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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 frequeney of a few
kilohertz which has remained as‘an'unsolved pfbblem sinoe the
original observations in 1964; injecfion priming of a pulsed ammonia-
beam maser oscillator and osciliationkof the weak ammonia inversion
line 3¥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 operat1on of the cavity in the TEM101 mode.’i
Other experimental work of a general nature is also descrlbed ‘
including a comparison between effuser d1aphragm and nozzle sklmmer
combinations and the oscillatlon‘amplltude characteristics of the ‘
inversion‘lines of ammonia J=K=1,2,3 with TEMOO and TEMIOI open

cavity modes.
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CHAPTER ONE

THE MASER

1.1 General Introducétion

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 slgnal
field, and coherent with that field. The principle of stimulated
emlssion is often attributed to Elnsteln (1917) since it is suggested
by h1s thermodynam1c arguments concern1ng the interactlons between
electromagnetrc waves and a quantum-mechan1ca1 system. However, this'
idea did not take pract1cal shape until the successful operation in 1954
by Gordon, Zeiger and Townes, of a dev1ce called a MASER whlch is an
acronym for "m1crowave amplif1cat1on by stimulated em1551on of radiation"
based on the prlnciple of st1mu1ated emission.

The molecular beam maser has three component parts. - gas source,
state selector and a region in which the 1nteract10n occurs between state
selected molecules and radiatlon. The gas source is required to produce
an intense and highly colllmated molecular beam. The sources employed
in the molecular beam maser are e1ther of the effusrve (crinkle foil
klystron gr1d and multlchannel) or nozzle types. The multlchannel
effusers have been more widely used than the th1n wall orlfice because.
of the favourable ratlo of forward beam 1nten51ty to total gas flow.
However, single hole nozzles of small dlameter (0. 3mm or below) have now
in general replaced the effusive type to form intense molecular beams ink
masers. W1th them the p0551b11ity of dynamic cooling occurs, w1th an

associated enhancement of molecular populatlons in low- lying rotational

states,



The maser requires that the population of the ensemble of
moleculés be changed in such a way tha;, fnf the states involvéd‘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 ensemblé of molecules with a negative
temperature. There are a number of important consequences of this non-
equilibrinm situation. Consider'an'ensemble of molecuies in which a
population inversiqn occurs., When resonant radiation is passed through
the moleéules net‘emission takes place because.there are more molecules
in the upper level to be stlmulated 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 pnpulation.‘ Weber suggested
in 1953 a method of obtaining inverted populations to realize an -
amplifying device which relied on the sudden-reverﬁal of either a
magnetic or an electric field, applied to the molecules of ; volume’of
~gas, This snggesfion has never been realized experimentally._‘Insfead,v
a‘very successful method has béen employed, but which only works for a
beam of nnlecules rather than a simple volume of gas. This method to
create a population éncéss in an upper energy state is that of eleétrb-l
Statin state seléction, which may be effected by a variety of electro~
static devices. Since‘most molecular béam nasers enploy,;ylindrical
cavities as fhe interaction region between moleculeé{and radiation'k
field, a cyllndrlcal separating system is usually used in which the
'electrlc field gradients have approxlmate radial symmetry., An electric
quadrupole system hav1ng longitudinal electrodes with approx1mate1y |
hyperbolic cross- sectlons was used in the first beam maser operation o
(Gordon et al., 1954), Ring and bifilar helix types of state'selec;of

were later proposed by Krupnov (1959) and investigated by Basov and



ZueV (1961) and Mednikov and Parygin (1963) and others. A crossed-
wire focuser was operated by Lainé and Sweeting (1971a) for anti-maser
operation, A Stern-Gerlach eleétric 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 beén devised to produce plane beams of molecules in |
conjunction with open,cavities,lfor example by Krupnov (1959), Marcuse
(1962), Becker (1963),'Krupnov and Skvortsov (1964c)and Takami and
Shimuzu (1966). '

The région in which the interaction occurs between the,state_
selected molecules and radiation usually takes the form of a fesonator
cavity, which is one of the most important éompongnts of’a maser.

The closedvcavity.may be either cylindrical or iectangular; the
c¢ylindrical type was used in the first masér‘in 1954; Two typgs’of
modesjmay exiét in a cavity of this type: transverse electiic 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, especlally at higher frequencies.v Many of these constraints
are lifted by the use of open resonators. Open resonators were first
proposed for beam maser operation by chke (1958) and Prokhorov (1958)
and first used in an ammonia maser of the parallel dlsc 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 mechanlcally tunable over a w;de:_‘k |
frequency range, In addition, a disc resonator can easily'beiadapted ’

‘for Stark studies (Krupnov and Skvortsov,f1964b).'The_confocal‘resonator;



type has been used in a molecular beam maser oscillator (Marcuse, 1962,
Valentin et al., 1978), and a conical rooftop in the ammonia maser
(Lainé 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 spectroseopy‘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 operatlon of the first maser whlch marked the beginning of . B
ainew field of 'study in physics, proved to be very useful in quantum
electroﬂics 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 hasr
published‘some fifty communications, two of which include the writer
of this thesis, | " |

The thesis has been organized into five chapters.“ In Chépter '
One the working medium of the maser, ammonia in this case, witha
discussion of state selection and the 1nteraction reg1on are presented |

In Chapter Two the de51gn and construction of the maser is o
described,kand some.deslgn considerations discussed in the light qu

‘theory, are also presented in this chapter.



Chapter Three gives details of the experimental and theoretical
considerations for the formati&n of high intensity molecular beams, for
the Stark effect, and for the Qpefation.ofzrmaser with a higher order
cavity mode. A brief description of the first maser system usedvas a
spectrometer for some invéstigations at the beginning of the project
is also included (the ekperimental work, described in this thésis, is
based on two different designs of maser systems);'

| Chapfer Four details the ekperimental‘investigation of the
oscillatioﬁ characteristics'(J=K=i, 2 and 3) when the maser oscillator
is operated with TEMOO1 and 'I‘EM101 cavity modes,wwith particular
refe:gnce to new observations of maser oscillation behaviour in these
modes. | '

Chapter Five oﬁtlines suggéstions-for further studies,'whicﬁ

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 triéngle (IHH

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

= 1,014 R), and the nitrogen

Fig. 1.1 shows the geometrical structure of this molecule. The Z-axis
is the mdlecuiar axis of symmétry and fhe biigin‘of ﬁhécdordinaﬁe
system is taken'as the’centre of gravity, A numberfsf different
oscillatory and rotational motions éfe possible. |

The electronic speéfrum of a molecule is caused by the brbitél

motion of electrons; transitions between electronic levels fall into

the opticalVfrequency region. TFor thermal equilibfiumkat:room temperaturg,

hv >> kT B 1.1
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Fig:11 Geometrical structure of an ammonia molecule



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)

Eqy = hBJ(J+1) + 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 IA or Ié, where I, is the moment of inertia of

A

the molecule about the symmetry axis and I, is the moment of inertia

B
of the molecule about the axis that is perpendicﬁlar to the symmetry

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

A= : B= 2 N - B
821, . 8n2l,

For ammonia molecules, A = 189 GHz and B = 298 Clz.
Transitions between rofational energy lefelé.are‘governed by -

the selection rules:
AJ =0, #1 s(k=0 1.4

The transition frequenc1es between rotational energy levels

are determined by the selectlon rules (1.4) and are glven by
Vo, = A(E -E, ) = 2B(J+1) 1
SJK - hdelL,K J,K* R

Therefore, from Eq; 1.5, the fotational transition frequéncies_lie in'



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 thevnitrogen atom can be’found on two different eides of the plane
of the'hydrogen atoms. On each‘side of the plane the nitrogen atom
may have a stable equilibrium position. The potentiel energy of the
molecule as a function of the distance between thebnitrogen atom and
the plane of the hydrogen atomé, has the form of e‘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 notential barrier dividing the positions of eouilibrium is
not very high owing to the tunnel effect the nitrogen atom can
penetrate the potential hill from one 51de of the hydrogen atom s plane
to the other (inversion). Thus the oscillations of the nitrogen atom
on either eide of the’hydrogen atom's plane are not independent»of each
other, lherefore, in this case the energy levele of en‘ammonia :
molecule are split into two sublevels, ’The’splitting is termed’
inver51on 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 nill be a function of thelmolecular rotational stete;,
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 ax1s perpcndicular to the molecular axis causes

a decrease in the inversion frequency. The tran51tion 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 characterizeé 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

J)
axis' K, The dependence upon the rotational quantum numbers J and K

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

hv h{voexp[aJ(J+1) + bK2 + cJ2(J+1)2 + dI(J+1)K2

inv’ .
+ eK*] + av} - 1,6

where v

23.785 GHz

8.88986 x 10~3

o O
"o

1.7845 x 1076

'
B =5
n

= 6,36996 x 10~3

'
»
f

8.6922 x 1077

(¢]
]

5.3075 x 10-7

[¢]
i

(3.5 x 10°MI @) [T @41 - 2][J@41) - 6] fork =3
Av = ' ‘ : -
' 0 ‘ , for K # 3

~

The pure inversion spectrum of ammonia is obtained from this‘eqﬁétion
“and lies at A = 12.5mm. .
| The spectral lineé of ammonié, in this part ofvthe spectrum
are relatively intense;ATfirst, the dipohamoﬁent is quité 1arge,(1.47
debye); secondly, the rotational constants of ammonia;afe sufficieﬁtly
large to allow suitable energy separations Betwéen rotationai énergy
levels. | | | | .

The matrix elemeFt Uy, Of the dipole moment for thevinﬁersion«

transition is\given by Townes and Schawlow (1955) as:
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M2 = ¥ TG 1.7

where H, is’the‘permanent dipole moment pictured in'Fig.yl.Za,kwhich
the molecule would possess in the absence of'inversion’and MJ ls the
quantum number governing the component’of the totaldangular momentum
"of the molecule along'the axis of the applied electriclfield.
The matrixrelement’is maximieed when J = K. Since the intensity of
spectral lines is proportlonal to |u12| it may "be noted that llnes
where J=K w111 be more 1ntense than those where J # K Accordlng
to Good (1946), the 1ntens1t1es of the lines should be a functlon of
the number of molecules in each rotatlonal level and thelr tran51tion
probabilities On the other hand the‘numbernof molecules‘in a given
level depends on the distrlbutlon of thernal energles and the statistlcal
welghts. The statistical welghts depend on the value of J and the
nuclear sp1n of the hydrogen atoms (James et al., 1948) For thls case
levels for K = 3 6 9 etc. will have tw1ce the stat15t1cal welght of |
those for K=1, 2 4 etc. Good 1946, shows the inten51ties of 11nes'
haV1ng lower values of J and K 1ncrease w1th low temperature' and that
of lines hav1ng higher values of J and K would decrease. B B

Fig, 1. 3 shows the relatlve amplitude of the absorption spectrum

for ammonra 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,imagnetic moment andrelectric‘quadrupole moment.lﬁv
Interactions of these with the rotational energy of'the moleculeﬁcauseh
changes in the quantum states of the molecular rotation ae a whole.r

The energy of molecules of ammonla w1th an 1sotope of n1trogen’

14
N*" possess a well developed hyperfine structure, caused by dlfferent



intramolecular interactions. When the hyperfine interactions are

taken into account, the energy levels of various transitions of the
molecule shOu}d be characterized by the ﬁuantum numbers J,.IN, I, E

and F, where J is the vector of total rotational anguiar momentum of

the molecule excluding nuclear spins, I is the spin vector of the
nitrogen nucleus, I is the ve@tor‘of total spin of'the'three hydrogenﬁ
nuclei, Since magnetic interactions (which arise from the intefaction
of magnetic moménts of nuclei ih the molecule with each other and with
the magnetic field induced by molecuiar rotation) are mucﬁ"smallef than
the nitrogen quédrupole coupling energy (which originate’from:the inter-
action of quadrﬁpole electric ﬁomént of nitrogen'nuclei withtthe intra-
- molecular electric field). The nitrogen épin Iy first couples to J to
give F. The hydrogen nuclei can then be numbered according to their
positions relative tp the chqsen mplecﬁlar aies (Ii'where {= 1, 2, 3
spin of the ith\hydrogen nuﬁleus) and couple together to give a resultant
I, which in turn couples’to‘Fl‘to give the total angula?’momentﬁm of4the
moleculg’F (Gunther-Mohr et al., 1954). Fig. 1.4 shows the coupling
scheme, referred to the laboratory-axis. Zis the fixed direction in
the laboratory, z is the axis coinciding with the molecular symme&ry
axis, and K is the.projection’of J on the molecﬁlar symmetrykaxiﬁ.

