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ABSTRACT

The construction of a double beam ammonia maser employing 

an open resonator of advanced design is described. The operation 

of this maser as an oscillator permitted a strong oscillation to be 

obtained which has led to the observation of several novel phenomena, 

These include a biharmonic effect with a beat frequency of a few 

kilohertz which has remained as an unsolved problem since the 

original observations in 1964; injection priming of a pulsed ammonia- 

beam maser oscillator and oscillation of the weak ammonia inversion 

line J=K=1. Also the operation of the maser as a spectrometer has 

permitted a study,of the weak field Stark effect and a beating of 

beats phenomenon by operation of the cavity in the T E M ^  mode.

Other experimental work of a general nature is also described, 

including a comparison between effuser-diaphragra and nozzle-skimmer 

combinations and the oscillation amplitude characteristics of the 

inversion lines of ammonia J=K*1,2,3 with TEMqqj and T E M ^  open 

cavity modes.
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CHAPTER ONE

THE MASER

1.1 General Introduction

All the active quantum electronic devices - maser amplifiers 

and oscillators, depend upon the phenomenon of stimulated emission; 

the emission of radiation from atoms or molecules induced by a signal 

field, and coherent with that field. The principle of stimulated 

emission is often attributed to Einstein (1917) since it is suggested 

by his thermodynamic arguments concerning the interactions between 

electromagnetic waves and a quantum-mechanical system. However, this 

idea did not take practical shape until the successful operation in 1954 

by Gordon, Zeiger and Townes, of a device called a MASER which is an 

acronym for "microwave amplification by stimulated emission of radiation" 

based on the principle of stimulated emission.

The molecular beam maser has three component parts: gas source, 

state selector and a region in which the interaction occurs between state 

selected molecules and radiation. The gas source is required to produce 

an intense and highly collimated molecular beam. The sources employed 

in the molecular.beam maser are either of the effusive (crinkle foil, 

klystron grid and multichannel) or nozzle types. The multichannel 

effusers have been more widely used than the thin wall orifice because 

of the favourable ratio of forward beam intensity to total gas flow. 

However, single hole nozzles of small diameter (0.3mm or below) have now 

in general replaced the effusive type to form intense molecular beams in 

masers. With them the possibility of dynamic cooling occurs, with an 

associated enhancement of molecular populations in low-lying rotational

states
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The maser requires that the population of the ensemble of 

molecules be changed in such a way that, for the states involved in 

the transition, there are more molecules in an upper energy state than 

in the lower state. This situation is commonly referred to as an 

inverted population or as an ensemble of molecules with a negative 

temperature. There are a number of important consequences of this non

equilibrium situation. Consider an ensemble of molecules in which a 

population inversion occurs. When resonant radiation is passed through 

the molecules, net emission takes place because there are more molecules 

in the upper level to be stimulated to emit photons than there are in 

the lower level to absorb them. However unless some way of maintaining 

the inverted population could be achieved, thermalising processes would 

allow only a short life-time of the inverted population. Weber suggested 

in 1953 a method of obtaining inverted populations to realize an 

amplifying device which relied on the sudden reversal of either a 

magnetic or an electric field, applied to the molecules of a volume of 

gas. This suggestion has never been realized experimentally. Instead, 

a very successful method has been employed, but which only works for a 

beam of molecules rather than a simple volume of gas. This method to 

create a population excess in an upper energy state is that of electro

static state selection, which may be effected by a variety of electro

static devices. Since most molecular beam masers employ cylindrical 

cavities as the interaction region between molecules and radiation 

field, a cylindrical separating system is usually used in which the 

electric field gradients have approximate radial symmetry. An electric 

quadrupole system having longitudinal electrodes with approximately 

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

(Gordon et al., 1954), Ring and bifilar helix types of state selector 

were later proposed by Krupnov (1959) and investigated by Basov and
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Zuev (1961) and Mednikov and Parygin (1963) and others. A crossed- 

wire focuser was operated by Laine and Sweeting (1971a) for anti-maser 

operation. A Stem-Gerlach electric field deflector operated by 

Hope (1978) has permitted a molecular beam system to be operated either 

as a maser or anti-maser depending upon the position of the cavity 

relative to the beam axis. A number of electrostatic state separator 

systems have been devised to produce plane beams of molecules in 

conjunction with open cavities, for example by Krupnov (1959), Marcuse 

(1962), Becker (1963), Krupnov and Skvortsov (1964c) and Takami and 

Shimuzu (1966).

The region in which the interaction occurs between the state 

selected molecules and radiation usually takes the form of a resonator 

cavity, which is one of the most important components of a maser.

The closed cavity.may be either cylindrical or rectangular; the 

cylindrical type was used in the first maser in 1954. Two types of 

modes may exist in a cavity of this type: transverse electric and 

transverse magnetic. There are several drawbacks to the use of closed 

cavities, especially for molecular beam maser spectroscopy. These 

include the small tuning range, difficulties of use as Stark cell and 

the low intensity of the beam due to the small holes at the cavity 

entrance, especially at higher frequencies. Many of these constraints 

are lifted by the use of open resonators. Open resonators were first 

proposed for beam maser operation by Dicke (1958) and Prokhorov (1958) 

and first used in an ammonia maser of the parallel disc resonator type 

by Barchukov et al. (1963). Disc resonators possess many desirable ' 

properties; high quality factor, large frontal area to admit the beam, 

easily evacuated and are readily mechanically tunable over a wide 

frequency range. In addition, a disc resonator can easily be adapted 

for Stark studies (Krupnov and Skvortsov, 1964b). The confocal resonator
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type has been used in a molecular beam maser oscillator (Marcuse, 1962, 

Valentin et al., 1978), and a conical rooftop in the ammonia maser 

(Lain! and Smart, 1971).

The choice of molecules for molecular beam maser operation 

depends primarily upon the possession of a Stark effect suitable for 

electrostatic selection of energy levels for population inversion to 

take place. It also depends upon the strength of the transitions which 

must be large enough to allow detection of the stimulated emission 

output, and, if desired, to produce maser oscillation. Various molecules 

have been used successfully for beam maser spectroscopy and for the 

operation of molecular beam maser oscillators. These have been reviewed 

recently in Advances in Electronics and Electron Physics (Lainé, 1975) 

and International Review of Science (Dymanus, 1976). The success of 

ammonia as a working substance in a molecular beam maser is due to the 

strong Stark effect and to the large population of molecules in the 

inversion states.

The operation of the first maser which marked the beginning of, 

a new field of study in physics, proved to be very useful in quantum 

electronics research and in particular as a spectroscopic tool.

The Keele maser group, which includes the author, has been pursuing a 

continuing series of investigations. Since 1966 this group has 

published some fifty communications, two of which include the writer 

of this thesis, .

The thesis has been organized into five chapters. In Chapter 

One the working medium of the maser, ammonia in this case, with a 

discussion of state selection and the interaction region are presented.

In Chapter Two the design and construction of the maser is 

described, and some design considerations discussed in the light of 

theory, are also presented in this chapter.
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Chapter Three gives details of the experimental and theoretical 

considerations for the formation of high intensity molecular beams, for 

the Stark effect, and for the operation of a maser with a higher order 

cavity mode. A brief description of the first maser system used as a 

spectrometer for some investigations at the beginning of the project 

is also included (the experimental work, described in this thesis, is 

based on two different designs of maser systems).

Chapter Four details the experimental investigation of the 

oscillation characteristics (J=K=1, 2 and 3) when the maser oscillator 

is operated with TEMQ01 and TEM^01 cavity modes, with particular 

reference to new observations of maser oscillation behaviour in these 

modes.

Chapter Five outlines suggestions for further studies, which 

are based upon observations of particular effects discovered during 

the progress of work with the open resonator system investigated.

1.2 The Ammonia Molecule

The ammonia molecule is of the symmetrical top type. The three 

atoms of hydrogen form a triangle (r^ * 1.014 X), and the nitrogen 

atom occupies a position above or below the hydrogen's plane.

Fig. 1.1 shows the geometrical structure of this molecule. The Z-axis 

is the molecular axis of symmetry and the origin of the coordinate 

system is taken as the centre of gravity, A number of different 

oscillatory and rotational motions are possible.

The electronic spectrum of a molecule is caused by the orbital 

motion of electrons; transitions between electronic levels fall into 

the optical frequency region. For thermal equilibrium at room temperature

hv »  kT 1.1



Z

Fig H  Geometrical structure of an ammonia molecule
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and so the population of excited electron levels is very small.

The vibration spectrum of the ammonia molecule lies in the 

infrared range, and consequently the population of vibrational states 

above the ground state is quite small at room temperature.

The rotational energy levels of ammonia (since ammonia is of 

the symmetrical top type) may be described by the following equation 

(Oraevskii, 1964)

Ej£-= hBJ(J+i) + h(A-B)K2 1.2

where J is the rotational quantum number of the molecule and K is a 

second rotational quantum number which is equal to the projection of 

J along the axis of symmetry of the molecule. A and B are rotational 

constants and depend on 1^ or Ig, where 1^ is the moment of inertia of 

the molecule about the symmetry axis and Ig is the moment of inertia 

of the molecule about the axis that is perpendicular to the symmetry 

axis and passes through the centre of mass of the molecule,

A = — ^—  b = ■— 1.3
8ir2I. • 8tt2I_A B

For ammonia molecules, A = 189 GHz and B « 298 GHz.

Transitions between rotational energy levels are governed by 

the selection rules:

AJ ■ 0, +1 AK = 0 ‘ 1.4

The transition frequencies between rotational energy levels 

are determined by the selection rules (1.4) and are given by

VJK = h (EJ+l,K " EJ,K^ “ 2B(J+1) 1.5

Therefore, from Eq. 1.5, the rotational transition frequencies lie in
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the submillimeter wavelength range.

The ammonia spectrum has fine structure caused by inversion 

splitting of the energy levels. The splitting originates from the fact 

that the nitrogen atom can be'found on two different sides of the plane 

of the hydrogen atoms. On each side of the plane the nitrogen atom 

may have a stable equilibrium position. The potential energy of the 

molecule as a function of the distance between the nitrogen atom and 

the plane of the hydrogen atoms, has the form of a symmetrical curve 

with two minima, as shown in Fig. 1.2b. Stable positions of a molecule 

are divided by a potential barrier with finite height. The nitrogen 

atom can oscillate about the equilibrium positions and the oscillation 

frequencies are identical since the potential energy function of the 

molecule is symmetrical with respect to the plane of hydrogen atoms. 

Since the potential barrier dividing the positions of equilibrium is 

not very high, owing to the tunnel effect the nitrogen atom can 

penetrate the potential hill from one side of the hydrogen atom's plane 

to the other (inversion). Thus the oscillations of the nitrogen atom 

on either side of the hydrogen atom's plane are not independent of each 

other. Therefore, in this case the energy levels of an ammonia 

molecule are split into two sublevels. The splitting is termed 

inversion splitting. The amount of the splitting of the vibrational 

levels, and the frequency of the inversion line is very sensitive to 

changes of the height and width of the potential barrier, and in turn 

its shape will be a function of the molecular rotational state.

The rotation of the molecule about the axis of symmetry will cause the 

hydrogen atoms to move outwards and thus reduce the height of the 

potential barrier and increase the inversion frequency. On the other 

hand, rotation about the axis perpendicular to the molecular axis causes 

a decrease in the inversion frequency. The transition that gives rise
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to inversion is the one between the two levels of the split vibrational 

ground state. Thus with each rotational state, there is associated a 

finite splitting, which is characterized by three quantum numbers; 

the total angular momentum J,' the projection of the total angular 

momentum on a space axis M , and the projection of J on the symmetry 

axis K. The dependence upon the rotational quantum numbers J and K 

of the inversion splitting, is given by Oraevskii (1964),

hvinv= h{voexp[aJ(J+l) + bK7 + CJ2(J+1)2 + dJ(J+l)K2
+ eK1*] + Av} 1.6

where v * 23.785 GHz o
b = 8.88986 x lO'3

-d = 1.7845 x 10*6 

-a = 6.36996 x 1CT3

c = 8.6922 x 1CT7 

e = 5.3075 x 10"7

3.5 x 10'\J(J+1)[J(J+1) - 2] [J (J +1)
Av =

0V

6] for K = 3 

for K f 3

The pure inversion spectrum of ammonia is obtained from this equation 

and lies at X “ 12.5mm.

The spectral lines of ammonia, in this part of the spectrum 

are relatively intense; first, the dipole moment is quite large (1.47 

debye); secondly, the rotational constants of ammonia are sufficiently 

large to allow suitable energy separations between rotational energy 

levels.

The matrix element °f the dipole moment for the inversion 

transition is given by Townes and Schawlow (1955) as:
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KM,
" 1 2 ' "« ^o* i y  . 1-7

where yQ is the permanent dipole moment pictured in Fig. 1.2a, which

the molecule would possess in the absence of inversion and M is the«J
quantum number governing the component of the total angular momentum 

of the molecule along the axis of the applied electric field.

The matrix element is maximised when J = K. Since the intensity of 

spectral lines is proportional to (y^l2 ** may be noted that lines 

where J = K will be more intense than those where J f K. According 

to Good (1946), the intensities of the lines should be a function of 

the number of molecules in each rotational level and their transition 

probabilities. On the other hand, the number of molecules in a given 

level depends on the distribution of thermal energies and the statistical 

weights. The statistical weights depend on the value of J and the 

nuclear spin of the hydrogen atoms (James et al., 1948). For this case 

levels for K = 3, 6, 9 etc, will have twice the statistical weight of 

those for K * 1, 2, 4 etc. Good, 1946, shows the intensities of lines 

having lower values of J and K increase with low temperature, and that 

of lines having higher values of J and K would decrease.

Fig, 1.3 shows the relative amplitude of the absorption spectrum 

for ammonia at a,temperature of 195K and a pressure 5 x 10"2torr.

1.3 Theory of the Hyperfine Structure of Ammonia

It is possible for any individual nucleus in the molecule to 

possess its own spin,'magnetic moment and electric quadrupole moment. 

Interactions of these with the rotational energy of the molecule cause 

changes in the quantum states of the molecular rotation as a whole.

The energy of molecules of ammonia with an isotope of nitrogen
14

N possess a well developed hyperfine structure, caused by different
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intramolecular interactions. When the hyperfine interactions are 

taken into account, the energy levels of various transitions of the 

molecule should be characterized by the quantum numbers J, 1^, I, F 

and F^ where J is the vector of total rotational angular momentum of 

the molecule excluding nuclear spins, IN is the spin vector of the 

nitrogen nucleus, I is the vector of total spin of the three hydrogen 

nuclei. Since magnetic interactions (which arise from the interaction 

of magnetic moments of nuclei in the molecule with each other and with 

the magnetic field induced by molecular rotation) are much smaller than 

the nitrogen quadrupole coupling energy (which originate from the inter

action of quadrupole electric moment of nitrogen nuclei with the intra

molecular electric field). The nitrogen spin 1^ first couples to J to 

give F^. The hydrogen nuclei can then be numbered according to their 

positions relative to the chosen molecular axes (1^ where i = 1, 2, 3 

spin of the x hydrogen nucleus) and couple together to give a resultant 

I, which in turn couples to F^ to give the total angular momentum of the 

molecule F (Gunther-Mohr et al., 1954). Fig. 1.4 shows the coupling 

scheme, referred to the laboratory axis. Z is the fixed direction in 

the laboratory, z is the axis coinciding with the molecular symmetry 

axis, and K is the projection of J on the molecular symmetry axis.

Thus the coupling scheme is

The orientation of the nitrogen nucleus and the ammonia molecule 

can be characterized by independent quantum numbers, M_ the projection 

of the nitrogen spin on the Z axis and Mj the projection of moment of 

rotation of the molecule on the Z axis. However, a calculation of the 

interaction leads to the fact that these two quantum numbers are not



Fig ;M  NH3 Molecular coupling scheme
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preserved, so instead it is necessary to introduce another quantum

number, Mp_̂ , which is the projection of onto the Z axis.

In 1955 Gordon used a high-resolution microwave spectrometer 

with a total resolution width at half maximum of 7 kHz. With this 

narrow linewidth, the magnetic hyperfine structure caused by the 

orientation of the spins of hydrogen nuclei was resolved and fitted 

to the theoretical data within an error of 1 kHz. It was found that 

with a high-resolution spectrometer, the quadrupole coupling constant 

(eqQ) under the effect of centrifugal distortion was larger for the 

lower inversion state by 0.01% than for the upper inversion state and 

the sign of this constant was directly measured to be negative.

A theoretical treatment of the magnetic interactions by Gordon was made 

which was different from the theoretical analysis of Gunther-Mohr et al. 

and extended to include evaluation of the mutual spin-spin interaction 

of the hydrogen nuclei. Gordon combined his result with those of 

Gunther-Mohr et al., and gave the final form of the complete hyperfine 

energy as follows:

" jkp, -  - < • « - [l  -  7 u h ]

• ♦ [»* afefiT J CIn*j5 + LA *

♦ 2w .2<—:- »tof«>.(,1-I)a*tJ,I»)
NH

[ i . _ J £ L 1

- °'25t% l,02)<rHH3>

[F - Mrr] - V -1̂ 1.9X
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where
¿,1.5 sinz0v, .(Fr I)n2(J,IN)

2£ * < - 7 ^ ----> 2  W o 2 F ^ l )  '..
(I.F^CFj.J)
FjCFj+l)

3(IN.J)2 + l.S(IN.J) - IN(IN + 1)J(J+1) 
ll * NJ (2J-1)(2J+3)2In(2In-1)

3(1 J)2 + 2J(J+1)(In.J)
V J' V  * *[2J-1) (2J+3)

where V = o for the lower inversion state and V » l for the upper state 

0 is the angle shown in Fig. 1.5.

