 and GT

substitution in OH and OD. The relations [ 36] and [ 37] between

from isotopic

R1(SH/SD) and R2(SH/SD) and the ratio between the B, values of
isotopic species was applied to SH and SD in order to derive the
velues of a, and o for SD from those of SH (Table 4). The value

for (B“)SH/(B“)SD ie 1.931. Assuming that RI(SH/SD) and R2(SH/SD)

are both equal to 1,931, the results for u3 and 07 of SD are:
(“3)SD = 1127.3(3.0) MHz and (GT)SD = -38.07(20)MHz., The errors
are based on the estimated errors in R1(SH/SD) and R2(SH/SD). The

values of ag and ar for SH and SD obtained in this way (Table 6)
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agree quite well with the A-splitting parameters of Ramsay (1952).

If the third order effects are neglected we can deduce
values for the hyperfine constants used in the low-order theories,
using the values of Table 4 and the Eqs. [13] through [ 18] . he
results are given in Teble 7. In this work ell the hyperfine con-
stants have been obtained needed to describe the structure of the
investigated transitions of OH, OD, SH and SD. Only for OH heve
these constants been obtained previously by Radford (1962) witose
results are in agreement with the present more accurate valuc¢s. The
hyperfine constants a + 3 (b + c), b and d of SH were deducec by
Tanimoto and Uehara (1973) from EPR spectra, and their value: agree
with values obtained in this work. The electric quadrupole coupling
constants for OD and SD were obtained in the present work for the
first time. The ratios between the magnetic hyperfine structure
constants of OH and OD and between those of SH and SD should be
equal to the ratio of the nuclear g-factors of proton and dei teron.
Small deviations are observed,which reflect probably the neglect of
third and may be of even higher order effects in the present
derivation of the constants a, b, ¢ and 4.

The hyperfine structure in radicals OH and SH is mairly
determined by the unpaired m—electron. The fact that the hyperfine
constants of OH are larger than those of SH may partly be exyrlain-d
by the larger average separation of the unpaired electron from the
interacting hydrogen nucleus in SH.

The magnetic hyperfine constants a, b, ¢ and 4 are related

to expectation values of electronic operators:

118



Teble T. Values of the conventional constante for OH, OD, SH

and SD as obtained in the present work.

Molecule

uantity OH oD SH SD

a (Miz)  86.01(2)  13.296(3)  32.58(71)  5.03(3)*)
b (MHz) -118.08(8) -18.07(2) -63.LL(L) -9.€5(3)

¢ (Mz)  132.12(9)  20.35(3) 32.4(1)  b.95(1)®)
a (MHz) 56.62(2) 8.768(2) 27.36(12) k.20(2)
eqq, (kiiz) 285(5)°) 1ho(1)
eQa, (xHz) -124(12) -50(2h)

w (D) 1.6676(9)°) 1.65312(1))  0.7580(1)  0.7571(1)
g; - & (ug) -0.019(3)%)

gy (i) 6(2) x 107"
<n|Ly|):> 0.60(8)

a) Obtained from the results of SH from the ratio of the nuclear
g-factors.

b) The value as given by Meerts and Dymanus (1973a) has to be
miltiplied by two.

¢) Meerts and Dymenus (1973b)

d) Of the J = 1/2 state of 2n1/2
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- 1 2 > 3
[38] a-= gquouN/ 3 DL(A,AIrII)dr‘I = &M My <1/r>>

U,
i1

; 3 cos 011 -1 . -
[39) b= -28&.muy T DS(E,):I!'”:)dr1I +
11

+ g w gquOuNDS(E,IIO) =

2

= .1 _ 3 8 2
288 Mk <(3 cos0 - 1)/r T gquouN<w (0)>U.

R 3 cos 011 -1 - -
(k0] e = jEBpuHy '——__';E'_-" Dg(Z,I[r, )ar,; =
1

2

= %ggluouN <(3 cos“® - 1)/r3>U,

. 2
sin © .
3 — 11 _-2i¢q1 vl T =
[W1] a= IgsIUOHNJ/- 3 e DS(E, tlru)dr1I =

1

=3 . 2 3
3B M oby <sin"@/r >U.

