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CHAPTER 1

INTRODUCTION

I.1 SPECTROSCOPY IN THE SUBMILLIMETLER REGION

Spectroscopic research is an important source of information concerning
structure of atoms and moleculcs. Molecular spectra cover a broad region of
the electromagnetic spectrum, from the ultraviolet to radio frequencies. A part
of this spectrum in which so far relatively little research has bcen done is the
region extending from short millimeter waves (A ~ 2 mm) to far infrared
(A ~ 0.1 mm). This region is often called the submillimeter region. The rather
low spectroscopic activity in this region is due to lack of sources of sufficient
power, bandwidth and stability. However, it is a very interesting region for
molecular physics, because many molecules have transitions in it. Also in solid
state physics energies corresponding to radiation in this region are of frequent
occurence; for example, the characteristic encrgy gap of the correlated pairs of
superconducting electrons.

The spectroscopic techniques for the submillimeter region are berrowed
either from microwaves with electron-beam sources (klystrons, backward-wave
oscillators), harmonic generators, waveguides, etc. or from the infrared region,
with broadband thermal or discharge sources (mercury-arc lamp) and optical
devices such as mirrors, diffraction gratings, interferometers (MAR 67). The
research possibilities of these techniques are seriously hampered both by low
sensitivity and by low intrinsic resolution cf the spectrometers.

With grating and Fourier transform spectrometers equipped with broadband
thermal sources a resolution of 0.05-0.1 cm~! has been obtained for wave-
lengths longer than 150 um (wavenumber smaller than 67 cm~1) (KNE 69).
Using microwave techniques Gordy and coworkers have measured spectral
lines of HCI, CO and NHj in the 0.4-0.6 mm region (JON 64a, b; HEL €9)
with a 30 cm long G-band absorption cell fed by radiation from harmonic
generators driven by klystrons. Most recently they have measured rotational
transitions of CO and OCS at about 0.37 mm (HEL 70). The halfwidth (at half
of the maximum intensity) in these experiments was 0.5~1.0 MHz.

The resolution of the latter kind of spectrometers is better than the resolution
of grating spectrometers and interferometers. However, it is insufficient to
resolve most of the hyperfine structure (hfs) of molecular transitions in the
submillimeter region. An important step forward was development of the high
resolution beam-absorption spectrometer by Huiszoon (HUI 66a, 66b, 71).



With this spectrometer a resolution of about 5§ kHz has been obtained in the
frequency region of 150-300 GHz. One of the goals of the present investigation
was to extend this technique into the region of 500-700 GHz. As will be shown
in Chap. 2 the highest frequency at which sufficient power can be generated for
beam-absorption spectroscopy using present detection techniques is estimated
to be about 800 GHz.

New possibilities for spectroscopy with high resolution in the submillimeter
region can be expected by using lasers. Indispensable for spectroscopy is a
tunable range of frequencies with sufficient power, and for high resolution
spectroscopy a high stability and spectral purity of the radiation source. By
Corcoran et al (COR 70) sum and difference frequency signals have been
generated by mixing the outputs of a CO; infrared laser and of a tunable milli-
meter wave klystron in a gallium-arsenide crystal mounted in a waveguide.
These investigators (CUP 70) also succeeded in phase-locking of the 8go GHz
(0.34 mm) radiation of an HCN laser to a frequency standard. As a result,
coherent frequency stable signals tunable over the tuning range of a klystron
will become available in the submillimeter region.

1.2 THE MOLECULAR BEAMSPECTROMETER

Crystal harmonic generators driven by klystrons phase-locked to a frequency
standard are sources of an essentially monochromatic radiation in the sub-
millimeter region. At low gas pressures the resolution of an absorption-cell
spectrometer is then determined ultimately by the Doppler broadening of the
spectral lines.

For a gas with Maxwellian velocity distribution the halfwidth Avp of a
spectral line due to the Doppler broadening is (TOW 55, p. 337):

Avp = Y V2kNoln2 /T/M = 3.581 X 1077 JT/M v (1.1)
C

where v is the frequency of the line, ¢ velocity of light, k the Boltzmann constant,
N, the Avogadro number, M the molecular weight, and T the absolute tempe-
rature. As an example, the Doppler halfwidth of the HBr line at 500 GHz is
350 kHz for the gas at room temperature.

In the spectrometer of Huiszoon (HUI 66b, 71) high resolution is obtained
by reducing the Doppler broadening with a factor of 50 by using molecular
beam techniques. A detailed description of the spectrometer of Huiszoon can
be found in references mentioned above. Only a general outline of the spectro-
meter is given below.
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The principle of the molecular beam spectrometer, in which reduction of
Doppler broadening is achieved by letling the absorbing molecules to travel
perpendicularly to the direction of propagation of the microwave radiation, is
shown in Fig. 1.1. The absorption cell of the spectrometer consists of two

+
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FIG. 1.1 The absorption cell with horns. The direction of the molecular beam is indicated
by arrows (from: C. Huiszoon, ‘High resolution millimeter wave spectroscopy’
(HUI 66b)).

electrically isolated flat copper plates. The plates are 40 cm long, 10 cm wide
and their mutual separation is 1 cm. The plates serve both as a transmission
system for the microwaves and as a means for applying a Stark field. The micro-
wave radiation is sent between the plates in the longitudinal direction by a
transmitting horn and received by an identical horn. The propagation mode is
essentially TEM with the microwave E-vector perpendicular to the plates. The
absorbing molecules travel as a well collimated beam between the parallel
plates in a direction perpendicular to the direction of propagation of the
microwaves. The beam of molecules is obtained with the aid of a diaphragm
placed between the effuser and the parallel-plate cell. This diaphragm is kept
at liquid nitrogen temperature and serves to trap molecules which would
otherwise make collisions with the plates and be scattered, or which would
travel along paths deviating too much from the direction perpendicular to the
radiation path. After travelling through the parallel-plate cell region the beam
is trapped in a liquid nitrogen condenser.

To obtain good sensitivity a superheterodyne detection scheme is used
together with low frequency square wave Stark modulation and phase sensitive
detection. The modulating voltage is applied between the plates of the cell. At
the same time a d.c. voltage can be applied between the plates to measure the
dipole moments of molecules.

After the reduction of the Doppler broadening other effects can determine
the ultimate line width. For the beam spectrometer these are the Heisenberg
broadening and broadening as a result of frequency fluctuations of the signal
oscillator. The latter broadening is kept very small (< 2 kHz) by the electronic
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locking of the signal klystron to the frequency standard. The Heisenberg
broadening follows from

2AvVHAL X 1 (1.2)

where A vy is the halfwidth of the line due to Heisenberg broadening, and At
is the mean transit time of the molecules through the absorption cell. For the
transition of HBr at 500 GHz and with a molecular path through the radiation
field of 10 cm, a value of 1.7 kHz is obtained for A vy for gas at room tempe-
rature. However, the value of the residual Doppler broadening for the same
line equals 7.0 kHz, as follows from Eq. (1.1) and the reduction factor of 50.

1.3 THE PRESENTINVESTIGATION

As stated above the primary goal of the present investigation was extension
of the high resolution spectroscopy into the 300-700 GHz region. With the
available high resolution hyperfine and other properties of a number of diato-
mic molecules, which are not readily accessible to other experimental techni-
ques, are measured. The results are discussed in terms of electronic and struc-
tural models of the molecules.

The spectrometer used in the present investigation is essentially that of
Huiszoon (HUI 66b) apart from harmonic generation and detection of sub-
millimeter radiation. Typical resolution of this molecular beam spectrometer
is 3-7 kHz, determined mainly by residual Doppler broadening. Its range is
from about 100 to about 700 GHz.

The submillimeter waves are obtained from a klystron driven crystal harmo-
nic generator. The techniques of generation and detection of short millimeter
and submillimeter waves and of frequency stabilization and measurement are
described in Chap. 2.

Spectroscopic measurements have been performed on the rotational transi-
tion J =0 — 1 of the molecules HI and HBr at 385 GHz and 500 GHz,
respectively. The resolution is sufficiently high to resolve completely the
electric and magnetic hyperfine structure of these transitions. The measure-
ments on HBr are done for H?°Br and H®!'Br, both in natural abundance of
50 %. To investigate the influence of the isotopic substitution of H by D, the
rotational transition J = o — 1 of the molecules D??Br and D®!Br at 254 GHz
was also measured.

The molecular constants which are obtained from the hyperfine spectra, are
the rotational constant B,, the electric quadrupole coupling constant of i-th
nucleus (eqQ);, the spin-rotation coupling constant of i-th nucleus C;, and the
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tensorial spin-spin coupling constant dr. From the Stark spectra of these
molecules the electric dipole moment is obtained with high accuracy.

The Hamiltonian used for the interpretation of the spectra is given in Chap. 3.
The experimental results on spectra and molecular constants are given in
Chap. 4.

The molecules HF, DF, H3*5Cl and D?*’Cl have been measured with the
molecular beam electric resonance (MBER) method by Muenter (MUE 70),
Kaiser (KAI 70), and De Leeuw (LEE 71). With the measurements on the
molecules H'??I, H?°Br, H®'Br, D7°Br, and D8%'Br the above mentioned
molecular constants are now known for the four first hydrogen-halides and
the three first deuterium-halides. In Chap. 4 the present results are compared
with results of other investigators. In Chap. § the results are discussed in terms
of electronic properties of the molecules.
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CHAPTLR 2

GENERATION AND DETECTION OF
SUBMILLIMETER WAVE POWER

21 THE HARMONIC GENERATION

The harmonic generators used in the present experiment were of the cross-
waveguide configuration. Two models were used differing in the constructional
details and dimensions of the in- and output waveguides. One model built by
Huiszoon (HUI 66b) 1s a slight modification of the design of Ohl, Budenstein
and Burrus (OHL 59) The generator is driven by a 60 GHz klystron (OKI,
60V10) with a power output of about 100 mW. The primary waveguide has
3.10 X 155 mm ID (RG-99/U), with a low frequency cut-off at 48 GHz.
The output waveguide has 1 65 X 0.825 mm ID (RG-136/U), with a low
frequency cut-off at 9o GHz A cross-sectional view of this harmonic generator
is shown 1n Fig. 2.1.

The multiplying crystal of the harmonic generator ts mounted on a brass
pen. It 1s brought into the crossed waveguide from the primary waveguide
through the hole in the partition between the two waveguides (Fig. 2 2a). The
dimensions of the hole are a compromise between conflicting requirements. A
small hole 1s required for low leakage of harmonics to the primary waveguide.
On the other hand the resulting capacity between the crystal pen and the wall
separating the two waveguides must not be large enough to prevent fundamen-
tal power reaching the crystal If the whisker 1s put through the two waveguides
with the crystal in the wall of the primary waveguide (Fig 2 2b), then the whisker

FIG. 2 2 Mounting of the pomnt-contact diode 1n the crossed-waveguide harmonic generator
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FIG. 2.1 Cross-sectional view of the harmonic generator.
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sends a great deal of the higher harmonic power into the larger waveguide. A
solution of this problem lies in the interchange of the whisker and the crystal-
pen (Fig. 2.2c). This is done in the new model of generator used in the present
experiment.

The second generator is driven by a 100 GHz klystron (Varian, VC735) with
a power output of 100-200 mW. The primary waveguide has 2.54 X 1.27 mm
ID. This waveguide is good for frequencies between 75 and 110 GHz; its
cut-off frequency is §9 GHz. The output waveguide has 1.65 X 0.825 mm ID
and a cut-off frequency of 9o GHz. The output waveguide was reduced to
1.09 X 0.55 mm ID (RG-137/U), with cut-off frequency at 137 GHz. These
waveguides have been electroformed. The crystal has been placed in the narrow
part of the waveguide.

The crystals used in both harmonic generators are boron doped silicon
crystals bombarded with carbon ions (OHL 59). The whisker is a tungsten wire
of 0.05 mm diameter sharpened to a point. The contact area has a radius of
about 1 pm. The diode characteristics of a tungsten point-contact on boron
doped silicon with different surface treatments are given by Ohl et al (OHL 59),
and by Burrus (BUR 64). The method of operation is as described by Huiszoon
(HUI 66b) and by Ohl. A reverse d.c. bias shifts the operating point to the
reverse breakdown of the crystal characteristics. The microwave power is then
turned on, and the bias voltage is readjusted to provide the maximum harmonic
output.

With these harmonic generators frequencies of 385 GHz and 500 GHz with
sufficient power for molecular beam spectroscopy (10-7-10-% W) have been
obainted as 6th harmonic from 64.2 GHz and as sth harmonic from 100
GHz, respectively. The performance of the harmonic generators is discussed in
more details in Sect. 2.5 and compared with results obtained by other investig-
ators.

2.2 THE SUPERHETERODYNE DETECTION SYSTEM

The harmonic mixer forms the frequency converter of the superheterodyne
detection system. The intermediate frequency (IF) signal obtained from the
harmonic mixer is the beat signal between the submillimeter signal and the
n-th harmonic of the local oscillator (LO).

In the present experiments two different types of harmonic mixers were used.
In the preliminary stages of the experiment (DIJ 68) harmonic mixers were
used which mechanically were identical to the harmonic generator as shown in
Fig. 2.1. The structure of these harmonic mixers is satisfactory for intermediate
frequencies up to 250 MHz. In a superheterodyne detector the Iccal oscillator
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produces excess noise at the IF. This noise is the largest at the frequency of the
LO signal and decreases with increasing frequency separation from the LO
frequency. Consequently the LO noise problem may be circumvented by using
a sufficiently high IF (WEN 64). Therefore a new harmonic mixer suitable for
high IF signals has been designed. In the following the complete detection
system with the harmonic mixers suitable for low and high IF will be described.

A Detection system with harmonic mixer for low IF

The harmonic mixer in this system is mechanically identical to the harmonic
generator as given in Fig. 2.1. The mixer contains a tungsten whisker and a
tellurium doped GaAs crystal, having a resistivity of about 0.003 ohm cm. The
thickness of the crystal is 200 pm and it has been soldered with tin on a brass
pen. A more detailed description of the harmonic mixer is given in the thesis of
Huiszoon (HUI 66b). The mixer is driven by 60 GHz klystron (OKI, 60V 10)
and the IF is 100 MHz. The IF signal is applied through a matching section to
a pre-amplifier (LEL, OMP-5080) which has a bandwidth from 8o to 160 MHz,
50 ohm input impedance, and a noise figure of 5.4 dB. The output of the
pre-amplifier is applied to a tunable amplifier (Rohde & Schwarz, ASV) which
also contains the second detector.

