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ABSTRACT 

The construction of an ammonia molecular beam maser 

employing an open resonator is described. The operation of this 

maser as an amplifier enables the effects of mode degeneracy in the 

resonator to be examined in a controlled manner. Its operation 

above oscillation threshold can give rise to biharmonic effects 

with beat frequencies of a few hundred Hz. A transient bEhaviour 

of the maser makes possible the measurement of low field Zeeman 

splittings within the maser linewidth. 



PREFACE 

The principle of stimulated er.lission is often attributed to 

Einstein, 1917, since it is suggested by his thermodynamic argllmer:.ts 

concerning the interactions between electrom.agnetic waves and a 

quantum-mechanical system. The principle predicts that the eUlission of 

radiation, as a result of atomic or molecular transitions, should be 

ipduced by the presence of a signal. fip.ld and should have phase coherence 

with that field. This idea did not take practical shape until the 

successful operation of the molecular beam maser in 1954. 

This event marked the beginning of a new field of study in 

Physics.- Quantum Electronics - which has led to the development of a 

wide range of new devices. All of these devices rely on atomic Ot 

molecular processes for amplification or oscillation. Some Quantum 

Electronic devices, such as the laser, the solid state maser and the 

molecular or atomic frequency standard, have made considerable impact 

on modern life. Others have found widespread use as research tools, 

noteab1y for molecular spectroscopy and for investigations of the 

interaction of radiation with matter. 

The molecular beam maser itself was first pro?osed by Townes in 

1951. The device was developed principally as a result of the search 

for improved sensitivity in molecular beam spectrometers, but it was 

quickly realised that its usefulness was not confined only to spectroscopy. 

Two papers give the details of its first operation using ammonia as the 

working substance. Gordon, 1955 describas the observation of the 

hyperfine structure of the ammonia inversion spectrum using the device, 
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while Gordon et aI, 1955 describ(~s the device itself and its use both as 

a spectrometer and as an oscillator. In the latter paper it was pointed 

out that its low-noise properties as an ampliHer are excellent, although 

little use for it in this role has subsequently been found owing to 

the bandwidth restriction imposed by He narrow spectral lirle. It was 

realised by Gordon et al that the bandwidth restriction can be turned to 

advantage when the device is used as a stable-frequency oscillator, 

and they measured a frequency stability of better than 1 part in 1010 

with their early equipment. 

During the rest of the decade, considerable research effort 

was expended in order to examine the properties of the molecular beam 

maser oscillator and ,to improve its frequency stability and reproduce­

ability. Many of the instruments built employed ammonia in its various 

isotopic forms as the working substance. llowever before the device 

was developed sufficiently to be used widely as a frequency standard, 

it was superseded by the caesium beam standard and later the hydrogen 

maser, which are inherently capable of greater frequency stability. 

Work on beam maser oscillators, aimed mainly at discovering methods of 

reproducing the oscillation frequency, was continued into the late 

1960's, chiefly at the Russian Lcbedev institute from which much of the 

recent literature on molecular beam masers has emerged. 

The use of the bearil maser as a spectrometer over a wide range 

of frequencies has continued to the present time. Recently a revival of 

interest has been noticed in this area due to the need for accurate 

spectroscopic data in the field of Astrophysics. As a research tool, 

it has also been used to make some useful contributions to knowledge of 
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coherence phenomena associated with the interaction of matter and 

radiation. 

The Keele Maser Group, which includes the Author, has been 

pursuing a continuing series of investigations of the analogies which 

exist between various electric and magnetic dipole systems (Bardo, 1969). 

During these studies some transient phenomena which are observed in laser 

systems have also been seen in the ammonia beam maser. The work described 

in this dissertation represents the start of a further systematic study 

in which spatial effects observed in the laser will be investigated 

using an analogous beam maser system. These effects are observed as 

a result of the complicated modes supported by the Fabry-Perot cavity, 

and also because of the extra degree of freedom allowed by this cavity 

compared with more conventional microwave cavities. 

Although the Fabry-Perot cavity has been widely employed in 

lasers, only a few instances of its use in molecular beam maser systems 

have been reported. It was clear at the inception of the project 

that there were some interesting effects to be observed using this type 

of cavity. Barchukov et aI, 1964 reported the observation of a low 

frequency beat phenomenon which they were unable to explain satisfactorily. 

Since that time no further work to investigate this phenomenon has been 

reported. Using a formaldehyde beam maser with a Fabry-Perot cavity, 

Krupnov and Skvortsov, 1964 observed a split stimulated emission line 

characteriStic of molecular beam experiments with hibh order modes. No 

work has been performed in such modes of the Fabry-Perot cavity under 

oscillation conditions, although work by Becker, 1965 suggests that 

frequency hysteresis may be observed here. 

At the beginning of the project, little was understood about 

the design of micrcwave Fabry-Perot cavities. Information which could be 
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found in literature was either incomplete or misleading. It was 

therefore necessary to devise techniques to m~asure the important 

parameters of the Fabry-Perot cavity, and to use these techniques for 

the empirical design of a cavity' later to be used in the work. In the 

design of other components of the maser (e.g. vacuum systems. microwave 

detection systems, devices to generate nclecular beams), sufficient 

information was readily available to permit rapid construction of the 

maser. In some of these areas, however (noteably the design of state 

separators) the experience had to be adapted to the needs of the 

Fabry-Perot cavity. 

The work described in this dissertation falls naturally into 

two parts. In chapters 1 - 3 the design and construction of the maser is 

described, together wi tll the techniques and measurements associated 'vi th 

the evaluation of the maser components. In chapters 4- 6 the experimental 

study of'the maser is presented. and discussed in the ·light of theory 

also presented in these chapters. This does not represent an exhaustive 

study of the operation of the Fabry-Perot maser. but is intended to 

establish guidelines from which further systematic work on the maser 

may be planned. It also establishes some parallels in behaviour between 

the Fabry-Perot maser and some laser systems. It shows that study of the 

maser can be fruitful in providing some new techniques which may yield 

useful information related to the field of laser research. 
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CHAPTER 1 . 

THE MICROWAVE FABRY-PEROT RESONATOR 

1.1 INTRODUCTION 

The first proposals to use Fabry-Perot interferometers as , 

resonators in the infra-red and optical region of the electromagnetic 

spectru~ were by Prokhorov, 1958 in the U.S.S.R. and by Schawlow and 

Townes, 1958 and Dicke, 1958 in the U.S.A. Subsequently, laser 

resonators have employed plane and spherical mirrors in a number of 

different configurations. In the microwave region, particularly at 

millimetre and sub-millimetre wavelengths, the Fabry-Perot resonator is 

also of considerable interest. Plane parallel and semi-confocal mirror 

arrangements have generally been preferred. In the present work the 

main interest is in the plane parallel configuration. 

Applications for the resonator in the microwave region include 

high Q wavemeters (Zi~nerer, 1962), gas cells for microwave spectroscopy 

(Schulten, 1966; Murina and Prokhorov, 1963), cavities for molecular 

beam masers (Krupnov and Skvortsov, 1964; Barchukov et aI, 1963) and a 

precision Stark voltmeter (Hara et aI, 1971). As a wavemeter the Fabry-

Perot resonator can be used to tTlake absolut~ "Tavelength measurements. 

In spectroscopic work with Stark fields it is particularly useful because 

a uniform D.C. electric field is easily produced between the mirrors. In 

a beam maser application the high Q values which it is possible to obtain 

with this resonator have been found advantageous ,.7hen the maser line is too 

weak to oscillate with a conventional cavity (Harcuse. 1961A; 1961B). 
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In this chapter some theoretical aspects of the plane parallel 

Fabry-Perot resonator are discussed in Sec. 1.2. A brief exposition of 

some previous studies which bear on the subject matter of this thesis is 

given in Sec. 1.3. A detailed description of the resonator designed and 

built for the present work is presented in Sec. 1.4 and followed in Sec. 

1.5 by a description of some exploratory measurements carried out on it. 

1.2 THEORY OF THE FABRY-PEROT RESONATOR 

A number of attempts to provide a theory which satisfactorily 

predicts electromagnetic field distributions, diffraction losses and 

phase shifts for Fabry-Perot resonators have been made. These include 

Cu1shaw, 1962, Ogura and Yoshida, 1964 and Ooms, 1968. Two of particular 

interest are the iterative calculations of Fox and Li, 1961 and the 

waveguide diffraction theory of Vainshtein, 1963. These two represent 

very different approaches to the problem but nevertheless agree closely 

with one another and with experi.ment. They are briefly described in 

Sees. 1.2.2 and 1.2.3 and are compared with the experimental results 

of other workers in Sec. 1.3 and with the results obtained in the present 

work in Sec. 1.5. First, however, a semi-quantitative approach which 

gives some insight into the behavio~r of the cavity is presented. 

1.2.1 The Simple Cavity Theory 

The Fabry-Perot cavity has been described semi-quantitatively by 

Schaw10w and Townes, 1958 on the basis of the theory of closed resonators. 

The resonant frequencies of a closed rectangular cavity of dimenoions 

21, 2a and 2a are given by 

where c is the speed of light and q, rand s are integers. In an open cavity 

with square mirrcrs of dimension 2a x 2s, 3eparated by a distance 21 as 
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depicted in Fig. l.l(a), it is expected that the same resonant modes will be 

supported, but that only those medes which have low values of the integers r 

and s should be evident owing to the large diffraction losses for off-axial 

modes. The electromagnetic field amplitude distribution over one of the 

mirrors, taken as the x, y plane as shown in Fig. l.l(a), is given by 

A .. A sin(nrx/a)sin(nsy/a) 
o 1.2 

The modes predicted by Schawlow and Townes are usually designated the 

TEM modes, so that the lowest order mode is the TEN 
r-l,s-l,q ooq 

It is possib1e,to write functions analogous to those of Eqns. 1.1 

and 1.2 for an open cavity with circular mirrors. The frequency determining 

equation is the same as that for the TM modes of a cyli~drica1 cavity: mnq 

v - (c/2){(q/l)2 + (2u Ina)2}~ mnq mn 1.3 

where u is the n-th root of the m-th order Be~sel function of the first kind, 
:nn 

J. The field amplitude distribution over a mirror, with the origin of co­
m 

ordinates r, e at its centre as shown in Fig. 1.1(b), is 

A .. A J (u r/a)cos(m8) om mn 1.4 

The scaling factor u la allows the n-th zero of the function to fall at the mn 

edge, r co a, of the mirror. This is shown in Fig. 1.2 where A is plotted 

against rIa for four values of m and n. The modes of the Fabry-Perot cavity 

with circular mirrors are usually designated the TEM 1 modes, and the m,n- ,q 

lowest order mode is again the TEM ooq. 

1.2.2 The Method of Iterative Computation 

Fox and Li, 1961 based their iterative computations on Huygen's 

principle. In effect they replaced the successive reflections at the two 
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mirrors by diffraction at a series of equally spaced apertures. They 

computed the amplitude and phase at each aperture by applying Huygen's 

principle to the wavefront at the previous aperture. They discovered that, 

if they started with a plane wavefront at the first aperture, a steady 

state field was obtained after about 300 "reflections". 

By starting with an eve~ field function (having constant 

amplitude at the first aperture), Fox and Li obtained a steady distribution 

with a single maximum of field amplitude which they took to be the lowest , 

order mode of the cavity. By starting with an odd function of field 

(a plane wavefront with field amplitude reversed over half of the 

aperture), they obtained the next lm;est order mode of the cavity. In 

·general the method is capable of yielding these two modes only. although 

Checcacci et al,1966A have calculated the next mode using the periodic 

fluctuations in amplitude and phase, which occur after about 80 "reflections" 

and appear to be a beat between this mode (before it dies out) and the 

fund amen tal. 

Fox and Li performed computations for infinite strip mirrors, for 

rectangular mirrors and for plane circular mirrors, with various values 

of the Fresnel number 

1.6 

where A is the wavelength of the radiation. The approxi~ations they 

used to simplify their algebra limits the validity of their calculations 

to the region where 

N « (29./ a) 2 1.7 

However, in Sec. 1.5.3 their diffraction loss figures, extrapolated 

outside this range, are seen to show good agreement ~7ith the 

waveguide diffraction theory described in the next section. 
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1.2.3 The Waveguide Diffraction Theory 

Vainshtein, 1963,applies a theory which he has previously 

developed to describe diffraction at the open end of a waveguide, to 

the Fabry-Perot resonator. Since a guided wave close to the cut-off 

frequency is almost entirely reflected at the end of the waveguide, a 

wave propagating almost normally to the mirrors of an open resonator is 

virtually trapped within the resonator. 

Vainshtein considers the three cases treated by Fox and Li, 

infinite strip mirrors, rectangular mirrors and circular mirrors, as 

well as the open ended cylindrical cavity which is frequently used in 

molecular beam masers. For, each he is able to derive particularly 

simple expressions for the natural frequencies, electromagnetic field 

distributions, diffraction losses and phase shifts of the resonator modes. 

In general these turn out to be in the form of a small correction to the 

solutions for the equivalent closed cavity. 

For a cavity with circular mirrors the complex resonant 

frequencies' 

\I mnq 

derived by Vainshtein are given by 

1.S 

where £ - 0.824 is a Riemann function, H = 1(411a2 /9.A.) is related to the 

Fresnel number by 

M = 1(811N) 1.9 

and u has the same meaning as i~ Eqn. 1.3. The natcral frequencies 
mn 

predicted by Eqn. 1.8 are I\lmnql and their spectrum is the same as that 

for the TM modes of the closed cylindrical cavity - see Eqn. 1.3. The 
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frequency separations of the modes, ho\ve"yer, are smaller by a factor of 

approximately (1 - 2€/M). 

TIle diffractive (or radiative) loss from th~ resonator is a 

function of arc (v ) ~ mnq It is conveniently expressed as the fractional 

energy loss per transit (i.e. the energy lost from the resonator in time 

2t/c expressed as a fraction of" the total energy stored in the resonator) 

which is given by 

... 1.10 

In Vainshtein's theory the electromagnetic field amplitude 

and phase shift are expressed as a function of position in the r, e 

plane by a complex amplitude 

1.11 

The field amplitude is given by IAI and is the same as that . 

obt&ined from Eqn. 1.4, except that the n--th zero of the 

Bessel function no longer falls at the edge of the mirror. This is 

shmYn in Fig. 1. 3 where the functions computed by Fox and Li, and 

Eqn. 1.11 are compared for two values of m and n. 

The computed results and the Vainshtein theory agree closely 

except for the am?litude ripples obtained by Fox and Li. According to 

Vainshtein, these ripples are due to the transformation of some of the 

energy in the fundamental mode into higher order modes by diffraction 

at the open edge of the cavity. Thus any mode which is physically 

propagated by the cavity comprises the equivalent fundamental mode 

together with small amounts of higher order modes produced 

- 6 -



j-O 

--.. 
If) 
t-..-. z 
:J 

W 
> -t?i 
--I 
W 
Q: 

~O-5 
0 
::> 
t-
-' --' a. 
~ « 
0 
--I 
UJ ..-
lJ_ 

I 
" I 

0 
0 

Fig 1.3 

.. ..... 
\. '" ..... 
'~TEMlO , 

" 
'\ 
\ 
~ 

\ 

\ \ 
\ \ , \ 

\ ~ . 
\ 

l \ 

I \ 
\ 

I \ 
I 

JEMOO?- \ I 
I 
I 
I 

. I 
I , 

I 

I 
I ..... 

Vainshtein , , 
I 

I / Fox and Li 

I. I rIa 
0-5 '-0 

A companson of the electromagnetic 
field amplitude functions given by the 
Vainshtein theory and the Fox and Li 
computations for the TEMoo and TEM,o 
modes in a cavity with circular mirrors 
having a Fresnel number, N = 5_ 



by diffraction. The high order modes have comparatively large fractional 

energy loss values so that the energy transferred to them is quickly lost 

from the cavity. Vainshtein's theory treats all diffracted energy as 

being immediately lost from the resonant structure. 

1.2.4 Quali ty Factor .of the Cavity 

The radiation losses in an open resonator consist of two parts. 

Conduction losses occur because the power reflection coefficient of the 

mirrors for electromagnetic waves of frequency v is not unity, but is 

given by (Bleaney and Bleaney, 1962) 

R 0: 1.12 

where ~o is the permeability of free space, and ~ is the permeability 

and a the conductiv~ty of the mirrors. Diffraction losses have been 

described above and are given by Eqn. 1.10. The expression 

Q - qTf/f 1.13 

for the Q factor of an open resonator. in terms of the longitudinal 

mode order, q, and the fractional energy loss per transit, f, can 

be derived by considering a wave reflecting back and forth in the resonator. 

The fractional loss may be divided into its two parts by writing 

1.14 
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where 

• 

-
q'IT/f 

c 
(conduction loss) 1.15 

(diffraction loss) 1.16 

For a given mirror material, f (which may be regarded as c 

th~ fractional loss due to reflection in a theoretical cavity with 

infinite mirrors) is constant and equal to (l-R). Eqn. 1.15 shows that 

Q
c 

is proportional to mode order, and therefore to mirror separation. 

On the other hand, fd is a function of the resonator geometry. 

Eqn. 1.10 gives fd « N 1.5 for large N, while Fox and ti.obtain 

fd « N 1.4 approximately (see Ogura and Yoshida, 1964). The diffractio~ 

loss mechanism, therefore, dominates at high separations. A graph 

showing typical contributions Qc and Qd and the resultant Q is given in 

Fig. 1.4. 

1.2.5 Coupling to the Cavity 

Consider the effect of adding a coupling hole to the cavity. 

Eqn 1.14 becomes 

1.17 

Here QJl. has bee.n yTrl tten for the loaded Q and 

1.18 

where f is the fractional loss per transit due to the coupling hole. . a 

The coupling coefficient, S, may be defined as the ratio of the power 

transmitted through the hole to that lost internally in the cavity: 

B co 1.19 
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where Q has been written for the unloaded Q defined by Eqn. 1.14. 
u 

Since the fractional loss per transit through the hole, 

like the conduction loss, is constant with longitudinal order q, 

B 1.20 

Thus in a cavity having negligible diffraction loss (fd« fc) for 

which Q . « q, the coupling coefficient is constant with changes in q. 
u 

As soon as diffraction loss becomes significant, B becomes smaller 

with increase in q. 

An interesting point which emerges from consideration of 

Eqn. 1.20 is that if it is required to adjust the cavity mirrors for 

optimum Q in a given mode (i.e. for minimum diffraction loss), then 

this condition is obtained where B has a maximum. This knowledge was 

used whenever the cavity had to be retuned (see Sec. 1.5.1). 

1.2.6 Mirror Flatness 

The extent to which the mirror surfaces depart from geometrical 

planes· must be an important contributory factor to the diffraction loss 

from the cavity. However, there is no easy way to calculate accurately 

the effect of mirror imperfections. It seems likely that not only the 

average displacement from the mean plane will be important, but also 

the exact shape and extent of individual areas so displaced. For 

example, in the extreme case of a large area which departs from the plane 

in such a way as to form a concavity over part or all of a rnirrvr surface, 

the diffraction loss will actually be reduced. 

Estimates of the maximum surface departures (expressed as a 

fraction of the radiation wavelength) which may be allowed, in order that 
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the loss due to this cause may be small compared with the other losses in 

the cavity, vary; for example, Checcacci and Scheggi, 1965 found ),/100 

sufficient at high longitudinal orders, while Krupnov and Skvortsov, 1964 

suggest )./4000 is required at small mirror separations. In fact, the 

required surface accuracy should depend on the expected Q of the cavity, 

on the wavelength, " and on the longitudinal mode order, q, as the 

following semi-quantitative treatment shows. 

Consider a wave reflecting back' and forth inside a cavity. 

A mirror surface deviation of height (or depth) 0 produces a distortion 

of the wavefront of size 20 at each reflection. Each distortion may be 

added to the previous distortions so that, after n reflections, the 

total distortion of the wavefront is 2no. In order that this should not 

have adeeterious effect on the cavity Q, the distortion must never be 

so great (i.e. a half-wavelength), that it cancels the undistorted 

wavefront in phase. This requirement may be expressed 

2no < )./2 1.21 

Now the wave under consideration falls to lIe of its original 

power after Q/qn reflections. It may be regarded as insignificant after 

kQ/qn reflections, where k ~ 1, and therefore the relationship 1.21 

need only be maintained for values of n up to kQ!qrr. Eqn. 1.21 then becor:tes 

, 0 < S!! 
4kQ 1.22 

or .s < 
KqA 

Q 1.23 

K 
• 1T 

1 • 4k~ where 1.24 
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The exact value of K will depend on the severity with which 

the phrase "loss due to this cause should be small compared ~,rith other 

cavity losses" is interpreted, and also on the nature of the mirror 

imperfections. The criteria of Checcacci and Scheggi, and Krupnov and 

Skvortsov quoted above yield K = 3.2 and K = 0.13 respectively. In the 

present work for q "" 1, where Q .. 3000 and could be measured to an 

accuracy of 5%, no change in Q was detected when the surface was 

improved from ),/10000 to ),/20000, indicating a value of K - 0.30. , 

A more accurate description of the nature of this loss 

mechanism, is altaost certainly obtained from a picture of perturbations 

of the cavity wave, which are caused by the mirror imperfections. 

Such perturbations result in some of the energy in the propagating 

mode being transferred to higher order modes, where it is soon lost 

by diffraction. Unfortunately such a treatment is not conducive to 

any numerical conclusions. 

1.3 MEASURE~ffiNT METHODS 

1.3.1 Mode Identification by Frequency Measurement 

The various resonances present in a cavity can often be 

identified by a comparison of their resonant frequencies with those 

predicted by the theory. Fig. 1.5 shows a spectrum of resonances 

obtained with a Fabry-Perot cavity having rectangular mirrors, which 

was operated by Checcacci et aI, 1964 at X-band as a model of a laser 

resonator. The cavity dimensions, a = 25A and t "" 50A, may be used, 
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together with the inequality q2 » r2 + s2 to simplify Eqn. 1.1: 

v -rsq 1.25 

The resonant frequencies predicted by Eqn. 1.25 are shown above the 

spectrum, while four of the resonances are identified below it. The 

figures used to label each resonance are the appropriate values of the 

integers rand s, so that the four identified are due to the TEM ooq 

(l,l),TEM (1,2), TEMll (2,2) and TEMo (1,3) modes of the cavity. Qlq q 2q 

Although the frequencies observed do not correspond exactly with those 

predicted, the frequency separations between neighbouring resonances are 

in the ratio 3 : 3 : 2 expected from Eqn. 1.25. The discrepancies 

cannot be attributed to the correction term introduced by the Vainshtein 

theory because they are opposite in sign and much greater in magnitud~ 

than this correction. They are probably due to imperfect machining of 

the cavity mirrors. 

1.3.2 Mode Identification from "Electromagnetic Field Distribution 

Checcacci and Scheggi, 1965 used a perturbation method to investigate 

the field distribution inside the cavity. A small perturbing object is 

placed in the field between the mirrors, and the power it absorbs is 

measured by the reduction in the power transmitted or reflected by the 

cavity. Tsipenyuk shows (see Hibben, 1969) that in an open resonator, 

in contrast to the situation in a closed cavity, the effect of power 

absorption by the perturbing object dominates over its frequency pulling 

effect. As the object is moved about inside the resonator, the power it 

absorbs is proportional to the intensity of the microwave field in its 

vicinity (Zimmerer, 1963). In order to obtain accurate profiles of the 

electromagnetic field using this method, the perturbation of the field 

must always be small. 
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Bogomo1ov, 1963 and Krupnov and Skvortsov, 1965A used the 

perturbation method to identify resonance modes by observing the number and 

positions of the electromagnetic field maxima. Krupnov and Skvortsov used 

a 2 rom. long copper dipole at 4 mm. wavelength, while Bogomo10v used a 

3 mm. dianleter brass sphere at a wavelength of 8 mm. Oleccacci et a1, 1966B 

used a perturbing absorber in the shape of a thin rod, 2 wavelengths long, 

held parallel to the cavity axis in order to average the axial periodicity 

of the electromagnetic fi~ld. In an elegant experiment they obtained 

results for the electromagnetic field distribution in the cavity in 

extremely close agreement with the computations of Fox and Li, 1961. They 

were able to confirm the existence of the Fresnel ripples predicted by the 

computations. 

1.3.3. guality Factor of the Cavity 

The dependence of the resonator Q-factor on the axial order 

q has often been investigated. Zimmerer et a1, 1963 and Welling and 

Andreson, 1964 have both obtained qualitative agreement with the curve 

of Fig. 1.4, but they did not attempt to make comparisons with theory. 

The work of Bogomo10v, 1963 is of particular interest here, because he 

used a cavity consisting of waveguide coupled, plane circular metal 

mirrors similar to the one constructed for the present work. His 

measurements made with light microwave coupling to the cavity were closely 

in agreement with Vainshtein's theory over the diffraction limited region. 

These measurements were made at a wavelength of 8.72 mm. using a mirror 

diameter to wavelength ratio D/A - 17.4, and showed a maximum Q value of 

7500 at longitudinal mode order q • 6. 

Barchukov and Prokorov, 1959 and 1961 also used waveguide 

coupled circular metal mirrors. In the first of these papers (1959) they 

- 13 -



suggest that the optimum value of the ratio D/A for a resonator with small 

mirror separation is 13 or 14. These observations are not confirmed by the 

theory nor by the experimental work described in Sec. 1.5.3. In some 

later work (1961) they measured maximum Q values of 12000 and 17000 at 

longitudinal mode orders q - 5 and 15 respectively. These measurements 

show diffraction losses well below those expected for plane mirrors, 

which suggests that their mirror surfaces were slightly concave. Checcacci 

and Scheggi, 1965 showed that machining errors which produce mirror 

concavity considerably decrease the diffraction loss. 
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1.4 CONSTRUCTION OF THE CAVITY 

1.4.1 Design Considerations 

Restrictio~on the size and shape of the cavity were dictated 

by th~ dimensions of the vacuum chamber of the maser. The mirrors were 

made as large as was practical, and the cavity frame was designed in 

such a way as to allow operation in as many longitudinal mode orders 

as the dimensional constraints allowed. The mirror diameter chosen 

was 150 rom. (D/'A = 12.0 ·at 'A = 12.5 mIn, the ammonia J - 3, K '" 3 line 

wavelength) which allows approximately 20 mm. clearance. between the 

edges of the mirrors and the nearest metal parts of the vacuum chamber·. 

Even so, the radiation fringe field of the cavity is disturbed by its 

surroundings, as evidenced by the fact that periodic changes of the 

cavity Q with the position of the lid of the main vacuum chamber are 

noticed while the lid is being lowered into position. 

The cavity frame, mirrors and mirror mountings were all made 

rigidly in order to withstand mechanical vibrations and shock. They 

are described in Sec. 1.4.2. Attention was given to ·the provision of 

adequate means for tuning the mirror separation from outside the vacuum 

chamber. One thermal and two mechanical tuning me~hanisms are described in 

Sec. 1.4.4. Also a means for changing the orientation of the coupling 

waveguides from outside the vacuum chamber was provided. This fadIi ty, 

which proved invaluable to some of the investigations carried out with 

cavity, is described in Sec. 1.4.5. Two views of the cavity are shown 

in Figs. 1.6 and 1.7. 

1.4.2 The Cavity Mirrors and Cavity Frame 

The circular mirrors are housed in a strong brass frame which 
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Fig. 1.6 View of the Fabry-Perot cavity showing the tuning 

micrometers, thermal tuning barrels and coupling 

waveguides. 



