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Abstract

A brief historical background and development of solid. state Masers
are presented first. A few relevent physical properties of paramagnentic
substances are discussed and the basic principles and techniques of operation
of both two-level and three-level Masers are reviewed. Finally a short
discussion on the specific application and present status of the quantum-

mechanical device is given.

- INTRODUCTION

With the advance of the techniques of radio-frequency spectroscopy
and the use of magnetic resonance method, as applied to molecular beams
by Rabi etal (1938) and to nuclei of aggregated matter by Purcell,
Torrey, and Pound (1946) and independently by Bloch, Hansen, and
Packard (1946), the earliest observation related to the principles of the
operation of a MASER (coined by C. H. Townes and his associates
in 1955 from the words Microwave Amplification by Stimulated Emission
of Radiation) was made by Purcell and Pound (1951) in a nuclear
magnetic resonance experiment in connection with the concept of
“negative temperature” in magnetism. This experiment demonstrated the
.stimulated radiation rather than absorption. The first use of magnetic
_resonance method was suggested in 1936 by Gorter in an attempt to detect
nuclear magnetic spins by the nuclear resonance absorption of radio

quanta through the heating of a crystal, but experimentally he was not
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successful Later, Rahi (1937) pointed out-the wuse of the magnetic
“resonance method in atomic and molecular beams. The possibility of
using both gas and solid substances to obtain microwave amplification
utilizing coherent emission of radiation from systems at the stimulated
energy levels was first discussed and presented by Weber (1953) and
independently by Basov and Prokhovov (1954, 1955a). The first suc-
cessful Maser (gas type) experiment was performed by Gordon, Zeiger,
and Townes (1955) using the microwave spectroscopy technique and
molecular beam separation method in obtaining ammonia molecular
beams at an energy level higher than the “ground” level in order to
obtam stimulated emission. Although the principles of the electron-spin
two-level solid- state Maser was visualized earlier than those of the elec-
tron-spin three-level solid-state Maser, the latter was realized experi-
rrientally earlier than the former. The continuous pumping three-level
solid-state Maser as "proposed by Bloembergen (1956) had been operated
successfully first by Scovil, Feher, and Seidel (1957) using 1som0rphous lan-
thanm ethyl sulfate as diluent doped with 0.59 gadolinium ethyl sulfate and
0.29 cerium ethyl sulfate. Later, McWhorter and Meyer (1958), Artman,
Bloembergen and Shapiro (1958), Autler and Mecavoy (1958),
Kingston (1958) all used Potassium Cobalticyanide doped with 0.5%
paramagnetic potassium chromicyanide as paramagnetic salt in their three-
level Maser experiments with success. Ruby (Al,0,:Cr) was used also
successfully in the operation of the three-level Maser by Makhov,
‘Kihuchi, Lambe, .and Terhune (1958). The first two-level solid state
’M_aser of intermittant operation has recently been carried out by
:Chester, Wagner, and Castle (1958) using the technique of adiabatic
fast passage. The materials they used were single crystals of quartz and
of magnesium oxide irradiated by neutrons to introduce para}nagnetic
defectsA '

In microwave devices and electronic tubes, amplification results
'f1om the transformation or conversion of d-¢ power into microwave or
51gnal power by the interaction of moving charged particles in electric

or magnetic fields. In Maser devices amplification must be explamed in
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terms- of the interatction. of individual - uncharged atoms or molééules
with electromagnetic, fields, . and the internal energy of the ~‘;étoms
or molecules is directly transformed into microwave energy, Atoms
and molecules can possess different amounts of internal energy
determined by their electron or molecular . configurations. The internal
énergy levels or configurations of the atoms and molecules are diserete
or quantized. Atoms and molecules can be induced to gain or lose their
quantized internal energy by the interaction with an electromagnetic
field of proper frequency. When an ensemble of atoms or molecules
are induced to give up their internal energy in a coherent fashion,
amplification by stimulated emission of radiation results.

It is obvious that the development of the Maser was made possible
by the recent advent of microwave and radio-frequency spéctroscopy,
and it-is pertinent at this point to have an excursion to the field of
spectroscopy in general. The varied applications of spectroscopy are
well known, and the spectroscopic data accumulated in the infrared,
visible, ultraviolet, X-ray, Gamma-ray, and Cosmic-ray -regions are
familiar. Important radio-frequency and microwave spectroscopy, how-
ever, emerges as a late comer since World War II. Generally speaking,
spectroscopy in the visible and ultraviolet regions yields information on
the energies of electrons in atoms and in molecules, whereas infrared
spectrotroscopy furnishes information on the internal vibrations of
the molecules themselves and on the overall rotations. By historical
definition, X-rays are associated with rearrangements of atomic electrons
involving deep-lying-orbits and Bremstrahlung processes in X-ray tubes
and Van de Graff machines, and they therefore also supply information
of the atomic structure. Gamma-rays are often defined as electro-
magnetic radiation which appear during nuclear transitions following beta
or alpha or nuclear reactions. Cosmic-rays were practically the only
source of high energy particles available to physicists, until the recent
development of electro-nuclear machines. With a certain range of
overlapping, generally it can be said that molecular transitions occur in

the infrared region,. electronic transitions in the region from visible light
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to "X-rays, and nuclear transitions in Gamma-ray region. - Microwave
spectroscopy may be roughly-defined as the study of interactions between
fnatter and electromagnetic radiation at wavelengths ranging from about one
millimeter to about one meter, although studies in the millimeter region
still present difficulties at the present stage A spectroscopic gap between
the infrared and “microwave region exists mamly because of the lack-of
known coherefit sources and the low sensitivity of known heat detectors.
Historically, interest in microwave spectroscopy was initiated by the
d1scovery of the absorption of microwave radiation in two gases:
ammonia and water vapor. Cleeton and Williams (1934) published their
ohservat1on on the absorption of microwave energy at 1.25 cm. in
ammonia, and the absorptlon of microwave by oxygen and water vapor
was discovered during World War II (Van Vleck 1947). The absorption
in ammonia results from the “inversion” transition of the nitrogen atom
in the ammonia molecule NH,, Whereas that in water vapor results
from a \rotat1ona1 transition in water molecules. The gas Maser of
Gordon, Zeiger, and Townes (1955) made use of the “inversion” transi-
tion of ammonia molecules. In such “molecular interaction” the mi-
crowave radiation is directly converted into the internal energy of
molecules and vice versa. This is also a well-known process at very
short wavelengths, for example, emission of incoherent visible light from
a gas discharge. The advent of microwave speotroscopy realized the
direct measurement of energy separations amoonting to a fraction of
wave number. These are intervals of just the order of magnitude needed- -
in studying Zeeman and Stark splittings involved at low temperatures
in adiabatic demagnetization, paramagnetic relaxation, etc.. By contrast,
the decompositions involved in the nuclear magnetic resonance spectra
are about a thousand times smaller and can be detected by radio-
frequency rather than microwave spectroscopy At the other extreme,
Stark separations of several hundred wave numbers or more are of
interest to the theory of magnetism at room temperatures and ‘can
vsometlmes be ~détected by infrared or visible ‘spectroscopy, but the -
1nterpretat10n is often difficult because vibrational fine-structure can
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easily be confused with that arising from the Stark effect.