T0 STABILIZING
AND MEASURING f
EQUIPMENT

=il ¥
STARK : PRE-AMPLIFIER |
GENERATOR ! I : e UNF-TUNER
I'| OSCILLATOR !
|
0| 730 Muz [ MRER}
e __= —
30 MHz
o s st [
. HARMINE. MER OSCILLATOR DEMODULATOR
HE. HARMONIC GENERATOR ‘
I isoLAToR »  LOCK-IN AMPLIFIER #  RECORDER
A ATTENUATOR

FIG. 2.3 Diagram of the absorption cell with horns and the superheterodyne detection
system with phase sensitive demodulation.
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B Detection system with harmonic mixer for high IF

The superheterodyne detection scheme for high IF signals is a part of the
scheme, given in Fig. 2.3. This figure contains the harmonic generator with the
driving (SO) klystron, the parallel-plate cell with horns, the superheterodyne
detection system, the phase sensitive demodulation, and the recorder. The
phase sensitive demodulation will be described at the end of this section. The
superheterodyne mixing results in a signal at the IF usually of 700 MHz. For
operation at this high frequency the construction of the IF output of the
harmonic mixer has been modified as shown in Fig. 2.4. The harmonic mixer
is described below. The IF signal is applied through an impedance transformer
to an UHF-tuner (Philips). The tuner contains a pre-amplifier with noise figure
of 10.8 dB, a mixer, and an oscillator. In the tuner the 700 MHz is converted
into 30 MHz. The 30 MHz signal from the tuner is applied to a post-amplifier
(AIL, 13240) which also contains the video detector. The bandwidth of the
system is 4 MHz.

C Harmonic mixer for high IF

A cross-sectional view of the harmonic mixer for high IF is shown in Fig. 2.4.
This mixer is a modification of the design of Cohn er al (COH 63) and of the
harmonic mixer mentioned in Sect. 2.2A. The crystal is in the harmonic wave-
guide and the whisker protrudes through both waveguides. In addition the IF
output has been improved to extract efficiently high IF frequencies.

The impedance of the GaAs diode is estimated to be 200 ohm at a LO power
level of 20-40 mW (WEN 64). Therefore an IF impedance matching section,
in which stepwise transitions from the 200 ohm impedance of the diode to a
50 ohm output-impedance are archieved, has been designed. An enlarged
cross-sectional view of the diode and the IF output is given in Fig. 2.5. The
capacitance C, between the thin end of the crystal pen and the wall of the hole
in the secundary waveguide, and the capacitance C, between outer wall of
secundary waveguide and crystal pen can be calculated from standard formulae,
if edge effects are neglected. In this way the dimensions, which determine the
capacitances C, and C;, have been calculated. In order to obtain optimum
conditions for the mixer, the final dimensions were determined by trial and
error. For this purpose it was found useful to vary the capacitances C; and C,
slightly: i) by modifying the length of the thin end of the crystal pen and the
distance between the outer wall of the waveguide and the pen; ii) by placing a
material with higher dielectric constant than air in the space of C,. The im-
pedance of the coaxial line consisting of crystal pen and holder was calculated
also from a well known formula. The dielectric material in the coaxial line is
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Rexolite with dielectric constant € = 2.72 and magnetic permeability p = 1.
For b/a = 4.0, where a is the diameter of the pen and b the inner diameter of
the holder, the impedance equals about 50 ohm corresponding to the input

impedance of the pre-amplifier.
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FIG. 2.5 Diode and IF output of harmonic mixer for high IF.

Two harmonic mixers of this design have been built, differing only in the
dimensions of the input waveguides for the signal and the LO power. One
mixer is driven by a 60 GHz klystron (OKI, 60V10) and has a LO input wave-
guide of 3.10 X 1.55 mm ID, and a signal input waveguide of 1.65 X 0.825 mm
ID. The other mixer is driven by a 100 GHz klystron (Varian, VC735) and has
a LO input waveguide of 2.54 X 1.27 mm ID, and signal input waveguide of
1.65 X 0.825 mm ID, which has been squeezed to 1.09 X 0.55 mm ID
(compare with the harmonic generators in Sect. 2.1).

The harmonic mixer contains a small GaAs crystal 100 um thick. The crystal
has been soldered on a gold pen by heating the pen to about 550°C. The
whisker is an AuCu alloy, consisting of 75 %, Au and 25 %, Cu (MCC 67). 1t is
pointed by etching in a solution of § % NaCN and 5 9%, K Fe(CN)s3H,0. The
diode characteristic of the welded junction is the same as given by Huiszoon
(HUI 66b) for the GaAs crystal with tungsten whisker.

D Phase sensitive demodulation

For both detection systems (low and high IF) a narrow noise bandwidth is
required for maximum sensitivity. This is achieved by low frequency (1 kHz)
square-wave Stark modulation and synchronous demodulation. The Stark
voltage is applied between the plates of the absorption cell. The output of the
second detector is fed to a lock-in amplifier (EMC) with variable integration
time. The d.c. output of the lock-in amplifier is applied to a recorder (Fig. 2.3).
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2.3 FREQUENCY STABILIZING AND MEASURING TECHNIQUE

The circuit for stabilizing and measuring the frequency of the 64 GHz signal
oscillator (SO) klystron is given in Fig. 2.6.

RUBIDIUM FREQ.
STANDARD
1 5 MHz
FREQUENCY
GENERATOR
10 MHz o 31 Miz
FREQ. SYNTHESIZER FREQ. SYNTHESIZER
470-1000 MHz 20-30 MHz
10 MHz
> AFC
KLYSTRON UNIT1
POWER
M M
surpy | Loy =y oyt )
10 Mz 1
)
AFC
KLYSTRON UNIT 2
POWER i
SUPPLY —»-T0 HARMONIC
= _I’ ' GENERATOR

10 KLYSTRON INTERMEDIATE OSCILLATOR (20 6Hz)
$0 KLYSTRON SIGNAL OSCILLATOR (60 GHz)

H,. 7 MIXER DIDOES

I ISOLATOR

FIG. 2.6 Circuit for stabilizing and measuring the signal frequency.

The 5§ MHz frequency signal from the rubidium frequency standard (Varian,
R20) is applied to the external ‘Control Steuerung’ of the standard frequency
gznerator (Rohde & Schwarz, XSU). From this a 10 MHz signal is applied to
the 470-1000 MHz frequency synthesizer (Rohde & Schwarz, XUC) and a 1
MHz signal to the 20-30 MHz frequency synthesizer (Schomandl, ND3oM).
The output signal from the latter synthesizer is applied to the external 20-30
MHz input of the 470-1000 MHz synthesizer. The signal from the 470-1000
MHz synthesizer with frequency fs is applied to the signal diode mixer M,
(Schomandl, FMD 8/12). The rubidium standard is compared with 200 kHz
frequency signal of station Droitwich.
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The SO klystron can not be easily locked directly to the frequency standard
because of its rather high (60-100 GHz) frequency. Therefore the SO klystron
is locked to the standard through an intermediate oscillator (IO) klystron with
lower (18-25 GHz) frequency than its own.

A fraction of the microwave signal from the IO klystron is applied simulta-
neously to the mixer M. The IO klystron (OKI, 20V10) has a frequency near
21.4 GHz. From the mixing process the resulting signal at the difference
frequency near 30 MHz is applied to the automatic frequency control (AFC)
unit 1 (Schomandl, FDS 30). The AFC unit has a reference input of 10 MHz,
which comes from a standard frequency generator. The DC output signal
of the AFC unit is applied to the reflector of the 10 klystron. The frequency of
the 1O klystron is given by:

fio = (25fst -+ 30) MHz (2.1)

A fraction of the signal from the SO klystron is applied to the mixer diode M,
through a directional coupler and mixed with the third harmonic of the signal
from the IO klystron. From the mixing process a difference frequency near 30
MHz is obtained for the AFC unit 2 to synchronize the SO klystron. The
frequency fso of the SO klystron follows then from

fso = (3fto + 30) MHz (2.2)

The frequency f of the sixth harmonic of the SO klystron follows from Egs.
(2.1) and (2.2)
f = 6(3(25fst + 30) + 30) MHz (2.3)

For the LO klystron the frequency stabilizing and measuring set up is iden-
tical to that of the SO klystron, except for the 20-30 MHz frequency synthesizer
which is not needed in the LO system. A practically identical system is used for
the SO and LO klystrons at 100 GHz fundamental frequency.

For recording of the spectral lines the 10 MHz reference frequency signal for
the AFC units is obtained from a frequency synthesizer (Schomandl, ND 5 and
NDF 1). The frequency of this signal is varied by means of synchronous motor
coupled to the axis of the fine tuning oscillator of the synthesizer.

2.4 THE SENSITIVITY OF THE SPECTROMETER

2.4.1 The absorbed power in a molecular beam absorption cell

The transition probability in molecular beam experiments is given by the
Rabi-formula (RAM 56, p. 119; THA 61):
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h(vo —v)2 + | <j| pE]i>]?

X sin?[(vo—v)? | <j|pE[i>[*h?} nt (2.4)

where Pj; gives the probability that a molecule originally in a state |i > is
found in a state | j > after being subjected for a time t to an oscillating field
Ecos2nvt. It is assumed that |i > and |j > are isolated states with energies
W; and W;. The resonance frequency v, equals (W;—W;)/h, where h is Planck’s
constant, and p is the electric dipole moment.

We are interested in the case of resonance v = v, for the rotational transition
J — J'. The transition probability for absorption and stimulated emission has
the same value. Therefore the power A Pgas absorbed by the gas molecules sent
through the parallel-plate cell is given by the expression

APgs = I hvonfu(fym — fy's)sin? | < I'M’ | pg |IM > | nEL/hv  (2.5)

MM’

where M is the quantum number of the component of J on the molecular axis,
n is the number of molecules passing through the cell per second, f is the frac-
tion of the molecules in vibrational state v, fyu is the fraction of the molecules
in rotational state JM, L is the length of the molecular path in the cell (= width
of the cell), v is velocity of the molecules, and pg is the component of the
electric dipole moment along the direction of the microwave electric field E.

In Eq. (2.5) no allowance has been made for the nuclear spins. This will be
done in Sect. 3.5 in the calculation of relative intensities.

For diatomic molecules the fraction fym in the rotational state JM with
eaergy Wy —= hBJ(J + 1) is given by the expression (TOW 55, p. 20)

e-RBJ( +1)/KT
frm = - (2.6)
(2] 4 1)e-bBIE +1/kT
o

I ™M8

J

Here B is the rotational constant of the molecule, k is Boltzmann’s constant,
and T is the absolute temperature. If hB/kT is sufficiently small, the sum in
Eq. (2.6) equals kT/hB and fyu simplifies to:

31 = (hB/KT)e "8I +1/KT 2.7)
With this expression the absorbed power by the molecular beam becomes:
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A Pgas == nfye 2BIU + W/kThB(hve/kT)? X

x % sin?| <JM |pg|IM > |nEL/hv (2.8)

MM’

For the microwave electric field along the z-axis, the dipole moment matrix
elements in Eq. (2.8) are different from zero only forJ’=J 4+ 1and M'=M
(TOW 55, p. 22):

(J+ 12 —M? )%

<J+ 1Mz |IM > = -
2] ”((zJ+r)(zJ+3)

(2.9)
J2 M2 )'}

<J—[M|HZIJM>:“((2J—I)(2J+1)

In an actual beam the molecules have a Maxwellian beam velocity distribution.
The averaging over this distribution gives for the transition probability for
beam absorption (RAM 56, p. 123):

<sin? <JM|pz|IM > nEL/hv >av =4 —I2n < J'M | p. | JM > EL/ha)
(2.10)

where o = (2kT/m)?} is the most probable velocity, and m is the molecular
mass. The function I (x) has been defined and tabulated in the book of Ramsey

(RAM 55, p. 425).

2.4.2 The power inducing maximum absorption and the maximum absorbed
power in the rotational transition J =0 — 1

From Eq. (2.10) follows that the transition probability is maximum if the
function I (x) is minimum. The minimum value of I (x) = — 0.27 for x = 3.8,
From this follows for the amplitude Emax which induces maximum absorption
for the transition JM - J + 1M,

E 1.9 ha (2.11)
= - 2.11
T < T4+ M pg | IM > xL

On the other hand for radiation with an electric field Ecos2nvt, the energy
density W of the electromagnetic field between the plates of the cell is given by:

W = ] goE? (2.12)
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where g, is the permittivity of free space. The power P travelling through the
cell is given by:

P — cdLW (2.13)

where c is the velocity of light and d the separation between the plates. From
Egs. (2.11), (2.12) and (2.13) follows for the (sub)millimeter power Ppax indu-
cing maximum absorption:

p 8 ceoh?a’d (2.14)
=18 — — R T 2.1
max < J 4+ 1M | g | M > L 4
The maximum absorbed power (A Pgas)mex in the case of JM — J 4+ 1M tran-

sition follows from Egs. (2.8) and (2.10) with [ (x) = —o0.27

{ A Pgas)max = 0.77nfye MR + D/KTh B(hv/kT)? (2.15)

In the case of J - J - 1 transition the values of Pmex and (A Pgas)max are
more difficult to obtain. For this case the sum over M of the transition pro-
babilities, averaged over the velocity distribution, must be calculated numeri-
cally as function of E. The value of E for which the sum is maximum, is Emax,
from which the value of Ppax follows. Substitution of the maximum value of
the sum in Eq. (2.8) gives the value of (A Pgas)max. However, in the particular
case of the J — o — 1 transition the results of Eqgs. (2.14) and (2.15) are appli-
cable.

The values of Ppax and (A Pgas)max for the J = o — 1 transition of the
molecules HI, HBr and DBr are given in Table 2.1. At thc temperature T =
293°K nearly all molecules of these gases are in the ground vibrational state,
so fy = 1. The number n of molecules given in Table 2.1 represents the numter
of molecules passing through the parallel-plate cell per second. The pressure at

TABLE 2.1
power

frequency inducing number maximum

J_o0-1 maximum of absorbed

transition absorption molecules power
molecule (GHZ) Pmax(W) per second (A Pgn.s)max(w)
DBr’° 254 5.1 X 1077 2.3 X 10! 2.6 X 10°°
HI'?7 385 1.1 X 1076 7.0 X 10'¢ 2.7 X 1078
HBr”® 500 5.1 X 1077 3.5 X 10'® 3.0 X 1078
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the input of the effuser during the experiments has been chosen 36 mm Hg for
HBr and HI, and 24 mm Hg for DBr. At these high pressures the directional
function of the effuser-channels is lost. Therefore the number n is about
5 X 1077 of the total number of molecules coming from the effuser (HUI 66b).