F' 1 7 V;ew of the Fabry-P~rot cavity showing the ~g.. • 

gear train used for fine mechanical tuning . 



bolts firmly into the vacuum chamber. The frame consists of two vertical 

plates separated by four rods. The spacing rods may be exchanged for 

rods of a different length in order to operate the cavity at different 

mirror separations. Two sets of four rods were made, and these give 

sufficient adjustment to operate the cavity in the first five longitudinal 

mode orders at >. ,. 12.5 mm. The shorter rods a110w operation at mirror 

separations of )./2, ). and 3A/2. By reversing the rear plate of the frame 

and using the longer spacing rods, the cavity may be operated at 

separations of 2>. and 5).l2 and yet still be fitted into the vacuum 

chamber. 

The circular mirrors are discs of copper 150 mrn. in diameter 

and 13 mm. thick. The machining of their reflecting surfaces is 

described in Sec. 1.4.3. One of the mirrors is bolted directly to the 

front plate of the cavity frame. This is the coupling mirror, which 

carries the two coupling holes and waveguides, 750 rom. apart symmetricallY 

on the horizontal diameter of the mirror. The second mirror, the tuning 

mirror, is bolted to a three-armed frame. Each arm carries a 13 rom. 

diameter glass rod which passes fonvard, through the front plate of 

the cavity frame, into one of the three micrometer assemblies. The three-

armed frame is pressed forward at its centre by a. spring. Thus the mirror 

is supported, via the glass rods and the three-armed frame, by the three 

micrometer asseob1ies. In order to operate the cavity in the first 

five longitudinal mode orders, three sets of glass rods of different 

lengths are used. 

1.4.3 Machining the Mirrors . - .. 

The first mirrors were constructed of brass and l1ere conventionally 

surface ground. Their flatness ~as measured by taking photographs in 

sodium light of multiple reflection fringes formed between the mirror 
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surface and a 150 rom. diameter glass optical flat. An example of an area 

of the fringes obtained is shown in Fig. 1.8(a). It is evident from 

this photograph that considerable chatter of the grinding wheel has taken 

place during machining. However the surface imperfections due to this 

cause were only of the order of 4 fringes in extent, corresponding to a 

surface deviation from the mean of ± 6 x 10-4 mm. Worse than this was 

an overall convexity of the surface, probably due to mechanical distortion 

of the mirror during machining. The height of the centre of the mirror above , 

the edge corresponded to S fringes, giving a deviation of t 1.2 x 10-3 mm. 

In addition considerable mounding of the surface in the vicinity of the 

coupling holes was noticed which at worst was 10 fringes or 3.0 x 10-3 wm. 

This is shown in Fig. 1.S(b). 

Later two pairs of mirrors were constructed in copper. One 

pair was surface ground with great care: the grinding machine was 

allowed to run for about 4 hours before starting the work in order 

to allow its temperature to stabilize, and the final passes across 

the mirror surface removed only 1.2 x 10-2 ~. of metal so that the 

tool pressure on the surface was minimal. In this way tool chatter was 

eliminated and maximum overall deviations from flatness of ± 3 x 10-4 rom. 

were achieved. Typical fringes obtained with these mirrors are shown 

in Fig. 1.BCc) and 1.B(d) and demonstrate a marked improvement over 

. those obtained with the brass mirrors. In particular Fig. 1.S(d) shows 

that distortion of the mirror surface close to the coupling hole 

has virtually been eliminated. Fig. 1.9 shows multiple reflection 

fringes across the whole of one of the mirrors, it. is from photo-

graphs such as this that the figures given here for the overall surface 

deviations were obtained. 
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Fig. 1.8 Multiple reflection fringes formed by 
selected areas of the mirrors; 

(a) and (b) brass mirrors; 
(c) and (d) copper mirrors. 



Fig. 1.9 Multiple reflection fringes formed between 

a mirror surface and a glass optical flat. 



A second pair of copper mirrors was diamond turned to determine 

whether there was any significant difference in the quality of the 

surface when machined in this way. Not only the flatness was in question 

here, but also the surface ~onductivity because it was suspected that 

working of the metal surface might decrease its conductivity. No 

difference in the quality of the two pairs of mirrors, as determined 

by cavity Q-factor measurements, was noticed. Flatness of the tt-lO pairs 

of plates was not significantly different except in the region of the 

coupling holes where, on' the diamond turned plates a surface mound of 

1.2 x 10-3 rom. ~-las obtained together with tool chatter following the hole. 

The cavity Q-factor measurements made with the brass and copper plates 

are described and discussed in Sec. 1.5. The surface ground and diamond 

turned copper plates were used interchangeably in the maser. 

1.4.4 Cavity Tuning Mechanisms 

In the original design for the cavity there were two tuning 

mechanisms: mechanical tuning by means of the three micrometer screws, 

and thermal tuning of the three micrometer barrels. Later a second 

mechanical mechanism which enabled the pressure of the spring behind 

the three-armed frame to be changed was fitted. All three of these 

mechanisms alter the position of the rear or tuning·mirror. 

Each micrometer assembly consists of an aluminium barrel 

carrying a stainless steel micrometer screw having 40 threads per inch. 

The aluminium barrel is partially insulated thermally from the cavity 

front plate by 3 mica washer. Th~ barrel is bifilar wound with a 

heater coil of glass-covered "Eureka" ",ire and a sensor coil of 40 

gauge enamelled copper wire. The three glass rods which support the 

tuning mirror bear on the staiuless steel micrometer screws. Coarse 
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mechanical adjustment of the position and tilt angle of the mirror, 

before the vacuum chamber is sealed and pumped out, is afforded by these 

three screws. 

Some idea of the coarseness of this mechanical tuning method, 

and indeed of the need for a firm mounting structure for the cavity mirrors 

may be gained from the following. At a mirror separation of A/2 (6.25 mm), 

a 1 MHz change in the cavity frequency is obtained by moving the plates 

. relative to one another through a distance of 2.5 x 10 4 mm. This , 

corresponds to a movement of 1/2500 of a full turn on each of the three 

micrometer screws, Le. appro~dmately 1/8 degree of arc. 

The need for a method of making fine tuning adjustments when 

the cavity is under vacuum, was met by heating the aluminium micrometer 

barrels. This tuning method makes use of the differential thermal 

expansion between the aluminium of the barrels and the stainless steel 

of the micrometer screws. The temperature of a barrel was sensed by 

the chang~ in resistance of its sensor winding, and this signal was used 

to control the current in its heater winding. The electronic control 

equipment used is capable of holding the temperature of the barrel stable 

o to ± .02 C. At a separation of A/2, 

a I MHz change in the cavity tuning is produced by a temperature change 

of 0.4SoC at the three micrometers. 

It was subsequently found that the thermal tuning was inadequate 

to deal with long term drift in the frequency of the cavity. This was due 

to mechanical creep of the structure, possibly aggravated by the 

temperature of the ,,,hole cavity. being held above ambient by the thermal 

tuning. A mechanical method of tuning the cavity from outside the vacuum 

chamber was devised. A finely-threaded plug, screwed into the rear 
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plate of the cavity frame, supports the centre pressure spring. The 

plug is bolted to a large gear wheel which meshes, via an idler gear, 

with a small pinion turned by a rotatable vacuum feed-through. By 

turning the gear train from outside the vacuum chamber, the plug can 

be screwed into the frame and the spring compressed. In this way the 

pressure on the three-armed frame may be chnnged, causing it to bend 

and move the tuning mirror which itself remains absolutely flat. The 

cavity is tuned through 1 MHz by about 5 turns of the vacuum feed­

through. Not only does this mechanism provide fine tuning but it also 

gives a very wide tuning range and so can be used to compensate for 

creep in the cavity frame or other components. 

1.4.5 Microwave Coupling to the Cavity 

Microwaves are coupled to t!1e cavity through two holes placed 

symmetrically on the horizontal diameter of the coupling mirror at a 

distance apart equal to the mirror radius. This is similar to the 

coupling scheme used by Krupnov and Skvortsov, 1964 in a formaldehyde 

beam maser. The holes are 2.6 mm. in diameter in a 0.63 mm. 

diaphragm. Their coupling parameters may be varied by means of two 

small waveguide stub tuners close to the back of the coupling mirror. 

The maximum coupling parameter is obtained for the fundamental mode 

at a mirror separation of >'/2 and is 0.043 at each hole. 

Various methods of making the physical connection bet~"een 

the waveguides and the mirror were tried. The problem is chiefly one 

of making a firm mechanical and good electrical joint at a thin 

diaphragm without distorting the inner surface of the mirror. The 

arrangement finally chosen was a form of choke coupling based on the 

choke frequently used at waveguide flanges (Harvey, 1963A). A 
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Fig 1.10 Cross-section of the choke coupling 
between waveguide and Fabry - Perot 

mirror. 



drawing of the coupling is shown in Fig. 1.10, Ideally the join between 

the two components should be on the plane x where the current in the 

wall of the quarter-wave choke is zero. However this would have left 

only the diaphragm thickness to support the waveguide. The wall current 

is a maximum at the top of the choke grove, Y, so the join was placed 

in a compromise position, halfway up the choke wall at Z. 

One of the advantages of using the choke coupling is that the 

joint is cylindrical. This not only makes machining simpler, but also 

enables the waveguide orientations to be changed. Indeed, if the choke 

barrels are not bolted to the back of the mirror, the waveguide 

orientations may be changed by rotating the waveguides from outside the 

vacuum chamber. This facility was used extensively during the investigations 

described in Chapters 4 and 5. 

1.5 EXPERIMENTAL INVESTIGATION OF THE CAVITY 

1.5.1 Tuning the Cavity 

A procedure was found whereby the cavity could be adjusted 

to resonate in a desired mode. Some small brass posts were machined 

to be slightly smaller in length than a free-space half wavelength at 

the ammonia J - 3. K = 3 line frequency. By adjusting the three 

cavity micrometers so that one or more of these distance pieces could 

just be slipped between the mirrors at three points on the cavity 

circumference, the mirrors were made parallel with a separation almost 

equal to an integral number of ~ree-space half wavelengths. Microwave 

power from a frequency swept klystron was thenpasseainto the cavity 

via one coupling waveguide. and crystal video detection equipment was 
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attached to the other waveguide. In this way, a display of power 

transmitted through the cavity was obtained. 

The three micrometers were advanced by equal small increments 

until a cavity resonance was observed on the display. Maximum sensitivity 

of the oscilloscope Y-trace amplifier and the full (unattenuated) 

klystron power output usually had to be used if the cavity matching 

stubs had not previously been set, in order to detect the resonance. 

The resonance found was invariably the fundamental TEMOl mode in the 

appropriate longitudinal order. As soon as this mode had been located, 

the matching stubs were adjusted for maximum transmission so that 

further tuning of the cavity could be carried out using a strong 

transmitted microwave signal. If a higher order mode within the same 

longitudinal order was required, it was located by further advancing the 

three micrometers by equal increments until the mode was encountered. 

The matching stubs were then readjusted for maximum transmission in this 

mode. 

The cavity was finally tuned for maximum Q by making further 

small adjustments to the micrometers. These adjustments were aimed at 

obtaining maximum transmission through the cavity at the mode centre 

frequency. This condition coincided with maximum Q, as has been shown 

in Sec. 1.2.5. 

Initial tuning to the desired mode as described above was 

usually carried out on the bench. In order that the cavity should 

resonate at the maser frequency after it had been placed in the maser 

vacuum chamber and the chamber pumped out, it was tuned on the bench to 

a frequency slightly higher than that of the maser by an experimentally 

determined amount. This allowed not only for the change ill dielectric 

constant when the chamber was evacuated, but also for the effect of 

atmospheric pressure on the waveguide vacuum seals, which tended to 
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strain the cavity and alter its tuning. This need for off-tuning 

the cavity WRS eliminated when the mechanical fine tuning mechanism was 

added to the cavity, and when a spring device to counteract the effect 

of atmospheric pressure was fitted to the coupling waveguides. The 

mechanical fine tuning mechanism is described in Sec. 1.4.4 and the 

spring device in Sec. 3.2.6. 

1.5.2 Identification of Cavity Modes 

In Sec. 1. 3.1 the perturbation method of investigating 

the electromagnetic field distribution within the cavity was described. 

In the present work this method was used at 12.5 nun wavelength to identify 

the mode resonances of the cavity. 

A small piece of copper wire about 3 nun long held parallel to th~ 

electric field vector in the cavity was used as the perturbing object. 

This was cemented to a thin nylon thread (which alone did not perturb 

the electromagnetic field) stretched horizontally across the cavity 

between the mirrors, parallel to their surfaces. Microwave power 

transmitted through the cavity was monitored by crystal video detection 

as a function of the position of the wire in the cavity. The crop in 

signal on the oscilloscope indicated the amount of power absorbed by the 

wire which in turn was approximately proportional to the microwave field 

intensity in the vicinity of the wire. 

It was found that very accurate positioning of the thread 

parallel to the mirror surfaces was needed to map the field intensity 

accurately. Also the crystal viceo (or similar) detection scheme needed 

to be senmcive to very small changes in the microwave power transmitted through 

the cavity. For these reasons, the perturbation method was only used as a 

qualitative indicator of the mode or nodes resonant in the cavity. 
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The fundamental TEMoOand the TE~110modes were readily identified 

by this method. At a mirror separation of A/2 they had loaded Q factors 

of 2800 and 1700 respectively. Two further resonances were also observed. 

The first had a Q of 1000 and was identified as a superimposition of 

the TEM2 0and TEMOlmodes which lie close to one another in frequency. 

The second had a Q of about 400 and appeared to be a superimposition of 

the three modes TEM30, TEMll and TEM40' 

1.5.3 Quality factor Measurements. 

The experimental details of the methods used to.ulake Q-factor 

measurements on the cavity are described in appendix C. These measurements 

were made for theTEMoOand TEMlOmodes in the first five longitudinal 

orders, but were not practicable for larger mirror separations owing 

to the decrease in the coupling parameter which accompanied increase in 

the mirror separation (see Sec. 1.2.5). The measurements made on the TEMOO 

mode at a wavelength of 12.5 rom (frequency 24.0 GHz) are discussed here 

in the light of the predictions of 'the Vainshtein theory and the Fox and 

Li computations. 

In Fig. 1.11 the experimental points represent the values 

of unloaded Q-factor which have been obtained from the measured values 

of the loaded Q by the method described in appendices Band C. The 

two solid lines have been calculated using the Vainshtein diffraction loss 

equation (Eqn. 1.10) and the loss values computed by Fox and Li. In 

order to obtain these curves, the diffraction loss has been combined with 

the conduction loss in the manner described in Sec. 1.2.4, the conduction 

loss being calculated for luirrors of pure copper. It is interesting to 

note that the two calculated curves show very good agreement with one 

another despite the fact that the Fox and Li values have been extrapolated 

to cavity geometries for which their computational approximations are 

invalid. 
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From Fig. 1.11 it is clear that the cavity exhibits a 

considerably larger diffraction loss than that predicted by the theory. 

The broken line shows the effect on the calculated curve of increasing 

the loss contribution due to dif!raction by a constant factor. It has 

been derived from the Vainshtein curve by using the same values for the 

conduction loss Q (Qc>' while reducing the diffraction loss Q (Qd) by 

a constant factor of 0.7. The very good agreement between this line 

and the experimental points leads one to look for a mechanism which 

could increase the radiation loss due to diffraction at the. open edge 

, of the cavity. 

The proximity of metal components to the edges of the mirrors 

is one possible cause, although placing metallic objects close to the 

cavity was usually observed to increase the cavity Q. Presumably this 

was because such objects tended to reflect escaping radiation back into 

the cavity. Dielectric materials close to the mirror edges, such as the 

three glass rods which support the tuning mirror, are also a possible 

cause, although little effect was observed when additional dielectric 

material was placed in their vicinity. Finally the presence of the 

cylindrical surfaces constituting the mirror edges may have an effect 

on the fringe field of the cavity and therefore on its diffraction loss. 

However this has not been confirmed •. 

Fig. 1.11 demonstrates that the present cavity is severely diffraction 

limited for all longitudinal orders. A cavity with copper mirrors only 1.S 

times the diameter of the present mirrors has a theoretical Q of 5600 in 

the . TEMO 0 mode for q • 1, and a theoretic~l maximum Q of 8300 

at q = 3. With such a cavity, even if its theoretical Q values were not 

obtained, it should have been possible to pursue the Zeeman effects 

described in Ch3pter 5 to higher values of magnetic field and also to 

- 25 -



obtain oscillation in the TEM10 mode as proposed in Chapter 6. It was 

unfortunate that the only guides to the attainable Q values which were 

available when the cavity was designed overestimated these values 

(Barchukov and Prokhorov, 1961; Barchukov and Petrov, 1962), while 

the Q factors obtained in practice with the present cavity proved to 

be rather smaller than the theoretical values. 
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CHAPTER 2 

THE NOLECULAR BEAM 

2.1 INTRODUCTION 

The production "and use of molecular beams is of interest in a 

number of different fields of Physics such as mass spectroscopy, microwave 

and radio frequency spectroscopy, gas kinetics and surface physics. The 

beam of molecules used in a molecular beam maser is essentially different 

from those used for other purposes in one important feature. It must 

contain an excess number of molecules in the upper of the two energy 

levels of the maser transition, over the number in the lower level. Not 

only is a molecular beam required,"but it must also De state separated. 

The formation of molecular beams by effusion of gas from a 

nozzle has been the subject of considerable study. Effusers which have 

been examined range from bundles of fine capillary tubes to single channels. 

The directivity of the molecular beam formed by these effusers has been 

the subject of a number of investigations (e.g. Giordmaine and Wang, 1960; 

Naumov, 1963) since for most purposes the ideal bea~ has a narrow profile. 

Generally the beam must be collimated ~y circular or slit diaphragms, and 

the wasted molecules often present a severe pumping problem, which is 

somewhat alleviated if the directivity of the beam before collimation is 

high. The velocity distribution of the molecules in the beam has also 

been the subject of a number of fascinating investigations (e.g. Niller 

and Kusch, 1955; Olander et aI, 1970; Siekhaus e"t al., 1970). Recently 

the use of supersonic beams has opened up a new field of study (English and 

Zorn, 1973; Dyke et aI, 1972). 
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The electrostatic state separation of molecular beams has 

received consid~rable attention both theoretically (e.g. Shinloda, 1957; 

Hirono, 1959) and' experimentally (e.g. Becker, 1963A; Takeuchi et aI, 

1966). Usually separators with cylindrical symmetry have been preferred 

.because of the cylindrical symmetry of the generally used E010 mode 

cavity. 

This chapter is concerned mainly with state separation of 

molecular beams, with emPhasis on the separation of a beam ~ith planar 

symmetry consisting of a flat sheet of molecules. Such a beam shape 

is particularly suitable for a maser using the Fabry-Perot type of 

cavity. In Sec. 2.2 the principle of electrostatic state separation, 

which is used in the majority of molecular beam nasers, is described. 

Sonle basic equations relating to the separation of a beam of a~onia 

molecules are presented. 

In Sec. 2.3 the behaviour of cylindrical and planar state 

separators is discussed. The theory of the parallel ladder separator is 

presented in some detail, and separators used in this work are described in 

the light of this theory. Finally Sec. 2.4 describes the effects of electric 

and magnetic fields on a state separated molecular beam. 

2 2 ELECTROSTATIC STATE SEPARATION OF ~10NIA 

2.2.1 The Ammonia Inversion 

The anwonia inversion is an example of a hindered molecular 

motion, i.e, a motion which is not possible classically but which occurs, 

because of the wave nature of the molecule, by quantum mechanical tunneling. 

Classically, the ammonia molecule is a pyramidal structure having the 

nitrogen atom at the apex of the pyramid and the three hydrogen atoms at 
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the corners of the base as shown in fig. 2.l(a). If the molecule 

possesses only a small amount of vibrational energy, the nitrogen atom 

should be unable to penetrate the plane of the hydrogen atoms; this 

corresponds to a situation where the nitrogen atom is trapped in one of 

the two wells of the potential energy diagram Fig. 2.l(b). 

A quantum mechanical description of the atom, however, cannot 

ignore the existence of the second potential energy well. In the two 

lowest vibrational energy_, states, the nitrogen atom has insufficient 

energy to surmount the central potential barrier, but may cross this 

barrier by the quantum mechanical tunnel effect. The two wave functions 

~ and ~ which describe the structures of Fig. 2.4.l(a) interact, and 
A B 

in the absence of applied magnetic or electric fields, there is an 

equal probability of finding the nitrogen atom on either side of the hydro­

gen plane. The molecule exists in two forms described by the symmetric 

and anti-symmetric wave functions 

with the plus and minus sign respectively. The symmetric wave function 

has a lower energy associated with it than has the anti-symmetric function, 

so that a pair of energy levels exist as a result of the inversion. 

Each rotational level within the two lowest vibrational states is 

split by the inversion. Whereas transitions between vibrational levels 

and between rotational levels typically give rise to transition frequencies in 

the n~ar and far infra-red respectively, microwave frequencies are associated 

with inversion transitions. The exact frequency of an inversion transition 

depends on the vibrational and rotational state in which it occurs. 
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2.4.2 The Stark Effect in Ammonia 

Although the two models of the ammonia molecule pictured in 

Fig. 2.l(a) possess an electric dipole moment ~, the molecule described 

by either of the wave functions .~ in Eqn. 2.1 possesses no net moment. 

The inversion averages the effective dipole moment to zero. In the 

presence of an electric field, however, the inversion is partially 

quenched, and a dipole moment is induced. 

Feynman, 1965 considers the effect of the electric field as a 

perturbation on the molecule described by Eqn. 2.1. He derives the 

effect of this perturbation on the energies of the upper and lower 

inversion levels respectively as 

w 2.2 

where the unperturbed energies are given by W + A and W - A o 0' 1112 

is the dipole moment matrix element connecting the two levels, and 

E'is the magnitude of the electric field. 

The dipole moment matrix element, ~12' is given by the 

expression 

~12 
.. lJMK 

J (J+l) 2.3 

where ~ is the permanent dipole moment pictured in Fig. 2.l(a) which the 

molecule would possess in the absence of inversion, J is t:he total 

angular momentum quantum number, K is the projection of J on the molecular 

axis and M is the projection of J on the direction of the applied electric' 

field, E. Thus Eqn. 2.2 may be written 
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where "12 has been written for the transition frequency between the 

unperturbed inversion levels, and h is Planck's constant. 

This behaviour of the energy levels in an electric field is 

shown in Fig. 2.2 for J - 3 and K • 3. To a first approximation, 

the M = 0 level does not change its energy in the applied field. Level,s 

for which M = ±1, ±2 or ±3 change quadratically with field for fields 

below about 3KV mm-1• At high fields where }.I12 E »A the inversion is 

completely quenched and the Stark effect is linear. 

2.4.3 The Principle of State Separation 

The force on a molecule in an electric field may be derived 

from Eqn. 2.4 using 

F - - grad .!! 

The component of F in a direction y is given by 

2 

Fy 
-aw - ay 

, = Lr~~») E ~~ 
2.6 

~(h\) 12)2 + (J.lHKE ) 2] 6 
~ 2 J(J+l) 

In a uniform field, no force acfs on the molecule, but in a non-uniform 

field for which E < 3KV mm-I, a force whose magnitude is proportional to 

EaE/ay is exerted. The sign of the force is negative (i.e. towards low 
, 
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electric flux density) for molecules in the upper inversion level, and 

positive (towards high electric flux density) for those in the lower 

level. 

In principle a region of non-uniform electric field may be used 

to spatially separate molecules in the upper and lower inversion levels 

of ammonia. That this separation is imperfect is seen from a consideration 

of equation 2.6. The magnitude of the separating force is proportional 

to M2 st low values of the field E, and to M at high values. Clearly, 

molecules having MaO will not be affected,by the regio~ and molecules 

with low values of M will be affected relatively weakly. 

Some molecular trajectories through a region of non-uniform 

electric field are shown in Fig. 2.3. Consider a molecule travelling in 

the x, y plane, which enters the region ABCD at the origin 0 with an 

initial velocity v. Let the electric field present in the region be 

in the x-direction, but increase from zero on the ~ axis to a ma~d.mum 

value E at the edges AB, CD of the region. If the molecule is in the 
m 

lower inversion level with M + 0, then it will experience a force in the 

y-direction which accelerates it away from the x-axis, and it will follow 

a trajectory such as that labelled L in Fig. 2.3. If, on the other hand, it 

is in the upper state and M + 0, the force will be towards the x-axis and 

it will follow a trajectory such as U. 

The net effect of F will also depend on the time spent by the 
y 

ulolecule in the region and hence on its initial x-component of velocity 

•• If v is small and/or M is large, the molecule may make several 
x x 

oscillations about the x-axis (trajectory U'). If v is large and/or x 

M is small, the molecule may still be diverging from the x-axis when it 

leaves the region (U"). HO\Jever if the region of non-uniform field is 
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sufficiently long in the x-direction to allow for the highest x-components 

of velocity, then any upper state molecule whose initial y-component of 

kinetic energy is smaller than the maximum Stark energy ~w will be 

trapped by the state separator. ~w is given by 

~w = 

The focusing criterion i~ therefore 

mv 2 
J 

2 
< 

mv 2 
c 

- 2 

2.7 

2.8 

where m is the molecular mass and v is the critical y-velocity. Thus c 

v 
c 2.9 

In a region of inhomogeneous field such as that depicted in Fig. 2.3, the 

upper state molecules oscillate about the field axis, and emerge from 

the region with a similar spread of directions to thoRe they 

possessed on entry. The length of the focusing region is important in 

determining hotv many oscillations about the axis are made by the utolecules. 

A state separator is often designed so as to bring molecules having the 

most probable x-velocity and the average value of M to a focus at a point 

such as X on the x-axis. This point then determines the optimum position for 

the cavity. In this sense it is possible to describe the state separator 

by analogy with a converging lens (Becker, 1963A). 
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Helm~r et aI, 1960 have shown that a state separator of 

non-uniform cross-section is preferable to a uniform one. If Al and A2 

are the entrance and exit cross-section areas of the state separator 

respectively, and nl and n2 are .the solid angles of capture occupi.ed by 

the molecular trajectories, averaged over Al and A2, then 

2.10 

Thus a separator whose exit area is larger than its entrance area 

narrows the angular spread of the molecular trajectories •. The tapered 

state separator described in Sec. 2.3.3 is a realisation of such a 

non-uniform separator. 

2.3 STATE SEPARATORS FOR THE FABRY-PEROT MASER 

2.3.1 Practical Shapes of State Separator 

Most molecular beam masers have used cylindrical cavities, 

generally in the EOIO mode. Cylindrical separating or focusing (the t,.,o 

terms are used synonymously here) systems, having electric fields with 

radial symmetry, have therefore been most widely studied. 

A quadrupole separator having longitudinal electrodes with 

approximately hyperbolic cross-sections was used in the first beam maser 

to operate - Gordon et aI, 1954. This electrode shape enables the radial 

field in the separator to be calculated accurately, since the field 

magnitude is proportional to the distance from the axis of the separator. 

Mu1tipole focusers, with more than four longitudinal electrodes equally 

spaced aro'Jnd the circumference of the circular cross-section of the 

focuser, were widely used in early masers (Shimoda, 1957; Vonbun, 1958). 
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Later the ring and bifilar helix'types were proposed by Krupnov, 1959 

and investigated by Basov and Zuev, 1961 and Mednikov and Parygin, 1963. 

