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SYNOPSIS 

In 195~ the invention of the ammonia molecular beam maser 

oscillator. through Charles Hard TOWNES and co-workers and Nikolai 

Gennadievich BASOV and Alexander Mikhailovich PROKHOROV.opened a new 

area of applied physics. the field of quantum electronics. Ten years 

later the importance of the invention of the new device which consists 

essentially of a microwave resonator and excited ammonia molecules 

which pass through the resonator was acknowledged by the award of 

the 196~ NOBEL Prize in physics to the above workers. 

Soon after the invention of the maser principle. an ammonia 

beam maser utilizing separated emission fields was brought into 

operation. a device which consists of two separated microwave resonators 

through which the ammonia beam maser passes in succession. It is 

now well known that this two-cavity variant has great practical 

advantages over the original one-cavity ammonia beam maser. 

However, not all of the macroscopic effects observed using 

the two-cavity ammonia beam maser could be explained in a straight­

forward manner. One of the more obscure effects presents itself as 

follows: If the frequency of the auto-oscillation in the first 

resonator is detuned from one side of the possible frequency range 

in which generation OCcurS to the other then the intensity of the 

electromagnetic radiation in the second cavity can go through two 

maxima. with a gap in the middle. 
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This effect, the "double-hump detuning phenomenon", which 

was first observed by the Russian research group of BASOV in 1962, 

has since then been a challenge to several theoretical and experimental 

workers. BASOV and co-workers themselves made two different attempts 

in order to explain this phenomenon. At the Third International 

Conference on Quantum Electronics, held in Paris in 1963, this team 

reported that the effect might occur because the transition probability 

of the molecules passing through the second resonator depends on the 

degree of excitation of the first cavity. However, in 1967 BASOV and 

co-workers published a paper where it is suggested that the double·hump 

detuning phenomenon might well arise because of the interference which 

occurs between the emissions from molecules which move with different 

velocities and radiate fields with different phases. 

On the other hand, research activities in fields other than 

microwave spectroscopy have made it possible to devise masers which 

are similar to the ammonia beam maser in that excited particles pass 

through a tuned resonant component, but which emit at quite different 

frequencies, e.g. in the audio-frequency ranee or in the mm wave range. 

However, up to now none of these different maserS has been furnished 

with a successive resonator. 

It is the purpose of this thesis to report for the first time 

the successful operation of a tandem maser which is not a two-cavity 

molecular beam maser. The author devised and investigated a maser where 

excited protons in water pass successively through two tuned solenoids. 
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The system is based on a conventional proton magnetometer maser 

oscillating in the magnetic field of the earth at a frequency near 

to 2 kHz. 

The general result of the investigation is that despite 

the enormous frequency difference (audio-frequency compared with a 

microwave frequency) the two coil nuclear maser behaves in much the 

same way as a two cavity ammonia beam maser. For the two-coil 

nuclear maser the double-hump de tuning phenomenon can be explained 

in terms of the motion of the macroscopic nuclear magnetization. and 

an analysis by means of BLOCH's equations is possible. It is shown 

that the double-hump detuning phenomenon is produced by a fundamental 

radiation process occurring in the first emission coil and. therefore. 

that it is not a second-order effect such as could occur because of 

the non-uniform velocity distribution of the excited particles. 

It is also shown that for the two-resonator ammonia beam maser the 

detuning phenomenon can be explained in terms of quantum mechanical 

probabilities, when a uniform velocity distribution of the ammonia 

molecules is assumed. Those results agree qualitatively with the 

results which have been obtained using BLOCH's equations and which 

have been verified experimentally by means of the two-coil nuclear 

maser. 

A second distinctive feature of the conventional two-cavity 

ammonia beam maser is that if the first resonator is sufficiently 

detuned, generation in the second resonator can take place simultaneously 
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at two different frequencies. The analogous effect has been observed 

using the two-coil nuclear maser. 

The conventional one-coil nuclear maser which is currently 

used as a magnetometer has the disadvantage that it does not offer a 

suitable criterion for tuning the oscillation frequency accurately 

to the LAru10R frequency. For the two-cavity ammonia beam maser it 

has previously been proposed to modulate mechanically the inter-cavity 

distance and to use zero phase modulation as a means of tuning the 

maser frequency accurately to the centre frequency of the molecular 

transition. It is shown that by modulating mechanically the inter­

coil distance of the two-coil nuclear maser. a suitable tuning 

criterion can be obtained in an analogous manner. A second tuning 

criterion is offered by the double-hump detuning phenomenon. 

In Chapter I the maser principle is discussed using a 

classical model. and the different maser types which are of interest 

in the context of this thesis are enumerated. Chapter II contains 

a review of previous work on two-cavity ammonia beam masers. 

Chapter III reviews the conventional theory of nuclear masers. 

In Chapters IV to IX the two-coil nuclear maser is investigated. 

Chapter X contains a general discussion of the two-resonator maser 

problem in terms of quantum-mechanical probabilities. Some general 

remarks concerning practical applications of two-resonator masers 

are made. The conclusions are summarized in a final section. 
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CHAPTER I 

INTRODUCTION TO FLOW MASERS 

1.1 Introduction 

Flow masers with separated emission fields belong to a 

class of more complicated maser devices which can be derived from some 

basic maser types. In this introductory chapter first a definition of 

a flow maser with separated emission fields is given, and thereafter 

the maser principle is discussed qualitatively with the aid of a 

macroscopic model. The basic flow masers are enumerated. 

1.2 Definitions 

The maser, being an acronym for "molecular amplification 

by stimulated emission of radiation" (TOWNES 1964) is a generator or 

amplifier of electro-magnetic energy. The essential components of 

this device are a resonant component and appropriate excited atoms 

or molecules which are present inside the resonant component. 

Depending on the operation frequency involved, the resonant component 

may be a tuned radio-frequency coil (solenoid), a tuned parallel-plate 

condenser, a microwave cavity or a parallel-plate resonator (FABRY­

PEROT resonator). The excited atoms may be part of a solid, gas or 

liquid. If these atoms are contained in a stationary sample, the 

system might be called a stationary maser. For example, crystal 
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masers or gas cell masers belong to this class. If the atoms remain 

inside the resonant component for a limited time only, the device is 

hereinafter called a flow maser. Examples of flow masers are liquid 

flow masers, gas diffusion masers and beam masers. In these latter 

cases the atoms enter the resonant component in an excited state and 

leave it in general partly de-excited, i.e. the fraction of atoms in 

the state of lower energy has increased but has not reached its thermal-

equilibrium value. If the partly de-excited atoms emerging from the 

resonant component are utilized to provoke maser action in a further 

resonant component, a device results which hereafter is referred to as 

a flow maser with separated emission fields. Optical masers, or lasers, 

are excluded from the following, although the realization of a flow 

maser with separated emission fields is in principle not limited to 

particular frequency ranges. 

1.3 Basic Maser Principle* 

It is known that atoms, ions and molecules exist in certain 

stationary states characterized by discrete energy levels El , E2, •••• 

and that they are capable of significant interaction with electromagnetic 

energy of frequency v, if the BOHR frequency condition hv = E - E is 
m n 

satisfied for some pairs of levels. According to EINSTEIN, the 

------------------------------------------------------------------------
* Introductory treatments of masers are now found in numerous 

textbooks, e.g. SINGER 1959, TROUP 1959, YARIV 1967. 
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emission of radiation from atoms is made by two different mechanisms 

by incoherent spontaneous emission and by coherent induced or stimulated 

emission. Stimulated emission can be regarded as the inverse of 

absorption, and hence is sometimes called "negative absorption". 

Both stimulated emission and absorption are provoked by the presence 

of radiation in the environment of the atoms, the stimulated emission 

being proportional to the population of the state of higher energy. 

the absorption being proportional to the population of the state of 

lower energy. In a solid, liquid or gas in thermal equilibrium the 

relative population of atomic energy states is governed by the 

BOLTZMANN distribution which predicts for any pOSitive absolute 

temperature a hieher population for the state of lower energy. 

Hence in all substances which are in thermal equilibrium absorption 

is predominant. 

However, there exist a number of techniques (Section 1.5) 

which upset thermal equilibrium and achieve "population inversion" 

in certain gases. liquids and solids. If population inversion is 

achieved. i.e. if the popUlation of the upper energy level is made 

larger than the population of the lower one, stimulated emission 

becomes predominant and can be utilized for amplification purposes. 

In order to obtain generation, one produces positive feedback by some 

resonant circuit and ensures that the energy gained from the energy 

state pair via stimulated atomic transitions is greater than the 

cireui t losses (GORDON. ZEIGER and TmTNES 195~). 
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1.4 Hacroscopic Embodiment of the Maser Principle 

It is possible to obtain a physical picture of the dynamics 

of the system 'excited atoms - resonant circuit' by considering a 

"macroscopic maser" which was recently proposed by DEl1HELT (1968). 

In this mechanical model, see Fig. 1, the resonant circuit is simulated 

by a rigid pendulum which oscillates in the plane of the drawine. 

In place of an atom, a loaded gyroscope is chosen whose precession 

frequency due to the gravitational pull on the load H is equal to the 

pendulum's frequency of oscillation. In Fig. 1 the "excited" state is 

shown, Le. the vector A which points from the centre point of the 

suspension to H is directed upwards. In the equilibrium state A 
would point downwards. 

theorems: 

THEOREH 1 

THEOREt1 2 

The choice of a gyroscope is justified by two fundamental 

Any two level atomic system,as far as its motion is 

concerned, is equivalent to a spin ~ precessing in a 

magnetic field. 

In a magnetic field, the motion of a spin ; is equivalent 

to the motion of a macroscopic magnetized gyroscope. 

The first theorem can be proved quantum-mechanically (FEYN~~, 

VERNON and HELLWARTH 1957) and is experimentally well established. 

It led, for example, to many attempts (MACOMBER 1968) to find the 

optical analogues of numerous transient phenomena which have previously 

been observed in the field of nuclear magnetic resonance (NHR) and 



LOADED GYRO PENDULUM 

FIG. 1. Macroscopic maser. Af ter H. G. 

DEHMELT: Am. J. Phys. 36 (1968)911. 



5 

which are there well understood. The most dramatic success has been 

the observation of photon echoes (KUru{IT, ABELLA and HARTrVUIN 1964), 

analogous to NMR spin echoes (HAHN 1950), in a laser illuminated 

ruby crystal, where the precession of the dipole-moment during a 

stimulated electric-dipole transition can not as in the magnetic case 

of a spin i be visualized as happening in real physical space. 

The second theorem is also well known (BLOCH 1946). 

DEHMELT proposes to couple the two macroscopic systems by 

means of a light soft spring which carries a point on a rod of the 

pendulum close to the fulcrum to a point on the axis of the gyroscope. 

The excitation of the pendulum would then be nearly proportional to 

• h + i the rotatlng component of t e vector As and the macroscop c maser 

would simulate the excitation of a resonant circuit by the fluctuating 

atomic dipole moment which appears during a stimulated atomic transition. 

With A pointing initially upwards, energy can flow from the 

gyroscope to the pendulum, combined with a gradual tilting of A 
towards its equilibrium position of lowest energy. Since this process 

will be triggered off by some random motion, a transient excitation 

of the pendulum results. Any excited two-level atomic system coupled 

to a resonant circuit shows this transient maser action, for example 

excited protons in a drop of benzene contained in a tuned radio­

frequency coil which is located in a magnetic field (SZOKE and MEIBOOM 

1958). 



6 

The process of A tilting downwards is reversible, i.e. a 

"w pulse" (HAHN 1950) from an external oscillator would swing the 

gyroscope from its equilibrium position of lowest energy into its 

"excited" state. The same result can be achieved by the method of 

"sudden (here gravitational) field reversal" (PURCELL and POUND 1951) 

which was first applied to achieve population inversion of the 7Li 

nuclei in a crystal of lithium fluoride. 

Concerning the time in which A tilts downHards, it will 

flip over at a faster rate the lower the friction in the fulcrum of 

the pendulum. In fact theory (BLOEMBERGEN and POUND 1954) shows that 

the "radiation damping" time of a system 'excited atoms - tuned 

circuit' is inversely proportional to the quality factor of the circuit. 

In order to achieve continuous maser oscillation, one has to 

replace continuously the gyroscope. This can be done at a random rate, 

since the initial phase of the rotating component of A is always and 

only determined by the phase of the oscillating pendulum. Hence any 

randomly arriving "excited" gyroscope "radiates" its energy into the 

same phase, i.e. the "atoms" co-operate (DICKE 1954) in the process of 

establishing a coherent "emission field". Maser generation could be 

described as "phase-locked stimulated emission of radiation". 

One could simulate the random arrival of excited atoms at the resonant 
+ 

component as well by forcing A at a random rate into its upright 

position. 
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DEH}~LT'S macroscopic maser is a fair analogue of a real 

maser. In fact in a magnetic maser ther(;: is also the gyroscope like 

precession of a vector (magnetic-dipole moment) about the direction of 

a constant (magnetic) field <Chapter III ff.). There are however also 

masers which operate on an electric-dipole transition. In the latter 

case the motion of the electric-dipole moment during a stimulated 

transition is difficult to visualize. However, according to FEYNl-lAN, 

VERNON and HELLWARTH (1957), it is nevertheless possible to understand 

this motion as a precession about the direction of some "effective" 

field in an abstract space. 

In the masers available the methods applied to achieve 

popUlation inversion of the two energy levels often differ from each 

other considerably. This does hOl-lever not alter the fact that 

DEHHELT's macroscopic maser is an analogue of each of them. In the 

following section the basic flow masers are enumerated and the different 

inversion techniques are briefly mentioned. A detailed description of 

a magnetic maser will be given in the course of this thesis. 

1.5 The Basic Flow Hasers 

In the first successful maser (GORDOn. ZEIGER and TOWNES 

195~) population inversion was obtained by spatial separation of 

ammonia molecules in different energy states. The ammonia molecule has 

a pair of energy levels which are separated by 23.870 GHz. The electric 

dipole moment of the molecule has opposite sign in each of the two 
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states of this pair, which is called an inversion doublet. Like many 

other molecules, the ammonia molecule exhibits the quadratic STARK 

splitting of its energy levels, i.e. if the molecule is brought into a 

an electrostatic field £ then the energy of the upper level increases 

with £2 while the energy of the lower level decreases with £2. 

In order to achieve spatial separation of the molecules being in 

different energy states, one can send a beam of molecules through a 

strongly inhomogeneous electrostatic field in Hhich £2 has a large field 

gradient perpendicular to the flo\ol direction. The molecules in the 

lower energy state will then be deflected spatially towards field regions 

of higher £2, and the molecules in the higher energy state will be 

deflected towards field regions of lower £2. Hence by passing a beam 

of ammonia molecules tt.rough an electrostatic focuser TOWNES and co­

workers were able to remove the ammonia molecules being in the state of 

IOl-ler energy from the molecular beam. The beam of the remaining excited 

ammonia molecules possessing the negative dipole moment passed through 

a microwave cavity tuned to the above transition frequency of the 

inversion doublet. If the power emitted by the molecules was larger 

than the power losses caused by eddy currents circulating in the cavity 

walls, microwave amplification could be achieved. If the power emitted 

by the molecules was larger than the sum of the power dissipated in the 

cavity walls and the power escaping through the coupling hole of the 

cavity, stable auto-oscillations were observed. 
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By utilizing other molecules, e.g. formaldehyde, the 

principle of the molecular beam maser operating on an electric dipole 

transition can be applied in the megahertz frequency range (SHIUODA, 

TAKUMA and SHIMIZU 1960) as well as in tIle rom-wave range (MARCUSE 1961). 

While in the former case the spatially separated excited molecules pass 

through a parallel-plate condenser tuned by a radio-frequency coil, in 

the latter case the excited molecules pass through a parallel plate 

resonator (FABRY-PEROT resonator). 

As was first demonstrated by STERN and GERIA CH (1924) a 

beam of magnetic particles can be separated spatially in an inhomogeneous 

magnetic field. This is used in the atomic hydrogen beam maser (GOLDEN-

BERG, KLEPPNER and RAHStY 1960) where atoms in a higher magnetic state 

pass into a microwave cavity. This maser operates on a magnetic-

dipole transition between "hyperfine" levels of the hydrogen ground 

state which are produced by the interaction of the electron and proton 

spins. The operation frequency is 1.420 GHz. A quantum-mechanical 

formula states that the transition probability per unit time for a 

maenetic dipole bathed in radiation of the frequency required to cause 

transitions, is proportional to the square of the matrix element of the 

component of the magnetic-dipole moment parallel to the radiation field. 
; 

This matrix element of the magnetic-dipole moment of the hydrogen atom 

is smaller than for electric-dipole transitions of molecules by about 

two orders of magnitude, and in order to compensate its smallness it 

is necessary either to increase the beam flux by a factor of about 10~ 
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or to increase the residence time of the hydrogen atoms in the cavity 

by a factor of about 100. In the hydrogen maser this problem is 

solved by greatly increasing the residence time (to 1 sec compared with 

about 10-4 sec in a molecular beam maser) through the use of a storage 

bulb located inside the microwave cavity. The hydrogen beam enters 

the storage bulb through an orifice,and after many wall collisions 

the atoms leave through the same orifice. 

In the first magnetic maser to operate on a nuclear magnetic­

dipole transition (ABRAGAM. SOL0l10N and COMBRISSON 1957) the active 

material was an aqueous solution of the peroxylamine disulphate ion 

(SOa)2NO--, inserted into a tuned solenoid, in a weak magnetic field, 

e.g. the magnetic field of the earth. The electron spin of this ion 

experiences a magnetic field from the nitrogen nucleus which is larger 

than the external field. It gives rise to a pair of energy levels 

which are separated by 56 MHz. The proton spin of the water in the 

earth's magnetic field produces a pair of energy levels which are 

separated by about 2 kHz. If the 56 MHz electron spin resonance is 

saturated by means of a large radio-frequency magnetic field oscillating 

at 56 ~1Hz, then the result is a large negative nuclear magnetic polar­

isation of the substance, i.e. the popUlations of the levels of the 

2 kHz nuclear ZEEI1AN transition are not only inverted but also 

considerably re-distributed with respect to the corresponding thermal­

equilibrium popUlations. This phenomenon which is called the dipolar 

OVERHAUSER effect is tightly connected with the paramagnetic relaxation 
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of the ion. In the earth's magnetic field this maser oscillates at a 

frequency near to 2 kHz. It can be operated both as a stationary 

maser and as a flow maser (PEPIU 1968). A similar nuclear maser 

oscillating in a large magnetic field at a corresponding higher 

frequency has been described by GN~SSEN (1962). 

Dynamic polarization by means of the OVERHAUSER effect 

is not the sole method available to obtain a strong negative nuclear 

magnetic polarization in a liquid. At high magnetic fields and room 

temperature uncancelled proton spins are provided in sufficient numbers 

by such convenient liquids as water and benzene. BENOIT (1958. 1959) 

devised an efficient flow system where the liquid maser medium. tap 

water for example. passes first through the pole gap of a strong 

electromagnet, where the liquid is prepolarized, and then into a tube 

through which the liquid flows out of the field. At the edge of the 

magnet an auxiliary coil is wrapped around the tube. The terminals of 

this coil are connected to an external low frequency oscillator. 

As the liquid passes through the coil the macroscopic nuclear magneti­

zation inverts by "adiabatic fast passage" in the low frequency field 

which excites this inversion in the inhomogeneous fringe field of the 

magnet. The excited protons can then be used to produce maser 

oscillations in a tuned radio frequency coil located in a weaker 

direction field some meters away or located between the pole faces of 

the prepolarizing magnet itself. For the case that the emission coil 

was placed in a weak field, maser oscillations could still be observed 
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at a field as small as 0.06 gauss, and the frequency of oscillation 

was then as low as 250 Hz. In the earth's magnetic field of about 

0.5 gauss the frequency of oscillation is near to 2 kHz. In a 

large field of 7000 gauss the frequency of oscillation is about 

3011Hz. This maser type will be discussed in more detail in Chapters 

IV and V. 

A nuclear flow maser utilizing 3He nuclei (spin !) is also 

possible. COLGROVE, SCHAERER and HALTERS (1963) found that by 

transferring angular momentum from circularly polarized "optical 

pumping" light to helium-3 in a magnetic field, both an enhancement 

and an inversion of the nuclear magnetic polarization of this gas 

can be achieved. This is made possible through the phenomenon of "spin 

exchange", i.e. transfer of orientation from one species of atom to 

another by collision. ROBINSON and MYINT (1964) utilized this pumping 

method in order to devise a helium-3 nuclear maser. The helium-3 gas 

was confined to two glass bulbs, 3.5 cm in diameter, and a thin 

diffusion pipe connecting the bulbs. In one of the spheres population 

inversion was achieved by optical pumping, the other bulb was placed 

inside a radio-frequency coil tuned to the nuclear ZEEMAN transition. 

This separation of optical orientation and stimulated emission is 

arranged in order to prevent the pumping inducing frequency shifts. 

With a magnetic direction field of 32 gauss the frequency of oscillation 

was 103 kHz. 
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All masers enumerated here can be applied as stable 

oscillators and for spectrometric purposes. The hydrogen maser is 

at present the most accurate frequency standard; its long-term 

fractional variations are not larger than about 10-13 • The nuclear 

masers find in addition applications as accurate magnetometers and 

b • -6 gyrometers, the accuracy e1ng about 10 • 

Stationary masers are not relevant to the following. 

The two stationary types are BLOElffiBRGEN's (1955) three-level solid 

state maser (low noise microwave amplifier) and the optically pumped 

rubidium gas cell maser (atomic frequency standard) of DAVIDOVITS (1964). 

1.6 Summary 

The types of flow masers available at the present time are 

the beam masers, the liquid flow nuclear masers and the helium-3 

diffusion nuclear maser. With the exception of molecular beam masers 

which operate on an electric-dipole transition, all flow masers 

enumerated utilize a magnetic-dipole transition. Although in some 

cases more than two energy levels are utilized in order to achieve 

population inversion, the actual maser action occurs always between 

two levels only. Theorem I stresses a certain analogy which exists 

between all of these masers. 
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CHAPTI:R II 

PREVIOUS HORK ON FLm-l HASLRS WITH SEPARATED E!lISSION FIELDS 

2.1 Introduction 

After the advent of the ammonia beam maser in 1954, 

experimental interest in the characteristics of the flow of ammonia 

molecules emerging from the cavity of an oscillating ammonia maser led 

to the construction of the first two-cavity ammonia beam maser. 

The behaviour of this type of system, which was found to be rather 

complex, has been investigated by several workers. Practical 

applications other than in the investigation of general radiation 

processes were also realized or proposed. However, among the effects 

observed there is at least one \-lhich still needs cogent explanation: 

the "double-hump detuning phenomena" observed in the second cavity 

as the first cavity is gradually detuned. The purpose of this chapter 

is to give a critical review of the previous work on two-cavity 

ammonia beam mascI's. In fact as far as literature indicates, up to 

now only the ammonia beam maser has been operated with tandem resonators~ 

2.2 HIGA's Experiment 

The first to operate an ammonia beam maser with cascaded 

cavities \-las HIGA (1957). In this experiment a beam of excited ammonia 

molecules passed first through the normal maser cavity and then, a few 

centimeters away. through a second cavity. It was observed that: 
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a) maser oscillations can occur simultaneously in both resonators; 

1.» as the first cavity is tuned away from the "centre of gravity" of 

the molecular resonance line, the frequency of oscillations in the 

second cavity follows precisely the frequency of oscillation in 

the first resonator; 

c) when the first cavity is detuned sufficiently, two different 

oscillations can build up in the second cavity. dt the frequency 

at which the first resonator oscillates and at the centre of 

eravity of the molecular resonance line. 

