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ABSTRACT

In th is  thesis, the p rinc ip le , construction and operation 

of an ammonia beam maser o sc il la to r  of advanced design are 

described.

The maser discussed is  characterized by the production of 

an intense molecular beam with a nozzle-skimmer gas source 

combination. This system has permitted a pa rticu la rly  strong 

o sc illa t io n  to be obtained which has led to the observation of 

several novel phenomena associated with non -linearitie s of the 

maser. These include strong o sc illa t io n  pulsations on the four 

quadrupole sa te ll ite  lines of the J=K=3 inversion tran sit ion  of 

^NHj. In addition, o sc illa t io n  se tt lin g  transients and various 

complex o sc illa t io n  amplitude pulsation phenomena in both 

s ing le  and two-cavity maser systems are reported and discussed.

Other characteristics are also described, including two- 

cavity maser operation with the second cavity e ither as a 

molecular beam polarization detector or as a spectrometer cavity. 

In the former case, cavity detuning phenomena are examined and 

in the la tte r, multiple population inversion is  investigated.

Furthermore, continuous o sc illa t io n  with several inversion 

line s of ^4NH3 including J=K=3j J=3, K=2 and J=K=2 are obtained 

without cryogenic pumping or time lim it.

Some o f these resu lts have already been published and 

reprin ts of the papers may be found at the end of the thesis.



CONTENTS
Page

ACKNOWLEDGEMENTS
ABSTRACT

CHAPTER 1 FINE AND HYPERFINE STRUCTURE
1«1 Introduction 1
1 «2 Symmetrio-Top Molecules 4
1.3 The ammonia molecule inversion spectrum 6
1 .4 Hyperfine structure of 1S jh3 10
1.5 Theory of the hyperfine structure of ammonia 12
1 .6 Quantum analysis of wave functions of the inversion 18

14motion of nitrogen atom in the NH^ moleoule 

CHAPTER 2 THE STARK EFFECT
2 .1 Introduction 23
2.2 The Stark effect in ammonia 24
2.3 Energy states under the aotion of weak and strong 26

electric fields
2 .4 Influence of the separator field on the intensity 28

of the hyperfine structure lines
2.5 Separation of molecules according to inversion 29

states
2.6 Ring-type state separator 32
2.7 Transition probabilities 36

CHAPTER 3 SOME DESIGN CONSIDERATIONS AND EXPERIMENTAL APPARATUS
3.1 Introduction 39
3.2 Easio principles and some design considerations 41
3.3 Nozzle source and condensation phenomenon 44
3.4 Skimmer geometry and performance 46
3*5 Experimental apparatus 43
3.6 Resonant cavity 52
3.7 Cavity design and fabrication 55
3.8 Anoillary equipment 57
5.9 Ring focuser 59
3.10 Microwave Bridge 60
3.11 Miorowave power and crystal deteotor 61
3.12 Mode of operation 63



CHAPTER 4

4.1
4.2
4.3
4.4
4.5
4.6

OPERATION OF J=3. K=2. 1ifNH, MOLECULAR BEAM MASER 
OSCILLATOR WITHOUT CRYOPUMPING- OR TIME LIMIT 
Introduction
Stability and reproducibility 
Operation without cryopumping 
Experimental setup 
Experimental results 
Conclusions

71
73
75
76 
78

66

CHAPTER 5
5.1
5.2

5.3
5.4
5.5
5.6
5.7
5.8

MOLECULAR OSCILLATOR WITH T.YO CAVITIES IN SERIES 
Introduction 82
Theoretical treatment of molecular transition 86
probabilities
Experimental setup 91
Operation characteristics and results 93
Investigation of the state of emerging beam from Ĉ  100 
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CHAPTER 1

PIKE APTD EYPERFIIvE STRUCTURE

1,1 Introduction
Since 1934, the inversion spectrum of the NH

3molecule has 'been the subject of a great deal of study by 
many workers. Great attention has been given to this gas 
because of the intensity of its microwave spectral lines,

A

chemical stability, cheapness, low toxicity and high tempera­
ture of its freezing point relative to other gases.

The first experiments were carried out in 1934 by 
Cleeton and Williams. A spectrometer was used in recording 
the absorption spectrum of ammonia gas in the region of 1 to 
4 cm wavelength. The maximum absorption region v/as found 
to be at 1.25 cm wavelength, and theoretical predictions had 
shov/n that the inversion absorption frequency for ammonia 
should be in this region. This experiment employed ammonia 
gas at atmospheric pressure and as a result, pressure 
broadening obscured all the fine structure of the spectrum 
and only a broad hump of absorption centered on a wavelength 
of 1.25 cm ( 24,000 MHz) was obtained.

In 1946 Bleaney and Penrose were the first to construct 
14

a KH^ microwave spectroscope employing the radiation 
produced by a klystron« Microwave power passed into a cavity 
resonator which acted as the absorption cell in transmission. 
The output power and frequency of the klystron were monitored 
by means of a directional coupler and wavemeter respectively. 
A silicon crystal was employed as a detector at the output 
of the cavity, this being connected to a sensitive galvano­
meter to measure the output power transmitted through the 
cavity resonator. The output was noted for each different

14
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frequency setting of the klystron, the cavity resonator 
alv/ays being kept tuned to the klystron frequency. With far 
more sensitive detecting systems and by reducing the pressure 
of the ammonia gas to 1 torr and below, they were able to 
resolve all the fine structure of the spectrum (30 lines) 
corresponding to the different rotational energy states.

Since a cavity resonator was used as an absorption cell, 
saturation broadening became greater than pressure broadening 
at a pressure of the order of 0,4 torr, Thus they were unable 
to reduce the line width any further and could not resolve the 
hyperfine structure of these lines. However, soon after this 
pilot experiment W.E.Good (1946) r.t the Westinghouse Research 
laboratories in the United States, used a new technique of a 
waveguide type absorption cell. Being able to reduce the 
pressure below 10“^ torr before any saturation broadening 
became noticeable, he announced the discovery of hyperfine 
structure in the wings of the absorption lines. His technique 
was based on the basic principle of "crystal-video” detection 
and allowed direct display of the spectrum on an oscilloscope 
as well as reducing saturation broadening. The klystron 
frequency was swept across the absorption line by means of a 
saw-tooth sweep at an audiofrequency which was applied to the 
klystron reflector. Then the power detected was amplitude 
modulated by the line shape as the klystron frequency was 
scanned across the absorption spectrum. The output signal 
was then fed into a video amplifier and the different components 
of the spectrum were displayed on an oscilloscope screen.

With more improved techniques of radiofrequency absorption 
measurements, and with the aid of quantum mechanical theory, 
J.M.Jauch in 1947, was able to get valuable information of the
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hyperfine structure and their relative intensities in the 
ammonia inversion spectrum (J=K=3) line. Furthermore, he 
considered the displacement of the absorption lines in a 
weak and strong electric field (Stark effect).

In 1954, Gordon, Zeiger and Townes created the first 
molecular maser, thus a new powerful tool was added as a 
fundamentally new method to the techniques of microwave 
spectroscopy. The new devicq appeared to have great potenti­
alities as a high resolution spectrometer, very low-noise 
quantum mechanical amplifier and a practical microwave fre­
quency standard of very high frequency stability. By using 
molecular beams, they observed the inversion spectra of 
ammonia with high resolution, and obtained a linewidth of only 
7kHz. This was due to the reduction in the Doppler broadening 
as a result of high directivity and small velocity spread of 
the molecules. The first clear spectrum of the (J«K=3) 
inversion line of was obtained by their molecular beam
techniques. The magnetic satellite lines were resolved in 
the main quadrupole hyperfine transitions. Each of these 
lines was expected to split into four components due to 
mutual interaction between hydrogen magnetic moments and the 
molecular magnetic field.

Since the introduction of molecular beam masers increas­
ingly detailed theoretical explanations of the observed 
hyperfine structure of lines have been published by
many workers (Gunther-Mohr 1954, Gordon 1955, Shimoda 1955, 
Kukolich 1967 and others)•

Since some of the results of operation of a molecular 
beam maser under strong oscillation conditions are determined 
by the detailed hyperfine structure of ammonia, a more detailed
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discussion of the spectroscopy of the molecule is given in the 
following sections.

1.2 Symmetric-Top Molecules
Symmetric-Top molecules have three principal axes about 

which the moments of inertia about two of these axes are 
equal, i.e0 Ix = Iy = A and Iz = B (Vuylsteke I960). The 
motion of this molecule is such that, while the whole molecule

A
rotates about its axis of symmetry, this axis itself precesses 
about the direction of the total angular momentum vector.
The different vectors representing the angular relation of 
ammonia molecule and the quantum components are illustrated 
diagrammaiically in Pigure (1.1 ) and (1.2 ).

The quantized rotational energies of the molecule may 
be given by: Ej k = hBJ(J+1 ) + hU-BjK2 0)
where, A = h/8n̂ l̂  and B = h/8jflg
J is the total angular momentum which is actually equal to 
\f j (J+1 ) • K is the quantum number defining the component of
J along the molecular figure axis. 1^ is the moment of 
inertia with respect to the axis passing through the centre of 
mass of the molecule perpendicular to the axis of symmetry.
A and B are the rotational constants of the molecule.

The molecule spins about its figure axis with an energy 
prescribed by the quantum number K which takes the values 
J2 s Kf\ (Kfi is the component of the total angular momentum J 
resolved along the figure axis), where K = 0, ±l,±2f... ± J,
In addition to the spin motion described above, J is space 
quantized and orientates relative to an arbitrary space-axis 
such that its component along the axis is given by fiM, u is 
the magnetic quantum number and may have the values 0,-1,
^2, • • •, iJ.
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In the absence of an external field, each M level has 
(2J+1) different equivalent positions all having the ssme 
energy, i.e, the energy level is (2J+1) fold degenerate, 
likewise, each K level is also (2J+1) degenerate, thus it 
follows that the total degeneracy for levels with K 0 is 
2(2J+1). Moreover, according to equation (1), states whose 
only difference is in the sign of K have the same energy.
They correspond to the two opposite directions of rotation 
about the figure axis, i.e. all states with K 0 are doubly 
degenerate. The selection rules for dipole transitions 
between the rotation states of a molecule of the symmetric- 
top type eretAj = 0, ± 1;AK = 0. (Since, in the pure 
rotational spectrum,AJ =J2~Jl = -1 does not apply if J2 

and are the J values of the upper and lower state respec­
tively). Thus, the only important rule is AJ=+1, that is 
only neighbouring levels with the same K may combine with one 
another.

The corresponding frequencies of these transitions are 
expressed by:

f J,K ” — - 1,Kh = 2B(J+1 ) (2)

which is only applied to a rigid symmetric-top molecule as 
well as for linear molecules. Since the ammonia molecule is 
a non-rigid oblate symmetric top, a correction has to be 
applied for the centrifugal distortion which increases with 
rotational energy?

where Cj is a measure of the centrifugal distortion due to 
rotation of the moleule, is due to rotation about the 
symmetry axis, Cjk is the interaction distortion between the



•two rotations. The order of these constants Cj, Cg and
Cjk are 19, -28 and 298,000 MHz respectively.

The selection rule for a transition in the rotational
energy AJ= ¿1, A k= 0*, thus the frequency of the absorption
line corresponding to a change from J to J+l is given byj

f = 2B( J+1 ) - 4Cj (J+1 )2 - J+1 )K2 (4)
The last two terms are very small compared with the first and
only this term contains the parameter B, therefore, the

*
frequencies of tne rotational lines depend mainly on the 
moment of inertia of the molecule about an axis perpendicular 
to the axis of symmetry.

The main effect of the centrifugal distortion is to 
remove the degeneracy of the different K states and as a result, 
each of the main transitions is split into (J+1) components 
with a separation between each component of the order of 
0.5 MHz. In the absence of the distortion, only one line 
would appear for each different transition of J because of the 
A K  = 0 selection rule. However, if the electric dipole 
moment does not lie along the molecular figure axis, then in 
addition toAK « 0, AK = ± 1  is also possible which gives rise 
to rather complicated spectra.

-3-»? The ammonia molecule inversion spectrum
The ammonia molecule has four type of energy spectra;

(a) Electron spectra with levels of energy transitions at 
optical frequencies.

(b) Vibrational spectra for which its transition frequencies- 
are in the infrared region.

(c) Rotational spectra which lie in the sub-millimeter wave 
region

(d) Hyperfine spectra with energy transitions which lie in the 
microwave region.
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The ammonia molecule is a molecule of the symmetrical 
top type. Three atoms of hydrogen and one atom of nitrogen 
are located at the apexes of a right pyramid. The distance 
between hydrogen atoms is 1.014°A and the angle is 67°58/, 
(Figure 1.3 and 1.4).

A number of different oscillatory and rotational motions 
are possible, in particular oscillations of the nitrogen at 
right angles to the plane of the hydrogen atoms. The poten­
tial energy of the molecule as a function of the distance 
between the nitrogen and the plane of the hydrogen atoms has 
the form of a symmetrical curve with two minima. If we 
neglect the tunnel effect, then each of the lower oscillation 
levels is doubly degenerate since there are two equivalent 
possibilities for positioning the nitrogen on one side or 
other of the potential barrier. These oscillations are 
identical because of the function of potential energy is 
symmetrical with respect to the plane of hydrogen atoms.
The presence of the tunnel effect eliminates the degeneracy. 
Since the potential barrier dividing the positions of equili­
brium is not very high, owing to the tunnel effect the 
nitrogen nucleus can penetrate the potential hill from one 
side of the plane of hydrogen atoms to the other. The 
height of this potential barrier determines the frequency 
region in which the inversion spectrum will be found and two 
energy levels are obtained. The amount of the splitting of 
the vibrational levels, and tne frequency of the inversion 
line is very sensitive to changes of the height and width of 
the potential barrier and in turn its shape will be a function 
of the molecular rotational state. The rotation of the 
molecule about the axis of symmetry will cause the hydrogen 
atoms to move outwards, and thus reduce the height of the
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potential "barrier and increase the inversion frequency. On 
the other hand, the increase in the height of the potential 
barrier, which is due to end-over-end rotation of the molecule 
causes a decrease in the inversion frequency. The transition 
that gives rise to the 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 lies, in the case of ammonia, in the microwave region 
of the spectrum.

Sheng, Baker and Dennison (1941) explained the inversion 
fine structure of the ammonia molecule on the basis of a 
different degree of centrifugal distortion caused by the 
different molecular rotational states. Y?ith each rotational 
state, there is an associated splitting, thus a particular 
spectral line. They derived an expression for the wave 
numbers of the lines in the inversion fine structure of the 
ammonia molecule. This formula is:

(cm"1 ) = 0.7934-7 - 0.0011(J2+J) + 0.0016K2 (5)
while the expression obtained based on the measured frequencies
for the ammonia inversion fine structure has the formula 
(Good 1946):

(om"1) = 0.79547-0.005048(J2+J)+0.007040K2+0.0000154(J2+J)2
-O.OOOQ426(J2+J)K2+0.0OOO292K2 (6 )

Good obtained thirty lines of the ammonia fine structure which 
were predicted by Sheng and et al(l941) as in the figures 
(lo5) and (1.6). The intensities and frequencies of the lines 
have been measured for two different temperatures according 
to the equation (6). it was found that the average deviation
of the measured lines from equation (5) is about 0.01#.

The low temperature data Pigure (1.6) shows the effect 
of the thermal distribution. It can be seen that the inten-



0.667* 0.734__ A_ 0.767
___ A- -

0.300 0.834___ A o .e y  c m 1

z
o

TEMPERATURE = 297 K
-2

PRESSURE = 6x10 mm H9

Q.a:O(/)
0}<Ll
o
tuQrst_i

1

UJ>
5
UJo:

n

in

n•*
to

I

CM
irf*
1

to*

£ * “2®|

CM

I

2 0 2 1

to <0>o'
to

to*m

cmfk
CM

* tn
in

o>•ko

to
to”

N
Is *

«>

25
" V="
26 GHz

Fig(V5) AM M ON IA  INVERSION SPECTRUM



si-ties of lines having lower values of J and K would increase 
and those lines having higher values of J and K would decrease 
(The numbers above each line indicate the value of J and K 
respectively). The intensities of the lines are dependent 
on the number of molecules in each rotational state and their 
transition probabilities. On the other hand, the number 
of molecules in a given level depends on the distribution 
of thermal energies and the statistical weights. Careful 
examination of Figure (1.6) reveals that the levels with 
K « 3,6,9, etc have twice the statistical weight of those 
with K =  1,2,4,5,7, etc. Furthermore, for the lines 
K « 3,6, and 9 a uniform distribution can be obtained if 
these intensities are reduced by a factor of two.

A comparison between the two experimental results shows 
a differential dependence of the intensities of each indivi­
dual line upon the temperature. This was attributed to the 
increase in the number of molecules in lower rotational states 
reduction in their average velocity and fewer collisions, 
thus narrower lines are obtained with an enhanced intensity of 
particular lines relative to others.

The oscillatory condition of the nitrogen atom is 
similar to two coupled oscillators in which the oscillations 
split into two, even when the partial frequencies of both 
oscillators are identical. Therefore, every energy level
splits into two sublevels. The selection rules for the
rotational inversion are:Aj=0, ¿1 , AK»0, and for a pure 
inversion spectrum isrAj-^K^O.

