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ABSTRACT

The design and operation of an advanced ammecnia beam
maser is described. Special features of the design permit
operation of the device as an oscillator without the benefit of
pumping with liquid nitrogen. Further, one novel feature allows
variation of the beam geometry, while the system is under vacuum,
to suit different conditions of operation. By virtue of these
developments the device has a relatively high efficiency compared
with other ammonia masers when it is operated with liquid nitrogen
pumping.

The investigations described here are part of a wider |
exploration of the analogies that exist between various electric
dipole and magnetic dipole systems. In particular, it has proved
possible to produce two effects for which theory suggests a very
small chance of occurrence in an ammonia maser: the transient fhat
follows switching an (and off) of the oscillation; and the oscil-
lation pulsations (spiki_ng) consequent upon periodic modulation of
the oscillation condition., These are familiar adjuncts of laser
and maser action in many solid-state systems.

A second resonant microwave cavity is employed to monitor
the effects on the beam of coherent transitions occurring in the
first cavity for a range of beeam intensities. The change in

relative populations between. the two levels is followed by operating



the second cavity in the spectroscopic mode, and looking for
absorption or stimulated emission in the beam. A complementary
study of the polarisation imparted to the beam by the first cavity
is made by observing the change in oscillation level within the
seccend cavity as a function of the frequency detuning of the first
resonator, The relationship between the spectroscopic observations
and the polarisation effects is clarified in a general treatment for
the detuning phenomena, Predictions are made for new types of
detuning phenomena, and scame tentative support is offered for

these predictions.

The analysis of the partial saturation behaviour in the
first cavity leads to a proposal for a method of producing a beam
canposed predominantly of relatively slow molecules. The technique
is general in scope and is not restricted to maser media, It
offers possibilities of application in frequency standards and in

high resolution gas spectroscopy.
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PREFACE

The invention of the molecular beam maser constituted
a major advance in microwave spectroscopy, and presaged the growth
of a new field of physical electronics-quantum electronics. The
characteristic feature of the new discipline is that it utilises
quantum properties of matter in the construction of amplifiers and
oscillators, whereas classical electronics is concerned with the
charge properties of matter.

All the active quantum electranics devices, maser ampli-
fiers and oscillators, depend upon the phenomenon of stimulated
emission: the emission of radiation from atoms or molecules induced
by a signal field, and coherent with that field. The concept of
induced emission was introduced in 1917 by Einstein. However, it
was not until 1954 that a device operating on the principle of
stimulated emission was constructed.

For a sﬁbstance in thermal equilibrium the populations
of its energy levels are governed by the Boltzmann distribution,
and of two energy levels the lower has a greater population.
Irradiation of a system in thermal equilibrium with a signal field
of a frequency corresponding to the energy separation of the two
levels yields a net absorption. Amplification of the signal
demands a non-equilibrium distribution of populations, with a

greater number of molecules or atoms in the upper energy level
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than in the lower. Such a system is sometimes described as having
a negative temperature, from a formal interpretation of the
Boltzmann equation, though it should be noted that it is a non-
equilibrium situation and in relaxing towards thermal equilibrium
the system passes through an infinite temperature. Negative temp-
erature implies "hotness" rather than coldness. If the method of
inversion involves the irradiation of the system with a pulse then,
strictly, a temperature should not be assigned to the inverted
system until a time of the order of the transverse relaxation time
(T2) has elapsed. Immediately after the pulse there exist phase
relationships between the "spins" (the off-diagonal elements of -
the density matrix are nan-zero) which require a time of the order
of T2 to approach the condition of internal thermal equilibrium.

A variety of methods have been devised to achieve the
desired non-thermal population imbalance: these are reviewed in
" standard textbo§ks such as those by Singer (1959) and Vuylstéke
(1960) . The method employed in the ammonia maser is perhaps the
simplest in concept, and involves the removal of the molecules
populating the lower of the two levels involved in the microwave
transition.

A proposal for a maser oscillator was presented by
A. H. Nethercot on behalf of C. H, Tovnes at a symposium on sub-

millimetre waves at the University of Illinois in May, 1951.



iii

There followed an outline of a proposed gas beam device in the
Columbia Radiation Laboratory Quarterly Progress Report for
December 31, 1951. Transient stimulated emission from an inverted
system was observed by Purcell and Pound (1951), but involved no
amplification. The principle of obtaining amplification of electro-
magnetic waves by means of non-equilibrium quantum systems is
described in a patent granted in 1951 to Fabrikant, Vudynskii and
Butaeva. In 1953 Weber examined (independently of Townes) the
Possibilities of obtaining amplification and oscillation with non-
Boltzmann populations. Basov and Prokhorov (1954) discussed a
design for a molecular amplifier and oscillator, together with a
theoretical treatment., In the same year Gordon, Zeiger and Townes
published their first results from an ammonia beam maser operating
at 24GHz., reporting a very low noise amplifier ( < 109K), a very
stable oscillator (with a fractional frequency stability of better

than 10710),

and a gas spectrometer with a resolution (~ 7kHz.)
nearly an order of magnitude better than previously achieved. It
was they who coined the acronym MASER (Molecular Amplification by
Stimulated Emission of Radiatiacn).

Since that time the maser principle has been exploited
over a wide range of the frequency spectrum, for electric dipole

and magnetic dipole transitions, and in all states of media,

gaseous, liquid and solid.
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In 1957 Feynman, Vernon, and Hellwarth established a
rigorous analogy between electric and magnetic dipole two- level
non-interacting systems. They provided a geometric representation
of the SchrBdinger equation which invested the equations of motion
of the density matrix with an intuitive interpretation. It is
Possible to view the behaviour bf an electric dipole system under
irradiation as the analogue of the behaviour of a magnetised gyro-
Scope precessing about a static magnetic field while subject to a
time varying magnetic field. The pre-eminent exemplar of this
correspondence is the observation and interpretaticn of the photon
echo, the optical analogue of the spin echo of nuclear magnetic
resonance (Kurnit, Abella, and Hartmann, 196.).

In recent years the Keele maser group, which includes
the author, has been investigating the analogies which exist between
various electric dipole and magnetic dipole systems.

Since, for the purpose of most discussions, the ammonia
beam maser is a good approximation to a two-level system of molecules
interacting with a radiation field, it has served as a model for
a number of theoretical discussions concerning transient behaviour
of quantum electronic amplifiers and oscillators. However,
experimental confirmation of some of the theoretical predictions
has so far depended upon other maser systems, Interest in trans-A

ients springs also from the consideration that their analysis



permits measurement of relaxation times for population changes (T 1)
and for dephasing effects (T2) .

This dissertation is principally concerned with two
transients - the oscillation transient and the related phenomenon
of induced spiking. The former has been observed in laser systems
and in the hydrogen beam maser. The latter is closely related to
the spiking behaviour observed in a number of solid state lasers
and masers,

The transient behaviour reflects the partial saturation
behaviour of the maser: molecules are induced to make several co-
herent transitions between the two levels during their time of
flight through the resonator. This behaviour is further examined
by analysing with a second microwave cavity the state of the beam
emerging from the first. The beam is examined for its relative
pPopulations, and for the polarization it receives in the first
resonator.,

Analysis of microwave electric dipole maser behaviour in
terms of a nuclear mo.gnetic resonance analogue has a dual appeal.,
Firstly, the behaviour of a perturbed magnetized gyroscope is more
readily visualised than the motion of vectors in an abstract space
that describes the time development of an electric dipole system.
The behaviour of nuclear magnetic rescnance systems has been studied

very thoroughly, and much of the thecretical treatment is readily



vi

translated into a form suitable for discussion of the electric
dipole case. Secondly, nuclear magnetic rescnance systems have
Many desirable experimental features that are denied to the micro-
Wave maser systems. One instance may serve to illustrate this
aspect. Acting on a suggestion by D. C. Laine that liquid flow
D.nm,r, masers should provide an analogue for the two-cavity ammonia
beam maser the present writer examined the possibility of adapting
such a maser. A maser devised by Benoit (1958, 1959) proved ideal
for the purpose and W. H. U. Krause constructed a liquid nuclear
Maser at Keele, and converted it to the two-cavity analogue by
adding a second coil downstream from the first emission coil.
Krause (1969) has proceeded to demcnstrate in a series of elegant
‘experiments the analogues of much of the behaviour of a microwave
two-cavity maser, and extended the theoretical treatment developed
by the French school to include the two-coil case. The n.m.r.
liquid maser possesses many virtues: it does not require a vacuum
'Bystem, there are no problems of beam divqrgence, the velocity
distribution is comparatively simple under conditions of laminar
flow, the frequency of a few kilcHertz is convenient for processing
of the signals with conventional circuitry, and the Q of the
"cavities" is readily varied by means of Q multipliers. One
di.sadvantage: is its enhanced sensitivity to inhomogeneities in

the magnetic field, compared with the ammonia maser.
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The thesis has been organized into four chapters. Since
the concepts of induced and spontaneous emission are crucial to an
understanding of maser action, theoretical treatment of these
t°PiC$ is reviewed in Chapter I in preparation for the discussions
that follow in the other chapters. The relationship between the
concepts of coherence employed in optical studies and in microwave
work is often not clear. It might secem reascnable to argue that
for microwave fields temporal coherence is assured because the
microwave sources produce a continuous train of waves of high
monochromaticity, and that spatial coherence exists because
apparatus dimensions are usually about the same order of magnitude
as the wavelength., However, the discussions here are concerned
with the interaction of molecular systems with the field, and not
comter detection of photon correlations. Molecular systems sub-
Jected to irradiation with coherent pulses may be correlated so
that they subsequently emit radiation of varying degrees of
coherence. Spatial distribution of the molecules is an important
factor in the nature of the radiation emitted by the molecules:
for instance, the shape of the gas cell affects the distribution
of radiation emitted frﬁm an assembly of molecules in a super-
radiant state.

In Chapter II the special features of design of the

maser which render the transient effects accessible are described.
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Chapter III is devoted to a review of theoretical
investigations of one- and two-cavity maser behaviour, giving
particular attention to the analogy that exists between electric
dipole and magnetic dipole systems.

Chapter IV details the experimental investigations of
the transient effects, and the conclusions which emerge from
their analysis. Suggestions are made for methods of extending the
Capabilities of the maser for further study of these transients,
and of others, and for the investigation of maser components, such

as new forms of focuser.
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CHAPTER I

COHERENCE

The advent of lasers provided theoreticians with a
Considerable incentive to extend the study of the coherence
Properties of an electromagnetic radiation field. The salient
advance made in the quantum mechanical treatment of photon distrib-
utions is the systematic use of a particular set of nonstationary
states for the harmonic oscillator representing a mode of the field.
These are the eigenstates I {_d»k } > of the photon annihilation

Operators dx . These "coherent states" obey the relations

Ak l{¢n}>= ot [ {ee}>

for all k , where the {O(k } are an arbitrary set of complex numbers.,

They can be constructed from number eigenstates

(> =% Inplale)
exp (-7 /K/z).%,o_&f ln>

whence I °<->
n=o (n1)%

i

They can also be generated by the action of a unitary displacement
Operator on the ground state
l 2
EY :exp[ocaf—:v_"oxl ]|°>.
These states form a subset of the set that minimise the

uncertainty product. In the Schr8dinger picture they evolve in time



according to Lt

"’4(1:)>E o—éﬁt/'&> = exp [NaT@ vra 'zL/“/ 2]/K>.
This describes a displaced ground state wavefunction which vibrates
back and forth with frequency w without any change of shape or
spreading (Henley and Thirring, Carruthers and Nieto).

The utility §f the coherent states for the investigation

of photon correlations may be ascribed to two main features:
(a) the states are eigenstates of the complex field operator, and
Permit the reduction of the operator to a c-number, thus facilitating
the construction of suggestive analogies between the classical and
quantum-mechanical behaviour of fields (the degree of equivalence
between the two is a matter of lively controversy- see the paper by
Glauber) ;
(b) the coherent states form an overcomplete set, and thus the
density operator P can be expanded in terms of these states as a
basis, The coherence properties of the quantized field are described
by means of a hierarchy of correlation functions for the complex

field operators,

q‘”’(x,... Xn Xnti Xpn) = tr{PE (—%Xﬂ -°E(—())<n) E ngn*')"Ec?xm)}:

- +)
where E( )(X) and E( (X) are the negative- and positive-
frequency parts of the electric field operator, and )9‘ stands for

- both the arguments !:j and tj . A field is said to possess



m th-order coherence if the correlation functions of order up to and
including m factorize according to the scheme

G(n)(xl...xm\ = ﬁ 5*(>g) E (Xj—rn),

J=l
where 6(X) is a complex function of X , independent of n. Other
Pure states can fulfil the full coherence conditions, but the coherent
states satisfy certain stringent restrictions on factorization.
Klauder and Sudarshan give a detailed pedagogical treatment of these
formulations of coherence properties.

Fortunately, this dissertation is concerned with oﬁserv—
ations and interpretations of coherence effects occurring at micro-
Wave frequencies, for which less esoteric and more intuitively
8ccessible concepts of coherence will serve very well. Here one is
Concerned with the effect of microwave fields on an assembly of
two-level systems. The coherent excitation puts the "spins" into
& coherent superposition of states

| ¥> =a) 2>+ b(t) -3,
Where Q—(t) and b(t) are found by solving the Schr¥dinger time-
dependent equation. These are periodic functions of time which are
locked in phase to the r.f. field. Where before the dipole oscillators
had random phase, the r.f. field has ordered the phases to give an

©Scillating macroscopic polarization, which further reacts on the
fielaq,



In terms of the density matrix formalism; initially the
a's and b's of different atoms have random phase, the density
Matrix of the system is diagonal, and the properties cne can
observe of the system are those of atoms in pure states. On the
application of the r.f. field coherence properties appear, and the
non-diagonal elements of the density matrix, ab* and ba* are no
longer zero. When the external locking agent is removed the coherence
decays with the characteristic relaxation time T2'

For these purposes, then, one can define a coherent
Oscillation as a sinusoidal oscillation with a well-defined phase.
By coherent radiation from a molecule, one means radiation for
which the field oscillates coherently, with the phase determined
by the state of the molecule or by the coherent field to which the
- molecule is coupled, If the state of the molecule and / or coupled
field do not determine the phase of the radiation, then the phase
is a random variable and the radiation is incoherent. Only coherent
radiation will contribute to an average of the radiation field over
Many similar systems, but the incoherent radiation will appear in
the average of the square of the field. Thus the dispersion in
fielq (<Ez> "<E > - ) is a measure of the incoherence.

These latter ﬁonsiderations appear to have little in.
commen with the concept of coherence discussed in the early para-

graphs in the context of photon correlations. The coherent states



can serve to mediate between the two viewpoints. It can be shown,
using Dirac's radiation theory, in which the molecule and the field
are quantized, that the spontaneous emission by the molecule, if it
18 initially in the excited state (b = 1, a = 0), is completely
incoherent, The inccherence is due to the uncertainty in the
Positions of the charged particles in the molecule when the molecule
is in a Stationary state. Consider a dipolar harmonic oscillator
in the energy eigenstate lr1>> , with energy Ej . The field
emitted in the spontaneous decay to the state Ir7-l:> is
completely incoherent. In the state In> , the dipole moment of
the oscillator is equally likely + AL , and hence the field at any
ohe point in space equally likely + E. In consequence the expect-
ation value of the field operator vanishes at any given time.
H°W°Ver, if the oscillator is in a coherent state , O(:>’ such that
its energy is the seme as in state ,n> ’ <O(IHIK> = En ’
the rate of emission by the oscillator is the same as when in the
state ,r1;> , but the field is completely coherent,

The ammonia maser poses a number of interesting theoretical
Problems concerning coherence, It reduces essentially to a study
Of the behaviour of a coherently oscillating radiation field which
18 in resonance (or near resonance) with a group of similar molecular
Systems which are coupled with cne another solely via the field, by

Means of their electric dipole moments. In particular one wishes



to examine induced emissicn, incoherent and coherent spontaneous
emission, and correlation effects between molecules. The discussion
Which follows is based mainly on the treatment of these aspects of
microwave spectroscopy given by Dicke (1954) and Senitzky (I-1958,
1I-1959).

Senitzky's approach is based on a perturbation treatment
to various orders of dynamical variables, in which both molecules
and field are treated quantum-mechanically. In I the cavity is
assumed lossless, but in II losses are included to permit a calcul-
ation of amplitudes and time dependence of induced and spontaneous
emissions. For the lossless case only an initial field need be
8ssumed, but for the lossy case the initial field would be damped,
and so a driving field must be provided., The assumed driving field
mechanism is a classical dipole in resonance with the cavity and
two-level molecules.

The field is described by

E-’-“‘Prrcf, H =VAA,

A-QWulr) P -Plul),

vhere P and Q are the quantum-mechanical field variables, obeying
the commutation rule [Q,P_]=L¢{. The initial state of the field,
which describes a coherently oscillating field, is chosen to be

the pure state,



~ T -

4c*\k 4c* (1L P*_ E. P)J .
BP0- (F5) o [ 42 (£ - £ P
The initial state of the molecules is described by

"n-[a (m D (m) +a,(m) ¢ m) ] |

where ¢ ( m) a.nd ¢ ( m) are the two energy states of the m th free

molecule, and
2 ya
+ —
/a,(m)/ /az(m)/
The electric dipole moment of the m th molecule is specified by _()_’ m
which, since the molecule has no permanent dipole moment, has only

off-diagonal elements. The Hamiltonian for the combined system is

H =21 P+ 2 L“"Elj }{M"éé)m.é(fm).

87T7‘

The Heisenberg equations of motion for the field variables are
“(37) &
4 TTc
Q 41ez P+ 47Tc éym. u (rm) o

In integral form these equatn.ons become

Q( (t) = Q) ) +4mmc 2/ dt, 3l )o w (1) cos (t *'(7)

(o)

P(t) = P®k) - 2 ci't Im (tf)'u(m) sin o (t- t)
vhere P) (o) °

ere (‘t) and Q_ ('{;) represent the field in the absence of
interaction with the molecules.

The dynamical variables are expanded in powers of the
Ptt)= POUE)+

Coupling constant (contained in _bf ). Thus, setting (t) i (t)

() 2 .
P (t)"' P( )(t)‘f “* and similarly for Q (t) ena ¥ (t) ,
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Qm t) 4‘rc éj dt, Xm ( ) w (r'm) casw(’fﬂfﬁ)?
P( t) =2 2] dt, Xmm N £)e w () sinw (AL

) P
The expectation values for Q(l ( t) and P & (t) are

<P(')(t3>’*’*(w/c) Z | &, (mya,m)l Yot sin (wt+Om),
<Q(l>(t)>~ 4 11e 2 | oy (m) @, cm) Xu.t cas(wt+9m)

Where XM = Xmlz_—- gm are the matrix elements of XW\- (O>
( X M is the component of X__n} along W (f)), and Om is the
difference in phase between Qa, (m) and @, (M) . Here, in first
order, is spontaneous emission, with each molecule acting (on the |
average) as a classical oscillator of well-defined phase, "
and amplitude which is proportional to I 8 ,(W\) a‘:z_( m) 1 . This
émplitude is a maximum when ’ a, (m)’ = la.z_ (Wl)l=2‘1L; in
Other words, when the molecule is in the superposition state with
€qual amounts of each of the two energy states. Also, the amplitude
Vanishes when the molecule is completely in either one of the energy

states,

Proceeding to higher orders, the expectation values are

¥ m(t)> v Fouh”™ ?‘t[ az_(m)[z" a,(mfﬂcoswt
(Pw(t» o 8%; _%_(i).sm wt 2Ua, my = fou(m) J



where Eo(t)s ZTTC()Z (,(,2' A/Z,bz.

This is induced radiation, which is in phase (emission) or 180° out
of phase (absorption) with respect to the inducing field, depending
upon whether the molecule is mostly in the upper energy state or the

lower energy state.

The entire expression (up to the second order) for the

€xpectation value of the electric field is

<E> s EoU/ s wt

+: E w f,o l:'cL (m) I - Ia (m) ]sm,wt
Z’Fw)

4 watt § é |, cm) a, om)l sin (wl+Om).

The expectation value for the energy of the field is,

-<3’€Fie£d.>== ZTTc7~<P2> + ( - ) <Q2>

g e ?

=-____ +£_ 50(“6 é[la,(m) a,(m)lj
+Eo wat é Ia,(m) aL(m)]cosem
+Eo<t) é laz (rn)"2

+ & (t)m%e /,a, (m) a,,(m)”a,(m%z(""')/

X cos (B, — Bm1) +4% w.

The first term is the energy of the initial field. The second



- A0 =

term is induced radiation (emission or absorption). The third term
is the interaction between the initial oscillation of the molecule
and the field which exists in the cavity. The fourth and fifth
terms are spontaneous emission, and the last term is the zero-point
€nergy of the field (which is independent of the molecules).

In order to determine the coherent and incoherent
contributions to the field energy it is necessary to examine the
dispersion, ( <E.2> - <E >Z ) , as discussed earlier.

