THE QUANTUM HYPER-FREQUENCY AMPLIFIER-THE MASER

ICROWAVE eleotronics is full of novel

features and is a fascinating field which
in the last decade has made great headway.
The technigques for generation, amplification
and transmission af microwave frequencies
have had to depart from the methods of radio
frequency electronics, in order 1ic overcome
certain functional limitations of tubes and
transmission lines, commonly employed at
lower frequencies. When one 1is considering
propagation in a waveguide, the ordinary two
wire line transmission ideas and the concept of
current and voltage can no more be visualised
in them. The behaviour can only be under-
stood in terms of electromagnetic wave equa-
tions.

Similarly, tubes generating microwaves func-
tion on a new prineciple known as velocity
modulation in which the electron beam inter-
acts with a tunable cavity or cavities, experi-
encing in their passage through the tube
column, a velocity change, depending upon the
sign and magnitude of the exciting alternating
voltage. The result is usually a bunching up
of electrons with respect to time, and such
hunched electrons when they interact with the
cavity, transfer energy to it in the form of
electromagnetic radiation. The travelling wave
tube which is used as an amplifier in the micro-
wave region makes use of a distributed inter-
action between an electron beam and a tra-

velling wave.

While all the electrical amplifiers in use to-
day, including the above, employ the motion of
charged particles in electric or magnetic fields,
very recently a totally different method has
been discovered for amplifying electrical Siga
nals at microwave frequencies. The amplifica-
tion is achieved by stimulated emission of radia-
tion under suitable circumstances. The device
which uses this principle is called a maser, the
word having been coined from the words micro«
wave omplification by stimulated emission o

radiation,

The maser principle was suggested by Weber
in 1953 and again independently by Barrow
and Prokhorov in 1954. The idea was used 1n
a microwave specirometer by Gordon, Zeliger
and Townes in 1954. In the last few years a
large number of papers have been published
on the subject analysing the theory and pro-
posing new ways of incorporating the jdes
into practical devices.

THE PRINCIPLE OF MASER OPERATION

Energy transitions associated with atoms and
molecules are restricted to only a set of “sta.-
tionary states”, each of which is characterised
by a definite amount of internal energy. In
free atoms and molecules, and also sometimes
In atoms in a solid, the energy levels are sharn
and ftransitions between them can be induced
by electromagnetic radiation of appropriate
frequency. If two levels between which tran-
sitions take place have energles W, and Wy
the frequency given to the radiation field or
taken from 1t is given by vasz=Wy, - W_/h
where h 1s the Planck’s constant.

From guanium mechanical grounds we
have, that such {fransitions are likely, only
when the fregquency of the radiation that 1s
interacting with the system is nearly equal
toc v,,, When the electromagnetic radiation
induces a transition in which the atom gains
energy, this energy is taken from the electro-
magnetic wave. Likewise, when the radiation
induces a transition in which the atom loses
energy, this is added to the electromagnetic
wave. This addition is in the form of one
photon of frequency »,p, fthat is coherent with
the exciting wave (has the same phase, direc-
tion and polarizaiion).

A very general thermodynamic argument due
to Einstein proves that the probability, that the
radiation will induce an atom that is in state
A to go into state B is equal to the probability
that the same radiation will induce the reverse
transition, that is from state B to state A, When
maiter is in thermal equilibrium the number
of species in the ith state is proportional to
e~*i®’' where w, is the energy of the ith state,
k is the Boltzmann constant and T is the ab-
soluie temperature. If the state B has higher
energy than state A, the ratio of the number
of species in the two states will be

Ilg;::{ we @~hVau/hT .

If the atoms are in thermal equilibrium at
any temperature T, there are more atoms In
the lower state than in the higher state and
therefore, more transitions upwards take place
than in the reverse direction. This would re-
sult in a8 net absorption of energy from the
radiation. If, however, by some means we can
get more atoms or molecules in the higher
energy stafe then in the lower, there will be
a net transfer of energy to the radlation fleld
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which would result in power being added to
the electromagnetic wave, This would result in

amplification, and is the principle of operation
of the maser amplifier.