The best fitting empirical formula for the transition 
frequencies is found to be:

f s f exp £a«J(J+1 )+bK^+eJ^(J+1 )^+dJ(j+1 )K^+e K^] + A f  * (7)
where a,b,c,d and e are constants determined from
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experimental microwave frequencies: fQ «= 23785 MHz, 
a = -6.36996 x 10“ ,̂ * = 8.88986 x lO”“5, c « 8.6922 x 10“?, 
d = -1.7845 x 10-6, e = 5.3075 x 10“7. Por K £ 3;Af' = 0, 
and for K « 3;

4 f  = 3.5x1 cr*j(J+1 ) [j(J+l)-2] [j (J+1)-6] (8 )

1.4 Hyperfine structure of

When the hyperfine interactions are taken into account, 
the energy levels of various transitions of the molecule should 
he characterized hy the quantum numbers Ip^ P]_ and P
where J is the vector of total rotational angular momentum of 
the molecule, Ijj is the spin vector of the nitrogen nucleus,
Ijj is the vector of total spin of the three hydrogen nuclei, 
Figure (1 .2) shows the coupling scheme referred to the 
laboratory axis. The z axis coincides with the molecular 
symmetry axis, Z is the fixed direction in the laboratory 
and K is the projection of J on the symmetry axis. Thus we 
have:

P1 = J+IN , I = I1+I2+I3 , P = F^I
The energy spectrum of the (J=K=3) line possesses

a rich hyperfine structure caused by different molecular
interactions. The strongest interaction is the electric
quadrupole moment of the nitrogen nucleus with the molecular
electrical field. The quadrupole interaction is responsible
for the removal of the degeneracy of the energy levels of the
ammonia molecule as a result of mutual spin orientation of
the nitrogen nucleus (Ijj) and the molecular field with the
total angular momentum (J)„ The orientation of the nitrogen
nucleus and the ammonia molecule can be characterized by
independent quantum numbers, Mx the projection of the nitrogen*lN
spin onto the Z axis and Mj the projection of moment of
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rotation of the molecule on the Z axis. But a calculation 
of the interaction showed that these two quantum numbers are 
not preserved. This necessitates the introduction of two 
other quantum numbers; F-̂  = IN+ J and which is the 
projection of F^ onto the Z axis. The quantum number F̂ _ 
can take values from Ijj+ J *t° Since every value of
F-̂  corresponds to an energy level, it turns out that the 
degeneracy of energy levels due to spin orientation of the 
nitrogen nucleus and the molecule is removed by a factor 
equal to (21^+ 1)(2J+1).

Owing to selection rules, every component of quadrupole 
hyperfine structure corresponding to a given value of F̂ _ is 
split into three times the number of different values taken 
by F where it can take values from F̂ _+ 1^ tojFq - Ig| through 
one. The least of the numbers, (2Ijj+-1) or (2F-|_+1) are the 
number of different values of F.

In the case of the inversion transition of ammonia 
( J=K=3) line; and Ip=l, therefore F^ can take three
values; 4, 3 and 2. From the relationship between F^ and 
F and due to the different couplings possible and orientation 
of the hydrogen nucleus, F can take 12 values which are 
determined from; F = F-j+3/2, F^+s, F̂ -sr, F^-3/2 .

In order to describe completely the ammonia spectrum, 
including the main line, magnetic and quadrupole structure, it 
is necessary to apply the selection rules as follows;

A F i  = A f = o (components of the main line)
AF;j_ = 0, i 1 (components of the magnetic and

quadrupole satellites)
As it is clear from Figure (6.9) the main line of 
(j=K=3) is composed of 12 individual hyperfine transitions
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which have frequencies very close to the frequency of 
transitions in the absence of hyperfine structure, The 
satellite on the high frequency side of the main line is 
composed of 9 transitions for which A P  ** + l,AP^ = 0, 
while the one on the low frequency side has £>P = -1,
AP-^ 0 and also has 9 components, 65 kHz on each side of the 
main line transition. On either side of the main line lie 
the quadrupole satellites each of which has 7 components.
Por the inner quadrupole satellites (AP^ =¿1, P1 « 4«->3) 
are 1.690 MHz from the centre line (AP^ = 0) and the outer 
quadrupole satellites (AP-̂  = *1,AP;]_ = 2**3) are 2.350 KHz 
from the centre line. The outer quadrupole satellites are 
split over the range of * 50 kHz and the inner satellites by 
*10 kHz

1.5 Theory of the hyperfine structure of ammonia
It is possible for any individual nucleus in the 

molecule to possess its own spin, magnetic moment and electric 
quadrupole moment. Interactions of these with the rotational 
energy of the molecule, cause changes in the quantum states 
of the molecular rotation as a whole. Mainly, these are 
magnetic and electric interactions which arise from the 
nuclear magnetic moment coupling with the magnetic field 
due to molecular rotation, and the nuclear electric quadru­
pole moment interacting with the gradient of the electric 
field produced by the rest of the molecule. Since the 
electric interaction strength is quite large compared with 
that of the magnetic interactions caused by the molecular 
rotation, the splitting of the energy levels caused by 
quadrupole moment transitions produce a well resolved hyper­
fine structure, while the splitting of the energy levels by 
the magnetic field is comparatively small.



In the case of symmetric top molecules, the energy of 
the electric quadrupole interactions (Coles and Good 1946 , 
Jauch 1947 and Van Yleck 1947), can he expressed by:

where

Ä 0èz2

G = F(F+1) - l(l+1) - J(J+1)
Q = i  I  [jz2 -  (x W + Z 2)] dq

..3K2 - M w j  -  i ( i +i )J(J+1  )
W Ü  j 2 (2 J+ 3 A 2 J-1  X2I+1 )I (9 )

Y = ne --2V  ( x W ^ z 2)

r2*  x V + Z 2

F is the total angular momentum including the nuclear
spin
a2v■ 0 ) is the gradient of the electric field and
az ' V,? r?

?z-£ r-~equal to S
Q is the electric quadrupole moment
dq is an element of charge within the nucleus with
the co-ordinates X,Y, and Z.

The selection rules for transition between these levels are;
A  J * ±1, A K  = 0, A F  = ± 1.

Experimental measurements on the hyperfine structure 
produced by quadrupole interactions to fit equation (9) 
showed some deviations of the order of a megacycle0 Gunther- 
Mohr and et al (1954) and Gordon (1955) and others extended 
the theory to account for these deviations and accurate 
determinations of hyperfine structure. In their attempt, 
the discrepancies between the theory and experimental data 
became much smaller. They introduced a correction term 
Ijj. J to the molecular Hamiltonian.

It was found that with a high resolution spectrometer, 
the quadrupole coupling constant (eqQ), under the effect of
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centrifugal distortion was larger for the lower inversion 
state by O.OlfS than for the upper inversion state and the 
sign of this constant was directly measured to he negative.

Hunderson and Van Vleck (1948) first derived an expression 
with special reference to the case of an ammonia molecule 
for different interaction energies by relating the molecular 
magnetic field to the different rotational quantum numbers;

h E  =£aK2 ¡J(J+1 r ] +b}[p(F+1 H(J+1 K ( I + 1 )] (10)
Simmons and Gordy(1948)noticed a shift in the position of the
nitrogen quadrupole hyperfine structure relative to the previous 
result, which vías attributed to the interaction of the nitrogen 
magnetic moment with the molecular magnetic field. An addition­
al splitting of the line was observed by Good et al(1951)»

In 1954 Gunther-Mohr and et al, carefully re-examined 
the structure of the hyperfine spectrum of the ammonia 
molecule in the microwave region. They found that the quad­
rupole line spacing for K / 1 can be fitted within experimental 
error to previous theory taking into account the change in the 
quadrupole coupling constant (eqQ) due to centrifugal distortion 
of the molecule.

In 1955 Gordon used a high-resolution microwave spectro­
meter with a total width at half maximum of 7 kHz. With this 
narrow line width, the magnetic hyperfine structure caused by 
the orientation of the spins of hydrogen nuclei v/as resolved 
and fitted to the theoretical data within an error of about 
1kHz. A theoretical treatment of the magnetic interactions 
has been made which is different from that whiuh has previously 
been used and the theoretical analysis of'Gunther-Mohr et al 
(1954) has been extended to include evaluation of the mutual 
spin-spin interaction of the hydrogen nuclei. The final form 
for the complete hyperfine energy was expressed by:
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ffJKP, -  < 1 *  f s r j  > A 1 <J . h  >

* [t+ <%

whers 2f

. - / y j . v  

- ' V ' - V

[+ I A + CK'_____1 il ■ F1 Xf . J)
J ^ ( V D

*2% % / i  < L ~ 3?-'3ln̂ >  (1 . U t
NH VV1̂ J(J+1 I

- 0.25 (gjjyu) <  _ L  >  ^ ^ l ’^
/ 0 J  F1(P1+ 1)r5*HH

X ( 1 -
3r

j (j+i ) )- K  (-DJ+D 2f ( 11 )
/  1 «5 a In2/? v  _ 2^J,IN^ ^I,F1 )(*\j .J)
' 5  “̂^ 2gH% P̂ F̂ +1 J + “ ^+1 )KH

3( ^ . j )2 + 1  .5 ( i n. j ) -  y ^ + i ) j  (j +i )
(2J-1 A2J+3) 2In (2In-1 ;

3(Xn .J)2 + 2J(j+1 ) (^.J) - IjjCIjj+1) j (J+1) 
“ (2J - 1 ) (2J + 3)

Prom the above equation the energy term due to hyperfine 
interactions between the nitrogen atom and the remainder of 
the ammonia molecule is given by:

,*2 3(1^1 f* 1.5(VJ) - W 1 )J(J+1>
VJKP1 = ~ 1"  J (J + 1 7 ) (2 J-1 ) (2J+3) 2 ^  (2 ^ -1 ;

+ [»+ Ĵ(J * V r~] V J (12)
Equation (1 1) can be used to express the energy levels of a 
given rotational state (J,K) in terms of five adjustable 
parameters. Esch of these parameters determines the type 
and strength of the interaction as follows:



16

(1)
-^qQ> 0 “ j(j+i ) )

(2)
(b - a) K2 
j(j+1 )

quadrupole coupling-A- (I,Iv) •Nitrogen
1

quadrupole interaction* 
magnetic coupling (I^.J) Nitrogen 
magnetic interaction with molecular 
rotation*

O )
C K2

(-1 )'
J+V

magnetic coupling (I.J); 
hydrogen magnetic interaction 
with molecular rotation.

(4)

hydrogen-nitrogen spin-spin interaction*

(5) hydrogen-hydrogenspin-spin
interaction.

The values of the magnetic constants in kEz are: A=-17.3*0.5, 
B = -14.1*0.3, C= -2.0*1.0, a =6.66*0*2 and h= 6*66*0.2 .
Por high values of J and K:

<eqQ> = 4089 [l + 7.7 X 10“5 J(J+1) + K2] t  1.5 kH* (13)
Por low values of J and K:

<eqQ>= -4092.4 [j + 5 X 10~5 J(J+1)] ± 1.5 kHi,
The magnetic hyperfine splitting in terms of quantum numbers
can be given by:

3ljj.J + 1.5iN.J - )J(J+1)
2 1 ^ 2 ^  - lj(2J - lj(2J+3j ^

The energy term of the spin-spin interaction among the three

E wJKF1 + eqQ 1 3K21“ jfj+TJ

hydrogen nuclei is given by:
,HH

( % / i)  r
,2 -3

HH rHK 05)
where ftl is the distance between hydrogen nuclei i and 3,and 
Tjjjj is the distance between hydrogen nuclei, Figure (1 .4).
Since the only matrix elements of this interaction which affect



- 17

the spectrum are those that are diagonal in K, then the 
above formula can he written in the equivalent form 
(Gordon, 1955):

,HH 2 / 1 V ,-0.25 (%yU) < — 3/ F ^ + 1  J (1
3K2 )- j(iitr> (16)

Equation (16) is valid so long as the quadrupole energy term 
is large compared with the magnetic terms. However, in 
the case of ammonia for the (J=3, IC=2) inversion line the
quadrupoie coupling energy disappears because of the factor

c2
J(J+1 )( 1- ) is equal to zero, hence this equation is no

longer valid.
As a result of previous work (Gordon 1955 t Kukolich 

1967 and others), and the existing analysis of the hyper- 
fine structure theory, some conclusions can be drawn about 
the state of the theory of hyperfine structure of this 
particular molecule.

On the basis of the hyperfine structure theory developed 
and with the precision of molecular beam maser techniques, 
an accuracy of the order of 10 Hz can now be obtained. In 
order to increase the accuracy of calculation of molecular 
interactions, it is necessary to take into account the 
excitation of the spin moment of the electrons as a result 
of their interactions with the angular momentum of the 
molecule. Therefore, it is necessary to include an addition­
al term for the electron spin excitation in the initial 
Hamiltonian for the hyperfine structure. Furthermore, owing 
to the dependence of the hyperfine structure constant on 
the vibrational-rotational perturbations which cause 
centrifugal distortion of the molecules, a modified treat­
ment should be undertaken. However, the solution of this
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complex problem requires the use of advanced methods using 
electronic computers to calculate the magnitude of the 
intermolecular fields created by the distribution of electronic 
charges.

1„6 Quantum analysis of wave functions of the inversion 
motion of nitrogen atom in the molecule.
The penetration of a potential barrier has no analogue 

in classical mechanics because it corresponds to a situation 
in which a particle has a negative energy or imaginary 
momentum. If we consider the problem according to quantum 
mechanics when E < E 0 and E > E q, the solution of Schrodinger’s 
equation for regions 1,2 and 3 (Figure 1*7), for the first 
case (E<E0) has the following components:

^  s A exp(iKx) + B exp(-iKx) (17)
y/g = C exp(Lx) + D exp(-Lx) (18)

= A exp(iKx) (19)

where k2 = 2mE/-ft2 , L2 = 2m(Eo-E)/'fc2 , £0 is the height of

the potential barrier and E is the energy of the particle.
The wave function contains the incident and the reflected 
wave. "\jf2 decays exponentially within the potential barrier 
but it does not go to zero at x = a. Therefore it continues 
into region 3 with the oscillatory formyfj. This oscilla­
tory condition represents the transmitted particles which have 
the same energy as the incident particle but with amplitude 
A different from. A. Hence, quantum mechanically it is 
possible for a particle to penterate the potential barrier 
even if its kinetic energy is less than the height of the 
potential barrier. In the second case where E > E 0, some of
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•the particles are reflected at x = 0 and x = a. Therefore 
the wave functions in the three regions are now*

Yx

f2

= A exp(iKx) + B exp(-iKx) 
= C exp(iKx) + D exp(-Kx)

j = A exp(iKx)
where k2 = 2m(s-E )/ -h2 •fiK is the momentum of the

(20)

( 21)

particles while crossing the potential barrier.
Figure (1.8) indicates the probability densities 

corresponding to the wave functions. Quantum analysis of 
these probability densities show that lŷ ol2 and | Yi\ 2 are 
almost identical except I Vo I 2 represents a slightly greater 
probability of finding the nitrogen atom closer to the 
potential barrier than lft.1 2. Therefore, the energies 
EQ and Ê _ of the corresponding stationary states must be 
almost equal. Although the similarity of y/g and is not 
so close as for yjr̂ and n  whereas \Yz\2 and 

• are almost the same, the energy levels Eg and E^ must be very 
close.

Figure (1*9) illustrates the potential barrier of the 
ammonia inversion motion. The wave function between A and 
B will be oscillatory, while to the right of B it must vary 
exponentially. However, at C the wave function still has a 
finite value. Between C and D, the wave function becomes 
oscillatory again and to the right of D the waveform 
decreases exponentially once more.

From the above argument we can conclude that, if the 
particle is initially between A and B, at a later time it 
may be between C and D or vice versa. Thus, there is always 
a  finite probability that the particle will be found between 
A and B which means that the particle must penetrate the 
potential barrier between B and C,
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In the case of the ammonia molecule in which the 

nitrogen atom is at the vertex of the pyramid and the three 
hydrogen atoms are at the triangular base, the nitrogen atom 
may be located at one of the two symmetric equilibrium 
positions X^ and X2, Figure (1.10) , on either side of the 
base of the pyramid. If the nitrogen atom is initially 
at X^ it is possible to penetrate the potential barrier and 
appear at X2. If the energy of this motion is less than the 
height of the potential barrier (E<(E0), the motion of the 
nitrogen atom is composed of an oscillatory motion between A 
and B or between C and D depending on which side of the plane 
it happens to se, plus a much slower oscillatory motion 
between the two classical regions passing through the potential- 
barrier. The frequency of this second motion is 23.786 x 109 
Hz for the ground state of

The potential energy of the inversion motion in 
similar to the potential energy of a simple harmonic oscillator 
with a barrier at the centre. The effect of this barrier is 
that of a perturbation which affects the motion of the particle 
as it passes through the centre. For nitrogen atoms, E < Eo 
causes a decrease in the probability of finding the nitrogen 
atoms in the central region. In other words the barrier 
distorts the wave functions of the harmonic oscillator 
potential in the central region, i.e. decreasing their ampli­
tude in that region.

The potential energy for the inversion motion of the 
nitrogen atom in the molecule has a centre of symmetry and 
the corresponding wave functions are even or odd. The even or 
symmetric wave functions are designated by (s) and odd or anti­
symmetric ones by (a). Successive even and odd wave functions 
are designated Os, Oa, Is, la. Figure (1 .1 1 ) shows the
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actual four wave functions corresponding to the four lowest 
energy levels Os, Oa, Is and la of the inversion motion in 
iJĤ . The effect of 'the central harrier is taken into account 
(solid lines), whereas the dashed lines are the wave func­
tions for the harmonic oscillator potential without the 
effect of the central harrier.

Figure (1.13) represents the energy levels for inversion 
motion in EH3. The height of the potential harrier is 
about 0.254 eV. The separation between the pair of energy 
levels (inversion doublet) Os and Oa corresponding to wave 
functions Y*o and yĵ  or "between the pair of levels Is and 
la corresponding to y/,, andy*^ is very small compared with 
the separation between the two pairs of energy levels.

To describe the inversion motion in the ammonia 
molecule by means of a time-dependent Schrodinger equation, 
we suppose that the nitrogen atom is initially in the right 
hand potential well ground state which implies that the wave 
function at the right is larger than at the left, Figure 
(1.12). Therefore, the initial wave function can be written 
as;

Since %  andy^ are almost identical to each other then;
yf(x,o) = yfE ~  yjrQ +y^ (2 2 )

After a certain time, the wave function takes the following 
form; yKx,t) = ljf0 exp(-iEot/fe) expC-iE^*) (23)

letting E1 - E0 = A E  we get;

y/(x,t) = £yro + yj, exp(-i Et/fi)] exp(-sot/h) (24.)