Thus the coupliné scheme is

Fpsdr e IehirIyr I, FeFpsl 1.8

The orientation of the nitrogen nucleus and the ammonia molecule ‘

can be characterized by independent quantum numbers, M 'the‘projection' 

I
, ‘N |
of the nitrogen spin on the Z axis and My 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 quantdm numbers are not k



Fig:1-4 NH; Molecular coupling scheme



preserved, so instead it is necessary to introduce another quantum

i onto the Z axis.

In 1955 Gordon used a high-resolution microwave spectrometer

number, MFl,which is the projection of F

with a total :esolution width at half maximum of 7 kH;. With this
narrow linewidth, the magnetic hyﬁerfine structure caused by the
orientation of the spins of’hydrogen nuclei was resolved and fitted

to the theoretical data within én 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 invefsién state by 0.01% than for the upper inversion state and
thglsign 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 énalysis 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 tﬁe final form of the complete hyﬁerfiﬁe

energy as follows:

- N o3g2 ,
WJKFI = - <eqQ> [1 - ‘j"’(‘j';‘i')'] Ql (J’IN) i
| o2 1 (LFD(FLD)

o b-a)K2T (L) + A+
- ]+ b ] e

1-- 1.5 sinfe~ (F1:1)8 0,10

+

w 2
*;nggNuo < - 3 pl(p1+1)
R : _"NH : h
| 3K2
X [1 "7 (J+1)]
R Y005 ST YO )
= 2 -3 1 1
0.25(gyho™) <Tyyy™> - D)

X

| T3K2 J+V o |
» [? - 3?3:17] T T

A
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where ,
26 = < L:S sin26:>2 , (F- D8 (0,1) ) (1.F)) (F).J)
T EyENYo F (F+D) F (D)

HH

3(1N.J)2 + 1.5(1.0) - I (I + 1)I(I+1)

8,(0,1) = VAT NNy
o 3(1 92 + 23(I+1) (1)
8,(3,1,) =

(2J51)(2J+3)

where V = 0 for the lower inversion state and V =1 for the upper state.

é is the angle shown in Fig. 1.5,

A=-17.9 ¥ 0.5 kHz

B=-14.1 + 0.3 kHz

0 kHz

+1

c=-2.0

+t

a=6.66 +0,2 kHz

b =6.66 + 0.2 kHz
The quadrupole Coupling constant is given by

(eqQ),, = 4089{1 + 7.7 x 1075[J(T+1)K2]} 3 1.5 kiz

where ('qu)Av is the average of the quadrupole constantbfor the upper
and lower inversion levels. . This was chosen by Gordon to provide a
best fif'totboth his data and that of Gunther-Mohr. But fof iopr and -
K lines he gave a better formula;'which‘however, does'nét agfee well

at high J and K with the result of Gunther-Mohr. The formula is- -
(eqQ),, = -4092.4[1 + 5 x 107J(J+1)] 3 1.5 KHz
This equation is valid so long as the quadrupole energy tern 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,



each of which determines the type and strength of interaction

(Kukolich, 1967):

(1) -qu{l - 3%§:TT] = strength of the quadrupole coupling

_a)K2 |
(2) [a + iE—ElE—] = strength of the magnetic IN

D) -3 coupling

: 2
6 e s s o™

= strength of the I.J coupling

3K2 IV | '
4 pj1- IO - D,8g (-1)°7 = strength of the hydrogen-
' 1

nitrogen spin-spin interaction

Gy - %Ds[l - J3K+1 ] = strength of the hydrogen-hydrogen spin-spin
' - interaction |
i} » 1-1.5 sin%
where D1 8180 N
i
' 1.5 sin%p
D2 LN r 3
m‘.
3

= 2 -

1.4 State Separated Molecular Beams

Consider first a gas in thermal equllibrium which is 1rradiated
by microwaves at the frequency of one of the tran51t10ns of the gas
molecules.. An absorption of energy invariably takes place. There will\ g
be molecules in both the higher and lower energy state of the transition,
and the microwaves will excite tranSitions both up and downbwith equal
probability. The totai rate'of upward transitions will' however,’be’
sllghtly larger than the rate of downward tran51tions, 51nce the Boltzmann

distrlbution gives the lower state a populatlon larger than the upper
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For molecular beam maser operation, it is necessary to increase
the number of moleéules 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 lgrgevelectiic
dipoie moment can be readily deflected by the uée of non-uniform
electric fields with a gradiént perpendicular to the molecular beam
axis. In the case of ammonia molecules, as a result of their inversion,
there is no average dipole moment tEig. 1.2a). Bﬁt in the presence of
an electric field,‘howeVer, the inversion is partially quenched and an
average dipole moment appeafs. Néglecting hyperfine effects, the

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

~ [hv 2 3 e
. N uMKE |
W‘ Wo ¥ [( ) ) "'(‘J.,.lj L o110

where W, is the average energy of the upper and lower inversion levels,
vy is the inversion frequency in zero electric field, u is the permanentv'
dipole moment the molecule would have 1fAthe inversion did not occur,
E is the ﬁagnitude of the electric field, M is the projection of J on
the direction of the field, and h is Planck's constant. L

In a uniform field,’no force acts on'fhe moleCUIe,kbut in;a
non-uniform electric field for which E < 3 kV mim~1, the moleéule'is

acted upon in the direction of the field gradient.(y—aiis) by'the force .

: ((J+1)J) E

hv 2
uMKE 2
[( ) + ((J-i-l).]"

aw e
Fy 3y é | 1.11

The sign of the force is negatlve (i.e. towards low electric flux den51ty)
for ammonia molecules in the upper inversion level, and positive fb

(towards h1gh electric flux density) for those in the lowervlevel.



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 = O level are
not deflected by an electric field, but that levels for M # O will have

different energies. The magnitude of the separating force is proportional
ou MK hv
2 . . . (o) 0
| to M° at low values of the field. At high field where NOL3)) >> 7)

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

linear.

Some molecular trajeetories passing through a region‘of non-
uniform electric fieid are shown in Fig. 1.6. Consider a molecule
travelling in the x,y pIAne, which enters the region ABCD at the
origin O with an initial velocity v. Let the-electric field presentv
in the region be in the i-directiph, but which increases from zero
on the x-axis to a maximum va;ﬁe B ax at»the edges AB,CD of the region.
If the molecule is in the lower inversion level with M # 0, then it
will experience a force in the y?direction which‘acceleratesbit away
from the x-axis and will'follow‘a‘tfajeetory such as thatklahelled h
or L°, If, on the other hand, it 1is in the upper state and M # 0
the force w111 be towards the x-axis and it w111 follow trajectorles :
such as U, U, U.

The net effect of Fy will elso depend on the‘time spent bf‘the
molecule in the tegion and hence on its initial i—compehent of veloeity :
Vx. if vx is small and/or M is large, the molecule mey make eeveral
oscillatione,abeut thekxtaxis (trajectdry 0. 1f v"is lérgekahd/er'

M is small, the molecule may still be diverging from the x-axis, when -
it leaves the region (trajectory U)., If Vy 1s:11betwoen, then the

molecule will follow the trajectory U.

The focusing criterion is therefore

mv 2 mv 2 R
-—-X—<AW il B L2




Upper inversion

Lower inversion

level » %

Fiy:1-8 Stark effect for the J= K 3 "Wefs'on
‘ trans:tlon of ammonla e




Fig-l-6 Molecular trajectories through a region of

non-uniform electric field
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where m is the molecular mass and vc is the critical transverse

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
frequenéies of a’closed rectangular cavity of diménsions 2%, 2a and
2a are given by

2 2 212 o |
"rsq=%[(%)*(§) +(§)] | SN

where ¢ is the speed of light and q, r and s ére integers.. In énvopen
cavity with square mirrors 6f dimensions 2a x 2a, separatéd 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’vaiues of
the integer r and s should be evidént owing to the large diffraction
losses for non-axial modes; |

The electromagnetié field amplitude distribution over onekof ‘>

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

A'='Ao'sin(nrx/a)sin(wsy/a) - i , 1,14

The modes predicfed by‘Schéwlow and TowneéyarévﬁSually designated the

TEM modes, so that the lowest order mode is the TEM
r-1,s-1,q :

T 00q"
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 TEanq'modes R

of a cylindricai cavityi

1 2 .2X zl : ‘ . ‘ .
v =%[(%) +( mn)]‘ L 7 1.15

mnq Ta



'(a) <— . ' 2[
N

24

A

(b)

Fig-1.7 Diagrams'showing open resonators (a) with square

mirrors and (b)with circular mirrors



Jm (Xmn /2)
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r/a

Fig1:8 The Bessel function Jm'u(x n 173) drawn for three |

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

rangeo <r<a after Smart.1973 ‘




where Xon is the nth root of the mth

order Bessel function of the
first kind, Jm' The field amplitude distribution over a mirror, with

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

is
| A= A° Jm(xmnr/a)cos(me) o B ‘ 1.?6

th zero of the fﬁnction to fall

The scaiing factor xmnr/a allows the n
at.théedge,r = a, of the mirror. Tﬁis is shown in Fig. 1;8, where
amplitude is plotted against r/a. 7

The modes of the Fabry-Perot cavity with circular mirrors are‘
usually designated the TBMm,n-l,q
The TEMOO1 mode is the one usually used in the maser.

and the lowest order mode TEMooq.

1,6 Oscillation Conditions

A beanm 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 E2u 21272 | |
AP = =2 ”122 | | 1.17
.hve ‘ :

where v is the‘frequency of the transition, P ig the matrix element
of the component‘of the dipdie moment‘alohg the'electric field E, and
h is Planck's constant. This equation hold§ if all N molecules pass
along the symmetry axis of the Fabry-Perot cavity.