Thus, for a maser to function as an ampli-
fier at a given frequency, a working substance,
namely, an atom or molecule, with energy
levels having the requisite separation and bet-
ween which the probability of induced transi-
tion is sufficiently large should be chosen. A
suitable method should also be found to col-
lect more atoms in the upper state than the
lower. Finally, it is necessary to devise a
technique for the radiation to interact with the
working substance. A number of ingenious
masers have been built and operated but all
of them in the microwave region.

MASER EMPLOYING AMMONIA MOLECULE

The configuration of the ammonia molecule
is a triangular pyramid with the nitrogen at
the top of the pyramid. Two configurations
are shown in Fig. 1 and these have different
energies, one representing the ground level
and the other lying at an energy level slightly
above. Transition between these levels can take
place and this is known as ‘Ammonia inver-
sion’ discovered by Cleeton and Williams
in 1937. The frequency of this transmission is

it the microwave region at 24,000 Mcs. per
second (A=1-25cm.).

FI1G. 1. Ammonia Inversion.

In employing ammonia for maser operation,
the segregation of the species lying at the higher
energy level is achieved by making use of the
Stark effect. The ammonia molecules, as a
well-collimated beam issue forth from a source
chamber S [Fig. 2 (a)] and the beam is direct-
ed along the axis of an electro-static focussing
system consisting of four or more -electrical
conductors [Fig. 2(b)] that are made alter-
nately positive and negative.

In such a focussing system of electrodes the
gradient of the electric field strength is away
from the cenire of the beam. Molectiles in the
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upper state are pulled in, towards the beam
axis, while those in the lower state are expel-
led outward from the beam and thus physical
separation of the molecules in the two states
is accomplished. Molecules in the upper energy
level 1s allowed into a microwave cavity C
[Fig. 2 (a)] resonant at 24,000 Mocs,
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FiG. 2 (2). Diagrammatic Represen‘ation of a Mole-
cular Ampl.fier,

F1G. 2(4). Focussing Ele:ztrodes.

If, now, microwave wave radiation of this
frequency is fed into the cavity, the molecules
in the higher state give up their energy by
stimulated emission of the same frequency and
add radiant energy to the cavity. The radia-
tion can induce the reverse iransition and take
up energy from the cavity. This, however, does
not take place to any appreciable extent since
a continuous stream of fresh charge of mole-
cules at the higher energy level is brought into
the cavity, and spent molecules are pushed
out. Thus, on the average, energy from the
molecule is added to it. If this gain in energy
is greater than the losses in the cavity, more
power can be taken from it than is supplied.
Amplification at the frequency of 24,000 Mcs.
has been cbtained with ammonia molecule as
the working substance,

An amplifier of this type can also be used as
an oscillator. Such oscillators have very high
frequency stability. The frequency of such an
oscillation has been observed to have a ran-
dom drift of only one part in 1013 in a period of
two hours. The power ouiput of the anunonia
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maser amplifier is low—of the order of 10-10
watt. But the great advantage of the ammonia
maser is the low internal noise compared to
the conventional amplifiers and bhecause of
this, amplification of very much weaker sig-
nals is possible with masers.

SOLID STATE MASER

The most successful maser amplifiers deve-
loped so far have been solid state three-level
masers. Energy levels in a solid are very broad
generally, but there are some atoms belong-
ing to the transition and rare-earth elements
notably, possessing sharp enough energy levels
to be used as masers, Since such atoms are
situated in a crystal lattice the levels undergo
splitting because of Stark effect due to inter-
nal crystaliine fields. Application of a magne-
tic field causes further splitting of the Zeeman
type.

In Fig. 3 are represented three energy levels
in a crystal. When the levels are in thermal

A

F1G. 3. Energy Levels in a Solid State Amplifier,

equilibrium the relative population in levels B
and C will be e 'VardT gnd e "Vac*kT times the
number in level A. When the crystal is exposed
{0 intense radiation of frequency v.c a new
equilibrium will be established, which equal-
ises the numbers in levels A and C. The num-
ber in B however will be either less or greater
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than A or C, depending upon the relative tran-
sition probabilities. If the transition prob-
ability for t{ransition C-B is greater than B-A
the number in B will be in excess of A. On
the other hand, if the transition probability B-A
is greater than C-B the number in level B
will be less than in the levels A or C. In the
former case where Tee>»> Tra a maser operation
of the crystal is possible at the freguency » .,
while on the other hand when TEA>TCB maser
operation is possible at frequency vge.
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Fi1G. 4. Folid State Amplifier Operating at Ligqe¢/