In these expressions DS(Z’Z'I;II) is the normalized spin density
function of McWeeny (1960; 1965) and DL(A’A|;1I) is its orbi:al
analog with A = 1 and T = 3, I' = I or -I; the average value; are
the differences between the average values for the part of t.e
electron density with spin "up" (e) end the part with the spin
"down" (B).In the "spectroscopic approximation" it is assumed that
the integrals in Eq. [ 38] through [L41] are well approximated by
averages only over the unpaired electron density as indicatei by .
This approximetion is only valid when the paired electrons have the
same spatial density for the a and B spins. The electronic expec-

tation values <1/r3> <(3cos26 - 1)/r3>U, <sin20/1-3:-U and <-JJ2(0)>U

u?
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have been calculeted from the present experimental magnetic hyper-
fine constents for all four molecules. The results for OH and OD are
almost equal as can be expected from the fect that the replacement
of hydrogen by deuterium in OH only slightly disturbs the electronic
distribution in the molecule. Consequently the corresponding results
for OH and OD were averaged. The indicated errors cover the values
obtained for OH as well as for OD. The same procedure was applied to
SH and SD and the results are given in Table 8.

Valuable information about the character of interactions and
about the electronic charge distribution in the molecule can be ob-
<sin20/r3>

tained from the quantities <1/r3> <(3 c0529 - 1)/r3>

u? u’
and <w2(0)>U. In an ab-initio molecular orbital calculation of OH

u

and SH the Fermi contact term cen be used as a test of the quality
of the applied configuration interaction (CI). In e single configura-
tion MO-epproximetion the electronic configuration of OH is
(16)%(20)2(30)2( 1% )2(1x") and of sH

(10)2(20)2(30)2(11)* (40)%(50)2(2x")2(217). In the restricted
Hartree-Fock epproximation the 7~ orbital function vanishes on the
intermolecular axis and <¢2(0)>U = 0. In the unrestricted Hartree=-
Fock (UHF) theory each doubly occupied spatial orbital function
splits into two orbitals by the exchange polarization, The presence
of the m orbital has a different effect on the density of the a
and B core electrons. In the UHF-theory <w2(0)>U no longer vanishes
due to polarization of the o orbitals. Kayama (1963) used the UHF
approximation to show that <w2(0)>U should be negative for OH. He
also performed an ab-initio MO-CI calculation using nine excited

configurations. The result of this calculation is shown in Table 8,
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Table 8, Experimental and calculated molecular constants of OH (OD) and SH (SD) (in units of 10

2L 3)

cm

<1/r3>U <(3 cosze - 1)/r3>U <sin2e/r3>U <w2(o)>U <(3 cos® -1)/r3>T <sin29/r3>T

OH Obsd 1.093(4) 1.117(2) 0.480(2) -0.1115(5)

ce1ca®)  1.015 1.037 0.331 -0.103

caled®)  1.06k 1.165 -0,

calca®)  1.01 1.018 -0.00L7)

carcad) -0.128

calea®) -0.115
OD Obsd 1L4,18(5) 0.43(5)
SH Obsd 0.413(1) 0.274(1) 0.231(1)  -0.0795(5)

calca®  0.379 0.276 ~0.035%)

calca®)  0.306 0.098 -0.009%)

Calcdd) ~0.0h47

Caled® -0.05k
SD  Obsd 11.53(5) 0.17(8)

a) Kayame (1963). b) Kotake et 8l (1971) for Slater type orbitals. c) Koteke et al (1971) for analytical
Hartree Fock Orbitals. d) Bendazzoli et al (1972)UHF approximetion. e) Bendazzoli et al (1972) RHF + CI.

f) Derived from the calculated values for <1/r3>U and <(3 cosee -1)/t3>U and the experimental hyperfine

constants.




Bendazzoli et al (1972) calculated <w2(0)>u for OH and SH (1) with
the UHF wavefunctions and (2) with CI-wavefunctions, denoted as
REF+CI since the one-electron functions used were molecular orbitals
obtained in a restricted Hartree-Fock approximation. The results
for <\b2(0)>U obtained by Bendazzoli et sl with a set of contracted
gaussian orbitals as basis set are reproduced in Table 8. The cal-
culated values for <¢2(0)>U of Kayama (1963) and of Bendazzolj et al
(1972) agree quite well with the experimental value.

