Keele
University

This work is protected by copyright and other intellectual property rights and
duplication or sale of all or part is not permitted, except that material may be
duplicated by you for research, private study, criticism/review or educational
purposes. Electronic or print copies are for your own personal, non-
commercial use and shall not be passed to any other individual. No quotation
may be published without proper acknowledgement. For any other use, or to
guote extensively from the work, permission must be obtained from the
copyright holder/s.



THE MOLECULAR BEAM MASER EMPLOYING
QUASI-OPTICAL RESONATORS: OSCILLATION
BEHAVIOUR AND SPECTROSCOPIC APPLICATIONS

by

GHASSAN YASSIN
M.Sc.

A thesis submitted to the University of Keele

for the Degree of Doctor of Philosophy

Department of Physics
University of Keele
Staffordshire

November 1981



IMAGING SERVICES NORTH

Boston Spa, Wetherby
West Yorkshire, LS23 7BQ
www.bl.uk

The following has been redacted from this
digital copy of the original thesis at the
request of the awarding university:

"Publications from the present
works", Pages 160-176


http://www.bl.uk

IMAGING SERVICES NORTH

Boston Spa, Wetherby
West Yorkshire, LS23 7BQ,
www.bl.uk -

PAGE NUMBERING AS
ORIGINAL


http://www.bl.uk

TO MYy FATHER SHARIF



'CONTENTS

Page
ACKNOWLEDGEMENTS
ABSTRACT
CHAPTER 1 THE MASER
1.1 Introduction 1
1.2 State Separation of Molecules 2
1e3 The Ammonia Rotational Spectra 4
1.4 The Maser Applications 11
CHAPTER 2 SOME ASPECTS OF THE THEORY OF MICROWAVE OPEN
RESONATORS |
2.1 General BReview 18
2.2 The Resonator Basic Parameters 24
2.3 Some Approximation Methods 26
CHAPTER 3 A ROOF-TOP RESCNATOR FCR MOLECULAR BEAM MASER
SPECTROSCOFPY
a1 Introduction 39
3.2 Congtruction of the Cavity ) 41
3,3 Properties of the Roof-Top Resonator 47
3.4 Detection of the Maser Signals 50
2.5 The Roof-Top Spectrometer 64
CHAPTER 4 CHARACTERISTICS OF A MOLECULAR BEAM MASER
OPERATED WITH A DISC RESONATOR
4.1 Representation of Elliptical Oscillatidnk 67
4.2 Detection of Elliptical Oscillation T1
4,3 The Experimental System T4

4.4 Characteristics of the Inversion Line J=K=2 of

Ammonia - ‘ 82



CHAPTER 5

51
5e2
5.3
5.4
545

506
5.7

CHAPTER 6

6.1
6.2
6.3
6.4
6.5

CHAPTER 7
7.1

T.2
7.3

APPENDIX I

I.1

I.2

APPENDIX TI

ENHANCEMENT OF DETECTION SENSITIVITY OF WEAK

TRANSITIONS IN A MASER OSCILLATOR

* Introduction

Random Noise in Quantum Amplifiers

Application to the Case of the Oscillating Maser
The Experimental Method

Detection Via the Maser Oscillator Employing a
Disc Resonator

Enhancement of the Amplitude of Oscillation

The Effect of Elliptical Oscillation

THE MASER OSCILLATION POLARIZATION AT ZERC AND
UNDER A WEAK AXTAL MAGNETIC FIELD

Eigenstates of polarization

The Anisotropy Matrix

Oscillation Polarization with Zero Magnetic Field
Bistability of the Maser Oscillation

The Maser Oscillation under a Weak Axial

Magnetic Field

SUGGESTIONS FOR FURTHER WORK
On Quasi-Optical Resonators
Polarization of the Maser Oscillation

The Faraday Rotation Spectrometer

CALCULATION OF MICROWAVE RESONATOR MODES
Reflection at the Open End of a Semi-Infinite
Parallel Plate System

Solution of the Fox and Li Integral Equation

MEASUREMENT OF THE RESONATOR QUALITY FACTOR

88

88

93
96

99
102

104

106
108
113

126

129

146
148
149

152

153

156



AFPPENDIX ITI KEY TO SYMBOLS USED IN CIRCUIT DIAGRAMS
PUBLICATIONS FRCM THE PRESENT WORK 161

REFERENCES 177



ACKEOWLEDGEMENTS

The Author would like to thank

DIr.

D.C. laine for his enthusiastic guidance and unfailing

help throughout this work.

Professor W. Fuller for the provision of experimental

Dr.

Mr,.

Mr.

Mr,

Mr.

Mr.

MI'O

Mr,

His

The

Jim

facilities.

AM, Al-Jumaily for his technical help and many useful
discussion.

D.E. Dugdale for many helpful discussions.

¥.G. Davies of the Electronics Workshop for his
continuous assistance,

H. Wardell and the staff of the University Workshop for
preparing the vacuum chamber and machining the cavity
mirrors for the roof-top experiment,

G. Duddley and the technical staff of the Fhysics
Department - Mr., G. Marsh and Mr. E.J.T, Greasley - for
their continued assistance throughout the experimental
work,

F. Rowerth and Mr. C.B. Harrison for their invaluable
assistance.

M., Wallace for preparing the drawings in this thesis.
S. Cartledge for his technical assistance.

M. Daniels for preparation of the photographs
reproduced in this thesis.

Wife Frida for typing this thesis and for her continuous
assigtance over three years.

University of Birzeit for provision of the study leave.

British Council for personal finance,

Gillespie for his help in correcting the English,



AESTRACT

The spectroscopic and oscillation properties of the molecular
Yeam maser, employing quasi-optical resonators are investigated., A new
type of cavity, the roof-top resonator, is introduced for molecular beam
work. The theoretical discussion reveals that it exhibits low
diffraction losses at microwave frequencies, Its successful operation
in conjunction with a single beam ammonia maser shows that the cavity is

ideal for molecular beam spectroscopy in the cm-mm-wave spectral region.

Although the oscillation behaviour of the ammonia maser
operated with disc resonators has been throughly investigated, very
little has hitherto been known about the mode polarization properties of
these resonators, especially at microwave frequencies, The employment
of a new method of detection in the present work, facilitated the
observation of the vectorial aspect of the maser oscillation, Such
observations have led to the successful interpretation of unusual
phenomena in the maser oscillation characteristics, for example, the
drop in the amplitude of oscillation at high levels of excitation and
the jumps in the frequency of oscillation while tuning the cavity
through the molecular resonance, Investigation of the maser oscillation
polarization also revealed some new effects directly linked to those
previously observed in He-Ne lasers., These included oscillation
polarizétion bistability and rotation of the plane of polarization iﬁ a
wesk axial magnetic field. These effects strongly influence the maser

frequency stability and thus its applications as a frequency standard,

Finally, the isotropic properties of the disc resonator were

exploited to enhance spectrbmeter sensitivity., This was done by the uge
of Faraday rotation as a basis for a new type of molecular beam maser
spectrometer, An alternative method, employed detection of weak spectral

lines via the low-noise elliptically polarized mager oscillation



CHAPTER 1

THE MASER

1.1 INTRODUCTION

The principle of stimulated emission, which is employed by
all quantum mechanical amplifiers, was first introduced by Einstein
(1917) in his theory about interaction between electromagnetic waves

and quantum-mechanical systems.

Let Ea and Eb be a pair of enefgy‘levels of a molecular
ensemble separated by a frequency vy = (Eb - Ea)/h where h is Planck's
constant (Fig. 1.1). According to Einstein's theory the probability of
inducing transitions from the upper to the lower energy states (b —a)
by an external signal whose frequenc& vRY, is proportiénal to Nb and
the transition probability, a — b, is proportional to Na where Na and
Nb are respectively the molecular densities of the levels Ea and Eb'

At thermal equilibrium, the population distribution is given by the

Boltzman law
N /N, = | éxp(-—h\'/k'l‘) | 1.1

Therefore electromagnetic radiation of freQuency vV &V, passing through
gsuch an ensemble will suffer attenuation., Although this principle was
widely employed in bulk gas absorption spectroscopy for many years, the

idea of obtaining stimulated emission by inverting the population of
the energy levels (making N> Na) was first put into practice in 1954
by Gordon, Zeiger and Townes. The first MASER which is an acronym for

"Microwave amplification by stimulated emission of radiation" was then

successfully operated,



A ENERGY

Y N Ep.Np

aq——-b

hy,

b

EG 0NC1

FI1G.1-1 EMISSION AND ABSORPTION BETWEEN
A PAIR OF QUANTUM STATES.



The molecular beam maser has three main components: Gas
source, state selector and resonator. The gas source is required to
produce an intense and a highly collimated molecular beam. This is now
achieved by using a single hole nozzle source of small diameter
(~0.1mm), where advantage is taken of the dynamic cooling effect which

enhances the population of the low-lying rotational states;

Population inversion for an electric dipole transition is
obtained by electrostatic spatial separation of molecules in differeﬁt
energy states. Mblecules at the low energy levelﬂEa are deflected and
pumped away and molecules at the higher energy Eb are focused into the
resonator. This is done by letting the molecular beam pass through é
device called a "state selector" or sometimes is refefed to as "stéte

separator".

The choice of a particular type of state selector depends,
among other factors, on the type of resonator where interaction between
the focused upper energy level molecules and the stimulating input

signal is maintained. A schematic diagram of the maser is shown in

Fig. 1.2

1.2 STATE SEPARATION OF MOLECULES

 The principle of state selection of molecules is based on the
well known Stark effect in gases wher? molecules whiéh ﬁossess a large
electric dipole moment can be readily deflected by the use of a non-
uniform external electric field with a gradient perpendicular to the

molecular beam axis., Usually, the Stark field is treated a8 a small

rerturbation on the zero field Hamiltonian. The Perturbed energies are

then expressed as a power series in a non-dimensional quantity, smaller

than unity, and proportional to the Stark interaction term. However
) 1]
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if the frequency separation of the pair of energy levels in question is
much smaller than with any other level, the perturbed Hamiltonian can be
easily diagnolized and the problem is reduced to the solution of a
quadratic secular equation. The perturbed energies can then be written
as (Schiff, 1968)

1
2

B, - EL}.Eg * [( l_‘;g_f +€?|<¢+lul¢.>|2] 1o

where ¢; and y_ are the wave-functions corresponding to the energies
Eb and Ea respectively, € is the magnitude of the external electric
field and M is the dipole moment tensor. For the NH3 molecule the
transition J—=J + 1, J = 1,2,3; where J is the total angular momentum
excluding the nuclear spin, lies in the infra-red region while the
inversion transition JyK-—=J,K is in the microwave range. Therefore
Eqn, 1.2 is valid for the Stark effect with the inversion spectrum of
ammonia which is employed in the present study. Ignoring the hyperfine
structure, the perturbed energy levels are thus given by
1
by \? ey 2

R (‘5‘) (m"ﬁ)
where % is now the inversion frequency, E = (Eh + Ea)/Q; M; is the
projection of the rotational angular momentum along the external field
and u is the permanent dipole moment, If the Stark field rrovided by
the state separator is non-uniform along the z-direction as shown in

Fig, 1.3 then molecules travelling along the x-direction will experience

the force component

s e
“ o [(hva/Q)Q + Ei]

1.3

A\

where
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J

Molecules at the higher energy levels are then attracted towards the
state selector axis and if their velocity is not large they are focused
into the resonator. DNolecules at the lower inversion level are deflected

towards the state selector electrodesand removed by the diffusion pumps.

From Eqn. 1.3 it can easily be seen that for small Stark
fields (Es ¢ hv ) the focusing force is proportional to Mi. Therefore,
in practice only molecules with a dipole moment orientated along the
beam axis are sorted. This creates an emissive anisotropy whose high
gain oblique axis lies along the beam axis. For higher state selection
voltages (and thus Stark fields) the anisotropy is somehow weakened as

the focusing force becomes proportional to MJ.

143 THE AMMONIA ROTATIONAL SPECTRA

1e3.1 The Rotational Inversion

The Hamiltonian representing the rotation of a symmetric-top

molecule can be written as (Cordy and Cook, 1970)

2
2 1
H, = ?b+%[1/12-1/1b]1>z 1.4

d

|l

where P is the angular momentum of the molecule with respect to its
centre of mass and Pz its projection along the axis of symmetry. Iz is
the molecule moment of inertia along the axis of symmetry and'Ib is the
moment of inertia along an axis perpendicular to Z and rasses through
the centre of mass. The eigenstates of E_ can be found by expressing

2 ,
the operators P and Pz in the laboratory reference frame coordinates,

It turns out that these operators are diagonalized by a set of wave



functions characterized by the two integers J, K where X is the
projection of J along the molecule's axis of symmetry. Let these wave-

functions be written as "ket" vectors <J,K|. It is easy to show that

CrPPlak> = 125 (3 + 1) 1.5(a)

Cxlp oKy = mx 1.5(b)

where B = h/2N. The rotation energies can then be found by direct

substitution in Eqn., 1.4 yielding

By, = CJKIEJJK> = nBJ (5 +1) -h(a - B) K2

where for ammonia A

]

189GHz and B = 298GHz and with the selection
rules AJ = 0, #13 AKX = 0, #1, Therefore the frequency of the
transition J—=J+1 is vy = 2B (3 + 1) which lies in the submillimeter

wavelength range.

Like other symmetric-top molecules of the type XY}' ammonia
has a fine structure caused by the inversion splitting of the rotational
leQeis. This originates from the fact that the X atom moves through
the Y3 plane to achieve identical but inverted pyramidaluconfiguration.
The potential energy of the NH5 molecule as a function of the nitrogen
atom's distance from the H3 plane is shown in Fig. 1.4 where the wave-
functions qg and  correspond to the upper and lower inversion states
respéctively. If the height of fhe votential bérrier between the fwo
equilibrium positions of the nitrogen atom was infinite the molecule
would only execute vibrations in the potential valley on either side of
the potential barrier and the eigenstates ¥ would be degenerate.
However, although the inversion barrier is higher than the lowest
vibration state v = 0 it is quantum mechanically possible for the

nitrogen atom to achieve inversion through "tunnelling" giving rise to



I

-1

ENERGY
V=1 ¢ 7N / AV=36em™
V=0 AV=08 cm~'
H  _H
Y. H=N N=H Y.
s N\
H H
; P
0 1

RELATIVE POSITION OF NITROGEN ATOM

FIG. 14 POTENTIAL ENERGY OF THE NH, INVERSION




the strong inversion lines at ~ 24GHz.

Expressions for the dependence of the inversion frequencies
on the rotational quantum number are given by Oraevskii (1964) and
Schnabel et al. (1965). The spectral lines of ammonia in this region
are relatively intense ow ing to the large dipole moment of the molecule

8CGS.). It was also shown that the transition matrix

(p=1.47 x 107
element is maximized when J = K since the latter is proportional to K
and that the intensity of the lines having lower values of J;K increases
with low temperature while lines having higher values of‘J,K would
decrease. A plot of the relative amplitude of the absorption epeétrum

for the first few inversion lines of ammonia is shown is Fig. 1.5;

10342 The Fyperfine Structure of Ammonia.

The interaction Hamiltonian,of the’hyperfine structure of

ammoniag can be written as
H s Hg o+ Hy 4Ry ey 16

where

Hq: The nitrogen quadrupole,interaétion.'

Hnj’ The magnetic interaction of the nitrogen spin with the
molecular rotation.

th: The magngtic interaction of the resultant hydrogens spin
with the molecular rotation,

th: The hydrogen-nitrogen spin-spin interaction,

th The}hydrogen-hydrogen spinfspin interacfion.

The splitting qf the inversion energy levels due to the
hyperfine interaction can be explained by the way'fhe angular momen tum

of the different interactions couple with each other. The coupling
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scheme in the molecular frame suggested by Van Yleck (1953) is as
follows: Since the quadrupole interaction energy of the nitrogen
nueleus is much stronger than the magnetic interaction energy of the
hydrogen atoms, the nitrogen spin IN is first coupled to J to produce

the good quantum number F1 defined as

o= J+

5 I

For the inversion lines J = K = 1,2,3 of ammonia IN =1 and thus each
inversion level is split into 2Ip + 1 =3 sublevels, (F1 = 3,2,1 for

J =2 and F, = 4,3,2 for J=3).

The protons spins are first added vectorially together in the
molecular frame (Fig. 1.6) to give a resultant I, = 1, + 1, + 13, which

in turn is coupled to F1 to give the total angular momentum F given by

P o= F

4t

Ly

where I, = 3 for J =K = 1,2 and 3/2 for J = K = 3. Therefore in the
case of the inversion line J = K = 2, each quadrupole state splits into
two levels corresponding to the different F-numbers, A schematic

diagram of the hyperfine levels of the inversion line J = K = 2 is shown

in Fig. 1.7.

The eigenstates of the Hamiltonian given by Eqn. 1.6 were
calculated by Gordon (1955) based on the theoretical analysis and the
experimental study of Gunther-Mhor et al. (1954A; 1954B), The
calculations were carried out by the conventional method using Condon
and Shortley (19%1) matrix elements, However, the resulting expressibns
for the transition frequencies and their intensity were very lengthy
and the actual computation of their values was extremely inconvenient,

The 3n-j (n = 1,2,3,...) method developed by Edmonds (1960) on the



FIG. 1.6 VAN VLECK MOLECULAR COUPLING SCHEME FOR NH3
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other hand helps to simplify the mathematical formulation a great deal.
This approach which is suitable for numerical computation in particular
was employed by Kukolich (1967) to measure the inversion hyperfine
structure of ammonia. The method becomes even more appropriate when

the Stark splitting of the hyperfine sub-levels is considered,

Let the method be illustrated for the inversion lines
J=X= 2,3 of ammonia, If the energy is written in the form
* W
Yoxp,F T &V
vhere wn correspond to the n'th term in Egn, 1.6. Following Kukolich's

calculation, the quadrupole energy term is given by

3 1 g 2 I\l 1 9
W, o= (1) (15/8)“CQ(2J+1)
-k 0 k/{|2 J 1

where 11 =J +1 4+ F1 and the last two products are the Wigner 2-j ang
€~3 symbols respectively (Edmonds, 1960). In the above expression the
value IN = 1 was substituted.,  The quadrupole coupling coefficient ig

given by

Cy = 4089 { 14 7.7 x 10°[ 3(3 + 1) + K2 ] }£1.5kuz

and tables for the calculations of Wigner symbols can be found in

Edmonds.

The nitrogen spin coupling term with J is given by Kukolich

as
1

v, = (-l Cpj [6J(J +1) (29 + 1)]5

where an = 6,7T409KHz2 for J = K =2 and 6.732€KHz for J = K = 3



The hydrogen's interaction term with the molecular rotation

can be written in the form

W, = (D% o [5G+ 1) e n]? Gr, 41y o

J F, 1 F I, F

The strength of the interaction is represented by the coupling constant

c;j = chj[ I(I + 1) (?IH + 1):]%

where Chj = -18,6181KHz for J = K = 2 and -18,6976KHz for J = K = 3

and 12 =2 +J f IH + F + 2F1.

’

It can be shown that the Hamiltonian representing the
hydrogen~-nitrogen spin-spin interaction for K # 1 is given by (Gordon,

19553 Kuckolich, 1967)

B = v@'D1T(1,IH)

where D1 ig the interaction coupling constant and T is a second-rank

tensor. The interaction energy is then given by

— 13 ;
v, = (=1) Chn(?J +1) (zF1 +1)
F, F, 1
(? 2 J) I, F, F A
-k 0 X F, Iy 1 1y s

where the last product is the 9j-symbol, 13 = F + IH + F1 + 1 and
- - '
Chn = =V30 D1

where



D} = DIy + 1) (2Ty + 1)

and D, = 2.3854KHz for J = K = 2 and 2.4881KHz for J = K = 3.

Finally the mutual interaction energy of the hydrogens epins

is written as

W = (-0 o (23 + 1) (27, + 1)
. (i 2 J) F,oJ0 I, F, ‘F
-k 0 K J F, 2 F, Ip 2
vhere 1, = J+1+2F +F+ 31g and
c, = - % Dy [(21H -1) (IH) (xH +1) (QIH +1) (21H + 3)] %

and D. = 27.1734KHz.

The theoretical expression for the transition's inténsity wag
calculated by Thaddeus et al. (1964) and can‘be written in Edmonds

formalism as

I = (2F) + 1) (2F, + 1) (oF* + 1) (oF + 1)

F, J 1 F OF,1

for the transition (F, F')—=(F, F). In Fig. 1.8 the calculated
relative infensities and frequencies for the quadrupole satellites of
the inversion line J = K = 2 are shown.:.The intensity was in fact
averaged on the low and the high frequency sides since the intensity of
the latter is stronger due to the adiabatic focusing effects. The

relative intensity of the high frequency side satellite components are
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thus assumed to be approximately equal to those given in Fig, 1.8,

1.4 THE MASER APFLICATIONS

1.4.1 As an Amplifier

The molecular beam maser acts as a sensitive high gain
amplifier when it is operated near the threshold of oscillation,

Possible noise sources in a maeser amplifier are

(a) Shot noise.

(b) Thermal noise and quantum fluctuations,

As for the shot noise, since the maser media particles are
uncharged,the only contribution comes from the random fluctuations in
the number of particles in the beam, The latter was shown to be

negligible in comparison with thermal noise (Shimoda et al., 1956).

Thermal noise is coupled into the maser output through two
main sources. First there is the random noise due to cavity losses and
second, noise is radiated from waveguides into the cavity through the
coupling holes, Together with quantum fluctuations (Shimoda et al.,
1957) this results in a noise figure which is comparable to the
detection scheme noise., However it should be emphasized that this type
of noise decreéses very rapidly as the maser approaches its threshold
of oscillation (Sﬁith and Lainé,’1967). When the maser is operated
much below threéhold on the other hand, random fluctuations are quite
detectable and in chapter 5 a method for detection of’weak specfral

lines is introduced in order to minimize such noise,

The internal electric field gain of the maser amplifier can

be defined as



where E. and E are the strength of the input and the output microwave
i o :
electric fields respectively. Substituting the appropriate expressions

in Eqn. 1.7 yields (Smart, 1973)
g = -1——‘—" ' 1.8

where

1

o7 Lo N \2
m= v Vh

where L ig the cavity length, V its volume and Q its quality factor,
N is'the number of molecules in the upper state, v is the average
molecular veloéity and Mo is the permanent dipole moment. The power

gain of a maser employing a transmiésion cavity is»given by

4313282
G = — > 1.9
(1 + 5 o+ Bz)'

where B, and B, are the coupling coefficients of the input and the
output coupling holes respectively., The maser amplifier characteristics
vere experimentally’investigated by Smart and others, Stable gains in
excess of 50db were reported, for an ammonia beam maser (Collier and
Wilmshurst, 1966). Measurement obtained by Smart showed a reasonable
agreement between theory and experiment. In the exitation range of
state selection voltages from 10 to 14.5KV a gain of 10 - 30db was

measured.,

Although the maser can be employed as a high stability
amplifier, its range of usefulness is somewhat limited., PFirst, this is

because of the low level of power at which the maser saturates. A



typical saturation output power of an ammonia maser is about 10'9w.

Thus it is only for such low input power or less, that linear power
amplification can be obtained. Second, the bandwidth of such an
amplifier is dictated by the average time of flight of molecules

through the maser cavity. For a typical ammonia maser this is about
7KHz., YNoreover, high gain (and low noise) is obtained near oscillation.
In this case the bandwidth becomes considerably smaller (Gordon, Zeiger
and Townes, 1954). For example a bandwidth as narrow as 300Hz was
measured with a gain of 20db (Helmer, 1957). In addition to that the
maser frequency is restricted by the molecular transition and thus the

amplifier is essentially untunable.

One of the earliest applications of the maser amplifier in
practical systems was as a high-gain narrow bandwidth amplifier,
between a maser whose noise figure was to be measured and a balanced
crystal detector (Gordon and White, 1958). A particularly interesting
application of the ammonia maser amplifier was its employment ag a
Pre-émplifier to improve the signal-to~noise ratio of an electron spin
resonance spectrometer (Gambling and Wilmshurst, 1964; Cdllier and

Wiimshurst, 1966).

1.4.2 As a Spectrometer

The idea of improving a spectrometer's resolution by using a
beam of molecules rather than gases in bulk was known to spectroscopists
before the discovery of maser, It was already realized that molecules
that move perpendicularly to the direction of propagation of an:
interacting Qave reduce their Doppler broadening to a negligible level,
The obvious difficulty was that the use of such a beam inevitably
reduced the spectrometer sensitivity, because it limited the beam flux

entering the region ofrinteraction. The sensitivity of an absorption



spectrometer employing a molecular beam maser was very much reduced in
comparison to the conventional bulk gas spectrometer owing to the
reduction in the density of molecules in the detection cell, in the

process of the beam formation.

The application of maser techniques on the other hand
facilitated the enhancement of the molecular beam spectrometer
sensitivity by more than two order of magnitude at microwave frequencies,
This can be shown with the aid of Eqn.v1.1. Since at the microwave

frequency hv/kT ~ 1077 it follows that

Y J -
hb/l\a ~ 1-hv/kT

and

VU « N, = =
| N I‘b Nb(hv/kT) N

_ where sensitivity can be assumed to be propértional to the population
excess N. If now state selection is employed so that molecules at the
lower energy states are removed (Na~f 0) then the population excess

becomes N =N The sensitivity is theréfore ernthanced by a factor of

b*
N'/N = kT/hv. At v ~24CHz this factor is about 250,
Although_sengitivitybremained the main‘abstaelé in its
appliéation‘to spectroscbpy. the moiécuiar beam maser was used to
investigate the spectrum of many’molécules on account of its high
resq}ut;op,k Akréfeyenée,shoﬁlq be made ip’the wolegﬁlar:héam maser
system that employs Bamséy's sepa?ated th cavity scheme. ‘Kukolicﬁ -
employed the Ramsey-type maser:tc ﬁeasurefthe hyperfine gtrﬁgtare of
NH3 with a r9901utioh of’aﬁbutv3goﬁz; This\trémeﬁdous résolution is  ,‘
about 200 times better than the Doppler lirited “abséﬂsﬁdii‘;seil"f.ypefaf:»-_ "

microvéveképecffometeigx'Thé gehéral”advahﬁe‘in ihstfuﬁentai iééﬁﬁiﬁﬁéé“,’i



like digital signal averaging together with the use of tunable open
resonators allowed the spectrum of a wide range of molecules to be
investigated, using molecular beam maser techniques, A comprehensgive

list of such molecules is given by Lainé (1975).

Further enhancement of maser spectrometer sensitivity was
recently proposed by using the Fabry-Perot type maser (Lainé ang Yassin,
1980; see also Ch. 6) and also by detection of weak spectral lines via

the low-noise maser oscillation (Yassin and Lainé, 1981; see Ch, 5),

1.4.3 Ag an Oscillator

If the power emitted from the molecular beam exceeds all
losses from the cavity, the maser system becomes gelf-excited and
oscillation builds up from noise within the cavity to a level determined
by saturation effects, In such case the maser can be regarded as a
source of a highly stable and coherent microwave radiation. The
minimum molecular flux required to sustain oscillation is given by

(Shimoda et al., 1956)

hv? A

n \
o 4 1g

Whﬁre,kﬂg isuﬁhe»matrix/elément between the two sfateakfor_thé component
of the dipole moment along the direction of thekmicrowavevelectric
field and A is the cavity cross section., 4 list of mcledﬁlea_with
which maser ascillation,was obtained is givegbby Lainé (1975) and
pPerhaps the most famoﬁs of them is the KHE'molecule with its strong
invergion line at'ab6ut‘23.S7GHz.  ENEE
__Mn¢hkbf thezintensive wcrk*earried with early:maseig yas

directed iowardsvits‘application'ag a frequency standard, ﬁnfartunatel?



the high stability of the maser oscillation was degraded by the well
known pulling effects caused mainly by cavity detuning and the variation
of the amplitude of oscillation during operation., The oscillation
frequency ‘as a function of the maser parameters can be written as
(Gordon et al., 1955; Shimoda et al., 195€)

Vo= Y, +§§-(‘Q' - v) £(8)
where Qc and Qm are the quality factors associated with the cavity and
molecules respectively (Shimoda, 1960) and £(8) is a function of the
order of unity, dependent on the amplitude of oscillation, It is shown
in chapter 4 of the present work that £(8) depends on a variety of
parameters including gas pressure, state selection voltage, stray
electric and magnetic fields and background pressure. Therefore it may
be expected that the most practical method for stabilizing the
oscillation frequency is to set the cavity reéenance frequency precisely
to the molecular transition frequency. Having achieved that, all
variations in Q,, Q and £(8) become unimportant as vy, . Yethods of
cavity accurate tuning included thekmodulation of Qm or f(8) and a
Point of cavity tuning was sought where the frequency ghift wasg at a
minimum, Qm modulation couldkbe obtained by the use of Zeeman field
applied to the cavity (Hellwig, 196€) although for open resonators the
use of a Stark field must algo be possible. VModulation of other
quantities like gas pressure (ﬁikitin and Oraevskii, 1962) and back~

eround pressure (Strakhovskii and Tatarenkov, 1964) were alsc employed,

Although frequency stability is influenced by other
complicated effects like unresolved hyperfine structure of the
tI‘ansition invelved, the molecular beam maser was eventuallv employed

as a frequency standard both in laboratories and in a portable fgrm.'