As illustrated in Fig. 1.9, most molecules travel avdistance
~shorter than L in the ciréular mirror cavity. The power:émitted of

incident molecules pér unit height of the cavity'is.given by (D¢ Lucia,

1969) :



Molecules

— L —

2

X(y);z [(L/Z')Z" YZ J

Molecules

Fig-1'9 Path of molecules through cavity -




oF = ——— (L2- 4y2) 1.18

‘where N is the number of incident molecules per unit height, or
NL = N, and x(y) = 2[(%92 - yz]é. Integration of Eqn. 1.18 gives
the result |

2, 2.212
2NvoE Hip 7 L

AP = 119
3 h v2

From the definition of cavity quality factor,

2mv W J L ‘ o
Q= 5 o _ v 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
g2 < 8 o L2

where V is its active volume,

From Eqns. 1.21, 1.20, 1.19,

-

i T _3Vhve o o 1,22
8n2u12QL2

where Nmin is the threshold flux for oscillation, if the power emitted ;
from the molecular beam exceeds the power loss from the cavity, then:

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



" "CHAPTER TWO

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
. A spacing between plates of 200rmm diameter. A Q value of 7000 was
obtained. Krupnov and Skvortsov (1964) operated a Fabry-Perot maser
using the CH20 molecule at a frequency of 72, 838 Mc. Their cavity‘
consisted of two flat brass discs 65mm in dlameter, with a separatlon
‘between the mirrors of A/2 (A = 4mm), The quality factor Q was
2000 for the lowest order mode. Lainé and Smartv(1971) again using
ammonia, with A/2 (X = 12.5mm) spacingkbetween plates of copper 150mm
diameter, obtained a Q value of 2500 for the lowest order moderl |
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 oscillat1on was obtained. |

A cavity of h1gh quality factor with a long time flight of

molecules through it, is very important for the successful operatlon
of a molecular beam maser (see Section 1, Sj On the other‘hand the
value of the qua11ty factor strongly depends on the parallelism of
the mlrrors, the cleanllness of their surfaces (Barchukov and. Prokhorov, .
1961),and on their diameter. If the distance between the plates is o
‘held constant there is no optlmum value for dlameter, the larger the
“diameter the hlgher the quallty factor (Fox and L1, 1960)
Smart (1973) machlned the surface of two pairs of mirrors in two"'

different ways, one diamond- turned and the other surface ground to



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, 12mm fhick; were chosen for
the presentbwork. The reasons for this choice were: first, it is‘
somewhat simpler to machine'the surface of a metal mirrdr in a disc
shape by diamond-turning; secondly; thé quaiity factor is proportional
to the disc diameter (Fox and Li, 1960), and the greéter,the diameter
éhe greater the transit time for molecules passing through the microwave
field regioﬁ.

The diamond-turning lathe was allowed to run for four hours
before starting the work, in order to alloQ its temperature to stabilize.
A fine cut of the mifror surface was made to remoﬁe‘only 1.5 x 10~%mm -
of metél;-sb that_pressure‘on the surfgce was miﬁimal. in this way a
flatness of 33 x 10 “mm was achieved. The disc flatness was measured
by reflection fringes forﬁed between the mirror suiface énd grglass

optical flat, using sodium light.

2.1,2 The frame for the interferometér 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 250ﬁm,,6mm fhick),
bolted with 50 x ZSOmm, 6mm thickkbrass platé as a baseboard{
The two vertical plétes were separated by four brass rods 7cm in length.
These spacing rods may be ekchanged for rods of differént length in : ‘
order to operate the cavity with different mirror séparations. :
In the present work the'cavity operated at 1/2 mirror'separatioh only.
One of the mirr&rs was bolted directly’to the three-afméd o

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'plate,
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 wh1ch passed forward throoghk~ 3
the front arm, from the three-armed frame which carrled the coupling
mirror, into one of the three mlcrometer assemblies. The three mlcrofk
meter assemblies are descrlbed in Sect1on 2.1. 4 A spring dev1ce pressed
the tuning mirror at the centre of the three armed frame. This three-
armed frame and its assocxated tuning mirror were ‘insulated in order
that the cav1ty could be used for work with a weak ‘Stark field.
This facility was used during the investigat1ons of the Stark effect
on the J=1, K=1 ammonia 1mmer51on llne, descrlbed in Sectlon 3.7.
Two views of the cav1ty are shown in Figs. 2.1 and 2. 2 |
Fig. 2. 3 shows the cavity in the main chamber supported on and
bolted to four support1ng p1eces of brass IOmm high i which in turn ip
were bolted to the floor of the main chamber.ykThls flgure also shows '

the two waveguldes wh1ch couple w1th the caV1ty

‘2.1.3 ‘Microwave coupllng to the cav1tz

Krupnov and Skvortsov (1964b)using a formaldehyde beam maser,:
tested three types of microwave coupling to the Fabry»Perot cavity.
In one case coupling was effected by coupling waveguxdes to the side
of the cav1ty with their broad sides parallel to the planes of the ;f
mlrrors.p Another type of coupling employed a single waveguide opening
into the cavlty at the centre of the mlrror. The third coupling was :;;
achieved by means of two waveguldes whose ends opened 1nto tho cavity

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



rectangular
- waveguide

cylindrical . o / ,_

plug

T

~ cavjty mirrof'*‘_ B IR \ZGmm

~ coupling hole

Fig-2.4 Cross‘_’section o’f{tkh‘ke_ choke coupling _bet”VYe?"“; A

- waveguide and ‘coupling mirror o
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In the present work the mlcrowaves 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 rad;us
(112.5m). The holes wefe 26mm in diameter with a 0.6mm diaphragm.
This was similar to the coupling scheme used by Krupnov et al. (1964b)
and Lainé 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 freeuently used with waveguide flanges (tiarvey, 1963) .
Fig. 2.4 shows a cross-section of the choke coupling, only the
differerce 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 zero.
However this would have left only the d1aphrm;nthickness to support the
Wéveguide, so that the join was placed in a compromise position, halfway
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 mechanlsms

In the cavity design there were three tuning mechanlsms.
The first wae mechanical tuning by means of the three micrometer scfeﬁs.'
The second was a mechanical mechanism which enabled the preesure of
the Sprlng behind the three armed frame to be changed, and the third
was thermal tuning of the three mlcrometer barrels., All three of these
‘mechanisms altered the position of the rear-tuning mirror.

Each micrometer assembly consisted of an a1um1n1um barrel
carrying a stainless steel micrometer screw. The alumxnium barrel was
partially 1nsu1ated thermally from the cavity by a mica washer.

Coarse mechanical ad;usement of the position and tilt angle of the

mrror, was made by these three screws before the chamber was sealed and

air pumped out.,



The seeond mechanical tuning method was used to tune the cavity
from outside the vacuum chamber after sealing and evacuation, This
comprised a finely-threaded plug, screwed into the rear plate of the
cavity frame, which supported the.centre pressure spring.  The plug
was bolted to a large gear wheel 150mm in diameter, which meshed with
a small pinion (15mm diameter) turned by } inch Edwardé rotary shaft
vacuum §éa1. 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 ¥ 70 Mc. This facility
was used exten51ve1y during the investigations of the higher cavity
mode (TEM101) described in Section 4.6,

The need for a method of making f1ne‘hnnngadjustments when
the cavity was under vacuum, was met by heating the aluminium mlcrometer
barrels. This tuning method made use of the ‘differential thermal
exPansion between the aluminium barrels and the stainless.steel of the
micrometer‘screws. The barrel heaters‘were bifilar wound with a henter'
coil of glass-conered Eureka wire and a sensor coil of 40 gauge
enamelled copper wire. The change of temperature of a barrel was
detected by the change in.re51stance of its sensor windlng.

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 cavlty design tuning mechan1sms are descr1bed in Section 2 1.4,

A Procedure was found whereby the cav1ty could be adjusted to resonate o
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in a particular mode as follows. A <mall steel post was machined to
be slightly smaller in width than a free—space half wavelength
correspond1ng to the particular 1nversion line of ammonia used.
By 1nsert1ng it between the mirrors at different po1nts and by making
suitable ad)ustments to three cav1ty micrometers, the mirrors were
made parallel with a separation almost equal to an 1ntegra1 number of
free-space half ‘wavelengths. »
Microwave power from a frequency swept klystron was then passed
into the cavity via one coupling wavegulde, and crystal video detection
equipment was attached to the other waveguide. In this way, a dlsplay
of power transmltted through the cavxty was obtained. |
The three micrometers were advanced by equal increments until
. a cavity resonance was observed on the display. As soon as the lowest
order mode was located (see Sect1on 1. 4), the matching stubs were
adJusted for maximum transm1551on SO that further tunlng of the cavity .
could be carried out using a strong transmitted m1crowave signal. e
By using the second mechan1ca1 tuning method only, the cavity
tuning range of about 3 70 Me was obtalned without 51gn1ficant effect
on the mlrror parallelism. Therefore, the cav1ty resonances from :
lowest mode to hlgher mode (TEMlol) w1th a g1ven ammonia inversion
line, were obtamed w1thout a read)ustment to the cavxty mlcrometers.
The freQuencY separation between AEMOO1 and TEMlOl, modes was 28 MHz. ;
Initlal ‘tuning to the cav1ty as descrlbed above was usually |
carried out on the laboratory bench.- In order that the cavity should 3
resonate at the maser frequency after it had been placed in the maser
VaCUum chamber and the chamber pumped out, it was tuned to a frequency ‘
slightly higher than that of the maser by an experimentally determined
amount. This not only allowed for the change in dielectric eonstant f»

- when the chamber was evacuated but also for the effect of atmosPthic
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pressure on the vacuum seals of the coupling waveguide, which tended

to strain the cavity and alter its tuning.

2.1.6 Identification of cavity modes

Checcacci and Scheggi (1965) used a perturbation method to
investigate the field distribution inside the cavity. Their method
is a; follows. A small perturbing obJect is placed in the field
between the mirrors, and the power it absorbs is measured by the
reduction in the power transmitted or reflected by the cavity.

As the obJect is moved about inside the resonator, the power 1t
absorbs is proportional to the intens1ty of the mlcrowave field
Krupnov et al. (1965) used the perturbation method to identlfy
resonance modes by observ1ng the number and positions of the electro-
magnetic fleld maxima, by a half-wave dlpole (= 2mm long) made of
copper wire cemented to a hair stretched across a frame.v In the
present work this method was used at 12.5mm. wavelength to identify
the mode resonances of the Fabry-Perot cavity.

A small p1ece of copper w1re held parallel to the electrrc
field vector in the cav1ty was used as the perturblng object.

Thls was cemented to a thin thread stretched horizontally across the

°3V1ty between the mirrors, parallel to thelr surface. With a klystron B

as the 51gna1 source, the output 51gna1 was detected by crystal video
deteCtlon, and a Tesonance CUrve wWas observed on the oscilloscope o
screen. The drop in 51gna1 amplltude on the osc1lloscope 1ndicated the»
amount Of power absorbed whlch in turn was approxlmately proportioﬂal
to the microwave field intensity in the v1cin1ty of the wire.