The first term in the expression for the energy corres-
Ponds to the square of the first term in <E> (Sinzwt is
Combined with cos* wt  contributed by the magnetic part of the
energy). This is the coherent energy of the initial field. The
8¢cond and third terms in (H f‘ielcl> correspond with the cross-
Products in the square of < E> , and therefore represent coherent
energy, There remains for consideration the square of the last term
in <E> s for which the corresponding term in the energy would be

80(13) 2 a,(m)a, (m) /l a,(m) a, (m') [ cos (Qm”em,)
m,m/

-go(t){é la(m)a(m)”&(m)QCM)/cos (Bm - Qm)
+ 2[la,_cm)lz ~| az (m)/ﬂ}

Part of this appears as the fourth term and the entire fifth term

of <H field) , and is the coherent spontaneous emission energy.

The remsinder is G (t) n% | a, (m) | o



and represents the incoherent spontaneous emission energy.

It should be noted that the first order part of (E> ’
and the coherent part of the spontaneous emission energy, are the
field and energy of a claséical radiation field coupled to a
Classical oscillating dipole moment, <' B)(TZX> .

A distinction should be made between the use here of the
term "coherence" in the context of Senitzky's treatment, and the
Connotation the word may normally carry. Consider the situation
Where there is a random distribution of initial states. Then the
"coherent" radiation of each molecule has random phase, and is
More properly described as "incoherent", in keeping with the
classical notion of incoherence resulting from an assembly of
Oscillators with random initial phase.

Consider next a number of situations which are of
Particular relevance to this thesis., For simplicity assume that
the amplitudes of oscillation of all the radiators are equal;
that ig Ia,, (m)a, (m)/= la,(m’) az(m’)’ . Let M molecules
have one phase and the remainder have opposite phase. The coherenﬁz
8pontaneous emission energy is then proportional to [.AA’—GQ"AA).
1ir M - % then the coherent spontaneous emission vanishes.
HOWever, there still remains the incoherent spontaneous radiation
which ig completely independent of the phase of the molecules.

The energy of this emission is a function of the total number of



molecules. For the case of PV4==fV , when all the molecules are in
Phase, the energy of the coherent emission is proportiocnal to Pd Z,
end vhen | a,(m) %(m)l:%‘ , it is a maximum,

Coherent spontaneous emission (otherwise known as
"molecular ringing") is observed to follow the application of a
short microwave pulse to an assembly of molecules. The driving
field orders the state phases of the molecules to produce an induced
oscillating dipole with a well-defined phase dependent upon the
amplitude and duration of the primary field. When this field is
cut off the induced emission does not cease instantaneously, for
the dipole moment now gives rise to "spontaneous coherent emissicn".
The molecules are now driven by their own radiﬁtion. The amplitude
of the ringing field is proporticnal to the rate of change of the
State populations, which in turn is dependent upon the ringing
field, Bloom (1956) has made a time-dependent perturbation calcul-
ation employing this self-consistency condition, and has shown
that the ringing power varies as a sech2 function. Furthermore,
depending upon the strength and duration of the driving pulse the
Tinging may exhibit a delayed maximum, This occurs when the ringing
field has driven the populations to an instantaneous equality.
(This phencmenon is discussed further in a later chapter.)

It will be perceived that the only distinction between

induced emission and coherent spontaneous emission lies in the
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Manner in which the driving mechanism, the induced oscillating
dipole moment, is produced, A treatment including higher orders
in the perturbation expansion reveals that the energy radiated in
induced emission is proportional to PJZ, as in the molecular ring-
ing,

The treatment reviewed so far has employed molecular
States which are products of one-molecule states, and are therefore
Wncorrelated, In principle, measurements of the state of each
molecule are independent of one another. Correlated states, which
&re linear combinations of products of cne-molecule states, must
be employed if the underlying symmetries of the field-molecule
System are to be exploited to the full.

Dicke (1954) has investigated co-operative phencmena
arising as a result of transitions between energy levels corresponding
to correlations between molecules. His treatment of the collection
of molecules as a single quantum-mechanical system reveals that
there are "super-radiant" and "subradiant" states for which the
Tadiation rates are, respectively, higher and lower than the
incoherent emission rate.

The formalism employs operators R1, R2, and R3’ which
8re analogues of the Pauli spin operators. They operate on the j th

Molecule according to the rules:
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They appear in combination as
=Z Ry, k-12,3

and

RZ:"R'ZI + Rz + R%.,

Consider initially that the molecular gas is enclosed in
& Tresonant cavity the dimensions of which are much smaller than the
Wavelength, Assume that the gas molecules have only two non-
degenerate levels E+ and E- (E+ > E-). The radiation is calculated
in the dipole approximation. It is further assumed that the wave-
functions of the molecules do not overlap, so that the Pauli condit-
ions on symmetrization of the wavefunctions caﬁ be relaxed. The
Hamiltonian of the system of molecules, neglecting the radiation

fielq, may then be written as

)’{ ZRO’PEJ% KJS '—"%o*EEs’,
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Where E-‘-" 'ka ='E+_E_ . }/o operates on the

°°°rdinat§s of the centre of mass of the molecules and represents

the energy of translational motion of the molecules and the energy

of intermolecular interaction, E Q i3 is the internal energy
Of the jth molecule and has the eigenvalues + % E .

}/g and all the /3 commute with each other.
9°n8equent1y it is possible to choose eigenfunctions of the energy
CPerator which will simultaneously be eigenfunctions of a){; j F/ 3 ,6}
These éigenfunctions have the form

Yo = U (5.0, ot o tm et =]

Here L, ... r, are coordinates of the centres of mass of the n
Wolecules , and the + and - symbols represent the internal energies
°f the various molecules. If the numbers of + and - symbols are
designated by n+ and n- respecfively, then m is defined as

m = %(n+ - n-)

n = n+ + n=- = number of gas molecules.
The total enefgy of the gas is

Egm = Eg + Em,
Where Eg is the energy of translational motion and interaction of

the molecules, Egm is degenerate of multiplicity

|

n- = n ,
n,l nl (% n+m ) (in-m)|
In the Hamiltonian )fz operates on the coordinates of
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the centres of m#ss so that
Hollg=Eqlg

and RJ 3 acts on the + and - symbols in the jth place in
' ["'*'- ....+-_]. Further note that ’2,3%)% =m%m .

The operator representing the energy of interaction of
the jth molecule with the radiation field is

—A(;"‘J).é Lk ..Pk, )
' k M.C

where A (_'Q}) is the vector potential of the radiation field at the
centre of mass of the jth molecule; @y ,my and__P k. are respectively
the Charge, mass and momentum of the kth particle in the molecule.
In the approximation detailed earlier the dspendence of A on the

Coordinates may be neglected, and the interaction term becomes

-A0).% e Pe.
k myc
Since the internal energy of the molecule may assume

only two values, + 3E, the interaction operator may be represented
as a Hermitian matrix of second order with vanishing diagonal
elements, and written in the form . |

| —A(O).(_@,Ry T oe, RJL)- ;
The vectors e, end g, are constants depending on the type of

Molecules, The total interaction energy becomes

'Hl 0 ~A(0) '“(E’l R, +.(:’2'{27-) :
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The operators 'ﬁ R’I 3 K El and '#L 23 obey the

Same commutation relations as the three compenents of angular
Momentum, In consequence, the operator of the interaction energy
Obeys the selection rule Am =% , , and has non-vanishing
matrix elements only between the given states and other states
which differ in m by 1. In order to simplify the calculation of
the Probability of spontaneous transitions stationary states are
introduced; chosen so that the interaction energy operator has non-
Vanishing matrix elements only for transitions between the given
State and two other states with higher and lower energies. These
stationary states are devised as follows: the operators }{ andhklz
Commute, Therefore it is possible to choose eigenstates of ﬁll as
Btationary states. These states will be linear combinations of the
States Zﬁﬁarn.. Elz'has the eigenvalues r(r + 1), where r is an
integral or half-integral number satisfying
Iml < »< 4 n

The quantum number r is termed the co-operation number of the gas.

In terms of the spin analogue, R is the total spin of
the System, r is a constant spin s, and m the projection of the
8Pin on the z axis.

The new eigenstates, designated ‘Eg%rnv”, satisfy

H ngr = _(Eﬁ +mE ) w_gmi“o
R,Z%M’Y"—‘;r(f* /) 2/5“’”’”'
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The introduction of R2 does not remove the degeneracy completely.
Dicke, in Fig.1. of his paper, gives a classification which, as
Gamba (1958) explains, reflects a permutation symmetry.
.Fl'mctions with the same r have the same properties with respect to
Permutations: the functions with the highest r are completely
Symmetric, those with the lowest r are as antisymmetric as possible
for functions of this type.

The matrix elements of the interaction energy operator
are
(g, r,_m’ -éd R, +9_2sz g, r,m+ 1)

= -;—(91 + ie,) [ (r+m)(r+m+ 1)_] %.

Transitional probabilities are proportional to the square of the
Matrix elements. Thus, the spontaneous radiation probabilities are

I =I (r+mr-m+1)
Where Io is the radiation rate of a gas camposed of one molecule in
its excited state (r = m = %). For all n molecules excited |

@ =1

Coherent radiation is emitted when r is large but I m' small. For

instance, for even n let r = n,m = 0, thenI = 4n (in + 1)10.

This is the largest rate at which a gas with an even number of

Wolecules can radiate spontaneously, and for large n is proportional
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to the square of the number of molecules.

The general expression for the radiation rate of a
Superposition state is

I = I (R, + iR,) (R, - iR2)) .

In all radiative transitions of the system the co-
Oreration number r does not change since the operator R2 is a

constant of the motion,

dR* - [d+H ,R*] -0.
dt N

States with low cooperation number are highly correlated

to have abnormally low radiation rates. Indeed, a gas in the state
T = m=0 does not radiate at all. Dicke remarks that this

state (which is realised only for even n) is analogous to the
Classical system of an evex; number of oscillators swinging in

Pairs oppositely phased.

Dicke calls the states with m~ 0 "super-radiant"
becauge they radiate spontaneously at an abnormally high rate.
These states may be prepared in a number of ways. If, for instance
all the molecules be excited, the gas is in the state with
T = m = 4n, As the system radiates m decreases towards the
Super-radiant region m ~ 0.

Alternatively, the gas in its ground state

T = -m = 1n can be irradiated with a pulse to 1lift it into a
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superposition state with m ~» O (what is normally termed a 90° pulse).
Normally, of course, the experiment is conducted with the gas in
thermal equilibrium; for which, Dicke shows, the system may be con-
sidered to be in the state r = m ~ - _nE, Spectroscopic equip-
ment based on pulse excitation was develﬁizd by Dicke and Romer (1955).

Although the intensity of spontaneous radiation depends
upon the state of the gas (r, m,), the stimulated emission rate is
normal and is always proportional to the number of active molecules.‘
The external field induces transitions with a reduction in m
(m— m - 1), and transitions with an increase inm (m— m + 1).
The intensity of net emission or absorption is then proportional to

Im—m-=-1) -I(m—m+ 1)

(r+m)r-m+1) =(r+m+1)(r=m = 2m,

In order to derive parameters describing the radiation
line breadth and shape Dicke utilises a classical model consisting
of a spinning top carrying an electric dipole moment, which precesses
about the z axis as a result of an interaction with a static
electric field in that direction. This is a valid model when
large quantum numbers are involved.

The principal result to emerge from this analysis is
that the commonly held notion that the natural linewidth for micro-
wave transitions may be neglected can be in error when coherence

effects are involved.,
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If ﬁ is the polar angle (between the spin axis and

the z axis) then

m=rcos@.

As the system radiates Q' increases, and the radiation intensity
Varies with Q as
I = I (r+n)(r-m+1),
w R (r2 - 2), if r - |ml 1,
1, r? sin? ﬁ .
The internal energy of the gas is

mE:rEcosﬁ .

E‘luating the rate of energy loss to the radiation rate gives

RN

Which, since the length of r is constant, yields
b I r sin .
B -5 92
1t /® = 90° for t = O,
: Irt
sin ¢ sech( ; ) -
The field has the form it
A(’t) .SL'VLQ, ‘L’>O,'ﬁa) =£E
o T <0

As ¢ increases from belowg the amplitude increases to a maximum
at g =5 "2— and then decreases. The Fourier transformation gives

& lineshape which is not Lorentzian. The linewidth Aw at half-

intensity points is of the order of YVX » Where X is the line-
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width for the incoherent spontaneous radiation from isolated single
molecules. The maximum value for r of g gives a linewidth of the
order of YW which is usually very much greater than é) , and
thus may be far from negligible in scme applications. For instance,
Gamba remarks that the increased spontaneous decay probability for
Super-radiant systems should be taken into account when calculating
Noise figures for gas masers.

Recently, Eberly and Rehler (1969) have extended Dicke's
treatment to embrace the optical region, where the assumption that
the system of a large number of atoms is confined to a region small
Compared with the wavelength is untenable. They find that the
enhancement factor of the radiation rate over the ordinary incoherent
emission rate that super-radiance confers on the large system is
Smaller than that found for the small system, but still proportional
to the total number of emitting atoms.

The spontaneous radiation rate in the direction X is
given vy

I®) = I ® (R, R§_>
Where Io(l() is the radiation rate of a single excited atom. Here,
N
R.Ki' = é Rij exp(i A L(_x"j)
J=1
It is assumed that all the atoms are in their ground states prior

to excitation by a short plane wave pulse which turns the pseudo-
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atomic dipole moments through an angle 63 (using the analogy with

nuclear magnetic resonance established by Feynman et al (1957)).

The intensity of the spontaneously emitted radiation is given by
I(K.): LJL@H’ND ‘cos@*‘:':Nsmze{F(K, L_(,)—JN_}J

The function ]—1(k;; k;,) takes into account the different times

of excitation of the different atoms, and is strongly dependent on

the geometry of the system. Explicitly it is

F(K,K,): [{epli (K-K)), 13 12

where the average is taken over all the pos'.itionsg'_’j of the atoms

in the system, and X, is the wavevector of the excitation pulse.

1
By equating the rate of energy loss by the atomic system

to the rate of emission integrated over all directions a non-linear
differential equation is obtained:

.

W= w (WetNW-2N-pu7),

o - |

where W is the energy of the system of atoms in wnits Of'iﬂds ZZD
1s the lifetime of a single atom, and

7%;%[%(@TYKKJdnK~iH

N

The solution is
W-—N[( )mi(t (7% O N},
AL

from which the radiation rate is’



w G -

I(t) = ~hoW = 4w (/(AN *l)zsechz_/_(t'to).
Pt ©
t:'is the radiation pulse width and depends upon the shape of the

system and N,
C = ZCO
(uN+1)
To is defined so that W(0) = 2N, and is given by
|
[T, (uN+1) "] byuN. .
Again, the radiation rate is proportional to N~ for
1&rge N, but the factor M exerts a strong influence. It approaches
a limit, M —> | — T{T , as the volume of the radiating system
is decreased.
Dicke terms radiation coherent if the radiation rate is

Proportional to N2

, and makes no distinction, as Senitzky does,
between radiation of well-defined phase and that of random phase.

It is worthwhile examining Senitzky's treatment of
Correlation effects, for it serves to delineate the concepts of
Coherence and correlation: terms which are employed loosely in the
literature.

Consider a system of two molecules. The two possible

Correlated states are

W “2E[G(NB Q@+ 3 0) 3@,
W _H 4 ()32 -3 (N A@)].
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These are symmetric and antisymmetric respectively, but this has
no significance in terms of the Pauli principle, since there is
assumed to be negligible overlap of spatial wavefunctions.
An uncorrelated state is

V. . 40 B(2.

All three are eigenstates of the energy with the same

eigenvalue, However, the expectation values for the field energies

<H&cua>s _2 Eo(t), O’{;;ew)o, . O, <H3cggcd>w = go(t)-

Now, the expectation value for the field strength vanishes in all
three cases, indicating that any radiation from these molecules
must be incoherent spontaneous emission. It would appear then
that, although the phase of oscillation camnot be predicted for a
correlated energy state, the phase relationship between the molecules
is fixed: the incoherent oscillations are equal and in phase for
the symmetric state, but equal and out of phase for the anti-
Symmetric state.

Consider next a system of N molecules with N/2 molecules
in the upper state and N/2 in the lower state. For a symmetric
Correlated state the energy is

(#NZ + 2 N)E(t).

For an ucorrelated state the spontaneous emission energy is

3 NE, (b
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Thus, for the correlated state the incoherent energy is proportional
to N2, while for the uncorrelated state it is proportional to N.
Again, although the radiation does not have a well-defined phase
(and is hence termed incoherent), it does have the same phase for
all molecules in the correlated state, and random phase relation-
8hips between molecules in the uncorrelated state.

Contrast this with the spontaneous emission energy from

N molecules oscillating coherently. These are in the uncorrelated

state, N
% = ;”; [a,(m) ¢,(m) t a, (m) @1 (m)] ,
with la|(M),= laz_(m)f = '2—%-
_All the molecules are oscillating with the same well-defined phase
and maximum amplitude. The total spontaneous emission energy is
2%' (Pﬁiz + PJ) E;9(1:) 3

With the N% term coherent, and the N term incoherent.

It is seen that both incoherent and coherent radiation
May have an N2 dependence: the incoherent case arising from correlation
While the coherent radiation corresponds to the classical case of
an assembly of oscillators all having the same phase. (Quantum
. M™chanical correlation should be distinguished from a classical type
Of correlation which might be said to exist between the phases of
Such an assembly of oscillators).

Senitzky asserts that, as a corollary of the uncertainty
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Principle, coherence and correlation are mutually exclusive and
Obey a conjugate variable relationship. More correlation implies
less coherence and vice versa.

It is interesting to note that Yariv, in his textbook
"Quantum Electronics” (1967), employs the term "super-radiance" in
& sense quite different from that intended by Dicke., Yariv
describes a phenomenon which he calls "super-radiant narrowing".
This occurs when a laser diode is operated at high current levels,
but is kept below oscillation threshold by removing the optical
feedback, Under these conditions the spontaneous recombination
radiation is incoherently amplified as it passes through the medium.
The line narrowing results because frequencies near the lineshape
Maximun are amplified more strongly than those further away.

One final point can be made. The photon correlations
discussed in the preceding pages are but one aspect of a quantum
Mechanical effect; boson condensation. The probability that a
boson will enter a particular state is enhanced by a factor (n + 1)
if there are already n identical bosons in that state. The co-
OPerative effects exhibited by superfluid He* are another manifest-

ation of the phenomenon.
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CHAPTER IT

THE AMMONIA BEAM MASER

2:1_Introduction
A simple ammonia beam maser features four camponents: a
Nozzle, a focuser, and a microwave cavity, within a vacuum chamber

> torr to

Continuously pumped to below a pressure of about 10~

Permit a long mean free path., Gas effuses from the nozzle, and

Part of this effu$ion is captured by the state focuser which

focuses upper energy molecules into a beam, and deflects lower

State molecules out of the beam. The beam consisting predominantly

of upper state molecules passes then into a high-Q microwave cavity.

Therein a signal within the linewidth can induce the molecules to

emit coherently with the signal, thus providing amplification if

the Tesonator wall losses are small. With an increase in the beam

intensity the power emitted by the molecules becomes greater than

that dissipated in the walls and lost through the coupling hole,

the Process becomes self-supporting and auto-oscillation is observed.
After a brief review of the properties of the ammonia

In°1°°ule, consideration is given to the design features of the

Colponents of the maser which confer particular efficiency. The

detecticn scheme which is used for the observation of transient

effectg is also described.
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2.2 The ammonia molecule

The ammonia molecule is a non-rigid, oblate symmetric top
With the three hydrogen atoms at the apices of the base equilateral
triangle and the nitrogen at the apex of the tetrahedron. Various
Oscillatory and rotational motions are possible. In particular,
there are oscillations of the nitrogen atom at right angles to the
Plane of the hydrogen atoms. The potential energy of the molecule
88 a function of the distance between the nitrogen and the plane
Of the hydrogen atoms exhibits thé form of a symmetrical curve with
8 maximum at the origin, separating two minima displaced from the
base plane, If the tunnel effect is neglected, then each of the
lower Oscillation levels is doubly degenerate since there are two
®quivalent positions for the nitrogen on one side or the other of
the Potential barrier. The quantum mechanical tunnel effect 1lifts
the aeSeneracy, and the vibrational spectrum consists of a series
of dbublets. The higher level of each doublet represents an anti-
Symmetrjc state of the system relative to inversion of the vibration
foordinate in the centre of mass of the system: the lower level
TePresents g symmetric state. Since the splitting corresponds
°1assica11y with the motion in which the nitrogen atom oscillates
back ang forth through the plane of the hydrogen atoms, or in which
the Molecule inverts periodically, it is termed "inversion" splitting.

Zhe 8nalogue of the inversion doublet is the two minima problem of
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™o weally coupled pendula, where the two swinging together corres-
Pands to the symmetric state, and the two swinging in opposite
‘ d-‘h‘eC‘t‘.:’Lon_s corresponds to the antisymnietric state.