Hellwig (1966) used the inversion line J = 3, K = 2 of ammonia to

obtain a stability of 1 part in 10"

by the use of sufficiently low
beam intensities and a localized magnetic field for cavity tuning.
Fortable ammonia masers with secondary frequency standard capability
and a frequency reproducibility of several parts on 1010 were also
introduced (Krupnov et al., 1961; Taylor, 1963). 4ll sealed-off masers
were based essentially on cryogenic pumping of ammonia to avoid the use
of bulky vacuum pumps. A portable maser was also operated in artificial
Earth satellite in the vacuum of space and thus without the use of
liquid nitrogen for evacuation (Basov et al., 1967). The use of
opposed beams and a thermostated Invar cavity produced a relative
stability of 1 part in 10‘H during a single run of measurements. It
should be added that such a high stability was obtained under the
intense vibrations of launch conditions and that measurements were made

via a two-way Farth satellite radio link which itself could introduce

Phase fluctuations as propagation conditions varied.



CHAPTER 2

SCME ASFECTS CF THE THECRY OF NICROWAVE

CFEN RESONATCRS

2.1 GENERAL REVIEW

The Fabry-Ferot interferometer was first introduced as &
Tesonator at infra-red and optical frequencies by Prokhorov (1958) and
by Schawlow and Townes (1958). Subsequently, this type of resonator
was employed in a wide variety of areas including wavemeters (Zimmerer,
1962), molecular beam masers {Barchukov et al., 1963; Krupnov and
Skvortsov, 1964; Lainé and Smart, 19713 Al-Jumaily, 1979) and in lacers

(Javan et al., 1961).

A cavity is regarded to be suitable for molecular beam maser

arplications if 1t fulfills the following requirements:

(1) Long time of interaction.
(2) High Q-value.

(3) Wide range of tunability.

In a flat mirrcr~Fabry~Ferct type,of‘reSOnétor.the stored
91ectromagnetic waves are reflected back and forth in the resonator
while both thé electric and the magnetic vectéfé rémain‘easentially
Parallel to the mirror'a surface; - The pfoéagation'vec£§rvi8'therefere
Perpendicular to the molecular beam direction. Conqequentlv Dcppler '
broadaning is ex§ected te be very small | horeover, durirg oreratiam of
the Maser tbe pregﬁure in the wain chamher is reduced to a‘level where
the mean free path of molecn]ea is of the arder of the eyst@m
dimenaions, collision broadening ia tbus practically n@glieible. ”Sincé‘

the Spontaneous decay rate at the microwava frequpncies is very lnw,:,



the remaining contributions to the line-width of a molecular heam maser
signal comes from the finite interaction time éf rolecules with the
stimulating electromagnetic field and caturation effecte., By reducing
the level of input power, the latter can be made negligible and thus

the line-width can be written as

Av ~ 1.2 *.r/Lu 2.1

where Lu ig the "useful" extent of the resonator along the beam axis
(that is, for Lé=I.-u the microwave field inside the cavity is sirong
enough to induce transitions) and v is the molecule's average velocity,
Therefore to obtaih narrow spectral lines the useful extent of the

resonator along the team axis must te made as long as possible,

The quality factor of a resonant cavity is defined as

Frnerey stored
Tnergy lost per second

Q = 2mh

wvhere , 1is the cavity resonance frequency. 1t followsimmediately that
W(t) = Wexp(-wt/Q) | 2.2

where w, = 27y, W(t) is the remaining energy after a time t and W_ is
the initial enefgy launched into the regonator at t = 0. I+ will be
shown throughout the preeent work that for both 3pectrosécpic

sensitivity‘aﬂdrlow oscillation threshold high,Q-values are npcesaary.

A tunéble resonator is one whoge resonance fregueﬂcy caﬁ Eé
varied ‘prpferably in a sgmp1g ng, Qgite aften, spectral 1in93 are
not simple singlets but are ccwncated ’by the hyperfme atmcwre.
To iﬁvestigate 5u¢h a spectrum a certain range. of tuﬁa%ility is of
great practical importance. Furthermare, if the freouency of the

spectral 1line in question is unknown, a wide range of tunabillty
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becomes an ultimate necessity.

Early masers were operated with closed cylindrical cavities.,
This type was favoured, fifstly, because the spectrum of the maser
medium emﬁloyed was known and secondly in order to avoid radiation
spill-over due to diffraction from an open ended resonator. Later, as
the maser research was intensified it was found that closed cavities

suffered geveral drawbacks.

Apart from having a rather narrow range of tunability they
tend to have a low Q-value in the mm-wave spectral region, which gets
worse with an increase in frequency. Alsc, their small dismeter
increases the difficulty of focusing the molecular beam into the small
entrance area. In addition, pressure build-up in the cavity limits

their useful length and makes the use of intense beams impractical,

, The firsﬂ Faﬁfy-?erot type masers employed digc mirrors
(Barchukov et al.,1963). It had the obvious advantage of wide
tunability ranpe and the possibllity of the application of a uniform
Stark field along the molecule 8 trajectory. Using fast pumps, much
more intense beams could be introduced into it, through the use of
nozzles, When used in conjunction with the ladder-type state selector
it was found that suéh‘a reéohatbr'was guitable for both speétrcscépic
and osecillation apnlication (Laine and Smart, 1@71) However it was
also noticed that the’ QpValue of a &yyicai digec- resanater at its lowest
order mode ig much less | than that of tbe cammonly used TMQ1Q eylindrical
cavity at the eame resonance frequency. For example an open. ree&nat@r
which was consfructed cf copyer mirrors with a disc diameter'of 1§cm
gave a quality factcr of Q ﬂ500 (vmart, 1973) while values of about
Q = 8000 were measurpd fcr a cylindrical cavity Pem- ieng at about

-?4GH27(Naron and-Lajne, 1976). While a eingle beam maser operated
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with the sbove mentioned disc resonator could not oscillate at the main
inversion line J = K = 1 of ammonia, & gimilar maser system oscillated
at four hyperfine component frequencies of the same invereion line when

operated with the akove mentioned cylindrical ecavity.

In addition to their low g values, disc regonators are well
known to be very sgensitive to the sdjustmeni of mirror parallelism,
Bringing the cavity into resonance proves quite often to be very

laborious,

To avoid such difficulties, different resonator geometries
were suggested, These included the confocal (Boyd and Gordon, 1961),
semiconfocal (Marcuse, 19613 Valentin, 19783 De Lucia and Gordy, 1969)
and conical resonators (Lainé and Smart, 1971). All of them have in
common the property of high Q values due to negligible diffraction
losses and the advantage of ease of adjustment. Nevertheless the
microwave electrlc field of guch resonators wbuld normally have more
than a single naximum along the longitudiwal resonator axis. As a
Tesult, nodal plane croseings for walecules ariqe which vields a

complicated maser spectral line and tbus a loss in resolution.

A type of cavity which has the good feature of tunsbility in
common with the disc type‘Fabry-Ferot»and etill has very small ’
diffraction loe«es,'is’the flat“fdbfutop'résehator (di Francia, 1965).
Une of the resonator mirrors is a flat rectangular plate while the
other ig composed of two rectengular planew at a quasi«flat dihedral
angle, called the roof angle.' This tyre which will be considered in
detail in the following &hapter, ‘can be set s0 that there are no nodal
planes alonp ita 1ongitudina1 axis.; Its insensitivify fa misaligrment”
and the fact that its microwave field di«tribution 15 @ytenéeﬁ a}ans ﬁ
its axis of symmetry, (which is also the beam axas) makeq it ié@al for

molecu1ar beam meser spectroscory. Furt?ermore.t?e atrcng aniqatzopy



which results from its geometry may be expected to remove the mode
polarization degeneracy known in the disc resonator, Such a property
could prove advantageous in some of the maeer oscillator applications

where frequency stability is needed (see chapter €).

In order to understand the shape of the spectroscopic signal
produced by a maser employing any of the above mentioned resonators and
the conditions for oscillation, the spatial distribution and the
resonance frequency of the mode shoul& be known. Such modes can be

characterized by two mathematical guantities:

(1) The complex electric (or magnetic) field distribution from
which the spatial intensity and phase distributions along the mirror's

surface can be deduced.

(?) The propagation constant which gives both the quality

factor and the resonance frequency.

To calculate these quantities, the ﬁaxwell equations should
be solved in the space enclosed by the cavity walle with the appropriate
boundary cenditiens.,JIn the case of a’closed cavity this task is
relatively simple since for regular gyrmetries the boundary conditions
on the metallic wallé are wéll defined and can easily be substituted
into the equations ylelding an exact solution, However for open
resonators - the prcbiem ié coﬁplicated by diffraction'at»the open ends

and only approximate golutione can be derived. .

Approx1mation methoﬁs fsr tacklirg diffractiﬂn prablems at
Optical frequencies are well kncwn, and all to ?9 dane wan to fmrmulate
then\in such a way tkat tréy eould be applied to open resonatorq,‘ In
a comprebensive publicatiaﬁ, Fox and: Li (1951) praveﬁ ‘the exlstence af
resonant modes for rectangular, circular and confoeal Fahryﬁrarot

Teésonators at optical frequencies. Using the Huygens—?regnel principle"
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with some simplifications, they were able to compute numerically the
transverse intensity distribution, phase ghift, resonance frequency and
diffraction losses for a typical laser cavity. later, the subject was
thoroughly investigated and a long list of articles appeared which dealt
with the theory of open resonators (Li and Zucher, 1967). An interesting
approach was suggested by Vainshtein (1963). It regarded the open
resonator modes as identical to those of an open ended wavepuide at

cut off frequencies., By calculation of the diffraction at the open

ends it was possible to find analytical expressions for the field
distribution and the propagation constant, although at the expense of

losing the Fresnel-zone ripples which appear in Fox and Li curves.

It should be emphasized however, that all these approximations
took advantage amongst other factors, of the fact that at optical
‘fTGQuencies the wavelength is much smaller than the éavity dimengions,
This approximation which simplifiee the calculation a great deal does
not hold at the microwave frequencies, especlally for masger cavities
where the separation of the mirrors is ccmyarable to the wavelength,

To overcome that, a further development of the diffraction theory at

- a Microwave frequency was necessary. loble (1958) used the so called
Wiener-Hopf teéhnique'(Fittra and Lee, ?9?1)‘to find a formula for the
diffraction of a scalar fiald at the end: of a semi»infinite parallel-
Plate waveguide, - Using this result ‘the reflection coefficient at the
end of a wavepuide near cut off was calculated over the templete
frequency spectrum (Batea, 1970). 1t could be interesting to know
whethey this theory is applicable to a resonator possessing aireular

Bymmetry,

Finally it shcuid te made clear thaﬁ all tbearles whiﬂh wiil’i’
be Con%idered in tkis chapter employ tbe aCaler theory of diffractien. .,

«fhe microwave electric field is thus aﬁwumed to te 1inearlj yolarized‘ﬂ 



along a fixed direction., As a2 result the resonator will be represented

by scalar equations. The effect of polarization will be considered in

chapter 6.
242 THE RESONATCR RASTC PARAMETERS
2.2.1 - Node Negignation

The fact that the microwave power je stored in the cavity in
the form of standing waves allows somé degree of freedom in the mode
designation conveﬁtion. For example, in the Fox and Li iteration
procedure the electromagnetic wave which is reflected back and forth by
the two identical reflectors ig regarded as being equivalent to a wave
which is travelling along the resonator axis and diffracted by a series
of identical apertures. Since in 2 flat mirror resonator both the
electric and the magnetic field are everywhere tranverse to the
resonator axis, the modes obtained in this wéy.are clearly T¥M modes,
If on the other hand, the ‘resorator iS'CGnsidered as a waveguide
section then the direetion of propagation is usually taken to be
parallel to the resonator's mirrors (Vainshtein, 1963). The mode in

this convention is thus a TE or 2 ™ mode.

In the present work the two systems of mode designation will
be used.’ Let m be the number of maxima tbat the electric field E makes
with the X—axis and n and a be reepectively tke num%er of maxima along
| thé Y end Z axeg of & Cartesian get of ceordxnatee wboee Z-axia is

parallel to the rescnatar axis. If guch a mode is assaciat&d with a

rectangular Fabry—Perot regon?tor it ean be denoted by TE&m 1,n-1 q_1§
’n;Q~1 2y 3,.... Tbe 1owest crder transverse mode iq than Tlhhg : gnd

the moge which is usually used for maaer w@rk ia TiMOOO\' Gn the sther ;>~

f‘hand if diffractiaﬂ frem a aemi»infinite rectangular waveggideyigﬁ:_'
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discussed then transverse modes are denoted by TEm where the

-1,0,q=1
infinite extent is along the Y-direction.

The TEM modes are also used for the Fabry-Ferot disc resonator.
Here m and n stand for the number of maxima along the polar coordinates
r and § respectively, in the plane of the disc and the mode is denoted

by TEM

) : gain TEM .
m-1,n,q-1" The lowest order mode is again '00q-1

2e2,2 The Resonator losses

In addition to diffraction losses, open resonators are known
to exhibit considerable conduction losses owning to the finite
conductivity of the metals employed. If QO is the quality factor of

the unloaded resonator then

?IE

'_A
!.—A

&
&1

where Qc and Qd are the quality factors due to conduction and
diffraction losses respectively. If apis the loss per transit of the

unloaded cavify then it ean easily be shown that (Zimmerer,r1963)

o xd | | 2.4

where K is the wa?enumber and 4 is the'mirrsr separatien.~ Since st

Tesonance Kd & qr then Eqn. 2.4 can be written as

‘ Q | = anr ) » ?.5
from Eqne. 2,3, 2.4 1t follows that
0= % * G

144

where db and cm'aré %he cohducticn and diffraction losses per trahsit’



regpectively.

If a coupling hole ijg drilled through the wall of one of the

mirrors, then the loaded Q-value is given By

1 1 1 ?
LR S 2,6
Q Qo Q‘l
where as in Egqn. 2.5
Qq . ar

and «; is the loss per transit through the coupling hole. The coupling

coefficient in this case may be defined as

i T q

Note that B; depends on. both the unloeéed g-value aﬂd on the
longitudinal mode order. It will Ye shown in the following chapter
that optimum sPectroscapic sensitivity is obtained for certatn values

of B . Experimental methods for the measurement of B are given in

many places (Smart, 1975)-

2.3 SOME APPROXIMATION FETHOES

2e341 The Closed Eox Apprnximgtion

The idea that the resonant modes of a Pabry-Ferot resonator
with rectangular mirrors are similar to thoee of a rectangular box wae
originally put forward by Schawlow and Townes (1953) Such a peometry.

is ghown in Fig. 2.%. AseumiPF trat tre electric field is linearly



t-’-<

FIG 2-1 THE CLOSED BOX APPROXIMATION
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polarized along the X-axis then the nonvaniehing TE (or ) component
is given by
E, = Asin (mex/a) sin(n=y/b) ein(qrz/d) 2.9

This solution asrumes that Ex vanishes at the boundaries which ie

equivalent to placing perfect reflectors at the planes y=0, y=b and

x=0, x=a, This ylelds & purely imaginary propagation constant and real

resonance frequencies (Montgomery, 1947)

2 - (c/z)?‘[(m/a>? . (/) + (q/a)?] 2.10

MyN,q

The frequency separation between two successive modeg along the X-

direction can be found by calculating the quantity

2 2 Y
vm+1'n‘g - rm’n;qA = (?m+1) (C/za)

For maser resonators the condition

d € a,b | | ’ 2.1

is always fulfilled, Then for low values of m andn it follows that

H)

14
MmN,y g
- therefore the freguency séparatien ef‘the two lewest order modes is
RV
Av = (3/?ve)r(c/fa)
° q

This can be written as

 whe s e g e
~ ‘®Te X ig the rescnance wavelengih.
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For & ~ 1.25cm, a = 22cmy A v = 29MHz which is not far from the.

experimentally measured values.

The unloaded quality factor of a closed box vith lateral
dimensions much larger than the width can be shown to be (Yassin and

Lainé, 1979)

o pm |
QO = Xa 2014
where
4,
a = —— . 2415

and §_ is the skin depth given by

? v E o S

here u aﬁdwa are resﬁectivéiy’the material pef%eabiliiy éhd c&nductiv1ty
and w = 2mc/)\ . By comparing Eqn. 2,14 with 2.4 it can easily be
| argued that o is exactly the loss per transit. horeover, it can: als
 be ghown (Bleaney and Bleaney, 1957);‘that S
; tki (?2@)2 T
a = T\zg) = 1-"
wheré r isrfhé“réfiecfiéﬁ ébéfficienf.LSuﬁstifﬁfihg‘iniEqﬁ;‘foﬁgif   ‘,f’ :

~\f0110wslthat

o = Eﬁw;: ~>; L ,}j;£  j t‘;f;:2.17  s

,The quality fa&tcr fiven bY Eqn. 2. 17 is iaentiealfto'that'uffaﬁ~'{f-.x,w‘_»J

~ Parallel flat plate Fabry-?erot with negligible diffractien 195@@3,»1,;5;j35g

, ‘;T?gardleea of the mirror gecmetry (Zimmerer, 1065, Parchukov and



Prokhorov, 1961). It descridbes a wave which is bouncing back and forth
between the large reflectors and with each bounce its amplitude is

decreased by a factor equal to 1 -r ,

The Fabry-Ferot disc resonator can be treated in a similar
vay. In this case the resonator is approximated to a cylinder whose
diameter is much larger than its height. Calculation of its Q-value

will inevitably yield a formula, identical to 2.17.

Verification of fhe accuracy of thé abéve approximation can
be made by comparing the Q-values of some constructed resonatora with
those given by Eqn. 2.17. For example, the Q-value of a conduction
loss~1imited copper resdnator (o0 ~5.8 k 1O7Sm—1) at v = 24GHz as
given by Eqn. 2.17 is Qo;s 7300, The measured Q-value of a lightly
coupled copper disc resonator of diameter 15em onkthe other hand was
2500 (Smart, 1973). This indicates that diffraction losses of such a
resonator are considerable, When the diameter was Increased to 22¢em
the Q-value approached‘SOOO (A1-Jumaily, 1979)vwhichvis not far from
;thé,infinite pafallelvplate'valﬁe'%henyloaSés duéifo‘coupiingfaré‘i'
included, - The above approximation was also used to calculate ‘the Qm
value of the brass roofotop resonator described in the following |
chapter, In this case the calculated value of about 3800 vas in
excellent agreement with the measured value for raof angles a a¢3 .
This indicated that diffraction 1osses cf such a resonator were

neeligible.

2.3.2  Fox and Li Tteration Method -

-The appiication of the Huygens;Fresnél prineiple tq‘cpenf

_Tesonators with rectangular mirrors can be explained with the]ai¢;g:;f;;¢}{g;

g, 2.2,




>
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'FIG, 22 GEOMETRY FOR APPLICATION OF HUYGENS-
FRESNEL PRINCIPLE TO RECTANGULAR RESONATORS.
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let the linearly polarized field over the surface of the
mirror M1 be represented by the scalar function U1(x1,y1). According
to Huygens' principle this surface acté as a source of electromagnetic
radiators. The wave front at a peint (xg,y?,d) over the surface of the
mirror M2 can be formed by summing over all contributions from the
differential Huygens sources at all points (x1,y1,0). The analytical

expression is given by (Silver, 1949)

n

| ,
2.18

vhere

: 2 2 o1k 2.19
e [t v )+ 8]

and ¢ is the angle between r and the normal to the surfaaefﬁ1.

The cavity is said’to be at reaonaﬁce when the functions
1-(1 =1,2, 3...) reach a steaiy state. 1n other wads wheh'the series

- of functiona U, calculated after the 1th bounce converge to a aingle

141
function E(x,v), apart frcm a complex constant ﬂ. independent of the

coordinates. Therefore at resonance E@n. 2 18;¢an be written’as

) = 7 fﬁ<r>s<x,m>dxm~ B
M i
where :
: K(r)f = g”' exp(-gkr)[@1+ cosqé) + ggﬁgﬂ s ‘»  2.21  » 

;equation 2. 20 is a homogEﬁeous integral equatien ef the second kind

with a cemplex symmetrisykernel K(r). . it can be regarded as a S§Peia1 i‘3:i7ﬁ

~ tase of the Fredholm iniegral;eQuation,




b

() = Fx) v [RGBt

a
If now the mirror separation is assumed to be much larger than their
dimensions and that kd D)1, then in the far zone approximation the
kernel is given by
K(r) =~ jk_ exp(-jkr)
o arr o
Furthermore if the kernel is transfered to a new set of coordinates

defined by

o
m‘\;«,

#

m’_y
u

yl

c"_}‘:
e
GLG<

 then if the conditions

a2 o faY a2 222
b d Coead é e o . ‘

are fulfilled, it is easy to show that the kernel is separable in
»r9ctangu1ai'coordinéies | ' N |

K(x'yx37'y) = -;aateip<+skd)xexp[e:§%3(x;x'>?]‘ ‘

B 4 ex?[:ﬁiﬁ?(Y'Y')]% ;
a7

by defining

R T N B
B =N o7 M

B

= egexp(eged) P2k




The resonator becomes represented by two cne~dimensional integral

equations

+1
B (x) = 1;‘1.KX(X'.X)EX(X')dX' 2.25(a)
-1
+1 .
= K (y',y)E (v")dy' 2.25(b)
BG) = 7y [
with the kernels
o
Kx(x‘.x) = XN exp[fija(x—x') ] | 2.26(a)
\ L (y-y*)° | 2.26(b
KY(Y'.Y), = N exp[fjwhb(y y‘)‘] | (b)

Egqns, 2. ?5(a) and 2. 25(b) can be interpreted as the integral equations
of two infinite strips of separation d and widths 2a and 2b respectively.
~ The physical meaning associated with Eqn. 2 25 can then be stated an
follows. - In order to find the reaerant modes of & rectangular resonator,
the:fiéld distributions Ex and Ey for twowindepepdentvinfinitekatrip
nirrors ave first Calculatéd., The characterisﬁics~of'thé‘actua1 -

resonator can then békféﬁn& éécdrding tp'the'relatipnkf

) - B@RO)

.. and

L LI AL

and the exact propagation“cdnStant'caq be;éalculated_er§ Eqn,f?;?4,»1 7i‘n7

Another sipnificance of the Fox and Li approximatimn can be .

“ seen from Eqn. 2 26. There, it is shown that 1n the region where the P"

\COndition given by tbe iﬂequalitv 2 22 is valid, the resonatar’is}i  £‘,4,~ ‘
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fully characterized by two numbers Na and Nb known as Fresnel numbers.,
It therefore follows that resonators with different dimensions and
operated at different frequencies mugt have the same electric field
distribution and propagation constants provided that their Fresnel

numbers are identical.

From the above discussion it can be concluded that the
validity of the Fox and Li intepral equation method requires two
conditions to be fulfilled, . FPirstly, the wavelength is much emaller
than the resonator dimensions and secondly its Fresnel number is emall
compared to unity. Consequéntly the theory outlined in thie section
cannot be applied to maser'resénators at microwave frequencies.
Nevertheless the method which is by itself interesting was used hy many

investigators as a useful check to their theories.

The solution of the 1nteg'ral equations ? ?S(a,b) by the

_ method of «uccessive approximations is shown in appendix I, The actual
computation showed that convergence becomes difficult for Nf)?@ This
résulf was also quoted by Culshaw (1962) : In Fig-'? 3 the computed
infensity distribution for a rectangular infinite strip mirror for two
different values of Fresnel number is compared with “that of a
rectangular closed box of dimensions Qa x ?b x ?c. The similarity of -
Vthe curves 18 attributed to the small dlffraction losses of the Pabry-_‘

‘Terot reqonators at optical frequencies.

, ?93-3 Vainshtein Generalized Theory

Pere the rectargular resanatox ia again de@ompaqed into twe ;f

83mi~infinite parallel plate wavsguides and each is treated

findependently.' Bowever, iastead Gf calculatzng the dlffractian frem ;¢ )_2;~'

;the mirror aparture, the wave is considered to be prcpagating alanp a  fi_ : :

,}direction parallel to the surface of the mirrors. ‘Since the;waveguidekf  i :g
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is near cutoff then when the wave reaches the open end of the waveguide
it is reflected back, apart from diffraction losses. Calculating the
reflection coefficient at the open end as a function of frequency

yields the solution for the resonator parameters.

In Fig. 2.4 a cross section of such a résonator is shown
where the microwave electric field ia asqumed to be polarized along the
X—direction. Ir this is also taken to be the direction of propagation
then the resonator modes are designated TE me1,0,q-1° The transverse

field inside the resonator can be written formally ass

B o,q(¥) = exp(iﬂmQX) + R exp(-18, x) 2.27

where the longitudinal cosine dependence ig omitted and where
> 2 SoE T
qnq‘ = kK + (q /d) o e | 2.28
\ Eqn, 2,27 can be regarded as a supeiposition of anvincidént’sine—wave
and a sinilar reflected wave where B 1is the reflection coefficient
(Rq depends also on m), If the resonator end was closed by a perfect
reflector, theﬁ Ré = =i Meredvér from Eqn. 2.78 it follows that at

Tresonance l%q =m /é;>heh¢é'EQn.’2}27 reau¢ééfﬁd‘
‘_Erjvisin(m X/a);‘v

” whlch 13 similar to that of a metal box.r If diffraction 1oeses are not
: negligible, Eqn. 2.27 is still valid but with complex values of ﬁ and R.f

'The resonance condition can be easily obtained by requiring a standing
wave g pattern in the resonator. This yieldq the charaeterietic .

equation -

kUsing the usual appfOXim&inns &t‘O?ficalwfr?q“enciés’3analytiﬂaijff
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expressions for Rq could be obtained (Vainshtein, 19€3), From Egn. 2.79,
an and thus the resonance frequency, was calculated, The field

distribution could then be found by substituting in Egn. 2.27.

At microwave frequencies, Rq can only be expresgsed in terms

of qu according to the relation (Itoh and Mittra, 1974)

12
R = 1 &%‘ +Xk] G ( q)i 2,20
q 5 3
mq
where G#(f) is the so called factorized Wiener-Hopf function,
Expressions for G;(T) are given in Appendix I. Egn, 2.29 is then
reduced to a simple algebraic equation with one unknown., Although a
closed-form solution for it is not possibdle, ﬁhq'and Rq can be found
simultaneously ueing iterative alogarithms, Since all the calculations
rinvclved are of a simple arithmetical nature, the computing time here ig
much less than that recuired for the convergence of Fox and Li

" functions.

To apply this theory to disc and roaf—top re@onatars formulae
similar to those given by Egn. ? 30 for these gecmetries are required,
Such derivations are not yet‘availahle. However-fhis wetﬁod promiges
& comprehensive solution for maser rectangular open eavities at

microwave frequencies.'

C243.4 di Francis Arproximations for the Roof-top Resonator -

A ¢rpas section of the fiat'rogf~ta§;gecmétry,ia shqwn“ih

Fig, 2.5, Cohstruétianal detaila'are givén'in chapt&f 3;7 Aasuming

. that the cavity is near cutoff, then for small rcaf anglﬁs, hoth th& b

electric and mapnetic fields are rarallel to the rosoratmr mirrora. 

volutions with tbe mierowyve electric field par&llel tn tke X~axiﬁ in
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either halves A or B are given by

Ex(r,e) = J, (kr)sin(x6) 2,31

where %l(kr) is a Bessel function of the order # and the boundary

conditions over the metallic walls (Ex =0 for 6 =0;0=¢9 )requires that

k= (qr/¢) 2.32

where q is a natural number, For small angles and near the centre of
the cavity kr=(kd/¢). Therefore both the order and the argpument of
the Bessel function are large. Consequently Bessel functions can bte
replaced by asymptotic expressions (Eorée and Fesghbach, 19535;‘ The
expansion of the Bessel function divides each half of tﬁe roof-top
laterally (albng the y-direction)into two regions with different field

distributions according to

cos{a ¥¥ + b) R Yo

o o m(any /)

Ex(y)? . f “‘ ‘ ,H‘.,‘\ IRRTER 233

| explear ) Y ve

prla iy o)t
where
Y : L SERE T
a = (gu/x) (¢’/q)\3)2 2.34(a)

Thu&;;in'each'half'thEre‘existéia'cutéff Piéne whose diﬁfﬁn¢é f?°m the
centre ig W, nl(y - y',]'of height qA/?. Ingidé these piaheé

< y( ¥, ) the field oscillates as a function ef dist&nre, but
Outsige them (Y < Ye ) it decays ra;idly-‘ It can bé a“own that the o

,eyponential field equals 1/? ef its maxiwum vaiue at a ﬁistanee frem s



the centre given by (di Francia, 1965)

W, = (@6 5/2) (3/2%) 2435

“

for the lowest order mode, For d = 0.65¢m, a= 3°; w% ig of the order
of the wavelength, Tiffraction losses from the roof strip are thus
very small indeed. The field outside the cutoff planes decays so
rapidly that it is sufficient to make the strip in the y-dimension only

a few wavelength wide and diffraction losses are practically eliminated,

The resonance condition can be obtained by matehing the field
in the two halves of the cavity at the central plane, The easieet way
I1s to aseume that the field exhibits a node or an antinode at the plane

¥y = yo. Eence

2
(ay3+d) = (m-1) = aty =y
?