As is usual for ammonia beam masers, cylindrical cavities 

were used. The above phenomena arc, however, not produced by radiation 

which escapes through the open ends of the first cavity and which is 

picked up by the second cavity. Such direct electromagnetic coupling 

can be avoided by the use of close fitting end caps which have only a 

small orifice for the beam to pass through. 

The sole coupling present was via the molecular beam which 

is obviously in some particular dynamic state after emerging from the 

first cavity. HIGA was the first to use the expression "ringing" 

molecules in this context. In fact the dynamic behaviour of the 

molecules emerging from the first cavity is now generally termed 

"molecular ringing". 

Qualitative explanations of molecular ringing have been given 

by WELLS (1958), BASOV and ORAEVSKII (1962) and OI~EVSKII (1964, 1967) 

on the basis of quantum-mechanics. In order to understand this 
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phenomenon it is necessary to consider the radiation process in the 

first cavity. The electromagnetic field of radiation in the first 

cavity is coherent. This indicates that the emissions Qf the 

individual molecules do not occur independently from each other, or 

that the different molecules co-operate in establishing the coherent 

emission field in this cavity. This co-operation occurs because the 

different molecules interact indirectly with each other through the 

electromagnetic field of radiation which they produce as a whole. 

In other words, the radiation field in the first resonator produces 

states ·with definite coherent phase relations between the individual 

molecules. These phase relations which are impressed on the molecular 

beam in the first cavity are preserved asthe molecules emerge from its 

exit. The emerging molecules are in a coherent dynamic state, or 

"superradiant" state (DICKE 1954), and the "ringing" frequency equals 

the frequency of the auto-oscillation in the first resonator. The 

second resonator is excited by the beam of ringing molecules, so that 

the frequency of oscillation in the second resonator equals the 

frequency of the auto-oscillation in the first resonator. 

According to WELLS, a crude explanation of the self­

modulation effect which leads to a beat note in the second cavity is 

as follows. As the first cavity is detuned the molecules enter the 

second resonator with a probability of being in the excited state 

considerably larger than!. Thus, if the second cavity is capable 

of producing auto-oscillations on its own. it will do so as though 
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the first cavity had been omitted. Since there will be nevertheless 

some ringing at the frequency of the auto-oscillation in the first 

cavity, two oscillations occur simultaneously in the second cavity. 

2.3 The Double-Hump Detuning Phenomenon 

Since HIGA's (1957) experiment molecular ringing has been 

a challenge to numerous experimental and theoretical workers. The main 

work on ammonia beam masers with two and more successive cavities was 

performed in the research group of Prof. BASOV at the Lebedev Institute 

in Moscow. STRAKHOVSKII and TATARENKOV (1962) and BASOV, ORAEVSKII, 

STRAKHOVSKII and TATARENKOV (l964a,b) investigated the dependence of 

the radiation power in the second cavity on the focusser voltage and 

on the detuning of the first cavity. Fig. 2 shows their experimental 

result including the "double-hump detuning phenomenon". It is seen 

that as the first cavity is detuned through its full oscillatory range, 

the intensity of the radiation in the second cavity can go through two 

maxima, with a gap in the middle. This double-hump detuning phenomenon 

occurs at a high focusser voltage. At low focusser voltages the 

dependence of the radiation intensity in the second cavity on the 

detuning of the first cavity is bell-shaped. 

In judging these curves one has to know that the number of 

spatially separated high-state molecules entering the first cavity 

increases approximately as the square of the focusser voltage (BARNES 

1959). The detuning characteristic of the first coil is ahlays bell-

shaped, regardless of the magnitude of the focusser voltage. 
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The bar-crossed tracks of the curves shown in Fig. 2 

indicate the region where HIGA's self-modulation effect occurs in 

the second cavity. 

The double-hump detuning phenomenon was observed independently 

from the above workers by LAIUE and SRIVASTAVA (l9G3) and also further 

investigated by SllITH and LAINE (1968). However. SMITH and LAINE 

(1966a.b) found also a double-hump detuning phenomenon for a low 

focusser voltage. and they suggest that this second cap might eventually 

arise from a hyper fine splitting of the inversion line. 

2.4 Theoretical Investigations of the Double-Hump Detunine Phenomenon 

In order to explain the complicated behaviour of two-cavity 

ammonia beam masers. BASOV and co-workers (1964a.b) attempted first a 

quantum-mechanical theory. A rouch estimate showed that if the first 

cavity is tuned exactly to the centre of gravity of the molecular 

resonance line then for a large electric field amplitude in the first 

cavity. the radiation intensity in the second cavity could eventually 

become zero, in agreement with experiment,(see Fig. 2). The double-

hump detuning phenomenon was. however, not explained, even qualitatively. 

While BASOV and co-workers used a classical description for 

the radiation field. LI TIE-CHENG and FM~G LI-ZHI (1964) utilized a 

theory where the radiation field was quantized. These latter workers 

predict that if the first cavity is de tuned through its full range, 

there should be certain frequency sectors for which no oscillations are 
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induced in the second cavity, and other frequency sectors for which 

oscillations in the second cavity should be allowed. The curves in 

Fig. 2 show however no discontinuities inside the frequency range of 

oscillations, and hence this theory could be only correct if the 

intensity curves represented in Fig. 2 were smeared out by some instru­

ment effect. However, the theory of these ~Iorkers does not also explain 

the appearance of a single hump at low focusser voltages (see Fig. 2) 

and hence does not appear to be satisfactory. 

Recently DASOV, ORAEVSKII and USPENSKII (1967) produced a 

new theory and attempted to explain the double-hump detuning phenomenon 

by "the interference (which) occurs between the emissions of molecules 

which move with different velocities and radiate fields with different 

phases". Th~predict that for zero detuning of the first cavity the 

radiation field in the second cavity might for a certain adjustment of 

all parameters involved become zero because of interference effects. 

They remark however: " ••• we are largely unclear up to now as to why a 

gap appears in the center of the line ("field amplitude in the second 

resonator as a function of the frequency detuning of the first resonator") 

at large screen voltages." 

It appears that much of this uncertainty about the origin of 

the double-hump detuning phenomenon is due to the fact that the theories 

produced for the two-cavity maser are rather difficult to check experi­

mentally, for several reasons. The output power of an ammonia maser is 

only about 10-10 watts and hence not easy to measure absolutely. It is 
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also difficult to measure the mean velocity of the molecules and hence 

the residence times the molecules spend inside the cavities. Because 

of the divergence of the molecular beam, not all molecules are able to 

reach the second cavity. The two cavities are placed inside a vacuum 

housing and hence the system is difficult to handle experimentally. 

Moreover, 11UKHAMEDGALIEVAand STRAKHOVSKII (1966) found recently that 

the vacuum housing acts on the molecules emerging from the first 

resonator like an "external" multimode resonator. 

2.5 Realised and Proposed Applications for Hulti-Cavity Beam Hasers 

Nevertheless, in the practical application as a frequency 

standard a series-cavity beam maser has great advantages over a one­

cavity beam maser. 

In any maser the phenomenon of frequency "pulling" occurs, 

i.e. when the maser is detuned or detunes itself then the maser 

oscillates neither on the exact molecular transition frequency nor on 

the natural resonant frequency of the resonator, but in between. 

If the cavity is detuned, then the actual frequency of oscillation 

depends both on the deeree of the detuning and on the quality factor 

of the resonant circuit. In order to reduce this frequency pulling 

BONAt1I, HERr1ANN, DE PRINS and KARTASCHOrr (1957) introduced the use of 

a parallel-cavity system consisting of two critically coupled cavities 

side by side, with the beam passing only through one cavity. In this 

arrangement the flat phase curve characteristic near resonance is used 
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for the reduction of the cavity pulling. (The same principle can be 

used to reduce the frequency pulling in a nuclear flow maser, 

HENUEQUIN 1961. Two critically coupled LC circuits are used in this 

case.) 

However, the quality factor of the system is affected by the 

load resistance, and there are perturbing influences from varying 

impedances reflected back into the cavity through the wave guide hole. 

As pointed out by REDER and BICKART (1960), this is particularly 

disturbing in a practical maser frequency standard in which the maser 

drives an electron frequency translator. Here the environmental 

conditions of shock and vibration tend to de-lock the system, and 

hence the coupling hole has to be larger than one would like to 

tolerate. Moreover, the cavity is usually tuned by electro-heating, 

and the need for an output waveguide sets a further problem to the 

temperature control. 

These problems are completely absent in a beam maser which 

uses two decoupled cavities in series. Here the tuning of the second 

resonator does not affect the molecular ringing frequency, and the 

coup line waveguide can be connected to the second resonator. 

BASOV and cO-Horkers observed that the gap in the double­

hump detuning phenomenon can reach zero only if the first cavity is 

exactly tuned to the centre of gravity of the molecular resonance line. 

Hence the double-hump detuning phenomenon of two-cavity masers can be 

utilized as a tuning criterion. The conventional tuning methods 
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(BECKER 1966) for one-cavity masers are rather complicated. VESELAGO, 

ORAEVSKII, STRAKHOVSKII and TATAREHKOV (1965) propose the use of 

distance modulation of the two cavities as a means of tuning the first 

cavity exactly to resonance. From theoretical considerations 

(ORAEVSKII 1965), the phase difference between the oscillations in 

the two cavities is given by 

(1) 

where wl is the frequency of oscillation in the first resonator, 

w21 is the centre frequency of the molecular transition, 61 i~ the 

inter-cavity distance, and v is the velocity of the molecular beam • . 
Assuming 61 = lOcm, v = 5 x 104cm/sec, w

l 
- w21 = lO-10w21 , then 

6~ = 2 x 10-4, corresponding to a phase change of about 0.01°. 

If this small angle could be measured it would be possible to tune the 

maser frequency "lith an accuracy of 10-10 • However, as far as 

literature indicates, up to now this latter tuning method has not been 

verified in practice. Besides the difficulty of measuring a phase 

angle as small as this, there is also the problem that moving parts in 

inside the vacuum housing affect slightly the ringine; frequency 

(MUKHAI1EDGALIEVA and STRAKHOVSKII 1966). 

DE PRIHS (1961) found that the stability of a maser 

frequency standard can be enhanced by the use of two oppositely 

directed, spatially overlapping beams, and similar experiments have 

also been carried out \'1ith two-cavity masers. 
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HUKHAiiEDGALIEVA, ORAEVSKII and STRAKHOVSKII (1965) devised 

a "molecular ringing amplifier", a two-cavity system with t,.o oppositely 

directed ammonia beams. The quality factor of the second cavity was 

kept low in order to prevent self-excitation in this resonator. 

The beam of ringirgmolecules emerging from the first resonator induced 

oscillations in the second cavity. These oscillations were found to 

be amplified by the oppositely directed intense beam of molecules. 

If the second cavity is also capable of auto-oscillations then this 

system has over a one-cavity maser clock the additional advantage that 

a condition of mutual synchronisation of the two radiation fields can 

be estab1i~hed (BELEHOV and ORAEVSKII 1966). This should also enhance 

the frequency stability. An experimental investigation of this type of 

system was recently reported by KROUPNOV, SKORTSOV and SINEGOUBKO (1968). 

SUCHKIN (1966) proposes the "moleculechron". a maser scheme 

uhich consists of an arbitrary number of single-beam, two-cavity masers 

coupled to each other by uaveguides containing ferrite isolators, each 

further stage enhancing the accuracy. However, as far as literature 

indicates, up to now this proposal has not been verified in practice. 

An application of two-cavity masers which is not directly 

relevant to the foUoHing is in the molecular spectrometry (DASOV, 

ORAEVSKII, STRAKHOVSKII and USPENSKII 1966 t KUKOLICH 1967). Here it 

is found that two-cavity masers can have a larger resolution power than 

conventional one-cavity maser spectrometers. 
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2.6 Summary and Conclusion 

Flow masers with separated emission fields are remarkable 

because of the great variety of types of operation that are in 

principle possible. However, as far as literature indicates, up to 

nO~-l only the ammonia beam maser has been furnished with tandem 

resonators, and only in this single case have steps been taken to 

exploit the possible advantages of separated emission fields. 

The phenomenon of "molecular ringing" as observed with two­

cavity ammonia beam masers has produced some macroscopic effects which 

still need cogent explanation. On the other hand, Theorem I I (Section 

1.4), suggests that the macroscopic phenomena produced by the ammonia 

molecules which are in a coherent superradiant state, should find their 

exact analogues in the macroscopic phenomena produced by an assembly of 

coherently precessing spin ~'s in a magnetic field, if the experimental 

conditions are analogous. 

This suggests investieating the possibility of constructing 

a two-resonator maser ",hich operates on a magnetic dipole transition. 

If this system can be realized and the analogy to a two-cavity ammonia 

beam maser be established, an anSHer to the open questions might 

eventually be found by analogous experiments. l1oreover, a two-resonator 

magnetic maser might perhaps find corresponding practical applications. 

In order to attack the problem, one could choose either a 

nuclear flow maser or the hydrogen maser as a startin~ base. The latter 

is not only difficult to build, but it also carries with it unnecessary 
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complications arising from electromaenetic field theory, or micro­

wave theory, which is not essential in the basic operation of a 

maser. Hence it is preferable to use a nuclear flow maser for this 

investigation. 
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CHAPTER III 

NUCLEAR HAGNETIC RESONANCE A!ID gASERS 

3.1 Introduction 

In Chapter II it was suggested that the investiGation of 

a nuclear maser utilizing separated emission fields should reveal 

information about the possible existence of analogies to a two­

cavity ammonia beam maser. 

The purpose of the present chapter is to formulate the 

conditions under which a conventional one-coil nuclear maser oscillates. 

The theory presented here is the conventional classical one; it uses 

BLOCH's phenomenological equations and a coupling equation for the 

system 'spin-circuit'. 

Before the analysis of the one-coil nuclear maser is 

presented some ceneral aspects of the phenomenon of nuclear magnetic 

resonance are reviewed. 

3.2 Some Aspects of Nuclear Ha?,;netic Resonance* 

A nuclear maser utilizes a working substance which contains 

atomic nuclei of spin ~, e.g. protons, subjected to a constant magnetic 

field ito. A pair of nuclear ZEEI!AH energy levels. mI = +2. mI = -~. 

1'1 
Text books on nuclear magnetic resonance; e.g. ABRAGAH (1961). 

ANDREU (1958), GRIVEr (1955), LOSCHE (1957). 
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is thereby produced. 
..... 

The magnetic moment of the nucleus, ~, has 

opposite sign in each of the two states of this pair. 

In thermal equilibrium at temperature T the numbers of 

nuclei per unit volume in the upper and lower states, N_~ and N+1, 

are governed by the BOLTZf1ANN relation N_!/N+! = exp(-6E/kT), where 

liE = E2 - El = h\lo in the energy separation of the two levels (E2 > El ), 

and k is BOLTZHANN's constant. Hence in thermal equilibrium the state 

of the higher energy E2 is less populated that the state of the lower 

energy El • The consequence of the surplus In the lower energy state is 

that the collection of nuclei exhibits a net longitudinal magnetic 
..... ..... ..... 

moment per unit volume Mo = ~(N+! - N_!) = XoHo parallel to the direction 

of the field Ho' Here Xo is the static nuclear magnetic susceptibility. 

In Section 3.4 it will be shown that one of the conditions for 
..... 

a nuclear maser to oscillate is that t1 be aligned antiparallel to the o 

field H • i.e. population inversion must be achieved. If the populations 
o 

are inverted then the situation is one of anti-thermal equilibrium, and 

one can describe this by introducing a "negative"spin temperature 

(PURCELL and POUND 1951). 

In NHR experiments the magnetic nuclei are bathed in a radio-
..... . 

frequency magnetic field Hl rotat1ng with an angular velocity 

w = yH = 2'ITllE/h in a plane perpendicular to the direction of the o 0 
..... 
Ii • o Thereby transitions (mI = +!) : (mI = -i) accompanied by the 

field 

absorption or emission of a quantum h\l are induced. As a consequence o 

of the resonance effect the thermal equilibrium will be disturbed. 
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A further consequence of the presence of the radio-frequency 

magnetic field will be that definite phase relations between the motions 

of the individual spins are produced. The existence of this phase 

coher'ence allows for a classical discussion of the lIt1R phenomenon in 

terms of one macroscopic magnet as first introduced by BLOCH (1946) in 

his theory of nuclear induction. 

According to BLOCH, the motion of a macroscopic nuclear 

magnetization M of a collection of nuclei subjected to a magnetic field 
-+ 
H r'esembles essentially the motion of the axis of a gyroscope (see 

Fig. 3). 
-+ 

The equation governing the motion of 1'1 is essentially lIEIlTOH's 

law of motion: 

Rate of change of angular momentum = torque applied to 

the system 

A magnet with moment M in a field H experiences a torque 
-+ -+ 
H x H. On the other hand, the intrinsic mechanical angular momentum 

of a nucleus, ~, contributes to a macroscopic aneular momentum per 

• +. + ~ • Unl.t volume A. S~nce lJ and a are co-ll.near one may write NEWTON's law 

of motion in the form of the equation: 

-dl1 = yM x H 
Cit (1) 

H II 
Where y = - :.. is the magnetogyric ratio. a constant. A a 
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FIG. 3. Precession of a magnetic moment - -M around a magnetic field H according - - -tot h e law d MId t = 1 (M x H) . 
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Uhen it is a d.c. magnetic field it , tIle above equation o 

describes a precession of the magnetization vector H in a cone about 

the direction of it , with an angular velocity w = yHo ' and with the o 0 

cone angle always remaining equal to its initially imposed value e. 
. .... 

This is the phenomenon of the "free" LAR!!OR precesslOn of M • 
.... 

It can occur after the external radio-frequency field HI' which produces 

the phase coherence between the individual spins is switched off. 

The lifetime due to spontaneous emission of a coherently excited system 

of spins can be many orders of magnitude shorter than for incoherent 

excitation. Hence it is often said that a coherently excited system of 

spins is in a coherent "superradiant" state. The radiation from an 

assembly of spins being in a superradiant state is called "super-

radiation" (Section 3.3). 
. .... 

In other words, when a magnetic f1eld HI rotating at right 
.... 

angles to the direction of H is applied to a collection of nuclei, o 
.... 

the nuclei are drawn into phase with HI' so that they all precess 
.... 

together. However, when the driving field HI is removed, the nuclei 

will only then continue to precess in pha~e if they all "see" the 
.... 

precisely identical field H • o 
.... 

In practice the field H is always o 

somel.hat inhomogeneous, and because of this spread of magnetic fields 

over the sample, some nuclei will precess more rapidly than others, 

and a gradual loss in phase coherence , ... ill be the result. If the 

spread of the ma[;netic fields is lIH, then the LARI'IOR frequencies will 

be spread over a range yllH, and it is convenient to define a spin-spin 
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interaction time 

(2) 

This spin-spin interaction time is a "phase memory" time; it is the 

characteristic time for the precessing spins to lose their phase 

coherence. 

The dynamics of a collection of nuclear spins subjected to 

combined d.c. and a.c. magnetic fields and to natural relaxation 

produced by spin-spin interaction and by thermal spin-lattice relaxation 

can be studied by BLOCH's phenomenological equations 

-+ 
dH = 
<it 

dM z 
dt = 

... 
...... M 

y(H x H>'L - Ti'i 
2 

In discussing the motion of the magnetization vector in a 

cartesian coordinate system it is a convention to choose the z axis 
... 

parallel to the direction of the constant field H so that H = H • o z 0 

( 3) 

(4) 

The index ! stands here for the transverse component of the vector in 

the xOy plane. 

BLOCH's phenomenological equations, Eqs. (3) amd (4), consist 

of the normal equation of motion, Eq. (1), to which phenomenological 
il 

relaxation terms are added. According to Eq. (3), T2 is the time 

constant characterizing the complete disappearance of the transverse 
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component of the magnetization in the absence of a.c. fields. 

The spin-spin interaction time is also called transverse relaxation 

time. 

The parameter Tl is the spin-lattice relaxation time, or 

longitudinal relaxation time. According to Eq. (4) it corresponds to 

the time constant with which the longitudinal component H relaxes z 

to\'lards its equilibrium value l! in the absence of a.c. fields. o 

The spin-lattice relaxation is a consequence of the thermal contact 

between the spins and the surrounding matter, the "lattice". 

By solving BLOCH's equations one can show (e.g. AERAGAM 1961) 

• • -+ that the saturation of the spin system subjected to a rotat~ng fleld HI 

operates through the function 

H z = r1 
o 

This relation is of some importance in the theory of nuclear masers 

(5) 

since the spin saturation is the mechanism which limits the growth of 

the amplitude.of the auto-oscillation in a nuclear maser. 

In the normal Nl1R experiments. where no population inversion 

is used, N +} is greater than u_}. and under the influence of i\, 
therefore, more nuclei are excited from the lower to the upper level 

than from the upper to the louer level. This results in a net energy 

absorption, which appears as a line in the nuclear resonance spectrum. 

One can shou that if y2HtrlT2u« 1, i.e. if the saturation is 
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negligible. the power absorbed by the spin system at any angular -frequency w of Hl is given by 

p = H 2X w 
1 0 0 1 + (w _ w)2T ~2 

o 2 

The fraction on the right hand side is the normalized line shape 

function. a LORENTZIAU characteristic of a damped harmonic oscillator 

* with a mean life time T2 • It might be seen that the absorption curve 

* is at half its maximum intensity 1o1hen (wo - w)T2 = 1. i.e. the full 

"half-power" half width of the resonance line is given by 

1 
= r-* 

2 

This relation enables one to measure T2*' provided the NHR absorption 

line is also in practice LORENTZIAN and the spin saturation is 

negligibly small. If expressed in units of the magnetic field. the 

"half-power" half width of the resonance line is given by 

(6) 

If population inversion is achieved then under the influence 

of ~ more nUClei are excited from the upper to the lo\.,er state than 

vice versa. Since stimulated emission is the exact counterpart of 

absorption. the sign of the InlR line will be inverted. 

In a maser the quality factor of the resonance circuit, 

Q = w lAw , plays a central role. It is sometimes helpful to compare c c 

this with the "quality factor of the resonance line", Gn = wo/(nw), 
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tr 
= woT2 

2 

For a given sample in a static magnetic field ~ is the larger the 

higher the homogeneity of this field. 

We shall conclude this section with a remark on the direct 

practical application of the NMR phenomenon. The relation w = yH o 0 

links linearly the value of the field H to the circular frequency w • o 0 

If H is known the magnetogyric ratio y can be determined by measuring 
o 

v = w /(2n). On the other hand, if y is known magnetic fields can be o 0 

determined by measuring vo' In fact Nlffi magnetometers including nuclear 

masers are widely used for the measurement of weak magnetic fields 

(GRIVET 1960, GRIVET and MAUlAR 1967). Other examples for direct 

practical applications are the stabilization of magnetic fields 

(ZHERNOVOI and LATYSlffiV 1965) and the stabilization of electric d.c. 

currents (GRlVET, SAUZADE and LORY 1964). 

3.3 Principle of a Nuclear Maser 

BLOEMBERGEN and POUND (1954) were the first to study the 

coupling between a collection of nuclear spins and an LC circuit. 

