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INTRODUCTION

General

Great value attaches to efficient, high-capacity communi-
cation systems. Commercial prospects are excellent for any
nation or company which can control and operate new channels
made possible by satellite relays. Distances are very great
but power supplies available at the satellite station are very
small and therefore ground receivers of the highest Qossible
sensitivity are required. The revenue from such systems fs
directly proportional to channel capacity and hence to bandwidth
and therefore this must be made as large as possible if the
maximum yield is to be obtained from the very large capital
investments involved.

The-signal level which can be detected is governed in the
first instance by the background noise temperature, and here
nature has bestowed upon the designers of communication systéms
the gift of a low-noise window extending approximately from 3
to 10 Ge/s. In this frequency range the background noise
temperature for an antenna beamed at a high angle of elevation
is only a few degrees Kelvin and the detectable signal level
is determined for all practical purposes by the noise tempera-—
ture of the recelver.

The development of the maser amplifier has enabled this
low~noise region of the spectrum to be exploited. 8ince
amplification by stimulated eﬁission was first demonstrated by
C. H. Townes and his associates in 1955 the maser has been

developed into the "near—ideal!" amplifier. Liquid-helium-cooled
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travelling-wave masers have noise temperatures of 3 or 4°K
which, with gains of 30-35 dB, enable receiving systems with
overall noise temperatures as low as BODK to be built and most
of this residual noise temperature comes from the aerial
itself and the waveguides connecting it to the maser. While
they do not realise the full potential of the carrier fre-
quencies the achievable bandwidths (of the order of 25 Mc/s)
are commercially attractive and are ample even for colour
television channels,

In view of the practical ‘difficulties and the cost
involved in producing and using liquid helium, interest has
been shown in masers cooled with liguid nitrogen. There are
fundamental reasons why such masers could never attain the high
performance of the liguid-helium-cooled maser, but there are
applications wheré the extreﬁely low noise temperature of the
latter is not required. By designing specially for the higher
temperature masers can be built with noise temperatures less
than 100°K which, at the present time can be challenged only
by certain types of parametric amplifier.

There are two basic types of maser. The active maser
material interacts with the microwave signal field either in
a cavity or in a slow-wave structure. Hitherto all liguid-
nitrogen—-cooled masers have been of thé single cavity type and
it is not possible to overcome the disadvantages of this type
by changing to the travelling-wave typé structure as has been
done at liquid helium temperatures. The chief disadvantage of

the single cavity maser is that the voltage-gain-bandwidth



product, which is constant, is typically 10 to 20 Mc/s and
with this simple cavity maser even this limited performance
cannot be manipulated to full advantage since the voltage-
gain-bandwidth product does not remain constant if the
bandwidth is increased much beycond 1 Mc/s. Furthermore the
freguency response of such an amplifier is Lorentzian which
means that even within this limited bandwidth the shape of the
response curve is not ideal for communications purposes.

Work done at liguid helium temperatures in the United;
States on "Reactance Compensation" has shown that both the
bandwidth and the shape of the response curve can be improved
by the addition of a passive coupling cavity between the input
waveguide and the maser cavity. Reasonably flat bandwidths of
the order of the transition line width of the active material
were achieved at 14 4B gain (too low for a practical liquid-
helium~cooled meser). While it is obvious that such
spectacular performances are not possible at ligquid nitrogen
temperature, it is the purpose of this investigation to
determine both theoretically and in practice to what extent

thiis principle can be applied at this higher temperature.

Layout of Thesis

After briefly considering the principles involved and the
difference between liguid ﬁelium temperature and liquid nitrogen
temperatire operation in Chapter 1, the chéice of puby &s the
most suitable material is justified in Chapter 2. Chapter 3

contains a detailed discussion of the parameters which deter-

mine the choice of the best pumping mode and the best chromiun



concentration for operation at 77°K. The two basic microwave
structures for masers are considered in Chapter 4 and it is
shown that despite their attractive bandwidth characteristics,
slow-wave structures are not suitable for masers operating at
77°K. It is concluded that at this temperature a cavity maser
must be used. >

In Chapter 5 the various improvements that have been made
to the bandwidth characteristics of cavity masers by the method
of "reactance compensation" are considered and it is reasoned
that the approach most likely to produce an improved perfor-
mance at 77°K is ﬁo have one active maser cavity coupled to the
input waveguide by a passive coupling cavity. Calculations of
the expected performance of such a device are presented using
the best reported values for the various parameters involved.
Chapter 6 describes the design and construction of the cavities
and the special tapered guide sections required to couple into
them. A brief description of the associated equipment and
measurement techniques is given in Chapter 7 and Chapter 8
contains the actual results. These show how the galn and
bandwidth can be adjusted while maintaining a flat gain v,
frequency characteristic. The bandwidth is close fo the
expected value though the observed gains are rather low. The
possibility of this‘being'&ue to too high a signal input level
is discussed.

In conclusion it is claimed that the method of reactance
compensation has been shown to produce a gain v. frequency

characteristic which is near to the ideal for communications

purposes.



CHAPTER ONE

The Principle of the Stimulsted Emission Amplifier

The theory governing the principle of stimulated emission
was Tfirst developed by Rinstein' in his‘historic papef "Zur
guantentheorie der Strahlung'" in which he considered the
phenomenon of emission and absorption of radiation in the
light of Planck's Radiation Formula®.

Einstein considered the simple case of an assembly of;
molecules each of which can be in one of two energy levels
with energies B, and E, (B, < E,): The ratio of the popula-
tions n,, and n,, in thermal equilibrium at temperature T is

given by the Boltzmann Distribution

.El = Eg hv';a
Rk S 8 T e SRS S il

Even in the absence of an applied field of frequency V. there

will be a field of this freguency caused by the continuous pro-
cesses of emission and absorption of radiation. There are three

such processes:

1.1 Spontaneous Emission

In any system with molecules in an excited state there is
a Tinite probability of emission of a guantum of the sppro-
priate energg’leaving the‘molecule in the ground state. This
Drocess is proportional caly to the number of molecules in the

o

upper energy level, n,, and is therefore called "spontaneous
emission". Thus the rate of change of n, due to this process

is



(n':‘i;-g} = = A n, (A o constant)
4t /spontaneous

1.2 Stimulated (or Induced) Absorption

This represents the probability of a molecule in level 1
absorbing a quantum of radiation from the radiation field and
being excited into level 2. The probability of this occurring
1s proportional to the number.of molecules in the lower level
and to the energy density p(v) of the radiation field at the
appropriate frequency ;.. For zero applied electromagnetic
field there will be a field of energy density Lo (v)e The rate
of change of n, due to this Drocess which is called

"stimulated" or "induced! absorption is

= ly) o Bo R, (B = constant)

(&
dt /stimulated absorption

1.3 Stimulated (or Induced) Emission

Binstein reasoned that there must be an emission process
analogous to stimulated absorption and it wés this new
postulate which provided a theory which agreed with the
experimentally-ocbserved facts. The probability of a molecule
in the uvper energy level emitting a quantum of energy'is
increased by the presence of an incident radistion field of
the appropriate frequency,V,,. The probability of stimulated
emission is proportional to the number of molecules in the

upper energy state and the energy density of the inecident

dns

<~__> : =t n(n) o G lin, (C = constant)
dt stimulated emission



For the system in equilibrium with its surroundings at
temperature T:the populations of the levels are constants and
‘ therefore the total rate of change of n, is zero. The ‘energy
density of the field is p, (). Therefore

Inserting the Boltzmann relation and rearranging.

A
w
kT

[+

o)
Be" - C

Comparing this with the experimentally fitted radiation formula

of Planck
 8mp° G hy
polv) = = T
1
eKT 1
L
indicates that A/B ='§%%E" and B = Ce B = C implies that for

any moleeule in the upper state the probability of stimulated
emission is exactly the same as the probability of stimulated
absorption for any molecule in the lower state. This con-
clusion is of fundamental impOrténce in the guantum theory in
general and in the theory of masers in particular. Another
such principle, which no attempt will be made to prove here, is
that photons emitted as a result of stimulated emission are in
phase with the photons causing the stimulation. Clearly this

s necessary if stimulated emission is to be used to. obtain

=

amplification.
In a system of molecules in thermal eguilibrium there are
i .
more molecules in the lower energy state than in the upper

state and hence a beam of radistion of the gppropriate fre-



guency passing through the system will be attenuated since
more gquanta will be absorbed from the beam by the system than

will be emitted into it. IFf, however, the system is in a

o

state such that n, > n, a greater number of guanta will be

~

emitted into the beam than will be absorbed from it and
amplification of ithe beam resultse. This is an oversimplified
case and in practice whatever type of enclogure is used for
the system will involve losses and the condition for‘ampli—
fication is then that n, > n, by an amount greater than that

corresponding to the losses.

1.4 Inversion Ratio and Negative Spin Temperature

To describe quantitatively the degree of“inversion:as
this emissive state is called an "inversion ratio", I, is
def'ined thus:

o, = 1,

Do — Nzp

Inversion ratio, I .=

where ns; and n; are the populationé of the upper and lower
states réspectively in the inverted state and nso and n ;g are
the populations for thermal eguilibrium as before.
Alternatively n; and n, may be inserted in the Boltzmann
equation to define a parameter Tg. Tg then has the dimensions

of temperature and describes the degree of inversion. Hor an

inverted system, since n, > n,, Ts 1s negative and is called
the "negative spin temperature". (The word "spin" occurs
because most maser systems involve energy levels of electron

gpins.) :



The above theory applies to any syster: governed by the
Boltzmann Distribution interacting with any electromagnetic

~

field of the appropriate frequency. It will be advantageous
to obtain some idea of the orders of magnitude of certain

parameters for th

L4
tg

articular freguency and temperatures
involved in X—band maser design.

™7 -3

Planck's Constant h = 6+625 x 10 °" Joule-sec.

Boltzmann's Constant k 1+38 x 1072 Joule/°X.

Frequency ¥V = 10 Ge/s = 10'° e¢/s. ;
The following table shows hv/kT and the fraction of the total
population nt in each of the two levels at 1-5°K (liquid
helium under reduced pressure), 4:2°K (ligquid helium at
atmospheric pressure), 77°K (liguid nitrogen) and 290°K (room
temperature)

(The suffix o denotes population at thermal equilibrium)

7 (°K) a /D | nisla |t a/ne b (B = Bag) /g

15 0-32 0- 58 0-42 0:16

42 0+09 0-523 | 0:477 0- 046
il 0+006 | 0-5014| 04986 0-0028
290 | 0-0016 | 0-5003| 0-4997 0+ 0006

The problem of how to achieve the condition n, > n, required
for maser action will be discussed in later chapterswhen it
will be seen that the fraction (n2 - ni)/n; can, under certain
conditions, be made larger than the fraction (n,o — nyq)/n¢

(i.e. inversion ratios greater than unity are possible) but it



will always be of the same oréer. From this it is immediately
obvious why masers are usually operated at liguid helium
temperatures. The 1+5%°K temperature has been quite widely

used in laborstory systems but most masers which have been
employed in practical systems were operated at A G S S
seen that the population difference is about 4+5% at 4+2°K
compared with about 0-25% at 77°K. Since the maser perfor—
mance is directly dependant on the population difference n, — n,
this limits the performance at the higher temperature, Thél

obvious remedy of increasing the total number of participating

be shown that some of the loss in performance can be recouped

in this way.

1.5 Spontaneous Emission and Noise

This process must be considered firstly because it
produces radiation at the signal frequency which is of randon
phase and secondly because it is a relaxation mechanism. N
can be shown® that for electron spin systems of the type used
in most masers

Bﬁsﬂo 2 2
= —— 7]

where - g is the spectroscopic splitting factor,
B is the Bohr magneton,
(g8) is the magnetic dipole moment,
For a fregquency of 10 Ge/s A~ 10"'" sec”! i.e. for an electron

spin in the upper energy level the mean lifetime is of the

order of 10'' sec. A maser of the type to be considéred would

10



At 10 Ge/s the photon energy hv is 6+625 x 10" 2" Joule
and at 108 per second this corresponds to a noise power of the
order of 10°'7 watts. This is in theory the only source of
noise in the ﬁaser and the small magnitude of this explains
the low noise featurcs of masers. In practice there are
finite losses in the microwave system which give rise to a
noise power dependent on the temperature. Eguivalent noise
temper atures of the order of 100°K have been measured for
liquid-nitrogen-cooled masers. Even with a bandwidth of only
1 Mc/s this thermal noise corresponds to a noise power (kTB)
of the order of 107'° watts and this increases proportionately
with bandwidth. Thus even for the limited bandwidths already
achieved the thermal noise is of the order of 100 times
greater than the spontanesous emission noise and hence the latter
may be disregarded.

Spontaneous emission is also a Pelaxétion process. Lt
has already been mentioned that the emissive condition
(i, > n,) can never be an equilibrium condition and a system
in such a condition will always be subject to relaxation pro-
cesses which tend to restore it to thermal equilibrium.
Spontaneous emigsion is the mogt fundamental of these pro-
cesses, If a system is perturbed from its equilibrium state
then, in the absence of any stronger relaxation mechanism,

spontaneous emission will re-establish the equilibrium state.

11
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CHAPTER TWO

sep lMaterials and Pumping Systems

3

=

he

]

irst demonstration of the principle of stimulated

S

emission was the ammonia beam gas maser of Townes ev R
but such masers are not suitable for use as amplifiers despite
their inversion mechanism being capablé of producing very low
negative "spin" temperatures at room temperature since this
mechanism can only operate where the mean free path of the;
molecules in the beam is large compared with the diameter of
the beam. This limits the output power to a level too low
even for a preamplifier. Furthermore the freguency is dictated
by molecular constants of the system which would be an incon-
venient restriction on the design of an amplifier although this
combined with the very narrow line width has led to the
developnent of gas masers as Trequency standards.

The sgarch for suitable systems iz which the inversion
required for maser amplification could be achieved and
maintained centred at an early stage on paramegnetic electiron
spin systems. The emissive condition can never be an
equilibrium one and hence a system in the emissive state will
always tend to relax to equilibrium. The levels used in solid
state masers are ohtained'by Zeeman splitting of electron spin
laevels by an applied d.c. magnetic field. This removes the
degeneracy in electron spin states which exists in the absence
of such s preferred direction, making states which had pre-

viously the same energy separate to an extent which corresponds

13



to microwave transiticn freguencies for readily available fields
of* the order of a few Kilogauss. Any departure from the equili-
brium population distribution will tend to relax exponentially
to the eguilibrium state once the perturbing mechanism is re-
moved and this decay is characterised by a2 time constant T s the
"spin-lattice" relaxation time - so called because it describes
the strength of the coupling between the spins and the suppori-

ing host lattice.

2.1 Two-=Level S8Svstems

Two-level Systems are necessarily pulsed because a system
of only two energy levels cannot be pumped into an emissive
state by a strong incident microwasve field and be simultancously
amplifying a weak microwave signal at the same frequency.
Another reason is that a two-level system cannot be pumped into
an emissive state by application of a continuous microwave field
however great its power. All methods of producing inversion in
a two-level system are pulsed. From the thermal equilibrium
gtate with n, < n, energy is absorbed from the pumping field
until n; = n, when the levels are said to be "saturated". It
is impossivle, however, to make ns exceed n; by any continuocus
method involving only two levels and all methods of inverting
such systems are pulsed. The two-level maser.depends for
success of cpsration on tﬁe relaxation time being long enough -
to allow the emissive state‘to bersist for a finite time after
the pumping has been completed. To permit this the only suit-
able spins are those of very loosely bound electrons in solids.
Ordinary dilute paramagnetic salts cannot be :used because the

elecirons are too tightly bound to the atoms and hence in turn

14



to the latitice which shortens the spin lattice relaxation times.
Suitable energy level systems are found in the paramagnetism of
conduction electrons in semi-conductors (not metals because the
high electron density would cause too much interaction between
spins) and P-centres. An F-centre is the type of lattice
defect where a lattice site is occupied by an electron instead.
cf by an atom.

The first attempt to produce a two—-level maser was by
Combrisson, Honig and Townes® using silicon doped with phosphorus
or arsenic. The inversion mechanism was the principle of
Yadiabatic fast passage" developed by Bloch’ in his work on
nuclear magnetic resonance. Despite a spin;lattice relaxation
time estimated to be in the 5 to 30 sec. range at liguid helium
tempe ratures amplification was not ocbserved. It was not sur-
prising, therefore, that experiments by the same team using a
varamagnetic salt, SiF&.6H20 doped with 0-05% Mn*" (which has
a higher spin density than in the above case), also failed
since in this case the spin-lattice relaxation time was esti-
mated to be 107° to 10™" seconds.

Chester, Wagner and Castie8 obtained amplification (and
oscillation) using single crystals of gquartz and MnO in which
F—-centres had been created by neutron irradiation., Using
adiabatic fast passage t0°dbtain.inveréion a voltage-gain—
bandwidth product Q/@B) of 5 Mc/s was observed for gains of 8
to 21 dB at X-band. The amplification obtained was in pulses
of avout 1 millisecond duration but the ggoin was decreasing
exponentially throughout this period. This demonstrated that

two-level solid-state masers could be operated successfully

15



the fact that the JGB product is not constant (or eve
sporoximately constant) for the duration of the pulse makes
such systems totally unsuitable for communications purposes.

=l

Two~level masers were considered in spite of their necessarily
pulsed mode of operation because it was felt that it might be
possible to use them in conjunction with a pulse-code-
nodulation system such as delta-modulation but this exponen
tial decay of the GB product precludes any such application.
Furthermore all two-level masers have been operated at liguid
helium temperatures and although the couvling of the spins To
the lattice is weaker than in paramagnetic salts, the spin
lattice relaxation times will be much shorter at 77°K. This
means that the available amplifying time will be shortened
and the decay of the J[&B product will be accelerated.
Consequently two-level masers which are unsuitable at liguid

helium temperatures are a fortiori unsuitable at liguid

nitrogen temperature.

2,2 Nulti-Level Pumping Svstems

Multi-level pumping was first suggested by Bloembergen
in 1956 and has since been employed in all maser amplifiers
produced with usable performance. The Ffirst and most impor-
tant advantage is that continuous operation is possible. The
second advantage is that the eminently suitable Zeeman |
splitting of dilute paramagneticsalts can be mede use of since
the continuous pumping employed allows the system to tolerate
the shorter spin-lattice relaxation times. In multi-level

systems the energy for inverting the signal transition is

16



supplied at a frequency different from the signal freguency.
This "pump" frequency is usually, buf not necessarily, greater
than the signal freguency.