- which yields the resonance condition

wp
o

( - 2.3

for m = i 1Ps00ee For g =1, m = 1, p¢ ~ 3° the resonant wavelength‘

A = (zd/qﬁ ga'-fg;[§¢§?m - 12]

2 4q

1s only 11th1y5horter than that of an infinite parallel plate

resonator.

To find the field digtributicn in the'rgaf-top-resenatar, the -
field given in Eqn. 2.33 is multiplied by that of an infinite strip
FabTY~Perot. The rescnance condition,is alse found by combininﬂ th

~ two resonance conditisns.‘

In the begininp of tkis section it vas stated that Toth the B

-alectric and the magnetic fielﬁs are practicaliy parallel to the

“mirror,s surface. Alsc the polarization af the electric field waq~ ‘;“:'



assumed to be parallel to the X-axis (Fig. 2.5). In fact, within this
approximation (fields parallel to the reflectors) the solution for E
along the Y direction should reveal the same results., This is because
Eqn. 2,31 will still be valid for the magnetic field which will now bYe
parallel to the Y-axis. The derivation can then be carried out in very
much the same way yielding an identical resonance condition., In reality,
however, there was a frequency difference of gbout 20MHz between the
two directions of polarization, This value depended on the mirror tilt
angle and was at a maximum when the roof-top mirror was symmetric with
respect to the flat mirror. It could well be that including the other
two field components Er and EO would create an asymmetry between the
electric and the magnetic fields and thus produce the frequency
difference tetween the two polarizations as a function of the roof-

angle,

The theory of the roof-top resonator was aleo treated uging
the Fox and Li iteration method at microwave frequencies but with emall
Fresnel numbers (Checcacéi, Consortini énd Schegei, 1967; Checeaced
et a1.,, 19€8). Their numerical compﬁtatiohrwere in a good'agreementl
with di Francia;s theory and with the expérimentglly méaéured iesonance
‘frequenéies. Ho&ever no«mention of the,fesonance‘fr&quenoy depeﬁdence

on the mode polarization was made, .



CEAPTKR

A BCCF-TOP RESCNATCR FCR MOLECULAR BEAM

MASER SPLRCTROSCOFY

3.1 INTROTDUCTICN

In this chapter, the operation of a meolecular beam maser
incorporating a roof-top resonator for the first time is discussed,
Although, the ultimate capability of this type of open resonator might
not have been fully exploited in this work because of technical
difficulties, the following experimental resuita undoubtedly Jjustify
further investigations in’the future, Experimental verification that
the roof-top spectrometer can have good spectroscopic sensitivity and
high resolution has been obtained. To demonstrate the high spectrometer
sensitivity,:the mase? Qas operated on the aﬁmehia invéréion line
J=K= 2. .The reﬁoiution was measured empibying the known gplitting

of the quadrupole satellites of the amménia inﬁérsion line J = K = 1,

Aﬁartvfromka few technical médificaticns;#the;m91e¢u1ar beam
Maser system used in the Experiments bas béen'discuSQed previouely
(Smart, 1973; Lainé and Smart, 1971) and a diagTam of ite essential

components is given in Fig. 3 Te

The main chamber was ah,aluﬁi@iu& brénze,casting'in the sha§e
of g recténgular box'ofidimensiens approximately 350’x‘263 x 200mm,
with rectahgular'cut;Qut§ of dimensions approximately 400 x 150mm in
~ both of 1ts long giéés{ It was fitted with a brass 1id, which carried
two 1iquiq nitrogen traps amd clased the t p. Twa aluminium platea |
were bolted to tke sides of the bOX. ThP frant plate carried the

: Techani&al and electrieal 1?&d-thrcufh$ and tbe ba¢k plat@ oarripd the
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two coupling waveguldes., This provided extra flexibility in using the
same chamber with different waveguide and mechanical connections to the

outside, simply by replacing the aluminium plates.

The nozzle chambter was a four-port arrangement constructed
from brass tubes. One port, carried the skimmer and the state gelector
which mated with the main chamber, At the oprosite end, & emaller port
closed by a flange carried both a liquid nitrogen trap and the ammonisas
supply to the nozzle, The top of the nozzle chember was closed by a

flange which also carried a liquid nitrogen trap.

The pumping arrangement for the two chambers was provided by
three Edwards type 203 two inch diameter diffusion pumps. Two were
mounted below the main chamber and one below the nozzle chamber, Thege
pumps were charged with silicone oil type T04. Each diffusion pump was

backed by its own Metrovac GRD1 rotary pump.

With the aid of the crycgenic pumping by the ligﬁid nitrogen

(torr at hest which

traps, the preqsure in the main chamher was 8 x 10
rose to 1 x 10 Storr when a mol@cular beam of ammonia of'normal ’ |
operation intensity (120torr behind the nozzle) was 1ntrcduced. " Such a
Poor vacuum was Just encugh for spectrometer cpwraticn but made the

oscillation threshold very high in terms cf the necesﬂary value of FHT
which had to be applied_te,thekstats gselector tq reach theﬂesaillatien‘

COndition,

‘An improvement on the grevieus detection echeme (Svart, 19?5}‘
was obtained by phase 10cking tbe k}ystron ta a high sﬁabilitv quartz ﬁ
CTYstal by means nf a micrnwave frequency stabilizwr.‘ Apart fram

~improvinﬁ aensitivity this alsa aliawea alew scanniry throuph tha b

;Bpectral 1ines and thereby permitted the observation cf u»ak quadrupale: l! a1

'satellites segarated from each other by a fr&quencv ef the nrder ‘of .



5KEz, The detection scheme which was employed throughout this study is
described in detail in Sec. 3.4. The sensitivity discussion given there
will prove to be useful both for resonator desien consideratione and

for the exploration of the new methods of detection presented in later

chapters.
3.2 CONSTRUCTIOR CF THE CAVITY
3.2.1 Desien Consideration

The size of a moleculer beam maser machine, employing an open
resonator in the mm-wave spectral region is mainly determined by the
size of the resonatoi mirrors. Conventiorally, a Fabry-Perot
interferometer with flat disc mirrors is used. Since diffraction
losses continue to be important compared to metal losses in determining
the Q value up to a relatively large mirror diameter (25em for
A = 1.25cm, Al-Jumaily, 1979), masersusing such intérferdmeters employ
huge vacuum chambers., This implies the use of fan pumpe, costly
manufacture, and difficuities in handling. Inbcontrast, the gse of the
roofftop resonator, permits therconstrﬁctionyof:an,effipiéﬁt, compact
machine, The length of the‘iesonator along the beam axis and hence of
the main vacuvum chamber can Ee made‘according to t%e desired extent of
the microweve field which déterﬁines theylength cf-ihtefééﬁién, while =
‘the héight can be made relatively small since difffécfion losseg

throupgh the top ahd,bottom of the resénator are practically negligible. 
Therefore, the ghape anﬂyihe size of the:ﬁasﬁf;a¥é a faithfui eiﬁré&sién
of the efficiency‘of its'perférman¢e.’ The é#oiﬁeyof the mirror |

~ dimensions (22cm x 11em)with a Toof angle @kﬁﬂ 33 (Fig. 2.5) in th&i
- Present work waé‘reétricfédkﬁy the éiménsicng'6?°5 ?%§%0t§§é”§é§§ﬁyf‘

already constructed and an ex isting vacuum‘system;' Because of space

Teéstrictions in the main chambef a‘shbrt state'saiéctgr,was.ﬁgeg'and"r_ “'f f %



the maser was operated as a spectrometer rather than as an oscillator,.

Although the resonator was used in the lowest order
longitudinal mode (q = 1) only, it could be easily modified to operate
with higher order modes (q = 2,5,...) simply by using longer pglass rods

ag spacers,

In the construction of the roof-top rescnator, or indeed any
type of open resonator at microwave frequencies two important factors
have to be considered. The first is the flatness of the mirrors and
the second is the facility of fine tuning from outside the vacuum
chamber, Mirrors flatness should be preserved when preparing the
surface and alsq while‘mounting the mirrors to the cavi{y frame,
Surface imperfections and mirror bending proved to have a sirong effect
in practice on the G-value and on the microwave electriec field

distribution inside thre resonator.

Fine tuning is neceseary since the caﬁity reponance frequency
is always shifted during evée&ation. Tis is due to the éhaﬁga of the
die1é¢trié cohstént of the medium,filling the é&vity“(air}, tﬁe
Pregsure applied by the coupling waveguides on thé fixed mirror's
surface and the cooling ef the gyatem bty the iiquid,nitragen frap@.
Moreover, temperature vapiaticns of the glass rods makes mager

Operation impossidble without fine tuniﬁg.

It was alqa found that finpl aéiusbment te mirror paralieli?m
was best effected ty rcnitoriny tbe maser nignal itaelf. Constracticn

détails are given in the foliowing Féctiaﬂs'

3.2.2 Cavity Mirrors =

“As was Pmrharized, surfaee imperfections have a cgneié@rﬁtle'f  s

,effect on vaalues 0f rescnatcrﬂ eperatin@ in tke micrenave ?agieﬂ,'“




especially when low order longitudinal modes are used, Obviously, the
emount of tolerable distortion is a function of the resonator Q-value,
Let & be the average surface deviation from a reference flatnesg., The
total distortion of the wavefront after n reflections is 2né which can

be regarded as negligible if it satisfies the inequality:

The relevant value of n is determined by the number of reflections
that a microwave pulse can survive in the resonator which in turn
depends on the value of Q. Py definition the stored energy drops to

1/e from its maximum value for n = Q/qg. The criterion then becomes:

é << MaxQ

If it is assumed that the resonator is conduction loss limited then for

q = 1 the following expression is obtained (Yassin and Lainé, 1979)

5<< n s, 3e2

‘ : | -£
where 63 is the gkin depth. For brass. %:::1*2 x 10 “m.  If the

maximum tolerable distortion is denoted by B Egn. 3.2 can be written

asi

5m ’n"’a#’ﬂlss ' , : 2.3
and for brass
| -6 ' e .
5 o~ 3.6 x 10 .#(meters)~« N 3.4

Where H#is a constant whiah can ve detsrﬁiﬁ?d experimﬁﬂtally. 1Ir
diffraction losaﬁs are rot large and cther surface 1mperfections are

ne@lipible then it f&llows that

e{ﬂéé



An investigation of the effect of brass mirror flatnesc
at 1.25cm wavelength was made and a2 value of # = 0.% was obtained
(Smart, 1973). ©Substitution in Eqn. 3.4 yields the result that a
flatness of ~ 10"5mm is satisfactory. The brass mirrors were carefully
surface ground, Such a method was found capable of producing a
flatness better than 5 x 10"%mm if care was taken of mechanical
distortion of the mirror during grinding., Therefore values of 8, €iven

by Egn. 3.3 are not impractical to achieve,

3.243 Cavity Frame and Tuning Fechaniem

The mirrors were housed in a brass frame with its base bholted
firmly and directly onto the bottom of the main vacuum chamber, which
was machined flat and made horizontal, The frame consisted of two
vertical brass plates(280mm x 150mm) separated by four rods TOmm in
length., The flat mirror which carried the coupling holes, was bolted
_carefully to the front plate of the frame. Since this plate wae not
made thick enough (€mm), an additional structurél support was needed in

the form of three brase stands of triangular shape as shown in Fip, 3,0,

‘The roof mirrer (the tuning mirror) was bolted to a
rectaggu)ar—sbaped‘brass‘frame; This frame (the mirror frame) carried
three 17mm diameter giass iéds,,th a§ the upper and thevlower;wmem
of one side,‘(the beamveﬁtrénce’of,the Cavity) and the third at the
middle of the oprosite side. They pa*sed forwaré, through the front
Plate of the cavity frama;iinta three micrometer ascemblies, Each
nicrometer asgembly congisted af -1 brasa bqrrel carrying a &taip}e
steal micrometer screw, Coarfe aé*ustwent to tke doaxrpd mirver
Eeparation was firwt ebtgined by meang of the tbr@ﬁ wicrometér rcr@wg.b
Fine tuniny and adjastmert cf tbe 11t areie was obtmin$d, first by

PTE%%iny a piece ef neopreﬁe rubb#r awainst the tuﬁing ﬁirrcr frame
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(Fig. 3.7) and by turning the micrometer screws,

The fine tuning mechanism consisted of a threaded plug which
wag bolted to a large gear wheel 100mm in diameter and screwed inte tre
rear plate of the cavity frame. Ry turning the gear wheel the plug
could be screwed into or out of the frame and the rubter was compressed
or decompressed accordingly. In this way the prescure on the frame of
the mirror was varied énd aVs&all'longitudinal movement of the tuning
mirror obtained. Since the cavity frame was thin (S5mm thickness), it
was bent unequally along its length, but thekmifror iteelf remained
absolutely flat, The large gear wheel meshed with a small pirion
bolted to the end of a rotary shaft vacuum seal. By turning the shaft
ocutside the vacuum chamber, the gear wheel was rotated to give fine

tuning after sealing and evacuation,(Fig. 3.3).

An uﬂfortunate éisadv&ntape of the deszgﬂ discussed is that
the glacs rods were not pesitioned "ywmetrically with respect to the
hrectangular gshape. This cauged a emall deviatien from parallelism,
effecting finé‘taniﬂg aﬁd applieﬁ téé machvﬁresﬁure on the gingle glags
rod at the beam exit end of the c&vify; To compensate for this effect,
a further roiary shaft vacuﬁé)sea1 Qﬁit was'affached to the single
micrometer ans ociated with the relpvant glass’rnd wcrew, so that a
final correction to exact paralleligmkwas p@ss;ble from outside the

Vacuum chamber as shown in Fig. 3.2,

3474 Microwave Ceupling to the Cavity

Microwaves were coupled to the cavity through twﬁ:¢§Qpiing
holes positioned symmétricaliijith respect to the heipht ﬁh§ §@ngth.‘
At firet the holes were 2.omm in diameter and spaced 10cm apart at
€qual dietances from the mirror edgen After t&sting the aavity’éﬁ the

b@nvh using a crystal viépq Getectior scheme, 1t was rotjcpﬁ thgt the



fig J.c View of the roof-top resonator shov/inn the tuning
nicroneters and the coupling holes



fine tuning nechanisn
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lowest order mode (TEMOOO) was suprressed in tranemission with respect
to the higher order modes., This was explained by the fact that low
order modes tend to concentrate their energy near the centre whereas
the others (being more lossy) propagate more towards the edges, When
the fixed (flat) mirror was replaced by another with coupling holes 8em
apart, a satisfactory transmission of the two lowest order modes was
obtained, It was noticed at that stage that the effect of the coupling
holes on the Qo-value was not large both because of their relatively
small size and also that they were far from the centre (Slater, 1950).

3

When the system was operated as a maser on the inversion line J = X

1

of ammonia, the ratio of stimulated emission signal-to-noise was poor,
although oscillation was set up at a state selection voltage of 1SKV.
This result was explained by the fact tha} the signal detected by a
superheterodyne receiver depends on the coupling parameters of the
cavity, and since the cavity was very lightly coupled, the sensitivity
was reduced, whereas the Q-value was high enough for oscillation to be
set up., Again, the fixed mirror of the cavity was taken out and the
output hole was carefully redrilled, to a diameter of 3.2mm, The
coupling coefficient was méasured and with external matching of the
waveguide to the coupiing héle, a maximum value of 8 ~ 0.3 could be
obtained, A drop in the quality factor was clearly noticed, The new
Q~value was only'about 80% of the crigihal. As expected, a remarkable
improvement in éenéitiﬁity was obtaiﬁed‘but the cscillationbthreshold
could no longer be reached‘even wken fhe staﬁe seleéfian voltage was
raised to 20KV. i R

| The method chosen for ma%iﬁg the physical connection between
the waveguideékand therfiied miifor was a form of choke coupling baged
on the choke frequéhtly»uséd a{ waveéuide flanges (Harvey, 1963), The

method, (includingkmechanicai design details) has been described by
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many investigators (Smart, 1973). An important advantage of this
method is that the joints are made cylindrical., This enables the
waveguide orientations to be’varied to any desired angle by rotating a
special rotary joint which can couple any two different field
polarizations and hence provides the facility of controlling the
polarization of both exciting and detected radiation. This facility

opened new areas of investigations as will be shown later,

3.3 PROPEETIES OF THE RCOF-TCP RESONATCR

30301 Exploration of the Cavity Modes

In this section the validity of the theoretical discussion
developed in Ch, 2 will be examined experimentally. Eench experiments
were made to examine the modes of the rescnator at a frequency of about
24CHz employing the crystal video detection scheme shown in Fig. 3.5,
Exploration of the field and measurements of Q-value were made in

‘transmission via the two coupling holes (Appendix II) while measurements
of the coupling coefficients were taken in reflection by measuring the
 VSWR (Smart, 1973). It should be menticned that emphaals was put on
those properties which were relevant to the resonator applicatlon in

this study of molecular beam masers.

The electromagnetic field distribution was investigated by the
method suggested by Checcacci and Schegei (1965). A emall perturbation |
object was placed in the field between the mirrors and the power
absorbed'by it waskmeaéured’by obéer&ingkthe réductipn in power;‘
transmitted by the cavity;' This reduction was proportional to the
intensity of the field in the vicinity Qf,thev?értufbation object
(Hivben, 1969). Together with rotary Joints attached to the. input and |
the output wavegﬂides, both intensity and palarizatisn of the eleetric |

‘ field‘between the mirrors could be explored.
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The lowest order mode (TEOOO) had a single maximum along the
resonator axis and was serarated from the adjzcent mnde (TE1QO) by
almost 3CMHz, The line-width values of these modes was about €MHz and
two well separated modes were obtained, The freguency geparaticn is in
good agreement with the calculation made in Ch, 2, It was also noted
that for roof angles from 30! to 30 the field extended along the
resonator axis right to the edges. This allowed a long time of
interaction of molecules with the cavity radiation field therehy
reducing the line-width, On the other hand the field was found to bhe
concentrated near the resonator axis allowing no diffraction losses in
the perpendicular diréction. This remarkabhle feature does not only
imply an increase in the {~-value but also leads to a practical
possibility of enhancing the spectrometer sensitivity (see See, 2.5).
The widfh of the field was estimated to be about one wavelength (*«1cm),

again with a good agreement with the theory developed in Ch., 2.

2e3e? Regonator Aligrnment

Unlike thé reéianguiaf Fébry~?erct resonator the flat roof
was ingensitive to the misalignment of the mirrore., In fact it
resonated even when the geparation of the éirrors at the top and hottom
wae conegiderably different, provided that tke apex of tke roof-top was
kept~parallelrto the plane of the flat mirror. This result which has »
valuable practicai application can be 1nterrret9é by the fact that the
roof-top resorator atructure can be cor«iﬁared as A vur@rvoq;tlrn of »
roo?~top strip and an infxnjte ?abxy»rer@t strip. The former r@o$m%lea
the clos ed cavity structure wrere alipvment kaq no ﬂipniflcan% | -
importance qince diffrect‘on losweq are PPF?IFible while jn the 1attpr
parallelinm ig rather impnrtant siﬁce a small déviatiﬁn fram it’caus@$ "

a great deal of diffraction.




3.3.3 Q=Values

G=values as a function of the roof angle for the lowest order
mode were measured by the method described in Appencdiy II, The resulte
shown‘in Fig. 2.4 emphasize two important conclusions, Firstly there
is a considerable increase in the (-value when the roof angle exceede
1° (almost a factor of 2) in comparison with the rgctangular Fabry-Ferot
resonator, and secondly the quality factor approachs a limiting value
(@ ~ 4000) as the roof angle exceeds 3.5°, The latter wae shown to be
equal to the quality factor of s Fabry-Ferot resonator with infinite

plates ie. 2 conduction loss-limited system (Yassin and Lainé, 1979).

The fact that these results did rot show repions of minimum
losses as expected by Eheccacci et al. (19€7) only confirmed the
assumption that the cavity studied is not a diffraction lose limited
system. Mathematically spegking the calculations made in the latter
?eference are only valid for a small value of Fresnel number N = a?/xd
(Culehaw, 1962), that is for large values of mirror separation with

respect to the mirror dimensions,Physically this means a diffraction

limited system.

Finally the theory developed in chapter 2 pivesuseful design
hints,. For examnle at a freouency of ~f/AGFz ard for q = 1 fhP

following practical values can bte chogen for a roof-top reeovatnr.

Lengtht ~ 25cm determined by diffraction loeses of an

infinite strip mirror of width ‘a',

Poof angle ané roof beipht' Theaé are determined ty the -
diffraction losses from a roof»top strip of angle « and vutoff piaﬂes
of 1enpth equal to k/?.- or-a ~ 3 é Tﬂﬂf hPith of abﬁut ;cm wauld |

be practical for {be lew@st arﬁar maﬁe‘ ‘
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3.4 DETECTICN CF THE WASER SIGMALS
a4 Trhe Crvetal Video Feceiver
A guick, simple and a2 useful method, often employed in
! ’ T pioy

microwave measurements is crystal video detection,

Unfofiunately, this method, for reasons of sensitivity is not
used for stimulated emiésion detection, lost common applications are
cavity mode identification, G~values measurerents and the detection of
strong absorption lines, The latter can te easily establiehed by
flooding the main chamber with gas while the eystem is being evacuated,
This 2llows a precice adjustment of the lowest order cavity mode
frequency to that of the molecular resonance. A typical experimental

aggembly is ghown in Fig. 3.5.

Fower from thé klyetron is frequenc§ swept by epplying a
saw—tooth'voltage of éﬁplitude O-EOvclts end frequency 50Hz to the
;eflector. The microwave frequency ie rﬁughlyrmeasnr&d by a C&;ihf&ﬁﬁd
wavemeter, After attenuation the klystrcn pééer pésses through an
isolator thch'prevents pmwér from teing reflected back to fhe klvstron.
Fower transmiftéd through the cavity is then rectified by‘ihe diode D
endfappea%s-at the input of the amplifier as akﬁidaéwsignal. After |
amﬁiificaiicn it is applied to the vertical plates of the C,R.C whic&_
is éynchrdnizedsﬁy the game eweep unit. In this wéy a trace which
ré?feéénts,theﬂtrangmitied~?ewer as =8 funcgion ef frequenéy is ohtained,
Two rotary joints were used to investigate the effect of Pdlarizatien’
on the quaiitylfact&r. As was mentianéd ih Che 2 & freguencyidiff&rénéé
of abouf ?éﬁﬁz‘was {found Qheﬁ the two wéveguides ware rot&i&d from an
oréentatiﬁn where both electric fields were parallel to the beam axie,
tO‘ an Qrientaticn‘ﬁhere bathnwaéeguides electric fields were

rerpendicular to thevbe&m'axis.‘
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- FIG 3.5 CRYSTAL VIDEO DETECTION SCHEME.




LY Sipnal~to-noise retio and saiuration effecte

Two important sources contribute to the noise in 2 crystal
video receiver. The first is "white" noise which is, frequency
independent and the other is the "flicker" ncise which is inversely
proportional to the frequency, The thermal or "Johnson" noise combined

with the shot noise can be written as:

1
F3
= 1 E 2z 24 z:'
Vp = EkT (Ry + PAﬂ 3.5
where R, is the video resistance of the cryestal (Gordy, 1948), B is the

noise band-width and R, represents the noise generated at the amplifier,

A
Its value is usually taken as 12000, The noise band-width is defined

as
oo

o G(f)dar
B o= g{

max

where G(f) is the gain response to frequency., First the signal-to-noise
ratio due to thermal and shot noise will te determined and then the
effect of flicker noise is considered. It should be noted that in both
erystal video and cuperheterodyne detection the stimulated emiseion
signal appeaﬁs as a change in the rower level transmitted through the
cavity. In other words the éuanfity to be compared with the noiee is
not the emitted power by the‘beém AF& but another Quantity which dependsn
on the particular receiver {Townes and Cesehwind, 19é5). In erystal
video detection, the rectified voltage as a result of the ontput yower
P can be written as (Found, 1948)

wvhere T is the crystal sensitivity. Therefore the change In ﬁﬁ as a

result of a smailuchangéfin'P;‘iﬁyﬁ



AL = 1 AT
d T FE 0 3.6
where AP ig:
o
AT ) T
IO - (,,: lA m 5 L3
’.,?

It can be ghown that the power emitted by n molecules In the upper

state focused into the cavity at resonance isg (Shimeda, Weng and Townes,

1956)
AF = rh, 2in‘@ 2.8
where
& = wh 2,9
C
W v 3,10
¢ = 2"""
1€0L

and W 1s the enerpy stored in the cavity at resonance due 1o an input

power Pi given by

2 g
v o X9 By 3.11
-

Mie the average of the dipole matrix element (F=kAB ). Fan. 3,10
assumes a uniform field distribution within the cross section of the
cavity A but takee into account the field variation aleng the length L.
It also assumes uniform velocity v for 211 molecules in thermal |

equilibrium, Substituting in Eqn. 3.6 the following regult {s obtained

AR, = Q(QL/Q?}TEEI’YE% gin'@ BESTTUSER 1 1o



using Egqn. 3.5 the gignal-to-noise due to thermal and shot noiset

AL

[N

_ N(SL/%) mhap sin‘®
Vi VETE

.12

where

is known as the "Figure of Ferit" which containg all the crystal
parameters, As a crude estimate of the best signal~to-noise with

14 -
crystal video detection (0 = x/2) take: G ® 104,35 n ®10 4 cec 1;

: - 7
M = 505 Uo~ 48 x 10°Ez 3 kT & 107" joule; B & 10°Hzj then:

It is true that the sigmal-to-noise given bty the last equation can be
improved by better coupling, that ie increasing the ratio QL/Q? ag much
as practical, but even then two main problems remain, The first is
related to the poor performance of crystal rectifiers at low frequencies
as a result of the "flicker® noise and the other is the molecular

saturation at high level of input power.

The spectral distribution of the flicker or the 'excess' noige

can be written as (Baker, ?9553

Co(f)dfr =

where I is the steady current flowing through the crystal and A is

congtant, The total noise generated is obtained by integratjng



Egn. 3.14 from f1 to f, + B where f1 is the lowest frequency accepted

1
by the amplifier and B is the noise band-width. Bosch (1961) showed
that the 1/f relation holds accurately from 25Hz to 3OOKHz for point-
contact silicon ecrystals. Obviously the power of f should become more
than unity at high frequencies to allow convergence of the integral but
it was shown (Robinson and Bosch, 1957) that this relation is valid up

to 45VMHz,

In the square low region Egn. 3.14 can be written as:

G(£)af = aF° KkMdf 3.15(a)
f
where
a= 5x 1014 W-Q 5'1

but it seems more reasonable (Shimoda, 1960) to use the linear relation

_when the crystal is biased bty a small RF sigmnal. Then

G(£)df = ¥YP kTdf 3.15(b)
3

and

y= 10" Vatt™ ! sec-‘s

the total noise is then:

f1 + B

So, to compare the flickernoise with the thermal, the noice temperature
TN is defined as
Per

Ty - Prri Bln(‘ﬁ/f1)
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for P ~1o‘BWatt f, ~ 1Hz; T

1 N

temperature of about 8dB., Actual measurements show however that the

= 7 which corresponds to a noisge

contribution of flicker noise can reach a value of 50dB when the
crystal is reverse biased. It should be noticed that at low power both

9Watt y flicker

thermal and flicker noise are important, When P > 10”
noise is dominant, To investigate the effect of crystal video detection
on resolution it should be recalled that the half linewidth of the

emitted radiation is given by:

‘(Av )= J (4v, )2+ (4vg )2

where ANO is the broadening due to finite interaction time. Assuming
that the field varies sinusioidally along the cavity axis then (Shimoda,

Wang and Townes, 1956)
2av, & 1.19v/L

Avg is the broadening due to nonzero input power given by (chimoda,

1960)
D2
‘ 2- EUW
recalliﬁg that
| 2 EnW :
E° = il

and using equations 3,8 - 3.10 the following result,is_obtained

(Av )?* 1{z)? 6" | 3161':
s/~ 8|1 , SR AR

and the 1line width is
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SAv = 1J1.4 + ( 9?/?5l (v/L1) 3,17

From equation 2,16 it will be noticed that the line broadening due to
input power is proportional to ®, that ig to P%. For® »>1 it ig geen
that the line broadening due to high input power becomes comparable
with that due to finite time of interaction., TFor good resclution®
must be much less than unity. Iut from eguation %.1% the sensitivity
is proportional to sinaa and for® << 1 the ratio Ed/VfV OZtakes emall

values,

3442 The Superheterodyne Receiver

In thé previous discussion it was shown that the performance
of the crystal video receiver for weak maser signal detection is rather
poor. Its sensitivity is limited by flicker noise which becomes
dominant at low frequencies and saturation effects contribute
congiderably to the spectral line broadening, ét a relatively high
input power, ‘It is worth while paying attention to the fact that
increasing the modulation frequency does not improve the receiver
sensitivity because it requires the use of a wider effective bandwidth
(Gordy, 1948). Assuming that the modulation frequency is f_ then the
receiver is expected to respond say up to 100fvacurier cqmpohents.
Increasing the modulation freqﬁency~by'a factor N #ill increéée the
upper 1imit by the same factor and thereby requires the uée of an
effective bandwidth N times wider, The resuli ié eithef that the noise
bandwidth is increased or some sipnal is lost by the same‘factor. In

either case no gain in sensitivity is achieved.
In contrast, the superheterodyne receiver overcomes‘mdst”'"
difficulties mentioned above, Not only does it practically eliminate

the effect of flicker noise by amplifying the signal at 30MHz, but



being a linear receiver makes it more suitable for deteetion of weak
signals on the basis of both sensitivity and resolution., The following

argument explaing the idea,

let Vj Dbe the signal detected by a receiver which operates
in the square law region and Vg the signal detected by a linear

receiver, By definition it follows that:

v, = sV’

VvV = GV

where S is the gengitivity of the crystal rectifier, G is the conversion

gain and V is the signal to be detected which can be written as

vV = o27P

where Z is proportional to the waveguide impedance. The ratio of the

detected signals.is given by

v

i~?’,§ ?
V., = 8§ %

d 2% P%.