According to these workers, if a macroscopic magnetization is brought 
. .... 

into the plane perpendicular to the f1eld H , e.g. by means of a w/2 o 

pulse, then the system is radiation unstable. The latter is the case 

because the following "fictitious" feedback loop is closed: the macro-
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scopic transverse rotating moment induces an e.m.f. in the coil 

arranged in the xOy plane - the e.m.f. produces an electric current 

i in the tuned circuit - the current i circulating in the coil 

produces a linearly polarized magnetic reaction field of amplitude 2Hl -

the proper rotating component Hl drives the transverse magnetic moment. 

(A linearly polarized field can be resolved in two circularly pOlarized 

components; the counter-rotating component can be shown to have 

negligible effect on a spin system.) The subsequent flow of energy from 

the working substance to the tuned circuit is possible only if the moment 

M turns back into its position of lowest energy parallel to the field 

~. This process happens in a characteristic "radiation damping" time 

T = (2wyM Q)-l. if the individual precessing moments remain in phase. 
r 0 

Here n = (volumen of sample/volumen of coil) is the filling factor. 
it 

In other words, if T2 »Tr' then the transverse magnetic moment starts 

to radiate all maenetic energy away. This phenomenon has been called 

"super-radiation". 

A nuclear maser operates very similarly. The difference 
-+ 

is that it starts off with Mo pointing initially in the direction 
-+ 

antiparallel to H. The small transverse magnetic moment necessary o 

to start the feedback cycle is here created by random noise. 

The possibility that a magnetization - M could be radiation unstable o 

was originally overlooked by BLOEMBERGEN and POUND, but VLADIMIRSKY 

(1957) showed that the oscillation condition for a nuclear maser is 

" Tr < T2 • The situation in an electron spin resonance maser is 
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analogous (COMBRISSON, HONIG and TOWNES 1956). The condition for a 

negative macroscopic moment -11 to be radiation Unstable can be o 

expressed by an inequality which is now generally known as TOWNES' 

condition: 

If the quality factor of the circuit is smaller than the limiting 

value Qt' then notwithstanding the presence of the tuned circuit, 

the negative longitudinal moment is stable and decreases exponentially 

without the appearance of auto-oscillations. 

For the case that the circuit be slightly mistuned, a case 

which concerns us since we are especially interested in detuning 

phenomena, a more general analysis is necessary. 

3.4 Interaction of Nuclear Spins with an Electronic Circuit 

Theories of nuclear masers have been published by VLADIMIRSKY 

(1957), BENOIT (1959), Cm1BRISSON (1960), SOLOHON (1961), ABRAGAM (1961), 

FRIC (1961) and ZHERNOVOI and LATHYSHEV (1965). The final formulae 

derived in the following are well known, though the derivation differs 

in some points from that of previous authors. 

The equivalent circuit of a maser coil is shown in Fig. 4. 

It will be assumed that the coil axis coincides with the x axis. 

If the macroscopic magnetization of the sample located inside the .. 
Solenoid precesses about the constant field Ho applied parallel to the 



L R 

dMx e = - I. 7r,? A -dt 
c 

FIG. I.. Equivalent circuit of an emission coil . 
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dH 
Z axis, an electromotive force e = -4~nA~ will be induced in the dt 

coil. Here n = V/V is the filling factor, V is the sample volume, 
c 

V is the coil volume, and A is the total turn area of the coil. 
c 

The e.m.f. produces in the electronic circuit a current i given by 

di R' 1 j'd Ldt + 1 + C 1 t = e 

where Land R are the self-inductance and the resistance of the coil 

respectively, and C is the tuning capacity. 

The current i circulating in the coil gives rise to a magnetic 

reaction field H which is, by the definition of the inductance L of x 

the coil, given by ~ = AHx = Li, or 

= (8) 

Here use has been made of the relations Lew 2 = land Q = Lw IR. c c 

The quality factor of the coil can be considered as constant 

in the environment of the resonant frequency of the circuit, w • such c 

that Q = Lw IR. The detuning of the resonant circuit, B, can be o 

defined by w = w (1 + B). If one introduces this latter relation 
C 0 

with Eq. (8) and takes into account that the reaction of the spin system 

on H can be described by BLOCH's equations, with Eqs. (3) and (4), the x 

following set of equations is obtained: 

(9) 
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dM 11 
x w 11 

x 
dt = - Til o Y 2 

dM M 
x = -w 1-1 + yH H - J..", Cit o x x z T r 

2 

dH M - M z -yH H -
z 0 

= 
II dt xy 

.. 
Here M , U ,M are the components of the macroscopic moment M. 

x y z 

For t1x = My = Hx = 0 one obtains the trivial solution 

(10) 

(11) 

(12) 

which describes the ordinary exponential evolution of the longitudinal 

moment from an initial state 11 • zo 

The set Eqs. (9) - (12) is nonlinear, and the usual technique 

of investigating the instability of the system is to look for small 

deviations ilM , au ,illI from the ordinary exponential evolution. x y z 

We shall instead rely on the fact that M is a slowly varying parameter z 

and drop Eq. (12). Then the remaining three equations are linear, 

and the corresponding set of characteristic equations is 

(p + ..L)M - w 11 = 0 
T if x 0 Y 

2 

w M T (p.. l ... m - yM = 0 
o x T" Y Z 

2 
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By solving the characteristic deterrr.inant of this linear set, one 

obtains the characteristic equation 

where 

a = Q o 

al = wo(l + ~) 

a2 = CAl 3[Q (1 + o 0 n 
6)2 

a3 = CAl 3[~1 + 6)2 
o ~ 

+ 1 1 1] + O~ + - + w 4nnyQH 
. 4~2 0 z 

+l+-L..] 
4Q 2 

n 

a4 = CAl 4Q(l + 6)2(1 + ~) 
o 4Q 2 

n 

Here use has been made of Eq. (7). 

1 and -L.. will be neglected. 
QQn 4<lu2 

Oscillation condition 

Since Q, Q »1, the terms 
n 

(13) 

For sinusoidal auto-oscillations, p = jw, and the real and 

the imaginary parts of Eq. (13) must become zero independently. 

The oscillation condition is thus found to be a2 = ao(a 3/a1 ) + a4(al/a3). 

The result is 

'" I 2QQn6 "J2 
2nnyQT2 Mz + 1 = - - =-a 

=l+ ~ 

It may be noted that for this equation to be fulfilled, Mz must have 

a negative value, i.e. population inversion is a pre-condition for 

auto-oscillations in the system 'spin-circuit'. 
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Threshold of oscillations 

If the quality factor of the circuit Q is reduced to its 

threshold value QR, where the maser ceases to oscillate, then M2 becomes 

the static polarization -Mo used in the maser: 

2'OVQ. T2 "Mo - 1 = [~:~Q~: r= b 

Auto-oscillations are obtained for Q ~ QR,' For a = 0, Eq. (15) 

reduces to TOWNES' condition 

With the aid of Eq. (16), Eq. (15) can be written in the form 

1 + b 

Maximal detuning 

The maximal detuning am is reached if QR, approaches the 

fixed Q of the circuit. Eq. (17) then becomes 

Q = 
QR.o 

1 + c 

Re-arranging this equation, the maximal detuning is given by 

a 
m [

1.11 - 1.11 ] = C 0 
W 

o max 
= 

Q + Q n 
2QQ 

n 

(15) 

(16) 

(17) 

(18) 
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If the circuit is mistuned beyond the value 6 then no auto-oscillations m 

can occur in the system 'spin-circuit'. The range of oscillations is 

maximum for Q = 2QiO' 

Frequency of emission 

The frequency of the auto-oscillations is given by 

w2 = al /a3 or 

Since (w2 - w 2)/w 2 '" 2(w - w )w , with Eq. (7) this equation can be 
o 0 0 0 

written in the form 

or as 

w - w = o 
Q (w - w ) 

Q T Q c 0 
n 

(20) 

(21) 

The latter equation which is known as the "pulling formula" means that 

if the first maser coil is tuned to w • different from w • the frequency c 0 

of oscillation w differs both from w ,and w. In order for w to remain o c 

in the direct environment of Wo the inequality Q/(Q T Qn) « 1 must be 

satisfied. 

Although the initial set or four differential equations has 

been mutilated by dropping the equation containing d!1z/dt, the final 

results agree with those derived by other authors. 
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3.5 Detuning Characteristic of a Nuclear Haser 

The saturation of the spin system, expressed by [q. (5), 

will limit the growth of the amplitude of the maser oscillations, 

i.e. the field H produced by the circulating current in the coil x 

will induce a certain amount of saturation in order for the oscillation 

condition Eq. (14) to remain valid. 

Eliminating H and M between Eqs. (14). (5) and (2). the 
Z 0 

amplitude 2Hl of the linearly polarized field Hx induced by the circu-

lating current in the coil is given by 

Using Eq. (17) gives 

For ~ = 0 one can write 

= -§-<l + b) - 1 - a 
I. 

where 2Hlo is the amplitude of Hx for zero detuning. Combining these 

latter equations gives. 

H 2 
1 ----. = 

H 2 
10 

a 
1 --c 

Introducing the quantities a and c from Eqs. (14) and (18). the field 

amplitude 2H1 dependent on the detuning is given by 



H12 e2 
-+- = 1 
H 2 e 2 

10 m 
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Since the voltage across the solenoid E is proportional to the field 

Hx ' one obtains the relation 

E2 62 
-+- = 1 
E 2 a 2 
o m 

where Eo is the voltage across the coil for zero detuning. 

According to this calculation, the detuning characteristic 

of a maser is a semi-ellipse, a result which was also derived by 

FRIC (1961) in a different way. 

3.6 Sumary 

(22) 

In this chapter ~le have essentially re-derived the well known 

conditions under which a conventional one-coil nuclear maser oscillates. 

It bas been shown that for auto-oscillations to occur the static nuclear 

magnetization must have a negative sign, i.e. population inversion of 

the two nuclear ZEEf1AN energy levels must be achieved. Even if the 

populations are inverted, the maser will only oscillate if the quality 

factor of the resonance circuit, Q, exceeds a certain threshold value 

Qt' If the circuit is detuned beyond a certain value am then the maser 

will cease oscillating, The amplitude of the voltage available from the 

terminals of the maser coil depends monotonically on the frequency 

detuning, 
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CHAPTER IV 

PREPARATION OF THL NEGATIVE LONGITUDINAL MAGNETIZATION 

4.1 Introduction 

In Chapter III it was shown that a necessary condition for 

a nuclear maser to oscillate is that the populations of the nuclear 

ZEEr~ energy levels of the nuclei be inverted. In thermal equilibrium 

the magnetization U = X H is always parallel to the applied field. 
000 

By inverting the populations of the energy levels one creates a 

situation where the magpetization is antiparallel to the field. 

In reviewing in Chapter I the different nuclear flow masers available. 

it was seen that different conventional techniques achieve this. 

In the present investigation BENOIT's liquid-flow method has 

been used in order to obtain population inversion. This technique 

makes use of the prepolarization of the nuclei in a strong field and 

of the method of adiabatic fast passage. The object of the present 

chapter is to describe the experimental technique applied to achieve 

negative longitudinal magnetization and to give the corresponding 

experimental data. 

Once the magnetization is inverted it will decrease in 

magnitude because of the thermal relaxation of the spin system. 

A measurement of the longitudinal relaxation time T1 will also be 

reported in this Chapter. 
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First a general outline of the experimental two-coil proton 

maser devised shall be given. 

4.2 General Outline of the Experimental Set-up 

Fig. 5 shows the schematic of the two-coil proton maser 

devised and investigated by the author. It is a magnetometer maser 

which oscillates in the magnetic field of the earth (H ~ 0.48 eauss) o 

at a frequency near to 2.04 kHz. 

The maser medium is distilled water. The active particles 

utilized are the protons (hydrogen nuclei) contained in the water. 

As Fig. 5 shows, the water flows through a tube into a 

container of volume V located between the pole faces of a strong 
p 

prepolarizing n~gnet. The average field in the inter-polar space of 

this magnet is H = 2400 gauss. The ~later remains in this large 
p 

field for a time Tp long compared with the relaxation time Tl so that 

the protons approach thermal equilibrium. 

In order to ensure that the water flowing through a certain 

Volume in the pole gap remains there as long as possible with the same 

flow rate Fp' a distributing device has been arranged in the pre­

polarization container. 

On leaving the prepolarization container the water passes 

into a plastic tube through which it moves rapidly out of the large 

field and flows into the magnetic field of the earth, in a time short 

compared with the relaxation time Tl • 
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At the edge of the magnet an auxiliary radio-frequency coil 

is wrapped around the connecting tube to produce a low-frequency 

magnetic field in the flowing water. If the frequency of this field 

is such th~t wl = yH at some point near the centre of the coil then 

as the water flows through this 1.f. field from a strong field region 

where yH > w
l 

to a weak field region where yH < wl the proton spins 

are invel'ted by "adiabatic fast passaee". 

At the exit of the auxiliary coil the water possesses a 

magnetization which is aligned antiparallel to the local constant 

magnetic field. 

The water carrying the negative longitudinal macroscopic 

moment flOHS now through the plastic tube into the maser tube, a glass 

tube having a larger inner diameter. 

The two maser coils are identical and are arranged coaxially 

on the maser tube. 

In order to avoid direct electromagnetic coupling between 

the two maser coils, both coils are screened by means of aluminium 

cylinders. 

The quality factor of each coil can be enhanced by means of 

a separate variable Q multiplier. 

The voltages available from the two maser coils are observed 

by means of a two-channel oscilloscope. For frequency measurements 

a digital counter has been used. 
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Part of the water emerging from the prepolarizing field 

can be deviated into a second flow circuit. This allows to keep the 

flow rate Fp constant, while altering the flow rate F in the maser 

tube. 

The principal difference between conventional nuclear masers 

and the new two-coil proton maser is that the latter utilizes separated 

emission fields: the normal maser coil is followed downstream by a 

second emission coil. 

4.3 Choice of Experimental System 

As far as literature indicates, magnetic masers with 

separated emission fields have not been devised or been discussed 

previously. 

However, during a general investigation of a liquid-flow 

nuclear maser oscillating in a large field of H = 7000 gauss at a o 

frequency near to 30 ~1Hz, FRIC (1961) had attempted to measure the 

residual magnetization of the water emerging from the maSer coil. 

The water passed through a second coil, the terminals of which were 

connected to a NMR detector circuit. The residual moment was found to 

be so weak that it was impossible to determine either its magnitude or 

its sign. It was also found difficult to avoid direct electromagnetic 
~ 

coupling between the two coils. In 1967 LAINE prQposed, independently 

of FRIC, to use the same arrangement (high-field BENOIT-type of liquid 

flow maser with a successive coil) in order to clarify experimentally 
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whether this system shows eventually a similar complicated behaviour 

as a two-cavity molecular beam maser. 

A preliminary estimate performed by the author, showed that 

a nuclear maser with separated emission fields should behave quite 

analogously to a two-cavity molecular beam maser, provided the 

relaxation time T2* be at least of the order of magnitude of the total 

transit time the nuclei need to pass through both coils in succession. 

The relaxation tiwe T2H is largely dependent on the inhomo-

. + 
geneity of the f~eld Ho. In an inhomogeneous field the individual 

moments of the different nuclei dephase more rapidly because the local 

fields are different. The .situation is usually worst in large fields 

since a large field with a good homogeneity is difficult to realize in 

practice. In FRIC's experiment the transverse relaxation time of the 

protons in water was only about 2msec, although the natural relaxation 

time of protons in water is of the order of magnitude of seconds. 

The residence time of the nuclei in the maser coil was about 20 msec. 

The compensation of the field inhomogeneity by means of 

auxiliary static magnetic fields is not very convenient for a two-coil 

nuclear maser. The same holds for the method of averaging out the 

field inhomogeneity by rotating the sample (BLOCH 1954). 

A good homogeneity can however usually be expected from the 

r:agnetic field of the earth. Inside laboratory buildings the transverse 

relaxation time of protons in water liould be typically of the order of 
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magnitude of a tenth of a second, but away from buildings utilizing 

'" ferromagnetic materials in their construction T2 can be considerably 

larger. 

For this reason the experiment to be described in the 

following was performed in a small magnetic observatory erected 

inside the University campus away from the main buildings. 

With H a 0.48 gauss the frequency of oscillation of the maser is 
o 

about 2 kHz. 

A conventional one-coil liquid flow maser oscillating in 

the earth's magnetic field and utilizing also the method of prepolar-

bation in a large magnetic field was -devised by HENNEQUIN (1961). 

* Under laboratory conditions at the Sorbonne, T2 was 0.1 sec and by 

ir.decting the water tangentially into the sample container such that 

* a rotation of the water occurred T2 could be enhanced by a factor of 

three. The residence time of the nuclei in the coil was about 1 sec. 

In the new two-coil maser devised by the author the water 

is not rotated artificially but passes straight through both emission 

coils. When the transit time T for which the protons remain in one 

coil was altered between 0.45 sec and 0.23 sec then the measured 

* relaxation time T2 varied between 0.64 sec and 0.43 sec, respectively. 

These relaxation times are long enough for coherent spontaneous 

emission to occur in the second coil. 
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4.4 Prepolarization 

In the earth's magnetic field the observation of NMR 

phenomena is hampered by the smallness of the equilibrium magnetization 

Ho = XoHo. However, the long thermal relaxation time Tl of liquids 

makes it possible to prepolarize the nuclei in a large field H w!1ere p 

the equilibrium value H = X H is approached, pop and then, after tha 

suppression of Hp in a time short compared with Tl , to observe the 

NMR phenomenon in a weak magnetic field. In floHing liquids, pre-

pOlarization can be achieved continuously. 

As indicated in Fig. 5, the water passes first through a 

container fitting closely between the pole faces of the prepolarizing 

magnet, then the water flows through a connecting tube into the earth's 

magnetic field where it passes through the maser tube sticking through 

the tHO maser solenoids. For the prepolarization process to be 

efficient the field in the interpolar space of the magnet has to be 

large and the water has to remain there for a time comparable with Tl • 

The magnet available for this project was a permanent magnet 

which provides a maximal field of approprimately 3000 gauss between 

its pole faces. The average magnetic field across the container was 

measured by means of a Cambridge fluxmeter furnished with a single 

copper wire loop having the same diameter as the container, the result 

being H = 2400 gauss. The container, made from copper, has deflection 
p 

sheets inside it, so ensuring that the water flowing through a certain 

Volume remains in that volume as long as possible with the same flow rate. 
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By draining the container into a measuring cylinder, its volume was 

found to be V = 237 cm 3 • For comparison, HENNEQUIN's earth-field 
p 

maser operated with Vp = 295 cm3 and a considerably larger field, 

Hp = 22000 gauss. 

On leaving the container located between the pole faces, 

the water passes into a nylon tube of 4mm inner diameter and about 

150 cm length. After a length of 30 em, beyond the inversion coil 

arranged at the edge of the magnet, part of the prepolarized water 

deviates into a second tube short-circuiting the maser tube. The 

flow rate F of the water which passes through the maser tube sticking 

through the t~10 emission coils was controlled by allowing a certain 

amount of water to flow through the second circuit. Flow rates F 

between 17 cm3/sec and 35 cm3/sec were used. 

The maser tube is a glass tube of 11.8 mm inner diameter, 

12.3 mm outer diameter and 50 em length. At both ends of the maser 

tube the connection with the plastic tube was performed by means of a 

rubber stopper sticking in the maser tube and a short glass tube 

reaching through the rubber stop • The strong turbulence 

. establishing itself near the entrance of the maser tube was found to 

have a slightly diminishing effect on the maser voltage across the 

first coil. In order to avoid this effect, the first coil was displaced 

by 8 em away from the entrance of the reser tube. Herewith the volume 

of the tubing and the connecting pieces present between the point where 

the water deviates into the second circuit and the entrance of the maser 

tube adds to about 40 cm3• 
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During operation, the flow rate in the container located in 

the pole gap of the magnet was kept at Fp = 34 cm 3/sec so that the 

protons remained for T = V IF = 7 sec in Hp. 
p P P 

The evolution of the longitudinal moment M in the field H z p 

is governed by the equation 

which gives 

dM 
~ = 

dt 

M z = M + (M - M )exp(-t/Tl ) p zo p 

where M is the initial value of M , i.e. the equilibrium magnetization zo z 

in the earth's field, M , and can be neglected. Hence at the exit of o 

the prepolarization container the longitudinal moment is 

r1 ' z = 

In the subsequent flow towards the two-coil system Hz' decreases 

according to 

which gives 

dM z 
dt = 

f1 - M 
Z 0 

Tl 

M : M + (M t - M )exp(-t/Tl ) 
Z 0 Z 0 

The value of M is again negligible. If the time the water needs to 
o 

travel from the exit of the prepolarization container to the entrance 
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of the first maser coil is denoted by 't' then the static polarization 

M ' • available at the entrance of the first maser coil, ,~s given by o 

The longitudinal relaxation time of distilled water was measured to 

be Tl = 2.07 sec. Under those conditions the magnetization in the 

container reaches 97\ of its equilibrium value Hp. \1ith the tubing 

as described above, at the point where part of the water deviates into 

the second flow circuit bridging the maser tube the magnetization is 

decreased to 92% of the value Mp. With Fp = 34 cm3/sec the longitudinal 

magnetization available at the entrance of the first maser coil is given 

by 

(2) 

Hhere the flow rate in the maser tube, F, is measured in cm3/sec. 

The pump utilized had originally an iron connecting piece, 

and some arrested screws reached inside the pump into the water pass. 

This led to corrosion which spoiled the relaxation properties of the 

distilled water utilized. Hence the connecting piece was replaced 

by one made from brass, and the iron screws were covered with araldite. 
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4.5 Inversion Technique 

According to BLOCH (1946), if a macroscopic nuclear magnet­

ization is subjected to a transverse field of amplitude hl and constant 

angular frequency w
l

' and the direction field H changes its magnitude 

and passes throuGh the resonance condition, then the magnetization 

"II " J." f h' l' h 2 dH" t" f " d vector WJ. J.nvert, t e J.nequa J.ty Y 1 » dt J.s sa J.S J.e • Here it 

is assumed that the relaxation effects are negligible. This method of 

'Miabatic fast passage" has been discussed in depth by POWLES (1958) 

and by BENOIT (1959); the latter devised the first liquid-flow nuclear 

maser utilizing this method. 

In BENOIT's technique the flowing liquid passes through an 

a.c. magnetic field established inside a long solenoid located in the 

inhomogeneous fringe field H of a strong magnet. If the frequency of 

the a.c. driving field is such that 001 = yH at some point near the 

centre of the coil, then as the liquid flows through the a.c. field 

from a strong field region where yH > 001 to a weak field region where 

yH < 001 , the nuclear magnetization changes sign. 

This principle is illustrated in Fig. 6. In a frame rotating .. 
"lith an angular frequency 001 about the direction of the field H it 

can be seen that there exists an effective field, of amplitude 

H = [(H _ ~)2 
e y 

, h 2J~ + 1 ,which turns through an angle of w in a plane .. 
parallel to the direction of the field H. BENOIT has shown that already 

under the condition yh
1

2 = ~ the macroscopic moment M follows nearly 

perfectly this effective field, so ensuring that after the fast passage 
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the inversion is practically complete. Because of t he inhomogeneity 

of the fringe field and the consequent s hortness of the transverse 

relaxation time the liquid emerging from the inversion coil has no 

residual transverse rotating moment. 

In the present investigation the inversion coil used consi sted 

of about 900 turns of single enamelled s.w. g. 32 copper wire (0.274 mm~) 

wound in a single layer of 25.5 cm length on a glass tube having an 

outer diameter of 13.7 mm. The coil was connected to an Advance : 

Electronics AF signal generator type J2C. Hhen the oscillator was 

adjusted for full output power at a frequency somewhere in the 

neighbourhood of 60 kHz9 the population inversion achieved by fas t 

passage was pract i cally complete (Section 4.6). The arrangement of 

the coil in the fringe field of the magnet was not critical. 