Bloembergen's original suggestion was for a three-level

system. .There are two possible configurations:

o ',;I; 3 ' 2 &
Vg
Lo
Vg Yp
: 2
|
Vg
Y £ Jy Nl

(a) : (b)
Three-level Pumping
Fig.2l

In both cases levels 1 and 3 are saturated by the pump Tield.
In 2.1 (a), from the Boltzmann Distribution, sssuming relaxa-
tion times between all pairs of levels to be of the same order

inversion occurs provided that

17



kT i T o/
hiv, = ve) £ ' “husg
3 { S =
1€ e GXP Kfl\ i EEXP\ kT )
hvs .

At liouid nitrogen temperature and X-band éﬁ; £ =006 and it is

legitimate to .use the linear aporoximation to the exponentials,
therefore this condition for inversion becomes

X Vg > 2vg
Nermally the relaxationltimes are of the same order and this
is the reguired condition for inversion. Bloembergen_hés shown
that if the relaxation times are not of the same order, this
condition must be modified to

'Uﬁ L £ S Vg
. (T|)21 (Tl)32

where (7,),, is the spin lattice relaxation time for the level
2 to level 1 transition and (7,)s, is similarly defined.

The condition for inversion in the system shown in 2.1 (b)

[~k
w

Vp = Vs Vs

(71332- ( ("'1)21

The first experimental demonstration of the feasibility
of Bloembergen's proposed pumping scheme was by Scovil, Feher
and Seidel'® in 1957. They used the second of the above
configurations. The active materiel was a O° 5% concentration
of gadolinium in lanthanum ethyl sulphate. The lanthanum ion
is diamagnetic i.&. once the outer valence electrons are

removed in ionic bonding all shells are complete. The

18



gadolinium ions (which in this case occunied 1 in every 200
lanthanum—tyve lattice sites) are the paramagnetic ions since
they have an unTilled shell (the third outermost after

ionisation). This shell contains seven electrons whose s8pins

an electron is 3 the total

H

are unpaired and since the spin ©

= £ <4k - : 7 . " s - = T E 1
n 8 of the system is which, when the d.c. pagnetic field

w
g
ot

lied, yields 28 + 1 = 8 energy levels. The electric
field of the crystal has only a small effect since the unpaired
electrons in the 4f sheil are screened by the completely
filled 5s and 5p shells, Such screening isg typical of rare
earth ions but for GA°° the effect of the crystal field is *
further reduced since the orbital angular momentum 1s zero.
The first order effect of the.erystal field on the spin of a
paramagnetic ion is through the mechanism of gspin-orbit
coupling and therefore there are only higher order crystal
field effects present if the orbital angular momentum is 2ero.
The derivation of the splitting of the energy levels Irom
the Hamiltonian operatdr for a ziven ion and lattice dis treated
in some detalil in the two standard text-botks on masers
(Vuylsteke" and Siegmana). It will, however, te worthwhile
considering dbriefly the form of the Hamiltonian. For Ga>* in
lanthaﬁum ethyl sulphate the Hamiltonian cazn be represented as
follows: (for d.c. field parallel to the c-axis of the

crgstal)

M o= g Hy.s = 2K({8,% - s(s + DL+ K (3, ~ 8,°)

=Y
=
o

g is the spectroscopic splitting factor (1-99 in th

19



B 1is the Bohr magneton

Hy, is the applied magnetic field (in the z-direction)

S is the total effective spin of the ion (suffixes denote
quantised components of S)

K, is a constant deseribing the effect of the crystal
field on the ion

Ki is small for the reasons discussed above.

S+

Gd therefore behaves very like a frée ion (for which the
Hamiltonian would be siﬁply the first term:on the right-hand
side)a The second term represents the higher order effects of
the crystal Tfield which, though small, are enough to cause
non—uniformity of splitting without which v,, would be egual
to v,z and maser gction woulé not be possible. The third term

represents admixture of the energy states which is also essen—

ct

ial since it allows the A8, = 2 transitions which are nor-
mally ‘forbidden and upon which the pumping depends. The
normal (unperturbed) quantum theory selection rules allow only
AS; = O or 1 which includes the signal transition.

The energy levels for an applied field of 2+85 Kilogauss
are éhown in Pig. 2.2« Since Vg is not in this case greater
than '2vs, it is required that (7,)s, be much lesactian ) 2
s0 that the increase in population of level 2 due to
relaxation Trom level 3 is greater than the decrease in
population of level 2 due to relaxation to level 1. This was

B4y

schieved by adding a 0-2% concentration of cerium (Ce ions
L=

to the crystal and is due to cross—-relaxation which will be

=
!

=

scussed more fully later.
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4.

The most serious disadvantage of gadolinium ethyl sulphate
is that there are 8 energy levels of which only 3 are used.

To g first approximation, thereflore, only ?% of* the active lons
are being used. Since a compromise is always being sought
between havihg as high a concentration of ions as possible in
the maser and having them far enough apart to prevent exces-
sive line broadening by "spin-spin" interaction, this
redundancy of more than half the active ions is undesirable
since it reduces the effective concentration of participating‘
spins to which the strength of the maser action is directly
proportional. Such redundancy is to be avoided in maser
materials in general but in choosing a material for operation
at 77°K this is particularly important because, as was dis-
cussed in Chapter One, the population difference involves only
about ?L% of the total number of ions instead of about 43+% at
liguid helium temperature.

A further disadvantage of this material is that it is
unstable at room temperature which requires that it be kept
refrigerated at all times. This original experimentdid not
actually produce a working maser amplifier but oscillation was
obtained showing that with suitable coupling of the cavity this
should be possible. Notwithstanding the above difficulties
this material was used successfully in the first travelling-
wave maser in 195912 and a good performance was obtained although
even at that time the superior properties of ruby for maser
action were realised.

The first three-level maser to perform as an amplifier
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was built by McWhorter and Meyer'3 and used potassium
cobalticyanide (diamagnetic) doped with O-5% potassium
chromicyanide (paramagnetic). This maser had its signal
frequency at S-band but is of interest since the active ion
was chromium which has only 4 Zeeman levels. Chromium is in
the iron transition group which have the %3 shell incomplete.
In the chromium ion this is the outermost shell and conse-
guently the electrons in it are not screened from the effect
of the crystal field by.other shells. The electron orbits/in
this case are not free to orient themselves in the d.c.
magnetic field but are "locked into" specific orientations by
the strong crystal electric field. This is called "quenching"
and it leads to "spin-only" paramagnetism i.e. only the
electron spins (which have no electrie moment) are free to
participate. The total electron spin of chromium is S = %é
(three unpaired electrons each of spin %) which gives

28 + 1 = 4 Zeeman levels. Thus in this maser there is only
one unused energy level.

To avoid having even one redundant level, McWhorter and
Meyer tried at considerable length to build a similar maser
with the Ni®" ion in zine fluorosilicate but failed since
adequate pump power to combat the very short spin-lattice
relaxation times (~ 10°" Sec.) of this material was not
available. A further disadvantage is that the line width of
this material is inhomogeneously broadened by a distribution
of electric fields. It has been suggested that the very short

relaxation times of this material are due to its spectroscopic
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splitting factor g, which has a value of about 2.3. For a

free spin g is 2 and for many paramagnetic salts it is close

to 2 but slightly below it. In general g is anisotropic due

to crystal field effects. It is generally accepted that a
value of g much different from 2 implies considerable spin-
orbit and hence spin-lattice interaction with attendant short
relaxagtion times. Attempts to build masers with this ion at
1-4 and 2+8 Ge¢/s. failed. The reason why so much trouble was
taken by McWhorter and Meyer andiby other research workers;
(including Bloembergen himself) to make use of such a seemingly
awkward salt is that sgpart from the g—factor the Ni ion appears
ideal for three-level maser operation. It has no nuclear
magnetic moment (which would broaden the line) and it has total
spin unity which gives 2S + 1 = 3 Zeeman levels and hence

there are no unused energy levels. Also the splitting leaves
one level unchanged which makes tuning easier. There is no

published record of any subsequent masers with the nickel ion.

2.3 "Push=Pull" Pumping

Interest in the nickel ion may well have decreased due to
the success achieved with 4-level pumping in chromium—-doped
ruby. This system uses all 4 levels of the chromium ion and
hence removes the need fo? a 3-level ion. The use of ruby as
a maser material was first'suggested by Makhov, Kikuchi, Lambe
and Tervhune'®. The 4-level system is asetually a combination
of the two configurations of the three level system. The

energy level spacing is as shown in Fig. 2.3 and the operating

principle is briefly as follows:
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Fig.2.3
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E, - E; = E; - E,
and consequently applying a microwave field at the correspond-—
ing frequency will pump spins from E, to E, which inverts E,
with respect to E, as before. The same field also pumps spins
from E, to E, . The inversion produced across the signal
transition Esz to Es is better than by any previously described
method since spins are not only being pumped into the upper
signal level but are also being pumped out of the lower signsl
level. For obvious reasons this scheme is sometimes called
"push-pull" pumping.

Synthetic ruby (A1,0;) is used as a diluent for the Cr®"
ions and the electric field of this erystal is such that, if
the d.c. magnetic field is. applied at an angle of 54°44' to the
crystal axis the required 1l-3 and 2-4 degeneracy is obtained
for all values of the d.c. field. Since the advantages of this
material were realised a great deal of work has been done on
the paramagnetic resonance of chromium doped ruby to extend
the previously available data of Geusic'® and now coﬁputed data
is available (Chang and Siegman)'® and Schulz-Du-Bois'’ has
published iso-frequency plots fﬁr a whole range of frequencies
including 9-3 and 23-9 Ge/s.

Vuylsteke'' has shown that the Hamiltonian for er®* in

Al 0, is of the general form:

H = & Ho-8 - Dis;® - es(s + 1)) + B(s;° - 5,7

(D and E are constants)

Geusici5 showed that for ruby E = 0. S = 3@ for Cr°" and
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therefore

H = @8 Ho.8 - Dfs;? - %]
Using this and the appropriate wave functions the elements of
the Hamiltonian matrix are found and diagonalisation of this
matrix yields the secular equation: (The energy level spacings
are expressed in terms of frequency v)

s 2(vD2 + 3ﬁv02)v2 + 2v02vD(l - 3cos?6)v

i vD“ 4 2ﬂav°L + %szvoz(l - 6c08°8) = ©
Up is a constant of the erystal = 5-79 Gc/s. (Geusicls)
H
s g%fg (6. = angle between H, and c-axis).
It is seen that for @ = arc cos %% = 54°44"', the equation is

quadratic in v° which yields the symmetric splitting which is

required for push-pull pumping. For this orientation

v = #wp® + Ao o /Gug” v v, 0047

The signal frequency is at X=band and the pump frequency at
K-band for an applied field of about 4 Kilogauss. Fig. 2.4
shows the variation of the frequency spacing of the levels for
an appropriate range of wvalues of the applied field. This
graph was drawn using data computed from the above by Reitbock' 8

using a value of 5¢73 Gc/s. for wp which is the value for 77°K.

It is important to realise that although 1-3 and 2-4
degeneracy exists for all values of the applied field, the

asa = + 2 transitions corresponding to the pump frequency

transitions are only "allowed" transitions when the
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perturbation on the ions due to the applied magnetic field is
of the same order as the perturbation due to the crystalline
electric field. This causes suitable superposition of the
state functions to allow such transitions. The "zero-field

splitting" of the energy levels is 2vp which is of the order

of 10 Ge/s. and this represents the magnitude of the crystalline
field perturbation and hence the required d.c. magnetic field
produces a perturbation of the same order for the pump fre-
quencies at K-band. Kikuchi, Lambe, Makhov and Terhune' ’
conducted a series of tests (at 4°2°K) on single and push-pull
pumping at powers of up to 120 mW and concluded that the push-
pull mode gives improvement by a factor of 4.

Apart from this prime advantage of providing the most
efficient pumping scheme, ruby is fortunately suitable in
almost all other aspects. It is chemically stable at all
temperatures up to 1000°C. It is hard and can be cut and
ground to an accurately rectangular parallelipiped which is
useful since in the later developments of cavity masers the
crystal is plated and itself forms the cavity. The thermal
conductivity of ruby is high and this is important, particu-
larly if, as may be necessary at liquid nitrogeﬁ’temperature,
high pump powers are being used. The pump energy resonating
in the material tends to faise.its temperature and in a
material with high thermal conductivity this causes the
refrigerant to boil off and it has to be replenished which

presents no serious difficulty. If, however, the maser

material is of low'cdnductivity the pump power may raise the
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temperature at the centre of the crystal and set ﬁp a tempera-—
ture gradient between the centre and the sides leaving the
latter at the temperature of the refrigerant. This would be
most undesirable since the thermal relaxation times would vary
throughout the material.

After the original demonstration of the suitability of
ruby as a maser material, Morris, Kyhl and Strandbergzo built
a tunable X-band maser using 0+01% chromium doped ruby. This
maser was very successful, exhibiting a voltage-gain-bandwidth
product of 43 Me/s at 4:2°K. Subsequently improved cavity and
travelling-wave structures have increased the attainable
voltage-gain-bandwidth products as will be shown later. All
the X-band masers which have been reported with improved per-
formances since then have used 4-level pumping in chromium
doped ruby.

The sbove examples are discussed to bring out the require-
ments of a good maser material and in a design study for a
liquid nitrogen maser ruby emerges very quickly as the most
suitable possibility. Some time after. the start of this
project an excellent and very comprehensive list of maser
materials was published (Siegmana) and in it there is no material
which would appear to be more suitable than ruby for a liguid

nitrogen maser.

2.4 The Zero Fiéld Maser

The only other material that was seriously considered was
iron doped Al,0, which offers the possibility of operation

without the necessity for the applied d.c. magnetie field.
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King and Terhune®' used this material (0:1% Fe®® in Al,0;)
successfully in a maser. The spin of the re?* ion is % (5
unpaired electrons) and the cubic crystalline electric field
causes splitting and superposition of spin states as shown in
fig. 2.5. The mixing causes the transitions between the top
pair of levels and the bottom pair of levels to be allowed
without the necessity for a large pertﬁrbation due to the
magnetic field. This splitting and mixing by the crystalline
field occurs only for ions with a spin of 2 or over, which
explains why this is not found with the chromium ion. The
magnetic field was small (#100 gauss) and was used only  to
tune the maser. The diagram in Fig. 2.5 is for 6 = O and
variation of 6 changes the rate of splitting of the energy
states with the applied magnetic field which also aids tuning.
In a packaged system, for instance, a small fixed field could
be applied and the tuning effected by rotation. This maser
was operated at a signal frequency of 12°3 Ge/s and was pumped
at 31-8 Ge/s. The zero-field splittings are actually 12-07 é@d
19+13 Ge/s. which places a lower limit on the signal frequency
of 12-07 Ge/s. which is rather high for the low noise "window"
between 3 and 10 Ge/s. In the maser of King and Terhune the
voltage-gain-bandwidth product (/GB) was 15 Mc/s but no mention
is made in the short letter describing this maser about what
steps, if any, were taken to establish the optimum concentra-—

tion.

22,23

Nagy and Friedman have recently reported ,/GB pro-

ducts as high as 165 Mc/s with no d.c. field at all and up to
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250 Mc/s with fields of only 5-10 gauss. They have also
reported operation with this material in powdered form.

For a ligquid=nitrogen-cooled maser, however, advantageous
though it would be to dispense with the need for a large d.c.
magnetic field, the limitation of this material to 3-level
pumping is a serious drawback. No maser has been operated in
the 3-level mode at 77°K but by analogy with measurements on
ruby at 4-2°K it is reaspnable to suppose that a 3-1evél
system would require at least 4 times as much pump power as a
4-level system. Since 4-level ruby masers operating at 7%
required several watts of power for saturation it is possible
that to saturate the pump transition of a 3-level system in
Pe®"-doped Al,0, at 77°K might require more than the maximum
available power (*-10 watts). In the absence of any relevant
experimental results indicating the possibility of success it
was considered that it would be unwise to try to use this
material.

Bearing in mind possible communications applicatiops, a
further objection to this material is that the signal freguency
could not be lower than 12 Ge/s which is too high to take
advantage of the low noise "window" from 3-10 Ge/s.

In view of its extreme suitability, therefore, it was
decided to employ ruby as the active material. To its many
advantages which have already been extolled in Section 2.3
must be added that of availability. In the last few years
high quality crystals of.ruby have become more readily

available because of the extensive development work
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necessitated (and financed) by the demand for ruby laser rods

and the very high quality they require.
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CHAPTER THREE

Ruby a2s a Maser Materizl at Liguid Nitrogen Temperatures

35,1 Transition Probabilities

For any system of energy levels, the power dP emitted
from or absorbed by any two energy levels i and j in a volume
dv is:- :

dP = hvg; Wi;|(n; - njy)|av (B; > By)
For a maser this will be power absorbed in the case of the’
pump transition amd power emitted in the case of the signal
transition but the expression is the same. It is not intended
to derive the matrix elements for the transition probability

Wi (= Wji). These can be fourd in the standard works on

masers (e.g. Vuylsteke'' and Siegman®).

2 &

g8 . i o

Wij = ( 2i°> f(v)[<1|§¥§]a>|?
g 1is the spectroscopic splitting factor
B 1is the Bohr Magneton

.
21

A =
f(v) is the line shape function (usually taken to
be Lorentzian).