2.4.3 The minimum detectable power

Sensitivity of an apparatus for radiometry or spectroscopy can be given in
terms of the minimum detectable power or the noise equivalent power (n.e.p.).
The minimum detectable power Pmin for superheterodyne detection is (MAR

67):
Pmin = 2kTF(BrsBour)? (2.16)

where Bir the IF bandwidth and Boyt the bandwidth of the final stage of the
detector. With phase sensitive detection at an intermediate frequency we have
Bir = Bout. The discrepancy in performance between an ideal and a practical
detector is expressed by the total noise factor F, given by:

F=Luw(Fir+t—1) (2.17)

where Ly is the conversion loss of harmonic mixer, Fir is the noise factor of
the IF amplifier, and t is the crystal noise ratio, including contribution of the
noise of the local oscillator. Eq. (2.16) is valid for root mean square noise.

In absorption spectroscopy small variations in the radiation power P are
to be observed. Sensitivity of a spectrometer is then determined by the minimum
detectable absorbed power A Ppin. For superheterodyne detector with phase
sensitive detection the power A Pnin is given by Huiszoon (HUI 66b)

APumin == n(2kTFBoP)} (2.18)

where the bandwidth B, equals the reciprocal of the integration time of the
phase sensitive detector.

It is possible to determine if sufficient power is available to induce maximum
absorption by observing the output signal as a function of the input power.
The experiments have shown that this is not the case for the rotational transi-
tion J = o —» 1 of HBr, DBr and HI. Consequently the following procedure
was developed to determine Ppin.

We consider the J = o — 1 transition of HBr at 500 GHz and assume a
certain value for the submillimeter power P. From Eqgs. (2.12) and (2.13) we get
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then the value of electric field E and subsequently the transition probability
from Eq. (2.10). Substitution of this transition probability into Eq. (2.8) gives
the value of A Pgas at the assumed value of P. In Table 2.2 the values of
A Pgas are given as function of the value of P, starting with the value of Ppax.
The sum of the signal to noise ratios of all hyperfine components of the ro-
tational transition of HBr gives a value of 540 for the signal to noise ratio of
the line. Assuming A Pmin equals A Pgas/540 at all values of P << Pmasy, then
the value of the total noise factor F is obtained from Eq. (2.18) with Bo =1
Hz and kT = 4 x 10-2! W at the various submillimeter powers (Table 2.2).
The highest value of F from Table 2.2 is then accepted as the value of F at
500 GHz. It should be emphasized that the actual value of F is properly lower
than this upper limit of F. With this value for F the n.e.p. is obtained from
Eq. (2.16) for bandwidths Biy = Bout = 1 Hz. The result is given in Table 2.3.

The same procedure was followed for the 385 GHz and 254 GHz rotational
transition J = 0 — 1 of HI and DBr, respectively. The signal to noise ratios
are 540 and 270 for HI and DBr, respectively. The results for the total noise
factor and the n.e.p. are also given in Table 2.3.

TABLE 2.2 Determination of the upper limit for the total noise
factor at the 500 GHz from the rotational transition

of HBr.

submillimeter absorbed total noise
power (W) power A Pgas (W) factor F
5.10 X 10”7 3.00 X 1078 7.8 X 10*
2.55 X 1077 2.64 X 107% 11.3 X 10%
1.70 X 10 7 2.25 X 1078 12.9 X 10*
1.28 X 1077 1.92 X 107% 12.5 X 104
1.02 X 1077 1.67 X 1078 12.0 X 104
5.6 X 1078 1.1 X 1078 10 X 10*
20 X 1078 0.5 X 1078 s X 10*
1.3 X10° 0.04 X 1078 0.4 X 10*

TABLE 2.3 The noise equivalent power at different frequencies as obtained in the present
experiments.

harmonic total
frequency number noise n.e.p. (W)
(GH2) of mixing factor Bir = Bout =1 Hz
254 4 4.0 X 10° 3 X 107V7
385 6 4.9 X 10* 4 X 1071¢
500 5 12.9 X 10* 1 X 1071
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2.5 DISCUSSION

2.5.1 Comparison with other submillimeter detectors

Detectors for millimeter, submillimeter and far infrared may be classified
into three groups according to the physical process responsible for their ope-
ration. These are the thermal, the photoconductive, and the semiconductor
junction detectors. Reviews of the performance of these detectors, video as
well as fundamental and harmonic mixers, are given among others by Martin
(MAR 67) and by Kneubiihl (KNE 69). A short summary of representative
data of these detectors as mixers with or without phase sensitive demodulation
is given in Table 2.4. In order to compare correctly all results in Table 2.4, the
values of the n.e.p. for superheterodyne detectors without modulation have

TABLE 2.4

frequency method

or - superheterodyne IF bandwidth n.e.p. (W)

wavelength detector or for 1 Hz

range - video detector modulation bandwidth reference

140 GHz Ge point-contact By — 60 MHz 1 X 10718 (MER 63)
fund. mixing

254 GHz GaAs point-contact modulation of 3 X 107V present
4th harm. mixing absorbed signal work

385 GHz GaAs pont-contact modulation of 4 X 1071¢ present
6th harm. mixing absorbed signal work

500 GHz GaAs point-contact modulation of I X 10715 present
sth harm. mixing absorbed signal work

600 GHz GaAs point-contact Bir = 1.6 GHz 1 X 10717 (BAU 66)
2th harm. mixing

890 GHz Ge point-contact Bir = 1 MHz I X 10716 (PAY 70)
fund. mixing

100 GHz Ge pont-contact modulation of 5 X 1071 (BEC 70)
video signal

1000 GHz Ge point-contact modulation of 2 X 1078 (BEC 70)
video signal

near infrared He-cooled (2.1 K) modulation of 3 X 10712 (MAR 67)

to several mm Ge bolomcter signal

far infrared 3He-cooled (0.37 K) modulation of 3 X 1o~ (DRE 69)
Ge bolometer signal

600 GHz He-cooled (1.5 K) modulation of I X 107! (PUT 65)

(1 mm to InSb photocon- signal

100 pm) ductive detector
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been given for Bir = 1 Hz. The experimental results in the relevant cases are
the following: 1) Meredith and Warner (MER 63) give n.e.p. of 7 X 10715 W
at an IF bandwidth of 60 MHz, corresponding with a total noise factor of
20 dB; 2) Bauer et al (BAU 66) give a total noise factor of about 30 dB at an
IF bandwidth of 1.6 GHz; 3) Payne and Prewer (PAY 70) give n.e.p. of 10~13 W
at an IF bandwidth of 1 MHz.

The point-contact mixers are very sensitive detectors in comparison with the
point-contact video detectors, but also in comparison with He-cooled bolo-
meters and photoconductive detectors. However, the sensitivity of the point-
contact mixers decreases with increasing frequency and with the order of the
harmonic mixing. Klystrons with frequencies higher than 100 GHz are very
expensive in view of their short live. The results of Bauer et al obtained with a
carcinotron as LO and of Payne and Prewer obtained with a laser as LO are
not very interesting for spectroscopy because of the very narrow frequency
region covered by these mixers. On the other hand bolometers are suitable for
a great frequency region. Furthermore, the results for the harmonic mixers in
the present work were obtained with modulation of only the absorbed power,
while the results for the bolometers were obtained with modulation of the total
power. Modulation of the total power that is incident on the detector will
result in low frequency noise being converted to modulation frequency because
of the mixing properties of the detector (MAR 67). Consequently, for spec-
troscopy in the frequency region of s00-700 GHz we can not conclude if the
point-contact mixers are superior to the 3He-cooled bolometer or vice versa.
This depends strongly on the order of the harmonic mixing. From about 700
GHz the *He-cooled bolometer will most probably be superior to the point-
contact harmonic mixers at increasing frequencies.

2.5.2 Performance of superheterodyne detection systems A and B

The performance of superheterodyne detectors is determined by the total
noise factor. This factor is determined by the conversion loss of the harmonic
mixer, the noise factor of the intermediate frequency amplifier and the crystal
noise ratio (including contribution of the local oscillator noise).

The detector A with harmonic mixer for low IF has a rather high value for
the crystal noise ratio. Huiszoon (HUI 66b, p. 49) gives for this detector at IF
between 100-200 MHz a crystal noise ratio of 23 (160 GHz, 4th harmonic) and
55 (215 GHz, jth harmonic). Values given by Huiszoon for the conversion
loss of the harmonic mixer are given in Table 2.5.

The detector B with harmonic mixer for high IF has a low value for the crystal
noise ratio. According to Cotton (COT 63) the crystal noise ratio at IF of
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700 MHz can be as low as two for higher harmonic mixing. With values of the
total noise factor from Table 2.3 and a value of 10.8 dB for the noise factor of
the IF amplifier we obtain from Eq. (2.17) values for the conversion loss of the
harmonic mixers given in Table 2.5. Bauer e a/ (BAU 66) have obtained values
for the conversion loss of the harmonic mixers as a function of the frequency
for second and third harmonic order. An extrapolation of Bauer's results
suggests an increase in conversion loss of roughly 4 dB per harmonic starting
from the second harmonic. These values are also given in Table 2.5.

TABLE 2.5 Conversion loss of harmonic mixers.

frequency harmonic conversion
reference (GHz) number loss (dB) remark
Huiszoon 160 4 28 n-doped GaAs
216 3 26 (200 um thick)
tungsten whisker
present 254 4 25 n-doped GaAs
investigation 385 6 36 (100 um thick)
500 5 40 gold-copper whisker
Bauer 160 4 21 n-doped GaAs
216 3 19 (a wafer)
254 4 24 phosphor-bronze
185 6 35 whisker
500 5 33

The correspondence between Bauer’s results and the present investigation is
very good for the 4th and 6th harmonic of 64 GHz. The discrepancy for the
sth harmonic of 100 GHz can be explained by a too high value for the total
noise factor (Sect. 2.4.3). The upper limit of the total noise factor has been
calculated for a power of about 2 X 10-7 W from the harmonic generator. If
the power is rougly 10 times smaller, then the total noise factor becomes
5.0 X 10% and the conversion loss 36 dB.

2.5.3 Performance of the harmonic generators

No exact values of the powers from the harmonic generators used in the
present experiments can be given. The values are lower than the values in
Table 2.1 for the powers inducing maximum absorption, Pmax. From the
agreement between the conversion loss factors obtained in the present expe-
riments and thosc of Bauer we estimate that the power of the harmonic gene-
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rator at 385 GHz and 255 GHz is of the order of 3 x 10-7 W. The relatively
poor result for 255 GHz can be explained from the fact that no efforts have been
done to improve the results and by deterioration of the Ohl-crystals used in-
tensively during two years. Estimated power for the sth harmonic of 100 GHz
is about 2 X 107® W, At input powers of 100-200 mW these submillimeter
powers give rather high values for the conversion loss of the harmonic gene-
rators.

Bauer er a/ (Bau 66) give values of harmonic generation conversion loss at
various frequencies for several harmonic orders. Extrapolation of their results
gives for the 6th harmonic at 385 GHz and the sth harmonic at 500 GHz
harmonic generation conversion loss factors of 43 dB and 40 dB, respectively,
for fundamental signal powers of 10-20 mW.

From the harmonic generator driven by a 100 GHz klystron we have ob-
tained also 600 GHz and 700 GHz signals. The signal at 600 GHz was 5X and
the signal at 700 GHz 20 X smaller than the 500 GHz signal. The detection has
been done with the harmonic mixer also driven by a 100 GHz klystron. The
method to detect these signals on the scope is described by Overbeek (OVE 68).
A filter with cut-off frequency of about 335 GHz has been placed between
harmonic generator and harmonic mixer. This was done to make sure that the
harmonic mixer output for all SO harmonics with frequencies from 400 GHz
to 8oo GHz is a reliable indication of the presence of these harmenics. Spu-
rious signals due to IF-mixing are then completely eliminated (OVE 68). So
far no molecular beam spectroscopy has been done with these signals.

The conclusion is that some improvement in the generation of submillimeter
power with point-contact harmonic generators will lead to submillimeter
powers useful also for molecular beam spectroscopy at frequencies up to at
least 800 GHz.
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CHAPTER 3

THEORY

31 ROTATION-VIBRATION ENERGIES

From experimental studies of molecular spectra and from ab initio calcula-
tions on simple molecules 1t 1s known that an adequate rotation-vibration
potential function for diatomic molecules 1s given by the Dunham potential
(TOW 55, p. 10; HER 50, p. 107):

V(R) = aog%(1 + ail + ax82 +...) +— BJUJ + 1) (1 —20 + 382 —..)) (3.0)

The approximate rotation-vibration energies Wy, obtained with this potential
are given by:

Wiv/h = @e(v + 3) — @exe(v — 3)? + ... BJ(J 4 1) — DJ2(J + 1)? + ...
(3-2)

In the expressions (3 1) and (3.2) { = (R — Re)/Re, where Re 1s the equilibrium
internuclear distance and R 1s the instantaneous distance of the two nucler;
a,’s are the Dunham potential constants, J 1s the rotational quantum number,
v 1s the vibrational quantum number, we 1s the fundamental vibrational fre-
quency, ®eXe 1s a small constant depending on the anharmonicity of the poten-
tial function; By 1s the rotational constant in the | v > vibrational state of the
molecule defined by:

Bi=Be—ac(v+H+7relv—5* +..., (3.32)
where Be = h/8n2uR?

1s the rotational constant at the distance Re, p is the reduced mass of the
molecule, and ¢, and y. are small constants which measure the interaction
between vibration and rotation. The centrifugal stretching constant Dy and De
for the vibrational state | v > and for the equilibrium distance, respectively, 1s
defined by:

Dy=Dec+ Be(v— 3)+...
De = 4Bc%/we? (3.3b)

where Pe 1s a small constant.
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The expressions (3.1) and (3.2) are derived using the Born-Oppenheimer
approximation. Also contributions of hyperfine interactions and external
fields are neglected for the moment. Furthermore we restrict ourselves to !X
molecules. The frequency of a rotational transition J — J’ in a given vibrational
state follows from Eq. (3.2) and the selection rules A v=o0and A J = 1.