A = -17.9 + 0.5 kHz 

B = -14.1 + 0.3 kHz 

c = -2.0 + 0 kHz 

a = 6.66 + 0.2 kHz 

b - 6.66 + 0.2 kHz

The quadrupole coupling constant is given by

(eqQ)Av = 4089{1 + 7.7 x 10*5[J(J+1)K2]} ; i.s kHz

where (eqQ)Av *s *he average of the quadrupole constant for the upper • 

and lower inversion levels. This was chosen by Gordon to provide a 

best fit to both his data and that of Gunther-Mohr. But for iow J and 

K lines he gave a better formula, which however, does not agree well 

at high J and K with the result of Gunther-Mohr. The formula is

(eqQ)Av - -4092.4(1 + 5 x 10"5J(J+1)] ; 1.5 kHz

This equation is valid so long as the quadrupole energy term is large 

compared with magnetic terms.

Equation 1.9 can be used to express the energy levels of a 

given rotational state (J,K) in terms of five adjustable parameters,
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each of which determines the type and strength of interaction 

(Kukolich, 1967):

CD
( 2)

(3)

(4)

-eQq 1 3K2 1
J(J+1) j

(b-a)K2
J(J+1)

CK2
J(J+1)

“l 1
3K2 ]

J ( J +1)J "

= strength of the quadrupole coupling

strength of the magnetic I^.J coupling

C-1)^ J * strength of the I*J coupling

J+VD«6k (-1) = strength of the hydrogen-
1

nitrogen spin-spin interaction

i r tj(2 T
es) - ÿ >3 1 - j (j+ïjj “ strength of the hydrogen-hydrogen spin-spin

interaction

where Dj - w < ?  A.
NH

1.5 sin20
°2 “ % gNyo

NH

D3 CgHyo):
-3

HH

1.4 State Separated Molecular Beams

Consider first a gas in thermal equilibrium which is irradiated 

by microwaves at the frequency of one of the transitions of the gas 

molecules. An absorption of energy invariably takes place. There will 

be molecules in both the higher and lower energy state of the transition, 

and the microwaves will excite transitions both up and down with equal 

probability. The total rate of upward transitions will, however, be 

slightly larger than the rate of downward transitions, since the Boltzmann 

distribution gives the lower state a population larger than the upper.
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For molecular beam maser operation, it is necessary to increase 

the number of molecules in the upper level relative to that in the 

lower level of a pair of energy states between which transitions take 

place.

It is well known that molecules which possess a large electric 

dipole moment can be readily deflected by the use of non-uniform 

electric fields with a gradient perpendicular to the molecular beam 

axis. In the case of ammonia molecules, as a result of their inversion, 

there is no average dipole moment (Fig* 1.2a). But in the presence of 

an electric field, however, the inversion is partially quenched and an 

average dipole moment appears. Neglecting hyperfine effects, the 

energies of the inversion states may be written as (Gordon, 1955):

W = W * o
,hV 2 .. ,  vMKE ,2

s k W

l i
1.10

where Wq is the average energy of the upper and lower inversion levels, 

vQ is the inversion frequency in zero electric field, y is the permanent 

dipole moment the molecule would have if the inversion did not occur,

E is the magnitude of the electric field, M is the projection of J on 

the direction of the field, and h is Planck’s constant. ^

In a uniform field, no force acts on the molecule, but in a 

non-uniform electric field for which E < 3 kV mm“1, the molecule is 

acted upon in the direction of the field gradient (y-axis) by the force

V 9w
3y

(' yMK (J+1)J
hv 2

H 2-) ♦  (•

.■)2e UL

yMKE
(J+1)J■)

1.11

The sign of the force is negative (i.e. towards low electric flux density) 

for ammonia molecules in the upper inversion level, and positive 

(towards high electric flux density) for those in the lower level.
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The behaviour of the energy in an electric field is shown in Fig. 1.5, 

for J=K=3. It should be noted that molecules in the M = 0 level are 

not deflected by an electric field, but that levels for M / 0 will have 

different energies. The magnitude of the separating force is proportional

the separating force is proportional to M, and the Stark effect is 

linear.

Some molecular trajectories passing through a region of non- 

uniform electric field are shown in Fig. 1.6. 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 which increases from zero 

on the x-axis to a maximum value Emax at the edges AB,CD of the region. 

If the molecule is in the lower inversion level with M f 0, then it 

will experience a force in the y-direction which accelerates it away 

from the x-axis and will follow a trajectory such as that labelled L 

or L". 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 trajectories 

such as U, U, U.

v . If v is small and/or M is large, the molecule may make severalA Jv
oscillations about the x-axis (trajectory ÏÏ). If vx is large and/or 

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

it leaves the region (trajectory U). If v is in between, then the 

molecule will follow the trajectory U.

to M2 at low values of the field. At high field where

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

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

The focusing criterion is therefore

mv 2 c 1.122



Fiy l -5 Stark effect for the J = K = 3  inversion 

transition of ammonia



Fig-1-6 Molecular trajectories through a region of 

non-uniform electric field
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where m is the molecular mass and v is the critical transversec
velocity and AW the Stark energy.

1.5 The Simple Cavity Theory

The Fabry-Perot cavity has been described by Schawlow and 

Townes (1958) on the basis of closed resonators. The resonant 

frequencies of a closed rectangular cavity of dimensions 2i , 2a and 

2a are given by - .

v - f  fcf-)2* c-J2 + 1.1Srsq 4 L * a a J

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

cavity with square mirrors of dimensions 2a * 2a, separated by a 

distance of 2% (Fig. 1.7), it is expected that the same resonant modes 

will be supported, but that only those modes which have low values of 

the integer r and s should be evident owing to the large diffraction 

losses for non-axial modes.

The electromagnetic field amplitude distribution over one of 

the mirrors, taken as the x,y plane and shown in Fig. 1.7a, is given by

A = Aq sin(Trrx/a)sin(irsy/a) 1,14

The modes predicted by Schawlow and Townes are usually designated the

TEM , . modes, so that the lowest order mode is the TEMnn .r-l,s-l,q OOq
It is possible to write functions analogous to those, of 

Equations 1.13 and 1.14 for an open cavity with circular mirrors.

The frequency determining equation is the same as that for TEM^^ modes 

of a cylindrical cavity:

vmnq 1.15



Fig*l-7 Diagrams showing open resonators (a) with square 

mirrors and (b)with circular mirrors



(*/juu,x)u,r

Fig-1’8 The Bessel function J m (Xmn •'/a) drawn for three 

values of m and n, and for values of r in the 

ranged a after Sm art, 1973
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xl. xV
where y is the n n root of the in order Bessel function of the Amn
first kind, J^. The field amplitude distribution over a mirror, with 

the origin of coordinates r,0 at its centre as shown in Fig. 1.7b, 

is

A = Ao Jm^Xmnr/a5cosCm9) 1,16

tilThe scaling factor y r/a allows the n zero of the function to fall

at the'edge,r * a, of the mirror. This is shown in Fig. 1.8, where

amplitude is plotted against r/a.

The modes of the Fabry-Perot cavity with circular mirrors are

usually designated the TEM , and the lowest order mode TEM.. .1 6 m,n-l,q OOq
The TEMqqj mode is the one usually used in the maser;

1.6 Oscillation Conditions

A beam of molecules of flux density N (molecules per second) 

passes through a cavity of length L in the time ^  , where v is the 

velocity of the molecule. The microwave power emitted, with low power 

excitation and no saturation, is (Shimoda et al., 1956)

Nv E2y.2L2TT2
AP * ----- - ----  1.17

. h v2

where v is the frequency of the transition, is the matrix element 

of the component of the dipole moment along the electric field E, and 

h is Planck's constant. This equation holds if all N molecules pass 

along the symmetry axis of the Fabry-Perot cavity.

As illustrated in Fig, 1.9, most molecules travel a distance 

shorter than L in the circular mirror cavity. The power emitted of 

incident molecules per unit height of the cavity is given by (De Lucia 

1969):



Molecules Molecules

XM=2
V2

)

Fig-19 Path of molecules through cavity
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NV E2y 2 TT2
AP = 12

h
(L2- 4y2) 1.18

where N is the number of incident molecules per unit height, or 

NL = N, and x(y) = 2 [ 2 - y2]^. Integration of Eqn. 1.18 gives 

the result

AP
2NvQE2yj22 n2L2

1.19
3 h v2

From the definition of cavity quality factor,

Q = 2nv W o
AP 1.20

where W is the energy stored in the cavity. The electric field may 

be expressed in terms of the energy in the cavity by (assuming a 

uniform field distribution) using

E2 B 8irW
V 1.21

where V is its active volume.

From Eqns. 1.21, 1.20,

N . .-JVhvL
m n  8,2v 12QL2

1.19,

1.22

where N . is the threshold flux for oscillation, if the power emitted m m  r
from the molecular beam exceeds the power loss from the cavity, then 

the system becomes self-excited and an oscillation builds up.
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CHAPTER TOO

THE MASER SYSTEM DESIGN

2.1 The Open Cavity

• 2.1.1 Cavity mirrors

Open resonators with circular mirrors were first used in an 

ammonia molecular beam maser at 24 CHz (Barchukov et al., 1963) with 

X spacing between plates of 200mm diameter. A Q value of 7000 was 

obtained. Krupnov and Skvortsov (1964) operated a Fabry-Perot maser 

using the 0 ^ 0  molecule at a frequency of 72,838 Me. Their cavity 

consisted of two flat brass discs 65ram in diameter, with a separation 

between the mirrors of X/2 (X * 4mm), The quality factor Q was 

2000 for the lowest order mode. Lainé and Smart (1971) again using 

ammonia, with X/2 (X » 12.5mm) spacing between plates of copper 150mm 

diameter, obtained a Q value of 2500 for the lowest order mode.

Krupnov et al. , (1964) and Lainé et al. (1971) observed a line 

splitting on account of the longitudinal Doppler effect. However with 

this particular cavity mode no oscillation was obtained.

A cavity of high quality factor with a long time flight of 

molecules through it, is very important for the successful operation 

of a molecular beam maser (see Section 1.5). On the other hand, the 

value of the quality factor strongly depends on the parallelism of 

the mirrors, the cleanliness of their surfaces (Barchukov and Prokhorov, 

1961), and on their diameter. If the distance between the plates is 

held constant, there is no optimum value for diameter; the larger the 

diameter the higher the quality factor (Fox and Li, 1960).

Smart (1973) machined the surface of two pairs of mirrors in two 

different ways, one diamond-turned and the other surface-ground, to
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determine whether there was any difference in the flatness of the 

surface. He found no significant difference for either flatness or 

quality factor.

Discs of copper 225mm-in diameter, 12mra thick, were chosen for 

the present work. The reasons for this choice were; first, it is 

somewhat simpler to machine the surface of a metal mirror in a disc 

shape by diamond-turning; secondly, the quality factor is proportional 

to the disc diameter (Fox and Li, 1960), and the greater the diameter 

the greater the transit time for molecules passing through the microwave 

field region.

The diamond-turning lathe was allowed to run for four hours 

before starting the work, in order to allow its temperature to stabilize. 

A fine cut of the mirror surface was made to remove only 1.5 x 10"2mm 

of metal, so that.pressure on the surface was minimal. In this way a 

flatness of +3 x lO'^mm was achieved. The disc flatness was measured 

by reflection fringes formed between the mirror surface and a glass 

optical flat, using sodium light.

2.1.2 The frame for the interferometer mirrors

The circular mirrors (Section 2.1.1) were housed in a strong 

brass frame which bolted firmly into the main vacuum chamber.

The frame consisted of two vertical plates (250 x 250mm, 6mm thick), 

bolted with 50 x 250mra, 6mm thick brass plate as a baseboard.

The two vertical plates were separated by four brass rods 7cra in length. 

These spacing rods may be exchanged for rods of different length in 

order to operate the cavity with different mirror separations.

In the present work the cavity operated at X/2 mirror separation only.

One of the mirrors was bolted directly to the three-armed 

frame, which in turn was bolted to the front plate. This comprised the



FIG. 2.1 VIEW OF THE OPEN CAVITY SHOWING THE 
TUNING MICROMETERS,THERMAL TUNING 
BARRELS AND COUPLING WAVEGUIDES



FIG. 2.2 VIEW OF THE OPEN CAVITY SHOWING THE
GEAR USED FOR FINE MECHANICAL TUNING



VIEW OF THE MAIN VACUUM CHAMBER FROM ABOVE 
SHOWING CAVITY AND STATE SEPARATOR IN POSITION
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coupling mirror, which carried the two coupling holes. Two holes 40mm 

diameter, 112.5mm apart, were drilled through the front vertical plat , 

to allow the waveguides to pass through and reach the coupling mirror.

The second mirror, used for tuning, was also bolted to a three- 

armed frame (both three-armed frames were of the same dimensions).

Each.arm carried a 6mm length glass rod which passed forward through 

the front arm, from the three-armed frame which carried the coupli g 

mirror, into one of the three micrometer assemblies. The three micr 

meter assemblies are described in Section 2.1.4. A spring device pressed 

the tuning mirror at the centre of the three-armed frame. This three

armed frame and its associated tuning mirror were insulated in order 

that the cavity could be used for work with a weak Stark field.

This facility was used during the investigations of the StaTk eff 

on the J=l, K=l ammonia immersion line, described in Section 3.7.

Two views of the cavity are shown in Figs. 2.1 and 2.2.

Fig. 2.3 shows the cavity in the main chamber supported on

bolted to four supporting pieces of brass 10mm high,

were bolted to the floor of the main chamber. This figure also sh

the two waveguides which couple with the cavity.

2.1.3 Microwave coupling to thé cavity

Krupnov and Skvortsov (1964b] using a formaldehyde beam m 

tested three types of microwave coupling to the Fabry-Perot cavity.
• 1 A. ~

In one case coupling was effected by coupling waveguides to the side 

of the cavity with their broad sides parallel to the plane 

mirrors. Another type of coupling employed a single waveguide opening 

into the cavity at the centre of the mirror. The third coupling was 

achieved by means of two waveguides whose ends opened into 

The latter was found to be better than the two other types.



rectangular
waveguide

Fig-2‘4 Cross-section of the choke coupling between 

waveguide and coupling mirror
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In the present work the microwaves are coupled to the cavity 

through two holes placed symmetrically on the horizontal diameter of 

the coupling mirror with a separation equal to the mirror r 

(112.Sum). The holes were 26mm in diameter with a 0.6mm diaph g 

This was similar to the coupling scheme used hy Krupnov et al. (1964b)

and Laine et al. (1971).
The mechanical arrangement between the waveguides and the 

coupling mirror was chosen as a form of choke coupling based on the 

design frequently used with waveguide flanges (Harvey,

Fig. 2.4 shows a cross-section of the choke coupling, only the 
difference is the join between the two components should be on the 
plane X where the current in the wall of the quarter-wave choke is 
However this would have left only the diaphragm thickness to support the 
waveguide, so that the join was placed in a compromise position, 
up the choke wall at the Z-plane. This mechanical coupling is similar
to the mechanical coupling used by Smart (1973).

2.1.4 Cavity tuning mechanisms

In the cavity design there were three tuning mechanisms.
The first was mechanical tuning by means of the three micrometer scfews. 
The second was a mechanical mechanism which enabled the pressure of 
the spring behind the three-armed frame to be changed, and the th 
was thermal tuning of the three micrometer barrels.. All three of t 
mechanisms altered the position of the rear-tuning mir

Each micrometer assembly consisted of an aluminium barrel . 
carrying a stainless steel micrometer screw. The aluminium barrel was 
partially insulated thermally from the cavity by a mica wa 
Coarse mechanical adjustment of the position and tilt a g 
mirror, was made by these three screws before the chamber wa
air pumped out.
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The second mechanical tuning method was used to tune the cavity 

from outside the vacuum chamber after sealing and evacuation. Th' 

comprised a finely-threaded plug, screwed into the rear plate of the 

cavity frame, which supported the centre pressure spring. The p g 

was bolted to a large gear wheel 150mm in diameter, which meshed w 

a small pinion (15mm diameter) turned by I inch Edwards rotary 

vacuum seal. By turning the shaft from outside the vacuum chamber, 

the plug could be screwed into or out of the frame and the spring

compressed or decompressed. In this way the pressure on the three
armed frame could be changed, causing it to bend and move the tuning 

mirror which itself remained absolutely flat and parallel to the 

coupling mirror. Not only did this mechanism provide fine tuning, but 

it also gave a very wide tuning range of about + 7 0  Me. This 

was used extensively during the investigations of the higher cav y 

mode (TEM1Q1), described in Section 4.6.

The need for a method of malting fine tuning adjustments 

the cavity was under vacuum, was met by heating the aluminium micrometer 
barrels. This tuning method made use o f  the differential thermal 

expansion between the aluminium barrels and the stainless steel of the

0 Vii filar wound with a heatermicrometer screws. The barrel heaters we

coil of glass-covered Eureka wire and a sensor coil of 40 gauge 

enamelled copper wire. The change of temperature of a barre 
detected by the change in. resistance of its sensor winding.

The electronic control equipment used was capable of holding the

temperature of the barrel stable to + .02 C.

2.1.5 Tuning the cavity

The cavity design tuning mechanisms are described in Section 2. . 
A. procedure was found whereby the cavity could be adjusted to resonate
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in a particular mode as follows. A small stool post was machined to 

be slightly smaller in width than a free-spaco half wavelength 

corresponding to the particular inversion line of ammonia used.

By inserting it between the mirrors at different points and by making 

suitable adjustments to three cavity micrometers, the mirrors wer 

made parallel with a separation almost equal to an integral numb 

free-space half wavelengths.
Microwave power from a frequency swept klystron was then passed

into the cavity via one coupling waveguide, and crystal video detection
equipment was 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 increments until 

a cavity resonance was observed on the display. As soon as 

order mode was located (see Section 1.4), 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.
By using the second mechanical tuning method only, the cavity 

tuning range of about + 70 Me was obtained without significant effect 

on the mirror parallelism. Therefore, the cavity resonances from 

lowest mode to higher mode (TEM^) with a given ammonia

line, were obtained without a readjustment to the cavity micrometers.
j irmi modes was 28 MHz. 

The frequency separation between *EMq01 311 101*
Initial tuning to the cavity as described above was usually 

carried out on the laboratory bench. In order that the cavity 

resonate at the maser frequency after it had been placed in 

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

slightly higher than that of the maser by an experimentally deter 

amount. This not only allowed for the change in
vihen the charter vas evacuated, but also for the effect of atrtspheric
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pressure on the vacuum seals of the coupling wavepnde, which tended 

to strain the cavity and alter its tuning.