Contrary to <¢2(0)>U the quantities <1/r3>U,

<(3 c0520 - 1)/r3>U and <sin29/r3> do not vanish in a single con-

U
figuration epproximetion. In this approximation it is readily seen
that each of them is simply given by the average value over the un-~
paired m-orbital (1 for OH and 21~ for SH). In the LCAO-MO approxi-
mation the unpaired electron is usually assigned to the np or to the
np, atomic orbital, both perpendicular to the molecular axis, with

n =2 for OH and n = 3 for SH. In ab-initio LCAO-MO calculations
these atomic orbitals usually are Slater orbitals or analytical
Hartree-Fock (AHF) orbitals, the latter consisting of a linear com-
bination of Slater-type orbitals. The quantities <1/r3>U and

<(3 c0520 - 1)/r3> were calculated for OH in the single-configu-

U
ration approximation by Keyama (1963) using AHF orbitals, and

by Kotake et al (19T71) for OH and SH with Slater orbitals

and with AHF orbitals. The authors used different AHF ordbitals as
basis in their calculations on OH. The results are summarized in
Table 8. It is seen from this Table that the agreement between the
experimental and calculated values for OH is quite good and that

for SH the best results are obtained for Slater orbitals., The value
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for <(3 cosze - 1)/r3>U for SH calculated with AHF orbitals
differs markedly from the experimental value.

Tanimoto and Uehara (1973) observed the EPR spectra of SH
in the 2H3/2, J = 3/2 and 5/2 states, but were unable to deduce all
the hyperfine constants independently from the experimental results,

To solve this problem Tanimoto and Uehara used the approximation

[ 42) <sin20/r3>U : <(3 c0526 -1)/1-3)U : <1/r3>U = % : -§ : 1

which is derived assuming thaet the unpaired electron occupies &

2p (in OH) or 3p (in SH) atomic orbital of oxygen or sulphur, res-
pectively. However, the interacting nuclear spin is on the hydrogen
atom, and this approximation fails completely; it predicts even the

wrong sign for <(3 c0520 - 1)/r3>

U
The electric quadrupole coupling constants of OD and SD

provide also information about the electronic charge distribution

in the molecules. The coupling constants qu1 and qu2 can be ex-

pressed in the nuclear quadrupole moment Q and average values of

(3 cos20 -1)/r3 and sinze/rB:

2
2ZK ) 3 cos 911 -1

(431 q, =3 3 PL(AA|F )aF, =
X r
1I
2
=g - <(3 cosze - 1)/r3>T,
X
. 2
sin O .
(u q, = -3[—3—2 e2itr PL(I\. -l\|ru)d.1-.II = -3 <sin20/r3>T,
r
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where PL(A'Al|;1I) is the normelized electron density function of
McWeeny (1969; 1965) with A = 1, and K stands for oxygen or sulphur
for OD or SD, respectively. The averages of (3 cosze - 1)/r3 and
sinze/r3 marked with "T" are over all electrons and are different
from the average values in Eq. [ 38} through [L1].

The quantities a, and q, are proportional to the component
along and perpendicular to the bond axis, respectively, of the
gradient of the electric field produced at the deuteron nucleus by
the electronic charge distribution and by the other nucleus (X).
The average value q1 is well known for molecules in a 12 state,
while 9, is only observable in molecules with |A] = 1,

The nuclear part in Eq. [ 43] can easily be calculated from

the known molecular geometries and the results are 17,17 x 102h cm-3

24 3

and 13.09 x 10° em - for OD and SD, respectively., The electronic

parts of a, and q, vere obtained from the experimental gquadrupole
coupling constants of Table 7 and the value Q = 0.002738 x 10-2h cm2
for the nuclear quadrupole moment of the deuteron (Ramsey 1956).
The results are given in Table 8.

The average quantities <(3 coaze - 1)/r3>T and <sin26/r3>T
can only be determined for OD and SD. However, these quentities
depend only on electronic distribution. Within the Born-Oppenheimer
approximation assumed in the present theory, the charge distribu-
tion is the same in OD and OH. Consequently <(3 cosze - 1)/r3>T
and <sin20/r3>T should be the same for these molecules., The seme
arguments and conclusions apply also for SH and SD.

Unfortunately, no molecular orbital calculations are avail-

able of <(3 00529 - 1)/r3>T and <sin2e/r3> for OH (OD) or SH (SD).

T
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The values obtained in the present investigations may serve as a
test for future calculations of the contributions of electrons
occupying orbitals other than the unpaired m-orbital.