The level separation in the NH, molecule depends on the

3
Totation of the molecule , which is characterized by three quantum
Nunbers: the total angular momentum, J; the projection of the total
Mhgular momentun on a space axis, M;; and the projection of J on
; the Symmetry axis, K. Rotaticnal states with J = K have the
8reatest statistical weight and therefore the inversion spectrum
lines Corresponding to these are the most intense. The one most
f:’equently used in molecular beam masers is the J = 3, K= 3 of
N 1‘33, which has a frequency of 23,870 MHz. The 3,3 line has a
Complicateq hyperfine structure as a result of various intra-
Woleculay interactions. The electric quadrupole interaction of
the N14 hucleus with the molecular field produces splittings of
Several megallertz, The spin-spin interaction of the nitrogen and
h‘ydmgen nuclei and the interaction of the spins with the magnetic
Hela °fv the rotating molecule result in splittings up to 100 kiz.
Five quantum numbers are required to characterize the
‘nergy 13Vels of the molecules when account is taken of the hyper=

b i
ine interactiongs they are, I, Iy, J, F,, and F, where I is the

1 ’
5
Pin vector of the nitrogen nucleus, I is the vector of the total

8pin
" ©f the hydrogen nuclei, and B, = Lo+ J, F = o+ Iy
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The component used in a maser is the most intense component of the

nversion transition J = 3, K 3, which is diagonal in the

QUantum numbers F1 and F (AF1 = 0, AF 0).

The constents of the quadrupole and magnetic couplings
in ammonig are different for the upper and lower inversion levels

(Gordon 1955). As a result the line J = 3, K = 3,

AF1=AF=

0 is split into twelve components corresponding
to the twelve possible values of the quantum numbers F, and F for

the 3,3 line., For usual linewidths these components are not resolved.

The peak bosition of the line, however, depends on the ratios of

the intensities of the individual components and on their frequencies.

For o gas in thermal equilibrium the intensities of the camponents

are determined by the thermal distribution of the molecules among

the levels,

In the beam emerging from a state focuser the ratios of
the intensities of the caomponents are changed, and the peak of the
SPectral line is shifted relative to that of the line in the gas
at €quilibrium, The shift is a function of the voltage on the
focuger since the ratios of the intensities of the components
depends op the electric field in the focuser, Furthermore, the

dif
ferent components have different values of the dipole matrix

el :
ement ang display different degrees of saturation with change

in
the electric field in the cavity. Overall, the shift is a
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function of beam intensity.

A symmetric top with inversion symmetry, such as ammonia,
does not Possess a permanent dipole moment, However, in an applied
electric field the ammonia molecule acquires an induced dipole moment
Parallel to the field. The quadratic Stark effect increases the
the Separation of the inversion levels and splits them according
to the Previously degenerate M levels. Vuylsteke (1960) gives a
detaileq discussion of the origin of the inversion spectrum, and
Of the Stark effect.

For low values of J and K the fraction of molecules in a
g8iven rotational state under conditions of thermal equilibrium is

8iven by (Townes and Schawlow, 1955),

S = S(I,K)(2T+1)  [B*Ch3F
41 +41 + | T (kT)

Be population of the 3,3 levels is about 6% that of the total

Population at yoom temperature. The ratio of the number of molecules
in the 1ower inversion level to the number in the upper is, from

the Boltzmann formula, 1.004.

23 The maser

Most designs of the ammonia maser feature pumping of the

°nie by means of condensation of the gas on surfaces cooled
6

¥ith liquiq nitrogen (the solid has a vapour pressure of about 10~
torr at 77°K), in addition to pumping by diffusion pumps.
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When designing and constructing an ammonia maser the
Condition that it should oscillate without benefit of liquid
nitrogen pumping serves as a most stringent criterion of efficient
OPeration of the nozzle, focuser and cavity.

In simple versions of the maser the nozzle, focuser and
avity are housed within one vacuum compartment, Of the total
effusion from the nozzle only that within a small solid angle is
Captured by the focuser., Those molecules not incident on the
®nirance of the focuser serve only to degrade the vacuum and reduce
the mean free path of molecules in the beam. There is, then,
considerable advantage to be gained by housing the nozzle in a
8?Parately punped compartment and selecting by means of a diaphragm
°nly thoge molecules which can be captured by the focuser. Such a
differential punping scheme is employed here, It has been used
before in maser designs by White (1959), and Grigor'yants and
Zhabotinglii (1961). Skvortsov, Krupnov and Naumov (1960) have
°Perated a maser without liquid nitrogen in a single pumped chamber.
An ammonia maser has also been installed in a space satellite,
here the ammonia was allowed to escape into the space vacuum
(Basov et al, 1956),

It may be inferred from the papers listed above that the
Totivation in constructing such a device has been to gain longevity

an "
a convaxu_ence of operation, and enhanced frequency stability
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(Changes in the beam freezing region consequent upon boiling and
Subsequent pouring of the liquid nitrogen induce frequency shifts).
For the Present work it serves merely as a sensitive indication of
imProvements in design.

() Genera1

Figures 2.1 (a) and (b) display the maser together with
Same of its associated microwave and electronic equipment., (The
inSulating Jackets have been removed from the nitrogen reservoirs).

The maser is mounted horizontally on a wooden table and
Ushioned with rubber. The pumping system and the ammonia purification
8¥stem are mounted below the table. The microwave detection apparatus
18 mounted on an extension of the table, which also serves as a

Tack fop the i.f, amplifier power supply and the cavity stabilisation
€quipment,

b) Maser vacuum system and ammonia supply

Figure 2.2 is a diagram of the vacuum system. The main
Chamber is an aluminium bronze casting, approximately 18" x 8" x 8",
Which heg been sealed with Araldite on the outside surface, and
Fih a-si)soans varnish oo the dnstds, and cured at 200%0, It is
"Itted with o brass 1id carrying two 1iquid nitrogen traps, and with
® Perspex window, and two brass flanges carrying the waveguides to
the two microwave cavities. One panel is machined flat to carry

electrical and mechanical lead-throughs. All connections are sealed
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Figure 2,1(a) General view of the maser
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+1(b) The microwave bridge
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Figure 2.2. Pumping arrangement and gas supply for the maser.
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With rubber "O" rings.

In order to minimise the number of soldered joints the
nitrogen traps are made with a single continuous coil of copper
tubing, to which are attached copper fins. The cooling of the
flanges is minimised by employing thin cupronickel tube as the
Connection between the trap and the flange. Silver solder is used
for joints which are subject to thermal cycling.

The K band waveguide pésses through an "0" ring seal
¥hich permits rotation and translation to facilitate alignment of
the components. It is sealed internally with mica discs mounted
between the flanges and "O" rings of the waveguide couplings.

The nozzle chamber is made of rolled brass tubes of 4"
&nd 3" internal diameters. It is fitted with two flanges: one
carries g nitrogen trap , and a connection to an ionization gauge
head (Edwards IG2HB); the other carries the supply line to the nozzle,
& tube from the nozzle to a Pirani gauge head mounted directly on
the flange » and an electrical lead-through.

The forechamber is pumped with a 3" Metrovac diffusion
PUmp, end the main chamber is pumped via baffle valves with two
Edwaras 203 2" diffusion pumps. Each is charged with 704 silicone
°11; this has a limiting vapour pressure of 10 /torr. The three
diff"mim bumps are backed with a Metrovac GDR1 two-stage rotary

PUmp.  This ig decoupled from the equipment by means of a flexible
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Tubber hose to minimise vibration. The main pumping lines are of
1" copper tubing.

The ammonia source is a lecture size cylinder of anhydrous
liquid ammonia. The gas flow is controlled with a pressure reducing
valve adjusted for about 301b/sq. inch output pressure. The ammonia
18 purified by freezing it in traps cooled with liquid nitrogen.
While it is frozen the traps are pumped to remove gaseous impurities.
It i8 then allowed to pass to a similar trap. Water vapour is
'Tepped by maintaining the trap below 0°C during the transfer.

The ammonia is then stored in a 6% litre pressure cylinder. The
flow fram the reservoir to the nozzle is controlled by a hand valve
4 a fine needle valve, The needle valve is connected to the

flange by & 3" Aiameter thick walled flexible nylon tube, and thence
to the nozzle chamber via a flexible plastic tube. The pressure in
the nozzie chamber is measured by an Edwards Pirani gauge (head M5C)
Townted on the flange. This is connected to the nozzle chamber

Via a short length of plastic tubing.

¥ The background pressure in each chamber is monitored with
n Edwardg IGH2B Tonisation Gauge Head, for which the power supply
is an Edwards Model 2 controller. This registers pressures from
1072 to ‘IO.7 torr. The pressure in the two chambers can be reduced
to about 5 x 10-6torr after 3 hours of pumping. Addition of liquid

-6 :
nitr°83n to the traps further redudes the pressure to about 3 x 10  torr.
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The two chambers are separated by a variable iris
diaphragm, The aperture of this iris is controlled from outside
the chamber with an Edwards rotary drive lead-through which is
®oupled to a screw driven carriage by flexible nylon tube.
Rotation of the external centrol results in translational motion
of the carriage, which in turn swivels the lever which sets the
iris aperture, By this means the optimum division of molecular

flux between the two chambers can be cbtained for different

eXperimental conditions.

The choice of nozzle is governed primarily by the type
of focuser, Pilot experiments established that the nozzle which
best Suited the ring focuser employed throughout this work was
One having o single channel 1mm, in diameter and 1cm, long. This
is mounted with its exit 1cm. from the iris aperture. Another
t¥Pe of nozzle which is comonly used is that of the multichannel
form fashioned from klystron grid stock. Typically this would be
about Sy long, 3.5mm. in diesmeter, consisting of a honeycomb of
fine Parallel tubes 0.25mm, in dismeter.

The nozzle is attached to the source chamber by screwing
both into & screwed barrel. The source chamber is mounted in a

Carriage which, by means of a combination of rotational and sliding

&ction, wi1y permit the nozzle to describe any locus within a



Figure 2.3 Nozzle assembly
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¢ircle of 4" aiameter. The carriage is mounted on two rods which
Pass through the wall dividing the two chambers. The focuser
carriage is mounted on these rods on the other side of the iris
aperture,

Figure 2.3 shows the nozzle and its carriage (a temperature
Sensor and a heater coil are shown) .
(&) Focuser

The quadratic Stark effect is utilized to effect a
Separation of molecules in the upper and lower inversion levels.

If a strong field ( > 1kv. em.”") is applied the inversion
is Partially quenched and an average dipole moment is created.

Neglecting hyperfine effects the inversion states have energies
o

W = Woi f‘_’)a P MEMIK 2|z
2 J(T+1)

WO is the average energy of the upver and lower inversion
levelg

Where

> M is the permanent dipole moment that the molecule would

Sxhibit in the sbsence of inversion, E is the electric field strength

and'MJ is the Projection of J on the direction of the applied field.
The term "state focuser" is to be preferred to the

“lternative "state separator" since it can be seen that the degree

°f separaticn is dependent upen the quantum number M.. States

g MJ = 0 are not affected by the applied field but states

i MJ > 0 have different energies (greater for upper inversion



States, less for lower inversion states) and in an inhcmogeneous
field the molecules experience a force

F = - graavw,
The Upper inversion state molecules experience a force directed
towards g region of minimum field, and lower state molecules
eXperience one towards a maximum field region,

Upper state focusers are designed to produce a field
Which increases with radial distance from the axis, Early designs
consisted of an array of rod electrodes parallel to the direction
of the beam and arranged in a circle., The rods (an even number)
&re charged alternately positive and negative. They are usually
Circular in cross-section, though for accurate computational
Purposes quadrupolar focusers with hyperboloidal cross-sections
have been used, Veonbun (1958) has given an analysis of a multi-
Pole focuser and calculated the paths of ammaonia molecules of
Various velocities and states. Upper level molecules possessing
radial velocities lower thean a critical value, dictated by the
Maximum Stark energy, are trapped in a potential well and describe,
Yo a firgt approximation, simple harmonic motion about the axis.
Lower State molecules are deflected out of the beam,

The Sorting field of this type of focuser is purely
transverse, and is thus best suited for sorting molecules with

Momentg Perpendicular to the axis. Now, throughout the work
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descrived in this thesis a cylindrical cavity operating in the
Ty1o mode is used. The oscillating electric field in this mode
Configuration is longitudinal. In consequence, those molecules
¥ith moment directea along the axis have the greatest probability
of radiating energy on interacting with this field. It would seem
desirable to employ a longitudinal field for sorting. Focusers of
the ring type, or those of bifilar helix constructicn, develop
fielas with both longitudinal and transverse components. These
focusers (describea below) sort molecules with transverse and
l°ngitudinal components of orientation, providing a more complete
Utilisation of the beam, Mednikov and Parygin (1963) have evaluated
the relative effectiveness of the three types of focuser,

The theoretical advantages adduced for the ring focuser
in Combination with a TM cavity may not entirely be realised in

010
Practice, for the fringe field at the exit of the focuser may satisfy

the adiabaticity condition

b o, IE
(W,- W )? 4 ot

&nd the molecule on emerging from the focuser rotates in space,

L

following the electric field., If the fringe fields of the two
types of focuser have roughly the same configuration the two

8tems may evince much the same efficiency (Krupnov and Skvortsov,
1965) ,



Krupnov and Skvortsov also obtained evidence for a

Predominantly lengitudinal character of the fringe field at the
exit of g quadrupole focuser. They used a Fabry-Perot resonator.
in which the beam may be oriented at any angle with respect to the
ddrection of the electric vector of the microwave field. They

fo
Wnd that when the beam was directed along the field the excitation

2 | .
'p ameter Yl = 0,55, and when it was directed perpendicular to

the fie1q YU = 0.2 (WM = 1 corresponds to the threshold of
9Scillation, ang is given by

n = 4—TT-QL Na,w 62§/%V
Vhere Qp is the loaded Q, Na¥ is the flux of "active" molecules,
C is the transit time through the resonator, V is the volume of
the Cavity, ana § is a filling factor.).

Krupnov (1959) and Becker (1961, 1963) have used ring
and Spiral Separators., The ring focuser consists of a series of
Tings ﬂtemately charged positive and negative, along the axis of
¥hich the beam is directed. The spiral separator consists of two
Paralle Spiral wires oppositely charged. The spiral separator
has the advantage of greater transparency compared with the ring
focuser; 3n other words, it is a more open structure and presents

a
Saller Scattering surface to the deflected lower state molecules.

On ¢
he othep hand it is a less rigid structure.

Ring and spiral focusers both produce an inhomogeneous
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field along the axis , thus providing focusing for axial molecules.

The field in a ring system is given by

E — Vogm:g—r(l—zté) _?_ETIZ
(3R T - 25)

ZZ___ I;(ZTTV) cos? 2z + (L',)z(ZTFY”) SMIZIF_%

where

and Io(x)___ | + x?2

_ xt .
T F(2)r T

is g modified Bessel function of the first kind of zero order, for
x 2

Which ’ + T is a good approximation when € is small., L is

the period of the ring system, § is the ring thickness, R the

Ting raGiUS, r the radiesl distance, and z the axial distance.
For 8 »

0
E_. 4VZ
=
L'Z
and Z varies periodically from

cm(zzle.+4m%3 8T~

L K L?
long the o axis, typically a variation between O and 150,000 volts.cm,
Beckershows that the diameter, z, of the molecular beam

°f upper state molecules is given by
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z = B [} - ale - ai}
ef

a
Vhere e is the distance between the source nozzle and the diaphragm
&t the entrance to the resonator, a is the distance between the
Nozzle and the centre of the separator (internal diameter B), f is
the focal length of the lens equivalent of the focuser given by

B = bmy,
Vhere U isfthe potential difference between the rings (or spiral
Wireg), m is the number of rings or windings of a single electrode,v

mdb = 0,87 x 10°6 per volt for ring and 1,03 x 1076 per volt

for 8Piral focusers,

Sheheglov (1961) has provided a detailed analysis of ring
focusers, Krupnov (1959) indicates that the optimum ratio of ring
Tadius tq the ring separation should be of the order of wnity.

Much ingenuity has been devoted to devising mesans of
®lowing aown molecules or selecting slow molecules (for a review
°f methogs see the publication "Soviet Maser Research", 196L).

The Provision of & beam of slow molecules (relative to the average
vel°°ity at room temperature) would increase the frequency stability
°f maser frequency standards. Strakhovskii and Tatarenkov (1965)
Suggesteq 5 curved ring focuser which would function as a velocity
Selector, Only upper state molecules with a velocity below a
ritical value would be focused., Molecules with higher velocities

Yould 1eaye the system. They obtained a weak stimulated emission
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Signal with such a device., Kazachok (1965) proposed an electro-
dynamic method of decelerating molecules by applying a time varying
field to 4 ring focuser having a parabolic dependence of ring
radius on axial distance. There appear to be no reports of such
& device operating.

| The rings usually used in focusers terminate in relatively
sharp edges at which breakdown cen occur. The focuser designed
for the Present work is constructed with rings fashioned from the
*Prung spiral ends of safety pins, The ring section has a smooth
Profile which decreases the tendency towards breakdown. The two
®nds of the spiral are mounted in holes in channels filled with
8older,

Figure 2,4 shows the focuser. The two sets of rings are

Tounted cn brass strips of dovetail cross-section which fit into

8lots in the P.T.F.E. formers. This feature allows interchange

of focusers,

tubes,

The P,T.F.E. formers are separated with Sintox ceramic
The separation between the two sets is adjusted with nylon
Screws, Alignment of the device is made with the sections dove-
taileq into 4 brass jig in which a metal rod is passed through the

Tings, Tne rings are secured with solder by placing the jig on a

hOtplate. All surfaces are rounded and smoothed.
The combination of P,T.F.E. and ceramic insulation,

t°gether with the use of safety pin rings, has permitted operation



Figure 2.4 Main focuser



Of the device with voltages in excess of 50KV between the rings.
The internal diameter of the rings is 0.164" (0.416cm.);
and the diameter of the wire is 0.045" (0.114cm.), so that each
*ing has a thickness of 0.090" at the widest part of the spiral.
There g 0.090" (0.228cm.) between adjacent (oppositely charged)

Tings., This spacing represents a compromise between transparency

-1
(50%) and high fiela strengths (of the order of 220 kV. cm

maximum) ,
With concessgion to the design principle that the ratio of ring
radiusg to ring separation should be close to unity. There are 10
rings of one sign, interleaved with 9 of the opposite sign. The
focuser ig 8.45cm, long between the entrance to the first ring
and the exit of the last. It is mounted symmetrically between the
iris diaphragm and the entrance to the cavity, 1cm, from each.

If it may be assumed that the theory for ring focusers,
%8 CGetailed above, may be applied to this design (a dubious suppos—
tlon), then the "focal length" is approximately 5.5cm. for 10KV.
and 1,5cm, for LOKV., and the beam diameter is 0,5cm, for 10kV.
(the eXpression becomes negative when the focal length is reduced
beyona ahout 2.8cm.).

Figure 2.5 shows another form of ring focuser, with
large diameter rings, mounted on a carriage. This short focuser
15 useq 1y an experiment to be described later, where strong

Pories
*Cusing action is not required,



Figure 2.5 Ancillary focuser
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iE)-__BSEQnant cavity

The mode configuraticns of a cylindrical cavity can be

divided into two classes: TE or H modes where there is no electric
Tie1d parallel to the axis of the resonator, and ™M or E modes
Where there is no magnetic field parallel to the axis of the

r
€sonator, The resonant condition for E modes is given by

A 4 :
P)ZT(ZuM’n)Z % 9

—— ————————— e

L TTa

Yhere p g an integer equivalent to the number of half wave
Variationg along the axis of the resonator of length 220, a is
the radius of the cylinder and Um,n is the nth root of the mth
Order Bessel function J(U) = 0. Ifp = O, that is for the
Em,n’o mode (vhere m is the total number of full period variations
°f either fielq compcnent along a circular path concentric with

th ;
¢ Cylinder wall, and n is one more than the number of reversals

of
Sign of a field camponent along a radius)

If -
M = 0, then 2a = 0.9614cm, for a frequency of 23.87GHz.

A major advantage that accrues from the use of a cavity

th
4t operates in the E010 mode is that much of the Doppler effect



is eliminated, The formation of the mode requires that the resonator

is very close to cut-off for the E., wave, the guide wavelength

01
becomes very long and the phase velocity of the wave along the axis
becomes infinite. Since the Doppler frequency shift is determined
by the ratio of the velocity of the beam molecules to the phase
Velocity of the waves in the direction of propagation of the beam,
the longitudinal Doppler effect disappears and the residual Doppler
Shift depends upen the angular spread of the beam. The spectral
linewiatn is determined, via the Uncertainty Principle, by the time
of flight through the resonator (however, under saturaticn condit-
ions, vhere the molecule can pass from level to level several times,
the 1ifetime on a level is shorter than the time of flight and the
SPectral width is increased). This argument must be qualified by
oting that under maser conditions the radiation emitted by the
Molecules varies along the cavity, and as a result there is a
trave1ling wave which gives rise to a Doppler shift in frequency.
For this reason ammonia maser frequency standards featured opposing
identiCal beams passing through one cavity in which the coupling hole
rRe Centrally placed.