3.2 HAMILTONIAN FOR HYPERFINE INTERACTIONS AND EXTERNAL
ELECTRIC FIELD

The Hamiltonian for interpretation of the hyperfine structure and Stark
effect in the rotational spectra of '~ molecules has been investigated by Townes
and Schawlow (TOW s5), Ramsey (RAM 56), Thaddeus et al (THA 64),
Hirschfelder et al (HIR 65), Dymanus (DYM 66), Verhoeven (VER 69), and
by others. These investigations have shown that the following Hamiltonian
(VER 69) is fully adequate for the interpretation of spectra observed in the
present investigation:

H=X2Qx:Vx+ X X Ix.Dxil.+ ZIx.Mk.J — pE —iE.0.E (3.49)
K KL>K K
Herein, and in the following, the capital subscripts K, L refer to nuclei and the
subscripts i, j to electrons; Ik is the nuclear spin of the K-th nucleus, and J is
the rotational angular momentum.

The first term of Eq. (3.4) represents the interaction of the electric quadrupole
moment of the K-th nucleus with the gradient of the electric field because of the
surrounding electronic and nuclear charges. Expressions for the nuclear
quadrupole tensor Qx and the tensor Vk of the molecular electric field gradient
can be found elsewhere (VER 69; RAM 56).

The second term is the nuclear spin-spin interaction. In principle, the spin-
spin interaction contains the direct, or nuclear spin-spin, interaction between
two nuclear magnetic dipole moments, and the indirect, or electron coupled,
spin-spin interaction. The energy of the electron coupled spin-spin interaction
(RAM 36) is below the resolving power of the present beam-spectrometer.
Consequently the spin-spin term in the Hamiltonian contains only the direct
interaction, expressed with the aid of the molecular coupling tensor Dxy, of
which the components are given in Table 3.1. Herein rpq = rp —rq and
Tpq = | Tpq |, Where rq is the position vector of g-th particle with respect to the
molecular center of mass; px is the nuclear magneton, gx is the nuclear g
factor of nucleus K, and i, is the permeability of the free space.

The third term is the spin-rotation interaction. The molecular coupling tensor
tensor for nucleus K contains a nuclear and electronic part: Mx = Mg® +
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TABLE 3.1 Expressions for the components of the molecular electric dipole moment p,
and the molecular coupling tensors Mk, Mg(®, Dk, and a, all referred to the
principal axes g = a, b, ¢ of a molecule.

(Dxr)ee’ = (Ro/4m)px?grerrkL>[rxi? 8(g, g') — 3(rxL)e(rxL)e’]
(Mx™)gg’ = —2c(po/4m)pngrAg = Zrrkr3[rxi? 8(g, g) — (tru)g (TxL)e’]
L#K

(Mk(®)gg' = —2e(io/4Tm)uxgrAg [(Eo — En)~! <0 | X (rix X

z
n£o
X (P —px)erix *[n> < n|Z(nk X (pi—Ppx)’ | 0> + cc]
agg’ =—¢> X (Eo—En) ' [<o|Z(M)ln><n|XZ()'|o>+cc]

n#o i i

p,g=CZZK(I'K)(;‘—CE<O|('1)8|°>
K -

1

Mx(®. The components of these coupling tensors are given in Table 3.1. Herein
A¢ = 1/2l; is the rotational constant with I as the moment of inertia about the
g-axis, where g = a, b, c stands for one of the principal axes; eZq and pq is the
charge and momentum of particle g, respectively; m is the electronic mass,
| n > represents the electronic state and E, its corresponding eigen value, under
assumption of the Born-Oppenheimer approximation.

The fourth and fifth term represent the interaction of the permanent electric
dipole moment p and of the induced electric dipole moment a.E, respectively,
with the external electric field E. Expressions for the components of u and of
the molecular polarizability tensor « are also given in Table 3.1.

The Hamiltonian is derived using the rigid rotor approximation. The effect of
vibrations on the expectation values of the various contributions to the Hamil-
tonian will be treated in Sect. 4.1. as perturbation.

3.3 MATRIX ELEMENTS OF THE HYPERFINE HAMILTONIAN
FOR HI, HBr AND DBr

The energies of the hyperfine sublevels of a given rotational J-level are
obtained as solutions of the secular equation of the Hamiltonian (3.4). In the
absence of external fields (E = o) the most appropriate representation is:

| QI)F.1:FMr >, abbreviated as | F\FMg>,
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with the coupling scheme:
J+11:F1 and F1+12=F,

where the subscript 1 of the nuclear spin vector denotes the halide nucleus
127] (spin 5/2) or 7°Br, 8!Br (spin 3/2), and the subscript 2 denotes the hydrogen
nucleus 'H (spin 1/2) or 2H (spin 1); MF is the projection of F on the space
fixed z-axis.

After the terms in the Hamiltonian have been expressed in spherical tensor
operators, the matrix elements of the hyperfine interactions can be calculated
in the chosen representation with the aid of tensor operator techniques (JUD 63,
Chap. 3).

a Spin-rotation interactions

The spin-rotation term of Eq. (3.4) for nucleus 2 can be expressed in spherical
tensors (HUI 66b):

LM:J = T (9)k@k+ DHI)O{M)®IO}0}© (3.5)
k=012
The spherical components in terms of the Cartesian components are giveninthe
cited reference.
Using tensor operator techniques the matrix elements of I..M..J can be
evaluated in the | F;FMpr > representation as:

< FiFMf | L.M.J | F, 'FMF > =

= 8(F,F") (Mp,MF) (—)? + T+ T2+ 2F1" 4 ¥+ 1 [(2F, 4 1) 2Fy' + DI x

FIZ Fl, I[J Fll ‘
H(I)M m
X{I Fxlz}{l F]J}<Izl(lz) “12><J|IJ |J>X

k1t

X T () (2k + D} {J b J} < I M@ [T > (3.6)
k

The reduced matrix elements of Eq. (3.6) can be evaluated with the aid of the
Wigner-Eckart theorem. The components of the interaction tensor M®) are
written in terms of molecular constants by transforming these components
from the space-fixed to the molecule-fixed CM system (EDM 60, p. 71). The

resulting relations for the reduced matrix elements of the interaction tensor are
(HUI 66b, LEE 67):

35



2l 4 1%
<J|| M®© ”J > =— 3 (Maa.+ My — M(-c)

<JIM®D > =0 3.7

2]+ 2) (2] 4+ 1) (2D

1
24(2J +3) (21 — 1) ] (Maa + Mpy — 2Mco)

<J||M(2)||J>=[

By substituting these relations in Eq. (3.6) and evaluating the 6-j symbol in
the sum over k, we obtain the matrix elements in terms of 6-j symbols (ROT 59)
and a coupling constant:

< F\FMF | Ib.MJ | F/F'M§’ > =
= 8(F,F) 8(Myp,M§') (—) +* i + 12+ 2F ¢+ F+ V [2F) + 1) (2F, + 1], X
. _%'F lz Fll' ][1] F[I
X2+ 0D@IL+1)JJ - 1))+ 1)] ll F, IzI[l E,J C,
where Cz = (Mz)a,a, = (Mz)bb (38)

In this way we obtain also the matrix elements of the spin-rotation term
I,. M,.J, which turns out to be diagonal in F,. Consequently 6-j symbols in
the expression for the matrix elements can be evaluated.

The result is:

< F.FMp |1, . M.J | FYF Mg’ > =
= 8(F1,Fr) 8(F,F) S(Mx,M)} [Fu(Fy + 1) — L, (I, - ) —J(J + D] C,
where C; = (M1)aa = Mi)vp (3.9)

Generally, Cx in the expression (3.8) and (3.9) is the spin-rotation coupling
constant of the K-th nucleus.

b Spin-spin interaction
The matrix elements of the spin-spin term are obtained in the same way:
< FiFMr | I.D.I2 | F/F'My’ > = 8(F,F) 6 MpMy) (—)F1' 1 Iz +F+1 x
x (15/2)F [QFY + D) @F: + DL (I + 1) @ + D (I 4 1) (21 &+ D x

{F I F.'} ]J ! f] [(zJ +2) @)+ 1) @)}

LI
1 Fi 1; F, Fn'll Q@I+3)@I—1)

where dr = (Ho/4T)Hxg1gar 12>

dr, (3.10)
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is the nuclear spin-spin coupling constant of the nuclei 1 and 2 of the molecule,
In the derivation of Eq. (3.10) use has been made of the relation ZDgg = o,
which follows from the definition of Dgg’, as given in Table 3.1. The s-j symtol
can be written as a sum over 6-j symbols (JUD 63; EDM 60). For the diagonal
elements the 9-j symbol of Eq. (3.10) can be evaluated with the aid of an ex-
pression given by Edmonds (EDM 6o, p. 119).

¢ Quadrupole interactions

By an analoque treatment, the matrix elements of the quadrupole interaction
term are obtained (THA 64; D1J 67):

< FiFMp | V1 : Q. | F/F'My’ > = — 8(F/,F1) 8(F',F) 8(My',Mg) X

GIHXX + 1) —L + DJJ +1)

2Lzl — 1) ) —1) @) + 3) J(quh (3.11)

where X =F, (Fi + 1) —JJ + 1) —Li({; + 1)

and < FiFMFg | V2 : Q; | FYFMF > = 8(F',F) 3(M§’,Mr) X

X (—)F + I+ Iz + 2K 4+ P {il -I:l }:1} {f i:zlf;'} y
v @F/+1D@F+ D)L+ 1)(2l+2)(21:43) T (21 +1) (2__]_—}-2)] %(e %
812(21; — 1) 8(2F — 1) (2J+3) 1)

(3.12)

where (eqQ)x is the quadrupole coupling constant of the K-th nucleus with
gk = (Vk)ce as the c-component of the electric field gradient tensor at the K-th
nucleus, and Qxk as the quadrupole moment of the K-th nucleus.

The only oft-diagonal matrix elements for J' 7 J, which are of importance,
are terms due to the quadrupole interaction of the halide nucleus. Expressions
for these terms are given by Townes (TOW 55, p. 157). For a diatomic molecule
only matrix elements with J’ = J 4- 2 contribute to the energy.

3.4 MATRIX ELEMENTS OF THE STARK HAMILTONIAN
FOR HI, HBT AND DBr

For a diatomic molecule the first order Stark effect is zero. The second order
Stark effect is of the order of 0.1 MHz/(kV/cm)? for the molecules HI, HBr and
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DBr. The applied electric fields are between 2-4 kV/cm. The quadrupole
interaction of the halide nucleus gives splittings of the rotational levels of the
order of 100 MHz, and the spin-rotation and spin-spin interactions give
splittings of the order of 50 kHz. Therefore the most appropriate representation
for the calculation of Stark splittings is the partly coupled representation:

l (JI[)F]IzM|M2 >, abbreviated as I JF]M]M: >,

with the coupling scheme:

J+I,=F,
where M, and M, is the projection of F, and I, on the space fixed z-axis,
respectively.

The matrix elements of the hyperfine Hamiltonian can be evaluated in the
| JF,M M, > representation with the aid of 3-j symbols (ROT s59) and the
expressions for the matrix elements in the | F;FMr > representation as given
in the foregoing section. In the first instance we have calculated the matrix
elements of the hyperfine Hamiltonian in the fully coupled representation,
because this representation is the most appropiate representation at zero

Stark field. At this field we have done all initial experiments in order to obtain
the hyperfine coupling constants (DIJ 68, DIJ 69).

a The interaction —p.E

The matrix elements of the p.E interaction can be evaluated with the aid of
the tensor operator techniques. The result is (OVE 68a):

<JFEIMM; | —pE|JF/M/M; > = o

for all values of J’, except for J’ = J & 1; and

<JFIMM; | —p.E[(J + DF/MM; > = 3(M,M,") 8(M, M) %
X (=) +Ti+ P+ F =M1+ 1[(J + 1) @F; + 1) F/ + D}¥ x

Fl IF]I [1J+[F1'
X (—Mlo Ml) {I F1 J } HE (315)

Because the matrix is symmetric, only the expression for the element with
J =T+ 1is given.
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b The interaction —E.a.E

The matrix elements of the polarizability interaction can be evaluated in the
same way as of the spin-rotation interaction. The expression for the matrix
element diagonal in F; is (D1J 70):

< JFIMM;| —3E.0.E[JF MM, > = 8(M;,M/) (MM, X
X |—3E%as — E?2ar X

X 2[3M? — Fy(Fy + D] BY(Y — 1) —4JJ + 1) Fu(F1 + 1)]

(2F; + 3) 2F1 + 2) 2F) @F1— 1) (2] + 3) (2] — 1) (3.16)

where: Y = J(J —+ l) +F1(F1 + I) —[l([l + I)

and as = (1/3) (2ay + a;/)
ar = (1/3) (ap —0;/)

where: a; = polarizability perpendicular to bond direction,
a;, = polarizability along the bond direction.

Eq. (3.16) is only valid for F; # 4. For F; = 1 the coefficient of ar is zero
(property of a 6-j symbol). The scalar contribution of the polarizability is in-
dependent of the quantum numbers J and F; and it drops out of the expression
for the transition frequencies. The matrix elements off-diagonal in F, may be
neglected (DIJ 70).

3.5 CALCULATION OF THE RELATIVE INTENSITIES

In a beam spectrometer the intensity I;r of a transition from a initial state
| i > to a final state | f > is proportional to (see Eqs. (2.4) and (2.8):

Iir ~sin? | < f| wE|i> | nL/hv (3.17)

where E is the microwave field strength. At sufficiently small E the intensity ;¢
becomes proportional to:

Le~|<flpeli> |’E? (3.18)

By writing the states | i > and | f > in terms of the unperturbed initial and final
states | g > and | h >, respectively,
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[i> =X]|g> Ry,
4

|f>=§|h>th,
the intensity matrix can be rewritten (in matrix notation) as:

I=R; .CR (3.19)
Herein the elements Cpg of the matrix C are defined by:

Chg= <hlpe|g>,

and R; and R are the unitary matrices which diagonalize the Stark and the
hyperfine Hamiltonian of the initial and final state, respectively.

In the case of the Stark effect with hyperfine structure, the matrix elements
Crg are evaluated in the partly coupled representation and are given by Eq.
(3.15).