It is in both cases desired that W;; should be as large as
possible and since all the other terms in the above expression
are fixed, this means that [<i|§ﬁ§[j>]ﬁ must be made as large
as possible. This is the square of the amplitude of the
transition probability métrix element. When the states 1 and j

are such that the spin change from one to the other is X1 then
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the matrix elements are large and the transition is "allowed".
When the spin change is *#2, in general, the matrix elements

are small and the transitions are said to be "forbidden". As
has been previously mentioned the ciamssssma host lattices for

must Le ehosen go
1e ion =eeeemse that there is suitable admixture of the states Whiek

ck

}_J

eads to these elements becoming large. The size of these
elements depends on 6 (the angle between the d.c. magnetic
field and the c-axis of the crystal) and & (the angle between
the magnetic field vector of the applied microwave field and
the c-axis). The variation of the matrix elements with 6 has
been treated fully by Chang and Siegman'® and curves of o2
against 6 are plotted for d.c. fields Hy in 1 Kilogauss steps.
Siegman defines 012 as the maximum value of o> for a linearly
polarised field (such as exists in microwave cavities) and o
is a convenient way of expressing the tensor gg* for a given
set of conditions.
2| (utow*mE)  |H%i|s[s>]

(£*.H) (H*.H)

and HIH = le the amplitude squared of the microwave field.
Siegman's curves show that for the d.c. field of about 4 Kilogauss,
the values of o1, for the pump transitions are approximately
constant from 6 = 40° to 6§ = 90°. For the signal transition,
however, ULQ for 6 = 90° is approximately 1&1 times its wvalue

for 6 = 55° and thus operating at the double pump angle does

not affect the transition probability for the pump transitions

and only slightly decreases it from the maximum for the signal

transition. -



The above assumes the optimum angle £ for each transition
which, in practice, at least for the double pump transition,
is impossible to achieve. In theory, with one pump and one
signal transition, each microwave field may be applied with
its plane of polarisation at the optimum angle although in-
practice an added constraint is usually imposed in that the
microwave field vectors are made mutually perpendicular to
reduce cross-coupling. This is particularly necessary at
liguid nitrogen temperatures where the pump power required may
be of the order of watts. In the case of four-level pumping,
however, even if this constraint is not applied the polarisa-
tion of the microwave field cannot be optimised for both pump
transitions. The pump power can, within reason, be increased
to compensate for non-optimum £ and therefore if only one
trsnsition probability can be maximised it should be that
associated with the signal transition.

Most of the masers (including that with the best perfor-
mance at 77°K)built to operate in the 4-level push-pull pump-
ing mode had the crystals cut so that the crystal axis was at
54°44"' to the shortest side of the crystal and it was there-
fore decided to conform to this practice. This has the added
advantage that, 'it leads to the ' minimum pole gap for the
magnet providing the d.c. field. In a practical application
using a liguid nitrogen cooled maser whose size and weight are
important this field would be provided by a permanent magnet
inside the dewar. The weight and cost of such a magnet

depends very much on the required pole gap and any unnecessary
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increase of this is therefore to be avoided. The accepted
"rule~of-thumb" approximation is that the weight is proportional
to the cube of the pole gap.

Quite recently Genner and Plant?" produced a report which
describes the liquid-nitrogen-cooled masers buillt by a team at
R.R.E. This team used the calculations of Howarth (unpub-
lished) which apparently show the optimum angles & for each
transition and optimisedhthe signal transition probability.
The crystal was cut accordingly but it is interesting to nﬁte
that the performance of the maser was similar to those of the
Previous liguid nitr&gen masers with their crystals cut at the
54°44' angle.

Using the parameter ¢° to replace the tensor quantity
go*, (which, it must be streséed, can only be done for a

specific set of conditions) W;; may be expressed as follows.

2
‘Wi.j = <g}32#0> f(V) H|2 0-2

The only remaining variable is H, which is usually made as
large as possible by placing the material in a structure which
is resonant ét the appropriate frequency. It will be shown
that this is not always necessary at liquid helium tempera-
tures but that at liquid nitrogen temperature it is essential
for the signal field and almost essential for the pump field
if the already lsrge pump power requirements are not to be
unnecessarily increased. Having done everything possible to
optimise all other parameters,'Hl for the pump field must be

increased as necessary to make W;; for the corresponding
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transitions large enough to maintain saturation.

3.2 Magnetic Q, Qn

It is convenient to describe the signal frequency
behaviour of the maser material by a parameter called the

"magnetic Q", @y, defined as follows:

energy stored
energy emitted/cycle

@ = - om

The negative sign conforms with the normal definition of Q for
which the denominator is "energy lost/cycle”. Obviously for
an emissive Q of this nature the.lower the value of |Q,| the

better the maser material. It can be shown (Siegman®) that

H*.go#,H dV

1 _ &B%o® ny -, , crystal
- AL f H%,H 4V
cavity

Avy, is the 3 dB width of the resonance line which is
assumed to héve a Lorentzian shaﬁe.
n,, N; are spin concentrations in the various levels
i.es n, is the ho. of spins per unit volume in
level 2.
An important fegture of this expression is that Q, is dependant
only on the spin concentration in the material - not on the
total number of spins present. Henceforth n; will be used to
denote the spin concentration in the ith level and n; the
total spin concentration.
Qn is a propertiy of'the given material under the

prevailing conditions and the only dependance on the containing
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structure is in the ratio of the integrals. This ratio is

usually defined in terms of a "filling factor" n

f H¥.gg*.H dV
crystal
2 &
o7, H*.H 4V
cavity

This has the maximum value of unity when the crystal fills the
cavity and is so oriented in the cavity that the maximﬁ.m
transition probability is attained. Technigues in which the
crystal itself is plated to form the cavity result in the
first of these conditions being fulfilled but not necessarily
the second. As explained in Section 3.l., for a given set of
conditions the scalar o° may replace the tensor'gg* and then
for a completely filled cavity the filling factor, 7, is
simply ¢°/oq® which is fixed by the angle at which the crystal

is cut. Thus Q, is given by:

2g°p°u n, - n
] = o] X 3 2 3 2
/ém a h ( Avy, ) i
or in terms of the invérsion ratio, I, for a 4-level system
1/ A 28°B 1o ng hys L0 o
o Feotia s S A (R

With the constants evaluated this can be written
hvg\ ng Io°n

l/Q% % io—la. (EE?) v

(n is in spins cm ° and Avy, is in Mc/s.)

The only remaining variable is (n; - n,)/Avy, a n I/Avr, and

this must be made as large as possible.
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3.3 Optimisation of (ns - ng)/AvL

The first stage in increasing (n, - n,)/Avy is to make
the inversion ratio, I, as large as possible. Having done
this the remaining possibility is to increase ng but this must
be done with caution since it has two undesirsble effects.
Firstly increasing n; increases the spin—-spin interaction and
hence increases Avy, and secondly increasing ng beyond a cer—
tain stage leads to a decrease in the value of I due tO cross-
relaxation, _AvL does not increase as fast as n, and therefore
the concentration can be increased until the concentration-
dependent relaxation processes start to affect I. Before con-
sidering this, however, it will be shown guantitatively how
3=level and 4-level pﬁmping compare.

Kikuchi et al'’?, following the work of Bloembergené,
derived expressions for the population difference (n, - n,) in
ruby.

Thermal interaction with the lattice is considered as
stimulated emission and absorption of phonons and transition
probabilities wij are used to denote the probability of a
stimulated phonon transition from level i to level j. Unlike
the processes of emission and absorption of electromagnetic
radistion discussed in Chapter One, however, there is no
phénog process analogous to spontaneous emission and therefore
the number of stimulated transitions in each direction must be
equal if the ions are in thermal equilibrium with the lattice.
FProm the Boltzmann Distribﬁtion it is known that the popula-

tions of the levels j (upper) and i (lower) are in the ratio
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hv; ;
eXp (“ —E%‘>. Consequently the downward transition probabllity

wji and the upward transition probability wij must be in the

: : hvj j
inverse ratio exp (HEE" . However, as has been shown,

h?)' -
exD ~3%¥ for v;; of the order of 10 Ge/s at a temperature of

Qur . s . . » . »
77°K, is approximately unity and thus it is permissible to
write Wij; ® Wjije
The expressions for n, - n, are found by considering the

rate equations:
4
dn;
il s ¢ 6 BT 47 AMC R « LR
Jraims 1

where the o ; include the thermal relaxation times and, where
applicable, the stimulated radiation transition probabilities.
Steady state conditions in the presence of pump fields are

found by equating the %ﬁ? to zero.

Three different modes are available for the four levels of

3+

Cr in AlQOS.

(2) Three-level Pumping — levels 1 and 3 saturated

The pump and signal transition probabilities are denoted

by P and S respectively

%z = W+ Pz and ag, Ws, + Pg,y

Wy, + 832

Gag = Wpg + Sz3 and &y

and the other apj are simply Wi
P =SB ‘_ahd S5, oeatBa from fundamental

considerations
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N

and, in practice, w;; ~ w

J jie
o)
Ca = W5 + Py = ag

and  Qa,; = Wy +t Poy = Qug
= : & dn; R ~
Equating the ==L to zero and solving for (ng, = n,):
ey ngho Wi, (W Vo =Wy, 505 5 )+ (W), (+ W oW o) (o vy =W ,v5 )

1.3"-' ) =

4KT Wy, o (Wy,  +Wy, 5 )+ (W, | +Wy o+Wy 3) (W | +W50+S55)
P|s does not appear in this expression but it has been assumed

that the pump power is such that P . >» w3 which is the condi-

3
tion for saturation’'of levels 1 and 3.

(b) _Three-level Pumping — levels 2 and 4 saturated

Similarly, for this case it can be shown that

ngh Wat(Wzlvag“wulvha)+(w|2+W|3+wsh)(Waevaz“wuevaa}

(1’13“1’1 ) = .
= 4XT Ws:(W2|+Wu|)+(w|2+wns+wlu)(W23+W3u+szs)

For the present only the small-signal case will be considered
and 8,5 which is, of course, dependent on the strength of the
applied signal field, will be assumed to be small compared
with the wjj.

In general the thermal transition probabilities are not
known with any accuracy. It is extremely difficult to measure

the relaxation times (Tl)ij ~ ﬁ%f for a multi-level system
LJ

since measurement of the time constant associated with the
decay of some non-equilibrium state between two levels is not
the relaxation time for that transition but a function of the
relaxation times for all possible transitionscof the system.

It is therefore neCeésaPy to make assumptions concerning the
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relative magnitudes of these transition probabilities and the
simplest and most plausible assumption is that they are all of

the same order. This allows cancellation of the w;; leaving

3 _ Dngh fvg ;
(ng - n,;) = = |~ —iig JF o hokh (a) and (b)
(Wi =" v in (a)s v = v, in (b) and v, = Vs in both)

Optimum pumping results in () and (p) if W,z and w,, respec-—

tively are greater than all other w;; when

n:h
(ng - ny) = Z%T(vﬂ - ¥s) in both cases.

(¢) PFour-level Pumping: levels 1 and 3 and 2 and 4 saturated

(6 = 54°%a4")

ngh Wy VL + WnalVis + Wo Vo = W3sVso
4kT Wip + Woz + W;, + Wa3 + 533

nth : 5
Zo7Wp = vs) for all w;; of the same order

il

Here the .optimum situation is w,, » w,3 ~ W, > Wz, in which case:

h
e PSS §%§(2vﬂ - vs)

For a signal frequency of approximately 10 Gc/s, the pump
frequency for 4-level pumping is about 24 Ge/s and the values

of the inversion ratios for the above cases compare as follows:

Inversion Ratio, I

Relation between wj j
3=level 4-level

% 2v Vo = V
all wij of same opder | —le——t = 0¢2 | =L

2Vs Vs T
1 vp = v 2vp =V
ptimum Ratio of wj j - I O e LI T L e
3 - vs vs




This predicts an improvement of 7 times using 4-level pumping
if the relaxation times are all of the same order and about
24 times if the relative magnitudes of the relaxation times
arecptimal. It is seen that in either case a worthwhile
improvement is obtained if 4-level pumping is used. It is
also apparent that the 4-level mode is less sensitive to
variation of the relative magnitudes of the relaxation times.
At liquid helium temperatures Kikuchi et al. measured an
imPPOVemeni of about 4 times using the 4-level push-pull mode.

The population difference is proportional to the total
concentration ng and inversely proportional to T in all cases
and therefore increasing the temperature from 4-2°K to 77°%K
decreases (n; - n,) by a factor of sbout 18 for a given
sample. Obviously the é—lével pumping scheme should be used
at liguid nitrogen temperature to obtain maximum performance.
There is no published record of a 3-level maser operating at
Fi s

The only remaining way of increasing (n; - n,)/Avy is to
increase ny .« This can be done only until I starts to decrease
due to cross-relaxation effects but Maiman®® has shown that ng
can be increased by at least a factor of 2 within this limita-
tion and more recent reports suggest that greater increases
may be possible. Discussion of the limiting processes is

aided by definition of the relaxation mechanisms involved.

3+3%3.1 Spin-spin Relaxation Time, 75

This is mainly encountered in the function, f£(v),

describing the line'shape which is normally taken to be
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Lorentzian

2T >
1+ 4m?7,% (v = vy)2

(v, = resonant frequency)

f(v) =

This time constant 7, describing the line shape is only the
true spin-spin relaxation time when there is no cause of line
broadening except spin-spin interaction. Since even the Dbest
crystals have defects and inhomogeneities this will seldom be
true and 7, is therefore difficult to measure accurately.

In a twoflevel system of identical ions coupled by spin-
spin interaction, if some of them could be perturbed to a non—
eguilibrium condition without perturbing the others, the time
constant associated with the perturbed ions coming into
equilibrium with the unperturbed ones is 7o. In the case to
be considered, however, this situation does not arise and 7,
is only of interest for its effect on the line-width Avy. For
maser materials of the concentrations used at liquid nitrogen

temperature the T, are short (typically'ﬂ a few nanoseconds).

5.35+2 Spin Lattice Relaxation Time, 7,

This has already been mentioned and is the strbngest and
hence the predominant relaxation mechanism for very dilute
salts of the type used at liquid helium temperatures. When the
system relaxes by this mechanism the energy is exchanged with
the lattice phonons. The strohg crystalline electric field is
modulated by thermal vibrations of the lattice but is unable
to interact directly with electron spins since the latter have
no electric mqment.“_(There must, however, be a second order

effect allowing direct coupling since any oscillating electric

46



field must have associated with it an oscillating magnetic
field.) The primary coupling mechanism is through the electron
orbits which have both electric and magnetic dipole moments.
The crystal field couples to the electric dipole moment of the
orbit and thence to the spin by spin-orbit coupling. Kronig?®
and Van-Vleck®' developed a theory of spin-lattice relaxation
based on the aﬁove argument. For very low temperatures i.e.
liquid helium temperatures this theory predicts an inverse
variation of 7, with temperature T corresponding to processes
where one phonon is exchanged directly for one quantum of spin
energy. This leads tolrl's which can be of the order of
seconds for a material with small orbital angular momentum or
small spin-orbit coupling. At higher temperatures and hence

higher phonon energies the Kronig-Van-Vleck theory predicts

T, & l/T7 which involves so0 called "Raman" scattering of
phonons by spins. In this type of scattering the phonon energy
is increased or decreased by the amount of the spin transition
energy but the process does not involve the direct emission or
absorption of a phonon.

Experiment agrees partially with this theory in that the
low temperature variation of 7, does appear to be inversely
with T. Pace ef al.’® found this agreement but for tempera-
tures in the region of ?fOK they found 7, o I/TS rather than
the predicted 1/p7. The chief discrepancy between the
Kronig-Van-Vleck theory and experiment is in the observed
concentration-dependence of 7,. The theory considers the

coupling between each spin and the lattice and therefpre
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predicts complete concentration-independence of 7,. This
concentration-dependence of 7, has yet to be satisfactorily
explained but it is believed that it may be due to "cross—

relaxation" effects involving "impurities'".

3.3.3 Cross—Relaxation

Cross~relaxation is a type of spin-spin or dipolar inter-
action process. The mechanism is the same as for spin-spin
relaxation but the term cross-relaxation denotes relaxation by
dipolar coupling between spin transitions which are not thé
same, for example between two different but intermingled
systems or between different transitions in a multilevel
system. This mechanism in its simplest form involves an
upward transition in one system (Fig. Felll: (a)).accompanied by

a downward transition in the other (Fig. 3.1 (b)).

(@) (b)

Fig.3.l
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Th;s process occurs with highest probability where.energy can
be conserved, i.e.where the lines overlap.

An example of the use of this process to good advantage
is the Ce®' doping of the gadolinium (lanthanum)ethyl sulphate
used by Scovil et al.'® and shown in Fig. 2.2. The orienta-
tion of the crystal in the d.c. magnetic field is such that
the transition of Ce®’ ions coincides with the "idler" transi-
tion of the 3-level maser system in the Ga°* ion. This allows
appreciable cross-relaxation to take place and, since the
spin-lattice relaxation time of the Ce®’ ions is very short
(due to strong spin-orbit coupling), this two-stage process
via the Ce®" ions affords a faster relaxation path for the
idler transition than by direct spin~lattice relaxation. This
shortening of the idler relaxation time enhances the pumping -
indeed, in this case since vp - Vs < Vs, maser action is
impossible without it.

It is obvious that cross-relaxation may take place when
energy is conserved but, at increased concentrations, strong
cross-relaxation is observed when the frequencies differ by
amounts corresponding to several line widths.“ This has to be
explained by consideration of the dipolar energy of the system
as a whole as a '"reservoir" of energy which can absorb.or make
up the difference.

Cross—-relaxation in ruby has been investigated experimen-
tally by Mims and McGee® °, Geusic®®, Manenkov and Prokhorov''

and Roberts et al.®?, A cross-relaxation time 72, is defined

which is the time constant associated with attaining
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equilibrium between two spin systems in the absence of spin—
lattice relaxation. At low concentrations (as used in liquid-
helium-cooled masers) 7T,, » 7, and each system (if disturbed
from equilibrium) relaxes to the lattice independently. As
the concentration is increased, however, transitions begin to
couple by cross~-relaxation at first only where energy is con-
served but this becomes increasingly less important. Mims and
McGee showed that at 4:2°K, if the concentration is increased
to 0+ 3% Cra*/Algoa cross~-relaxation becomes so strong that,
-Qevdrdless of energy conservation, line widths, etc., all
transitions couple to alllother transitions so ﬂhat no
difference of spin temperature between transitions can be set
up. In the intermediate stage where 7, < T3 < T,y T2 is
found to be independent of T and to vary as noz'“ for the
range of concentrations 0°02% to O-3% Cr3+/A1203.

Geusic showed that the expected process of "harmonic cross-—
relaxation” also occurs (Fig. 3.2) e.g. T», becomes shorter when
vy, = N U,z where n is an integer. Various combinations of
multiple spin and harmonic cross-relaxation have been ébserfed.