At a time t * ttV a e , the exponent in the parentheses is 
(-1), Hence;

yr(x,t) = (y;o -y^ ) exp(-iEQt/ii) = y>L exp(-iEot/fc) (2 5 )

where, from the shape of Po andyf^ as shown in Figure (1.12)
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it is clear that

Yi-Y„ -fi and is concentrated on the left ( 26 )

Therefore, the nitrogen atom has the maximum probability 
of being found in the left potential well, thus the ammonia 
molecule has been inverted, Moreover, at t = 2irivkE the 
nitrogen atom is again back on the right, and so on.

To calculate the frequency of inversion of we use 
the formula:

^  * A E  _ E1 ~ Eo
277* h (27)

in which = 
See Table 1.

2.39 x 1010 Hz where - EQ = 9. 8 x 10"5 eV.

Level -1cm Energy (eV)
3a 2861 0.35*47
3s 2380 0.2950
2a 1910 0.2367 1 eV = 8067.5 cm"1
2s 1597.̂ 4 0.1980
1a • 986.00 0.1222
1 s 950.16 0.1178

Oa 0.79 9.8h x 10"5
Os 0.00 0

Table 1: Vibrational energy levels for axial motion 
of nitrogen atom in relative to the 
ground state.
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CHAPTER 2

THE STARK EFFECT

2,1 Introduction
Symmetric top molecules have a component of the electric

dipole moment along the direction of the total angular
momentum vector equal to /^K/ J+1), The first-order
Stark splitting of the energy levels will occur for all
values of K except when K = 0. Hence, the component of
the dipole moment along the direction of the external
electric field has the value of . • 7= = =  • This

v/ j (J+1) / j (  J+1)
splitting is large even for small external electric fields 
and independent of the moment of inertia of the molecule.
The general expression of the interaction for a symmetric 
top type molecule without inversion is given "by 
(Oraevskii 1967): >

w . . PL- u E , « X -
* *  5{3TJ/i +|_J2(J+, )2(2J.1)(2J+5)

where E is the electric field, /JQ is the dipole moment of 
the molecule, B is the rotation constant of the molecule.

In the case of a weak applied electric field, only the 
linear term of equation (2.1) should he taken. Hence, the 
first-order Stark splitting in a symmetric-top type molecule 
has an energy given hy:

aw ■-/*.*• -/i jjfrrE (*>
and the radial force on the molecule is: 

g raiW=^ -JJ-
which corresponds to frequency splitting of:

. ... 2 A K  M
h-AS) c ¿(3+t k s e ) e

(3 )

(4 )

(1)
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2. 2 The Stark effect in ammonia.
In ammonia beam masers, the Stark effect in the 

vibrational levels is used to produce more molecules in the 
upper of the two levels of an inversion doublet by employing 
inhomogeneous electric fields. The mechanism of sorting 
molecules into upper or lower states depends on the existence 
of various energy levels of the molecules which interact 
differently with an applied electric field. Although the 
ammonia molecule is a symmetric top, its Stark splitting is 
a special case due to its non-permanent dipole moment which 
changes the inversion frequency. Therefore, a second-order 
Stark splitting rather than first-order should be applied 
(Coles and Good 19h6).

Neglecting the hyperfine effects, the energies of the 
inversion states of the ammonia molecule for 8ll field 
strengths are given by*

Y/here W is the average energy of the upper and lower' inversion 
levels, ~$Q is the inversion frequency in zero field. yU is 
the permanent dipole moment, S is the electric field, M is 
the projection of J on the direction of the field.

The force on the molecule along the direction of the field 
gradient is:

(5)

The electric interaction energy of molecules in the
upper energy state is given by:

(6)

F = -grad W (7)

and the frequency splitting can be given by:

(8 )
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The Stark energy as a function of transverse distance x from 
the molecular "beam axis leads to a potential well of the 
form shown in Figure (2.1). This potential well confines 
the upper state molecules which satisfy the condition for 
focusing such that:

* ® vr <  WE * * m vc (9)in
where m is the mass of the molecule, vr is the molecular 
transverse velocity and v the critical transverse velocity.

Figure (2.2) shows the Stark energy levels for J=3,
K=3 inversion of NH^» Molecules in an electric field with 
(M=0) levels are not deflected and molecules in the upper 
states with (1.̂ 0) increase in energy, while molecules in the 
lower states decrease in energy.

The electric field of the state separator exerts fprces 
on the molecules due to their induced dipole moments. A 
precession of total angular momentum vector J takes place 
around the direction of the electric field. Due to different 
orientations of the total angular momentum with respect to a 
direction fixed in space, the energy levels of the ammonia 
molecules have a (2F^+1) degeneracy. Each of the (2F^+1) 
levels corresponds to a different M value with different 
energy. On the other hand, in the absence of the electric 
field such quantization is not possible and (2F^+1) states 
will have identical energy levels. With an increasing 
field strength, the inversion starts to be quenched and an 
average dipole moment is obtained, while in zero field there 
will be no average dipole moment. The induced electric 
dipole transition perturbs the energy of the states so that 
the energy of the upper states increase in a high field



STARK ENERGY

Fig (2.1) STARK ENERGY AS A FUNCTION OF DISTANCE X 
FROM THE MOLECULAR AXIS.

TRANSITION OF "^NHy



26

region whereas the energy of the lower states decrease in 
a high field region.

Energy states under the action of weak and strong 
electric fields,

A detailed theoretical treatment of the Stark splitting 
produced in ammonia, including the quadrupole interaction 
has been given "by Jauch ( 19^7)- In his treatment the
displacement of the absorption lines of ammonia molecules 
is considered under the conditions of weak electric field 
(E<EC) and strong electric field (E>E0).

It- was observed that the hyperfine structure for inter­
mediate values of Sq~ 30 - 100 kV/m is quite complicated, 
and general solution for the secular equation does not seem 
to be feasible. Under the assumption of weak electric field, 
the number of molecules in the upper states which leave the 
state separator exit with a given value of M is proportional

pto M . The molecules enter and leave the separator making 
very few transitions between different quadrupole levels.
In addition, the dependence of the focusing strength on M 
causes a substantial increase in the relative population of 
the higher energy quadrupole levels. If the change in the 
relative population of the quadrupole level is very large 
due to the strength of the electric field, this allows the 
possibility of producing direct quadrupole transitions of the 
active molecules in the region between the focuser and the 
cavity. Thus, the cavity can be considered as a detector, 
the quadrupole resonances being observed by the changes in 
intensity of the quadrupole satellite of the microwave 
transitions (Gordon 1955).

At intermediate fields, the stationary states have a one 
to one correspondence with low or high-field states. When
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the electric field is increased slowly, the state of the 
molecule with a specified quantum state will progress through 
the intermediate configurations and at high field will "be 
found in a particular high-field state. In taking into 
account the effect of the hydrogen spins, each of the quadru- 
pole levels will undergo further splitting in zero electric 
field by the magnetic interactions of the hydrogen spin with 
the molecular magnetic field. The zero field magnetic 
hyperfine splitting is of the order of 50 kHz.

According to equation molecules with quantum
numbers P^= 3 have the highest energy states, followed by
p s l| and F.= 2 states respectively. Prom figure (2.3) it 1 T
can be seen that molecules in a weak electric field tend to 
go to the lower energy states of the high field region. A 
closer look at this configuration shows the quantum states 

3, P.j=h, P^= 2 and hence the corresponding Mp states 
undergo changes in their states as follows:

(1 ) F,=3: with seven I.L, low-field states
1

h go at high field to Mj = 3 states
2 go at high field to Mj = 2 states
1 goes at high field to Mj= 1 state

(2) F with nine Mp low field states
2 go at high field to Mj = 3 states
h go at high field to Mj = 2 states
3 go at high field to Mj = 1 state

(3) F1= 2: with five Mp low field states
3 go at high field to Mj = 0 state
1 goes at high field to llj = 1 state



STARK SRJTT1NG OF UPPER ENERGY STATES IN AMMONIA INVERSION LINE 

J=K=3 FOR WEAK AND STRONG INHOMOGENEOUS ELECTRIC FIELD.

STARK SPLITTING OF LOWER ENERGY STATES IN AMMONIA INVERSION LINE 

J=K=3 FOR WEAK AND STRONG INHOMOGENEOUS ELECTRIC FfELD.
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2^  Influence of the separator field on the intensity of 
the hyperfinc structure lines

In zero, or a weak electric field such that (E J/^J <^eqQ) 
the energy of the molecule is determined hy the quantum
numbers and Lip  ̂ The population of energy levels of 
the molecules entering the separator are equal. V/ithin the 
separator the energy levels undergo strong Stark splitting 
(E | /xj <^eqQ). The relation = J+Î - is violated, thusÎ21
to each level P. and I.I_1 Fj in the weak field there will be
a corresponding definite strong field level, Llj and M^.

If we consider the transition from weak to strong 
electric field as an adiabatic process, and the separation 
of the molecules proceeds statistically independently for all 
molecular energy states, then the populations of the and

states on leaving the separator depend only on the
appropriate value of Mj in the strong field. The effective­
ness 0(Mj) of separating the level M is given by;

0 (Mt) = >/1 + a2 - 1 ~ a Ilf I- 1 (10)

where (a) is a factor which is proportional to the voltage 
on the state separator. Therefore, the population of the 
P.j and levels on leaving the state selector are propor­
tional to the applied voltage. Prom the assumption that the
number of molecules in a given M state which reach the cavity

2is proportional to M , the population of each P̂  level in 
the cavity, as well as the relative intensities of various 
quadrupole level transitions, must be weighted according to 
a factor given by (Gordon 1955 ):

50^  N(M) M2

2F1 + 1 (11)
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where N(M) gives the number of low field states which go 
into the particular high field states with quantum number(M)* 

A calculation shows the value of these weighting factors 
for ammonia (J=K=3) inversion line with the states 5^=3, 

and F̂  = 2 are h5/7, 37/9 and 2/5 respectively 
(See Appexdix 1).

2.5 Separation of molecules according to inversion states 
The mechanism of state separation of the molecules in 

8n inhomogeneous electric field can he treated on the basis 
of quantum mechanics. If we assume that the two energy 
states of the molecules are and (Wg^V^), then ̂
and "̂ 2 are vvave functions of the two energy states 
respectively, hence:

Hof =
where iff = + b-p2 and h is the Hamiltonian of the
noninteracting molecule. In the presence of an electric 
field, the interaction Hamiltonian takes the form of:

(12 )

h = ho I M . e (13)
Hence: (Ho - )u.E) (a^ + b-^) = ff (a^ + b-y;2)

where V/ is the energy of the molecule in the field. Since 
YTj and^fg satisfy the orthogonality condition, then for 
a and b the following linear equations can be obtained:

(W1 * /l1E) a + /l2E b “ 0 (14)
/^2e a + (w2 - /¿22e - W) b = 0 (15)

From the above equations,the two values of molecular 
rotational energy are given by:

WA ,b" W  / i i E -  ft? W w ( / i r f a f + A / (1 6 )
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Then the wave functions which correspond to these energies 
are:

%  • + bV 2
V 2 * ‘Vi - bV 2

where a *
\l h2 \)2. +21 E2 + h ^

b « 

2

2 7 h2 ̂ 2! + *■ '4i2 E2

/h2 N 21 + 4 */̂ |2 E2 - h V

(17 )

( 18)

(19 )

1

L 2 sAh2^ 2 + 4 l#J2 e*'21 T - '21 
|af+|bf*1 and W2 - h *

From the above equations it can he seen that the external 
electric field creates two energy states as a result of 
interaction between the field and the dipole moment of the 
molecules.

In many practical interacting cases /A\ /22 = °*
then:

h>)21 (
12 e2l2-, .. _ o

2 . 2 1;h N 21

hV
"B

21 < /3 3 2 e2
h Vg. - D

( 20)

(21)

Equations (20) and (21) show, when E is increasing, the 
magnitude value of both WA and increases. Thus the 
molecules in the upper states will be deflected to the region 
of minimum inhomogeneous electric field and those in the lower 
state to the region of maximum field.

In a calculation of the number of excited molecules in
the sorting system many factors should be taken into account
such as Maxwellian velocity distribution, the angles of
capture and the energy states of the molecules. Two 
equations of motion for the molecules in the electric field
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of the sorting system are required» The Lagrangian for the
molecules in upper and lower states under the action of an
electric field is dependent on the potential energies V/̂
and Vî of the molecules, located initially in the lower state
W  and in the upper state y .1 ^

The minimum length for the state separator can he 
calculated hy solving the equation of motion for a molecule 
in the separator field. The potential harrier of a ring 
separator is a parabola which may he taken as different from 
zero only close to the rings and the minimum length of the 
ring separator must he calculated from the mean angle of 
capture. The maximum angle of capture is given hy the
relation(Shcheglov 1961):

-2  2m v sin 9,maxm (22)
where W is the maximum interaction energy of a molecule 
in the separator field, v is the average speed of the 
molecules in the beam and 9mayis the maximum angle of capture 
between the direction of the beam and the state separator 
axis. The minimum length for the ring state separator is:

L . = 3 ®  oot 9min max (23)
where R is the radius of the ring.

The number of the separated molecules according to the 
inversion states in an inhomogeneous electric field is given 
hy:

 ̂NJKMJ ^sep = N
W

JKMt kT

JKM-

(24)
is the number ofwhere V/((kT at room temperature, N 

molecules in the level characterized hy the quantum numbers 
J,K and Mj* W is the maximum displacement of the inversion 
level of the molecules in the field which is:

U 2 1* E221
( J 1 + h2>)2 h V 21 - 1 ) (25)
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where h'Jgi is the energy of the inversion interaction,
E is the maximum field intensity of the state separator, 
H i s  the matrix element of the dipole moment which is equal
to: JCMj

J(j+1) ( 26)

In the case of ammonia inversion lines the factor 2 « 1,
therefore, equation (25) can "be reduced to:

( -  NJKMj  ^/i2^E)2/ h »i2kT (27)
For the ring state separator which was used for the investiga­
tions described in this thesis (r = 2 mm and 1 = 2  mm) with
the maximum field intensity of E = 1.714 X  , (1 is thema x 1

distance between two successive rings). The expression
for the number of separated active molecules has the following 
form:

( "jKM^sep * Krai/ V 2MI) ( v W  ^ XP 2-1 ) (28)
where:

tr v R
A- V T  <$

r is the radius of the beam source, 
of the molecules in the beam and 
section of the molecules.

(29)
v is the average velocity 
is the collision cross

2.6 Ring-type state separator
Comparative investigations of different type of sorting 

systems (quadrupole, ring-type, bifilar, parallel ladder, 
tapered qaadrupole and non-parallel double ladder) have been 
made by many investigators (Leins' 1970). it was established 
experimentally that the ring or bifilar helix foousere are 
the most effective sorting systems (with the seme parameters 
euoh as length and voltage) and are about U times more
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effective than a quadrupole focuser. According to Iv'ednikov 
and Parygin (1963) a greater electric field intensity is 
obtained for the same voltage applied to their electrodes. 
This efficiency is also, in part, due to the longitudinal 
electric field between the ring electrodes which is parallel 
to the resonator field. Since those molecules which have 
maximum projection of molecular moment on the direction of 
electric field possess a larger angle of capture, 
therefore the interaction energy of the molecules with the 
field will he a maximum. By employing a cylindrical 
resonator tuned to the resonance, the emission of the
molecules inside the resonator is also at a maximum because 
of the highest possible projection of molecular moment on the 
direction of the electric field in the resonator.
Furthermore, the width of the spectral line will be narrower 
due to the minimum Doppler effect in mode excitation.

According to Becker (1963), the diameter D of the 
molecular beam of upper state molecules is given by:

(30)

where e is the distance between the nozzle and the diaphragm, 
B is the internal diameter of the separator, a is the 
distance between the nozzle and the centre of the separator, 
f is the focal length of the separator which is given by:

f(°m) - -sir- (31)
where V is the potential on the rings, m is the number of 
the rings, and b = 0.87 x 10“  ̂per volt for ring focusers.

According to equation (30), calculation shows that for 
a given ring type focuser it is possible to obtain a narrow 
and highly directional beam.
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For other type of oscillations in the resonator where 
the electric field is perpendicular to the beam axis, 
multipole capacitors may "be preferable. However, this 
conclusion concerning mutual orientation of the fields in the 
sorting system and resonator should not "be considered 
absolutely categorical. The reason for this is the possibility 
of pre-orientation of the sorted molecules in space which can 
cause a disturbance in the distribution of the molecules with 
respect to the projections of their angular moments into a 
certain direction in space.

In conclusion, multipole capacitors and other types of 
sorting systems with a constant cross section are not the 
optimum design for efficient state selection. A comparatively 
long sorting system is required because, when the molecular 
beam is on the axis of the sorting system, molecules travel 
8 great distance along a curvilinear trajectory in a 
relatively weak field and only when the distance from the axis 
is sufficient do the molecules enter a high field.

Several techniques for obtaining beams of slow molecules 
by reflecting the molecules from a potential barrier as well 
as by employing ring type focusers have been proposed by 
Basov 8nd Oraevskii (1959), White (1959)> Gordon (1960) and 
Kazachok (1965). These methods ares Slowing down the 
molecules, removal of the molecules with large velocity and 
lowering the effective temperature of the molecular beam. 
Strakhovskii and Tatarankov (196U) using a curved state 
separator of the ring type were able to select slow molecules 
from the beam. Kazachok in his theoretical treatment showed 
the feasibility of slowing down the molecules by means of a 
tapered ring focuser using weak and strong electric fields.
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Enhancement of the frequency stability of a maser depends 
on the production of a narrow spectral line , If the 
dependence of the oscillation frequency of a maser upon 
Doppler broadening, unresolved hyperfine structure and non­
uniformity of the emission of the molecules along the length 
of the resonator are eliminated, then the main factor which 
determines the frequency stability of the maser will be the 
time of flight of the molecules through the resonator. The 
time of flight can be increased either by lengthening the 
resonator or by decreasing the average speed of the molecules 
in the beam.