2.1.6 Identification of cavity modes

Checcacei and Scheggi (1965) used a perturbation method to 

investigate the field distribution inside the cavity. Their method 

is as follows. A small perturbing object is placed in 

between the mirrors, and the power it absorbs is measured by the
reduction in the power transmitted or reflected by the cavity.

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

absorbs is proportional to the intensity of the microwave field.

Krupnov et al. (1965) used the perturbation method to identify

resonance modes by observing the number and positions of the electro

magnetic field maxima, by a half-wave dipole (“ 2mm long)

copper wire cemented to a hair stretched across a f

present work this method was used at 12.5mm.wavelength to identify

the mode resonances of the Fabry-Perot cavity.
A small piece of copper wire held parallel to the electric

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

This was cemented to a thin thread stretched horizontally across the

cavity between the mirrors, parallel to their surface. With a klystron

as the signal source, the output signal was detected by cry

detection, and a resonance curve was observed on the oscill P ^

screen. The drop in sign'al amplitude on the oscilloscope indica
. turn Was approximately proportional

amount of power absorbed which in turn FF

to the microwave field intensity in the vicinity of the wire.

It was found that the crystal video detection scheme needed o 

be sensitive to very small changes in the microwave power transmit^ 

through the cavity, and accurate positioning of the thread paralle
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the mirror surfaces was needed to map the field intensity accura y 
For these reasons, the perturbation method was only used as a
qualitative indicator of the resonant mode (or modes) in the cavity.

The fundamental mode (TEM0Q1) and the TEH1Q1 mode were re 
identified by this method, for a mirror separation of X/

2.2 Detection System
, *. „ nf the initial setting up procedure of After the completion of the xnivi«^

the Fabry-Perot cavity tuning using the simplest ,

detection (crystal video,, the maser was operated in transmission wtt

a single klystron superheterodyne detection system.

signal was one of the two sidebands produced by amplitude m

of a portion of the local oscillator power. 2 5
The superheterodyne detection circuit is shown

- o r a t i o n  which follows refers 
and 2.6, and the description of its op

to Fig. 2.5. ,
Microwave power from the klystron (OKI type 24V10A) passe

via a 6dB directional coupler, an attenuator, and an

the circulator A, and thence to the modulator crystal B (IN26A),

The impedance of this crystal was modulated at 30 ^  .

generator so that 30 Mia sidebands were impressed on th P 

reflected from it. The frequency of the klystron was su
of these sidebands occurred at the. frequency of the ma

The reflected and sideband signals passed via
cavity input port C. Since the cavity was tuned to the m a t «  tr.n.

, ravity and
frequency, only the sideband at this frequency entere

provided the stimulation signal for the maser.

Power from the klystron also passed via an atten
. n Since the cavity was not 

circulator D to the cavity output port .



FIG.2-5 THE TRANSMISSION DETECTION CIRCUIT.



FIG 6 MICROWAVE BRIDGE
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tuned to the klystron frequency, most of this power

the cavity coupling iris and arrived via the circulator D at the mixer
, , ., T n newer for the mixer, 

crystal F (1N26A). It provided the L. . P
„ , nut of the cavity

At the same time, a signal from the maser was coup

at port E and also appeared at the mixer crystal. The output from

the mixer „as a si8nal at 30 MHs -hose amplitude „as proportions! to

the amplitude of the maser signal.
The 30 MHz signal was amplified by the two I.F. amp ^

It was detected by the diode detector and filtered by

before being displayed on the oscilloscope (Telequipment type D53).

If the diode were to have a linear characteristic, this display
. a 50 Hz sawtooth

be proportional to the maser signal amplitude.
^fmntor the stimulating signal was 

sweep applied to the klystron refl
hiine all four modes

frequency swept through the maser transition,
. zero beats and

of display, spectroscopic mode, molecular r g

I.F. bandpass display, which were all used and will be d

the following chapters.

2.3 State Separator _ .
-------- -------  „ „ ,nd "focuser" are used in the

The terms "state separator and cscribe the
literature on focusing systems for molecular beams to

same rype of device. Such a device captures and focuses —
rii The same device

certain quantum states, hence the term foe as
d is therefore also known as

usually defocuses other quantum states

a "state separator". m-itl beams
* number of separator systems to produce planar C

vred Krupnov (19a-U
of molecules for open resonators have be arranged

• .inn of two planes of to ,
proposed a state separator consis E parallel

circumferentially around a Fabry-Perot cavity
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mirrors, and charged aiternately to positive and negative potentxais. 

The gas nozzles were arranged to shoot radiai moiecular beams between

the two planes of electrodes towards the centre of th

Marcuse (1962, used two closely spaced planes of radially
• a. tIva aas nozzles and the 

arranged rods with a semi-confocal cavi y.
.i t h o s e  of Krupnov (1959) . 

geometry of electrodes were simile
The transverse ladder type of state selector, where a flat beam

of molecules passes over the separator in a direction perpen

the electrodes, has been used by Krupnov and Skvortsov (1964c), in a

4mm formaldehyde maser. The longitudinal ladder type where tl

beam of molecules passed over the separator in the direction of the

electrodes, has been used in a radio frequency formaldehyde maser by

Takami and Shimizu (1966). Becker (1963) compared transverse and
• „ -t-Vip-ir focusing

longitudinal ladder types and found no difference

effect
Helmer et al. (I960) showed that a state separator

If A and A«
uniform cross-section is preferable to a unifor 1
are the entrance and exit cross-section areas of the state separator 

respectively, and 9, and 0, are the solid angles of -pture^cupie 

by the molecular trajectories, averaged over \  an 2’

2.1

• A2n2

• l cireer than i t s  entrance area 
Thus a separator whose exit area is

narrows the angular spread of the molecular (196Sj shows

The results from the experimental wor ^  ^  flux

the tapered transverse ladder state separato
, i i ct the same

than the parallel one to reach oscillation thresio sUPPorted
f the tapered state separator was voltage. This advantage of the tai

by Smart (1973) .
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The tapered transverse ladder separator was chosen for the 

present investigation, not only from qualitative consideration 

efficiency, but also because of its simple construe

The electrode assemblies can be made as two units whose relative
.. , The tapered state separator design

positions can be easily altered.

is discussed in Section 2.5.

2.4 Theory of the Transverse Ladder_Separator
the force which acts on a 

In Section 1.3 it was seen that th
- is proportional to

molecule perpendicular to its line o >
„ . ~ nuadratic Stark interaction.

E3E/3y (or 9E2/3y) in the region of quadi
• for 3E2/3y was calculated by Becker 

A theoretical expression for 3E / y .
. . - the potential distribution

(1963) after an experimental investigation

for one half of a.transverse ladder separator, made from P
. v pie. 2 .7a shows the electrodes 

rounded corners in an electrolytic an .
d In the region y > u >

with diameter a, equally spaced by the dist
, i or-tric field components in the 

suppose E and E represent the electn
x y ■ lv The electric field

directions of the x-axis and y-axis respe
■ d 2d In this case tne

in this region is certainly periodic with perio oroportional
the electrode is piurUJ-

effective force on a molecule passing near 

to the average value of 3E 2/3y defined by

2.2
3E2 = J_ 
3y 2d

3E2 (x) 
3y

3x

'0
+-e n and E are given by The electric field components ‘ y

Becker 2.3
E = E exp(-iry/d)sin(vx/d) ♦ E3oxp(-3vy/d)sin(2»x/d) * •••• 
X 1

Ey = E 1exp(-ny/d) cos (irx/d) + E3exp(-3TTy/d)cos(3Trx/d) + ••••



Q O
i I
' l
i a  i

o

o
( b)

Fig-2-7(a) Model for one transverse ladder electrode 

assembly
(b) Model for the transverse ladder separator
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Substituting Eqns. 2.3 and 2.4 in 2.2 g'

« Ê .  -(2 ,/d )E 1^ p ( -2 ,y /d )  - C6Wd)E3^xp(-6,y/d)

Becker found from the measured potential distribution

terms involving E; and higher Pourier coefficients can be Unore

for an electrode arrangement in which the rat
• n hv integration of Eqns. • ’

In this case it is possible to obtain Ex by

2.4:

itV
E 1 = 2d

2.6

Then the effective force 3E l*Y lS
where V is the electrode voltage.

2.7
3E2
ay

= _ *1x1 exp(2Try/d)
2d3- J ¿U

In order to extend this treatment to the double electrode 

angement of Fig. 2.7b, Becker assumed that the two contributions 

he averaged 3E2/3y could be added together. This is only true if 

he distance between the two sets of electrodes has no significant

0 ̂  ip p j on the potential distribution of either set of electrodes.

SUm oE tEe two contributions may be obtained using Eqn. 2.5 as
o

ÜËi .  Ï Ü Ü  exp(-2wh/d){c*pC2i.y/« '  expC-2-y/<0
ri V _ . O

2 .8

^  2d3
' , I ? / 3y against V/h * «
m .  2 .8 shews calculated curves of Y ^

nf considerable desifc,
four values of h. These.curves are o  ̂o£ the

■ Gffect is concentrated near
For large h/d, the focusing ettecr ^  traVelling

* ct excited OH ^
electrodes and little or no force i „-rating

• f the separator. Such a separati
through the central region ot • tl c lower state to

system would allow a large number of beam.
. thera from the molecular

pass through it without removing molecules
H .t. h < d/2 does have an effecHowever, a separator with n < i

travelling close to its centre plan



Fig 2-8 Relative foousing force plotted for four geometries 

(after Becker,19G3)
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.. „ .rote Separator__Desij
2.5 Tapered Tranj^crseJ^ddS-- ---- £ ^ 7 „ oth state

The geometry of the electrode structure
* wnrv are identical.

separators used in the prcscn part in
, . ctate separator. ine Vp. 9 Qa shows a dismantled staFig. 2.9a shows in length

£ 22 electrodes,
the middle, is a double array _ ..„««red from

2 .7), which is tap
separated by a distance 2h (see 1 pieces

Its exit, soldered to two v
0.8mm at its entrance to 4.8mm a nted on

The state separator is moun
of brass which form the frame.

to the nozzle chamber.
the skimmer plate, and the latter „vravs of 21

. Fig 2 9a comprise two ar 
The other two parts m  Hg.

■ c of a supporting brass
electrodes soldered on two piece connected

d these two parts arc
When the state separator is assem e , electrodes,

w  to the EHT supply- T etogether by a small wire, ana distance
seated from each other by

of diameter 1 .6mm (t) were sep Q 5 j which is
for the ratio h/d was

3.2mm (d) . Thus the average value ^  edges of

close to that used by Becker Cl  ̂ t were carefully
, _n  soldered joints w

all parts of the state separator a olated.
e afterwards nicK v

smoothed to minimise arcing, and wer from two P̂ FE
tm* was constx

The frame of the state sepa as the
a 2 .4mm wide sli

(105 x 35 x 7 mm) pieces, one with , 4mra slit as a
, _  and the other with

entrance for the molecular beam, ts of the
, tors with the three components

beam exit. These two insulators, ,, r stateive the double ladder
electrode system, were assembled to g p-rfF insulators

_ ,.,it widths in the
separator shown in Fig. 2.9b. e state separator

f tw0 planes of tne
were made equal to the separation entrance and exi

x ap points or
electrodes (taken from centre to cei whose trajccto

atter all molecules w
°f the molecular beam, in order to s rpig. 2.1̂ )-the electrodes 1« t-
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FIG. 2.9 the state separator



Fig-210 Schematic diagram of molecular beam system
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state molecules into the microwave cavity (Al-Amiedy and Laine, 1978). 

This would clearly be undesirable for achieving a low threshold state 

separator voltage for maser oscillation.

2.6 The Vacuum Chambers

Figs. 2.11, 2.12 and 2.13 are front, back general view and 

block diagram of the maser system respectively. Fig. 2.14 shows an 

engineering drawing of the vacuum chambers. The three vacuum chambers 

are mounted horizontally on an aluminium bench, constructed from 

aluminium ’ll' channel and covered with an aluminium sheet.

The main chamber consisted of a 42cm high, 50cm internal 

diameter rolled non-magnetic stainless steel cylinder, with 0.4cm 

wall thickness. An arrangement of six ports fabricated from stainless 

steel tubes was used where two of 15.24cm internal diameter mated with 

the nozzle chamber.. Two cylinders of 27cm internal diameter were 

fitted with 34cm diameter, 2.54cm thick perspex discs, one on the front 

carried the 'K' band waveguides to the Fabry-Perot microwave cavity, 

and the electrical lead-throughs for thermal tuning (Section 2.1.4) 

and to the coils inside the vacuum chamber to produce a known magnetic 

field in the maser. The other perspex window was mounted on the back 

and carried the ionization gauge head, pirani gauge and the rotary 

shaft vacuum seal. Two flanges for the tubes of 6.35cm internal 

diameter were fitted with perspex discs 13cm diameter, 1cm thick.

Each one carried the electrical lead-through to the state separator from 

the EHT power supply. The top was fitted with a stainless steel lid 

(57cm diameter, 2.54cm thick) and carried three liquid nitrogen traps. 

The base was comprised of a stainless steel disc, 50cm outer diameter 

and 22.86cm internal diameter, which supported a nine inch diffusion 

pump.





FIG 2.12 GENERAL VIEW OF THE MASER
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Fig-2-13 Block diagram of maser vacuum assembly and ammonia supply
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Each nozzle chamber was a six-port arrangement fabricated from 

stainless steel tubes of 15.24cm internal diameter, 0.4cm wall thick, 

all joined to a stainless steel box of dimensions 18 x 18 x 18 cm.

One port mated with the main chamber, and the opposite port was closed 

by a stainless steel flange which carried both a liquid nitrogen trap 

and the ammonia supply to the nozzle. The other two horizontal ports 

were closed by stainless steel flanges, each of which carried a liquid 

nitrogen trap and a mechanical lead-through for adjustments to the 

skimmer width. The top port was fitted with a 34cm diameter, 1.5 

thick perspex window which carried an ionization gauge head to monitor 

the chamber pressure, and the bottom port flanged onto a six inch 

diffusion pump.

All vacuum connections were sealed with rubber ’O' rings.

2.7 Maser Vacuum Assembly

A three chamber vacuum system was adopted for the double beam 

ammonia maser, in which the two state separators and the open cavity 

were situated in a main vacuum chamber, and each nozzle was housed in 

a smaller chamber (nozzle chamber).

The pumping arrangement is shown in Figs. 2.11 and 2.13.

One Metrovac type 093C nine inch diameter diffusion pump was mounted 

below the main chamber, and a six inch Edwards oil diffusion pump 

Model F 603, below each nozzle chamber. Each diffusion pump was 

charged with an appropriate quantity of 704 silicone oil which has 

a limiting vapour pressure of 10"7torr. The nine inch and the two 

six inch diffusion pumps were backed by three N.G.N. Model PSR6 rotary 

pumps, The three rotary pumps were vacuum coupled to the equipment by 

means of one inch flexible couplings to minimise mechanical vibration.
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To further reduce vibration the three pumps were mounted on a concrete 

bed of dimensions 50 x 35 x 12 cm.

Liquid nitrogen cooled surfaces were provided in each chamber 

to assist in pumping the ammonia gas by freezing it out as solid 

ammonia. Three high density polystyrene reservoirs, each of four 

litres capacity,stored liquid nitrogen outside the vacuum chambers, 

as shown in Fig. 2.11. A 0.25 inch copper tube carried the liquid 

nitrogen from the reservoir into the vacuum chamber and back again, 

thus passed twice through the vacuum flange. An 8cm length of thin 

walled nickel silver tube was employed as the connection between the 

copper tube and the vacuum flange, because of its low thermal conducti

vity. This prevents the 'O' rings from cracking due to repeated cooling 

cycles. Silver solder was used for all joints subjected to thermal 

cycling.

The main chamber was fitted with three such traps, connected all 

with one reservoir. Fig. 2.15a shows the three traps. The middle one 

was constructed from four copper tubes of two inch diameter connected 

together by four copper elbows, and the other two from } inch copper 

tube in a coil shape around each state separator, to freeze the ammonia 

molecules which are deflected out by the state separator. Three traps 

made from J inch diameter copper tube and shaped into coils were fitted 

into each nozzle chamber (Fig. 2.15b) to freeze the remaining ammonia 

molecules in the chamber, and thus maintain low pressures in the region 

between the nozzle and skimmer so as to minimize beam scattering.

The pressure in the main and nozzle chambers were monitored 

by Edwards IG6G ionization gauge heads operated by Edwards control unit 

Model I0N7. Under normal operating conditions without prior exposure 

bo atmospheric pressure, main chamber pressure of 2 * 10’6torr could 

be reached after about two hours of pumping with the diffusion pumps,



pig. 2-l5 LIQUID NITROGEN TRAPS,
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(b) FOR THE NOZZLE CHAMBER
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and 1.5 x 10"5torr for the two nozzle chambers. However, if the 

maser and its components had been exposed to the atmospheric pressure 

for some days it sometimes took as much as ten hours of pumping to 

reach this pressure. The pressure reduces to 8 x 10_7torr for the 

main chamber and 9 x 10"5.torr for the nozzle chambers, when the liquid 

nitrogen traps are charged. The main chamber rises once more to the 

nearly constant pressure of 1.5 x 10"6torr when a molecular beam of 

ammonia is introduced into the system from both nozzles, even for 760 

torr gas pressure behind the nozzle. However, for the nozzle chamber, 

the pressure rises to 1.5 x 10-It and 1.5 x 10“5torr when the nozzle 

pressure is 760 and 80 torr respectively.

2.8 The Ammonia Supply

Fig. 2.16.shows the arrangement of the ammonia source, control 

valves, trap, reservoir, and pressure gauges. The source of the ammonia 

was a lecture size cylinder of anhydrous liquid ammonia which was 

controlled by a pressure regulator valve adjusted to an output pressure 

of a little above that of the atmosphere. Purification of the ammonia 

is carried by freezing it in a trap cooled¡with liquid nitrogen.