4.6 Resonance Detector 

For the measurement of the efficiency of the inversion method 

and in the determination of the relaxation time Tl by a method to be 

described in Section 4.7, one of the maser coils connected to its Q 

multiplier was used as an NHR detector. The protons in water flowing 

through the detector coil were irradiated by means of an external 

exciter coil having about 3000 turns and a diameter of about 9 cm. 

The exciter coil was placed about 1 m away from the detector coil. 

The coil axes were arranged such that the detector and exciter coils 

were decoupled. The screening cylinder was not removed from the 
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detector coil. It was found that the exciter and detector coils 

could be decoupled in different relative positions, also in a pos it i on 

with the coil axeS parallel to each other. This can be explained by 

the distribution of the eddy currents produced by the exciter field 

in the symmetrical screening cylinder of the detector coil. 

The detector signal was read on the oscilloscope screen. When t he 

frequency of the 2 kHz oscillator connected to the exciter coil was 

tuned to the NMR resonance condition, the resonance s ignal appeared at 

the output of the Q multiplier. The detector signal was read on the 

oscilloscope screen for different frequencies of the exciter field. 

(The resonance signal can also be obtained when the detector and 

exciter coils are weakly coupled; in this case the voltage induced 

by the exciter field in the detector coil is superimposed on the 

resonance signal.) 

Using this method, the proton resonance in the earth's 

magnetic field was measured wi t h the inversion coil connected to the 

60 kHz oscillator, and with the inversion coil disconnected. Fig. 7 

shows two typical resonance lines measured for these different cases . 

In order to achieve a reasonable signal amplitude it is necessary to 

use a large exciter field, and hence the resonance lines shown are 

saturation broadened. 

The resonance line for stimulated emission is slightly 

higher than for absorption.. This effect becomes more distinct at 

larger quality factors of the detector circuit. Also~ the lines have 
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a slightly different width. Both these phenomena arise because the 

phenomenon of "radiation damping" occurs in the tuned detector coil 

(BENOIT 1960). 

In the present case the quality f actor of the detector was 

small and hence the radiation damping does not introduce a large 

uncertainty. One might say that the population invers ion achieved 

by t he adiabatic fast passage is practically complete. 

4.7 Heasurement of the Relaxation Time Tl 

Once a negative .magnetization i s produced it will decrease 

because of the thermal relaxation. 

In order to measure the longitudinal r el axation time T
l

, 

a method proposed by ZHERNOVOI and LATHYSHEV (1958, 1965) was used. 

The absorption signal A of a flow detector is proportional 

to the magnetization M; available at the entrance of the detector coil. 

The value of Mo' depends on the transit time T t which the "later needs 

to travel from the prepolarizing magnet to the detector coil located 

in the earth's magnetic field, see Eq.(l). Hence for a cons tant flow 

rate Fp the dependence of A on Tt can be expressed by 

By measuring A for different transit times T
t 

it is possible to 

determine Tl • A semi-logarithmic plot of A against Tt should yield 
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a straight line of slope -l/Tl , from iihich Tl can be found. 

In measuring Tl the same detector arrangement as described 

in Section 4.6 was used. The transit time Tt was altered by pulling 

the maser tube out of the detector coil. 

Fig. 8 shows the decay of the absorption signal measured when 

the transit time Tt was altered by increasing intervals 6Tt • 

The measurements were repeated for different flow rates T in the 

detector coil. According to the slope of the curves shown in Fig. 8, 

the relaxation time of the distilled water utilized is 

= 2.07 sec 

For comparison, GRIVET and MALNAR (1967) quote 2.1 sec as the relaxation 

time of distilled water. 

For tap water a relaxation time of about 1.7 sec was measured. 

4.8 Summary 

In the two-coil maser devised population inversion of the 

ZEEMAN energy levels is achieved by BENOIT's liquid flow method. 

The working substance, distilled water, is prepolarized in a strong 

field where a large equilibrium magnetization is approached, and 

population inversion is obtained by adiabatic fast passage through an 

auxiliary coil arranged in the fringe field of the prepolarizing 

magnet. With H = 2400 gauss the field of the magnet is considerably p 
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smaller than in eKperin~nts described previously by other authors. 

On 1eaving the prepolarizing field the water flows through a plastic 

tube into the earth's magnetic field where, because of the long 

relaKation time Tl of the water, the nuclear magnetic resonance 

signals could be observed. 
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CHAPTER V 

REALIZATION OF THE TllO-COIL SYSTEH OF THE PROTON HASER 

5.1 Introduction 

The discussion in Chapter IV was limited to the experimental 

technique utilized in order to achieve a large negative longitudinal 

magnetization. The method which was described is a conventional one. 

In this chapter the experimental details of the two-coil 

system of the proton maser devised by the author shall be described. 

This part of the experimental set-up is original and differs from 

conventional nuclear masers in that the normal emission coil is 

followed downstream by a second emission coil. On the other hand, 

this arrangement of separated emission fields resembles that used 

in two-cavity ammonia beam masers. 

We shall now give the experimental details of the two-coil 

system and also discuss how this arrangement compares with a two-cavity 

ammonia beam maser. 

5.2 The Emission Coils 

For auto-oscillations to occur in the first coil of the two-

coil proton maser the quality factor of this solenoid, 
'Ie t- 1 

larger than the threshold value Qlo = (2nnYT2 Mo> • 

Q, must be 

Here n ar V/V 
c 

is the filling factor of the solenoid, V is its volume and V is the c 

sample volume. 
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In order for the threshold quality factor to be as low as 

possible, the filling factor n should have a value as large as possible 

(the theoretical maximum value of n is unity). This would require to 

choose a large coil because in practice it is difficult to construct a 

small solenoid which allows a large filling factor and which has also 

a reasonable natural quality factor. As an empirical rule, at a 

frequency of 2 kHz coil quality factors between 26 and 130 can be 

achieved if the sample volume is varied between 35 cm3 and 8 dm 3, 

respectively (GRIVET 1960). 

The emission coils for the two-coil proton maser were 

* devised such that for a constant flow rate F the ratio T2 IT be 

greater than unity. Here T = VIF is the time for which the protons 

remain in the solenoid. If a coil is constructed along this line 

then this leads to a small sample volume V. On the other hand. a 

small sample volume leads to a small filling factor andlor to a low 

natural quality factor. Hence compromises had to be made. 

For the two-coil proton maser two identical coils have been 

used; the coil dimensions are shown in Fig. 9. Each coil has 5650 

turns of enamelled 30 s.w.g. copper wire (0.315 mm~). an inductance of 

L = 0.230 henry. and a rather low natural quality factor of 20. 

However. with the inner diameter of the maser tube equal to 1.18 cm, 

the sample volume of each coil is only V = 7.6 cm3 and herewith about 

5 times smaller than for conventional low-field nuclear masers. 



Aluminium screening cylinder \ 

14-- - 70mm--~ 

FIG.9. Coil dimensions. 

-e. 
E 
E 
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Each coil has a filling factor such that 2nn = 1, and herewith n is 

about 4 times smaller than usual. 

As shown in Fig. 5 the two emission coils with their 

aluminium screening cylinders are arranged coaxially on the maser 

tube. 

Coils of other shapes a~d other wire diameters have also 

been tried. The coils described proved to be the most efficient ones. 

5.3 Realization of TOWNES' Condition 

In the preceding section the natural quality factor and 

the filling factor of the coils were given. The magnitude of the 

negative longitudinal magnetization available at the entrance of the 

first coil can be evaluated using Eq. (4.2). Let us now find out how 

this compares with TOW}ffiS' condition for auto-oscillations to occur 

in the first coil. 

where y 

TOHNES' condition for the first coil can be written as 

= * -1 
(2nnyx w T2 ) 

o P 

= M t m is the prepolarization efficiency which can be o p 

evaluated from Eq. (4.2), and w = yH is the resonance angular p p 

frequency corresponding to the prepolarizing field. 

The magnetogyric ratio of protons is y = 2.67513.104 gauss/sec 

(BENDER and DRISCOLL 1958). while the static nuclear magnetic 

susceptibility of water is X = (3.1 ± O.3)lO-lOUEM cgs (BENOIT, 
o 

FRANCOIS, POZZI. THELLIER and KASTLER 1967). 
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Since the emission coil is arranged in the homogeneous 

earth's magnetic field in a magnetically clean part of the observatory, 
Ie 

it appears to be reasonable to assume T2 = 0.5 sec. A typical value 

of Y is 0.5. With H = 2400 gauss, one finds Q. = 270, i.e. the p ~o 

threshold quality factor for auto-oscillations to occur is more than 

10 times larger than the natural quality factor of the first maser 

coil. Hence auto·oscillations cannot be obtained from this system 

without an artificial enhancement of the quality factor of the first 

coil. (With a prepolarizing field about 10 times larger and with a 

larger coil and filling factor, auto-oscillations can be obtained in 

the earth's magnetic field without an artificial enhancement of the 

quality factor of the coil; HEUNEQUIN 1961.) 

In order to overcome the problem of too small a natural 

quality factor, BENOIT (1959) introduced a negative resistance parallel 

to the resonant circuit by means of a unit-gain vacuum tube amplifier 

and the use of positive feedback (HARRIS 1951). This is equivalent to 

a Q multiplication. 

Let us briefly recall the principle of a Q multiplier. 

Suppose the tuned circuit has an equivalent parallel resistance r. 

r The natural quality factor would be Q = ;r' If an active network 

having a negative resistance characteristic is put in parallel to this 

tuned circuit, then the negative resistance can be combined with the 

positive resistance of the circuit by the usual laws of combination of 

parallel resistances. The effective parallel resistance is given by 
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the relation 

= = 

and is obviously greater than the original r by a factor rn/(rn - r). 

The corresponding quality factor is 

= 
r r . n 

wL(r - r) n 

: 
r 

n Q---

Hence by letting rn approach r in principle the Q multiplication can 

be made arbitrarily large. 

The author applied the same method as BENOIT. however, 

instead of a vacuum tube amplifier a transistorized unit-gain 

amplifier utilizing a field effect transistor in the input stage was 

used (see Fig. 10). The circuit of the transistorized unit-gain 

amplifier was copied from a Texas Instruments source (MILLER. Ed •• 1967). 

and positive feedback was introduced around this amplifier by means of 

two potentiometers connected in series. The SO kohm potentiometer 

serves for coarse adjustment of the quality factor Q. the 5 kohm 

potentiometer serves for fine tuning. 

The amplifier has a very high input impedance and is well 

stabilized. In practice the performance of this Q multiplier was 

very satisfactory. A stable Q up to about 10000 can be obtained. 

A comparison with DENOIT's vacuum tube Q multiplier which was re-built 

~the author showed that this latter circuit had a considerable zero 



FIG. 10. Circuit diagram of the Q multipliers. 
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drift, possibly due to the unrest of the cathode, which was completely 

absent in the transistorized circuit. However, the transistorized 

circuit showed a little more electronic noise which was, however, not 

disturbing. Otherwise no difference in the performance of the circuit 

was found. The maser coil is tuned by two low-leakage polystyrene 

condensers of 0.051 ~farads each. Coarse tuning over a frequency range 

of 36 Hz is achieved by 500 pfarad tunable condenser connected parallel 

to the coil; fine tuning over a frequency ranee of 6 Hz can be 

achieved by a tunable 2 x 500 pfarad condensers. 

An identical transistorized Q multiplier is used in order to 

enhance the quality factor of the second coil. 

The transistorized Q multiplier has also been operated 

successfully at frequencies larger than 2 kHz. The highesc frequency 

checked was 30 kHz. 

We are not aware of a case where a nuclear maser has been 

previously operated with a transistorized Q multiplier. This can be 

explained by the fact that with normal transistors no hieh Q multipli­

cation can be obtained and that the field-effect transistor came 

historically after the invention of the nuclear maser. 

5.4 Decoupline of the Emission Coils 

In order to avoid direct electromagnetic coupling, each 

maser coil is placed inside a screening cylinder made from aluminium. 

The walls of the cylinder are 25 mm thick, and since the skin depth of 
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aluminium at the operation frequency of 2 kHz is about 2 mm, the 

direct couplinz through the space betHeen the coils is negligibly 

small. 

However, during the operation of the two-coil maser it was 

found that there existed a source of indirect coupling due to the 

ionic current in the distilled water flowing through both solenoids in 

succession. It was found that this disturbing coupling could be 

suppressed completely by connecting the distilled water flowing through 

the first emission coil towards earth. For this purposo an earthed 

insulated copper wire of 1 mm diameter and the length of the screening 

cylinder was arranged inside the water flowing through the first coil. 

It is essential that this wire does not stick out beyond the first 

screening cylinder by more than about 1 cm, the optimum position, 

otherwise the coupling towards the second coil increases again. 

A wire much thinner than 1 mm does not decouple sufficiently. 

The decoupling wire is arranged along the inner wall of the 

maser tube where the velocity of the water is nearly zero. The 

connection of the wire with the earth is achieved by means of a thin 

wire leading through the rubber bung stuck in the entrance of the maser 

tube. 

With the decoupling wire connected to earth, the decoupling 

is,even for the hiGhest quality factor of the second circuit, more than 

60 dB and hence much more than sufficient. 
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In Chapter VIII the influence of direct electromagnetic 

coupling between the two coils will be demonstrated by comparing 

corresponding experimental results. 

5.5 Practical Desicn of the Two-Coil System 

Fig. 11 shows photographs of the experimental set-up. 

The two screening cylinders are put on rollers and can be shifted 

along a U shaped aluminium bar which is screwed on a wooden stand by 

means of aluminium screws. The minimum inter-coil distance is 6 em 

and the maximum coil distance is about 28 cm. Tho screening cylinder 

accommodating the first maser coil can be arrested on the aluminium 

guide rail. This trestle which supports the two screening cylinders 

is of robust design for it must withstand vibrations in the mode of 

operation where the distance between the coils is modulated. 

In this design no ma~netic materials have been used, and also 

no brass parts since brass contains usually ferromagnetic imp~rities. 

Any small iron part located near the maser coils would affect the field 
,', 

homogeneity across the system and hence the relaxation time T2 • 

The modulation of the distance between the two coils is made 

possible by transferring the pendulum motion of a normal wind-screen 

wiper motor by means of an aluminium axis of 150 em length and G mm 

diameter to a simple lever mechanism driving the second screening 

cylinder. Although this modulation method was sufficient for the two-

coil maser to show the effect looked for, a wind-screen wiper motor is 



Fig. lla. View of the two-coil system of the experimental proton maseL. 

Total height of the instrucp.nt: 81 em. 



Fig. llb . Part of the experimental sct-l .r • with view of the prepolarizing 

magnet and the inversion coil in its fringe field. 
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not an ideal solution since it draws an enormous d.c. current. 

The magnetic stray field of the motor superimposes itself on the 

earth's magnetic field and is felt by the nuclear maser some distance 

away. 

5.6 Systematic Differences between the 1"llo-Coil Proton Haser and 

a Two-Cavity Ammonia Deam f,1aser 

The constructive analogies between the two-coil nuclear maser 

described and a two-cavity ammonia beam maser are obvious: in both 

systems the excited particles pass successively through two tuned 

resonance components. The author chose a coaxial arran~ement of 

the two emission coils, similar to the arrangement of the two cavities 

in a two-cavity ammonia beam maser. This is however not essential. 

In fact in an earlier stage of the experiment the maser was operated 

with crossed emission coils without screening cylinders. This latter 

arrangement makes it difficult however to modulato the transit time 

T which the protons need to travel from the exit of the first coil to 

the entrance of the second coil. 

As was pointed out in Chapter II, the modulation of the inter­

resonator distance was originally proposed for two-cavity ammonia beam 

masers in order to obtain a criterion for tuning the maser exactly to 

the molecular transition (VESELAGO et ale 1965). Up to now experimental 

difficulties had hindered this proposal from being verified in practice. 
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The great experimental advantage of a proton maser is of 

course that it does not require a vacuum housing. In a two-cavity 

maser the vacuum housing can act as an "external" multimode-resonator, 

an effect which is completely absent in the new two-coil proton maser. 

Another advantage of the two-coil proton maser is that the 

quality factors of both resonant circuits can be varied within large 

limits. In a two-cavity maser the quality factors of the resonators 

are fixed. 

Furthermore, in the proton maser the water flow rate can be 

measured directly by means of a flow-meter, and hence it is possible 

to determine precisely the average velocity of the protons passing 

through the coils in succession. In two-cavity masers it is difficult 

to determine the velocity of the molecular beam by means of a direct 

measurement. An accurate measurement is here also in principle 

difficult to obtain because the molecules slow down as they pass 

through the two-cavity system. 

Furthermore, a molecular beam spreads out, and because of 

this molecules are lost between the two cavities, an effect which also 

is not present in the two-coil proton maser devised. 

Apart from the different nature of the quantum transitions 

utilized and apart from the unimportant distinctions connected with 

the totally different frequencies of operation (2 kHz compared with 

23.870 GHz), there remains still another sInall difference which cannot 

be avoided: the molecules establishing a molecular beam have a 

"thermal" velocity distribution, while a laminar flow has a parabolic 
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velocity profile. In the experimental system devised the flow is 

slightly turbulent which means that the parabolic velocity distribution 

is slightly flattened out near the axis of the maser tube. 

5.7 The Observatory 

The two-coil maser was operated in a small magnetic 

observatory which was erected on a magnetically clean place some 

distance away from the next laboratory building inside the University 

Campus. Before the erection, cable net plans were checked by the 

Architects' Department against the eventuality of current-carrying 

cables being buried in the place chosen. All critical steel bolts 

were removed from the hut an~ replaced by aluminium bolts. Assuming 

the absence of eddy currents flowing through the ground, and these 

precautions taken, the field inhomogeneity left should be due to the 

presence of the prepolarizing magnet. The stray field of this magnet 

decreases with the cube of the distance and was measured by means of 

the maser to be about 0.002 mG/cm at a distance of 160 em at~ay from 

the magnet. 

5.8 Summary 

A description of the experimental details of the two-coil 

system of the proton flow maser devised has been given. The two 

emission coils are arranged coaxially and the water passes through 

these coils in succession. This arrangement resembles that of a two-
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cavity ammonia beam maser where the molecular beam passes through two 

resonators in series. The two-coil proton maser devised is original 

in that up to now nuclear masers have been operated exclusively Hith 

one emission coil only. The quality factors of the two resonant 

circuits can be chaneed continuously by means of Q multipliers. 

Here transistorized circuits have been used instead of the conventional 

vacuum tube circuit. The inter-coil distance can be modulated 

mechanically, so allowing a mode of operation which was previously 

proposed for two-cavity ammonia beam masers. 
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CHAPTER VI 

SOl1E GENERAL EXPERWENTAL RESULTS 

6.1 Introduction 

In Chapters IV and V the experimental set-up of the new 

proton maser with separated emission fields was described. Before 

we proceed with investigating this maser in more detail it shall 

first be clarified whether this system actually fulfils the most 

fundamental condition to be an analogue of a two-cavity maser; 

the frequency of the oscillation in the second coil must follow 

precisely the frequency of the auto-oscillations in the first coil 

(Chapter II). 

In the subsequent chapters VII and VIII. the maser voltage 

across the first and second coils will be evaluated and the results 

will be compared with the experimental data. For the quantitative 

analysis the transverse relaxation time T2~ must be known. Hence in 

this chapter the measurement of T2* shall also be reported. 

First some general remarks on the behaviour of the two-coil 

maser will be made, and its reaction on a transient disturbance of 

the earth's field near the second coil will be discussed. 
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6.2 General Behaviour of the Two-Coil Proton Maser 

When the nuclear maser was taken into operation it was found 

that oscillations occurred $imultaneously in both emission coils if 

the quality factor of the first circuit, Q, was larger than about 500. 

The appearance of oscillations in the second coil was not dependent 

on the quality factor of the second resonant circuit, Qa• Oscillation 

could be observed in the second coil when QB was as low as 20. 

The amplitude of the oscillation in both coils could be enhanced by 

increasing the quality factors of the coils. 

Fig. 12 shows a typical oscilloscope trace of the sinusoidal 

voltage oscillations available from the two maser coils. They are 

typically of the order of magnitude of millivolts. If the quality 

factors of both emission coils are equal the amplitude of the voltage 

available from the terminals of tho second coil is typically one order 

of magnitude smaller than the amplitude of the voltage across the first 

coil. 

If the quality factor of the first coil, Q, is smaller than 

the threshold value Q~ for auto-.oscillations to occur, then the second 

emission coil behaves as if the first coil had been omitted, i.e. if 

QB is larger than a certain threhold value Q~B auto-oscillations occur 

in the second coil. The second coil behaves then like a normal one-

coil nuclear maser. 



FJ G.12. Typica I osc illoscope t races of the voltage 

oscillations of the proton magnetometer maser 

with separated emission fields. Upper trace: 

first emission coil. Lower trace: second emission 

coil. Frequency: = 2 kHz. Amplitudes: millivolts. 
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6.3 Reaction of the Maser on a Field Disturbance near the Second Coil 

In order to prove experimentally that the oscillation in the 

second coil is produced by the residual nuclear magnetization of the 

water emerging from the first coil, and is not produced by direct 

pick-up, a small iron piece, a few millimeters thick and a few centi-

meters lon&was brought near the exit of the second solenoid. 

Fig. 13 shows the behaviour of the two amplitudes of the two-
~ 

coil maser during this artificial disturbance of the field H near the o 

second coil. As the field homogeneity is distorted, the voltage across 

the second coil, ED' decreases. After the intervention EB overshoots 

slightly and falls back to its normal level. 

The quality factor of the second circuit, QB' was here 

adjusted below its value for auto-oscillations for at larger QBts the 

transient phenomena are very slow and were difficult to record with 

the oscilloscope utilized. 

That nevertheless oscillations are observed in the second coil 

and that these oscillations are sensitive to field inhomogeneity, must 

necessarily mean that the radiation in the second coil is produced by 

the macroscopic transverse rotating moment of the coherently precessing 
~ 

protons emerging from the first coil. As the field Ho is made inhomo-

geneous the individual moments of the different protons dephase and 

the macroscopic transverse rotating moment shrinks, allowing only a 

poor nuclear magnetic induction in the second coil. 



time .. 
ON OFF 

FIG. 13. Reaction of the two-coil proton maser 

on a transient disturbance of the homogeneity of 

the earth's magnetic field near to the second 

coil. Upper trace: voltage across the first coil. 

Lower trace: voltage across the second coil. 

Total display time: = 5 sec. 
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In other words, the phenomenon of the free precession of 

the residual magnetization about H is responsible for the oscillations 
o 

observed in the second coil. 

Concerning the overshooting of ES recorded in Fig. 13, 

transient processes in conventional one-coil nuclear masers have been 

discussed by COMBRISSON (1960) and SOLOMON (1961) and in molecular 

beam masers by GRASYUK and ORAEVSKII (1964). However, the phenomenon 

observed here is rather different because when the first coil 

oscillates the behaviour of the second coil cannot be compared with 

that of a normal maser. 