The internal energies associated with nuc]ei[, with electrons in atoms
and molecules, with vibrations of atoms bound together in molecules
and rotations of molecules themselves, and with the orientation of
nuclear and electronic dipole moments in an applied electric or’
magnetic field, are all quantized, according to the quantum theory.
These associated energies form a discrete set: that is, only those
energy states leading to certain internal energies can exist. A single
nucleus, electron, atom, or molecule can only exist in certain’ energy
states determined by certain combinations of various quantum numbers
(total quantum number, angular momentum quantum number, axial
quantum number, and spin quantum number) or by the eigenvalues of
the eigenvalue equation satisfied by the eigenfunctions of the energy.
The emission or absorption of radiation by, say, 4 free atom takes place
in accordance with resonance conditions which can be expressed in
terms of quantum theory. A transition of the system from one of these
discrete states to another, differing in energy from the first by AE, is
accompanied by emission (or absorption) of radiation of the frequency

y:éhg, where h is the Plank’s constant. Consider, for the moment, a

free electron in a magnetic field of strength H. Because of the intrinsic.
magnetic spin of the electron, this simple system will be found in one.
of the two possible states which differ in the orientation of the spin
axis of the electron with respect to the magnetic field. The angular
momentum P of any particle or system of particles is found to be easily
expressed in terms of a multiple of a fundamental unit k, which is -
Plank’s constant divided by 27, according to the rules of quantization
of phase integral; and the magnetic moment g of an orbiting electron

or a spinning spherical shell with charge e and mass m uniformly
distributed over its surface is d“:z‘f;ieE‘I; It can be expressed as a multiple
of a unit called “Bohr Magneton” uy and defined as %, The quantity
usually denoted by S (electron spin, I for nuclear spin) is defined as fli

times the largest observable value of the time average of a component



of p in a given direction (H in this case), and the:quantity Whth 1s truly’
a constant of motion is the square "of the angular momentum with
eigenvalues S (S+1) k% For a particle of spin S there are 25-}-1‘
possible states or spin orientations and S can assume half- mteger or
integer values. For the present example of a free electron with S——-;,”

the component of the angular momentum vector p in the direction of
magnetlc field H has either of the values ES=i2~i or —}iS=—~ = f he energy

of the Zeeman levels is given by the expressxon E=—pu. H = —~/.LH¢0< é

The angle between the mangetic field vector and the mangetic moment
ve(,tor is defined by the relation cos §="2, where m is the magnetxq

quantum number running from —S to S. Hence,
— ~—uHm —g MB H ‘

It is convement to introduce here the g factor or spectroscoplc sphttmg,
factor given by the Lande equation

JI+DASS+D)~L{L+1)
i )

where S, L, and J denote respectively the épih orbifai and total
quantum number. The g factor is 2 in this example of a free magnetic:
spin. As shown in Figure 1 the two energy states of the free electron
differ- in ‘energy by 2 pH, the work that would he required to reverse-
the direction of a magnet of strength which had originally been aligned
with field H. This is derived from the fact that AE= —uHAm/S and
tran,siitions are permitted only for Am=4:1 according to the selection
rules. The frequency of the transition is therefore

el pgH
RS e

Conséquently a méasurement of field and frequency yields a value for

the ratio of the electronic magnetic moment to the electronic spin.
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The two energy states of an electron in a magnetic field Il
Figure 1.

Let (—) denote the higher energy state in which the electronic
spin is aligned against the magnetic field. The spin axis in most cases
does not lie parallel to the direction of field H, but is tipped at an
angle and precesses about the direction of the field in the way anajogus
to a tilted top. Only the components of spin and niagnetic moment
parallel to H are specified by S and p. If the system is exposed to a
radiation of proper frequency, a tiransition from one of the two states
to the other should occur. A transition from (-+) to (=) means absorp-
tion of a quantum of energy and that from (=) to (+) emission of a
quantum. The former is called resonance absorption, whereas the latter
stimulated emission. It is evident that what has been said in this section
can be equally applied to an isolated nuclear spin I.

The magnetic properties of matter in aggregate can be divided
generally into three parts, diamagnetism, paramagnetism, and ferromag-
netism, which may include antiferromagnetism, and ferrimagnetism.
They can be traced dominately to the electrenic structure of the atoms
of which the matter is composed; however, for many atoms the
magnetic nature of atomic nuclei also contributes to the magnetism of
matter. Although the magnetism that results from the nuclear properties
is too weak to be observed under most circumstances in comparison

with the electronic magnetism, techniques have been devised to observe
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the nuclear magnetism. Since only paramagnetic substances are
possibles Maser materials, paramagnetic properties of matter will be
briefly presented in the following paragraphs.

Paramagnetism is mainly associated with nonvanishing electron
spins in a system with feeble mutual interaction among the spins. It
cocurs in all atoms and molecules having an odd number of electrons,
all free atoms and ions with an unfilled inner shell, a {ew miscellaneous
compounds with an even number of electrons, and in metals. Accordingly
a substance is called paramagﬁetic if its atoms (or molecules) possess
permanent magnetic moments with weak coupling among them.