The above equation illustrates that there exists e power level below
which the,superhetervdyne'receivex is the more sensitive QE the two

types of detection,

3,4.2,1 The transmiesion deteetion scheme

_The particular detection schemes used in the present work.
differ slightly according téfthe‘épeéifié“éx§eriment under}invegtigaticn;

| but a typical one which includes all the important f&atureg'bfka 

Practical transmiseion superheterodyne recelver fe shown in Fig.:ﬁ.é;’

The klystron (OKI type 24V 10A) is stadilized by a Mos 3600 (ﬂicrowav@ ff
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Systems, INC.) type frequency stabilizer., It provides a frequency
stabilization of 1 part in 10-8 per hour, The reference voltage from
the klystron is supplied by a 20dB directional coupler via an
attenuator, which allows a flow of about 1mW power, into the stabilizer
input., A sweep facility is also provided by applying a sawtooth
voltage of about 1volt amplitude from an external sweep unit via a
potentiometer., This allows an easy display of the emission lines and
even narrow absorption lines (pressure ~40"4torr) can be easily
5locked" and displayed. The microwave power is divided into two parts
by using a 6dB coupler. One part passes through an attenuator, and an
isolator to the circulator A. The impedance of the crystal is
modulated at 30MHz by an RF generator so that the power reflected
possesses two sideband components of frequencies f_ = £, t 30Miz where
fk is the klystron frequency. Ry proper matching the conversion gain
of either of the sidebands (say f, - 30MHz) is maximized and used to
stimulate the maser transition at frequency fo,‘by altering the
.frequency of the klystron, Thie allows the use of a sinqle klystron
for both input andllocal oscillator power without the need of two
frequency control systems for separate klystrons. Since the cavity is
tuned to frequency f_ and ite quality factor Q_ > fo/BO. all other
sidebands are reflected back andiabsorbed by the isolator. The second
prart of the power in the 6ther arm passes algo through an isolator then
an atténuator to the circulator B and arrives at the cavity output
coupling hoie; Siﬁcé its frequéhcy ié‘idﬁﬁz fo;resénanée‘with respect
to the cavity frequency fo» it is :efleeted back to the mixing ecrystal
through the circulatorJB;k Iprfovi&eg the local oscillator power. The

maser signal is coupled to the‘transmittéd'sideband and pasces through

the circulator B to the mixer, If the signal is emall nom?area;tgkthezr |

local oscillator power, then the output is a signal at 30MHz whcsé

amplitude is proportional to the ampliiude of the maser sipnal, The



latter is then amplified at 30MHz. After rectification it is applied
to the vertical input of the C,R.C., which is synchronized by the same
sweep unit. This permits a display to be made of the signal amplitude

as a function of frequency.

3040242 Signal-to-noise in a superheterodyne receiver

It is well known (Gordy, 1948) that superheterodyne detection
is linear, and that the output voltage amplitude at the mixer output

can be written as:

-3
#

o Ve 3,17

where G is a constant proportional to the conversion gain and V8 ean be

written as:
Ve = ZF ' 2,18
o B .

where Po is the transmitted power and 2 is proportional to the guide
impedance. Assuming that the maser signal causes only a small change in

P then

0

L , o1
2 P§ . » _ ’ v9

and the detected signal to be compared with the nolse is:

AP
<
A,vo = G?" e 10' 30?0
. P o 7‘1
K+
The noige generated by the receiver is taken as
vy, - G (wmzn]% | R X A
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therefore the signal-to-~-noise is:

Ay AP
F;Q- = SA = %—» —7 3,00
N v P*=
Q
where
N, o= [ éFkTB]% 3.23
v

using Eqns 3,7-3.11 the following equation is obtained

1 [ %9 ey sin’0
C

2

AN

24

The expression given in Eqn. 3%.24 can be viewed as three multiplying
factors., The first depends on the coupling of the’cavity to the
waveguide, the second is a function of the physical properties of the
_maser and the third shows the effect of the excitation strength. Each

should be maximized for best sensitivity.

In maximizing the quantity QL/Qg (or QE/Q?) it is necessary
to take into account that the resonator is usually designed to fulfill
more than one function. For many practical uses it is desired that the
coupling holes are made identical and placed symmetrically with respect
to the cavity centre. In other wdrds we demand that Q1‘= Q?- In this

case ‘ : .

Q. \?
2 ( Qo +’2Q?)

which is_a maximum i‘orQ1 = Qé = 2@0, This gives a maximum vaiue_af



N
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which indicates that there exists an optimum coupling for best
spectroscopic sensitivity., Altering the second factor is not an easy
matter because it means changing the parameters of the maser but it may
be noticed that the sensitivity is proportional to nPL%/Av. The factor

sin?9/6 takes its maximum for@ ~ 1.16 and gives a value:

2
g (8]
(—-‘—-—-—-——i% ) ~0,73
max

According to Eqn. 3.16 the sensitivity has to be paid for in terms of

line broadening of about 3KFz.

Substituting in Eqn. 3.24 the best signal-to-noise ratio is

given by

| | | % %
(S/I\a)max = 0.45nh [ m] 3,26

3.4.2.3 Comparison of the two receivers

By Eqnsg. 3.13 and 3.22 the signal-to-noise ratios in video
and superheterodyne detection can be written respectively as:
Y ¥

(Sm), = ————7 4r

v [4xkt ] 2 °

AP -

() = —1—v —%
8 [erkre]® r?

therefore the ratio of the two is given by



i

&
S
-3

_ 3
RV/S = (2F°M) Po%;

It is important to notice that the latter result is independent on the
radiation process in the maser action, In fact it is valid in any
microwave detection process which employs a two port cavity, TFor

M=50; F=100 it follows that

0-6 ~
Rv/s > 1 for PO > 10 “Watt 2,28
which means that the crystal video method is more sensitive only for an
output power greater than 1MW. This explains the relatively improved
sensitivity of the video receiver in detection of absorption lines,
especially when pressure broadening is the dominant factor for

determination of the line-width, rather than saturation effects.

Now is it possible to imagine a case where crystal video is
favourable for detection of stimulated emission? To answer that it may
be recalled that the maximum sensitivity in superheterodyne detection

occurs for
0 = (w/wc)%' ~  1.16

where

hQA : 1
v 3 wl¥
- m" R - -
e = 16 (P)

and

SRR A
P"sz

For an ammonia spectrometer emplaying the inversion line J = K=3

-18

(h=10""°C.6.Ss3 v=5x 13’4cm/sec) and operated with an‘éﬁenf' °”
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resonator of length L = 20cm; A = ?cm? it follows that

W~ T 10" "% J0ule or P 10" Oyaty

Another fact to be noticed is that the reason why the
sensitivities of the two receivers becone compafable at high power is
not because (S/N)V increases, but because (S/N)S decreases. That is,
in any case, it is not possible to obtain sensitivities better than
those given by Eqn. 3.13 using a crystal rectifier. Therefore the
relevant question to be answered is;in what cases must the level of
the stimulating power be raised for optimum sensitivity? The answer ie
for high values of Wc. While the maximum sensitivity in superheterodyne
detection is proportional to (1/Wé)% as it is seen by Eqn. 3.26, it ig
independent of w in the case of crystal video detection (Eqn. 3.13),

If W, 1s increased by a factor of 10% (say, because p decreases 100
times) then to sustain the condition of optimum censitivity W should be
-increased by the game factor. °ipce P is propartianal to W, it reaches

the value of 1OEWatt and hence the condition given by Eqn- 3428 of
equal‘sensitivity ise satisfied. Netiée‘that in this case {(altering p )
the resélution is not affected By raising the power levei, as far as
maximum seﬁsitivity ié céncernéd. This result indicates that weak
spectral lines saturate at hirher levels of exciting power. If loes in
resolution is not wanted tben " is the only variabie of W, (Eqn. 2.10)
to be considered for a fixed frequency (fixed A) To summariqe, it

it appears that for moet caseq, stimulated emission spectra are betfer
detected by a superheterodyne receiver, althcugh there might be special
cases where crystal video detectlon is to be considered. The choice
will deﬁeﬁd ohéfhé 193;1 éfﬂihe‘bu{ﬁﬁi éévér and the‘effect of flicker':
noisé‘ - g e I e L e e ey SR N

An experimental varification of the theory developed in the



- 6 -

last sections, has actually been made (lainé Truman and Fope , 1980).
Although a maser which oscillated on several quadrupole satellites of
the ammonia inversion line J = X = 1 was used (Marocof and Lainé, 1976)
video detection of both oscillation and stimulated emission, although

possible, wag rather marginal,

3.5 THE ROCF-TCP SPECTRONMETER

3¢50 Sensitivity and Resolution

The roof-top resonator was incorporated in the molecular beam
maser described previously and the strong inversion transition J=K=3% of
ammonia was chosen for’test experiments. A superheterodyne detection
scheme was used for detection of either stimulated emission or
oscillation, while state selection was provided by a ladder type state
selector (Al-Jumaily and Lainé, 1979). V¥ith a quality factor of about

4000 (light éoupiing), stimulated emission was bbseivgd on the top of
the: cavity mode {lowest or&er), without Doppler splittings thus
confirming that the resonaﬁoik¢an be‘uéedzfof‘molecular‘féém’éfﬁdieé.
Although the ﬁaséf‘oscillated as the state seieéfion was ralsed above
15KV, the signal-to-noise was poor due to poor coupling (see Sec, 3.2),
After increasing the output coupling coefficient, the cavity was
adjusted this tiﬁe‘to’the inversion iine J=X= 1 which is rich in
resolved satellite lines, In Fig, 3.7 the main line transition
(AF1 = 0 ;AF = 0, £1) obtained by employing three different resonators
is compared, The signal in (b) was detected by employing exactly the
same maser system buf with a circular plate Fabfy-Perot resonator,
while the signal appearing in’(e) vas obtained by employing a closed
regonator (Krupnov and Shchuko, %9?2), The’imprqved IeSalution~¢f the
robf—top in comparig@n with bothrié_obviaus. To measure the actuaib,

resclution, the inner_qﬁadrupole high frequency side satellite‘line was‘f



Fig. 3.7 Detection of the main inversion line J=K=1 of NH3
~ using different resonators. , |
(a) The roof.top resonator. o
(b) Circular Fabry_ perot (Smart,1973) ;
() Cylendrical cavity ( Krupnov and Shchuko,1969).
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used, where the frequency separation between the spin-epin interaction
transitions (F—F') = (3/2—>5/2) and (3 —3/2) is about 45.9KHz

(Fig. 3.8). Using this.calibration the resolution at best signal-to-
noise was found to be 6KHz.’ Following the discussion in Sec, 3.4 it
must be seen that fhé resolution can stili be improved if a better
sensitivity’were available by decreasing the input signal and thereby
reducing saturation, It is worthwile emphasisingvthe fact that results
obtained in Fig. 3e7s 3 B(a) were taken for a sorting voltage of BKV
only, with a state selector which could operate at voltages ags high as
25KV, Know1ng that the maser was far from oscillation 1lt is,clear
that the sensitivity could be improved‘a great dealkby'raising the level
of state selection. A good measure of the sensitivity‘was,the
observation of the weakest quadrupole satellitéébef’the‘t:ansitiOH,
namely the transitions (F =0, F= )———(1'3/9) and (0‘1/2)**>(1 1/2).
These transitione have never been reported previausly in connection
with open resonatcrs and needed a atate selecticn vcltape of QOKV to be

detectable (Fig. 5.1e).

3.5.2  State Selection fﬁrfthe,(RT);Besénator ( §u' ‘

The fact that the electromagvetic field inside the roof-top
resonator is ccncEntrated alang its axis with a, small height requireg
careful attention. A preper type of staie seleetisn imprevest
sensitivity while*an inadequate type reduces it. & ladder state
selection for instance produces a sheet of molecules with a height which
is several times greater than the vertical extent of the field. "That
Means that some of the molecules (which may e mcst of them) enter the
cavity btut does not contribute to the 51gnal since the probability of
them being de-exited is’¥ér§ smalk. The result is poor signal- ta*neige.'

Thig might explain the faet that the signal was optimized for a



Figs. 3.8 Tetection of the quadrupole satellites of the

inversion line J = K = 1 of ammonia.

(a) Inner high frequency side.
(b) Outer low frequency side.



relatively low nozzle pressure (about 100torr for nozzle diameter of
0,09mm). Another fact that might be noticed (Eqns. 3.10, 3.26) is that
the interaétioﬁ of a‘givén beam with a particuiar effective cross
section areé of thebrééoﬁatéﬁ gives rise to an improved sehsitivity
when this,aiéa is made smaller. This area can be reduge@ considerably
in the case pf a roof-top résonator an& therefore an improved
sengitivity is éxpectéd, provided an appropriate state gelector is used,
An attempt was made to verify this by using a ring type focuger
(Al-Amiedy, 1979) which seemed tokbe the most appropriate for this type
of resonétor. Unfortﬁnafely, alignment problems aroéé‘inkadopting the
device for the open resonator system and ite full potential was
impossible to demohéiraté;  Névérthe1esg;"when'opérated on the inversion
line J =K =2 a reasohable sensitiﬁity was'obtained (Fié. 3'9) The
cavity was then tuned to its next hipher order mode (two maxima of the
'electric field along the resonator axis). and a resclved split line
resulted as shown in Fig. 3 9(b)E&na11y the experimental test not only
proved the capability of the roof~top resonator of formiﬂg a spectro—
meter of improved parameters for molecular beam studies in the CM=-wave
region but was very convenient as far as technical difficulties were
concerned. Its madification to mm-wavelengthsappears tc be quite

feasible,



Fig. 3.9 Main line of the J = K = 2 inversion transition,
(a) The cavity is tuned to the lowest order mode,
(b) The cavity is tuned to the next higher order

mode 'I'EI".1 co*



CHAFTER 4

CHARACTERISTICS OF A MOLECULAR BEAM MASER CPERATED

WITH A DISC RESONATOR.

4.1 RETRESENTATICN CF ELLIFTICAL OSCILLATION

The amplitude characteristics of the molecular beam maser
oscillator employing cylindrical cavities have been investigated both
theoretically (Shimoda, Wang and Townes, 1956; Shimoda, 1957; Shimoda,
1960) and experimentally (Barnes, 1959; Bardo, 1969). Conventionally,
the way in which the amplitude of oscillation of the maser varied with
the two parameters, pressure behind the nozzle and voltage applied to
the state selector was observed., The amplitude of oscillation under
given conditions could be measured by a method known as "Bandpass
" digplay" (Smart, 1973). In this method, the local oscillator is swept
through a range of frequencies greater than the amplifier bandpass and
mixed with the signal derived from the oscillation itself., The output
from the detector is then a display of the frequency response of the
I,F, system and the height of the response is proportional to the maser

oscillation amplitude.

This method however does not account for the vectorial
property of the electric (or magnetic) field associated with the
microwave radiation, namely its polarization. In fact it assumes a
linearly polarized oscillation with its electric field lying along a
fixed axis which is nct‘altered during the course of invesgtigation.

In the case of cylindiical eavitiEg, operated et the usually selected
™yy mode, this assumption is fully justified since in the cavity,

molecules can couple only with microwave field polarized aléng its



axis of symmetry and thus emit linearly polarized radiation along that
axis. In other words the states of polarization of esuch a cavity (de
Lang, 1967) are not an expression of the polarization properties of
the molecular transitions and the state selection anisotropy but fully
dominated by the anisotropy of the cavity itself, The state of

polarization of a T™ cavity can be written as: (R.C. Jones, 1941)

010
E E
X X
= 4.1
E 0
y

where Ex is the electric field along the cylinder axis and Ey is
orthogonal to it, Equation 4.1 holde irrespective of the properties
of the medium and the anisotropy of state selection. Consequently

complete information about the latter is not expected to be revealed,

In the case of open resonators however, the situation is
~completely different, For example the disc resonator which ls about
to be described or indeed any Fabry-FPerot resonator with circular
mirrors exhibits no such polarization constraint, but supports any
polarization with an electric field parallel to the mirrors surface,
It will be shown during the following chapters that transitions of
the type J—J, J>1 drive the mode toward circularity while the
anigotropy of the gystem (state selectionkincluded) tends to make it
linear., 1In general, elliptical polarization is therefore expected,
with ellipticity and oiientation determined by both the molecular

transitions and the anisotropy of the system.

Attempts to represent the characteristice of masers employing
Fabry-Perot resonators, in the séme manner as in the case of
¢ylindrical cavifieé, yieldéd g“peéuliar behaviour of the amplitude
of ogeillation which could not be fully understood, In thése cagen

what was actually detected is not the amplitude of oscillation tut a



projection of the oscillation ellipse along an axis, arbitrarily

chosen by the investigator. In fact the concept "amplitude of
oscillation™ as such was misused since it revealed different behaviours
of the oscillation ellipse in accordance with the detected component,
For example the oscillation characteristics of the double beam ammonia
maser which ig going to be described in this chapter were investigated
by detecting the projection of the oscillation ellipse along the beam
axis (Al-—Jumaily, 1979). It was found that under some experimental
conditions the "amplitude of oscillation" rose monotonically with
increasing the state selection voltage., However, after a certain
voltage value it started to drop. This led to the false conclusion
that the strength of oscillation in the cavity was reduced because of
space reorientation of molecules in the fringe field of the state
selector. However this conclusion which might be correct in the case
of closed cavities is not accurate for disc resonators since spatial
reorientation is only capable of inducing transitions between the
closely spaced ¥ levels corresponding to the same upper inversion level
(J,K+). The effect will yield a change in the ellipticity of the mode

which in turn will be detected and supported by the rescnator.

Although the theory of Lamb (1964) predicted the occurence
of elliptical oscillation for optical masers, the experimental
confirmation for molecular beam mesers was firaf repertéd by Smart
(1973) and subsequently by lainé et al (1976). Their measurements were
facilitated by cbupling:oécillétioh power out of the cavity by the uge
of a rotating waveguide Seciion in éénjuhctién with a coaxial waveguide
Joint, Withrsﬁch an arrangemént, :Be output waveguide céuld be rotated
so that projectibns of tﬁe osci11ation ellipse onto a certain set of
co~ord1ng£eg Qere obtaiﬁéé; Aééumiﬁg thét thé X-axis waé chogen to

lie along the molecular beam and the Y-axis orthogonal to it in the
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plane of the mirrors surface then the X and the Y components of the
oscillation ellipse in complex representation could be written

regpectively as:

= t
E a, exp i(wt + ¢k) 4.2(a)
E = 8y exp i{wt + ¢y) 4.2(b)

Apart from measuring as ay as described above it was also necessary

to measure the phase difference & = % - ¢& in order to specify the
oscillation ellipse., This was done indirectly by measuring the ellipge
major axis a, simply by rotating the output wavepuide until maximum
oscillation power was detected. Clearly the minor axis b could be
measured in the same manner., However for slender ellipses this could
not be done with reasonable accuracy and thus it was calculated from

the known value of the wave intensity I given by
I C>(a§ +ka§ = a° + b2 4.3

Consequently an ellipse that represented the polarization of the maser
oscillation under given conditions (for example state selection

voltage, molecular beam flux etc,) could be drawn.

However, this method was an awkward one for atudies of the
detailed behaviour of tre oeéillation polarization since several
measurements were required io éenerate even a single ellipse, hence
rapid changes could not be recorded. Fcr'examble, the flip phenomenon
vhich will be discuésed4in detail in the'fo11owing,chapter was not
reported by the authors who emyloyed this ﬁrocedure of meaéurement.
Nevertheless this 13 harﬁly surprising because the efféct would have
been observed 1f at all as a very small sudden jump in the projection

of the oecillation ellipse and even then it cauld eaglily have been' B



attributed to amplitude rather than phase changes. This of course does
not prevent a polarization flip occuring and passing unnoticed while
rotating the output waveguide or even as a result of cavity frequency
drift due to temperature changes. In the following section an
alternative method of detection will be described but first new
quantities for representation of the maser characteristies should be
selected.

From equation 4.3 it can be seen that an adequate choice of
parameter to measure the oscillation strength is 2, ='v€.rather than
a, or ay since a, is independent of the choice of the axis of
co~ordinates as it can be easily proved (Born and wolf, 1959), More-
over, in order to specify a single state of polarization, measurements
of the ellipticity e (the ratio of mipor to major axis) and the
orientation of the major axis J with respect to the positive X-axis

simultaneously with 249 should be made,

4.2 DETECTION OF ELLIPTICAL OSCILLATION

The experimental set-up which is suitablevfor investigation
of the oscillation behaviour of molecular beam masers employing

Fabry-Perot resonators is déscribed in Fig., 4.1,

Oscillation power frem the two ports cavity was coupled at
each port by means of a rectangular waveguide placed within a brass
cylinder that was freely rotatable within a circular hole cut into the
non-reflecting side of the mirror, such that its rotation axis was
concentric witﬁ the eoupiing hole, ihié arréngement permitfed rofatioh"
of the coupling waveguide, Ohe'of these waveguide sectiohs éérved as
an analyzer of the maser oscillation ellipse, in a similar way to a.

polaroid analyzer in optics.  This rotatable wavepuide wasg linked into o
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the fixed waveguide system of the microwave detector system via a
rotary Jjoint (Kelvin Mfg. Co.,Model No. 1111X). The other waveguide
polarization was fixed such that its transmission E vector was parallel
to the molecular beam axis (the X-axis). In this way the angle between
the E vectors of the microwave field within the two coupling waveguides
could be set to any value. The two signals at a frequency f0-94GHz
were then sent through the two independent arms of the dual channel
double superheterodyne receiver to the 1K26 mixer diodes. The output
from the klystron at a frequency f:zfo+30MHz was divided by a 6édb
coupler to supply local-oscillator power to both mixers., Since the
L.0. power at both mixers were phase coherent, the two I.F. signals
after mixing were also phase coherent, After I.F, amplification at
30MHz (50db voltage gain, 2MHz band width), each output signal was fed
into a balanced mixer (Hatfield, type 1754), using a common 29.9MHz
frequency—atable signal source at the second L.0, to produce a 1OOKH3
output at a level suitable for d riving the x and y amplifiers of a
standard 1MHz bandwidth 1aboratory,oscillcscope. By rotating the
rotatable waveguide so that it transmitted microwave pbwer with E vector
in the Y-direction, the display of the oscilloscope wéa a Lissajous

figure which represented the polarization ellipse of maser oscillation,

In order to set the»zero‘gr phase differéﬁéekéndv:elatevthe
amplitudes of the components of maser osciliatign to thé’aameksqale,;_
the oscilloscope display waes initially set up'with‘parallel wavegﬁide‘
E vectors and the relative gains and microwave phases adjuated to give
a linear oscilloscope trace, set at 45 to the~x and y axis. Sinee the
cavity mirrors were circularly symmetric, the spatial distribution of

the electromagnetic field inside the passive interferometer was al&a ;‘“

circularlyfsymmetric. Foreover the two signals were coupled thxﬂugh

circular holes with identical diameters and equally spaced from the o
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mirrors centre. Thus to a good approximation it could be assumed that
the two E vectors at the coupling points inside the resonator had equal
intensity, ellipticity and phase. In principle the approximation could
be made as good as desired by more careful measurements of the coupling
hole diameters and their spacing. To check the validity of calibration,
the level of excitation was varied and also an axial magnetic field
perpendicular to the mirror surface was applied while the two coupling
waveguides were set with parallel E vectors. No noticable change on
the polarization was observed. This also indicated that the zero phase

difference and equal amplitudes were preserved by the detection scheme,

The rotatable waveguide was then rotated by 900 in preparation
for the Lissajous figure display. A check was made that the relative
gaing of the two signal paths were not significantly disturbed by the
final waveguide rotation by using the fact that circular polarization
was obtained under conditions of strong oscillation when a magnetic
- field ~ 5 x 1072 was applied perpendicularl& to the plane of the

cavity discs (D'Yakonov, M. I., 1966).

The feature of the experimental scheme described abéve was
therefore to allow the behaviour of the oscillation ellipse to be
obse:ved visually, without change of loss anisotropy during thq
meagurements, To achieve this it was necéssary to phase~1o§k~the
klystrén té a high stability qﬁartz crystal by means 6f a'micrbwavek

frequency stablizer.‘;'

Finally it is worthwhile pointiﬁg §ut that the same defectien
schéme»whiéh‘was used to detect the usua1'stimulqted‘emission cénld be
exploited to detect fheymaéeprqacillatibn.k This was done, gimplyrﬁy‘
~inverting the direction of the piicglatorvused in the stimulating _'k :

signal arm and turning off the sweep.



4.3 THE EXPERIMENTAL SYSTEM

4.3.1 Congtruction Considerations:

The maser system which is about to te described was originally
constructed in order to provide more oscillation power than was
available from an already existing single beam ammonia maser, This
would facilitate the investigation of several phenomena which could not
be explored due to the lack of sensitivity. Another objective achieved
was the oscillation on the weak inversion J =K =1 of ammonia
(A1-Jumaily, 1979) which has not yet been reported in the open

literature.

To obtain more power from the maser, the main identifiable
components, namely, gas source, state selector and resonator, had to
be constructed according to certain criteria given by the theory of the
maser osciilator. According to this theory the oscillation condition

is given by

2
o = e 4.4
sin® nth

where ng is the number of state selected molecules per second and the

threshold rate of flow nth is

hv'A | | 4.5

L ig the diameter of the cavity and the other variables have the same
meaning as in Ch., 3. For a given coupling coefficient the éutput_
oscillation power is proportional to 6 . Since Ois ;lveryishgrp‘

fgnction of ns/nth egpecially forn ~n, a gharp inéreage:inrfhe
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oscillation power is expected either by increasing n, or decreasing

n If in Eqn. 4.5 we write A = Ld where d is the mirrors separation

th*

then as a rough aproximation we obtain
Dth OF ——
@

which indicated that Q should be increased as much as possible,

Also it can be shown that ng increases rapidly with increasing
the length of the state selector and the input beam flux (Shimoda, 19€0).
As a crude estimate n8<><12 where 1 is the length of the state selection
(The relation is exact for a 2n-pole focuser). By doutling the length
of the state selector and taking into account the fact that the maser

system employed two beam sources, n is expected to increase 8 fold.

A complete description of the system mechanical design is
given by Al-Jumaily (1979). However to understand the way experiments
in the present study were conducted a brief description of the essential

components of the gystem is given,

4.%,2 The Vacuum Assembly

A block diagram of the double beam ammonia maser is shown in
Fig, 4.2. A three vacuum chamber gystem was gdopted. The two oppos;te
nozzle sources were'houSed ih'almoét’idéntical side‘chambérs (haizle“
chambers) and the disc resonator wvas fitted to the bottom of the big
middle chamber (maiﬁ chamber). Front and back general views of the
apparatus are shown’in Fig. 4.3 and Fig, 4.4 respecfively (Al-Jumaily,

1979).

The main chamber consisted of a 42cm high, 50cm internal
diameter rolled nonmagnetic‘stainless steel oylindei with 0,4cmbwall

thickness. An arrangement of six ports fabricated from stainless steel
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tube was used. Two cylinders mated with the nozzle chamber and carried
the skimmer holder, The front and the back tubes were fitted with
identical 2.54cm thick perspex discs. The front disc (Fig. 4.3)

carried the two coupling waveguides to the two ports disc resonator and
the electrical lead-throughs for thermal tuning, Stark field application
and the Helmholtz coils which provide a known value of magnetic field
perpendicular to the resonator mirrors. The back perspex window carried
the pirani and the ionozation gauges to monitor the pressure in the
main chamber and also a rotary shaft vacuum seal to allow fine tuning
of the cavity resonance frequency during operation. Two flanges for
the tubes of 6.35cm diameter each , carried the eleetrical lead=~
through to the state separator from the EHT supply. The top was fitted
with a stainless steel 1lid which carried a ligquid nitrogen trap and the

base supported a nine inch diffusion pump.