In the case of the hyperfine structure without external field the matrix
elements Cpg are evaluated in the fully coupled representation. Neglecting the
above mentioned transformations R which give small corrections on the relative
intensities, the relative intensities of the components of the rotational transition
are after summation over the degenerate magnetic states:

| Corypa'r ¥ |2 = I | <JEFMr|upe| JF/FMy > 2=
MF.MF'

= (1/3) | < JIF\FIpOW'F/F > |* = (1/3) 2F + 1) @F 4 1) 2F, 4 1) x

PR FFIIZFIFIIIZI Ny’ 2
x (2F, + I){Fl, F, [2} {J, J Il} D < Tl >

For diatomic molecules, the reduced matrix element in Eq. (3.20) is zero for
A J =0, and unequal zero for A J = -|- 1. For the other values of J' the
expression is zero because of the triangular conditions of the 6-j symbol. From
the triangular relations of the 6-j symbols it follows also, that only A F, = o,
+ 1and A F = o, + 1 transitions may occur.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 HFS IN ROTATIONAL SPECTRA OF HI, HBr AND DBr!

4.1.1  Calculation of the hyperfine coupling constants from the measured
frequencies

The frequencies of the hyperfine transitions are expressed in terms of the
frequency v, of the rotational transition in absence of any hyperfine interaction
or external field, and the hyperfine coupling constants (eqQ)i, (€qQ)2, Ci, C:
and dT.

Because the total angular momentum quantum number F is a good quantum
number, the energy matrix factorizes into submatrices corresponding to the
allowed values of F. The quadrupole coupling constant of the halide nucleus
has a very high value and the interaction between the quadrupole moment of
this nucleus and the field gradient couples states with J values differing by two.
In the case of the ] = o — 1 transition, we take into account the contribution
of the J = 2 states for the level J] = 0, and of the J = 3 states for the level J = 1.

In the order to calculate the energy splitting of a rotational level, the hyperfine
matrices are diagonalized. The initial values for the rotational and hyperfine
constants are either values from previous measurements or estimated values.
From the diagonalized energy matrices and the calculated relative intensities,
the hyperfine spectrum is obtained and compared with the measured spectrum.
In the next stage the values of the constants are varied until the best set of
values is obtained, which reproduced the experimenial line frequencies fairly
well. Finally, starting from this set of values a least square method (BLU 68)
is applied to obtain the best-fit constants with their errors. The calculations are
carried out on a IBM 360/50 digital computer of the University.

4.1.2 HFS in the J = 0> I transition of HI, HBr and DBr

The submillimeter wave power for the J = o — 1 transition of H!?'[ at
385 GHz is the 6th harmonic of 64.2 GHz. Table 4.1 summarizes the observed

! The gases HI and HBr were obtained from The Matheson Company, East Rutherford
(U.S.A)), and DBr from The Nuclear Equipment Chemical Corporation, Farmingdale
(US.A).
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frequencies of the hyperfine components of H'?7I. The halfwidth is 6.5 kHz. In
the earlier measurements on the same transition of HI by Cowan and Gordy
(COW 36) the halfwidth was about 250 kHz. The frequency v,, the rotational
constant and the hyperfine coupling constants of H'?’[ are given in Table 4.2.
The rotational constant has been calculated from the frequency v, and the
centrifugal distortion constant Do = (6.21 + 0.12) MHz obtained from the
infrared spectrum by Hurlock ef a/ (HUR 71). Comparison between observed
frequencies and frequencies calculated with the best-fit constants of Table 4.2
shows a maximum deviation of 0.2 kHz. This demonstrates the quality of the
fit which is achieved.

The submillimeter wave power for the J = o — 1 transition of H?°Br and
H3!Br at 500 GHz is the sth harmonic of 100 GHz. A recording of the doublet
of H%'Br (F1; F) = (3/2; 1,2) - (F"; F') = (1/2; 0), (1/2; 1) is given in Fig. 4.1.

e
| | 1 | | 1 1 L 1l

frequency {15 kiz between markers )
600 407 155 MHz

FIG. 4.1 Recording of the F( = 3/2 = 1/2 hyperfine components of the J =0—-1
rotational transition of H®'Br.

A better accuracy than that shown in this figure is obtained by using an extended
frequency scale (5 kHz between markers). The halfwidth is 7.5 kHz. Table 4.3
summarizes the observed frequencies of the hyperfine components of H?°Br and
HB8!Br. The frequency v,, the rotational constant and the hyperfine coupling
constants of H?Br and H®'Br are given in Table 4.4. The rotational constant
B, has been calculated from the frequency v, and the centrifugal distortion
constant Dy = (10 315.9 4 3.0) kHz and D, = (10 309.6 4 3.0) kHz for H’Br
and H®!Br, respectively, obtained from the infrared spectrum by Rank er a/
(RAN 65). Comparison between observed frequencies and frequencies calcula-
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ted with the best-fit constants of Table 4.4 shows a maximum deviation of 0.15
kHz.

The millimeter wave power for the J = 0 — 1 transition of D’°Br and D®!'Br
at 254.5 GHz is the 4th harmonic of 63.6 GHz. Table 4.5 summarizes the obser-
ved frequencies of the hyperfine components of D7°Br and D8'Br. The two lines
of the F; = 1/2 — 1/2 component of the transition overlap and are measured
as one line. Since it is known, that these lines have relative intensities I :2, and
that their separation from the measured frequency is (2/3) (Cp — drt) and
(—1/3) (Cp — dr), respectively, we are able to determine them. The halfwidth
of the lines is 5.5 kHz. The frequency v,, the rotational constant and the hyper-
fine coupling constants of D7°Br and D®!Br are given in Table 4.6. The rotatio-
nal constant has been calculated from the frequency v, and the centrifugal
distortion constant Dy = (2.89 -/ 0.05) MHz and D, — (2.88 + 0.05) MHz for
D7Br and D?#!Br, respectively, obtained from the infrared spectrum by Keller
and Niclsen (KEL 53). Comparison between observed frequencies and fre-
quencies calculated with the best-fit constants of Table 4.6 shows a maximum
deviation of 0.50 kHz.

TABLE 4.1 Observed frequencies of the J = 0 — 1 rotational
transition of H?"I.

Transition Rclative Frequency
F, ;F->F/ ;F Intensity (MHz)
3/z2 2 5 385 545.1795 (3)
32 1 3 385 545.1342 (3)
5/2;2,3 7/2 3 7 385 382.7104 (2)
72 4 9 385 382.6602 (2)
52 2 5 384 997.5456 (2)
5/2 3 7 384 997.5146 (2)

TABLE 4.2 Rotational constant, hyperfine coupling constants, and frequency vo of the
transition J = o — 1 of HI. All values are in kHz.

Present measurement Other measurement Reference
Vo 385 290 339.2 (2) 385 293 270 (700) (COW 56)
Bo 192 657 590  (480) 192 658 800 (500) (COW 56)
(eqQ): -1 828 286.1 (8) —1 831 000 (1000) (COW 56)
C 351.03 (5) 260 (200) (COW 56)
Cu -49.36 (22) -49.7 (10) (RAM 61)
dr 5.51 (10)
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TABLE 4.3 Observed frequencies of the J — o — 1 rotational transition of HBr.
Transitton Relative Frequency
F,;F->F/;F intensity (MHz)
HBr 3/2;1,2 1/2 © I 500 540.1020 (5)
/2 1 3 500 540.1362 (3)
52 3 7 500 647.7273 (3)
52 2 5 500 647.7696 (3)
32 2 5 500 780.0831 (3)
32 1 3 500 780.1233 (3)
H®*Br 3/2;1,2 1/2 © I 500 407.1747 (5)
/2 1 3 500 407.2096 (3)
52 3 7 500 497.3676 (3)
5/2 2 5 500 497.4092 (3)
3/2 2 5 500 607.7590 (3)
32 1 3 500 607.8007 (3)
TABLE 4.4 Rotational constant, hyperfine coupling constants, and frequency v, of the
rotational transition J = o0 — 1 of HBr. All values are 1n kHz.
Present measurement Other measurement Reference
H™Br
Vo 500 673 918.8 (2) 500 675 240 (260) (JON 64b)
Bo 250 357 519 (12) 250 360 780 (130) (JON 64b)
(eqQ)nr 532 304.1 (8) 535 400 (1400) (JON 64b)
Cer 290.83 (8) 290 (200) (JON 64b)
Cu -41.27 (31) -43 (3) (RAM 61)
dr 10.03 (21)
H%'Br
Vo 500 519 145.5 (2) 500 519 410 (260) (JON 64b)
Bo 250 280 192 (12) 250 282 880 (130) (JON 64b)
€qQ)er 444 679.3 (8) 447 900 (1400) (JON 64b)
Cor 313.25 (B) 310 (200) (JON 64b)
Cu -41.23 (31) 43 (3) (RAM 61)
dr 10.89 (21)
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TABLE 4.§ Observed frequencies of the J — o — 1 rotational transition of DBr.

Transition
- F/F

Fl M F

D"Br 3/2; 1/2, 3/2, §/2 1/2 1/2
1/2 3/2

5/2 3/2

5/2 7/2

5/2 5/2

3/2 3/2

3/2 5/2

3/2 1/2

D®Br 3/2; 1/2, 3/2, 5/2 1/2 1/2
1/2 3/2

5/2 3/2

5/2 7/2

5/2 5/2

3/2 3/2

3/2 5/2

/2 1/2

Relative
intensity

W NWR NN = =W NWRAR BN~

Frequency
(MHz)

254 571.6545 (15)*
254 571.6593 (15)2
254 678.3362 (15)
254 678.3442 (10)
254 678.3785 (5)
254 810.6345 (5)
254 810.6580 (5)
254 810.6907 (5)
254 437.7305 (15)°
254 437.7358 (15)°
254 526.9935 (15)
254 §27.0002 (10)
254 527.0342 (5)
254 637.4216 (5)
254 637.4446 (5)
254 637.4781 (5)

3 Thesc two lines overlap and are measured as one line with frequency 254 571.6577 (5) MHz.
b Same as®, Measured frequency 254 437.7340 (5) MHz.

TABLE 4.6 Rotational constant, hyperfine coupling constants, and frequency vo of the
rotational transition J = o — 1 of DBr. All values are in kHz.

Present measurement

D™Br

Vo 254 704 657.1 (4)
B. 127 358 110 (200)
(€qQ)pr 530 631.5 (21)
Cpr 145.82 (24)
(eqQ)n 146.9 (19)
Co -3.25(57)
dr 1.59 (24)
D®'Br

Vo 254 548 931.2 (4)
Bo 127 280 220  (200)
€qQ)nr 443 279.9 (21)
Cur 157.26 (24)
(eqQ)o 146.1 (19)
Co -3.55 (57}
dr 1.74 (24)

Other measurement (GOR 54)

254 705 200 (500)
127 358 200 (300)

533 000 (3000)

254 548 900 (500)
127 280 000 (300)

445 000 (3000)
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4.2 STARKEFFECTINTHE ROTATIONAL SPECTRA OF HI, HBT AND DBT

4.2.1  Calibration of the Stark field

For the measurement of the Stark splittings a well-defined dc voltage (from
Fluke 410 B, stability 1 x 10~%) was applied to one plate and a negative
square-wave voltage to the other plate. The latter voltage (frequency 1 kHz)
modulates the absorption signals as required for the synchronous detection.
The Stark components are measured during the zero-period of the square-wave.

During the initial stage of the Stark measurements on DBr at high fields it
was found that the spectral lines were asymmetric. This asymmetry was ascribed
to a slight variation of the distance between the (metal) Stark plates, especially
between the middle and the end sections of the plates. A solution was found in
using only the middle section, about 10 cm long, of the effuser during the Stark
measurements. In this way, only the middle section of the parallel plates cell,
where the plates are parallel to within less than 0.01 mm, is used for the absorp-
tion experiments. No asymmetry of the lines could be detected with this arrange-
ment.

The well-known (MUE 68; LEE 70) dipole moment of carbonyl sulphide
p(OCS) = 0.71512(5) D was used to calibrate the Stark field.

The calibration was performed by measuring Stark splittings of the ] =7 — 8§
rotational transition at 7.3 GHz. All nuclear spins of the nuclei of normal OCS
are zero, so the OCS molecule has no hyperfine structure. The first order Stark
effect is zero. With the aid of the expression for the matrix elements of the
—.E interaction given in Eq. (3.15), the second order perturbation theory
gives the following energy splitting of the rotational level J:

n?E? [ JJ + 1) —3M?2 ]

W) = 2hBo LJJ + 1) (2T — 1) (2] + 3)

(4-1)

The polarizability term —}E. a.E of Eq. (3.16) gives the following contribution
to the first order energy:

3M2 —J(J + 1)

@ +3) @ —1) (42)

WJ}\[“)(G) = —%ﬂsEz —_— (J.TE2 [

The scalar contribution of the polarizability drops out the transition frequen-
cies. For OCS, the polarizability anisotropy is (a¢;; — 1) = 4.63 X 10724 cm?
(MUE 68), and the rotational constant B, = 6081.490 MHz (TOW 55).

Both contributions (4.1) and (4.2) are quadratic in the electric field. There
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are three perturbation corrections which have a fourth power dependence on
the applied electric ficld, and expressions for them are given in the appendix of
the paper of Scharpen er al (SCH 67). For the applied electric fields in this
experiment, these corrections are negligible (DIJ 69).

The microwave electric ficld is parallel to the static electric field, so the rota-
tional transitions produced by the electric field can occur only when A M = o.
In Table 4.7 the observed frequencies of the Stark components of the rotational
transition J = 7 — 8 of OCS are given for a number of dc voltages in the range
3000-4000 V and for the square-wave voltage of —s500 V. The halfwidth of the
lines is about 3.8 kHz.

TABLE 4.7 Frequencies of the rotational transition J = 7 — 8 of OCS in a Stark field.
The error in the frequencies is 0.30 kHz.

quantum observed frequencies (kHz) at different dc voltages

number M 2996.3 V 34957V 3995.4 V
97 301 146.01 97 301 123.28 97 301 097.24
97 301 258.94 97 301 277.13 97 301 298.38

~N oA éa& N

97 301 343.89
97 301 447.94
97 301 570.47

97 301 392.82
97 30I 534.02
97 301 700.93

97 301 448.81
97 301 633.37
97 301 851.66

From the observed frequencies at the three values of the dc voltage the values
of the electric field and of the frequency v, of the rotational transitionJ =7 —» 8
of OCS at zero Stark field are obtained by means of a least squares fit method.
The values of the frequency v, show a maximum deviation of 0.05 kHz from the
averaged value of vo = 97 301 208.49 (12) kHz. From the values for the electric
field and the applied dc voltage we obtain the distance d of the parallel plates:
d = (0.98411 + 0.00023) cm. The d-values determined at different applied
voltages are consistent within the indicated error limit. This demonstrates
together with the result obtained for the frequency the reliability of the calibra-
tion method. Consequently, we know the electric field for each value of the dc
voltage applied on the parallel plates.