Helium Temperature,

Solid state masers are operated at liquud
helium temperatures (4° K. or lower) for seve-
ral reasons. The maximum gain obtainable
will depend upon the population difference bet-
ween levels B and A (N /N, large). The
maximum value of this ratio is e *ec/kT, ]t
therefore the population in B has to be greater
vee/ T should be large. Hence, the lower the
temperature is, the higher the gain. Another
important reason for operating at low tempe-
rature is that the desired low values of the
lattice induced transition probabilities are
attainable only at low temperatures. An en-
hancement of this transition probability con-
tributes to the noise level of the amplifier. Fur-
ther, such enhancement necessitates the
expenditure of more power to maintain the
equilibrium of population densities.

In spite ot diftculties, successful amplifiers of
this type have been constructed at Bell Telephone
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Laboratories by Scovil, Feher and Seidel
and by J. W, Meyers at the Lincoln Labora-
tory, M.I.'T. The Bell Telephone maser uses a
gadolimum atom in a crystal of gadolium ethyl
sulphate, operating at 9,000 Mcs. The Lincoln
Laboratory maser uses chromium atoms 1In
potassium c¢hrom c¢yanide and operates a%
2,800 Mcs. It amplifies linearly upto an output
of 10-¢ watt with a maximum output of
10— watt. The amplifier has gains of 40 db. and
10 db. with bandwidths of 23 and 500 Kc¢s. The
noise temperature has been estimated conhserw
valtively at 100° K.,

NEGATIVE TEMPERATURE MASER

In this method the atoms are placed im a
magneiic field H, where the ground state splits
into a number of magnetic sublevels. The
energy of the ith sublevel, with respect to its
zero field value, is given by

E;, = pogMJ H
where u, is the Bohr Magneton, g is the Lande
‘g’ factor and MJ, is the component of the
total angular momentum of an atom in the ith
state in the direction of the magnetic field, in
units of h/2». When thermal equilibrium is
established, the number in each level 1s pro-
portional to e¢~5*’  Now, if the direction of
the magnetic field is suddenly reversed, the
value of MJ, for each state is suddenly mulfi-
plied by — 1. A state that had energy E , now
has energy — E . Thus, the population of these
states become  vproportional to the
distribution they would have according to the
Boltzmann formula for a temperature of — T
hence the term negative temperature. We have
thus the requisite condition for maser opera-
tion, namely, a greater number of atoms in the
upper state than in the lower.

Though 1inis maser has got the advaniase
that it can be tuned to different frequencies
by wvarying the magnetic field, it has other
disadvantages. The operation of the maser
will be intermittent because the energy
source has to be periodically recharged. Fur-
ther, a very low nolse temperature is required
in order to obtain a large population differsnce
between the states.

eT'Et'f’kT,

OptIcaLLY PUMPED MASER

Though a maser of this type has not been
successfully operated so far, the idea of ob-
taining an excess population by oplical pump-
ing process is an interesting one. The case ¢an
be well discussed by taking sodium atom.

The familiar yellow lines in the spectrum of
sodium atorn are produced by transition from *Py),
and 2P./, states, to the ground 28,,, state (see
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Fig. 5). When a sodium atormn is placed in a mag-
netic field these levels undergo Zeeman splitting,

The frequency that causes a transition between
the MJ=1% and MJ=— 1% sublevels into
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FI1G, §. Energy Levels in Sodium Responsible for the
Yellow Lines and their Splittings in a Magnetic Field,

which the ground state splits is 5-6 megacycles
per gauss of the applied. If circularly polar-
ised light from a sodium lamp is directed into
the sodium vapour kept in the field along the
direction of the applied field, the light is ab-
sorbed by atoms in the ground level, undergo-
Ing excitation into one or the other of the 2P
levels. Because of the circular polarisaiion of
the light, only transitions in which MJ changes
by 1 are allowed. These excited atoms spon-
taneocusly emit a photon and drop down to one
of the 28 levels, the allowed f{ransition in this
case being for changes 1n values of MJ=*x1
or 0. It can be seen from e diagram the
atoms can be pumped into the higher of the

28 states resulting in an excess papulation at
the level.