Each nozzle chamber also had a six ﬁbrt arrangément made of
- stainless: steel tubes and joined to a rectangular bcx. One tube mated
with the main chamber and the opposite was closed with a flange and
carried both a liquid nitropen trap and the ammonia supply to the
nozzle, The back and front ports were closed by flangesfand each
carriéd ayliquidknifrogeh trap aéd a rétary vacuum geal fér‘adjﬁstment
of the'skimmer,slit[wid;l;h.' The top was fitted with a perspex disc
which carried an ionizatioh gauge head to mgnitpr:the‘nczzle chamber

Pressure and the bottcm'éupported a Six'inchvdiffusion7pump.

? o

torr 1imiting pressure)

to charge the diffusion pumps, & vacuum of ~ 3x10 6torr in the main ;

Using 704 siiicoreoii (which has 10

chamber could be reached without cryogenic pumping after ? haurs

Provided the system was not expesed to the atmcsphere for leng. Thé

‘Pressure in the main chamber dropped to about 8x10 7torr when the

,,kliquid nitrogen traps were - charged and rose to abant 1110 6tarr when






FIG. 4.3
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the molecular beam was introduced. An important practical feature of
the vacuum system was that the oscillation power was found to be very
sensitive to the main chamber pressure between 1.5x10'6 and 3x10'6torr.
In fact for pressures above 4x10-6torr the maser oscillation ceased
completely. This unfortunate fact was attributed to the large size of
the main chamber and to the rather large distance between the state

gelectors and the resonator.

4.3.3% The Resonator

The :esonator used in the present system was the Fabry-Ferot
type with plane circular mirrors. The geometry was the most convenient
for study of the system anisotropy (for example state selection), the
properties of molecular transitions and also Stark and Zeeman
spectroscopy. This is due to the fact that all states of polarization
corresponding to a given resonant mode were degénerate (see the

following chapter).

Frém previous expériments (Smart, 1973) it was concluded that
the quaiity factor of dise resonat§fs with \/2 separation at the
microwave freéuenéies depends én both conductién'and diffraction losses,
Copper with condugtivity o~5.80 x 107sm"1 wés therefore used for the
construction of the mirrors while their diameter was increased ﬁp to
22.5cm where diffraction losses become negligible, Also it was already
known (Barchukov and Prokhorov, 1961) that the Q values of such
resonators depend highly on the parallelism and flatness of the mirrors. -
As a result, an appropriate tuning mechahism was essential to reducé«

the mirror bending to a minimum léVel;

As usual, twaktuningimechanism were‘empioyad, “ﬁéarse‘tuning_

was used for adjusting the tilt angle and bringing the‘aifrbrsf‘ :
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separation to ~\A/2 on the bench and fine tuning allowed the adjustment
of the resonance frequency to the molecular transition during operation.
Coarse tuning was obtained by adjustments of three micrometer screws,
each carried by an aluminum barrel, against three glass rods carried by
a three armed frame to which the tuning mirror was bolted. The aluminum
barrels were carried by another identical three armed frame to which
the fixed mirror was bolted (Fig. 4.5). The frame of the fixed mirror
itself was bolted to the front plate of the cavity frame which in turn
was bolted firmly into the base of the main chamber. Fine tuning was
obtained by turning a shaft from outside the chamber, hence causing a
spring attachéd to the tuning mirror frame to compreegs or decompress.
In this way, the pressure on the three armed frame could be changed
cauging the tuning mirror to move longitudinally while

remaining flat and parallel to the fixed mirror(Fig. 4.6(a)).

Power was coufle& into or out 6f the ca§i§y through two
" identical circular holes. Their centers lay a}ong a diémeter parallel
to the molecuiar beam axié/andkﬁere symmétric wiﬁh,réépeci to  the
mirror center, The couplihg cbeffiqientfg}{0.1 for eachi compromiaed

the oscillation and the spectroscopic aPplicaticn of the:ﬁasgr.

4.3,4 The Molecular Beams Formation

The ammonia supplyrsysfem can be 5eenvin Fig 4.2. The source
of ammonia was a lecture éize’cylindei of anhydréus liquid‘ammonia.
Purification was carried out by freezing in a trap cooled with liquid_'
nitrogen and then pumping aﬁay the uncondensed impurity gases usingkthe
backing rotary pump. - The trap was then warmed and the ammonia was
allowed’to\expand into the regservoir., The gas flow~from ﬁhe,resngoir
to each nozzle was controlled by hand valvps and in fiheiy«adjﬁstable‘

needle valves, The conhéction between the needle valves and nozzle
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holder tubes was by flexible P.V.C. tubes. The pressure behind the

nozzle was measured by a gauge with a pressure range O0-760torr.

The beam was formed by allowing the ammonia to expand through
the nozzle hole which was drilled into a brass disc fémm in diameter,
soldered to the tube holder., Watch-mazkers drills were used to make
nozzles of about O.1mm diameter, The gas Jet then struck a roof-like
skimmer which allowed a collimated molecular beam to advance towards
the state separator as a wedge of molecules, while the remaining gas

was pumped away.

The nozzle-skimmer combination was found to be advantageous
from the viewpoint of high intensity, narrow velocity distribution and
rotational cooling of molecules. It preovided an intense beam and
increased the population of the low lying rotational energy states for
state selection and thereby more active molecules for interaction
(Kantrowitz and Grey, 1951). From previous experiments’(ﬁaaréof and
Laine, 1976; Laine and Truman, 1977) it was realized that if the skimmer
was shaped to give a flat rather than a pencil-like beam, the advantages
of the nozzle-skimmer arrangement could be applied td open resonators,
Also, experiments were carried out to compare the nozzle-gkimmer with
the effuser diaphr%; arrangement in conjuncfion with a disc resonator.
It was shown that the former combination revealed much higher spectral
line sen51tiv1ty and also lower oecillation threshald (AloJumaily,
1979). Eowever, for this to be achieved some painta in the skimmer

design had to be considered, -

Firsgt, ‘the surfaces of the'twc»?ieceSwoffbrass‘which formed
the skimmer lips were'grqund as’sharp‘as'poésible,and highly péliahed
to ensure that the number‘df molecules which struék the edge and then |

scattered wae minimal. Second, since the skimmer was then to be .



immersed in a supersonic stream it was necessary to make the ocutside
angle of the skimmer lips as acute as possible to avoid a detached
shock in front of the slit. DMoreover, since the beam intensity was
highly dependent on the velocity distribution of molecules and on the
nozzle pressure (Anderson and Fenn, 1965) then for a given nozzle hole
diameter, adjustment of both skimmer-nozzle distance and the width of
the slit during operation was essential. This was done by mounting
each 1lip on a brass strip of dovetail cross-section which fitted into
slots made in a stainless steel plate thus allowing the jaw to slide

to and fro with respect to the other jaw as the mechanical lead~through
carried by the nozzle chamber flange was screwed and unscrewed. Also
the skimmer plate was fixed on a 10cm long cylinder with a diameter
slightly smaller than the nozzle chamber port to give a sufficient
large gap for movement in three dimensions. This allowed an easy
alignment of the beam to the cavity centre. This together with the

" longitudinal movement of the holder of the two nozzle tubes enabled the

beam flux entering the state selectors to be controlled.

4.3.5 The State Selectors

The transversé ladder type atéte selector was used in.
conjuction with a 4mm FabryePerot maser (Krupnov and'Skvartsav. 1964).
In the present system this type was chosen mainlj because of two
Teasons. First‘itr providedka sheet of mélecules thét suited thé
~spatial distribution of the microwave field inside the cavity ag& thus
allowed as many activg molecuies as_poseible,tbtinteraétyﬁith fhé‘field
andrproduce stimulated emission., Second,k$e§ausé th1s gedmetrﬁ wa§ tbé
plane shape analoguefcfyihe ring type focuser which shcwédihigh¥;
efficiency (Becker, 1963)..'Ea¢hatéte séleptcr c6mpri$gd.g dogb;e;;; 

array part of 22 electrodes and another two,parts with 21 e1eétfodaé,i



each soldered on two pieces of a supporting brass frame as shown in
Fig. 4.6. The middle part was tapered so that after the state selector
was assembled, the distance between the two planes of electrodes was
0.8mm at the entrance and 4.8mm at the exit, This arrangement was used
gince it was found that a state selector whose exit area was larger
than its entrance area, narrowed the angular spread of the molecular

trajectories and thus produced a better focusing effect.

Becker showed that the ratio h/d where 2h is the average
separation of the double array and d is the distance between two
gsuccessive electrodes is the characteristic value of this type of state
geparator. After some simplifications the focusing force was calculated

to be proportional to

F(z) exp(?rz/d) - exp(—?rz/d)}

6

It is easy to show that for z/d =~ O

F(z/d) &<z ® 0

and

OF(z/a) exp(-27h/d)
a(z/d)’ R ,
Therefore to‘ébtainvé réééonabig fbrcélih théyéiéihit&féf‘fﬁéxgégﬁie t'

h/d mustfbe smaller ﬁhan a certainbvélue; otherwise moieculea traveiiiﬁgvb

near the centre in their lower energy state might e yrojected 1nta the

' resonater. An experimeﬁtal value of h/d 0, 5 was chosen for the ‘

present atate separators (Smart, 197,& : This was a aomprcmise between

obtaining strong fccusing action in the centre plane cf the aeparatmr ,”;f77k
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and maintaining a large cross sectional area with which te capture the

molecular beam,

4.4 CHARACTERISTICS OF THE INVERSION LINE J=K=2 OF AMMONIA

The new methbd of detecfion Qas‘gmployed to investipate the
characteristics of‘thé‘double bean maser deécribed in previous sections.
The strong inversionrline J:Kzé of ammonia was chosen for the
preliminary experiﬁenfs. With nozzie diamétere of about O.1mm and
pressure of 400torr behind eaéh hozzle, the threshold of oscillation
wag about 4.8KV., The bsciilatioh‘powéf derived from the maser was
sufficient to operate the;détection scﬁeme and provide a signal-to-
noise ratio of 1:15‘forkthe oséillation ellipsé display. The main
observed features of the cscilléfion polgrizg{ian could be summarized

as follows:

1) At state selection vcltages 1ess than €,5KV, the
oscillation was linearly palarized bnt inclined at an angle ~ 13°
to the molecular beam axis;‘ It~was observed'that the ellipticity of
oscillation increased monotonically with state selection voltage.
Example of this are shown in Fig.47. The departure of linear
oscillation from the horizontal ccmmon axis of ‘the two molecular beams
was attributed to deviatien 1n the alignment of the state selectors
and to the rotation of the linear cacillatlon 1n the cavity in the weak
magnetic field of the laboratory (8.8 x 1O T) The 1atter result was
first reported by Culshaw and Kannelaud (1964) cancerning the ‘

polarization of a sirgle mode He—Ne laser operated at the transition :

=1 — J=2, The rotaticn was at first 1nterpre ted on the basis cf tha, %

molecular transition but Iater the resonator anisotropy was ccnaidered
in the theoretical derivation (Kanneland and CU1ShaW. 1966) : At e

state gelection voltage V :nz 13KV the polarizatinn became circular i




(a) | | (b) (c)

' Fig.2
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while for higher excitation levels the oscillation exceeded circularity,
that is it had its major axis pointing in a direction almost vertical

to the beam axis, as shown in Fig., 7(d).

2) Tuning the cavity across the molecular transition resulted
in reducing the amplitude of oscillation (a V ) However,
no measurable change in‘the orientation § was observed during the
cavity tuning.v it ﬁas therefore egtabliched that the anisotropies of
the oassive résonator were oegligible with respect to the strong

anisotropy of the state selector at low voltages.

3) There was slight rotation (~ 2°) of the polarization
ellipse as the state selection voltage was raised from é to 10KV, This
rotation ma& be a£tributed to the variation in the angle of rotation
as a function of the elliptioity under the eartksmagnetlc field and to
the effect of spatial reorientation of moleouaes in the fringe field of
the atate selectors. For larger state seleotion voltages the ellipticity
'approached unity and tbus the argle 9 was not well defined. The behaviour
of the polarization ellipse azimuth as a function of state seleotion

voltage is shown in Fig. 4. 1?-w;

" 4) For ellipticities e >0,2 there xss-two &table states of
polarization , with different ellipticities and orientationﬁ.‘ Qhe~
rolarization ellipae,couldkbe flipped from on orientation to the

anothér by slight tuning of the cavify.~

5) For state selection voltages less than 9KV which is woll
below saturation, the Variation in the ellipticity was much sharper
than the slipht rotation of tke oajor axis as shown in Fig- 4. 1?.
Therefore to a good approximation D could be eonqidered covstant as a.
function of‘state~selection.',sirce the followinp relations between tbe ek

- ellipse parameters must be fulflllod (Jerrard ?954)




cos(?e¢) = _cos2v 4.6
cos 2 ¢
where v = ay/ax

and € = tan"'e = tan'1b/a

then for constant J the variation in e is only due to the variation in
v that ig in the ratio ay/ax. In other words, the state gelection
induces emissive anisotropy. MNoreover, since equation 4.6 must be
fulfilled regardless of the phase relation of the two field components
it can be argued that emissive anisotropy alone is responsible for the

ellipticity variation as a function of the state_Selection voltage,

A comprehensive explanation of these resultsincluding the
flip phenomenon'which is based on the theory of the maser oscillator at
~zero and weak magnetig field is given 1h the following chapters.
However, some interesting features of the oscillation characteristics
~can already be seen by plotting the oscillation ellipse parameters as
a function of state selection v51tage, In Fig., 8, 9 and 10 the
oscillation component parallél to the béam axis’ap, the component - -
vertical to the beam axis av and * the 'reeultantn‘amplitudQV
of oscillation a, : are plotted for different values of pressure~
behihd“the hdzzleé.‘ These curves were conatructed by measuring the =
ellipse parameters ax; 5¥,'a, b, 0 directly with the aid af a magnifier‘
from the photographic negatives where the Lissajous figures displays
were recorded. In the extreme cases e ~ 0 and e ~1 it was more
accurate to include only some of the measured parameters in the data ;
'while the others were calculated from the well known ellipse relations .

(Born and WQlf, 1959)

The firstithing which draws attention while examining the

curves in Fig. 8 is perhaps the somewhat unusual béhavibuibgfwth§; _f;ili;ff
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oscillation component ap. At state selection voltages smaller than a

certain value VB = Va it rises monotonically. However at higher
voltages, there ig a drop in the oscillation component before saturation
occurs, The phenomenon repeats iteself for different gas pressures but

at different values of V The same effect was previously observed by

q
Al-Jumaily (1978) who employed the same maser and the conventional
detection scheme (Fig. 3.6) to measure directly the oscillation
component parallel to the beam axis without realizing the elliptical
properties of the maser oscillations. To help in an explanation of the
drop effect the following facts should be considered. First, that its
magnitude is well outside the range cf'eiror in the measurements, For
example, when the pressure behind each nozzle is 200torr the relative
drop in the amplitude is more than QO%Y(Fig«LS) while the percentage
erfor in taking the measurements is about T%e Second, aithough'the
anisotropy of the resonator ahd perhaps some imperfections in'tﬁe gtate
selector design can explain the fact that the oscillation ellipse does
| not saturate at circularity, they cannot possibly be responsible for a
drop in the amplitude of oscillation component.; Finally, it is clear
from Figs,: 8, 9 and 10 that the drop in a is not accompanied by a
gimilar decrease in the resultant amplitude of caoillation as the latter
continues to increase until saturation. From all that it may therefore
be concluded that what actually occurs is not a loss in the energy

k'derived from the beam but transfer of energy frcm cne polarization-

direction to another.r Such effect can be fully interpreted by the well :

known spatial reorientation phenomeron (Basov et al., 1964) After
leaving the state separator at low voltages molecules no 1onger have an,,[
’ isotropic orientation in epace sinoe molecules which have maximum o
iprojection of angular momentum M along the 1ongitudinal riaid are more
efficiently state selected.‘ Those molecules will aleo interact morc

strongly with the microwave field polarized along the beam axig &nd Jii:i




thus are expected to contribute mainly to the oscillation component
parallel to the beam axis. However, above a certain value of E.H.T.
the state selection of this type of molecules starts to saturate and
thereby a_ becomes moré sensitive to the spatial reorientation of those
molecules in the region between the state selectors and the resonator.
The conditién of adiabatic focusing of molecules moving undér the

efféét‘of an‘iﬁhomégeneous electric‘fiéld is given by (Schiff, 1968)

i

int & 1 4.7
7ha?
12
where Hint is the interaction hamiltonian, 7 is the time of flight and
w1? is the transition frequency. At w =~ 24GHZ the left hand sgide is

about 10-6 (shimizu and Shimoda, 1961) and thus the adiabatic focusing
condition is fulfilled., However, at frequencies Wyp ™~ 1MHz the above
condition is no longer valid and transitions Between the closely spaced

Stark M levels are bound to occur. The probability for such a

transition is given by (Basev et al., 1964)

o - i S bl BN

vhere w, iévthe invgxéiqn frequehcy. At first ad:,t inéreéggs as a
function of staté seleétion. »waever forkvoltages g:eatér fhaﬁ ayb‘
certain value w,, eiceeds 8 éértainv§élﬁe s§ thatﬁjbe cqhdition‘for
adiabacity‘given'by Eq. 4.7 is again satisfiéd.‘ |

Tt should be emphasized that the oscillation compoment a .

does not show a drop effect for ‘the eimple reasen that it saturates at,

a higher 1evel of state~selection* Also sinee the fringe field af thalf;‘;f°

state selectian is longitudinal, moleeules which contribut& ta this

ccmponent are expected tqfsuffer less from,the‘effe;t of spatialkr f;‘ ff" m




reorientation,

The behaviour of the oscillation ellipse as a function of
the pressure behind the nozzles at constant state selection voltage is
given in Fig. 4.11. The optimum pressure at 9KV is about 350torr while
the drop in the amplitude of oscillation at higher pressures is
attributed to the collision of molecules in the state selectors and in

the resonator.
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CHAPTER 5

ENHANCEMENT OF DETECTION SENSITIVITY OF WEAK

TRANSITIONS IN A MASER OSCILLATOR

5.1 INTRODUCTION

In chapter 3, the sensitivity problem in the maser amplifier
was considered, mainly due to microwave detection noise. The relevant
quantity was the noise figure of the receiver, In the present discussion
the effect of quantum fluctuations will be taken into account, It will
Bevshown that hoise due to fluctuations of quénta is measurable and when

it is minimized a significant improvement in sensitivity is obtained,

The effect of such fluctuations will be demonstrated in the
detection of the quadrupole satellites of the oscillatlng inversion
lines J K = 2, J = K = 3 of ammonia. Moreover an additional
enbancement of sensitlvity ia achieved as the noise fipure of the system
is reduced by modifying the above method, taking advantage of the fact
that the polarization of escillaticn becomes circular above a certain
level of exitation, Usé‘can algo be made of thé,fact that,the azimath
of the polarization ellipse can be rotated under the effect of a weak

axial magnetic field before Zeeman splitting occurs.

5.2 RANDOM NOISE IN QUANTUMkAMPLIFIERsk"

It should ve emphasized that the _type of noise which will be

considered throughout the following discussion ia nat the result af

including the effect af spontaneous emission in the calculation. Even [kg‘

if the rate of apontaneoua emission is assumed ta have zero value;  ""

photons will still fluctuate randomly due to the cavity losses. In 11 ~>fc*W~ﬁ




amplifier will now be made, but an intuitive insight into the problem
can be acquired by the aid of equation 3.26. Since the noise figure F
of a receiver is proportional to the noise temperature (Pound, 1948)
and since random noise only is considered, then the quantity FxT in

Eqn. 3.26 is proportional to ch, where Tc is defined by the equation
a/b = exp(~hv/kT)
For hy ch

a/b ~ 1 « hu/kT

System
The effective noise temrerature of the amplifying%due to random noise ig
Tc ~ }_:x_ll)_ a8 ’ 5.6
k b~-a

which of course fakeé 1arge’va1ﬁes for a ~ b, On the §ther hand the
effective cavity quality faetor (neglecting the coupling for the gake
of argument) is "(?Wv /o - a) and the 51gna1 to»noise ratio is
ﬁropoftional fo ck/ﬂ; ‘Therefore the signal»to~noise ratio is

proportional to 1/(b - ex)'i which takes large values for a~ b,

A similar argument'can be made using Eqn. 5.3 Afterk
reasonable amplification'(t?mn) G,G2<K' 1 the following aproximations

are valid for a { bs

<Ili_> ~ A ] o] . . 5.7

and




classical systems random noise represents the lower limit to the noige
of any amplifying process, but for systems employing stimulated emigsion
or absorption of photons, the situation can be completely different as
the following example ghows, Imagine a wavegulde cell filled with

active molecules for which the following quantities are defined:

n - The number of photons in the cell at t = O,

a - The probability of stimulated emission per photon per
second.

b - The probability of a photon disappearing per second,

¢ - The rate at which photons are released into the cell by

any process other than stimulated emission,

Notice that except for normal absorption by the gas, b includes all
losses in the waveguide and that ¢ includes both spontaneous emission
and the rate at which rhotons are reléased into tﬁe cell throué'“h
coupling holes. The“problem is to find the number of photons m in the

cell as a function of time as a wa?e packét is»propagatéd;tthUgh it,

‘Although the exact mathematical solution in this case is’
available, 1t is suffielent for our purposes to Qrité‘the'dynamic
behaviour of the moments of m. It can be shown that (Shimoda, Takahasi

and Townes, 1957)’
¥ = pamesn o 5.()

~ where< >stand fqr‘thé%expectgtionxvalug of the number of photons m and =

G 1s the classical amplifi¢étién_factor_ .

and the constaﬁts,Ai;'Binére gi#ényﬁy:yxﬂ'f




C
o] a=->b 503(3‘)

A = n 4+ A ' | 5.3(b)

o . (a - b)2
B = A (W) 5.3(a)
B, = B -3 | 5.3(e)

The quantity which is used to measure fluctuation is

$ = <ms - em¥ 54
<m>

and the resulting random noise is given by
N = o<m> o ' 5.5

If the system is to amplify the wave-packet it should have a>b. |
Assuming that there 1s no spontaneous emisaion and ainee there is rno
input sip*nal in this case then ¢ = 0. Also since a)b then after 1arge
amplification (1ong interaction time), G((G Ta,king all the above

factors into account equations 1. = & yield

2 ' a+b
WY Se————
‘(a - b)n
For a)} b, az-—\—/-%.--: which takea small values for n, )) 1.7 In this;cayse
! g
‘random fluctuationes represent the lower Iimit af themal naiae, Cn -

the other hand 1f a - b is small and the frequency is not very low

(with respect to ) then random fluctuations become as important as

| °th91’ 80‘11‘388 Of noise in the system,~ say, the detesticn scheme noise.

| Aﬁpliéétién'of' thé ébove‘, i&éas”ft_o‘ th’e‘ ca‘se' of'#a: mager}




Using Eqn. 5.5, the background signal due to random noise is then

' .
C4
N = c « \b/e = (be)? 5,9
- Db b - a

The signal emitted by the beam can be calculated as follows. Imagine
first that the cavity is empty of active molecules, Hence certain
values of a, b and thus of b - a, are established, by the various
mechanismeg of cavity losses and the input signal. As the molecular

beam is introduced, a change ¢ in the quantity a - b occurs resulting

in a change S in the average number of photons inside the cavity. § can
be regarded as the signal due to stimulated emission (or absorption).

By differentiating Eqn. 5.7 we obtain

S = <m> ) A(bea) = ce
T ARt = gy

and the signal-to-noise ratio is then given by

Lo S

a-b
where ¢ 1s replaeed by a for optimum eehsiti#iﬁyk(Shimoda et al,, 1957).

In the case of a maser amplifier tbis result is net surprieing,
| since it simply states that maximum sensitivity is obtained when the k
_system is near oscillation (a ~nb) Moreover producing a situation
where a'v b im not an easy task eince neither increasing a (morev
efficient state selection) nor. decreasing b (highez*Q»value) is trivial
1t ie not etraight ferwerd however to see how the above result appliee
in the case of an absorption spectremeter. In the latter case a~ b
means that the signal-to-noise ratio due to random noiee can be made as
" 1arge as desired by the addition of excited melecules into the eevity fiﬁéf

S where abeorption ie to be detected (Townes, 1960)




5.3 -APFLICATION TO THE CASE OF THE OSCILLATING MASER

Suppose that a relatively weak hyperfine component of a
molecular transition is to be detected. If the usual detection method
is used, that is tuning the cavity to the satellite transition frequency,
then it may be expected that the oscillation of the main line will Ye
reduced since its frequency will not be set to the top of the cavity
mode and therefore it will "see" a lower effective Q value. In this
case the random noise of the cavity will be determined by the difference
8, - bh'where'a, b’cqrresponds to the hyperfine component in question,
gince ay is properticnai to the population inversion, and since the
line is far from oscillation it is clear that gh<< b, and therefore
a, - b' is not small. According to equation 5. 16 random fluctuations
might be significant especially if the noise figure of the receiver is
. low. If on the other hand detection of the same 1ine is made via the
maser oscillation, then a~b is naturally very small and’randam fluc~
tuations would be considerablyvreduced. ‘In the‘foliowing section it

will be shown how this can be done experimentally but first an estimate

of the expected sensitivity will be given.