It was found that the crystal video detectlon seheme needed to
be sensitive to very small changes in the microvave power transmltted

throuEh the cavity, and accurate positionlng of the thread parallel'to"
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the mirror surfaces was needed to map the field intensity accurately.

For these reasons, the perturbatlon method was only used as a

qualltat1ve indicator of the resonant mode (or modes) in the cav1ty.k‘- |
» The fundamcntal mode (TEM, 1) and the TEM101 mode were readily

identified by this method, for a mirror separatlon of X/Z.

2.2 Detection System

After the completion of the 1n1t1a1.se£ting up procedure of

the Fabry-Perot cavity tuning us1ng the 51mp1est method of m1crowave4
detectlon (crystal v1deo), the maser was operated in transmlssion w1th ,‘
a single klystron superheterodyne detection system. The exclting
Signal was one of the two 51debands produced by amplltude modulatlon
of a portion of the local oscillator power." ‘

 The superheterodyne detectloﬁ circult 1s shown in Figs. 2.5
and 2.6, and the description of its operatlon which follows refers . }lf'
to Fig. ‘2 5. | i o o
- Mlcrowave power from . the klyStron (OKI type 24V10AJ passed’;,_ryl‘“
via a 6dB dlrectional coupler, an attenuator, and an 1solator to
the c1rco1ator A, and thence to the modulator crystal B (INZGAJ,
The 1Npedance of this crystal was modulated at 30 Miz by an R. F..'iylbii‘
ge“erator so that 30 Miz s1debands were 1mpressed on the’ power :
reflected from 1t The frequency of the klystron was such that one
of these 51debands occurred at the frequency of the maser transltlon.>e¥;ei

The reflected and 51deband slgnals passed via the c1rcu1ator to the

cavity,input port C. Since the cavity was tuned to the maser transition s

frequency, Ohly the sideband at this frequency entered the cavity 3“d vy
Prov1ded the stxmulatlon signal for the maser S
- Power from the klystron also ‘passed v1a an attenuator and

clrcu1at°r D to the cavity output port B. Since the cavitY Was not fl? o
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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

» I'n

s s newer for the mixer,
crystal F (IN26A). It provided the L. . P

,» » hut 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 1.F. amp n

It was detected by the diode detector and filtered by

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

IT 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 ¢

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

the following chapters.

2.3 State Separator

,» »,hd ""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 —

ra 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-1tl beams

* number of separator systems to produce planar C

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

arranged

e _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
cavi y.

.ithose
geometry of electrodes were simile

t la aas nozzles and the
arranged rods with a semi-confocal

of Krupnov (1959) .

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 Fformaldehyde maser. The longitudinal ladder type where d

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

-, “B\Vipdr focusing
longitudinal

ladder types and found no difference

effect

Helmer et al. (1960) showed that a state separator

IT 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

Icireer than ItS entrance area
Thus a separator whose exit area Iis

narrows the angular spread of the molecular (196Sj shows
The results from the experimental wor n n Flux
the tapered transverse ladder state separato

, 11 ct the same
than the parallel one to reach oscillation thresio sUPPorted

i} T 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

>
’s - ~nuadratic Stark interaction.
E3E/3y (or 9E2/3y) in the region of quadi

) e for 3E2/3y was calculated by Becker
A theoretical expression for 3E / y -
- - - the potential distribution

(1963) after an experimental investigation
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to the average value of ¥E2/3y defined by

2.2
3E2 =3 SE2() 3y
3y 2d 3y
0
i} _ +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) * eeee
X 1
Ey =

Elexp(-ny/d) cos (in/d) + E3exp(-3TTy/d)cos(BTrx/d) + eeee
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Fig-2-7(a) Model for one transverseladder electrode

assembly
(b) Model for the transverse ladder separator

( b)



Substituting Egns. 2.3 and 2.4 in 2.2 ¢

CE . -JAELp(-2y1d) - CHMENxp (-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

e n hv integration of Eqns. ==~
In this case it is possible to obtain Ex by

2.4:

2.6
El =

a2

Then the effective force 3E |*Y IS
where V is the electrode voltage.

2.7
3E2 = _ *1x1 exp(2Try/d)

ay 2d3

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

oMippj ©n the potential distribution of either set of electrodes.

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

9.8

UEi . TUU exp(-2wh/d){c*pC2i.y/« ' expC-2-y/<0
Y.

, 1?/3y against V/h *«
m . 2.8 shews calculated curves of Y N
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) *& excited OH #
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,—rating
Such a separati

« tHc lower state to
system would allow a large number of

beam.
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pass through it without removing molecules
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However, 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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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 vacﬁum chambers. The three vacuﬁm chambers
are mounted horizontally on an aluminium bench, constructed from
aluminium 'U' channel and covered with an aluminium shéet.

The main chamber consisted of a 42cm high, 50cm internal
diameter rolled non-mégnetic stainless steel cylinder, with O.4cm
wall thickness., An‘arrangément.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 perspei discs, one on the front
carried the 'K' band waveguides to the Fabry-Perot microwave cayity,
and the electrical lead-thfoughs for thermal'tunihg (Section 2.1.4)
and to tﬂe coils inside the vacuum chamber to produce a known magnetic
field in the maser. The other perspek 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 perspei discs 13cm diameté:, lcm thick.

Egch oné carried the electrical lead-through to the state separator from |
the EHT power supply. The top was fitted with a stainless steel 1lid

- (57cm diameter, 2.54cm thick) and carried three liquid nitrogen traps.*
'The‘base was comp;ised 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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Each nozzle chamber was a six-port arrangement fabricated from
stainless'steel tubes of 15.24cm internal diameter, O.4cm wall thick,
all joined to a stainless steel box of dimensions 18 x 18 x 18 cm.

One pdft mated Qith the main chamber, and the opposite port was closed
' by a stainless steél flange which carried both a liquid nitrogen trap
and thebammonia 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 '0' rings.

2.7 Maser Vacuum Assembly

A three chamber vaﬁuum system was adopte& for the double beam
ammonia maser,‘in which the two state separators and the open cavity
were situated in a main vacuﬁm 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 t&pé 093C nine inch diameter diffusion pump was mouﬁted
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 fotary pumps were vacuum éoupled to the equipment by

means of one inch flexible couplings to minimise mechanical vibration.




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 oﬁt 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 '0' 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 fromvi 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 } incﬁ diameter copper tube and shaped'into coils were fitted
into each nozzle chamber (Fig. 2.15bj to freeze the reﬁaining ammonia
molecules in the éhamber, and thus maintain low pressures inrthe 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 contrbl unit
Model ION7, Under normal operating conditions without prior exposure
to atmospheric pressure, main chamber pressure of 2 x 10"8torr could

be reached after about two hours of pumping with the diffusion pumps,
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and 1,5 x 10-Storr for the tﬁo nozzle chambers. However, if the

maser and its components had been exposed éo the atmospheric pressure
for some days it sometimes took as much as ten hours of pumping to
reach this pressure. ,fhe pressure reduces to 8 x 10”7torr for the
main chamber and 9 x 10" 8torr for the nozzle chambers, when the liquid
nitrogen traps are charged.‘ The main cﬁamber rises 6nce more to the
nearly constant pressure bf 1.5 x 107%torr 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™* and 1.5 x 10‘5tofr 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 sdufce 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. .Pﬁrification of the ammonia
is carriéd by freezing it in a trap coolediwith liquid nitrogen.
Impurity gases ﬁhich'have not condensed are then pumped away using the
- same N.G.N._PSRélpump as used to back the diffusion pump. The trap is
warmed and the ammonia is allowéd to eipan& into the reservoir.
A dial gauge with a rangeio - 760 torr was used to ﬁ&nitor the gas
pressure’in the reser&oir. The flow from the reservoir to each nozzie
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 pressﬁres behind the two nozzles were measured by gauges in
the range O to 760 torr. The block diagram of the ammonia supply is

'shown in Fig. 2.13.
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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, oniy the construction of the nozzie and skimmer
are described.

The nozzle was constructed from a 380mm long, 10mm diameter,
2mm thick stainless steel tube. Oﬁe énd was fitted with a perspex
window sealed by a rubber '0' ring,and was used for alignment purposes.
fhe other énd was machined such that a brass disc 6nm diameter may be
soldered into it, into which the nozzle hole was drilled.

The ammonia supply was introduéed through a 100mm long stainless
steel tube soldered on the side of the nozzle holder tuge near the
perspex wihdow. The needle valve was coupled to the nozzié ﬂolder 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 1ip were 45° and 35° respectively.

2.10 ~ The Skimmer and State Separator

The skimmer plate, which closed off the nozzle vaéuum 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

R i s A it . e e 5



FIG. 2.17 STATE SEPARATOR AND SKIMMER



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 tuning of the open cavity,
the voltage between the two mirrors for Stark effect studies, and the
current through the coils for magnetic field production Qithin 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 copber
pPins were threaded through matching holes in the bottom of the groove.
The groove with pins in position, filled with araidite epoxy resin,
then proVided a mechanically strong vacuum seal.

The EHT lead-through for the state separators were treated
in the samé way. The thermal tuning and the EHT lead-through arc 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
expérimental work described in this chapter.

At the beginning of the project, the work was concentrated
6n 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 usé the system as an oscillator by reaching
" the oscillation threshold beam flux for the weaker intensity inversion

001

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

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

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 Qpectrometer 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 folldWing
section, |

As é result of‘the partiél success of obtaining maser oscillation
with weakér speétral lines than J=K=3 in ammonia with this system énd
limitéd spectral resolution.foi Starkbspectroscopy,:a cbhpletély new
system was designed, details of which have alréady been described in
Chapter Two. This new maser, again operated with anvopen rééoﬁatpr,
was used as an oscillatér (Chépter Foﬁr) dn the J=K=1, 2 énd'3 liﬁes
of‘ammoniékand in addition could be operatéd as avspectroﬁetér‘wifh

impfoved spectral resolution (Section 3.8 and 3.9).



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 1lid, 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 '0' 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 construéted
from brass tube. One port mated with the main chamber. At the
opposite end a smalier port, closed by a>f1ange which éarried a
mechaniéél lead-through, enabled longitudinal movement of the nozzle
from outside the vacuum chamber, The top of the nozzle chamber was
closed by a flaﬂge 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 chambef,-and one below the nozzle chamber,
which were charged with silicon 704 oil. Each diffusion pump was
backed by a rotary pﬁmp; thc two for the main bhamber were two#stagé
Metrovac CRD1, but for the nozzlé chamber a high speed PSél6 N.G;N.

rotary pump was used. The reason for the use of a high speed rotary



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 tﬁe
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 thlssystemoperated 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
cepper discs 12mm in thickness, with 33 x 10’“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 mechanisme Qefe alse similaf'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 carrled 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 maln chamber. This frame can
be seen below the cavity in Fig. 3.3. This flgure also shows the two
waveguides which coupled to the cavity and passed through a flange on -
the front of the main vacuum chambcr.‘ A general view of the maser

system is shown in Fig. 3.4,
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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'invé&sion 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.