Impurity gases which have not condensed are then pumped away using the 

same N.G.N. PSR6 pump as used to back the diffusion pump. The trap is 

warmed and the ammonia is allowed to expand into the reservoir.

A dial gauge with a range 0 - 760 torr was used to monitor the gas 

pressure in the reservoir. The flow from the reservoir to each nozzle 

was controlled by hand valves and a fine needle valve. The needle valves 

were coupled to the nozzle holders by thick walled polyethylene flexible 

tubes. The pressures behind the two nozzles were measured by gauges in 

the range 0 to 760 torr. The block diagram of the ammonia supply is 

shown in Fig. 2.13.



FIG. 2.16 GENERAL VIEW OF the ammonia supply
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2.9 Nozzle and Skimmer Design

The considerations for optimum skimmer design and the nozzle 

diameter chosen, are discussed with some exploratory experiments in 

Section 3.4. Here, only the construction of the nozzle and skimmer 

are described.

The nozzle was constructed from a 380mm long, 10mm diameter,

2mm thick stainless steel tube. One end was fitted with a perspex 

window sealed by a rubber 'O' ring,and was used for alignment purposes. 

The other end was machined such that a brass disc 6mra diameter may be 

soldered into it, into which the nozzle hole was drilled.

The ammonia supply was introduced through a 100mm long stainless 

steel tube soldered on the side of the nozzle holder tube near the 

perspex window. The needle valve was coupled to the nozzle holder tube 

by thick walled flexible polyethylene tube.

The adjustable skimmer, shown in Fig. 2.17, was constructed from 

two pieces of brass forming the lips, the surfaces of which were ground 

as sharp as possible and highly polished. Each lip was mounted on a 

brass strip of dovetail cross-section which fitted into slots made in 

a stainless steel plate. This design allowed the jaw to slide to and 

fro with respect to the other jaw. The outside and inside angles of 

the lip were 45° and 35° respectively.

2.10 The Skimmer and State Separator

The skimmer plate, which closed off the nozzle vacuum chamber 

from the main chamber, carried the skimmer jaws and also supported the 

state separator. Slotted holes were provided in the skimmer plate to 

bolt the state separator- onto it.

The skimmer plate was fixed on a 100mm long cylinder, 139mm 

diameter, which was smaller than the nozzle chamber port to give



FIG. 2.17 STATE SEPARATOR AND SKIMMER
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sufficient clearance for movement in three dimensions for the whole 

assembly, in order to align it with the centre of the cavity.

The assembly is shown in Fig. 2.17.

2.11 The Mechanical and Electrical Lead-Throughs

Fig. 2.18 shows two types of the mechanical lead-throughs;

(a) is an Edwards rotary shaft vacuum seal used for mechanical cavity 

tuning and skimmer width adjustment; (b) is a brass unit which provides 

for a vacuum seal and vacuum chamber access for the pirani and ionization 

gauge heads, and for the waveguide lead-throughs. The waveguides were 

fitted with cylindrical barrels where they passed through brass holders 

and were provided with two pressure-relief mechanisms on each waveguide 

which were accessible from outside the vacuum chamber. This was 

necessary since atmospheric pressure on the waveguides could bend the 

coupling mirror of the cavity, and adversely affect its quality factor.

The electrical supply for the thermal timing of the open cavity, 

the voltage between the two mirrors for Stark effect studies, and the 

current through the coils for magnetic field production within the 

maser vacuum chamber, were all provided for as follows. A groove of 

10 x 3 x 0.5 cm in dimensions was made on the outside face of the 

perspex window of the front port of the main chamber. The 24 copper 

pins were threaded through matching holes in the bottom of the groove.

The groove with pins in position, filled with araldite epoxy resin, 

then provided a mechanically strong vacuum seal.

The EHT lead-through for. the state separators were treated 

in the same way. The thermal tuning and the EHT lead-through are shown 

in Figs. 2.12 and 2.11 respectively.
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CHAPTER THREE

THE MASER AS A SPECTROMETER

3.1 Introduction

Two different spectrometer designs have been employed in the 

experimental work described in this chapter.

At the beginning of the project, the work was concentrated 

on the improvement of the spectrometer resolution of the first 

already existing maser system, by changing from effuser-diaphragm to 

nozzle-skimmer combinations (Section 3.5) to achieve a high intensity 

molecular beam, and to use the system as an oscillator by reaching 

the oscillation threshold beam flux for the weaker intensity inversion 

lines of ammonia relative to J=K=3 such as J=K=1 and 2, in a TEMQ01 

open cavity mode. However, oscillation was not achieved with the line 

J=K=1, but was successfully obtained with the inversion line J=K=2 

which oscillated for the first time in this system. But the improvement 

which resulted from the use of the nozzle-skimmer combination in the 

system employed as a spectrometer was sufficient for the observation 

of the weak field Stark effect with the J=K=1 inversion line (Section 

3.7). Details of this spectrometer are described in the following 

section.

As a result of the partial success of obtaining maser oscillation 

with weaker spectral lines than J=K=3 in ammonia with this system and 

limited spectral resolution for Stark spectroscopy, a completely new 

system was designed, details of which have already been described in 

Chapter Two. This new maser, again operated with an open resonator, 

was used as an oscillator (Chapter Four) on the J=K=1, 2 and 3 lines 

of ammonia and in addition could be operated as a spectrometer with 

improved spectral resolution (Section 3.8 and 3.9).
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3.2 The First Spectrometer

The main vacuum chamber was an aluminium bronze casting, 

in the shape of a rectangular box of dimensions approximately 

450 x 200 x 200 mm. The chamber was sealed on the outside surface 

with Araldite and on the inside surface with silicone varnish.

It was fitted with a brass lid, which carried two liquid nitrogen traps, 

and closed the top of the box. Two ports on the front of the box were 

closed by brass flanges, one of which carried the two waveguides 

which coupled with the cavity. On the back of the box one panel was 

machined flat, and carried electrical and mechanical lead-throughs.

All connections were sealed with rubber 'O' rings. All the nitrogen 

traps were made with a single continuous coil of copper tubing, to 

which copper plates were attached. One end of the box mated with the 

nozzle chamber, and the other was closed by a perspex window which 

carried the electrical lead-throughs to the cavity.

The nozzle chamber was a four-port arrangement constructed 

from brass tube. One port mated with the main chamber. At the 

opposite end a smaller port, closed by a flange which carried a 

mechanical lead-through, enabled longitudinal movement of the nozzle 

from outside the vacuum chamber. The top of the nozzle chamber was 

closed by a flange which also carried a liquid nitrogen trap and, 

in addition, the ammonia supply line to the nozzle.

The pumping arrangement for the two chambers was provided by 

three Edwards type 203 two inch diameter diffusion pumps; two were 

mounted below the main chamber,•and one below the nozzle chamber, 

which were charged with silicon 704 oil. Each diffusion pump was 

backed by a rotary pump; the two for the main chamber were two-stage 

Metrovac CRD1, but for the nozzle chamber a high speed PSR16 N.G.N. 

rotary pump was used. The reason for the use of a high speed rotary
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pump in the nozzle chamber was because it was only the central part 

of the molecular beam from the source which was allowed to pass into 

the main chamber by the skimmer or the diaphragm-slit. If a high 

speed pump were not to be used scattering of molecules tend to spoil 

the overall vacuum, and thereby reduce the mean free path of the 

molecules in the beam.

The pressure in the main chamber was monitored by a combination 

of a pirani and an ionization gauge. A similar ammonia gas supply and 

purification arrangement to the one already described in Section 2.8 

was used, except that this system operated with only one nozzle.

The transverse ladder state separator used in this system is 

shown in Fig. 3.1, >and was constructed of brass rods and P.T.F.E. 

insulators. The distance between the electrodes (1.6mm diameter) 

was 3.2mm, separated by a distance 2h (see Section 2.4) which tapered 

from 1.6mm at its entrance to 4.8mm at its exit. The length of the 

state separator was 55mm.

Fig. 3.2 shows the cavity which consisted of 150mm diameter 

copper discs 12mm in thickness, with ?3 x lCT^mm surface flatness 

(Smart, 1973). The cavity design was similar to that of the cavity 

described in Chapter Two. The microwave coupling and the cavity 

tuning mechanisms were also similar to those in Sectiors 2.1.3 and 

2.1.4, thus the cavity tuning (Section 2.1.5) and the mode identifi

cation procedure (Section 2.1.6) were carried in the same way.

The cavity was supported on and bolted to a rectangular frame, which 

in turn was bolted to the floor of the main chamber. This frame can 

be seen below the cavity in Fig. 3.3. This figure also shows the two 

waveguides which coupled to the cavity and passed through a flange on 

the front of the main vacuum chamber. A general view of the maser 

system is shown in Fig. 3.4.



Fig. 3.13 (a) EFFUSER AND DIAPHRAGM

(b) NOZZLE AND SKIMMER



FIG. 3.2 THE CAVITY



FIG. 3.3 THE MAIN CHAMBER
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3.3 Hyperfine Structure of Ammonia Inversion Lines J=K=1,2,3

The selection rule 1.4 was given for the rotational inversion 

spectrum, but when AJ = AK the pure inversion spectrum of ammonia is 

obtained (Oraevskii, 1964). As a result of the hyperfine interactions 

in the molecule, a splitting of the inversion transitions into a 

number of hyperfine structure components occurs.

From the coupling scheme (Fig. 1.4) F^ = 1^ + J, where 1^ is 

thé spin vector of the nitrogen nucleus, and J is the vector of the 

total rotational angular momentum of the molecule. The quantum number 

F^ can take values from 1^ + J to |1^ - J|. Since every value of F^ 

corresponds to an energy level, it turns out that the degeneracy of 

energy levels due to spin orientation of the nitrogen nucleus and the 

molecule is removed by a factor equal to (21^ + 1)(2J + 1).

When the hyperfine interactions are taken into account, it is 

necessary to add the following selection rules to those given in 1.4 

for the pure inversion spectrum:

AFX = 0, +1 AF = 0, +1 3.1

Owing to the selection rules, every component of quadrupole hyperfine 

structure corresponding to a given value of F^ is split into three 

times the number of different values taken by F, where it can take 

values from F^ + I to ¡Fj - l| through one, so that the number of 

different values of F is equal to the least of the numbers (21 + 1) or 

(2F^ + 1). The total spin of the hydrogen nuclei I is equal to %  

when K is a multiple of three, and equal to V2 when K is not a multiple 

of three (Gordon, 1955). The nuclear spin of the nitrogen 1^ is equal 

to one.

Kukolich (1967), used a two cavity maser spectrometer to 

measure the hyperfine structures of the J=K=1, 2, 3 lines of inversion
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transitions of ammonia (^NH^) to try to explain some discrepancies 

between the previous theory and measurements. The tables of the 

results of J=K=1,2,3 line frequencies measured and calculated, and 

deviations are given by Kukolich (1967).

In the case of the inversion transition of ammonia J=K=1,

Ijj = l and I = V2» therefore can take three values and F can take 

the five values:

F1 ' F

0 v2

1 \  * v2

2 3/2 . 5/2

Fig. 3.5 is a schematic diagram'of all energy levels, and associated 

transitions for the J=K=1 inversion line of the ammonia molecule.

As it is clear from this figure, the main line is composed of eight 

hyperfine transitions from AF = 0, £1 and AF^ * 0, spread over a range 

of 56 kHz. The quadrupole satellites result from transitions AF^ * +1 

and AF = +1,0, and thus there are ten possible transitions, five on 

each side of the main line (upper and lower frequency side). Two 

outer quadrupole satellites are approximately 1530 kHz above and below 

the main line frequency, and three inner quadrupole satellites are 

approximately 600 kHz above and below the main line frequency.

In the case of the inversion transition of J=K=2, F^ can take 

three values and F six values:

F
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\  > %
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For the J=K=2 (Fig. 3.6), the main line is composed of six transitions 

from AFj = AF = 0, to spread over a range 2 kHz. There are three 

magnetic satellites, approximately 42 kHz above and below the main line 

frequency arising from AF^ = 0 and AF = +1. Of the six quadrupole 

satellites on each side of the main line, three outer quadrupole 

satellites arising from AF^ = Tl, AF = Tl,0 transitions, are approxi

mately 2058 kHz above and below the main line frequency, and the other 

three quadrupole lines (inner satellite lines) lie above 1296 kHz from 

the main line frequency.

In the case of the inversion transition J=K=3, I = 3/2, then 

Fj can take three values and F twelve values:

F

V2 » %  > %  » 1h 
%  » 5k  » %  * \

\  \  , u k

Fig. 3.7 shows the main line with twelve components from AF^ * AF *= 0, 

spread over the range 2.4 kHz. There are nine magnetic satellites, 

approximately 65 kHz above and below the main line frequency, which 

arise from AF^ = 0 and AF = +1. On either side of the main line lie 

the quadrupole satellites, seven components of which for the inner 

quadrupoles lie approximately 1690 kHz above and below the main line 

frequency, and arise from AFj = +1 and AF = +1,0, and the outer 

quadrupole satellites, also including seven components arising from 

the selection rules AF^ *= il and AF = +1,0. These lie about 2320 kHz 

above and below the main line frequency.

The mean frequency of the peak of the composite main line 

depends on the ratios of the intensities of the individual components 

and on their frequencies (Skobeltzyn, 1964). The J=K=3 main line

2

3

4
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frequency is 23 870 129.183 kHz; J=K=2 ; 23 722 633.335 kHz and 

J=K=1 : 23 694 495.487 kHz (Kukolich, 1967).

3.4 High Intensity MoleculaT Beam

The molecular beam source is one of the important basic elements 

of the molecular beam maser. Increasing the oscillation power of a 

maser for realizing oscillation on a split spectral line, or for maser 

spectroscopy with enhanced sensitivity for the detection of weak 

spectral lines means increasing the number of active molecules entering 

the cavity (Eqn. 1.22). This number can be enhanced by increasing the 

total number of molecules directed towards the cavity, for example 

by increasing either the beam intensity, or the molecular capture angle 

in the selector system or both.

Johnson (1928) showed that beams of far greater intensity can 

be produced from a nozzle source rather than the conventional effusive 

molecular beam source. The graph (Fig. 3.8) of relative intensities 

measured at the detector against the corresponding source pressures as 

given by Johnson, shows a linear curve up to a nozzle pressure of about 

50 torr, and continues rising up to a maximum intensity at 100 torr.

With further increase in nozzle pressure, the beam intensity decreases. 

The decrease in intensity was attributed to scattering of beam molecules 

in the region downstream of the nozzle by background gas. Rodebush 

(1931) noted the possibility of using a nozzle source with collimation 

(resembling a skimmer) to achieve high beam intensities, but this method 

was ignored until it was rediscovered later by Kantrowitz and Grey (1951), 

who made an important suggestion that beam intensities orders of 

magnitude greater than could be achieved by any effusion technique were 

possible. The arrangement to exploit this idea is as follows.

The beam material emerges through a nozzle from a container in which
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the pressure is of the order 102 - 103torr. The flow is hydrodynamic 

through this nozzle and a jet of gas expands into the nozzle chamber 

which strikes a suitably shaped diaphragm called a skimmer, allowing 

free passage of the central core of the molecular beam, and the 

remaining gas is pumped away. In the region of the skimmer, the gas 

flow changes from continuum to molecular, i.e. the collision rate drops 

very sharply.

A lot of attention has been given by many investigators to 

this proposal of Kantrowitz et al., including Kistiakowsky and Slichter 

(1951), Deckers and Fenn (1963), Campargue (1964) and others.

Kistiakowsky et al.(1951) employed a nozzle skimmer combination 

using ammonia as a test gas. It was found that the maximum intensity 

obtained exceeded by more than a factor of twenty that which is 

obtainable from an ordinary effusion system under optimum conditions. 

Fig. 3.9 represents a typical result obtained for the beam intensity 

of ammonia gas as a function of the inlet gas pressure. For relatively 

low gas pressures the beam intensities obtained were small. At higher 

pressures the intensity of the beam began to rise far more rapidly with 

respect to the pressure. For pressures above 170 torr a marked gain in 

the intensity is obtained, especially at a pressure of about 300 torr. 

The point x on the graph indicates the relative beam intensity expected 

with a conventional effuser source at the optimum pressure.

Deckers and Fenn (1963) introduced a theoretical expression for 

beam intensity which comes out of the analysis of Kantrowitz et al, for 

Mach numbers above three, and assuming no collisons after the skimmer 

entrance. It was found that

S n a M
I * --- 1_°_2----- - 3.2

[l + $( y -i)m 2J3

where I is the total beam flux in molecules per second, S is the area
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of skimmer inlet, nQ is the number density of molecules upstream of 

the nozzle, aQ is the speed of sound in the gas upstream of the nozzle,
c

y is the specific heat ratio (y * 7̂ ) and M is the Mach number at the
v

skimmer entrance (the Mach number is: the ratio of flow velocity to the 

local velocity of sound).

Fig. 3.10 shows the variation of beam intensity with the nozzle 

pressure for two different skimmer shapes and the theoretical beam 

intensities. For both skimmers the beam intensity increases with nozzle 

pressure along the theoretical line at low pressure, but falls below the 

theoretical line, and reaches a maximum at higher pressure. With a 

further increase in nozzle pressure the beam intensity falls to reach a 

minimum, then begins to rise. This indicates that the effect of the 

skimmer (skimmer interference) is due to molecules reflected from the 

external skimmer surface. The presence of the skimmer interference was 

unclear since the first time it was observed by Deckers et al., several 

explanations were proposed. The arguments centred on the question of 

whether the scattering of beam molecules took place in front of or 

within the skimmer. Years later, it was found that scattering can occur 

at either location depending on the density of the beam approaching the 

skimmer. Fig. 3.11 shows an illustration of skimmer interference 

phenomena. Those molecules hitting the external surface are reflected 

back into the beam, but their density is sufficiently low that collisions 

with approaching beam molecules are negligible. As the beam density is 

increased, the density of reflected molecules increases and causes 

scattering of beam molecules in front of the skimmer. With a further 

increase in beam density both the reflected and scattered molecules 

contribute to the density in the scattering region. This region appears 

to have some of the characteristics of a diffuse shock wave. For still 

higher jet densities, the flux of jet molecules is sufficiently high to



Fig-3-12 Theoretical velocity distribution of(a) effusive and 

 ̂ b)nozzle source (after Anderson et al,!965)

Fig 3 10 Variation of beam intensity with nozzle pressure for two 

skimmer shapes, (a)open circles(b)closed circles 

(after Anderson,1972)



Fig.3*11 Illustration of skimmer interference phenomena, 
top*, low density, bottom: high density
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drive reflected molecules in front of the skimmer. An oblique shock 

wave is formed along the external walls of the skimmer, and the 

diffuse shock wave structure in front of the skimmer entrance no longer 

appears.