Langevin’s classical formula (1905) for the paramagnetic suscep-
tibility is one of the most rudimentary applications of Boltzmann’s
statistics and is ‘

TH 3T T
where the constant C is equal to Nyu?/3k and is called Curie constant. The

T
the nonvanishing result only because of a subtle inconsistancy, since, if

temperature dependence is known as the Curie law. Langevin obtained

Boltzmann statistics were applied systematically to . all degrees of
freedom, the diamagnetic term and paramagnetic term cancel each
other and no net magnetism would result. This was shown in 1911 by
Niels Bohr and later by Miss van Leeuwan. The advent of quantum
mechanics and electron spin threw sudden light to the calculation of
magnetic susceptibilities. It turns out that Langevin’s formula is still
valid according to quantum mechanical calculation under certain
stipulations. Because in electronically paramagnetic substances the spin
and angular momentum are coupled to each other and to the crystalline
electric field, ordinary spin-orbit multiplets and crystalline Stark split-
tings result. If the levels of the multiplet happen to be separated by_an
energy difference comparable to kT, a change in temperature will bring
about a redistribution of the populations of the levels according to the
Boltzmann  factor e’%{"with an accompanying change in the effective

magnetic moment. Curie’s law fails in- this situation. In order that
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Langevin’s formula for paramagnetic susceptibility may be valid,' it
is necessary that these multiplets or splittings have energy intervals
which are either very large or very small compared with kT. On the
other hand it is immaterial how the rotational and vibrational energy
levels of the molecule are spaced relative to kT, since rigid rotations
and small elastic vibrations do not appreciably affect the size of the
resultant magnetic moment.

The study of paramagnetism reveals information about atomic and
molecular structure. Paramagnetism is important in experimental physics
because of the role it plays in low temperature physics, as the conven-
tional method for attaining temperatures below 1°K utilizes the principle
of adiabatic demagnetization of a paramagnetic salt. On the other hand,
the extremely low temperature attained by adiabatic demagnetization
helps to yield considerable information on small Stark splittings and:
coupling - energies, and on relaxation behaviours at low temperatures.
The first adiabatic demagnetization was performed in 1933, although
theoretical discussion of the subject had been given a few years earlier
by Debye'and independently by Giauque. The basic idea is to cool a
material by magnetizing it isothermally and demagnetizing it abiaba-
dically a process in some way analogous to the cooling of a gas by
isothermal compression and adiabaisc expansion. At a fixed temperature
when a system of magnetic moments is subjected to a magnetic field,
the moments will be partly ordered and the entropy of the system
is dccordingly - lowered: On the other hand the entropy can also be
lowered - by lowering the temperature end the moments will line
up more accordingly. If the magnetic field can be removed without
changing the entropy of the -system, the resulting rearrangment of the
moments will resemble what it should be at a lower temperature,

The paramagnetic susceptibilities of metals do not follow Langevin’s
formula. They are only about a thousandth of what one would compute
with this formula and are more or less independent of témperature. Pauli
(1927) showed that the application of Fermi-Dirac statistics rather
than Boltzmann statistics to the paramagnetic conduction electrons would
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correct the theory of Langevin. The Fermi-Dirrac statistics can be’
regarded as a manifestation of the Pauli’s exclusion principle.

What has been said so far in the above paragraphs is related to:
electronic magnetism. Since the important magnetic resonance method
owes much to the study of nuclear magnetism, the techniques used in.
the study of electronic magnetism borrow heavily from those of nuclear-
magnetism. It is worthwhile to make a brief comparison between the
nuclear magnetism and electronic magnetism in order to see more
clearly the scope of magnetism in general and their applications in par-
ticular.

Electronic paramagnetism and nuclear paramagnetism are explained
in exactly the same way, although in certain respects the nuclear
paramagnetism is simpler due to the fact that electronic spin is inse-
parably bound up with the complicated atomic structure, whereas the
nuclear ground state is separated from the excited nuclear states by an .
energy difference so large that the nucleus can be treated as almost’
isolated. ’

The nuclear static paramagnetic susceptibility of solid hydrogen,
being diamagnetic with respect to electrons but paramagnetic with
respect to protons, was first successfully measured by Lasarew and Sch-
ubnikow in 1937. Utilizing the - température dependence in Curie’s law,
they cooled the hydrogen to 2°K where the nuclear Paramagnetism is
no longer overshadowed by the electronic diamagnetism and made the
measurement possible. The nuclear paramagnetism can be investigated
much more easily by the magnetic resonance method of Purcell or Bloch
(1946). The earliest experiment using magnetic resonance methods in
investigating electronic paramagnetism was performed by Zavoisky (1945)
at 10 ecm. wavelength region. Other related methods of experimental
study of the electronic paramagnetism had been performed earlier by
Belz (1922) and Gorter (1936). Waller in 1932 first treated the interac-
tion of spins with lattice vibration and laid the important foundation
for the theory of electronic paramagnetism.

As mgntloned in the preceding pages electronic paramagnetism
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fails to follow Curie’s law at temperature range T when xH is com-
parable to kT; however, nuclear paramagnetism does not deviate {rom
the simple behaviors predicted by Curie’s law. Generally. speaking, the
phenomenon of saturation becomes noticeable when pH and kT in the
Boltzmann distributon e~ ¥#r are comparable. Since nuclear magnetic
moments are about one thousand times smaller than electronic magnetic:
moments, at reasonable magnetic field strengths electronic saturation
phenomenon results at a few degrees Kelvin but nuclear saturation
phenomenon at about one thousandth of a degree Kelvin. Hence, satura-
tion plays no role in nuclear magnetism under ordinary conditions.

The local field of nuclear spin is very much weaker than that -of
electronic spin and it does not present complications in nuclear cases as
it does in electronic cases. The “quenching” effect of internal electric
fields on the electron orbits in a crystal is rather important in the study
of electronic paramagnetism, but the electronic field gradients purturb
only very, very élightly the nucleus which is tightly put together.
Hence. the “quenching” effect of ¢1ectr0nic type has no analogue in
the study of nuclear paramagnetism. Although the effect of electron
exchange force plays a decisive role in ferromagnetism, it only assumes
a noticeable role in electronic paramagnetism in the form of “line
narrowing” (Van Vleck 1957). On the other hand, exchange force has
no role in nuclear paramagnetism, because the nuclear wave functions
of two adjacent atoms practically do not overlap. The relaxation

" phenomena in electronic paramagnetism is considerably complicated
by the interactions to which thz electrons are subject, whereas rapid
progress has been made in the understanding of nuclear spin relaxation
phenomena. Thorough quantitative understanding of electronic relaxation
phenomena is not in sight yet.