The relevant feature governing the choice of concentration
of a maser material is the onset of the first cross—relaxation
process which appreciably affects the inversion. For ruby at
6 = 54°%44"' it is immediatély apparent that the processes shown
in Fig. 3.3 should occur strongly in all but the very weakest
concentrations. These processes leave the population

difference (n; - n,) unchanged, however, and the fact that the

corresponding cross-relaxation time can be expected to be
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Harmonic Cross-relaxation

Fig.3.2

shortened to of the order of the spin-spin relaxation time,
T2, is of no consequence. Roberts et al.®? have shown that
the first processes to become avpreciable at this double pump
orientation are the 5-spin processes shown in Fig 3.4.

For each process there is also a reciprocal process (i.e.
all arrows reversed). |

It is a general rule that, for a given coycentration, the

greater the number of simultaneous spin transitions required

——
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2-spin Cross-relaxation

Fig.3.3
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5.-spin Cross-relaxation

Fig.3.4
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for a cross-relaxation process the lower is its probability.
However, .1t is also true to say that the higher the order the
greater the concentration dependence. This means that since
the first significant cross—-relaxation process is of a rela-
tively high order (5 spin) it is to be expected that the
resultant limitation on maser action will not occur at such
lqw concentratiqn as it would if the limiting process was a 3-
or 4-spin one. Once deterioration of maser action starts to
occur, however, it is to be expected that it will wvary moré
sharply with concentration than it would if a cross—felaxation
process of lower order was‘the limiting process. This tendency
will be further increased by the simultaneous onset of the

three different relaxation mechanisms discussed above.

From the foregoing it is apparent that the optimisation
of (n, = n,)/bv; is governed either by cross-relaxation between
transitions of the-Cr3+ ions or by 7, shortening so much that
available powers are no longer adequate to saturate the pump
transitions. This concentration-dependence of 7, may be
attfibutable to cross—relaxafion between Cr°’ ions and some
"fast=-relaxing" impurity and this is currently being investi-
gated elsewheref The limited amount of experimental data
available indicates that it is the cross-relaxation between
transitions of the Cr°" ions which limits the extent to which
the concentration can be increased.

Maiman was the first to suggest that the best concentra-
tion for use in a liquid'nitrogen temperature maser would be

higher than that for a liquid helium one. Maimar®showed, by
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extending Bloembergen's results that the dependence of inver—

sion on cross—relaxation in a 4-level system has the form

(113 = nz) o ng

This again assumes that the pump power is sufficient to main-
tain saturation of the pump transitions and, if this condition
is fulfilled, the population difference is not directly

dependent on 7, and depends only on the ratio Tl/fg;‘ Allfthe

7,'s are assumed to be of the same order and for good inver—
sion 47,, must be very much greater than 7 ,. 7T,, is the

cross—~relaxation time for the dominant cross—-relaxation pro-
cess. Maiman thought that this was coupling between the pump
(1~-% and 2~4) and idler (1-2 and 3-4) transitions which involves
a very considerable frequency difference. From the more

® it is much more likely that

recent work of Roberts et al.®
the 5—-spin processes described in Section 3.3.3 are the
dominant cross-relaxation processes. It was reasoned that
since raising the temperature from 4-2°K to 77°K would shorten
7, (by a factor of about 500) the condition T, « 47,, would be
more than adequately satisfied for a crystal of low concentra-
tion. The system should therefore tolerate an increase in

concentration, with an attendant decrease in 7,,, before the

inversion ratio I begins to decrease

?M@s~(l+”“gﬁm)

=
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Maiman did not discuss the concentration-dependence of 7, which
would help to keep I at the value for low concentration by
shortening 7T, as 7,, shortened. If 7, was more concentration-
dépenﬂent than 7,, the limitiﬁg factor would be the available
pump power. BExperimental results indicate, however, that the
variation of 7,, with concentration is faster than the varia-
tion of 7, which seems reasonable in view of the conclusions
about the cross-relaxation processes reached in Section 3.3.3.
Maiman showed, in agreement with his predictions, that a
crystal of concentration 0:6% Cr,05/Al,0, showed maser ampli-
fication and oscillation at 77°K but at 4:2°K no degree of
inversion could be produced in this crystal at all. In a less
concentrated crystal of 0-2% Cr,05/Al,0,; a negative spin tem—
perature of 150°K was produced at 4-2°K and this improved to
51°K at 77°K. Maiman's paper did not make it clear why the
0-2% ecrystal had been chosen in preference to the 0-6% one for
building the actual maser; presumably despite the fact that
maser action was observed in the higher concentration crystal,
the very short 7., (= p‘sec.) was limiting the performance to
s value less than that of the 0+2% crystal. The pump power
used for this maser was not given in the same paper but is
believed to have been about one watt with the cavity resonant
at the pump frequency. The crystal size in this maser was
T 7 X 3*5 mm, |
Reitbock and Redhardt®® built a liguid-oxygen—cooled
maser (T = 960K) with a voltage-gain-bandwidth product (/GB)

of 21+5 Mc/s. which constitutes a 50% improvement over that of
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Maiman and is the best reported to date. They also had con—
ducted a series of preliminary experiments to determine the
best concentration for use at this temperature and guoted a
value of 0+6% Cr,0,/Al,0,. However, a private communication
from Reitbock in answer to an enquiry about this seemingly
high value states that this was the starting power concentra-
tion and that the concentration of the actual crystal was
thought to be about 0-4%. Reitbock recommended that the optimum
value for 77°K should be of this order; From discussion n*
other people in this field; however, ‘it seems unlikely thaz at
such a high concentration 3% of the starting powder concer: . “i-
tion would be retained in the final crystal and that, in t-
absence of an analysis, the figure quoted should be regarded
as an upper limit.

The most encouraging feature of Reitbock's maser was that
the pump power used was only 80 mW and in view of the high
reported perfofmance it was assumed that the pump transitions
were saturated. The explanation of this was revealed when
Reitbock's thesis was printed in full and it was found that
this was not the case. This is most interesting since it seems
to indicate that more has been gained by increased concentra-
tion than has been lost by the failure of the pump power to
produce saturation. This'priﬁciple is easy to accept but the
50% improvement in performance with the very much reduced pump
power does seem incredible since even without relaxation effects
reducing the inversion ratio a more coﬁcentrated crystal would

require proportionately more pump power for saturation. The
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crystal size, on which the required pump power also depends,
was the same for this maser as it was for Maiman's and in fact
the similarity of these two masers in all respects other than
crystal concentration and pump power should allow a direct
comparison.

In support of his choice of concentration Reitbock cites

& paper by Wiederhold®" in which a series of' experiments is
described indicating that the best maser action at liquid
nitrogen temperatures would be obtained with a concentrati.
of the order of 0-4% Cr,0,/A1,0,.

Work done in this country on ligquid nitrogen masers by

3 , -
Ss2k ot the Royal Radar

Ditenfield, Genner and Plant
Zstablishment in conjunction ﬁith Fruin, Ahern and Paxman™
at Mullard produced performances similar to those obtainec
'aiman i.e. JGB products of up to 14-16 Mc/s. Genner and
used a material of concentration +*27% Crzoa/ﬂlgo3 put they
stated that insufficient information was avallable to determins
whather or not this was the optimum concentration. Paxman did
o series of exveriments showing that the optimum concentration
was about 0°23% Cran/AlQO3 which gave a value of |Q,| of
about 680-700 which is the best measured to date. These
masers required several watts to pump them although this is
partially accounted for b& the fact that the crystals were
much larger (19 x 135 x 4+2 mm) than those of Maiman and
Reitbock.

It therefore appeared that the optimum concentration was

about O-2O—O-2?%icr203/A1203. The rather larger value
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recommended by the Germans was not supported by analysis as
were the British values. Theoretical discussion cannot define
accurately the optimum concentration because the processes
governing variation of maser action with concentration have
not been investigated quantitatively in sufficient detail.

The main reason why this has not been done is that it is
impossible to obtain completely homogeneous, defect—free
crystals. With the advent of electron probe microanal&siz
technigues, Dils et gl 8 investigated the concentrztion
variation across various high quality ruby crystals grown by
Linde and Adolf Meller. The resolution was about 10 g, the
crystals were mostly about O-1% Cr3+/A120a and the standard
deviations of the measured percentage varied typically from L5
to 25% and in one case was as high as 45%. In view of the
larger size of the Cr°® ions compared with A1°" introducing
cr®® into Al_O, even in small quantities produces strains and
defects in the lattice and this limits the guality of the
crystals which can be grown. The more concentrated the
crystal is, the more difficult it is to achieve high quality.
It is further believed that on a smaller scale "clustering" of

3 : r 3 .
¥ ions may occur since the large Cr ions tend to take up

Cr
sites of low energy, which occur near defects and this
clustering would then create more defects. This process would
be aided by the high diffusion rates of Cr°® at the tempera-
ture of crystallisation (~ 2,00000). Apart from its adverse

effect on the lattice, this tendency to cluster either on a

large or small scale is undesirable since it increases the
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cross—relagxation which imposes on the system the limitations
of a more concentrated crystal without the advantage of the
larger number of participating ions.

In view of the unpredictability of the properties of even
the best crystals, therefore, it was decided that the most
advisable course of action would be to order 3 or 4 crysials
of the highest available Quality with concentrations ranging
from about 0+15% to 0+4% Cr,0:/Al,0; from wiich the crystel
exhibiting the best maser action could he chosen.

After these decisions had been taken a thesis by Ammann® °
became available containing measurements of |Q,| and I for
various concentrations. Instead of specifying the concentra-—
tion by the more usual method of Cr,0,/A1,0, by weight, as in
all the above figures, Ammann qudted Cr’*/A1,0, by weight and,

to allow direct comparison, equivalent values on the Cr,0,/41.0

[6]

scale have been added.

Concentration
% Cr° /M, 0, | % cr0,/81.0; | |Q,l I bv, (Me/s)
¢ Dei02] ' 0- 03 4770 1-16 70
0- 046 , 0-07 2530 L=l 82
0077 Ow;2 1700 iz - 99
0.14 0-21 1250 1-02 Lo
0«34 0+ 50 3630 033 222
0-40 0+ 60 4970 0-25 250

GOn



There is nothing in these results which contradicts the
preceeding discussion and it is inferred from Ammann's results
that the optimum concentration should be not less than

0-2% Cr,0,/A1,0, and rather less than 0-45% Cr,0,/A1,0,. It
is unfortunste that there is such a large gap (0-2% to 0-45%)
over the most interesting region. The values of I show thati,
as discussed in connection with Reitbock's maser, the smallest
|Qm| is obtained with a concentration at which the value of I
has already started to ‘decrease due to cross—relaxation.
However, the extent to which this occurs is rather more
credible in this case.

The smallest |Q,| obtained by Ammann (1250) seems ratlcr
large in view of the fact that Paxman observed a |Q,| of about
700 with a erystal of 'similar concentration. This endorses

the above contention that the performance may vary guite

widely even for samrles of the same average concentration.

3.4 Signal Saturation

Signal saturation is the decrease in maser gain with
increasingwsignal input power énd its onset determines the upner
limit of the linear operating range of the amplifier.

In Section 3.2 the following expression was quoted for

the population difference.(n, - nz):

nf,h. \V]_,_Ivlfl = ergl’L3 + Wo Voy = WsaVs3n

4kT W sk W 5

(113 "'ng) =
e W“_. + W23 -+ 832

It was assumed that Szo, the stimulated transition probabiiity,

was negligible in comparison with the wij in the denominator.
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This is true for small signal powers but, since 3,, is propor-
tional to the signal power, a point 1s reached for which this
pover becomes large enough to make S5, of the same order as

the w; ; Again assuming all W ; of the same order:

nth Vp = Vg

4k T s Vl. Saz/w

(z, =n,) =

il
and W T

nth W5 Vs
4xT 1 + A SsoT

Therefore, (ng = n,) =

=]

For the gain to be independent of the signal power /A S3,7,
must be very much less than unilty.

Without evaluating the absolute power for which signal
saturation starts to affect the gain it is possible to compare
the liquid helium and liguid nitrogen cases. The power for
which saturation starts to become apparent is inversely pro-
vortional to i and hence, from the measured relaxation times
at both temperatures and the measured value of saturation onset
at 4*2°K, the upper limit of signal power at 77°K cén be
estimated.

For suitable concentrations Pace et al.’® observed a decrease
in 7, from 22 millisec. at 4-2°K to 44 usec. at 77°K - a
reduction of 500 times. Describing one of the best liguid
helium masers to date - that used in the Telstar and Early
Bird projects - Tabor and Sibilia*® state that the onset of
signal saturation occurs at about 107'' watts. It is therefore

to be expected that the onset of signal saturation should
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oceur in a liguid nitrogen .maser at input signal powers of the
order of 10”7 ? t0 10 ® watts. Reitbock'® has observed the
onset of signal saturation to occur at about 4 x 10” ° watts
for a maser operating at 90°K which is in fair agreement with
the above. The above analysis does not apply directly in this
case since the pump transitions were not saturated in
Reitbock's maser but it is expected that this would lower
rather than raise the power at which signal saturation occurs.
This increased signal saturation power is the only
respect in which masers operating at 77°K show an improvement
over those operating at 4-2°K. Although the satellite
communication systems in which liquid helium masers have been
used employ powers which extend into the region of signal
saturation the systems have been designed to tolerate this.
ky-beamed (or space) radar systems could not be so readily
designed to accommodate this, however, since a further con-

sequence of the long relaxation times is that if the maser

e

[p

zain is saturated the recovery time is of the order of 7T,.

This means that, if the amplifier is "blanked off" by a near
reflection, the recovery time would be of the order of
milliseconds for a liguid-helium-cooled maser.

From the expression for (n, - nﬁ) above it is seen that

pumping harder than is reguired for saturation of the pump
transitions does not improve the position with regard to

signal saturation. What coﬁld be done to raise the signal
saturation level of the liquid helium maser is to reduce T,

by some means (e.g. by doping with a fast relaxing ion) and



inecrease the pump power to maintain saturation. Since T deter-
mines the population difference independently of 7,, the high
verformance of the liquid helium maser would be maintained and
at the same time the signal saturation level would be raised.
In practice, however, the extent to which the pump power would
have to be increased to appreciably raise the signal satura-
tion power might lead to difficulty in keeping the maser
hbepiall at 422%. hls0 whihas been discussed above, it is
difficult enough to achieve high guality in ruby material
with only the chromium ddgping without the added complication
of trying to ensure even distribution of a further impurity.
Thus the liguid nitrogen maser does offer the possibility
of a preamplifier of equivalent noise temperature of 75—lOG;L

(Maimanzs} with an upper limit of signal power of the order of

274B higher than the liguid-helium-cooled maser.
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CHAPTER FOUR

Cavities and Travelling-Wave Structures for lMasers

The structure in which the maser material is placed must
allow "suitable" interaction of the material with the pump and
signal fields. This term "suitable" implies that the microwsve
fields must remain in the material for sufficient time to
stimulate enough transitions to achieve pumping and the
required degree of amplification. For a '"fast-wave! structure,
such as a waveguide loaded with the active material, the length
required for usable amplification of the signal would necessi-
tate impracticably large crystals and pump powers. To provide
the signal field with suitable interaction it is necessary to
set up a standing wave (cavity maser) or a slowly propagating
wave (travelling-wave maser) in the pumped active material.

It is not quite so important to make similar provision for the
pump field since this is controlled locally and can, if
necessary, be increased. Liguid-helium—-cocled masers have
been operated in which the pump field did propagate through a
fast-wave structure loaded with crystal. At liquidlnitrogen
temperature, however, pump-powers are much larger and it is
necessary to consider how the most efficient coupling between

the field and the material may be achieved.

4,1 Cavity Masers

The theory of the single cavity maser has been developed
fully by several authors. including Butcher™' and Siegmans and
therefore the results will be quoted here with only a brief

explanation of how they are obtained.
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There asre two possible configurations, for a singlg cavity
maser. These are the "one-port" or "reflection'" cavity maser
and the "two-port" or "transmission'" cavity maser. These are
shown in Fig. 4.1. The gain in g cavity maser is bi-
directional and consequently the performance of the trans-
mission cavity maser is only half that of the reflection tyre
since in the former half the available output power Dasses
through the input coupling slot and is absorbed in the isolator.
This is shown by Butcher by direct analysis of both types Ifrom
first principles. PFurther discussion will thercefore be confined
t0 the reflection cavity maser.

The expression for Q, quoted in Section 3.2 contains a
function £(v) which has the maximum value unity when v = v
the frequency of the paramagnetic resonance. The form of f(v)
is taken to be Lorentzian. Typical line-widths are 50-100 lc¢/s
for the lower (ligquid helium) concentrations and 100-200 lc/s
for the higher (liquia nitrogen) concentrations. A good
cavity has a bandwidth of about 1-2 Me/s at liquid helium
temperature increasing perhaps to 2-3 Mc/s at liquid nitrogen
temperature. The apalysis of the single cavity maser is
greatly simplified by assuming frequency independence of Qg
over the bandwidth of the maser cavity. Since the line-width
of the material is so much larger than the cavity bandwidth
this is a reasonable approximation. Account of the frequency
dependence of @, will be taken when the two-cavity maser 1is
considered in the next chapter.

The single cavity maser is considered as an L-C-R circuit

with an extra, negative resistance, element representing the
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effect of the pumped maser material. This is shown in

Fig. 4.2.

-
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Fig.4.2

The transformer represents the effect of the slot coupling the
cavity to the input waveguide. It is customary to describe
the action of this coupling slot between the input waveguide
and the cavity by an "external Q", Qe, defined:

energy stored in cavity
power radiated through coupling slot/cycle

Qe = 2w

The normalised impedance of the cavity terminating the line

is!
1
Z/ ) /Qe
Zo = I __J;__ 4 _1_ i 23(1) = 1)3)
’Q{nl Qo Vs
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Qs 1s the unloaded @ of the cavity. This includes both- the
wall losses and the dielectric losses.
v is the applied frequency and v, is the signal frequency for

raramagnetic resonance.

The power reflection coefficient is the gain, G,
2

1 - Z/Zo
R z/zo

and at resonance this is a maximum

For amplification to ocecur, Ié;l must be greater than e .