Gordon, Zeiger, and Townes (1955) remark that if the cavity
18 eXoited 4n  mode in which there is move than cne-half wave-
lengty along the direction of travel of the beam, then the emission
line 34 split with two peaks symmetrically disposed about the

transition frequency.
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Shimoda, Wang and Townes (1956) show that the parameter
QoL / A, rather than Qo’ is a measure of sensitivity for resonator
design, where Q is the unloaded Q, L is the length of the cavity,
®nd A is the cross-sectional area. Accordingly they define a

"figure of merit" M for a resonator
)T ( LQ? 8 )P ,
A/\T?%

the axial mode number, having the values O or 1. For a

for p,

broad begn the E, 40 Mode has the highest figure of merit compared

With the modes EOH’ H211 H. H,,,; and for a narrow beam the
’

o011, 1113
8dvantage is even more pronounced.
Shimoda, Wang and Townes give a value for the unloaded
% Q, of 10,800 for a copper cavity 12cm. lang, in the E,, mode
a5 eb GHZ, assuming € = 4.27 x 10"5cm., where € is the skin

ePth multiplied by the specific permeability A7 of the wall
Material A

() 45)*
2T Y
Pore T is the electric resistivity.
The cavity is fashicned by depositing copper electro-
lyti°a11y on to a stainless steel (S80) mandrel (further details
&re given in Appendix A). When the electroform is about an inch

in dameter it is machined, and then removed from the mandrel by
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heating it in hot oil.

The cavities are made slightly undersize so that they
may be stabilised at the rescnance frequency by controlled heating.
Though undersized at room temperature the cavities have to be made
from andrels 0.0005cm. greater in dismeter than the calculated
Value (0,9619cm. (0.3788") compared with 0.9614cm,) to allow for
end effects of the cavities. The calculated coefficient of vari-
ation of frequency with diameter is about GMHz. per 0,0001 inch;
and the observed variation of frequency with temperature is approx-
imately O0.lMHz. per depree C.

The Q factor of the cavity is increased by inserting metal
Tings (end caps) in each end of the cavity, so that the waveguide

is beyond cut-off,

Two cavities have been employed in the work described
here

» and hereafter are referred to as cavities 1 and 2. Cavity 1

has g Physical length of 13.3cm. reduced to an effective length of

12,4¢n, by the insertion of 1cm. long end caps to depths of 0.55cm.

and 0.35cm, (the Q varies with the positioning of the end caps and
these Values represent one combination which optimised the Q).
The Coupling hole is positioned 5.8cm. from one end (that nearest

the focuser). This positioning was dictated by the geometry of

the box, The cavity is much undercoupled, in order to yield a

™eh loaded Q of 8,850 + 450 (details of the method used to measure
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the Q are given in Appendix B). The coupling hole parameters are:
Uaphragn thickness 0.017", hole diameter 5/64". Cavity 2 has a
Physical length of 11.4cm. reduced to 10.2cm. by end caps inserted
O.6cm, in each end, The coupling hole is centrally placed, and has
& diameter of 1/10" with a diaphragm thickness of 0.008", This
Cavity is very strongly coupled and has a loaded Q of 6,050 + 300.
Plgure 2.6 shows the two cavities, wound with heater coils (glass
Covered Eupeks, wire) and sensor coils (insulated copper) for stabil-
iseq tuning, Cavity 1 is of entirely copper construction, whereas
cavity 2 ig copper sheathed in brass.
Stabilisation of the cavity temperature to better than

1/10% 44 effected with a modified version of an Airmec N.299
Temperature Controller. This circuit variant (due to G. D. S. Smart)
8ives & continuously variable heating current instead of a relay
Switcheq form of control. A further modification by the present
"witer is a slow motor sweep of a helipot resistance in the "set
temper&ture“ arm of the a.c.bridge circuit. The maximum motor speed
which can be used to change the tuning of the cavity is governed by
the thermal time constents.

| Typically the cavities are designed to be operated between
20 anq 30% above room temperature in order to maintain positive

Stabilisation.

Figure 2.7 shows the camponents mounted in the maser.
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&k Microwave System

There are three modes of operation of the microwave system:
Crystal video, unstabilised superheterodyne, and stabilised super-
heterodyne. The first, crystal video, is used only in setting up
pr°°ed-ures, such as the tuning of a cavity resonance. The unstabil-
iseq Superheterodyne mode of operation is employed for most of the
®Xperiments conducted in the present investigations since it displays
Tapid time and frequency variation of signals. The stabilised super-
heterod.yne technique is used to display slow variations of oscillation
amplitude with changes in maser parameters.

Figure 2.8 is a schematic representation of the basic
Merowaye bridge employed, together with the electronic detection
stem, (The microwave circuit appears in the photograph Figure 2.1(a)).
The bridge is a version of one designed by Herrmann and Bonanomi
(1956)

In the crystal video mode of operaticn a saw-tooth wave-
form 34 applied to the reflector of the klystron: approximately 120
Volts peak potential is required to sweep the klystron (Elliot-

Lytton 12RK3) through a complete mode. The first detector is

Connecteq directly to the oscilloscope (Telequipment D53) vertical

o ampliier, with the timebase triggered by the original 50Hz.
"ST-tooth. This displays the Klystron mode on which may be seen a

a3
P c°rreSPGnﬂing to the microwave cavity absorption. The bridge
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®an be adjusted for maximum cavity absorption and the resonant freq-
UEncy easured with the cavity wavemeter, the response of which can
®ither be observed as an absorption dip on the klystron mode, or

by Using a crystal detector cannected to the reaction arm and
displaying the signal on the second beam of the oscilloscope.
Amonie at about 10 torr is introduced into the cavity and produces
® absorption dip on the cavity response permitting precise adjust-
Tent of the cavity temperature controller to tune the cavity to
Xact resonance.

The microwave bridge permits simultaneous stimulation and
observation of maser action under conditicns of superheterodyne
detection, The 30MHz. amplifier and second detector are inserted
Petween the first detector and the oscilloscope amplifier. Consider
irst that the maser is oscillating. Then if the klystron is
detuneq by 30MHz. from the maser transiticn frequency the two signals
(maser and klystron local oscillator) combine via the magic tee and
beat 3y the non-linearity of the first detector to produce a 3CMHz.
intermediate frequency, The klystron frequency is swept through
the bandpass of the i.f, amplifier. The signal displayed on the
oscilloscope corresponds in height to the level of the oscillation
Signa) (for constant local oscillator level), and in shape to the
bandP&SS of the i.f. amplifier (Figure 2.9(a)).

A stimulating signal can be produced by modulating the
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impedance of the crystal in the other (collinear) arm of the bridge.
If the modulation is made at 30MHz. then the klystron wave reflected
frou that erystal possesses two sidebands, one of which is at the
Taser frequency. The appearance of the stimulated signal is
Tegistereq as a beat signal which appears on the bandpass envelope.
It hag g high frequency in the wings and passes through a zero
.beat at the central position, the locus of which may be varied on
the bandpass representation by changing the signal generator
freq\Iency.

Below oscillation threshold the stimulating signal excites
*oherent emission from the molecules which beats with the frequency

'
4rying Stimulating signal to produce a changing beat frequency.
Figure 2.9(b)

shows this signal. The decaying envelope represents
the '

effect of bandpass restrictions as well as the decay with time
°f the induceq molecular ringing signal. Figure 2.9(c) shows the
®at signal that registers the cnset of oscillation in the maser.
The stabilised superheterodyne mode differs from the
unstabilised mode of operation only in that the klystron is no
longer SWept in freqpency but stabilised with a Micrenow stabilis-
Stion °1rCUit (some details of which are given in Appendix B).
Changes in the oscillation signal are monitored as changes of D.C.

lev
°l on the oscilloscope, or on a pen recorder.
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2.5 Electronic equipment

The klystron power supply is an A,P.T. Model K.P. 20,
The Xlystron filament heater supply is a transistorised d.c. supply
designeq by Midcentury (private communication). It has been modified
by the inclusion of a reed switch in the mains supply to the K.P. 20.
The circuit is shown in Figure 2.10. Failure of the filament
SUPPly will result in switching off of the high voltages supplied
to the klystron. Since the thermal time constant of the filament
is larger than the RC time constant for the E.H.T. circuits, this
device affords a large measure of protection for the klystron.

Figure 2,11 shows the circuit of the klystron frequency
SWeep unit, Ty is a modification of a television frame timebase
Cireuit o give a linear saw-tooth, The output is transformer coupled:
e Secondary winding being in series with the reflector lead. The
Saw-tooth i closely linear down to a few millivolts; below, in fact,
the leve) of ripple on the reflector supply from the K.P. 20,

The 30MHz, i.f. amplifier has a gain of 66 dB and a band-
M3th of AMz,. The oircuit is described by A. L. S. Smith (1966),
Yo also reviews considerations of noise for superheterodyne systems
SUCh ag the one employed here.

Two 30kV. supplies have been used to charge the state
fOOusers: one, a Brandenburg S 0530 (positive polarity) with a

Bta
Pility of better than 0.25%; the other, a Brandenburg 800
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Figure 2.10. Circuit of klystron filament heater supply.
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(TBVersible polarity). The feature of reversible polarity permits
the Operation of the focuser at a potential up to 60kV., by connect-
ing the two focuser plates at +30kV. and -30KV. with respect to
earth. Both units are radiofrequency wnits (100kHz., and 12kHz.
Tespectively), and an RC smoothing is required. The high resistance
(375 MQ) in series with the supply also serves to reduce the
current that can be drawn when breakdown occurs in the focuser,
thus minimising damage to the focuser.

The lead-through to the state focuser is a long-reach
Spark plug, suitably machined, and mounted in an Araldite casting.
It has been found that sparking is reduced if the lead from the
Br&ndenburg is terminated by 128MAin the spark plug. This is
preSUmably a result of better matching for waves propagated along
the lead ywhen sparking occurs.

gié__Qszation of the maser

The maser has been operated as an oscillator without the

benefit of pumping with surfaces cooled by liquid nitrogen. For
high Power operation (comparatively speaking, since the oscillator
%livers only about 10~1C watt.) the pumping by diffusion pumps
1% augmented with pumping from three liquid nitrogen traps.

A further gain in power can be made by operating the
Maser witp a cooled nozzle.

The operating characteristics of the maser under these
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Varying conditions are detailed below. Since the characteristics

of maser operation have been examined in detail by previous workers,
attention is focused only on those features which are comparatively
Novel (the thesis by A. L. S. Smith (1966) details investigations

of Velocity effects and also reviews previous investigations of
haser parameters). It emerges that the design feature of a remotely
controlled variable iris diaphragm is a very desirable one, for it
Permits an easy transition between optimum conditions for various

€Xperiments,

i&l__ggggation without liquid nitrogen pumping

Operation of the maser without liquid nitrogen is
lcritiCally sensitive to the iris aperture. It must be stopped down
to about 1mm,

Two sets of characteristics are plotted: cne of variation
°f oscillation amplitude with change in nozzle pressure at fixed
S0CUBeP woltages; khe othsr, the variation of oscillaticn amplitude
"ith change in focuser voltage at fixed nozzle pressures. (Figures
2.12 and 2,13) These graphs are sections of a three-dimensional
function, 4 model representation of this function is shown in the
ph°t°8raph Figure 2.14.

The oscillation amplitude is plotted in terms of the
Beight of the oscillation signal on the oscilloscope screen.

S ;
ince the main value of the characteristics is the indication



for operation without
liquid nitrogen.

/ Figure 2.12 Oscillation characteristics
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Fi&‘u‘e 2,14 Three-dimensional representation of characteristics of the
maser operated without liquid nitrogen



they give of trends, and of thresholds and optima, a knowledge of
the law of response of the system is not usually required. However,
if a quantitative comparison of oscillation amplitudes is required
to relate changes to theoretical predictions, then it is necessary
to determine the relation between size of a signal on the oscillo-
Scope screen and the field within the cavity.

The law of response has been determined by using a second
klystron, heavily attenuated, as a "mimic" signal for the maser
output, Figure 2.15 shows the microwave circuit. The microwave
bridge is set for a comparison between two sets of oscillation
conditions., When the comparison has been made, then without alter-
ing the bridge settings, the second klystron is switched on and
the maser switched off. A note is taken of the attenuation required
to produce signals ranging in size about the level of the signal
Produced by the maser oscillation., The variation is plotted in
graphical form as dB of attenuation versus logarithm (base 10) of
response (Figure 2.16) This graph permits evaluation of the law
of response (from the slope) and also a relative power comparison
for particular oscilloscope signal voltages. The method yields
only relative powers since, of course, it does not take cognisance
of the attenuation effect of the coupling hole in the cavity.
However, it seems reasonable to argue that the coupling attenuation

factor (QI./ Qé) is not likely to vary over a small power range, So
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Figure 2.15. Scheme devised for the determination of the law of the response
of the detection system.
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that the response law is a fairly reliable indication of the change
of field in the cavity.

The "mimic" signal is at very low level and thus it is
necessary to determine that the signal registered at the detector
has been propagated via the waveguide and is not a leakage signal
which has bypassed the attenuator. Ideally, choked flange couplings
should be used, but since these were not available the leakage was
minimised by using aluminium foil shields around the compcnents.

The level of leakage coupling was determined by noting the fluctuat-
ions in level consequent upon moving metal sheets near the bridge.
It was possible to reduce the leakage to an acceptable low level.

Another point to be made about the characteristics is
that for the higher voltages the meter indications on the Brandenburg
generators are not reliable., If there is a small leakage current
in the focuser insulation then there occurs a drop of voltage
across the 500 ML resistance in the leads, The only test equip-
ent available was restricted to the range 0-20kV. Tests with this
revealed a small drop in voltage which may assume greater propértions
in the higher ranges. The change in field in the cavity with change
in focuser voltage at high voltages has been monitored by means of
the frequency modulation of the oscillation transient (discussed
later) which is a more reliable indication of field than the ampli-

tude on the oscilloscope. It has been observed that non-monotonic
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changes in the amplitude with increasing voltage attributable to
voltage drop have always been accompanied by sparking (which shows
as spikes on the oscilloscope trace). It is therefore felt that
the characteristics are not subject to a marked non-linearity
attributable to leakage currents.

The total molecular flux at the optimum nozzle pressure
at 30kV. (1.5 torr) has been determined by noting the change in
Pressure of the gas in the reservoir for a steady flow with constant
Pressure in the source chamber, This yields a value for the flux
of 8,7 (+ 0.4) x 10" molecules per second. For this flux the
Pressures in the main chamber and forechamber are respectively
1 x 10 torr and 5 x 10 *tarr.

(b) Operation of the maser with liquid nitrogen pumping and a

cooled surface

Figures 2.17 and 2,18 show the maser characteristics for
Operation with full liquid nitrogen pumping and cooling of the
nozzle to -60°C. Figure 2.19 shows a typical characteristic in
terms of the amplitude of the oscilloscope trace and in relative
bower,

Cooling of the nozzle can be expected to yield an increase
in maser oscillation power for two reasons: it increases the pop-
Wlation in the J = 3, K = 3 state (about 6% of the total pop-

ulation at room temperature), and it reduces the average molecular
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Figure 2.18 Characteristics for operation with liquid nitrogen
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velocity, thus increasing the interaction time which, in turn,
increases the transition probability.

It was noted earlier in the chapter that the population
in the rotational states varies with temperature K as T-B/z.

Since the power emitted by the beam is directly proportional to
the number of active molecules this population varia*tion contributes
to the power of the maser a factor T'i/z.

Krupnov and Skvortsov (1965) suggest that the transit
time T contributes to the excitation parameter a factor prop-
ortional to = %2 , in turn proportional to 71, However, under
partial saturation conditions where many of the molecules oscil-
late between the levels during the transit time (as evidenced by
the oscillation transient seen in this maser) the cantribution to
the power from increased transit time is expected to be small.

The nozzle is cooled via a copper bridge to the liquid
nitrogen trap (a large mass of copper), and thermalisation of the
gas at the lower temperature is aided by packing the source chamber
with spiral turnings of copper. The chamber is thermally isolated
from the carriage with P,T,F.E. bushes.

The temperature of the nozzle is monitored by noting
the change in resistance of a sensor coil of copper wire mounted

in contact with the nozzle chamber (the nozzle assembly with

sensor and heating windings can be seen in Figure 2.3) This has
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been calibrated in the range -150°C to +20°C by A. Codling in a
cold gas flow system devised for an E.S.R. spectrometer. The
resistance of the wire changes from 13.3 ohms at room temperature
to 7.5 ohms at 170°K, the minimum operating temperature possible
with the present scheme. The critical point for ammonia occurs
at about 195°K and 45 torr. The nozzle has been stabilised some-
what above the minimum temperature, at 210°K, with an Airmec N.299
Temperature Controller.

Comparison between the oscillation powers for the two
cases of liquid nitrogen pumping plus cooling of the nozzle, and
liquid nitrogen pumping only, is made by operating the maser with
the nozzle cooled and then heating it to room temperature, and
noting the change in amplitude of the oscilloscope signal. The
corresponding change in power is then obtained from the response
calibration graph.

The oscillation threshold changes from 23kV. (1.7 torr)
for operation without liquid nitrogen pumping, to 13kV. (2.5 torr)
for liquid nitrogen pumping only, and then to 10.5kV. (2.5 torr)
on cooling the nozzle. These thresholds are for nozzle pressures
which give high output. The absolute thresholds, with minimum
nozzle pressure, are somewhat lower (21, 10, 7.5kV. respectively).

The power ratios for the various modes of operation

are approximately:
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(a) without liquid nitrogen pumping, at the optimum
1.5 torr nozzle pressure and 4OkV, power unity;
(b) with liquid nitrogen pumping in the main chamber
only ,
(i) at 1.5 torr and LOWV.,
power 2 4
(ii) at the new optimum 2.8 torr and 4OKV.,
power 2.7;
(¢) with liquid nitrogen pumping in both chambers,
(i) 1.5 torr, 4OKV, power 2,
(ii) 2.8 torr, 40KV, power 3,

The power ratio for the change in nozzle temperature
from 293°K to 213°K + 5K (at 50kV. and 2.5 torr nozzle pressure)
18 1.6 + 0.2, which is close to the ratio of (213)"Y2/ (293)¥/?2
of 1.61 + 0,05, The T2 Gependence yields a ratio of 2.2. It
may thus be reascnable to argue that the contribution to the power
afforded by cooling the nozzle consists mainly of the change
wrought in the population of the 3,3 level. However, it can be
argued (Chapter IV) that conditions for observation of the

oscillation transient are favoured by increasing the transit time.
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CHAPTER ITT

THEORTES CF MASER BEHAVIOUR

341 Introduction

The analogies established in recent years between maser
behaviour and macroscopic devices have proved a fruitful source of
Wnderstanding and prediction, and have stimulated the search for
Principles underlying phenomena in diverse fields.

The most important one has been the analogy between electric
dipole systems and magnetic dipole systems. Much of the formalism
of nuclear magnetic resonance theory can be interpreted to clarify
behaviour of electric dipole systems, This involves utilising a
Wacroscopic analogue since,

(a) the behaviour of a two-level system coupled by an electric dipole
transition is equivalent to the motion of a spin 1/2 magnetic dipole

Precessing in a static magnetic field and subject to the influence

Of a time varying magnetic field,

(b) this in turn is equivalent to the motion of a macroscopic magnet-
1zed gyroscope in the magnetic field.

Much of this chapter is devoted to discussions of various
facets of the interaction of radiation with two-level electric dipole
Systems, where the behaviour can be interpreted in terms of the
8nalogous effect in a magnetic resonance systenm.

Consider first however another macroscopic maser device.
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342 Dehmelt's macroscopic embodiment of the maser principle

Dehmelt (1968) proposes a gravitational analogue for the
simulation of the interaction between excited molecules and a rescnant
Circuit, For the analogue of the cavity he suggests a rigid pendulum
Which oscillates in the plane of the diagram (Figure 3.1). For the
atom he chooses a loaded gyroscope of which the precession frequency
due to the gravitational pull on the loaded M is the same as the
Oscillation frequency of the pendulum. In the excited state the
Vector'Z?pointing fram the centre point of the suspension to M is
directed upwards, and in the de-excited state, down. The choice of
the gyroscope is governed by the considerations of the correspondences
discussed above, only here the magnetic field is replaced by a
gravitational field.

The two oscillators are coupled by means of a light, soft
8Pring connecting a point on the rod of the pendulum close to the
fulerun to one on the axis of the gyroscope. Then the excitation of
the Pendulum is nearly proportional to the rotating component of the
Vector A, simulating the excitation of the cavity by the fluctuating
atomic dipole moment which appears during transition. The flow of
€xcited atoms into the cavity is imitated by forcing-xbinto the up-
Wards position at a reandom rate (since the phase of the rotating
Component of A is determined only by the phase of the oscillating

Pendulum), The macroscopic maser then behaves like an atomic one.



gyroscope pendulum

Figure 3.1 Macroscopic maser (after Dehmelt, 1968).