In a ring separator the molecular beam passes through 
a series of equally spaced rings which are alternately 
charged positive and negative (Figure 3.7)« The expression 
for the potential of a number of rings has the form 
(Kazachok 1965):

*  <*■> -  t M ;  sin ¥V  1 ' oV 1 '
(32)

where V is the potential difference between two neighbouring 
rings, 1 and R, the distance between, and the radius of the 
rings respectively, y is the radial co-ordinate in the 
cylindrical co-ordinate system, z is the axis along the 
separator. The field inside the rings separator can be given
by: 25 n 2tt

V s in  0 “  *' T'" )
E = /TtR\ ir £.0 \

v  ¥ (1 ‘ “r }
where 5 is the thickness of a ring and IQ(x) is the modified 
Bessel function of the first kind of zero order, which msy be

25
¿-[i2(2pr)0o ! ( ^ >  (j3)

written as:
Io(x) = 1 ♦ — 2lf(2'.)2 (30• ««
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If it is assumed that the quantity 2, is small then,
2 1

Io(x)» 1 + - . If it is assumed that S’- 0 and considering
a paraxial case (y=0), then the magnitude of the field on the 
axis of the system will he:

and 0 varies periodically from:

cos (2nz/l) (1 + 4 tt y2/l2) to (8 y/l2 )

It is clear from the above expression that the electric field 
is varying periodically along the z axis, typically a 
variation between 0 and 15 Mvolts/m. Thus a great advantage 
of ring separators is that they produce an inhomogeneous 
electric field along the axis of the separator and the axial 
molecules are well separated with high efficiency.

isJ Transition probabilities
The transition probabilities Aj for ammonia radiative 

transitions with A K  = 0 (neglecting hyperfine structure)
can be obtained from:

K2 (j+1 )2-k2 
JCJ+1 X2J+1 )and (36)AJ->J J(J+1 ) ----  "  J(

If hyperfine structure is taken into account, however, the 
transition probabilities will differ according to the 
projection of P1 on the intramolecular electric field on its 
z-axis (Jauch 19*47). Two possible transitions should be 
considered: Longitudinal transitions (electric field parallel 
to the z-8xis): The selection rules are: AP^ = 0, + 1,
A M  = 0 , then the transition probability for AP,j = 0
(central line) is:

A
¿2°' ^  {VJ(J+1)-I(I+1)+P1(F1+1)]:

n M n
j 2( j*i )2 4  (f 1+i y

(37)
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end for = P̂  + 1 (satellite):
a = *2 r(P „  '2 )(iw-f, > (38)

/(J*1)2 L 1 4(2^1 )2(2P,*1) (2^+J)

Transverse transitions (electric field perpendicular to the 
z-axis): The selection rules are:AF.j = 0, + 1, A M  = + 1 and
A  P̂  = 0, M-*-M + 1, then accordingly the transition
probability is:

A = 4

and for F,

K [j (j+i  )- i ( i +i V p ^ f ^+i )]

4^ (P,+1 f (39)

^  + 1, M ■ M +  1 :

A = 4 „2 (F,+1+I+j)(F.+1+I-J)(l+J+2+F, )(l+J-F, )(p I|fri)(F rM) — ------- i-5----------3------Î-
r ( J + l )  li.(Fi +1 y2(2F1+1) (2F1+1) (40)

An additional complication in the ammonia inversion spectrum 
is that the M states are degenerate in zero field; M2 should 
therefore be summed over all the initial and final states 
according to the formula:

T j " X 2 P , .,) (M)
Then, for the total transition probabilities (central line):

\J,J
K2 (2J + 1 )

3 J5(J + 1)3 Q(J) 
where Q(«0 * (J+1 + «A + [j(j+1) • l|

and for the satellites:

V-1, J K2(2J-1 )/3J3(J+1 )3 (F^J-1-^j) 
J+1)”J,J+1 “ r2(2J+3)/3J3(J+1 )3

The magnitude of these quantities for different values of J 
and K must be multiplied by a statistical weight factor = 1
for K = 1, 2, h, 5, ... and = 2 for K = 3, 6, 9 ... and the 
Boltzmann factor exp [ j - E ( J , .

From the matrix element of the dipole moment for the 
inversion transition: , it is clear that its

(42)

(43)

(44)
(45)
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maximum value is when K = J. Since the intensity of the
line is proportional to i/* i, the lines with K = J possess 
greater Intensity than other lines. It is possible from 
the above formula to show that the most intense inversion 
line of the ammonia molecule at room temperature is obtained 
with J = K = 3.

The transition probabilities for the three components 
of the central line (P^= 2, P̂  = 3 and P̂  = ij) for the ammonia 
inversion line J =3, K = 3 may now be calculated (Appendix 1) 
from equations (37 and ijl). The result for the transition 
probabilities is that:

The relative intensities (R) of the satellites to the intensity 
of the central line can also be evaluated (Appendix 2) from 
the following relationships: 45

2

AF1=3: AF1=4: ^ « 2  = & Z  . 1215 . fig576 * 576 57S

(45)

J,J
(4 6 )



CHAPTER 5

SOLIS DESIGN C0IT3IDRRATI0RS AMD EXPERIMENTAL
APPARATUS

2*1 Introduction

A lot of attention has "been given "by many investigators 
to the problem of large beam intensities, narrow velocity 
distribution and high signal-to-noise ratio in molecular 
beam experiments. For this purpose, effusive, multiparallel 
cylindrical holes, converging-diverging nozzles and conical 
converging nozzle sources have been developed and found to 
be helpful but still have left much to be desired. Thereafter, 
suitably shaped diaphragms called "skimmers” were employed 
in conjunction with different types of nozzles.

In 1951, Kantrowitz and Grey made an important suggestion 
which seemed to promise beam intensities orders of magnitude 
greater than could be achieved by any effusion technique. 
Basically, this method consists of transfering the core 
portion of a molecular beam flow into a high vacuum region by 
means of a skimmer. This proposal was investigated by 
Kistiakowsky and Slicbter (1951), Becker and Bier (195^), 
Campargue (196b) and others.

In 1971 Laine suggested the application of the nozzle 
beam skimming device to an ammonia molecular beam maser. He 
pointed out that with such an arrangement it might be 
possible to obtain very strong oscillations even for many 
weak ammonia inversion lines, without the aid of cryogenic 
pumping.
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Thus the present molecular "beam maser system was designed 
and constructed on the basic principles of nozzle-skimmer 
techniques. The initial results showed that there was a 
large increase in the amplitude of oscillation for the same 
value of focuser potential relative to the amplitude of 
oscillation when a conventional nozzle-diaphragm was employed. 
Ammonia inversion lines such as J = K = 2 and J = 3, K = 2 
•can oscillate strongly at threshold values of 12 and 2k kV 
respectively without cryopuniping. With the aid of cryogenic 
pumping, the thresholds are 9 and 18 kV respectively. For 
the strongest ammonia inversion line J = 3, K = 3 the threshold 
voltage for oscillation is as low as 9.8 kV without cryopumping 
8nd ¿4.8 kV with cryopumping. In addition, the operation of 
this device with the ammonia (3,3) line has revealed many 
new results and phenomena which stem from the hyperfine 
structure of the ammonia molecule.

However, the conclusions that can he drawn at the present 
time are few, and the questions raised are many. The most
definite conclusion is that the nozzle-skimmer technique 
provides a powerful tool central to the beam formation problem, 
with greatly reduced scattering and increased signal-to-noise 
ratio of the detected signal. The results obtained are such 
that further investigations are encouraged. However, more 
experimental data is needed. It is possible that the technique 
could be improved in the present work by a second stage of 
beam skimming. Consideration of this point also may 
contribute to the improvement of the theory of molecular beam 
formation.

In spite of all the effort that has been expended in 
forming an intense molecular beam, it must be recognized that



there is still much to "be done before the technique can be 
regarded as perfected. Y/bat is really involved is the 
engineering development of a principle into a useful tool. 
Therefore, a careful procedure, involving iterative improvement 
of knowledge of the gas flow properties and skimmer operation 
seems to be necessary and must be accompanied by conclusive 
proof of the perfection of the beam^skimming process.

2x1 Basic principles and some design considerations
In the development of a molecular beam apparatus

several unforseen difficulties in design might arise because
of insufficient knowledge of certain physical phenomena. .
Therefore it is necessary to conduct preliminary studies to

19obtain large molecular beam intensities up to 10 
- 2  -1molecules cm sec with very low background pressure and 

with narrow velocity distribution. It is appropriate to 
discuss the function of the characteristic features of the 
nozzle beam system in the light of both theory and experience. 
The main features are; pumping requirements, the nozzle flow 
complex and the skimmer.

According to Kistiakowsky and Slichter(1951)(using ammonia 
8S the test gas), it was found that beam intensification was 
possible up to a factor of 30 compared with the intensity 
from the conventional molecular effusive source. Therefore 
the total gas flow in a nozzle beam system was of an order 
of magnitude greater than in a typical effusive beam apparatus. 
Most of the gas which was introduced initially through the 
nozzle was removed upstream from the skimmer and did not 
contribute to the pumping load after the skimmer. The ratio 
of axial beam intensity to skimmer mass flow is considerably



higher than the ratio of the "beam intensity to effusive mass 
flow in a conventional effuser. Therefore, for an optimum 
total intensity, the pumping speed required in the high 
vacuum region is substantially lower for a nozzle beam than 
an effuser. On the other hand, for a usable beam intensity 
with a particular velocity interval and hence narrow velocity 
distribution, the nozzle source demands a lower pumping speed 
of the high vacuum system than for an effusive source. In 
contrast, the situation upstream near the skimmer is entirely 
different. The effusive systems require no fast auxilliary 
pumping but the nozzle exhaust chamber in a nozzle beam system 
must be provided with enough pumping capacity to remove all 
of the total nozzle flow except a small fraction which passes 
through the skimmer to the next chamber. Thus the first 
stage pumping plays an important role in a nozzle beam system.

Experimental evidence has shown that the higher the 
pumping speed in the nozzle exhaust chamber, the more 
effectively can molecular beams be produced. Cryogenic 
pumping with liquid nitrogen has been used with great success 
8nd it was found that it provides extremely large pumping 
speeds.

There are a number of special considerations that apply 
to nozzles designed for molecular beam systems. The 
advantage of high intensity and narrow velocity distribution 
predicted by theory are a consequence of the absence of 
collisions between molecules in the nozzle exit and after they
have passed through the skimmer. This implies a low density in 
the beam flow at the skimmer entrance and in the nozzle
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exhaust chamber. To minimize the necessity of fast vacuum 
pumping, the nozzle maos flow must be relatively low, thus 
the nozzle diameter and its width must be small provided that 
the pressure behind it is adjusted so that a free jet flow 
of the beam can be obtained.

If the thickness of the nozzle throat is less or equal 
to A  (mean free collision oath distance inside the source) 
then every molecule which reaches the aperture passes 
through and will not suffer a change in its direction. This 
implies that the spatial velocity distribution of the 
molecules inside the source is not affected by the emerging 
molecules. V/ith nozzles of large diameter and thickness 
larger than the mean free collision path, it was found that 
as the source pressure reached a certain value above threshold, 
the detected beam intensity starts to fall rapidly instead 
of increasing. This limitation is due to an increasingly 
large fraction of the effusing molecules colliding with each 
other in the source exit. In this way a cloud of scattered 
molecules (instead of the source aperture) serves as the 
effective source of the molecules and as the source pressure 
is further increased, scattering increases more rapidly than 
molecular intensity.

In employing a nozzle source with small dimensions with 
a given pumping speed and gas flow in the first low pressure

pstage, the expansion ratio Pq/P is proportional to 1/d 
(where PQ and P are the nozzle source and nozzle exhaust 
chamber pressures respectively). Decreasing the nozzle 
diameter (d) will yield an increase in the intensity of the 
molecular beam (Bier and Schmidt 1961) and the resulting 
molecular density from the nozzle flow is inversely
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proportional to the square of the distance from the nozzle 
exit (Parker et al i960).

Nozzle source and condensation phenomenon.

In the generation of molecular beams there are some 
essential gas parameters as well as the geometry of the 
nozzle that have to be considered (Kantrowitz and Grey 1950, 
Becker et al 1962).

For the nozzle source it can be assumed that all the 
molecules have the same mass flow velocity, v, and the 
random velocities are negligible compared to v. Thus, for 
a given effective expansion ratio (Pq/P), the resulting 
speed ratio or the flow mach number (M) can be determined.

V(Hence, M = “ » where s is speed of sound just ahead of
the nozzle).

The other parameter is the real nature of the gas which 
determines the conditions for the condensation phenomena 
within the expanding flow of gas under the action of given 
nozzle dimensions and geometry.

In the present investigations, a condition for ammonia 
molecular beam condensation has been obtained in the maser 
system. The nozzle employed was made from very thin stainless 
steel (0.10 mm) with a hole of 0.05 mm in diameter. This 
hole was made by the aid of YAG laser.

The maser was operated at an optimum condition for 
strong oscillation with a voltage of 26 kV on the state 
separator and a gas pressure of h60 torr behind the nozzle.
A steady amplitude of maser oscillation was obtained and 
displayed on the oscilloscope screen. After running the 
maser for approximately 5 hour, a reproducible and continuous



fluctuation (between zero and maximum amplitude) was 
observed in the oscillation signal, continuing without time 
limit. An average periodicity of about 52 seconds was 
observed for the amplitude to fall from maximum to zero.

The onset of the condensation can be explained as 
follows: As the gas expands isentropically, the enthalpy
of the molecule is converted to net translational mass motion. 
The most probable velocity will be higher and narrower than 
for an effusive source. Owing to the very low static 
temperature reached during the adiabatic expansion in the 
flow, the translational temperature for the molecules will 
be much lower than the nozzle source temperature.
Consequently, the number of collisions decreases and 
eventually, a transition from hydrodynamic flow to a free 
molecular flow would prevail at a distance of a few nozzle 
diameters downstream from the source. Thus a considerable 
gain in the beam intensity can be obtained on the account of 
molecular rotational cooling and consequent higher population 
of the low J states. In contrast, under such conditions 
when the gas expansion is non-isentropic, all the enthalpy 
of the molecules which is converted to translational energy 
will be frozen (Anderson et al 1966). The molecules 
thereafter, become highly supersaturated with respect to 
their equilibrium condensed phase. Under suoh critical 
conditions small aggregates of molecules, even dimers might 
pass unnoticed. However, when a substantial degree of 
supersaturation is reached, the onset of the condensation 
manifests itself as an observable effect when the molecules 
in the condensed phase have grown to a microscopic size and



hence, this will appear as an abrupt change in the besin 
intensity.

3.h Skimmer geometry and -performance

It is convenient to consider that the second defining 
element in a nozzle beam system is the ''skimmer” and that 
it plays a role analogous to the "diaphragm” of a conventional 
maser apparatus.

The characteristic geometrical quantities in designing 
8 skimmer are: mouth radius, lip radius, internal and 
external angles and length. Under continuum gas dynamical 
beam performance caused by the sximmer itself,operation has 
been ascribed to an oblique shock wave on the skimmer cone 
apex (Bier and Hagena 1966, Deckers and Penn 1963). The 
shock wave in the core stream is caused by the finite 
thickness (t) of the skimmer edge, provided that the gas 
kinetic mean free path (X) is small compared to (t). If 
at lower gas density, (X) is comparable to (t) or even larger 
but still small compared to the diameter (d) of the skimmer, 
a similar shock wave can occur in the core stream due to a 
boundary layer at the skimmer walls which might extend as a 
deleterious effect into the molecular beam region.

The influence of skimmer on the molecular beam 
generation has been investigated experimentally. Three 
skimmers of different diameters (1.2, 1.h, and 1.6 mm) and 
equally sharp leading edge of the skimmer, but equal cone 
angles (inner angle 35°, outer angle h5°, Figure 3.1 ) were
employed. Various characteristics have shown that the 
skimmer with 1.6mm in diameter was best suited for ammonia
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team maser operation in conjunction with different nozzle 
sources. It was found that the relative maximum of 
molecular team intensity at a certain optimum inlet pressure 
depends on the given nozzle-to- skimmer distance. The 
decrease of team intensity following a maximum in varying the 
optimum nozzle-to-skimmer distance is very marked for the 
skimmer of diameter 1.2 mm.. This effect is somewhat smaller 
than those for skimmers with 1.1} and 1.6 mm in diameter. This 
difference can te attributed to a disturbance of the core 
stream by molecules reflected from the outer skimmer wall.

In addition, the influence of the diameter of the 
skimmer on molecular beam performance was investigated. It 
was recognized that for the two skimmers with similar geometry 
tut with different diameters of 1.2 and 1.6 mm, for the 
skimmer of 1.6 mm in diameter the intensity of the molecular 
team was higher by an average factor of about 1.1}. At this 
point it should be noted that the possibility of increasing 
molecular team intensity by increasing the diameter of the 
skimmer is limited of course, by the maximum gas flow into 
the working chamber. However, this csn te tolerated by 
increasing available pumping capacity.

Prom theory and experiment in continuum gas dynamics 
there is a well-established relationship between the Mach 
number of the free molecular flow and the maximum included 
angle of skimmer cone apex (Bier and Hagena 1966). If the 
cone angle is greater than a critical value for a particular 
Mach number a shock wave will be detached. Therefore, the 
cone angle must be such that the shock wave is as close as



possible to the cone apex. According to experience with 
the present maser system, skimmers with cone angles less than 
60° (i.e. ¿40-60°) is a convenient design criterion for 
molecular beam formation. Figure (4.1) shows the dimensions 
of a typical nozzle-skimmer assembly used in the present 
investigations. However, there is still much to be done 
before the skimmer design can be considered fully developed.