Becker,' 1963A has compared the efficiencies of the various 

types of cylindrical focusers in terms of the input beam flux which 

just causes maser oscillation for a given electrode voltage. He found 

that the ring and helix types were most efficient, and that by comparison 

the six-pole and quadrupole types had efficiencies of about 60% and 

40% respectively. The ring focuser is a more rigid structure than the 

helix and is generally preferred. 

A number of separator systems to produce planar beams of 

molecules have been envisaged, but none have been widely used. Krupnov, 

1959 proposed a state separator consisting of t"10 planes of rods, 

arranged circumferentially around a Fabry-Perot cavity with plane 

parallel mirrors. and charged alternately to positive and negative 

potentials - Fig. 2.4(a). The gas nozzles are arranged to shoot 

radial molecular beams between the-two planes of electrodes and towards 

the centre of the cavity. Upper state molecules are focused into the 

plane of symmetry of the separator, and lower state molecules are 

turned away from this plane. 

Marcuse, 1962 used two closely spaced planes of radially 

arranged rods in a hydrogen cyanide maser having a semi-confocal cavity. 

His arrcmgement is shown in Fig. 2.4(b). Its action is similar to 

that of Krupnov's proposed system. The transverse ladder type shown in 

Fig. 2.4(c) has b~en used in a 4 rom formaldehyde maser by Krupnov and 

Skvortsov, 1964, while the long~tudinal ladder arrangement of Fig. 2.4(d) 

has been used in a radio frequency formaldehyde maser by Takami and 

Shimizu, 1966. 
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No detailed comparison of the focusing efficiency of 

flat beam separators with that of cylindrical focusers is available. 

Takami and Shimizu, 1966 suggest that the focusing efficiency of their 

longitudinal ladder type was somewhat lower than that of a cylindrical 

mUltipole type but the dimensions of their separator were far from 

optimum. Becker, 1963B has compared transverse and longitudinal 

ladder types and found no difference in their focusing effect. 

lbe transverse ladder ·se~arator is in fact the analogue, in p1annr 

shape, of the ring focuser. TIlis indicates that its efficiency should 

be high. 

The transverse ladder separator was chosen for the present 

work, not only from qualitative considerations of efficiency, but also 

because its construction is somewhat simpler than the longitudinal 

arrangement. In addition it can be made physically shorter than the 

longitudinal separator for a give~ length of the region of interaction 

with the molecules. This last point was important because the space 

available for the separator in the present maser is limited. 

2.3.2 Theory of the Transverse Ladder Separator 

The theory described in this section is due to Becker, 1963B. 

It appears to be the only detailed treatment of the ladder focuser 

available in the literature. 

Fig. 2.5(a) represents one half of a transverse ladder separator 

consisting of electrodes with diameter t, equally spaced by the distance 

d. Suppose the electric field! in the region of positive y has x- and 

Y-components E and E respectively. Clearly ~ is periodic in x with a x y 

period 2d. Becker shows that Ex and Ey may be described by a pair of 

Fourier series, 
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E .. El exp(-ny/d)sin(nx/d) + E3 exp(-3ny/d)sin(3nx/d) 
x 

+ Es exp(-5ny/d)sin(5ny/d) + •••• 2.12 

E • El exp(-ny/d)cos(nx/d) + E3 exp(-3ny/d)cos(3nx/d) 
y 

+ Es exp(-5ny/d)cos(5ny/d) + •••• 2.13 

In Sec. 2.2.3 it was seen that the focusing force on a molecule 

is proportional to EoE/dy (or oE2/oy) in the region of quadratic Stark 

effect. A molecule travelling in the x-direction past the electrode 

assembly of Fig. 2.5(a) would experience an effective force proportional 

to the average value of oE2/oy defined by 

1 f2. d 
= 2d 

o 
dx 2.14 

Substituting Eqns. 2.12 and 2.13 in 2.14 gives 

w -- 2.15 
oy 

Becker found that for a practical electrode arrangement in 

which the ratio d/t is not large, terms involving E3 and higher Fourier 

coefficients can be ignored. In this case it is possible to obtain El 

by integration of Eqn. 2.12, and Eqn. 2.15 may be written 

exp (-2ny/d) 2.16 

where V is the voltage applied to the electrodes. 

Becker used a model of an electrode assembly in an electrolytic 

tank, to make measurements of the electric potential due to the assembly. 
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From these measurements he calculated aE2/ay for a large number of 

points (x, y) in the vicinity of the electrodes, and arrived at values 

for the average of cE2/ay as defined by Eqn. 2.14. The3e values fitted 

the function 

~~2 _ AV2 exp(-2ny/d) 2.17 

to better than Ii., and the constant A agreed with the factor n3/2d 3 

of Eqn. 2.16 to within 470. Eqn. 2.16, therefore, described the 

focusing effect of the single electrode assembly very well. 

In order to extend this treatment to the double electrode 

arrangement of Fig. 2.5(b) (where the x-axis has been moved to coincide 

with the axis of symmetry), Becker assumed that the two contributions 

to the averaged aE2/3y could be added together. This is only true if 

the presence of the second electrode assembly does not distort the 

field of the first. The condition for this to be true is 

h » d/4n 2.18 

where h is half the distance separating the electrode assemblies. For 

example if h = d/2 the field at the second electrodes due to the 

first is approximately 570 of the field close to the first electrodes. 

In terms of the co-ordinates of Fig. 2.5(b) the sum of the two contributions 

may be obtained using Eqn. 2.15 as 

= exp(-2nh/d){exp(2ny/d)- exp(-2ny/d)} 2.19 

In Fig. 2.6 the function of Eqn. 2.19 is sho"~ plotted against 

ylh for four values of h down to h a d/4 •. These curves are of considerable 
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design interest. At large separations of the electrode planes (h > d, say), 

the focusing effect is concentrated near the electrode planes and little 

or no force is exerted on a molecule travelling through the central 

region of the separator. Such a separating system would allow a large 

number of molecules in the lower state to pass through it without 

removing them from the molecular beam. However, a separator with 

h < d/2 does have an effect on molecules travelling close to its centre 

plane. In particular, when h = d/4 the focusing force is almost 

proportional to the distance from the centre plane. This is analogous 

to the quadrupole focuser with hyperbolic electrodes whose focusing 

force varies linearly with radial distance from the focuser axis. 

2.3.3 The Geometry of the Electrode Structure. 

Although it is possible to use the theory described above to 

calculate trajectories for individual molecules passing through the 

state separator, the behaviour of a separator is in practice complicated 

by molecule-molecule and molecule-electrode collisions within the 

separator. The theory may be used as a guide in the design of the 

separator, but the final determination of the optimum electrode geometry 

is always an empirical process. Because a new separator generally has 

to be constructed in order to test each change in geometry, it is also 

a time-consuming process. For this reason it has never been carried 

through to its logical conclusion so as to yield a complete empirical 

understanding of the behaviour of a particular type of separator. 

Although the transverse ladder separator is an ideal subject for such 

a study (because the electrode assemblies can be made as two units whose 

relative positions can be easily altered) the present work is no 

exception in this respect. The state separators used in the present 

work have been ~odelled on those used by Becker, 1963B, but his 
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experimental investigations of them were far from exhaustive. 

The electrode assemblies used by Becker consisted of wires of 

diameter t = 1.0 mm separated by a distance d - 2.5 nun. These assemblies 

were used up to a voltage of 20KV. In the present work, where a 30 KV 

supply (Brandenburg type 202B) was available, electrodes with a diameter 

of 1.6 mm. separated by 4.0 mm. were used (although later a separation 

of 3.2 mm. was found to be satisfactory). The two banks of electrodes 

were placed 3.2 rom. apart in the parallel ladder separator, thus giving 

a value of 0.4 for the ratio hId of Fig. 2.5(b). The curves of Fig. 2.6 

show that hId = 0.5 is probably a good compromise between obtaining strong 

focusing action in the centre plane of the separator, and maintaining a 

large cross-section area with which to capture the molecular bea~. 

Table 2.1 shows some of Becker's results for state separators 

with various geometries operated at a voltage of 8 K~ His two parallel 

ladder separators had values for the ratio hId of 0.8 and 0.48. The 

latter had the lower threshold beam flux. 

Table 2.1 Comparison of the input molecular flux required, to reach 

oscillation threshold at a separator voltage of 8 KV, for various 

separator geometries (after Becker, 1963B). 

separator electrode average input flux 

shape spacing 2h (rom) hId ratio (mols sec -1) 

parallel 4.0 0.8 12 x 1017 

parallel 2.4 0.48 6.5 x 1017 

linear taper 2.4 - 4.0 0.64 3.8 x 1017 

linear taper 1.5- 3.0 0.45 .5.5 x 1017 
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It was mentioned in Sec. 2.2.3 that a separator with a non-

uniform cross-section should give improved performance over one with 

parallel electrodes. Table 2.1 shows threshold beam fluxes for two 

separators with cross-sections which taper linearly from a small entrance 

to a large exit. These had the same electrode structures as the parallel 

separators of the table but show significantly lower threshold beam fluxes 

than the latter. 

A tapered ladder separator was also constructed for the present 
, 

work. It had electrode assemblies with t - 1.6 mrn and d - 3.2 rom 

separated by a distance 2h which tapered from 1.6 mrn at iis entrance 

to 4.8 rom at its exit. Thus its average value for the ratio hid was 

0.5, which is close to those used by Becker. A rather small value of 

the ratio (0.25) was chosen for the entrance of the state separator, in 

order to make use of the powerful focusing effect near the central 

plane of an electrode assembly with h c d/4 (see Fig. 2.6). Although this 

state separator gave considerably better performance than the parallel 

separator, its geometry was probably not very close to the optimum 

since its narrow entrance appeared to limit the input molecular flux. 

This point will be returned to in Sec. 3.4.3 where some of the measured 

characteristics of the maser are discussed. 

2.3.4 Maser Components for ~tolecular Beam Formation 

The two state separators described in the previous section are 

shown in Fig. 2.7. They are constructed of brass rods and P.T.F.E. 

insulators using jigs to bend the electrodes and to hold the components 

in their correct relative positiQns during assembly. The edges of all 

metal parts and all soldered joints were carefully smoothed to minimise 

arcing. The shape of the electrode structures also allowed the joints 
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Fig. 2.7 Parallel state separator (right) 

and tapered state separator (left). 



Fig . 2.8 Nozzle chamber and spare nozzle units. 



between the high tension electrodes and their support rods to be 

shrouded in P.T.F.E. cylinders to further reduce the tendency for arcing. 

The nozzles used to supply a beam of ammonia molecules 

consisted of a row of 33 holes, each 1.0 mm in diameter and 10 mm long. 

Although other nozzle units were also constructed this was the only one 

used consistently in the maser. The nozzle units bolt interchangeably 

to a nozzle chamber which is supplied with ammonia gas at the working 

pressure (about 0.35 torr). This pressure is monitored by a gauge 

connected directly to the nozzle chamber. The nozzle assembly is shown 

in Fig. 2.8 together with two of the interchangeable nozzle units. 

. 2.4 SECONDARY EFFECTS OF ELECTRIC AND MAGNETIC FIELDS 

2.4.1 Adiabatic Focusing -
Molecules which pass through a state separator experience a 

time-varying electric field as a result of their motion through the 

spatially non-uniform field of the separator. In a separator which has 

a transverse electrode assembly, the molecules may experience Fourier 

components of the electric field with frequencies of several }fllz. These 

will cause transitions to occur between closely spaced energy levels. 

In a radio frequency molecular beam maser transitions can be induced 

bct'o1een the maser levels so that the process of state separation is 

ineffective in producing a popUlation difference between the levels 

(Takami and Shimiz~, 1966). A state separator with longitudinal electrodes, 

specially shaped at their ends to reduce the rate of change of electric 

field experienced by the molecules at the extremities of the separator, 

must be used in such a maser. 
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In masers operating in the microwave region' however, the 

adiabatic focusing condition of Shimizu and Shimoda, 1961, which can 

be written 

h 
V1J12 

3E 

ax 
« 1 2.20 

is always fulfilled, even for a separator with transverse electrodes. 

In Eqn.2.20,Wl and W2 are the energies of the lower and upper levels 

respectively, v is the mean molecular velocity, 1J12 is the matrix 

element between the two maser states and aE/ax is the rate of change of 

the electric field in the direction of travel of the molecules in the 

beam. 

2.4.2 Preferential Orientation of the Molecular Beam 

Mednikov and Parygin, 1963 suggest that there may in fact 

be an advantage in using transverse electrodes. A microwave molecular 

beam maser generally employs a cylindrical cavity operating in the 

E 'mode which has a longitudinal electric field. The molecules 
010 

which couple most strongly with such a field are those \-Those effective 

dipole moment axis, i.e. axis of total angular momentum, is most closely 

aligned with the nolecular beam axis. If no change of orientation 

of the molecule occurs in the space between the state separator and 

the cavity, they are those with M - 0 in a separator with a predominantly 

transverse electric field (longitudinal electrodes) and those with 

M • 3 in a separator with a predominantly longitudinal field (transverse 
. 

electrodes). In Sees. 2.2.2 and 2.2.3 it was seen that the effectiveness 

of electrostatic state separation is zero for molecules with M • 0, 

and increases with increase inM.It is to be expected, therefore, that 
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a state separator with transverse electrodes will produce a more 

effective molecular beam than one with longitudinal electrodes. 

Experimental work by Krupnov and Skvortsov, 1965C, however, 

shows that it is the effect of the fringe field of the state separator 

which determined the orientation of the molecules. Clearly a molecule 

passing through a region of electric field E which changes in direction, 

must either" retain its orientation in space and change its quantization 

with respect to the field,(i.e. make transitions between its M levels), or 

retain its quantization (i.e. its orientation with respect to the field direction) 

and change its orientation in space. The latter behaviour, which is usually 

termed spatial reorientation, occurs when the inequality of Eqn. 2.20 holds 

for transitions between M levels whose energy splittings are caused by 

the fieldE itself. 

Krupnov and Skvortsov, 1965C calculate that the adiabatic 

condition of Eqn. 2.20 is respected for Stark split levels of 

formaldehyde, and Basov et aI, 1964 give quantum mechanical arguments to 

show that spatial reorientation of ammonia molecules takes place if 

the field strength E is greater than about 10 V mm~l. Thus reorientation 

of the molecules by the fringe field of the state separator must take 

place. Since the fringe field of both types of state separator is 

expected to be longitudinal, molecules with the highest values of M 

are always oriented near longitudinally on entering the cavity, what­

ever their orientation within the state separator. The preferential 

state separation of molecules with high values of M always produces a 

molecular beam whose upper state. molecules have a preferred longitudinal 

orientation, so that the choice between transverse and longitudinal 

separator electrodes fs not critical. 
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2.4.3 Spatial Reorientation 

Spatial reorientation by the fringe field of the state separator 

has been discussed above. In the experiments of Basov et aI, 1964 and 

Strakovskii et aI, 1966, further reorientation of the molecules was 

caused by applying a potential difference to two electrodes placed on 

either side of the beam. Significant effects on the amplitude and 

frequency of the maser oscillation were noticed for field strengths up 

to about 60 V mm-I. Basov et al show that the behaviour of a molecule 

in an inhomogeneous field of this magnitude is not necessarily adiabatic. 

Transitions between the closely spaced Stark sub-levels can occur; this 

corresponds in classical terms to the inability of the molecule to follow 

the rapidly changing field direction, so that some of the interaction 

energy is absorbed in changing the molecule~ internal state. 

Basov et al also show that spatial reorientation occurs in 

homogeneous and inhomogeneous magnetic fields. Their equations are 

a little difficult to follow because they do not distinguish between the 

two sets of quantum numbers, which they use, and which describe two different 

base state representations. A more complete treatment is preserlted here. 

Consider a molecule whose magnetic dipole moment operator is 

given by llnt!/I{J(J+l)}. The Hamiltonian for the molecule in a time­

varying magnetic field !(t) is 

1{,(t) .. CJ .!(t) 2.21 

where C so II /1{J(J+l)}. If the molecule is described by a wave-function 
m 

~(O) at time t = 0, then after time t it will be given by 

Vet) = exp (-it (~e(t' )dt') 1(0) 2.22 
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Initially the beam of molecules is quantized with respect to the longitudinal 

fringe field of the state separator, i.e. along the beam axis. Let 

the base states with respect to this axis be characterised by a quantum 

number m and let the molecule under consideration have m .. p initially. 

Then ~(t) must be written 

2.23 

where by Eqn. 2.22 the am!s develop in time according to 

2.24 

Suppose the magnetic field is applied at right angles to the molecular 

beam axis, along the z-axis. It is possible to transform Eqn. 2.24 to 

a new set of base states, defined with respect to the z-axis and 

characterised by a quantu~ number q, by writing the original states as 

1m> .. >. b Iq) q m,q 

In terms of the base states Iq) the a 's are given by m 

a (t) =)'b (qlexp (- i~(t')dt'~ILb Iq) 
m 'r( m,q flr;) q p,q 

2.25 

2.26 

Since the z-component of ~ is given cy q and the field !(t) has only 

a z-component, the Hamiltonian equation 2.21 can be written 

'd-e<t) '.. CqB (t) 2.27 

Thus Eqn. 2.26 can be reduced to 

aCt) .. L:b* b exp(-~qf\(t')dt) m q m,q p,q 0 

putting J .. 1, m = 0 and p .. 0 in this equation the probability 
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, 

2.28 

can be obtained. This is the result given by Basov et al which shows that 

a molecule with J = 1, having m - 0 initially, returns periodically to 

the state m - 0 with certainty. If J • 3 terms of the form cos 2je together 

with terms of the form cosj6cosk6 are formed, where j,k • 1,2 or 3 and 

e is the term in brackets in Eqn. 2.28. , 

In general the expectation values of the a 's behave in a 
m 

complicated fashion. A particularly simple case is that of a molecule 

in a uniform field for all time. In this case the quantum mechanical 

solution must be the equivalent of a steady precession of the magnetic 

moment about the field direction. The changes are not adiabatic because 

the molecule does not return to its original state if it is passed back 

along its path. Since the molecule exists initially in a mixed state 

in the Iq) representation, its behav'iour in this representation is quite 

complicated. However, if the molecule were found initially in a single 

Iq) base state it ~yot1ld remain in that state for all time. 

The molecule precesses in a constant, uniform field at an 

angular velocity 

w _ , ''''1.1 B', " 
m 

fl/{J(J+I) } 
2.29 

For ammonia molecules with J = 3, K· 3,1.1m • 0.53.~n where 1.1n is the 

nuclear magneton, so that w - 7.7.x 102 rad. sec~ in a magnetic field 

of 1 x 10-4 T. Clearly changes in the magnetic field seen by the molecule 

must have Fourier components with smaller angular velocity than this value 
. 

in order that the molecule~ precession shall be able to speed up and slow 

down, following the changes in field. 
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CHAPTER 3 

THE MASER 

3.1 INTRODUCTION 

In this chapter the construction and operation of the Fabry-Perot , 

maser are described. The main features of a molecular beam maser are sho\~ 

in Fig. 3.1. A molecular beam is formed inside a vacuum chamber by effusion 

of gas from a nozzle unit. The beam passes through a state separator in which 

lower state molecules are removed. The beam of predominantly upper state 

molecules passes into the microwave cavity where the molecules interact with 

an electromagnetic field. The cavity forms part of a microwave circuit in 

which the stimulated emission or oscillation signals from the maser can be 

detected. Spent molecules are removed by a fast pumping system which keeps 

the pressure in the chamber low enough to permit formation of a molecular 

beam. 

In Sec. 3.2. factors which affect the design of the vacuum, 

pumping and gas supply systems are discussed, and the construction of thp. 

maser used in this work is described, The cavity has been described in 

Chap. 1, and the nozzle assembly and. state separators in Chap. 2. Their 

mounting in the vacuum chambers and mutual alignment are dealt with here. 

Some of the measurements made on the maser have required the 

development of special detection techniques. Sec. 3.3 is devoted to a brief' 

study of the problems involved in the detection of small microwave signals, 

together with descriptions of the detection schemes used in this work. 
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Finally Sec. 3.4 presents some measurements which have been made 

to determine the general behaviour and to establish the optimum operating 

conditions of the maser. Conclusions and inferences which may be drawn from 

these results are discussed. 

3.2 THE HASER ASSE~mLY 

3.2.1 The Differential Pumping Scheme. 

A two chamber vacuum system was adopted for the Fabry-Perot 

maser, in which the state separator and cavity are situated in a main 

vacuum chamber, and the nozzle unit is housed in a smaller chamber. The 

diaphrag~ which separates the two chambers carries a narrow slit, which is 

the only passage for gas from the subsidiary chamber to the main chamber. 

A two chamber vacuum system has previously been used for maser oscillators 

built by Grigor'yants and Zhabotinskii. 1961 and Bardo and Laine, 1971. 

The latter have demonstrated the effectiveness of this arrangement by 

operating a maser without liquid nitrogen cooled pumping surfaces. 

In the Fabry-P~rot maser a differential pumping scheme is of great 

importance. So much gas is effused by the multi-hole nozzle. that if it 

. were all released into the main chamber the background pressure would prevent 

formation of a strong molecular beam. The diaphragm slit, which is 1.6 nun 

wide and 50 mm long, only allows the central part of the effusion from the 

nozzle to pass into the main chamber; the remainder is pumped away in the 

subsidiary chamber. The angular spread of the beam selected by the slit 

may be altered by moving the nozzle with respect to the diaphragm. Typically 

it is placed a few rom. from the diaphragm so that the pressure in the 

subsidiary chamber need only be maintained at a value 10\" enough to prevent 
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many collisions from taking place in this small distance. A pressure of 

5 x 10-3 torr, for which the mean free path of ammonia molecules is 15 n~, 

is probably sufficient. 

The pumping arrangement is shown in Fig. 3.2. Two Edwards type 203 

2 inch diameter diffusion pumps are mounted below the main chamber, and one 

below the subsidiary chamber. These. are charged with Silicone 704 oil which 

has a limiting vapour pressure of 10-7 torr, and all three are backed by th~ 

same Metrovac GRDl two stage rotary pump. Liquid nitrogen cooled surfaces are 

provided in both chambers to assist in pumping the arnnlonia gas by freezing it 

out as solid ammonia. The pressure in the main chamber is monitored by an 

Edwards IG2HB ionization gauge with a N.G.N. Thermion control unit. Under 

normal operating conditions (in which the maser is maintained under vacuum 

when not in use) the terminal pressure of 4 x 10-6 torr may be reached after 

about 6 hours of pumping with the diffusion pumps. However, if the maser and 

its components have been left open to the atmosphere for some days it may 

require as much as 48 hours of pumping to reach the terminal pressure. The 

pressure reduces to 1.5 x 10-6 torr when the liquid nitrogen traps are 

charged, and rises once more to about 4 x 10-6 torr when a molecular beam of 

ammonia of normal operating intensity (0.35 torr behind the nozzles) is 

introduced into the system. 

The pressure in the subsidiary chamber has not been monitored. It 

is unlikely to be in excess of 5 x 10-4 torr, however, since English and Zorn, 

1973 suggest that it is only possible to maintain about two orders of magnitude 

difference in pressure between the two chambers of such a differential 

pumping system. This is particularly likely to be true in this case because 

of the large total area (75 mm2 )" of the slit connecting the t,~o chambers. 
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3.2.2 The Vacuum Chambers 

Fig. 3.3 shows a general view of the maser. The two vacuum chambers 

arc mounted horizontally on a wooden bench and cushioned with rubber. The main 

chamber consists of an aluminium bronze casting in the shape of a rectangular 

box approximately 450 mm x 200 mm x 200 mm. The casting was sealed by coating 

it with araldite on the outside, while pumping on the box in order to draw 

the araldite into any pores in the casting. The effectiveness of this method 

of sealing is seen from the fact that before it was carried out the casting 

was so porous that it could not be pumped below 3 torr by the backing pump. 

Afterwards .01 torr could be reached with the backing pump and 1 x 10'-5 torr 

with diffusion pumps. The inside of the box was sealed against outgassing 

by applying a silicone bonding resin (Hopkin and Williams type MS840) and 

curing at 200oC. This enables the diffusion pumps to bring the pressure down 

to 4 x 10-6 torr. 

A brass lid which carries two liquid nitrogen traps closes the top 

of the box. Two ports on the front of the box are closed by brass flanges 

one of which carries the two waveguides which couple with the cavity. Several 

lead-throughs on the back of the box carry electrical, mechanical and vacuum 

connections to the interior of the box including a connection to the Edwards 

IG2HB ionization gauge. One end of the box mates with the subsidiary chamber 

and the other is closed by a perspex viewing port. 

The subsidiary chamber is a 4-port arrangement fabricated from 

brass tube. This was also sealed with araldite on the outside but did not 

require an interior coating. One port mates with the main chamber. Opposite is 

a smaller port closed by a flange carrying a mechanical lead through which 

enables longitudinal movement of the nozzle from outside the vacuum chamber. 

The top of the subsidiary chamber is closed by a flange carrying a liquid 

nitrogen trap and ammonia gas lead-throughs. 
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Fig . 3. 3 General view of the maser . 



3.2.3 The Liquid Nitrogen Traps 

Each liquid nitrogen trap consists of a lagged liquid nitrogen 

reservoir outside the vacuum chamber, and a copper tube which runs from the 

reservoir into the vacuum chamber and back to the reservoir, thus passing 

twice through a vacuum flange. The tube is fitted with copper fins inside 

the vacuum chamber to provide a large pumping surface area. A short length 

(about 60 mm) of thin-walled cupronickel tUDe is employed as the connection 

between the copper tube a~~ the vacuum flange. This provides a low 

conductivity thermal path between the liquid nitrogen trap and its surroundings, 

which minimises cooling of the vacuum chamber and boil-off of the liquid· 

nitrogen. Silver solder is used for all joints which are subject to thermal 

cycling. 

The main vacuum chamber is fitted with two such traps (for clarity 

the liquid nitrogen traps have not been shown in Fig. 3.2 but may be seen 

in the photograph of Fig. 3.3). The first has two cooled plates which lie 

on either side of the state separator, and whose edges are carefully 

smoothed so as not to encourage arcing from the electro~s of the separator. 

Molecules that are thrown out of the molecular beam by the state separator 

are frozen out on these plates. The second has a coil of tube to which 

are soldered several copper fins giving it a total surface area of 0.04 m2 • 

This trap is placed at the other end of the chamber so that it intercepts 

molecules emerging from the cavity. 

The subsidiary chamber is designed to pump a much larger volume of 

gas than its 2 inch diffusion pump is capable of handling alone. This is 

because a large proportion of the-ammonia gas emerging from the nozzle is 

not directed at the narrow diaphragm slit and must be pumped away. The tubes 

carrying liquid nitrogen from the reservoir run down to the lower part of 
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the chamber, and support some copper fins immediately over the diffusion 

pump orifice. This cooled baffle has a total surface area of 0.02 m2 , 

and freezes out most of the excess ammonia before it can enter the pump. 

3.2.4 The Ammonia Supply 

The arrangement of the valves and pipes which constitute the 

anunonia supply system is shmm in Fig • .).2. The source of the ammonia is 

a lecture size cylinder of anhydrous liquid ammonia. From this cylinder 

the gas passes through a pressure regulator, which is adjusted so that the 

gas enters the purification system at a little above atmospheric pressure. 

Purification of the ammonia is carried out by freezing it in 

traps cooled with liquid nitrogen. Impurity gases which have not condensed 

are then pumped away using the same Hetrovac GRDI pump as is used to back 

the diffusion pumps. The trap is warmed and the ammonia is allowed to 

expand into the reservoir. Before the temperature of the cold trap rises to 

oOe, it is closed off from the reservoir so that water vapour is not transferred 

with the ammonia. A second stage of purification may be carried out by 

re-freezing the ammonia from the reservoir in the second cold trap. The 

pure anroonia is passed to the nozzle assembly through a hand valve which 

closes off the supply, and a fine needle valve which controls the gas flow. 