Every nucleus with spin greater than one half has a quadrupole
moment. This is equivalent to, say, that the electric charge distribution
of the nucleus 1is in general not spherical, e.g. ellipsoidal. If an
ellipsoidal nucleus is subjected to an electric field gradient, it experiences

a torque and precesses very much in the same way as the earth
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experiences a torque and precesses in consequence of the -elliplicity of
the earth and the nonuniformity of the gravitational fields of the sun
and moon. A nuclear electric quadrupole moment has the effect of
splitting the magnetic resonance line.- The effect of the nuclear electric
quadrupole moment in nuclear magnetism has no counterpart in elecs

tronic magnetism.

Fundamentals

The operation of a Maser is described in terms of the intera’cti\'o'n'
of individual atoms or molecules with electromagnetic fields; ﬁémely,
the processes of stimulated emission and absorption. A simple \gené‘r“ail
relationship between Einstein’s A coefficient :(spontan‘eous emission
coefficient) and B coefficient (stimulated absorption or ‘ emiséiori:
coefficient) is o ' o

B A, (1)
Where A\ is the resonant wavelength of the transition.

The actual theoretical evaluation of the spontaneous emission
coefficient A in terms of quantum mechanical language :depends - upon.
the matrix elements between the wave functions of the two states.
involved in the transition. A brief description of the quantum theory of
radiative transition is presented in the following paragraph. . '

Let ¢, (x, ¥, z) be an eigenfunction of the energy. Then +, will
satisfy the eigenvalue equation \ :

, Hpn =Enry (5)-
where H is the Hamiltonian operator and E, the eigenvalue of the

eigenvalue equation. The time dependent eigenfunction

Va (5,7, ) =1(x, v, D)e 5t : (6)
will satisfy the Schroedinger time dependent equation
‘ ; |
PR

Hence v, will remain a solution at subsequent times, and it also
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continues to satisfy the eigenvalue equation (5) with the same
eigenvalue, E,. This essentially implies that the eigenfunctions of the
energy in the form of equation (6) are independent of time and are
consequently called stationary states. The probability density P (x,y,z,t)
for such eigenstates of the energy is also independent of time since
POoy.o =13 Y =¥8 €% Y I (8)
= | Ya(xyz) |[*

These properties are not true of eigenstates in general, but eigenstates
of energy are unique because of the occurrence of the Hamiltonian in
the Schroedinger’s time dependent equation. One might be led to think
at this point that according to the above derivation there should be
no radiative transitions from one energy level to another because the
energy levels are “stationary.” However, this is not the case according
to experience. The reason is that the THamiltonian used above is not
complete since it is only the Hamiltonian of an isolated atom. The
picture is different under an actual situation, as it is evident that the
atom is not isolated at all but instead is always in the presence of a
radiation field either due to other atoms or an incident wave. Hence
the complete Hamiltonian of the atom must include all these effects of
interaction with the radiation field, and the energy states thus
determined "are no longer stationary states of the complete problem
including interactions. With this in mind it is easy to see that
transitions between the previously determinel energy levels can take
place and these transitions occur in the form of emission of radiation
or absorption of radiation. It is the interradiation with the radiation field
which makes the transition possible. For a detailed quantitative treatment
of the subject the reader is referred to the book Quantum Mechanics
by Dirac or Quantum Theory of Radiation by Heitler. However, the
results obtained by the quantum mechanical calculation for the rate of
Iré:diation of energy ‘by the dipole moment of the atom do not appear
to be too complicated and have a simple correspondance with those
obtained by the classical calculation. The classical electromagnetic

theory shows that a charge e in simple harmonic motion of frequency
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and amplitude r=r, sin 2yt radiates energy at the rate of W .ergs

per second where

. 2 o2 9 A2 ) o .
W=t Sl =L Glamye) M o e (9)

The quantum mechanical calculation of the total intensity of radiation
Woa
just the same as the classical radiation intensity at this transition

emitted per second when the atom goes from state m to state n is

frequency, except that the quantity,%“ | er|? in the classical expression
should be replaced by the modulus square of the so-called matrix elemenit
(m | er | n) of er, where

|G [ e[ n) | 2= | 9 oF o dr | 2= | |2 (10)
Accordingly the quantum mechanical expression for the rate of total
intensity of radiation is

W =2 | Syt ex vy dr |2 (1)

It is to be noticed that the above expression is only for the spontaneous
emission of radiation by an atom in a higher state m to a lower state n.
In other words. equation (11) applies only to spontanecus radiation of
an atom ‘in a state above “ground” state and in the absence of any
incident radiation. In the presence of an incident radiation of proper
frequency v, either induced emission or absorption will occur in addition
to the spontaneous emission. If equation (11) is divided by the amount
of energy in a photon, hy, then ‘

64 n* p’ -
3;’@} | St of Ay dr |2

is the number of photons of energy radiated per second. " This is

exactly the meaning of Einstein’s A coefficient which is the probability
of spontanneous emission of a photon per second; that is,

A=SZ s ot g dr |2 S

In Mazer devices equation (12) is important in estimating the noise
due to spontaneous emission, and this source of radiation is the
ultimate limitation to the noise figure of a Maser.

It {follows from equation (4) that the induced transition coefficient B'is
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B=2% | frts o o dr 2= 2 a2 as)

which 1is 'iriterpreted as the probability of induced transition per unit
incident spectral energy density. For the case of polarized incident
radiation the probability of the induced transition is, for each atom,

=S e dr P 1= a0 Q)
where” I is the incident spectral energy density of a particular
polarization.. Suppose that the incident rf radiation has a bandwidth Af.
The energy density of the radiation field may be taken as U = IAf
If the atomic bandwidth for the transitions is considerably greater
than the incident bandwidth then a fraction Af/Av of the atoms can
be induced to make a transition, where Avis the atomic bandwidth.