^.5 Experimental apparatus

(i) General
Figure (3.2) shows the main maser chamber with its associated 

microwave and electronic equipment. The apparatus is mounted 
on a table such that the molecular beam axis is horizontal.
The two cylindrical cans with insulating jackets are liquid 
nitrogen reservoirs. The pumping system, ammonia reservoir 
and the ammonia purification traps are mounted below and beside 
the table. Electronic equipment was mounted on standard 
Post Office racks.

(ii) Maser vacuum system and gas supply
Figure (3.3) is a block diagram of the maser vacuum system.

(a) First chamber (nozzle chamber)
This chamber consists of an 8?" high, 10?" internal 

diameter rolled stainless steel cylinder, Figure (3A) . It 
is fitted with 9 flanged windows, ¿4 of ¿Li?" internal diameter,
5 with 2?" internal diameter and a liquid nitrogen trap. The 
base holds a stainless steel disc, 10?" outer diameter,
6?" internal diameter, supporting a 6" diffusion pump. The 
top flange holds a 12" perspex plate of thickness 1". All 
11 openings are sealed by rubber "0" rings. The weight of 
the nozzle chamber is taken by the 6" diffusion pump which has 
its upper flange supported by a wooden bench.
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Fig (33) BLOCK DIAGRAM OF THE MASER VACUUM SYSTEM .



The ammonia supply is through a copper tube diameter, 
holding the nozzle, which runs across the chamber. This 
tube is held in position by an adjustable support at the 
nozzle end. The other end is attached via an "0" ring to 
the flange which permits horizontal movement for locating the 
nozzle at an optimum operational distance from either the 
skimmer or the iris diaphragm. The liquid nitrogen trap 
consists of a 2” diameter spiral of copper pipe positioned 
so as to completely surround the nozzle-skimmer assembly.

(b) Second chamber (main chamber)
This chamber is an aluminium-bronze casting,

Figure (3.5) with dimensions of 18"x 18"x 8" which is coated 
with Araldite epoxy resin on the outside surface (Hardener 
HY 951 and Bpoxy Resins My 753, Ciba-Geigy Ltd.), and with a 
silicon varnish (Silicon Bonding Resin M582<0, Hopkin and 
Williams Ltd.) on the inside. The varnish was cured at room 
temperature to prevent cracking. The vacuum box is fitted 
with a perspex window at one end which permits alignment of 
the maser cavities and state separator. A brass lid carries 
a liquid nitrogen trap. Two brass flanges carrying the 
waveguides to the two microwave cavities were fitted on the 
front panel. The K-band waveguide attached to the cavities 
is mounted to the vacuum housing and internally sealed with 
thin mica discs between the flanges and "0" rings of a wave­
guide junction coupler.

The back panel is machined flat to carry electrical and 
mechanical lead—throughs. A pirani and an ionization gauge
were mounted on the same panel. All flanges and lead-through 
are sealed with rubber "0" rings.
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(c) Maser vacuum assembly
The vacuum system is constructed with differential 

pumping of the two chambers. These are separated from esch 
other by a screw threaded holder which can accept either a 
diaphragm iris of variable diameter or a skimmer of the type 
used in supersonic molecular beam work. The aperture of this 
iris is controlled from outside the second chamber with a 
rotary drive lead-through, directly coupled to a gear box 
assembly Figure (3.5) . This assembly consists of two bevelled 
screws mounted in a brass cube which permits the transfer of 
the external rotational motion to drive the variable iris 
aperture as required.

The first chamber is pumped with a 6" Edwards oil diffusion 
pump type (EOh), and the main chamber by two h" Edwards oil 
diffusion pump types ( h03A) Figure (3.6) . Each is 'Charged 
with an appropriate quantity of 70h silicon oil which has a 
limiting vapour pressure of 10~^ torr. The total pumping 
speed for both chambers is about 1200 ¿s’1; each chamber of
capacity 600 ¿s"\ The 6" and the two U" diffusion pumps 
are backed by an Edwards Model ISCh50B and an NGN Model 
PS3/6 rotary pump respectively. The two rotary pumps are 
vacuum coupled to the equipment by means of flexible 
couplings to minimise the vibration with the main pumping 
lines of 1" copper tubing. The background pressure in each 
chamber is monitored with Edwards IG6G and IG6M ionization 
gauge heads operated by Edwards power supply unit Model (lon7).

The pressure in the nozzle chamber and second chamber 
-6 -5W8S U x 10- torr and 1 x 10 torr respectively without 

cryogenic pumping after about one hour pumping. Addition of
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FIGURERÒ) FRONT VIEW OF THE MASER SYSTEM SHOWING PUMPING SCHEME



liquid nitrogen to the traps in "both chambers reduces the 
pressure to about h x 10 7 torr in the first chamber,
7 x ID' 7 torr in the second chamber within 2 hours.

(a) Ammonia source and supply line 
Figure (3.2)shows the ammonia source, control valves, 

traps, reservoir and pressure gouges. The ammonia source 
is a lecture size cylinder of anhydrous liquid ammonia which 
is controlled by a pressure regulator valve adjusted to an 
outout pressure of about 950 torr. The gas flow from the 
lecture cylinder to the nozzle is controlled by four 5" 
speedivalves and one finely adjustable needle valve. The 
pipe line is of ” copper tubing. The needle valve is 
coupled to the nozzle holder tube by thick walled flexible 
P. V.C. tube. This thickness is sufficient to prevent wall 
collapsing under the action of the atmospheric pressure.
Two Bourdon gauges with appropriate ranges 0 - 760 torr and 
0 - 100 torr are used to monitor the gas pressure in the 
reservoir and behind the nozzle respectively.

In order to increase the pumping efficiency of the 
liquid nitrogen trap which is used in the working chamber,a 
thick flat copper plate with channels milled into it, is used 
in order to increase its effective surface area. This plate 
is soldered to a length of copper tubing. Then a single 
continuous copper tube is soldered at the opposite face of 
the channeled surface. The two ends of the copper pipe are 
soldered to the flange by employing a thin nickel silver tube 
as the connection between the trsp and the flange, because of 
its low thermal conductivity which in turn prevents the "O'' 
rings from cracking due to cooling cycling. Silver solder is 
used for all high vacuum joints.
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3.6 Resonant cavity
The cylindrical cavity is an important component of 

the complete maser apparatus. The tolerance is such that a 
cavity has to he of the highest order due to the possibility 
of multi-mode cavity operation, and high Q value required for 
strong oscillation. The natural frequency, of oscillation 
is determined hy the geometry of the resonator and depends 
on the type of wave excited in the resonator.

The maximum interaction between molecules snd radiation 
field is obtained by an appropriate choice of mode in a 
resonant system. Thus modes generally favoured are those 
with a single maximum field in the transverse direction. If 
a parallel beam of univelocity molecules passes through a 
cavity of length L operated in the Eo1q mode, the total 
linewidth at half-maximum is 0,9 v/L, and the emitted power 
is a maximum at the molecular resonance frequency. Such 
narrow spectral line width typically of the order of 6 kHz 
can be obtained with cavities operated in this particular 
mode which eliminates much of the Doppler effect.

With cavities operated at higher modes of the type
E (n = 2,3,...) a larger linewidth is obtained because
01 n
of the field E varies along the length of the resonator and a 
line splitting on account of the longitudinal Doppler effect 
is produced (Gordon et al 1955, Krupnov and Skvortsov 196U). 
Various modes of cavities have different Q factors and 
different distributions of electric field. Therefore, the 
choice of modes and type of cavity for molecular beam maser 
operation has to be considered. Shimoda, Wang 8nd Towns 
(1956) had introduced a measure for such choice in terms of 
a "figure of merit" I,I for the maser resonator:
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where n is zero for a uniform field along the cavity axis 
(E0l0mode  ̂ and unity if distribution has a maximum at the 
centre (EQ11, ^ 1 1 ’ H011» Hm  raodes)« L> Qoa«d A are the 
length, the quality factor and the cross sectional area of 
the resonator respectively. The parameter LQq is a measure 
of sensitivity for resonator design.

According to the above formula, in the case of a broad
beam filling the cavity with EQ10 mode, the value of M = 7.7,
whereas for EQ11 , and the value of M is 6.0, 5.9

and ¿4.1 respectively. For a narrower beam the advantage of the
w mode is even higher. Hence, the larger value of M is *010

obtained for the E010 mode i.e. the larger the value of M, 
the smaller the number of molecules required for maser 
oscillation. In practice it is found that a cavity length 
of shout 10 cm at A =  1.25 cm wavelength is an optimum 
value for a strong maser oscillation requirement with a loaded 
q factor of 6000 - 7000 for the EQ1Q mode.

In the cylindrical cavity two types of modes may exist, 
these are:

(a) Transverse Magnetic (TM or E); where the electric 
field is parallel to the axis of the resonator (no magnetic 
field parallel to the axis). This permits a long time for 
interaction between the molecules and the electric field.

(*) Transverse Electric (TE or H); where there is no 
electric field parallel to the axis of the resonator.

The dimensions of a cavity required to produce resonance
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for different wavelengths ean "be derived from the waveguide 
theory (Harvey - Microwave Engineering). a cavity can "be
regarded as a length of waveguide such that the electric and 
magnetic fields are oscillating in space and time and an
integral number of half-wavelengths with a complete standing 
wave existing inside.

The resonant wavelengths ( X) for TLI modes can be given
by (Montgomery, 19k7):

X  =
r

( 2 )

where:
n is an integer equivalent to the number of half period 
variations of the wave along the resonator axis. 
lc is the length of the resonator 
d is the diameter of the cavity

lB the “th root of lth order Bessel function j^x) . 0

For TM (E01n ) and TE (HQ1n ) modes, Xla has the values
2.h0h8 and 3.832 respectively. in case of the E mode 
excitation, equation ( 2 ) takes the form,

2
T T d

-1

(3)
from which :

whore y is the velocity of light (2.997925 x 1010 on/seo) 
and fc is the resonance frequency of the transition under 
consideration.

The cavity diameter for the different transitions of 
1Lim 3 inversion lines (J = 3, K = 3 ), (j = 3 f k  = 2)
(J = 2, K = 2) and (J = 1 , k = 1 ) were calculated from
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equation ( 3 ) and all constructed in a similar manner as
described in the following section. These cavities were 
tested and found to he in excellent agreement with the above 
calculations for each transition frequency involved.

Transition (J.K) Cavity diameter
(cm) (in)

( 3 ,  3 ) 0.96100Í4 0 .3 7 8 3 3 3

( 3 ,  2) 1.001)602 0 .395h 97

( 2 ,  2) 0 .96 6 9 7 9 0 .3 8 0 6 8 5

( 1 ,  O 0 .9 6 8 1 2 7 0 .38 1 1 3 7

3.7 Cavity. design and fabrication
Methods of fabrication of cavities for molecular beam 

masers have been discussed by a number of investigators 
(Gordon et al 1955, Helmer 1957 and Vonbun 1960).

In the present work, cavities for different transitions 
(J,K = 3,3 , 3,2 , 2,2 , 1,1 ) inversion lines of were
all constructed in a similar manner with the dimensions being 
the only variable. Taking various critical conditions into 
consideration, the construction of the cavity was evaluated 
for each transition (see the previous section) and thereafter 
the following procedure was followed:

The cavity was fashioned by electrolytic deposition onto 
0 mandrel made of stainless steel type ( s  8 0 ) .  The diameter 
of the mandrel was ground on a lathe to a precision of 
10*"̂  inches . (The coefficient of variation of frequency 
with diameter is about 6 MHz per 0.0001 inch)

An acidic copper sulphate solution composed of 200 gm of 
CuSÔ . 5H20 (copper sulphate), 12 gm of potassium aluminium
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sulphate, 56 gm of pure sulphuric acid (s.g. = I.8I4) and 
1 litre of distilled water vías used. The anode was oxygen 
free, high conductivity copper. A synchronous motor was 
employed to rotate the mandrel slowly.

In order to minimise the possibility of uneven deposition 
of copper on the mandrel, the current flowing through the 
solution was reversed for about one third of the one cycle 
time. The current had to be within the limit of 100 to 200 ma 
at the beginning of the deposition period of about ¿48 hours.
If the current exceeds 200 ma, the smoothness of the initial 
layer on the mandrel could not be guaranteed because of the 
possibility of deposition of bubbles of the solution in the 
copner which would affect the resonator Q.

When the electroform had reached a thickness of about 
one to two millimeters, the current was increased to 750 mo 
and plating continued for about three weeks until the electro­
form diameter was about 2.5 cm. Then the electroform was 
machined on a lathe to an outer diameter of about 2 cm, The 
waveguide mount was machined with the mandrel still inside to 
prevent cavity deformation. The mandrel was then removed 
carefully from the cavity by slight heating the two together 
in an oil bath. Differential expansion took place and the 
mandrel was easily removed.

Next, the coupling hole was centrally drilled. The 
coupling hole parameters were; hole dismeter 0.096", diaphragm 
thickness 0.012*.

The quality factor (Q) for each cavity was increased by 
inserting end caps made from brass and fitted tight in each 
end, so that the cavity ends are beyond cut-off frequency .
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Maximum Q was obtained for each cavity by positioning the 
end caps but the physical length of the cavity was reduced to 
an effective length somewhat less than the physical length.

All the cavities are undercoupled and have a loaded Q 
between 6500 - 7000. Heater coils (glass covered Eureka 
Wire or copper insulated wire) are bifilar wound round each 
cavity for stabilised tuning. Figure (3.8) shows the
cylindrical cavity, complete with vacuum flange and input 
waveguide.

2*8 Ancillary eouinment
Two E.H.T. units have been used to operate the state 

separator; one with reversible polarity from 0 - 30 kV 
(Brandenberg Kodel 800) and the other (negative polarity) from 
0 ~ 60 kV (Brandenberg model 907). Both are radio frequency 
units with a stability of better than 0.25$. The lead- 
through to the state separator was made from a disused ion 
gauge after removing all electrodes, except the pins. A 
brass hemisphere of diameter had 7 holes of diameter i" 
drilled in it at positions corresponding to the pins on the 
gauge. These holes were then filled with solder and 
accurately drilled to the pin diameter. The pins on the 
gauge could then be inserted into the hemisphere with very 
good electric contact. A similar hemisphere was constructed 
for the pins on the inside of the gauge and threaded in its 
center to accept a screw ended resistor of 375 H jTL This 
high resistance was connected in series with the supply to the 
state separator in order to reduce the current which can be 
drawn when a spark occurs in the separator, hence protecting 
the separator from any possible breakdown. This ion gauge
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lead-through was found to be very efficient in comparison 
with the conventional spark plug lead-through often used.
The lead-through (Figure 3.5 ) is capable of withstanding 
potentials higher than 50kV without any breakdown whereas 
the spark plug type starts to break down at about 25 kV.

The Klystron power supply is a I,¡id-century microvegear 
type EE/h-289 unit. The power units used to supply the D.C. 
potentials for intermediate frequency amplifiers are stabilised 
by a Farnell A15 power supply. The 30 MHz. I.F. amplifier 
has a gain of 55 dB and a band width of about 2.5 MHz. A local 
oscillator Advance E2 was used to generate two 30 MHz side­
bands of the central frequency. An oscilloscope is used 
for visual display and measurement (Telequipment type D53).

In order to tune the cavities and also to prevent their 
frequencies from drifting due to temperature variation, two 
temperature control units are used. Stabilisation of the 
first cavity temperature to better than 1/I0th C° is effected 
with a commercial temperature control unit, whereas the 
temperature of the second cavity was controlled by an Airmec 
N. 299 temperature control unit.

The two cavities are thermally heated until they are 
tuned by expansion to the desired ammonia transition. They 
are designed to be stabilised between 25 to 30°C and their 
resonant frequency changes by 0.i| MHz per degree C. The 
heater coils on both cavities are bifilar wound to avoid 
magnetic effects in the vicinity of the cavities. The first 
cavity is heated by a current flowing in a 2.5 ohm bifilar 
wound coil of copper insulated wire round it. For the 
second csvity, the input potential is switched on and off by
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the Airmee N. 299 operated "by a copper resistance thermometer 
of 8.89 ohm at 20°0 ( S .  W.G. 32) bifilar wound to the cavity.

All the electronic units are powered via a 750 watt 
harmonic filter, 2U0 volts (50 Hz) mains constant voltage 
transformer type Advance CVH 750 A. This provides a constant 
voltage output of 230 + 5 volts from an input anywhere 
between 1h0 and 270 volts with a true sinusoidal waveform 
with harmonic content of less than 5%* Various earth 
connections between units and frames have been adjusted to 
minimise 50 Hz mains pick-up.

3. 9 ftinrr Focuser
The ring focuser is made from domestic stainless steel 

safety pins with their ends clipped off. The ring section 
has a smooth profile which decreases the possibility of 
electrical breakdown. The internal diameter of the rings 
is 3.b mm and the diameter of the wire is 1 mm. At the 
widest part of the spiral, each ring has a thickness of
2.02 mm. The length of the focuser is 83 mm.

Figure(3.7) shows the focuser. There are 23 rings mounted 
in two rows. 12 rings are in one row (upper) and 11 rings 
in the other (lower) such that the two sets of rings inter­
leave. The two sets are separated by four sintox ceramic 
tubes. The spacing between the adjacent (oppositely charged) 
rings is of the same order as the ring diameter.

This is an optimum spacing which represents a compromise 
between the high field strength and the transparency of the 
ring focuser (Krupnov 1959).

Alignment of the device was made with a metal rod passed 
through the rings, with the ends of the rings placed in the
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holes of the brass strips. When the rings were so aligned, 
the pins were secured with solder in their final positions. 
Later the four sintox tubes were araldited to the brass strips 
and finally the aligning rod was withdrawn. All surfaces 
were then rounded and smoothed.