6.4 Frequency of Oscillations 

It is clear that the analors between the system under 

discussion and a tandem-cavity molecular beam maser (Chapter II) could 

only be established if upon a frequency detuning of the first maser 

coil the frequency of oscillation in the second coil would follow 

precisely the frequency of oscillation in the first coil. That a 

nuclear maser with separated emission fields could behave in this way 

is at first sight not obvious since it would mean that the frequency 

of the e.m.f. induced in the second coil by the precessing magnetization 
~ 

would not equal the precession frequency of the nuclei, but equal the 

frequency of the oscillating magnetic field in the first coil. 

However it was observed experimentally that as the first 

coil was detuned the frequency of the oscillating potential available 
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from the terminals of the second coil followed precisely the frequency 

of the auto-oscillation in the first coil, independently on the exact 

frequency tuning of the second coil. 

In other words, the phenomenon observed here is in complete 

qualitative agreement with the ana10r,ous effect found by HIGA (1957) 

in a two-cavity ammonia beam maser (Chapter II). 

This suggests that the phenomenon of the free coherent 

precession of protons in the flow emerging from the first emission 

coil is in fact analogous to the phenomenon of "molecular ringing" as 

observed in a molecular beam maser with tandem resonators. 

The comparison of the two frequencies was first made by 

observi~ the phases of the oscillating potentials available from the 

terminals of the two coils on the screen of a double-beam oscilloscope. 

Since both channels of the oscilloscope derive their horizontal 

deflection from the same synchronization unit, only one sine wave can 

be kept stationary on the screen if the frequencies of the two signals 

fed into the two channels are slightly different. The mean phases of 

the two maser signals displayed on the screen did not change with 

respect to each other, also not over very long observation periods. 

The random phase changes of the second maser oscillation due to 

irregularities in the liquid flow rate, did never exceed a few degrees. 

The equality of the two frequencies of oscillation was also 

not cancelled when the second coil was tuned away from the LArufOR 

precession frequency III • or when the earth's magnetic field in the 
o 

environment of the second coil was slightly disturbed artificially. 
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Duringthe time of investigation the local earth's magnetic 

field changed such that the centre frequency of the proton resonance 

fluctuated slowly between 2035 Hz and 2060 Hz. The oscillation was 

usually to be found between 2040 Hz and 2045 Hz. This corresponds to 

an average magnetic field of the earth at Keele University of 0.48 gauss. 

The daily variations of the maser frequency due to changes of the earth's 

magnetic field were usually a few hertz and not found to be disturbing 

in the experimental investigation of th~ maser. 

For frequency measurements an Advance Electronics digital 

counter, type Te5 was used. This instrument indicates 2 kHz on 5 

digit places. 

6.5 Explanation of the Frequency Behaviour of the Two-Coil Maser 

The frequency behaviour of the two-coil maser may be under-

stood as follows. At the exit of the first solenoid the transverse 

rotating moment changes its phase according to the law ~l = wAt + ~~A' 

where wA is the frequency of the auto-oscillation in the first coil 

and A~A is some constant phase angle between the oscillating potential 

across the first coil and the rotating magnetization at its exit. 

In the subsequent flow of the water the phase of the freely precessing 

magnetization changes in correspondence with the local LARMOR precession 

frequency W (x) = yH (x). where the coordinate x is measured from the o 0 

end of the first maser coil. The transit time is T = 1/; where 1 is 

the distance between the end of the first coil and the entrance of the 



77 

second coil, and v is the mean velocity of the fluid. After the 

distance 1. the phase of the precessing magnetization is given by 

JlI(t) = wAt + 6Jl1l + y TJ"O(X(t»dt - w T A 
0 

= wAt + 61/11 +!} (x)dx - w T v 0 A 
0 

(1) 

where 

wo(x) : f'I"o(x)dx 
o 

is the average LARHOR precession frequency of the magnetization in 

the tube section between the two coils. The integral expression 

represents the phase accumulated over the distance 1. The integral 

expression minus the term wAT is the accumulated phase difference. 

It may be noted that in Eq. (1) only the first term on the 

right hand side depends on the time t. The phase shift between the 

precessing magnetization at the entrance of the second coil and the 

oscillating voltage across it is a constant. Adding this constant 

phase shift to Eq. (1) does not alter its meaning. and therefore it 

must be concluded that the frequency of the oscillation in the second 

coil. wB• is given by 

= = III 
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as the experiment showed. Hence it is not necessary to make a 

distinction between wA and wn; the frequency of oscillation of the 

two-coil nuclear maser shall in the following simply be denoted by w. 

From the above one may also conclude that, as far as the 

equality of the frequencies are concerned, a two-coil nuclear maser 

behaves in much the same way as a passive two-coil liquid flow 

device where the first coil is connected to an external oscillator 

and the freely precessing magnetization is detected downstream in a 

successive coil. Such systems have been realized previously in a large 

field (SHERMAN 1957) and in the earth's magnetic field as well 

(SKRIPOV 1958). 

6.6 
It 

Measurement of the Relaxation Time T2 

In Chapters VIr and VIrI a quantitative analysis will be 

attempted, for which it is necessary to know the transverse relaxation 
... 

time T2 • 
It 

The standard methods of measuring 12 are the "spin echo" 

method (HAHN 1~50) which can also be applied in the earth's magnetic 

field (POWLES and CUTLER 1957, POWLES 1958) and the method of the 

"wiggles" (GABILLARD 1955). The latter are a decaying beat signal 

which can be observed by means of an NMR spectroscope after sweeping 

through the resonance condition. The wiggles are produced by the 

interference of the external driving field, with the radiation field 
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from the coherently precessing spins which preserve their phases for 

some time after the external field swept through the resonance 

condition. The method of the wiggles is easier to realize in practice. 

However, in a flowing liquid the decay of the wiggles is no 

longer exponential and the results need a more complex re-interpretation. 

The same holds for the spin echo method (HEru'1S 1961, ARNOLD and 

SURCKART 1965). 
a'c 

A possible method of determining T2 experimentally for a 

liquid-flow nuclear maser is to investigate the pulling phenomenon 
il 

expressed by Eq. (3.21) and to extrapolate T2 from the experimental 

data (FRIC 1961). 

A nuclear maser with separated emission fields offers a 

further method. If the phenomenon of "radiation damping" is negligible 

in the second coil then the voltage Es is directly proportional to the 

transverse rotating moment appearing at the second coil (Chapter VIII), 

and for a given flow rate, ES falls with the transit time T = t/v 

according to the law 

= 

Hence T2'~ can be measured by altering the inter-coil distance. 

A semi-logarithmic plot of Es against T should yield a straight line 

* " of slope -1/T2 ' from which T2 can be found. 

* This method has been used in order to determine T2 for flow 

rates between 17 cm3/sec and 33 cm 3/sec of the distilled water. the 
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result is shown in Figs. 14 and 15. 
,', 

The fall of 12 with increasing flow rates can be explained 

by the non-infinite residence time of the protons in the second coil, 

T, which leads to a frequency spread proportional to lIt, and hence 

to a more rapid dephasing of the individual moments of the different 
K 

protons. If this is the only reason for the fall of 12 at higher 

flow rates. F. (see Fig. 15). then an extrapolation of this dependence 
,'r , 

towards F = 0 (T = ~) should yield the relaxation time 12 which is 

valid in the tube section in the space between the two coils. 

From Fig. 15 one would obtain 12*' = 1 sec. 

In order to check the dependence shown in Fig. 15 the 

method of the wiggles was applied. For this the spin inversion was 

switched off and the spins were irradiated externally by an auxiliary 

coil (Chapter IV) which was placed about 50 cm away from the first 

screening cylinder. Modulation of the earth's magnetic field was 

achieved by means of a small U shaped permanent magnet located about 

2 m away from the first coil (the second coil is not used in this 

experiment). Fig. 16 shows the phenomenon of the wiggles for water 

flow rates of 17 cm3/sec and 33 cm3 /sec. 
if 

1he relaxation time 12 is 

longer for the lower flow rate, in agreement with the experimental 

result obtained before. 
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FIG. 14. Voltage across the second emission coil, E
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a function of the transit time T, for different flow rates F . 
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FIG. 16. The phenomenon of the "wiggles" as 

observed in the earth's magnetic field. Upper 

trace: water flow rate F = 33 cm
3
/sec. lower 

trace: F = 17 cm3/sec. Total display time: 

= 1.4 sec. 2 kHz not resolved (50 Hz modulation 

superimposed) . 
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Table I Residence Times and Transverse Relaxation Times 

F 
~ * T = T = Ta T2 T2 IT A 

(cm 3/sec) (sec) (sec) 

17 0.~5 0.64 1.4 

21 0.36 0.57 1.6 

25 0.30 0.50 1.7 

29 0.26 0.47 1.8 

33 0.23 0.~3 1.9 

As Table I shows, the ratio T2A/T grows slightly with the 

flow rate, and hence higher flow rates are more favourable in the 

operation of a two-coil nuclear maser. However, if the water does not 

remain long enough in the pole gap of the prepolarizing magnet, then 

the prepolarization efficiency decreases again. 

Whilst measuring T2* by altering the coil distance, an 

interesting effect was observed when the decoupling wire in the maser 

tube was bent, and created turbulences along the maser tube. When the 

second coil was shifted. there was a certain region, about 2 em long, 

for which the voltage across the second coil remain unchanged. 

This region moved towards the first coil when the flow rate was 

decreased. The wire produced obviously a vortex in the water. This 

vortex averaged out the inhomogeneity of the magnetic earth's magnetic 

field such that at the point of the vortex the transverse relaxation 

was considerably longer than usual. 
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Unfortunately, in the reports on the two-cavity maser 

experiments (Chapter II) which concern us, relaxation times are not 

specified so that a quantitative comparison of a two-cavity maser and 

the new two-coil proton maser in this respect is difficult. However 

it is well known that the phase memory time of the ammonia molecules 

is considerably longer than the total transit time which the molecules 

spend in the two-cavity system. 

6.7 Summary 

The experimental investigation has shown that, as far as 

the frequency of oscillation is concerned, the two-coil proton maser 

behaves in much the same way as a two-cavity ammonia beam maser, 

i.e. the frequency of the oscillation in the second resonant circuit 

follows precisely the frequency of the auto-oscillation in the first 

resonant circuit. In the case of a two-coil nuclear maSer this 

phenomenon can be understood by an elementary examination of the phase 

relations existing between the oscillation in the two coils. 
if 

The transverse relaxation time T2 has been measured by 

altering the inter-coil distance. This is an unorthodox method. 
ic 

It was found that T2 decreases as the flow rate increases. This 

result was checked experimentally using the method of the "wiggles". 
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·CHAPTER VII 

InVESTIGATION or THE VOLTAGE ACROSS THE FIRST COIL 

7.1 Introduction 

As was pointed out in Chapter III the behaviour of a nuclear 

maSer can be described by classical equations. The different parameters 

of the two-coil proton maser under investigation Here given in Chapters 

IV and V. In the present chapter the voltage across the first 

emission coil will be examined. At the entrance of the first emission 

coil the macroscopic moment is aligned antiparallel to the direction 

of the earth's magnetic field. The radiation of magnetic energy in 

the first emission coil must necessarily result in a tilting of the 

moment towards its position of lowest energy parallel to the earth's 

magnetic field. It will be sho~m that this tilting and the voltap'e 

across the emission coil are dependent on each other and that this 

dependence is the more distinctive the larger the amplitude of the 

voltage available from the terminals of the coil. We are especially 

interested !n the case of a large maser voltage across the first coil 

for in Chapter II it was stated that the double-hump detuning phenomenon 

of two-cavity ammonia beam masers can occur if the amplitude of the 

auto-oscillation in the first cavity is large. These should be 

analogous situations. The voltage across the first emission coil 

evaluated for different flow rates and quality factors ,dll be compared 

with the corresponding experimental results. 
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7.2 Power of a Nuclear Haser 

The power of an oscillating nuclear maser can be found from 

a conservation of energy argument as follows. 
. .. .. 

The energy of the sp1n system is M.H = H M • o z The power 
dM 

z radiated per unit volume of the maser medium is therefore Ho-at • 

Hence the effective power radiated by the volume V of the flowing 

liquid during tho residence time T is given by 

VH t1 --2. dt1 
t z 

o 

VH 
= --2. ( 11 (t) - M (0) ) 

t z z 

This power must be equal to the JOULE heat dissipated per unit time 

by the current in the tuned circuit, !I2R, or 

VH 
= --2. ( M (t) - M (0) ) 

T Z Z 
(1) 

Here E is the amplitude of the maser voltage across the first coil 

for zero detuning. Hence this conservation-of-energy argument allows 

the evaluation of the maser voltage, provided the equation of motion 

of the longitudinal maenetization U is known. The latter can be z 

found by the aid of BLOCH's phenomenological equations. 

For the moment We are interested in the case that the circuit 

be exactly tuned to the proton resonance such that w : Wo = wc' 

for the detuning characteristic of the voltage across the first coil 

is already known to be asemi-ellipse (Chapter Ill). 
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7.3 t1otion of H in the First Emission Coil z 

For the system under investigation the lonGitudinal 

relaxation time is Tl = 2.07 sec, while the longest residence time 

of the nuclei in the first coil is T = 0.45 sec. Hence for the sake 

of simplicity one can regard T1 as infinite without making too large 

an error. 
~ 

If one studies now the motion of the macroscopic moment M 

in a frarneXOZ rotating with the angular velocity w = w about the 
o 

direction of the field H applied parallel to the Z axes and chooses o 
~ 

the phase of the rotating frame such that M = 0, then M can be studied 
x 

in the YOZ plane. and the situation is that illustrated in Fig. 17a. 
~ 

The motion of M can be described by two velocities, 

= ~ i . - ~ if YHlI'~ be ng pcrpend1cular to OM , and v
2 

= -l'y/T2 being 

parallel to aY. 

The corresponding BLOCH equations are 

dl1 
z = dt 

dMy = 
dt 

Eliminating My' the motion of Hz is given by the equation 

= 

(2) 

(3) 



z 

o 
----------~~---------- y 

a 

~~------_k--------+_ y 

b 

-FJG.17. a) Motion of M as seen in the rotating -frame (T1 = CD). b) Motion of M in the case 

2T;» "t J 1/(2T2)« yH,. 
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which has three different types of solutions, dependine on whether 

~ > yH1 (overdamped solution), ~ = yH
l 

(critical damped solution) 
2T2* 2T2ffQ 

1 or ~ < yHl (underdamped or oscillatory solution). 
2T2R 

We are interested in analogues of the phenomena which are 

observed in blo-cavity masers when the level of oscillations in the 

first cavity is large (Chapter II). 

If the voltage across the first emission coil is large the 

relation ~ < yHl will hold. With the initial conditions 
"T it - 2 

r1z (0) = -no' , 1\( 0) = 0 the corresponding solution is given by 

where 

11 (t) 
z 

'WI -t/2T i; = -M :::t: e 2 cos(wl~t - a) 
oWl' 

t an a = _-;:1:;-_ 
* * 2T2 wI 

(~) 

For the system under consideration T is small compared with 

* 1 2T2 t and if only the case of strong excitation for which ---. « YHl 

is considered the above equation reduces to 
2T2 

, 
H = -r1 cos W t. This corresponds to the case where the locus of z 0 1 

the vector M in the YOZ plane is a circle (see Fig. l7b). 
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7.4 Voltage across the First Lmission Coil 

BENOIT and FRIC (1959) have used the relation M =-H Z 0 

, 
cos 

in Eq. (1) in order to describe the voltage level available from a 

high-field nuclear maser oscillating in the megahertz range. If this 

approximation is made the voltage equation for the first emission coil 

can be written as 

, 
n VH o 0 

1 - cos ykET 
T 

(5) 

where k = H1IE is a proportional constant depending on the geometry 

of the emission coil. 

A nuclear maser with separat~d emission fields offers a 

simple method of determining the coil constant k, if the relaxation 
fr 

time T2 is long enough. The quality factor of the first coil, Q. can 

be adjusted such that e = ykET = w, (see Fig. l7b). Then the voltage 

across the second coil is zero (in fact this is the adjustment where 

/ the gap in the double-hump detuning phenomenon occurs, Chapter VIII). 

By measuring the voltage across the first coil and the residence time 

T = VIF for zero voltage across the second coil, one can determine k. 

The experimental result was 

k = :1 = E 
0.11 gauss/volt 

(For a long solenoid one can evaluate this constant from k = 2:A where 

A is the total mean geometrical turn area. For the coils used this 

approximation would give k I: 0.1). l-lhat can be determined by this 
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method is the product lilT rather than the mean field amplitude 

HI = kE. The above value of k depends somewhat on the usual 

assumption that the effective length of the coil is identical with 

its geometrical length (see Fig. 18). 

The voltage equation, Eq. (5), can be solved graphically, 

e.g. in the form 

= sin 8/2 
6/2 

Here c
1 

is an experimental constant given by 

= 12.0 sec-! 

Remark: since Xo is measured in UEH cgs, the unit of M = X H is pop 

1 erg/(gauss cm3) corresponding to 10-7 joule/(gauss cm3) in the 

practical system, where the unit of L is 1 henry. 
, 

The quantity y = M m is the prepolarisation efficiency 
o p 

and can be evaluated by means of Eq. (4.2). The result of such a 

calculation is presented in Table II. 

Table II Prepolarization Efficiencies 

17 21 2S 29 33 

y (\) 29 36 42 47 51 



r­
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Screen I 

-6 -2 o 
Coill.ngth 

2 , em 6 

FJG.t8. Fi.ld profile inside the .mission coils, a) m.asur.d, b) assumed. 
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The calculated dependence of the voltage across the first 

coil, E, on the quality factor Q and the water flow rate F is shown 

in Fig. 19. 

Fig. 20 shows the experimental result. The voltage amplitude 

was read on the oscilloscope screen, while the quality factor was 

measured through the relation 

Q 
v 3i 

o 
= ~ 

c 

where 6v is the half-voltage bandwidth of the tuned circuit. c 

The bandwidth 6v was measured with the aid of an external oscillator c 

and the digital counter. 

7.5 Comparison of Theory and Experiment 

In Fig. 19 the approximate voltage level is indicated for 
{, 

which,due to the non-infinite relaxation times T2 given in Table It 

the condition _1 ___ 2 yH is fulfilled. Since Eq. (5) holds only for 
2T2* 1 

2: '" « yH1 the maser voltage predicted for the first coil can only be 

co~rect for voltages E » E' = 1 A comparison of the theoretical 
2kYT2''r 

curves shown in Fig. 19 with the experimental curves presented in 

Fig. 20 reveals that there is a fair agreement between theory and 

experiment for voltages above roughly 2mV. However, the voltages 

observed experimentally are about 25\ lower. This is partly because 

the relaxation processes have been neglected entirely, and partly 

because at higher voltages the saturation effect enters the scene. 
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FIG. 19. Theoretical relation between the voltage across the first coil, E , its 

quality factor Q, and the water flow rate F, for T2 • co • 
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FIG.20 . Relation between the maser voltage across the first coil, E ,its quality 
factor Q ,and the water flow rate F (experimental), 

7000 
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The influence of the spin saturation will he seen more clearly in 

Chapter VIII. 

A large discrepancy exists between the threshold quality 

factor predicted by Eq. (5) and the threshold quality factor observed 

experimentally. The reason for' this is again that Eq. (5) is not valid 

near the threshold of oscillation. If the quality factor io so low 

that the condition _1_ > yHl is fulfilled then the voltage across the 
2T2* 

maser coil can be described by another approximative formula (BENOIT 

1959, ZHEROVOI and LATYSHEV 1965): 

By evaluating the limit 

T 

2Lw QDn 'VH o ... 0 0 

= lim 
E2 .... 0 

1 - eXP(-T2"y2k2E2t) 

E2 

the threshold quality factor is found to be 

Q9. = 
, 

(6) 

(7) 

On the other hand, evaluating the threshold value Q9. from Eq. (5) in 

the same manner, 

one finds 

2Lw Q 'M 'VB 
o 9. 0 0 

Q ' 9. = 

= .. lim 
E" 0 

1 - cos ykET 
E2 
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This latter 

given by Eq. (7) by a 

value is larger than the more correct Ql0 

* factor of 2T/T2 • This explains why the Q1's 

observed experimentally are only about half as large as those 

predicted (wrongly) by Eq. (5). 

For nuclear masers oscillating in the magnetic field of 

the earth up to now only Eq. (6) has been of importance. the reason 

being as follows. Those masers are applied as magnetometers. and in 

this application the actual frequency of oscillation should always be 

as near to the LARMOR precession frequency as possible. In fact up 

to now a suitable tuning criterion for nuclear masers does not exist 

(GRIVET and t~ALNAR 1967). If the quality factor of the circuit is 

too large then the frequency pulling phenomenon (Chapter III) becomes 

dangerously high. and in order to avoid this one adjusts a quality 

factor as low as possible. If one does the latter then the voltage 

across the maser coil is very low so that Eq. (6) holds. 

In fact as far as literature indicates. for an earth-field 

nuclear maser up to now Eq. (5) which holds only for high levels of 

oscillation has not been compared with experimental results. The 

agreement of theory and experiment found for a high-field nuclear maser 

by FRIC and BENOIT is of the same order of magnitude as that obtained 

here. 
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7.6 Summary 

The voltage across the first emission coil has been evaluated 

assuming that the motion of M be governed by the relation z 
Mz = -~o cos YHlt, i.e. the relaxation processes have been neglected 

entirely. This leads to a voltage equation which has been derived 

previously by other workers and been checked experimentally using a 

strong-field nuclear maser. In the present case, for larger quality 

factors the theoretical predictions for different flow rates are in 

a fair quantitative agreement with the corresponding experimental 

results. This proves that the formula utilized has also meaning for 

a nuclear maser oscillation in a weak magnetic field, if the level of 

oscillations is large enough. On the other hand, we are mainly 

interested in the case of a strongly excited first emission coil for 

this should be analogous to the situation where in a two-cavity maser 

the oscillation level in the first resonator is high. 
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CHAPTER VIII 

INVESTIGATION OF THE VOLTAGE ACROSS THE SECOND COIL 

8.1 Introduction 

In Chapter VII the maser voltage available at the terminals 

of the first emission coil of the two-coil proton maser was investigated. 

The present chapter deals with the voltage induced in the second coil by 

the transverse rotating moment of the residual nuclear magnetization of 

the ~later emerging from the exit of the first emission coil. 

The voltage across the second emission coil has been 

investigated for the case that both coils be precisely tuned to the 

LAru10R frequency w. As was pointed out in Chapter VI, if the first o 

coil is tuned to Wo the frequency of the maser oscillation occurring 

in each coil is given by w = w. Measurements of the voltage available o 

at the terminals of the second coil have also been carried out when 

the first coil was mistuned such that the frequency of oscillation of 

the whole system differed from w • 
o 

The main purpose of this chapter is to give both theoretical 

and experimental evidence that the analogue of the double-hump detuning 

phenomenon which was previously observed during experiments performed 

with two-cavity ammonia beam masers (Chapter II) and which is still 

under dispute (~ection 2.4) can be observed using a two-coil nuclear 

maser. 
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First some general aspects of the free LARMOR precession of 

the residual nuclear magnetization of the water emerging from the exit 

of the first maser coil shall be discussed. 