Qo
This states the obvious requirement that the power emitted by
the maser material must be greater than the power absorbed byl
the wall and dielectric losses of the cavity. To prevent

oscillation the external loading must be adjusted so that
1 1. 3k
1@ ~ Q Qe
From the expression for Ggo it is seen that high gains are
obtained when this condition is just satisfied i.e. to obtain
a high gain the maser must be operated on the verge of
instability. The circulator prevents variations in impedance
from the aerial or the receiver being "seen'" by the maser but,
1t is possible for variations to occur between the circulator
and the maser. When the maser is operating at a high gain even
guite small variatigns in loading can take it into oscillation

and this is a serious disadvantage of the cavity maser.
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Assuming constant |Q,|, the frequency dependence of the
cavity maser is determined solely by the cavity and it can ke
shown that, for high gains, the % dB bandwidth is

il A 1
B = e L T e
”3<Qe | Qx| %)

from which it is seen that
(/Go -~ 1L)B = 2us( iy = e
9] = Qo
and, since G is high, this may be written

s« (&) - &)

0
Thus the voltage-gain-bandwidth product is constant for a
single cavity maser. When discussing performances the sub-
script o is dropped and, in the expression,/EB, G is under—
stood to be the maximum gain.
If the frequency variation is taken into account the /GB

product is still a constant but then

‘ el 25( 151 j:)
(l + |a;l>

v
Ry is the Q of the paramagnetic resonance line, Zﬁf which is

of the order of 5-10 for a material of the higher concentra-
tions used at 77°K.

|Q,| is in the range 700-1000 so it is seen that the assump-
tion of |Qn| constant is a justifiable approximation.
Taking the best value of |[Qy| =~ 700 and a good Qo ~ 5,000

/GB is about 24 Gc/s at 77°K. This is larger than most

70



observed values, which are-in the range 14-16 Mc/s. The best
value so far reported is a\/EB product of 21+5 Me/s with a S
of only 3,000 (Reitbock'®). The noise temperature of a liQuid—
nitrogen-cooled maser should be of the order of 75-100°K and

to derive the benefit from this the gain would, in general,
have to be of the order of 17-20 GB. This assumes that the
maser is operating directly into a conventional balanced mixer
followed by a good I.F. amplifier (nocise figure about 7-8 dB)
and a gain of 17-20 4B is sufficient to make the noise contri-
bution of the stages after the maser considerably less than
that of the maser itself, It is quite conceivable that the
maser could be followed by a tunnel diode amplifier (noise
temperature ~600°K) which would require a much lower maser
gain. However, the figure of 17-20 dB will be taken as a
sultable gain for a liquid nitrogen ﬁaser. For a gain of

20 dB the tandwidth is limited to about 2% Mc/s at the most.
Because the freguency response is governsd by a single tuned
circuit the galin is not approximately constant even over a
fraction of the 3 dB bandwidth.

Thus the chief disadvantsges of the single cavity maser
are that the bandwidth is limited and the shape of the res-
sponse curve 1s far from ideal. The advantage of the cavity
maser is that the performance is not proportional to cavity
volume and therefore small grystals can be used and the
cavily can be made resonant at both pump and signal fre-

-quencies.
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4,2 Travelling-VWave Masers

Since it will be shown from a brief and fairly elementary
considera tion of the travelling-wave maser that it is not
sui table for operation at liguid nitrogen temperature it is
not relevant either to extol the advantages or to expound the
intricacies of this device at great length. This section will
therefore set out briefly the formulae for the main K features
of the travelling-wave maser and by inserting the "best vglues"
of the various parameters at 77°K the impracticability of the
device at this temperature will be demonstrated.

The first travelling-wave maser was built at Bell Labs.
in 1958'% very shorkly after the first cavity maser and sirce
then, for liquid helium operation where broad bandwidth was
required, they have been used almost universally. The chief
advantage of the travelling-wave maser over the cavity maser
is the greatly increased bandwidth. Since slow wave struc-—
tures can be designed with bandwidths much greater than tﬁe
maser material line width it is the latter which limits the
bandwidth of the maser. (As will be shown this does not,
however, mean that the bandwidth of the maser is egual to the
linewidth of the material.) This might at first sight make
the prospect of ‘a liquid-nitrogen~cooled travelling-wave maser
appear attractive since optimum maser action at 77°K has been
shown above to occur in materials of higher concentration, and
hence greater bandwidth, than are used at liguid helium
temperature. This would indeed produce larger potential
bandwidths but since the maser action at 77°K is much weaker,

the gain per unit length is so small that impracticably long
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structures would be required.

4,2.1 Gain and Bandwidth in Travelling—Wave Masers

The simplest analysis of the travelling~wave maser assumes
a length of guide completely filled with maser materigl down
which the signal propagates with a certain group velocity vy.
In most practical cases, in order to achieve the desired
slowing factors, some sort of periodic structure has to be
used which complicates the analysis but this does not affect
the form of the final result and attention will be ccnfined to
the simple case.

I+ has been shown''®® that the amplification is governed
by a parameter a which depends on |Q,| and the group velocity
Vg as follows: i

s
e T

so that power AP added to signal in length d€ = 2.0p.P.db. and

hence for a2 length ¢ the gain G is

A ez.am.é.

It is customary to describe the length ¢ as a number, N, of
free space wavelengths A, (¥ = 6/f}\o). A "slowing factor", S,

- c/ég is defined and the gain, expressed in dB, is

SN

i

This is called the "electronic gain'" since it is the
theoretical gain of the amplifier, taking no account of the

losses in the structure. It is seen that a, is proportional
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to 1/|q | and hence the 3 dB bandwidth of &, is the linewidth

of the material. However, the pandwidth, B, of the maser is

2.0med - X
the 3 dB width not of o but of e i and this can be shown
to be
x+
3 =
s
@ - 3

whicn is only equal to Avy for a gain of 6 dB and which
decreases as G ilncrcases as is to be exvected.

The other main advantage of the travelling-wave maser'is
that isolation can be incorporated so that the maser is a two-
port unidirectional amplifier. Such a device is stable even
when faced with a bad mismatch at either end. In general the
response of a maser material to a circularly polarised micro-—
wave field is different for the two directions of polarisation.
Since many slow wave structures have symmetrically situated
reglons in which the propagating wave has circularly polarised
components of opposite senses it is possible, by placing the
maser material in the appropriste region, to obtain a greater
gain in one direction than in ‘the other. Generally, however,
this effect of non—reciprocity is exploited further by placing
non—recipfocal ferrite components so as to absorb relatively
in the reverse direction while causing minimum attenuation in
the forward direction. Typical figures for recent liquid-
helium~cooled TWhis are: (Tabor and Sibilia“®) greater than
120 dB reverse isolation with a forward loss of 4 4B which is

milte tolerable since it is more than recouped by the much

i

nigher gains for which the maser can be made stable than would

74



be possible without the isolation.
However, at liquid nitrogen temperature the losses would

reater — not only because of the higher inherent forward

be grea
loss of the ferrite elements but also because of the longer
structures which would be required.

For high gain in a TWM, S and N should be as large as
possible and, as is general for all masers, |Q,| should be
small. The first step seems, as before, to find the material
with the best |Q,| but this is not completely divorced from
the other considerations in the case of TWM's since a material
like rutile which has €, ~ 100-250 provides a slowing factor
/€, ~ 10-15 from the material itself and a Cr° = doped form of
this material has been used to good advantage at 4:2°K by
Sabisky and Gerritsen&z. In view of their success it seems
surprising that no one has used iron-doped rutile which would
combine the advantages of the zero field maser of King and
Terhune®' with this "self-slowing" characteristic associated
with its very high dielectric constant. At liquid nitrogen
temperature, however, where the best reported |Q,|'s. (with ruby,
ep ~ 10) are about 700, to achieve an electronic gain of 17 dB
would reguire SN to be about 440. A typical value for S is
(Haddad and Paxman®®) of the order of 100 which would reguire
the structure length to be 4+ Ng. At 10 Ge/s No = 3 cm which
would require the structure length to be about 14 cme. If 8
could be increased to 150 the required length could reduce to

10 cms. Even assuming that good maser crystals of this length

could be obtained, the magnetic field requirements would be
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difficult to meet and so far no losses in the structure have
been considered.

Paxman ' has considereé the feasibility of a liguid-
nitrogen—-cooled travelling-wave maser and concluded that the
construction of such a maser was impracticable. He investigated
various concentrations of ruby and obtained one of the best
quoted values of |Q,] (~ 680). Several slow wave structures
were made of tyves ranging from ladder lines of the type used
by Haddad and Rowe““'ﬂubugh meander lines to the more usual
comb structures. . Eventually it was deemed best to use the
comb structure, mainly, it seems, due to considerable iocal
experience in frabicating this type of structure. The struc-
ture tested was loaded on one side with a ruby block
31 mm. x 1 mm. and about 1 em. long and no ferrite isolation
material was incorporated. The measured losses were 1 dB/cm.
at 290°K (S = 75) and 0-88 dB/cm. at 77°K (S = 81). Paxman
states that from other work done on slow wave structures at
Mullard, losses for this type of structure generally are in
the 05 to 1 dB/cm. range. Paxman concluded that even if the
slowing factor could be increased to 150 and the structure
losses kept at the lower limit of O+5 dB/cm the maser
would need to be about 24 cm. long. In view of Paxman's
megsurements it seems unlikely that this could be done since
it is a general rule with slow wave structures that increasing
S increases the losses and also, some isolation materigl with

associated losses would have to be included. However, even if

it is assumed that these "best value'" figures could be
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achieved and that suitably large single crystals could be
purchased, there are still two major difficulties,.

The first is the provision of a homogeneous field of about

(¢)

.

4 Kgauss over the length of the structure using a magnet of
regsonable size. This would involve a large permanent magnet
and although this would be very heavy and expensive this
difficulty is not insurmountable if adequate funds are avail-
able. If the maser is to reap the advantage of freedom from
helium liquefiers in order to permit small packaging, for,;
say, airborne use, then from this standpoint the use of such a
bulky and heavy magnet would be prohibited. The losses
involved in folding a slow-wave structure even once are too
large to make reduction of the required volume of magnetic field
by this means an attractive prospect.

The 'second remaining difficulty and, it is felt, the most
serious drawback of all is that thevery large ruby crystals
would probably require more‘pump power than even a high power
12TFK2 could provide. It is significant that although Paxman
built several travelling-wave structures he used cavity
methods to measure the |Q,|'s because (even with a 12TFK2) he
could not saturate the pump transitions despite structure lengths
of' the order of only one centimétre.

For the above reasons it was decided that Paxman's con-
clusion that liquid-nitrogen-gegled travelling-wave masers gre
not a feasible proposition was justified and it was therefore
decided to concentrate attention on the best way of optimising

the performance. of the cavity maser.
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CHAPTER FIVE

Reactance Compensation in Cavity lMasers

M,

The susceptibility’of a paramagnetic material near

resonance is given by the expression:

._._. l 'j.xf:";
M=ty T + 3.00.-T,.50

where X = peak value of the absorptive component of the

\ 5l N L
complex susceptibility. xn = 7-

AV = frequency deviation from resonance (v - vg)

T

o> spin—-spin relaxation time.

il

This applies to a Lorentzian line shapg of* the tyve exhibited
by the higher concentration materials used at liguid nitrogen
temperature where the line width and shape sre determined by
spin-spin interaction. It is normally accepted as a good
approximation for the lower concentration material used at

liguid helium temperature although here the line shape is

}L'
—_—00 -

Fig.5.l
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beleived to tend more to the Gaussian since it is determined
by lattice defects rather than spin concentration. It is

convenient to represent this by the network shown in Fig. 5.1.

where

L L2 2o T EDEY

G = =
© HosXme2WeUs Lo«2T Vs

and there is also a reactance

.! .T2 .A‘U i j . T2 -&?) L Qﬂ

j X = 11
po"xn’,‘ -'1)3 #oavs

Inversion of the resonance gives

J + Xan ( 1 S For-mnity

i= H W, = i g

5 #0<1 LTE j.Ta.&v> SR A [Q,] filling )
factor

L

This is represented by the above network with signs of G,

and C reversed (Fig. 5.2)

Ho
—

Fig.5.2
Kyhl"® in 1960 first suggested that it should be possible
to exploit the negative L and C which occur in addition to the
negative G in order to improve the bandwidth of the cavity

maser. He suggeéted that this might be done by interposing a
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passive coupling cavity between the input waveguide and the
maser cavity itself.

*® used this principle in an X-band ruby mascr

Cook et al.
for a radiometer. The coupling in this case consisted of &
/e inch brass plate with a rectangular hole cut in it. (The
dimensions of the hole were determined empirically.) The
front of the coupling plate was open to the guide which
resulted in the desired strong overcoupling. The back of the
coupling cavity was formed by the silver plated maser caviiy
with a small coupling slot cut in it to provide the smaller
degree of coupling required between the two cavities. The
coupling Eavity contained a probe of adjustable penetration
which caused the cavity to resonate in what the authors
describe as a '"semi-coaxial! mode and aﬂjustmenf of the
penetration of this probe tuned the cavity. Using this systen
at 4'2°K\/§B products of from 200-500 Mc/s. were obtained.
For a system of this type /GB = KGvL and the results were
found ‘to agree with this. :

Nagy and Friedman®’ later extended this work by building

1,1

a maser with two.active.cavities side~by-side across the "a

dimension of the waveguide each coupled to the waveguide by a

resonant coupling very similar to those of Cook's maser.

The active cavities were Stagger-tuned 20-30 Mc/s. This maser

produced Jﬁijroducts as high as 1700 Me/s at 4+2°K, Nagy and

Friedman suggested a rule for systems with n resonant elements:
h

2n
gt
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This gives for n = 1 the familiar rule GZB = K. For the
system of Cook with n = 2 this gives GVLB = K which is in
agreement with the results obtained. If the system of Nagy
and Friedman is taken to have n = 3 this predicts G%B = K(}I/3
and the "best fit" to the experimental data was the exponent
O+305 which was claimed to be in good agreement. It is not
immediately obvious which resonant elements constitute the
three since at first sight there appear to be four (two active
and two passive cavities).  In answer to an enquiry about this,
Nagy (private communication) agreed that it does azppear that
there are four rather than.three resonances but stated that the
experimental results agree more closely with the figures for a
three-clement system. He said also that they had observed the
two~peaked response degenerating intd a three-peaked response
at lower mid-band gains. From his remarks it is apparent that
it is very difficult to predict the performance and shape of
the response curve for a system with two active cavities.

Nagy commended the work of Kyhl et al."® since the cavities

in their maser were restricted to a single mode which made
analysis of the system much easier.

The paper of Kyhl et al. includes a theoretical and
practical account of a maser with one active maser cavity and
one passive coupling cavity. In this case, the coupling
cavity was loaded with undoped polycrystalline sapphire and
was very similar to the maser cavity itself. Operating at
liguid helium temperatures Kyhl obtained bandwidths of about

70 lMe/s at 14 db. gain (4-2°K), 100 Mc/s at 14 db gain (1-5°K)
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and 140 Mc/s at 10 db (4-2°K). The paramagnetic line width of
the material was 67 Mc/s and thus the bandwidths of the mascr

were of the same order as the linewidth. The mid-band gain of

(5%
ju

=

b was no doubt chosen to show the extent to which this
principle could be applied to increase the bandwidth. For any
practical gpplication designed to take full advantage of the
extremely low noise temperature of the liguid-~helium—cooled
maser a more realistic gain would be in the range 25-35 dB.
Nevertheless the improvement in bandwidth over other cavity
nmasers even at higher gains would be considerable and the most
salient feature of this paﬁer is the remarkable degree of
agreement between theory and experiment which extends not only
to the bandwidth but also to the detailed shape of the
response curves. |

In designing the liquid-nitrogen—-cooled maser it was
decided to follow the single active cavity approach of XKyhl
et al. for two main reasons. PFirstly, the detailed analysis
which is possible with only one cavity exhibitiﬁg maser action
would allow an assessment to be made of the performance which
could be expected from such a maser. Secondly, the gquestion
of available pump power dictates that the size and number of
active cavities 'be kept to a minimum. As has been stated
earlier it is marginal whether or not a cavity maser using a
small crystal of suitable concentration can be pumped using a
conventional low-power reflex klystron rather than the high-
power floating-drift-velocity tube. It was considered most
unlikely that a maser with two such cavities could be effec-

tively pumped'with the low-power tube.
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The analysis whiph follows is based on the analysis of
Kyhl except that it has been necessary to extend Kyhl's treat-
ment to include cavity losses. Kyhl neglected cavity losses
completely since the values of |Q,| were 155 (1:5°K) and 240
(4-2°K). The relevant parameter is the ratio of |Q,| to Q,
the unloaded cavity Q. No values of Q, are available for
Kyhl's maser but from similar masers operating at these
temperatures it is reasonable to assume a @, of about 5,000,
The worse of the two cases with |Q,| = 240 therefore yields a
value of |Qn|/Qo of the order of 0-05 which can legitimately
be neglected in relation to -1. However, at liguid nitrogen
temperature |Q,| is much higher and Q, is lower and allowance
must be made for this. The system is represented by the

network shown in Pig. 5.3%.

c2 R2 L2
—1 ANN—TH

€ o= 6, 5 -C,= -G -Lg

Figi5:3

Nezar resonance
Y, = G = 4:'H’j(b’ — US)C; °
7o = Ro = 4wj(v = vs)ls
Y, = -G, - rjv - v5)Cs
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The width of the paramagnetic line, Avy, is

18
22
AUL == 03

and the Q-factor of the paramagnetic resonance line, Qﬂ, is

e Cs
Qﬂ £ ﬂvL 5 2WV'SG.3

The magnetic Q, Qp, is defined as before:—

[ J— 9\'71'1)5 L;G3

Q L QT LNLrg4 stove d
o 2narqy a.m‘..'tfea%‘.jc.l.c

The coupling between the two cavities produces a split in f

resonant frequencies in the absence of paramagnetic resonance
1

PR E ST o B

and this is normalised to the line width thus:

AUL G’a\f L| CQ

The extent to which reactance compensation may be applied

Coupling parameter k¥ =

is determined by the parameter 'a' whicH is the ratio of the

energy stored in the cavity to the energy stored in the line.
It is desirable that this parameter be as small as possible.

1057

St = |Qm|/Q

The parameter which describes how much of the emitted
power will be lost in the‘cavities is b = [Q,|/Q, and this
snould also be as small as possible. For a system like that
of Kyhl where the coupling cavity and the maser cavity are
very similar it is reasonable to take b as the same for each.