4.2.2 Stark effect in the J = 0 — I transition

a HBr and DBr

At the same conditions as used for the calibration of the Stark field with OCS,
the Stark splitting of the rotational transition ] = 0 — 1 of the molecules H?°Br,
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H81Br, D7°Br and D®'Br 1s measured For these molecules all Stark measure-
ments were performed only on the transition (J, Fy) = (0,3/2) - (1, 1/2) The
diagonal contribution of ar 1s exactly zero for the J = o level and for the (1, 1/2)
hyperfine sublevels

The splitting pattern of the (J, F,) = (0, 3/2) — (1, 1/2) transition of HBr con-
sists of two lines for both i1sotopic species These lines correspond to the transi-
tion (J, Fi, My, M) = (o, 3/2, —1/2, 1/2) = (1, /2, —1/2, 1/2) and to the de-
generate pair of transitions (0, 3/2, 1/2, 1/2) = (1, 1/2, 1/2, 1/2) and (o0, 3/2, 1/2,
—1/2) = (1, 1/2, 1/2, —1/2). The separation between them 1s independent of
the applied Stark field and 1s 34 2 kHz for H?°Br and 34 8 kHz for H®'Br. The
results are given 1n Table 4 8

1ABIT 4 8 Observed frequencies of the stronger Stark component of the (J, F)) = (0,32)
— (1,1/2) transition of HBr and the corresponding values of the electric dipole

moment
Stark field (V/ecm) observed frequency (MHz) dipole moment (D)
H°Br 0 500 540 1362 (3)
3044 7 (8) 500 541 2048 (10) 0 82709 (47)
35521 (9) 500 541 5897 (10) 0 82708 (37)
40599 (11) 500 542 0335 (10) 0 82704 (32)
H®Br o) 500 407 2096 (3)
3044 7 (8) 500 408 2799 (10) 0 82778 (47)
3552 1 (9) 500 408 6638 (10) 0 82736 (37)
4059 9 (11) 500 409 1070 (10) 0 82720 (32)

The (J, Fy) = (o, 3/2) = (1, 1/2) transition of DBr without Stark field is ot-
served as a single line, containing in fact two overlapping lines (Table 4.5). At
Stark field the line shifts keeping the same structure The results are given in
Table 4 9.

TABLE 4 9 Observed frequencies of the (J, F,) = (0,3/2) — (1,1/2) Stark transition of
DBr and the corresponding values of the electric dipole moment

Stark field (V/cm) observed frequency (MHz) dipole moment (D)

D™Br o 254 571.6577 (5)

3044 7 (8) 254 573 7377 (10) 0 82353 (31)

3552 1 (9) 254 574 4852 (14) o 82351 (31)

40599 (11) 254 575 3452 (18) 0 82338 (30)
D®'Br o 254 437 7340 (5)

3044 7 (8) 254 439 8133 (10) 0 82346 (31)

35521 (9) 254 440 5598 (14) o0 82342 (31)

4059 9 (11) 254 441 4168 (18) 0 82312 (30)

.

48



With p as parameter and all other constants taken from the measurements at
zero Stark field the cnergy matrices are diagonalized and the transition fre-
quencies of the Stark spectrum are calculated. Comparison between calculated
and observed frequencies gives values for p at the three E values (Table 4.8;
Table 4.9). The final results for the electric dipole moments are:

i (HBr) — 0.8271 (3) D
p (H3'Br) = 08274 3) D
p (D7Br) = 0.8235 (3) D
n (D®Br) - 0.8233(3) D

In these measurements the isotope effect of the H — D substitution for the
dipole moment of hydrogen-bromide has been observed for the first time, but
the present accuracy is too low to determine the effect of the 7°Br — 8!Br
substitution. The value for HBr is higher than the value 0.788 D obtained by
Zahn (ZAH 24) from measurements on the dielectric constant, but it agrees
well with the value 0.834 4 0.008 D obtained by Robinette and Sanderson
(ROB 69) from measurements on far infrared dispersion. The value for DBr
agrees well with the value 0.83 4+ 0.02 D obtained by Burrus (BUR 59) from a
low-resolution Stark effect measurement on the J = o0 — 1 transition of this
molecule.

b HI

For H!27[ all Stark measurements were performed on the transition (J, F;) =
= (0, 5/2) — (1,7/2). These measurements have been done under slightly differ-
ing conditions: the length of the effuser was 39 cm, Stark fields between
2000-3000 V, and the square wave voltage of —2000 V. The calibration of the
Stark field with OCS has been performed also under these conditions.

In the case of the (1, 7/2) level of HI the largest contributions of ar are for the
M, =1/2,7/2; they are -(1/7)arE?/h and —(1/5)arE?/h, respectively. The only
known source of information on ar of HI are the tables of Landolt-B&rnstein
(LAN 51) which give:

ar(HI) = —0.563 X 10 29 cm?3. With this value of ar the shift of the M, =
= 1/2, 7/2 sublevels is —1.2 and 1.7 kHz, respectively, at an electric field of
3000 V/cm. However, recent measurements of Bridge and Buckingham (BRI 66)
on HCI suggest that the ar values for halide-hydrides of Landolt-Boérnstein are
overestimated by roughly a factor of two. If this is correct even the largest con-
tributions of ar are well below the present limit (~ 1 kHz) of the fit accuracy.
Consequently we felt that it was not justified to attempt extraction of ar from
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our measurements and the contribution of ar was disregarded 1n the analysis,
The observed and the calculated Stark splitting pattern of the (J, F;) = (o,

5/2) = (1, 7/2) of HI at E = 2044.4 V/cm 1s shown in Fig. 4.2. At this field the

maximum shift of a component from the unsplit line 1s about 220 kHz.

1 1 N L 1 1 ‘|’l 1

frequency (18 kHz between markers)

FIG. 4.2 The observed (recording) and the calculated (bars) Stark splitting pattern of the
J, F1) = (0,5/2) — (1, 7/2) transition of HI at F — 2044 4 V/cm

The halfwidth of a single component 1s 7.0 kHz. The calculated pattern was
obtained from the best fit of the observed spectra to the Hamiltoman of Eq. (3.4)
with p as the only fit parameter. The other constants required for the fit were
taken from the measurements at zero Stark field.

The value of the electric dipole moment is obtained from the fit of a number
of observed spectra at six values of E 1n the range of 2-3 kV/em. The result 1s:

W(H'T) = 0 4477(5) D

A detailed description of the Stark measurement on HI and its computer fit is
given by Zuidberg (ZUI 69).

Thus far the only value for the dipole moment of HI is the value 0.382 D
obtained by Zahn (ZAH 24) from measurements of the dielectric constant. The
value obtained 1n the present measurement 1s higher than Zahn’s value, just hike
that of HBr. The value agrees well with the value of u(DI) = 0.445 + 0.02 D
obtained by Burrus (BUR 59) from a low-resolution Stark effect measurement
on the J = 0 — I transition of DI.
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CHAPTER 5

DISCUSSION OF THE RESULTS

51 VIBRATIONAL DEPENDINCI OF MOLECULAR CONSTANTS

For a X-diatomic molecule in the vibration-rotation state vJ the expectation
value of an arbitrary operator Q which 1s a known function of the internuclear
distance R, can be expanded as a Taylor series for values of R 1n the neighbour-
hood of Re:

<O>y=0—0,<{>+30: <>+ 10:<P>+... (51

where Op = R(d"O/dRn),,
£ = (R —Re)/Re

For the Dunham potential function given tin Eq (3 1) the expectation value of
{r1s a function of J, v + 4, (Be/w.), and of the potential constants a, (SCH 61)
The constants Re, Be, ®e, and a, are known for nearly all simple molecules from
rotation and vibration spectra They are given 1n Table § 1 for the hydrogen-
halides Omitting terms of third and higher order in (Be/we) the following
equation 1s obtained for the expectation value of O.

< 0 >v5 = O0¢ + (Be/we) (v + %) [—32:01 + O] —

+ (Be/we)? [O1 (—1: az + 243 a1dz2 — 231 a4+

f Oz(—: a; + ; a,%) — 274 2,05 + 116 O4] + (Be/we)* (v + 1)* X

X [Oi(—15a3 + 39 a2, — % a1®) + Ox(—3a; + P a;) — 3 2,05+ ; 04 -
+ (Be/we)? 4J(J + 1)O (52)

From above expression 1t 1s apparent that by measuring only the vibrational
variation of the expectation valuc of an operator, one 1s not able to determine
the individual derivatives of the operator The first derivative can be obtained
from the last term of Eq (5 2), if the centrifugal distortion within a vibrational
level 1s observable, while the second derivative can also be determined, if the
coefficient of the term (Be/we) (v + 1) 1s known from the vibrational variation
of the expectation value
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TABLE §.1 Molecular constants of hydrogen-halides.

Quantity HF H3**Cl H®'Br H1
R:(°A) 0.916812 1.2746Y 1.4146" 1.6091Y
Be(cm—1) 20.9557* 10.593416° 8.4648841 6.5111¢°
we(cm™1) 4138.320 2990.9463¢ 2648.9754 2309.014°
a; -2.2537% -2.3645° -2.4373¢% -2.533"
a; 3.4880" 3.66470° 3.8645¢

as -4.4987* -4.6783°¢ -5.151%

s Reference WEB 68, P Reference JON 64b, © Reference RAN 65a, ¢ Reference RAN 65,
e Reference HUR 71, and fa; = (—aewe/6Be?)—1 (TOW 55, p. 16) with ae = 0.16886
cm~! (HUR 71).

With the values of the molecular constants given in Table 5.1 the coefficients
in Eq. (5.2) can be calculated. It turns out that the terms in (Be/w.)? are about
100 % smaller than the term in (Be/we) for low values of v and J. Consequently,
it is sufficient in first approximation to retain only terms through order (B¢/®)
in Eq. (5.2). Then the vibrational dependence of the expectation value of an
operator can be obtained by measuring it in the ground and in the first excited
vibrational state.

In the present investigation the measurements have been done only for the
ground vibrational state of the molecules, because the fraction of the molecules
in an excited vibrational state at room temperature is too small for the beam
spectrometer. However, separation of the equilibrium value Oe and of the
vibration-dependent part, 4(Be/we) [—32:10:1 + O:], of the expectation value
of O can also be achieved by the method of isotopic substitution.

5.2 EFFECT OF ISOTOPIC SUBSTITUTION

If a nucleus A in a hydrogen-halide molecule is replaced by its isotope B, the
molecular quantities Re, O¢, O, Oz, and a;’s are influenced by the change in
the electronic wave function resulting from the different volumes of the two
isotopic nuclei. This change is very small and it is neglected in the following.
Furthermore isotopic substitution changes the vibration of the molecule in
consequence of the differcnt masses of the two isotopic nuclei. Assuming that
the Born-Oppenheimer approximation is valid, the electronic wave function
and, subsequently, the molecular quantities mentioned above are not influenced
by this change in vibration. With these assumptions we obtain from Eq. (5.2)
by neglecting second and higher order terms in (Be/w.) the following expression
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for the difference in the expectation values of an operator O on isotopic substi-
tution:

<O >yB— <O >y a=(v-+ 1) (Befooe)a [—32,0, + O2] X
X [(nm,a/um,B)? — 1] (5.3)

Herein pum is the reduced mass of a molecule, and A and B denote two mole-
cules differing only by one isotopic substitution. In order to obtain Eq. (5.3)
we have used the property that the quantity (Be/we) is proportional to py 3-

Because we have measured the molecular constants in the ground (v = o)
vibrational state only, we use in the following the notation < O >¢ = O.
In fact this notation has been used already in chapters 3 and 4.

53 QUADRUPOLE COUPLING CONSTANTS

5.3.1 The vibrational dependence of the quadrupole coupling constant of the
Cl-nucleus in HCI and DCI

Kaiser (KAI 70) has observed the values of the quadrupole coupling constant
(eqQ)c1 in the molecule H¥**Cl and D?3C] as function of (v + 4) and J. Con-
sequently, we can compare for H**Cl the results obtained with the isotopic
substitution method with results obtained more directly by measuring vibra-
tional and rotational dependence.

Using Eq. (5.2) Kaiser obtained the following results for H3Cl: (eqQ)e =
—66775.1 4 3.0 kHz, and (Be/we) [—321 (eqQ): + (eqQ):] = —1672.8 + 6.4
kHz. With the aid of the method of isotopic substitution applied to the values
of (eqQ)c1 (v =0) in H3*Cl and D3*Cl, we obtain the following result for
H*Cl: (eqQ)e = —66821 kHz and (Be/we) [—3a1 (eqQ)1 + (eqQ)2] = —1595
kHz. In the latter calculation all terms in (Be/we)? were neglected. The agree-
ment between the results obtained with the two different methods is reasonable.
So it may be concluded that the method of isotopic substitution to determine
the vibrational dependence of the quadrupole coupling constant of HCl is very
well. Therefore this method will be used in order to determine the vibrational
dependence of the quadrupole coupling constant and of other quantities of
HBr.

With the aid of Eq. (5.2) and a value for the quadrupole moment of the
35Cl-nucleus Kaiser determined also values for qe, q1 and q2 for the Cl-nucleus
in H33Cl and D3°Cl. The results for H3**Cl are given in Table 5.2 (Sect. 5.3.2).
The results for D*3Cl are identical to the results for H*3Cl within the experi-
mental error. This legitimates one of the assumptions mentioned in Sect. 5.2.
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53.2 Field gradient at the Br-nucleus in HBr and DBr

Starting from the value of the nuclear electric quadrupole moment Q(8!Br) =
0.26 X 10-2%4 cm? (FUL 65), we obtain from the observed quadrupole coupling
constant (eqQ)p: the field gradient q = 7.073321 (13) X 1022 V/m? and
q = 7.051061 (34) X 1022¥V/m? for the Br-nucleus in H?!Br and D®'Br, respec-
tively, in the ground vibrational state.

Using the method of isotopic substitution we obtain from Eq. (5.3) and from
the values of the field gradient in H®'Br and D?3'Br the value of the vibration-
dependent part of the field gradient for the Br-nucleus in H8'Br:

1(Be/we) [—32191 — q2] = (7.72 &£ 0.02) X 10%° V/m? (5-4)

By substituting the value of q and of 1(Be/we) [—3a:q: + q:] into Eq. (5.2)
and neglecting the terms of the order (Be/®e)?, we obtain the value of ge for
the Br-nucleus in H8!Br. The results are given in Table 5.2 both for Br in H®!Br
and D®!'Br, and in H"°Br and DBr.