+ J, where I, is

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

From the coupling scheme (Fig. 1.4) F1 =1

total rotational angular momentum of the molecule. The quantum number
F1 can take values from IN +J to IIN - 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 (21N + i)(ZJ + 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:

AF, = 0, 31 AF = 0, 31 3.1

1 =

" Owing to'the selection rules, every component of quadrupole hyperfine

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

1

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

values from F, + I to IFl‘- II through one, so that the number of

1
different values of F is equal to the least of the ﬁumbers (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 !, when K is not a multiple

of three (Cordon, 1955). The nuclear spin of the nitrogen I, is equal

N
to one,
Kukolich (1967), used a two cavity maser spectfometer to

measure the hyperfine structures of the J=K=1, 2, 3 lines of inversion



transitions of ammonia (14NH3) 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,

=]l and I = 5@, therefore F, can take three values and F can take

Iy 1

the five values:

Fl f F
0 /A
1 3/ 2 1/2
2 3/2 ’ 5/2

Fig. 3.5 is a schematic diagram of all energy levéls, 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, 31 and AF1 = 0, spread over a range
of 56 kHz. The quadrupole satellites result from transitions AF1 = 3l
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
oﬁter quédrupqlé satellites are approximately 1530 kH; aboye‘and below
the‘main'liné ffequency, and three inner quadrupole satellites a;e
approXimately 600 kHz above and below the main line freqdency.'

u inkthe case of the inversion transition of J=K=2, F .can take

1

three values and F six values:

1
1 %, W
2 §& » %&

3 z& » %é
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INVERSION LINE OF AMMONIA MOLECULE,




For the J=K=2 (Fig. 3.6), the maih line is composed of six transitions
from AF1 = AF = 0, to spread over a range é kHz. There are three
magnetic satellites, approximately 42 kHz above and below the main line
frequency arising from AF1 = 0 and AF = 31, Of the six quadrupole
satellites on each side of the main line, three outer quadrupole
satellites arising from AF1 = %1, AF = ¥1,0 transitions, are approxi-
mately 2058 kHz above and below the main line frequency, and the other
thfee 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 ='§§, then

F1 can take three values and F twelve values:

F1 F

2 ‘ 1/2 » 3/2 ] 5/2 ’ 7/2
3 %%, %R, %
4 5/2 » 7/2 ’ 9/2 ’ 11/2

Fig. 3.7 shows the main line with twelve components from AF, = AF = O,

1
spfead over the range 2.4 kHi. ‘There are nine magnetic satellites,
approxiﬁﬁtely 65 kHz above and below the main line frequency, which
arise from AF1 = 0 and AF = 31. On either side of the main line lie
theAquédrupplg Qatellites, seven compdnents‘qf which for the innéi
quadrupoles lie approkimately 1690 kiz above and below the main line
frequency, and arise from‘AF1 % 71 aﬁd AF =‘$1,0,‘aﬁd the outer
quadrupole satellites, also including seven components arising from
‘the selection‘rules AF1 ?b;l and AF = 31,0. These iie aboﬁt 2326 kHz
above and below the main line frequéncy.

The mean frequency'of the peak of the composite main line

depends on the ratios of the intensities of the individual components

-énd on their frequencies (Skobeltzyn, 1964), The J=K=3 main line
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frequency is 23 870 129.183 kHz;bJ=K=2 : 23 722 633,335 kHz and

J=K=1 : 23 694 495,487 kHz (Kukolich, 1967).

3.4 High Intensity Molecular Beam

The molecular beam source is one of the important basié 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 molecﬁles entering
the cavity (Edn. 1.22). This number can be enhanced by increasing the
total number of molecules directed towards the cavity, for example
| by iﬁcreasing either the beam‘intensity, or the molecular capture angle
in tbe 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
molgcular béam source, The graph (Fig. 3.8) of relative intensities
measured at the detector against the corresponding source pressures as
_giﬁen by thnson, shows a linear curve up to a nozzle pressure of about
SOltorr,‘and continues rising up to a makimum intensity at 100 torr.
With further increase in nozﬁle pressure, the beam ihtensity decreases.
The decrgaée in Entensity was attributed to scattering of beam molecules
in the‘région‘downstream of the nozzle by background gas, Rodebush
(1931) noted the possibility of using a nozzle sburée with collimation
(resemblingzaskimmer) to achieve high beam intensities; but this method
was ignored until it was‘rédiscovered later by Kantrowitz and CGrey (1951),
who made an important suggestion that beam“iﬁtensities orders of

magnitude greater than could be achieved by any effu31on technlque were

p0551ble. The arrangement to exploit thls 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 beaﬁ, 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 mdny investigators to
this proposal of Kantrowitz et al., including Kistiakowsky énd 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 typicai 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 pregsure; For pressuresabove 170 torr a marked gain in
thé intensity is obtained, especially at a pressure of about 300 torr.
The point x on the graph indicates the relative beam ihtensity expected
with a conventional effuser source at the optimum pressure.
| Deckers and Fenn (1963) introduced a theoreticai 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 thét
‘o S n.ag M : : SRR ,3'2, 5
[1 +3 (v-1)M?] |

where I is the total beam flux in molecules per second, S is the area - -




of skimmer inlet, n, is the number density of molecules upstream of

the nozzle, a, is the speed of sougd in the gas upstream of the nozzle,
y is the specific heat ratio (y = EEJ and M is the Mach number at the
skimmer entrance (the Mach number i:: 'the ratio of flow velocity to the
local velocity of sound).

Fig. 3.10 shows the variaiion of beam intensity with the nozzle
pressure for two different skimmer shapes and the theoretical beam
intensities. For botb skimmers the beam intensity increases with nozzle
pressure along the theoretical line at low pressure, buf falls below the
theoretical line, an& reaches a maximum at higher preSsure. Witﬁ a
further incfeése in nozile pfessure 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. Yéars later, it was found that scéttering can occur
at eithe£ location depending oﬁ the density of the beam approaching the
skimmer. Fig. 3.11 shows an illuStration of skimmer interference’
phenomena. Thosé molecules hitting the external surface are refiected
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 cause§
scattering of beam molecules in front of the skimmer. With a further
increcase in beam density both the refleéted and scattered molecules
contribute t6 the dehsitykin'the'scattering region. ‘This region appears
to have some of the charactg:istiés of é diffuse shock ane.‘ For étill

higher jet densities, the flux of jet molecules is sufficiently high to
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drive reflected molecules in froﬂt 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
appeérs.

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 Ti (initial
temperatﬁfe)‘to Tf (fina1 temperature), accompanying the expansion

is given by (Fluendy and Lawley, 1973):

-:-;L [1+ L2yt - 3.3
where'yﬂand 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 (0.24 §_gas supply temperature for the
sample desigﬁ) and it should be pbssible to attain a molecular beam with
a large number of the molecules in the lower rotational states."Thé
‘population of rotational state in a molecule of symmetric top type is

_proportional to the Boltzmann factor and the statistical weight of the



energy state (Herzberg, 1947)

. -(E /kT)
N(J,K) g(J’K)e J,K) _ 3.4

where E. is the rotational energy level is the statistical

J,K » Bk
weight, k is Boltzmann's constant and T is the absolute temperature.

3.5 Experimental Comparison of Effuser-Diaphragm and Nozzle-Skimmer

Combinations

Thé discussion in Chapter One shows that the ammonia molecular
bean 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 reﬁults 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 Lainé, 1974); secondly, oscillations
on several hyper%ine components as well as the mainvline of the J=K=1‘~
inversion line of ammonia were also obtained (Maroof and Lainé, 1976,
Lainé 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 throbgﬁ the ring state separator and then on to the

cylindrical microwave cavity.



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 pfévided 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 holés, Imm 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; aftér purification
by freezing was stored in a 2 litre reservoir, and was used to operate
the masef by flowing it through a needle valve, using a pirani gauge
to monitor thé pressure behind the effuser. Big; 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 0.,1mm 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
;hamber is ekacply as for as the effuser source jﬁst’described.

The skimmer represehted a somewhaﬁ more difficult design problém
- than the nozzle. Because it was to be immersed‘in é supersonié stream

it was necessary to be concerned about the formation of shock waves.




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,
and 45°~for the outer angle. Brass was used for the construction of
the skimmer and as sharp an edge as possible was obtainedAby gfinding.
Such, a sharp edge was necessary to ensure that fhe number of molecules
which struck the edge and then scattered was minimal. The inside and
outside surfaces of the skimmer were highly pélished. 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 chaﬁberkport.
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'signallto-noise ratio is an increésing function of
the number of active molecules in the cavity; this ratio may be taken
as an indi&ator of the sucéesskof machine improvements;

Fig. 3.14 shows the oscilloscope photégraphs‘of'the maser
emission signal for the J=K=1 inVersion line: (a) when the maSef is
operatedVWith an effuser-diaphragm combination. Here the two largest
intensity compoﬁenté of the eight components of the main line are shown
with a signal-tolnoise ratio of three, _Photograph (b) shows'thrée
components of the eight withfa signél;td—noise ratio of ten, wheﬁ the
nozzle-skimmer éombiﬁafion waéyﬁsed.v | |

" When the effuser was used as the molecular»beam source, in
combination with a collimating diaphram, the mééervoscillated on the
J=K=3 inversion line of ammonia only, while oscillation was obtained
on the weak inversion line J=K=2 also, when thé‘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 0.09mm 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 sinéle 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 wes 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 nécessary 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 Effcct 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 thercby 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 Dafin, Good and Coles (1946) on
the linear holecule 0CS. The.theoretical work by Golden and Wilson
(1953) on asymmetric top molecules, showed that the intensities of
the AJ = O transitions are proportional to M2, whereas those of the
AJ = 31 transitions are proportional to [(J+1)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
'componehts'which are fixed in direction rather than rotating.

Thus for a\symmefric top rotating about its symmetry axis, the dipole
moment is in’the direction of J and its energy in an electric field

iS -uE cos 8 , where u is the dipole moment of the molecule,/ah& 8

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.. ﬁence the energy
might‘be'expected to be ~uE cos 8 = -uEQYJ). - In.fhe more general

~ case of the angular mohentum‘J and a coﬁponent of the angular momentum

K along the symmetry axis, the component of u along the J'direction is



.uE/J. The energy will then be:

WEMK : 3.5

AW = - 55371y

"The chaﬁge in energy of é symmetric top molecule due to an
electfic field, is propoftional to the first power of yE (first order
Stark effect), whereas that for a linear molecule is proportional to
the second power of pE (second order Stark effect) (To&nes and
Schawlow, 1955). The first order Stark effect of symmetric tops is
moré generally a char;cteristic of a system with degenerate levels.