8.2 The Residual Magnetization of the Water emerging from the Exit 

of the First Emission Coil 

At the entrance of the first emission coil the macroscopic 

magnetization is aligned antiparallel to the earth's magnetic field H . o 

If TOWNES' condition (Eq. (3.16» is fulfilled for the first emission 

coil, then the protons in the water flowing through this emission coil 

radiate in it part of their magnetic energy away. This can only happen 

if the resultant moment M tilts during the residence time T towards 

its equilibrium position of bwcst energy parallel to the direction of 

the field H. At the exit of the first emission coil the moment M o 

f ." precesses in a cone about the direction 0 the f1eld H , the angle o 

between the negative z axis and M being e. The angle e depends on the 

1 .. .. . h . coup e 11 x HI wh1c 1S exerted on the magnetization vector by the .. 
proper circularly polarized component HI of the linearly polarized 

reaction field H produced by the circulating current in the coil. 
x 

In the preceding chapter it was shown that if the relaxation effects 

are negligible, the final angle of the precession in the first coil 

is given bye: yHIT = ykET. 

During the transit time T which the water needs to travel 

from the exit of the first screened emission coil to the entrance of 



95 

the second screened emission coil. the magnetization vector does not 

cause and hence not experience a reaction field. Consequently. if the 

relaxation effects are negligible. during the transit time T the angle 

e will remain constant. This is the phenomenon of the free LARHOR 

precession. as discussed in Chapter III. 

Because of the spin-spin interaction and the spin-lattice 

relaxation the phenomenon of the free LARMOR precession of the macro-

-+ i'-+ scopic moment M about the d rect10n of H cannot go on forever. 
o 

It follows from BLOCH's equations (comp. Section ~.~) that 

in the subsequent flow of the water emerging from the exit of the 

first coil the component Hz changes with the relaxation time T1 

according to the I'elation 

M 
z = + X H (1 - e-tITl) 

o 0 

-+-
Since the strength of the earth's magnetic field H in which the water o 

flows after emerging from the first emission coil is low, the 

inequality X H «M holds, and the above equation reduces to o 0 z 

= Ii e-t/Tl 
zex 

The components Mx and Uy fall with the transverse relaxation time T
2
'''' 

which differs from the transverse relaxation time T2* valid inside the 

solenoids: 

M 
Y 

= 

= -tIT .'r' 
M e 2 
yex 
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The relaxation time T2*' is primarily determined by the degree 

of the homogeneity of the earth's magnetic field, whilst the relaxation 

time T2*,which is valid inside the coils, is in addition shortened due 

to the non-infinite residence time T for which the water remains inside 

the coils (Chapter VI). 

A time T after the emergence of the water from the first 

emission coil, the magnetization 11 is decreased to a value given by 

the expression 

M = 

If the inter-coil distance is short and the water flow-rate 

is sufficiently large such that the inequalities T « Tl /2, T « T2*'/2 

hold, then the magnetization available at the second coil will equal 

approximately the magnetization emerging from the first solenoid. 

Also, during the transit time Tl the angle of the cone in which the 
~ 4 

vector f1 precesses about the direction of the field Ho will remain 

approximately the same. 

The transverse component of the freely precessing magnetization 

of the water emerging from the first coil provokes the oscillation in 

the second coil. This is the mode of operation for which the two-coil 

proton maser is designed. 

There is also another mode of operation possible. Suppose the 

imhomogeneity of the earth's magnetic field in the inter-coil space is 

very large. In this non-uniform external field the different macnetic 
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moments of the individual protons precessing in a field with 

Slightly different strength get out of phase, and this leads to a 

rapid fall in the resultant transverse moment, i.e. to a low value of 

th .. Ie, 
e relaxat10n t1me T2 • If now the transit time T is large enough 

such that the transverse moment is completely cancelled before the 

water enters the second coil, then only the longitudinal component 

of the magnetization is left. If the level of the auto-oscillation 

in the first coil is very low then in the first coil the tilting of 
-+-
11 tO~lards its equilibrium position of lowest energy parallel to the 

direction of H will amount to only a few degrees, i.e.the component o 

Mzex and hence the magnetization available at the entrance of the 

seconc coil will have a negative sign. The second resonant circuit 

will respond to this negative magnetization in much the same way as the 

first coil reacts to the magnetization -Mo'. Le. if TOWNCS' oondition 

is fulfilled for the second coil an auto-oscillation will build up in 

it. Since the transverse rotating component is suppressed there exists 

no phase dependence between the auto-oscillations in the first and the 

second coils. Since the coils oscillate individually. this possible 

mode of operation of the two-coil proton maser is in no way similar to 

the mode of operation of a two-cavity ammonia beam maser, and hence 

we shall not consider this case any further. It should te remarked, 

however, that in the two~coil maser devised this mode of operation can 

be verified by disturbing artificially the homogeneity of the earth's 

magnetic field in the inter-coil space. 
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8.3 Estimate of the Voltage across the Second Coil for Zero Detuning 

of Both Coils 

In Chapter VII it was shown that the voltage available from 

the terminals of the first emission coil can be evaluated on the basis 

of a conservation of energy argument. The same must also be true for 

the second emission coil. 

There is, however, a difference in the operation of the two 

emission coils. The maser action in the first coil is always connected 

with a tilting of the moment M away from its initial position of largest 

energy antiparallel to the main field it , and the resulting chango of o 

the component 11 is linked to the power emitted by the spin system. 
z 

The tilting of M in the first emission coil is an essential part of 

the maser action itself. In the second coil the situation is slightly 

different. Here an e.m.f. is induced by the freely precessing 

magnetization emerging from the exit of the first solenoid, independently 

from whether TOWNES' condition is fulfilled for the second coil or not. 

The appearance of this e.m.f. in the second circuit is not causally 
+ connected to a further tilting of M in the second coil. However, since 

the e.m.f. produces an electric current which dissipates JOULE heat. 

there will be a tilting of M towards its position of lowest energy 
+ parallel to H in the second solenoid also. 

o 

Let us first consider the case when the quality factor of 

the second circuit, QS' is very small. In this situation the current 

circulating in the second coil will be very weak, and so therefore the 
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reaction field produced by this current. Consequently the torque 

exerted on the spins will be very small, i.e. the tilting of ~ in 

the second solenoid will be negligible. 

If the relaxation effects are neglected the e.m.f. induced 

in the second coil by the precessing magnetization is found from the 

FARADAY law to be 

= 4'1fnw AM 'sin e 
o 0 

Hence the voltage En = QBEB available at the terminals of the second 

coil is given by 

= 4'1fnw AQnN' sin e o 0 
(1) 

Here Mo'sin e is the transverse component of the precessing magnetization 

and the angle e = ykET is determined by the degree of excitation of 

the first maser coil, see Fig. l7b. If the quality factor of the 

second circuit is very small then the angle e will remain nearly 

constant throughout the whole length of the second solenoid, and 

Eq. (l) is valid. 

On the other hand, if the quality factor of the second 

resonant circuit is large then in the second solenoid the angle between .. .. 
M and H will not remain constant,but increase continuously as the water o 

passes through the coil. The voltage available at the terminals of the 

second emission coil can now be found from the power relation 



E 2 
B = VH 

o 

100 -

MZBh) - HZB<O) 

T 
(2) 

where 11zB(0) and MzB(T) are the longitudinal components of the magnet­

ization at the entrance and at the exit of the second coil, respectively. 

This equation is valid independently from whether relaxation effects 

playa role or not. 

In order to find the connection between Eq. (1) and Eq. (2) 

let us neglect the relaxation effects in Eq. (2) also. The tilting 

angle of M in the first coil is given by 8 = ykET. The equation of 

motion of M in the second coil is of the same form as the equation of 
z 

motion of M in the first coil, only the boundary conditions differ. z 

Under the influence of the reaction field produced by the circulating 
..... 

current in the second identical coil, the macroscopic moment U will 

tilt further by an angle 8B = ykEBT. This is illustrated in Fig. 2 I 

from which it might be seen that M B(O) = -11 'cos a, z 0 

MzB(T) = -Mo'cos(8 + 8B). Hence the voltage across the second coil is 

for the ideal case of negligible nuclear relaxation given by 

E 2 
B 

cos 8 - cos(8 + eB) 
= M 'VH o 0 T 

( 3) 

If TOvn~S' condition is not fulfilled for the first emission coil, then 

the second coil behaves as if the first coil would be switched off. 

In this particular case we have 8 = 0, and Eq. (3) takes the same 

form as Eq. (7.5). 
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FIG. 21. Tilting of M in the two-coil maser as seen 

in the rotating frame, for T, = CD, T2 = CD • 
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The value of Ss depends on the quality factor of the second 

coil, QS' for the voltage across the second coil depends on QS• By 

adjusting a low value for QB the tilting angle Ss can be made 

arbitrarily small. 

Let us investigate the voltage En for the case en ~ o. 

We first re-arrange Eq. (3) in the form 

and evaluate 

cos e - cos(a + Ss) 
= M 'VH 

o 0 Ss 

= 
lim cos S - cos{S + as) 

2L 11.1 QsykVH M o 0 0 0 

, 6
S
-o 6

S 

which gives 

= 211.1 LQsykVH 11 'sin e 
000 

In fact, this latter equation is identical with Eq. (1). This can be 

seen easily if the second emission coil has the shape of a long solenoid. 

In this case the magnetic field produced by the circulating current in 

the coil is uniform inside it. and the relations n = V/Vc ' k = !woA 

L = 4WA2/Vc hold. Introducing these relations into Eq. (4) gives Eq. (1). 

In summarizing, if in the second solenoid the tilting of the .. 
moment t1 is sufficiently weak. the voltage across the second coil. En' 

is related to the voltage across the first coil, E, through a simple 
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sine law, and in this particular case it will not be necessary to 

evaluate EB starting from a conservation-of-energy argument. 

Eq. (4) is idealized in that the relaxation effects have 

been neglected. In the experimental two-coil proton maser the minimum 

inter-coil distance is limited by the thick screening cylinders and 

is about 6 cm. Hence the entrance of the second solenoid is rather far 

away from the entrance of the first solenoid where the magnetization 

-M arrives; the corresponding transit time of the water is o 

typically 0.5 sec for a medium flow rate used in the experiment. 

Since the transverse relaxation time is also of this order of magnitude, 

the transverse relaxation will have a considerable diminishing effect 

on the voltage across the second coil, ~B' and cannot be neglected, 

i.e. in Eq. (4) the term M sin e which represents the transverse o 

component of the precessing magnetization must be replaced by a term 

which takes the transverse relaxation into acc~unt. 
+ In Chapter VII the motion of the macroscopic moment M damped 

by the influence of T2* was studied in the rotating frame. The phase 

of the rotation of the frame was chosen such that M was confined to 

the YOZ plane. Using this technique, an equation of motion of M given 
z 

by Eq. (7.4) was derived. 

+ 
In thi$ rotating frame the transverse component of M is given 

by My' The equation of n~tion of the transverse magnetization My 

damped by the influence of the transverse relaxation is connected to 

the motion of M expressed by Eq. (7.4) through Eq. (7.2): 
z 
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y 
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Wl -t/2T R * 
M ' ---- e 2 sin wl t 
o wl* 

where wl and wl~ are the same as in Eq. (7.~). This expression for 

the transverse component of the magnetization is valid for spin 

systems inside the first emission coil, if the relaxation time Tl 

has a negligible effect. 

If the damping of My due to T2*' in the section of the 

maser tube between the two emission coils is taken into account by a 

-T/T2~'rt -+ factor e the transverse component of M available at the entrance 

of the second coil will be given by 

M = 
Y 

If in Eq. (~) the term Mo'sin e is replaced by this expression for My 

the voltage across the second coil for negligible radiation damping 

(5B = 0) and zero detuning of both coils is approximately given by 

Wl -(T/*T ~ + T/T2*') = c yQ e 2 sin W *T 
2 Bw1t'1 1 

(5) 

where 
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and c2 is an experimental constant given by 

c2 = 2w 2LkVX H .10-7 = 4.7 x lO-6volts 
o a p 

Using Eq. (5) the dependence of EB on the voltage across the 

first coil, E, for zero detuning of both coils has been evaluated for 

an inter-coil distance 1 = 7.2 em, a quality factor of the second 

circuit Qa = 380 and water flow rates of F = 17 cm3/sec and 

F = 33 cm3/sec, the result being shown in Fig. 22. 

The functions EB(E) are essentially sinusoidal. EB is zero 

if the voltage across the first coil, r:, is such that wltlt = mr, 

n = 1, 2, ••• 

If the first emission coil is adjusted such that wl*t = w 

then at its exit the moment M is aligned parallel to the direction of 
.... 

the main field H , and the transverse magnetic moment in the water o 

emerging from the first coil is zero, i.e. the second coil cannot be 

excited. The question is whether an adjustment wl*T- ~ ~ for the first 
.... 

emission coil is actually possible in principle. If the moment M tilts 

in the first emission coil by an angle larger than 'ff then this means 

that at some point in the first solenoid the moment H is aligned parallel 
.... 

to the earth's magnetic field H , and in the subsequent flow through o 

the remaining section of this solenoid the spin system would absorb 

energy. That the flow could absorb part of its own radiation appears 

to be paradoxical at first glance, and, as far as the author is aware, 

that this could eventually happen has not been discussed previously in 

the literature on nuclear masers. 
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FIG. 22. Theoretical relation between the voltage across the 

second coil, E S ' t he voltage across the first coil, E , and 

two different values of the water flow rate F (T1 = m) • 
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The answer to this question is hidden in the power relation 

for the first emission coil, Eq. (7.5). Suppose the quality factor 

of the first emission coil, Q, is infinite. In this case no JOULE 

heat would be dissipated by the current in the tuned resonant circuit, 

i.e. the left-hand side of Eq. (7.5) would be zero. Incrder for the 

right-hand side of this equation to become zero too, the angle 

e = ykET must equal 2w. In other words, if no JOULE heat is dissipated 
... , 

in the first emission coil, the moment M WlllCh is initially aligned 
, ... 

antlparallel to H approaches in the middle of the first coil the o 

'h'" angle e = 'If and at its exit the angle e = 2w Wlt H. a The spin system 

confined to the second half of the first solenoid would absorb all 

energy radiated away by the spin system confined to the first half of 

the solenoid. In practice we will not be able to produce this 

idealized situation. however, from the experimental results to be 

reported in the following section, it can be concluded that in the two-
... 

coil maser devised the moment 11 can tilt by an angle considerably 

larger than 'If. 

Since it follows theoretically that for e = 'If the oscillation 

in the second coil ceases, it would be a close assumption that this 

is the adjustment analogous to that where the radiation intensity in the 

second resonator of a two-cavity beam maser becomes zero (Fig. 2). 
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8.4 Experimental Investigation of the Voltage across the Second Coil 

for Zero Detunina of Both Coils 

Ue recall that the double-hump detuning phenomenon of two­

cavity ammonia beam masers (Chapter II, Fig. 2) is marked by the fact 

that for zero detuning of the first cavity the level of oscillations in 

the second cavity can become zero if the focusser voltage is increased 

to a certain value. Several more or less contradicting theories have 

been produced in order to explain this effect (Section 2.4). 

On the other hand, from the theoretical estimate of the 

voltage across the second coil of the two-coil nuclear maser, it 

follows quite naturally that this voltage can become zero if the 

first coil is sufficiently excited. 

In the second cavity of the two-cavity ammonia beam maser 

the level of oscillations becomes zero at a high focusser voltage, i.e. 

When a large electric polarization is present at the entrance of 

the first cavity and when, consequently, the level of oscillations in 

the first cavity has a certain value. Hence in order to find in the two­

coil proton maser the analogous phenomenon by means of corresponding 

experimental manipulations, strictly speaking, one would have to enhance 

the magnetization -11 ' available at the entrance of the first coil. 
o 

With the flow system as described, the latter can however not be done 

arbitrarily, but it is easy to enhance the quality factor of the first 

circuit, Q, instead. In fact Eq. (7.5) shows that the functional 

dependence of the voltage across the first coil, E, on its quality 
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factor Q is the same as that of ~ on r1 '. The variability of the 
o 

quality factors of the circuits of the two-coil maser is a great 

advantage; in the two-cavity beam maser the quality factors of the 

resonators are fixed. 

The experimental relation between the voltage across the 

second coil, ES' and the voltage across the first coil, E, for zero 

detuning of both coils has been measured for water flow rates between 

17 cm3/sec and 33 cm3/sec. Fig. 23 shows the experimental results 

obtained for an inter-coil distance ~ = 7.2 em and a quality factor of 

the second circuit QB = 380. These are the same parameters on which the 

theoretical curves shown in Fig. 22 are based. In measuring the curves 

in Fig. 23 the voltage across the first maser coil was altered by 

varying the quality factor Q of the circuit. The readings of the 

respective voltages were taken by means of the double-channel 08ci110-

scope. 

The results of the measurements show clearly that for a certain 

value of the voltage across the first emission coil, the voltage across 

the second coil becomes zero, in agreement with the theoretical 

prediction, see Fig. 22. The maxima of the experimental curves corres­

pond to situations where the residual magnetization M of the water 

emerging from the exit of the first maser coil is aligned perpendicularly 

to the direction of the field Ho' 
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A comparison with the theoretical curves shown in Fig. 22 

indicates that the second maximum of each of the experimental curves 

is considerably lower than predicted. The reason for this is that if 

the voltage across the first coil is increased, the reaction field Hl 

inside it grows in proportion, and if Hl is large the power saturation 

of the spin system enters the scene (Chapter III). This effect which 

is dependent of the spin-lattice relaxation is not taken into account 

by Eq. (5). 

Fig. 24 shows the results of a series of measurements which 

has been performed for a quality factor QB nearly twice as large as 

before and for flow rates between 19 cm 3/sec and 31 cm3/sec. The 

maxima of EB are now higher because of tho larger quality factor of 

the second circuit, and the minima are shifted because other flow rates 

have been used. 

In Chapter V it was mentioned that direct coupling between the 

two emission coils of the proton maser was prevented by means of a 

decoupling wire arranged inside the maser tube in the first solenoid. 

The curves shown in Fig. 25 were measured when the decoupling wire was 

removed and direct coupling due to the ionic current in tl~ water passing 

through the maser tube was present. At smaller voltages across the f1~t 

coil, E, the voltage across the s~cond coil, ES • still reveals the 

typical dependence known from Fig. 23 and Fig. 24. however, at higher 

E's this dependence is completely falsified due to the superimposition 

of direct pick-up. This clearly shows the need for the decoupling wire. 
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Returning to the correct measuring results, Fig. 26 shows 

the relation between the critical voltage across the first emission 

coil, E'If' for which ED becomes zero, and the water flot>l rate F. If E 
. .... 

is adjusted to the value E then the resl.dual moment M of the Hater 71' 

emerging from the first emission coil is aligned parallel to the 

direction of the field Ho. In this particular case the moment M tilts 

in the first emission coil by an angle e = wl*T = 'If. As Fig. 26 shows, 

the points of the measurements are all lying more or less on a straight 

line. although the dependence of wl
l
': on E is not a linear one (see Eq. 

(5». The reason for this is that if the voltage across the first coil, 

E, is large, the inequality 

1 « 1 

if 
holds such that wl ~ wl = ykE. In fact the critical voltage across 

the first coil, E'If' for which in the second coil the oscillation ceases, 

is with great accuracy given by 

= 'If 

ykT (6) 

This is the condition for which the double ... hump detuning phenomenon of 

the two-coil proton maser (Section 8.5) is most pronounced. 

For E > E'lf the voltage ED,available at the terminals of the 

second emission coil, approaches a second maximum which corresponds to a 
+ 

situation where M tilts in the first coil by an angle e = 371'/2. 
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• -+ 
The second maximum could of course also arise 1f M, nfter tiltin~ in 

the first coil by an angle a, would, as E is further increased, tilt 

back to e = n/2. This is in contradiction with the theory, but it is 

also not difficult to prove experimentally that this is not the case. 

-+ 
The experimental method used in order to show that M actually can tilt 

by an angle a > n is illustrated in Fig. 27. By increasing the quality 

factor of the first circuit, Q, one can achieve that the voltage 

across the second coil takes a small value. If Q is further enhanced, 

then one can achieve that En' after becoming zero, takes the original 

small value again. It has been found experimentally that if this change 

in adjustment is made, the phase of the voltage across the second coil 

changes by 1800
• This indicates that during the change of adjustment 

-+ 
the phase of the transverse component of l1 exciting the second coil 

o also changes by 180. If one studies the situation in the rotating 

frame. see Fig. 27, it becomes obvious that during the change of the 
-+ 

adjustment of the two-coil maser the moment M has tilted from an angle 

e < n to an angle e > n. 

Having found experimentally that the second maxima of the 

curves represented in Fig. 23 and Fig. 24 must correspond to situations 
-+ 

where the residual moment 1-1 in tht~ water emerging from the ex! t of the 
-+ first emission coil makes an angle e : 3w/2 with H t we are in the 

o 
. ... 

position to reconstruct the locus of t1 in the rotating frana on purely 

empirical grounds. In Fig. 28 a typical locus of M is sho~mt as it can 

be reconstructed from the experimental EaCE) dependence. As the voltage 
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FIG. 28. Typical locus of the residual magnetization -M exciting the second maser coil as the voltage across 

the first coil, E, is attered. Reconstructed 'rom FtG.2', 

F = 28 cm3/sec. 
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across the first emission coil, E, is increased the tip of the residual 

magnetization M available in the second coil describes a spiral. 

The shrinking of the spiral is mainly caused by the saturation effect. 

It might be noted that according to the locus shown in Fig. 28 the 

residual transverse moment is not maximum for e = ~/2, but for a somewhat 

lower angle. In determining the angle e by means of the second emission 

coil there is of course an error involved, for even if QB is adjusted to 

a low value M tilts also in the second emission coil by a small angle • 

... The locus of M has been reconstructed from the voltage curve measured 

for F = 28 cm3/sec (Fig. 24). The maximum voltage across the second coil 

was here 0.52 mY, corresponding to a tilting angle of M in the second 

emission coil of aB = ykEST = 2.67 x 10~ x 0.11 x 0.52 x 10-3 x 0.25 = 
.... 

0.39 rad. i.e. during this measurement t1 tilted in the second coil by 

about 220. 
.... 

This explains why the locus of M shown in Fig. 29 is somewhat 

distorted at that angle where the transverse component of M is maximum • 
.... 

The additional tilting of 11 in the second solenoid shifts the maxima of 

Ba towards louer values of E. As Fig. 23 and 24 show, this effect is 

more distinct at higher water flow rates: at higher flow rates EB is 

larger and, consequently, the additional tilting of M in the second 

emission coil is more pronounced. 

If the quality factor of the first emission coil is enhanced 

such that the voltage E across it takes larger values than those for 

which the curves shown in Fig. 23 and Fig. 24 were measured. then the 

Q value bec~mes too large for the Q multiplier to remain stable. 
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If the Q multiplier of the first coil is gradually driven into its 

unstable range such that it becomes an auto-oscillator, then one can 

observe the voltage across the second coil following the same tendency 

of the curves shown in Figs. 23 and 24. with ever decreasing maxima, 

until the saturation effect hinders any voltage to be induced in the 

second coil. In the context of this thesis we are, however. not 

interested in the case that the spins be driven by an exciter field 

produced by means of an external oscillator. 

8.5 The Double-Hump Detuning Phenomenon 

In the preceding section voltage measurements have been reported 

which had been obtained when both emission coila of the two-coil proton 

maser were precisely tuned to the LARHOR frequency. We shall now discuss 

the case when the first emission coil is detuned. 