We can solve Eq. (5.4) for q, if we assume that the value of q,/q; for the
Br-nucleus in H®!Br is the same as for the Cl-nucleus in H**Cl (Table 5.2). The
values of the constants Be, we and a, for H8'Br are given in Table 5.1. The
result for q, and, subsequently, for q; is given in Table 5.2. In order to deter-
mine the error in q; we compare the value of qe/q; for the Br-nucleus in H8!Br
with this ratio for the Cl-nucleus in H33Cl. The difference in these ratios is only
6 9. Therefore, estimating the accuracy of q, and q; as 10 % and 20 %, respec-
tively, seems reasonable taking into account the uncertainties involved in the
isotopic substitution method. The accuracy of q. has been determined on
7 X 1077 as suggested in the treatment of HCl in Sect. 5.3.1.

TABLE 5.2 Field gradient and its derivatives of the halide
nucleus in HBr and HCI.

HBr (present work) H3sCl (KAI 70)
qe(V/m?) 6.996(5) X 10%? 3.5313(3) x 10%?
qi(V/m?) 9.6(10) X 10?2 5.17(21) X 1022
q2(V/m?) -22(5) X 1072 -11.6(16) X 10%?

5.3.3. Field gradient at the D-nucleus in DBr

The vibrational dependence of (eqQ)p in D®'Br and D7°Br can not be deter-
mined, because the difference in the vibrational dependence of (eqQ)p in the
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two isotopic species of this molecule is considerably smaller than the present
accuracy. Therefore the values for (¢qQ)p of D®!'Br and D7?Br may be averaged
with as result: (eqQ)p = 146.5 (14) kHz for DBr. Starting from the value of
the nuclear electric quadrupole moment Q(D) = 0.00277 X 10724 cm? we
obtain from (eqQ)p the field gradient q = 2.16 X 102! V/m? for the D-nucleus
in the ground vibrational state.

5.3.4 Nuclear quadrupole ratio of Br isotopes in molecular HBr and DBr

From the observed quadrupole coupling constant (eqQ)s: in H®'Br and
H7°Br (Table 4.4), we can determine the ratio (eq79Q79)/(€qs1Qs1) = 1.197052
(3). The difference in the ratio of the quadrupole coupling constants for v= 0
and in the ratio of the quadrupole coupling constants for the equilibrium dis-
tance R is smaller than 2 X 1075 In order to prove this we used (Be/we)7s/
(Be/®e)s1 = 1.00015 (RAN 65).

So we obtain for (eq79Q79)e/(€qs1Qs1)e = 1.197052 (5). Assuming (qro)e =
(qs1)e we obtain for the nuclear quadrupole ratio of the bromine isotopes in
HBr: Q7/Qs1 = 1.197052 (5). For DBr the ratio is 1.197057 (10). These
results are in very good agreement with the value obtained by Hebert and
Street (HEB 69) from the spectrum of LiBr, and by Brown and King (BRO 66)
from the spectrum of atomic Br. Consequently, no indication is found of the
nuclear polarizability effect.

After publications of these experimental results (BRO 66, HEB 69, D1J 69)
Bonczyk (BON 70) has also given an explanation for the failure to observe an
electric polarization effect of 7°.®!Br nuclei.

5.4 ELECTRIC DIPOLE MOMENTS

5.4.1 The vibrational dependence of the dipole moment of HC! and DCI

Kaiser (KAI 70) has found that the value for the dipole moment pe of
H3:5Cl for the equilibrium distance Re is (0.001 = 0.0002) D greater than the
value for D33Cl. This difference in pe for HCl and DCl is ascribed to breakdown
of the Born-Oppenheimer approximation. Kaiser has obtained the value of
He, K1, K2, K3, and p4 for HCI and DCI from a calculation in which he used the
‘wavefunction approximation’, dipole matrix elements obtained from measure-
ments of absolute intensities of the infrared spectra of HCI and DCI, and his
own measurements on the dipole moment of HCl and DCI in different vibra-
tional states. Two results for H35Cl are relevant in this section: pe = 1.0933 D,
and the vibration-dependent part 3(B¢/we) [—321p1 + H2] = 0.0152 D.
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These quantities can also be determined with the method of isotopic substi-
tution. In order to take into account the breakdown of the Born-Oppenheimer
approximation, the difference in the equilibrium dipole moments of the two
molecules differing by one isotopic substitution must be added to the right
hand side of Eq. (5.3). Then we obtain the following equation for the difference
of the dipole moments of two isotopic species of a molecule in the ground
vibrational state:

<U>p— < U >a=
= He,B — He,a + $(Be/®e)a [—3ain1 - 2] [(Ro,a/ny,B)E —1] (5.5)

From Eq. (5.5) and the observed dipole moments of HCl and DCI (KAI 70)
we determine the following results for H3°Cl: pe = 1.0931 D, and 3(Be/we)
[—3a;1s + p2] = 0.0154 D. The values obtained with the isotopic substitution
method are in very good agreement with the values obtained with the method
followed by Kaiser. So the isotopic effect can be used to determine the vibrational
dependence of the dipole moment of HBr.

5.4.2 Dipole moment functions of HBr and DBr

The effect of the 7°Br — ®!Br substitution in HBr and DBr for the dipole
moments can not be determined from the present experimental values. There-
fore the values of the dipole moments of HBr and DBr for the bromine isotopes
are averaged. The results are p(HBr) = 0.82725 (21) D, and p(DBr) = 0.82340
(21) D.

Assuming that the effect of the Born-Oppenheimer breakdown on p is
proportional to the value of the dipole moment, a difference in pe for HBr and
DBr of 0.00075 D is deduced from Kaiser’s results for HCl and DCI. Using the
method of the isotopic substitution, we obtain from Eq. (5.5) for the vibration-
dependent part of the dipole moment of HBr:

1(Be/we) [—3a;p + p2] = (0.0108 + 0.0011) D (5.6)

Again omitting the terms of second and higher order in (Be/we) we obtain
from Eq. (5.2) and the averaged value of p(HBr) the value of pe for the HBr
molecule. The result for pe is given in Table 5.2.

Babrov et al (BAB 65) have measured the electric dipole matrix elements for
the 1 — o0 and 2 — o vibration-rotation bands of HBr and obtained subsequent-
ly the dipole moment derivatives p; and p.. Rao and his collaborators (RAO 68;
GUS 70) have remeasured the dipole matrix elements for these bands with a
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higher resolution, so that the isotopic lines of H?°Br and H®!'Br have been
resolved. Tipping and Herman (TIP 70) obtained with a more sophisticated
treatment the dipole moment function from the dipole matrix elements obtained
by various experimentalists (BAB 65, RAO 68, GUS 70, BUR 59). The results
are shown in Table 5.3. Tipping and Herman conclude that the data of Babrov
et al are reasonably self-consistent, but those of Rao et al are not. They can not
explain this discrepancy.

Therefore, it is interesting to compare the values of Tipping and Herman for
the dipole moment derivatives with the values which can be derived from the
present results using Eq. (5.6). The term p, is small compared with the term
—3a,y; in Eq. (5.6). Taking p, = 0.33 D, a value suggested by Tipping and
Herman, we obtain p, = (0.88 — 0.10) D. This value does not agree with the
values derived by Tipping and Herman (Table 5.3) either from the experimental
results of Babrov er al (0.644 4 0.006 D) or from Rao and collaborators
(0.482 D).

TABLE 5.3 Electric dipole moment and its derivatives for HBr.

pe(D) 0.824 + 0.024 0.8264 0.8165 I 0.0015¢
u(D) 0.645% 0.644 + 0.006° 0.482¢ 0.88 4 o.10t
ju2(D) 0.069% 0.167 + 0.06° 0.037¢

s Babrov et al (BAB 65); from line intensities of 1—o and 2—o vibration-rotation bands of
HBr.

b Tipping and Herman (TIP 70); from data of Babrov er a/ (BAB 65).

¢ Tipping and Herman (TIP 70); from data of Rao and collaborators (RAO 68, GUS 70).
d Tipping and Herman (TIP 70); deduced from microwave spectroscopy (BUR 59) with
different zero point corrections.

¢ Present work; e = (0.81575 + 0.0015) D for DBr.

I Present work; with 4pu2(D) = 0.167 D.

543 Dipole moment function of HI

In the present work only the dipole moment of H'27] is measured. Benesch
(BEN 64) obtained dipole matrix elements from infrared line intensities of HI
and used them to determine the dipole derivatives (Table 5.4). If we substitute
in Eq. (5.2) the values of p (present work), and p, and p, of Benesch we obtain
from this equation the value of p.. The second and higher order terms in
(Be/we) in Eq. (5.2) were omitted again. The result is given in Table 5.4. We
remark that for HI the value of pe is higher than the value of p, in contrast with
HBr (present work), HCI (KAI 70) and HF (MUE 70).
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TABLE §.4 Electric dipole moment and
its derivatives for HI.

He(D) 0.4483%
(D) -0.082"
pz(D) 0.21°

& with pi and 4p2 of Benesch (BEN 64).
b reference (BEN 64)

5.5 SPIN-ROTATION COUPLING CONSTANTS

5.5.1 Vibrational dependence of the spin-rotation coupling constants of HBr
and DBr

a) Spin-rotation coupling constants of the Br-nucleus in HBr and DBr

The vibrational energy dependence of Cj, the spin-rotation coupling con-
stant at nucleus A, can be written in the following form:

< Ca > = (Cade + (v + ) (Be/we) [—3a; (Ca)1 + (Ca)2) C))

where we used Eq. (5.2) and neglected the terms of the order (B¢/®w¢)2. From the
expressions given in Chap. 3 for the spin-rotation constant we may write:

(CA)e = gaBea, and —331(CA)1 -+ (CA)Z = gABeb

where Be is the rotational constant at the distance Re, ga is the nuclear g factor
of nucleus A, and a and b are molecular constants defined by these two equa-
tions. So Eq. (5.7) can be rewritten for the ground vibrational state as:

Ca = Begala + 4(Bc/we)b] (5.8)

At isotopic substitution 7Br — %!Br in HBr the quantity (Be/we) changes by
about 1.5 X 10~* but the molecular constants a and b do not change. The
value of the term $b(Be/we) is about 3 9 of the value of a (see below). So the
total change of the term a + 4b(Be/we) is about § X 10~ at isotopic substitu-
tion of the Br-nucleus. This is a factor of 40 below the experimental accuracy
of the Cgr constants in HBr. Consequently, from the observed value of the
spin-rotation constant of the Br-nucleus in HBr, Cs; = 313.25 (8) kHz, a new
value of C,e can be calculated as follows:

C1o = (g70Be79/gs1Besi)Co1 = 290.69 (8) kHz

where the ratio gr¢/gs1 = 0.9276997 (3) is taken from a NMR measurement by
Lutz (LUT 70), and Bg7o/Besi = 1.0003114 from the infrared spectrum
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measured by Rank ef al (RAN 65). The observed value of Ciq15: C19 = 290 83
(8) kHz. The averaged of the two values 1s: C7o = 290.76 (6) kHz for the HBr
molecule. The same procedure gives C;o = 145.81 (17) kHz for the DBr
molecule.

Using the method of isotopic substitution for the H — D nucleus the vi-
bratton-dependent part of C, being the term 4b(gprBe(Be/®e))7o €quals 10.5
(12) kHz and 3 8 (5) kHz for HBr and DBr, respectively. The values of the spin-
rotation constant at equilibrium internuclear distance (Cpr)e are given in
Table s.5a.

b) Spin-rotation constants of the "?H-nucleus in HBr and DBr

Within the measuring accuracy the Cy constants in H?°Br and H®!Br have
the same value. The averaged value of Cru(H7?Br) and Cu(H®'Br) 1s Cxg =
—41.25 (22) kHz. For DBr the corresponding averaged value 1s Cp = —3.40
(40) kHz. The vibrational dependence of Cyx for HBr can not be determined
owing to the great error in the Cp value of DBr.

5.5.2 Separation of nuclear and electronic contributions of the spin-rotation
coupling constants in HBr and DBr

The nuclear part of the spin-rotation coupling constant at the K-th nucleus
at equilibrium internuclear distance is given by (Chap. 3):

Ck,e™ = —2¢(so/4T)uNgKBeR e (5:9)

The values obtained from this expression for Cpe,o!™ and Cy o™ of H?”Br and
D79Br are given 1n Table 5.5a, and § 5b, respectively. The electronic part of
the spin-rotation constant Cy; e(®) at equilibrium internuclear distance can be
obtained as the difference of Cpr,e—Cunr,e™. This quantity 1s also given in
Table 5.5a. Neglecting the vibrational dependence of the spin-rotation constant
at the H-nucleus, we obtain the electronic part of the spin-rotation constant
Cu® as the difference of Cx — Cu,e™; this quantity is given in Table 5 5b.
In accordance with the expectations the values 1n Table § 5a and b yield:
(Cur,e®/Be)unr = (Curr,e®/Be)por, and (Cu'®/guBe)unr = (Cp'®/gpBe)psr
within the present accuracy.

TABLE § 5a Spin-rotation coupling constants of Br-nucleus in HBr and D7Br (all
values 1n kHz).

molecule Conr Cor, e Cor, e™* Cnr, @
H"*Br 290.76(6) 280 3(13) —3.86 284.2(13)
D’*Br 145 81(17) 142 o(6) —1.96 144.0(6)
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TABLE §.5b Spin-rotation coupling constants of the H-nucleus in 'H?*Br and *H"Br
(= D"Br) (all values in kHz).

molecule Cu Cy, /™ Cy©@
THBr —41.25(22) —15.4 —25.9
2H"Br — 3.40(40) — 1.20 — 2.20

* The nuclear g factors are given in the note of Table 5.6. The rotational constant Be(H’°Br)
= 253.8 GHz (JON 64b) and B<(D7°Br) = 128.6 GHz (GOR 54).