By the use of a nozzle type source, according to Kantrowitz et 

al.,.most of the random translational and internal energy of the gas is 

converted into directed mass motion, which provides an initial 

collimation. This improves the effusion rate and the geometrical profile 

of the gas flow. Therefore, all the molecules spread within a narrow 

elliptical profile, mainly along its major axis which is several times 

the distance between the nozzle source and the skimmer. As a consequence, 

the molecular velocities in the beam would be partially monochromatized. 

Fig. 3.12 shows the theoretical velocity distribution of effusive and 

nozzle sources (Anderson et al. 1965).

The simple theory of the action of nozzle beams is based upon 

the assumption that the expansion is isentropic. The increase in 

forward velocity of the beam comes from a reduction in the local 

enthalpy of the gas. The lowering in temperature, from T^ (initial 

temperature) to T^ (final temperature), accompanying the expansion 

is given by (Fluendy and Lawley, 1973):

' . —  ■ [1 + ^ M 2] “ 1 3.3

where y and M have the same meaning as in Equation 3,2. According to 

Kantrowitz (1951) the temperatures which are attainable by nozzle 

source expansions are very low (6.24 x gas supply temperature for the 

sample design) and it should be possible to attain a molecular beam with 

a large number of the molecules in the lower rotational states, The 

population of rotational state in a molecule of symmetric top type is 

proportional to the Boltzmann factor and the statistical weight of the
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energy state (Herzberg, 1947)

N (J,K) g (J,K)® (J,K) 3.4

where Ej K is the rotational energy level, gj K is the statistical 

weight, k is Boltzmann's constant and T is the absolute temperature.

3.5 Experimental Comparison of Effuser-Diaphragm and Nozzle-Skimmer 

Combinations

The discussion in Chapter One shows that the ammonia molecular 

beam formation plays a major role in maser operation through the 

following factors: beam intensity, molecular velocity distribution 

and molecular temperature. The discussion of the theoretical and 

experimental results in Section 3.4 shows the advantages to be gained 

by the use of a nozzle-skimmer combination in the molecular beam maser 

from the viewpoint of high intensity, narrow velocity distribution and 

rotational cooling of the molecues, thus enhancing the population of 

molecules in low lying rotational states.

The validity of these points was consolidated by the following 

known results obtained from the ammonia type of molecular beam maser 

operated with a nozzle-skimmer combination. Firstly, oscillation was 

secured on the relatively weak J=3,K=2 inversion line of ammonia 

without cryopumping (Maroof and Laine, 1974); secondly, oscillations 

on several hyperfine components as well as the main line of the J=K=1 

inversion line of ammonia were also obtained (Maroof and Laind, 1976, 

Laine and Truman, 1977a). All of these results were realized with a 

skimmer in the shape of a cone, to produce a cylindrical beam, which 

subsequently passed through the ring state separator and then on to the 

cylindrical microwave cavity.
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From the foregoing experiments, it seemed reasonable to suppose 

that if the skimmer was shaped to give a flat rather than a pencil-like 

beam, then the advantages of the nozzle-skimmer combination could be 

applied to the open resonator;

The diaphragm plate which closed off the subsidiary vacuum 

chamber from the main chamber, and carried the diaphragm slit, also 

supported the state separator and the effuser unit. Two parallel rods 

on the subsidiary chamber side of the plate carried the effuser unit, 

and allowed it to slide in a direction perpendicular to the diaphragm 

slit. Slotted holes were provided in the diaphragm plate for the bolts 

to secure it to the vacuum chamber port. This provided for the horizontal 

adjustment of the whole effuser and the state separator, in order to 

align it with the centre of the cavity.

The effuser unit was of the multichannel type which consisted 

of a linear array of 33 holes, 1mm in diameter and 10mm in length.

A thick walled flexible tube with an appropriate vacuum lead-through 

supplied ammonia gas to the effuser. The ammonia, after purification 

by freezing was stored in a 2 litre reservoir, and was used to operate 

the maser by flowing it through a needle valve, using a pirani gauge 

to monitor the pressure behind the effuser. Fig, 3.13a shows the 

effuser unit and the diaphragm.

The nozzle source was constructed by machining a cone into a 

brass disc, to within about O.lmra of breaking through. A hole was then 

made by using a jeweller's drill of the required diameter, Otherwise 

the arrangement for the nozzle source inside the subsidiary vacuum 

chamber is exactly as for as the effuser source just described.

The skimmer represented a somewhat more difficult design problem 

than the nozzle. Because it was to be immersed in a supersonic stream 

it was necessary to be concerned about the formation of shock waves.
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In order to avoid, if possible, a detached shock in front of the slit

entrance, it was essential to make the outside angle as acute as

possible. A compromise was made by taking 35° for the inner angle, 
oand 45 for the outer angle. Brass was used for the construction of 

the skimmer and as sharp an edge as possible was obtained by grinding. 

Such,a sharp edge was necessary to ensure that the number of molecules 

which struck the edge and then scattered was minimal. The inside and 

outside surfaces of the skimmer were highly polished. Slotted holes 

were provided in each skimmer lip-holder for the bolts which secured 

it to the diaphragm plate,which was fixed to the vacuum chamber port. 

This provided for horizontal movement of the lips, and thereby permitted 

adjustment of skimmer width. Fig. 3.13b shows the nozzle and the 

skimmer.

Since the signal-to-noise ratio is an increasing function of 

the number of active molecules in the cavity, this ratio may be taken 

as an indicator of the success of machine improvements.

Fig. 3.14 shows the oscilloscope photographs of the maser 

emission signal for the J=K=1 inversion line: (a) when the maser is 

operated with an effuser-diaphragm combination. Her? the two largest 

intensity components of the eight components of the main line are shown 

with a signal-to-noise ratio of three. Photograph (b) shows three 

components of the eight with a signal-to-noise ratio of ten, when the 

nozzle-skimmer combination was used.

When the effuser was used as the molecular beam source, in 

combination with a collimating diaphram, the maser oscillated on the 

J=K=3 inversion line of ammonia only, while oscillation was obtained 

on the weak inversion line J=K=2 also, when the nozzle was used as 

the molecular beam source in combination with the skimmer.



Fig. 3.14 THE J=K=1 INVERSION TRANSITION OF 

AMMONIA, THE SYSTEM OPERATED WITH

(a) EFFUSER AND DIAPHRAGM

(b) NOZZLE AND SKIMMER



The signal amplitude of the maser was investigated experi

mentally, and the results have shown that small diameter nozzles were 

best suited for the ammonia beam maser, which was 0.09mm. With smaller 

than 0.09mra nozzle diameter, such as 0.05mm, condensation phenomena 

could be reached (Maroof, 1975); condensation was detrimental to maser 

operation.

The simultaneous use of two separate nozzles 0.09mm diameter 

spaced 30mm apart in the same subsidiary chamber, was also investigated. 

Surprisingly, the single nozzle gave better results than the two 

nozzles used at the same time. This was attributed to the scattering 

of molecules from the nozzles by background gas in the subsidiary 

vacuum chamber.

The best width of the skimmer slit, was found to be 0.8mm for 

nozzle pressures up to 300 torr. For every change in the skimmer slit 

it was necessary to open the vacuum system to the atmosphere with 

attendant readjustments of the distance between nozzle and skimmer, 

state separator and the cavity. As a result of these difficulties an 

optimum width for the skimmer slit was difficult to find. Therefore 

it was necessary for the skimmer width to be adjustable from outside 

the vacuum chamber.during the maser operation in order to find an 

optimum width. A suitable design is discussed in Section 2.9 in 

conjunction with the new maser system.

3.6 The Stark Effect for Ammonia

The Stark effect is the.change observed in the spectrum of a 

system subjected to an electric field. The rotational spectrum of a 

molecule which has an electric dipole moment may be expected to be 

modified when the molecule is in an electric field, since the field 

exerts a torque on the molecule and thereby can change its rotational 

motion.



Stark effects have been investigated by many investigators 

for different types of molecule. The first Stark measurements in 

microwave spectroscopy were those of Dakin, Good and Coles (1946) on 

the linear molecule OCS. The-theoretical work by Golden and Wilson 

(1953) on asymmetric top molecules, showed that the intensities of 

the AJ * 0 transitions are proportional to M2, whereas those of the 

AJ = +1 transitions are proportional to [(J+l) 2 - M2]. An example 

of the use of the Stark effect in identifying different absorption 

lines is given by the measurements of Ferguson and Wilson on SOF2 

(1953). Its use in determining dipole moments for several other 

molecules is illustrated by the paper of Townes et al. (1949).

In 1946 Coles and Good showed that the Stark splitting of ammonia is 

somewhat of a special case as its dipole moment is not permanent.

A detailed theoretical treatment of the Stark splitting produced in 

ammonia, including quadrupole interactions has been given by Jauch 

(1947), and, in the particular case of the J=K=3 inversion line, has 

been worked out in detail.

Symmetric top molecules have a component of their electric 

dipole moment parallel to the angular momentum vector, and thus 

components which are fixed in direction rather than rotating.

Thus for a symmetric top rotating about its symmetry axis, the dipole 

moment is in the direction of J and its energy in an electric field 

is -yE cos 0 , where y is the dipole moment of the molecule, and 0 

is the angle between J and the electric field E. The projection of J 

on a fixed direction, such as that established by the direction of E, 

is always an integer M, the magnetic quantum number. Hence the energy 

might be expected to be *-yE cos 0 » -yE(M/J). In the more general 

case of the angular momentum J and a component of the angular momentum 

K along the symmetry axis, the component of y along the J direction is
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VE/J. The energy will then be:

A W  = - y'EMK
J(J+1) 3.5

The change in energy of a symmetric top molecule due to an 

electric field, is proportional to the first power of yE (first order 

Stark effect), whereas that for a linear molecule is proportional to 

the second power of yE (second order Stark effect) (Townes and 

Schawlow, 1955). The first order Stark effect of symmetric tops is 

more generally a characteristic of a system with degenerate levels.

In the absence of an external field no system can have a dipole moment 

fixed in direction, unless it is in a degenerate level such as is 

found in a symmetric top, which has a dipole moment and can interact 

with the applied electric field.' The ammonia molecule is a symmetric 

top. Its Stark splitting is somewhat of a special case as its dipole 

moment is not permanent but changes with the inversion frequency, and 

the first order Stark effect does not occur. Classically the dipole 

moment of ammonia molecule might be regarded as rapidly reversing in 

direction because of the inversion, so that its average value in any 

direction is zero. Therefore, a second rather than first order Stark 

effect splitting should be applied to the ammonia molecules (Coles and 

Good, 1946).

When hyperfine structure is present due to a nucleus of spin I 

(Section 1.3), the total angular momentum of a molecule is given by the 

quantum number F = J+I, J+I-l, Jj-l| rather than by J, The

projection of the angular momentum on the same chosen direction is 

Mp « F, F-l, -F. Thus the number of Stark components depends on

F rather than J, and it may be expected that the energies of Stark 

components will be rather different from the case with no hyperfine

structure.



In the weak field case (E < Eg, where E •" 500V/cm) the electric 

field is so small that the Stark energy is less than the hyperfine 

energy. Expressed otherwise, the precession of the molecule due to 

the Stark field is so slow and gentle that the interaction between the 

nucleus and molecule is very little disturbed. The molecular state is 

satisfactorily specified by the quantum numbers I, J, F and Mp.

Each hyperfine line is then split into various components, according 

to the value of Mp, and this splitting is small compared with the 

hyperfine splitting.

In the strong field (E > Eg) case.the Stark energy is much 

larger than the hyperfine energy. The molecule is precessed so 

violently by the electric field that the nuclear orientation cannot 

follow the motion. I and J are'said to be decoupled, and the hyperfine 

structure is radically changed. The quantum number F is no longer 

good, since the vector sum of I and J is no longer fixed. Appropriate 

quantum numbers for describing the molecular state are I, J, Mj and M^, 

where Mj. is the projection of I on the direction of the field and Mj 

is the projection of J on the direction of the field.

An intermediate field (E ~ E ) case occurs when Stark ands
hyperfine energies are comparable. In those cases neither Mj nor Mp 

and F are good quantum numbers. The hyperfine structure causes the 

Stark pattern for intermediate field values to be quite complicated 

(Jauch, 1947).

Jauch analyzed the Stark effect of the ammonia inversion 

spectrum J=K=3 by including the quadrupole energy. The Hamiltonian for 

the system was

H » H + H + H" 3.6o q

where H is the energy for the rotational levels, including the



inversion splitting, H is the quadrupole energy and H" is the inter- 

action energy of the electric dipole moment with the external electric 

field. Dugdale (1976) calculated the effect of a Stark field up to 

218V/cm (weak field) on the energy levels of the ammonia inversion 

rotational state J=K=1, including all the hyperfine structure of the 

inversion spectrum, which was based on the result obtained by Kukolich 

(1967). From this calculation a coordination of the energy levels as 

a function of the parameter x» which is equal to y2E2/A(J,K), was 

obtained and is shown in Fig. 3,15, where y is the dipole moment 

(1.45 x 10”18e.s.u.), A(J,K) is the energy difference between the upper 

and lower inversion state and E is the electric field. In this figure 

the coordination of the energy levels for the upper state (a) and lower 

state (b), is in a Stark field from 0 to 144.87V/cm. On this graph 

E2 » 954 x number .of centimeter divisions (x-axis), and each centimeter 

is equal to 20 kHz. The y-axis is equal to 10 kHz for each centimeter 

(energy levels shift).

According to Jauch, the transitions occur with the following 

selection rules:

(main line) ' AF. = 0, AM = Ï 1  ’ for the case of mutuallyX r perpendicular Stark and
(satellites) •4 F 1 ~ + 1» AMp = + 1 . microwave electric fields

x 7
(main line) AF. n__p<«%oII 0

o • /
for the case of parallel1 Stark and microwave

(satellites) 4Fi = +1, AMp as 0 J electric fields

It is possible, from Fig. 3.15, to draw a diagram of all energy

levels and associated transitions for AM„ * ll or AMC = 0 in any valuer r

of electric field, to identify the number of components in the main 

line and each satellite, as well as their relative frequency separations 

Fig. 3.16 shows the energy levels and the possible transitions in the







FIG. 316 SCHEMATIC DIAGRAM OF ENERGY LEVELS FOR J=K*1 
INVERSION LINE OF AMMONIA MOLECULE IN 
WEAK ELECTRIC FEILD (144V CM) AND 
AM=T1 MAIN LINE TRANSITIONS.



FIG. 317 SCHEMATIC DIAGRAM OF .ENERGY LEVELS FOR J=K=1 
INVERSION LINE OF AMMONIA MOLECULE IN 
WEAK ELECTRIC FIELD (HA V CM ) AND 
AM sï1 QUADRUPOLE SATELLITES TRANSITIONS,
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FIG 3*18 SCHEMATIC DIAGRAM OF ENERGY LEVELS FOR J=K=3
INVERSION UNE OF AMMONIA MOLECULE IN WEAK 
ELECTRIC FIELD(1 A4 v/CM) AND AM-. 0 TRANSITIONS 

(MAIN LINE AND QUADRUPOLE SATELLITES)
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the case of AM„ = + 1, in an electric field of 144 V/cm for the main 

line. Fig. 3.17 shows the energy levels for the satellites for the 

same value of electric field. Fig. 3.18 shows the main line and its 

satellites for the case of parallel Stark and microwave electric 

fields in the case of AMp = 0 .

3.7 Observation of the Stark Effect in the J=K=*1 Inversion 

Transition of Ammonia

The setting-up procedure of the molecular beam spectrometer for 

Stark splitting of the J=K=1 line is as follows. The tuning mirror is 

electrically connected to the stabilized d.c. power supply to produce 

a Stark field perpendicular to the microwave field. This mutually 

perpendicular field configuration is the only possibility with this type 

of open cavity design, and thus the selection rule in this work is 

AMp = +1 . The klystron, acting as a local oscillator (L.O.) is offset 

in frequency by the intermediate frequency and one of the sidebands 

produced by 30 MHz modulation of a portion of the L.O. power is set to 

the J=K=1 transition frequency using a wavemeter. The cavity is then 

tuned to this frequency (see Section 2.1.5) ensuring that the cavity 

operates in the simplest mode with one maximum of microwave electric 

field.

The mode of display used to observe the Stark splitting 

components is of course the spectroscopic one (maser 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 output from the maser will reproduce the 

spectrum of the maser line. 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.
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Fig. 3.19 shows the main inversion line J=K=1 of ammonia for 

the following six values of Stark voltage applied across the cavity:

0, 37, 45.9, 59.3, 77.5, 90 Volt. Since the gap between the mirrors 

is 0.625cm, then the Stark fields are 0, 59.2, 73.44, 94.88, 124,

144 V/cm. It is clear from the figure that the two zero field 

components of the main line split into many lines as a result of energy 

level splitting in the presence of the electric field. The number of 

components is governed by the number of sub-levels (Mp) and the 

selection rules. As a result of differential Stark shifts for different 

components of the main line, the separations between these will only 

be larger than the resolution of the spectrometer at sufficiently large 

Stark fields. Thus the spectrometer will resolve more components in 

the high field than at low field.