The completed focuser was then mounted on a sliding 
carriage and positioned axially between the exit of the 
skimmer and the entrance of the maser cavity. The E. H. T. 
supply was connected to the upper set of rings and the lower 
set of rings were earthed. This focuser has permitted the 
operation of the maser with voltages in excess of l\5 kV 
between the rings. A detailed analysis for ring focusers 
has been given in Section 6 of Chapter 2.

10 Microwave Bridge
Figure (3.9) is a schematic representation of the basic 

microwave bridge employed with the electronic detection system. 
An essential element of the microwave bridge (Magic-T) is the 
junction between the four waveguide arms. The arm No. 1 
introduces the input power from the Klystron, Arm No k 
which is connected to the cavity via a matching unit and a 
microwave switch, acts as the detecting arm, while the arms 
No. 2 and No. 3 are the comparison arms of the bridge. The 
comparison arms have the property that when the two arms are 
matched and terminated by equal admittances then the input 
admittance at the first arm is independent of the output 
admittance of the fourth which means that the power fed into 
the first srm will be transmitted equally to the second and 
third arms and no power is transmitted to the fourth.
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In practice the T-junction is not perfect and a certain 
amount of asymmetry or cross-coupling exists, and this has 
to 1)6 balanced out by a slight mismatch introduced by means 
of matching units in the arms 2 and 3.

^.11 .lilorowave power and crystal detector
In order to obtain a signal of high signal-to-noise 

ratio with a reasonably high sensitivity, the microwave "power 
in the cavity should be made as large as possible. But this 
is subject to limitations due to the properties of the 
detecting crystal.

The output power from the cavity to the waveguide will 
have an optimum value, and hence, a certain fraction of the 
power concentrated in the cavity will be coupled out to the 
detecting crystal. The power level in the cavity and the 
power falling on the detecting crystal are therefore, not 
independent of one another and increasing the power level in 
the cavity to produce a larger amount of absorption creates 
too much noise in the detecting crystal and reduces the 
overall sensitivity.

The cause of these drawbacks is due to the properties 
of the detecting crystal. The first of these properties is 
the conversion loss which is a measure of the efficiency of 
the crystal in converting the incoming microwave radiation 
to d.c. or low frequency modulation. The conversion loss 
and thus the inefficiency of detection is very high at low 
values of input microwave power and mean crystal current but 
falls rapidly as these increase. Consideration of this 
parameter by itself therefore, suggests that the crystal 
detector should always be operated with a fairly large amount 
of microwave power falling on it.
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The second property of the crystal is the excess noise 
which the crystal itself produces over and above the random 
thermal noise of its equivalent resistance. This noise 
also varies with the frequency of detection and with the 
amplitude of the mean detected current flowing through the 
crystal. The noise level rises linearly with increasing 
magnitude of the flowing current in the crystal. Consequently, 
as a result of "both of these effects, there is an optimum 
crystal current in which the conversion loss has to fall 
to a reasonably low value and the excess noise has not 
become too large.

The other basic requirements for a low noise and thus 
sensitive detecting system is to employ an intermediate 
frequency of about 30 MHz. As it has already been seen that 
the crystal detector itself is the main source of noise and 
the employment of a balanced bridge can ensure that the crystal 
is operated at an optimum level of mean detected current.
But on the other hand, the excess noise itself varies 
inversely with the frequency over a wide range, Figure (3.10). 
This figure shows the characteristic behaviour of the noise 
level in the crystal and the amplifier over the frequency 
r8nge of detection, with a broad minimum centered on about 
30 MHz in which the noise level of the detecting system is 
at a minimum. Therefore, for a maximum signal-to-noise 
ratio an intermediate frequency of about 30 MHz has to be 
employed and the smaller the bandwidth the higher will be the 
sensitivity of the detecting system.
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3« 1 2 I.Iode of operation

There are three modes of operation of the microwave 
system: crystal video, frequency swept superheterodyne and 
superheterodyne detection with zero sweep. The last two 
methods have the great advantage that they do not produce 
spectral line "broadening.
(i) Crystal video

The simplest method of microwave detection is the crystal 
video technique which is used only in setting up procedures, 
such as cavity tuning. Microwave power passes from the 
Klystron type (lifg ITo. 2l\l\3 OKI Electric Ind.) through the 
attenuator to the magic T. (See Figure 3.11 and 3.9 ). Here, 
the power is divided "between the second and third arms.
Power is reflected back down the second arm and passed into 
the fourth arm, entering the resonant cavities via a matching 
unit, followed by a microwave switch. Some of the power 
then will be reflected from either cavity through the third 
arm to pass to the detector crystal C2 (Sylvania 1H26A). When 
the microwave signal f^ within the resonant cavity is at the 
transition frequency of the molecules in the cavity, the 
associated signal is transmitted by reflection to the magic T 
and along the third arm to C2 , where the resonant signal is 
detected.

If the resonant signal is passed directly to the audio 
frequency vertical amplifier of an oscilloscope, the output 
power can be displayed. When the microwave cavity is tuned 
to the appropriate ammonia inversion line frequency, the mode 
of the Klystron and a small dip corresponding to the microwave 
cavity absorption can be seen on the oscilloscope. Any
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absorption of power due to the ammonia molecules in the 
cavity will then be displayed as a dip superimposed on the 
cavity absorption dip.

Having obtained the above conditions, the cavity 
resonance can be made to coincide with the molecular resonance 
by means of the cavity temperature controller and maximum 
absorption can be attained by precise matching of the 
microwave system.

With this crystal video mode of operation, the Klystron 
was swept over its electronic frequency tuning range by a 
saw-tooth waveform of sbout 100 volts peak potential. This 
was applied to the reflecter of the Klystron which swept the 
output of the Klystron through a complete mode snd the 
frequency of the Klystron was varied at 50 Hz about the mean 
frequency of 23,870 ¿KHz.

(ii) Frequency swept superheterodyne detection
Having determined that the cavity is tuned to the 

molecular resonant transition as already described above, 
the frequency swept superheterodyne mode of operation is 
obtained by inserting the 30 MHz preamplifier and main 
amplifier between the crystal detector C2 and the oscilloscope. 
A 30 MHz signal is fed into the mixing crystal at an 
appropriate power level. The exciting signal is one of the 
two sidebands produced by amplitude modulation of the local 
oscillator power.

The Klystron frequency is offset by a frequency of 
30 MHz from the resonant frequency of the ammonia line 
transition. As in the crystal video mode of operation, the 
signal of frequency fk splits equally (under optimum matching
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conditions) between the second and third arm. The signal
fk and tne ln3ected 30 L;Hz signal from the sideband generator 
are mixed in the crystal C^. The compound signal f 1 30 MHz 
then passes to the cavity resonator via the magic T, the 
matching unit and the microwave switch. One of the components 
either fk+ 30 or fk - 30 will interact with the molecules 
in the resonant cavity snd the associated signal is reflected 
back via the fourth arm to the magic T and through the third 
arm to the second mixer cg. Then, as the Klystron is swept 
over a small frequency range, the 30 I.IHz beat signal which 
results is passed into the I.F. amplifier and a spectroscopic 
signal is then displayed on the oscilloscone.

Un swept, frequency superheterodyne detection

This mode of operation is similar to the frequency 
swept mode except that the sweep to the klystron reflector 
is switched off and hence, a steady D.G. output from the 
maser oscillation con be displayed on the oscilloscope.
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CHAPTER It

OPERATION OF J=3. K=2. 1 Vri, MOLECULAR BEAM MASER 
OSCILLATOR WITHOUT CRYOPUMPING OR TIME LIMIT

Introduction
Since the late 19^0’s scientific interest has been 

aroused in quantum frequency standards (atomic and molecular 
clocks) because they promise high frequency stability. 
High-precision frequency and time measurements are required 
for many applications in satellites, missile guidance systems 
in space, navigation and terrestrial communication systems* 

Quantum standards of frequency developed in the 
microwave regions include the following: The caesium beam 
device, and quantum oscillators based upon either rubidium, 
hydrogen or ammonia.

Indeed, the unit of time was redefined by the "International
Committee of Weights and Measures" in October 1967, in'terms
of the frequency of the caesium hyperfine spectral line.
Two factors influenced the adoption of this system: The

12high accuracy ( 1 part in 10 ) of the resulting atomic time
unit, and the technical simplicity of the caesium atomic beam 
device. Furthermore, the caesium hyperfine line is only 
symmetrical at resonance (9.192631770 GHz), so this provides 
an accurate check for the absence of any perturbing effect.

The rubidium vapour cell atomic standards are based on 
the same type of spectral line but employ different techniques.
To obtain a sharp resonance the bulb containing the metsl 
vapour utilizes a buffer gas at a pressure of about 1 torr.
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Since this gas causes a frequency shift of a few kilohertz, 
the gas cell must he calibrated. In addition there is 
another shift due to the intensity and spectral distribution 
of the optical pumping light from the discharge lamp. 
Therefore, this type of device is useful as a secondary 
rather than primary standard of frequency.

The hydrogen maser is also a frequency standard of
high accuracy and excellent long and short term frequency
stability. However, it is subject to a technical difficulty
which has not yet been fully overcome: the presence of a
frequency shift associated with atom-wall collisions, as in
the rubidium cell. When the two hyperfine levels of the
hydrogen atom in zero magnetic field are shifted under the
action of a strong magnetic field, those atoms in two of the
three substates of the higher level pass into a bulb whose
inner surface is coated with teflon. Inside the bulb, the
atoms make thousands of bounces before undergoing a transition
and therefore, a small frequency shift will usually occur.
This shift is much smaller in the hydrogen maser oscillator
than in the rubidium maser device, the former being of the*

11order of 3 parts in 10 , but its presence makes it impossible 
up to the present time to define frequency in terms of the 
hydrogen spectral line with a precision which exceeds that 
possible with the caesium atomic beam frequency standard.

Much attention was once given by workers in this field 
to developing a frequency standard based upon the J = 3,
K s 2 inversion line in ammonia, both because ammonia beam 
masers are relatively simple to operate, and because a
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successful conclusion of this work would have provided a
very useful laboratory frequency standard with an accuracy

11of approximately 1 part in 10 . However, this precision has
only been obtained by intermittent operation as a consequence 
of freezing of the ammonia on the state selector and elsewhere.

Nevertheless, it was not until the present experimental 
programme was undertaken that the aim of operation without 
cryopumping or time limit was achieved. Since ammonia 
beam masers of conventional design require cryogenic pumping 
on weak inversion lines, such as the inversion line J = 3,
K = 2 this necessarily imposed a time limit to their 
operation. A maser based upon stronger inversion lines of 
ammonia, for example J = 3, K =3, has been freed from this 
restriction, by operation without cryopumping. For this 
particular line, the threshold condition is much more easily 
satisfied than for other lines, especially the J = 3» K = 2 
transition which is particularly stable for laboratory 
frequency standard.

In practice, it is hard to find a spectral line which
consists of only one component; the presence of hyperfine
interactions in many molecules leads to splitting of the
main transition into a number of hyperfine structure components
and with line width obtained in practice many of these are
not resolved. The line J = 3, K = 3 of the inversion 

*1 ¿4spectrum of NH^, which is usually used in masers, has a 
rich hyperfine structure caused by electric and magnetic 
interactions in the molecule. The strongest of these (the 
electric quadrupole interaction of the N nucleus with the
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field of the molecule) is of order of magnitude h Li Hz.
The weakest interactions are those of the magnetic type. 
They include the spin-spin interaction betv^een hydrogen 
and nitrogen nuclei, and the interaction of the spins of 
these nuclei with the magnetic field of the molecule caused 
by its rotation. They are of the order of (25-100) kHz. 
The frequency of the oscillation is given by:

5LCO =
COr “to. Q1 - 00' f W) (1)

where f(^) is proportional to the potential on the focuser
and to the saturation parameter ( X ), i. e. f(0) = f(V, if )
where = (ME/da. ). As can be seen from this formula,
the function f (V, S' ) determines the variation of the
oscillation frequency of the maser, as it depends on the
tuning of the natural frequency cJQ of the resonator relative
to the frequency 6 ^  of the spectral line.

The fractional change of the frequency caused by the
presence of hyperfine structure when the saturation parameter
( X ) is varied, is a quantity of the order of 2 x 1(T^;
when the voltage is changed from 5 to 25 kV, the fractional
change of the frequency is about (3-5) x 10~^. Therefore,
to secure a high stability of the oscillation frequency of

-108 maser better than 10 , it is necessary to use emission
lines in which there is no hyperfine structure. A line of

ihthis sort is the inversion line of NHj (J = 3, K=2), for 
which there is no quadrupole hyperfine structure, but only 
magnetic hyperfine splitting. The magnetic splitting is 
small and the frequency shift is of order of magnitude one 
part in 10
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A disadvantage of this line is its relatively weak 
intensity (the condition for self oscillation is less well 
satisfied than for the line J = K = 3 ty a factor of about 
135). According to Basov (1961) the statistical weight of 
of the inversion levels (J = 3, K = 2) is only half of that 
for levels (J = 3, K = 3) and the matrix element of the 
dipole moment for inversion transition J = 3, K = 2 is 
smaller by a factor of 1.5 than that for the transition 
j s k=3, which means that there is less effective sorting 
of molecules which are in the level J = 3, K = 2.

According to Barnes (1958), the percentage density and
focusing force constant for J = K = 3, (Li = 2) are of the 
order of and 5.6 x 10 J Farad, meter respectively, while
in case of J = 3» K = 2, (M = 2) they are of the order of

-37 22>'o and 2.6h x 10 Farad, meter .
From equation (1.11) it con be seen that for lines of
with K not a multi-ole of 3, the magnetic constants 3

which determine the hyperfine interaction are 3 in number. 
Therefore it is necessary to have the results of tunings for

1 ¿1
3 lines. But all the inversion lines of liĤ  except
j - 3, K = 2  have quadrupole splittings in the first order
of perturbation theory which are much larger than the magnetic
splitting, and the effect of the magnetic satellites on the
tuning will be smeared out by the stronger influence of the
quadrupole structure of the line. Thus, this line
(j = 3, K = 2) is 0 special case in the respect that the

2factor J(J + 1) - 3 K vanishes and so the only interactions 
which should be non-zero are the nitrogen and hydrogen 
magnetic interactions with molecular rotation.
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U. 2 Stability and reproducibility
Masers operated on the J = 3, K = 2 line of hove

been constructed by several workers (Bonanomi et al 1958, 
Shiraoda 1961, and Strakhovskii et al 1963). They have
been found to be more stable and reproducible than those on 
the J = K = 3 line. Dependence of the frequency of 
oscillation on the source flux, focuser voltage and small 
magnetic and electric fields between the focuser and the 
entrance of the resonator have been investigated. The 
results of Strakhovskii et al attest to the fact that the 
electric and magnetic fields affect the maser frequency not 
only indirectly, through the varying intensity of emission, 
but also directly by shifting the frequency of the peak of 
the emission line. They found that the weak nonuniform 
stray electric field which is always present in the space 
between the resonator cavity and the end of the sorting 
system has a substantial effect on the frequency stability 
of the maser on J = K = 3 line, especially with ring and 
helical types of focuser. But for a maser operated on the 
J = 3, K = 2 inversion line the effect of stray fields on 
the absolute stability was considerably weaker, since in this 
case the peak of the emission line is practically unshifted. 
The effect of the electric and magnetic fields within the 
maser operating on the line J = 3, K = 2 may be used to tune 
the maser to the peak of the emission line. Tuning by the 
magnetic perturbation method can be successfully applied to 
the 3,2 line maser if sufficient care is taken. The 
reproducibility of tuning can be within a fraction of 1IIz.
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This is probably the best result obtained so far concerning
the resettability of any molecular frequency standard.

Since the weak field Zeeman effect of the 3,2 line of 
1 h is now throughly understood, the magnetic perturbation 
method can be employed asa precise method of tuning the 
cavity of the maser oscillator. A system of automatic 
cavity control with a time constant of less than a second 
was built by Shimoda (1961) and operated in the Tokyo
Astronomical Observatory. A precision in tuning the

- 1 2  -1 1frequency within + 5 x 10 and a stability of + 1.2 x 10

was obtained, when the focuser and the flow rate of ammonia
was kept constant within several percent.

It was found that the frequency of the maser tuned by
the magnetic perturbation method varies with the earth and /
other magnetic fields in the vicinity of the resonator.
The inhomogeneity of the magnetic field as well as its 
magnitude and direction has been found to shift the centre 
frequency determined by magnetic perturbation method.

In contrast to the hydrogen maser, it should be noted 
that the effect of a magnetic field upon frequency is several 
orders of magnitude smaller than in the hydrogen maser. The 
frequency shift due to the longitudinal Doppler effect is larger 
in the ammonia maser than in the hydrogen maser, but the 
transverse Doppler effect is larger in the hydrogen maser. 
However, the frequency shift due to longitudinal Doppler 
effects can be reduced by using two beams in opposite 
directions. A system of automatic beam balancing which . 
compensates for the effect of slight asymmetry of the cavity 
and the focuser may permit an absolute accuracy of the order
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of one part in 10 provided the maser is magnetically 
shielded.

k.3 OPERATION WITHOUT CRYOPUMPINQ-
In the maser one of the important parameters is the

power delivered and the length of time of operation.
These characteristics are directly related to the construction 
of the "basic elements of the maser; the molecular "beam 
source, the selection system, the "background pressure and 
the cavity resonator. Increasing the power of a maser 
(strong oscillation) means increasing the number of active 
molecules entering the cavity resonator. This number can 
be enhanced by increasing the total number of molecules 
moving in the direction of the cavity or by increasing the 
molecular capture angle in the selector system. The 
directivity of a molecular beam entering the sorting system 
8nd then the cavity plays a major role for high power output. 
In the present work this has been achieved by employing a 
nozzle-skimmer configuration. Consequently, a larger 
number of molecules can be obtained for the same background 
pressure conditions in the system. However, the question 
of stability of the maser with such a source (Nozzle-skimmer), 
remains open because the gas flow is in the form of a jet 
causing an increase in the molecular velocity which leads to 
a broadening of the emission linewidth.