Assuming sufficiently weak damping of the pendulum, any random
(thermal) disturbance of the system will result in the oscillation

of the pendulum growing expcnentially, as energy is transferred to

it from the gyroscope. During this process Iy gradually tilts

towards its equilibrium position of lowest energy. The amplitude

of oscillation of the pendulum is limited by the non-linearities of
the system. The rate at which A tilts (radiation damping) is
determined mainly by the friction at the fulcrum of the pendulum.

Dehmelt also suggests that more than one gyroscope may be

coupled to the pendulum simu.lto.neously.' This idea may be utilised
to describe the phencmenon of super-radiance. Consider that the
Pendulum is oscillating, then the rotating components of the vectors
2 of the gyroscopes are ordered in phase by the pendulum (field).

In order to simulate a pulse of radiation which puts the gyroscopes
into a super-radiant state (~ T[/2 pulse), it is necessary to imagine
. that the pendulum is at first still then made to oscillate, and then
8tilled again. The gyroscopes are coherently excited and subsequently
Cooperatively "radiate" their energy to the pendulum., The time taken
for the system to "radiate" spontaneously and coherently can be_ very
much shorter than that for an incoherent de-excitation of the gyro-
8Copes, If the gravitational field in which the gyroscopes are
Placed is very inhcmogeneous then the rotating components ‘of the

Vectors A can move out of phase quite rapidly (in a time ~T2*) and
the coherence be lost.
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3.3 Eberly's pendulum analogue

The phenomenon of coherent self-induced transparency
(discussed later) has been described in terms of the motion of a
classical pendulum. Eberly (1968) has shown that such a picture
has quantitative validity.

He considers just one atom interacting without loss with
& single mode of the radiation field. The semiclassical Hamiltonien is

U = H, - ME®).
where 3{0 is the wnperturbed Hamiltonien, M is the component of the
electric dipole moment operator in the direction of the electric

field, and E(t) is the electric field strength. The equation of

L’ﬁ—(b/&t)< =< L, "D,

in conjunction with Maxwell's equations for the single mode, leads

motion

to a set of coupled non-linear equations:

(R) = (MYE®), (1)

o

(M) + @ 2(m) = -ACHJE(E, @
E+Q%E = & Q%<M), (3)

where A = (2 M/ A )2, P is the atomic dipole moment, and 07 is
Practically a constant.

Two exact integrals of motion exist for equations (1) - (3) -

These are:



=10 =

CRAY® 127 + A (R = w207 ()
(o) (B QTP Y+ (o)~ (DE &) = W, (5)

where the constant W is the total of field + atom +interaction energies.
Transferring to a rotating frame of reference serves to

eliminate variables other than <3{o> . By differentiating again

the <J’f o> equation and using the conservation laws (4) and (5),

Eberly derives a non-linear equation for the time variation of (3{0>

alone: e

(4/0 M) Hod = 34U - 2W QY -(RRL) (g
Equation (6) is in the form of the equation of motion of

&.classical particle in a potential well. Multiplying both sides by

3{0 and integrating once, then making the change of variables

<3€0> =('2|’,"KQ) Cos 9,

the transformed equation beccmes

i es é?_ + D* +_’l’/l_£lcose - W, (7)
oA sin? 6 Z

Where D2 is a constant. This bears a quantitative correspondence with
the equation for a spherical pendulum of mass m, length 1, and mcment

of inertia I = ml%:

[ 4
z- -
‘71119 + |2 /215in%0 +mcho59 = W, - (8)
This establishes the quantitative validity of the pendulum

Picture of the change with time of the atom's energy.
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Similar considerations of super-radiance phenomena given
in the previous analogy apply here.

3.4 The theorem of Feynman, Vernon and Hellwarth (1957)

Feynman et al propounded a theorem which establishes a
rigorous analogy between the behaviour of any non-interacting two
quantum-level systems subject to a perturbation, and the behaviour
of spin 1/2 systems in a magnetic field (the systems do interact via
the common radiation field, but are non-interacting in the sense that
the spatial wavefunctions do not overlap). The SchrBdinger equation
is transformed to the formalism of a three-dimensional vector

equation

i 7 W AN X
dt

Where the components of r uniquely determine the wavefunction W of
the system, and the components of ) represent the perturbation.
"2" space reduces to physical space when the magnetic interaction
with a spin 1/2 system is considered. By this means the technique
and formalism of the theoretical techniques of magnetic rescnance
hay be brought to bear on problems of the behaviour of a pseudo-electric
dipole moment in an abstract space. The precessicn model renders
Possible intuitive solutions of many problems,
Before considering the theorem it is worthwhile reviewing

8ome aspects of the precession model,
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(g) The magnetic precession model

The time variation of the expectation value of the magnetic

moment of an atom is given by

d{w) - o <[#, )

—_—

olt R

where }e is the Hamiltonian and ’A, , the magnetic moment operator,

does not depend explicitly on time. This may be transformed (Yariv,

1967) into
d<uy _ ¥< }ﬁ A H
ot
where H is the magnetic field and Y = 9y ;8/ * (g5 the "g
factor", /3 = € /ch is the Bohr magneton), Compare this

With the classical equation of motion of a spinning magnetic moment #&_

heving angular momentum J:

OL..J___ = U)YUUAZ = }L/\ .H—S
ot
Which for ,14. - y J becomes
du - ¥u A H.
ot

(In what follows the expectation value < M_,) is denoted simply by }A B
Consider the behaviour of the magnetic moment M in a
8tatic magnetic field H = (0,0,Ho). The equaticn of motion
FRTINEy STNPN . S
(ft :
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has the steady state solution
W, = constant _ || cos €,
Mx = |HY sin 0 cos (YH,T),
0 ~|| sin 6 sin (YH,t),
I M sin B sin (IXI Ht) .

This corresponds to a precession of ﬁ_ about the +z direction at
& radian rate @) = Ix, HO with an inclination angle 9 that
depends upon the initial conditions (Figure 3.2(a)).

It can be seen that a time-varying magnetic field with
transverse (x - y) components varying at a radian frequency ) Vv X Ho
Will “"keep in step" with the precession of 3 and exert a steady
torque which will tilt the magnetization vector.

It is convenient to transfer to a rotating frame of reference
in which the observer moves round H_ with the magnetic dipole at the
Precession frequency.

The equation of motion in the rotating frame is

3&_=Xy._/\ﬂ—_a_)/\}i
ot
fu A(H + _w).
o (B g

Thus it is possible to view the motion of | in the rotating frame

I

Using the equation of motion with an effective magnetic field

H - H +
<

If the motion is one of precession about the steady magnetic
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(b) the rotating coordinate system

Figure 3.2 Magnetic resonance (after Yariv, 1967)




i Ph

field H = KH , then choosing @ = - Xﬁ = -_l'_(XHo,_}_{e = 0,

and so a}é/a't = 0. The magnetization as viewed in the

rotating frame is a constant with an inclination © about the z axis.
Consider next a magnetic moment )3 subjected simultaneously

to a d.c. magnetic field KH_ and an r.f, field iH cos wl + fH, sinwb

which correspends to a field H1 with a counterclockwise (positive)

Circular polarisation at an angular rate W . The effective field

in the rotating frame is then
§e=in1+5(ﬂo-_ﬁ¥g_l)

which is time independent., It has the magnitude

v
H = H2+(H- w)12
e 1 o) e— .

I¥]

The inclination angle with respect to the z exis is © where

cos 8= H, — w/'XI
He

The equation of motion corresponds to a precession at a

rate | Y| H, about H_with a constant inclination angle, The preces-
8ion seen in the rotating frame is shom in Figure 3.2(b). The locus
Of the tip of W is a circle with /3 = (¥l H,t . For L
Parallel to the z axis att = O
cos o = (050 + sin’e cos(1¥] Hot )’
= | - szlesta‘;(lh’l Hat) )
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where ¢ is the instantaneous angle between A and the z axis. The
2 component of the magnetization is
(k2D = () max 05 %.

At resonance, W = XHO" Wy » He= H1 9 e = TT/Z 9
and the precession cone degenerates into a plane.

It is possible to remove the remaining time dependence by
transforming to a doubly-rotating frame rotating about He;
3}4 /a't = 0 in this frame as long as He is constant.

(L) the geometrical representation of the Schr8dinger Equation -

Feynman, Vernon and Hellwarth transform the Schr¥dinger

€quation in the following manner.

The wavefunction for an individual molecule is

Vi) = at) Y + b)Y, .
wk and Wb are the two eigenstates of the Hamiltonian for the
single system corresponding to the energies W 7 w, / 2 and
W - 'ﬁ W, / 2.  respectively. W is the mean energy of the two
levels determined by velocities and internal interacticns, W is
taken as the zero of energy for each system., (W, is the resonant
&ngular frequency for the transition between the two levels.

A three dimensional vector r is constructed with real

Caomponents
ab* + .ba®,

i(ab® - ba'),

"
I

O
]
B

*
[
&
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The time dependence is given by Schr8dinger's equation

i hda - a[(ﬁwo/Z)’LV%j + bV, p,
olt

and similar equations for the other coefficients. The matrix elements

Vaa = V,, = O for the case of interest. Solution of the two sets

of equations gives
dy . @ A X
dt
where ) is a three-vector in r space defined by three real components
W, = (VcLb T Vbou) //ﬁ ’
wy = iV = Ver) / #
Wi = (,Oo )
The remaining real combination aaX + ¥is equal to the length of
the r vector, and is constant in time, It is equal to unity when ]ﬂ

is normalised.
For transitions between the two levels of a spin 1/2 particle,
X space reduces to physical space with Tys Toy and ry proportional to

the expectation values of Uy ’}'{J and U, , and W, , W W,

2
Proportional to the components of the magnetic field Hx’ Hy’ and Hz‘
Feynman et al analyse a beam maser oscillator in terms of
their formalism. They consider a beam of molecules which enters a
Microwave cavity which is near rescnance witha A m = 0

transition of the molecule. Only those molecules in the upper energy

8tate enter the cavity. It is assumed that the cavity mode shape
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Permits the molecules to see an oscillating field of constant
amplitude and phase. C«)1 is separated into two ccunter-rotating
Components in the 1-2 plane, and then the perturbation is viewed in
the rotating frame in which the appropriate component of W, appears
Stationary. The other compenent rotating at 2w, relative to the
rotating frame is neglected. The rotating axes are designated the

I, IT and IIT axes. The I axis is taken in the plene of the station-

ary driving torque which has the constant compeonents

wy = lwl/ 2
wr = O
Wy = W, ~w,

where W is the frequency of the perturbation. The molecules enter

the cavity withr = III and at a time t later the compenents r; and

gy e '
i o @, (wy-w) LI —cos(Q8)],
ﬂ?.
rooe — . sin (Qt)

Q 27 4
L) is the magnitude [o) = 4 (W, —w)] of the driving torque

88 seen in the rotating frame.

These results are transferred to the stationary frame by
Choosing the time reference so that
W = 2 w Cos (wt),

l

Then v = 7y (t) cos [wt *J[t/]
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where r(t) is the magnitude of the projection of r on the 1-2 plane,

§() = tan ' v/ r.. r is represented by (r;, + 2r
II I

1 -
Assuming a thin beam the complex polarization per unit length Pz is
(n/v) M ab (rI + irII). n is the number of molecules entering
the cavity per second, with a velocity v.
The electric field is written :
Ll
where € is a real amplitude, constant in the steady state of oscil-
lation, and Ec describes the normal mode configuration. Then Maxwell's
€quations in complex form give
: ]
- w*[EE, + (4TE,/1E.I)P
: 2 =
rilwa/Q)EE +wET = 0.
G is the resonant frequency of the cavity and Q is the quality
factor of the cavity. Integrating this equation by _I‘._}'c over the
Cavity volume V gives in the case of a very thin beam
L 1 ;
—7-[+ /v fV“iY*wLH‘“ d]
w?| € *(41n )/Aabo‘)c (vy ) dz
+ i (wwe /R)E + w*E = 0,
Where V is the volume of the cavity, and f is the cavity form factor.

n e *
Th ' N,
e imaginary part of this equation gives Ny 2(1 —cos ©)

n, = AV /o f i, L*Q .

is the threshold number of molecules per second required to sustain

oscillation. © is the total angle {LL / v through which each r
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Precesses about the effective W) . This determines the spread of
frequency over which oscillations can occur,

The real part of the equation yields

W,—- W Q |- cos© o %o o
W - W T"‘QB |--(5U'\.e)/e Wo — W,

where QB = 21 LOOL/V v W, /A W
describes the natural molecular rescnance linewidth, These are the
results of Shimods, Wang and Townes (1956).

It is seen that the analogue can yield quantiltative results
in agreement with results derived by other methods endowed with less
transparency.

3.5 Two-level transition probabilities.

Consider the changing probability of a transition during
& spin resonance experiment. The treatment given below follows that
of Baym (1969).

Using a Schr8dinger representation the spin state obeys

the relation

A d T efi g (Hyop+Hcoswto) Tee)
dt Zme 2 |

O3 1is the Pauli spin matrix.

The transformation to the rotating frame can be achieved without

€xplicit calculation by writing

(Tw)d = oi9%/z [ ).
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Substituting this into the above equation and multiplying on the

left by ¢ ~ 02’(7/7, gives . /

L—J“/\d‘ ') - [ — Wy 0z — 05 wi (e~Lw%t/201eLw§ﬁ) J]Ij(h)z
ot 2

where W, = ge HJ| / kuoc. The H, field is a linear one of which

only one rotating component is effective.

Now

~ LWy lway t z)
cos wt (e ,"t/zo;c e’ =t/ y

(wogt
cs wt o, e Y%

]

]

)
oy (cos? wl + Low, cos wtb sin wt),

]

Ox + I (ox cos 2wt + Oz,,sanwt) .

2 2

The two high frequency terms result from the counter-rotation component
/

of the r.f, field; they produce high frequency wiggles in “If (t)>'

and may be neglected in considerations of the average motion of the
8pin, Thus

@y . 2100y

2.
Wwhere _Q. = [(w*wo) + 60’7‘]’15-'
A
and om = W= W, 0z — w, 0%,
4) 2 ..(Z
With o~ = 1.

Thus

’\:P' (t‘)> 3 [wtog /2@/ -L_(lUG*/Z[ ?_.If(o)>

This result may now be used to compute the transition probabilities,

Suppose that the initial state of the spin is along z:



transition
probability

Figure 3.3 Transition probabilities
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T@)y =1z 1.

The amplitude for the spin having flipped over to the state ‘ Z ‘L>

at time t is then

1)

e—Lwt/z <_Z__<H <cos —‘Qz—t — L&Sér\%ﬁ)lg T>

o~ Wbz <_2;J,.)6\*l_z;7\>sm 'zt )

&nd the probability that the spin has flipped by time t is

PLE) = 1<z 1§ (0)>1*
—;.‘—’IEL (l-cos L),

The maximum value of P $(t) is

]

W w,*
n? (w-we)? + w*

&nd occurs after a T pulse, i.e. Lt = T .

The dependence is shown in Figure 3.3. For w— W, » W, this
Daximum probability is very small, but for resonance, W = W, , the
Daximum probability is wnity; the spin has flipped with certainty.

z“s\l‘z‘ansient aspects of two-level behaviour

In this section a number of transient effects are considered.
Yost were originally observed in magnetic dipole systems, but scme
have recently been produced in electric-dipole, laser systems.

Figure 2.9(b) displays the electric dipole analogue of

the well known magnetic resonance "wiggles". They arise when the
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8ystem is excited into a superposition state by means of a rapid sweep
in frequency through the molecular rescnance. The coherent emission
from the system beats with the receding stimulating signal. The
different forms the wiggles may assume are discussed by Andrew (1958).

The sweep must occur in a time short compared with T T2
énd XJH )—', where SH is the inhomogeneity of the steady field
Ho over the specimen. The beats have the f‘orm

(exp - t/T,) cos (2 ¥ Ht?),
and so their persistence is a measure of the degree of phase coherence
Permitted by relaxation processes.

The electric dipole analogue has been observed in molecular
beams in emission (Lainé, 1966), and ebsorption (Lainé and Kakati,
1969). Recently Lainé et al (1969) have shown that the effect may
be cbtained in the bulk gas and used to measure relaxation times.

It ig interesting to note that an accurate measurement is precluded
in the case of N“’H3 , because the sweep signal causes excitation of
the quadrupole lines during the decay time of the main line polaris-
&ion, The coupling of the two lines via camon energy levels is
Manifested as a perturbation upon the decaying wiggles.

(b)\oscillation transient

Singer and Wang (1961) have shown that, in general, an
8mplitude modulation of the output of a maser oscillator will be

°bs€rved, provided that the rate at which excited atoms is supplied
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does not much exceed the depopulation rate due to coherent emission.
The outline of their analysis is reproduced below,

They consider a two-level system with level separation
1%.0)0 . The two eigenstates are u2,(upper) end u, (lower) with
time dependent probability coeffecients az(t) and a1(t). The
Population difference is Ne‘

The coherent induced radiation rate of the excited molecules
(neglecting collisional relaxation processes and spontaneous emission)

is given by

d [ﬁwo Ne/loul(t)lzjl
olt ‘

For resonance, the values of a, and a, are

la,(t)lz= séni(/tﬁ%@) dt)
la, ()] - co«.ﬂ(ftp%@)dt) )

vhere & 4 is the oscillating electric field, and p is the effective
dipole moment (suitably averaged over all directions - a factor of
1/3). The integral takes into account the variation of E, with
the emission,

Next consider the equation describing the growth and decay

Of the radiation field. The change in stored energy is

d |eE?*

—_— = ] + Wo € EE[Q
dt 4T A1 x12G
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Wwhere Q is the quality factor of the cavity. The exchange of energy
between the molecules and the radiation is described by the equation,
& (Bt w, B ATNF b, d (o5 / L,Qc{f)
ot yxel
Fisa filling factor for the cavity. For an ammonia maser, which
is excited and then allowed to radiate Ne is assumed to be constant.
For pumnped masers an additional term must be added.

The solution of this non-linear equation gives the line
S8hape of the emitted radiation. An approximate result of the solution
is that the oscillation amplitude will be modulated at a frequency

W, ~ (f)(FNe kvo)’/z, ~ @5 ,

The results of Singer and Wang can be interpreted in a
8imple fashicn. W, is the angular frequency at which particles
Oscillate between the two levels, alternately emitting and absorbing
Tadiation, 1In other words, the modulation frequency is a measure of
the rate at which energy is transferred back and forth between the
Molecules and the field. The mechanism of the process may be viewed
in the following manner (Uspenskii, 1963).

When the number of particles in the cavity is sufficiently
large, the energy output is greater than the energy losses and the
totay energy in the cavity increases. This, in turn, increases the

I’I"Db&bill.ity of downward transitions, and thus results in an even
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greater increase in the field. In this process, however, the number
of particles decreases and finally the energy gained becomes equal
to or even less than the energy lost. The cavity now contains a
field and a proportion of the particles at the lower energy level.
The energy in the field can either be absorbed by the walls of the
Cavity, or it may leave the cavity, or it may contribute to raising
Some of the particles to the higher level. For a high Q cavity and
a long transit time, this latter process has the greatest probability
of the three. Thus in a large field the particles will be raised to
the higher energy level, and the field will decrease. This corres-
Ponds to the trailing edge of the pulse (which may be superimposed
on a constant level of oscillation). The cycle is then repeated.
Uspenskii derives a non-linear equation from the equation
for the conservation of energy and shows that the onset of the
Pulsations occurs for the condition
KE) 5> Qo
K @ T

On the basis of this condition cne would not expect an ammonia maser

“

%0 exhibit such behaviour spontaneously.

Basov et al (1966) have studied the conditions for pulsations
in masers and lasers. They show that it is possible to excite oscil-
lations of the radiation intensity below the candition for self-

Sustained pulsaticns if the number of active particles entering the
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resonator is modulated periodically. They argue that for typicél
Parameters of an ammonia maser a Q of about 25-30,000 is required,
With a 10% modulation. This is for a period of 5.‘!0-1+ seconds.
The interval between pulses is 4.10™* seconds end the duration of
each pulse is 0.9.10"* seconds.

Grasyuk and Oraevskii (1964) attempted to induce the
amplitude and phase transient in an ammonia beam maser by applying
& high voltage pulse to the state focuser. The effect failed to
Materialise, and they reported that they believed the result was
Vitiated because the establishment time for the beam of active
Molecules may have been of the order of the transit time through
the focuser and resonator.

The effect has been verified for the atomic hydrogen beam
Dager (Nikitin and Strakhovskii, 1966, and Audoin, 1966). Conditions
in the hydrogen maser are somewhat more favourable than those for
the ammonia maser: switching of the discharge that supplies the atomic
beam can be achieved in a time very short compared with the time of
8tOPage in the bulb ( ~ 1 second), also Q multipliers can be employed.

It has recently been proved possible to induce such a
Yransient in the ammonia beam maser (Lainé and Bardo, 1969). The
Method of switching does not involve modulaticn of the number of the
Particles in the beam; it is better regarded as a kind of "molecular

Q switen®, & slight variation of the method has yielded an induced
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8piking for a restricted period.