The removal of non-condensing impurities by this method of 

purification is essential if the liquid nitrogen traps of the nlaser are 

to work efficiently as pumps in the vacuum chambers. If the purification 

described above is not carried out, then the pressure of non-condensable 

imp uri ties in the main chamber is sufficient to prevent the maser from 

oscillating. The removal of water vapour is desirable, because it may 

become adsorbed by the con~onents of the maser. 
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3.2.5 The Nozzle and State Separator. 

The diaphragm plate which closes off the subsidiary vacuum chamber 

from the main chamber, and which carries the diaphragm slit, also supports 

the state separator and the nozzle unit. Two parallel rods on the subsidiary 

chamber side of the plate carry the nozzle unit, and allow it to slide to 

and from the diaphragm slit; the state separator plugs into a pair of lugs 

on the main chamber side. No method for mutually aligning these components 

is necessary since the plate is constructed with sufficient accuracy to fix 

their geometry correctly. The assembly is shown in Fig. :3.4'. 

Plastic tubes connect the nozzle chamber with two gas 1ead-throughs in 

the upper flange plate of the subsidiary chamber. One lead-through is 

supplied with ammonia from the needle valve through a nylon tube. Above 

the other is mounted an Edwards pirani gauge head (type M5C) which therefore 

monitors the pressure in the nozzle chamber, immediately behind the multiple 

nozzle tubes. The high tension supply for the state separator is led into 

the main vacuum chamber via a vacuum seal constructed from a long-reach 

sparking plug. 

Slotted holes are provided in the diaphragm plate for the bolts 

which secure it to the vacuum chamber port. This provides for horizontal 

adjustment of the whole nozzle and state separator assembly, in order 

to align it with the centre of the cavity. Sufficient movement is possible 

to allow the assembly to be aligned with the second axial maximum of electric 

field in the cavity if the cavity is operated in axial mode orders higher than 

1. The relative position of the assembly with respect to the cavity is 

shown in Fig. 3.5. 
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Fig . 3. 4 State separator and nozzle unit 

mounted on the diaphragm plate . 



Fig. 3.5 Cavity, state separator, diaphragm plate and 

nozzle unit in their correct relative positions. 



3.2.6 The Cavity and its Coupling Waveguides 

The design and construction of the Fabry-Perot cavity has been 

discussed in Sec.' 3.4. Here its method of mounting in the nlain vacuum 

chamber is described. 

The cavity is supported on and bolted to a rectangular frame, 

which in turn is bolted to the floor of the main vacuum chamber. This 

frame can be seen below the cavity in the overhead view of the apparatus 

in Fig. 3.6. This figure also shows the two waveguides which couple 

with the cavity and which pass through a flange on the front of the main 

vacuum chamber. The waveguides are fitted with cylindrical barrels where 

they pass through the flange. These barrels (clearly visible in Fig. 3.5) 

enable vacuum tight joints to be made with the flange by means of O-ring 

seals, and also allow the waveguide assemblies to be rotated while the 

maser is under vacuum. 

It was early found that the forces, which press the waveguides 

inwards as a result of atmospheric pressure, 'can bow the coupling 

mirror of the cavity, and adversely affect the Q-factor of the cavity. 

An adjustable spring mounting, shown in Fig. 3.7, enables the two wave­

guides to be pulled outwards until the effect of atmospheric pressure is 

just neutralised and no forces are transmitted to the Fabry-Perot mirror. 

A rotating shaft passing through a vacuum seal in the rear wall 

of the main chamber provides mechanical tuning of the cavity in the manner 

described in Sec. 1.4.4. The electrical connections for thermal tuning of 

the cavity are provided by electrical lead-throughs, also in the rear 

wall of the chamber. These, together with the high tension lead-in for 

the state separator supply, may be seen in Fig. 3.6. 
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Fig. 3.6 View of main vacuum chamber from above showing 

cavity and state separator in position. 



Fig. 3.7 View of the waveguide vacuum seals showing 

the pressure relief plate and spring. 



3.3 MICROWAVE DETECTION SCHEMES 

3.3.1 Superheterodyne Detection 

The choice of a superheterodyne scheme for detection of small 

microwave signals is a natural one. A miCrO\07aVe crystal detector has 

a l/f dependence of flicker noise on frequency, f, and the noise figure 

of the detector is not comparable with electronic noise figures unless 

the frequency of detection is above about 10 MHz. In the present work 

an intermediate frequency (I.F.) of 30 ~ffiz was chosen. 

Pound, 1948 describes how a crystal rectifier may be used both 

as a mixer and as a modulator. A mixer crystal requires a relatively 

large microwave signal of constant amplitude at the local oscillator (L.O.) 

frequency incident on it, in order to bias the crystal into the steeply 

sloping region of its D.C. characteristic~ A small microwave signal at 

the signal frequency (S.F.) then produces a proportional output from 

the mixer at a frequency equal to the difference between the signal and 

L.O. frequencies. This is the intermediate frequency. The conversion 

gain of the mixer is the ratio of the output power at the I.F. to the 

input pO~07er at the S.F. Since the crystal mixer is a passive device, its 

conversion gain is usually less than unity. 

The conversion gain, G, of a mixer is proportional to t~e slope 

of the D.C. characteristic of the crystal. Fig. 3.8 shm07S the behaviour 

of the conversion gain of a typical mixer crystal, with variation in 

L.O. power. It rises to a maximum value and then generally falls slowly 

with further increase in power. The noise pm07er developed by the crystal 

at the I.F., P, is also shown in Fig. 3.8. This is approximately 

proportional to the incident L.O. power. The overall noise figure, F, 
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of the mixer would be obtained in a practical example by combining 

these two experimentally determined curves. 

F. is shown sketched against L.O. power in Fig. 3.8, and 

it can be seen to pass through a minimum value. This minimum occurs 

somewhat below the maximum in the conversion gain characteristic. For 

the 1N26A and lN26C crystals used in the present work, the conversion 

gain maximum occurs at approximately lmW L.O. power. The signal to 

noise ratio of the I.F. detection systems used here was observed to pass 

through a minimum at aboutO.5mW L.O. power. 

A 1N26A crystal is also used as a modulator in the detection 

schemes described in the following sections. Pound, 1948 describes how 

an applied voltage shifts a crystal diode's operating point so that it 

presents a different impedance at microwave frequencies. If the applied 

voltage is varied sinusoidally, the microwave power reflected from the 

crystal is amplitude modulated at the frequency of the applied voltage. 

Thus two sidebands appear at frequencies f + ~f and f - ~f where f is 

the frequency of the incident microwaves, and ~f the modulation frequency. 

One of these sidebands is used in the present work as a signal to 

stimulate-the maser. 

3.3.2 The Transmission Detection Scheme 

This was the detection scheme most often employed with the 

Fabry-Perot maser. It made use of the transmission properties of the 

two port cavity. It is sho~~ in Fig. 3.9 and the description of its 

operation which follows refers to this figure. 

~licrowave power from the klystron passes via a 6dB directional 

coupler an attenuator and an isolator to the circulator A and thence 

to the modulator crystal B. The impedance of this crystal is modulated at 
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30 MHz by a R.F. generator so that 30 MHz sidebands are impressed on the 

power reflected from it. The frequency of the klystron is such that one of 

these sidebands occurs at the frequency of the maser transition. The 

reflected and sideband signals pass via the circulator to the cavity 

input port C. Since the cavity is tuned to the maser transition frequency, 

only the sideband at this frequency enters the cavity and provides the 

stimulation signal for the maser. 

Power from the klystron also passes via an attenuator and 

circulator D to the'cavity output port E. Since the cavity is not tuned 

to the klystron frequency, all this power is reflected by the cavity 

coupling iris and arrives via the circulator D at the mixer crystal F. 

It provides the L.O. power for the mixer. At the same time, a signal 

from the maser is coupled out of the cavity at port E and also appears 

at the mixer crystal F. The output from the mixer is a signal at 30 l·niz 

whose amplitude is proportional to the amplitude of the maser signal. 

The 30 MHz signal is amplified by the two 1. F. amplifiers. 

It is detected by the diode detector and filtered by an R-C filter before 

being displayed on the oscilloscope. If the diode detector has a linear 

characteristic, this display is proportional to the maser signal amplitude. 

With a 50 Hz sawtooth sweep applied to the klystron reflector the 

stimulating signal is frequency swept through the maser transition, enabling 

all four modes of display described in Sec. 3.3.5 to be employed. 

3.3.3 The Hicrowave Bridge Detection Scheme 

The microwave bridge circuit shown in Fig. 3.10 is due to 
. 

Herrmann and Bonanomi, 1956 and is widely used as a maser detection system. 

Its operation is similar in principle to the circuit just described but 

the sideband modulntion and mixer detection both occur in the same part of 
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the microwave circuit and the maser signal is observed in reflection 

from the cavity port.' The operation of this circuit is described with 

reference to Fig. 3.10. 

Power from the klystron at the L.O. frequency is split by the 

magic tee between arms A and B of the bridge. Sidebands are formed by 

reflection at the modulator crystal in arm A. The reflected power from 

A splits between the klystron arm of the bridge and arm C where it falls 

on tbecavity coupling hole. Power in the sideband at the maser frequency 
, 

is coupled into the cavity and provides the stimulating signal. The signal 

from the maser is coupled out of the cavity at the same hole and splits 

between arms A and B. In arm B it falls, with the local oscillator signal 

from the klystron, on the mixer crystal. The 30 ~lliz signal from the 

mixer is amplified and detected as before. 

With this cir~uit the second sideband signal is also present 

in the bridge and provides a steady 30 }lliz signal from the mixer crystal. 

This biases the diode detector into the linear part of its characteristic 

so that correction for the non-linear region is unnecessary. However it 

has two disadvantages: the maser signal splits between two arms of the 

bridge so that approximately 3 dB of it is lost; and noise carried in the 

second sideband is also present at the I.F. 

The microwave bridge was employed in this work when the signals 

from the two cavity ports had to be monitored separately and simultaneously 

(see Chap. 6). Two identical detection systems were used in the circuit 

shown in Fig. 3.11 and the two output signals were displayed on a double 

beam oscilloscope. 
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3.3.4 A Novel Phase Sensitive D~tection Scheme. 

A detection scheme, involving a phase s~nsitive detector (P.S.D.) 

at the I.F. instead of a diode detector, wa& designed for use where linear 

detection at very small signal levels was required, but no stray sideband 

signal could be tolerated. It was employed throughout the measurements of 

maser gain described in Chap. 4. Fig. 3.12 shows the circuit of the P.S.D. 

scheme and it , .. ill be described with reference to this figure. 

The klystron is 'stahilised at the L.O. frequency by means of a 

phase-lock loop. A 5 MHz variable crystal oscillator is multiplied to 

450 MHz in a multiplier chain (Micro Now model 101C) and then applied to a 

step recovery diode (Hewlett-Packard 33004A). The 53rd harmonic generated 

by the diode at approximately 24000 MHz is mixed with the klystron signal 

at the L.O. frequency in a lN26A crystal mixer, to produce a signal at 

60 MHz. This signal is amplified and phase compared with a local 60 MHz 

crystal oscillator in the frequency stabiliser (~ucro Now model 202) and 

the difference signal is applied to the klystron reflector. This system 

is capable of stabilising the klystron frequency to within the maser 

linewidth for periods of the order of 10 minutes. 

The rest of the microwave circuit is similar to that used in the 

transmission detection scheme of Sec. 3.3.2 except for the microwave phase 

shifter, A. Clearly this alters the phase both of the power incident on 

the modulator crystal, B and of the power reflected from the crystal. Its 

net effect is to shift the phase of the stimulating sideband entering the 

cavity port, C, and therefore of the signal arriving at the mixer crystal, 

D, with respect to the Klystron L.O. signal and the 30 MIiz generator, E. It 

may be shown that the 30 ffilz I.F. signal arriving at F is thereby shifted 

in phase with respect to the reference signal at G, 't"hich is derived from the 
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· generator E. The P.S.D., H, provides linear detection of the signal 

when the phase shifter A is set so that the 30 }lliz signals at F and G 

are in phase. This setting is generally quite simple since it merely 

involves setting A for maximum signal from the P.S.D. It is convenient 

to apply a small frequency modulation at 50 Hz to the 30 MHz generator E 

in order to sweep the maser line for display purposes. 

The P.S.D. used in this scheme was a Hatfield MD4 diode br~dge. 

The linearity of the detector was carefully checked by changing the level 

of the signal at the I.F. using a calibrated attenuator. The linearity 

of the mixer and detector together were also checked by comparing the 

output from the P.S.D. with the level of the sideband microwave signal 

entering port C. This signal level was altered by means of the calibrated 

attenuator, J. No departure from linearity could be detected in either 

set of measurements. The calibrated attenuator, J was also used throughout 

the amplification measurements described in Chap. 4, to alter the level 

of the input stimulating signal. 

3.3.5 Modes of Display of the Maser Signal 

There are four modes of display which are commonly used to 

observe the maser signal. These may be classified according to the level 

of excitation of the m~ser and whether or not a stimulating signal is 

present. They are described in turn in this section with reference to the 

three detection schemes of Sees. 3.3.2 - 3.3.4. 

3.3.5.1 Spectroscopic Mode 

Here the maser is operated below its oscillation threshold, 

and a stimulating signal is swept slowly through the spectral lines of the 

maser transition. If the input signal is sufficiently small, then the 
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output from the maser is proportional to the available gain and represents 

the spectrum of the maser transition. In order to observe weak transitions 

in the spectrum with a satisfactory signal to noise ratio, the input 

signal is often increased so that the most intense spectral lines are 

saturated. The observed intensities of the spectral components are not 

proportional to their natural intensities but are modified by the process 

of state separation (Gordon, 1955). 

This mode of display may be used with all three of the detection 

schemes described here. The stimulating signal is the appropriate 

klystron sideband which is swept in frequency through the maser transit~ons 

either by modulating the klystron reflector or by frequency modulating 

the 30 MHz sideband generator. The sweep repetition rate is usually 50 Hz. 

The intensity of the stimulating signal is adjusted to give the required 

display on the oscilloscope screen. Fig. 3.l3(a) is a spectroscopic 

display of the J = 3, K = 3 transition of ammonia showing the main line 

and the quadrupole satellites. 

3.3.5.2 Molecular Ringing 

If the main line of the maser transition is observed in the 

spectroscopic mode under conditions close to the oscillation threshold 

and/or at a high rate of scan through the line, then molecular ringing 

may be observed. Molecular ringing occurs when an assembly of molecules 

has been subjected to a driving electromagnetic field. When the field 

is removed, the assembly continues to radiate for a finite time (Bloom, 1956). 

Under the highly regenerative conditions of a maser close to oscillation 

threshold, this effect is partic~larly prominent and the maser may continue 

to radiate for many milliseconds after the removal of the field. 
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Fig. 3.13 Photographs to illustrate the four 
display modes. 

(a) spectroscopic mode (b) molecular nnglng 
(c) zero beats (d) bandpass display 



Molecular ringing may be observed with all three methods of 

detection if the stimulating signal is Sl-lept rapidly through the main 

line of the ammonia J = 3, K = 3 transition. The stimulating signal 

behaves as a driving field while it is within the 1inewidth, but as far 

as the molecular assembly is concerned, is switched off when it no 

longer lies within the 1inewidth. However it beats with the decaying 

signal from the maser in the microwave mixer crystal of the detection 

system, and provides a signal whose frequency is proportional to the 

frequency separation of the stimulation signal and the maser transition. 

This beat signal aids observation of the molecular ringing. An example of 

a decaying beat signal due to molecular ringing is shown in Fig. 3.l3(b). 

3.3.5.3 Zero Beats 

A useful \vay to observe maser oscillations consists in 

providing a swept signal, such as the stimulating signal described in (a) 

and (b) above, with which the oscillation signal beats. As the swept 

signal passes through the maser signal frequency the condition known as 

zero beats is obtained. 

When using the transmission and bridge detection schemes of 

Secs. 3.3.2 and 3.3.3 the swept signal is the stimulating signal. The 

maser oscillation as observed in this detection mode is not completely 

independent of this signal; indeed if the amplitude of the stimulating 

signal is large, complete quenching of the oscillation may occur as the 

signel passes through the zero beat condition (Lain~, 1967). If the 

P.S.D. detection scheme of Sec. 3.3.3 is employed, however, no stimulating 

signal need be present. Beats occur between the P.S.D. reference signal 

and the I.F. signal from the maser oscillation. In order to sweep through 

the zero beat condition the reference may be s""ept by frequency modulating 
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the 30 MHz signal generator. An example of the zero beats method of 

display is shown in Fig. 3.l3(c). 

3.3.5.4 I.F. Bandpass Display. 

The amplitude of oscillation of the maser is often measured 

by a method of display which involves tracing out the I.F. amplifier 

bandpass with the I.F. signal derived from the maser oscillator. If the 

local oscillator is swep~ through a frequency range greater than the 

amplifier bandpass, then the output signal from the mixer passes through 

the range of frequencies accepted by the amplifier. The output from 

the detector is a display of the frequency response of the I.F. system, 

and the height of the response curve is proportional to the maser 

oscillation amplitude. 

An example of such a display is shown in Fig. 3.l3(d). It may 

only be obtained with the transmission and bridge detection schemes of 

Sees. 3.3.2 and 3.3.3 which employ diode detectors. The phase shifts 

associated with a bandpass amplifier prevent it from being used with the 

phase sensitive detection scheme of Sec. 3.3.4. 

3.4 CHARACTERISTICS OF THE HASER 

3.4.1 The Oscillation Amplitude Characteristics 

The way in ,.,hich the amplitude of oscillation of a maser 

varies with the two parameters, pressure behind the nozzle and voltage 

applied to the state separator, is well known (Barnes, 1959). It may 

usefully be represented by a 3-dimensiol'lal surface, whose height above 
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the plane containing the axes of pressure and voltage represents the 

oscillation amplitude (Bardo, 1969). The curve in which the surface 

intersects the plane is then the locus of values of pressure and voltage 

for which the maser just starts to oscillate, i.e. the oscillation 

threshold curve. 

The characteristics measured for the 33 hole nozzle array 

and the parallel ladder state separator are shown in Figs. 3.14 and 3.15. 

In Fig. 3.14 the oscillation amplitude is plotted against state separator 

voltage for various values of nozzle pressure, and in Fig. 3.15 against 

nozzle pressure for values of separator voltage. These two families 

of curves give a complete picture of the oscillation behaviour of the 

maser when the geometrical parameters of the maser components are fixed. 

The oscillation amplitude was measured using the transmission detection 

scheme and the I.F. bandpass display mode. The non-linear region in the 

detector characteristic (See Sec. 3.3.2) has not been 

'corrected for in these graphs, but this does not invalidate the 

conclusions drawn from them. 

The saturation behaviour of the oscillation amplitude with 

nozzle pressure is demonstrated in Fig. 3.15. On this graph is also 

plotted the background pressure 1n the vacuum chamber. It is clear that 

saturation occurs for background pressures of the order of 5 x 10-6 torr 

which corresponds to a mean free path for ammonia molecules of about 

15 metres. It is inconceivable that the saturation can be due to collisions 

of the molecular beam with background molecules, so that it must indicate 

collision within the separator itself. A separator of more open design is 

therefore indicated. The tapered separator described in Sec. 2.5.2 is 

evaluated in Sec. 3.4.3. An interesting feature of the amplitude/pressure 
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characteristic is the shift of the saturation pressure to higher values 

as the separator voltage increases. The state separator is able ~o clear 

a larger input flux of molecules without being choked by molecular 

collisions, as the separator voltage increases. 

The two most useful indicators of the efficiency of a state 

separator are the oscillation threshold voltage and the amplitude of 

oscillation of the maser. If comparisons between state separators are 

required over a period of time the former is generally used because it 

does not require th~ properties of the detection system to remain the 

same for the duration of the comparisons. With the Fabry-Perot maser 

it is important that the cavity be carefully tuned when such comparisons 

are to be made. Variation in the Q-va1ue of the cavity will affect the 

value!. of threshold voltage measured. For this reason the best threshold 

obtained for a state separator is not always reproducible with the Fabry­

Perot maser. For the parallel ladder separator the best threshold 

obtained was 12.8 KV at a nozzle pressure of 0.35 torr. Maximum amplitude 

of oscillation at 30 KV was obtained with 0.65 torr behind the nozzle. 

3.4.2 Nozzle position 

The only aspect of the maser geometry which it was convenient 

to make variable was the position of the nozzle unit in relation to the 

diaphragm between the vacuum chambers. This controls the angular spread 

of the beam emerging into the main chamber, but at the same ti~e alters 

the input flux of molecules to the state separator. The nozzle position 

and the press~re behind the nozzle are therefore not independent of one 

another. 

Families of curves were plotted to establish the optimum 

combin~tion of pressure and nozzle position. Two such families are 
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shown in Fig. 3.16 where the 10\-1est oscillation threshold is used as the 

criterion for establishing the optimum operating conditions. The two 

families correspond to the parallel and tapered state separators. 

The optimum nozzle po'sition for both separators was found to be 6 nun 

behind the diaphragm. This position was also observed to be optimum 

at high levels of oscillation. 

~.4.3 Comparison of Two State Separators 

The tapered state separator was constructed towards the end 

of the project in an effort to achieve higher beam fluxes so that the 

maser would oscillate in the!EMIOmode of the cavity. This mode had a 

Q of only 1700. In this respect it was unsuccessful but it nevertheless 

showed that considerable improvements are possible in the performance of 

the maRer by careful design of the state separator. 

The separator has been described in Sees. 2.3.2 and 2.3.3, 

but a few aspects of its design will be highlighted here. The electrode 

separation of the ladder arrays was smaller than that of the parallel 

separator (3.2 nun. instead of 4.0 mm.) and since the electrode thickness 

was the same - (1.6 nun.) the transparency of the tapered separator was 

poorer than that of the parallel type. The distance between the electrode 

banks at the entry to the separator was 1.6 nun. - only haif that of the 

parallel separator so that the number of molecules entering it at a 

given nozzle pressure was also halved. In view of this, it is surprising 

that the oscillation amplitude obtained with the tapered separator was 

much higher than that obtained with the parallel separator. 

Their oscillation amplitude characteristics, corrected for 

detector non-linearity, are shown plotted on the same relative amplitude 
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scale in Fig. 3.17. The curve corresponding to the tapered separator 

shows a saturation behaviour for voltages above about 18 KV. This 

is'probably a further consequence of its small angle of capture, in 

that when the critical velocity of Eqn. 2.9 is greater than the transverse 

velocity v of the majority of molecules entering the separator, no 
y 

more molecules are available to be focussed as the voltage is increased. 

Becker, 1963B has also noticed a saturation behaviour with ladder 

separators, and particularly with tapered ladder separators. 

Fig. 3.18 shows a comparison between the threshold curves 

of the two state separators. These measurements do not represent the 

best threshold values achieved, which were 8.2 KV for the tapered 

separator and 12.8 KV for the parallel separator. 
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CHAPTER 4 

THE MASER AS AN AMPLIFIER 

4.1 INTRODUCTION 

, 
A molecular beam maser acts as a sensitive high gain amplifier 

if it is operated under regenerative conditions c10sirits threshold of 

oscillation (Gordon et aI, 1955). Stable gains in excess of 50 dB can 

be achieved with an ammonia beam maser (Collier and Wilmshurst, 1966) 

and noise figures close to unity have been measured (Alsop et aI, 1957; 

Gordon and White, 1958). The frequency of a beam maser is dictated by 

the molecular transition on which it is operated. Its bandwidth is 

primarily determined by the average time of flight of a molecule through 

the cavity and for a typical ammonia beam maser is 5 KHz. However 

under regenerative conditions it may be narrowed to as little as 100 Hz 

(Helmer, 1957; Zuev and Cheremiskin, 1962). An ammonia beam maser 

saturates at an output power of about 10-9 W (Collier and Wilmshurst, 

1966) and linear amplification is only possible well below saturation. 

For these reasons its usefulness as a practical amplifier is somewhat 

limited. 

However, the beam maser has been employed as an amplifier in 

a few specific instances. In the noise measurements performed by Gordon 

and vfuite, 1958 on an ammonia maser, a second maser was used to amplify 

the noise output from the first. In experiments which employ a second 
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cavity to examine the molecular beam emerging from the first, the second 

cavity may be regarded as a maser amplifier for the polarisation signal 

impressed on the beam (Laine and Bardo, 1971). A particularly interesting 

application of the ammonia maser amplifier, in which the input signal was 

not derived from the same or another maser, was its employment as a 

pre-amplifier to improve the signa1-to-noise ratio of an electron spin 

resonance spectrometer (Gambling and Wilmshurst, 1964; Collier and 

Wilmshurst, 1966). 

The most widespread use of molecular beam masers is for spectroscopy 

on the maser material. In a maser spectrometer the amplifying properties 

of the maser are employed to examine the structure of a spectral line. 

An input signal is swept past the molecular resonance frequency so that 

the output signal traces the molecular amplifier response. Historically, 

the first such application for a maser was by Gordon, 1955 to examine the 

hyperfine structure of the amnlonia inversion spectrum. Since that time 

the maser has been used as a spectrometer to investigate a number of 

different materials. A comprehensive list of spectral lines examined is 

given by Laine, 1970. 

In the present work the behaviour of the Fabry-Perot maser as 

an amplifier was investigated as a preliminary to examination of its 

behaviour as an oscillator. The possibility of operation of this type 

of maser in more than one mode can be explored in a controlled manner when 

it is run as an amplifier. The purpose of this chapter is to present and 

interpret the experimental work which was performed on the Fabry-Perot 

maser under conditions of amplification. 

In Sec. 4.2 a simple theory of the maser amplifier is presented 

and used to derive the amplification factor and the excitation parameter of 
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the maser. The measurement of the amplification factor is described 

and some of the experimental results obtained with the maser are given. 

In Sec. 4.3 the 'possibility of making measurements of the amplification 

factor in more than one direction in the cavity is discussed. It is 

seen how such measurements can yield information about the molecular 

beam. Finally some deductions which concern the transition from 

amplification to oscillation are made. 

4.2 EXCITATION IN A SINGLE MODE 

4.2.1 Simple Theory of the Maser Amplifier. 

Although the J = 3, K = 3 transition of ammonia is complicated 

by the presence of the quadrupole interaction of the nitrogen nucleus 

and the magnetic interactions of the hydrogen nuclei, for most purposes the 

ammonia beam maser may be regarded,as a two level system. Some departures 

from this simple description are considered in Chapter 5 where the 

behaviour of the maser in the presence of magnetic fields is discussed. 

In this section, however, only two levels, upper and lower denoted by 

the subscripts 1 and 2 respectively are assumed. 

In the presence of a radiation field Ecos(2~vt) the probability 

that a molecule in one of the two states will make a transition to the 

other is given by Wittke, 1957 as 

S = 4.1 

where p is the electric dipole matrix element connecting the two states 
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and v = (WI-W2)/h is the transition frequency between the two energy 
o 

levels. 

In the simple theory of the molecular beam maser, a beam of 

molecules in state 1 and all having velocity v, are considered to pass 

through a region of uniform radiation field amplitude E having length L 

in the direction of travel of the molecules. The microwave power emitted 

by the molecules is then given by 

p Nhv o 
4.2 

where N is the number of upper state molecules passing through the region 

in unit time, or more correctly the difference Nl - Nz of the populations in 

the upper and lower states. 