Fig. 29 shows some typical detuning characteristics of the two­

coil maser. including the double-humpdetuning phenomenon. Each pair of 

oscilloscope traces shown (a,band c) belongs to a certain adjustment of 

the Q multiplier of the first emission coil. In each case the first 

resonant circuit was detuned through the full frequency range in which 

maser oscillation occurs in the first emission coil. In recording 

these pictures the oscilloscope was switched over to the mode of 

operation where the horizontal deflection of the electron beam can be 

( adjusted manually. The control knob serving for this latter purpose 

was removed from the front panel of the double-channel oscilloscope, and 
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FIG. 29. The double-hump detuning phenomenon as observed 

with the two-coil proton maser. Upper traces in a) J b) and 

,c): voltage across the first coiL Lower traces : voltage across 

the second coil. Horizontal axes: frequency of auto-oscillation. 
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the spindle of the corresponding potentiometer was mechanically 

connected with the spindle belonging to the tuning condenser of the 

first Q multiplier. This allowed the simultaneous manual adjustment 

of the frequency detuning of the first emission coil and of the hori­

zontal deflection of the electron beam. 

The pictures show clearly that as the first coil is detuned 

through the full frequency range in which auto-oscillations are obtained. 

the dependence of the voltage across the first coil on the frequency of 

oscillation is always bell-shaped. In fact, according to Eq. (3.22) 

the detuning characteristic of the first emission coil should have the 

shape of a semi-ellipse, independently of the degree of excitation of 

this coil. On the other hand., Fig. 29 shows that as the first coil is 

sufficiently excited the level of the oscillations occurring in the 

second coil can go through two maxima with a gap in the middle. 

This is the double-hump detuning phenomenon which up to now had only 

been observed in two-cavity ammonia beam masers and for which up to 

now no cogent explanation had been found. Recently it was assumed that 

this phenomenon might arise in the two-cavity beam maser because of the 

interference which occurs between the emissions of ammonia molecules 

which move with different velocities and radiate fields with different 

phases (BASOV, ORAEVSKII and USPENSKII 1967, Section 2.4). 

As was demonstrated in Chapter VII. ao the quality factor of 

the first resonant circuit. Q. is increased the maser voltage across 

the first emission coil takes larger values (Fig.'20).' Fig. 29 shows 
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that for larger Q's the oscillatory range of the proton maser increases 

also. This is in agreement with Eq. (3.19), Chapter III. The oscillatory 

range of the maser is typically a few hertz wide. 

The double-hump detuning phenomenon is most pronouned if at 

zero detuning of the first coil. 6v = v - Vo = 0, the voltage across it 

equals E given by Eq. (6). Fig. 30 shows a set of detuning character­
~ 

istics which was measured for a water flow rate F = 33 cM 3/sec. The 

double-hump detuning phenomenon occurs here for E = 4.2 mV, in good 
~ 

agreement with the E (F) dependence represented in Fig. 26. 
~ 

In fact the reproducibility of the phenomenon is excellent. 

In the course of the experimental investigation it has currently been 

used in order to tune the proton maser precisely to the LARMOR frequency 

w. Because of the natural changes of the earth's magnetic field, this o 

was often necessary in time intervals of less than one minute. 

Using the double-hump detuning phenomenon, the proton maser could be 

tuned to w with an acc~racy of at least 0.1 Hz which is the accuracy o 

of the frequency counter utilized.· If other working substances which 

have a longer natural relaxation time than distilled water, such as 

deoxygenated benzene for example, would be used the tuning accuracy 

available could be considerably enhanced. 

Fig. 31 ShOllS the appearance and disappearance of the double­

hump detuning phenomenon as observed at the second coil when the first 

coil is detuned through the full oscillatory range and when the voltage 

appearing across the first coil is enhanced step-wisely by increasing 
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its quality factor. The gap opens at a medium voltage across the first 

coil and closes when the level of oscillations in the first coil is 

large. If the voltage across the first coil is increased even further, 

then one can observe the gap opening again. This is not shown in Fig. 

31 for this large excitation of the first coil could not be produced 

without its Q multiplier becoming unstable, so hindering Correct 

measurements from being taken. 

If the first coil is detuned by a certain amount such that 

the frequency of oscillation of the system differs from Vo by a fixed 

value ll.v = v - v 0 then the voltage across the second coil, ED' depends 

on the voltage across the first coil. E. in a manner different from 

that observed for zero detuning. (Figs. 23 and 24). This is shown in 

Fig. 32. Now ED does not approach zero as E is increased by means of 

the Q multiplier of the first coil. 

During the measurements reported up to this point the resonant 

frequency of the second circuit, v 3' was always equal to v. Fig. 33 
c 0 

shows the typical dependence of ED on the detuning Vo - vcB of the 

second resonance circuit as observed when the first maser coil oscillated. 

This curve was measured when the quality factor of the second circuit. 

Qa' was large enough such that the second coil was itself capable of 

auto-oscillations When the first coil was switched off. (The critical 

quality factor QlB for auto-oscillations to occur in the second coil 

when the first coil was switched off was about SOO.) The curve has the 

typical shape of the amplitude transfe~ characteristic of a tuned 
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resonant circuit, and this shape is also observed for QB < Q~B' 

Recently SMITH and LAINE (1968) have measured a corresponding curve for 

the second cavity of a two-cavity ammonia beam maser, their result 

agreeing qualitatively with the dependence represented in Fig. 33. 

If the first coil oscillates at a non-negligible level, even for 

QB > Q1B a detuning Vo - vcB of the second resonant circuit does only 

alter the voltage ES' but not the frequency of oscillation which is 

determined by the frequency detuning of the first emission coil. 

Concerning the explanation of the double-hump detuning 

phenomenon represented in Figs. 29 - 31, we have already shown why the 

voltage across the second coil can become zero when the first coil is 

sufficiently excited: if the macroscopic magnetic moment M of the 

water emerging from the first solenoid is aligned parallel to the 

direction of the main field Ho then the transverse moment is zero and 

the second coil cannot be excited. Suppose now that at the time t = t 
.. , 

(at the exit of the first emission coin the moment M ~s actually in the 

position parallel to H and the first coil is subsequently detuned to a 
o 

slightly higher or somewhat lower frequency w ~wo. Then the moment M, 
as observed at the exit of the first coil, must necessarily tilt towards 

its initial (t = 0) position antiparallel to Hot for if the first coil 

is completely mistuned so that no auto oscillations occur in the first .. 
coil, the moment M must leave the first coil aligned exactly antiparallel .. .. . 

to Ho. If the first coil is sufficiently detuned then M will tilt back 

by an angle Tf/2. and this is the situation where the voltage across the 
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second coil is maximum. If the first coil is gradually detuned through 

the full oscillatory range then the transverse component of the 

residual magnetization of the water emerging from the exit of the 

first coil will be maximum twice, and therefore the voltage across 

the second emission coil. 

We shall now show that the transverse component of the magnet-

ization in a nuclear maser can become maximum if the maser is sufficiently 

detuned. Let us use the rotating frame introduced in Fig. 17(a) and 

choose the time origin such that in the laboratory frame the transverse 

component of ~ varies according to 

M (t) = M cos wt 
Y Y 

If this equation is introduced into Eq. (3.8), then one finds that the 

stationary solution for the reaction field is given by 

= 2Hl sin (wt + 6) 

where 
w 2 - w2 w - w 

tan 6 = Q~c ___ COl 2Q .... c __ 
ww w c 

In other words, depending on the sense of the detuning, the reaction field 

lags behind the transverse moment by somewhat more or somewhat less than 

90°. In the frame rotating with the frequency w about the Z axis, the 
. ... 

projections of the rotating field Hl on the X axis and the Y axis are 

given by 
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H - H cos 6 H = H sin 6 
x - 1 ' 7 1 

• -+ -+-+ 
Now the veloc~ty V

l 
(Fig. l7(a» is given by Vl = yHlcoS 6M, and if 

the influence of Tl is neglected this leads to the equation 

This equation can also be derived from the work of CO~mRISSON (1960) 

and SOLOMON (1961). If the influence of T/: is neglected also, with 

the initial conditions properly chosen the transverse moment is given 

by 

If at the time t = 'r for zero detuning (cos 6 = 1) of tho maser we 

have vH1T = w such that My = 0 (no voltage induced in the second coil) 

then, as the maser is gradually detuned towards a lower or higher 

frequency, both H1 (Section 3.5) and cos 6 will decrease. For 

vUl'r cos 6 = w/2 the transverse moment l-y and hence the voltage across 

the second coil will be maximum. 

We shall conclude by remarking that in comparing the double­

hump detuning of the two-coil proton maser (Fir-s. 29 - 31) with the 

double-hump detuning phenomenon of the two-cavity ammonia beam maser 

(Fig. 2) one has to take into account that in the latter case the 

radiation intensity in the second cavity is measured, not the amplitude 
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of the field induced by the ringing molecules. The absolute pOiolcr output 

of an ammonia beam maser is of the order of magnitude of only 10-10 watts 

and hence difficult to measure. Therefore relative power units are 

usually given. 

For the two-coil proton maser devised we can say with 

certainty that here the double-hump detuning phenomenon is not produced 

by interference effects arising from the velocity distribution of the 

excited particles, as was recently suggested for the two-cavity ammonia 

beam maser (BASOV, ORAEVSKII and USPEHSKII, 1967). Since the two-coil 

nuclear maser behaves also in other respects analogously to the ammonia 

beam maser we can conclude that also in the two-cavity ammonia beam maser 

the double-hump detuning phenomenon is produced by a more fundamental 

mechanism: an "abstract" tilting of the electric-polarization vector 

about some "fictitious" effective electric field. 

8.6 Summary 

Expressions for the voltage across the second emission coil 

have been derived for the case that both coils be precisely tuned to the 

circular frequency w = yH. These formulae (Eq. (2) and Eq. (4» 
o 0 

reveal t~lt the voltage across the second coil is strongly dependent on 

the voltage across the first coil. If the second coil is strongly 

excited, then the voltage across it can be evaluated starting from a 

conservation-of-energy argument (Eq. (2». If the second coil is only 

weakly excited then the voltage across the second coil depends on the 
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voltage across the first coil through a simple sine law (Eq. (4». 

This latter case has been checked experimentally and a fair quanti­

tative agreement has been found. For a certain critical voltage across 

the first coil (Eq. (6» the voltage across the second coil becomes 

zero. 

As the first coil is detuned through its full oscillatory 

range then it is observed experimentally that the voltage across the 

second coil can go through two maxima with a gap in the middle. 

The analogue of this double-hump detuning phenomenon has previously 

only been observed in two-cavity ammonia beam masers and up to now no 

cogent explanation had been found for its appearance. 
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CHAPTER IX 

HODULATION EFFECTS IN A nW-COIL NUCLEAR HASER 

9.1 Introduction 

Apart from the double-hump detuning phenomenon, another 

distinctive characteristic of the two-cavity ammonia beam is the 

amplitude modulation which can occur in the second cavity if the 

first cavity is sufficiently detuned. It remains to show that an 

analogous effect can be observed using a two-coil nuclear maser. 

The purpose of this chapter is also to discuss the 

performance of the two-coil nuclear maser in that mode of operation 

where the inter-coil distance is mechanically modulated. 

9.2 Self-Modulation in the Second Emission Coil 

Using an ammonia beam maser with two resonators through which 

the excited molecules passed in series t JUGA (1957) was the first to 

observe that if the first cavity is sufficiently detuned the second 

cavity can oscillate simultaneously at two different frequencies. 

One of the frequencies coincides with the frequency of the auto­

oscillation in the first cavity, the other frequency being determined 

by the tuning of the second cavity and its natural generation. This 

effect has also been observed by other workers (Chapter II). The region 

in which these generation conditions exist is pointed out in Fie. 2. 
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The phenomenon occurs near maximum detuning of the first cavity over a 

frequency range of about 0.5 MHz. The beat frequency produced by this 

amplitude modulation in the second cavity is usually a few kilohertz. 

A modulation depth as large as 25% has been observed (SMITH and 

LAINE 1963). 

The analogous effect has been observed in the two-coil 

proton maser, indicating that the analogy between the two different 

types of systems can be carried even further. 

Fig. 34 shO\~s the result of a measurement which has been 

carried out for a quality factor of the second coil QB = 2500. This 

quality factor is so large that, if the first coil were switched off 

the second coil would produce maser oscillations on its own. 

As Fig. 34, the modulation effect occurs in the second if the 

first coil is sufficiently detuned. In taking these measurements 

the two-coil maser was adjusted such that. as the first coil was 

gradually detuned, in the second coil not only the self-modulation 

effect tut also the double-hump detuning phenomenon could be observed. 

There are also other adjustments possible whare the self-modulation 

effect occurs and the double-hump detuning phenomenon is less pronounced 

or does not occur. The self-modulation effect and the double-hump 

detuning phenorreoon are not causally connected to each other. The. 

reason for presenting the particular experimental curve shown in Fig. 34 

is to stress the analogy to the correspondinu experimental curves measured 

by BASOV and coworkers for the two-cavity ammonia beam maser (Fig. 2). 
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FI G. 34. Example of the dependence of the vol tage across 

the second coil ~ ES I on the frequency detuning A-J :: 

v - "0 of the first coil ~ for a large quality factor a s of 

the secon d coil (aS:: 2500 ~ F:: 33 cm3/sec I I:: 7.2 em L 
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For the two-coil proton maser devised the range of frequencies 

in which the self-modulation effect could be observed in the voltage 

across the second coil was typically 0.3Hz. The beat frequencies of 

the voltage across the second coil were usually 0.5 ••• 3 Hz. 

It is obvious that since the effect is observed over a 

frequency range as small as 0.3 Hz. the beat frequency of the voltage 

across the second coil can hardly be varied by slightly further 

detuning or retuning the first emission coil. lbwever, it was observed 

experimentally that by detuning the second coil the beat frequency could 

be brought to zero or be increased to about 10 Hz, depending on the sense 

of the tuning of this coil. 

Fig. 35 shows a typical beat signal observed for zero detuning 

of the second coil when the first coil was sufficiently detuned. 

By detuning the first emission coil the modulation depth of the voltage 

across the second coil could be varied between 0 and 100%. As the first 

coil is tuned to that frequency where in the second coil the self-

modulation starts then, as the fit'st coil is further detuned. the 

modulation depth increases, takes a maximum of 100% and decreases aeain 

to zero. In recording the oscilloscope traces shown in Fie. 35 t~)e first 

emission coil was adjusted such that the modulation depth of the voltage 

across the second coil was nearly 100\. This adjustment is a rather 

critical one: the frequency of oscillation of the first emission coil 

has to be set with an accuracy « 0.1 Hz. Once the maser is adjusted for 

a certain modulation depth of the voltage across the Second coil. the 

i 
;', 

i' 

F 

n' 



FIG.3S. Typical amplitude modulation of the 

vol tage across the second coil (lower trace) 

as observed when the first emission coil is 

sufficiently detuned. Beat frequency: = 3 Hz. 

Upper trace: voltage across the first coil . 
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modulation depth changes after a short time, usually a few minutes, 

because of the natural variations of the earth's magnetic field H which o 

determines the LARr·10R precession frequency Wo :: YHo and hence alters the 

frequency of oscillation of the first emission coil. 

The beat signal observed when the self·modulation occurs in 

the second cavity of a two-cavity ammonia beam maser has the character-

istics of the beat signal of two superimposed sinusoidal signals of 

different frequencies. As Fig. 35 indicates, the same effect can 

be observed in a two-coil nuclear maser. 

However, the two-coil proton maser showed the important 

feature that, for a certain adjustment of the experimental parameters, 

the beat signal available at the second coil did no longer exhibit the 

typical characteristics of a beat signal produced by two purely sinu­

soidally varying functions. Fig. 36 shows an oscilloscope trace which 

was recorded when the second coil was capable of a strong self-

excitation (large quality factor Qa) and when.the first coil was so far 

detuned that in the second coil the natural generation was predominant. 

The phenomenon shown is reproducible •. The shape Qf the beat signal 

shown reveals the existence of a non-linearity in the system. In fact 

if the level of oscillations in the second is high the saturation effect 

has a greater influence, and it is suggested that this might be the 

cause for th~ distortion of the beat signal. As far as the literature 

indicates, a similar modulation phenomenon has previously not been 

observed in two-cavity ammonia beam masers. 



FIG.36. Non - sinusoidal amplitude modulation 

of the voltage across the second coil (lower 

trace) as observed when the first coil is 

sufficiently detuned and when the second coil 

os c i II ate s pre d 0 min an tl y a t the c en t ref r eq u en cy . 

Bea t frequency::: 3 Hz. Upper trace: voltage 

across the first emission coil. 



125 

9.3 Qualitative Explanation of the Amplitude Modulation 

If auto-oscillations occur in the first emission coil then 

the frequency of oscillation in the second coil follows the frequency 

of oscillation in the first coil (Chapter VI). According to the 

experimental observations (Fig. 34), this picture does also not alter 

if the second coil is itself capable of auto-oscillations when the 

first coil is switched off. 

Suppose now that the latter be actually the case, i.e. that 

TOWNES' condition be fulfilled for the second coil also (QS > Q1D). 

As the first coil is gradually detuned, the macroscopic magnetic moment 
~ 

M, as observed at the exit of the first emission coil, will tilt 

gradually back to its position antiparallel to the main field H , for o 
if the first coil is completely mistunedsuch that no generation takes 

place in it the moment M must appear at its exit in the position anti-
~ 

parallel to H • o 

As soon as the maximum detuning of the first emission coil 

is reached, one would expect a sudden frequency jump of the oscillation 

in the second coil, because the mode of operation in this coil will 

change from forced oscillations at the frequency v determined by the 

detuning of the first coil to auto-oscillations at the frequency v 
o 

(we assume that the second coil be precisely tuned to v ) o 
The appearance of the self-modulation effect in the second 

coil reveals that this change from one mode of operation to the other 

does in fact occur less suddenly., The circumstance that during this 
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change of the mode of operation there appear two oscillations in the 

second coil indicates that there are in this situation in the second 

solenoid two different macroscopic moments involved: the original 
~ moment M of the water passing into the second coil must have "split 

up". 

This splitting process might be explained as follows. 

There is always a thermal radiation field produced by the thermal 

noise current present in each of the two coils. Let us first consider 

the thermal radiation field in the first coil. This field will produce 

a fluctuating torque on the magnetization, so not allowing a sharp 
~ ~ 

definition of the tilting angle a between M and H. Clearly, the 
o 

longer the magnetization remains in the first coil the more will M 
fluctuate. At the exit of the first solenoid the random motion of r, 
will be maximum. Now assume the first coil has been nearly completely 

~ 

detuned such that the mean position of M as observed at the exit of 
~ 

the first solenoid is nearly antiparallel to Ho' Then the water 

emerging from the exit of the first coil will still carry a small 

residual tranverse rotating moment with it which produces a weak 

forced oscillation in the second coil. 011 the other hand, the tilting 

angle e vibrates with the thermal radiation field present in the first 

coil, and these vibl'ations will cause fluctuations of the e.m.f. 

induced in the second coil. The current produced by the e.m.f. will 

.. fluctuate and hence also the reaction field associated with this 

current. In addition there is the thermal radiation field which is 
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produced by the thermal noise current circulating in the second coil. 

Here the random vibration of the tilting angle of M will be even more 

pronounced than in the first coil. 
-+ If t1 enters the second coil in a 

-+ 
position nearly antiparallel to 11 there will be in the time average 

o 
• -+ a macroscopic magnetization which is aligned antlparallel to Hand 

o 

which has no net transverse rotating moment. If for this magnetization 

TOWNES' condition is fulfilled, there also will appear an auto-

oscillation at the frequency v • o The superimposition of the auto-

oscillation at the frequency v and of the forced oscillation at the 
o 

frequency v leads to a beat note which can be observed in the voltage 

available at the terminals of the second coil. 

In practice the Q multiplier will add flicker noise, and 

shot noise if vacuum tubes are used. There is also the non-uniform 

velocity distribution of the nuclei, a further reason for the macro-

scopic magneti~ation to be distributed around the tilting angle. 

9.4 Hodulation of the Inter-Coil Distance 

We shall now discuss a further analogy between the two-coil 

proton maser and the two-cavity ammonia beam maser. 

In 1965 VESELAGO, ORAEVSKII, STRAKHOVSKII and TATARENKOV 

proposed the use of mechanical inter-cavity distance modulation as a 

means of tuning an ammonia beam maser precisely to the centre of 

gravity of the inversion line (Section 2.5). According to these 

workers, if the inter-cavity distance is varied by an amount At 
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then the phase of the oscillation in the second cavity changes by an 

amount 

AlJ! = 

where w
l 

is the frequency of oscillation in the first cavity, 

w21 is the transition frequency, and v is the velocity of the molecular 

beam. For w
l 

= w21 the phase modulation would be zero, so providing 

a criterion for tuning the maser to the frequency w21 ' As far as 

literature indicates, up to now experimental difficulties have hindered 

this method from being verified in practice (Section 2.5). 

From Eq. (6.1) it might be seen that if the inter-coil 

distance of the two-coil proton maser is varied by an amount A~ then 

the corresponding expression for the phase change of the voltage across 

the second coil is given by 

{ ( ) ) ~ 6lJ! : W" Wo x v (1) 

where w (x) is the average value of the local LARMOR frequencies in o 

the inter-coil space, and v is the velocity of the liquid. 

The two-coil proton maser has been designed such that it 

can be switched over into a mode of operation where the inter-coil 

distance is varied sinusoidally (Section 5.5). In this mode of operation 

the phase modulation of the voltage across the second coil could easily 

be observed on the screen of the oscilloscope. Fig_ 37 shows a typical 

oscilloscope trace as it can be observed when the first emission coil 



FIG.37. Typical phase modulation of the 

vol tage across the second coil (lower trace) 

as observed when lhe inter-coil distance is 

mechanically modulated. The phase modulation 

vanishes as the first coil is tuned exact ly to 

the LARMOR frequency. Upper trace: voltage 

across the first coil. 
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is not precisely tuned to the average circular frequency w (x). 
o 

In recording Fig. 37 the maximum variation of the inter-coil distance 

was 10 cm and the frequency of the mechanical modulation was about 

1 Hz; the photographic exposure time was about 2 sec. 

Measurements of the phase change 6~ have been performed for 

61 = 10 cm and F = 30 cm3/sec. Fig. 38 shows how the experimental 

results compare with the phase change predicted by Eq. (1). The 

experimental values were obtained by comparing the phases of the 

voltage across the second coil on the oscilloscope screen; hence 

the error of the measurements will be about 10%. Considering that in 

deriving Eq. (1) the relaxation effects have been neglected, the 

agreement between theory and experiment appears to be reasonable. 

The slope of the ctwve shown in Fig. 38 is about aO% .5 Hz. 

If the phase of the voltage across the second coil would be measured 

with an accuracy of 0.10 then the accuracy with which the proton mas~r 

could be tuned to the frequency vo(x) would be 6 x 10-4 Hz. 

For v (x) ~ 2 kHz this corresponds to a relative tuning accuracy of o 

3 parts in 107• (The magnetogyric ratio y of protons in water is 

known with an accuracy of a few parts in 106; BENDER and DRISCOLL 

1958, COHEN and Dll10ND 1965.) Phase measurements with an accuracy 

of 0.1
0 can be performed using a normal digital phase meter or a phase 

sensitive detector (coherent amplifier), . The latter device allows 

short-term measurements of phase changes .<0.01°. 
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FIG. 38. Relation between the phase change A't' of the 

voltage across the second coil and the frequency 

detuning " - Vo of the first coil I for a change of 

. the inter-coil distance Al = 10 cm ('F = 30 cm3/sec). 
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Thus apart from the double-hump detuning phenomenon which 

can also be used as a tuning criterion, mechanical modulation of the 

inter-coil distance and adjustment for zero phase modulation makes 

it possible to tune the maser with considerable precision to the 

frequency 'V (x). This is important in such applications as magneto­
o 

metry. The conventional one-coil nuclear maser magnetometers do not 

offer a suitable tuning criterion (GRlVET and ~~LNAR 196?). 