In the absence of an-external field no system can have a dipole homent
fixed in‘directioni 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 spécial case as its dipole
moment is not permanent but éﬁanges with the inversion frequency, and
the first order Stark effeét 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 sﬁructure'is present due to a nucleus of spin I
(Section 1,3), the total angular momentum of a molecuie is given by the
quantum number F = J+I, J+I-1, .,.., |J-I] rather than‘by J. . The
projection of the angular momentum on the same chosen direcfion'is
MF = F, F-1, ..,.., -F. Thus the number of Stark components depends on
F rather than J, and it may bé expected that the enérgies of Stark
components will be réther differcnt from the case with no hyperfine

structure, -




In the weak field case (E ? Es’ where ES'“ 500V/cm) the electric
field is so small that the Stark4energy 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 MF'

Each hyperfine line is then split into various components, according
to the value of MF’ and this splitting is small compared with the
hyperfine splitting.

In the strqng field (E > Es) caselthe Stark energy is much
larger than the hyperfine enérgy. The molecule is precessed so
fiolently by the electric field that the nuclear orientation cannot
follow the motion. I and J are’'said to be decoupled; aﬁd 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 descriﬁing the molecular state are I, J, MJ and MI’

where M is the projection of I on the direction of the field and M;

I
is the projection of J on the direction of the field.

Ap»intermediate field (E ~ Es) case occurs when Stark and
hyperfine energies are cbmparable. In those cases neither MJ nor’MF
aﬁan aré géod qﬁantum numbers. The hyperfine structure caﬁses fhe
Stark paﬁtern for intermediate field values to be quite complicated
(Jauch, 1947). R

Jauch analyzed the Stark effect of the ammonia inversion
Spectrum J=K=3 by including'the.quadrupole energy; The Hamiltoﬁiah for

the system was
HeH +H +H e X

“where H) is the cnergy for the rotational levels, including the




inversion éplitting, Hq is the quadrupole eﬁergy 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 yx, which is equal to ﬁzEz/A(J,K), was
obtained and is shown in Fig. 3.15, where ﬁ 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 O to 144;87V/cm. On this graph

E2 = 954 x number of centimecter divisions (i—aﬁis), 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) ’ AFl = 0, AMF =31 ) for the case of mutually
: perpendicular Stark and
(satellites) .AFl =31, AMF =31 microwave electric fields
‘ - 3.7
(main line) AF1 = 0, AMF =0 ) for the case of parallel
. Stark and microwave
=31, MM, =0 |

: (satellites)‘ AF1

electric‘fields

It is possible, from Fig. 3.15,’to'draw”a diagram of all energy
levels and associated transitions for AMF =31 or AMF

"= 0 in any value
of electric field, to identify the number of coﬁponéntskin 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
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the caSe of AMF =31, in an eIecfric 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 AMF = 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
AMF = ¥1. The klystron, acting as a local oscillator (L.0.) is offset
in frequency by the'intermédiate frequency and one of the sidebands
produced by 30 MHz modulation of a portion of the L.0. power is set to
the J=K=1 transition frequency usiﬁg a wavemeter. The cavity is then
tuned}toithis frequency (see Section 2,1.5) ensuring that the cavity
operates in the simplest mode with one maximm of microwave electric
field. '

The mode of display used to observe the Stark splitting
components is of course the spectroscopic one (masetﬁoperatedvbelow its
oscillétion threshold) and a stimulating signal is sﬁept slowly thiough,
the spectral lines of the maser.transifion. If the input signél 1s'v
sufficiently small, then the output from the maser will réptoduce the
spectrum of the maser line. In order to observe weak transitions in
the spectrum with a satisfaétory signal—to-noiée ratio,‘the input :

signal is often increased so that the most intense spectral lines are

saturated,



.- Fig. 3.19 shows the maih inversion line J=K=1 of ammonia for
the following six values of Stark voltage épplied 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/em, 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 sblitting in the presence of the electric field. The number of
components is governed by the number of sub-levels (MF) 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 sgfficiently large
Siark 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‘
cénsists of twenty-four componentsvspread over a specfral range of
“181 kHz. But, as a result of the speétrometer resolution and the
effect of Stark field on the relative intensities of components, only
six compoﬁents are observed when tho Stark field is 144 V/em, as shown
in Fig. 3,19f. As a consequence of the overlap of the components at
increasing values of the‘eléctric'field, the identificatibn of each'{.
iﬁdividual compbhent is impossiblé. Therefore detailed measureméntSVOf'
the frequency shift‘for éach cémponenﬁ,kin order to‘éompare with’theory,
is not possible with the present specffometerkresglution.’vHowever, the
number of the'compohgnts from the‘theéretical and the eﬁpcfiméntal work
can be compared and are found to be in agréement.’ The'theoretical;ahd>
experimental Figures 3.17 and 3.20 respectively, showé the extent of |
agféemenf. Big.'s.zo shows the outer qﬁédrupole éétellite'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




a-zero vjecm d-94.88 v/cm

b-59-2 v/iem ( e-124 viem

c-73.44 vicm f-144 v/cm
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Fig. 3.19 STARK EFFECT ON " "NH, J=K=1 TRANSITION

3
(MAIN LINE)



Fig. 3.20

STARK EFFECT ON ”NH3 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
(240 v/cm)

NH3 J=K=1 TRANSITION




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.43.22a, 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
éomponent on the left-hand sidé of the figure (a) has completely
disappeared and the relati?e intensities of the Stark components has
chénged. |

This phenomenon could possibly arise as a consequence of spatial
reorientation of molecules in the weakrfringe field between maser cavity
and state separator (Strakhovskii et al., 1966). . Howeﬁer, this interf
pretation is hard to reconcile with the further eiperihental facf'that
the presence of an earthed metal screen between the stat¢ separator and

the cavity did not eliminate the effect.

3.8 - Operation of the Maser with TEMIOI Cavity Mode

In 1964(a) Krupnov and Skvortsov calculated the spectral line

shape using the following formula:



22'21‘72 -
Q Eo sin [zﬂ(m12 wc)]

[82 - (w0 )21

'F _
(wlz,mc) = 3.7

where w,., is the molecular transition frequency, We is the signal

12
frequency, Q 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 = (2/7)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 A = 4mm for n = 2 in a Fabry-Perot type resonator. According
tb 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 Lainé and Smart (1971) in an ammonia beam maser empléying
a parallel plate resonator at A = 1.25cm.

| The reason for the observation of line splitting in this work
was not merely to show the ability of this systenltd observe this effect
even for a weak line of ammonia; but also to observe the beating of |
beats when_fhe line was split artificially (Section 3.9), as proposed
by Laine and SQeeting (1971Db), 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 6rder mode (TEMIOI}
(next to the simplest moﬁe)vwas'obtained by a sligﬁt 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
(2a) WITH ONE MAXIMA OF MICROWAVE FIELD
(b) WITH TWO MAXIMA OF MICROWAVE FIELD



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



the lowest order mode (TEMOOI)-and the next mode (TEMlOl) 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 elegtric 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 fhe spectrﬁm 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" iﬁ\a nuclear-magnetic resonance system, Lainé, in 1966,
observéd the wiggles phendﬁenon in an electric dipole-system for the
first time. The effect folléwed uﬁon the rapid passége of an exciting
signél tﬁrough the stimulated emission signal from the J=K=3 inversion
line of ammonia iﬁ é beam maser; The exciting signal was frequency swept
ihréugh the emi;gioh line’in a time shortér than the mean transit time
of molecules through the reéoﬁator cavity. Immediately aftér the passage
of the exciting signal, the molecules in thé caviiy‘ﬁossessed an
oscillating net polar}sation at the molecular‘resoﬁancé freqﬁenéy.

After that they radiated spontanepusly and cdherently at a decaying
raté, unfil they finélly passed out of the cavit}. .Thé de#ayiﬁg‘ringing
signal mixed with the applied exciting signal and prdducéd the wiggies
effect as a decaying beam sigﬁal of increasing frequency. ' The décay '

envelope of the wiggles given by Lainé et al. (1969) is:



A= AO exp(-t/tz) 3.8

where Ao is the initial signal amplitude and A is thg signal amplitude
at a time t. A photograph of fhe 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 décay is not exponential
and hay take the form of an amplitude modulated &ecay signél knowﬁ as
"beating of beats'". In particular, this may occur in a resonant syStem
with élosely spéced spectral lines, as it was observed by Gabillard (1951)
in a magnetic dipole system, and océurred as a result of intermodulation
of two wiggles signals from two closély séparated 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.

Laine et al, (1971a)proposed that the observation of‘the beating
of beaté effect in an electric dipole‘system isknot 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).

Phbtographs 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 thé 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 mcasurements of the period of the décaying interference

pattern shown in Figure 3.24 (b) and (c¢), it is possible to calculate




FIG. 3.24a THE 'WIGGLES' EFFECT FOLLOWING THE MAIN EMISSION
LINE OF THE J=K=2 INVERSION TRANSITION OF AMMONTA



FIG. 3.24b THE 'BEATING OF BEATS' EFFECT FOLLOWING
THE NATURALLY SPLIT MAIN LINE OF THE
J=K=1 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



the frequency separation of the resolved components of the naturally
split line J=K=1 and Doppler split main liﬁe of the J=K=é, 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).



CHAPTER FOUR

" "THE MASER AS AN OSCILLATOR

4.1 The Oscillation Frequency

If the power emitted from the molecular beam exceeds the
powef 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, -w_ Q
.m=wL ['- Lwo_Q_Q_] 4.1
L L

where oy is the frequency of the spectral line, W, is the frequency

of the resonator, Qo is the quality factor of the resonator and QL

is the quality factor of the spectral line and equal to %er, where
T is fhe time of flight of molecules through the resonator.

As can be seen from Equation 4.1, the oscillation frequency
(uo 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 w1dth of the spectral line. In the simplest case, for which
this equatlon 1s,va11d,’the width of the’spectralrline depends only
on the time of flight of molecules through the resonator Actually,’
the w1dth of the spectral 11ne in a maser is made up of the spontaneous
emiss1on w1dth the Doppler w1dth and the broadening owing to the finite
time of fl1ght of molecules through the resonator. The spontaneous
width of an emission 11ne is extremely small 1n the centlmeter range
of wavelengths. Accordlng to Basov and Prokhorov (1954), 1t is
possible to eliminate the Doppler broadenlng in a molecular beam by

exciting in the cavity the type of mode whose phase velocity in the



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

/ (Skobeltzyn, 1964), where t is the time a

the function (1/1%)e” "
_given molecule spends in the cavity and t° 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 convenieﬂt to write Equation 4.1 in the

form

' S oweew  Q
= L oo :
o= [ - oy QL G(U,yo)] | 4.2

where G(U,yo) is proportional to the potential on the state separator
(U) and to the saturation parameter (v,)

In the derivation of the formula (4.2) for‘the oscillation
frgquency of a maser, it was assumed that the molecular transition -
occurs qniy between two energy levels, so that the emission line
consists of only one component of a definite frequency. In praétice,
however, it is hard to find a spectral line which consists of only
one cbmponent; the presence of hyperfine interactions in the molecule
leads to a splitting of the main transition into a numbef of hyperfine
structure components (see Sections 1.2 and 3.3), aﬁd with practically |

attainable line widths many of these are not resolved. The peak



position (frequency mL) 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 derivationAof 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
mblecules 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 thé spectral line. The magnitude and the sign of this
shift depends on the infensity of the beam of active molecules
(Oracvskii, 1967), since for a small.beam intenSity; which means weak
saturation, the emis§ion of energy from the molecules occurs maihly as
they pass out of the resonator, and the flux of electromagnetic‘energy
is directed against'the motion of the molecules, whichAcauseé»a decrease
’of the frequency. .Wheh-the saturation is large, the molecules emit
their energy in the first part of the resonafor;‘and owing to this the

-flux of energy is.propagated in the direction of motion of the molecules,



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

, w -0 Q
L o "o
w = wL [ - or 6—; G(U,Yo) + A(U,‘Yo)] 4.3

where A(U,yo) is proportional to the ratio of the intensities of

the components which varies with the state separator voltage (U).
wy ~w
L

)

Therefore, to secure high absolute stability (Gdabs = ™
" of the oscillation frequency of a maser (-~10710 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
lachieveméntofthe 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 Sf this

. 14 .