From Fig..3.16, the main line of the J=K=1 inversion transition 

consists of twenty-four components spread over a spectral range of 

"181 kHz. But, as a result of the spectrometer resolution and the 

effect of Stark field on the relative intensities of components, only 

six components are observed when the Stark field is 144 V/cm, as shown 

in Fig. 3.19f. As a consequence of the overlap of the components at 

increasing values of the electric field, the identification of each 

individual component is impossible. Therefore detailed measurements of 

the frequency shift for each component, in order to compare with theory, 

is not possible with the present spectrometer resolution. However, the 

number of the components from the theoretical and the experimental work 

can be compared and are found to be in agreement. The theoretical and 

experimental Figures 3.17 and 3.20 respectively, shows the extent of 

agreement. Fig. 3.20 shows the outer quadrupolc satellite's lines on 

the low frequency side of the main line, which is the weaker component 

in the hyperfinc structure of the J=K=1, at an electric field value of
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Fig. 3.19 STARK EFFECT ON 14NH3 J=K=1 TRANSITION 

(MAIN LINE)



Fig. 3.20 STARK EFFECT ON 14NH3 J=K=1 INVERSION 

TRANSITION (OUTER SATELLITES ON THE LOW 

FREQUENCY SIDE OF THE MAIN LINE)

(a) ZERO v/cm
(b) 75.2 v/cm
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Fig. 3.22 STARK EFFECT ON 14NH3 J=K=1 TRANSITION 

(240 v/an)
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75.2 V/cm. This group of lines is comprised of three components, in 

agreement with theory (see Fig. 3.17).

During the observation of the Stark effect, an unusual phenomenon 

was observed, where the intensity and indeed the number of Stark 

components were dependent upon the relative polarity of the Stark 

voltage with respect to the polarity of E.H.T. applied to the state 

separator electrodes.

Fig. 3.21 illustrates one case of the electric field direction 

in the cavity and the state separator electrode polarities. In this 

case the main line components in a Stark field of 240 V/cm, shown in 

Fig. 3.22a, consists of seven components, while that of Fig. 3.22b 

for the same line in precisely the same magnitude of Stark field but 

of reversed polarity across the cavity with unchanged separator E.H.T. 

or polarity, consists of only six components. Here, the seventh 

component on the left-hand side of the figure (a) has completely 

disappeared and the relative intensities of the Stark components has 

changed.

This phenomenon could possibly arise as a consequence of spatial 

reorientation of molecules in the weak fringe field between maser cavity 

and state separator (Strakhovskii et al., 1966). However, this inter

pretation is hard to reconcile with the further experimental fact that 

the presence of an earthed metal screen between the state separator and 

the cavity did not eliminate the effect.

3.8 Operation of the Maser with TEM1Q1 Cavity Mode

In 1964(a) Krupnov and Skvortsov calculated the spectral line 

shape using the following formula:
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F t¡2E0*sin2 [gfo12-<|>c)] 

[S¡2 - (i»12-uc ) 2] 2
3.7

where co-_ is the molecular transition frequency, oj is the signal X z c
frequency, £1 is the frequency of the change in the field amplitude 

during the flight of a molecule along the spatial distribution of 

the field E(z), where z = Vt; V is the velocity of the molecule and 

n is the number of variations of the microwave•field maxima within 

the resonator [n = (0/ir)t, where t is the time of flight of molecules 

through the resonator]. Thus, for n > 1 the line is split.

In 1964(b) Krupnov and Skvortsov observed the line splitting 

on account of the longitudinal Doppler effect in a formaldehyde beam 

maser at X = 4ram for n = 2 in a Fabry-Perot type resonator. According 

to Krupnov et al., the frequency separation between the components 

is Av = ny/L, where L is the length of the resonator, and the width 

of each component depends on the total time of interaction between a 

molecule and the stimulating microwave field. A similar effect was 

observed by Lain! and Smart (1971) in an ammonia beam maser employing 

a parallel plate resonator at X = 1.25cm.

The reason for the observation of line splitting in this work 

was not merely tó show the ability of this system to observe this effect 

even for a weak line of ammonia, but also to observe the beating of 

beats when the line was split artificially (Section 3.9), as proposed 

by Lainé and Sweeting (1971b), and to observe biharmonic oscillation 

(Section 4.7) on the basis of proposals by Krupnov et al. (1964b).

Operation of the maser resonator in a higher order mode (TEM1Q1)

(next to the simplest mode) was obtained by a slight increase in 

resonator spacing to produce two maxima of microwave electric field of 

opposite phase along the beam axis. The frequency separation between



Fig. 3.23 THE J=K=2 INVERSION TRANSITION OF AMMONIA

(a) WITH ONE MAXIMA OF MICROWAVE FIELD

(b) WITH TWO MAXIMA OF MICROWAVE FIELD
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Fig. 3.23 THE J=K=1 INVERSION TRANSITION OF AMMONIA 

(MAIN LINE)
(c) WITH ONE MAXIMA OF MICROWAVE FIELD

(d) WITH TWO MAXIMA OF MICROWAVE FIELD



Fig. 3.23 THE J=K=1 INVERSION TRANSITION OF AMMONIA 

(OUTER SATELLITES ON THE LOW FREQUENCY SIDE 
OF THE MAIN LINE)

(e) WITH ONE MAXIMA OF MICROWAVE FIELD

(f) WITH TWO MAXIMA OF MICROWAVE FIELD
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the lowest order mode (TEMQ01) and the next mode (TEM1(J1) in this 

cavity was 28 MHz.

Fig. 3.23 shows the photographs of the emission line shape for 

the lines J=K=1,2 with n = 1 and n = 2, in the case of: (a) the J=K=2 

main line when the resonator was operated (with respect to the 

molecular beam axis) with one maximum of electric field; (b) with 

two maxima of electric field; (c) the J=K=1 main line with one maximum 

of electric field; (d) with two maxima of electric field; (e) the 

J=K=1 outer satellites on the low frequency side of the main line with 

one maximum; whilst (f) shows the spectrum with two maxima of electric 

field.

3.9 Observation of a Beating of Beats Effect in both Naturally and 

Artificially Split Spectral Lines

Bloembergen et al. in 1948, observed an effect which they termed 

"wiggles" in a nuclear magnetic resonance system. Laine, in 1966, 

observed the wiggles phenomenon in an electric dipole system for the 

first time. The effect followed upon the rapid passage of an exciting 

signal through the stimulated emission signal from the J=K=3 inversion 

line of ammonia in a beam maser. The exciting signal was frequency swept 

through the emission line in a time shorter than the mean transit time 

of molecules through the resonator cavity. Immediately after the passage 

of the exciting signal, the molecules in the cavity possessed an 

oscillating net polarisation at the molecular resonance frequency.

After that they radiated spontaneously and coherently at a decaying 

rate, until they finally passed out of the cavity. The decaying ringing 

signal mixed with the applied exciting signal and produced the wiggles 

effect as a decaying beam signal of increasing frequency. The decay 

envelope of the wiggles given by Laine et al. (1969) is:
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A = Aq exp(-t/t2) 3.8

where Aq is the initial signal amplitude and A is the signal amplitude 

at a time t. A photograph of the wiggles which follows the main 

emission line J=K=2 of an ammonia beam maser is shown in Fig. 3.24a.

Under certain circumstances, however, the decay is not exponential 

and may take the form of an amplitude modulated decay signal known as 

•'beating of beats". In particular, this may occur in a resonant system 

with closely spaced spectral lines, as it was observed by Gabillard (1951) 

in a magnetic dipole system, and occurred as a result of intermodulation 

of two wiggles signals from two closely separated resonance lines.

In an electric dipole system, beating of beats was observed by Lainé 

and Sweeting (1971b) for the naturally split main inversion line J=K=1 

of ammonia.

Lainé et al. (1971a)proposed that the observation of the beating 

of beats effect in an electric dipole system is not restricted to 

naturally split spectral lines. It is possible to observe the effect 

when a normally single spectral line is artificially split by using the 

Zeeman or Stark effect. However, in the present work, an artificially 

split main line of the J=K=2 inversion transition of ammonia to 

produce beating of beats, is achieved using the longitudinal Doppler 

effect by operation of the maser resonator in the next higher order 

mode relative to the simplestone (see Section 3.8).

Photographs of the "beating of beats" effect are shown in 

Fig. 3.24, which show in (b) the beating of beats effect from the 

naturally split main line of the J=K=1 inversion transition of ammonia 

and in (c) the beating of beats from the Doppler split main line of 

the J=K=2 inversion transition of ammonia.

From measurements of the period of the decaying interference 

pattern shown in Figure 3.24 (b) and (c), it is possible to calculate



THE ’WIGGLES' EFFECT FOLLOWING THE MAIN EMISSION 
LINE OF THE J=K=2 INVERSION TRANSITION OF AMMONIA
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FIG. 3.24b THE 'BEATING OF BEATS' EFFECT FOLLOWING 
THE NATURALLY SPLIT MAIN LINE OF THE 
J=K=I INVERSION TRANSITION OF AMMONIA



FIG. 3.24c THE 'BEATING OF BEATS' EFFECT FOLLOWING THE 
LONGITUDINAL DOPPLER SPLIT MAIN LINE OF THE 
J=K=2 INVERSION TRANSITION OF AMMONIA
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the frequency separation of the resolved components of the naturally 

split line J=K=1 and Doppler split main line of the J=K=2, which 

are 24.4 kHz and 7.2 kHz respectively. The frequency separation of 

the resolved components of the J=K=1 main line result is in fair 

agreement with the value of 25.5 kHz recorded by Kukolich (1967).
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CHAPTER FOUR

THE MASER AS AN OSCILLATOR

4.1 The Oscillation Frequency

If the power emitted from the molecular beam exceeds the

power loss from the maser cavity, the system becomes self-excited

and oscillation builds up. Equation 1.22 shows the oscillation

condition for the molecular beam maser system. The frequency w of

the oscillation may be written (Oraevskii, 1967):

W. -0) Q L o xo(0 = w. 1 -
“l \

4.1

where w is the frequency of the spectral line, to is the frequency 

of the resonator, Q is the quality factor of the resonator and Q. 

is the quality factor of the spectral line and equal to where

x is the time of flight of molecules through the resonator.

As can be seen from Equation 4.1, the oscillation frequency 

(to) of a maser depends on the following parameters: the frequency of 

the spectral line, the natural frequency and Q-factor of the resonator 

and the width of the spectral line. In the simplest case, for which 

this equation is valid, the width of the spectral line depends only 

on the time of flight of molecules through the resonator. Actually, 

the width of the spectral line in a maser is made up of the spontaneous 

emission width, the Doppler width and the broadening owing to the finite 

time of flight of molecules through the resonator. The spontaneous 

width of an emission line is extremely small in the centimeter range 

of wavelengths. According to Basov and Prokhorov (1954), it is 

possible to eliminate the Doppler broadening in a molecular beam by 

exciting in the cavity the type of mode whose phase velocity in the
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the direction of beam propagation is infinite. However, divergent 

molecules possess velocity components perpendicular to the fundamental 

wave and introduce a transverse Doppler broadening factor. This can 

be minimised if the system has a well collimated beam, so that with 

a suitable maser construction the line width is practically completely 

determined by the time of flight of the molecules through the cavity.

The actual distribution of the velocity of the molecules in a 

molecular beam which has been through a state separator differs from 

the function ( V O e  T^T (Skobeltzyn, 1964), where t  is the time a 

given molecule spends in the cavity and r ' is the average time of flight 

of the molecules passing through the cavity. Then the distribution of 

the time of flight of molecules is affected by the voltage on the 

state separator, which means that the effective line width depends on 

this voltage. Thus, it is convenient to write Equation 4.1 in the 

form

u>
wT -a) Q

G(U,y ) 
"L q l °

4.2

where G(U,yo) is proportional to the potential on the state separator 

(U) and to the saturation parameter (y ).

In the derivation of the formula (4.2) for the oscillation 

frequency of a maser, it was assumed that the molecular transition 

occurs only between two energy levels, so that the emission line 

consists of only one component of a definite frequency. In practice, 

however, it is hard to find a spectral line which consists of only 

one component; the presence of hyperfine interactions in the molecule 

leads to a splitting of the main transition into a number of hyperfine 

structure components (see Sections 1.2 and 3.3), and with practically 

attainable line widths many of these are not resolved. The peak
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position (frequency of such a line depends on the ratios of the 

intensities of the individual components and on their frequencies.

In the beam which has undergone state selection, the ratios of the 

intensities of the components are changed, and the peak of the spectral 

line shifted relative to that of a non state-selected spectral line 

of the gas. This shift is not a constant quantity, but depends on the 

voltage of the state selection system, since the ratio of the intensities 

of the components varies with this voltage (Basov and Oraevskii, 1959). 

Moreover the different components have different values of matrix 

element of the dipole moment and show different degrees of saturation.

The result is that the shift in question depends on the strength of the 

field in the resonator, such that, in the final analysis, the oscillation 

frequency in the maser depends on the intensity of the molecular beam.

Also in the derivation of the oscillation frequency formula, 

the resonator was represented as an oscillating circuit with lumped 

parameters. This idealization does not take into account the propagation 

of the electromagnetic energy along the resonator. Actually, the 

molecules do not emit uniformly along the length of the resonator, 

since the probability of emission increases the longer the time the 

molecule spends in the resonator. This causes a Doppler shift of the 

frequency of the spectral line. The magnitude and the sign of this 

shift depends on the intensity of the beam of active molecules 

(Oraevskii, 1967), since for a small beam intensity, which means weak 

saturation, the emission of energy from the molecules occurs mainly as 

they pass out of the resonator, and the flux of electromagnetic energy 

is directed against the motion of the molecules, which causes a decrease 

of the frequency. When -the saturation is large, the molecules emit 

their energy in the first part of the resonator, and owing to this the 

flux of energy is propagated in the direction of motion of the molecules,
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and this causes an increase of the oscillation frequency of the

maser.

Because of the presence of unresolved hyperfine structure

components and the non-uniformity of the radiation of the molecules 

along the resonator, it is convenient to rewrite Equation 4.2 again, 

in another form

of the oscillation frequency of a maser ( -10"10 and higher), 

it is necessary to use two oppositely moving identical beams through 

the resonator in a symmetrical fashion, and take off the power from 

the maser exactly in the middle of the resonator, to minimize the 

frequency shift caused by non-uniformity of the radiation of the 

molecules along the resonator.

Thus the design of a double beam maser system favours the

:achievement of the high active beam intensity in the resonator and in

addition, improved frequency stability as an oscillator, using a

spectral line in which there is no hyperfine structure. A line of this
14 ISsort is the inversion transition J=3,K=2 of 1 or lines of NH^.

For the first one (J*3,K=2) there is no quadrupole hyperfine structure, 

but only the weaker magnetic hyperfine splitting. The magnetic 

splitting is small and the frequency shift is of the order of magnitude 

of one part in 10"11. A disadvantage of this line is its relatively 

weak intensity (the condition for self oscillation is less well satisfied 

than for the line J=K=3 by a factor of about 135). However, Maroof and 

Laine (1974), achieved oscillation on J=3,K=2 even without cryopumping.

G(U,y0) + A(U,yo) 4.3

where A(U,yQ) is proportional to the ratio of the intensities of

the components which varies with the state separator voltage (U).

Therefore, to secure high absolute stability (Sd^g *
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by using a nozzle source of gas with a gain in beam intensity 

resulting from rotational cooling after gas expansion.

Thus, if the various perturbations on the oscillation frequency 

of a maser are eliminated, then the main factor which will now determine 

the frequency stability of the maser oscillation will be the time of 

flight of the molecules through the resonator. Under such conditions 

the frequency stability of the oscillation of the maser will improve 

with an increase of the time of flight. This can be realized in practice, 

by increasing the length of the resonator or by decreasing the average 

speed of the molecules in the beam.

4.2 The Oscillation Amplitude Characteristics (the J=K=1,2,3 lines

of* 14 15NH3)

The amplitude of oscillation of the maser is often measured by 

a method of display which involves tracing out the I.F. amplifier band

pass with the I.F. signal derived from the maser oscillator itself.

If the local oscillator is swept through a frequency range greater than 

the amplifier bandpass, then the output signal from the mixer passes 

through the full range of frequencies accepted by the amplifier.

The output from the detector is then 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. This display is known as "bandpass 

display".

The oscillation amplitude characteristics of the maser have been
14studied using the ammonia inversion lines J=K=1,2,3, J=3,K=2 in NH^

15and J=K=6 in NH^; most of the maser oscillation characteristics 

studies have been carried out on the line J=K=3, which is the strongest 

inversion line of ammonia. For this line the threshold condition is 

much more easily satisfied than for other lines, as for example with the
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J=K=1 transition which is rather weak in intensity in comparison with 

other lines in the ammonia spectrum. The J=K=3,2,1 inversion lines 

have respective bulk gas intensities of 7.9 x lCT^cm"1, 3.2 x lCf^cm" 1 

and 1.9 x lCT^cm" 1 (Townes and Shawlow, 1955). However, the maser 

system designed and built for this work (Chapter Two) has oscillated 

on the J=K=1, which has not previously been reported in the open 

literature using an open resonator. This result gives evidence for 

the efficiency of the maser system constructed with an open resonator 

such as that discussed in this thesis.

The oscillation amplitude measurements as a function of various 

experimental parameters are shown in Figs. 4.3 and 4.4. In Fig. 4.3 

the relative oscillation amplitude is plotted against nozzle pressure 

(nozzle diameter 0.09mm) for various values of state separator voltage, 

(a) for the inversion line J=K=1, (b) J=K=2 and (c) J=K=3, and in 

Fig. 4.4, the oscillation amplitude is plotted against state separator 

voltage for various values of nozzle pressure, for the inversion line 

(a) J=K=1, (b) J=K=2 and (c) J=K=3. These families of curves give a 

complete picture of the oscillation behaviour of the maser for a given 

geometrical arrangement of the maser components.

A peaking of the oscillation amplitude with nozzle pressure is
»

demonstrated for the lines J=K=1,2,3 in Fig. 4.3. This oscillation 

amplitude maximum is due to the collisions of the molecular beam within 

the state separator itself, rather than with background gas, because 

the pressure of the chambers appears to remain constant with all values 

of nozzle pressure up to 760 torr. In Fig. 4.4 the curves corresponding 

to the tapered state separator shows a saturation behaviour. This is 

probably a consequence of its small angle of capture, in that when the 

critical velocity in Equation 1.12 is greater than the transverse 

velocity (V ) of the majority of molecules entering the state separator,
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no more molecules are available to be focused as the voltage is 

increased. A similar saturation behaviour has been noticed when the 

tapered ladder state separator was used by Becker (1963) and Smart 

(1973).