In order to describe a real maser, a suitable average of the 

electric field distribution weighted by tIle volume distribution of the 

molecules in the cavity must be used in place of E. Moreover, in order 

to take the non-uniform velocity distribution of the molecules into 

account, Eqn. 4.2 must be integrated over this distribution (Shimoda, 

Wang and Townes, 1956). For many purposes, however, it 'is sufficient 

to use the simple description given by Eqn. 4.2 and it will be used here 

without further justification. 

Eqn. 4.2 describes the magnitude and spectral line shape of 

the power emitted by the molecular system, in terms of the amplitude E 

and frequency v of the radiation field. At the centre of the spectral 

line, v = v and Eqn 4.2 becomes 
o 

p = Nhv sin2(nLpE/hv) 
o 
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The power P is emitted in phase with the radiation field E and therefore 

itself contributes an amount E to the radiation field where 
o 

P "" v VE 2/4Q 
o 0 

4.4 

In this equation V represents the cavity volume and Q the cavity Q factor. 

Thus E is made up of two contributions, E. due to the power input to 
1 

the cavity and E due to the molecules: 
o 

E '. E. + E 
1 0 

In an oscillating maser, E. is absent and the power output from the 
1 

4.5 

molecules provides all of the' radiation field. The case considered here, 

however, is that of the maser amplifier where E. is finite. Combining 
1 

Eqns. 4.3 - 4.5 to eliminate P and E gives 

E. "" 
1 

(hv/1TLp) sin-1{(V/4QNh)I E } - E 
o 0 

4.6 

For sufficiently small E (E «" {V/4QNh}l) the approximation sin -1 x := X o 0 

may be used to write 

Eqn. 4.7 shows that for small input signals the maser behaves as a 

linear amplifier, whose internal electric field gain K defined by 

is given by 

K """ (E + E.)/E. o 1 1. 

K .. 
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The internal gain is a useful parameter, because it is independent of 

the behaviour of the external microwave detection system and of the 

coupling to the maser cavity. It will be seen in Sec. 4.2.2. that it 

is possible to measure K directly. 

Krupnov and Skvortsov, 1965D employ another parameter, n, 

which they call the excitation parameter of the maser: 

n - 1 - 11K 4.10 

Substituting for K from Eqn. 4.9 gives 

4.11 

so that n shows a particularly simple dependence on N. Also, n lies 

between zero and unity in the amplification region and equals unity at the 

oscillation threshold of the maser. From Eqn. 4.11 it is seen that the 

excitation parameter is also meaningful in the oscillation region 

although it is not so readily measured. In the Russian literature, n 

is usually related to the simple unive10city theory of Basov and 

Prokhorov, 1955A, 1955B. 

4.2.2 The Maser Amplifier Characteristics 

The useful amplification of the maser depends not only on 

the internal gain K derived in the previous section, but also on the 

coupling into and out of the maser. For example, the power gain of a 

maser with a reflection coupled cavity, coupling coefficient S, is 

given by 

4.12 
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With a transmission cavity having coupling coefficients 61 and 62 at· 

the two ports, 

4.13 

However, with a transmission cavity it is possible to measure. K directly, 

because the output coupling port samples the electric field in the cavity 

without the complicating presence of the input signal. This means that 

the microwave amplitude falling on a detector placed in the output 
, 

waveguide is directly proportional to the amplitude of the electric field 

in the cavity. 

Practical measurement of the midband (i.e. at the spectral 

line centre) internal amplification factor is straightforward. The upper 

trace in Fig. 4.1 stows an oscilloscope display of the output signal 

from the maser when the input signal is swept in frequency through 

20 KHz about the maser transition frequency. The signal amplitude off-

resonance is a sample of Ei' the cavity field amplitude due to the input 

signal. This is compared with the signal amplitude observed at line 

Centre which is a sample of E. + E , the cavity field amplitude resultirig 
• 1 0 

from midband molecular amplification of E •• The zero signal level for 
1 

both samples is the level observed on the display when the input 

microwaves are switched off. In Fig. 4.1 the two measurements which are 

made are the heights X and Y. If the displ~y is proportional to the 

microwave electric field amplitude incident on the detector, then the 

internal amplification factor is given by 

K c Y/X 4.14 

The phase-sensitive detection circuit which Was used to make 

these measurements is described in Sec. 3.3.4 and Fig. 3.12. The 
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calibrated attenuator J shown in this figure was used to change the 

level of the input signal (one 30 ~ffiz sideband of the stabilized 

klystron). The signal was swept through the maser transition frequency 

by frequency modulating the 30 MHz oscillator used to generate the 

sidebands. A calibrated R.F. attenuator was placed between the I.F. 

pre-amplifier and amplifier in order to keep the I.F. signal in the 

dynamic range of the I.F. amplifier and P.S.D. 

Fig. 4.2 shows 'a set of maser amplifier characteristics 

(plots of Y against x) which were measured in this way. The decibel 

scales shown on the axes in this graph are referred to an arbitrary 

voltage (510 mV) at the output of the P.S.D. Absolute measurements 

in terms of maser output power were not possible because the equipment 

necessary to calibrate the detection system was not available. 

The theoretical curves shown for comparison with the 

experimental results require some explanation. These have been calculated 

using the simple theory of Sec. 4.2.1. Eqn 4.6 has the form 

E. a A sin-1(B E ) - E 
1 0 0 

4.15 

where A and B are constants for a given molecular beam flux. B determines 

the saturation value Es of the molecular contribution Eo to the electric 

field amplitude, according to 

E .. lIB 
s 4.16 

The function 1/(1-1/AB) is the small signal gain of a given characteristic; 

curves for 10, 20 and 30 dB gain are shown in Fig. 4.2. The measured 

saturation values of Eo have been used to obtain B in order to plot 

the theoretical characteristics. This method of normalisation was 

employed by Collier and l~ilmshurst, 1967 in order to make a similar 

comparison between theory and experiment. 
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Fig. 4.2 indicates reasonably good agreement between theory 

and experiment throughout the range of excitation of the maser used in 

this l.rork (gains between 10 and 30 dB). 

4.3 EXCITATION IN OTHER MODES 

4.3.1 Linear Modes of the Fabry-Perot Cavity 

Consideration of the circular symmetry of the Fabry-Perot 

cavity shows that it must support a given TEM mode with its electric 

field vector in any direction parallel to the mirrors. Anyone 

such mode can be regarded as derived from an orthogonal pair of 

linearly polarised, frequency degenerate modes having their electric 

field vectors perpendicular to one another. In general, any mode 

which can be derived by combination of this pair of modes with arbitrary 

amplitude and phase is supported by the cavity. Thus the general case is 

a TEM mode with elliptical polarisation of,its electromagnetic field. 

This chapter is concerned with those modes whose electromagnetic 

fi'eld is linearly polarised but may have any direction of polarisation 

in the cavity. Such a mode will be called a linear mode, and the 

angle which its electric field vector makes with the molecular beam 

axis will be referred to as the mode direction. 

In the maser amplifier the mode direction e is determin€!d by 

the direction of polarisation of the stimulating field E •• This in 
~ 

turn coincides with the direction of the electric field vector in the 

input waveguide, which for TEIO mode propogation is perpendicular 

to the broad face of the waveguide. In Sec. 1.4.5 it was mentioned 
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that the construction of the Fabry-Perot cavity allowed the coupling 

waveguides to be rotated, so that they could couple with different 

components of the electric field in the cavity. The diagram in Fig. 4.3 

shows the input waveguide A oriented so that it excites the mode 

direction a, and the output waveguide B similarly oriented so that it 

couples most strongly with the same mode. During investigations of the 

behaviour of the maser as an amplifier, both waveguides always had 

a commoll orientation. Some experiments in which the two waveguides 
, 

were placed in separate orientations are described in Chapter 5. 

In Sec. 2.4.2 the orientation of the molecules in the 

molecular beam was discussed. It was concluded that, on leaving the electric 

field of the state separator, the molecules are preferentially oriented 

along the beam axis. This means that the net contribution of all the 

molecules to the cavity field is greatest when the field is a linear 

mode whose mode direction is 0°. However, in Sec. 2.4.3 it was pointed 

out that the preferential orientation of the molecules can be modified 

by the presence of stray electric or magnetic fields in the region 

between the state separator and the cavity. The linear modes of the 

Fabry-Perot cavity provide a useful means for investigating the 

preferential orientation of the molecules in the beam. This was 

recognised by Krupnov and Skvortsov, 1965C who measured the amplification 

of a formaldehyde maser operating at 72.8 GHz for the mode directions 

00 and 90
0

• 

In the present work the maser amplifier characteristics were 

measured for the mode directions 0°, 45
0 

and 90
0

• The c~~erimental curves 

of Fig. 4.2 represent the characteristics for 0
0

• The small signal 

internal amplification factor K obtained from each of these characteristics 

has been plotted against state separator voltage in Fig. 4.4, together 
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with the results from similar characteristics measured for mode 

directions 450 and 900
• The three curves of Fig. 4.4. show that 

the amplification factor of the maser is very different for the 

three orientations. However the results are complicated by the fact 

that the Q of the cavity is also different (the values measured with 

the three waveguide orientations are appended to the curves in Fig. 

4.4). Since the amplification of the maser depends not only on the 

effective number of molecules but also on the cavity Q (see Eqn 4.9), 

these curves cannot be related directly to the preferential orientation 

of the molecules in the beam. In Sec. 4.3.2 the excitation parameter 

is normalised to remove the effect of the cavity Q anisotropy. 

Another point in relation to Fig. 4.4 is that it is not 

possible to make meaningful measurements of the amplification of the 

maser for state separator voltages higher than the voltage at which 

the maser starts to oscillate. This is because the presence of the 

oscillation field in the cavity affects the difference in the 

populations of the two maser levels. This is true even if the oscillation 

establishes itself in the linear mode orthogonal to that in which the 

measurements are being made, because many of the molecules radiate 

into both modes. In fact with the detection scheme used here, it was 

not possible" to make measurements at all unless the two linear modes 

were orthogonal, because the oscillation field produced a strong beat 

signal on the oscilloscope display. Thus the curves of Fig. 4.4 do 

not extend to separator voltages above those at which oscillations were 

established in the maser, i.e. above 14.8, 13.5 and 12.8 KV respectively 

for the measurements made with mode directions 00
, 450 and 900

• 
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4.3.2 Normalisation of n and Preferential Orientation 

The excitation parameter n is more simply related to the 

maser variables Nand Q than is the amplification K. For this reason 

it has been used as a design criterion in some of the Russian work 

(Krupnov and Skvortsov, 1965B,C,D; Zuev and Cheremiskin, 1962). 

Krupnov and Skvortsov, 1965B obtained values of n for formaldehyde 

using a Fabry-Perot maser in the mode direction 00 and 900
• They 

obtained n(O) - 0.55 and n(90) = 0.20, giving a quantitative value , 

to the preferential orientation by using the ratio n(0)/n(90) • 2.75. 

In order to measure the amplification factor in the two 

orientations required, they pla'ced the nozzle and state separator unit 

in two positions relative to the cavity so that the molecular beam 

axis made angles of 0
0 

or 90
0 

with the electric field vector of the 

cavity mode. Since the cavity mode remained the same, the cavity Q was 

unchanged for the two measurements. 

In the present work'the position of the state separator 
\ . 

, . 
and cavity were not changed ,but the w~veguide orient~'t'~ons were 

altered in order to excite different linear modes. In this case 

Eqn. 4.11 must be written 

4.17 

where N(e) reflects the preferential orientation of the molecules in 

the beam and Q(e) measures the anisotropy of the cavity's Q-factor. 

In principle it is po~sible to obtain the dependence of 

n on e experimentally, by coupling to the cavity in different directions 

e and measuring the amplification in each direction. In practice Q(e) 

is not ,uniquely defined during such a series of measurements, because 
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the nature of the loading presented to the cavity by the coupling 

holes depends on the waveguide orientations. However, if both the 

excitation parameter and the loaded Q, Q~, are measured for each 

orientation a, the excitation parameter may be normalised with the 

help of Eqn. 4.17 to an arbitrary value of Q, Qo ' such that no 

reflects only the variation of N with e: 

n (a) 
o . 

2nLp 
= - v 

In Fig. 4.5 the un-norma1ised excitation parameter n(e) 

has been plotted against the state separator voltage for the three 

o 0 0 cases a - 0 ,45 and 90. The experimental points represent the 

4.18 

same measurements as those in Fig. 4.4. The ratios n (O)/n (90) and 
o 0 

n (O)/n (45) obtained from these measurements by normalising n 
o 0 

in accordance with Eqn. 4.18 are shown in Table 4.1. The values of 

n (o)/n (90) are found to be very much lower for the ammonia maser 
o 0 

operating on the J = 3, K = 3 inversion line than for Krupnov and 

Skvortsov's formaldehyde maser. 

Table 4.1 Normalised excitation parameter ratios for different -
values of separator voltage, V. 

v n (O)/n (90) o 0 
n (0) /n (45) o 0 

10KV 1.52 1.32 

llKV 1.46 1.22 

12KV 1.39 1.14 

13KV 1.08 
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This is to be expected from the different behaviours of the 
type.s of 

two~molecules in the electric field of the state separator. The 

formaldehyde maser of Krupnov and Skvortsov. 1965C worked on 

the 101 ~ 000 transition of formaldehyde. They show that if 

the state separation of the molecules is perfect. the only molecules 

of the 101 level which enter the cavity are those with magnetic 

quantum number M = o. If these molecules are adiabatically 

reoriented by a state separator fringe field whose direction 

coincides with the beam axis, then their transition probability. 

is maximum for the mode direction e • 0
0 

and is zero for e - 90
0

• 

Ideally, the ratio n(O)/n(90) is expected to be infinite. 

Gordon, 1955 describes the state separation of ammonia 

molecules in the J = 3, K - 3 rotational level for a state 

separator with cylindrical symmetr!. The pairs of levels -

M s * 3, * 2, * 1 are all state separated but not to the same 

extent. The relative numbers -of molecules in these levels which 

are focused by such a separator are proportional to M2. Mednikov 

and Parygin, 1963 calculate that the ratio n (O)/n (90) is o 0 

approximately 2 in this case. If the arguments of Gordon are 

applied to a state separator with planar symmetry such as the 

ladder type which was used in the present work, the numbers of 

focused molecules are found to be proportional to IMI. Repeating 

the calculations of Mednikov and Parygin for this case, a value of 

1.56 is found for the ratio n (O)/n (90). o 0 
This compares well with 

the value of 1.52 obtained at the lowest measured separator 

voltage of 10 KV but cannot account for the variation of n (O)/n (90) 
o 0 

with separator voltage which was observed (see Table 4.1). 
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However, the simple treatment of Gordon, 1955 which is used 

here does not take into account the departure from the quadratic Stark 

effect which is noticed in ammonia for high values of electric field. 

There is a gradual transition to linear Stark effect which starts at 

around 3 KV mm-l. This is indicated by Eqn. 2.8 and shown in the 

potential energy diagram of Fig. 2.2(see Sec. 2.2.2). The departure 

from the quadratic Stark effect depends on the magnetic quantum number 

in that it occurs at a lower value of electric field for large values 

of IMlthan for small values. Eqn. 2.9 shews that the effectiveness of 

the state separation process is reduced by departure from the quadratic 

Stark effect. Hence the effectiveness of state separation for molecules 

which have largelMI is diminished by comparison with those having small 

\Mlas the state separator voltage is increased. The preferential 

orientation depends on the superior focussing which is experienced by 

molecules with large IMI, and is therefore expected to diminish as the 

state separator voltage is increased. 

The preferential orientation of the molecules may be pictured 

in terms of a polar diagram which describes the ratio n (e)/n (0) with o 0 

respect to the direction e. The measured values of the ratio n (O)/n (45) o 0 

show a greater rate of decrease with increase in state separator voltage, 

than do the measured values of the ratio n (O)/n (90) (see Table o 0 

4.1) • This effect can also be seen from the relative slope of the lines 

in Fig. 4.5. A possible explanation for this anomalous behaviour is that 

the polar diagram not only changes shape but also rotates as the state 

separator voltage is changed. The direction of maximum n must be moving 

o 4 0 • from e • 0 towards a - 5 as the voltage 1S increased. A possible 

mechanism for such a rotation is the spatial reorientation which results 

from the presence of stray magnetic or non-uniform electric fields in 

the region between the state separator and the cavity (sec Sec. 2.4.3). 
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If this explanation is correct then the fringe field of the state 

separator must be an important component of the field or fields 

responsible. Clearly the behaviour of the preferential orientation in 

the maser is quite complicated,· and requires a detailed investigation 

which is outside the scope of this work to resolve its exact behaviour. 

4.3.3 Extrapolation of n and the Onset of Oscillation 

According to the principle of maximum emission (Tang and , 

Statz, 1967) oscillation must establish itself in the mase~ in that 

mode which provides the largest radiation field in the cavity. From 

the considerations presented in Sec. 4.3.1 it is clear that in general 

this is an elliptically polarised mode. If a preferentially oriented 

molecular beam is present in a Fabry-Perot maser whose cavity has zero 

anisotropy, the mode of maximum emission might be expected to be the 

linear mode whose mode direction coincides with the axis of preferential 

orientation. In a real cavity it will probably be a mode with low 

cavity loss, in general an elliptically polarised one, which is close 

to the linear mode. The experimental data presented in Fig. 4.5 can 

be used to test this hypothesis. 

It is convenient that n shows an approximately linear 

dependence on the state separator v~ltage over the measured range. 

This fact has been used in extrapolating n for e - 450 and e • 900 

to the points where n - 1. A value of n = 1 indicates the threshold 

of oscillation of the maser. In this case the extrapolated lines 

yield the thresholds for oscillation to occur in the two linear modes 

with mode directions 45
0 

and 90
0

• These are seen to be 14.5 KV and 

16.2 KV respectively. Oscillation is actually observed to start, 

when measurements are being made in these. mode direc~ions, at 13.5 KV 
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and 12.8 KV respectively, thus indicating that oscillation establishes 

itself in modes quite distinct from those in which measurement is 

taking place. 

When the waveguides have orientations of 90° the mode in 

which oscillation establishes itself is known to be close to the 

linear mode with mode direction 0°, by the fact that the onset of 

oscillation is very difficult to observe. Thus the oscillation mode 

• almost orthogonal to the mode dl·rectl·on 90°. 1S When the waveguides 

have orientation 00 the extrapolated oscillation threshold is 

15.1 KV. oscillation is actually observed at 14.9 KV. This suggests 

that although oscillation is not established in exactly the mode direction 

00 it is close to it. 

The loading imposed by the waveguides on the cavity is very 

different in the three orientations, as is evidenced by the fact that 

the three oscillation thresholds are so different. Nevertheless, the 

mode in which oscillation establishes itself appears to be nearly the 

same in the three cases. This indicates that the nature of the mode 

is governed by the preferential orientation rather than by the' cavity 

anisotropy. There is a difficulty of interpretation here, once again 

associated with the measurements in the mode direction 45
0

• In Fig. 4.5 

the extrapolated threshold for 45° is lower than that for 0°. This 

seems to indicate that oscillation should be established close to 450 

° rather than close to a . 
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CHAPTER 5 

THE MASER AS k~ OSCILLATOR 

5.1 INTRODUCTION 

The intention in this work was to investigate the modes of 

oscillation of the maser by changing the orientations of the waveguides 

and monitoring the signals coupled from the cavity. Two factors 

which militate against such a technique because they make it difficult 

to interpret the signals clearly, have been discussed in the previous 

chapter. Firstly the coupling parameter of a coupling hole is not 

independent of waveguide orientation. Secondly the wavegui~e loading 

provides one of the anisotropy mechanisms of the cavity, and the 

oscillation behaviour is sensitive to its being changed. A magnetic 

field applied to the maser in the region of the cavity, however, 

proved to be a useful tool for investigation of the oscillation mode, 

and at the same time permitted the observation of SOMe interesting' 

Zeeman effects. 

The high field Zeeman behaviour of the ammonia J c 3, K - 3 

inversion line is uncomplicated (Jen, 1948). Each energy level splits 

into seven (2J+ 1) levels, each corresponding to a different value of 

the magnetic quantum number M. Because the upper and lower levels 
. . 

of the transition have the same rotational quantum number J, the 

Zeeman sublevels associated ,~ith these levels are all equally spaced 

(Townes and Schawlow, 1955). If the magnetic field and microwave field 
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are parallel, only transitions with ~M - 0 are excited and the level 

splitting cannot be detected. If the magnetic and microwave fields 

are at right angles, only transitions with ~M • ± 1 are observed. 

In this case 4J transitions are. allowed, but because the levels are 

equally spaced only two transition frequencies are observed. For most 

purposes the molecule behaves as though it were a simple J E ! 

system (Logachev et aI, 1968). 

The behaviour of the ammonia 3,3 line in fields below 10-3 T 

is complicated by level crossing and anti-crossing of its hyperfine 

components (Lefrere, 1973). However, the transitions which may occur 

still fall into the two categories ~M - + 1 and ~M = - 1, and two 

effective spectral line centres can be defined in this low field 

region. In the present work the exact behaviour of these two lines is 

unimportant so long as their frequency separation is monotonically 

increasing with magnetic field. It will be seen in Sec. 5.4.3 that this 

is the case. 

In order to observe the effects of the Zeeman splitting 

the ~M = ± 1 transitions must be excited. Thus a magnetic field at 

right angles to the plane of the maser oscillation field vector, 

i.e. along the axis of the cylindrical Fabry-Perot maser cavity, was 

required. In what follows this axis is referred to as the z-axis. 

The axes x, y and z form the right-handed cartesian set show~ in 

Fig. 5.1, in which the x-axis coincides with the molecular beam 

direction. The x- and y-axes are the same as those used in Chapter 4 

(see Fig. 4.3). 

The maser was sen~tive to magnetic fields an order of 

magnitude smaller than the Earth's magnetic field. Two pairs of 
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rectangular coils were built, to cancel the local magnetic fields in 

the vicinity of the maser, and to enable a known field to be applied 

along the z-axis. The production and measurement of this magnetic 

field is described in Appendix ~ 

The three main effects observed in the presence of the 

axial magnetic field are described in Sec. 5.2 •. The measurements 

establish that the mode of oscillation of the maser has an elliptical 

polarisation, and the behaviour of this polarisation in the magnetic 

field is examined empirically. In Sec. 5.3 the theory of the Zeeman 

laser is presented. The behaviour of the Fabry-Perot maser is in many 

respects similar to a laser and the theory presented here gives an 

insight into this behaviour. It is seen that in both cases the 

additional degree of freedom,permitted by the Fabry-Perot cavity compared 

with conventional cavities, allows some interesting effects to occur. 

In Sec. 5.4 the observations of Sec. 5.2 are 'related to the theory of 

Sec. 5.3. It will be seen that a clear picture of the oscillation 

behaviour of the maser emerges, although some difficulties of 

interpretation remain. Additional results which help to clarify the 

interpretation are also presented in Sec. 5.4. 

5.2 EXPERI~ffiNTS WITH THE ZEEMAN MASER 

5.2.1 The Static Magnetic Characteristics 

The purpose of the measurements described in this section was 

to examine the mode of oscillation of the maser by comparing the signals 

coupled from the two cavity ports. The maser was operated in an axial 
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magnetic field with the two coupling waveguides. A and B. at right 

angles to one another. Two waveguide configurations were employed. with 

A and B coupling respectively to the directions 0° and 90°. and 45° and 

_ 45°. The amplitudes of oscillation observed are shown plotted 

against applied magnetic field in Figs. 5.2 and 5.3. 

The detection system employed was the double microwave 

bridge described in Sec. 3.3.3 and shown in Fig. 3.11. The 30 ~lliz 

oscillator'was switched off. and the method of I.F. bandpass display, 

described in Sec. 3.3.5. was employed to measure the oscillation 

signal amplitudes detected by the two bridges. 

The coupling parameters of the two .coupling holes and the 

sensitivity of the two detection systems were not necessarily equal. 

However it is possible to normalise the output si.gnals from the two 

detection systems. and it is the normalised relative oscillation 

amplitudes which are plotted in Figs. 5.2 and 5.3. The method of 

'normalisation is discussed below. 

The following behaviour is noticed on examination of the two 

graphs. w~en the magnetic field is zero. a maximum is observed in the 

o 
signal coupled out in the direction 0 , and a minimum is found in 

. . 900 
the dlrectlon • For a positive field of 4 x 10-5 T (approximately 

twice the horizontal component of the Earth's magnetic field) a 

maximum is observed at - 45° and a minimum at + 45°. For a negative 

field of similar magnitude, the maximum is observed at + 45° and the 

° minimum at - 45. The minima. correspond to a signal amplitude 

approximately half that of the maxima. 
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These results are interpreted as being due to an elliptical 

mode of oscillation, whose axis ratio is approximately 2, and the 

direction of whose major axis in the x - y plane is sensitive to the 

magnetic field applied along the z axis. The major axis rotates 

from making an angle of '+450 
with the x-axis to an angle of -450 as 

the magnetic field is changed by only 8 x 10-5 T. The maximum and 

minimum angles reached are difficult to determine because the mode 

appears to become circular before +90
0 

or '-900 are attained. The 

overall oscillation amplitude is reduced by application of the magnetic 

field, because of spectral line broadening, and is quenched in a 

field of approximately t 3.5 x 10-4 T. 

This interpretation of the results has been used in order 

to normalise the outputs A and B in Fig. 5.3. In zero applied magnetic 

field the major axis of the ellipse lies at 00 and the oscillation 

amplitudes observed in the directions -450 
and +450 should be equal. 

o . 
The measurements made at -45 have been scaled by a constant factor in 

order to obtain this. The mode of oscillation appears to be circular 

in fields above about 2 x 10-4 T, so the measurements made at 900 have 

been scaled in an attempt to make the curves of Fig. 5.2 register in 

this region. 

The ellipticity of the mode is defined by 

5.1 

where c and d are the maximum and minimum oscillation awplitudes 

observed (i.e. the major and minor semi-axes of the oscillation ellipse). 

The graphs indicate that e is probably constant below 4 x 10-5 T, and is 
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found from Fig. 5.3 to be 0.85. However the ellipticity is actually very 

dependent on the tuning of the cavity. By careful tuning it could be 

made equal to unity, as observed by disappearance of the signal detected 

at 900 in zero magnetic field, or at -450 and 450 respectively in the 

appropriate positive and negative magnetic field strengths • 

. The measurements presented in Figs. 5.2 and 5.3 are complicated 

by a hysteresis phenomenon which has not been shmvu in these graphs. It 
.. 

will be discussed in Sec. 5.4.2. 

5.2.2 The Transient Magnetic Characteristics 

In this section a transient behaviour of the maser, observed 

in the presence of a magnetic field, is described. If a strong 

stimulating signal at the transition frequency is injected into the 

maser cavity through one coupling port, a linear mode of high intensity 

is established in the cavity. Molecules which enter the cavity are 

polarised by the microwave field of this mode. Whert the stimulating 

signal is switched off, the microwave field decays until it reaches its 

steady state value. If the maser is being operated below oscillation 

threshold, this value is zero. If the maser is above oscillation 

threshold, the field decays to the appropriate elliptical mode, which 

has been described in the previous section. The transient magnetic 

characteristics reflect the way in which the decay takes place in 

the presence of a magnetic field. 