In view of the interest in maser oscillators as frequency 
standards of high stability and reproducibility, work on the 
operation of the maser without cryopumping has been carried 
out by various workers (White 1959, Skvortsov et al 1960,

-12
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'01 0oQ line of formaldehyde (CH20)

Griger’yants and Zhabotinskii and Bardo and Laine 1971)
■j |jon an ammonia "beam maser ( NH^ J = 3, K = 3 line)

without liquid nitrogen cryopumping and hy Krupnov and 
Skvortsov with the 1, 
which has no unresolved hyperfine structure.

It was found, neither of these transitions is satisfactory 
for frequency standard applications, Because of the presence 
of unresolved quadrupole hyperfine structure in the J = K = 3

1 ¿iline of NHj , and unsatisfactory control over the Beam 
intensity as a consequence of the preparation of CHgO gas 
from the polymer.

Owing to the success of the maser operation on the
J = K = 3 inversion line of NHj without cryopumping,
extension of the technique to the same transition of 15*-NH
is possible. But this isotopic species of ammonia is
very expensive, thus gas recycling is necessary, which is
Both inconvenient and difficult on account of gas purity
problems over a period of time. Therefore, it appears that

1the J = 3» K = 2, line of is the preferable one for
frequency standard applications without cryopumping.

In fact, the present apparatus was designed with a view
to obtaining oscillation on several weak spectral lines of

without the aid of cryogenic pumping and therefore,
capable of continuous oscillation. Particular attention
has been paid to the 3, 2 inversion line of ^ N H  in view , 3
of its properties as a molecular frequency standard. For 
the first time, strong and continuous oscillation without 
time limit on this line (3t2) was readily obtained without
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cryopiimping. Subsequently, strong and continuous oscillation
1 li8lso was obtained on the (2,2) line of 4NH,.5

luk Experimental setup

Owing to the fact that the spectral line of the J = 3 
1 ]_1K = 2 line of ITĤ  is rather weak and state selection 

efficiency poor, to reach the oscillation threshold condition 
an increase in gas flux over that commonly employed in a 
J = K = 3 inversion line of ammonia maser by a factor of 
135 is needed (Bonanomi et al 1958). The present maser 
technique is capable of fulfilling this requirement and 
attaining the conditions for strong oscillation on this line 
in the absence of the usual cryopumping facility, without 
time limit.

This has been made possible by the use of differential
pumping^ a molecular beam skimmer separating the two vacuum
chambers and a nozzle type of gas source. The maser was
constructed with differential pumping of the two main
chambers. The first chamber housed the molecular beam
s o u r c e ,  the second the state separator and the maser cavity
resonator. The gas source chamber was pumped by a 6”
Edwards oil diffusion pump type EOh and the state separator-
cavity chamber by two U" Edwards oil diffusion pumps type
i|03A. The 6" and the two h" pumps were respectively backed
by Edwards ISC h50B and Metrovac GDR1 rotary pumps. The
pumping speeds in the nozzle and cavity chambers were both

3 -1of the order of 0.6 m . s , to make a total pumping speed
■zof 1.2 nr.s . The wall separating the two chambers was 

drilled and screw threaded to accept a diaphragm iris of
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variable diameter which could be adjusted "by means of 
reduction gearing from outside the vacuum chamber, or a 
skimmer of the type conventionally used in supersonic 
molecular beam work (Zapata et al, 1961).

The skimmer cone angles of 35° inside and k56 outside 
were machined to form a cone apex with a very sharp leading 
edge in order to reduce molecular beam scattering. The 
nozzle source used was constructed by machining a h5° eone 
into a brass disc, to within about 0.1 mm of breaking 
through. A hole of 0.2 mm in diameter was then made by 
using a jeweller's drill. The nozzle source was vacuum 
sealed into the screw threaded end of a 12.7 mm diameter 
copper pipe. The axial position of the nozzle could be 
varied externally. The nozzle-skimmer geometry and dimen­
sions are shown in Figure (h«1). The state separator was 
of the ring type as in Figure (3.7).

kx5 Bxnerimental results

One objective of the experimental work was to oscillate
i ¿4on the J = 3, K = 2 line of pumped solely by diffusion

and mechanical pumps. The maser was first set up to 
oscillate on the J = K = 3 inversion line of YJith a
cavity of 10 cm long. The variable iris diaphragm between 
chambers was set to an optimum diameter of 2.0 mm. The 
ammonia maser was operated with an optimum oscillation
threshold voltage of 9.8 kV without cryopumping, and a

?pressure of 17.5 torr behind the nozzle. When the variable 
iris diaphragm was replaced with the molecular beam skimmer, 
the oscillation threshold fell to 7.2 kV with an optimum



nozzfe

FIGURE(4-.1 ) SECTION THROUGH MASER GAS NOZZLE AND SKIMMER.

GAS PRESSURE (After Kistiakowsky and Sliohter 195^)•
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pressure of 30 torr 'behind the nozzle. Y/hcn "both chambers 
were cryopumped with liquid nitrogen, the threshold for 
oscillation fell to 5.2 kV with an optimum nozzle pressure 
of i|0 torr.

The maser was then set up on the J = 3, K = 2 inversion 
1 hline of ITIÎ by employing a cavity of 130 mm long with a 

loaded Q = 7300 (Figure 3.8) with the same state separator, 
nozzle and skimmer as before. The maser was operated with 
an oscillation threshold of 25 kV without cryopumping with 
a nozzle pressure of 12.5 torr. Then, with cryopumping, 
the oscillation threshold fell to 18 lcV at an optimum gas 
pressure of 25 torr behind the nozzle.

In comparison, other J = 3, K = 2 cryopumped ammonia 
beam masers have been operated with threshold of 8 kV and 
175 mm respectively (Bonanorni et al 1958), snd 6 kV and 
hOO mm (Shimoda 1961). The focuser length was determined 
by the relatively short mean free path for molecules without 
cryopumping. It appears that the relatively high focuser 
voltage required to reach the threshold of oscillation with 
cryopumping was due to a short focuser (83 mm) employed for the 
present investigations. Therefore, it is quite possible 
that even lower oscillation threshold voltage could be 
obtained by designing a focuser with an optimum length and 
transparency provided that the same nozzle-skimmer combination 
is used.

In view of the emphasis placed on the threshold 
conditions for oscillation, it should be noted that the 
maximum amplitude of oscillation without cryopumping was 
sufficient to give strong oscillation transients on the J=K=3
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/spectral line (Laine and Bardo 1969) and an aperiodic 
transient on the J = 3, K = 2 inversion line. With 
cryopumping an oscillation transient was also observed on 
the latter line.

A summary of* the operation parameters of the maser 
operated without cryopumping is given in table (h.1).
Clearly, the above results represent a substantial improve­
ment over those obtained previously by Bardo and Laine^ (1971) 
where the lowest focuser voltage for oscillation with 
J = K = 3 inversion line was 21 kV.

UsÂ Conclusions

The present apparatus showed the feasibility of operation
of a molecular beam maser based on the J = 3, K = 2 inversion 

1 h--transition of with only oil diffusion pumps and
associated backing pumps. This has been made possible by 
the use of a skimmer to collimate the molecular beam snd a 
fairly high pressure of ammonia behind the miniature nozzle 
source.

The maximum attainable intensity in the collimated 
beam in a conventional molecular beam source "effuser" is 
limited by several factors;
a) the geometry of the effuser
b) the number of molecules per unit volume behind the exit 

of the effuser
c) The unfavourable geometrical factors encountered in 

selecting the collimated beam from the Maxwellian 
distribution of initial velocities.



Ammonia inversion transition (J , K) 3,3 3,3 3,2

Single hole nozzle diameter (mm) 0.20 0.20 0.20
Gas pressure behind nozzle, optimum, (torr) 17.5 30.0 12.5
Background gas pressure, nozzle chamber (torr) ~  1 x 10"7 7 x IO“7 ~ 1 x IO“7
Iris separating two vacuum ohambers optimum diameter (mm) 2.0 mm -
Skimmer separating two vacuum chambers diameter (mm) « • 1.6 1.6
Separation between nozzle or iris and entrance to skimmer 9.0 9.0 9.0
Background gas pressure foouser/oavity chamber (torr) 1.0 X 10-5 1.0 x 10-5 1 J+ x io”5
Length of cavity (mm) 100 100 130
Loaded cavity Q ~  9000 ~  9000 ~7300

Threshold voltage for oscillation (kV) 9.8 7.2 2 5 .0

TABLE (4.1 ) COMPARISON OF OPTIMUM THRESHOLD CONDITION FOR AMMONIA MASERS OPERATED WITHOUT CRYOPUMPING',
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If the diameter of the effuser is larger than the 
mean free path of the molecules, the "beam from the source 
will be changed from free molecular flow to a process called 
"cloud formation", such that the molecules spread out evenly 
into a hemispherical profile. The radius of this profile 
is of the order of magnitude of the distance between the 
effuser and the second slit "diaphragm". This leads to a 
reduction in the intensity of the molecular beam at the 
detector.

By the use of a "nozzle source" 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, the 
molecules spread out 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.

Since, the molecules in the beam are grouped about the 
initial mass motion the skimmer provides an additional 
partial velocity selection among the velocities of the 
molecules in the beam. This depends on the skimmer geometry, 
diameter, internal and external angles, leading edge thickness 
and the distance between the leading edge and the nozzle 
source. On the vacuum side those molecules which enter the 
skimmer and strike its walls should be pumped away fast enough 
to minimise beam scattering. The flow deflection caused by
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the skimmer* should not Toe large enough to form a shock wave 
upstream which would destroy the molecular flow. This can 
be overcome by adjusting the distance between the nozzle 
source and the skimmer. The required high ratio of the 
nozzle source pressure to the nozzle exit pressure, causes 
lags in the internal molecular energy due to the rapid 
temperature drop in the nozzle source as the result of a 
sudden expansion by the nozzle. Under such conditions, it 
can be assumed that nearly all the molecules leaving the 
nozzle have the same mass flow velocity, thus all the thermal 
energy should be converted into energy of directed mass 
motion. Consequently, the internal molecular energies 
(temperature) in the beam would be reduced from their previous 
values. According to Kantrowitz (1950) the temperatures 
which are attainable by nozzle source expansions are very 
low ( 0,2U x gas supply temperature for the sample design) 
and it should be possible to attain a molecular beam with 
a large number of the molecules in the lower rotational 
states.

Kistiakows.cy et al (1951)* had employed a nozzle-skimmer 
type device with ammonia as a test gas. They found that the 
maximum intensity obtained exceeded by more than a factor of 
20 that which is obtainable from the ordinary effusion system 
under optimum conditions. They suggested that still greater 
enhancement of molecular beam intensity is possible with 
an apparatus of refined design.

Figure (h.2)represents a typical result obtained for 
the beam intensity of ammonia gas as a function of the inlet
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gas pressure. It was observed that for relatively low 
pressures, the "beam intensities obtained were small. At 
higher pressures the intensity of the beam began to rise 
far more rapidly with respect to the pressure. For pressures 
above 170 torr a marked gain in the intensity is obtained, 
especially at a pressure of about 300 torr. The point 
(x) on the graph indicates the relative beam intensity to 
be expected with a conventional effuser source at the 
optimum pressure predicted by the kinetic theory. Therefore, 
this characteristic is not explicable by conventional kinetic 
theory, but on the basis that the source is functioning, 
as expected, hydrodynamically. Moreover, further tests 
with ammonia gas showed an anomalous behaviour. It was 
found that a sudden introduction of ammonia gas to the nozzle 
source caused a decrease in the intensity, while cutting off 
the flow resulted in a temporary large increase in the beam 
intensity. Similar behaviour with the apparatus discussed 
in this thesis has been obtained and attributed to condensa­
tion of ammonia gas in the nozzle (see Section 3 of Chapter 3).

From the results obtained, it can be concluded that 
the use of a nozzle-skimmer combination leads to the benefit 
of high beam intensity of excellent directivity. Furthermore, 
a univelocity beam results with cooling of the molecular 
rotational states which favours stronger emission lines 
in the present work.
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CHAPTER 5

MOLECULAR OSCILLATOR Ï/ITH T'.VO CAVITIES IN SERIES

Introduction
Detailed experimental investigations and theoretical

studies have been the subject of several papers, after
Higa (1957) who was the first to conduct an experiment on

1 Litwo cascaded cavities employing ammonia gas ( iTHy J = 3 
K = 3 inversion line). This is because the properties 
of two cavity maser systems are extremely interesting both, 
from a practical point of view, and for investigating radiation 
processes. Various points of interest may be summarised as 
follows:
(a) The system can manifest the fundamental properties of 

two quantum state systems,
(b) Such a system is a very sensitive spectrometer for 

observation of the hyperfine structure of the ammonia
molecule.

(c) The two-cavity system can be used as a frequency standard.
(d) The system can be used as a very low-noise amplifier.
(e) The second cavity can be used for exact tuning of the 

first cavity to the molecular resonance frequency.
In 1957 Higa investigated the operation of an ammonia 

oscillator with two cavities in series. The two cavities 
were coupled only by the oscillating polarization carried 
by the beam. In Higa’s experiment the two cavities were 
first tuned to the molecular frequency. The first cavity 
(C.j) through which the beam passed was then detuned. Oscil­
lations in the second cavity (C2) were observed to follow
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precisely the frequency in up to a value a few kHz
from the molecular resonance frequency. With further 
detuning of C , C2 began to oscillate simultaneously at the 
molecular resonance frequency to which it was tuned^and the 
frequency of Ĉ .

Subsequently, a number of detailed experimental 
investigations and theoretical analyses have been put forward 
by many authors. The most important characteristics, such 
as the frequency, spectrum, intensity and general behaviour 
of the oscillation in C2 were investigated (Strakhovskii and 
Tatarenkov 1962, Laine and Srivastava 1963, Basov et al 196I4, 
and others). Generally, it is found that the characteristics 
of such a system are rather complex. However, the gross 
features of the system ore understood qualitatively while 
several aspects have not yet received an adequate quantitative 
explanation. Nevertheless, further attempts to obtain a more 
satisfactory theory have been reported by Basov et al (1967) 
and Laine et al (1 9 6 8 , 1 9 7 1 , 1 9 7 3 ).

Qualitative explanations of the dynamic state of the 
molecules after emerging from have been given by Wells(1958) 
Basov and Oraevskii (1962) and Oraevskii (196I4, 1 9 6 7 ) on the 
basis of quantum mechanics. Wells used a geometrical 
technicme developed by Feynman, Vernon and Hellwarth (1 9 5 7 ) 
to explain qualitatively the experimental observation of a 
cavity (Gg) in a maser which oscillates simultaneously at two 
different frequencies under certain conditions as the beam 
is first passed through C^. According to Dicke (1 9 5 )̂ "the 
radiation field in produces states with definite coherent 
phase relations between the individual excited molecules
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(the molecules radiate co-operately in a coherent emission
field). As the molecules emerge from their phase
relations are preserved, thus they are in a "super radiant"
state and the molecular frequency is equal to the oscillation
frequency in C^. On entering Cg, the molecular signal will
drive Cg and on emission signal is established at a frequency
of the first cavity transition,

V/hen C.j and Gg are tuned to the molecular resonance,
the population in the upper state reaching Gg is insufficient
to sustain an oscillation independent to that in G^ hut as
0 is detuned its oscillation amplitude decreases and enough 

1
molecules in upper state (with a transition probability larger 
than 2) enter Gg to support an independent oscillation. 
Consequently, two signals may be detected in Cg as a beat 
note with a frequency of the order of several kHz.
Strakhovskii & Tatarenkov (1962) and Laine and Srivastava (1 9 6 3 ) 
as two independent groups have examined the oscillation 
characteristics in Cg in some detail. Both groups found that 
if C and Cn were tuned to the molecular resonance and C. 
was strongly oscillating, then the output signal from Gg 
was relatively small. V/hen 0^ was gradually detuned, a 
decrease of oscillation amplitude in Ĝ  was observed whereas, 
the oscillation in Cg grew to a maximum value at about 2 MHz 
from the central line. On further detuning, the output 
from C2 decreased until, in the region of k to 5 kHz, 
sinusoidal Higa beats appeared and the oscillation amplitude 
rap id ly  increased, reaching a maximum, with a modulation 
depth of about 25)o. With further detuning of G1 (beyond 
5 MHz), the beats gradually disappeared, ceased to oscillate
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and C2 performed as a single cavity maser oscillator. Laine 
and Srivastava introduced a qualitative explanation of the 
behaviour of the spectrum and amplitude modulation in Cg in 
terms of molecular ringing, amplification and saturation.
A typical graph of their results is shown in Figure (5.1).

Basov et al (I96h) used a quantitative theoretical 
analysis based on Liaxwell and Schrodingers* equations to 
explain the oscillation amplitude characteristics and Higa 
beats in Gg. In their approach a classical field vms 
assumed to arise from the polarisation of the beam. In 
their treatment they were able to show that when is detuned 
from its resonance frequency, the frequency of oscillation 
in Cg follows precisely that of over a limited range 
from D to B or D to B. They were also able to show that 
if is tuned exactly to the molecular resonance frequency 
then for a large electric field amplitude in the radiation 
intensity in Cg could become zero. See figure (5.1).

Li Tie-Cheng and Fang-Li-Zhi (196b) adopted a more 
rigorous quantum mechanical treatment using a model similar 
to that employed by Senitzky (1958) where the radiation field 
was quantized. Their analysis predicted that when 
is detuned through its full range, there should be certain 
frequency sectors for which oscillations are induced in Gg 
and other sectors would not sustain oscillations. This 
section of assumption seemed to be in qualitative agreement 
with the double maximum of the detuning pattern, but it does 
not offer an explanation for the single maximum pattern at 
low voltages on the sorting system.