As a result of the limited population of the molecules in 

the upper inversion level for each inversion transition, the state 

separator voltage for which the onset of the saturation is noticed for 

each line varies somewhat with the nozzle pressure (Fig. 4.4).

The difference in the relative amplitude of oscillation for the curves 

with different values of state separator voltage for the same line 

as shown in Fig. 4.3, is presumably due to the presence of scattered 

molecules both inside the state separator and the cavity.

Also from these figures, it can be seen that the values of 

the state separator voltage for the three lines (J=K=1,2,3) in the 

same value of nozzle pressure, and the optimum nozzle pressure in the 

same value of state separator voltage at the maximum oscillation 

amplitude, are different from one inversion line to another. This 

difference is as a result of the different population of the molecules 

in the upper inversion level between the lines J=K=1,2,3. For this 

reason, the optimum state separator voltage and nozzle pressure for 

different inversion lines in the same maser system, are different to 

obtain a maximum oscillation amplitude. With the open cavity maser 

it is important that the cavity be carefully tuned to the centre 

frequency of the spectral line studied when amplitude measurements are 

made. Since variation in the quality factor of the cavity will also 

affect the measured values, the lowest threshold state separator 

voltages are not reproducible with great accuracy with the open cavity, 

since the parallelism of the plates is very hard to control.

The lowest state separator voltages for oscillation threshold for the
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J=K=1,2,3 respectively were 6 .6 , 5.5, 5.0 kV.

All the measurements cited so far were obtained in the 

presence of an earthed electric-conductor screen, to minimize the 

weak electric fringe field between the maser cavity and the state 

separator which may be as much as several tens of V/cm.

The presence of such a field can change the maser oscillation amplitude 

(frequency, power) by the spatial reorientation and/or non-adiabatic 

effects.

Spatial reorientation of molecules by the fringe field of the 

state separator has been discussed by Basov et al. (1964), Strakhovskii 

et al. (1966) and Truman and Laine (1976). This is a consequence of 

the fact that the beam of molecules from the state separator does not 

possess an isotropic distribution of molecular orientation in space, 

since the molecules with maximum projection of momentum M on the 

direction of the state separator field are more effectively sorted.

An additional field in the path of the molecular beam will change the 

orientation of the molecules in space by changing the proportion of 

molecules with different projection M. Since the intensity of stimulated 

emission also depends on the mutual orientation of molecules and the 

field in the resonator, it is clear that the fringe field will lead to 

changes in intensity of maser radiation from the molecules.

The non-adiabatic effect was noticed by Shimizu and Shimoda 

(1961), in the low frequency beam-type maser, which was a breakdown of 

so-called adiabatic focusing approximation. The adiabatic focusing 

condition of Shimizu et al., can be written

ovV2 '
-  8E
v V12 aX ~  1

4.4

where and are the energies of the lower and upper levels
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respectively, v is the mean molecular velocity, y ^  is the matrix
3Eelement between the two maser state selectors and —  is the rate
oX

of change of the electric field in the direction of travel of the 

molecules in the beam. According to Shimizu and Shimoda (1961),

Equation 4.4 is always fulfilled in a maser operating in the micro- 

wave region. Basov et al. (1964) indicated that the behaviour of a 

molecule in an inhomogeneous field of several tens of V/cm, is not 

fully 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's 

internal state.

In Fig. 4.5 the oscillation amplitude is plotted against the 

state separator voltage, for the lines J=K=1,2,3 with the same value 

of nozzle pressure (200 torr) in the presence of the fringe field 

(without a metallic mesh screen). In contrast, the amplitude of 

maser oscillation in the absence of the fringe field (Fig. 4.4) 

increases monotonically, as the voltage applied state separator is 

increased up to the value of the voltage for the state separator for 

which saturation of the maser oscillation sets in. But in Fig. 4.5 

(a,b,c), this monotonic increase of amplitude no longer occurs for 

all of the three inversion lines studied (J=K=1,2,3).

During the investigation of the nozzle diameter on the behaviour 

of maser operation, it was noticed that there was no effect from the 

fringe field on the oscillation amplitude without a screen when the 

nozzle diameter was changed from 0.09mm to the bigger one such as 

0.1mm. This result may-be explained as a consequence of an increase 

of the mean molecular velocity v (nozzle and vacuum chambers pressure 

are fixed) to a value that can significantly affect the inequality of
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the adiabatic focusing condition 4.4. But whether the change in the 

mean molecular velocity is sufficiently large to affect the inequality 

of the adiabatic focusing condition 4.4, remains an open question.

4.3 Oscillation in the Next Higher Order Cavity Mode (TEM^)

The operation of the open resonator in a higher mode to obtain 

a line splitting on account of the longitudinal Doppler effect, has 

been discussed in Section 3.8. Here the observation of the maser 

oscillation on the two components of the split line, is discussed.

The results obtained offer the first unambiguous results for a maser 

system oscillating with an open parallel plate resonator in a higher 

mode of operation than the fundamental.

Bonanomi and Herrmann (1956) suggested a method for the 

precise tuning of a closed resonator ammonia maser, by means of 

frequency jumps if types of resonator (n > 1) are used, and the 

cavity is tuned through the split line, the oscillation jumps from 

oscillating on one component of the split line to the other.

When Becker (1966) applied this method, he found the oscillation in 

his system was only possible on either one or other component by 

tuning the closed resonator through the centre of the molecular 

resonance frequency, rather than both. The frequency jump was found 

to be accompanied by an amplitude jump which showed a hysteresis effect.

Similar amplitude jumps were observed with the open resonator 

maser, employed in this work, when the system was operated at a state 

separator voltage or molecular beam flux such that a single oscillation 

on one or other component of the split line could be supported.

With this mode 'of operation, biharmonic oscillation was 

obtained on the two components of the split line of ammonia inversion 

lines J=K=2,3. The state separator voltage necessary to support a
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Fig-4-6 Oscillation amplitude characteristics
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single oscillation on one component of the split line was 7 kV and 

biharmonic oscillation set in at a state separator voltage of 9.6 kV 

with an optimum nozzle pressure in both nozzles of 200 torr. The first 

and second threshold state separator voltage for the inversion line 

J=K=3, was expected to be less than the threshold of the inversion line 

J=K=2 in this type of operation, since the J=K=3 line is the stronger 

one. However, this was not the case, probably on account of loss of 

precise mirror parallelism, as a result of tuning from the line J=K=2 

to the line J=K=3 from outside the vacuum chamber by using the 

mechanical tuning mechanism only.

In Fig. 4.6 the oscillation amplitude for the inversion line 

J=K=2 is plotted against the state separator voltage for two values of 

nozzle pressure. The point (x) on the end of each curve indicates 

the onset of oscillation of the second component. This is easily 

observed because, as soon as the second components starts to oscillate, 

a beat between the two oscillation frequencies appears on the I.F. 

ban*dpass response. The actual value of the beat frequency will be 

discussed in the following section.

4.4 Biharmonic Oscillation in a Disc Resonator Maser

Between 1963 and 1964, two papers presenting essentially the 

same results were published by Barchukov, Prokhorov and Savranskiy, 

concerning biharmonic operation of an ammonia-beam maser.

The discussion of the experimental results in these publications were 

very brief and, therefore, impossible to understand in detail.

Barchukov et al. found that if a constant electric field (d.c.) of 

the order 30 V/cra was applied to the open resonator plates, the 

frequency beat was 5.4 kHz, and with further increase of the voltage, 

maser oscillation was cancelled. If a thin wire was inserted between
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the plates then the beat frequency was about 600 kHz, whereas under 

ordinary conditions (which is presumed to mean without d.c. electric 

field and the thin wire) the frequency of the beat was about 3.8 kHz.

However, Krupnov and Skvortsov (1965), indicated that the 

biharmonic oscillation observed by Barchukov et al. was probably due 

to the operation of the maser resonator in high order mode (TEM^qj or 

higher). However, Smart (1973) surmised that the maser of Barchukov 

et al. actually oscillated in the TEM^^ mode (the lowest order cavity 

mode). Barchukov et al. indicated that another mode (presumably the 

TEM^op ,  which had a quality factor of 1000 and frequency separation 

of 20 MHz from the first, was also present in the cavity. This mode 

then overlapped with the oscillation frequency of the maser so that 

some of the oscillation field must have coupled to it,

In a similar experiment by Laine et al. (1976), a d.c. voltage 

was applied across the open resonator in the range 0 — 15 Volt, and 

biharmonic oscillation obtained at frequencies ranging from 250 to 

750 Hz (see Section 3.6 for Stark splitting). These showed a similarity 

to the first part of the Barchukov et al. results. Therefore, it is 

seen that earlier experimental results were somewhat confused.

In the present experiment (which is a continuation of the 

work of the Sections 3.8 and 4.3), the open resonator is definitely 

operated with the TEMj^ mode (two maxima of electromagnetic field along 

the molecular be’am path). As is noted in Section 4.3, beats on the

I.F. bandpass response appeared when the maser system oscillated on 

the two components of the split line (J=K=2 and 3), These beats are 

shown in Fig. 4.7a, and examination of these in the zero sweep mode of 

detection show them to be sinusoidal with a frequency of 7.5 kHz (Fig. 

4.7b). The state separator threshold voltage for this beat signal 

is 9,5 kV at a nozzle pressure 200 torr. An analogue frequency meter



Fig. 4.7 BIHARMONIC OSCILLATION OF THE CENTRAL LINE OF 

THE J=K=2 INVERSION TRANSITION OF AMMONIA 

DISPLAYED IN THE I.F. BANDPASS MODE. BEAT 

FREQUENCY 7.5 kHz

(a) WITH SWEEP

(b) WITH ZERO SWEEP
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is used for the beat frequency measurement.

An examination of the beat frequency with various maser 

parameters shows that:

(a) there was no effect due to the local oscillator power; the 

beat occurred at all levels;

(b) no effect was detected by varying the nozzle pressure;

(c) the beat frequency was strongly affected by the cavity tuning.

It is clear from Section 3.8 that the two components of the 

split line are observed to have equal amplitude in a spectroscopic mode 

of display, when the cavity is tuned to the precise transition frequency 

(Fig. 3.23b). In this case, the beat frequency observed is 7.5 kHz.

If the cavity is tuned to the high frequency side (decrease of the 

mirror spacing) the beat frequency starts at 7.5 kHz and steadily 

decreases until they disappear at frequency -1.5 kHz (18 kV threshold 

state separator voltage, Fig. 4,8). The process of cavity detuning 

during the investigation may well affect the spatial extent of the 

TEMjqj mode via a distortion of the microwave amplitude distribution 

leading to a change in the separation of the two maxima of electro

magnetic field in the cavity. This can come about via a deviation of 

the mirrors from parallelism. According to Krupnov and Skvortsov 

(1965), imperfect parallelism of the mirrors does not seriously affect 

the mode and the quality factor of the cavity. However, the position 

of the field maximum is shifted to correspond with the largest mirror 

separation. This also affects the coupling, because the microwave 

field distribution within the cavity changes the location where 

maximum energy is transferred by molecules to the field when the cavity 

is used in a beam-type maser. This in turn causes variations in the 

Doppler frequency shift due to the existence of microwave energy flow 

from the site of molecular emission to the coupling hole.



Fig. 4.8 BIHARMONIC OSCILLATION OF THE CENTRAL LINE OF 
THE J=K=2 INVERSION TRANSITION OF AMMONIA

(a) BEAT FREQUENCY 2.5 kHz

(b) BEAT FREQUENCY 1.5 kHz

Fig. 4.9 THE J=K=2 INVERSION TRANSITION OF AMMONIA
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Fig. 4.9 shows the spectroscopic mode of display when the 

cavity is detuned from the molecular resonance frequency, showing a 

line splitting with components of unequal amplitude. It is when 

oscillation based on these two components is obtained that a beat 

frequency in the region between 7.5 to 1.5 kHz results.

Further experiments on self-modulation phenomena with this 

maser oscillator operated with the ammonia lines J±K*2,3 and with the 

TEMq q  ̂ cavity mode, arepossible using a Stark or Zeeman field.

The results obtained will now be briefly summarised.

(a) Self-modulation with all values of the Stark field employed were 

not observed.

(b) With a uniform Zeeman field applied in a direction perpendicular 

to the plane of the mirrors of the maser cavity (AM = + 1 

transitions), beats were observed of similar waveform to those 

shown in Fig. 4.7 (sinusoidal beats).

(c) With a further increase in Zeeman field and careful adjustment of 

the experimental parameters, such as, state separator voltage, 

nozzle pressure and microwave bridge setting, multiple oscillations 

are observed similar to those observed by Laine and Truman (1977a).

In the latter case oscillation was based on the two components 

2 , 5/2 -*■ 2 , %  and 2 , 3/2 2 , 3/2 (see Section 3.3) of the ammonia inversion

line J=K=1. When the weaker main line component 2 , 3/2 -*■ 2 , 3/2 oscillated 

as a result of an increase in the state separator voltage to a value 

just above the oscillation threshold, beats appeared on the I.F. band

pass response. These beats were sinusoidal with low level of local 

oscillator power. At higher level of local oscillator power, multiple 

oscillations occurred as shown in Fig. 4.10.

In the present work the multiple oscillations were highly 

unstable and were therefore not pursued in further detail.



a

b

Fig. 4.10 MULTIPLE OSCILLATION DISPLAYED IN THE 

I.F. BANDPASS MODE OF THE CENTRAL LINE 

OF THE J=K=1 INVERSION TRANSITION OF 
AMMONIA

(a) WITH SWEEP

(b) WITH ZERO SWEEP
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4.5 The Experimental Investigation of the Onset of Oscillation

The mode of display used in this section employs the detection 

technique which has been described in Section 2.2 and consists of 

providing a frequency swept stimulating signal to provide a spectro

scopic display. The onset of maser oscillation is detected by the 

appearance of a beat signal of varying frequency, and which goes 

through zero beat frequency when the external signal is instantaneously 

at the maser oscillation frequency.

A reduction in the oscillation amplitude at the main line 

frequency is seen when the signal is swept across the quadrupole 

satellite frequencies. The quadrupole transitions occur between 

energy levels which are involved in the main line transitions, and 

the change in populations of these energy levels induced by the external 

signal, is detected by a reduction in the main line oscillation ampli

tude (Shimoda and Wang, 1955). This mode of quenching by population 

depletion involves excitation at two quite different frequencies.

It is also possible to quench the oscillation by injection 

of a signal within the linewidth of the maser signal (Laine, 1967).

The external signal is first kept at a low level of power, so that the 

maser can oscillate freely. At a somewhat higher signal, which is 

sufficiently strong to induce downward transitions at a rate which 

cannot be maintained by the following active molecules to sustain maser 

oscillation, a beat signal between the injected signal and the free 

maser oscillation appears on either side of the stimulated emission 

line which now takes the place of the beats in the vicinity of the 

centre of the molecular resonance.

During the experimental investigation of transient effects by 

Bardo (1969), the starting time of the oscillation was observed to 

jitter on the oscilloscope trace, relative to the centre of the
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molecular resonance. It was clear that the oscillation was initiated 

by noise and the point of time at which the oscillation appeared 

above the noise level of the receiver varied slightly between 

successive 50 Hz repetitive sweeps.

In this present work, similar results were obtained but with 

the additional unexpected feature of greatly improved oscillation 

amplitude stability following an initial period of oscillation growth. 

This effect was not present in the experiments of Bardo, where a 

closed resonator was used.

The molecular beam maser system, which has been described in 

Chapter Two, was set up on the J=K=3 inversion transition, and the 

cavity tuned to the TEMq q  ̂mode. The emission line that supports 

oscillation is flanked on both upper and lower frequency sides by 

magnetic satellites (Fig. 3.7) that are weak relative to the main 

unresolved composite main line. These satellites cluster over a 

spectral region of roughly +(50 to 82) kHz (Kukolich, 1967) relative 

to the emission line centre frequency v q and share both upper and 

lower energy levels with the oscillating composite main line.

When an external microwave signal E of variable frequency v ,s s
which is strong relative to the molecular beam maser oscillation 

signal Eqsc of frequency vosc> is scanned through the frequencies of 

the main line and its magnetic satellites and beyond, the normal beat 

frequency pattern between Eg and EqsC is modified by the combination 

of those effects noted earlier in this section (observed by Shimoda 

et al,,1955, Laine, 1967). The microwave bridge is set at a power level 

such that the onset of oscillation occurs immediately after scanning 

through the lower frequency magnetic satellite lines, i.e. the onset of 

oscillation follows a period of "molecular robbing". In this case the 

oscillation build-up process may be observed without confusion with 

magnetic satellite lines.



The ensuing oscillation growth in the maser cavity (tuned to 

v q ) may then build up from either noise or a coherent signal at, or 

near, vosc* It has been found that under conditions of rapid frequency 

scanning of an external signal through the main line resonance the 

molecules within the molecular beam maser cavity are strongly excited 

to a coherent superposition quantum state (molecular ringing), which 

decays exponentially with time (Laine, 1966). This transient signal 

of frequency vQ, together with the frequency-swept exciting signal, 

also forces maser oscillation. These two forced oscillations then 

beat together to produce wiggles (see Section 3.9). The onset of free 

(but phase-locked) maser oscillation is determined by the tail end of 

the ringing signal and the usual oscillation starting-time jitter may 

thereby be eliminated.

From this, experimental investigation it is noticed that not 

only does the starting-time jitter, but in addition the amplitude of 

the settling transient is highly unstable in comparison with the 

previous results with a closed resonator. This is due to the fact 

that with the disc resonator maser the linearly polarised electric 

field vector direction associated with maser oscillation, is not well 

defined (Laine et al., 1976), while the closed cavity (TMqj q circular 

mode) is well defined in the axial direction of the linearly polarised 

microwave electric field.

This particular system may be described as "self-primed".

The elimination of starting-time jitter is analogous to injection 

priming of magnetrons (Micronotes, 1966), for which the priming signal 

was derived from an external microwave source. However, when the rapid 

scan experiment is repeated, the effect of self priming is rather 

dramatic, since it is found that not only is the starting-time jitter 

eliminated, but the initial portion of the oscillation settling is 

stabilised in amplitude.