It is interesting to note that <sin26/r3>U and <sin20/r3>T
are almost equal for both OH and SH. This can be understood by
considering the contributions to <sin29/r3>U and to <sin20/r3>T as
sums of one-electron contributions with each electron oceupying a
definite orbital. Electrons occupying o-orbitals do not contribute
because intergration over the azimutal angle ¢ yields zero. So
contributions of electrons occupying a n-orbital remain. Electrons
which can occupy an a state as well as a B state contribute to
<sin20/r3>U because DS(E’-E|;II) connects electron stetes with dif-
ferent spin values. Consequently only an electron occupying an un-

paired m-orbital contributes to <sin29/r3> . In the ground electronic

u
states of OH and SH one m-orbital is singly occupied {1n~ for OH and

2n  for SH). So <sin26/r3> conteins effectively the contribution of

U
one electron. The situation is quite similar for <sin26/r3>T. If we
assume that the azimutal dependence of a w+-orbital is (ei¢ + e-i¢)
and of a 7 -orbital (ei¢ - e-i¢). then it is readily seen that the
contributions to <sin29/r3>T of an electron in a nn+-orbital cancels
the contribution of an electron in a nn -orbital. So effectively
only one electron contributes to <sin20/r3>T for OH 1n as well as
for SH 2n .

The observed isotopic effects in the dipole moments of OH
and OD, and SH and SD are 8 x 1073 and 1.5 x 10-3, respectively,
The order of magnitude agrees with the expectations, but the iso-

topic effect for SH and SD is smaller than expected from the effect
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for OH and OD. Quantitetive discussions have to await ab-initio
calculation of the dipole moment function or accurate measurements
of the dipole moment in higher vibrational states.

Results from previous measurements of the dipole moments
of OH and OD have been already extensively discussed by Meerts and
Dymanus (1973b). The dipole moment of SH has been determined by
Byfleet et al (1971) using the gas-phase EPR with an external elec-
tric field. The result Moy = 0.62(1) D disagrees with the present
more accurate value., In our opinion the origin of the discrepancy
lies in the erroneous calibration of the electric field strength
by Byfleet et al. This is supported by the fact that the value of
the electric dipole moment of BrO obtained by Byfleet et al (1971)
u = 1.61(L) D, also deviates from recent value of Amano et al
(1972)(1.765(23) D for T2Br0 and 1.794(k9) D for °'Er0).

The values for the electric dipole moments obtained by
Cade and Huo (1966) from ab-initio calculations (u = 1.78C D for OH
and u = 0.861 D for SH)are in a quite good agreement with the expe~
rimental values. The calculated values, however, are T and 13 %

higher than the experimental values for OH and SH, respectively.
6. Conclusions.

The molecular beam electric resonance spectroscopy has
proved to be a poverful technique in the investigation of spectra
and properties of the free radicals OH, OD, SH, and SD via their
A-doubling transitioms. The radicals are produced quite efficiently

to obtain signal to noise ratios of the order of 100 for the transi-
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tions of OH and 20 for SH, respectively, at RC = 5 s.

The spectrum calculated using the third order degenerate
perturbation theory gives & very good agreement with the experimen-
tal results for OD, SH, and SD. However, for SD no transitions in

the 2H level could be observed and for SH transitions only in the

1/2

J = 1/2 of the 2“ level., Consequently the test of the theory is

1/2

not complete for these molecules. For OH and OD we have measured

transitions in a number of rotational states of both the 2H1/2

the 2n3/2 level. The agreement for OD is excellent, dbut for OH the

and

differences between the calculated and observed transitions are
lerger than the experimental errors. A similar situation was found
previously in the analysis of the hyperfine A-doubling spectrum of

11‘NO and 5

NO (Meerts and Dymanus 1972). The conclusions,

based on the fact that the investigated molecules cover a large
scale of different values of A-splitting, is that the disagreement
cannot be eliminated by taking into account higher order contribu-
tions in fine structure. The OH and OD redicals can be described

by a representation intermediate between the Hund's case (a) and (b)

end the molecules SH, SD, 1hNO and 15

NO can be approximated by

almost a pure Hund's case (e). The nature and the relative strength
of the interactions responsible for the type of coupling apparently
does not offer an explanation of the observed discrepancies between