The power absorption due to induced transitions depends upon the

number of atoms available for transition. At this point, it will be
convenient to label the number of atoms available as N, for the effective
number. N, will nearly always be less than the total number of atoms in
the system (crystal or beam). The power output is, then, N, times the
energy per atomic tramsition (hy) times the probability of a transition
per second. That is, the power output P is given by

-P=N,hr.p : ~ . (18)
This may be .combined with equation (14) to give ‘ :

87T U : (16)

This’eq'uation is useful for evaluating power absorbed (or emitted) at
_resonance.- ,

A word is in order to show how this effective number N, comes
about. It has been mentioned above that the.spectral emission or
absorption of the atom can be achieved by shining proper radiation on
it. Many elements in gaseous form, especially the vapours of metals,
emit 11ne spectra upon being heated. It is a familiar phenomenon that
sodium vapour, when heated by a DBunsen flame, will emit the well-
known D-lines. In such cases, it is evident that the atoms or molecules

are excited by thermal agitation. A simple theoretical deduction



ICEED SEEE- T S 1 % — M

from statistical mechanics shows that when a substance is in thermal
equilibrium, the average mumber or population N; in a quantum state

in which the atmic or molecular energy is E,, is
Ei
Ni =Ce™ % an

Equation (17) is known as the Boltzmann distribution factor for the
quantized system. Thus the number in the state goes down exponentially
with ap increase in the energy of the state. If state E, has greater
energy than state E,, the ratio of the number of atoms in the two
states will be

' B2-E .

l%gze—«%_.l =e—Tl:f (18)
In thermal equilibrium the number of systems in the lower energy state
E, is in excess of that in the higher energy state E, by the effective
number N.. ‘

v
W, N hr

Nc :NA'—‘N2=N1<1""6 )—“”'Z—"—E—T* (19)
for hyckT. where N=N,+N, is the total number of the systems. In
the microwave region the approximation hy<«kT always holds e.g., at
p=:10% cycles and T=1°K, kT is about one hundred times larger than
hy. With N, expressed as in equation (19) the power absorption (or
emission with population reversed) of equation (16) becomes

_ 4 Ny U
P="wran (20

From equation: (20) one sees that the power output will increase
with the frequency and inversely with the bandwidih of the collection
of atoms. U, the energy density of the rf radiation is a linear
term, but just as in the case of any other amplifier, there will be
a saturation region. For sufficiently large values of U, the power
absorption (or emission) will not increase and will, in fact, drop to
zero because all the available transitions are canceled by emission (or
absorption). This is explained by the {act that (1) the Einstein B

coefficient is the same for both absorption and induced emission, (2)
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the incident radiation tends to-equalize the population of the two levels.
If U becomes large, the value of N, tends to zero. This effect of
incident radiation on the level population is callad saturation (Karplus
and Schwinger, 1948). In terms of equation (19) it can be said that
saturation tends to increase the temperature T of the system and
thereby reduce the number N..

It is seen from equ;tions (12) and (13) that to evaluate both A-
coefficient and B-coefficient is to evaluate the integral [} efyrdr. In
general the evaluation of the integral is rather difficult because % and
Y, are complicated expressions even for the simplest hydrogen atom.
However, it should be pointed out that intezral in (12) or (13) turns
out to be exactly zero in a large number of cases. It is exactly those
transitions, for which these integrals are zero, which are described as
forbidden transitions by the selection rules of dipole radiation. The .
underlying principles of the arbitrarify written selection rule is now
apparent, since it corresponds to the evaluation of the integral

[ eryr, dr. The following illustration may help in understanding the

above.
In terms of spherical coordinates the position vector r can bz expressed
as  t=r(sin g cosPi4-sin @ sin®j+cos 6 k)

=r[sin Hé(e“% e~ ) 1+4sin H%(e”’—- e~i?) j+cos 6k

L
= 3 a[)(r, Deip
p=-1
The wave function ¥ of quantum states, n, |, m can be written as
"lpn. 1, m=An. 1(1', H)Cim‘p
dr=r’infdr dd de
Then p=(@’, I, m’ | et | n, |, m)=ft ;. .. er Y., dr

and

1 27 .
= 3 Bp (r, 9)[ e~ imPeipPein? g
p=-1 ¢

1 2n
= 3, B(r,0)| e-™tmtrPde
p=-1 °
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The last integral is zero unless m—m’=p. Since p runs from -l to-l, it -
is- seen that Am=0, t1, which is in‘corr‘eAspondence with.the selection rules.
Suppose a sample containing 'electron,spins at gré}.md level is sud-
denly exposed to a magnetic field H, one then expects that a -certain
time will elapse before the magnetization reaches its equilibrium- value.
Obviously, the electron spin system resides initially in .a. relaﬁjvély
weak magnetic field of earth before being exposed to the external
magnetic field H; hence, the Boltzman distributions for the two-states
(25+-1==2) having different Zeeman energy are almost exactly one and
the spins are practically equally populated between the two levels. If
the spin system is suddenly exposed to a strong magnetic field of a
few thousand gausses, the spin populations of the two levels will remain
approximately equal immediately after the thrust of strong magnetic
field. In the field of H, the spins will tend to attain a new thermal
equilibrium by redistributing the level populations according to Boltz-
man distribution. Casimir and Du Pre’ (1938) assumed that, even in
absence of thermal equilibrium, the distribution over the energy. levels
of the insolated spin system is given by Boltzman distribation corres-
ponding to a temperature T,, the spin temperature, which may, how-
ever, be different from the temperature of the lattice, which is in turn

in thermal equilibrium with the surroundings. Since the ratio of the
K " gigH .
populations of the two levels is e ¥ under large field H and can be

nearly unity immediately after the thrust of H only if the temperature
T=T, of the spin system is very high at large H. This means the spin
temperature T, is not in thermal equilibrium with the lattice temper-
ature. To reach the thermal equilibrium more spins in the upper
energy level must make transitions to the lower energy level by one
“means or another so that the energy of transition may be released im
order to lower the spin temperature T, This transfer of heat energy
is described as the interaction between the spins and the lattice of
vibrating atoms or molecules, and the characteristic time required for
. the excess energy to be transferred to the lattice in order to attain

thermal equilibrium is called spin-lattice or thermal or longitudinal
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relaxation time, T,

- when the collection of spins attains detalled equilibrium conditions
between levels 1 and 2, we have

N WIZ'—N'ZWZI .

where N, is the equilibrium population of Zeeman 1eve1 1, N, that of
level ,, W,, stands for the total probability per second that a spin
will make a transition from 1 to 2, and W,; from 2 to 1. Assuming the
level 2 is the upper energy or antiparallel state E,, one sees that the
ratio N, to N, is larger than unity. Under equilibrium conditions the
Boltzmann distribution states that |

Ny Wy E2E aum W '
Ng ‘/Vlz e ( >_ <21>

Consequently, the emission probability W, exceeds the absorption
.probability W,, and the excess should be just the Einstein spontaneous
transition probability. This is consistent with the result of quantizing
.the lattice phonon field (Sommerfeld and Bethe 1933):

W(emission) _ Ny+1 (k. 22)
W(absorption)~ N =e

_Since the phonons obey Bose statistics, we have the relation

NV = ‘E‘T’:}T N . - (23>v
.
e ~1
According to equation (21), we can let
) Wyy=p (24)
24H
Wy =pe 1 (25)

where p is the stimulated emission or absorption probability per unit time
of equation (14). Since the total probability of a single transition from:
1to 2 is the probability of stimulated abscrption, equation (24) :is
justified. Let N be the total number of spins per unit volume and N,

that of excess spins in the lower state per unit volume, then

N=N,;+N, ' (26)
o Ne =N,—N, @7
Then, in accordance with the definition of the probability per unit time,
dN.