Typical examples of the magnetic transients observed in the 

presence of an axial magnetic freId, are shown in Fig. 5.4.Following 

stimulation of the molecular assembly, a periodic modulation of the 

maser signal was noticed. The frequency of the modulation showed an 
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approximately linear dependence on applied magnetic field strength, 

and frequencies from a few hundred Hz to several KHz were measured. The 

upper limit was only dictated by the maximum field which could be applied 

to the maser using the ceils described in appendix A. 

Figs 5.4(a) and 5.4(b) show transients observed with the maser 

operated below oscillation threshold. Fig. 5.4(a) is an early photograph 

taken using a bar magnet, placed outside the maser vacuum chamber. to 

provide a magnetic field--in the vicinity of the Fabry-Perot cavity. The 

arrow shows the point in time at which the stimulating signal was epplied 

to one of the waveguides. The signal shown in the photograph was 

observed in the second waveguide, which was placed in the orthogonal 

direction to which the stimulating field could not normally couple. This 

signal was only seen when a molecular beam was present in the maser, and 

when a magnetic field was applied. 

Fig. 5.4(b) is a photograph taken at a later date, using the 

rectangular coils to produce a magnetic field of approximately 

2 x 10-4 T. The improved homogeneity of the field enabled the signal 

to be observed more clearly. Here the signal was observed in the same 

waveguide orientation as that in which the stimulating signal was applied. 

The latter was a frequency-modulated microwave signal which was swept 

through the maser transition frequency. 

The use of such a frequency modulated signal, which stimulates 

the molecular assembly while it is momentarily within the linewidth 

of the transition, is well-known (Laine, 1966; Laine and Kakati, 1969). 

Subsequent to stimulating the assembly it is used to aid detection of the 

maser signal. The two signals beat together in the I.F. detector to 
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produce a low frequency signal (typically several KHz), whose amplitude 

is proportional to that of the maser signal. This beat signal may be 

clearly displayed on an oscilloscope. This is the method by which 

molecular ringing is commonly displayed (see Sec. 3.3.5). 

In Fig. 4.5(b) the beat signal is enclosed by the modulation 

envelope, which results from the application of the magnetic field, 

and which is characteristic of the magnetic transient. 

Figs. 5.4(c) and 5.4(d) show the magnetic transient observed 

above oscillation threshold. The signal shown in Fig. 5.4(c) was 

obtained under similar conditions to Fig. 5.4(b). When the maser was above 

oscillation threshold many cycles of this transient modulation could 

be executed before a steady state oscillation was once more established. 

Some instability in the transient behaviour which was not evident below 

oscillation threshold was found here. On successive sweeps through the 
. 

line the number of modulation cycles executed could differ cons ide'rab 1y. 

As many as twenty and as few as one were observed, although the frequency 

of the modulation always remained the same for a given applied magnetic 

field. 

Fig. 5.4(d) is typical of a series of measurements in which 

the transient was investigated by observing it in both waveguides using 

different mutual waveguide orientations. This photograph was taken with 

waveguide A (upper trace) oriented at 0
0 

and waveguide B (lower trace) 

at 90°. oriented The applied magnetic field strength was approximately 

1 x 10-~ T. The remainder of this section is devoted to a detailed 

description of this series of measurements. 
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The microwave arrangement which was used was essentially the 

double microwave bridge described in Sec. 3.3.3. However, the 30 MHz 

oscillator which was used to generate sidebands of the klystron signal, 

was only fed to the modulator crystal on one of the microwave bridges. 

This ensured that only one linear mode was set up in the cavity by the 

stimulating sideband, even when the cavity waveguides were p1nced at 

different orientations. The klystron was phase locked to a crystal 

oscillator (using Micro Now 10lC and 202 equipment) and the stimulating 

sideband was swept in frequency by modulating the 30 MHz oscillator. 

This arrangement was the same as that used in the P.S.D. form of 

detection described in Sec. 3.3.4, and enabled a more stable display of 

the transient si£nal to be obtained. 

Detection of the maser signal following stimulation was by 

observing the beat signal between the stimulating sideband and the 

maser oscillation, as descri~ed above. However, this relied on the 

presence at the crystal mixer of a ·microwave signal derived from the 

stimulating sideband. In the case where the two waveguides are at 

right-angles, this signal cannot be obtained in the second microwave 

bridge by transmission through the cavity. In this case it had to be 

simulated at the intermediate frequency, by injecting part of the 

output from the 30 MHz oscillator into the I.F. chain between pre­

amplifier and amplifier. 

During the series of measurements, waveguide A was always 

oriented to couple with the mode direction 0°. Waveguide B was placed 

in sever.al different orientatio~s. The signals observed from waveguides 

A and B were displayed on a double beam oscilloscope, thus enabling the 

relative phaaes of the two modulation envelopes to be compared. 
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Table 5.1 gives a summary of the waveguide orientations used 

together with the corresponding measured phase differences between the 

two signals. A close correspondence between the angular difference in 

waveguide orientation and the phase difference is noticed. This 

indicates that the oscillation polarisation in the cavity rotates or 

tumbles in the x-y plane. The signal observed in each waveguide 

represents the projection of the tumbling oscillation on the fixed 

direction to which that ~aveguide couples. The direction of the tumbling 

is seen to depend on the sign of the applied magnetic field, being 

negative in fields applied in the positive z-direction, and positive 

in opposite fields. The closeness of the correla~ion between the waveguide 

orientation and the phase difference indicates that the angular velocity 

of the tumbling is nearly uniform. 

Table 5.1 Phase differences bet~7een the transient modulation signals . 
observed in the two cavity waveguides. Waveg1lide orientations are 

relative to the x-axis. positive magnetic field is along the positive 

z-axis. Positive phase difference indicates a time lag of the signal 

in waveguide B over that in waveguide A. 

Mag. field Waveguide orientation Phase 

direction A B difference 

+ 00 
-45

0 
52

0 

+ 00 00 50 

+ 00 
45

0 ~6° 

+ 00 900 
-90

0 

- 00 
-45

0 -660 

- 00 00 _ 10 

- 0
0 

45
0 

500 

- 0
0 90

0 
92° 
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Finally, it can be seen from Figs. 5.4(c) and (d) that the 

tumbling polarisation is probably elliptical. In general the modulated 

signals have a finite minimum amplitude. This minimum amplitude 

represents the momentary coincidence of the minor axis of the oscillation 

ellipse and the waveguide direction; the maximum amplitude is caused 

by coincidence of the major axis with the waveguide direction 

5.2.3 The Dynamic Hagnetic Characteristics 

If the maser was operated as an oscillator in a very small 

magnetic field, a steady modulation signal could sometimes be observed 

even in the absence of a stimulating signal. This effect was only 

observed for magnetic fields below about 5 x 10-5 T and was still evident 

close to zero magnetic field. It only occurred for a narrow region of 

cavity tuning, and the mechanical tuning range had to be searched 

carefully in order to observe it. The signal was also sensitive to 

matching in the input and output waveguides (Le. adjustment of the 

matching units of the microwave bridges), to state separator voltage and 

nozzle pressure. For each of these variables a narrow range of settings 

could be found within which the effect was observed. The shape of the 

modulation envelope varied widely as can be seen from the examples of the 

observed signals shown in Figs. 5.5 - 5.7. 

The oscillations were detected with the double microwave 

bridge arrangement using a phase locked klystron as the common local 

osci Hator, and feeding both modulation crystals from the 30 MHz 

generator. However the generator was operated without F.M. sweep and at 

such a frequency that it provided a sideband of the klystron signal only 

a fe~" KHz to one side of the maser transi don freqL1ency. In this ~vay 
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a beat signal, amplitude modulated by the dynamic characteristic, was 

displayed from both detection systems. 

No satisfactory approach to the investigation of the dynamic 

characteristic was found. Because the effect was extremely sensitive to 

changes in cavity loading, it was not possible to make a change in the 

waveguide orientations and still remain within the range for which the 

effect was observed. If the observation of the signal with a second 

waveguide configuration was required, adjustments to other parameters 

such as the cavity tuning or cavity matching were also needed in order 

to restore the effect. In general the shape of the modulation envelope 

was changed by such adjustments. so that the signals observed in the 

two configurations could not be directly compared. Some dependence of 

the modulation frequency on magnetic field strength was observed. but the 

effect was lost if significant changes in magnetic field were made. In the 

paragraphs which follow some general discussions of the photographs 

shown in Figs. 5.5 - 5.7 are presented. 

The pairs of traces shown in Fig. 5.5 were obtained with 

• • • 00 0 orthogonal waveguides ~n or~entat~ons and 90 • These photographs 

have been selected as being representative of a series of measurements 

in which the nozzle pressure was changed progressively from 0.16 torr to 

0.30 torr. Outside this range of pressures no modulation of the 

oscillation envelope was observed. The nozzle pressure was chosen as 

the variable in these measurements. because the dynamic characteristics 

were found to be less sensitive to changes in this parameter than to 

changes in other parameters of tve maser. 

At the low end of the pressure range the signals observed can 
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Fig. 5.5 

(0) 0·18 torr 

(b) 0·20 torr 

(c) 0·26 torr 

(d) 0·28 torr 

o 10ms 
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Dynamic magnetic characteristics for separator 
voltage 30 KV and a magnetic field of 
approximately 1 x10- 5 T. Nozzle pressures and 
waveguide orientations are indicated. 



be interpreted in the light of the results presented in the previous 

section. An elliptical oscillation polarisation which tumbles 

spontaneously in the x - y plane would produce the out-of-phase signals 

shown in Fig. 5.5(a). As the pressure is increased the interpretation 

becomes more interesting. The minima of the modulation envelope differ 

markedly in Figs. 5.5(b) and (c). An elliptical mode of polarisation 

whose ellipticity changes periodically at the same frequency as the 

tumbling has to be postulated. In Fig. 5.5(d) the ellipticity of the 

oscillation appears to be nearly constant once more, and to be close to 

zero (the oscillation polarisation is almost circular) Thus the mode 

present for nozzle pressures above 0.30 torr, where the modulation was 

no longer present, probably possessed a circular polarisation. 

In Fig. 5.6 a collection of photographs which suggest that the 

tumbling does not take place at uniform angular velocity is presented. 

In Fig. 5.6(a) the minor axis of the ellipse moves quickly past the . 
waveguide directions (00 and 45

0
), but the major axis appears to linger 

near these directions. In Fig. 5.6(b) clear evidence that the overall 

oscillation amplitude may change spontaneously is presented. Thus 

periodic changes to the oscillation amplitude as well as the direction and 

ellipticity of the ellipse are probably necessary for a complete 

explanation of the dynamic characteristics. Indeed this must be 

invoked in order to explain the waveforms of Figs. 5.6(c) and 5.6(d). 

In most of the photographs presented in this section the sensitivities 

of the two detection systems have been approximately matched. Fig. 5.6(d) 

is an exception in this respect. 

The signals shown in Fig. 5.7 are derived from a single 
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(a) 0·16 torr 

(b) 0·16 torr 

(c) 0·20 torr 

(d) 0·24 torr 
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Fig. 5.6 Dynamic magnetic characteristics for separator 
voltage 30KV and a magnetic field of 
approximately 1 x 10-5 T. Nozzle pressures and 
waveguide orientations are indicated. 



• • d 00 
wavegu1de or1ente at • They have been selected from a series of 

photographs representing the ~ffect of progressive change in the 

voltage applied to the separator. The range over which the dynamic 

characteristic was observed was "from 17.5 KV to 20.5 KV. Like the 

nozzle pressure, the state separator voltage was a parameter to 

which the dynamic characteristic was relatively insensitive. 

Figs. 5.7(a) and (b) show the emergence of the curlous 

waveform shown in Fig. 5;7(c). Fig. 5.7(d) is typical of ~he signals 

observed from 19 KV to 20.5 KV, over which range the modulation 

became progressively more uneven and sporadic in its appearance until 

steady oscillation set in once more at separator voltages above 

20.5 KV. These photographs show that if the rotating ellipse 

interpr~tation is adhered to, complicated changes in direction and 

shape of the ellipse must be postulated. 

- 98 -



Fig.5.7 
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5.3 THEORY OF THE ZEEMAN LASER 

5.3.1 Degenerate Modes and the Zeeman Effect 

The Fabry-Perot cavity has two degenerate modes for a given 

spatial resonance. These may be any pair of mutually orthogonal modes 

having their distribution of electromagnetic field governed by the 

function U (x,y,z), which is associated with that spatial resonance. 
mnq 

Thus'the oscillating electric field might be given by 

!(x,y,z,t) • '{Eiexp[-i(v t + ~)] 
x x x 

+ E k exp[-i(v t + ~y)]}U(x,y,z) 
y- y 

5.2 

where E and E are the electric field amplitudes of the two modes 
x y 

linearly polarised in the x and y directions, the v's and ~'s are 

respectively the angular frequencies and phases of these two modes, 

and i and ~ are the basis vectors in the x- and y-directions. Here 

the system of coordinates is intended to be identical with that shown in 

Fig. 5.1. 

Of particular interest are the two orthogonal circular modes 

described by the basis vectors 

.. 
(i-i~/12 

<i + i~)/12 
5.3 

l'he (+) subscriPt refers to the mode whose polarisation has its 

angular momentum vector in the z-direction, and the (-) subscript to 

the opposite mude. By analogy with Eqn. 5.2, the oscillating electric 

field of these two polarisations can be written 
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!(x,y,z,t) = {E+~+ exp[-i(v+t + ~+)] 

+ E_~_ exp[-i(v_t + ~_)]}U(x,y,z) 5.4 

This representation is particularly useful when treating the 

Zeeman laser, because the (+), (-) modes may be excited individually 

by the 6M = t 1 circularly polarised a-components of a Zeeman split line. 

Under conditions of purr~ing close to the threshold for maser action 

only one spatial resonanc~ is excited, but two opposite circular 

polarisations are observed in the presence of a lI'agnctic fi.eld along the 

axis of the laser cavity (i.e. the z-axis). Statz et aI, 1962 obtained 

a beat frequency of 1050 Hz from a Helium-Neon laser when its output was 

observed through a linear polariser. They attributed the beats to the 

effect of the component of the Earth's magnetic field along the axis of 

the laser, and showed that when an axial magnetic field was deliberately 

applied, the observed frequp.ncy increased linearly with field. With 

hi.gher levels of pumping, the Zeeman behaviour is complicated by the 

emergence of other oscillating spatial modes, but may still be interpreted 

in terms of degenerate pairs of modes (Paananen et al, 1963; Culshaw and 

Kannelaud, 1964). 

The frequency difference between the two polarisations is 

not the natural frequency separation of the Zeeman components but is 

modified by the well-known cavity pulling effect (Garrett, 1967). In the 

laser, where the frequency width ~vc of the cavity resonance is much 

smaller than the width ~Vt of the spectral line, the pulling effect is 

approximately proportional to the ratio of the two widths: 

5.5 
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where v is the oscillation frequency and Vc and vt are the centre 

frequencies of the cavity and spectral line respectively. Eqn. 5.5 

holds to a good approximation so long as IV1 - vc l is small compared 

with ~v1' The effect of pulling on the beat frequency between the 

two Zeeman components is to reduce that frequency by the factor 

~vc/~V1' Thus the beat frequency is given by 

• 5.6 

where the natural frequency splitting between the two components is 

Sargent et aI, 1967A, 1967B have provided a theory of the 

Zeeman laser which is based on the well-known theory of the laser by 

Lamb, 1964. They show that,ideally, beats between the Zeeman components 

should be observed right down to zero splitting, but that in practice 

mode competition and mode frequency locking prevent this. Tomlinson 

and Fork, 1967 have interpreted the theory for the case of axial magnetic 

fields and have compared it with experiment. In particular they have 

analysed the approach to the frequency locked condition, and their 

results in this area are of considerable interest in the present work. 

These four papers form the basis from which the results obtained with 

the Fabry-Perot maser will be interpreted. Selected parts of the 

theory they contain and some of the computer solutions they present are 

described in the follm.,ing sections. 
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5.3.2 ~oupled Oscillator Equations 

The basic equations for a pair of coupled laser oscillators, 

written in the (+), (-) notation are (Sargent et aI, 1967B) 

• 

.. 

• 
E+ - E (0 - a E2 - e E2) + + + + +--

_ n + a + p E2 + t E2 
+ + + +-

Their derivation will not be considered here although it will be 

touched on in Sec. 5.4.1. 

5.7 

5.8 

5.9 

5.10 

Eqns. 5.7 and 5.8 describe the relationship between the amplitudes 

of the two coupled, oscillators, in this case the two circular 

modes. Eqns. 5.9 and 5.10 are the frequency determining equations and 

involve the angular frequencies v+ and v_ and the phases ~+ and ~_ of the 

oscillators. The (+) subscript refers to the polarisation which has its 

angular momentum in the same direction as a positive axial magnetic field, 

and the (-) subscript to the opposite polarisation. n, which appears 

in Eqns. 5.9 and 5.10 represents the degenerate frequency of the 

unperturbed cavity modes. 

, Q' e' The a s, ~ s, s, , , d' 'E 5 as, P s an t s in qns. .7 - 5.10 are 

complicated functions of the atomic level parameters, magnetic field, 

excitation conditions and cavity tuning. Their physical significance is 

explained by Fork and Sargent, 1966. whose explanations are paraphrased 

here. 
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is the unsaturated gain of the laser for the (+) mode. a+ 

B E2 gives the decrease in the gain of the (+) mode due to 
+ + 

saturation (level depletion) by the (+) mode (i.e. self-saturation). 

e E2 gives the decrease in the gain of the (+) mode due to 
+- -

saturation by the (-) mode (i.e. cross-saturation). 

a represents the frequency shift of the (+) mode from its 
+ 

unperturbed value caused,by the dispersion of the unsaturated medium. 

In the Zeeman case this is the displacement of the Zeeman line from the 

natural molecular transition frequency. 

P E2 is a change in this frequency shift as a result of self­
+ + 

saturation of the (+) mode. 

T+- E2 is a similar change in the frequency shift due to cross­

saturation of the (+) mode. 

Throughout these explanations the transposition (+) ++ (-) may 

be made. 

Following Lamb, 1964, the amplitude equations may be transformed 

by introducing 

x • 5.11 

where 1+ and 1_ are the intensities of the two oscillations. Eqns. 5.7 

and 5.8 become 

• 
X c 2X(a+ - B+X - e+_y) 5.12 

5.13 
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where X and Yare shown as vectors to indi.cate that they will be 

plotted in the phase plane X, Y. 

The condition for a steady state oscillation is 

• 
X"o,Y-O 5.14 

and is represented in the X, Y phase plane by the point of intersection 

of the two lines 

s+ X + e+_ Y III 

S.15 

e X + S_ Y - a -+ 

together with the single frequency solutions 

5.16 

. X = 0, Y - ° 5.17 

5.18 

5.3.3 Phase Diagrams 

'Phase diagrams in the X, Y plane may be drawn from Eqns. 5.12 

and 5.13 in order to determine the stabilities of the solutims5.15 - 5.18. 

A solution which is stable for one set of the a's, S's and e's may be 

unstable for another set. In general a separate phase diagram is 

required for each set of these coefficients under consideration. 

Briefly, a phase diagram is a set of curves drawn in the X, Y 
• 

plane which indicate, for any value of X and Y, the direction V .. X + Y 

in which the phase point (X, Y) will move towards a stable solution 
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of Eqns. 5.12 and 5.13. A stable solution is indicated by the 

convergence of the phase curves towards the phase point representins 

that solution. &~ unstable solution is represented by a stationary point 

through which no phase curves pass. 

A phase diagram may be obtained graphically by plotting the 

direction of the vector! for a large number of points (X, Y) and 

joining up the resulting vectors into a series of curves, known as 

trajectories. It may also be obtained by programming the problem on 

an anologue computer, setting up different initial conditions (X , Y ) o 0 

and recording the behaviour of the phase point (X, Y) as it moves 

towards a stable equilibrium point. Lamb, 1964 obtained phase diagrams 

for Eqns. 5.12 and 5.13 with the aid of an analogue computer. TIley are 

reproduced for three important coefficient combinations in Figs. 5.8 -

5.10. 

Fig. 5.8 shows the situation when both modes are above threshold 

for oscillation (a+ > 0, a_ > 0) but one is favoured by virtue of its 

higher gain (a+ = 1, n_ = 0.4). The phase diagram shows that there is a 

stable equilibrium phase point on the X-axis at (a+IB+, 0) while an 

unstable equilibrium exists on the Y-axis at (0, a_IB_). Referring 

to the explanation of the coefficients given in Sec. 5.3.2 it is seen 

that oscillation in the favoured (+) mode with intensity a IB inhibits 
+ + 

oscillation in the unfavoured mode by depressing its effective gain 

from a_ to a negative value a: where, from Eqn. 5.13, 

- 5.19 

The new threshold for oscillations in the (-) mode is a_ • e_a+IB+ 
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instead of 0_ = 0, and this new threshold has not been reached. 

The two other important cases, for which both modes are above 

threshold, occur when a: > 0, a: > a and when a: < 0, a: < O. These cases 

may be described in terms of a coupling coefficient 

5.20 

and are given by a < C < 1 and C.> 1 respectively. The first is the 

case of weak coupling in which both polarisations oscillate simultaneously, 

and the second is the case of strong coupling for which either may 

oscillate but in doing so inhibits the other. There is a third, relatively 

unimportant case, neutral coupling, for which C = 1. 

Fig. 5.9 illustrates the weak coupling case. The two single 

frequency operating points given by the solutions 5.16 and 5.18 are 

unstable, whereas the double frequency operating point given by the 

solution of Eqns. 5.15 is stable. The strong coupling case is shown in 

Fig. 5.10 where the single frequency operating points are seen to be 

stable and the double frequency point is unstable. Which of the single 

frequency points is chosen by the system for steady state oscillation 

depends on its starting conditions, because it is the starting conditions 

which determine which trajectory of Fig. 5.10 the system is on initially. 

If the system starts from zero oscillation intensity (0,0), the starting 

trajectory, and hence the mode which finally establishes itself, will 

be determined by noise. A strongly coupled system exhibits hysteresis when 

parameters which decide the shape of the phase diagram (e.g. cavity 

~uning) are altered. 

Sargent et aI, 1967B show that some laser transitions exhibit 

weak cqupling, while some are strongly coupled in small applied magnetic 

field. The coupling parameter decreases with field so that a strongly 
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coupled system always becomes weakly coupled when the field is 

sufficiently large. Strong coupling is observed between the two 

oscillations of a beam maser operated in high order cavity modes (Becker, 

1967). Later in this chapter it is shown that the ammonia inversion 

transition for J = 3, K - 3 exhibits weak coupling between its Zeeman 

components. Evidence is also presented which suggests that the case 

of inhibition of the weaker mode (phase diagram, Fig. 5.8) is applicable 

to the ammonia maser when the applied magnetic field is large enough to 

nearly quench the oscillation in the maser. 

5.3.4 The Tumbling Ellipse 

The behaviour of a Zeeman laser exhibiting double frequency 

operation under weak coupling conditions will now.be considered in 

further detail. If the two oscillations are due to the circularly 

polarised ~M = ± 1 cr-componen~ coupling with the two orthogonal circular 

modes of the cavity, then the oscillating electric 'field in the cavity is 

given by Eqn. 5.4 where E+, E_, v+' v_, ~+' ~_ are defined by Eqns. 5.7 -

5.10. using Eqns. 5.2 to write g+ and ~_ in terms of the rectangular 

coordinate basis vectors i and ~, the real part of Eqn. 5.4 becomes 

This may be rearranged to give 

E = /2 [(E+ + E_)coS(v+t + ¢+ - I~){i cos (l~) 

_ ~ sin(l~)} + (E+ -. E_)sin(v+t + ~+ - l~) 

'{-1 sin(I~) - ~ cos(l~)}] U(x,y,z) 
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where 

(v - v )t + (~ - ~ ) 
+ - +-

5.23 

Eqn. 5.22 represents a vector which at any point (x, y, z) 

in the cavity is rotating in such a way that it describes an ellipse 

with major axis 2/2(E+ + E_)U(x,y,z) and minor axis 2/2IE+ - E_lu(x,y,z). 

The directions of the major and minor axes are given by the unit vectors 

. {l cos(!w) - ~. sin(!~)} and {-i sin(!~) - k cos(!~)} respectively. 

Thus the ellipse, which represents the envelope of the vector !, itself 

rotates with angular velocity !~ where from Eqn. 5.23 

5.24 

The signal coupled from the laser through a linear polariser is 

an amplitude modulated signal of modulation depth (E+ + E_)/IE+ - E_I. 

The modulation is due to rotation of the ellipse and has frequency 

[
rr21T ] -1 U 0 ~-1 d~ 5.25 

If the rotation has constant angular velocity ~, then 6v • (~/21T). 

The Effect of Anisotropy in the System 

Sargent et aI, 1967B consider anisotropy in the cavity to be 

described in terms of the different Q-factors, Qx and Gy' of the cavity 

for two orthogonal linear modes. The Q-factors of the two circular 

modes remain equal in the presence of this anisotropy since they are 

given by 

.. 5.26 
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However, the anisotropy can lead to frequency locking of the two 

circular oscillation modes, and can give rise to some interesting 

associated effects. 

Sargent et a1 write Eqns. 5.7 - 5.10 in the following form 

to include the effect of cavity anisotropy: 

• 
E .. E (a - B E2 - a E2) 

+ + + ++ +--

- l{(vIQ ) - (vlQ )} E cos W 
"X y- 5.27 

E - E (a - B E2 - a E2) 
- - - - -+ + 

-!{(v/Q) - (v/Q )} E+ cos $ x y 5.28 

\1+ + <P+ .. n + 0 + 
+ p E2 

+ + 
+ T E2 

+- -

+ !{(vIQx) - (v/~)}(E+/E_) sin $ 5.29 

. 
+ p_E: + T E2 

\I + <P_ • n + C1 - -+ -

I {(v/Qx) (vlQ ) HE IE ) 
y - + sin W 5.30 

where v .. (v + v )/2 and $ is given by Eqn. 5.23. Substituting Eqns. 
+ -

5.29 and 5.30 into Eqn. 5.24 gives 

• + p E2 - P E2 + T E2- T E2 1/1 • 0+ - 0 - ++ -- +-- -+ + 

+ l{(V/Q ) - (v/Q )}(E /E + E /E ) sin $ 
4 x y +- -+ 5.31 

Eqns. 5.27 - 5.30 can be solved analytically by taking the 

steady state solution of Eqns. 5.7 and 5.8, which was described above with 

the aid of phase diagrams, as an approximate solution of Eqns 5.27 and 

5.28. In this way Eqns. 5.29 and 5.30 can be solved independently of 

Eqns. 5.27 and 5.28, treating E+ and E_ as constant coefficients. 
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Eqn. 5.31 then has the form 

• 
~ - a + b sin ~ 5.32 

where a/2~ is the beat frequency in the absence of anisotropy, and b 

is proportional to the anisotropy term. For la/bl > 1 there is a solution of 

Eqn.5.3.2 which represents a beat frequency 

5.33 

Fig. 5.11 shows the general behaviour of Eqn. 5.33 for the case where 

the function a represents simple Zeeman splitting, proportional to the 

applied magnetic field .~. It is seen that the beat frequency is no 

longer proportional to B in the region near B - 0, but reduces to zero 

for finite B when a = ± b. 

Although the beat frequency 6v of Eqn. 5.33 is constant for a 

given value of B, the phase angle ~ does not change uniformly with time. 

Eqn. 5.32 shows that ~ varies between a + b and a - b during one cycle 

(0 < W < 2r.). Remembering that the ellipse of Sec. 5.3.4 has an angle 

Iw between its major axis and the x-axis, it is seen that Eqn. 5.32 

leads to non-uniform rotation of the oscillation ellipse and consequently 

to distortion of the modulation envelope observed from the linear 

polariser. 