14 15

the experiment and the theory for 'NO, NO and OH. The only signi-

ficant difference between the group 1hNO, 1

NO, OH and the group
oD, SH, SD is the magnitude of the hyperfine contributions, which
are about an order of magnitude larger for the first group than for

the second. It is possible that taking into account of the fourth
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or even higher order contributions due to hyperfine structure may
1ift the observed differences between calculated and experimental

spectra in OH, ’hno and 15

NO. However, this approach puts a heavy
load both on the calculation of high order contributions and on the
experiment to measure a sufficient number of transitions for the
fit with increasing number of coupling constants. A possible solu-
tion of the problem is to replace the zero-order Hamiltonien {[l] by
an effective Hamiltonian which incorporates some of the lower-order
contributions,

From the present investigations the fine and hyperfine
structure constants of OH, OD, SH and SD were obtained. The rela-
tions between the fine structure parameters obtained by isotopic
substitution of deuterium in OH could well be tested as well as
their usefulness in deducing unknown molecular constants. The rele-
vant relations (Eq. [36) and [37] ) are actually based on the pure
precession approximation (Dousmanis et al 1955). By applying this
approximation the A-splitting perameters of SD could be obtained
from the isotopic substitution of deuterium in SH., The hyperfine
structure constants obtained from the experiment show a gratifying

agreement with the ab-initio ecalculations.
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SAMENVATTING

In dit proefschrift worden een aantal twee atomige molekulen
met een open schil konfiguratie (OSK) onderzocht. Deze OSK is een
gevolg van het feit dat deze molekulen of een netto elektron spin
of een netto baan impuls moment hebben, of beide., Van de onderzochte
molekulen ''NO, '°No, OH, OD, SH, SD en SF is de elektronische
grondtoestand een 2H toestand, terwijl de grondtoestand van CN een
22 toestand is.

Deze molekulen, meestal vrije radikalen genoemd, zijn onder-
zocht met de molekulaire bundel elektrische resonantie (MBER) tech-
niek. Deze methode bleek zeer geschikt voor het verkrijgen van de
spectra en het bepalen van een aantal eigenschappen van deze radi-
kalen. Aangezien deze molekulen, behalve NO, allen zeer kort levend
zijn en snel rekombineren, was een speciale experimentele techniek
vereist. De niet stabiele radikalen werden kontinu geproduceerd,
meestal in een reaktie tussen een atoom en een tweede gas. OH en
SH werden gevormd in een reaktie tussen atomair wvaterstof en NO2

respektievelijk H.S, en SF in een reaktie tussen atomair fluor en

2
OCS. Er is geprobeerd CN te vormen in een reaktie tussen atomair

stikstof en CH2012 en door middel van dissociatie van 02N2. Ato-

mair wvaterstof, stikstof en fluor werden verkregen uit een micro-
golf ontlaeding in respektievelijk H20 of By N2
paste bron voor deze reaktie processen wordt beschreven en een

en CFh’ De toege-

schatting van het erantal geproduceerde OH, SH, SF en CN radikealen
is gegeven. De vorming van een voldoende sterke bundel van CN ra-
dikalen is niet gelukt.

De frequenties van de toegestane AJ = O hyperfijn overgangen

in veld nul zijn gemeten van 1hNO. 1E'NO. OH, OD, SH, en SD in een
msantal van de laagste rotatie toestanden. Uit metingen in elektrisch
veld werd de waarde van het elektrisch dipool moment van OH, OD, SH
en SD bepaald. Bovendien leverde een meting van SH in de 2n1/2,
J = } toestand in een magneetveld van 100 G de g faktoren van het
onderste en bovenste A-niveau op. De signaal ruis verhouding van
de MBER overgangen van SF bleek te klein te zijn om het spektrum
van dit molekuul te kunnen analiseren.

Van Vleck (1929) introduceerde een theorie die een beschrij-
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ving geeft van de A-splitsing in molekulen met een 2“ toestand. Door
Frosh en Foley (1952) werd deze theorie uitgebreid met hyperfijn-
struktuur effecten in deze molekulen. Echter beide theorieén waren
slechts tot op eerste orde ontwikkeld.