(In a system where this is not so a different value of b for



each cavity must be used which complicates the algebra but does
not affect the form of the analysis.)

The mid-band gain is determined by the coupling between
the waveguide and the coupling cavity and this is conveniently
represented by an ideal transformer of turns ratio n:l. Thus

near resonance the circuit of fig. 5.3 becomes 5.4.

1 i R2 L2
i
: : NN\ 7000 ™
]
| ;
| i
| B
o : E C] Gl —C3“ﬁm ""Ga
! [
I 1
| 1
I I
I !
-
zr> 22
Fig.5.4
In terms of a normalised frequency variable x = Eiiﬁii s Ghe
2

values of the normalised impedances associated with the

circuit elements are:

, o 2
= E%; ﬁ&x
Ra = DZo
L, = jaZ x
.
(o]

(@)
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The turns—-ratio of the ideal transformer is such that
2
Zl = nZQn

5 i b . e,
The choice of G, equal to - 7o is abitrary. This is
(0]

convenient because then the condition with n =1 and b = 0 is
a perfect "anti-match". This corresponds to the limiting case
of infinite gain. Since the impedance of the waveguide is not

in general equal to - é; it is necessary to transform to this

from the actual impedance of the waveguide. In theory this
merely requires'suitable ad justment of the turns-ratio of %ne
ideal transformer. The difficulties involved in'achieving this
in practice particularly where the crystal size is small will
be discussed in the next chapter.

For x = O the mid-band gain G, is given by

2 b°
IR ey
(s (IR -b2

(l—nz)-i-m

Hence from the reciprocal expression:

T = *
it = Lo
G5 + 1 1=

the reguired wvalue of n° for any desired G, may be calculated
allowing for b.\ For the chosen mid-band gain and the avail-
able a and b values variation of gain with x and k can be
cﬁmputed. This was done for gains of 50 (17 db) and 100

(20 db). The values of b used ranged from O to 0:20. b = O
is the ideal case of lossless broadbanding elements used by
Kyhl. The value of 'a' used for the initial computations was

taken as 6+0. This was arrived at in the following way. The



best values quoted for |Q,| were about 680 (calculated from
data given by Paxmana? and Reitbock'?® ). In neither case was
the linewidth of the material measured but from information on
line widths provided by J. C. Gill (private communication) it
was estimated that the linewidths of these materials would be
in the region of 100-180 Mc/s. This would give a best value
for 'a' of about 7 but since it was subsequently established
that jn Reitbock's maser the pump transitions were not
saturated completely a slightly lower value was used in anﬁi—
civation of an improvement when a crystal of concentration
similar to his could be adéquately pumped.

Figures for single cavity masers with the same parameters
a and b .and the same mid-band gain were also computed using the

following network;

RZ L2
ANN—TFT0

¥
I
H
=l
I
$

Figx535

where all the component values are the same as for the two-
cavity maser except for n which becomes n'. This is because

calculation of the mid-band gain now only involves the loss
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due to one cavity.

Pt (1= h)
1= nt (1l = p)

Onl-

Hence G

or, for a given G, and b

-1 i

-

+ 1 1l -1

2 G

G

O N-]O nl-

Fig. 5.6 shows the response curves for G = 100 with X values

selected to give the best characteristics. Curves are drawn
for b = 0, 010 gnd 0:20,

Fig. 5.7 shows similar curves for G = 50.

It'can be seen that the improvement of the double cavity over
the single cavity maser is appreciable even for the relatively
poor b vaelue of 0-20. This value would correspond to

|Q,] = 1,000 and Q, = 5,000 which should be readily attainable.

Fig. 5.8 shows the variation of response curve with the
parameter k. It is striking how sensitive the shape of the
response curve is to this parameter. It became apparent at
this point that, in a system with nolmeans of adjusting k
Other than by adjusting the size of the coupling slot, this
would be the most critical adjustment involved in the con-
struction of the maser.

It is important to note not only the improvement in the
5 db bandwidth but also the improvement in the shape of the
response curve. IFor the single cavity maser with its
Lorentzian response shape there is zero bandwidth which is
effectively flat. In the case of the double cavity maser the

flat region of the response curve, ﬁhough small in extent at
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Fig.56
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Fig.5.7
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liquid nitrogen temperature, does exist and the 1 db and 7z db
bandwidths are very much improved over those of the single
cavity maser.

Some idea of the expected performance can be obtained by
inserting estimated values for the vafious Parameters. Line
widths of maser materials vary quite widely but, for the con-
centrations to be used, Avy is of the order of 150 Mc/s. The
parameter "b" cannot be expected to be any smaller than 0-10
‘at best. Using these values in conjunction with Figs. 5.6 and
5.7 it is found that the best expected bandwiths are:

7-5 Me/s for 20 4B gain
and 15 Mc/s for 17 dB gain.

From the above calculaéions it was concluded that at
liquid nitrogen temperature a two cavity maser of the Kyhl type
would provide a significant improvement over the single cavity

masers previously used at this temperature.
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CHAPTER SIX

Design and Construction of a Two-Cavity Maser

6.1 Methods of Cavity Construction

It was necessary to decide at an early stage how the
cavities were to be made and to what extent (if any) they were

to be tunable. The first tunable cavity maser was built by
Morris, Kyhl and Strandberg® in 1958. It involved a

1 x 1 x 7 cm ruby crystal across the shorted end of a length
of 1 ecm x 1 cm waveguide and the remaining wall of the cavity
was a non-contacting plunger. Since the volume of the guide
not occupied by the high dielectric constant of the ruby was
beyond cut off the TE , mode was evanescent in this region
which meant that the field intensity in this region was low.
This had two important effects; the filling factor 5 remained
high despite the comparatively large volume change required to
tune the maser over its signal tuning range from 8+4 to

9+7 Ge/s and the Q, even with the non-contacting plunger was
adequate (2,000).

Even with a single cavity maser, however, tunability is a
doubtful asset since, to follow the signal tuning,the pump fre-
quency and d.c. magnetic field must be tuned accordingly.
Theoretically it would be-péssible to calibrate édﬁustments
for these so that they could be adjusted to any desired opera-
ting point but in practice it would be necessary to have test
equipment on site to check this from time‘to time. This

adjustment which is complex for a single cavity maser would
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be totally impracticable for the two-cavity maser in view of
the sensitivity of the latter to the p:urameter k. In view of
these difficulties and glso the consideration that in many
possible applications of the liquid nitrogen maser e.g. air-
borne radar, satellite communication and EPR spectrometers,
tunability would not be particularly advantageous and, in most
cases, adjustable parameters might be a decided disadvantage
since steps would have to be taken to ensure that they did not
drift off the proper settings during operation. Thus it was
felt that efforts to make the maser tunable would have little
Prospect of success without very cumbersome and possibly
unreliable adjustments and even if this success was achieved
the increased losses necessarily introduced by providing these
adjustments would considerably inhibit the performance. It
was therefore decided that it would be preferable to concen-
trate on broadbanding the maser as much as possible rather than
to sacrifiice some of the bandwidth in an endeavour to achieve
tunability.

Tunability of the coupling cavity would, however, be a
most useful feature since, adjusting the slot between the two
cavities to vary k changes their resonant frequencies by
different amounts. This is because the common slot is the only
slot in the maser cavity whereas it is the smaller of two
slots in the coupling cavity. It would therefore be advan-
tageous to be able to re-adjust the resonant frequency of the
coupling cavity to coincide with that of the maser cavity.

The choice here is between the resonant coupling plate of

Cook et al. and a proper tunable cavity. The Cook typé of

Qs



cavity has several disadvantages apart from those pointed out
by Nagy (private communication) regarding uncertainty as to
which mode or modes the coupling plate oscillates in. To
retain the'tunability feature, the cavity formed by the hole
in the plate could not be loaded with dielectric which means
that the maser crystals would have to be large and even then
the coupling hole between the crystal-filled maser cavity and
the air-filled coupling cavity might have to be larger than is
desirable. This is incompatible with the decision to keep,the
maser crystals as small as'poasible from considerations of avail-
able pump power, crystal quality and cost. Furthermqre the Q,
of' such a resonant coupling plate could not be expected to be
high. Some very brief preliminary experiments were carried
out using a cavity of this type but no results were obtained.
Tﬁe highest Q's are obtained with air-filled cylindrical
cavities operating in the T 910 mode. This 1s the type of
cavity normally used for wavemeters since the wall currents
are everywhere azimuthal and therefore the @ is not affected
by the contact between the sliding plunger and the wall. An
gir-filled cavity of this type is subject to the same objection
concerning difficulty in coupling to a small crystal as the
coupling plate since it would have to be so much larger than
the maser cavity. A further objection to the air-filled
cavity, also because of its size, is the large volume which
would require to be refrigerated and the large pole gap of the
d.c. magnet required if the coupling cavity is to be adjacent

to the maser cavity. In principle there is no reason why the



coupling cavity cannot be placed a whole number of wavelengths
away from the maser cavity and remain at room temperature.
Since the use of small maser crystals dictates that tapered
wave-gulde sections be used to connect the maser cavity and
the guide, determination of the correct coupling would, in
practice, be extremely difficult unless the characteristics of
the taper are near-idegl.

The simplest and, it was felt the best, spproach, there-
fore, seems to be to have the coupling and the maser cavities
as similar as possible and in immediate juxtaposition to one
another. To achieve this using the desired small maser cry-
stals, tﬁe coupling cavity must be loaded with a low-loss
material of dielectric constant similar to that of the ruby
itself, such as undoped Al,03. To retain the feature of
tunability of the coupling cavity it would then be necessary
10 use a cavity of the type used by Morris et al. but
terminating one end of the cavity in a length of guide beyond
cut-off does not appear to permit a large enough Q, for use at
liquid nitrogen temperature. The Q, Obtained by Morris et al.
was 2,000 at 4+2°K. which was acceptable since the value of
|Qn| was about 350. Even assuming that the Q, would not be
any lower at 77°K, this value is too low since the estimated
best value of [Qm[ at this temperature is about 650 and this
would lead to a value for the parameter b of about O-3 which
is rather high for an extra broadbanding element. It was
therefore reluctantly decided not to make the coupling cavity

tunable. This was only done after careful consideration since
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it was realised from the results of Chapter 5 that, owing to

the extreme sensitivity of the maser to the parameter k it

would be difficult to align the maser without any means of
tuning the coupling cavity other than by aitering the dimensions
of the cavity or the sizes of the coupling slots.

Having accepted that fixed tuned cavities would be used
it was decided to make the cavities by cutting the ruby
material (or Al,0; for the coupling cavity) to a suitable size
for resonance and plating the material itself to form the ;
cavity. This method was first suggested by Cross® ° and has
been widely used both at liquid helium and liguid nitrogen
temperatures. Although masers have been built with machined
cavities and good results obtained at liquid helium tempera-
ture, the performance of masers at liqﬁid nitrogen tenperature
has been better with plated cavities. The following table

shows values for various liquid nitrogen masers.

Mode | Crystal Size (mm) Construction Qo Authors
Silver Plated ' a5
TE . e h e Bese el 4,000 Maiman
110 | 35 Crystal f
il Plated .
i et R TR e 3,000 | Reitbock'
: Crystal
e : . Machined 1,915 Fruin and
FEpCEn ol Geae D i Cavity ? Ahern®®
"TE,oa | 19 x 4+1 x.13-6- | Hobbed 3,670 | Genner
27 = and
TEz202 | 19 x 4°1 x 136 | Copper Plated | 11,600 Plant 2




It should be noted that, other things being equal, the Tgcgode
has a Qg about 35% higher than the TE,,, mode. From the table
it is seen that the Dlated cavities gave much better results
than the machined cavities. |

The best results quoted were obtained with the copper
blated cavity of Genner and Plant. In order to make the copper
adhere to the ruby a layer of aluminium about 100 ﬁ thiek was
first evaporated on to the crystal and then about 3,000 K of
copper was deposited. The thickness of copper was then built
up to the required extent by electroplating. In a discussion
with FPlant it was suggested that the vacuum was degraded from
107° or 5 x 10°° torr to about 5 x 10~ " torr while evaporating
the aluminium in order to allow the aluminiuﬁ to oxidise
slightly and hence act as an adhesive bond between the Al,0;
crystal and the copper which will not. adhere to one another.
Genner and Plant stated that the chief advantage of this
method apart from the high Q¢ was the very strong bond which
withstands repeated recycling to 77°K and can also (once the'
thickness has been built up) withstand the temperatures
necessary for soft-soldering.

The two chief problems in coating erystals by this method
are the prevention of contamination and the related difficulty
of manipulating the crystals in the vacuum chamber. In an
effort to reproduce the results of Genner and Plant a rotary
drive was built so that four sides of the crystal could be
coated without removing the crystal from the vacuum. Absolute

cleanliness is essential and a typical cleaning process is:
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12 hours in hot caustic soda, 6 hours in aqua regia, followed
by washing in double (or preferably triple) distilled water.
After the first 4 sides have been coated the crystal must then
be removed from the chamber and turned around in the mount so
that the other 2 sides may be coated. t is obvious that this
is crucial since there can be no guestion of the cleaning
process being repecated at this stage without removing the
coatings already spplied. The original team at R.R.E. had
considerable trouble with this process and despite information
kindly supplied by Plant (private communication) the results
obtained with this method here were not satisfactory and it
was. eventually abandoned in favour of the simpler and more
reliable method of fired silver coatings. In retrospect,
even 1f the evaporation process had been successful, the time
taken to adjust the slots would have been prohibitive since
this method requires that all six faces be plated 1f any
reduction in the size of coupling slots is required. The
silver coating method involves painting the crystal with a
colloidal suspension of silver in an organic base and then
beking it at 750°C to remove the base, leaving a coating of
silver. This method was first suggested by Cross™ ® who used
a paint called Hanovia 32-A but better results have been
obtained here using Degussa 178L recommended by Reitbock.

The crystals are first cut oversize from the boule using
a diamond saw (e.g. Burger and Meyer Quartz Cutting Machine
QS2). Grinding excess ruby off can be done fairly rapidly

with 120 or 240 grit carborundum and water on a cast iron lap.
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The crystel must then be polished with diamond lapuing paste
of decreasing particle size. This materizl is exvensive and g

convenient and satisfactory avpproach was found to be to us

(o]
]
47

fairly large particle size (14 micron) for the initial polish-
ing out of the carborundum scratches and then to polish with
the same particle size on a special paper vad (Hyprocel) which
effectively reduces the particle size. After polishing the
crystals are washed in acetone or carbon tetrachloride and
coated with silver. 3 or 4 coats of silver are reqguired to
achieve maximum Q, and this yields a coating of silver about
1-2 thousandths of an inch in thicknesg. Tach coat must be-
taken up to 750°C slowly (about: 3 hours), held at that. . temperas—
ture for 30 minutes and allowed to cool very slowly (4-5
hours). Alternative silver suspensions requiring to be sheated
to only about 300°C were tried but these did not give as good
Qo's as those fired at ?5000 and furthermore the bond between
the silver and the crystal was not strong enough to permit
repeated recycling between room temperature and 77°K. Even
with the Degussa silvér some trouble was encountered with this
differential cooling problem but, following a suggestion by
Reithock that the corners of -the crystals should be rounded
off, this problem was overcome. Reitbock recommended rounding
off the corners to a radiﬁs of .about @+5 mm. but is has been
found unnecessary to round off quite as much as this. The
radius of curvature is difficult to measure but can be
reasonably estimated using a microscope with a traversing
stage. The stages of construction from boule to finished

cavity are shown in PFig. 6.1.
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Fig.6.l
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Values of Q, in the range 3,500 to 4,000 were recorded
for cavities made in this way. Since the method of measvring
Qo involves measuring the apparent Qo at critical coupling znd
doubling this, Q¢ cannot be measured for the finally adjusted

cavities but it was assumed that these would have Qo's of the

game order.

6.2 Maser Cavity

esigned |to

(@]

The maser crystal dimensions were originally
be similar to those of Maiman and Reitbock as shown @n 'si&’, ve§erring Lo
Pig., 6.2. With the crystal cut at the angle shown these are
the minimum dimensions which will support resonances at the
required pump and signal frequencies. The modes are TE,qo, at
X-vand for the signal freguency and TE,qs at K-band for the
oump. The appropriate value of the dielectric constant, €g,
for an B vector at angle 8 to the c-axis is given by the
following equation (which is derived from the tensor ellipsoid

of € )¢

€,, and ¢, are the values of ¢ parallel and perpendicular to

the c-axis. For the configuration shown in Fig. 6.2 the

dielectric constant for the signal mode is €¢ and that Ffor the

pump mode is simply €,;. Using the accepted values of 11-53

and 9-53 for e, and gLrespectively gives €4, 04,1 = 10-1.
Co (1 1 : : i
Dl ;o — i (co = velocity of light in vacuum)
€o\a c /

=

and for the pump,
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It will be seen that each of the modes is labelled as 1T the
corresponding coupling slot was parallel to the direction.
corresponding to the first index in the expression TEg,,.
These modes are chosen with their E-vectors at right angles to
one another to prevent coupling of the pump power into the
gignal waveguide. In view of the small size of the crystals
the pump power is introduced through a side face of the crystal.
The above expressions for Vs and V; leave One dimension
erbitrary and it is convenient to make a = ¢ which also maxi-
migses the Q, for the TE,,; mode.
The original design was for a signal fregquency of
9;375 Gc/s with the corresponding pump fregquency at 2357 Ge/s.
With the configuration shown in Fig. G2 and 0= 54044‘, the

dimensions as calculated are

a = 7+13% mm.
b = 0+41L mm.
e = {=L3 mia.

Calculation of the values to the above number of figures

is misleading since there are three separate effects which

cannot be calculated. |

i e The “rounding—off" at the edges of the crystal recguired
to provide adhesion of the silver coating causcs an inecrease

n frequency of from 1% to 3%.

| i

The coupling slots lower the frequency by an amount

nNa
.

which can be as large as 2% for a cavity which is over-

coupled to the input guide.
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Obviously the cavity must be adjusted for resonance

o

Oyr 4
i

at the correct frequencies at 77 K. Unfortunstely the
percentage increase in resonant freguency on cooling from
room temperature to 77°K is not constant but devends on
the size of the coupling slots. It is in the region of
1%,

Adjustment of the cavities can, in the final stages, therefore
only be achieved by "cut—and-try" methods.