It is easy to show that the parameter € which appears in

equation 5.10 is related to the gain coefficient Y bg
Y= 0 51
.0

' where C is the velocxty of light, and 7(v) is defined in the same
manner as the absorption coefficient (Yariv, 1971) Using equation 5, 7
for a~ ¢ we obtain

| ’fz

b=g )b

~ where mb;stands f0r '<m>i, ‘Knowing'thét the'bahdwidﬂaAu to wﬁichi{ﬁéi'ffiv'“




cavity system responds is given by (Townes, 1960)

b= (b/a-1) = B
Then equation 5.12 yields

|
(s/¥) = EQ. (.\‘_’_ )/27 5.13(a)
b hB v
where W = mohlb is the energy stored in the cavity and y , the
resonance frequency. Now an expression for b can be found by assuming
that the cavity is a short ended waveguide with an attenuation constant
a = 4w/x3‘(Townes and Schawlow, 1955). In this case using equation

5.6 for a~b it is obtained

b o« 4r o
e hy,

Therefore
L \E |
(M) = = ;2(11/.\:« ) : >+13()
K
Equations 5.13;are_equivalent,tq f§rmu1a (15) ih:Towneéfderivatien
(Townes, 1960) which can be obtgined, simply by substimtiﬁg 1 for s/N,
It gives the signal—to-noise ratio for detection via an cscillatiny
system, - To. compare it with that derived for the usual detectjoq method
as given by equaticn 2, 26 it may recalled that the gain coefficient of‘

“the maser can be written as (Shimoda, 1960)

‘;9 ff,QP?UAﬁQ?,+(A%)g]i  $_

where P is the power flow in the cavity and the remaining Quantities “;k 'W‘k

are defined as in chapter 3. that is




2
2 8 F
(a5 )? = & (I)
C h”
o
(o) = nhtg 1w
/T acw T LW
oc e

where W! isvthe energy emitted by the beam assuming that each molecule

contributes one photon, Substituting in Eqn. 5.13(b) yields

g /N - QO nh UO h %
T 16T ch ch 5.14

The above equéfion gives the estimated signal-to-noise ratio
for detection via the oscillating maser. It is worthwhile mentioning
that the numerical value thét aprears in Eqn. 5.14 is not of practical
importance sinée it depends on-the leﬁel of saturation (the value
W= W, was taken here) and the values of the copplingrcoeffiéiénts,v
Moreovgr it éhouldkbe remembered,that thevsensitivifiéé,iﬁdiéated by the
above equation are achievedvénly}ifbrandqm_fluctpa#ioné_are‘the only
source‘of;hoise‘and thuskthewnumerical féctoriwhiéh resultsby

~substituting typical values does not ha{eAmﬁch:préctic31 sighifiq&nce
unless the values of the maser parametersv(includingiefficienéy‘Of o

state selection and the;réceivér ncise'figure)‘ére‘?reciﬁely’known‘[’

It is interesting to compare the signal to»noisa ratios Piven
hy the two different methods assuming random noise is’ dominant.v

Eividing mqn. 5 14 by Eqn.\} ?6 it is ohtained

The value of T will obviously dependson the temperature Qf the aetive ET;3 ?7

‘vv,material and on the value of the coupling coefficients.r This is shawn ﬂ, ;ffﬁ
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by the relation (Shimoda et al., 1957)

T = }_‘;_Up --——-—-—-a‘
c k a-bu—bo

where b, and b; are the losses due to the unloaded cavity and the

output coupling hole respectively. For an ideal maser a >>b and

chas hy, Of course it is to be expected that the actual improvement

of gensitivity will be less than that given by Egn. 5.15 since the noige
figure of thg receiver is not necessarily negligible, Nevertheless it
represents a‘basic improvement on the usual method of detection and its

potential will be discussed in the following sections,

544 TEE EXPERIMENTAL METHOD

Defection of spectral 1ines via the maser oscillator can de
expléined byfthe aid of Fig. 5.1 which shows a schemafic diagram of
the guadrupo;e energy ievéls of %he inversion line J a’K = 2 of ammonia,
Splitting dué to spin interaction is 6mitted for simplicity. By tuning
the cavity tc the frequency f which is egual to the transition
frequency (F‘***f} s FH = F; ) it is pOSQible to maka the main 1ine
oscillate, provided the state selectiqn voltage is raised above SKV ,>
If‘déféé{igﬁ‘of(fﬁeﬂéuadfﬁﬁéiéﬁéafelliié "A" is now desired, then instead
of tuning tha cavity ta the frequency comgonent fQ1 and thereby{
quenching the main line oscillation by increasing cavity losses, the
frequency of thefstimulating signal is sdjusted te equal fQ ‘ Sincek
- the probability Df inducing transitions at a given frequency in a -
cavity is proportional to tha number of phOtOnS present in the mode at o
‘that frequency then by 80 doing, the transitlon AT wille be strgng}y
excited relative to the main line transition. - Some malecules thaﬁ

would otherwise make transitions at f will now b@ "rebbed" frgm the

 main line and stimulated to make the tpansition "o (2 ~,1),at thg,‘*'"'”'"
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frequency fQ1. This accordingly reduces the population of the sublevel

)
it

2 and simultaneously increases the porulation of the sublevel

F{ = 1, Consequently the emission at the main line frequency is dec-
reased and a reduction in the amplitude of oscillation occurs, The
spectral shape of the reduction which appears as a dip in the amplitude
of oscillation at the appropriate frequency resembles that obtained by

the usual detection method except that the latter appears as a positive

change ('pip') superimposed on the cavity resonant mode,

In a similar manner, detection of the transition "B" can be
made, The transition (3 — 2) is strongly excited hy adjusting the

stimulating signal frequency to ng' Therefore the population of the

subleve1'F1 = 3 will decrease and simultaneocusly the population of the
sublevel F{'e 2 will increase. Again, this will reduce the amplitude

of oscillation at the corresponding frequencies allowing the satellite
"B" to be detected. ‘The detection scheme shown in Fig. 3.6 can be used
for the’experimentairinvestigations.- Adjﬁstmén£ of thé’stimulating
frequency can be made by altering the modulation frequency f « If for
example, detection of a satellite with transition frequency fQ is ta be
made then the'external oscillator frequency ig varied so that : ‘

fk + %m = fQ, whére(fk is the:klystronifpequepcyf

- For maser systems employing closed cylindrical cavitiaa -:,'
operating at the mode TM01O, which is the mode with the hiyhest Q value
and .still has cnly one maximum of . microwave electric field along
the axis (q = 1);~tﬁefe\éxiét§a‘single‘state,ofuPﬁlariZ&tion whigh_ia
linear, with itskeleétrie.fiéld éléhg;tﬁé'05§§ty axis (S1néer,_1959).
Té-obfain a‘ﬁéximum'céciliatiéﬁ éignéizitjiéﬂtherefcre apprapfiéte,tnf

orientate the output wavequide eo that it transmits mierowave ?ower T

with its electric field parallel to. that axis*v Far both reflaction and  ,;,

transmisaion closed ¢avities this also must be the electric field '\ i‘j”tlH




direction of the stimulating signal, otherwise the input power will be
reflected at the input coupling hole, Therefore, at the mierowave
diode rectifier the transmitted (or reflected) output power ie added to

that oscillation power emitted by the beam,

Disc resonators however equally support a linearly polarized
radiation in any direction parallel to the surface of the mirrors,
vrovided they are completely isotropic. As a result they faciliitate
the pdssibility of separating the oscillation from the stimulating
power. - In‘genéral‘this can be done first by rotating the output
waveguide so that itftransmits maximum oscillation power, and then the
input waveguide is‘iptated go that its electric field’transmission
vector is perpendicular to that of the qutput. 48 a result no micro-
wave stimulating (side band)kpower‘is transmitted and the excitation of
the quadrﬁpole compéneﬁté will appear as a pure reduction in the
anplitude of oscillation, 4s it will be shown later, thie will provide

»further improvement in the‘sensitivity~of detectian. o

~ Shimoda and Wang- (1955) were the first to. employ the
-oscillating maser for observaticn of the quadrupole compcnenta of the
inversion 1ine J = K = 3 of ammonia in conjunction wifh a cylindrical
cavity. USinF the maser oscillations to stablize the klystron they
estimated a SO-fold improvement in the qignal-ta~noise ratio over the
ugual maser-spectrometer.; The same method waq applled 1ater uaing a.
closed cavity operated witb the reaonant mode TM 1Oa(uircar and'Hardin,v
1964) In the latter case a k}ystron which supplied power at %f was
employed. This frequency was then multiplied by taking the second :
| harmdnic of a 1k?6rdiode mixer. Follawing Shimoda and Wang's methad

they were able to abserve the magnetic satellites of the inversicn

| ‘line J K= 3 of ammonia, usinp a galvanometpr Tepoyder for detectien‘fifﬁ"

. of the chanyes in the amplitude of oscillation. *. ‘# ,




5.5 DETECTION VIA THE MASER OSCILLATOR EMFLOYING A DISC RESONATOR

To investigate ‘hiooda and wong'o:mothod‘in cohjonotion with
open resonators, the double beam maser system described in the previous
chapter with its disc resonator was employed. Both input and output
waveguides in Fig. 5 5 were set up so as to transmit microwave power
with 1te electrlc field parallel to the beam axis (X»axis) The cavity
was tuned to 23, 72 GFz which is the inversion frequency of the main
line J —‘K ; 2 of ammonia. An oscillation threshold of about 5KV was
recorded atka nozzle pressore of about 400torr. By appropriato
adjustment of the modulation frequency it was possible to swﬂep the
klystron through all fbur sets of the quadrupole satellites corresponding
to different (F—-—>F ) transitions. All the resolved satellites
components corresponding to Various (F***F ) transitions were
detectable. The relative frequency separations were consistént with

those quoted by Kukolich(j%'/).

Aé an example detection‘of the 1nnor quadrupole satellite on
the low frequency side of the main Iine obtained with Shimoda and
Wang's method is shown n Fig. 5 2(b) In (a) tho same satellite
obtained by the usual deteotion method is shown. vComparinF the two
SiEnals it is seen that there is an obvious improvemeut in the slgnal-
to-noise ratio, attributed to the reduotion in tha random fluctuation
noise. However, it may also be noticed that the degree of improvement
in sensitivity is greater for the weaker component oorresponding to the
transition AF = O (whioh is not deteotable in 'a') than it is for the
component oorresponding to the transition AF = +1. " This can be explained
as follows: Following the theoretical discu«sion in éeos. 542, 5’3kit
wa g shown that the bigger the value a - b the greator the random
fluctuation noise., Therefore, weakly state selected components arei

expected to suffer more random noise and consequently would benefit most ’f




A:AF =u - ‘—e B: AF = O

Fige 5.2 letection of inner low frequency quadrupole
eatellite of the J = K = 2 inversion

traneition of ammonia,
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of allcfrom its’removal.‘ For example stxong oompononts‘havino

a - b'~ 0, a £ b are not expected to dmprove much if detected via the
maser oscillation., In addition, 1t is easily seen that the relative
intensity of a spectral component detected via- the meeef oscillator can
be substantially different from the theoretically ealculated values for
normal spectroscopy (Gunther-Nohr, Townes and Van Vleck, 1954), That
is because in the former case the 1ine intensity is not only determined
by the effect of state selection on different quantum etates but alqo
on the strength of the oscillatlng main line component to which the line
in question is connected. ‘For example the relative intensity of the
two mentioned quadrupole oomponenfs as estimated by Kukolich (1967) is
less than €% while the same ratio as meaeured from Fig. 5 ?(b) ie about

10% (see Fig. 1.8).

, Another meaaure of the potentiality of the method is .
illuqtrated in Fig.kS 3‘; There, detection of the outer quadrupole:fof
satellite on the high frequency eide for both methodnia ehown., Whi}et
the component corresponding to the transition AF = O ie juat f ﬁi?e1
detectable in (e) it showns up clearly in (b) Again the ratie of tbe
Vtwo component intensity measured from Fig. 5 e B(b) (*VO 5) iel‘i |
substantially different from thet deduced from Fig* 1 3 (wa 1)

The two femainiop satellitee‘oo either side of the main 1ine

showed a. eimiler behaviour. This is to be expected because of the ;;i.

frequenoy symmetry of the transitions (Fiﬂ. .7)

Throughout the obeervations it was noticed that a relativoly .

Z,hiph input yower was needed to excite tbe quadrupole cemponenta in both

methods of deteotion.~ This ie oue to the fact that weak oomponents with
~small dipole matrix elements saiurate at a high level of input power fﬂiiwm

(see Seo.3.4.2). As a Tesult of this relatively high power level an   3‘5




)

(b)

©

FPigs 5.3 Detection of the outér quadrupole satellite
on the high frequency side of the inversien\’
line J = K = 2 of Vg Hyo |
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additional noise was introduced to the detection scheme., Firstly, the
introduction of high power level with respect to the 1.0 power at the
input of the mixer, makes the latter both more noisy and less linear,
Secondly, additional low frequency noise due to the vibrations caused

by the rotary vacuum pumps was coupled into the detector through noisge
modulated power leazkage from the microwave Joints. These types of noise
could be considerably reduced when the above method was modified so that
no sideband power could be transmitted, through the resonator, to the
detection arm. As was mentioned previously, thie could be accomplished
by sefting the input and the output waveguides do that they transmitted

microwave power with their electric fields mutually perpendicular,

An example of detection using the modified method (i.e,
detection via the maser oscillator with orthogonal polarizatiena) is
shown in Fig, 5 .2(0) and is compared with the same spectral lines
detected by both the usual ‘and Shimoda“ and Wang methods., vSince the
two signals in (b) and (c) were taken at the same gain of the detection
scheme, it can be said that the noise level in (c) wvas reduced several
times with respect to (b) ‘This of course contxibuted to the further
enhancement in the signal to-noise for tha component natellite mAY
corresponding to. the tran51tion AF = +1. However, ae it c&n “be clearly
seen by comparlng the two traces, the ratio of the twc satellite'
components in (c) is different from that in (b);' Although the Bignal-
to-noise ratio of the weak component "B“ corresponding to the transition
AF = O could be improved by 1nc1easing the level nf the stimulating »
input power and thereby saturating the transition "A" (Fig. 5 ?(d)), it
had to be concluded that ‘the signal which resulted from robbing the ‘

oscillating main line by each component wasg different.

‘This behaviour is attributed tg the fact that the strength Of,:ﬁ‘ ;¢

the oscillation robbing by the quadrupolé components depends on the f} 5>»




strength of interaction between the state selected moleculos and the
stimulating miorowavé field inside‘thefresonator;"Tho'latter;which is
dependent on the distribution of the‘holecoleS‘éngulér momen+om along
the input power E vector (Easov et al., ?954) is obviously determined

by both the spatial orientation of mo]ecules entering the resonator and
the polarization of the atimulating input power._ Eoroover, since the
state selection itself is F-dependent it is to be expecteo that the same
F—component will respond differently for different input polarizations

and that this response will also vary for different F~componpnt

"As it is shown in Figse 5. ?,\5 v3 and indeed as it was found
for all the J = K = 2 quadrupole satellite, eomponenta with AF 1,
if detected via the maser oscillation, was. favoured thn the E vectors
of the input and output waveguideq were orthoyonal while components
corresponding to the transition AF O were %ettar datected wlth hoth

E vectors 1ving along the beam axis.’

5.6 ~ ENHA fcmmc'r OF HE AP‘PLITUI)F OF osc:ermN

Throughout the’investigation, 8, phenomenon which had not been
reported by previous investigators (°himoda and wang, 1955; Sirrar and
Hardin, 1954) was . observed. Tt was noticed that when tbe atate
selection voltago was raised above a certain level. some of the
quadrupole satellites:components appearedoto become dispersive, and at
some frequénoies, excitotion of these quadrupole compoﬁent caused
enhancement rather thényreduotioh'in“the amplituae”of ogciliatioh. Thig
kind of behaviour is shown in Fig. 5 4 where (b) was taken at hiyher

level of EHT than (a) but at ‘the same level of stimulating power,

At first, it was thought that the enhancement was caused by

tha excitation of a tranqition which recycled the moleculew back to the"ejlﬂ‘




Fice 5.4

‘Detection via the maser oscillation of the inner
quadrupole satellite on the low frequency gide of
the main inversion line J = K = ? of ammonia,

(a) Ve = 9KV
(b) v, = 17KV

(¢) as in (b) but lower level of input power.



upper inversion level during treir flight in the rescnator (Lainé and
Bardo, 1971). The idea’can be explained with the aid of the schematic
diagrsm in Fig. 5.5 which shows some of the hyperfine transitions
involved in forming the quadrupole satellite componeht "A" ghown in
Fig, 5.4. As the state selection voltage is raised.the population of
the suﬁlevel (Fys F) = (2, 3/2) increases which cases the transition
(2, 3/2)— (2, 3/2) to oscillate strongly. Conditions therefore might
be created, under which the population of the sublevel (F{, F)= (2,3/2)
exceeds that of the sublevel (Fy F) = (3, 5/2). 1In this case,
excitation of the quadrupole satellite allows the traneition

(F1', F') = (2, 3/2)—=(Fy, F) = (3, 5/2) which cases the amplitude of

oscillation to be enhénced via the transition (3, 5/2)-—”’(3' 5/2).

This assumption was supported ty the fact that all satellites
» coﬁﬁonehts which ‘showed the kind of behaviour described in Fig. 5. 4(v)
were doublets while the singlets corresponding to the transition AF =
did not show dispersion.' It seemed that one ofvthe doublet members
reduced the amplitude of Qscillaticn while the other‘ehhanced it;
However, this explanation has one important weakness. The frequency
separation of the inner quadrupole doublet cemponents wbich'is‘ahaut
1KHz (Fig. 1.8) is much 1esa than the freouencv resclution of the maser
(about 6KHz) Fbreover the frequency separaﬁlon of the two dispersive

components wasg Pstimated asn SRH? which ig nowhere near ‘the theoretical

value, Therefore in the absence cf a physlcal proceqs which can explain
the frequency pulling of the two doublets rumbere, the above QXPlanation

of the oscillation enhancement lacks justification.

It should be emyhasized however,kthat thiq effect was very

prominent and easily reproducible. In fact all four doublets

corresponding to the quadrupole satellites of the inversion line J*Xn?

showed enhancement of the amplitude of oscillaticn. In Fig. Be 6 anctherag’
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example is shown were (b) was taken at lower rate of scan to ensure
that the effect was not due to rapid passage effects, The frequency
separatioﬁ of this‘doubiet componént’is abouf/A;BKHz,,‘it'Qas suppested
(Yassin and Lainé; 1981)Jthé£ éome‘fbrm of Sfark spiittihp #ia the
state selector fringe field penetrating the reqonator volume could also
have taken:’place. When the level of the stimulating input powar was
taken down only enhancement of the amplitude_of osqillatiqn occured.

No definite ch¢1uSion could be drawn és to fhe»precise‘drigin of the

oscillatidn enhancément phenomenon,

5.7 THE FFFECT OF ELLIPTICAL OSCILLATION

‘~In‘the previous section it wasre@phasized that thfoughout the
measureﬁénis wifhvthé modifiéd'ﬁethod thekﬁdlériiétién of thé input
signal was chosen to 1ie along a direction vertical to the beam axis,
while the output wavepuide was set up s0 tbat a projection of the
oscillation ellipse along the beam axia could be deteated._ This is
simply because this arrang?ment provided the. beat 5@nsitivity for state
selection voltages below 13KV which reflected the fact that up to this
voltage the polarizatien cf cscillation was elliytical.with maximum
projection along the beam axis. However, the same sensitivity could be
obtained as the‘ihput and output‘polariéétion Signals were inferchanged,
provided the state seleetion voltaye was raised above 18KV. Thin
observation expressed the fact that the maser amplifier pain profile
wag found to be less sensitive to state nelection voltage than the
oscillation polarization. This was verified as. follows. The state
gselection voltage was spt to a fixed value. The catimulated emission
signal due to a quadrupole component wa g then examined as a functjan of
the angle § that the electric field of both waveguides (whien were
kept mutually parallel) made with the beam axis. For state selection

Vvoltapeq above 9KV’no noticaable change in the signal was recordpd a8 g




Fig. 5.6 FEnhancement of the amplitude of oscillation by the
outer high frequency quadrupole satellite of the

invereion line J = K = ?2 of ammonia,
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was varied from O~90°; It appeared to be that tbis‘value‘of sfaté
selection corresponded to the value at which the amplitude characteristic
curve ap (=ee chapter 4) etarted to saturate. On the other hand 1t

was shown in the previous chapter that ohangee in the ellipticity of
polarizetion were still measurable up to etate eeleotion voltagee of
18KV, for nozzle preesures of 400torr.’ This ie becauee, apart from
state selection, the ‘gain anisotropy is dominated by the polarization

of the input signal while the oscillation ellipse is affected by other
typee of anisotropy_preeent in the maser_syetem like mirror coatinge,

the earth's magnetic field and mechanical alignmeni.

In other cases however, where the state gelection process is
more isotropic, the cholice of the detected output signal polarization
is lesq'cfitieal. An example of that is shown in Fig. 5 8 where, inv
(a) the method of Shimoda and Wang was employed to detect the outer -
.quadrupole satellites of the inversion 1line J = K = 5 of emmonia., It ;
was found that if the modified method with croeeed polarieation wae :'
ueed “then: rotating either the input or the output waveguide by 90
’ with respect to the beam axie, revealed the sane eensitivxty for the E?
same state selection voltage. Fig. 5 S(b) was taken with output

polarization vertical to the beam axis and input parallel to 1t.\o£'“

vNotice that the diecuseion in the previous aection about the effeet of’ 
polarization,eouplinp on traneiticns with different F values ie etill b
applicable. As is shown, traneitions witb AF *+1 favour Drthogonal flk
polarization coupling while ‘uF =0 traneitions favour paralEel

couplinp of input - output polarization. B




(a]

(b)

Fig. 5.8 Detection via the maser oscillation of the outer
quadropole satellite on the low frequency side of
the inversion line J = K = 3,

(a) Method of Shimoda & Wang. | |
(b) Modified method with the output waveguide E
' vector perpendicular to the beam axis,



CHAPTER 6

THE MASER OSCILLATICN TOLARIZATION AT ZERC AND

UNDER A WEAK AXJAL MACNETIC FIELD

6.1 EIGERSTATES OF PCLARIZATICN

In chapter 2 the scalar theory of the open resonator was
discussed, The electric (or magnetic) field associated with the
microwave radiation was assumed to be linearly polarized along a
direction which is not altered during the wave propagation (Fox and Li,
1961)., Using the scalar theory of diffraction the steady state modes
of propagation were calculated yielding the well known TEM resonant

modes, FEach of these modes is repetitive in two aspects:

(a) It repeats its complex amplitude after a round trip in
the resonator apart from a complex constant. ‘Therefore the spatial
distribution of intensity is not altered after a round trip apart from

a constant reducticon,

(b) There exists a single fixed fregquency (the resonant

frequency) corresponding to this mode.

However, in the presence of anisotropic elements in the
resonator, the vectorial aspect of the wave eguation muegt be'considered,
for these elements influence both the polarization and the resonance
fieqﬁency of the mode (Dgndliker, 19€8). Since this will add
theoretical difficulties to a problem which is already complicated, it
would be more convenient to treat the polarization problem independently
(de Lang, 1967). The effect of the various typeSof anie otrepies will
be represented by a ? x 2 matrix whzch acts on the eleciric field

~vector of the resonant mode without affecting its spatial distributien
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In other words, the elements of the anisotropy matrix (Jones, 1941) do
not vary aes a function of the transverse (x, y) coordinates, As a
result each resonant mode (TENM mode) will in general split into two
states of polarization with different polarization parameters
(ellipticity and orientation) and also different resonant frequencies.
Therefore in order that a TEM mode should be a truly resonant mode of
the resonator it must repeat its state of polarization after a round

trip.

Let the electric field of a given state of polerization be

represented by the vector

X
E = 6.1
E
y
where as in chapter 4
E = axexp(i¢x) 6.2(a)
E = | €.
E ayexp(i ¢,) 2(b)

The factor exp(iwt) is omitted and 8,1 gy Oy 9, are real. Therefore

g
Ex = r cosd + ir sing £.3(a)
where
r = a:y/ax | o o 6.3(0)
5= - ¢ : 6-3((&)

If € and a are defined as
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tana = T €.4(a)

tane

e = b/a €.4(b)

then it is easy to show that the polarization ellipticity and azimuth

are given respectively by
e= 3 sin”] [sin 2a sing] 6.5(a)

9= % tan” [tan 2a coss] 6.5(b)

From Eqn, 6.5 it is seen the parameters of the polarization ellipsge are
determined by the ratio of the cartesian field componentsand their
relative phases., Therefore for calculation of the polarization the
absolute value of the mode intensity is rot important and thus
multiplication of the electric vector by a complex constant does not

alter its state of polarization,

6.2 THE ANISOTROPY MATRIX

The anisotropies of the maser system are caused by both the
anisotropy of the state selection with réspect to the M-values and the
initial anisotropies of the resonator. Eowéver, in mosf cases it would
be more appropriate to attribute the state séieéticn anisotropy to the
passive resonator. Since in é previoﬁs chapter the anisotropy of state
selection was shown to be‘emiﬁsive, then fhe effect of the 1atter isg

equivalent to a partial polarizer iﬁserted between the resonator dises.

As was'mentiénéd above, the effeét 6f'anisatrdpy can be

represented by a matrix of the form’(Jones,'1943)

B
M M
AIR‘_f o " .
Moy Mpy

21
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where all the elements Mij are in general complex., This ecan be written

as
Yor Mo
I\IR = F 6.6
M M
o1 Yoo
where

F = \ldetMg = f exp(i¥) 6.7

where £ >0 and

M,. M = 1 £.8

19 Mop = My M

21

If x4 and X, are chosen to denote the eigenvalues of the matrix
(1/F)MR then according to the above normalization it is easy to show

that

XoXq = 1 ~ 6.9

and thus F represents the isotropic reduction per transit in both
amplitude and phase (de Lang, 1964)., In order that a mode of
propagation be an eigenstate of the resonator it must repeat its state

of polarization, and thus satisfy the characteristic equation

3 E\ /E
X X -
¥ y

The eigenvalues corréspbnding,to such a Staté are‘

1

. {"11 + Moy [(M‘H + M, 1]% ¥
o = Pl Pl -0lf e

Notice that in order that MR willhave nonndege’ﬁerate éigenstates i’trs';__ !
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eligenvalues must be different, Therefore the condition

Mg # ¥ # 2

must be fulfilled. In this case the two corresponding eigenstates

satisfy (Jones, 1942)

E X, -~ M

(E’Y'> - 1 6.12(a)
x/1 12
E X, - M

(EY‘) = ?M 11 6.12(b)
x/2 12

From Eqn. 6.5 it is then concluded that there exist two eigenstates of
polarization with different values of ellipticity and azimuth,e¢ andd,
tespectivelly. The various types of anisotropy that might exist in the

maser system ares

(a) Isotropic reduction

Here the matrix A%zmust only‘multipiy the vector E by a

complex constant. Therefore it can be written as

- 10
«AII; " E,. o 1) 3

where | 1is the identity matrix, By direct substitution in Eqn. €.11 it
is easily shown that the eigenvalues of AII are degenerate,(x1 = Xé‘sz),

and that the vectors

A : (1)  ¥"' : ‘A 0“  '1f~;
X = - and Yy = |}
" are eigenvectors. Since any vector E in thelﬁlane°parallél_t6'fha ‘:

mirrors plahe can be written as
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6.13

s
u
=
I
+
f<>

is an eigenvector of h{l. Therefore a resonator which is dominated by
isotropic reduction supports any polarization parallel to its mirrors.
Clearly the isotropic resonator is a powerful tool for the study of the
anisotropic properties of the maser system (such as state selection)
since it preserves the polarization characteristics of the molecular

transitions within it.

(b) Pure phase anieotropy

When such an anisotropy acts on a state of polarization it
only alters the value of the relative phases (8) leaving the ratio of
the amplitudes (r) unchanged. Let E be an eigenstate of such an

anisotropy. Therefore

; I
‘MPQ -',E = XE

The components after a round trip then are

by = XE
x .
[ X ’

If the isotropic loss is excluded (det My = 1) then there must be no
.~ energy Change in transmission, Thét isé'”.l Sl

B2 ‘@2 s Ki‘E];’ + iEy:? - ,,'lxré)ff +”,!x1?;yl’;>l_f
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or

[X|2= 1
Therefore the eigenvalues of AJP are

X, = exp(*i®) 6.14

where ¢ is a real constant, Now if Egn. 6.11 is rewritten as

where

then gubstitution in Eqn. 6.14 yields

My, + M22 = Ccos¢ V | 6.15

A system which exhibifs pure phase anisotropy wiil naturally be composed
of retardation plates and rotors only. It is4péssib1e to show that the
anisotropic properties of such a gystem can be expreésed ag a product

of a linear birefringénce plate and a rotation (Hurwitz and anés, 1941),

The résulfaﬁt matrix is therefore

: P + iq z
? 2% . p =g
where p = cos¢’and p? + q? + zz* 1. In fhe‘absenée‘of rotors ahd

if the oblique axis of the anisotropy coincide with the (x, y) axis '
then z = 0 q = ging and | p | | |
M, gl e P o e ey b
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(c) Emiesive (gain) anisotrony

The simplest example is the partial polarizer. If the high
gain axis makes an angle 8 with the x-axis, then the gain anisotropy

matrix can be written as

M

-1 n;
, = Fs Mas(o)

where

cosd sind
s(8) =
-sind cosd

is the rotation matrix and

a 0]
0
M, = ) =
0 1/a )
6.3 OSCILLATION POLARIZATION WITH ZERD MAGEETIC FIELD
£e3.1 Theoretical Introduction

To investigate the behaviour of the oscillatibn ellipse, the
equations which govern,tbg dynamie behaviour of the ellibse;p&rameters
(¢, 9 ) must bve derived. In this field, Lamb_theary (Lamb, 1964) waé a
common basis for many. authors who attempted thebsolution.ef this
problem., The main idea of Lamb theoxy is that the effect of the
radiation electric field is tc induce a macroscopic pclarizationf’.
The vector P must of course4obey the Eaxwe11~equationa and thus the

excited medium must satisfy the equation

Ux Vx §+vol\’fa?—‘§% + ¥t f?‘, - *'  “"o‘?‘zf‘:v , .‘ | 6,16 |
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In the above equation the scalar conductivity ¢ which appears in the
original Lamb equation is replaced by the tensor My, to include the
anisotropic loss of the resonator (Sargent, lamb and Fork, 1967). 1In
general hIR can be written as the sum of the various anisotropy matrices
described in the previous sections. Also it will be assumed that the
variation of the electric field components in the longitudinal direction
( perpendicular to the mirrors) is much sharper than their variation in

the transverse directions, i.e. E will patisfy the inequalities

BEX aEX BEX
“5';" (X!YQZQt) >> "5; s "5}"
oE dE oF

"5%" (X,szvt) >> '5'%{ ’ —5%

oq
According to these approximations the following equations are obtained

This assumption is true at least for the lowest order mode (TEMO ).

Ex(xv)’szut) = Ex(zvt)'
B (oviet) = B(s,t)
P(’hl"oz;t) = P(z:t)

The second step in Lamb's theory is to derive expressiens for
P(z, t) in terms of E and.the applied ‘external magnetic field H. Such
expressions are derived to the third order in E and to the first order
in H., This approximatlon is reasonable for a Zeeman splitting which ig
small compared to the line~width. Following thia approach, several
authors (Culshaw and Kannelaud, 1966- Kannelaud and Culshaw, 1966-
D'Yakonove and Perel, 1966A; D'Yakonove and Perel, 19663) were ahle to  1'

extend the theory of polarization in optical masers in order to

interpret some of the interesting results that were observed during the  [; ‘j

investigation of He-Ne transitlona. Powever these thecries were '
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incomplete, For example by setting the value of the axial magnetic
field to zero in D'Yakonov equations (D'Yakonov, 1966) there are no

such conditions under which circular polarization could possibly occur.
Moreover only linear absorption anisotropy is assumed (Qx * Qy)'

Culshaw and Kannelaud (1964) at first attempted to explain the linearity
of the oscillation polarization of some of the He-Ne transitions
exclusively in terms of the properties of the molecular transitions,
neglecting the anisotropy of the resonator altogether, In a later
publication they included the aborptive anisotropy into their calculation
as the factor which determined the direction of the linear polarization,
Voreover only the transition J = 4—=J = 4 was considered, de lang
(1967) presented an interesting approach to the theory of laser
polarization which took account of all the various types of anisotropy.
Although his theory was only phenomenological, it seemed to agree quite

nicely with experimental investigations.