& ——2<N1W12 N,W; ), (28
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The factor 2 arises from the fact that the excess number Ne change by
2 for each transition. Substituting equations (24) and (25) with the
stipulation that 2pH<<kT, then

dN. _ 2ut
“dt =2p(N;—N,—N, T
=2p(N, N4 (29
¢ kT

Equation (29) is true, since 2N,==N for 2,H<«kT, Multiplying
equation (29) by x and using the relations

NuH
kT
one obtains the basic differential equation of paramagnetic relaxation )

Ne ﬂ=M: :—"Mo‘

in the form
| M _
=

where M, is the equilibrium magnetization.

2p(M~M, ) ' (30)

The solution of equation (30) is

M=M, (1—e-26) 31
and hence the spin-lattice relaxation time is
1 - .
T»=_2;b‘ 32)

This is the time required for all but 1/e of the equilibrium excess number
of spins to reach the lower energy state.

In magnetic resonance arrangement the spin system is exposed to both
a static field H and a small oscillating field I, perpendicular to H. The
small transverse oscillating field Hi will cause the spins to precess
about H and produce a transverse component of M. The spin-spin
interaction, which effectively produces a local field originating from
neighbors at each electron, distributes the precession frequencies of the
spin over a range. Since the spins see different local fields at different
times and precess with differente frequencies, it is reasonable to expect
that the transverse component of M will statistically have decayed to
zero because of the random phase of the spins. We may ‘anticipate a
spin-spin or transverse relaxation time T: which is a measure of the

characteristic time of decay of the t.ra.n,sversé component, or that for



%~ M BREFAXEIRERRE o

RS R CR T U G T Tl Ul GIa ki g CI G G Gl Slo) Cla IR T K Tl Wi U G R G I G G Gl g G TG I CY

establishing phase incoherence among the spins. This spin-spin relax-
ation time T: may be distinct from the spin-lattice relaxation time Ti,
which is a measure of the characteristic time for the parallel component
to approach its final value.

To have a rough estimate of the value of the spin-spin relaxation
time, the Heisenberg uncertainty relation AEAt=15} is used, then

'I‘Z:At:‘—‘:*’-—*:-— (33)

This relates the line width and the spin - spin relaxation time T:.
Another way to interpret T3 is as follows. Because of the disbutitrion of
local field which each spin experiences, the precession rate of each
spin will spread over according to certain distribution functions g(e).
The trnsverse magnetization component Mr must decay at a rate
governed by this distribution in precessional frequencies. Imagine each
of a group of N spins of moment p is aligned at time t==0, the moment
at latter times will be

o0

My =Nu I e~ g(w)dw (34

—00

Assuming a Lorentzian distribution for g(e) together with the

normaliztionJ_:g(w)dm=l, we obtain

[ee]
My =Ny [ T a3 Caa (85

-0
where Ae is the half-width at half-maximum. Evaluation of the
integral yields

My =Nue (36)
Hence, the magnitude of the transverse magnetization decays with.a

"iw, te—Awt

. 1 . .. . .
time constant TZ=Z~(O—, which is in agreement with the expression

(33). It is clear that both Ty and T: are among the factors affecting
the line width. One sees that Tz here is related to the spin wave
“packet” (Portis 1953); that is, Ty is the true ‘“coherence time” of
the spin system, the reciprocal of each “packet”. Another transverse

relaxation time T; is usually defined as the reciprocal line width of a
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directly - measurable spectroscopic line. In general, T:* << T:, since all
line-broadening effects are included in T,*. Tt will be ssen later that
the magnitude of T; may be interpreted operaticnally in determining the
threshold conditions for achieving fast passage in two-level Masers-

In a simple two-level spin system subjected to microwave excitation,
the rate of change of spin populations n, and n, in lower energy level |, and

upper energy level 2 can be approximately described by the following

relations:
-%!;_zmv(n 1, =N )b p(n —ny) o@D
%%.z-—w(nA——nz—«Ne Y—pln —ny) ' C385

where N, is the equilibriun difference population,
w is the probability of the system to “relax” {rom a given popula-
tion difference (n,-n,) to the thermal equilibrium population under
the influence of spin-lattice relaxation mechanism
P 1is the induced transition probability of emission or absorption.
If the system is in thermal equilibrium with the surroundings, (n,-n,)
=N,. Under such conditions stimulation by radiation will result in a
net absorption rate given by 2N,p. In order to obtain stimulated emis-
sion of radiation, n, must be greater than n,, and the system must be

put in a state of “negative temperature” according to the eguilibrium

h¥
distribution ?12 =¢ &T Purcell and Pound (1951) first succeeded in

the inverison of a nuclear spin system in a non-adiabatic fashion, and
they described the inverted thermal distribution of spin population as
ata “negative temperature”. The first unsuccessful attempt to invert the
electron spin system by the technique of adiabatic fast passage, used by
Bloch . (1946) in nuclear induction, was performed by Combrisson,
Honig, and Townes (1956) using paramagnetism of p-donor spins of
phosphorus-doped silicon. The key to the successful experiment of
Purcell and Pound is found in the long reléxation times of the nuclear
- spin system of the lithium floride (LiF) crystal they used. The reported
spin-lattice time T, and spin-spin relaxation time T, at a tem‘peratjure

arouud I°K are about 15 seconds and 5lb of a millisecond (even in zero
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field) respectively. The latter time is sufficiently long since a small
magnetic field can be reversed in a much shorter interval. At room
temperature the Li7 spins of a crystal LiF showed a spin-relaxation
time of several minutes which is quite independent of the magnetic
field in which the crystal is present. The reason for the unsuccessful
attempt of Combrisson et al in the electron spin case is that the
relaxation times of the phosporous-doped silicon crystal they used are
too short because of the inhomogeneous broadening due to isotopic
impurity of silicon. Feher, Gordon, Buehler, Geve, and Thurnond (1958)
later succseded in the inversion of an electron spin system, using also
the phosphorus doped silicon, by lengthening its relaxation times or
narrowing its line width through the use of a crystal of isotopically
purified silicon. As a .result the condition of oscillation was satisfied
and a spontaneous emission of radiation was obtained from the electron
spin system. Chester, Wagner, and Castle (1958) operated successfully a
two-level solid-state Maser using single crystals of quartz and of mag-
nesium oxide, each irradiated with neutrons to introduce paramagnetic
defects. Inversion of the electron spin population was achieved by Chester
et al using the technique of adiabatic fast passage in which the magnetic
field was swept through resonance.