In the region la/bl < 1 Eqn. 5.32 can only be solved for 

Thus the behaviour of ~ is assyrnptotic in time, and converges 

to one of the two solutions 

WI - -sin -1 (a/b) 5.34 

W2 - ~ + sin -1 (a/b) 5.35 
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Fig. 5.11 

/ 

~ 
~ 

/ 
a/27t. /. 

\,."",,/ 
b -t---""7f 

/ 

/ 
/ 

/ 

/ 
/ 

/ 
/' 

/ -Be 
/ 

'/ 
.Be 

/ 
/ 

~/--+..;b 

/ 

/ 
/ 

/ 

Behaviour of the beat frequency ~~ in 
the presence of anisotropy b as a 

B 

.. function of magnetic field B - see Eqn. 5. 33. 



A small vibrations analysis shO\vs that only one of these two solutions 

is stable. If the anisotropy term b is positive it is tP2' while if b 
. 

is negative tPl is the stable value. Clearly in this solution the 

oscillation ellipse does not rotate dynamically in the magnetic field 

but has a fixed inclination !tjJ to the x-axis for a given B. This 

corresponds to frequency locking of the two oscillators. The inclination 

of the ellipse depends on the value of B. In Eqn. 5.34, as H is 

increased between the critical values -Bc and +Bc (see Fig. 5.11), 

ItP moves from ~/4 to -~/4. 

The approximate solution of Eqns. 5.27 - 5.30 described above 

is only useful for very small values of the anisotropy. If the mode 

amplitudes E+ and E_ are allowed to fluctuate, th? behaviour becomes 

very complex. Tomlinson and Fork, 1967 have computed solutions which 

show that the periodic solution (Eqn. 5.33) can be accompanied by large 

periodic changes in the relative amplitudes of the two oscillation modes. In 

termS of the oscillation ellipse, riot only its direction but also its 

shape is a periodic function of time. In addition they find other 

solutions in which the ellipse swings between two directions in the 

cavity without performing a complete rotation. Such solutions correspond 

to the two circular oscillations alternately· locking and unlocking. 

Thus the ellipse does not have time to complete a full rotation in the 

cavity, before locking sets in and its starts assymptotically to 

approach the locked position (Eqn. 5.34). Before this position is 

reached the oscillations unlock and tumbling begins again. The nature 

of the behaviour is found to be very sensitive to cavity tuning. All of 

these solutions can be obtained for a single value of B close to the 

point of frequency locking, by changing the cavity tuning. 
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5.4 EXPLANATION OF THE ZEEMA.~ NASER EXPERINENTS 

5.4.1 Application of the Zeeman Laser Theory to the Maser. 

The theory of Logachev et aI, 1968 deals with the behaviour 

of a molecular beam maser with a magnetic field applied. Their equations 

describe a pair of oscillators which contribute to, and are coupled 

by, a single electromagnetic field (the cavity field). This treatment 

is relevant to a maser having a cylindrical or rectangular cavity, 
--

where there is no degeneracy of the cavity mode. It cannot be used to 

describe the Zeeman effect in the Fabry-Perot maser, although there are 

some similarities in behaviour. 

Despite this inability of the Logachev theory to describe the 

Fabry-Perot maser, it is interesting to compare its results with those 

of the coupled oscillator theory. The dependence of beat frequency on 

magnetic field which is suggested by the Logachev theory is similar in 

shape to Fig. 5.11. However the critical value of field B is fixed 
c 

by the dimensions of the cavity and the molecular beam velocity, and corresponds 

to a splitting between the two Zeeman components equal to the molecular 

linewidth. In short, biharmonic oscillation of the maser is predicted 

when the Zeeman components are,resolved. It is tempting to think of 

this &s a special case of the coupled oscillator theory, for which the 

anisotropy in the cavity is due to its ability to support only one li.near mode. 

However, inspection of Eqn. 5.31 ShovlS that the anisotropy term is infinite 

under these conditions, and the equations cannot be solved. 

In the Fabry-Perot maser, two oscillation fields can exist 

more or less independently of one another. In a perfect cavity there is no 

coupling via the electromagnetic field, only coupling through depletion 

of molecular levels common to the transitions which contribute to the 
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oscillations. This means that there is no mutual constraint on the 

frequencies of the two oscillations, and in the Zeeman case gives rise 

to an oscillation ellipse which has complete freedom to move in the 

x - y plane of the cavity. It has been seen how this behaviour is 

predicted by the equations of the Zeeman laser theory (Eqns. 5.7 -

5.10). Some coupling via the electromagnetic field is introduced when the 

cavity anisotropy is included in the theory (Eqna. 5.27 -5.30). 

The coupled oscillator Eqns. 5.7 - 5.10 represen~ the simplest 

form which such a system can take. In order to understand their relevance 

to the maser, consider the instantaneous power emitted by an assembly of 

Nl upper state molecules in the presence of a mean radiation field El 

... -dt 5.36 

(Heavens, 1964), where p is the dipole moment matrix element for the 

transition, frequency "'0' and t."'o is the effective molecular linewidth. 

Nl consists of the number of molecules NL/v which are found instantaneously 

in the cavity, depleted by the action of the radiation fields acting 

within the molecular linewidth. Here, following the symbology of 

S 4 2 N is the number of molecules entering the cavity in unit ti,me, ec. ., 

L is the effective length of the cavity, and v is the mean molecular 

velocity. Thus if only one radiation field El is present in the cavity, 

Nl can be written 

5.37 

where a and B are constants (a = I,/v). 
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Considering for a moment NI described by the single oscillator 

equation 5.37, it will be seen that Eqn. 5.36 takes the form 

5.38 

Thus there is a close parallel between the oscillator theory and the 

simple maser theory of Sec. 4.2.1, since expansion of the sine term 

in Eqn. 4.3 yields 

p a h\l - NE2 - ~ - NEtt (
nLP)2 hv (nLP)4 

o hv 36 hv + ••• 5.39 

If two radiation fields EI and E2 are present in the 

cavi ty, Eqn. 5.37 is lvritten 

5.40 

The instantaneous stored energy WI in the cavity as a result of the 

radiation field El is given by 

5.41 

where V is the cavity volume. Substituting Eqns. 5.40 and 5.41 in 

Eqn. 5.36 gives 

5.42 

which may be written in the familiar form (c.f. Eqns 5.7 and 5.8) 

.0 
5.42 

The derivation of the coupled oscillator equation will not be pursued 

furth~r here, and in what follows they will be assumed to be applicable 
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to the molecular beam maser. It will be seen that there is strong 

experi~ental evidence that this is so. 

An interes:ing point emerges in connection wi th the application 

of these equations to the maser. The time constant for re-establishment 

of a population difference in the maser is related to the average time of 

flight of a molecule through the cavity. In consequence recovery of 

the maser after level depletion must take of the order of 300 ~s. Hence 

the non-linear effects which result from the e and e terms of the equations 

cannot occur at frequencies much.above 3 KHz. This restriction should 

apply to amplitude fluctuations of the maser oscillations, but not to 

the beat phenomena which result from their different frequencies. 

Consider now the frequency behaviour 0·£ the Zeeman .maser in 

connection with the Zeeman laser theory. Although the independent 

oscillations of the maser and of the laser exist because of the mode 

degeneracy of the cavity, the effect of the cavity on their frequencies 

is rather different. It has been seen in Sec. 5.3.1 that the Zeeman 

laser beat frequency is considerably affected by the cavity pulling. 

In the maser the frequency width ~vc of the cavity resonance is much 

larger than the natural width ~v1 of the spectral line so that Eqn. 5.5 

must be rewritten 

\I 5.44 

(Gordon et aI, 1955). In the laser the oscillation frequency is controlled 

largely by the cavity resonance and is merely perturbed by the spectral 

line. Eqn. 5.44 shows that in the maser the converse is tru~ the 
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oscillation frequency is controlled by the spectral line and is perturbed 

by the cavity resonance. 

The beat frequency which would be observed between the two 

Zeeman components of a maser transition can be represented, analagously 

to Eqn. 5.6. 

5.45 

In the ammonia maser /l'Vg. is typically 5 x 10 3 Hz while /l'Vc is about 

1 x 107 Hz. The Zeeman beat frequency /l'V is therefore reduced by a 

negligible factor of about 0.9995, due to cavity pUlling. 

In chapter 4 the anisotropy of the cavity and the preferential 

orientation of the molecular beam were treated separately. However both 

were seen to affect the polar diagram of excitation parameter, represented 

by Eqn. 4.17, in a similar way. Thus the anisotropy terms in the coupled 

oscillator equations represent the effects of both mechanisms, although 

for convenience they have been written in terms of the linear Q-values 

In chapter 4 it was seen that the preferential orientation had 

the greater effect on the polar diagram of excitation parameter. Since the 

preferential orientation of the molecular beam is along the x-axis. it is 

assumed in what follows that Q > Q. It will be seen that the anisotropy x y 

locking of the oscillations represents the preference of the oscillation 

ellipse major axis to lie in the x-direction. 

5.4.2 The Static Characteristics and the Hysteresis Phenomena 

In Fig. 5.12 one half of the experimental curves presented 

in Fig. 5.3 (the half for negative values of magnetic field H) is 
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redrawn in order to include hysteresis phenomena which were noticed during 

the measurements. For convenience the two curves have not been normalised. 

From this graph it can be seen how Fig. 5.3 was drawn using only the 

maximum values of the signal amplitudes recorded for any given value of 

magnetic field. 

The measurements show two distinct hysteresis jumps, each 

.00 recorded in both waveguide or1entations, -45 and 45. The fact that 

the corresponding jumps do not appear at exactly the same value of magnetic 

field on the two curves is due to experimental error. At the time of 

measurement only one I.F. system (preamplifier and amplifier) was available 

so that the two sets of measurements representing the two curves could not 

be recorded simultaneously. Normal apparatus drifts account for the 

discrepancy. The hysteresis jumps WEre difficult to observe consistently, 

although sufficient evidence was gathered to confirm that Fig. 5.12 shows a 

complete set of all those jumps which it was possible to observe. Associated 

with each of the jumps was a transient beat signal similar to the magnetic 

transient. 

The static characteristics will be discussed in terms of the 

three regions 1, 2 and 3 which are shown in Fig. 5.12. The discussion is 

intended to be as relevant to positive field values as it is to the 

negative values shown in this figure. 

The region 1 is explained by the coupled oscillator theory as 

a region of anisotropy locking. Assuming that the ellipticity of the 

oscillating polarisation remains at the value of 0.85 measured from 

Fig. 5.3 (see Sec. 5.2.1) the inclination of its major axis to the 
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~-axis may be obtained from the same graph. This measured inclination is 

shown plotted against magnetic field in Fig. 5.13, where the result is 

compared with the expected behaviour given by Eqn. 5.34. The expected 

behaviour has been calculated using measured values for the function a in 

the equation. These measurements of the low field Zeeman splitting of the 

ammonia 3,3 line are described in the next section. The value of the 

critical field B , which was chosen in order to perform the calculations, 
c 

is 4.65 x 10-5 T. This is the mean of the positive and negative values 

of field at which the oscillation ellipse is observed to reach inclinations 

of -450 and 450 respectively. The discrepancy between the observed 

behaviour and the expected behaviour in Fig. 5.13 can be attributed to changes 

in the ellipticity of the oscillating polarisation, but is probably also 

associated with the transition to the second locking region 2, which is 

described below. 

It is instructive to consider the direction in which the ellipse 

is expected to rotate in the x - y plane. In the presence of a magnetic 

field and for transitions associated with emission of energy, such as 

those which occur in a maser, a ~M = -1 transition has a higher frequency 

than a ~M = +1 transition. The term a of Eqn. 5.32 is essentially given by 

a 5.46 

where ° and 0_ represent respectively the frequency separations of the 
+ 

modes with positive and negative angular momentum with res~ect to the z-axis. 

In a positive axial reagnetic field (i.e. directed along the z-axis) these 

correspond to the ~M = +1 and ~M = -1 transitions, while in a negative fieid 

they correspond to the ~M = -1 and ~M = +1 transitions, respectively. It 
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is seen therefore that the function a has a negative value in positive 

field and vice versa. 

The term b in Eqn. 5.32 represents the anisotropy of the cavity 

and from Eqn. 5.31 is given by 

b ~ c(l/Q - l/Q ) x y 5.47 

where c is positive. In the present work, where the main anisotropy 

was provided by the preferential orientation of the molecular beam, 

Q > Q so that Eqn. 5.47 assigns a negative value to b. In this case 
x Y 

Eqn. 5.34 is the relevant solution of Eqn. 5.32 for the locking region 

la/bl < 1, and the ratio alb is positive in positive magnetic field. 

Inspection of Eqn. 5.34, then, shows that the inclination ~$ of the 

ellipse to the x-axis is positive in negative magnetic field, negative in 

positive magnetic field, and lies in the range n/4 > l~ > -n/4. This is 

exactly the b~haviour found in the region 1 and shown in Fig. 5.13. 

Returning to Fig. 5.12, the region 2, which is found between 

the two hysteresis jumps, is not clearly understood. According to the 

coupled oscillator theory, the two oscillators should unlock when the 

oscillation ellipse reaches an inclination of ± n/4, and the ellipse is 

expected to exhibit tumbling in this region. Instead the oscillations 

remain locked, and the ellipse appears to continue its rotation towards 

t ~/2 as the field is increased. The only evidence that something happens 

when the ellipse reacheS ±n/4 is the observation of the hysteresis jump. 

That both circular oscillations continue to be supported by the maser in 

the region 2, is evidenced by the oscillation polarisation remaining 

elliptical. 
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In order to explain this phenomenon a second locking mechanism 

may be postulated. As the magnetic field is increased, the transition 

from one locking mechanism to the other appears to be smooth. When the 

field is returned towards zero, the second mechanism continues to 

hold the ellipse until the anisotropy locking has gained strength. Then 

the ellipse flips into anisotropy lock. The nature of the second locking 

mechanism will not be cons~dered further here, but it will be discussed 

in Sec. 5.4.4 and Sec. 6.3. 

Region 3 is easily explained on the basis of the first phase . 

diagram (Fig. 5.8) which describes inhibition, or capture, of the oscillation 

which has the smaller amplitude. The two circular oscillations were known 

to have different amplitudes during these measurements because otherwise 

a linear oscillation polarisation would have been observed. This was 

probably due to slight mis-tuning of the cavity. At the higher values of 

field used, the oscillation amplitudes were reduced by broadening of the 

spectral line due to the magnetic field inhomogeneity (measurements of the 

inhomogeneity will be found in Appendix A). According to the discussion of 

Sec. 5.3.3, inhibition of the oscillation with the smaller amplitude should 

occur when its oscillation amplitude becomes sufficiently small. 

In the region 3 the oscillation polarisation is observed to be 

circular, which is to be expected if only one of the two oscillations is 

present. The second hysteresis is interpreted as the onset of mode 

inhibition, i.e. mode capture. When the magnetic field is changed in the 

reverse direction (towards smaller field strengths) the second oscillation 

builds up from noise without the appearance of a jump in amplitude. 
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5.4.3 The Magnetic Transients and the Low Field Zeeman Effect 

From the discussions of the previous section it is clear that 

the magnetic transients recorded under oscillation conditions represent the 

return of the coupled oscillator system to a locked condition after 

displacement from this equilibrium. If the anisotropy terms of Eqns. 5.27 

and 5.28 can be ignored, then the phase diagram for the weakly coupled 

system (Fig. 5.9) describes the amplitude behaviour. In terms of this 

phase diagram, the stimulation of the maser by a strong linearly polarised 

signal corresponds to displacement of the oscillator srstem to a phase 

Point (X , Y ) which lies on the trajectory X - Y. The approach of the 
o o· 

system to equilibrium, following the displacement, occurs along the trajectory 

X • Y at a rate governed by the a's 8's and e's of the equations. In 

the maser this approach to the steady state is expected to occur in a 

time of the order of that taken by an average molecule to traverse the 

cavity. 

The transient frequency behaviour of the maser is more 

interesting. The approach to the frequency locked condition takes 

many times longer than the approach to amplitude equilibrium. Indeed 

transient b~ats have been observed continuing right through one cycle 

of a 50 Hz repetitive sweep with no sign of diminishing. The fact that 

the number of cycles of the beat observed Gn successive ~timulations 

of the line varied widely, seems to indicate that the effect'is sensitive 

to the phase of the stimulating signal relative to the phases of the 

oscillations which already exist in the cavity. In this respect it is 

noteworthy that no such instability of the transient was observed below 

oscillation threshold. T~e transient solution of the frequency 

determining equations 5.29 and 5.30 ap?ears to be a problem of considerable 

interest. The present work however is confined to discussion of the 
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observed transient signals. 

The frequency of the transient modulation appeared to be a 

function of the magnetic field strength only. No dependence on other 

parameters, in particular the tuning of the cavity, was detected in the 

range of frequencies measured (300 Hz to 5400 Hz). Since tuning the 

cavity is expected to affect its anisotropy (see Sec. 5.4.4), this 

provides experimental evidence that the transient beat frequency ,does 

not depend appreciably on the anisotropy term in Eqn. 5.31. ,Some further 

evidence in support of this premise is the observation of the magnetic 

transient effect in an ammonia beam maser having a cylindrical cavity 

(Lefrere, 1973). In such a maser the coupling between the two oscillators 

is much greater than in the Fabry-Perot maser, and it is expected that 

any effect due to the coupling will be accentuated, The frequencies 

observed in the present work and in Lefrere,' s have not been precisely 

compared, but they are known to exhibit the same general behaviour. 

In the absence of any effect due to anisotropy, the frequency 

of the magnetic transient should be equal to the beat frequency between 

the two oscillations in an isotropic cavity. This frequency is a/2~, 

where from Eqns. 5.31 and 5.32 

a = 0+ - 0 + p E2 -P E2 + L E - L E2 + + - - +- - -+ + 5.48 

Thus the magnetic transient provides a means of determining the function 

a. 

If the coefficient P+' p_, L+_, L_+ in Equation 5.48 are 

negligible, or if the amplitudes E+ and E of the oscillations are 

sufficiently small, this function is the natural Zeeman splitting 0+ 
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Thus it should be possible to examine the low field Zeeman behaviour of 

ammonia using the magnetic transient • 

• 
Unfortunately the only example of a complete set of frequency 

measurements, which are available at the time of writing, were made 

with magnetic material probably present in the maser. They have however 

been checked against some isolated measurements made with the magnetic 

material removed, and no serious discrepancy has been found. The 

measurements are shoun f~r positive values of magnetic field in Fig. 5.14. 

A mirror image of these results (to within 5% accuracy) were obtained 

for negative values. 

The frequencies plotted in Fig. 5.14 are those of the beat 

envelopes observed. The beat frequency derives from tumbling of the 

oscillation ellipse at angular frequency l~ (see Sec. 5.3.4) and represents 

the projection of the tumbling ellipse on the waveguide directiori. In 

one rotation of the ellipse, two cycles of the beat envelope are traced . 
out, giving the angular frequency of the beat as $. Thus the frequency of the 

modulation envelope corresponds to the frequency difference a/2n between 

the two Zeeman components. The curve shown in Fig. 5.14 has been used 

to calculate the expected behaviour of the static oscillation ellipse 

as was described in Sec. 5.4.2. 

In Eqn. 5.32 the direction of the tumbling is determined by 

the sign of the function a. The argument of the previous section showed 

that this sign is negative for positive field values and vice versa. 

Experimentally (see Sec. 5.2.2) the sign of the rotation vector with 

respect to the positive z-direction was found to exhibit the same 

behaviour. 
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5.4.4 !he ~namic Characteristics and Control of the Anisotropy 

The coupled oscillator theory predicts that tumbling of the 

oscillation ellipse will take place when the magnetic field strength 

is greater than the critical value Bc (i.e. when the Zeeman splitting 

term a in Eqn. 5.32 is larger than the anisotropy coefficient b). 

However it has been seen that in the maser the two oscillations do not 

unlock, and the existence of a second locking mechanism acting in the 

region 2 of Fig. 5.12 has been postulated to explain this discrepancy. 

The dynamic characteristics described in Sec. 5.2.3 are only observed 

for small values of the magnetic field strength (below about 5 x 10-5 T), in 

which the oscillations should be locked by the cavity anisotropy. 

However a means by which the cavity anisotropy may be changed 

exists in the Fabry-Perot maser. In Sec. 1.4.4 the three-armed frame 

which is an important component of the mechanical fine tuning mechanism 

was described. This frame, which transmits the tuning movement to 

the tuning mirror, was not constructed symmetrically because its shape 

was constrained by the size of the vacuum chamber. When the pressure en 

the frame is changed, not only is the mirror spacing altered thereby, 

but also a slight tilting of the tuning mirror about the vertical axis 

(the y-axis) takes place. The effect of such a relative tilting of the 

twO mirrors must be to degrade the Q-value of the cavity Q for a mode 
x 

linearly polarised along the x-axis, while leaving ~ unchanged. By 

this preferential degrading of the cavity Q, it should be possible to 

cancel (or nearly so) the effect of the preferential orientation of 

the molecular beam, so that near isotropy of the cavity results. In such 

an isotropic cavity the oscillation ellipse should be free to tumble. 
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It is significant, then, that the dynamic characteristics were 

only observed for small ranges of parameters. Parameters such as coupling 

hole matching and waveguide orientation affect the Q-anisotropy of the 

cavity. It has been seen in chapter 4 that the preferential orientation 

of the molecular beam depends on the state separator voltage. It is 

particularly significant that the effect was found to be extremely sensitive 

to tuning of the cavity carried out using the fine tuning mechanism. 

Clearly, all of these parameters affect to a greater or lesser extent the 

balance of anisotropy mechanisms in the maser. 

This explanation may also hold an important clue to the nature 

of the second locking mechanism. In order that tumbling of the oscillation 

ellipse shall occur for the magnetic field values mentioned above 

(_ 5 x 10-5 T to 5 x 10-5 T), the mechanism must be effectively inactive 

for this narrow range of magnetic field strength close to zero. The 

inference is that the locking mechanism is associated with the 

magnetic field itself. 

If the explanation of anisotropy balance is correct, the maSer 

can be brought close to the point at which locking occurs throughout the 

range of magnetic field mentioned, simply by manipulation of the maSer 

parameters. The computer simulation of the coupled oscillators carried 

out by Tomlinson and Fork, 1967, reveals that some interesting effects 

occur near this point. Some of these effects have been brieflY described 

in Sec. 5.3.5. Non-uniform tumbling of the oscillation ellipse is found 

to produce waveforms similar to those shown in Figs. 5.5(b), (c) and 

5.6(d). Also alternate locking and unlocking of the oscillators occurs. 

This can ex~la~n the curious waveforms observed in Fig. 5.7 since the spike, 

clearly observed in Figs. 5.7(b)· and 5.7(c), can be associated with a sudden 

change in the condition of the oscillators. 

- 125 -



CHAPTER 6 

DISCUSSION A..~D SUGGESTIONS FOR FURTHER HORK 

6.1 THE CAVITY 

A molecular beam maser employing a Fabry-Perot cavity is 

normally operated with a mirror separation of A/2 or A. This is in 

contrast to the use of the cavity in a laser where the longitudinal 

mode order is very high. The masers of Barchukov et aI, 1963 and 

Krupnov and Skvortsov, 1964 for example, were operated with mirror 

separations of A and A/2 respectively. In the present work a 

separation of A/2 was used exclusively because nu improvement in 

cavity Q could be obtained by using a separation of A. 

These small separations are used because of the difficulty of 

engineering a high filling factor using molecular beams passing throcgh 

the active region of a large cavity. Also the use of a longitudinal 

mode order of 1 or 2 avoids the effect of nodal plane crossing by the 

molecules of the beam. Since there is a phase reversal of the radiation 

field seen by a molecule, 'as it crosses one of the nodal planes which 

lie parallel to the mirror surfaces, a molecule which is emitting 

radiation to the field before it crosses will absorb radiation from 

the field afterwards. Its net contribution to the radiation field may 

be close to zero. It is permissible to operate a maser with a cavity 
of 

separation of A, so long as the plane~synnnetry of the state separator 
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is aligned with the nodal plane in the centre of the cavity. Mirror 

spacings of 3A/2 and above, however, will not usually be advantageous 

without a system of baffles to collimate the state separated molecular 

beam and remove those molecules which would otherwise cross nodal 

planes. 

"The theoretical work and much of the experimental work 

in the literature dealing with open resonators is oriented towards 

cavities for lasers. Some experimental studies have been performed 

in the region of interest to the present work, but no comparisons with 

the theory have hitherto been made. The work which has been presented 

in chapter 1 represents an attempt to fill this gap, and also to 

establish techniques for further studies of open resonators in the 

microwave region. 

As a result of this work, it is possible to predict with some 

confidence the Q-factors of plane parallel Fabry-Perot cavities built 

for the microwave region. Suppose, for example, a cavity with copper 

mirrors is to be designed for use at a wavelength of"12.5 mm, so that 

the theoretical diffraction loss at a mirror separation of A/2 is only 

10% of the total loss. The conduction loss Q, Qc is given by Eqns. 1.12 

and 1.15. using the values, (J = 5.99 x 107 ohm-1 m -1, lJ .. 1, \I .. 2.4 x 10 10 

Hz, q = 1, Q is found to be 7500. It was found in Sec. 1.5.3 that the 
c 

theoretical diffraction Q had to be reduced by a factor of 0.7 to fit 

the measured values. By applying the same factor to the example considered 

here, Q
d 

is reduced from 67500 to 47200, and the expected unloaded Q 

becomes 6530. If two coup1ing~01es each with a coupling coefficient 

of 0.05 are to be constructed, then the expected loaded Q is 5940. The 

Vainshtein theory predicts that a mirror diameter of 240 mm is necessary 
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in order to obtain a diffraction loss Q of 67500. 

In Sec. 1.2.6 it was seen that the surface accuracy required for 

the mirrors can be estimated with the help of an empirically determined 

flatness criterion, K. A value of 0.3 was determined for this criterion. 

Using this value in the above example indicates that the mirror surfaces 

need to be flat to t 3 x 10-4 rom approximately. The experience gained in 
. 

the present work indicates that so long as such a restriction applies to 

any overall convexity of the mirror, departures from flatness of greater 

vertical deviation can be tolerated over small areas. 

The construction of a Fabry-Perot cavity with large mirrors, 

such as that described in the, example above, will enable the operation 

of an ammonia beam maser at higher levels of oscillation. This, together 

with equipment to provide a more uniform magnetic field in the maser, will 

enable the work with the Zeeman maser to be pursued to higher field 

strengths. It should also enable work in the TEMIO mode, and perhaps in 

higher modes, to be carried out under oscillation conditions. In this 

respect,it will be interesting to make further comparisons of cavity Q 

with the theory in these higher modes. 

One particular aspect of the construction of the present cavity 

which requires some attention is the tuning mechanisms. It will be 

important, if more precise work with the cavity is to be carried' out in 

the future, to provide improved mechanisms which enable accurate and 

reproduceable setting of the cavity. 

Some interesting studies of open cavities with other than plane 

parallel mirrors should be possible using the techniques described in 

chapter 1. One cavity which should prove ideal for use in molecular beam 
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masers is the flat-roof resonator of Toraldo di Francia, 1965. This 

combines the low loss associated with closed cavities with the open 

structure of the Fabry-Perot cavity. However the mode degeneracy effects 

described in this work could not- be studied using such a resonator. 