The first comprehensive quantum mechanical treatement to the
polérizatién problem was firstvgiven by Pcldef and van Haeringen (1965)
and subsequently by the extended work of van,Haéringen (196?). In this
theory, all molecular,transitiéns and the various typesvof enisotropy
were considered.‘ 1t is along the lines of thig theory that the
experimental results concerning the polarizaticn of the mclecular beam
maser oscillation are going to be interpreted. An outstanding feature
of this theory is that it shows the behaviour of the polarizatimn
Variables in terms of phenomenological constants.~ Ihis results in g
fairly transparent get of differential equations for the polariﬁatiov
parameters, thereby allowing a physical 1nsight inte the problem even“
_ without detailed calculations. If the electremagnetic fleld inside the

‘cavity is assumed to. be monechramatic then it can be written as’

Bz -« exp(-tut) + x*exp(my m
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where X is the elliptical basis vector which can be written as the sum

of two opposite circularly polarized components

where At are the elliptical amplitudes:
At (t) = ag(t) exp(id)
and ey are the circular basis vectors

e, = Xx-ij 6.18(a)

e _ X+ iy 6.18(b)

]

In other words, the elliptical oscillation is written as a superposition
of two elliptically polarized ellipses with different amplitudes and
phases, By making some approximations (Lamb, 1964),the macroscopic

polarization vector can also be written as
P = B exp(-iwt) + B exp(iwt) : £.19

The complex amplitudes B are then expanded formally in terms of x to
the third order in x . Substituting in 6.16 and introducing the

quantities

a,—a

e(t) = arctan v;:":*g:"lf\” o | 6;20(&)
S(8) = 3 (L -w) o 620(0)
| ':m' = a2se2 . 6woo(e)

the desired phenomenological differential equationa for the ellipticity :
'e, and the orientationz?(t) at zero magnetic fleld are sbtained

LunHaeringen, 1967)
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de(t 1 ;
-§€l 5-(£§ - &) I sin 4e + h1(f,0) 6.21
coszeig%ﬂ = %— (%=-%4 ) 1Isin 4e + hg(e,z?) £.22

where the phenomenological constants § , (1 = 1,2) are functions of
the molecular transitions and h1, hg are functions of the anisotropy of

the system

a cos2(d- ) sin2e + ¢ sin2(d - {J €.23(a)

g

¥
-

h, (¢,9)

-

-
a 8in?(9 - da )= % cos2(d ~ ¢, ) sinze 6.23(b)

¥
wh

h,(¢,9)

Yy is the angle that the high gain axis of the emissive anisotropy
makes with the x~-axis. Similarly ¢, is the magnitude of the linear

rhase anisotropy whose axes are centred at ¥ and 6p + an,

6e3,2 Application to the Molecular Beam Maser Oscillation

In the above derivation it was assumed that the process of
porulation inversion of the two energy levels in question is
isotropid. This is of course not true at low lévéls of state selection
voltages., However, this difficulty can be overcgmeiby attributing the
voltage vaiying emissive anisotropy to the resonator ahd assuming the
excitation state selection to bé'iébtropic.  Therefore a passive'
isotropic resonafor willvexhibit’ahkemissivéraniéotropy;vhosekmagnitude,
depends on the value of the state selection Qoitage.‘yﬁeférelgcing inte
experimental details it should beJemphasizéd £h3tVthe fesults presented
in this eectioh’wéie obtained by employing thejséme experimental schéme
as described in chapter 4. Théreféreithe,béhaﬁibuf of the dscillatioﬁ
“ellipse is studied by ’displaying it, as a usga;m figure on an

oscilloscope by means of dual channel double frequency conversion from
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the maser oscillation frequency (Yassin and Lainé, 1981). Also it seems
appropriate to investigate the behaviour of the oscillation polarization

at three different levels of state selection voltage, as follows

(1) High level of excitation

After a certain value of state selection (11KV for the
inversion line J = K = 3 and 13KV for J = K = 2) the polarization of
the maser oscillation changed from elliptical to cireular. In
interpreting this result it will be assumed that at this level of EHT,
the resonator (including the anisotropy of state selection) becomes
isotropic, In Eqn. 6.21 this corresponds to the case of h1as 0 and

thus

L}

,d:u;t [38' (&-4§) I] ainge 624

since the ellipticity must satisfy (Eqn. 6.20):

then Eqn, 6.24 possesses two stationary SOIutions‘
(@) ¢ = ©
(b)f c= iX/"r‘u

The first of these, (a), corresponds to linear polarization and, (b),»
to left or right-handed circular pclarizaticn.1 A quantum mechanical

treatment shows that

f-1§) = s
(-t = op ver a1

" for J==I transitions

‘where J is thé'totalyéhéularrmbmentum ande{:> 0 (in the present ..
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discussion the effect of the hyperfine splitting is neglected since the
main line is composed of unresolved hyperfine F-components.,
Nevertiheless the present theory is perfectly valid for an oscillating
F-component gince the oscillating main line is composed of transitions

of the type F—sF).

For J = 2,3 the value of the term in brakets in Eqn. 6,24 is
positive since I > 0, Therefore if € approaches zero along the positive
real axis (e=—=0%) then clearly Ac/at< 0. However the left hand side
of Egn, 6.24 in this case is positive, Similarly if € approaches zero
along the negative real axis, (e—0") as a function of time then
At /At > O while the calculated value of the left hand side of Eqn. 6,24
in this case is negative. It therefore follows that the solution (a)
is not stable for transitions of the type J—~J, J >1. On the other
hand it is easy to show that either of the éblutions € =*x/4 is stable,
It is therefqre concluded that the theoretical prediction of circular

ﬁolarization agrees with the experimental observation,

An immediate result which can be seen from Eqn, 6.24 is the
fact that in the ﬁresence of the acfive medium the'degeneracy;of the
eigenstates is lifted ,although the excitation ig'assum¢d t0 be
isotropic. It ispossible to suppose, thergfére that7th¢ medium induces
an anisotropy of some kind. Fﬁr transitiéns of the kind J-~J,kJ >4
preference of circular pola?izétion is shown‘while for transitions of

the type J=—+J + 1 the induced anisotropy favours linear polarization,

(2) Low level of excitation

For state selection vcltégesgleséffhah"é;EKV,’tﬁs polarization &
of both inversion lines J = K = 2,3 was linear. In this'éaaejthe o

7 iesonator phase aniéotropy §i11 be neglected,vith respect to the strong s
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emissive anisotropy of state selection. Putting ¢ = 0 in Eqns. 6.23
and substituting in Eqn., 6.21 and Egn. €.22 the following coupled

equations are obtained.

g% F} (Es- &) I sinde + $a cos?(6-6,) sin2e 6.25(a)

Lt}

d9

cos =% ;7 ( 8= ) I sinde + 2 a sin2(Jd - 6, ) 6.25(b)

H

with the only stable solution

Therefore, in the presence of a strong emissive anisotropy the state of
polarization is driven towards linearity aleng a direction which is also
dictated by this anisotropy. For the molecular beam maser oscillation
at low EHT values, the high gain axis of the emissive anisotiropy is
clearly the beam axis. Therefore it might be expected that the linearly
polarized E vector will be orientated along the beam axis, The small
angle ( ~ 10° ) that the linearly polarized E vector was experimentally
found to make with the beam axis is attributed to’the magnetic rotation
of the plane of polarization under the effecf of the magnetic field of
the laboratory, and to the possible misalignment of the state selectors
to -the horizontal, Furthermore, it is seen from thé abcﬁé.equations
that the azimuth of‘fhe linear ﬁﬁlarizatidn depends only on the
orientation of the emissive'anisotropy, rggardléss of the polarization
tendencies of the medium." This explainé the faet when the EHT was
raised to a level where the folarization e11ipsé could be flipped to a

new orientation of the major axis (say by’tuning'the cavity), it flipped

back by itself to the original orientationkwhep the EHT was taken down H‘ﬁi[

to the linear polarization level,
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It should be remarked that for EET voltages up to ~ 7.5KV
where € = b/a ~ 10% there was neither a gradual, nor an abrupt flip in
the polarization azimuth. To understand this the following quantities

are introduced

P = n/nth
LI is the critical population excesgs required for oscillation and

G(c 0) = Fe F+a cos( 6 - ea) cos?2¢t

where F is the isotropic reduction per pass. Then, for small cavity

anisotropies ( a << F )
G(e,0) ~ Re F = G

Assuming also that the ellipticity is small (which is true at this
level of excitation) so that sing ~ €, cos€ ~1 it can bte shown that
(van Haeringen, 1967)

~% & sin(0 - 6p)

2(p - 1) GS 6.25(c)

where

(J -1) (T +2) . gy
SJ(J_+ 1) for J=—+J transitions

Cowm
i

Notice that in the above equation ¢ is small gincé for these values of
EHT p~ 1 and also ¢, << 1 in any case.

 Using these approximations it can be easily shown by direct
substitution that the azimuth of polarizatibn is given by

% = -Tasinz(e -8) = C, 2sind(9 - o) + da sin2(6-6a) 626

where




T=0C, Ypo2 6.27(a)

C1 > 0, Av 1ig the line width and

S + 1
C, = -8l = 1) Gs 6.27(b)

02 > 0 for J=—+J transitions (J >1). Notice that equations 6.26, 6.27
are valid exactly for transitions of the type J=—=J + 1 since with the
aid of Eqn, 6.24 it can be easily shown that such a transition favours
linear polarization. In our case (J—+J) the approximation is good for
P~ 1. Keglecting the phase anisotropy terms, Eqn. 6.26 can be written
as

g—% = %a sin2(6-¢6a) 6.28

For a given sign of "a" there exists a single stable solution. For
example for a > O the solution @ = ea¥ 1:/2 is stable while for a < O
the stable azimuth is & = 8a+. This explains the absence of the

polarization flip at low excitation levels as was stated in éhapter 4.

(3) Intermediate level of excitation

As the value of EETW&S raiﬁed above 8KV for the inversion
line J = X = 3 and above 9KV for the line J = K = 2 the corresponding
ellipticity (b/a) exceéded 1/6. At this stage t hre oscillation became
polarization bistable with the possibility of flippmg the polarization
ellipse's major axis from one s’cable omentation tc) anather by tuning

the cavity across the resonance 1ine centre.

It would be worthwhile first to consider the case cf pure

phase anisotrony (;‘a<< P From Eqn. 6. 26 it follows inmediately:_;:
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a8 ; |
T = % [’I‘ - C?qSoccs?(e - ep)] gin2{(e - ep) €.29

The stable solutions of Egn. 6.29 are

(a) & = 8 with T - Cd < 0

(v) o

[}

8, + n/2  with T+ Cdy >0

and also there exist the unstable solution

2 - & = for Tl C &
cos2(® Qp) Cﬁ% %

This region of instability is equal to QC?¢° « In other words, on
either side of the oscillation line-centre there exists a stable state
of polarization., The azimuth of these states are orientated at n/? with
respect to each other, Near the line~centre there exists a region of
instability as shown in Fig., 6.1. If the cavity is started to be tuned
from the left (v-<vo ) then far enough from the line-centre the azimuth
o= eb is stable, As Vv approaches Y, T—-»-Czﬁ,and the region of
instability is reached. In this region which extends up to T = Czﬁ, a
flip to the other stable azimuth ¢ = ﬁp + m/2 must occur., It was
verified experimentally that the extent of the instability region was
highly dependent on the operational conditions (gas pressure, nozzle

alignment, etc.,) while the polarization flip iteelf could occur

anywhere in this region, and not necessarily at the line centre,

" In the present work the flip angle was much less than the
predicted 900. Nevertheless,’the flip'phenomench itself was easily
reproducible; Thebﬁistébilify of the maser oscillation ig discussed in
more detail in the following section. As it might be expected, the
behaviour of the ellipticity in this intermediate region of EHT is

complicated., As already emphasized, Eqgn. 6.25(c) is valid for small
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ellipticities only. Although the polarization parameters could be

found by numerical computation, nothing would be gained for the
understanding of the problem especially because of the great gensitivity
of these parameters to the operational conditions and small perturbations
in the maser system, Nevertheless an adequate description of the
polarization behaviour can be obtained with the aid of the matrix

method which was developed in the previous section. From Eqn, 6,24 it
was found that the eigenstates of polarization induced by the medium in

an isotropic resonator are circular. These states are given by Egn,

’
&, = (-i) 6.30(a)
e = ( 1) £.30(b)
- i

The effect of aniéotropy of state selection is given by

6,18 as

a1(Vs) 0
' .31
a
| 0 ,(V)

The effect of emissive anisotropy on the circular eigenstate is then

o | BT a‘ -
el o= M‘S(B)g = ( ) |
. ' —azi

®
i

~ Therefore .
' e':'?:.eih' Can(v)
A X oy ?( ) - -1 ag(v)
€x ex a1(v) ; ‘ atjivs

Compéring this equatién«ﬁith Fqn. 6.5 1t 18 seen that it represents an\   Qgg‘gg
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elliptical polarization with an ellipticity proportional to a?/a1. At
low state selection voltages, a, N 0 and thus the anisotropy drives the
mode towards liﬁear polarization along the x-axis., For higher voltages
a, starts to saturate and a?/a1 approaches unity, that is, circular

polarization, For even higher voltages az/a1 might exceed unity due to
the fringe field,yielding elliptical oscillation again but now with the

major axis along the y-axis.

This description of the oscillation polarization, agrees
fairly well with the experimental obsevations concerning the
polarization of the inversion lines J = K = 2,3, However for the
weaker inversion line J = K = 1 no change in the ellipticity was
detected as a function of the state selection voltage. For all values
of state selection voltage, the oscillation produced a persistent linear
polarization along the molecular beam axis. This may be interpreted by
assuming that in this case the state selection is completely anisotropie
(a, = 0 in Eyn, €.31). The phenomenon can be attributed to the fact
that the only nonvanishing matrix elements which contribute to the

amplitude of ogcillation are proportional te
TN = 1H|T, KM = 1> and I,k = ~1]ElI,KH = -1)

Transitions of the type AM = 21 yield zero matrix elements (unlike the
case of J = 3 where the transitions M= 3=e-M= 2, N z«d=»rM= .2 etie,

are allowed), From all‘this'it is concluded that:

~(a) In the case of J = K = 1 coupling of,state‘selected

mqlecules;andvthe miérbwave electric fieldAproduces linearly polarized

oscillation along the beam axis.

4 (b)) The only transitions caused by the fringe field are

M= 1==M= 0 and M = =1=—=N = O, Thus the epatially reoriented
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molecules do not possess nonvanishing matrix elements. Unlike the
J = 2,3 cases, the spatizl reorientation of molecules does not alter
the polarization of the oscillaticn but changes the magnitude of ite

amplitude,

6.4 BISTABILITY CF THE MASER OSCILLATION

In view of the importance of the maser oscillation stability,
the polarization flip phernomenon described above must be studied care-
fully if the Fabry-Perot maser application as a frequency standard is
not to be undermined (Lainé and Yassin, 1981). It was mentioned above,
that after a certain value of EFT the oscillation of the molecular beam
maser became bistable. This value coincided with that at which the
amplitude of oscillation compecnent along the beam axis started to
saturate, Also it was shown that flips can occur on the account of the
linear phase anisotropy alore, and that no flips can occur without it.
The theory predicts a flip angle of 900 in the case of pure phase
anisotropy and similar flip angles (~80°) were indeed reported for the
single mode He~Ne laser orerated at the transition J = 1=»J = 2
(de Lang, 1967). 1In the present maser, the flip angle was found to be
~23° for the inversion line J = K = 2, which confirmed the presence of
an emigsive anisotropy at these values of EET which was comparable with

the linear phase anisotropy of the resonator.

If the term with ¢ is reglected for the eake of argument in
Eqn. 6,26, then the btehaviour of tre azimuth of pc}arizatién in the

rresence of both emissive snd phase anisotropy is given by

da - < 4 | 4
it = % [asin'g{a - Qa) - taa( VA:o ) ﬁiﬂg(g - Op)] : 6,32

For 1 » o}, flipe mipght not oceunr sincg a blg value of (v~ *@) is



required in order that the right hand side could change itsg sign.
Moreover if flips do occur then the flip angle is expected to depend on
(o - %) and thus its value is not 90° (de Lang, 19¢7) as in the case
of a=~ 0, {(Notice that for a= 0 the flip occur exactly at the line
centre in the above approximation, where v - ' changes cign) The
assumption that the deviation of the flip angle from 9@0 is due to the
emigsive anisotropy is supported by a further experiment with the same
equipment and method using the inversion line J = K = 2 of ammonia.
This line gave a barely measurable flip angle of only a few degrees.
For this trangition the emissive anisotropy of state selection is
stronger than for the J = K = 3 transition, The factors that could
have contributed to the phase anisotropy are deviations of the resonator
plates from parallelism or flatness, cr coupling imperfections and so

on.

Switching methods of the polarization azimuth from one stable
polarization to another include application of a Stark voltage of 50V
between the resonator plates; by transverse deflection of one or other
of the nozzle gas sources or by small changes of the local magnetic
field by,altering the current of a Helm holtz coil pair which produced

a magnetic field perpendicular to the plane of the cavity discs.

The effect of a Stark field is both to broaden the line by
an amount greater than the bistability region éﬁd to shiftkthe frequericy
of oscillation. After the field is remsved, a new value of v = v, 1s
establiched with the passibility of changing tbe sien of the tern in
brakets in Iqn, 6. 3?.t¥ereby flipping the pﬂlariﬁatio“ azjm“th’ Ch
a switching method is expeeted to reveal equal ?rﬂb&hilitieg for both
stable Qrientatians, A similar effect can te attrihuted to the Zeem@n
rulsge apart from the fact trat a kmaller change in the line width was

needed 1+ due to the fact t?at the applicatiﬁn Gf an axial m&Fnétiﬁ
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field alters the ratio ¢g/a cuite strongly. Deflection of the nozzles
was equivalent to the introduction of an auxiliary spatial anisotropy.
Thus, which particular elliptical oscillation polarization occurs after
oscillation quenching is determined by the new net anisotropy ratio

*o/a and the new frequency of oscillation,

In general the two stable states of polarization had
different intensities, ellipticities and frequencies as shown in Fig.
€.2., The value of the flip angle was strongly dependent on the
oscillation conditions, and oscillation parameter settings could be
found though when changes in the azimuth were gradual rather than
abrupt when the maser was tuned through the line centre., Ristable
operation was also observed using a totally different scheme of
detection of the maser oscillation in which the maser output was
controlled by a microwave signal introduced at one cavity port and
detected from the other, This mode of detection is kmown as "zero
beats" and was used previously to detect the maser oscillation (Emart,
1973). A frequeney scan range of ~ P00Hz was obtained by applying 2
sawtooth voltage to a varactor diode placed across the SMHz quartz
crystal frequency reference of the klystron frequency stablizer, The
rresence of the maser oscillation was detected on either side of the
oscillation quenching region by the obsevation ¢f beats between the
sldeband gignal injected into the cavity and the oscillation itgelf
(Lainé and Al-Jumaily, 1979). It was found that by setting the output
waveguide E vector azimuth at sbout 20° and a high level of sideband
rower used, oscillation amplitude jumps appeared on the left-hand side
of the oecillescope trace, An example of cuch an instability is shown
in Fig.€,o(pwhere two different teat signal levels have been captured
on the sgame photegraphic trace, e two levelg of the beat signal can

Ye understood as the corresponding prolections of two polarization



(a)

(b)

Fif". {.? Liﬂﬁajﬁuﬁ rimr@?? ft}';ﬁ\\’ir&g the polarizaticn flir’
rhenomenon uning the inversjon line J = K = K

of ammonia.
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ellipses with different inclinaticns with respect to the beam axis.
From Fig. 6.3 a frequency difference of about 500Hz between the two
signals can be deduced. This frequency difference is directly related
to the difference in frequency between the two eigenstates of
polarization provided the pulling effects are of negligible magnitude,
Flipping of the polarization azimuth in this case is attridbuted to the
flyback of the stimulating power frequency through the maser emiseion

line (Lainé and Yaesin, 1981),

When the stimulating input power was increased even further,
the oscillation instability ceased and the beats shown in Fig. €.3(c)
apreared, YNo clear explanation to this phencmenon has yet teen found
although the teat sigmal was thought to represent locking of the two

stable states of polarization.

6.5 THE MASER OCCILLATICN UXIER A WEAK AXIAL MACKETIC FIELD

€e541 Rotation of the Cscillation Plane of Polarization

In the following discussion the aprlied magﬂetic field is
considered as weak, in the sense that the Zeeman gplitting is emall
compared to the line-width. Also, the discussion is concerned with the
behaviour of the maser oscillator near threshold.:}Aé was shown in this
chapter, the resonator in ﬁhis cage isg éemiﬁatedrhy tbevemissive |
anisotropy of state celectlon and that the c&ciliﬁtien'balariﬁatiﬂﬁ is

linear.

The effect of the axiz] magnetic field on the maser
polarization can also be investigated with aid of the theoretical
formulation given in Sec. 6.3, This is done by the addition of a tern
which is proportional to the field strength {n Eqn. 6.25. Since

emissive anisotropy elone is ascumed, the behaviour of the polarization



Cgcilloscope trace chowing beats between the maser

oscillation signal on the inversion line J=K=3

of 14§B3 and the stimulating microwave eideband,

(a) Yorostable oscillation- low level of input power,
(b) Eistadle oscillation- hipgher level of input power,
(c) Beats obtained by a further increase in the level

of input power.
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azimuth is given by
= = 4a Siné(ﬂ - Qa) + sz 6433

where b is a positive constant and Hz is the magnitude of the axial
magnetic field, Therefore the stationary azimuth is given by the

relation

2bH

sin2(9 - @) = - 6.34

From Eqn. 6.34 it can easily be seen that for H = O the polarization
is linear along the direction 6 = 6+ As Hz increases continuously,

so does the stable azimuth until the value 2(§ - ea) = /2 is reached.
By then, the plane of polarization would have rotated through an angle

of ®W/4. The corresponding critical value is found from the equation

2bH
c

a

or

c

" = a/?b - » : 6:35

For field strengths greater than those given by:Eqn.‘é;ES thé solution
of Eqn. 6.34 is no longei‘sfaionary and the plane éf’pclarization
rotates at a nonuniformkrate. If the magnetic field is further
increased so that bH \> a, the rotation becomes uniform, Now the
rotating ellipse can be considered as a superposition of twa counter ‘

rotating circular components (Statz, Paananen and ¥oster, 1962)

From Eqn. €. 33 1t can be noticed that the emissive anisotropy L
is responsible for the rotation of the plane of polarization and indeed

for the staionary solutlons at nonzero magnetic field. This explains‘
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the absence of beats between Zeeman components at very low magnetic
fields and the strong dependence of the field walue at whiech thesge beats

oceur, on the cavity tuning and the value of state selection voltage.

de Lang (1967) gave a phenomenological expression for the
constant "b" which appears in the above equations. In the theory of

van Haeringen the following expression was found

M
b = PBgG hav

where M, is Bohr magneton, g is lLande's factor, G is the isotropic loss,

B
A v is the line-width and M is a factor which depends on a variety of

parameters, however, its value is of the order of unity. Substitution

h v a 1 :
HC = (F];é-)(-éa) (ﬁ) 6,36

As was stated before, 'a' and 'G' represent the anisotropic and the

in Egn, 6,35 yields

isotropic gaihs respectively, If the high gain of fhe_anisotropy is

taken along the ¥-axis and the low gain aiong the Y-axis then
2o {3 - 4}
G“{‘Qx* } '
. ; 2'
wherg Qx and Qy are regpectively the effecti%e Q-vaiues'of the active

resonator near threshold, along and perpendicular‘té the beam axis.,

Therefore

where




Q, - @

o Q% + Qy

Eqn. 6.37 is very similar to the equivalent expression obtained by

D'Yakonov {1966).

Experimental investigation of the maser oscillation
polarization under the influence of a weak axis magnetic field was made
and some results are shown in Fig, 6.3, The azimuth of the polarization
ellipse with respect to the beam axis is plotted against the Helmholtz
coils current which is proportional to the perpendicular magnetic flux,
The negative current axis corresponds to the direction of the earth's
magnetic field component, parallel to the field generated by the
current while the positive axis is antiparallel to the earth's field
component, VWhen the current was increased in the positive direction
the oscillation ellipse was rotated towards fhe beam axis. The rotation
was accompanied with an increasein the amplitude of escillation which
is a further confirmaticn to the assumption that the initial rotation
at zero current’is a result of the earth's field. Afte: rotation
through an angle of about —200, the polarizafion which was initially'
made linear bylfaking down the level of state selecticn to about €KV,
became elliptical. Further ihcreaée of the’maghetic fiEid increased the
ellipticity and it became circular when the twaiZeeman components bxoké
vhase lock into biharmonie oséillation\at about 5KHz, When the current
was reverged, the sense of ro{ation was reverse& but the behavicur was

essentially:similar.

A8 was stated at the beglning of this section, the pre&ent
theory 1s valid only in those cases where the elliptiCitY remains. small.

The variation of the ellipticity can then be written as (van Haerlngen)
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where d is a constant which depends on the line-width. The bahaviour
of ellipticity as a function of the applied external field depends
therefore both on the line-width and the type of transition. For
optical resonators, using the He-Ne transition J = 1=+J = 2 it was
reported that the ellipticity increased only slightly as the linear
polarization was rotated through 45° (de Lang, 1967). The large

variation in ellipticity in the ammonia maser in comparison with the

He-~-Ne laser may therefore be attributed to two reasons:

(1) 1In the molecular beam maser the line-width is effectively

much smaller owing to the elimination of Doppler broadening.

(?) The transition employed in the present work is of the
J—=J; J > 1 type which was shown to have circular tendency. The
transition which wae used in the laser work however is the Je—J + 1

type (or the J=—=J; J ¢ 1) which has a linear polarization tendency.

6.5.2 The Faraday Rotation Spectrometer

6.5.2,1 The Faraday effect

It was shown by Faraday (1846) that‘opfical aéﬁiﬁitﬁ can be
induced in matter By a constant magnetic field., It was observed that
the plane of polarization of'i light wave péséingfﬁhrough suchkmaterial,‘
was rotated through an angle L pravide& a nghzerormagnetic compenent
H, parallel to the direciioﬁ of the light pigpaQAtioh'was app1ied. The
magnitude of rotation, féf small:values of H, was f0und't0 bé:invdirect
proportion to both,thé'external magnetié field'énﬁ;the léngth of the -

| light pafh. ‘This could be eipressedfby the equatioﬁ“
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where VO is the "normal®™ Verdet constant.

If the frequency of the incident light is not near any
absorption line of the material, then the normal Verdet constan can be
written as (Serber, 1932)

v, o= (e/?ch )”jg%

where n ig the refraction coefficient, e and m are respectively the
charge and mass of the electron, ¢ is the velocity of light and + is

the frequency of the incident wave,

Values of the normal Verdet constant for gases at microwave
frequencies can hardly be found in the literature. This is due to the
very small angles of rotation caused by the dipole moﬁent of moleculeg,
For example, the normal Verdet constant of ammonia at optical

6 min, /G/cm, To obtain a rotation of 3°

frequencies is about 19 x 10~
in a gass cell . 1m long a magnetic field of ~«105G is required.,
However, when the frequency of the incident ratiation in near a resonant
line, the rotation at this frequency is consideradbly enhanced. The
effect in this case is often refered to as circular dichroism
(Buckingham and Stephens, 1966; McCaffery, 1971) or as in the present
work, "resonant® Faraday’rdtation, which is difectely related to the
Zeeran effect, . it arises from the fact that the'propagation constantsg
of left and right—circularly‘palarized waves in ibe‘Présénce Qf an
external magnetic field are different. It is therefore expected that
rotation of the plane of pdlariéation‘due to Faraday effect becomes
dominant at the samekvalﬁesréf magnetic fieid which causes ﬁhe»spectial’? o
line to split';nto two resOIVed'component; The laﬁtér‘féct was used to

distihguish'betweeh‘rqtation of the oscillation ellipse due to all ~ v.V .ﬁ}




- 135 -

sorts of anisotropies and the Faraday effect. In fact in the method

of display which was descrited in chapter 4, the Faraday effect does

not cause the polarization ellipse to rotate in a stationary way as a
function of the magnetic field but causes the ellipse to rotate as a

function of time when conditionsg for biharmonic oscillation are

fulfilled.