One of the methods of obtaining the state of spin inversion or negative
temperature is termed as non-adiabatic field reversal. It is obvious
that this technique of achieving negative temperature for spin system
can be applied to electronic case on the condition that the field
reversal can be accomplished within a time which is short in
Vcomparison with the spin-spin relaxation time of the electron spin-
system in question. This sudden field reversal in the electron spin
system is not as easy as that in the nuclear spin system since the spin-
spin relaxation time of the former is usually much smaller than the
latter. Although this technique has the advantage of requiring no
microwave field, no practical application of the technique has been
carried out yet because of the difficulty involved in very short time

of field reversal.
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An alternative method of spin inversion is the adiabatic fast
passage technique, first introduced by Bloch (1946) in nuclear induction
study. In this method coherent microwave power of precessional fre-
quency o, with its magnetic field @I, perpendicular to the static
magnpetic field H, is introduced into the tuned cavity containing the
paramagnetic substance. There are two ways to achieve spin inversion
in this technique: (1) The frequency of the microwave field starts far
off resonance and is slowly swept through the resonance frequency
until it is far off resonance on the other side,and (2) The d-c magnetic
field starts far off resonance and is slowly swept through resonance
until it is far off resonance on the other side. The sweeping of
magnetic field H is entirely equivalent to that of frequency . In both
cases, inversion of the spin system results, whichever the direction of
sweep. In order to understand the phenomenon and to derive the
limiting conditions, it is instructive to adopt the coordinate system
rotating at an angular frequency o, with respect to the laboratory system
(Rabi, et al 1954).  Suppose H is slowly swept through resonance
from H, (initial) to H; (final), where both I and H; are far off from

Wo

r
The following diagrams will give a clear physical picture of the

the resonance value H= (y is called the gyromagnetic ratio).

phenomenon during the whole passage.

M H '
}N_
""" }{% Wo
< & :; | /f&/,\M Hi
4, H;=;z;% B
& |\
F S 00 //
LH L =H shy

Fig. 2. Three successive views of adiabatic fast
passage in rotating coordinates. (H

sweeping through resonance.)



% — | AREFAXBIREBERE s

SIIGL IV ICNIELICN I G LIS LICIIEIICIICRICIICH 3G IICN I IEERIGIICLIGLICIIGIICLICLICL I ICRIGCNICRIGLIGAICHITIIELD

He
w,
?
- Hef _%7;._ }/f
<[ —
i /%
e
ey
Lo F
y: <H

Fig. 3. Three successive views of adiabatic fast

passage in rotating coordinates. (e sweeping
through resonance).
The resultant effcetive field, H,+ (H—i—%), seen by the spin system

in the rotating coordinates, behaves in the manner depicted in Figs 2
and 3 during the fast passage The magnetization vector M innmitially
aligned in the direction of H will now precess about Hey at the

Larmor frequency, where

9= Hur=Y3[H24-(H+ 53

when H sweeps through resonance, H=H(t) is a function of time. In
order that the spin inversion may occur in adiabatic fashion it is necessary
that the time required for the precession of the magnetization M about
the effective field H,, must be short in comparison with the time
required to sweep H through the resonance. In other words, M will
follow the changes in H,, adiabatically if M nutates many revolutions
about H,, for each infitesimal change of H,,. Under such conditions
M can closely trail H,; without getting lost and the angle ¢ between
M and Heff can be maintained approximately constant in order

ensure inversion. The time required for the nutation of N about H,,

f 2T 27 , | Here ! :
is t=",, = .. and that for the passage t,= éHeifq-Accordmgly,
dt

2 Hess Hesr

i | Tlarr |7 TdH|
I dt Pooidt
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or ’ Y\Heff) (39)

Since the minimum value of H, is H, the adiabiatic condition

can be written as

] %If 1 YH 2 (40)
The condition of equation (40) can also be derived in slightly different
arguments. This will be done in order to have more insight into the
problem. In order that M can follow closely the change of H,, in direc-
tions’ it is necessary that the change of the angle of nutation® about
H o be large during the period of passage t,; i.e,

@=0t, >>1

or Here |
(YHeee) | dHege | D1 41y
dt

which is equivalent to (39) and (40). To state the problem in yet another

way, one can say that in order to have proper spin reversal, the angular
. . d
velocity of the nutation of M about H,y, ‘—(—5-. must be much faster

than the angular velocity of H,,. g%, where & is the angle between H

and H 4. Hence, one requires

do do
I == YH >~ a (42)
but .
ana
H(t)—(T
and .
da H, |{dI ( 1) | IL dg,
CHeff) [ eff) dt .
Therefore
H, {dH
YHeff>>‘ITI;‘f‘ “de { (43)

which is again in accord with equations (39) to (40). Thus, if H and
H; are taken suffciently far off the resonance value, then 6, being
small initially, remains small at the end of the “slow” passage and
substanially complete inversion of the magnetization vector M will

result. This adiabatic condition given by equation (40) imposes an
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upper limit on the sweep rate, and it will be shown that the lower
limit is fixed by the transverse relaxation machanism.