Some preliminary work has already been performed by the Author to 

investigate a semi-conical type of resonator using the equipment described 

in this thesis (Laine and Smart, 1971). 

6.2 THE MASER ANPLIFIER 

The work described in chapter 4 has successfully established 

an experimental technique fa;, examining the preferential orientation 

(anisotropy) of the molecular beam. Two points about the technique 

which should be emphasised are the following. First, the method of 

normalisation described in Sec. 4.3.2 (see in particular Eqn. 4.18) 

relies on the correctness of the dependence of n on Q given by Eqn. 4.11. 

It is important to perform this normalisation, in order to study the 

anisotropy of the beam alone, rather than the combined anisotropy of 

beam and cavity. Second, in order to carry out the normalisation, an 

accurate method for measuring the loaded Q of the cavity must be available. 

Eqn. 4.11 is derived from the simple univelocity theory, but 

the dependence of n on Q which it shows is fundamental to any theory of 

the maser amplifier. This dependence does not appear to have been checked 

experimentally, presumably because emphasis in the past has been on the 

maser as an oscillator rather than as an amplifier. The Fabry-Perot 

maser is the ideal equipment with which to measure it, because s1gnificant 

changes in the Q of the cavity can be caused, without off-tuning the 
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cavity, by only slightly tilting the mirrors relative to one another. 

If their relative tilt can be controlled from outside the maser vacuum 

chamber, while keeping other parameters of the maser constant, then 

the measurement of the nlQ relationship can be accomplished. Unfortunately 

this is not possible with the present cavity, because the three tuning 

micrometers cannot be controlled from outside the chamber, and the thermal 

tuning units do not provide sufficient tuning range. It may be practicable 

to perform the experiment using a conventional maser, by off-tuning its 

cavity. A transmission cavity operating in the E010 mode would be 

required for such a maser. 

Two anomalous behaviours have been observed during the experi-

mental work described in this thesis. The first concerns the behaviour of 

the ratio no(O)/no(e) for e = 45
0 

when the state separator voltage is 

changed (see Sec. 4.3.2). This was tentatively ascribed to electric 

field, or electric and magnetic field, spatial reorientation effects in 

the region of the fringe field of the state separator. The second is 

the persistence of phase locking of the coupled oscillations, in magnetic 

field strengths for which the coupled oscillator theory predicts that 

spontaneous tumbling of the oscillation ellipse should occur (see Sec. 

54.2). A second locking mechanism, caused in some way by the presence of 

the magnetic field, was tentatively postulated to explain this anomaly. 

Therefore. an important priority in planning further work with 

the Fabry-Perot maser, must be to examine the phenomenon of spatial 

reorientation and its effect on the anisotropy of the molecular beam. 

Measurement of the normalised ex~itation parameter with many different 

waveguide orientations (e.g. every 15
0 

from -900 to +900
) would allow 

. 
a complete polar diagram of the molecular beam anisotropy to be constructed. 
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A set of such polar diagrams, measured for different magnetic field 

strengths and/or separator voltages, would amount to a precise study of 

the effects of spatial reorientation due to these variables. 

Examination of spatial reorientation caused by the separator 

fringe field is not limited to separator voltages below the normal 

threshold of oscillation (as were the measurements described in chapter . 
4). Krupnov and Skvortsov, 19650 measured excitation parameters at 

higher separator voltages by using reduced beam intensity. Spatial 

reorientation effects due to electric fields other than the separator 

fringe field, applied in the path of the molecular beam in the manner 

of Basov et aI, 1964, could also be studied precisely using this technique. 

Thus it can be seen that determination of the normalised 

excitation parameter constitutes a powerful technique for the elucidation 

of some of the mechanisms present in the molecular beam maser. In 

particular it provides a means for making quantitative measurements of the 

effects of electric and magnetic fields on a molecular beam. Previously 

these effects have only been studied qualitatively. 
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6.3 THE MASER OSCILLATOR 

The work described in Chapter 5 has made a useful 

contribution towards a complete understanding of the behaviour of 

the oscillating Fabry-P~rot maser. It has been seen that some of the 

effects observed can be caused by magnetic fields of smaller magnitude 

than the Earth's field. This is relevant to an expl~nation of the low 

frequency (~600Hz) biharmonic behaviour reported by Barchukov et al, 

1964, which in the light of the present work appears to have been due 

to the dynamic characteristic discussed in Secs. 5.2.3 and 5.4.4. 

The high frequency (~3.8KHz) beat which they noticed is not 

explained by the magnetic behaviour, however, because a field strength 

of approximately 1.7 x 10-~T would be needed in order to produce it. 

A possible explanation is operation of the maser in a high order mode 

of the cavity (i.e. TEMIO or higher), when a doppler split line is 

observed in stimulated emission (Krupnov and Skvortsov, 1965A). 

Becker, 1965 observed a hysteresis jump between two single frequency 

modes of oscillation when using the E013 mode of a cylindrical cavity, 

but it is by no means certain that biharmonic oscillation cannot 

establish itself in a high order mode. The maser of Barchukov et al 

actually oscillated in the TEMOO mode, but they indicate that another 

mode, presumably the TEMIO ' which had a Q of 1000 and a frequency 

separation of 20MHz from the first, was also present in the cavity. 

This mode, then, overlapped the oscillation frequency of the maser so 

that some of the oscillation field must have coupled to it. The 

microwave field which established itself in the cavity was presumably 
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a sum of the radiation fields in both the modes, in which case the 

spectral line shape should have some of the characteristics of a 

doppler split line. With the present maser, no effect due to the 

TEM mode was observed, but the Q of this mode was somewhat higher 
10 

than in the cavity of Barchukov et ale 

An alternative, but similar explanation is doppler splitting 

of the line due to the effect of nodal plane crossing by some of the 

molecules. In Sec. 6.1 it was remarked that nodal plane crossing 

can occur in a maser which uses a mirror separation of A, if the 

state separator axis is not aligned with the central nodal plane of 

the cavity. It should ,be possible to investigate the effect of nodal 

plane crossing in the present maser, but-at the time of writing it is 

not known whether the maser will oscillate in the TEM002 mode using 

the present cavity. 

One important mechanism, which was not discussed in Chapter 5 

and which is known to be present in the maser, is the spatial reorientation 

which occurs in a magnetic field (see Sec. 2.4.3). Calculation shows 

that the inhomogenity of the magnetic field applied using the rectangular 

Zeeman coils (see Appendix A), is such that the main Fourier component 

seen by a molecule, travelling through the field region with a velocity 

of 5 x,105 mm.s- 1 , is 20Hz. This frequency is an order of magnitude 

smaller than the precession frequency calculated in Sec. 2.4.3 for an 

ammonia molecule with J=3, K=3 in a uniform magnetic field of 

-4~ 1 x 10 ~. Thus precession of the molecules in the field is an 

accurate description of the spatial reorientation effects which occur 

for fields grenter than 1 x iO-4T and is probably a good approximation 

for fields above 1 x 10-5T. 
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The state separator fringe field is expected to extend 

almost to the edge of the cavity in the present apparatus, so that 

precession only starts when the molecule enters the cavity. In a 

magnetic field of 1 x 10-4T the precession rate is 770 rad.s- 1, so 

that an avel'age molecule precesses through an angle of 0.23 rad •• 

during its transit across the diameter (lSOmm) of the cavity. The 

effect of this precession on any processes occurring i~ the cavity, is 

probably similar to that of a precession through one half of this angle, 

"but which occurs outside the cavity. However, two "smearing" effects 

may have to be taken into account, one due to the velocity distribution 

in the molecular beam and the other due to the precession's occurring 

within the cavity. For example, the polar diagram of preferential 

orientation will not only be rotated in the x,y plane of the 

apparatus, as a result of magnetic spatial reorientation, but will 

also have its ani~otropy reduced, and possibly destroyed if the 

applied magnetic field is large. It should be possible to measure 

this effect accurately in the experiments described in Sec. 6.2.' 

The magnetic moment of ammonia is negative so that its 

direction of precession is positive in a negative magnetic field and 

vice versa. The angle between the axis of preferential orientation 

and the x-axis, therefore, has the same sign as that between the 

oscillation ellipse and its axis of anisotropy locking. Since the 

preferential orientation probably provides the main anisotropy 

locking mechanism, it is seen that spatial reorientation can increase 

the angle between the oscillation ellipse and the x-axis. However, 

the magnitude of the effect is rather slllall. In a field of 

4.65 x 10-5r, at which value the oscillation ellipse was observed to 

reach an angle of ±w/4, it only contributes 0.06 rad or 3.10 to the 
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inclination of the ellipse. In addition it cannot explain the 

presence of the first hysteresis jump shown in Fig. 5.12, and 

therefore does not contribute to an understanding of the locking region 

2 shown in this diagram. 

Consider the magnitude of the Zeeman splitting in comparison 

with the spectroscopic linewidth of the maser. The full linewidth is 

given by AV
t 

= 1.2v/L (Shimoda et al, 1956). where the. mean molecular 

velocity v = 5 x 105mm •s-l and the length of the cavity in the direction 

of the beam L = l50mm. These values give AV
t 

a 4KHz.' The two 

spectral components due to the Zeeman splitting are expected to be . 

clearly resolved when their frequency separation is equal to Av
t

• 

From Fig. 5.14 the value of magnetic field for which the splitting is 

4KHz is found to be 1.9 x 10-4T• Experimentally the splitting was just 

observed with a field of 1.53 x 10-4T. 

The theory of Logachev et al, 1968, which describes the 

Zeeman effect in'a maser with a cylindrical cavity, suggests that two 

oscillations should be observed when the Zeeman components are resolved. 

In the Fabry-Perot maser the two circular oscillations are present up 

to a field of 2.2 x 10-4T, where mode inhibition of one of them occurs. 

Thus the second locking mechanism, acting in the region 2 of Fig. 5.12, 

has a strength at least comparable with that which locks the oscillations 

in a cylindrical cavity maser. Clearly the mechanism of molecular 

beam anisotropy does not have a strength of this magnitude, particularly 

since it is liable to be weakened somewhat at the higher values of 

magnetic field by the "smearing" effect of the preferential orientation. 

Further work remains to be done, then, to elucidate the 

nature of the second locking mechanism. The exact behaviour of the 

oscillation ellipse as the magnetic field is changed may be the clue 
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to this nature. An experiment to observe this behaviour can be 

devised in the following way. 

The microwave signals in the two coupling waveguides are 

related in phase and amplitude to the projection of the oscillation 

ellipse on the waveguide direction. If the phase relationship is 

maintained through two stages of mixing, firstly to an I.F. of 30MHz, 

and secondly to a frequency of a few KHz, the two signals derived 

from the waveguides can be applied to the x- and y- amplifiers of an 

oscilloscope. Lissajou figures which follow faithfully the 

polarisation of the microwaves in the cavity will be drawn by this. 

arrangement. 

Such a technique might also be used to study the shape of 

the ellipse during the observation of the dynamic characteristics. 

Since the ellipse tumbles at a frequency of a few hundred Hz, high 

speed photography would be needed in order to make recordings of its 

behaviour. The shape and angular velocity of the ellipse is 

expected to vary considerably as parameters which alter the anisotropy 

of the maser are changed. Some means of controlling the anisotropy 

in a known way must be found in order to make this study fruitful. 

Mechanisms for controlling the relative tilt of the cavity mirrors 

accurately in conjunction with measurements of Q in different 

directions might be used. Alternatively the anisotropy of the 

beam might be controlled in a measured way by spatial reorientation 

outside the cavity. 

In the work described in this thesis, the Zeeman laser 

theory has been used to interpret the results of the maser. It should 

be possible to obtain useful informatio~ with the nlaser, which can be 

extrapolated to the equivalent laser systems. In particular, electronic 
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techniques such as the one described above, which cannot be used at 

laser frequencies, may contribute to an understanding of the behaviour 

of laser modes for~hich th~~e are analogous modes in the maser. 
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APPENDIX A 

PRODUCTION OF A MAGNETIC FIELD IN THE MASER 

The purpose of the field coil assembly was to provide a known, 

uniform field within the maser cavity, at right-angles to the plane of 

the cavitymirrors (i.e. in the z-direction). Unfortunately the 

requirement of uniformity of the field could not be met because the 

shape of the coils was dictated by the geometry of the maser vacuum 

chamber and associated equipment. This in turn made it difficult to 

-determine the effective value of the magnetic field strength provided 

by the coils, because the nature of the field averaging in the maser was 

not accurately known. However, the measurements described in this 

appendix show that the field strength probably varies by no more than 

.10% in the region in which its effect was important, and that its 

effective strength could be established to better than 5i.. 

The arrangement used consisted of a pair of rectangular coils 

to produce the field in the z-direction (coils A in Fig. A.l). In 

addition a second pair of rectanguler coils were used to neutralise the 

vertical component of the Earth's magnetic ~ield (coils B in Fig. A.I). 

The local Earth's magnetic field was found to lie almost exactly in the 

y _ z plane. A very small x - component was deemed negligible, and 

indeed was later found to be of smaller magnitude than certain field 

inhomogeneities which could not be removed from the apparatus. 



coils A 

- Fabry- Perot 
cavity 

y 

Fig. A.1 Arrangement of the rectangular coil pairs. 

x 



A pair of square coils may be used in a "Helmholtz" configuration 

for which both the first and second order differentials with respect to 

each of the x, y and z co-ordinates disappear at the centre of the coil 

pair (Rudd and Craig, 1968). The separation of the coils in such a 

configuration is 0.5445 x L, where L is the length of a side of the coils. 

Unfortunately the use of such a coil pair, or a conventional Helmholtz 

pair, was impossible without major structural changes to the maser. Both 

the coil pairs used were rectangular, although it was possible to 

approximate the geometry of the coils B fairly closely to the ideal. 

Considerable local inhomogeneities in the field within and near 

the maser were largely removed by de-gaussing magnetic material comprising 

the apparatus (e.g. the diffusion pumps). When this had been done it was 

possible to neutralise the y-component of the Earth's field, leaving only 

small residual variations from zero of the field which were less than 

5 x 10-6 T (the vertical component of the Earth's field is 2.9 x 10-5 T). 

The magnitude of these residual variations were checked from time to time 

during the experimental work with magnetic fields, and were never found 

to have significantly changed. 

The inhomogeneity of the field produced by coils A was important, 

since this was the field used to investigate the Zeeman behaviour of the 

maser. A small computer program was written to calculate the expected 

field variation in the region between the cavity plates (i.e. in the x - y 

plane). 1bis expected field variation is plotted in Fig. A.2, as a 

fraction of the value at the centre, along three different radii of the 

cavity - x = 0, x = y and y = o. 

In order to confirm that the expected field was not seriously 
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modified by the proximity of any magnetic ~aterial in the maser 

apparatus, an experimental check was made of the field produced by 

the coils. For this the signal from a small search coil of many 

turns with a mean area of 100 mm2 was fed to a phase sensitive 

detector (Brookdeal PP313A/LA350). The reference for the P.S.D. 

and the current passing through the coil pair were both derived from 

an audio oscillator by suitable amplification. The frequency of the 

oscillator was set to 20 Hz, at which frequency the magnetic screening 

of the alternating field due to the conducting material of the maser 

vacuum chamber had previously been shown to be negligible. A frequency 

of 20 Hz was not satisfactory if the copper cavity mirrors were in 

place. Their screening effect was noticeable down to 2 Hz. The mL~~o~s 

had to be removed, therefore, for the purpose of measurement. The 

magnetic properties of the copper mirrors, however, were negligible 

compared with some of the other materials, e.g. stainless steel and 

aluminium bronze, used in the construction of the maser. 

This method of measuring the homogeneity of an alternating 

field produced by the coils was approximately 100 times more sensitive 

than could have been achieved using a conventional search coil and 

galvanometer with a direct current through the coils. It therefore 

enabled a search coil of small dimensions to be used, so that the field 

could be sampled with only a small spatial averaging. The results 

obtained are shown as the points in Fig. A.2 while the lines represent 

the computed field. The results confirm that there was little or no 

modification of the field by magnetic material in the maser. However 

they also indicate that the field near the edge of the cavity was as 

low as 75% of the field at its centre (along the radius x • ~). 



The effective average magnetic field is difficul t' to de termine. 

It must be a function of the following: 

(0 

(ii) 

(iii) 

(iv) 

The magnetic field distribution. 

The microwave field dis tribution. 

The distribution of the molecules in the cavi ty. 

The effective contribution of the molecules at different 

positions in the cavity, which itself is a function of the 

beam intensity 'and the microwave field strength in the cavity. 

However it is certainly true that the magnetic field in the central 

region of the cavity, where the microwave field is strongest makes the 

greatest contribution to the magnetic effects observed. It is probably 

also true that there are few, if any, contributing molecules present 

in the upper and lower regions of the cavity (i.e. for large IYI) owing 

to the shape of the molecular beam. 

Measurements of the average field were made using a large search 

coil having many turns placed centrally between the mirrors of the 

Fabry-Perot cavity. This coil had an effective diameter of approximately 

two-thirds of the cavity diameter, on the assumption that molecules 

outside the region defined by this diameter had little or no effect on 

the maser signal. Thus although the field strength could be as much as 

25% low at the circumference of the cavity, compared with at its centre, 

the variation over the effective region was probably only 101.. 

The average field strength, defined in this way, was determined 

as a function of the current through the coils by measuring the charge 

passing through a ballisti~ galvanometer connected to the coil, when 

the coil was quickly reversed between the cavity mirrors. The ballistic 



galvanometer was calibrated in the usual way using a known change of 

current in the primary winding of a standard mutual inductance, whose 

secondary winding was in series with the coil and galvanometer. The 

method of reversing the search coil in the field enabled the Earth's 

horizontal component of magnetic field to be determined during the 

calibration of the rectangular coils. 

. 
It is interesting to note that the calibration of the field 

experimentally yielded a figure of 1.69 t .02 x 10 4 TA~. while the 

expected value obtained by computation was 1.708 x 10-4 TA-l. A figure of 

1.70 x 10-4 TA-l was used during the experimental work described in 

this thesis. The measured value of the horizontal component of the 

Earth's and stray magnetic fields in the maser was 9 t 1 x 10-6 T. 



APPENDIX B 

MEASUREMENT OF THE CAVITY COUPLING COEFFICIENTS 

Two methods which have been used to measure the cavity 

coupling coefficients are described in this appendix. 

The coupling coefficient for a cavity microwave port is 

generally determined by making voltage standing wave ratio (VSWR) 

measurements in the waveguide associated with the port. If a wave of 

voltage amplitude V., incident on· a load, gives rise to a reflected 
1 

wave of amplitude V , then the VSWR is given by 
r 

s .. V. + V 
1 r 

V. - V 
1 r 

.. 1 + V Iv. 
r 1 

1 - V Iv. 
r 1 

B.l 

Measurements of VSWR are of practical importance because they 

can be related directly to Z and ZL where Z is the characteristic o 0 

impedance of the waveguide transmission line and ZL is the impedance of 

the l~ad:-

s .. B.2 

s .. B.3 

If the load is a cavity resonator then its coupling coefficient 

is defined at the resonant frequency by 



B .. B.4 

Thus for an undercoup1ed cavity (0 < a < 1), a·.. 1/5; for an 

overcoup1ed cavity, (B > 1), B - 5; while for a critically coupled 

cavity, B = S = 1. The cavity used in a molecular beam maser is 

normally undercoup1ed in order to provide a high value of loaded Q. 

For this case, Eqn. B.l. gives 

1 .. - .. s 
1 - V Iv. 

r 1 

1 + V Iv. 
r 1 

B.S 

Where P = (V /V.)2 is the power reflection factor of the cavity port 
r 1 

at resonance. Thus, in the absence of equipment to make VSWR measure-

ments, the power reflection factor may be used to calculate a. 

Away from the resonant condition, the load presented by the 

cavity is infinite and all the power incident on the cavity is reflected 

_ the reflection coefficient is unity. With a cavity such as the 

Fabry-Perot which is easily tuned to a new resonant frequency, a 

comparison of the power reflected on resonance with that reflected 

off resonance can readily be made. The ratio of the two powers is 

just p. 

The simple microwave arrangement which was used to compare 

the reflected powers is shown in Fig. B.1(a). The crystal B monitored 

the power reflected from the cavity; the value of the crystal current when 

the cavity was exactly on-tune was noted. The cavity was off-tuned far 

enough that ~t no longer absorbed power from the microwave circuit. The 

additional attentuation required at A to bring the crystal current reading 

back to its original value then gave the ratio of the two reflected powers. 

An attenuatcr calibrated accurately over a small range was needed at 

A since the reflection coefficient p was invariably close to unity. 
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Fig B.1 (a) Microwave arrangement for rneasuring 
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The coupling coefficient 8 was obtained by substituting the experimental 

value of p in Eqn. B.S. 

An alternative method which is useful when the cavity has 

two identical coupling holes is to make measurements of the insertion 

loss of the cavity at resonance. The power transmitted through a cavity 

p is given at resonance in terms of the incident power P. by (Harvey, 1963B), 
t 1 

'p 
t 

where 81 and 132 are the two coupling coefficients. For identical 

coupling holes (81 = 132 • a). Eqn. B.6 gives 

L -

B.6 

B.7 

where L = P./P is the insertion loss factor for the cavity at resonance. 
1 t 

The common coupling coefficient a, is given by the positive root of 

the quadratic equation B.7: 

1 + t'L 
8 = B.S 

2 (L-l) 

For very weak coupling (8 « 1) the approximation 

a .' B.9 

is valid. 

Measurement of the insertion loss of the cavity using the 

microwave arrangements. shown in Figs. B.l(b) and (c) was straightforward. 

With the cavity in circuit - Fig. B.1(b) - and the klystron tuned to its 

resonant frequency, the voltage developed at the crystal D was observed. 



The microwave arrangement was then changed to that shown in Fig. B.I(c) 

where the same crystal and crystal holder were used to monitor the 

power which had been incident on the cavity input port. The increase 

in attenuation at C, which was needed to bring the voltage now developed 

at the crystal to the same value as that observed previously, equalled 

the insertion loss, L, of the cavity. The Common coupling coefficient, 

a, was then obtained by substituting L into Eqn. B.S or B.9. For this 

method of measurement, the voltage developed at the crystal was 

monitored on an oscilloscope having a sensitive Y-trace amplifier. 

A 50 Hz sawtooth sweep was applied to the klystron to display its mode 

on the oscilloscope and the measurements were conveniently made at mode 

centre. 

In order to use this second method it was necessary to be 

sure that the two coupling coefficients 81 and B2 were equal. Although 

the coupling holes of the Fabry-Perot cavity were identical, the 

coupling waveguides were fitted with variable matching stubs which 

enabled the coupling at the two ports to be varied. Thus the method 

could only be used when either the matching stubs were completely 

withdrawn from the waveguides (minimum coupling), or they were both 

tuned for maximum transmission through the cavity (maximum coupling 

at both ports). In practice the latter was used. 



APPENDIX C 

MEASURE~ffiNT OF THE CAVITY QUALITY FACTOR 

The loaded Q-factor for a cavity may be determined with 

considerable accuracy by plotting the cavity response curve in 

reflection. Such a method, devised in collaboration with W.S. Bardo, 

is described by Bardo, 1969. It used a Klystron which was phase 

locked to a harmonic of a tuneable crystal oscillator whose frequency 

was measured with a digital frequency meter. The response curve was 

plotted in terms of calibrated attenuator settings by keeping the 

crystal current reading due to the reflected microwaves constant. 

The accuracy of this method depended on the calibration accuracy of 

the attenuator and on the depth of the cavity response. When used 

to measure the Q of the TEMOOmode of the Fabry-Perot cavity, having 

a coupling coefficient of 0.115, and a loaded Q of 2400, its accuracy 

was estimated to be t2%. 

This method is too tedious to be useful \Jhere many Q 

measurements are required. It was therefore only used to confirm 

that there were no systematic errors in a second and quicker method. 

The latter, which involved the location of the half-power points of 

the cavity response on an oscilloscope display, is described here. 

It was found to be accurate to within *5% for the range of Q values 

measured (1000 to 3000). 



The loaded Q factor, Qt' is usually determined by measuring the 

frequency separation ~f between the half-power points on the cavity 

response curve and using the relation 

• f I~f o 

where f is the centre frequency of the response. Determinations 
o 

of ~f may be made by tuning a source of constant microwave power 

C.l • 

across the reoponse (observed in either transmission or reflection) and 

making frequency determinations at the half-power points. The difficulty 

invariably encountered when using a klystron as the power source, is 

that its power output is not constant with frequency across the reflector 

mode. 

However, since the power delivered by a klystron at its mode 

centre generally varies only slowly with mechanical tuning of the 

klystron resonator, a source of microwave power, nearly constant with 

respect to frequency, may be achieved by using the mechanical tuning 

and always making measurements at the centre of the klystron mode. 

This method was employed here, using the microwave arrangement shown in 

Fig. C.I. The klystron reflector voltage was swept with a 50 Hz 

sawtooth waveform so that the cavity response, observed by transmission of 

microwave power through the cavity, could be displayed on the oscilloscope. 

The peak of the cavity response was placed at mode centre and its height 

noted. The attenuation at B was reduced by 3dB so that, when the two 

wings of the response curve were each brought to mode centre in turn by 

tuning the klystron, the half-power points could be readily located by 

finding the points on each wing which had the same height on the display 

as noted previously. 
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Fig C.l Apparatus used to measure cavity Q. 



The frequency determinations were made by displaying a marker 

pip, whose position could be adjusted to coincide with a half-power 

point, on the second trace of the twin-beam oscilloscope. The pip 

was the beat signal between the swept klystron and a harmonic of a 

tuneable crystal oscillator. The crystal frequency was multiplied 

90 dmes to 450 HHz in a frequency multiplier chain (Micro-Now model 

IOIC), and then applied to a step-recovery diode (Hewlett-Packard 

33004A) mounted in K-band waveguide. The 53rd harmonic of the 450 ~nlz 

signal at approximately 24000 MHz was mixed with the klystron signal 

at the crystal mixer (A), and displayed as a zero beat pip on the 

oscilloscope trace. The frequency of the 5 Ml~z crystal oscillator was 

measured with a digital frequency meter. If the frequencies of the 

oscillator at the two half-power points were Fl and F2, then 

t:.f = 90 x 53 (Fl - Fl) C.2 

and f .. 90 x 53 (Ft + F2)/2 
0 

C.3 

Substituting in Eqn. C.I :-

(Fl + F2) 
QR, .. 

2(Fz - Fl) C.4 

Thus only the two determinations of the crystal oscillator frequency 

Fl and Fz were required for each QR, ~etermination. 

The unloaded Q-factor, Q of the Fabry-Perot cavity is u' 

used in Chapter 1 for comparison with theory. This may be obtained from 

Qt' if the coupling coefficients at the two coupling holes Bl and 62 are 

known, by using the relation (Harvey, 1963B) 

= C.5 

The determination of Bl and B2 is describe~ in Appendix B. 



APPENDIX 0 

KEY TO SYMBOLS USED IN THE CIRCUIT DIAGRAMS 

Amplifier (30 MHz) 

Phase discriminator 

Sa'Ntooth waveform generator 

Oscillator 

Variable frequency oscillator 

(including klystron) 

Detector or mixer(in particula~ 

. microwave crystal) 

Diode ( in particular, step 
recovery diode) 

Matched loads 

Iso(ator( forward direction 

indicated by arrow) 

3 port circulator 



Matching unit 

Variable attenuator 

-¥- Variable phase shifter 

I J :x: Directional coupler -

Magic tee 
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