The theory of resonant Faraday rotation in gases was
theoretically investigated by Serber (1932). From this theory it could
be concluded that the magnitude of rotation was limited by the line-
width, although that was not verified quantitively. 1In reality however,
resonator anisotropies at low values of the external magnetic field
should be considered., The theoretical treatment is basically similar
to the method according to it, Zeeman matrix elements are calculated,
The electric dipole matrix elements are essentially of the form

(aMler. pl'M'D> ‘which describes the transition between the Zeeman
sublevels M and M’ of the two energy states a and a respectively for

left{ and right-circularly polarized photons.

The quantum mechanical formula for the rotaion angle can
somewhat be deduced from Eqn. 6,38, First Egqn., 6,38 is written in the

form
el
where x& is the magnetic suseptibility. Then the angle of rotation can

easily be shown to be given by the relation

@ ) [%+ - x~:]

Ny

where X ahd‘x* are the suseptibilifiéS‘for left,and right-handed

circularly polarized photons feSpectively.,xg,i are then‘calcuiate§:': :"; e
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guantum mechanically (Carpentier, 1979) yielding an expression for ¢m .

Since the resonant angle of rotation is inversly proportional
to the line-width it is therefore expected that the sensitivity of
detection of small Faraday signals in a molecular beam maser would be
at least 20 times better than that obtained in an absorption
spectrometer. Furthermore, it will be shown that the use of a resonant
cavity enhances the rotation angle by more than three orders of
magnitude at microwave frequencies. Such properties are of great
importance since they permit the avoidance of the complexity of applying
a large, homogeneous magnetic field, especially for molecules with

small magnetic dipole moment like ammonia.

6.5.2.2 Enhancement of Faraday rotation by the use of a resonant

caviﬁx

In the following, the transmissioniof a polarized wave
through a resonator which exhibits a certain anisotropy will be
discussed. In the conventional method, the multiple reflection problem
was shown td require lengthy dalculations even for the isotropice
resonator (Rosenberg, Fobinstein and Herriot, 1964). Furthermore, in
the case of an aniéotropic resonator the calcﬁlation using this method,
although obvious in principle, might prove to be awkward in practice

(Carpentier, 1979).

Here, a method which wés suégeéted by de Lang (1957) and uses.
the matrix method, will be employed. - In tﬁig method the incident wave
(whieh is assumed to be Ilnearly polarized) is decompcsed into two
components; each is an eigenstate of the resonator. This is |
mathematically possible since the twa eigenvectora of the resonator éan

be regarded as the basis for all vectors in the plane of the resonator
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discs. Therefore, any vector in this plane can be written zs a linear
combination of these vectors with complex coefficients. Now since
these components are eigenstates of the resonator, the calculation of
their transmission through the resonator is straight forward. After
each reflection they must repeat their state of polarization and thus
they are only multiplied by a complex constant equal to the

corresponding eigenvalue,

Let the incident wave be linearly polarized along the X-axis.

It is then can be written as:

B, = o E +oE €.39

where Et are two independent eigenstates of the resconator with
eigenvalues x¥ respectively, Let the anisotropy matrix of the resonator
be given by M, and let the transmission of gf be first calculated,

From Fig. 6.4 it can be easily argued that the transmitted wave is

given by

+ o+ R0, gt ¢
By = B+ 2UE «40

where E% is the waveform at B

CER o= M_(tB') = tM(ED) 6.41
and
+ | c +
B, = G = MY .42

where C = t t' is a constant which depends on the values of the coupling

holes and 't' and "t'" are the amplitude tranemission coefficients.

Eqn, 6.40 can then be written as



FIG.6'4 TRANSMISSION OF AN EIGENSTATE OF
POLARIZATION BY MULTIPLE REFLECTION
~IN A DISC RESONATOR.



+=B 6.4%

and similarly

where

T = %X" 6044(3.)

T = §x" 6.44(b)

The polarization parameters can now be calculated from the formula

_ , i
;_J__y_ - (a+T+§B+a_T‘EB)y

6.45
E
X + -

(a+ T, BEg + a_ T, ER)«

So far the above formulas are valid for any type of combined anisotropy
in the resonator. The application to some casés of interest will now

be discussed,

(a) An isotropic resonator which contains a Faradsy rotor
In this case the anisotropy matrix is pure rotation:.
cosg wm : sing&m ,

-sing  cosq, / e TR

where ¢ 1is the Faraday rotation per pass. The round trip regénétcr'
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matrix is simply

M, = FIMM,

or

- .
cos?@ 31n?qﬁ

Mg = F .47
-sin?y  cos?g,

The eigenvalues ofhdR can be found from the characteristics equation

(cos?*%‘- )? + sinz?q& = 0
yvielding
. + 1
x, = F exp(21¢&) i B = (i) €.48(a)
1
x. = Fexp(-2ip,) 3 B =1 | 6.48(1b)

Thus the eigenstates in this case are circular with opposite senses of
rotation. From Eqn. 6.48 it follows that, the coefficients a , a_ for
a linearly polarized wave along the X-axis are equal. Moreover, from

Eqn, 6.41 it is easily shown that
B - te (1e) E
=B = YR\ T/ =

‘Substituting the above equation in Egn. €.45 and using the fact that

o, = @, it follows that

Ery 7, exp(14,) - T_ exp(-i¢,)
Erx ! 7, exp(ig,) + T exp(-ie,)

From Eqn., 6'44>Tt are given by




At resonance F = f exp(iw) = f since w = 2zN, yhere N is integer.

Therefore T, = T. and using Fgn. 6.48 it follows that

Ery In (T, exp(i®))
Erx ©  Re(T, exp(i®y))

Apart from a real factor:

i

cosp, (1 - £) + isinfp (1 + f)

T, exp(if,)
Therefore

EIV 1+ f
= tan®
Erx 1 - f m

and thus the plane of polarization was rotated by an angle

-1 14+ f
® = tan T F tan P £.49
and the ellipticity
€= 0

This result indicates that for a perfectly isotropic cavity containing
a Faraday rotor thékellipticity of the transmitted wave remainsg

unchanged. For small rotation angles Eqn., 6.49 can be written as

-
i}

©O =

-

r

: ;
-f q)m

Therefore the rotation is enhanced by a factor equal tos

=
u

1+ £ ., 2 2
T-f  T-1T % a
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where a is the loss per transit and f ~ 1. By definition the above can

be written as (Yassin and Lainé, 1979)
M o= % % €.50

where Q is the loaded Q value and q is the longitudinal mode order.

At microwave frequencies Q/q ~ €000 and thus M~ 5 x 10°. At optical
frequencies however, ¥ ~ 100, This indicates the importance of using
a resonant cavity for enhancing the Faraday rotation angle, especially

at microwave frequencies.,

(b) Small gain (absorptive)anisotropy with Faraday rotation

From Fig. 6.5 the round trip matrix is given by

a, O cos?P sin?‘fm a, 0
rl‘R -
0 =a -sin?¥ cos?¥ 0 a
—— mn ] m foad

For small anisotropies, it follows that

wvhere g << 1, Therefore'TR can be written as

ai cos?¥; sin??% 

'I‘R = 2 :
~sin2Y% , a_ ccs??ﬁ

If second order terms in s are negleetéd; then. the eigenvalues are

Xy = 'gxp(tQ;?m);v

and the corresponding eigenvectors
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FIG.6:5 CALCULATION OF THE ANISOTROPY
MATRIX IN A RESONATOR CONTAINING A
GAIN ANISOTROPY AND A FARADAY ROTOR



=
L]

= +
,‘r -i’.

where r =2?scot?‘pm. Notice that although the two elliptical eigsenstates

are inclined to the X-axis, they are still orthogonal to each other.

The direct transmittion anisotropy matrix in thig case is

and by direct calculation it is easy to show that

exp(iif;) + s exp(tiY;)

T E* =
a ti{exp(*if;n) - s exp(xi‘Pm)}

Notice that unlike the isotropic resonator, the eigenStatesvof Th, Ef

are not eigenstates of 1; and that they become so only if s = O,

Again in this case, the linearly polarized wave cen be written
as a linear combination of the elliptical eigenstates Ef with o=,
Therefore

S [T;exp(ifa) - Tﬁexb(—i?%)]‘ -8 [T+éxp(~i¢k) - T_ekp(iﬁ;i]
T™x l?+exp(if%) + T_exp(aiY%)J + 8 LT+exp(~r¢%) + Tﬁexp(fﬁz?I

L?Llj

t=

Using the result obmnea ’in (a) ‘it,c»;m easiiy be shown that

[(1 + £)Y/(1 - f)] tan® + 8y

A+ s?v

i)
...!x
Tx

=

where sT and é? are small real quantities. Zt is interesting te s,»ﬂr

notice that althaugh the Faraday rotation angle was altered by emissiva



- 143 -

anisotropy, the ellipticity was not.

£.5.3 The Faraday Rotation Spectrometer

Magneto-microwave effects were invegtigated in esr (SerVant,
1975), for paramagnetic gases (Garstens, 1953) and in bulk gas
spectroscopy (Carpentier, 1979). It was found that in bulk gas, the
rotation angle is very small even for a paramagnetic gas such as O?
(Carpentier et al., 1979). As a result, detection of Faraday signal
‘required the use of sophisticated electronic techniques such as digital
averaging and low noise amplifiers, Even so, large values of external

magnetic field (~1KG) were needed in order to obtain a detectable

rotation angle,

The great sensitivity and the high resolution of molecular
beam masers employing nearly isotropic disc resonators facilitated the
study of the resonant Faraday effect in gasés and the employment of
this effect to produce-a new type of spectrometer. In the following
some preliminary results for the study of this effect in ammonia are

given,

The molecular beam maser described in chapter 4, together
with the detection scheme shown in Fig. 3. 6 were employed, The incident
signal was a linearly polarized wave with its electric field parallel
to thé beam axis. Its'frequénCy was adjusted\te equal the transition
frequency of the inversion line J=X=2of ammdnia ( 23.7GHz).
rotated Faraday signal was detected by rctating the Output waveguide so
 that it transmitted microwave power with its electric field |
vperpendicular to the beam axis. Since the polarizatian of atimulated
emisgsion signal;in a maser always follows that of the stimulating’iﬁpui,*'

then at zero magﬁeticjfield no signal was transmittéd to the outgﬁt._‘f '
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However, when a magnetic field of flux density B adjustable from zero

to 3 x 1074

Tesla was provided by the Helmholtz coils and applied
perpendicularly to the plane of the disc, 2 small Faraday component

was detected. It was compared with the component along the beam axis

Eo by rotating the output waveguide back to an orientation such that the
two waveguide transmission E vector were parallel, From this the
rotation angle was calculated and the results are given in Fig. €.7.

The peak of the curve in Fig. €.6(b) was associated with the onest of

a resolved Zeeman doublet splitting and field inhomogeneity broadening

as was clearly observed from the displayed signal.

From Fig. 6.7 it can be seen that the linear relation between
the angle of rotation and the magnetic field is still preserved in the
resonant Faraday effect. 2Py analogy, a resonant Verdet constant Vr can
therefore be defined, For ammonia at ~ 23,72GHz a value of
V_ - 22 rad/T/n is obtained, This value which is independent of the
cavity Q-value is uncorrected for state selection and resonator
anisotropy. It also assumes a negligible value of ellipticity (see

Ch. 7).

When electric dipole wiggles, the analoguekof nnr wiggles,
were produced by rapid passage of the stimulating input signal through
the molecular’resonance with B = 0, beating of bveats was obsérved when
the Efvectors of both waveguides wererparallel to the beam axis (Fig.
6.8(a)). When thése were made pér?endiéular Ey'rotating the output
waveguide, only fhe’ﬁodulation éﬁvelope of thé wiégle beats{femaiﬁsd,
since the carrier éigﬁai was not'transmitted. By comparing the two ’
traces in Fig. €,8 it can be argued that the signal to-noice ratio cf
the signal obtained via the Faraday rotatien is a few times better than
that obtained in the usual detection method, This is despite the fact .

that only a small perpendicuiar component of the stimulated1emissien ai:‘ '
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signal was detected., This inevitably leads to the conclusion that a
big reduction in the noise figure of detection had occured, Evaluation
of the improvement sensitivity which is attributed to the fact that
amplitude modulation ncise which is carried by the sideband power is

not transmitted to the detector, is estimated in chapter 7.
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CHAPTER

SUGGESTICNS FCR FURTHFR WOERK

Te1 ON QUASI-OPTICAL RESCNATORS

In chapter 2 some remarks on the theory of open resonators
were given. The validity of some of the simple approximation methods
given proved to be good in many practical cases., However, it may be
concluded that the Wiener-Hopf technique is the most reliadble method
for calculation of resonator field configurations and resonance
frequencies in the microwave spectral range with A /2 separation
between the mirrq:s. The aprlication of this method to rectangular
parallel plate resonators appears to be straightforﬁard. As for the
roof-top resonator it remains to apply this mathematical approach to
calculate the reflection coefficient at the open end of an infinite
roof-strip,'faking advantage‘of the fact that the roof angle is very
small. Moreover the di Francia theory on the’rcof—fop resonator can be
generalized in order to calculate the resonance condition when the
electric field of the microwave input power is polarized in any
direction parallel to thé mirieré surface. In thig case, further
experimental data would be of very great importance. To achieve that,
vthe design of the roof-top reeonator described in chapter 3 must be
somewhat modified so that it could be operated with higher crder
1ongitudinal modes. The‘quality factei and the électiic field
distributicn can then be measured as a funetien of the roof angle fey
the first few values cf q (say q = 1,2 3 4, 5).'and for different
polarizations of the input microwave elegtric field.‘ It is quite ;f k;
possible that for hlgber q—values, certain valhes of the roof anglé‘

can be found where tbe resonator losses are at a minimum as was
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suggested by Checcacci et al. (1967).

An important advantage of the disc-type Fabry-Ferot resonator
over the other types of cavities (including the roof-top resonator) is
that it allows the application of a uniform Stark field along the
molecular beam. The effect of Stark field on the ammonia spectrum was
treated both theoretically (Jauch, 1947) and experimentally (Coles and
Good, 1951), exclucing the effect of the hydrogen spins. To obtain an
analytical expression, the problem was divided into iwo parts. In the
first case, the Stark energy was considered weak with respect to the
quadrupole splitting, Therefore the perturbed Hamiltonian was
diagonalized in the representation <J’IN’F1’MFJ where M, 1isg the

3
projection of 21 along the Stark field. In the second case the Stark
splitting was assumed to be much larger than the quadrupole coupling
term, Thus the Hamiltonian could be diagonalized in the representation
(J,IN,MJ,MI where M, and My are the projections of J and I, along
Stark field respectively. When a tunable disc resonator is used in
conjunction with the high resolutién molecular beam mager, Stark
splitting of the hyperfine components (resulting from the spin-spin
interaction) could be observed (Al-Jumaily, 1979). Moreover,‘bath the
frequency and the intensity of Stark componentis were thecrefically
calculated by diagonalizing the complete Hamiltohian deseribed in
chapter 1. Verification of this theory can be obtained by measuring
the Stark splitting of the intense quadrupole satellites components of
the inversion line J = K = 1 of ammonia. The measuremeﬁts could in |
principle be carried out‘withaut any particulsr difficulty using the;
sengitive double beam molecular beam maser system déscribed’iﬁ chépﬁer

4 with its klystron stablizer, together with the "pip" frequency mgrker'

method deseribed in Appendix I1l.
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Te2 POLARIZATICK OF THE MASER OSCILIATICKR

The elliptical nature of the maser oscillation at low state
selection voltages was attributed to the emissive anisotropy of state
selection., It was thought that if inversion lines with higher J-values
were used, state selection would have become less anisotropic and
accordingly transiticng of the type J,K —» J,K would approach
circularity at lower state selection voltages in comparison to the
voltages required for the 2,2 and 3,3 lines., As a result two additional
experiments are suggested. In the first, the maser oscillation at the
invergion lines J = K = 4 and J = K = 6 at the frequencies 24.139GHz and
25.056 respectively, could be investigated. The OKI klystron in
present use is capable of teing tuned and of providing enough power at
these frequencies while the disc resonator can easily be tuned to thesge
particular transitions without any further modification, The maser
system described in chapter 4 together with the double~channel
superheterodyne detection scheme can then provide Lissajous figures
which represent the oscillation polarization of these transitions., To
complete the picture, another éxperiment of interest could be made,
However in this case longer state selectors should be constructed to
provide more oscillation power at the inversion line J = K=1and
perhaps even to oscillate on some of its quadrupole components. This
would provide interesting information about the oscillation

polarizations of the individual hyperfine componenta,

From the discﬁssi&n given in chagters 4 and 6 it cen be
concluded that frequency stability of the maser osci11atcr4empleying
disc resonators Is degracded due to the polarization flip phenomenon,

It was also found that this effect can be eliminated if an external
strong emmisive anisotropy is introduced into thevrescnatcr.' 1t may dbe

thereforeasrumed that resonators with strong gain anisotropy would
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exhibit polarization constraint which should manifest itself in the
absence of the polarization flip phenomenon., To verify this, the
roof-top resonator could be incorporated in the double beam ammonia
maser and the oscillation polarization investigated in the same way as
described in chapter 4. The oscillation polarization vector ig then
expected to lie along the beem axis (which is also the resonator axis

of symmetry) for all values of state selection voltages.

As was always emphasized thoughout the present work the
oscillation polarization experiments were carried out with the disc
resonator at its lowest transverse mode order TEMOOO. It is well known
that if the resonator is tuned to its next higher order mode with two
maxima of electric field along the beam axis a Joppler-split spectral
line is obtained, It was found that the present maser system could be
tuned to oscillate on either of the two components and that when the
resonator is tuned to the centre frequency, beats between the two lines
of about 7KHz are obtained (Al-Jumaily, 1979). This phenomencn can
also be examined using the oscillation polarization method of‘detecticn
(Yassin and Laiﬁé, 1980). The biharmonic oscillation at the line centre
would be obgerved as a rotation of the polarizationlellipséﬂét constant
frequency. A polarization flip at each side of the ¢entre may also
occur, This m%y well explain the jumps in the amplitude qf oscillation

reported by Valentin (1978).

7.3 THE FAPADAY ROTATION SPECTROMETER

In chapter € 1t Qas étated‘that enhancement of the
specirometer sensitivity could‘be ebtained Eyvdetecting thé:stimulgted
emission siéhal via the Faradaf effect, Lef‘(ﬁP)b be the éttpﬁtrbokgr
emitted by the beam'at Byalokand:(AP)f the perpeﬁdicular_compcneny‘Qf:'

Faraday signal, For smallraﬁgles of’rotafion it follows‘thafﬂ;" 



- 150 -

(AP)f = (AP)O sine ~ (AP)O@

It was also shown that the signal-to~noise ratio in a superheterodyne

receiver can be written as

(av) 3
B o= —5— =%~[(I‘O+AP)‘3-F
o 'o

] ~ 1 (Ap)o
TN

O Rk

where Po is the output sideband power and No is the noise voltage., 1In
the detection scheme via the Faraday rotation effect no sideband power

is transmitted and the signal-to-noise ratio can be written as

R, = (iv)f - %—-(AP)‘%’;
.LEf f
wvhere
— ;
Lf = kaT
N = F k7T
o o

Ff and Fo are the noise figures for detection in Faraday and the usual
spectrometer set-ups respectively, The enhancement in sensitivity in

the Faraday spectrometer is then given by'

a

—_— = - Lm0| =

‘RO » 2 ZAP;O FO

which shows that the improvement in sensitivity‘is proportional to ®%;

To estimate the reduction in the moise figure let R./R. ~ 3 (Fig. 6.8)
‘ It '

and Po/(AP)ofv 9. Therefore Fp ~ 0.6 €~ F,. For typiecal rotation

aﬁgles ( ~ 10) a T-fold teduction of noise isvobfained. Thisg ﬁﬁggesta

that 1f lowei noise aiplifiers than the home-made ones émpleyad in the
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present work are used, a more sensitive Faraday spectrometer can be

obtained even with such small rotation angles (lLainé& and Yassin, 1981),

As was emphasized, the foregoing results were obtained with
ammonia which has a magnetic moment of only one nuclear Bohr magneton.
Resonant Faraday rotation may also be studied with the present maser
system using other state~celectable molecules or radicals, The radical
CH (9) would be of particular interest since it has a large magnetic
moment., A possible transition is the [y 5/pr J = 9/2 A doudlet at

23.82GHz,

So far the ellipticity associated with the Faraday effect has
been ignored. It has been assumed that the emerging output wave was
also linearly polarized, and that only pure rotation occurred. In fact
the linear curve in Pig. €.7 suggests that at low values of magnetic
field the ellipticity is really small, and so can be ipnored., Fowever
it should be added that measurements of ellipticity are also possible
using more or less the same method used for displaying the oscillation
ellipse, The detection scheme in Fig, 3.6 can still be used., The
Faraday signal is first detected as a 20MHz signal and then it is
frequency converted to 100KHz and applied to the vertical input of the
oscilloscope. The signal component parallel to the beam axis is now
detected in reflection., Using a magic tee, the sgideband pdwer can be
cancelled by proper matching and the'maser'siénal is also frequency
converted down to 100KHz and then aprlied to the horizontal input of
the oscilloscope. In this way the displayed‘Lissajaus ellipse
represents both the amplitude and the polgrization of the stimulated
emigsion signal, The rotation sngle and the ellipticity of the maser
signal as a function of magnetic field can then be studied by observing

the oscilloscope trace,



AFPPERDIX I

CALCULATICN CF MICRCWAVE RESONATOPR MODES

I.1 FEFLECTION AT THE OFPEN END CF A SENI-INFINTITE FARALLKL

PLATE SYSTEM

The application of Weiner-Hopf technique to diffraction
problems at microwave frequencies contributed a great deal to the
theory of open resonators in this region of the spectrum, This is
illustrated by the fact that by using this method, the resonator can be
represented by an algebraic equation with one unknown., The characteris-

tic equation of an infinite strip mirror of width "a" was shown to be

(Eqn. 2.29).

m |
R, = (-1) exp(—i@mqa) I.1

Calculation of the propagation constant @mq requires the knowledpe of
Rq which is given, in terms of pmq' by Eqn, 2.20. The function G+(P)

which appears in Eqn. 2.30 can be written as (Bates, 1970)

.

G (p) = [sin(kd')/kd']a B P/k)’% exp(ikd'/2:+.I(P)) 1.2(a)

where i = fd-l y k= 2%/\, d' = 2d is twice the mirror’s separation and

+ pa! | e‘xp(?ikd' - {) ' dg«
% ; (kd' + 1(74)%‘ exp(2ikd! - §) -1

eee  I.2(B)

The integration path is along both sides of the branch cut located on

the positive real axis in the complex { plane. Details of the-
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integration can be found in Pates., It is also shown there that for

kd—-00 Eqn. I.2 reduces to the expression given by Vainshtein (1963).
It was also found that calculations of G+(P) as given by Egqn, 1,2 at
kd ~ 1 is quite laborious and that in this case faster convergence of

Eqn. I.1 is obtained by calculating G+(P) from the equation

| G, () = [sin(kd’)/kdf x expg 1od] [1 - T4 1:»(%5’%) + 1«/?”

xexp[i%‘i 1n p-Y) Cx I () vee I.%3(a)
where
% |
r = (£ -%%) I.3(b)
and
' © p i2pd!
1 e — .
H(p) = Ilgz,«ovon[ ( , ¥ glm) EXP{J 1x }] I B(C)

It should be noted that the above derivation is made for an even number
of maxima of the electric field along the longitudinal resonator axis.in

the case of an odd number of maxima, the treatment is very similar.

1.2 SCOLUTION OF TEE FOX AND LI INTEGRAL EQUATION

In Ch. 2 it was shown that the integral equation which
describes the infinite strip mirror at cptiéal'i‘req'ﬁencies can be
written as

B(x) = ‘yfexrﬁ [—-i\/ﬁ (x - x')?] E(x')dx’ 1.4

. » i 1 . o o 1  ‘
where ¥ is a complex constant and N is Fresnel number which fﬁlly‘ i

characterizes the resonator at a given»frequenéy. The',itémtiye :
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procedure for solution of Eqn. I.4 is as follows (Hildebrand, 1952):

(1) select an initial arbitrary function Eo. Yor example Eo = constant

can be taken.

(2) Calculate a new function E1(x) from the relation:

E, = K(x,x') B (x")ax’

+1

and calculate T1 by the relation

.lﬁo(x')E1(x')dx'

s f{E1(x') }9 dx"

(3) 1Insert the function E1(x) and the constant v, in the right hand

side of Eqn, I.4 and find a new function E?(x). A new value ¥, is
then calculated, In general after the Ny iteration, the function En

is computed and a value %, is found from the equation

,.jig _ 1(x')En(x')dx' 
T SR e

The procedure is terminated after the functlons E and the serisq Tn

converge 1o a single function E and a constant Y that give the fleld '

distributicn and the propagation constant Qf.the resonater respectiveiy.{

It is interesting to observe that the iteration process is
equivalent to 1aunching a plane wave into the resonator and 1etting it

bounce  back &ﬂd forth hetween the parallel mirrorq. The number of

iterations which iq required far convergence can thus be associated ‘2;fg;gf

_with the number of bounces which oceur until tbe mlcrowave amp]itudef';1 :fil
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(and phase shift) reaches a steady state. In Fig, I.1 the intensity at
the mirrors centre was computed as a function of the number of bounces

for a Fresnel number N = 10. It shows that about 300 runs are required
before a steady state is obtained. All computed results were programed
in FORTRAN using the 7600 C,D.C., Manchester university machine, The

programme itself is shown in the following pages.
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APPENDIX IT

MEASUREMENT CF THE RESCNATOR QUALITY FACTOR

A quick method for measuring the loaded Q-value of a cavity
can be obtained by using the detection scheme described in Fig, II.1.
The klystron reflector voltage is swept with a 50Hz sawtooth waveform
so that the cavity response, observed in transmission, can be displayed

on the input Y2 of a dual beam oscilloscope,

By measuring the frequency separation Af between the half-
power points on the cavity response curve, the Q-value can be calculated

from the relation

II.1

O
L
D‘ Hy
{0

where fo is the centre frequency response which can be measured with

good precision by calibrating a wavemeter from the known maser

trangition at ~ 24GHz.

Deéefmiﬁation of Af is made by displaying a marker pip, whose
position can he adjusted to coincide with a halfbpqwer point on the
second trace (inpuf‘Y1) of the oscilloscope, The marker pip is the
beat signal between the swépt klystron and a harmonic of a tunable
crystal oscillator. The 5MHz éscillator freqﬁency is multiplied 90
times to 450MHz in a frequency multiplier chain (Micro-Now &Qdel 101C),
and then applied to the diode "A" (1N264). The 53rd harmonic at about
24GHz is thén mixed Qith £5e klyéfron signal‘at the mixed "B" (1N26A)»f"
to produce a zéro béai pip on the oscilloscope trace. it is alsc mQre k
convenient to amplify the beat signal by a narfow band radio ﬁeceivériv‘

(Type RA. 117).
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The half power point can be founded by either measuring
the 5MHz oscillator frequency with a digital counter (at least 6-digits
are needed), or by reading the scale of the receiver. To ensure easy

operation the following procedure is recommended:

(1) Connect the crystal holder of the diode "A™ to the output of the
frequency multiplier and switch on XTL., 1In this position, the 0-1 mA
meter reads the crystal current., If 1N26A is used, a current of more
than 0.6 mA is needed. The current can be increased by changing the
effective capacitance of the cable or by tuning the capacitor labelled

C1 ingide the equipment,

(?) The marker pip can be found by tuning both the receiver and the
oscillator. The signal-to-noise ratio of the marker can be improved by
further attenuation of the klystron power and by decreasing the scan

rate,

(3) If Af is measured with the counter, then the pip is first tuned to
the centre of thé cavity response and the corresponding oscillator
frequency is recorded. In the samé way the frequeney of thebhalprower

points is recorded, and the loaded quality factor is given by

CF - F ’
- [e] [0}
Q = . N = A X v ) 1.2
CF, - F, = (F-F,) e

where C is the multipling factor (90 X 55) o If measureménts are made
with the receiver then first the oscilloscope time base scale is~
’ calibrated in frequency units and . the line—width is measured directly

on the oscilloscope.
Thé'abdve'mefhod was‘emp1GYed td méasuré tﬁeiquality'factcr*
of the roof=top resonator deseribed in chapter 3 (see Fige 3,4 ) For f~

example at a rcof»angle of -~ 5 the frequencv counter readings were
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P = 5,013,1MHz
o

F1 = 5,0124 VMHz

F? = 5,0137 MEz

Substitution in Eqn. II.2 yields Q = 4000, The egtimated error in the

measurement is better than 10%.
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APPENDIX 111

a———

KEY TO SYMBOLS USED IN THE DETECTION SCHEME
CIRCUIT DIAGRAMS.

G 3 GAS MASER GENERATOR

SEMICONDUCTOR DIODE

RECTANGULAR WAVEGUIDE

ROTATABLE JOINT

MATCHED TERMINATION
MATCHING UNIT

VARIABLE ATTENUATOR

TUNABLE CAVITY RESONATOR

ISOLATOR
' CIRCULATOR

REFLEX KLYSTRON

whaphikp Pl

. DIRECTIONAL COUPLER
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