To simplify the explanantion, let the inhomcgeneous broadening be
neglected so that the total transverse relaxation time is just T,. Furthe-
rmore, let the spin-relaxation time T, be neglected also since T, usually
is much larger than T,. it is clear that during the passage through
resonance transverse magnetization must be present because of the
inversion. Then, in order to invert M successfully in adiabatic fashion,
it is necessary that the passage time t,, during which M has noen-
negligible transverse components, be small compared to T, Hence, -

Heff Heff

t dH; dH(t) (<<T2 : (44}
dr L dt
The maximum of the transverse component of H,, is H, hence,
aH Hl .
qt (45)

This, together with the adiabatic condition of equation (40), leads to

the requirement on the rate of the passage:
e <<‘ \<<7H2 e (46)

In turn the following restriction on H, is imposed according to the

inequalities of equation (46):

YHT»>>1 or H—; I;-~ 47

The interpretation of the equation (47) is that the microwave field H,
must be larger than the line width of the resonance in gauss. It is
recalled that equation (47) is derived by assuming no inhomogenceus
broadening and accordingly the “line width” here is meant the “packet
width”. Since yo=2x 107/gauss-sec. for electron spin systerh, we have

H >>5~~>—<~1£~ gauss (48)
T,

with T, in seconds.
Another requirement in connection with the relaxation time T,
may be necessary if T, is smaller than T, (including effects due io

inhomogeneous broadening). In this case the passage time must be small
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compared with T, so that the inversion is completed before the competing
relaxation processes can restore the system to thermal equilibrium.

The effect of radiation damping in the process of spin inversion’
must be mentioned here. When a spin system is exposed to a
microwave field, there is a reaction due to the coupling of the spin
system and its own radiation field. In order to ensure population in-
version, the driving field H, must be much larger than the maxmum
radiation field of the spin system. In such case the spin system will
continue to follow the driving field even in the event of complete
destructive interference between the driving field and radiation field.
Bloom (1957) has given a detailed analysis on the effects of radiation
daraping on spin dynamics. A

The method of achieving the state of spin inversion or negative
temperature in a three-level solid-state Maser as proposed by Bloem-
bergen (1956) is to saturate the transition between the outer pair of
levels in order to obtain population inversion between the inner pair
of levels. The three unequally spaced energy levels are related as
follows: E;>E,>E,. The resonance freqnencies are:

hpy=E;~E,, hyg,=E;~E,, hyy=E,~E,.
If the system is pumped at frequency v, and signal frequency is yy,,
results anologaus to equations (37) and (38) are obtained:

d

, &23, =W ip(0y — 15— Nyg) + Wos(ny — 1y — Ny + po, (0, —10y) + pan(n, —ny)

71? = Wys(oy—n,— Ny, )+ W21<n1 =y Npp) +pa(n5—n,)

dlig ' <49>
“de = Ws(n—10;—Nyp) + Wy (n, — 1, — Ny + pgy (g — n,)

Where N’s are the equilibrium difference population between' a cor-
responding pair of levels,
P’s are the stimulated absorption and emission probabilites between
a corresponding pair of levels,
W’s describe the tandency to “relax” from a given population
unbalance to the equilibriam unbalance between a corresponding

pair of levels.
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If the pumping at frequency y,; saturates and therefore equalizes the
populations of levels 1 and 3, the population n, is now larger than
the population n,. Accordingly the state of “negative temperatine” is
obtained between levels 3 and 2 and Maser action exists between these

two levels. For the conditions W,>>W’s and p,,, the steady-state
dn; _ dn, dns

dt ~ dt  dt
(ny—n,). This population unbalance will be positive, corresponding to
stimulated emission at freqnency ;. Many three-level solid-state
Masers have been operated with success by this “pumping” technique.
The chief advantage of the three level Maser lies in the fact that it

offers continuous operation, while the two-level Maser can only have

=0) solutions give the required population unbalance

an intermittent performance.

Present Status

Even though this quantum-mechanical device is still in its infant
stage, considerable attention has been directed toward it in both the
research and development phases. One of the major interests in

" Maser amplification lies in the fact that the amplification thus obtained
has extremely low excess noise. Thus Masers offer the possibility of
greater ultimate sensitivity in the fields of radio astronomy, radar,
communication etc. In addition, Masers can be designed to oscillate
at an extremely stable frequency and thus provide the means for very
accurate time standards. In addition to its technical improvement in
the engineering aspect, research effort has been emphasized in search
of suitable paramagnetic substances for Maser operation. In the last
decade, although tremendous amounts of activity have been directed into
the paramagnetic resonance research, the information relevant to-the
materials useful for Maser operation is surprisingly scarce. This is
mainly due to the fact that the frequencies of transition are of primary
interest. in paramagnetic resonance. Knowledge of spin-lattice relaxation

time T, and spin-spin relaxation time T, of paramagretic materials is
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important in choosing Maser materials. An accarate theory for eval-
vating T, and T, is not available yet whereas measurements of T, are
rather difficult and values of T, are therefore usually reported by order
of magnitude. Since most paramagnetic resononces are inhomogeuonsly
broadened, the reported spin-spin relaxation times are always T35 (spin-
spin relaxation time with inhomogeneous broadening) and not T,
Knowledge of T, is important in determining the feasibility of inver-
sion by adiabatic fast passage technique.

Feher (1958) succeeded in obtaining spontaneous emission of rad-
iation from electron spins of doped silicon, wherear Chester et al
(1958) wusing F centers (MgO irradiated by neutrons) succeeded in
operating a two level Maser. Although two paramagnetic salts (a
crystal of lanthanum ethyl sulphate doped with gadolinium ions, and a
crystal of potassium cobalti-cyanide doped with chromium ions) have
been used in the successful operation of three-level Masers, successful
two-level Maser using paramagnetic salts has not been reported yet.
Comparatively speaking, the requirements for the choice of material
for two-level Masers is less stringent than those for three-level Masers,
since the ratio of pumping frequency and signal frequency is more
or less restricted by available microwave microwave generators and
equipment. However, the fact that an exact information of T, is
important in the adiabatic fast passage technique for two-level Masers,
makes the selection of material for two-level Masers rather aimless
because T, has not been investigated at all for almost all paramagnetic
salts, - In addition the conditions of equation (46) for adiabatic fast
passage are usually very difficult to satisfy in an electron spin system.
Another difficulty is that the relaxation times generally encountered
in electron spin systems are much too short. In most cases electron
spin resonances are inhomogeneously broadened for various reasons
and therefore yield rather short T,*’s. Combrisson et al (1956) could
not invert the spins of doped silicon because of too short T,*, while
Feher et al (1958) obtained the spin inversion in the same material
by lengthening - T,* through isotopic purification of the silicon
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sample. Usually T, can be lengthened by reducing the concentration
of paramagnetic spins.
It is clear that further development of Masers leans heavily on the

research of paramagnetic substances suitable for Maser performance.
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