In parenthesis it is interesting to compare the condition
for the oscillatory approach to the steady state of oscillation given
by Grasyuk and Oraevskii, with that given by Cambrissen (1964) for
the magnetic dipole case.

For the ammonia maser, Grasyuk and Oraevskii derive the
- Condition (for exact resonance)

b> 98
Vhere b is the excitation parameter defined in Chapter IT,

Combrisson gives the condition

I

L s~ 1 + 1
Qo 8 T1

for g damped oscillation and with a time constant 2T, and a frequency

1

Q o 1 4 _ g _ T,

2)7, T, Q, T,

Qo is the threshold value of Q for steady state oscillations. T, and
T

41 &re normally regarded as equal in magnitude for the ammonia beam

Dasger,
{e) Echoss
The observation of the electric dipolé analogue of the spin
®cho in ruby was reported in 1964 by Kurnit, Abella, and Hartmann.
Tt is interesting to note their analysis.

2
They consider a volume small compared to )\ « The
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Hamiltonian for each of the two-level systems is written as

X--p- €
Where the pseudo-dipole moment is defined by
p = VZPRRATRy + RZ),
and a pseudo-electric field is defined as
[Ex% *E§ - Q7 P)Z]
E cos ({Lt + ©),

E sin (fLt + ©) cause transitiacns.

Only excitations of the form Ex

E
y

The operators R are those defined by Dicke (Chapter I).

P is given by ‘ <+ ,E I")’ , where P is the electric
dipole moment operator. -ﬂ— is the frequency separation of the
two-level system. Only the transverse companents of p represent the
actual dipole moment. p behaves in an analogous fashion with a

Magnetic dipole moment, thus,

-L<-P-2=X<-P>ASS. ’

dt

Which follows from the quantum mechanical formulat::.on,

<p> = tmee PR dt _..(, [-JEEJ

together with the definitions of }{ and p. The analogue of Bloch's

®quation is reached by adding the phenomenological relaxation terms,
d<p)> _ ¥<pdal _ (poi +<p)3
dt T2

— Sp2) = <Pzl 2.
| T)
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To explain the formation of the echo it is considered that
the rescnance line is inhomogeneously broadened, and this is taken
into account by writing

& <p)y - 3<£2j /\i%')
At
Which in turn implies that () varies from place to plsce. The

analysis is simplified by transforming to the rotating frame,
L RRE e +i0Ryt

o - ¢ e ,

80 that the equation of motion becames

i Ry = ¥ <pd ~ES

Where (P)* = trace p ¥

S_J* =( )(_Q —Q)z-FECosex
i +E5Ln9_y .

N[

£ unf )Df’i e")

L
dt T
*
-a/( % .EJ ° ..é— \J .

The Hamiltonien is now time independent. The pseudo-dipole moment

*
Just precesses about the static effective field EJ. 3
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At time t = O all the atoms are in the ground state so
<p>* points aleng the -2 axis, This state is equivalent to that
given by the density matrix
o Ir (l/2 - st),
When the excitaticn pulse is applied the fields are intense,

. E = (77%9_)(11 _0),

and therefore in the rotating frame < 2> Jjust precesses about

E, = E(cos © X + sin © )

at the frequency §E.
The excitation pulse is applied for a time T , where
Vol
XE1 T = 1T7/2, so that <2> is rotated into the x-y plane.

Once the excitation pulse is over, the effective field is in the 2

S

J
Vectors begin to fan out in the x-y plane. The macrosccpic transverse

Urection and varies from site to site. The individuel ( p )

electric dipole moment formed immediately after the first pulse is
raI’idly dephased, A second excitation pulse is applied a little
later, This pulse is twice as intense as the first, and causes a
Totation of [ about the effective field. Once the excitation

Pulse is turned off, the vectors rotate about the effective field

EF - (RMTPN1;-1)

Thig Precession is in the same sense as beforé the excitation pulse,

given by
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and so the <E>~)§ vectors come back into phase in just the same time
that it took them to dephase.

The latitude of timing permitted for the excitation pulses
is governed by the T 1 ‘and T2 relaxation times, The loss of coherence
OCcurs in a time ~ T;é and is reversible: it occurs as a result of
il'lhomogeneous broadening. There are also irreversible processes
With relaxation times T, and T, governing the decay of the lengitudinal
(Population) and the transverse (polarisation) components of the
dipole moment.

Oraevskii (1967) has proposed that echoes could be cbserved
in a molecular beam maser. The dephasing and rephasing occurs as a
Tesult of Doppler broadening. The inverse Doppler width of the line
(TZ) is much less than T, (the time of flight through the resocnator).

Oraevskil proposes the use of a E 1

olm mode in a cylindrical

Tesonator. The Doppler width of the line is then of the order of
T v/ L)m’ where L is the length of the resonator, V is the mean
Speed of the molecules, and m is the number of half-waves along
the resonator. Since the time of flight is L / V the condition on
Telaxation time becames, J] m >> 1. m must also be odd because
the resonator is poorly excited by the molecular beam for even m
(Klimontovich and Khoklov, 1957).

The inhamogeneity could also be furnished by a small magnetic

Or electric field.
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Echoes have been observed (Jenkins and Wagner, 1968) in

~ gaseous ammonia contained in a waveguide cell (that is, the initial
8tate is a thermal one). The gas was excited by pulses of 0.1,,Lsecond
duration and peak power levels of ~ 100mw. The echo corresponded to
the J = 3, K = 3 inversion transition at 24 GHz, The echo form-
ation depended upon the inhomogeneity provided by Doppler broadening.

(d)\'.l‘he transient nutation effect

The electric dipole analogue of the magnetic resonance
effect has recently been seen (Hocker and Tang, 1968) by illuminating

gaseous SF6 with a pulse from a Q-switched CO, laser. The effect

2
Shows up in the form of a damped amplitude modulation near the
leading edge of the light pulse.

The physical explanation of the effect is that the intense
Coherent light pulse can successively drive the molecules between the
two levels, through T1/2, TT , 37 /2, 2 Il positions and so on until
the Cycle is damped by relaxation processes to a steady state corres-
I’°‘1‘3~ing to absorption by a partially saturated system. The process
Produces a sinusoidal modulation of the population and coherent
Polarisation. The oscillation in the population difference reacts
0 the field and amplitude modulates the light wave.

The effect is described as transient nutation because the

Precession of the transition dipoles about the field in the rotating

frame appears in the laboratory frame as the slow nutation (modulation)
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Superimposed on the rapid oscillation of the coherent polarisation
at the transition frequency.

It should be noted that the oscillation transient corres-
Ponds to a transient nutation; one which is self driven, and not
initiated by an external pulse of illumination.

Macomber (1968) has pointed out that the Fourier transform
of a saturated slow passage spectrum is the transient nutation signal.
He Proposes that separate fields be employed for the saturation and
Slow passage.

QSZ_QEher analogues

Another phenomenon of interest is that of self-induced
transparency in gases (McCall and Hahn, 1967) in which a pulse
Propagates without absorption. This may be termed a 2T pulse,

Lefrére (1969) has recently observed some transients,
Notably "wiggles", in an optically pumped system,

é;z__gbe detuning effect observed with cascaded cavities

Higa (1957) was the first to conduct an experiment on an
8mmonia beam maser with cascaded cavities through which the beam
Passes in succession. The two cavities are coupled only by the beam;
Ticrowave leakage from one to another is prevented by fitting each
Cavity with end-caps of a diameter below cut-off for the mode.

It was found that if (a) the second cavity is tuned near

o the molecular resonance and there is sufficient flux to permit it
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to oscillate, but (b) the first cavity is detuned so far that it will
not support oscillation, then the frequency of the oscillation in the
8econd cavity is governed by the usual "pulling factor" appropriate
to that cavity. However, if the first cavity is successively tuned
Closer to the molecular resonance it will at some stage break into
Oscillation. An amplitude modulation of the oscillation is then
Perceived for a time in the second cavity. With a little more change
of tuning these "Higa beats" cease. It is then found that the freq-
uUency of oscillation in the second cavity follows precisely that of
the first, If is determined by the "molecular ringing" from the first
Cavity, In this mode of operation it is observed that the intensity
of the oscillation in the second cavity displays a series of maxima
8nd minima with change in detuning. (Strakhovskii and Tatarenkov,
1962, and Lainé and Srivastava 1963) These "S - T" curves are
Symnetrical about the molecular resonance frequency W, , if the
8econd cavity is tuned to ®W, (and if the matching for the first cavity
is constant - Smith and Laine, 1968). A series of such curves are
Teproduced in Figure 3.4 (a) and (b) (Lainé and Smith, 1966).

For low flux of active molecules it is found that the second
Cavity will not oscillate independently of the first.

These successive effects have been interpreted as indicating
that the "ringing" signal from the first cavity at first beats with

the oscillation of the second cavity to produce the Higa beats (regions



14

(a) . (b) ©) d) (e)
|
= 7
23kV 21kV 18-5kV 17KV 16:5kV
n v
| 1
b
n v
v
R
Y
Y
/— /4 —7# ,',‘J 2 )&‘A
3.6 0 +36 -32 0 +32-22 0 +22-16 0 +16-12 0+12 Mc/s
Av,

Figure 3.4 Detuning curves (after Lainé and Smith, 1966)
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IIT and IV in Figure 3.4). But then with less detuning the first
Cavity dominates the second and the polarisation impressed upon the
~ beam by the first cavity synchronizes the oscillation of the second
(region V). TFor conditions where the second cavity would not oscil-
late independently of the first, the phase-locked conditions give
Vay to one in which the second cavity is solely dependent upon the
Coherent excitation from the first,

A number of theoretical explanations have been proferred
to explain the shape of the S - T curves., However, none has provided
& convincing explanation of the shape exhibited in the various S - T
Curves, Basov et al (1964) were able to show that the frequency of
es!citaticn in the second cavity should be that of the first cavity,
8nd that for zero detuning of the first cavity and a large electric
field amplitude, the radiation intensity could became zero.
SPectroscopic examination of the beam in the second cavity revealed
it to be strongly absorbing (Basov et al, 1963).

Basov et al (1964) used a semiclassical approach in which
& classical field was assumed to arise from a polarisation of the beam
%hich was calculated quantum mechanically. In contrast Ii Tie-Cheng
&nd Fang Ii-Zhi (196)4) adopted a more rigorous approach in which the
Tadiation field was quantized. They employed a perturbation treat-
Ment due to Senitzky (1958). Their treatment predicted sectors in

the frequency detuning which would permit oscillation, and others that
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Would not sustain oscillation. This secticnal behaviour was argued
to be in qualitative agreement with the double maximum S - T curves,
They were not able to offer an explanation for the single maximum
Curves seen at low focuser voltages.

A more recent explanation offered by Basov, Oraevskii and
Uspenskii (1967) attempts to explain the gap in the S = T curves at
Zero detuning in terms of interference effects arising from emission
by molecules moving with different velocitigs and radiating fields
With different phases.

It is interesting to note that Wells (1958) gave an
€Xplanation of the Higa beats in terms of the orbits described by the
T vectors in a Feynman diagram,

It has recently proved possible to offer a reasonably
Cogent explanation for much of two cavity behaviour. The reasoning
¥as based on the cansideration that in passing through the first
Cavity the molecules experience a pulse of radiation (Laine 1966).
The Polarisation imparted to the beam depends upon the magnitude of
the Pulse, which in turn depends upon the electric field within the
Cavity, It is well known that the ringing signal is a maximum for
Multiples of TT/2 (Bloom 1956, Smith and Lainé, 1968). As the first
Cavity is detuned then the pulse received by the molecules diminishes.
Since the behaviour of the second cavity is governed by the ringing

from the first, it should prove possible to derive,at least qualitatively,
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the form of the S - T curves from considerations of the transition
Probabilities appropriate to the two cavities., A simple quantum-
mechanical derivation is reproduced below. Acting an this idea
KI‘ause'(1968) independently produced an equivalent treatment in a
different form of simple quantum mechsnics. However, the treatment
glven here is more general and the assumptions made for simplifying
the equations may be more obvious. Moreover, Krause did not consider
Pulses greater than TI (which correspond to the S - T curves already
Observed)., It is shown in Chapter IV that it is possible to extend
the treatment to the case of pulses greater than TT (correspanding
to absarption of radiation by molecules during part of their transit
1"hI‘OUgh a resonator). It is seen that it is possible to devise a
Modified Feynman diagram appropriate to the electric dipole case,
from which S - T curves corresponding to various levels of excitation
May be constructed. By this means S - T curves having shapes not
Seen previously are predicted. A spectroscopic examination of the
beam permits an approximate scale in terms of focuser voltage to be
8ssigned to the Feynman graph. This latter diagram is obtained by
treansforming into a rotating frame for which the phase is chosen
80 that the motion of the pseudo-dipole vector occurs in one plane.
The maser described in Chapter II is shown to be capable
of Providing an approximately 2T pulse. An S = T curve having the

form of cne of the predicted S - T curves has been obtained.
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The quantum mechanical treatment for the two-cavity detuning
effect is given in a matrix formulation employing spinars. The
initial formulation is similar to that given by Kukolich (1965) for
the two cavity problem of the rescnance pattern produced by a Ramsey
8eparated fields configuration. In formulating the problem relax-
ation processes are ignored.

A superposition state for the two level system is given as

& linear combination of the upper and lower state eigenfunctions u,

Bndub

Whe -
re }ﬂ au + b u ,
and aa* : BT = 1,
a
is written as a spinar b in analogy with the

Magnetic spin 1/2 system.

The Hamiltonian for the system when no external fields are present is
H, - Vh(ho,)o

fnd %*}fo Vo= Vi (A w,) (a¥a - é*b);

12 Wo is the energy separation between the levels, and O, is a

Paulj spin matrix. The r.f. field provided by the auto-oscillation

in the first cavity administers a pulse described by

-twb
o O IVa (ﬁa),)@ ‘ ,

I .
)/2 (ﬁw;)etwt @)



- 99

and the Schrédinger equation

L K (0/0t) Y

\

wy

L l (CL ) l/l (A)o ,/2. CUIQ—Lwt a
ot b

is

wtl

/2 C«)le/L - Iy o b

)

Where 4’1/60( = luab E‘ " f,(a_t, is the dipole matrix element

Cannecting the two states, and E

(Mg = Wy = 0.

Making the substitution
" i 6— i (w/2 ) t
(b) ) < p! i)

the Schridinger equation becomes

4 is the magnitude of the r.f.field,

/

2w, ~ Y (w,-w)\ b/,

- o’ . Vo (we ~w) Vo w, o’
at | pf
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Kukolich writes the solution

(a/ (t)) _ 0o (a (0)
b (t) b (o))

(Cosoct - L(wo~w)sénoat' —L(&)sinxt (0)
2 2
o 5
\*L(W, sin cos xt + t fw —w\sinl]\b (0)
2% > 20
/3
vhere 02 = (/2 (w, ) M S w,)z.

Y.
The state of the beam entering the first cavity is wo = (0\)

The state produced by an r.f. field on for a time T is (a wni-velocity

beam is assumed)

a ¢cos LT -i(vo—d))n}aocc — i) s [ 4(0)
& 2 2«
/ . . g a)_ . 6(0)
b )y sm kT CosxT + 1[eh-C)cmul
ot 2

The average energy is

E’ = % (‘kﬁ)o)<6’z> )
= % (ko Xaa ~b¥b ).

and the oscillating polarisation is

P=R<s> =B (ab +b%)
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In the region between the cavities the r.f, fields are
Very small, and the matrix is
-1 —_
0 L% (AN w)T 0

-S‘Ls = O (.,l/z_,(wo"w)-r 9

Correspaonding to free precession, where T is the time spent by the
Molecules in the region between the cavities.
The final wavefunction, after the molecules have passed
through the two-cavity system, is
(a/l) =z AL, dle L, <CL(O> g
b /2 b (o)
Where (], :represents the effect of the first cavity, {Lg the drift-
Space, and L, the effect of the second cavity.
For W close to W,
Qs «T- ( ((CJO— w)/Z“ ) sin kT becames (05 l/2_ w,Z'
and
~L (w,/Zx) sin oL T becomes ~ L sc‘m'/z(u’,t).
Since the phase within the pulse envelope is not important for the
Present considerations the drift-space matrix may be taken as the
Wit matrix, Therefore,

Q/ Q(O) | 0 (0\— [O)
= 1.1 o oL n
b’ /2 gt R b (o) 2(0 l) ' \b(0)
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cos 0,T, —18m %y T\[cos b T, -1 sy W T, a(O)

I

~ism BT, cos 2Ty [\ v sih 40T, cos hwT,

e

( a(0 |
Now, b(()) i 0 , 8ince the focuser defocuses
lower state molecules.

The probability of a transition occurring in cavity 2 from
the state u, to state u_ is given by v ¥

(B o+ Ty s
Performing the matrix multiplication gives

by oL (0% 4 45,

and so (neglectlng the phase factor)
bb* = swip (g + @, 5),
(. +5 .
Usually 7 ~ -(2 and the field in cavity 2 is about an order
°f magnitude smaller than the field in cavity 1, so that
o, =/gg_§' > Y = Ab
> ;

tmd Q) 5 may be neglected; in other words, it may be assumed
that the molecules experience a negligible pulse in the second cavity.
The field in cavity 2 is given by
. )
E, = ¢ [bb (L_+,z)j/‘*
Where C1.is a constant.
The assumption that (WD ~ 4J, can be justified if it

18 noted that the frequency of oscillation in cavity 1 is governed
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%Y the frequency "pulling factor"
W, - W = Q ci ((l%l - QJO‘) ;f:(’1> .

Q m

Where J, is the angular frequency of the oscillation in cavity 1,

Cdb | is the resonant frequency of cavity 1, Qc1 is its loaded

Quality factor, QM is the Q of the molecular resonance defined by

QM_QM__.:_‘*&_._L_ ;
2AWM 0-81 v

L is the length of the cavity, and v the velocity of the molecules.
f(n) is a complex function of beam flux and amplitude of oscillation,
and is approximately unity. For typical values of these parameters
it is found that a detuning of the cavity by several MHz pulls the
Oscillation only a few kHz., The spectral line may be regarded as
flat over this small range of frequencies, and the variation in E1
With the detuning can be obtained by multiplying the magnitude E,
at (), with a normalized factor which determines the shape of the
detuning characteristic of the oscillation amplitude in cavity 1.
Por a semi-elliptical detuning characteristic (Jaynes and Cummings,
1963)

. z
E, = Csin(G Eo(rl/’_;@%z_

Where C, = M, ﬂ=(wc,“°)o/“’o) is
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Figure 3.5 4Theoretical detuning curves
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the detuning of cavity 1, and ﬂm is the maximum detuning.

Figure 3.5 shows these results graphed for various pulses
(uwp to JT ) received in cavity 1. The maximum field in cavity 1 is
given for a J| pulse, which means that a molecule which enters cavity 1

in state u, emerges in state u . Then E 0. In all other cases,

5 =
the molecules emerge from cavity 1 in a mixed energy state. The

maxima E, F 4 in the diagram correspond to the situation where

the molecules receive a T /2 pulse in the first cavity. For example,
if the molecules receive a 3 T /4 pulse when the cavity is tuned to

the molecular resonance , then on detuning there occurs a point where
the magnitude of the electric field in the first cavity drops to the
level where the molecules receive a 1/ /2 pulse. This is, of course,
related to the delayed peak predicted by Bloam (1956) for molecular
Tinging following a pulse excitation. He showed that the peak occurred

at the instant when the populations of the two levels become equal.
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CHAPTER IV

THE EXPERTIENTAL INVESTIGATION OF TRANSIENT EFFECTS.

k.1 The oscillation transient

Qg) Quenching with an injected signal

In Chapter IT it was described how the detection technique
may be used to inject a stimulating signal into the maser cavity.
Since the klystron is frequency modulated the stimulating signal
Sweeps across the molecular resonance., This probing signal permits
Operation of the maser as a sensitive spectrometer below oscil-
lation threshbld (Gordon, 1955). It may also be used for spectro-
Scopy when the maser is oscillating (Shimoda and Wang, 1955). A
reduction in the oscillation amplitude at the main line frequency
is seen when the signal is swept across thé quadrupole satellite
frequencies. The quadrupole transitions occur between energy
levels which are involved in the main line transitions, and the
Change in populations of these energy lévels induced by the probing
8ignal is reflected by a reduction in the main line oscillation
amplitude, Shimoda and Wang report that it is possible to quench
the oscillation by excitation at the quadrupole frequency.