15
_NH$ or lines of NH35

For the first one (J=3,K=2) there is no qﬁadrupole hyperfine structure,

sort is the inversion transition J=3,K=2 of

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 10711, A_disadvantage of this line is its relatively
weak intensity (the condition for self os;iilation is less well satisfied
than for‘the line J=K=3 by a factdr of about 135).. However, Maroof and

Lainé (1974), achieved oscillation on J=3,K=2 even without cryopumping,“'



by uSing a nozzle source of gas with a gain in beam intensity
resulting from rotational cooling after gag 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 increasihg 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 i)

The amplitude of oscillation of the maser is often measured by
a method‘of display which involves tracing out the I.F. ahplifier 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 prbpoftional
to the maser oscillatiQn amplitude. This display is knoﬁn as "béndpass
display". . | |

"The oscillation amplitudé characteristics of the maser have been

studied using the ammonia inversion lines J=K=1,2,3, J=3,K=2 in714NH3

15

and J=K=6 in "~"NH most of the maser oscillation characteristics

3;
studies have been carried out on the line J=K=3, which is the strOngéSt
jnversion line of ammonia. For this line the threshold condition is

much more éasily satisfied than for other lines, as for example with the



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 107%cm™1, 3.2 x 10 %cm™!

and 1.9 x 10~%cm™! (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 opén 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 osciilation amplitude measurements as a function of various
ekperimental parameters are shown in Figs. 4.3 and 4.4, 1In Fig. 4.3
the relative oscillation amplitude is plotted against nozzle pressure
(ndzzle 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
véltage for various values'df 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 pictﬁre of the oscillation behaviour of the maser for a given

' géometriﬁal arrangement of the maser components.

A peaking of the oscillation amplitude with nozzle pressure is
bdgmonstratgd fof 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 baqurbﬁnd_gas, because
the pressure of the chambers appea;s to remain constant Withkalllvalues 
of nozzle pressﬁre up to 760 torr. In Fig. 4.4'the cﬁrves correspondiné
to the tapered state separator shows a saturaﬁion béhavibur;, This is
probably a consequence of its small angle of capture, in that when the

- eritical velocity in Equation 1.12 is gréater than the tfansverseﬁ

‘velocity (Vy)‘of the majority of molecules entering the state separator,
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no more molecules are available to be focused as thé 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 frcssure in the
same value of state separator vdltage 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 ievel 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 cévity maser
it is important that the cavity be carefully tuned to the centre
frequency of the spectral line studied when amplifude measuréﬁénts are
made. Since variation in the quality factor of the cavity will aiéo
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 aﬁd 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 éield of the
state séparétor has beeﬂ discussed by Basov et al. (1964), Strakhovskii
et al. (1966) and Truman and Lainé (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 épace,
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 prbportion of
molecules with different projection M; VSince 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 intenéity of maser radiation from the molecules.

The non-adiabatic effect was noticed by Shimizu and Shimoda
(1961), in the lbWefrequency’beam-type maser, which was a breakdown of
so-called adiabatiﬁ focusing approximation. The adiabatic foéusing :

condition of Shimizu et al., can be written

V]J —_—<< ] . 4.4
H12 Al
- 2

(W,-W )2

where W1 and W2 are the energies of the lower and upper levels



respectively, V'ié the mean moleéular velocity, Hio is the matrix
element between the two maser state selectors and %E-is the rate

of change of the electric field in the direction of travel of the
molecules in the beam. According to Shimizu and Shimbda (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 thebmolecule 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 oscil;ation 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 diaméfer on the behavioui
of maser operation, it was hoticed that there was no effect from the
fringe field on the oscillation amplitude without a screen when the
nozzle diameter was chénged from 0.09mm to the bigger one such as
0.1lmm. This result may -be explalned as a consequence of an increase
of the mean molecular veloc1ty 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.(TEMlOl)

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 obserQation of the maser
6scillation 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
ﬁode 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 Eoin 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 sysfem was only poséible on either onc 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 beraccompanigd by’an amplitude jump which showed a hysteresis effect.

"WSimilar.ampiitude jumps were observed with ihe open resonator

maser, employedkin this Qork, when the system was operated atﬁa state
separator voltage or mdléculaf béam‘flui such that a‘single oscillation
on one or other component of the split line could be supported.

With this mode ~of operation, Biharmbnic oscillation was
obtained on the two components of the 5p1it line of ammonia inversion

" lines J=K=2,3. The state separator voltage necessary to support a

Em——
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single oscillation on one componént of the split line was 7 kV and
biharmonic oscillation set in at a state secparator 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 fo oscillate;
a beat between the two oscillation frequencies appears on the I.F,
bandpass response. The actual value of the beat frequency will be
discussed in the followipg 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 expérimehtal 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/cm was applied to the open resonatof plates, the
frequency beat was 5.4 klz, and with further increasevof the voltage,

maser oscillation was cancelled. If a thin wire was inserted between
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the plates then the beat frequeﬁcy 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.
Howeﬁer, Krupnov and Skvortsov (1965), indicated that the

biharmonic oscillation observed by Barchukov et al. was probably due
to the operation'of the maser fesonator in’high order mode (TEMlo1 or
higher). However, Smart (1973) surmised that the maser of Barchukov
et al. actually oscillated in the TEMbOl mode (th¢ lowest order éavity
mode). Baichukov et al, indicated.that another mode (presumabiy the
TEMIOI)’ which had a quaiity factor of‘1000 énd freﬁﬁéncy separation
of 20 Miz from the first, was also present in the cavity; This mode
then overlapped with the oscillatioﬁ fréquencf of the maser so that
some of the oscillation field must have coupled to it,

v‘In a similar expefiment‘by Laine et al. (1976), a d.c;vvoltage
was applied across the open resonator in the range O - 15 Volt, and
biharmonic oscillation obtained at frequencies ranging from 250 to
750 Hz (see Section 3.6 for Stérk splitting). These showed a similarity
to the first pari of the Barchukov et al. fesults} Therefore, it is
seen thaf earlier experimental results were somewhat confuged.

In the present e;perimeht (which is a éontinuation of the

work of the Sections 3.8 and 4;3); the open resonator is definitely
:operated with the TEM101 mdde (tvwo maiima ofvélectromagnetié field along
the molecular béém path); As is noted in Section 4}3; beats on the
I.F. bandpass response appeared when the maser systeﬁ oscillafed on
the two components of the split line tJ=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 frequéﬁcy of 7.5 kHz (Fig.
4.7b). The state scparator threshold voltage for this beat signal

is 9.5 kV at a nozzle pressure 200 torr. An analogué 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



is used for the beat frequency ﬁeasurement.

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 ffom Section 3.8 that the two components of tﬁe
split line are observed to heve equal amplitude in a spectroscopic mode
of display, ﬁhen the cavity is‘tuned to the precise transition frequency
(Fig. 3.23b). In this case, the beat frequency observed is 7.5 kHz.
1f the cavity is tuned to the high frequency side (dectease 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 detuhing
during the investigation may well affecf the spatial extent of the

TEM mode via a distortion of the microwave amplitude distribution

101
leading to a change in the separation of the two maxima of electro-

magnetic"field in the cavity. This ean come about via a deviation of
the m1rrors from para11e11sm According to Krupnov and Skvortsov
(1965), 1mperfect parallellcm of the mirrors does not serlously affect
the mode and the quality factor of the cav1ty. However, the pos;tlon
of the field maximum is shiftedfto‘corfespond with the largeSt'mifxor
separation. This also affects the cbupling, because the mieiowaQef
field dlstrlbutlon w1th1n the cavity changes the locatlon where
maximum energy is transferrcd by molecules to the fleld when the cav1ty
is used in a beam-type meser., This 1n.turn causes varlat;ons in the
Doppler frequeney shift duec to the existence of’ﬁicrowave eneigfhfiow

from the site of molecular emission to the coupling hole.



Fig. 4.8

Fig. 4.9

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

THE J=K=2 INVERSION TRANSITION OF AMMONIA




Fig. 4.9 shows the spectfoscopic mode of display when the
cavity is detuned from the molecular resonénce 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
TEMOOI\ 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 similér waveform to those
shown in Fig. 4.7 (sinusoidal beats).

(c) With a’furthef increase in Zeeman field and»careful adjustment of
the cxperlmental parameters, such as, state separator voltage,
nozzle pressure and microwave brldge setting, multiple oscillations

are observed similar to those observed by Lainé and Truman (1977a).

In the latter case oscillation was based on the two components

2,% + 2,% and 2,% » 2,%@ (see Section 3.3) of the ammonia inversion
line J=K=1. ‘Wheﬁ the weaker ﬁain liﬁe component 2,3, + 2,%@ oscillated
as a result of an increcase in the state separator véltage to a value
just above the osc1llat10n threshold beats appeared on the I.F. band-
pass response. These beats were 51nu501da1 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,



Fig. 4.10

MULTIPLE OSCILLATION DISPLAYED IN THE
[.F. BANDPASS MODE OF THE CENTRAL LINE

OF THE J=K=1 INVERSION TRANSITION OF
AMMONIA

(a) WITH SWEEP
(b) WITH ZERO SWEEP



4,5 The Experimental Investigaiion 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
lsatellite frequencies. The quadrupole transitions occur between
ehergy 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 quenchiné 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 strbng 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 sjgnél and the free
maser oscillation appears onbeither 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



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 liz 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 TEMOO1 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
unreéolved 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 Vo and share both upper and
lower energy levels with the oscillating composite main line.