9.5 Summary 

Concerning the RIGA-type of amplitude modulation which has 

previously been observed using two-cavity ammonia beam masers, the 

two-coil nuclear devised behaves in an analogous way. Apart from 

the normal sinusoidal beat signal. a distorted modulation sienal has 

however been observed. 

The mechanical modulation of the inter-coil distance of the 

two-coil maser lea1s in general to a phase modulation of. the voltage 

across the second coil. The phase modulation becomes zero if the 

maser is tuned to the average local LARMOR precession frequency 

corresponding to the average local magnetic field in the inter-coil 

space. The dependence of the maximum phase changlJ on the frequency 

detuning can be pre-calculated rather accurately using an uncomplicated 

formula. 
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CHAPTER X 

GEnERAL DISCUSSIOHS 

10.1 Introduction 

In Chapter VIII and Chapter IX it was shown that the 

performance of a two-coil nuclear maser is in many respects analogous 

to that of a two-cavity ammonia beam maser. It Was also shown that 

the double-hump detuning phenomenon can be explained using a classical 

analysis. However, the performance of molecular beam masers is usually 

discussed quantum-mechanically and it remains to show whether the experi-

mental performance of a two-resonator maser can also be explained in 

terms of quantum mechanical probabilities. 

In this concluding chapter the consequences of the present 

investigation with respect to flow masers in general shall also be 

discussed. Proposals for further experimental investigations \dll he 

made, and practical applications of .the two-coil proton maser will be 

mentioned. 

10.2 The Two-Cavity Haser Problem and Quantum 'Mechanical Probabilities 
L __ 

·Io Chapter VII it was shown that the double-hump detuning 

effect which had previouoly been observed using two-cavity ammonia beam 

masers can occur in a two-coil nuclear maser also. Horcover, it Was 

seen that for the case of the nuclear maser the values of the parameters 

for which the oscill9tion in the second coil ceases can be evaluated 
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very accurately (Fig. 26). However, the condition for which the 

radiation intensity in the second cavity of a beam maser can become 

zero has not yet been specified. 

For a molecular beam maser it can be shown (FEYNMAN, LEIGHTON 

and SMlDS 1965) that if a molecule enters the resonator in the upper 

energy state /1> at the time t :: 0 then the probability that the 

molecule will be found in this state at a time t later is given by 

(1) 

Here £ is one half of the uT~litude of the oscillating electric field 

present inside the resonator, ~e is the electric-dipole moment, and 

1'l is PLANCK's constant divided by 21f. This equation which can be 

derived using time-dependent perturbation theory is valid for 

11 = 12 = ~. and for zero detuning of the cavity. The probability that 

the molecule will be found in the lower state III> is given by 

PIr(t) = 1 - PI(t). 

From tq. (1) it is obvious that if the molecules remain for 

a time T inside the resonator and the electric field £ is made large 

enough, for example by increasing the number of the excited molecules, 

the probability of finding the molecule after the emergence from the 

exit of the resonator in the upper energy state is PI :: O. if the 

condition 

~e£ 
-T 

11 
:: 

1f 
2 
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is fulfilled. In other words, if the electric field inside the first 

resonator is just such that 

£ 
11'n 

= 2\.1 1: e 
('IT pulse) 

then the molecules which are initially in the state /I> emerge from 

the resonator in the lower energy state III>. The molecular beam 

(2) 

emerging from the first resonator will be energetically empty and no 

radiation field could be established in the second resonator. 

Eq. 2 should be the condition for which the gap in the double-

hump curve observed with ammonia beam masers occurs (Fig. 2). 

In order to support this hypothesis, let us derive an 

expression analogous to Eq. (1) for the two-coil nuclear maser. 

In Chapter VII it was shown that if the relaxation effects 

are neglected the equation of motion of l1z for the first emission coil 

is given by: 

n (t) z 

M changes in time because when the nuclei pass through the first z 

( 3) 

emission coil some of them make a transition from the upper energy state 

1m = -a> to the lower energy state 1m =~~>, thereby delivering energy 

to the rotating HI field. It is now possible to obtain an express.1on 

for the probability p_!(t) that those nuclei which are initially in 

the state 1m = -!> can be found there at some later time t also. 
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The component Mz varies from +Ho' to -Ho' and can be expressed by 

H (t) = -M' P let) + M ' P let) 
z 0 -~ 0 +2 

where P+!(t) is the probability of being in the lower state 1m = +~>. 

The probability that a nucleus will be found in one of the two energy 

states is given by 

and this leads to 

M (t) 
P () :: ~(l _ z ) 
-I t M ' 

o 

Introducing Eq. (3), one finds 

which is an expression analogous to Eq. (1). The condition for zero 

voltage across the second emission coil is YHl t/2 = ykEt/2 : ~/2. in 

agreement with Eq. (8.6) and the experimental observations (Chapter VIII). 

One can proceed by remarking that the energy difference between 

parallel and antiparallel alignment of the proton spin is wn = yH n 
o 0 

= 2lJH from which it might be seen that y :: 211fh. Using this latter o 

relation, the condition for zero voltage across the second coil 

CEq. (a.6» can also be expressed by 
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YHl't ~Hl't 1T 

--r = - = -n 2 

or 

111 
'lrn 

(5) = 
2lJT 

which is the condition analogous to Eq. (2). 

The double-hump detuning phenomenon of two-cavity ammonia 

beam masers has first been observed in 1962 and, if the condition for 

this effect to occur is given ~y an expression as straightforward as 

Eq. (2), the question arises why this has not been seen earlier. 

One reason will be that using a two-cavity beam maser it is much more 

difficult to measure the parameters involved in absolute units than it is 

for a two-coil nuclear ma~~er, and hence for the beam maser is is more 

difficult to compare theoretical with experimental results. A second 

reason could eventually be that it has not always been realized that the 

particles passing through the resonator of a maser oscillator can absorb 

part of their own radiation (Chapter VIII). 

In fact one is tempted to think that the field amplitude 

in a flow maser (in its general sense) has reached its upper limit if 

the particles which enter the resonator in the upper energy state 

emerge from it in the lower energy state. If this would be the case. 

introducing Eq. (2) into Eq. (1) shows that by increasing £ to its 

upper limit (in practice one would expect that because of loss effect 

the upper limit of t could not be adjusted) the emerging molecules have 
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always a finite probability of being in the upper state II>, and one 

could not expect that by increasing £ from a small value to the value 

given by Eq. (2) the radiation in the second resonator could decrease 

to zero, and subsequently increase, as seen in Fig. 2 for llv = O. 

One ,could then conclude to the presence of second-order effects 

(Section 2.4) such as interference effects caused by the non-uniform 

velocity distribution of the molecules. 

However, the results obtained by means of the two-coil proton 

maser indicate that the maximum field amplitude of a flow maser is 

not obtained in that situation where a particle being initially in 

the upper energy state, after passing through the resonant component, 

emerges at its exit in the lower energy state. On the contrary. we 

have to stress that 

the field amplitude (Hl or e) of an oscillating flow maser 

is maximum if the particles which enter the resonant 

component in the upper energy state emerge from it in the 

~~per energy state. 

Here we understand the term "flow maser" in its general sense. i.e. 

we include all different types of flow masers enumerated in Section 1.S. 

Our statement is not a paradox. A proof can be given as follows •. 

According to Eq. (7.5) the amplitude of the field Hl = kE of nuclear 

flow maser increases as the ohmic losses decrease. i.e. as the quality 

factor of the resonant circuit.Q. increases. If no JOULEheat:l.s 
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dissipated in the circuit (Q = (I» then this requires - from Eq. (7.5) _ 

that cos y Hl = 1, i.e. the maximum Hl is given by yHl T = 2Tr. If we 

introduce this latter relation into Eq. (4) we see that the probability 

P ,(T) of finding the nucleus at the exit of the emission coil in its 
-2" 

original energy state 1m = -!> is given by p_!(t) = 1. Relying on the 

FEYNHAN theorem (Section 1.4) one has to conclude that what holds for 

a spin ~ maser must also be correct for any other two-level maser. 

It should be stressed that using the two-coil nuclear maser 

it has actually been observed that if the voltage across the second 

coil is increased to its upper limit the residual macroscopic magnet!-

zation of the protons emerging from the exit of the first emission coil 

tends to re-align itself to the position antiparal1el to the field H 
o 

(Fig. 28). This can be regarded as an experimental proof of the above 

statement. 

The above statement could also be expressed by saying that 

the operation of a maser does not depend on the circumstance that the 

excited particles lose energy to the resonant circuit. If no JOULE 

heat is dissipated in the resonator (Q = (I» there is no reason why the 

maser should not oscillate. However if no JOULE heat :f.s dissipated 

the particles passing through the resonator cannot lose energy~ they 
\ 

must emerge from the exit of the resonator in the original excited state. 

On the other hand, if the particles which enter the resonator 

in the excited state emerge from it in the lower energy state then the 

JOULE heat dissipated in the resonator walls and in the load will be 

maximum. 
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To come back to the two-cavity maser problem, the coherent 

spontaneous rcdiation produced by the ringing molecules in the second 

resonator is maximum if the probabilities of finding the molecules in 

the states II> and III> are equal, PI(T) = PIl(T), (In the analogous 

magnetic case M is then aligned perpendicularly to the main field H .) 
o 

From Eq. (1) and PI(t) T PII(T) = 1, we must have for a maximum "super-

radiant" state 

or 

~ £t ~ £T 
cos 2 ~ = sin2 ..!.-

11 '1'l 

2lJ ET e cos '--0...- = 0 

On the other hand, according to our statement that in the first 

resonator £ must be maximum if PI(t) = 1, from Eq. (1) 

£ = max 
'/1'11 
~ 't e 

(21f pulse) 

If the first resonator is tuned to the centre frequency of the 

molecular transition and its field £ is gradually increased from 0 

(6) 

(7) 

to £ then - from Eq. (6) and Eq. (7) - the radiation intensity in max 

the second resonator will be maximum twice, for 

(; pulse) (8) 

and for the larger value 

£. : 
31f (2 pulse) (9) 
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In summary: If £ is enhanced from 0 to £ the level of max 

oscillations in the second cavity approaches successively a maximum 

(Eq. (8», falls to zero (Eq. (2», approaches a second maximum (Eq. (9» 

and decreases finally to zero (Eq. (2». This corresponds to situation 

where the action of the field in the first resonator, £, on the molecules 

is that of a 'IT/2 pulse, a 'IT pulse, 3'IT/2 pulse and a 2'IT pulse, respectively. 

This dependence can be seen in Fig. (2) (for Av = 0, E increases 

with the focusser voltage) up to that point where the radiation intensity 

in the second resonator increases towards the second maximum. DASOV, 

ORAEVSKII, STRAKHOVSKII and TATARENKOV (1964) found experimentally that 

the molecular beam in the second cavity absorhs strongly an external 

radiation if the ringing signal in the second cavity is zero (Av = 0). 

This is also in complete agreement with our explanation since the 

condition for zero oscillation in the second cavity is given by Eq. (2) 

and combining Eg. (2) with Eq. (1) shows here that Pr(T) = 0: the 

emerging molecules are in the lower energy state III> , i.e. the absorp. 

tion must be maximum in the second cavity if an e~ternal field is 

applied there. 

Starting from Eq. (1) we have discussed the behaviour of a 

molecular beam maser for zero detuning of the first cavity. The 

corresponding behaviour of the two-coil nuclear maser was seen in 

Fig. 23 and Fig. 24. The off-resonance behaviour of the two-cavity 

molecular beam maser can also be estimated using the different conditions 

stated here •. HOl-Tever. if the detuning is too large, the conditions for 
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maximum radiation in the second cavity (double-humps of the detuning 

curve) must be found through a more general analysis which takes the 

frequency detuning into account. Such analysis can for example be 

carried out using BLOCH's equations (Chapter III) for the FI:YNMAN 

theorem (Section 1.4) is in effect a generalization of these equations 

to arbitrary two-level atomic systems, including such cases where 

an electric-dipole moment is involved. 

Finally it should be stressed that the double-hump detuning 

phenomenon occurs twice as the field in the first resonator is increased 

from zero to its maximum level (Section 8.5). However, since in order 

to achieve the theoretical maximum oscillation level in the first 

resonator an infinite quality factor is necessary it is in practice 

impossible to observe the gap of the second double-hump curve reaching 

zero. In this context it is interesting that using a two-cavity 

ammonia beam maser experimental observations have Leen made (LAINt: and 

SMITH 1966a,b) where a double-hump effect occurred at a low focusser 

voltage and a further one at a higher focusser voltage. The gap of 

the second double-hump curve did not reach zero~ However, at this time 

the double-hump curve which was oeserved at the lower fccusser voltage 

was interpreted as possibly due to a hyperfine splitting of the ammonia 

inversion line. 
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10.3 Mecming of the r:::xperiment with Respect to Flow llasers in General 

The ciI'Cumstance that a tlV'o-coil nuclear maser behaves in much 

the same way as a two-cavity ammonia beam maser could be regarded as 

a further proof of the quantum-mechanical theorem which states that 

the motion of any two-level atomic system be equivalent to the motion 

cf a spin ~ in a magnetic fi~ld (FEYNMAN. VERNON and HELLtiARTH 1957). 

The positive outcome of the experiment suggests that such phenomena 

as the double-hump detuning phenomenon and the self-modulation effect 

can also be observed usingti1e remainina different flo\-1 masers enumerated 

in Section 1.5. if these masers are furnished with tandem resonators. 

In prac:tice the presence of a second resonator can only be 

an advantage. 

The double-hump detuning effect could in any case be utilized 

in order to tune the maser with some precision to the centre of gravity 

of the atomic resonance line for only for I1v = 0 an enhancement of the 

level of oscillations in the first resonator can lead to zero radiation 

in the second resonator (Section a.5). 

Furthermore, zero radiation in the second resonator is a 

• criterion for maximum energy gain from the excited particles in the first 

resonator. 

If the residence time T of the particles passing through the 

first resonator and the value of the dipole-moment are known, adjustment 

for zero radiation in the second resonator allows to determine accurately 

the absolute value of the averaee field amplitude (averaee over the 
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length of the resonator) existing in this particular adjustment in 

the first resonator. For a molecular beam maser this field amplitude 

is given by Eq. (2). 

If a molecular beam maser is furnished with a tandem 

resonator it should be possible to determine the beam velocity and 

hence the average residence time T by electric labelling of the 

particles in the first resonator and recording their arrival in the 

second resonator. A similar technique (map,netic labelling of nuclei) 

is currently used in order to measure the flow rate of liquids 

(ZHERNOVOI and LATHYSHEV 1965, HcCOruUCK and BIRKEMEIER 1969). 

This method could be superior to beam chopping techniques. 

A further advantage of the use of separated emission fields is 

that experimental studies of the saturation effect which tends to 

decrease the polarization of the maser medium can be made by increasing 

the field amplitude in the first resonator and recording the signal 

of the second resonator. From the results of such measurements a locus 

of the residual-polarization vector can be reconstructed and the 

influence of the saturation effect can be clearly seen (Fig. 28). 

However, in such measurements the field in the first resonator shOUld 

not be altared by varying parameters of the particle flow, e.g. by 

altering the focusser voltage in the case of a molecular beam maser. 

For instance, if the focusser voltage of a beam maser is increased, 

the increase of polarization due to the larger number of excited-state 

molecules will overshadow the decrease of polarization due to the 
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saturation effect. In fact here the only suitable parameter which can 

be altered in order to change the field amplitude in the first resonator 

is its quality factor. In the case of microwave masers it would be 

necessary to use a high Q cavity and to alter the field amplitude in 

the cavity by deteriorating artificially by some suitable means the 

natural cavity quality, Furthermore. in recording the locus of the 

residual-polarization vector the quality factor of the second resonator 

should be sT.1all so that the additional "tilting" of the polarization 

vector in the second cavity can be neglected. 

Although in principle any flow maser can be furnished with 

tandem resonators. the constructive difficulties will vary from case to 

case. For example, since the atomic hydrogen beam Tnaser utilizes a 

storage bulb from which the atoms emerge through the same orifice 

through which the excited beam enters, it would be necessary to arrange 

a second exit. 

·Arranging a second resonator should be particularly simple 

in the case of the low-frequency type of molecular heam maser (SHIMODA. 

TAKUHA and sHnruzu 19(0) where the. excited molecules pass through a 

parallel"'plate condenser. In this particular case it should also not 

he difficult to take advantage of the mode of operation using mechanical 

distance modulation. 

The use of separated emission fields and mechanical distance 

modulation could be especially interesting in the case of the helium-3 

diffusion nuclear maser devised by ROBINSON and UYINT (1964). 
i 
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the natural transverse relaxation time of the 3He nuclear orientation 

is some 10 seconds. and hence, if the main field is homogeneous, 

the distance between the two emission fields could be modulated by 

much larger amounts than is possible for other nuclear flow masers. 

Therefore it should be possible to tune this maser with a great 

accuracy to the centre frequency of the nuclear ZEEMAN transition. 

The self-modulation effect of two resonator masers which 

could eventually also find practical applications can only be observed 

when the quality factor of the second resonant circuit is large enough. 

However, as was mentioned before, in investigations of the residual 

polarization the quality factor of the second resonator should be as 

low as possible, thereby ensuring that the dependence between the 

oscillation level and the component of polarization which excited the 

second resonator is a linear one. 

10.4 Proposals for Further Investigation 

For the two-coil nuclear maser it was found experimentally 

that the tilting angle of the macroscopic magnetization M in the first 

emission coil can be considerably larger than n (Fig. 28). As the 

quality factor of the first emission coil is increased and the tilting 

angle as observed at the exit of the first coil changes from e < n 

to e > n t or vice versa. then a 1800 phase change could be observed 

in the voltage available at the terminals of the second coil (Fig, 27). 
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In the case of an ammonia beam maser the existence of a 

corresponding "tilting" angle e of the electric polarization vector is 

less obvious, and it is not immediately clear why one should look for 

1800 phase changes of the ringing signal induced in the second cavity. 

However the close analogy between the two-coil maSer and the two-cavity 

maSer suggests that the 1800 phase change must also be observable in 

the latter case. If it can be measured, its existence could hardly be 

explained by interference effects which could be caused by the non­

uniform velocity distribution of the molecules. In investigating this 

phase shift in the two-cavity beam maser it will not be necessary to 

alter the amplitude of the electric field in the first cavity by varying 

its quality factor. Since the amplitude of the field in the first 

cavity depends monotonically on the focussing voltage (e,g. BARNES 1959) 

the latter can be altered instead. However, it should be remarked that 

as the focusser voltage is altered the magnitude of the residual 

polarization in the second cavity changes also. Hence if the phases of 

ringing signals having equal amplitudes are compared in the manner 

indicated in Fig. 27, the result might be that the phase shift differs 

slightly from 180
0• However. if tl>10 very small signals are compared 

the error of the phase measurement should be negligible.· 

Concerning the self-modulation effect of the two·coilproton 

maser. this phenomenon occurs only if the first c011·18 sufficiently 

detuned so that the field Hl and the to~ue produced by this field are 
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very small, and the residual magnetization is aligned nearly anti-
..... 

parallel to H. The appearance of the self-modulation effect indicates 
o 

the presence,of two different macroscopic moments which precess with 

different angular velocities. An investigation of the tilting angles 

and the relative lengths of these components should bring about 

information on the tilting angle distribution of the residual magnet i-

zation available at the entrance of the second coil. 

10.5 Practical Applications of the Two-Coil Proton Haser 

The two-coil proton maser devised can be used in order to 

measure the absolute value of the earth's magnetic field. Since the 

system offers two tuning criteria the accuracy of field measurements 

will be higher than for the conventional one-coil maser from which the 

system has been derived. The influence of the leakage field of the 

prepolarizing magnet can be made inoperative by carefully adjusting the 

position of the emission coils "lith respect to the magnet. As was 

demonstrated by HENNEQUIU (1961) for a one-coil flow maser, this can be 
, ' 

achieved in a systematic manner. In order to exploit fully the 

possibility of tuning the maser to the centre frequency by modulating 

mechanically the inter-coil distance and adjusting for zero phase 
, 

modulation, it might be helpful either to control the liquid flow 

rate by means of a servo mechanism or to use a gravitational-flow system. 

The two-coil maser can also be operated successfully if tap water is 

used as the maser medium. However, the accuracy available' in field 
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measurements will be considerably higher if deoxygenated water 

(natural T2 = 3.1 sec) or benzene (T2 = 13 sec) are utilized. 

The modulation of the inter-coil distance offers also the 

possibility of using the phase error signal in order to activate a 

servo mechanism which retunes the first emission coil automatically 

when the earth's maznetic field changes. Conventional maser magneto­

meters which follow automatically the natural changes of the earth's 

magnetic field, utilize two separated one-coil masers (ROMER 1961) 

On the other hand, as the present investigation has shown, 

the two-coil proton maser is a magnetic analogue of the two-cavity 

molecular beam maser, and it offers flexible demonstrations of the 

principle and of the basic performance of flow masers which utilize 

separated emission fields. 

The new instrument offers a simple method of measuring spin­

spin interaction times of protons in flowing liquids. 

10.6 Summary 

It has been shown that the behaviour of a two-cavity ammonia 

beam maser can also be explained qualitatively usine simplified quantum­

mechanical arguments. The conditions obtained for maximum and zero 

oscillation in the second resonator agree qualitatively with those 

obtained for the two-coil nuclear maser by means of a classical analysis. 

This chapter considered also some general aspects of the 

practical application of flow masers with separated emission fields. 
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In principle any flow maser can be furnished with a tandem resonator 

and its presence can only be an advantage, for a two-cavity maser 

offers criteria for the precise frequency tuning and it allows also 

the expe~imental investigation of the radiation process in the fir~t 

resonator. 
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CONCLUSIONS 

A liquid flow nuclear maser with separated emission fields 

has been devised and investigated. and it has been found that this 

apparatus behaves on the macroscopic scale analogously to a two-cavity 

ammonia beam maser. The analogous performances of the two different 

types of maser systems is quantum-mechanically well established 

through the FEYNMAN theorem. 

The double-hump detuning phenomenon which has previously 

been observed using two-cavity ammonia beam masers and for which 

hitherto no cogent explanation had been found, has been identified 

as being caused by a fundamental radiation process occurring in the 

first resonant component. 

For the nuclear maser the condition for the appearance of 

the double-hump detuning effect can be derived using BLOCH's 

phenomenological equations. In the case of a molecular beam maser a 

discussion of the problem in terms of quantum-mechanical probabilities 

leads to qualitatively the same result. 

The investigation of the two-coil nuclear maser has shown 

that the excited particles passing through the resonant component of 

a maser can re-absorb a large number of the energy quanta which they 

emit. It is this less familiar feature of maser oscillators, ",hlch 

largely determines the behaviour of flow masers with separated emission 

fields. 
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Flow masers which utilize separated emission fields have 

numerous advantages over conventional masers. For instance, the 

double-hump detuning phenomenon can be used in order to tune the maser 

to the centre frequency of the atomic transition and simultaneously 

to adjust the first resonant component for maximum gain of particle 

energy. If the distance of the resonant components is mechanically 

. modulated a further frequency tuning criterion can be obtained. 

Hence masers with separated emission fields can improve the accuracy 

of conventional maser clocks, spectrometers, magnetometers etc. 

Furthermore, by altering the distance between the resonant components 

the relaxation time T2* can be measured conveniently. 
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