This mode of quenching by population depletion involves
excitation and detection of quenching at two quite different
rI‘equencies. It is also possible to quench the oscillation by

injection of a signal within the linewidth of the maser signal



Figure 4,1 Oscillation transient following quenching
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(Lainé, 1967). At low levels of the injected signal, Vg , its
Presence is registered by the changing beat frequency it produces
with the maser oscillation, passing through a zero frequency beat
When it is momentarily at the maser frequency, Figure 2.9(c). At
& higher level, the oscillation is quenched when Ps5 is close to
the molecular resonance frequency, and a stimulated emission signal
appears in place of the zero frequency beat. As the probing signal
Tecedes from the maser oscillation frequency the oscillation appears
again and approaches its steady state amplitude, as evidenced by
the amplitude of the beat signal in Figure 4.1. At low beam intens-
ities the approach to the steady state is monotonic, but for an
intense beam the approach has the damped oscillatory character seen
in Figure 4.1 (it should be noted that the changing beat frequency
amplitude is subject to amplifier bandpass restrictions).

Evidently the use of an injected signal affords an efficient
Method of fast switching of the maser oscillation. It was remarked
in Chapter III that the attempt by Grasyuk and Craevskii to switch
& molecular beam, by the application of a high-voltage pulse to the
focuser, failed probably because of the relatively long time required
for the establishment of the active beam of upper state molecules,
the subsequent smearing effect due to the velocity distribution,
and finally the time required for penetration into the cavity.

The success of the present method is attributable, in large part,
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Yo the fact that the molecules are perturbed within the cavity,
Where they are all coupled to a common radiation field, and where-
the effects of the finite magnitude of the velocity and its
dstribution are minimised.

The transient was first observed as a slight overshoot
like that seen on the right hand side of Figure L.4¢. This occurred
“"ithin thé cavity referred to as cavity 2 (Chapter II) which has a
Q of about 6 ,000, Fram the theoretical considerations of Chapter III
1t is seen that the transient should be more pranounced if the Q is
increased, Accordingly cavity 1 was fabricated, with a small
®oupling hole in order to retain as high a value of loaded Q as
‘Possible , commensurate with a reasonable signal to noise ratio far
the oscillation. It is also possible to argue that "the effect is
Mot praminent in the ammonia maser" (to quote Singer and Wang, ﬁ961),
bec&use the ex'cited molecules are usually supplied at a greater
Tate than the depopulation rate due to coherent induced emission.

It would seem that conditions favouring the transient can be
&Pproached by increasing the depopulation rate and simultaneously
‘decr_easirig the rate of supply of the molecules, However, decreasing
the number of molecules flowing into the cavity would decrease the
deP"P\JJ.&:!::'Lon rate., The two factors appear to be immutably opposed.
The problem is better viewed in another way. The frequency of the

Wplitude modulaticn of the transient is linearly related to the
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field in the cavity,
W, ~ ji_E;l .
h

Normally the radiation energy density in the cavity is too low for
the effect to be seen, since the period of amplitude modulation is
greater than the mean time of flight of the molecules. The period
of modulation may be decreased by increasing the electric field;
this by such measures as increasing the Q of the cavity, and
iHCreasing the intensity of the beam, The mean time of flight of
the molecules can be increased by cooling the beam. It was seen
that this latter course also augments the beam intensity by
inCreasing the population of the 3,3 inversion levels, thus
increasing the field in the cavity, Here is the justification for
the cooled beam, Figure 4.1 shows the transient obtained with
cavity 1 (12.4cm. long, Q~9,000), and a beam cooled to 170°K, at a
Pressure of 2.8torr behind the nozzle (0.1cm. channel) and with a
focuser voltage of 55kV. Since the velocity varies as the square
Toot of the absolute temperature the expected increase in transit
time resulting from cooling of the nozzle is a factor of about 1.3.
The mean velocity is about 3 x 10*cm. sect! at room temperature
(Jaynes ana Cummings, 1963) corresponding to a transit time of
about 0,4msec. This would be increased to about 0.5ms. for the

Cooled beam.
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The frequency of the modulation seen in the photograph
Figure 4.1 is estimated to be 9.5kHz. The signal to noise ratio
Presently obtainable does not permit a reliable calculation of
relaxation times (coupled with the errors in correction for band-
Pass effects). Figures 4.2(a) and 4.2(b) show the change in the
transient period and emplitude for the change in focuser voltage
from 55kV. down to 20kV. The decrease in the modulation frequency
With decreasing focuser voltage can be clearly seen. Figure 4.2(c)
S8hows the incipient transient produced under conditions of operation
Without liquid nitrogen pumping and the necessarily much reduced
beam flux.

There is an interesting feature of the appearance of the
transient., The stimulated emission peak is followed by a ringing
‘8ignal appearing as a changing beat frequency. Normally the micro-
Wave bridge is set so that the oscillation grows from that ringing
Signal and is seen to be locked to it on the oscilloscope presentation
of frequency (time) variation. If, however, the conditions are such
that the beat signal decreases to below the level of thermal noise
before the onset of the oscillation, the starting time of the oscil-
lation is observed to "jitter" on the trace. Presumably the oscil-
lation is then initiated by noise and the point of time at which
this occurs varies slightly between the successive 50Hz. repetitive

Swe eps.,



(a) 55kV

(b) 20kv

(¢) without liquid nitrogen

Figure 4.2 Oscillation transient
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Qb} The transient that follows Stark switching

It was indicated in the last section that it was considered
that much of the efficiency of the method of switching derived from
the circumstance that a beam parasmeter was varied during the passage
of molecules through the cavity. It seemed worthwhile investigating
this proposition by attempting another method of switching in the
Cavity: that of quenching the oscillation by applying a square wave
Pulse to a metal probe projecting into the cavity, in the path of
the beam, The application of a pulse of electric field means that
the molecules suddenly experience a region of inhomogeneous field,
Causing a degree of Stark splitting and spreading of the spectral
line. This then may be termed "molecular Q switching", though it
should be noted that the previous method involved molecular Q switching,
in that the line is spread by saturation during the signal injection.

The probe is shown in Figure 4.3. It consists of silver
Wire 0,51mm. in diameter, partly sheathed in a glass tube, and
Mounted through a nylon screw. The assembly is mounted in a tapped
hole in the wall of the cavity, which terminates in a {1mm. diameter
hole into the cavity. The glass sheath projects just into the cavity
and the probe extends across two-thirds of the cavity diameter.

The probe is mounted opposite the coupling hole and exerts a
Considerable tuning effect.

Figures L4.4(a) to (i) diéflay the change in transient as



coupling
hole

J L

ll—.probe

cavity wall _nylm screw

2] L

—metal cap
[ glass sheath

Figure L.3. The probe mounted in the cavity.




Figure 4.4 Transient following Stark switching
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the focuser is varied through the respective focuser voltages; 50,
Lo, 30, 27.5, 25, 22, 21, 20 and 18kV. (for a beam pressure of 2.3
torr behind the nozzle). The pulse has an amplitude of 100volts, a
width of 50r1seconds and a pulse repetition frequency of 1kHz. The
change in the frequency of modulation is clearly seen. However, with
the present signal to noise ratio the determination of the frequency
from the photograph is subject to a large error derived from the
thickness of the traces. Figure 4.5 shows the variation of the
Modulation frequency with focuser voltage, replete with possible
errors, The change from an oscillatory character to an aperiodic
one is seen to occur at about 25kV,

It was not possible to quench the oscillation completely
using this probe. The quenching resulted in a change of about 40%
in the level of oscillation. This is not surprising since the region
of inhomogeneous field is a very small one. In consequence the
Photographs depict not one transient, but the composite of two - a
Switching-off transient, and a switching-on transient. Following
the leading edge of the applied pulse there is a switching=-off
transient as the oscillation level drops to a lower level; then
Tollowing the trailing edge there is a switching-on transient as the
Oscillation is restored to its former high level. For this reason
the results cannot, in their present form, yield values of rise time,

and other parameters. Figure L4.6(a) shows an expanded trace of the
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Figure 4.5. The variation of transient modulation

frequency with focuser voltage.




(a)

(b)

(c)

hil Kl il

Figure 4.6 Composite transient
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Prhenamenon, Figuresv4.6(b) and (c) in which a 100 wsecond pulse is
applied, display the effect even better; the discontinuity between
the two transients is clearly visible. The effect has also been
verified by coalescing two pulses of the maximum width, 100’;seconds,
to yield a pulse of 200}4seconds duration, whereupon further develop-
ment of each transient is visible (not illustrated here). Since the
transients have a duration of about 300 pseconds it has not been
Possible to separate the two. Complete quenching of the oscillation
Would permit reliable measurements to be made of relaxation and rise
times (knowing the response law of the complete detection system).

There is a potentially confusing feature of the photographs
L,6(b) and (c) in which the pulses apparently have reversed polarity.
The Mullard signal generator used to provide the pulse did not
reverse the polarity of the pulse, but exchanged the mark-space
Sections of the pulse train. Thus in Figure 4.6(b) the field is
épplied for 100}Lseconds, and a partial switching-off is followed by
a switching-on; whereas, in Figure 4.6(c) the field is switched off
for 100}Lseccnas and a switching-on of the transient is followed by
& switching-off.

4.2 TInduced "spiking".

The oscillation transient following quenching by an
injected signal is observed under conditions of a relatively wide

frequency sweep of the injected signal across the natural maser
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oscillation frequency V), . Then the beat frequency signal upon
which the oscillation transient (frequency ﬁbrv 10kHz.) is super-
imposed is in general greater than 80kHz. in order that the transient
Phenomenon can be distinguished easily from the magnetic satellites
of the J = K = 3 inversion transition which lie between 50 and
80kHz, from the main transition.

If, now, a relatively narrow frequency sweep is used, such
that the beat frequency is £10kHz, before and after quenching, a
Series of spikes of oscillation of relatively large amplitude can be
Produced, These spikes occur before and after the region of oscil-
lation quenching, as shown in Figure 4,7. The risetime of an
individual spike is ~10 us, and the decay time ﬂ’ZO}LS. The
repetition frequency of the spikes follows that of the beat frequency
(between the maser oscillation frequency ¥, and the frequency modul-
ated exciting signal ¥ ) up to ~ 10kHz. The duration of the train
of spikes appears to be limited by the time for which the beat signal
is less than 10kHz., the natural period of the oscillation transient.
Consequently, the duration of spiking is dependent upon the rate of
frequency sweep of the excitation signal. The longest pefiod of
continuous spiking observed so far is ~ 2ms, This time is consider-
@bly longer than the mean time of flight of an individual molecule
through the cavity (~n 0.5ms.), in contrast to the case of the

transient phenomenon. It is also of interest to note that the



Figure 4,7 Induced spiking
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amplitudesof the spikes of oscillation are somewhat greater than the
level of continuous oscillation as shown by the amplitude of the
beat signal on the extreme left and right hand sides of Figure 4.7.

The dependence of spiking upon the presence of the
externally applied signal is clearly shown by the fact that at low
levels of applied signal neither spiking nor quenching occur. In
their place a beat signal is obtained which passes through zero
beat frequency when the applied signal of frequency Y is instant-
aneously at the maser oscillator frequency Vb‘ . Figure 4.8(a)
Sshows the zero beat obtained when the injected signal level is low:
Figure 4.8(b) shows the appearance of spiking when that level is
increased. .

Figure 4.8(c) demonstrates decisively the relation between
the transient and the spikes. On the left is the transient produced
by the rapid frequency sweep fram the sharply rising leading edge of
the saw-tooth voltage applied to the klystron reflector, and on the
right is the spiking induced by the slower sweep from the trailing
edge of the saw-tooth.

It will be noted from Figure 4,7 that the spiking phenomencn
Precedes and follows the quenched oscillation region. Furthermore,
the spiking decays as the amplitude of oscillation grows to its
8teady state level on the right hand side, and vice versa on the

left hand side. On close examinatién of an expended trace it is



(a) zero beat
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evident from the superiéposition of the growing beat frequency and
the spiking signal, that the spiking repetition frequency follows

the beat frequency. Thus the effect may be attributed to the
externally applied signal going in and out of phase with the growing
oscillation, and leading to a periodic modulation of the microwave
electric field within the cavity at the beat frequency.
(Alternatively the system may be regarded as being partially quenched
with a periodic modulation at the beat frequency), Figures 4.9(a)
and 4,9(b) display the situation where the beat frequency exhibits
harmonic relationships with the spiking frequency, over a small range
of frequency. Figure 4&.9(c) shows an expanded trace where the
8piking frequency gradually increases until the spiking can no longer
be sustained.

Comparison is invited between this series of photographs
of the transient and the spiking phenomenon, and the photographs in
Figure 4.10. The latter show the behaviour of an RC oscillator
Subjected to a small disturbance.

The correspondence is not fortuitous. A simple RC audio
Ooscillator has many essential features in common with a maser,
Particularly an amplification mechanism combined with a feedback
lechanism of which the round-trip phase is strongly frequency
dependent. It also has a saturation mechanism to reduce the round-

trip gain as the power level increases. In a simple RC oscillator
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Figure 4.9 Intermediate stages of spiking




(a) Envelope response typical of RC oscillator to slight amplitude disturbances within circuit. Oscillation frequency
is 100 cps (left), 1 kc (middle), and 10 ke (right). Sweep times are 200, 100, and 50 millisec/cm, respectively. Oscil-
lator distortion is 66 db below oscillation level.

v gt
] | 7 | z

(b) Envelope response to internal disturbance when lamp circuit time constant is increased, showing slower en-
velope transients. Distortion, sweep times, and oscillator frequencies are same as in (a).

-

(c) Envelope response when oscillation level is reduced 10 obtain very bigh eflective linearity in amplifier portion
of circuit. Distortion is about 90 db below oscillation level. Sweep times are 1 sec/cm (left), SO0 millisec/cm (mid-
dle), and 100 millisec/cm (right). Oscillator frequencies are same as in (a).

}

:

Figure 4,10 Transients in an RC oscillator (after Oliver, 1960)
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this saturation mechanism is a variable resistance in the feedback
loop, in the form of a small lamp the temperature and resistance of
which change with the average signal power dissipated in it, so
that the feedback round the loop is reduced.

Another point of contact between the oscillator and its
familiar solid state laser counterpart is that the time constant of
its saturation mechanism (determined by the thermal time constant of
the lamp) is relatively long, to be compared with the long meta-
stable lifetime in the laser case. For this reason it is expected
that "epiking" behaviour would be seen in the output of such an
oscillator. However, this form of instability is not often seen.
Oliver (1960) has shown that there is usually a weak saturation
mechanism in the amplifier stages, and this small compression effect
for large signals is usually sufficient to eliminate the spiking.

If the oscillator is made with a highly linear amplifier section
then the spiking is manifested. Figure 4.10 shows the envelope
responses under various conditions of time constant and distortion.
This discussion of the analogy follows that of Siegman (1968).

4.3 The spectroscopic investigation of the state of the beam

emerging from the first cavity.

The observation of the transient indicates that molecules
are oscillating between the two levels during the course of their

transit through the resonator. It is thus reasonable to expect that
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the emerging beam will exhibit changes in its relative populations
as the beam intensity is varied, that is, it should change from
emissive to absorptive as the electric field within the cavity
increases.

Figure 4.11 depicts schematically the arrangement used to
examine the emergent beam, It will be recalled from the discussions
of Chapter III that the oscillating polarisation possessed by the
beam emerging from the first cavity can initiate oscillations in
the second cavity for a focuser voltage well below that of the
threshold for the cavity acting alone. For the arrangement used
here (first cavity Q ~s 9,000, second cavity Q ~ 6,000) the effect is
quite pronounced, With the first cavity detuned by about 10 MHz. so
that the beam is unpolarised the second cavity oscillates freely at
17.5kV. for a nozzle pressure of 1.6 torr (the optimum pressure,
with the iris aperture optimised at 1.1mm): when the first cavity is
tuned to the molecular resonance frequency the threshold for forced
oscillation in the second cavity is about 410kV. Since, for the
Purposes of a spectroscopic examination the presence of an oscillation
in the second cavity is an embarrassment, with its concomitant beat
frequency superimposed on the oscilloscope trace, it is desirable
to remove the polarisation of the beam. This can be achieved by
Projecting the beam through an inhomogeneous electric field, such

as that provided by a state focuser (Basov et al, 1964). If the
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Figure 4.11. The arrangement of cavities and focusers used for the spectroscopic
examination of the beam.
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field is maintained at a low level then the polarisation may be
removed without any sensible disturbance of the level populations,

The onset of free oscillation in the second cavity can be deferred

a little, without prejudice to the cavity's function as a spectro-
meter, by detuning it (the second cavity) a little. In the

experiment described below the second cavity did not oscillate through-
out the range of focuser voltage.

Figure 4.12 shows the results of the spectroscopic exam-
ination., Below 2kV. there is an absorption (not visible) corres-
ponding to the near thermal distribution of populations. Above 2kV.
some focusing action is exerted, the beam is emissive in the first
cavity, and still emissive on emergence. The emissive signal increases
and then wanes, and gives way to an absorptive signal after 10.5kV.
The absorption increases and then begins to decrease when a transient
is just visible in the first cavity; By the time the transient is
well established the system has become emissive again. Throughout
this process the oscillation amplitude in the first cavity displays
a monotonic increase. Howéver, in the process the spectral line
exhibits a splitting., At 22KV, a small emissive-going notch appears
in the absorptive line and steadily grows in amplitude and width at
the expense of the absorption line until it changes into an emissive
signal. TFigure 4.13 shows the shape of the spectral line for a

Succession of focuser voltages (the available signal to noise ratio
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Focuser voltage (kV)

30 35 1o
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Figure 4.12. The variation with the main focuser voltage of the state of the beam
leaving the first cavity.
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Figure 4.13. The appearance of the spectral line observed in
the second cavity for various magnitudes of
focuser voltage.
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did not permit photographs).

It thus appears that an emissive line is superimposed upon
an absorptive one; a kind of "hole-burning". The relative widths of
the two lines give an indication of the possiblé mechanism, The
narrow width of the emissive line at about 22kV, indicates that the
emitted radiation is originating from relatively slow molecules.

If this is, in fact, the case,then their transition probability (a
function of time) could be quite different from that appropriate to
faster molecules. The hypothesis is given further support by the
observation that the emissive line is easily saturated by an increase
in sideband power.

For the purpose of analysis assume first that an unsorted
beam passes through the first cavity, which is tuned to the molecular
resonance frequency VY, , then the excess population will oscillate
between the two levels. At time t, the probability of the excess

population in the upper and lower levels, a and b respectively will

| al’

b

E
W = Me=
#

and M2 is the dipole matrix element for the transition, E the

be given by

,sinz wt .

2
cos wh,

where

magnitude of the oscillating electric field in the rescnator, t the
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interaction time of the molecules with the radiation fiéld. At time
t = 0, |b|2 = 1, Ia|2 = 0, and the excess population at the
entrance to the cavity is in the lower energy state. At the time
t =C givendy 2wT =T , bl2 = o, [a]2 = 1, ana
the excess population will be transferred to the upper energy state.
In the frame of reference in which the molecules are stationary, the
time T % TT/ZUJ corresponds to a T pulse. Similarly

< F TF/ w correspands to a 2T pulse, in which case
the excess population will be restored to the lower energy state.

The interaction time, however, is not the same for all
molecules, for there is a velocity distribution. If two groups of
molecules are considered such that 2T, = T, , vwhere C, [
are the interaction times of slow and fast molecules respectively,
then if 2W7T, = ZT , 20T, = TT  and the population
of slow molecules will be inverted with respect to the fast molecules.
If both fast and slow molecules pass into a second resonant cavity
of length L used as a spectrometer cell, the spectral linewidth AY

given by V, , / L will be narrower for slow molecules (velocity V 1)

1,2
than for fast molecules (velocity V2) . Moreover, for the present
example where the initial beam is absorptive, the slow molecules

will be absorptive, whereas the fast molecules will be emissive on
emerging from the first cavity, and consequently the spectral line

of the fast molecules will be subject to "hole-burning" by the slow

molecules.
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In the maser experiment described above the beam entering
the cavity is emissive and the slow molecules subJject to the 27T
pulse are emissive, in contrast with the fast molecules receiving
a TU pulse which are absorptive.

The pulse excitation of the molecules in the maser situation
arises from the strong self-oscillation, but the excitation could
equally well be derived from pulses of an externally applied signal
at P, . The latter process is the one applicable to the initially
absorptive system of molecules,

The maser system possesses the added virtue that the
second focuser can be employed selectively to defocus the fast
molecules, and to focus the slow molecules into the cavity. Such
an attempt was made in the experiment, but full separation could not
be observed owing to the limitations imposed by the signal to noise
ratio, governed mainly by klystron frequency instﬁbilities.

The technique of utilisation of slow molecules is general
to beam systems, and not restricted to maser systems, though the
latter do offer the advantage of space focusing. The improvement
in spectral resolution yielded by the slow molecules has implications
both for spectroscopy and for frequency standard development. The
Production of such a beam and its use in a spectrometer of the Ramsey
Separated fields type offers an enhanced spectral resolution without

increase of the separation between the cavities. The experiment
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described above showed that a compromise must be made between degree
of resolution and amplitude of signal.

A number of frequency standards employ velocity selection
of molecules; for example, caesiumn beam standards may incorporate
selection of molecules following curved trajectories in magnetic
fields: the path in the field depends upon velocity. Selection of
a greater number of molecules involves increasing the beam divergence.
Also, in Chapter II it was described how attempts have been made to
select slow molecules in masers by injecting molecules into a focuser
at an angle to its axis. The present method avoids the difficulty
of such methods, though it is true that there is the compromise
between signal amplitude and spectral resolution, as more of the
Velocity distribution is utilised to provide slow molecules.