5.6 SPIN-SPIN COUPLING CONSTANTS

The experimental value of the spin-spin coupling constant dr(exp) contains
actually two terms:

dr(exp) = dr(nuclear) 4+ dr(electron coupled) (5.10)

The term dr(nuclear) represents the nuclear spin-spin interaction and equals
to (Chap. 3):

dr(nuclear) = (po/4m)Un?g1g2 < R™3 >y (5-11)
In order to obtain the expectation value, R-3 is expanded in a Taylor series
<R3I>y=Re¥(1—3<{>+6<>—10<3>+..) (512)

As mentioned already in Sect. 5.1 the expectation value of {is a function of
J, v 4+ 4, (Be/we), and a;’s (SCH 61). The result for the expectation value is then:

< R73 >y = Re(1 + 9a1(Be/we) (v + 1) + 12(Be/we) (v + 1) +
+ O[(Be/we)*]) (5-13)

The terms of second and higher order in (B¢/®e) may be neglected. The value
of dr(nuclear) is calculated from the Egs. (5.11) and (5.13) for the ground
vibrational state. The results are given in Table 5.6. The term df(electron
coupled) represents the tensorial contribution of the electron coupled spin-spin
interaction, which is very small compared with the nuclear spin-spin interaction.
However, for the molecules HBr and HI its contribution is not negligible as the
results given in Table 5.6 show. This is in contrast with the results for the
molecules HF (MUE 70, LEE 71) and HCl (KAI 70, Lee 71), where dr(exp)
equals dr(nuclear).
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The scalar contribution of the electron coupled spin-spin interaction has
been assumed equal to zero in fitting the spectra. In view of the fact that the
spectra fit very well (Chap. 4), this assumption is valid within the present
accuracy.

TABLE 5.6 Experimental values of the spin-spin
coupling constant dr(exp) compared
with the calculated value of dr(nu-
clear) from Eq. (5-11). All numbers

are in kHz.").
molecule dr(exp) dr(nuclear)
H"Br 10.03(21) 10.49
H®'Br 10.89(21) I1.31
D"Br 1.59(24) 1.60
D®'Br 1.74(24) 1.73
H'?¥I 5.51(10) 5.76

! The used nuclear g-factors (FUL 65) are:
g(H) = 5.58556, g(D) = 0.8565, g("°Br) = 1.4037,
g(®'Br) = 1.51305, and g('?') = 1.123.

5.7 CALCULATIONS

a Ab initio calculations

In the foregoing sections a number of molecular quantities for the equili-
brium internuclear distance Re have been determined. These molecular quanti-
ties give the possibility to check ab initio calculations for the molecules HBr
and HI. To our knowledge such ab initio calculations have not been done until
now. But these calculations can be expected after the successful ab initio studies
of HF and HCI (MCL 67, BEN 69).

Failing these ab initio calculations for HBr and HI one used models and
simplified calculations with molecular orbitals in order to obtain more com-
prehension of the molecular structure.

b Tonic model

Debije (DEB 29) has developed an ionic model in order to explain and predict
the electric dipole moments of polar diatomic molecules. In this model each
ion is polarized by the electrostatic field of the other one, and the dipole mo-
ment p(R) is given by:

(0-1 ‘f‘ gz)Rl + 4(11(12

R)=¢eR |1 —
H(R) -

(5.14)
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where the quantities a, and a, are the dipole polarizabilities of 1ons 1 and 2
The internuclear distance 1s generally taken to be the equilibrium distance R,

Rittner (RIT 51), De Wyn (WLJ 66), and Van Wachem (WAC 67) have used
this model for the alkali-halides with success The result for the alkali-halhdes 1s
that the polarizability of the alkali 10n 1n a molecule 1s roughly that of the free
alkali 1on, but the polarizability of the halide 10on 1s considerably smaller than
that of the free halide 1on (Table 5 7)

The values of the dipole moment at the distance Re are for the hydrogen-
halides pe(HF) = 1 7965 D (MUE 70), pe(HCI) = 1 0933 (KAI 70), po(HBr)
= o0 8165 D (present work), e(HI) = 0 4483 D (present work) Assuming that
the polarizability of the hydrogen 1on 1n the hydrogen-halides equals zero, then
we can calculate the polarizability of the halide 1on from Eq (514) The
results are given 1n Table § 7 Comparing the polarizabilities of the halide 1ons
in the hydrogen-halides with those 1n the alkali-halides, we see roughly the
same 1ncrease of the polarizability 1n the series F, Cl, Br and |

TABLE § 7 Polarizabilities of the halide 1ons

polarizability of the hahde-ion

polarizability given as percentage of the
of the free polarizability of the free
hahide-1on? halide-ton 1n
0n (1072 ¢cm?) alkali-halides® hydrogen-halides
F- 104 54% 43%
Cl- 366 61% 46%
Br- 477 65% 52%
1- 710 68% 55%

& Relerence WIJ 66, Y Reference WAC 67

The polarizabihty of a free halide 1on 1s @ De Wyn (WIJ 66) has suggested for
the alkali-hahides to substitute a, - (2/3)a 1n stead of a; — a, since only four
of the six outer electrons in the halide ions are polarizable This explains roughly
the results for the alkali-halides, but not for the hydrogen-halides

Because the 1onic model fails to explain the dipole moment of the hydrogen-
halides, we will not apply 1t to the electric field gradient in these molecules The
cause of this failure 1s the fact that the hydrogen-halides are not fully tonic
molecules This appears, for instance, from the value of the 1onic character of
these molecules

c Tonic character

Starting from a molecular orbital which 1s a Iinear combination of atomic
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orbitals of the two atoms in the molecule, Gordy and Cook (GOR 70, p 617)
determined from the dipole moment the 1onic character 1. of the hydrogen-
halides:

1c6Re — Hobs 4 | 1o | + | Huna | (514

where pons 1s the observed dipole moment, and ps and pynqg represents the con-
tribution to the dipole moment owing to the charge overlap and to the induced
dipole moment, respectively Gordy and Cook obtamed the following results:
1 = 0 82, 0 42, 0 34, and 0 26 for HF, HCI, HBr, and HI, respectively.

Assuming that the ficld gradient q at the halide nucleus arises from atomic
p-electrons only, the 1onic character of the hydrogen-halides has been deter-
mined also from the observed quadrupole coupling constants at the halide
nucle1 (GOR 70, p 576) The results are roughly the same as those obtained
from the dipole moments.

The value of the quadrupole coupling constant (eqQ)p 1s 354 kHz, 187 kHz,
and 146 kHz for DF (MUE 70), DCI (KAI 70), and DBr (present work),
respectively. The ratio (eqQ)p/ic turns out to be a constant equal to 440 kHz.
With the value of 1o — 0.26 for DI, the (eqQ)p for DI can be predicted to be
about 114 kHz.

TABLE § 8 Spin-rotation coupling constants (in kHz) at the halide nucleus of the hydrogen-

halides
molecule C(v=0) Ce Cem C.®
HF? 3076 285 —552 340
H3sCle 539 516 — 21 54
H°Bre 200 8 280 — 39 284
HlIe 3511 3401 — 21 342

a Reference MUE 70, P Reference KAI 70, ¢ present work, 9 estimated value

In Table 5 8 the electronic part of the spin-rotation coupling constant C.(®
of the halide nucleus 1s given for the hydrogen-halides at the internuclear
distance Re It 1s a complicated function of the electronic distribution 1n the
molecule as can be seen from the expression for Ce® = (Mag)e(® 1n Table 3.1
A model 1n terms of the 1onic character or of an other quantity 1s not present
to explain the values of the electronic part of the spin-rotation coupling con-
stants.
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SAMENVATTING

In dit proefschrift is de uitbreiding van de millimeter golf spectrometer ge-
bouwd door Huiszoon (1966) tot het submillimeter golflengte gebied beschre-
ven. De spectrometer heeft ecn hoog oplossend vermogen dat te danken is aan
het feit dat de molckulen die de straling absorberen, bijna loodrecht gericht zijn
op de voortplantingssnelheid van de straling. Hierdoor werd de Doppler ver-
breding van de spectraallijnen sterk gereduceerd. De gerichte molekulaire
bundel werd verkregen door de molekulen door een met vloeibare stikstof
gekoeld diafragma te sturen (Hoofdstuk 1).

De submillimeter straling werd verkregen uit een harmonische generator en
gedetecteerd met een harmonische mixer. De harmonische generator en mixer
bevatten beide een puntcontact diode, en werden elk afzonderlijk aangedreven
door een 4 of 3 millimeter golf klystron. De materialen waaruit de puntcontact
dioden opgebouwd werden, verschilden echter in beide dioden. Ook de con-
structie van de mixer week af van die van de generator. Hoge frequentie stabili-
teit van het signaal werd verkregen door het signaal klystron te koppelen aan
een precisie standaard frequentie. Door een modulerende elektrische spanning
op de parallelle platen van de absorptie cel aan te brengen kon fase gevoelige
demodulatie van het geabsorbeerde signaal tocgepast worden. De gevoeligheid
van het detectie systeem werd berekend met behulp van het geabsorbeerde ver-
mogen in rotatie overgangen van molekulen. De gevoeligheid van de punt-
contact mixer-diode is vergeleken met die van de thermische en foto geleidende
detectoren, beide met helium gekoeld (Hoofdstuk 2).

Met deze spectrometer werd een rotatie overgang van de molekulen DBr,
HI en HBr gemeten respectievelijk bij 255, 385 en 500 GHz zonder en met uitwen-
digelektrisch veld. Voor DBr en HBr werden de metingen verricht voor de beide
isotopische vormen van de broom kern. Het uitwendig elektrische veld werd
verkregen door op een van de parallelle platen van de cel een gelijk spanning
aan te brengen. Het elektrische veld tussen de platen werd geijkt met de goed
bekende waarde van het dipoolmoment van OCS. De meetresultaten van de
bovengenoemde rotatie overgangen zijn vermeld in Hoofdstuk 4. Het oplossend
vermogen bij 500 GHz bedroeg bijna 1 : 108. Dit is het beste oplossend vermo-
gen ooit bereikt bij een zo hoge frequentie.

De waargenomen hyperfijn en Stark spectra werden geinterpreteerd met een
standaard Hamiltoniaan. Met behulp van sferische operatortechnieken werden
de Stark en hyperfijn opsplitsingen van de rotatie niveaus van een molekuul
berekend in termen van het elektrische dipoolmoment en de koppelingskon-
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stanten van het molekuul (Hoofdstuk 3) Uit de waargenomen spectra werden
het elektrisch dipoolmoment en de koppelingskonstanten met hoge nauwkeu-
righeid bepaald De waarden verkregen in dit onderzoek werden zo mogelyk
vergeleken met waarden verkregen uit eerder verricht onderzoek

In Hoofdstuk 5 werden de verkregen waarden voor het dipoolmoment en de
koppelingskonstanten geanalyseerd Daartoe werd de vibratie athankelijkheid
van het dipoolmoment en de koppelingskonstanten bepaald Omdat de metingen
alleen 1n de vibratie grondtoestand van de molekulen verricht werden, kon de
vibratie afhankelyjkheid nict rechtstreeks uit de metingen bepaald worden Door
dezelfde grootheid te meten in twee i1sotopische vormen van het molekuul kan
de vibratie afthankelykheid ook goed bepaald worden Dit 1sotopische substi-
tutie effekt werd gebruikt voor HBr en DBr, waarby de waterstof kern in HBr
vervangen werd door zyn i1sotoop Op deze wyze werden grootheden bepaald
die betrekking hebben op de molekulaire struktuur by de evenwichtsafstand
van de twee hernen De molekulaire grootheden geven de mogelykheid ab
tnit1o berckeningen aan HBr en HI te testen Tot op heden zyn deze berekenin-
gen nog niet verricht Maar ze kunnen wel verwacht worden na de suksesvolle
studies met molekulaire golffunkties over HF en HCI
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STELLINGEN

1

De molekulaire golffunkties voor benzeen, zoals ze gegeven zijn door Gray,
zijn niet de golffunkties behorende bij de gediagonaliseerde energie-matrix.

H. G. GRrAy, ,,Electrons and Chemical Bonding”, W. A.
BenJaMIN, Inc. New York (1964).

11

De hoge frequenties, die Strauch en medewerkers verkregen hebben met de
methode van submillimetergolf harmonische mixing, zijn onvoldoende aange-

toond.
R. STRAUCH, R. MiescH en R. Cupp, [EEE Tr. on MTT 13

(1965) 873.
D. Woobs en R, STRAUCH, Proc. IEEE 54 (1966) 673.
G. SCHULTEN en J. StoLL, [EEE Tr. on MTT 14 (1967) 60.

111

Bij ver infrarood technieken in spectroscopie wordt gewoonlijk gebruik ge-
maakt van amplitude modulatie door middel van mechanische onderbreking
van de straling. Bij voorkeur dient deze onderbreking zo dicht mogelijk bij de
stralingsbron plaats te vinden.

R. Joyce en P. RICHARDS, Phys. Rev. 179 (1969) 375.

v

De door Goodell gegeven analyse van het verschijnsel van de door zee ge-
reflecteerde hemelstraling zal aan waarde winnen, als men zowel de anisotropie
in het golfpatroon van het water als de helderheidsverdeling van de hemel in

rekening brengt.
J. B. GOODELL, App. Opt. 10 (1971) 223.

v

De cosinus hoekverdeling voor de richting van de molekulen komend uit een
opening met een dunne wand blijft ook gelden bij lage Knudsen getallen
(vrije weglengte ~ diameter van opening).

R. STICKNEY, R. KEATING, S. YAMAMOTO en W. HASTINGS,
J. Vac. Sci. and Tech. 4 (1967) 10.






VI

In Toennies’ analyse van de molekulaire bundel metingen van botsings-
doorsneden voor overgangen tussen specifieke rotatie-toestanden van TIF met
verschillende molekulen, waaronder CH,4 en NHj, is bij de berekening van de
inelastische botsingsdoorsnede met CH4 de dipool-octupool interaktie ten on-
rechte niet meegenomen. Bij de berekening van de totale botsingsdoorsnede
met NHj; had behalve de waarde van de quantum mechanische botsingsdoor-
snede ook de waarde van de integrale botsingsdoorsnede verkregen met de
klassieke theorie opgenomen dienen te worden.

J. P. ToenNies, Zeitschrift fiir Physik 193 (1966) 76.

VII

Het beginsel van de veranderlijkheid, zoals door Van den Berg uiteengezet
voor de natuurwetenschappen, is wat de fysica betreft onjuist.

J. H. VAN DEN BERG, ,,Metabletica van de materie”, Callen-
bach N.V., Nijkerk (1969).

VIII

Als de regering ernst wil maken met het bieden van inspraak aan de burgers,
hoort zij in de op stapel staande hervorming van de bestuurlijke indeling van
Nederland als uitgangspunt voorop te stellen, dat bestaande gemeenten zoveel
mogelijk moeten worden gehandhaafd.

23 september 1971 F. A. VAN DIK