This principle as stated at the outset has not
resulted in any practical form of maser buf
offers promising possibilities,

Though the maser techmique i of very re-
cent origin and has not yet passed out of the
research stage to the concrete instrumental
stage, its possible future applications has
aroused much inierest. As stated, the low
noise characteristic of this amplifier makes it
especially suitable for greater uliimate sensi-
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tivities in the field of radio astronomy, commu-
hication and radar. Especially, in radio astro-
nomy where the signal strength is much smal-
ler than the noise of the presently available
amplifiers, this new principle of amplification
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would have very fruitful applications. Masers
can be designed to oscillate at very stable
frequencies, thus providing highly accurate
time standards.

A. JAYARAMAN,

MAX PLANCK

THERE are events in the development of

Physics which reach far beyond the
boundaries of science and have a decisive in-
fluence on the fate of humanity as a whole.
Max Planck’s Quantum Theory is an example
of such a revolution of thought. Twenty-third
April 1958 marks the 100th Anniversary of the
birth of one of the greatest theoretical physi-
cists of our times, Max Planck was born in
_Kiel on April 23, 1858, of family which had
produced many government officials, jurists and
scientists. When he was nine years old, his
family moved to Munich. There, he attended
the Maximillan Gymnasium and studied at the
University for three years, acquiring a solid
knowledge of Physics. However, the real spi-
rit of research in Physics became apparent to
him, only when he first came into touch with
the work of Helmholiz, Kirchhoff and Clau-
sius in Berlin,

Until 1877, Max Planck was a University
Instructor in Munich. Two yvears later the Phi-
losophy Faculty of the University of Berlin
offered him a chair, Thus, Planck came 1n a
world centre of science to work at the side
of his venerated and admired Helmholtz. Here
he advanced his thermodynamic research and
arrived, thereby, at an entirely new fleld—
Thermal Radiation.

From 1896 onwards Planck’s principal goal
was the theoretical derivation of the Laws of
Radiation. Enfropy had always appeared fto
him to be the essential concept of the Ther-
mal Theory. Planck then turned to radiation
and discovered the famous Radiation Formula
which he made public at a Meeting of the
Berlin Physics Society on October 19, 1800, He
recognized that radiated energy was not arbi-
trarily divisible, but had a type of atomic
structure, or, as Planck said, exists in an ascer-
tainable fixed quantum. The radiated energy
quantum of a fixed frequency is proportionate;
the proportionality factor signified by letter ‘W
is a universal constant, which Planck called the
efficiency quantum~—usually called simply
“Planck’s Constant”.

In 1905, Einstein took up the guantum idea.
He showed that Planck’s first interpolative
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derivation of the Radiation Formula can be so
expanded that the existence of the energy
quantum appears to be an inevitable result of
the observed spectrum of thermal radiation,
He further showed that there are many other
phenomena of an entirely different sort where
the guantum comes under observation directly,
as light quanta—or, as it is called today, a
Photon—for instance in photo-electric effect.

At the insistence of Planck, Einstein was
called to Berlin in 1913 to a special position
in the Prussian Academy where he could pur-
stte his research without the burden of teach-
ing duties,

Through the united efforts of Planck and
Fingtein, Berlin was the world centre of theo-
retical physics for almost twenty years. Two
of the most eminent of them, Max von Laue
and Lise Meitner, also worked in Berlin in this
period and contributed to the lustre of physics
in that Capital. Students who wished to hear
Planck’s famous lectures streamed in, from every
land. These lectures were printed In six small
volumes and contributed much to the dissemi-
nation of Planck’s ideas. Planck was made
permanent Secretary of the Mathematics and
Physics Department of the Berlin Academy
and gave much time and effort to this task.
In 1928 at the age of seventy he retired from
his teaching position at the University of Ber-
lin, His successor was Erwin Schrodinger, one
of the discoverers of wave mechanics, How-
ever, Planck retained the leading position at
the Academy.

When the National Socialists seized power
in 1933 and began to dismiss many officials and
professors because of political unacceptability
or Jewish ancestry, Planck, as President of the
Kaiser Wilhelm Society, attempted to intervene
with Hitler on behalf of various colleagues. He
had no success. Einstein announced his with-
drawal from the Academy and thereby spared
his friend the humiliation of having to inform
him of his expulsion., Schrédinger, although
uncontested, resigned his Professorship of hisg
own free will and went abroad., The greal

period of theoretical physics was over in Bare
lin,
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