It was decided to order 4 crystals of concentrations
varying from about 0:15% to about 0:6% Cr,0,/Al,0;. Despite
the fact that it was expected that the size could be calculated
to within a few perceht, it was deemed advisable to order the
crystals considerably oversize. A further precaution was to
order the crystals rectangular to avoid the rigk of confusion

e

off axis direction if two of the dimensions were the same. The

shecification was. as follows:

90 x 8-0 x 4+0 mm. c-axis at angle of 55° to the

normal to the 9°0 x 8-0 mm. face and in the vlane ©

the 9-Q x 4+0 mm. face.

The crystals were ordered cut because, although experience
in cutting crystals from the boule had been obtained; it was

felt that the resources of a large concern would produce better
2

ct

resultss This assumption‘proved to be incorrect. The firs
crystals which were delivered were cut correctly but contained
inclusions so large that they could be seen with the naked eye
and the promised analyses of chbrmium content were not sunplied.

These crystals were replaced but this took about 5 months and

105



1fter some difficulty had been experienced in obtaining even

i"*-

[0}

aivproximate agreement with the ﬁheoretical calculations it wa
concluded that the crystals were wrongly cut. It was verified
by optical and X-ray analysis and by EFPR that the crystal

were cut with the c-axis at 55° to the plane of the

9-0 x 80 mm. face, not the normal to this plane as specified.

It was unthinkable, however, to wait a further 5 months to

have these crystals replaced. Fortuitously the effective

-

u

1@

dielectric constant in the relevant direetion is greater a

-

ct

hence the crystals were too large rather than too small. I
was btherefore decided to change the cavity dimensions 0 make

e~ e
e sule

use of these crystals. It was impossible to retain the
of equal a and ¢ dimensions because the ¢ dimension also

aPffects the K-band resonance. Since the c—axis 1s in the

correct vlane (perpendicular to the E-vector for the nump
r“sonanco) the dimensions for the pump resonance are unchanged.
The value of €g corresponding to 6 = 35°6' is 10-55 and,
ovutting this into the expression for v, it is found that,
with a = 715, ¢ should be reduced to 6°84 mm.

The snslyses provided with the crystals showed that the
concentrations were 0:15, 0-20, 0-26 and 0+46% Cr,0, in Al,0,
It is unfortunate that such a large gap should exist between
the 026 and 0+46 concentfations. This could not have been
avoided without considerable expense since the crystals cannct
be grown with exactly specified concentration and the only
method of obtaining erystals of closely specified conecentration

is by growing them with epproximately the desired concentration
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until one close enough to the regquired specification is obtained.
Since the 4 which were cbtained by specifying approximately the
concentration cost £150 each it was impracticable to demand
closer tolerances on the concentration.

Had the crystals arrived to specification and within the
originally guoted order time the epbroach would have been Lo
cut the crystal of lowvest concentration to exact size first and
thus to determine fairly accurately the required size for the
other three. The intention was to have eventually four mager
cavities each operating as a single caﬁity naser, from which
the parameter [qm[ could be measured Tfor each and the erystal
exhibiting the strongest maser action chosen. The line width
would then have been measured for this crystal after which the
crystal would have been replated with smaller coupling slots
and adjusted for two-cavity operation. This would permit
calculation of all the parameters involved and allow detailed
comparison of the experimental results and the theory. It is
an unfortuna te consequence of the weaker maser action at 7%
that the optimum value of the coupling parameter "k! is very
much smaller (~ 0-2) than at 4-2°% G“ 2). This means that the
sLot between the maser cavity and the coupling cavity must be
so small that if the guide is terminated by the maser cavity

e

alone, the maser is underéoupled to such an extent that it can
only be operated as an oscillator. As a result of this the
operating freguency of the two-cavity maser would have to be
higher than that of the single cavity maser. This leads to

the further comulication that the cavity would have to be lapped
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to bring the K-band pump resonance to the corrcsponding fre—

quency. Due to the delay caused by the wrong orientation of

'u--

e crystals, however, it was necessary to confine attention
to one crystal only and the 0-26% crystal was chosen. Further
more with the alteration in signal frequency dimension "e"
while endeavouring to keep the K-band resonant freguency con-
stant the signal frequency was higher than originally intended
before suitable resonances corresponding to the sanme d.c.
magnetic field were obtained and it was decided to proceod;
directly to two-cavity operation. The mode configurstion of
ﬁhé maser cavity is as shown in Fig. 6.2 but 6 is now 35°6°

which makes the relevant value of the dielectric constant

€ 10-55, The dimensions are as follows:

35096 !
8 = 0:28" = 7°+11 mm.
b = 0:154" = 3-91 mm,
¢ = 0°253" = 6°43 mn.

The values of the resonant frequencies calculated from these

dimensions and the values observed experimentally are:

observed O
%/

calculsted observed (77°I

(room temperature)

v (Ge/s) 9-68 - =70

v, (Ge/s) 2397 . 23-98 24414

The X-band coupling slot is so small that it is difficult
observe the resonance at room tempsgrature.

The size of the K-band coupling slot is 2 mm x O-4 mn.
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Counling Cavity

=

t wes originally intended to use polycrystalline alumina
for the coupling cavity since this material is isotropic and

Has a dielectric constant of the same order gs the ruby itself.
1'1.3

This was the material used by Kyhl et a in the two—cavity

reactance compensated maser dis sed in Chapter 5. Such
samples of polyecrystalline alumina as were tested however,
were not suitable for plating in the manner used for the ruby
crystals. These samples could only be volished to a limitéd
extent, beyond which the finish could not be improved. XKyhl
et al, used fabricated cavities and therefore the Q, was nov
dependent on the surface finish of the dielectric nmaterial.
It would thus avpear that for this application the best
material would be single cfystal undoped A1,0,, This material,
however, is expensive and since several ruby crystals were
available which were unsuitable for use in the active cavity
(for a variety of reasons) it was decided to use one of thes
for the passive coupling cavity. Care must obviously be taken

4=
G

40

to ensure that the crystal is not so oriented relative to
d.c. magnetic field that an absorptive paramagnetic resonance
occurs which would constitute a source of loss in the maser.
Since the angular spread of the absorption lines present in
ruby of the concentration being used 1s limited this condition
can be readily satisfied.

As decided previously the coupling cavity is operated in
the same mode as the. signal resonance of the maser cavity, i.e.

TB,o, PFor the orientation used, 0 = 79° and ¢y = 9-58. The
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he front coupling slot which represents the ideal transforuner

in the lumped circuit representation has dimension:s
Z«5 mm x 0+3 mm. The resonant freguencies of this cavity at
Toom Lemperature and 77°K are recorded below but it should be

noted that néither of the two cases quoted corresponds

-

1irectly to the loading effect of the maser cavity.

observed : o

calculated observed (77°K)
(room temperature)

second slof

open

second slod
covered

For this cavity the observed freguencies are in all cases less
than the calculated one due to the large coupling slot. This
predominates over the effect of rounding off the crystal

corners and the .cooling to 77°K both of which tend to increase

the resonant freguency. °

5,4 Adjustment of Coupnling Slots

The final adjustment of the resonant freguencies of the
two cavities is effected by slight variations in the coupling

3ol

glot sizes. This also affects the gain and the bandwidth of
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the maser. The coubling between the passive coupling cavity
and the input waveguide governs the gain (in conjunction with
|Qy]) and the coupling between the two cavities (described by
the coupling parameter k) determines the bandwidth and the
shape of the response curve.

At first, attempts were made to photo-etch the slots but
this proved to be extremely difficul t since available photo-
resists do not protect against etchants strong enough for silver.
These attempts were abandoned at a fairly early stage when it
was realised that even if perfected, photo—-etching is a rather
cumbersome method since the desired size of the slot is not
known and this method does not lend itself well to adjustment
of the slots.

Eventually it was fournd that satisfactory results could
be obtained simply by painting the silver rourd the slots with
a fine brush. Small reductions in slot size can readily be
made under a low power microscope but enlarging the slot size
has to be done by scraping the silver away with a sharp scriber
and then etching very carefully with nitrie acid to remove any
silver remaining. This frequently resulted in rather too much
coming off and the slot size having to be reduced again. This
was avolided as much as possible by endeavouring always to be
adjusting down in size rather than up.

The mosttroublesome feature in the adjustment of the
parameter k is that altering the size of the'common slot does
not have the same effect on the resocnant frequency of both

cavities. This slot is the only X-band slot in the maser
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cavity and therefore even small changes in the slot size salft

T

the frequency by an amount lerge compared with the small shift

in the Prequency of the coupling cavity which is already hcavily

loaded by the large slot coupling it to the guide.

5.5 The Tavered Waveguide Sections

In order to couple efficiently into these small cavitie:
it is necessary to reduce the dimensions of the input wavepuides
to such an extent that they are beyond cut—off unless they are
dielectric-loaded. The most ;uitable materigl for this loading
is polyerystalline sapphire or aluhina (Algos) and the lcad is
tapered so .that the effective width of the guide is approxi-
mately constant. For low VSWR, tapered transitions in wave-

guides should, if possible, be "long" i.e. about 10 guide wave-
(57 2 2 o &7
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lengths. This would require, however, that the X-band
dimension taper be at least 20 cm long and the “bf dimension
taper longer still, resulting in an X-band transition more than
50 ecms long. This is impracticably long and thus a "short"
transition must be used.

For a short taper the best dimensions must be determined
empirically which is extremely difficult to do since to zssess
accurately the VSWR of ;he taper a matched load in the reduced
guide section would be reguired. This would, df course, also
have to be dielectric-loaded td keep it above cut—off.-
Purthermore, to determine the VSWR of this load would require
o slotted line in the reduced (and hence dielectric-loaded)

section. It was thqrefdfe decided to accept the dimensions of

Reitbock for the short tapers he used of which he was kind
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enough to supply detailed drawings. The dimensions used are

the same as Reitbock's butthe mechanical construction has been
altered to allow the X and X-band guides to slide relative to
one another in order that the position of the K-band coupnling
slot pelative to the end of the ¥X-band guide could be altered
to permit use of one or two cavities.

The wavegulide material in Reitbock's case was cupro—
nickel which was used to cut down the heat flow from the room
temperature .e:nd of the guide. The use of this meterial for
cryogenic work is standard practice but it was not expedient
to have these rathef awkward guide sections made 1in
and so they were made from brass. This would have one of o
possible effects: either the guide is cooled satisfactorily
but the refrigerant boils off more ravidly or the guilde simply
does not attain the température of the refrigerant. Hor the
laboratory system under consideration the first of these is
acceptable since the refrigerant may readily be topped ub. To
verify that the first occurred a thermocouple was placed inside
the ¥~band waveguide as near the cavity position as possible
and it was verified that the reading on this was the same as
that of the thermocouple itself immersed in the 1li uid
nitrogen.

The broad wall of thé K-band guide must be as thin as
possible since the coupling slot for the pump power is in this
wall. Since the counling slot is between a dielectric-—loaded
guide and a ruby-filled cavity it is unﬂesiréble that

containing the slot should be any thicker than is absolutely
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necessary. t was found possible to reduce the thickness of
this wall from 40 thousandths of an inch (standard WG20) to
about 20 thousandths.

The inside dimensions of the (tapered) waveguide sections
are as shown in Pig. 6.3 and the complete maser assembly is
shown in Figs. 6.4, 6.5 and 6.6.

In order to facilitate removal for adjustment the crystals
are clamped to the end of the X-band waveguide and located by
the mount of the brass coupling shim as shown. The aluminium
clamp was not part of the original design but was added later
to ensure that there is no éir—gap between the maser cavity

and the K-band guide.
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Fig.6.4









CHAPTER SEVEN

Ancillary Eouipment

7.1 The d.c. Magnetic Rield

It is highly probable "that in any "packaged" maser system
designed to exploit fully the practical advantages of freedom

from helium liquefiers would incorporate a small permanent

0

magnet immersed in the refrigerant. Such magnets can be mad
to provide the required degree of field homogenelity for small

rystals but, as has already been mentioned, with the larger

9]
-

gaps required for larger crystals the weight and cost of the

Nt

magnet increase rapidly. For the construction of the maser,
however, an electromagnet greatly facilitates matters since

the field can be readily adjusted.

it is necessary to consider the variation of the signal
quency Vs with the d.c. field Hy. From the solution of the

secular equation quoted in Chapter 3, it follows that
L
vs = 2(vp® + Ave® =~ voBup + v°)3
where, as before, Vp is a constant = 5°79 Gc/s.
28 S Ay
and v, === H, =11-55 for H, = 4-13 (corresponding to

0

Differentiating this expression, for vg,

. Qs 2% Zun- + 2po-
miieg e

dvo L '1)3 = /EUDQ = UOQ
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pelevant ‘to the maser under discussion, this expression is very
close to unity.

Prom this, therefore,

dvg 2B

; Al o Eeh
and Ay & SBEH ) =5 3 x 108 (AH,)
S 1‘1 o o

It is required to ensure that the broadening of thc
maser line due to the inhomogenéity of the magnetic field over
the volume of the crYstal is negligible compared with the line
width due to other effects present. Since the line width of
the maser materiasl is expected to be of the order of 150 lic/s,
variation of v, by about 1+5 Mc/s corresponds to a line
broadening effect due to field inhomogeneity of about 1% of
that due to other causes. From the above it is seen that this
would be produced by a field variation of the order of
0-5 gauss over the volume of the crystal. With He -~ 4 Kgauss
this means that the homogeneity required would be 1 part in TO
The size of magnet required to produce this homOQeneiéy is, of
course, increased by the necessity to ﬁroduce it at the centre
of a gap large pnough_to accommodate the dewar flask contalning
the maser. 4

To accommodate the waveguide system described in the pre-
vious chapter a dewar with an outside diameter of just under
2% inches was reguired. The magnet used was a Newport
Instruments 7" Type E Electromagnet fitted with special shims.

This magnet, with a gap of 2% inches, provides a volume
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3£ B e 3ﬂ Ine % ?ﬂ in.- over which the homogeneity is better
than 1 part in 10°. This volume amply azccommodates the maser
crystal and this homogeneity corresponds to only about O-1% of
the line width of the material. The power supply (Type Cl55)
has a stability of 1 part in 10° which ensures that the
stability of Hy is of the same order.

This magnet specification ensures that it may be con-
fidently assumed that the maser performance 1s not, in prac-

tice, affected by the inhomogeneity of the magnetic field H,.

7.2 Pump Frequency Equipment (K-band)

At various stages in the alignment and operation of the
maser, three different K-band circuits were used. Fig. /.l
shows a simple EPR bridge circuit, Fig. 7.2 shows a low-power
swept frequency circuit and Fig. 7.3 shows the high power maser

pump circuit.

7+2.1 K-band Bridge Circuit

To investigate the paramagnetic resonance spectrum at
K-pand the circuit of Fig. 7.1 was used. This is a' simple form
of the standard bridge circui ts used in EPFR spectrometers. The
low power klystron (EMI:9602A) is used at a fixed freguency
and the d.c. magnetic field has a low amplitude 50 e/s
modulation applied to it Ey means of a pair of Helmholtz coils.
The 3-stub tuner is adjusted for minimum output from the
erystal detector with no applied field. The change in
absorption caused by the paramagnetic resonance produces a

signal which is detedted and displayed on the oscilloscope.
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The most sensitive bridges are actually operated slightly
unbalanced for maximum sensitivity but the balanced bridge
proved quite adequate for this application. The bridge
circuit was useful for checkiﬁg the orientation of the
crystals particularly when this was necessary to verify the
suspicion that they were wrongly cut. This display is also
ideal for setting the magnetic field to the 6 = 54°44' double
pump angle since the resonance peaks corresponding to the

1-3 and 2-4 transitions can be seen to move into coincidence

as the magnet is rotated to the correct angle.

7.2.2 Low-Power Swept-Freguency K-band Circuit

The low-power circuit shown in PFig. 7.2 uses &a conven—
tional reflex klystron (EMI:R9602A) which is freguency-swept
by applying the time-base voltage of an oscilloscope to the
reflector. The power reflected from the cavity is rectified
by the crystal detector and the output applied to the oscillo-
scope. This gives a display of amplitude v. frequency which
enables investigation of cavity resonances. Once the caviity
resonance has been adjusted for critical coupling at the
required frequency the high power pumﬁ circuit may be applied.
To assist in the final stages of this adjustment a 3 stub
tuner is included.

The adjustmen£ of the cavity for critical coupling assumes
that the available pump power is sufficient to saturate the
pump transitions. With the magnetic field on and a low pump
power applieq,paramagnetic absorption causes a loss in the

cavity which becomes undercoupled as a result. As the power
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is increased, however, the populations of the upper and lower
levels of the pump transitions approach one another, the amount
of the extra absorptive loss decreases and the degree of
undercoupling is reduced. Finally, when the applied power 1is
sufficient to produce saturation, the maser material becomes
"tpansparent" at the pump frequency and the cavity returns 1O
its eritically-coupled condition. Obviously, this is the
required situation for maximum performance.

If a maser has to be operated with insufficient pump Dower
to produce saturation, however, then to make the most efficient
use of the available power the cavity should be adjusted SO &s
to be overcoupled (with the magnetic field off) to the extent
that when the paramagnetic absorption is present the effect of
the associated loss and the cavity together produce a perfect
mateh. This ensures that none of the power is reflected.
Clearly the adjustment for optimum operation is more difficult
in this case than it is when the pump power is adequate for

saturation.

7.2.3 High-Power K-band Pump Circuit

The actual circuit used to pump the maser is shown in
Fige Te5e

The main pump source .for this maser is an Elliott 12TFK2
floating-drift-velocity klystron with a rated output of 10 watts
C.W. Actually both tubes of this type which were used were
capable of producing 15 watts. This tube was chosen ‘to ensure
that ample pump power woﬁld be available. The 12TFK2 is

rather heavy (11 1lbs.) and its power requirements are high
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(4 xV, ~100 mA). It also requires water cooling at the rate of
1 litre/min.

It is important that this tube never looks into a mis-
match greater than 1-2:1. The isolator (FXR type K157A) shown
is of the conventional E-plane ferrite slab typre. The
manufacturer's specification states that the maximum power for
this component is 10 watts CW with a load VSWR of 5. This
means that the ferrite should be able to absorb up to about
8 watts. This. seemed rather a high power density and since
the full power of the tube was never required it was always
operated into a 3 dB coupler with a high-power load on one
output arm. Even if the guide is short circui ted completely
this should be amply sufficient to ensure that both the
klystron and the isolator are protected.