ﬁhen an external microwave signal ES of variable frequency Vg
which is strong relative to the molecular beam maser oscillation

signal Eosc of frequency Vose? is scanned through the frequencies of

sc
the main line and its magnetic satellites and beyond, the normal beat
frequency pattefn betweén ES and Eosc is modified b} 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’
thyough 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
vo) may then build up from either noise or a coherent signal at, or
near, v ... It has been found that under conditions of rapid frequency
scanning of an external signal through the main line fesonance the
molecules within thé molecular beam maser cavity are strongly excited
to a coherent superposition quantum state (molecular ringing), which
decays exponentially with time (Lainé, 1966). This transient signal
of frequency Vo 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 fesonator. This is due to the fact
that with the disc reéonator maser the linearly polarised‘electric
field vector direction associated with maser oscillation, is not well

defined (Lainé et al., 1976), while the closed cavity (TM circular

}010

mode)'is well defined in the axial direction of the linearly polarised
microwave electric field. |

This particular system may be described as "gelf—primed".
The elimination of starting-time jitter is analogous to injection
priming of magnetrons (Micronotes, 1966), for which tﬁe priming‘sigﬁal
was derived from an external microwave source. However, when the rapid-
scaﬁ Experiment is repeated, the effectbof selfvpriming is rather
dramatic, since it is found that not only is the startiﬁg-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 é pulsed priming sigﬁal.k‘

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 fre_quencyvo of the Saturated emissioﬁ line (J=K=3).

B - wiggle beats between input signal Es and ringing signal at Vo

C - lower frequency magnetic satellite lines of centre frequency
66 kHi (relative to vo).."k |

D - peak of aperiodic oscillation amplitude settling trahsient.

E - ﬁoint of onset of forced oscillation.

F - onset of oscillation primed by ringing signal,



FIG. 4.11 OSCILLOSCOPE TRACE SHOWING
OSCILLATION PRIMING



CHAPTER FIVE

SUGGESTIONS FOR FURTHER WORK

A molecular beam mase; employing a Fabry-Perot cavity is
normally operated with a mirror separation of A/3 or A. This is
in csntrast to the use of the cavity in a laser where theviongitudinal
mode order is very high. In the present work a'separation of_x/z‘is
used through all the investigations. It should also permit work with
A separation, and perhaps with 3*/2 or more,{when the‘plane of
symmetry of the state separator is aligned with a nodal piaﬁe in the
centre of the cavity, since two indepeﬁdent molecular beams are
employed. Furthermore, the engineering difficulties of obtaihingza
high filling factor 6f a large cavity is 1érge1y overcome by the use
of double indepenéent molecular beams.

One pafticular aspect of the construction of‘thelpresent
cavity which requires some attention is the tuning mechanism emplbyéd.
The observation of the low frequency beat down to 1.5 kHz (Section 4.4)
which has been attributed to imperfect mirroriparallelism, cieafly
indicates fhe need to provide mechanisms which permit an accurate and
reproducible setting‘of the cavity. | |

Some interesting studies of open ca&ities with:otﬁer'than’plahe
parallel mirrors have been carried out.by other investigators. One
such cavity which should prove ideal for use in molecular béam"maser
work is the flat-roof resonator (Yéssin and Lainé; 1979). A feature
of this resohator is that the radiation field isvdistributed over an
axial region (with respect to the‘mdlegular beam) of narrowyépafial |
extent, but which proviées.a desirably long interaction time of

molecules with the cavity radiation field, This type,df cavity,



operated in conjunction with 5 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 = O 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),Vﬁﬂich should méke
the weak-field Stark effect accessible to measurement. If’is-inter-
esting to note at this point that a recent investigation with this
resonator by Lainé and Campbell (1979) strongly suggests that this
type of resonator should be useful for molecular beam‘maser spectro-
scopy work. In particular,(this caVity wbuld allow Qeak field Stark
frequency shift méasurements 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 pérmitted; However, such measure-
nents will need a klystfon signal source with precise frequéncy control
and measurement which was not'available for the present work.
Furthermore, a ﬁore detailed spectroscbpié 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 td 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 TEM cavity mode (Section 4,3), suggest that a

101
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 TM013 mode of a closed cylindrical cavity.

It is expected that biharmonic oscillation in the TEMOO1
cavity mode should be possible by using Stark field splitting,
probably with a higher molecular beam flux with a single maximum
of cavity radiation fiéld along the beam axis. This conclusion is
supported by the observation of multiple osciilations in an ammonia
maser based on the J=K=1 line using a microwave Stark field (dynamicb
Stark effect, Laihé et al., 1977b5. Furthermore, biharmonic
oscillation has been realised in the presént studies usiﬁg the
Zeeman effect.

| The observation of high levels of oscillation amplitude in

this maser system with the TEM cavity mode (Section 4.3), indicates

101
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.



APPENDIX ONE

MEASUREMENT OF THE CAVITY QUALITY FACTOR

The loaded quality factor (QL) is usually determined by
+ measuring the frequency separation (Af) between the half-power
points on the cavity response curve and using the relation

f -

Q = K% App. 1.1
where fo is the centre frequency of the response.

The microwave arrangement for this measurement is shown in
Fig. 5.3. The klyétrbn reflector voltage is swept with a 50 Hz
sawtoofh wéveform, so that the cavity response obsefved by transmiésion
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 Miz up to 4SQ MHz, and
then applied to a IN26A crystal (A). One of the harmonicérof the
540 MHz §igna1 mikes-with klystron power at the same crysfél A),
which acts as b&fﬂ multiplier and mixer. In this'case, one side °
of thé crystal (A) is fed from the multiplier chain, and the other
leads to the input of the rédio.receiver (Type‘ﬁA.117jvtunéd"tb-piék‘7
up the beat frequency between thé ntP harmonic of the 450 Miz signal
and the klystron. As the klystron frequency is swepﬁ, the output pip
of the recéiver‘is fheh displayed on the second trace of the twin-
beém oscilloscope. By tuning the receiver the piﬁ can be put.on the
half-power points on the cavity responée curve. A measurement of the
receiver tuﬁing then gave the relative frequency of each point (F1 and

Pz), which are the only two frequencies required for the determination

,bf QL’ since
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F1 + F2

Q = e App. 1.2
L~ 2(F,F)

The loaded quality factor of the parallel plate resonator,
which is used in this thesis work, obtained by this method, is

6000 3 400.
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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 biharmonic oscillation of a molecular beam maser (MBM).
oscillator employing a quasi-optical resonator of the flat disc type
has been known for some time, it 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

- rotationally cooled ammonia gas. In particular, this MBM is found to
oscillate on the J=K=1, 2 and 3 inversion lines of 14NH3 with
biharmonic operation on the last two of these for which the spectral
1ine is known to be split by the longitudinal Doppler effect. These
new results, taken with previous ones where 1ine splitting was
definitely not present, shows unequivocably that biharmonic
osgi}lat1on in a flat disc resonator can have at least two different
origins. A

1. Introduction. The operation of a molecular beam maser (MBM) with a disc
resonato; was first reported by Barchukov et al (1963) using the J=K=3 inversion
line of 14NH3.  The oscillation obtained with their maser system revealed an
amplitude modulation whose origin was obscure. Subsequent studies of a

similar MBM system by Laine’ et 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-sinusoidal. 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 et 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 in both experimental situations was tentatively inter-
preted by Laine et al in terms of two independent circular polarizations which
possessed different frequencies. However, Krupnov and Skvortsov (1964) surmised
that the origin of the amplitude modulation in 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 (Bonanomi et al 1957).

In the experiments of Laine” et al, 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 et al owing
their origin to a Doppler split line or not remained unanswered in 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,

*on study leave from Physics Department, College of Education, University of
- Baghdad, Iraq. '
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(TMQ , etc.) there is a tendency for mutual ghase locking of the two
oscw}%ations to occur.  Which of these oscillations is dominant depends
essentially on cavity tuning. Clearly, such a locking effect is also a defjnite
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. Clearlys
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 ,

single slit skimmer k state selectors g4 skimmer single
hole : hole
nozzle\ / / noz zle
—g:i— v e lt\T[jl][ [ | I. .. }IIUlTr) o Z —‘gis-
ﬁ disc - ‘ 4 *

resonator
to diffusion pumps

 Fig. 1 : Principal components of double beam maser.

The MBM was operated with a disc resonator for which an enhanced molecular flux 4
was provided by the use of two head-on beams. The vacuum system consisted of r;
three chambers, two of which housed independent gas sources and a central chamber’
which housed the two state selectors and maser cavity. - Details of the nozzle
system, the state selectors and cavity are briefly given as follows.

(1) The nozsle. The two nozzle systems which produced oppositely directed beans |
were identical. Each consisted of a single hoge of 0.0QEm diameter drilled
through brass foil of thickness 0.10mm. The optimum gas pressure for operat1g"
with a minimum value of EHT for oscillation depended on the spectral line useds
but typically lay in the region of 200 to 600 torr with ammonia.

(11) The state selectors. The two flat beam state selectors were made'with t?ﬁe !
near-parallel ladder-1ike sets of electrodes placed symmetrically on either s :
of the molecular beam axis. The length of the electrodes was 86mm and 22 of de
these were earthed and intermeshed with 21 of opposite polarity. The electrode :
wire diameter was 1.6mm and adjacent electrodes were separated by 3.15mm,

centre to centre. The overall effective focusing length was 134.1mm. The
double ladder arrangement was actually tapered to capture a larger solid angle

of molecules than would otherwise be possible with parallel ladders. e
focuser entrance the ladder separation was 0.8mm and at the exit 4.8mm. The
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. ‘

(111) The resonator. The open resonator was of the disc type, and was 0?erated g
with X72 spacing between plates in either the TEMgyy or TEMjpy mode to give a
Q value of 6000.  The resonator plates of 225mm Wineter were made of electro= -
lytic quality copper, 12mm thick to ensure a stable flatness. The coupling
holes were placed on a cavity diameter parallel to the molecular beam axi$.
‘These holes were of 26mm diameter, of wall thickness 0.63mm and separated bY
112.5mm, giving good coupling to both TEMypy and TEMypy modes, The cavity




- 9% -

could be externally tuned mechanically to the J=K=1,2 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, (Laing, 1975).

3. Experimental results and discussion. When the cavity was adjusted for TEMygy»
mode operation, with a single maximum of microwave field along the diameter
containing the two coupling holes, a normal spectrum was obtained with ammonia
(14NH3) . as the maser medium, with 4kHz resolution. Under these conditions
'osci]?ation 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 TEMjg) 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-l,
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 (T) 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 J=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 102 ms=1, 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 14NH3 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 J=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). :



Fig. 2*: 'Beating df’beatg"following Fig. 3 : Biharmonic oscillation on

rapid passage of stimulating signal the Doppler split J=K=2 inversion
through split J=K=2 inversion line lTine of 14NH3 observed in I.F.

of 14NH3 (a) below, (b) above bandpass mode. Modulation
oscillation threshold. frequency ~2.5kHz.

Conclusion. Results have been presented which clearly identify biharmonic
oscilTation in a disc type of open resonator with maser 1ines split by the
Tongitudinal Doppler effect. Thus, the biharmonic oscillation as observed by
Barchukhov et al (1963) can probably be attributed to the same cause, as
proposed by Krupnov and Skvortsov (1965).  However, it appears that the form
of biharmonic oscillation reported here owes its origin to a djfferent physica
cause to that previously obtained by Lain€, et al (1976), where a single
maximum of microwave electric field along the molecular beam axis was used.
However, not all the experimental data is yet understood.  Thus further
experiments need to be carried out, especially in conjunction with amp11tuqe
Jumps and an hysteresis phenomenon which are both in evidence when the cavity
s tuned across the oscillation frequency.
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