De met de MBER techniek verkregen spektra van NO, OH (OD),
SH (SD) konden niet binnen de experimentele nauwkeurigheid (0.1 tot
5 kAz) verklaard worden met deze tot eerste orde ontwikkelde theo-
rie. De verschillen tussen het gemeten en berekende spektrum waren
200 tot 500 kHz. Een betere overeenstemming tussen de expe-~imenteel
waargenomen en theoretisch voorspelde spektra werd verkregen met
behulp van een berekening met een in dit proefschrift ontwikkelde
ontearde storingsrekening, die het mogelijk maakt bijdragen tot de
energie tot in derde orde van de A-splitsing en de hyperfijn struk-
tuur mee te nemen. Deze hogere orde bijdragen vereistten de invoe-~
ring van een eantal nieuwe molekulaire konstanten om een volledige
beschrijving van het hyperfijn A-splitsings spektrum van 2n mole-
kulen mogelijk te maken. De met deze ontaarde storingsrekening be-
rekende spektra van OD, SH en SD waren binnen de experimentele nauw-
keurigheid in overeenstemming met de gemeten spektra; voor OH en
NO was de overeenstemming minder goed (afwijkingen van 5 tot 30
kHz). Een mogelijke verklaring voor dit laatste is gezocht in
het feit dat juist in NO en OH de hyperfijn struktuur bijdragen
erg groot zijn (100 MHz), zodat in de berekeningen zelfs yierde
orde hyperfijn bijdragen meegenomen dienen te worden om de spektra
van OH en NO binnen de experimentele nauwkeurigheid van de MBER
methode te kunnen verklaren. Het berekenen van deze vierde orde
bijdragen is echter binnen het raam van de toegepaste storingsre-
kening een uiterst gekompliceerde zask.

De experimenteel bepaalde magnetische en elektrische hyper-
fijn struktuur grootheden van de molekulen OH, OD, SH en SD zijn
gebruikt als test van ab-initio molekulaire orbital berekeningen.
Speciaal de zogenaamde Fermi kontakt term is een goede test van
de toegepaste konfiguratie interektie in de molekulaire bereke-
ningen. De molekulaire eigenschappen verkregen met de voorhanden
zijnde ab-initio berekeningen zijn redelijk goed in overeenstem-

ming met de experimenteel verkregen waardes.
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STELLINGEN

I

Os verhouding tussen qu1 en quz van sen moleskuul in sen 2“ toe-
stand heeft geen direkt verband met het kerakter van de binding

in het molekuul zoals door Freund e.a. gesuggerserd wordt.

S.M. Freund, E., Herbst, R.P. Mariella Jr. en W. Klemperer,
J.Chem, Phys. 56 (1972) 1487.

II

Het gelijk nul stellen van de molekulaire grootheid ¢ in de ana-
lyse van de A-vibratie toestand van OCS door Fabricant en Muenter
leidt tot inkorrekte waardes van de anders molekulaire groot-

heden.

B. Fabricent en J.S. Muenter, J.Mol.Spectrosc., 53 (1974) 57,

III

Uit didektisch oogpunt verdient het sanbeveling om bij de bereke-
ning van thermodynamische grootheden van kristallen (bv. de
soortell jke warmte) eerst de algemene toestandssom zonder spe-
cifikatie van de trillingsmodi uit te rekenen, en vervolgens de

Einstein respektievelijk Dsbye benadering hierop toe te passen.

F. Mandl, Statistical Physics (1971).

v

Het zou fundamenteel julster zijn om uit de spektra van komplexen

van H, en edelgessen een linsaire kombinatie van de "long-" en de

2
"short-range" anisotropie koéfficienten [as en 612) van de inter-

molekulaire potentisal tussen H, en het edelgas te bepalen, in-

2

plaats van zowel as als 312.

R.J. Le Roy en J. Van Kranendonk, J.Chem.Phys. 61 (1974) 4750,






\

De benadering van het RRKM formalisme voor lang lsvende botsings-
komplexen met een groot baan impulsmoment door Safron e.a. leidt

tot een te lage translatie energie van de produkten.

S.A, Safron, N.0O. Weinstein, D.R. Herschbach en J.C. Tully,
Chem.Phys.Letters 12 (1972) 564.

VI

De benadering <1/r3> : <(3 cosze -1)/r3> s <sinze/r3> -
4 : -0.,4 : 0,8 is niet geldig voor OH en SH,

Dit Prosfschrift.

VII

Regionalisering van het voortgezet buitengewoon onderwijs is nood-

zakelijk om de kwaliteit ven dit onderwijs te waarborgen.

VIII

Tussen de verschillende verschijningsvormen van muziek, bijvoor-
beeld popmuziek en klassieke muziek bestaat geen fundsmenteel

verschil,

15 mel 1975 W.L. Meerts.