It was originally intended that this circuit should
include a variable attenuator to allow continuous control of
the incident pump power. Such a component rated at 10 watts
was purchased but when this was examined it proved to be
simply a conventional low-power attenuator which the manufac—
turer had uprated. Attempts were made to use this component
after the original vane had been replaced by one of cement and
asbestos. This material was kindly provided by the Royal
Radar Establishment and it was recommended because it retains
~its attenuating properties'even'when heated to several
hundred degrees ceniigrade. The disadvantage of this material
is that it is very brittle and cannot be drilled readily.

Sticking the vane to the mounting rods with araldite allowed
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the attenuator to be used but only over a limited range since
the araldite would not withstand the heat if too much power
was absorbed by the vane.

Eventually, however, thié attenuator was abandoned in
favour of varying the power output of the tube by adjustment
of the voltage on the focus electrode. This had not been done
earlier firstly because it was felt that this might damage the
tube and secondly because it was thought that this might tend
to alter the frequency as the output power was varied. Since
being assured by the manufacturer, however, that this was a
proper method of varying the power output it has been usec and
it has been found that the frequency remains constant.

The pump power input to the maser is monitored with a

thermistor in the side arm of a 20 dB coupler.

7.% Signal-Frequency (X-band) Equipment

A Dbridge circuit and method similar to those described in -
Section 7.2.1 were used for EPR investigation of the crystal
axis orientation at X-band.

The main X-band circuit is shown in Fig. 7.4.

As a preamplifier for inclusion in a system the "maser
amplifier" would have to include the cavifies, the waveguide
transitions, the circulator and the low bpass filter. The
remainder of the équipment is associated with measurement of

The Silter
the gain and bandwidth., Sssessesest (Hewlett Packard: 3624)
has an insertion loss of less than 1 dB over the pass—band

(8-2-12+4 Gc/s) and provides at least 40 dB rejection over the

stop band (16-37-5 Ge/s). The detection system is the simplest
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possible (i.e. crystal-video) as is essential for setting uwp
the maser. The klystron frequency is swept by the time=base
of the oscilloscope as described in Section 7.2.2 above.
Unfortunately, applying a linear time-base voltage to the
reflector of a reflex klystron does not produce a linear

frequency sweep. It is therefore necessary to provide

O

"markers'" on this sweep between which there is a known an

L
o

variable frequency interval. This is done by coupling of
fraction of the swept signal which is to be applied to the;
maser and mixing it with a fixed local oscillator (L.O.)
signal (frequency vrp) which differs from the mid-band fre-
quency of the maser by the frequency of the receiver. This
signal has first been mixed with the signal from a variable
frequency oscillator covering the range 0°1-10 Mc/s (frequency
vgp)» This mixing is done in a balanced mixer to suppress the
L.0. frequency and provide two components, vyg % Vyp. The
difference frequency between the swept signal and each componen
passes along the co—-axial line to the receiver where, at the
point in the sweep where the difference freguency is that to
which the receiver is tuned a signal is produced. This results
in two signals at times on the frequgncy sweep which are
separated by an amount corresponding to QUHF. These signals
are passed through a simple pulse-sharpener and applied to the
Y, input of the oscilloscope. This provides a display of the
type'shown in Fig. 7.4 where the position of the markers

relative to the upper trace may be altered by varying either

the frequency of the L.O. (coarse control) or of the receiver
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(fine control) and their spacing may be altered by varying vup.
This provides a method of measuring bandwidth which does not
depend on any assumptions regarding the frequency vs. reflector

voltage characteristic of the swept-frequency klystron.

7.3%.1 Maser Gain Measurement

The gain of the maser is determined by measuring the amount
of attenuation it is necessary to insert after the maser to
bring the signal level back to where it would be if the maser
amplifier was replaced by a short circuit. It seems to be
accepted to measure the maser gain, even of a single cavity
device, by taking the signal level in the "pump off-magnetic
field off" condition as that which represents the effect of
replacing the maser by a short circuit (e.g. Gemner and Plant
This, however, shows the gain to be apparently higher than it
really is because what is being taken as the input signal level
to the maser is actually less than this by an amount correspond-
ing to the losses in the maser cavity. The error which would
be introduced by using this assumption with a two-cavity maser
is fairly small because, as is shown in Fig. 7.5, the signal
(at the mid~band frequency) which is reflected from the maser
in the "pump off-magnetic field off" condition is not far below
the true input signal level. This error is dependent on how
close the cavity resonances are - the closer they are the larger
the error. To avoid this error the gain was measured from what
was estimated from the shape of the swept klystron mode on
either side of the cavity resonances ("pump off-field off"

L

condition). Thié can be estimated fairly accurately since the
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‘klystron mode shape is reasonably flat at the centre. In
retrospect, however, it would have been simple and effective to
use a waveguide switch between the circulator and the maser to
switch between the latter and a short-circuited length of guide.
This would permit a more accufate determination of the input

signal level.,

e Swig Maser Bandwidth Measurement

The bandwidth is measured by centering the marker pips and
adjusting their separation until they lie on the trace from the
maser output at the 3 dB points. The bandwidth is then simply
twice the frequency to which the variable frequency oscillator
is set. The 3 dB level is first determined by inserting 3 dB
between the maser and the detector and positioning the ¥, trace
level with the top of the maser output trace. The 3 dB

attenuator is then removed.
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Fig. 7.0 is a photograph of the X-band and K-band micro-
wave equipment and Fig. 7.7 is algeneral photograph of the

experimental set-up.

133



Fig.7.6

1%



\ A ‘“ \ 1\3;'.: =

‘-«PL-__:__..__ —e |

Fig, 7.7

135



CHAPTER EIGHT

Results and Conclusions

8.1 Pump Power

As has been mentioned in the earlier discussionéReitbock
and Redhardt33 reported maser action in ruby at 90°K:with only
80 mW of pump power. It was subsequently made clear in
Reitbock's thesisIS that the pump transitions were not saturazted
but a gain of 13 4B was achieved despite this. It was hoped
that in the course of this work it would be possible to deter-
mine the optimum éhromium concentration and exactly how much
pump power was required to pump the minimum size cavity filled
with this material. Unfortunately due ‘to the delays imwolvingz
the crystals it has only been possible to achieve two—-cavity
maser action with one of the 4 crystals: ordered so the intended
comparison between the concentrations cannot be made. The
crystal concentration chosen was that which, in the light of
the careful study made of the avaiiéble inforﬁation seemed
likely to be.the best of those available but it is disappoini-
ing that time did not pérmit experimental comparison of the
crystals which had been obtained.

While awaiting the arrival of the replacement crystals
one of the earlier samples was used in a single cavity maser
and this exhibited gains ~ 10-15 4B with pump powers limited
to 250 mW. This power was obtained from the selected EMI
R9602 A tube (rated at 60 mW nominal) but at that time it was

not possible to change over to the 12TFK2 to investigate how
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far from saturation the maser was with the 250 mW. As far as

pump power is concerned this was the best result obtained

O

since all the work done on £he double cavity maser has reguire
the 12TFK2 supplying powers ~ 4 watts. As has already been
explained in Chapter 6 some trouble was experienced in aligning
the crystals for X and K-band resonances at the same d.c.
mégnetic field and, although the cavity is resonant at the pump
frequency,kthe Q of this resonance appears to be low.

From the results on thé single cavity maser it would seen
that 4 watts is higher than one would expect to be necessary.
At the outset of the project iﬁ was hoped that it could be
shown that saturation could be achieved with a conventional
reflex klystron. From the faect that it was not possible to
saturate the single cavity maser with 250 mW it seems unlikely
that this is so since from a tube of this type an output of
250 mW is as high as can be expected. However, since this
project was'startéd,new tubes operating on the same principle
as ordinary reflex kXlystrons but with a design which allows
outputs of the order of %;l watt have been produced and it
would seem that these woﬁld be the most suitable tubes for the
pumping of a practical liquid=-nitrogen-cooled maser. Their
power requirements are modest and they are air-cooled. This
latter feature is important because, apart from laboratory
applications (é.g. low noise EPR work), it is unlikely that in
any application for a compact maser it would be convenient to
have cooling water supplied. It is felt that if the cavity

could be made to resonate at the pump frequency with a good Q,
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this should be adequate for saturation but, even if this is not

80, it would be possible to operate the device with this power.

8.2 Maser Performance

Before considering the photographs of the various stages
in the alignment of the maser the method of aligning the

cavities will be briefly considered.

- 8.2.1 Alignment of the Csvities

The desired effect is to have the two cavities resonant
at exactly the same frequency and the splitting of the two
resonances of the two-cavity assembly due only to the coupling
between them. If the two cavities are resonant at different
frequencies, there is very little coupling between them and,
the two resonances are observed separately. How close the
cavity resonances have to be before they couple is obviously
dependent on the size of the mutual coupling slot. If they
are far enough apart not to couple appreciably then the maser
cavity couples to the guide through the coupling cavity but
does not cauple to the éoubling cavity. Since there is no way
of simulating the ldading effect of each cavity on the other
the alignment can only be done with the two cavities together.
With the coupling slots iﬁ the cavities 80 different in size
the state of no coupling at all is obvious because one cavity
is very much mdre strongly coupled to the guide than the other.
When they begin to couwle to any appreciable extent, however,
the two resonances begin to look more alike and it is necessary

to use the EPR absorption to determine whether or not they are
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resonant at exactly the same frequency. As will be shown in
the photographs which follow, the EPR absorption will only
occur equally in both resonances if the splitting is due
entirely to the mutual coupling.

Determination of the starting point was rather difficult
since‘it had not been possible to measure the line width of
the material. From the computed data in Chapter 5 it seems
that the parameter k may be expected to be of the order of
O-1 for a mid-band gain of 20 4B and 0+2 for a mid-band gain
of 17 dB. For the crystal concentration used Avy is expected
to be of the order of 150 Mc/s and t‘hus for the 17 dB case it
was ‘estimated that the cavity resonance splitting should be
about 30 Mc/s. This was therefore taken as the starting point
but it was found that the splitting had to ve reduced consider—
ably before any appreciable gain could be producéd. This may
indicate that the line width, Avy, is not as large as believed

‘but it is most unlikely that it is less than 100 Mc/s.

8.2.2 Feedback and Probe Coupling to the Maser

In the éarly stages of alignment when the cavities are
resonant at different frequencies, the maser cavity is very
weakly coupled po the guide which causes oscillation. It was
found that this could be prevented by using a stub mounted at
the centre of the bréad face of the input waveguide and a
phase-shifter between this and the maser. This provides a
reflection variable in amplitudé and phase which feeds back
the output signal to_the maser. Obviously besides féeding‘

back the output signal to the maser this stub will feed back
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the input signal to the circulator and raise the effective
noise temperature of the device. It is interesting to note,
however, that with a small probe penetration in many cases

the undercoupled maser could be adjusted from oscillation into
the region of stable gain.

With much larger probe penetrations (~ half the 'b"
dimension of the guide) the phase-shifter could be used to
tune the resonance assocliated with the probe across the klystron
mode. This produced effects on the bandwidth similar to those
expected from the second cavity. Unfortunately the effect on
the gain was rather drastic. This will be recognised as being
verylsimilar to the resonant coupling plate method used ﬁy
Cook et al.  which was described in Chapter 5. Had time
perm;tted it would have been interesting to make a guantitative
comparison between this "tuned probe'" method and that based on
the addition of the extra cavity. This tuned probe method
seems to be rather lossy but there is no doubt that it makes
adjustment easier than it ié where the size of the mutual coup-
ling slot between the two éavities must be varied.

.In view of the limited time available, however, it was
necessary to proceed as quickly as possible to the operation
of the two-cavity maser. The photographs in the following
section are of the maser at varioﬁs stages in the alignment
process. However, the probe and phase-shifter were not

required to produce these resﬁlts.
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8.2.3 Photographs Showing the Alipgnment of the Two-Cavity

Maser
Figs. 8.1 to 8.16 show various features of the alignment
of the maser. The explanations are interleaved with the
photographs and precede the photographs to which they refer.
In all photographs the frequency increases from right to left.

The mid-band frequency of the two-cavity maser is 9:695 Ge¢/s *

5 Me/s in all cases.

Fig. 8.1 Shows the maser in oscillation. The resonant fre-
quencies of the two cavities are so far apart that
there is no interaction between them at all. Beczuse

. of this the maser cavity is very weakly coupled to
the guide and when tﬁe pump power is applied the
maser oscillates at the resonant frequency of the

maser cavity.

Figs. 8.2, 8.3 and 8.4 are all of the same cavity combination.

Fig. 8.2 Shows a split resonance. No magnetic field. No
pump power. From the symmetry of the double resonance
it is gpparent that the splitting is, at least in

part, due to the coupling between the -cavities.
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Fig.8.2
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Rige Sed

Fig. 8.4

Shows the cavity combination of Fig. 8.2 with a d.c.
magnetic field of the appropriate value (4°13 Kg)
épplied. No pump. It is seen that the paramagne tic
absorption occurs more strongly in the higher fre-
gquency half of the respomnse. This indicates that,
although there is coupling between the cavities, the
splitting is due largely to the fact that the resonant
frequency of the maser cavity is higher than that

of the coupling cavity.

Field on. Pump power on.

The application of the pump power confirms the above
because amplification occurs at the higher frequency
and of the response. Evidence of the coupling is
present, however, for, although there is no amplifi-
cation at the lower frequency, the paramagnetic

absorption is reduced by the pump power.
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Figs. 8.5 and 8.6 are aopposite extremes.

Fige 845

Fig. 8.6

Shows the two=cavity maser operating virtually as
a single cavity"maser. The coupling cavity is having
little or mo effect. The splitting is 10+6 Mc/s
and the 3 4B bandwidth is 2:5 Mc/s. The gain is

15 dB.

Shows a system with cavity splitting of 16+8 lic/s.
The bottom trace was taken with the pump and field
off and the middle trace with the pump and field

on. The gain is nominal but from the "squaring"

of the response between the two reéonances, Tt ds
apparent that both cavities are participating'about
equally. The maser cavity is resonant at a slightly

lower frequency than the coupling cavity.
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Figs. 8.7 to 8.12 are all of the same two—-cavity combination.

Bige Ba7 Shows an almost symmetrical splitting. No field.

No pump.

Fig. 8.8 Shows the same maser with the magnetic field on.
The paramagnetic absorption is towards the upper

frequency.

Figs. 8.9 to 8.12 were all taken with the pump power on. The
only differences in these photographs are due to slight changes

in magnetic field and 6.

Fig. 8.9 Looks perfectly symme trical which is surprising

since the absorption shown in Fig. 8.8 is not.

Fig. 8.10 Shows the characteristic effect of altering the field

slightly. In this case it was lowered.

Fig. 8.11 Shows the effect of increasing the field slightly
and altering the angle 6 by a very small amount.
This should cause an effect similar to Fig. 8.10
but with the raised peak on the opposite side of.
the response curve. The comparatively high gain
(7 aB) observed here indicates that the cavity
alignment is not symmetrical and that the original
field and angle settings used in Figs. 8.7 and 8.8
were slightly off the, values for double pumping at

the frequency of the applied pump power.

Fig. 8.12 This proves the above. The field strength and

angle 6 have been re-adjusted to give the desired
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response shape. The gain here is only about 2 d4B.
The performance is limited by the fact that one
parameter is deliberately being de—tuned to com-

pensate for the-misalignment of another.
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Figs. 8.13 Show a maser which is correctly aligned. As can
and 8.14 be seen the field is very slightly too low in Fig.

8.13% and very slightly too high in Fig. 8.1l4. The
optimum would be between the two. The gain of this
maser was 12°7 dB., The width between the markers
is 4°8 Mc/s and the 3 dB bandwidth was estimated
to be about 4+6 Mc/s. It is seen that the
required shape of response curve is produced, 1.€.
the gain is practically constant over about

4-5 Mq/s.

d52



Fig.8.13
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Fig.8.14
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Fig. 8.16

Shows a single cavity maser response for comparison

with Figs. 8.13, 8.14 and 8.16 (below). This maser

. was rather unstable which made accurate measurements

difficult. The gain was about 10 dB and the 3 4B

bandwidth about 2 Mc/s.

Shows the two—-cavity maser with the cavity splitt—
ing increased from the value used for Figs. 8.13
and 8.14. The gain was 6-5 @B and the 3 4B band-
width was 88 Me¢/s. The splitting in this case was
perhaps slightly too large and the effect of this
is seen in the way the edges of the response curve
slope away. If the parameter k was even very
slightly smaller the bandwidth close to the mid-

band gain would be better defined.
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The best performances recorded are, therefore, 12-7 4B
gain with a bandwidth of 46 Mc/s and 6°5 dB with a bandwidth
of 8:8 Mc/s. As expected these are below the "best possible'
values estimated at the end of Chapter 5.

It is felt that the gain measured may be less than the
maximum gein of the maser due to signal saturation. The gain
was measured with the crystal-video system which required that
the maser input power be of the order of microwatts whereas the
onset of signal saturation for a liquid-nitrogen-cooled maser
occurs at about 4 x 10 ° watts. It was intended to investi-
gate the varilation of gain with signal input power and a low
noise I.F. amplifier was obtained forlthis purpose. Unfortu-
nately this amplifier developed a fault and it was not poss-
ible, in the limited time remaining, to have it repaired.

At the start of this project it was decided to use one
passive cavity to increase the bandwidth because it was felt
that the alignment problems involved would be difficult enough.
During the course of this work Ammann® ° published results
obtained with a liquid-nitrogen-cooled maser which had two
passive cavities. Despite the fact that tuning adjustments
were available ew the cavities, Ammann was unable to produce
the predicted flat response curve shape. It is clear. from the
thesis and the paper that this maser was well-designed and
superbly engineered and it therefore may be inferred that a
reactance compensated maser with two coupling cavities is very

difficult, if not impossible, to align.
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It is therefore claimed that it has been shown that the
two-cavity liquid-nitrogen-cooled maser represents a signifi-
cant improvement over the single cavity device both in increased
bandwidth and in the near-rectangular response curve shape

which is ldeal for communication purposes.
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