It is evident, therefore, that in this type of maser a 

frequency scan with an input signal of well defined linear polarisation 

determines the direction of polarisation of the ringing signal, and 

thus the direction of electric field vector associated with the initial 

growth of oscillation as a direct result of priming. It must be pointed 

out, .however, that although the initial amplitude of maser oscillation 

is amplitude stabilised, a period of decreased amplitude stability has 

often been observed before steady-state conditions are finally reached, 

which is taken to be indicative of the transient nature of amplitude 

stabilisation by what is effectively a pulsed priming signal.

Fig. 4.11 shows the oscillation priming and stabilisation of 

the oscillation amplitude settling transient by an internally generated 

molecular ringing signal. The letters on the figure indicate:

A - centre frequency vq of the saturated emission line (J=K=3).

B - wiggle beats between input signal Eg and ringing signal at v q .

C - lower frequency magnetic satellite lines of centre frequency 

66 kHz (relative to v ).

D - peak of aperiodic oscillation amplitude settling transient.

E - point of onset of forced oscillation.

F - onset of oscillation primed by ringing signal.



FIG. 4.11 OSCILLOSCOPE TRACE SHOWING
OSCILLATION PRIMING



81

CHAPTER FIVE

SUGGESTIONS FOR FURTHER WORK

A molecular beam maser employing a Fabry-Perot cavity is 

normally operated with a mirror separation of V 2 or X. This is 

in contrast to the use of the cavity in a laser where the longitudinal 

mode order is very high. In the present work a separation of ^/2 is 

used through all the investigations. It should also permit work with 

X separation, and perhaps with ^X/ 2 or more, when the plane of 

symmetry of the state separator is aligned with a nodal plane in the 

centre of the cavity, since two independent molecular beams are 

employed. Furthermore, the engineering difficulties of obtaining a 

high filling factor of a large cavity is largely overcome by the use 

of double independent molecular beams.

One particular aspect of the construction of the present 

cavity which requires some attention is the tuning mechanism, employed. 

The observation of the low frequency beat down to 1.5 kHz (Section 4.4) 

which has been attributed to imperfect mirror parallelism, clearly 

indicates the need to provide mechanisms which permit an accurate and 

reproducible setting of the cavity.

Some interesting studies of open cavities with other than plane 

parallel mirrors, have been carried out by other investigators. One 

such cavity which should prove ideal for use in molecular beam maser 

work is the flat-roof resonator (Yassin and Laine, 1979). A feature 

of this resonator is that the radiation field is distributed over an 

axial region (with respect to the molecular beam) of narrow spatial 

extent, but which provides a desirably long interaction time of 

molecules with the cavity radiation field, This type of cavity,
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operated in conjunction with a ring state separator, will permit 

the operation of an ammonia beam maser at higher levels of 

oscillation, because the ring state separator will of course produce 

a pencil-like molecular beam of small diameter.

The semi-open type of resonator of Legrand (1975) (Fig. 5.1) 

should prove an ideal Stark cell for AM = 0 transitions (the electro

magnetic field parallel to the Stark field). The number of AM = 0 

Stark components for the inversion transitions of ammonia are less 

than the AM = + 1 transitions (see Section 3.7), which should make 

the weak-field Stark effect accessible to measurement. It is inter

esting to note at this point that a recent investigation with this 

resonator by Laine and Campbell (1979) strongly suggests that this 

type of resonator should be useful for molecular beam maser spectro

scopy work. In particular, this cavity would allow weak field Stark 

frequency shift measurements for the two components of the outer 

quadrupole at the low frequency side of the inversion line of ammonia 

J=K=1 (see Section 3.7) which is not possible with the disc resonator 

since only AM = + 1 transitions are permitted. However, such measure

ments will need a klystron signal source with precise frequency control 

and measurement which was not available for the present work. 

Furthermore, a more detailed spectroscopic study should give a better 

understanding of the relations between the Stark components' 

intensities with respect, to the direction of the d.c. field in the 

cavity and the polarity of the state separator electrodes as noted with 

this system(Section 3.7). This, with available known techniques and 

improved frequency control, should permit Stark effect studies to be 

completed.

The work described in Chapter Four has contributed to a better 

understanding of the behaviour of open cavity maser oscillators, and
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a more satisfactory interpretation given for some of the previous 

results, which had been most confusing. However, the observation 

of a hysteresis phenomenon between two single frequency oscillations 

when using the T E M ^  cavity mode (Section 4.3), suggest that a 

more detailed study is required with this system so that a detailed 

comparison can be made with previous observations of Becker (1965) 

who used the TMq j  ̂mode of a closed cylindrical cavity.

It is expected that biharmonic oscillation in the TEMq q  ̂

cavity mode should be possible by using Stark field splitting, 

probably with a higher molecular beam flux with a single maximum 

of cavity radiation field along the beam axis. This conclusion is 

supported by the observation of multiple oscillations in an ammonia 

maser based on the J=K=1 line using a microwave Stark field (dynamic 

Stark effect, Lainé et al., 1977b). Furthermore, biharmonic 

oscillation has been realised in the present studies using the 

Zeeman effect.

The observation of high levels of oscillation amplitude in 

this maser system with the T E M ^  cavity mode (Section 4.3), indicates 

that the maser system should also permit work in higher modes (n > 2), 

for which the longitudinal Doppler splitting will be greater than 

the 7.5 kHz reported here.
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APPENDIX ONE

MEASUREMENT OF THE CAVITY QUALITY FACTOR

The loaded quality factor (Q^) is usually determined by 

* measuring the frequency separation (Af) between the half-power 

points on the cavity response curve and using the relation

f
Ql  ~  ¿ f  App. 1 . 1

where f is the centre frequency of the response.

The microwave arrangement for this measurement is shown in 

Fig. 5.3. The klystron reflector voltage is swept with a 50 Hz 

sawtooth waveform, so that the cavity response observed by transmission 

of microwave power through the cavity, can be displayed on the 

oscilloscope. Thé relative frequency determinations are made by a 

frequency multiplier chain (Micro-Now model 101C), which is used to 

multiply a tunable crystal oscillator at 5 MHz up to 450 MHz, and 

then applied to a IN26A crystal (A). One of the harmonics of the 

540 MHz signal mixes with klystron power at the same crystal (A), 

which acts as both multiplier and mixer. In this case, one side 

of the crystal (A) is fed from the multiplier chain, and the other 

leads to the input of the radio receiver (Type RA.117) tuned to pick 

up the beat frequency between the n**1-harmonic 0f the 450 MHz signal 

and the klystron. As the klystron frequency is swept, the output pip 

of the receiver is then displayed on the second trace of the twin- 

beam oscilloscope. By tuning the receiver the pip can be put.on the 

half-power points on the cavity response curve. A measurement of the 

receiver tuning then gave the relative frequency of each point (F^ and 

F2), which are the only two frequencies required for the determination 

of Q., since
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Q Fl + F2
2 C V fi)

App. 1.2

The loaded quality factor of the parallel plate resonator,

which is used in this thesis work, obtained by this method, is 

400.
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BIHARMONIC OPERATION OF A MOLECULAR BEAM MASER EMPLOYING A QUASI-OPTICAL FLAT 
DISC RESONATOR

A.M. Al-Jumaily+ and D.C. Lainé
Department of Physics, University of Keele, Keele, Staffordshire, ST5 5BG, U.K.

Abstract Although biharmonlc oscillation of a molecular beam maser (MBM)
oscillator employing a quasi-optical resonator of the flat disc type 
has been known for some time, 1t has not been clear whether this 
phenomenon had the same physical origin in all experiments reported 
to date. To clarify this problem, a new MBM has been operated 
employing a flat disc resonator, and two intense head-on beams of 
rotatlonally cooled ammonia gas. In particular, this MBM 1s found to 
oscillate on the J=K*1, 2 and 3 Inversion lines of 14nH3 with 
biharmonlc operation on the last two of these for which the spectral 
line is known to be split by the longitudinal Doppler effect. These 
new results, taken with previous ones where line splitting was 
definitely not present, shows unequivocably that biharmonic 
oscillation in a flat disc resonator can have at least two different 
origins.

1. Introduction. The operation of a molecular beam maser (MBM) with a disc 
resonator was first reported by Barchukov et al (1963) using the J*K*3 inversion 
Une of I4NH3 . The oscillation obtained with their maser system revealed an 
amplitude modulation whose origin was obscure. Subsequent studies of a 
similar MBM system by Laine'e t  al (1976) also revealed an amplitude modulation 
whose frequency could be varied from 200 to 800Hz by changes in the system 
parameters of E.H.T. gas flux, cavity tuning etc. Sometimes the modulation 
was highly non-s1nuso1dal. Furthermore, when a low voltage was applied across 
the cavity plates, the amplitude modulation frequency increased. For example, 
for an increase of voltage of 0 to 15V, the beat frequency rose from a typical 
value of 250 to 750Hz, the precise values depending on the prevailing experi
mental parameters. Similar results with Stark fields were obtained by 
Barchukov e t al (1963), although the beat frequency reported in their experiment 
covered the wider range of 0.6 - 5.4kHz. Despite the difference In beat 
frequency in these two independent experiments, there were sufficient similar
ities in MBM behaviour to suggest the possibility of a common origin. The 
biharmonic oscillation 1n both experimental situations was tentatively Inter
preted by Laine'et al 1n terms of two independent circular polarizations which 
possessed different frequencies. However, Krupnov and Skvortsov (1964) surmised 
that the origin of the amplitude modulation 1n the experiment of Barchukov et al 
was due to simultaneous oscillation on both components of a Doppler split 
spectral line produced by molecules passing through two maxima of the cavity 
radiation field along the beam axis. This splitting may be understood as a 
result of the molecules in the beam interacting with both forward and backward 
travelling waves Into which the standing wave field of the resonator may be 
decomposed. The frequency separation Af between the maxima of the split line 
is given by Af • nv/L, where n is the number of radiation half-wavelengths along 
the cavity axis, v the most probable molecular velocity, and L the resonator 
length (Bonanoml e t al 1957).

In the experiments of Laine' et a l t this split line interpretation could not 
possibly apply since the cavity mode was carefully checked and found to possess 
only a single maximum value of microwave electric field across any diameter of 
the discs. Therefore, the question of the results of Barchukov e t al owing 
their origin to a Doppler split line or not remained unanswered 1n the absence 
of detailed information about their cavity mode. However, the occurrence of 
such an amplitude modulation effect as proposed by Krupnov and Skvortsov is 
not at all obvious for an open resonator for at least two reasons. Firstly, in 
experiments with MBMs operated with closed resonators in a higher order mode,

+0n study leave from Physics Department, College of Education, University of 
Baghdad, Iraq.
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(TMq ]2 » etc.) there is a tendency for mutual phase locking of the two 
oscillations to occur. Which of these oscillations is dominant depends 
essentially on cavity tuning. Clearly, such a locking effect is also a definite 
possibility in an open resonator MBM, which could totally preclude biharmonic 
oscillation. However, Becker (1966) has observed biharmonic oscillation with 
a closed resonator operated just above the oscillation threshold. Clearly, 
suitable conditions may also exist for biharmonic oscillation with an open 
resonator. Secondly, to sustain oscillation at two different frequencies in 
an open resonator the MBM will require a larger beam flux than is necessary to 
support a single oscillation. Whether such an increase in flux can be achieved 
experimentally is unknown. In an attempt to settle some of these issues an 
experimental system has been constructed in which the relevant experimental 
parameters could be carefully monitored and the MBM operated at a sufficiently 
high beam flux to secure biharmonic operation.
2. Experimental System. The lay-out of the MBM system is shown in Fig. 1.

transverse rod

The MBM was operated with a disc resonator for which an enhanced molecular flu 
was provided by the use of two head-on beams. The vacuum system consisted or 
three chambers, two of which housed independent gas sources and a central cha 
which housed the two state selectors and maser cavity. Details of the nozzi 
system, the state selectors and cavity are briefly given as follows.
(I) The nozzle. The two nozzle systems which produced oppositely directed beams 
were identical. Each consisted of a single hole of 0.09mm diameter drilled 
through brass foil of thickness 0.10mm, The optimum gas pressure for ope *̂a  ̂
with a minimum value of EHT for oscillation depended on the spectral line us » 
but typically lay in the region of 200 to 600 torr with ammonia.
(II) The state se lec tors . The two flat beam state selectors were made with two^ 
near-paraiiei ladder-like sets of electrodes placed symmetrically on either s
of the molecular beam axis. The length of the electrodes was 86mm and 22 or 
these were earthed and Intermeshed with 21 of opposite polarity. The electr 
wire diameter was 1 .6mm and adjacent electrodes were separated by 3 .1 5mm, 
centre to centre. The overall effective focusing length was 134.1mm. The 
double ladder arrangement was actually tapered to capture a larger solid ang> 
of molecules than would otherwise be possible with parallel ladders. At the 
focuser entrance the ladder separation was 0.8mm and at the exit 4 .8mm. *ne 
maximum voltage applied to adjacent electrodes was 30kV. The electrodes were 
made of mild steel, and chrome plated to prevent tarnishing. The electrode 
arrays were assembled with machined teflon supports at each end.
(Hi) The resonator. The open resonator was of the disc type, and was operated 
with X/ 2 spacing between plates in either the TEMqqi or TEM-joi m0< ê t0 9!V%ro- 
Q value of 6000. The resonator plates of 225mm diameter were made of elect 
lytic quality copper, 12mm thick to ensure a stable flatness. The coupling 
holes were placed on a cavity diameter parallel to the molecular beam axis. 
These holes were of 26mm diameter, of wall thickness 0.63mm and separated by 
112.5mm, giving good coupling to both TEMqqi and TEMioi modes. The cavity
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could be externally tuned mechanically to the J=K=I,2 and 3 lines of ammonia in 
.either of the two modes studied. The cavity was thermally stabilized by an 
electrical sensor and control system. The waveguide polarization was chosen 
to couple to a cavity microwave electric field which lay along the molecular 
beam axis.

The superheterodyne scheme for detection of stimulated emission or oscilla
tion was of the standard type, using a single klystron, (Laine", 1975).
3. Experimental results and discussion. When the cavity was adjusted for TEMq o i » 
mode operation, with a single maximum of microwave field along the diameter 
containing the two coupling holes, a normal spectrum was obtained with ammonia 
(l^Nhh) as the maser medium, with 4kHz resolution. Under these conditions 
oscillation was obtained using the J=K=1,2 and 3 lines. The optimum conditions 
of nozzle pressure for the lowest value of EHT to reach an oscillation 
threshold were for J=K=1: 200 torr 6.0kV: J=K=2: 300 torr, 5.0kV, J=K=3:
600 torr, 4.9kV. Operation with the cavity mode TEM-jq ! however, caused all the 
spectral lines to be split by the Doppler effect. Below the oscillation 
threshold, rapid passage of the stimulating microwave signal through both 
components of the split line, produced 'beating of beats' with a beat period Av- ', 
where Av is the frequency separation between the two split line components. The 
frequency of the 'beating of beats' was measured to be -7.0kHz. Below the 
oscillation threshold, these beats decay with time on account of (i) the finite 
transverse relaxation time (T2 ) for the resonant molecular system and (ii) the 
limited bandpass of the I.F. amplifier and associated detection system. A 
typical trace is shown in Fig. 2a. As the threshold condition for maser 
oscillation is approached these beats persist for a longer time, until at or 
above the threshold of oscillation they occur continuously (Fig. 2b). Under 
these conditions, it is convenient to turn off the stimulating signal and 
monitor the maser oscillation in the usual I.F. amplifier band-pass display 
mode. Biharmonic oscillation with the Doppler split line was obtained with 
both the U=K=2 and 3 inversion lines but not with J=K=1, which is the weakest 
of the three transitions. In the case of the J=K=2 line, when a single 
oscillation set in, for example, at a gas pressure of 200 torr and 7.0kV EHT 
applied to the state selector, biharmonic oscillation on the split line 
occurred at 9.0kV. Results for the J=K=3 line were similar. Biharmonic 
operation on the J=K=2 line is shown in Fig. 3. It was found that for 
biharmonic oscillation on the split lines, the cavity had to be tuned slightly 
above the centre frequency of the unsplit spectrum. The biharmonic frequency 
of -7.5kHz varied only slightly with changes of the nozzle gas pressure and 
EHT, but rather drastically with cavity tuning. A beat frequency down to a 
value as low as 1.5kHz was observed as the cavity was progressively detuned.

Whilst the beat frequency of 7.0 to 7.5kHz follows from the expected line 
splitting, Av *nv/L, taking v « 7.0 x 10^ ms“l, the lower beat frequency has 
not yet been accounted for in a satisfactory way. A beat frequency value of 
7.5kHz obtained for the J=K=3 inversion line of 1 ^ 3  also possessed these 
anomalous low frequency characteristics. This phenomenon could possibly 
result from non-parallelism of the cavity plates with detuning.

It has been noted that a' small detuning of the cavity from the centre 
frequency of the split line was necessary to observe biharmonic oscillation, 
presumably to break a mutual phase-lock condition. Moreover, oscillation 
amplitude jump and hysteresis effects have also been observed in conjunction 
with cavity detuning. Such effects were more prominent with the J=K=3 line 
than with J=K=2 and biharmonic oscillation was more difficult to observe 
with J=K=3 than with J=K=2. These results for a flat disc resonator indicate 
that a weak mutual interaction exists between oscillating components of the 
split lines, (with a larger coupling for the J=K=3 than for the 0=K=2), in 
contrast to the strong coupling which appears to exist in closed cavity 
resonators which appear to preclude the observation of biharmonic oscillation 
in all but the most rare circumstances (Becker 1965).
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Fig. 3 : Biharmonic oscillation on 
the Doppler split J=K=2 inversion 
line of 1 4NH3 observed in I.F. 
bandpass mode. Modulation 
frequency ~2.5kHz.

Fig. 2 : 'Beating of beats' following 
rapid passage of stimulating signal 
through split J=K=2 inversion line 
of 14NH3 (a) below, (b) above 
oscillation threshold.
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