The analysis given above has been restricted to a consider-
ation of two groups of molecules having a simple ratio of transit
times., Obviously the analysis could be extended to include the
Velocity distribution., However, in the case of the maser cognisance
éhould also be taken of the non-Maxwellian distributions produced
by the state focuser. Furthermore, the dipole matrix element is not
& constant, but depends upon the particular sublevel the molecule
Occupies. Molecules are focused differentially according to their
Occupation of the sublevels, and so there is an additional distrib-

ution factor to be taken into account - that of the dipole moments.
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These observations of the self-excitation beyond the T
pulse condition of the molecules in the cavity may be used to explain
an anomalous saturation effect observed by Helmer et al (1960 a,b).
They investigated the increase of flux of lower state molecules
occurring when the maser oscillated on the 3,3 line, using a coaxial
lower state focuser and ionization detector. The anomalous saturation
effect they observed they attributed tentatively to the presence of
infrared oscillation at 0.125mm. wavelength through the interference
of the rotation inversion transitiond = 4, K = 3—>J = 3,

K = 3 which terminates on the lower maser level.

Now the method of Helmer et al is capable only of detecting
lower state molecules, and so the magnitude of the ion current prop-
ortional to the flux of low state molecules would vary less rapidly
as a function of focuser voltage than the signal observed spectro-
Scopically which is proportional to the molecular population differ-
ence between levels, However, the flux of lower state molecules
focused into the ionisation detector would pass through a maximum
once the T pulse condition was exceeded, although at a higher volt-
age than the peak of absorption observed in the spectroscopic mode
of operation. The maximun value of ionization detector current
would consequently appear as an anomalous saturation effect, if the
maser oscillation signal was not sufficiently strong to exceed the

T pulse condition for state inversion of the molecular beam as a
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whole. Thus it may be concluded that the presence of an infrared
oscillation need not be invoked to interpret the results of Helmer
et al.,

4.4 Further investigations of the state of the beam emergzing from

the first cavity.

The experiment described in section 4.3 monitors the
state of the beam in terms only of the relative populations of the
levels, registering net absorption or emission. The polarisation
information is lost by the action of the inhomogeneous electric
field created by the ancillary state focuser.

It was shown in Chapter III that the change in oscillation
amplitude in the second cavity as a function of the detuning of the
first cavity is an indication of the magnitude of the pulse received
in the first cavity. Thus the Strakhovskii - Tatarenkov (S - T)
curves provide information which is complementary to that yielded by
spectroscopic examination. The relationship between the two methods
of examination is explored, and the S -« T curves that are usually
obtained are explained in terms of the spectroscopic diagram.
Furthermore a new series of S = T curves is predicted, which would
exhibit shapes not seen before. Part of these predictions has been
verified., Confirmation of the set of predictions awaits further
investigation.

The predictions concern the S - T curves which should be
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attained with a maser which can oscillate sufficiently strongly to
produce up to a 217 pulse. The familiar S - T curves are obtained
with conventional masers which appear to have produced less than a T
pulse.

It should be emphasised that the graph showing the relation
between the emission or absorption signal in the second cavity as a
function of the focuser voltage represents measurements made with
the first cavity tuned to the molecular frequency, Yo . In order to
provide an accurate correlation between the S - T curves and the
spectroscopic results it is necessary to examine the emission and
absorption in the second cavity as a function of focuser voltage for
a series of detunings of the first cavity. However, in the absence
of this information, qualitative estimates of the relation between
detuning and the spectroscopic results can be-made.

The electric field within the first cavity varies with the
detuning as a semi-ellipse; this is why the theoretical S - T curves
appear to suffer a contraction 2; shape near the maximum detuning.
This implies that the pulse (J; EEctt‘) experienced by the molecules
in travelling through the cavity is subject to modification by the
semi-elliptical function. Thus the spectroscopic graphs would exhibit
with detuning a change of scale and shape. However, for a qualitative
examination it is permissible to regard the effect of detuning as a

tracing backwards of the locus of the spectroscopic graph for 3&; as
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the detuning is increased.

The form of the spectroscopic graph can be derived from
a consideration of the locus of the pseudo-dipole moment in the
sense of the analogy established by Feynman et al (1957). Figure
4.15(a) shows the expected form for the locus of the dipole moment
as the focuser voltage is increased and the electric field within
the cavity grows. The vector grows and turns in a clockwise sense
as the molecules experience a greater pulse in the first cavity.

The growth of the vector is at first rapid, but after a certain time
becomes slow owing to the onset of saturation. The representation

is one in which the component of the vector along one axis represents
the excess population (populatien difference between the two levels)
and the other axis represents one of the components of the oscillating
V(lipole moment; the third axis has been transformed away by transfer-
ring to the rotating frame of reference. The spectroscopic experiment
records the time evolution of the population camponent, and the trans-
verse component decides the form of the S - T detuning curves.

Campare Figure 4.15(a) with 4.15(b). The dipole vector
grows and rotates through the position A, and then through B at which
the population emissive component is a maximum. The vector continues
through C and then D where the populatiecn component is zero, but the
transverse cocmponent is a maximum. The system then becomes absorptive.

Samewhere in the second quadrant the locus will begin to approximate
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to a circle as saturation limits the growth of the vector. As the
vector turns through F the absorption becomes a maximum and then
decreases to zero at H, where the transverse component is again

a maximum (possibly greater than that at D). The system then becomes
emissive once again and grows to a maximum at J, the 277 position.
Further regions of the spectroscopic graph could be traced out by
continuing the rotation, The graph is a spiral in which successive
spirals become closer and closer together. Fast and slow molecules
will describe different spirals.

Now compare Figure 4.15(a) with the graphs of Figure 4.15(c),
and consider only the O to TT section of Figure 4.15(a). Focus
attention on the evolution of the transverse component, for it is
this that mainly determines the amplitude of the field in the second
cavity. Consider first that when the first cavity is tuned to V,
the average molecule experiences a T/ 4 pulse during its transit
time; then this corresponds to somewhere near B on the locus of 4.15(a)
As cavity 1 is detuned the transverse moment decreases monotonically
and with it the field in cavity 2. Similarly for a 77 / 2 pulse,
though the field is then a relative maximum., Consider next when
cavity 1 is tuned to Y, the molecules experience a 377/ 4 pulse.
Then the amplitude of the transverse component will be slightly
larger than that at 7T /L in the real case, and the same magnitude

in the theoretical simplification. As the cavity is detuned the
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transverse component increases to a maximum at TT / 2 end then
decreases. For an exact T pulse at ¥, there is no transverse
component at ¥, and the field within the second cavity is zero;
the molecules are purely absorptive. As the cavity is detuned the
transverse component grows to a maximum at T[ / 2 and then decreases
again,

This description accounts qualitatively for the types of
S - T curves that have been observed before (rerﬁembering that the
amplitude of the signal for experimental graphs may not be linear
with electric field). Consider now the type of S = T curves that
would be obtained with a maser that can produce up to a 27T pulse
when the cavity is tuned to the molecular resonance (the argument
can of course be extended for pulses greater than 27T ).

Figure 4.15(d) reproduces 4.15(a) to facilitate comparisen.
The series of curves in 4.15(e) display the expected form of S = T
curves for different pulses applicable to zero detuning. The points
on the curves are labelled with the letters indicating the sequence
of points on the locus of 4.15(a) as the vector evolves in time with
the detuning.

Another point must be made. Whenever the system is emis-
sive, that is when it is in the quadrants A-D or H-J, it is possible
that the second cavity may break into free oscillations. For this

reason part of the proposed S - T curves may be obscured: for instance
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curve (ii) may be obscured to some extent by the second cavity
bredking into oscillation soon after point D is reached., For curve
(iii) this may occur before much of the curve can be traced out.
Thus, in order to display as much as possible of these extended

S = T characteristics it is necessary to select conditions that
favour the dominance of the first cavity over the second. The
condition where the first cavity fails to phase lock the field of
the second‘cavity and allows it to oscillate freely is a rather
extraneous consideration. The domination of the first cavity over
the second can be achieved by using a very high Q cavity for the
first resonator, and a low Q cavity for the second. Previous
investigators seem to have used either cavities of comparable Q,
or a second cavity having a higher Q than the first.

Figure 4.14 shows the microwave scheme employed in the
investigation of the S - T curves. Cavity 2 (Q ~ 6,000) is stabil-
ised at the molecular rescnance frequency, and the oscillations in
it are monitored with a klystron stabilised with the Micronow equip-
ment (described in Appendix B). The variation of the oscillation
amplitude is traced on a pen recorder. Cavity 1 (Q ~ 9,000) is
detuned through a wide frequency range by heating and then cooling
s0 that its resonance sweeps slowly across the molecular resonance.
Its dominance over the second cavity is demonstrated by the fact that

Higa beats and subsequent forced oscillation occur in cavity 2 when
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cavity 1 is detuned about 8 MHz. from vV, . The Higa beats region
seems to have occurred at no more than about 6 MHz. away from Y, in
previous investigations,

For conditions known to be close to G (same focuser voltage
and nozzle pressure), by comparison of the focuser voltage with the
spectroscopic graph, the qualitative shape of the predicted detuning
curve has been verified. Figure 4.15(f) shows the pen recording
obtained. The remaining series of curves have yet to be verified.

It is seen that the spectroscopic results permit a reason-
ably accurate calibration of the locus of the vector in 4.15(a).

This relation between the focuser voltage and the S - T curves permits
a comparison of relative efficiencies for different masers. For
example the present maser gives (at V,) a T/ 2 pulse at ~ 10,5kV,
aT pulse at«17.5kV, and a 37] / 2 pulse at ~ 26kV. Judging from

the S - T curves shown in the paper by Lainé and Smith (1966) their
maser gave a 11/ 2 pulse at about 17kV.

It is interesting to note that they observed a splitting
at about 16kV. Since this seems to occur below the 7/ 2 condition
it does not seem possible to interpret this structure in terms of
the fundamental processes underlying the S = T curves. Their tent-
ative explanation still seems plausible. They suggest that the S - T
curves may be reflecting the structure of the ammcnia spectrum, since

the various components of the line are focused differentially and
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also slower molecules contribute more to the oscillation as the
focuser voltage is decreased.

4.5 Supgestions for further work

Proposals for further investigations are most conveniently
discussed under a series of headings appropriate to each topic.

A Oscillation transient

(a) Molecular Q switching with an injected signal

Consider means of obtaining a more pronounced transient.
The most important parameter to be considered is the cavity Q. It
should be possible to increase the Q by cooling the cavity, and
decreasing the wall losses. The gein in Q that cen be obtained by
cooling is limited by the onset of the anomalous skin effect. In
the absence of accurate information about the resistivity of the wall
material it is not possible to predict the temperature at which the
anomalous skin effect occurs. However an improvement factor of 2 or
3 in Q shculd be possible in cooling the cavity down to temperatures
of the order of 170°K. The amount of cooling is also limited by the
consideration that solid ammonia must not be deposited on the cavity
walls. It cen collect charge and exert a Stark spreading of the
spectral line, and can also detune the cavity,

An increase in the electric field in the cavity can
possibly be obtained by directing a second active beam into the

cavity in the opposite direction. -
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The efficiency of the focusing action can possibly be

improved by scattering out of the beam the axial M 0 molecules

5 =
which are not subject to focusing action. This may be dcne using

a small beam stop on the axis., This must be earthed since objects
within the maser box rapidly accumulate charge when the focuser is

on (the second focuser used in the spectroscopic experiment was
found to charge up sufficiently within a few seconds of being
disconnected from earth to exert a depolarising effect on the beam).
It must also be borne in mind that the insertion of an earthed beam
stop changes the fringe field of the focuser, which is most influent-
ial in determining the interaction of the dipoles with the cavity
field.

(b) molecular Q switching with a Stark field

The considerations of (a) apply here, but in addition the
effect of the probe can be enhanced considerably by extending the
region of inhomogeneous field. This can be done by creating the
electric field between two probes spaced, say, about 1cm apart, as
well as between cne probe and the cavity wall.

In observing the spikes it is desirable to use a stable
microwave source which can be swept over a very restricted frequency
range. The limitations of the present scheme are imposed by the

instability of the klystron resulting from ripple cn its high

voltage supply, and not the sweep unit.
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When the period of spiking has been extended sufficiently
for it to be observed in the second cavity it would be interesting
to feed the output back into the first cavity, as a kind of analogue
of the pulses circulating in lasers. The experiment could also be
conducted on the N.M.R. analogue.

B The spectroscopic examination of the beam emerging from the

first cavity

Since the slow molecules exhibit a very small linewidth,
it should be possible to discern structure on the emissive-going
spectral line, with an increased signal to noise ratio. Again this
is limited by klystron instabilities. It should be possible to
conduct a slow sweep through the line using a far more stable source.

C Verification of the predictions for the new detuning curves

This should be attempted using cavities with more disparate
values of Q. The spectroscopic curves for different amounts of
detuning should be constructed. It is stressed that the oscillation
amplitude in the first cavity must be monitored to ensure that it is
monotonic increasing throughout, otherwise focuser breakdown may
cause the system to trace out the reverse locus., Once constructed
these curves should be correlated with S - T curves constructed
under the identical conditions.

Attempts should be made to obtain these effects on the

nuclear maser analogue.
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D Examination of a nozzle exhbiting a peculiar discontinuous

effusion

During the pilot experiments required to establish the
optimum dimensicns for a nozzle, one nozzle was observed to emit its
effusion in a series of "puffs", It consisted of a tube of about
3mm internal diameter, O.5¢m long, terminating in a channel 0.5mm
diemeter and 0.75cm leng.

The oscillation in the maser cavity was observed to switch
on very rapidly and switch off very rapidly. The frequency of puff-
ing seemed to depend only on the pressure behind the nozzle and
increased with that pressure from about 1 every 20 seconds to several
per second. This behaviour could only be initiated by increasing
the pressure from below. The pressure behind the nozzle was observed
to rise slowly then drop precipitately as the oscillation signal
appeared, The ion gauge registered an increase in pressure in the
two chambers soon after the oscillation signal appeared.

It is possible that the dimensions of the nozzle and the
nozzle pressures (a few torr) are such that the flow is intermediate
between viscous and molecular flow. Two further observaticns: there
is drill "chatter" visible at the entrance to the narrow channel;
and the surfaces are usually covered in diffusion pump oil.

It would be worthwhile investigating this phencmenon by

(a) trying to fabricate another nozzle with the same property, and
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then altering the nozzle dimensions;
(b) investigating the variation of the effect with cooling, and
(c) with change in volume of the source chamber.
The time constants involved may be measures of thermal
processes.

E Investigations of an alternating gradient focuser

Kakati end Lain€ (1967, 1969) have recently investigated
an alternating gradient focuser which can focus absorptive beams.
Since the maser described here can produce an absorptive beam, the
A.G, focuser parameters can be investigated by interposing it between
the two cavities and monitoring its focusing action in the sececnd
cavity.

F Investigation of microwave echoes

Preparations are being made to investigate echoes in the
ammonia maser. The pulses of microwave radiation are produced by
applying voltage pulses to microwave switching diodes.

One of the major considerations to be examined is that of
the required frequency stability, No firm conclusion can be reached,
but among the factors to be taken into account are the following.

The effect of frequency instabilities on the pseudo-dipole
vector may be viewed in the rotating frame. The change in frequency
/AW is represented by a vector at right angles to a vector p E/ h.

The angle O between the direction of the effective field and
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]AE, /’K is given by
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For a TF/Z pulse the pulse length is given by
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The duration of the pulse should be very much less than the transit
time of molecules through the cavity which is of the order of 300-
500 I,L s, Consider a pulse of 1’48 duration thgn the above condition
becomes AV << 250 k Hz .
or better than 1 in 105 parts over a period of 1 f,ys.

It can be seen that the relationship between A (&) anﬂ{ t;
is a Fourier one.

These considerations are incomplete since the rate of change
of the frequency is not examined in its effects upon the vector.
Nor is the filtering action of the cavity considered.

Another maser would provide stability within the linewidth
but the problem then arises of coupling enough power through two

coupling holes.
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Two pulses from an external source can be administered
successively to a beam as it passes through two cavities in succession.
However, there is the difficulty of arranging that the dephasing and
rephasing of the components of the polarisation occurs in the same
region of inhomogeneity,

Transient nutation

An attempt could be made to observe transient nutation
either directly in the form of the modification of a pulse trans-
mitted through ammenia in a gas cell, or in derived form using the

scheme of Macomber (discussed in Chapter III).
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KEY

—

Symbols employed in the microwave circuit diagrams.

20 dB

amplifier

diode (microwave crystal detector, or
second detector following r.f.

amplifier.)

ferrite isolator (forward direction AT)

matched load

attenuator (variable)
matching unit

directicnal coupler
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Junction (magic tee)

wavemeter

transition (specifically a taper from X-band
to K-band waveguide).

variable frequency generator (including klystrons)

d.c. block.
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APPENDIX A

Electroforming cavities

Copper is deposited electrolytically from an acidic
copper sulphate solution on to the stainless steel mandrel, The
anode is oxygen free high conductivity copper.

The composition of the solution is:

copper sulphate CuSQh.5H20 200g
potassium aluminium sulphate 12g
pure sulphuric acid (S.G. 1.84) 56g or
31ml
water to 1 litre

(from Canning's Handbook on Electroplating 19th.Edn.)
This reference indicates that a charge of 108 ampere-
minutes per square foot is required to deposit 0.0001 inch of copper.
The mandrel is rotated slowly. The directicn of the
current is reversed periodically for about cne third of the time, to

minimise the degree of wneven depositim.
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AFPENDIX B

A method for determining the loaded Q factors of microwave cavities

(devised in collaboration with G. D. S, Smart).

The loaded Q factor of a rescnator is determined by measuring
the frequency separation A4 between the half-power points on the Q
response curve, and using the relation Q = &) / A .

Two difficulties arise in determining AL . One is that
of resolution of the frequency separation which may be difficult when
using a resonant cavity wavemeter possessing a Q lower than that
which is being measured; the second is that of determining the
half-power points on the response curve, since the absorption
response seen cn an oscilloscope or on a meter is modified by the
klystron mode shape,

Figure B.1 shows a microwave arrangement which is commenly
used to determine the Q of a cavity. The cavity is placed in a
side arm of a magic T junction and the absorption is manitored in
the fourth arm., The klystron mode shape is observed by coupling
power from the main waveguide-run. As the klystron is tuned (by
changing the reflector voltage) across the cavity rescnance, the
power to the cavity is maintained constant by altering the first
attenuator. The second (calibrated) attenuator settings for the
maximum and minimum points of the absorption are found and the

attenuator settings for the half-power points calculated.



WA

Figure B.1 Arrangement for Q measurement.
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The attenuator is altered accordingly and the resonance is scanned
from one side of the point of maximum absorption to the other side
to give in each case a current at the detector crystal of the same
magnitude as that pertaining to the centre frequency. The frequencies
corresponding to these two positions are found with the cavity wave-
meter.

Apart from the lack of frequency resolution obtainable
with a wavemeter, there is a serious drawback to this method, and
that is the fact that the klystron mode is monitored in a different
location from that of the cavity rescnance, The shape of the
klystron mode that modifies the cavity response may, because of
reflecticns, be different from the ane that is monitored nearer the
kKlystron.

Figure B,2 shows an arrangement that overcomes this
deficiency. The shape of the klystron mode at the cavity is
monitored by reflection in the same way as the rescnance by coupling
power from the waveguide leading directly to the cavity.

The superéosition of cavity and klystron mode is plotted
in terms of dB by varying the calibrated attenuator in the directional
coupler to give a canstant current. The klystron mode alcne is then
plotted by removing the cavity absorption: this is done by heating
the cavity to tune it beyond the frequency limit of the mode.

Allowance may then be made for the effect of the klystron
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mode .

In the case of the high Q cavity where the coupling was
very small, it was necessary to "back off" most of the voltage
developed across the galvanometer in order to retain sufficient
sensitivity. The two curves were plotted in terms of the galvanometer
scale readings, and the scale was in turn calibrated in terms of dB
using the calibrated attenuator.

High frequency resolution was obtained by using a klystron
stabilised with Micronow equipment., The curves were plotted in
steps of 0.5 MHz and 0.25 MHz appropriate to the two Qs.

The Micronow scheme employs a 5 MHz crystal oscillator,
the output of which is frequency multiplied to 450 MHz in the
Micronow multiplier chain 101C, This output is applied to a
Hewlett-Packard step~recovery diode mounted in X-band waveguide to
yield harmonics, one of which is close to 23,870 + 60 MHz. There
is a taper transition to K-band waveguide, The klystron is offset
60 MHz from this frequency and its output mixes with that of the
harmonic generator to produce a 60 MHz signal which is phase detected
in the Micronow unit 202 to produce a correction voltage which is

applied to the klystron reflector.
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