It can be seen from the above argument that not all of 
the macroscopic effects observed in a two-cavity system can be
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explained clearly, especially the "two maxima with the gap 
in the middle". However, Basov et al (1963) reported that 
this effect might arise as a result of the transition 
probability of the molecules passing through C2 depending 
on the degree of excitation received from C^. Moreover,
Basov et al ( 1967) suggested that the two maxima with gap 
might arise as a result of the interference between the emission 
from molecules which are moving with different velocities 
and radiate fields with different phases.

With the aim of providing a deeper insight into two- 
cavity maser phenomena, in the remainder of this chapter a 
critical review of the previous work will be introduced.
Extensive investigation of new features obtained will be 
described in detail and compared with previous results. A 
theoretical treatment of a two-cavity problem will be given 
in an attempt to interpret the results obtained experimentally« 
From the physical principles underlying the mechanism of 
amplification in a two-cavity molecular beam amplifier, a 
simplified theory of the operation of the cascaded system 
is presented. Analogies between a two-cavity molecular beam 
maser system and a two-coil nuclear maser (n.m.r.) will be 
discussed.

i}' 2 Theoretical treatment of molecular transition probabilities
(i) Single-cavity system
In general, the state of a molecule can be described by 

a wave functiony which is a linear combination of the energy 
eigen-functions of the system:

iff = a1 expC-iW^t/ii) + &2 U2 exp(-W2t/h) (0
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where the eigen values and are corresponding to eigen
ofunctions and and â  and a2 are constants and |â  |

2and J a2 | give the probability of molecules being in state 
1 or 2 respectively in the stationary state. The frequency 
for the molecular transition from state 1 to state 2 is given 
b y :

C00 = (W1 - W2) /ft (2)

If at time t = 0, the molecules are subjected to a time 
dependent perturbation (periodic perturbation of the electric 
field E cos (cot + b) ) which can induce transitions between 
two molecular eigen-states, then a a n d  â  become functions 
of time. Then the wave function takes the form:

w

Ÿ  = V * )  ^  exp(-iW1t/h) + a2(t) U2 exp(-W2t/ft) (3)

here a^(t) and a2(t) can be obtained from the time-dependent 
Schrodinger equation under the initial conditions. Now Y  
must satisfy the time-dependent Schrodinger equation. Therefore, 
the solutions are:

+ â1 + (/WE/2Ü)2 &1 = 0 (4)

( 5 )a2 - i(C0-î o) k2 + (/¿E/2Rf a2 = 0

If the initial conditions are such that at t = 0; 
a.(O) = 1 and a (0) = 0 and b = 0, the solution for the 
values of a^t) and a2(t) are:

a / t )  «  [ c o a ( y t / 2 ) + ( i z / y ) s i n ( y t / 2 j ]  e x p ( - i a t / 2 )

, ( t )  = [ ( i g / y ) s i n ( y t / 2 )  e x p (iz - t/2 )]

= [(CO-Ci)2 + (me/ft)2]

(6)
(7 )

Here
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* = («-«)

and g s (AE/fi ) /
The above equations represent the expression for the 
transition probabilities used in a single cavity maser. 
Hence, the transition probability that a molecule has made 
a transition from state 1 to 2 at time t is:

a, 0“E/fi)‘
(£0 - C0)2+( E/-&)2

. 2 sin
"I*

(CO- CO)2+ (yuEA Y t
2 (8)

Figure (5.2) is a plot of equation ( 8 ). As shown the 
transition probability varies periodically between zero and 
(̂ E/h)2/ ^  - CO )2 + (uE/fc)̂ ) with a rate being equal to

[(CO-CO )2+ (pE/h)2] . On resonance ( co = CO ) > a molecule
oscillates between the two energy states, whereas under the 
off resonance condition (60 /COq ), a molecule which starts 
in one state has no certainity of reaching the other state 
unless the process is reversed (V/ittke 1957).

(ii) Two-cavity system
The following treatment is applied to a two-cavity maser 

operated with both cavities tuned to the molecular resonance 
frequency (^0). The average power emitted by a molecular 
beam in a maser is given by:

P = N h f0 |.2(t, }| (9)

The power emitted in C1 is given by:

*1 * N h *0 M s  {
where t ,  is the time spent by the molecules in C and 

1 1

W o = 27rfo*

(10)
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If subsequently the molecules pass through G2 £°r a 
time t2 , then the total power in 0̂  and C2 for the total 
time (t^+ tg) can be given by:

' « ■ ' " ' . M W I  (11)

Then the power emitted in C2 is

P2 = K h f o [jh><VVf * MV[l (it)
The coefficients a2 (t^ and a2 (t^ tg) are the transition 
probabilities for the molecules making a transition from 
the upper energy level to the lower energy level in time 
t.j end (t̂  + tg) respectively. Xn order to evaluate the 
power Pg, the two cocificients should be determined.
Consider a molecule on which the perturbation

H., * - E1/^ ooa(Cij t)
acts on the molecule for a time t̂  after which it enters a 
region where another perturbation

R2 = ” E2/i cos^ 2t^
acts for a time tg, then the solutions of the two differential 
equations (when Bg(0) = 1 and a (0) = 0) yield the follow ing 

expressions

a/*-,) “(?08(y1t1/2) + (i*1/y1 expC-i^^/2) (13)

) '[(ig/y i) expUz^A) (14)

a^tl+tgJsf^osCygtg/aMiZg/yg) ain(y2tg/2)] +

[ ( i« / y2 )exP(“iz2t/ 2 )sin(y2tg/2 )] agit., )^ «xpC-iSgtgA ) (15 )
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i(-fc1+'fc2 ) = - [ ( 1 6 ^ 2 ^  e * p ( i a 2t / 2 ) W
L
cos(y2t2/2)-(±22/72)3^ ( 72^ 2) a2(t1 ) „ exp(z2t2/2) (16)

.

Now in the case of a two cavity ammonia beam maser with both 
cavities tuned to the molecular resonance, the above 
expressions under conditions zl,= z2 = o , y1 = g1 and y2 = g2
yield

eosig.j^A) (17)

agit,,) = i sinigjt^) (18)

a1^t1+t2  ̂= cos^ 62t2̂ 2  ̂+ (19)

a2(ti+t2  ̂= 1 sirj(6 2t/ 2  ̂+ ( V / 2 ;j) (20)

from which the transition probabilities can be obtained,
thus:

2
U 2(t1+t2)|=sin2 ((«2*2/2) +(g1t1/2)] (21)

Hence, from the equations (12), (18) and (21), the power Pg 
emitted by the molecular beam in the second cavity is:

where ^  and are given by / *  and yUZ / -ft
respectively,

Y/hereas, the power emitted in the first cavity is:

N h f sin 0
//“ V i
 ̂ 2ft (2if)
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A comparison of equations ( 23 ) and ( 2k- ) reveals that
(a) the power output in Cg is larger than in G1

(b) it is seen that for small values of Eg , the power P^ 
is proportional to Eg while in is proportional to

pE . This implies that with a two cavity system a self- 
sustained oscillation can he obtained in C2 at a threshold 
value of IT lower than that required for oscillations in
n or radiation can be obtained for any number of active

1
molecules reaching Cg.

5.3 Experimental setup

The maser used for these experiments has been described 
in Chapter 3. Both the resonant cavities were operated in 
the rnod-e* Tha cavity (10) cm long, the
second Cg ( 11 ) cm long are coaxially aligned and separated 
by a distance of 1,5 cm. and Cg have loaded quality
factors of 8,000 and 6,000 respectively. Both cavities 
are tuned thermally by means of copper resistance heater 
thermometers.

1 hA beam of upper state molecules of ammonia NH^
(j = K = 3) is formed by a nozzle-skimmer source followed 
by a ring electrostatic state separator. The two cavities 
are coupled unilaterally by the molecular beam (radiation 
leakage from one to another is avoided by close fitting each 
cavity with end-caps below cut-off frequency). The 
oscillation power in Gg is detected with a superheterodyne 
receiver with a 30 MHz I.F., followed by an oscilloscope.

As an initial step in the experimental investigations, 
the two cavities are tuned to the molecular resonance.
Accurate tuning con be achieved by the following procedure.
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First, display the klystron sideband mode as a bell shape 
on the oscilloscope screen with a dip corresponding to the 
microwave cavity absorption. Adjust the microwave bridge 
components for maximum cavity absorption and then set the 
Wavemeter approximately to the ammonia (3,3) line transition 
frequency (23.370 GHz) , so that a second dip corresponding 
to wavemeter absorption appears on the klystron mode. Switch 
on the cavity heater until the two dips coincide. At this 
stage offset the wavemeter frequency and operate the maser 
with a resonable amplitude of oscillation. At this point, 
if the position of the oscillation signal is not exactly in 
the middle of the lower portion of the cavity dip then by 
adjusting the fine control of the cavity heater controller 
bring the signal to the centre of the dip. For tuning the 
second cavity repeat the above procedure.

As a precise check whether is tuned to the molecular 
resonance a second step has to be taken as follows:

Switch off the side band power generator (use i.f pass
band mode display) and connect the microwave switch to the
second cavity and obtain a threshold condition for oscillation
by adjusting the gas pressure behind the nozzle and the voltage
on the focuser. Next, increase the voltage in steps; if
G is tuned close to the molecular resonance, the amplitude 1
of oscillation in C2 must go through zero at some value of 
the voltage on the focuser.



93

5.U Operation characteristics and results
In Section 5.1 it was pointed out that the oscillation

amplitude characteristics in ammonia masers operated with
two cavities in cascade coupled unilaterally by molecules
which pass through them in succession, has been of some
considerable interest over a period of many years.

In two cavity masers the oscillation amplitude (A2) in
C„ has been studied as a function of (i) detuning of C. with  ̂ 1
C2 tuned toCOQ and (ii) the amplitude of oscillation in 

or related parameters, such as focuser voltage or beam 
flux, with both cavities accurately tuned to the maser line 
centre. In the second case the molecular beam is also 
examined under conditions when the polarization of the 
emergent beam from is destroyed.

(i) _S1 detuned across id and C2 tuned to id.
The oscillation amplitude characteristics of the cavity

maser have been examined for the case where C, is tuned over1

the full frequency range of oscillation (across CO) and C2 
resonant at A smooth variation of tuning is obtained
by electrical heating of C1 to a point well above CJ and then 
allowing it to cool. Figure (5.3) gives the experimental 
results of the relative amplitude of oscillation in C2 as 
0^ is detuned over its full oscillation range (maser operated 
at 37 kV at a nozzle pressure of 21 torr, nozzle and skimmer 
diameter 0. 2 mm and 1.6 mm respectively).

As C1 is detuned outside its self-oscillation range 
(beyond A or G), self-oscillation occurs in C2 as in 8 normal 
single cavity maser. '.Vhen detuning is decreased,
regeneration in increases up to the point G or A, at which
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FI&URE(5.3) EXPERIMENTAL CURVE SHOWING VARIATION OF RELATIVE 
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FI&URE(5*L) EXPERIMENTAL CURVE SHOWING VARIATION OF RELATIVE 
OSCILLATION AMPLITUDE IN C2 WITH TUNING OF C^Focuser voltage 23 kV).
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point self-oscillation sots in at a frequency given "by the 
pulling equation ( 4.1 ). As a result of this oscillation 
in C1 , s ringing signal appears in C2 which mixes (through 
non-linearities of the detection system) with the pulled 
frequency signal giving rise to a Idiharmonic oscillation 
which appears (between G P or A->-B, henceforth designated 
the L-M region) as an amplitude modulation of the output 
power. Under such conditions, if is tuned closer to cOQ 
the oscillation in C1 grows in amplitude beyond the micro- 
wave electric field value for which the 7T/2 beam excitation 
condition is reached, thus the oscillation amplitude in Gg 
decreases.

When the tuning of reaches P or B, Gg ceases to 
self-oscillate so that the beats disappear and the ringing 
signal becomes the driving field of Gg at exactly the oscillation 
frequency of C^. With further detuning towards CO , the 
ringing signal in Gg increases towards the optimum value of 
a TT/2 pulse, at P or C. As the detuning progresses towards 
D (closer to CJ0), the oscillation signal in continues to 
grow in strength while the signal from Gg decreases as a 
result of beam excitation in in excess of the TT/2 pulse 
condition. When is exactly tuned to the molecular 
resonance frequency the beam is excited at, or close to, the 
7T pulse condition. Beyond this minimum (D), there is a 
reversal of the process already described as the cavity is 
further detuned on the opposite side of tOQ,

Figure (5.3) gives the experimental results for the 
maser operated with G1 detuned through its full oscillation 
range and Gg resonant at CJQ. The pattern of the double hump
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d a t u m s  Phenomenon is not consistent M t h  th 
Patte™ for the seme phenomenon previously 2  
investigators (Strahbovshii and Tataren!cov ^  ^  S6Vei’al 
1 ^ ,  Leine and Srivastava ^  J ^  “
Figure (5.1) shows a typical for 1966).

yP 31 f° ™  of ‘heir results.
In comparison, the only eolano„ feature between the t 

eets of results is that, in the whole mode of operat t 
intensity of oscillation in C di t * 10n ^

2 dlSPlays a” a<Wal number of maxima and minima ruth a waD 1n ,, or
. + . " ' “  “ e But oloseinspection reveals a substantial

ifxeience between the 
corresponding sectors displayed on e^h „on each carve with resnpn-f- +each other. From Fio-ure (5 ?\ .. P Ct to

° 11 is seen that the t p wamplitude of oscillatio- at v 1 c . iative
at P ls muoh larger than at 5 i„

Figure (5.1), and the gap to the ri.-ht of •-tiont of point S is +
negligible in comparison with the gap at th, • .- sap at th>e right side n-c
O. This distinctive feature might be „ .Gilt be considered as the
effect of the establishment of oscillation on the guadrupcle

tuned to the latter. Moreover, . slight fiuotUatlon ^  ^
amplitude of oscillation was noted before tbe biharmonic
regime of operation set in. This ef

. , . , „ ot has almostvamsced when the E.h.t. 0„ th0 s m g

to 25 lev. The detuning curve obtained is shown "
( 5.it ). Furthermore, this Figure shows that th S" # 
of oscillation at D, no longer falls to aero. " 0I,,I>litUde

However it was found that the most important, sectors
Figure (5.3 ), are the two L - H regions, Eooh of these

regions corresponds to a particular ran™ .
nse o f  detuning o1 i
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( 0.8 LHz) in which an increase in the oscillation
strength in C2 is associated with a particularly persistent 
non-sinusoidal biharmonic regime of 100,1 oscillation 
amplitude modulation or pulsation with a repetition frequency
Ox J ~1L¡ k;l2. A detailed study of this modulation/pulsation 
■behaviour is given in Chapter 6.

As mentioned earlier in' this chapter, a number of 
theoretical explanations have been put forward to exolain 
the double hump detuning phenomenon. However, none has 
provided an entirely satisfactory explanation of the various 
sectors of the detuning curve. Nevertheless, it should be 
noted tnat Krause (1968) was the first to offer a reasonable 
theoretical explanation for much of the double humo
detuning phenomena. The treatment was based on the cooper­
ation that the molecules experience a "pulse" of radiation 
in passing through C.,. The polarisation imparted to the 
beam depends on the magnitude of the pulse whose magnitude 
is determined by the strength of the oscillating signal in 
the cavity. Bardo and laine (1S71) were able to extend this 
treatment by a o.uantum mechanical analysis end by a modified 
Feynman diagram appropriate to the electric dipole ease. 
Various initial levels of excitation were assumed and the 
detuning patterns were then computer plotted. These showed 
shapes not yet observed experimentally.

It was shown that as is detuned through its full 
detuning range, the amplitude of oscillation follows a semi- 
elliptical pattern given by:

E
E01

1
(25)
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where E . is the magnitude of the field in G at CO .t> j 1 o ’
/3 = ( U> - uJ ) /u) is a detuning parameter of C„ whoseni o o 1
natural resonance angular frequency is f j_s -^e
maximum detuning parameter beyond, which will not oscillate 
(Helmer 1957, Jaynes and Cummings 1963).

When the oscillation level in is high, no free 
oscillation can occur in C2* Thus is driven "by the 
oscillating polarisation carried by the beam from C^* Hence, 
the induced electric field in Cg follows the relationship

v/here
sin Al2

2* J01 ri ( 1 é L
—

1

( 2 6 )

%  (2 n + l) i-  ns 0, 1, 2, . . .

Figure (5.5) shows computer plotted solutions for a series 
of pulses up to the 2 TT condition assuming a univelocity 
beam. v7ben the maximum radiation field in 0, (at zero 
detuning] is appropriate for ir pulse excitation, all the 
molecules in the upper state which enter G^ emerge in the 
lower state, for which the radiation field in Cg is zero.
In the case of a 2TT pulse the radiation previously emitted 
by the molecules into is reabsorbed and the molecules 
emerge from the cavity in the upper state once more. Thus 
such molecules can in principle radiate in C,,. For the 
cases other tnan *rr and 2TT ( ^ * 'g * *"4T* * * **') the emergent 
molecules from G^ are in a super-position (i.e. radiative
state.

E.Consider two maximum values of in Figure (5.5)A
which correspond to the conditions where the molecules receive
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?IGUBLE(5.5) THEORETICAL DETUNING CHARACTERISTICS OF A MASER OPERATED 
WITH TWO CAVITIES IN SERIES(After Bardo and Laine 1971).
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a X .  and XL pulse In C . If the molecules receive a 2 2 1
I X  pulse when C, is tuned to the maser line centre, then 4
on detuning 0̂  a condition could arise in which the magnitude 
of the radiation field in the cavity drops to a level where 
the molecules receive a X -  pulse.

Despite the fact that the experimental results ore not
in full agreement with the theoretical curves, nevertheless
they provide more detailed results to which a further detailed
analysis can he directed at a future date. However, a
coirroarison between Figure (5.3) and the theoretical curve
corresponding to the 2 TT pulse, reveals a common point: the
amplitude of oscillation in C2 goes to zero at zero detuning of
G . Therefore it can he adduced that in the present maser 

1 *
conditions appropriate to tt and^Tf pulses are possible.

However, the discrepancies observed might be attributed
to several different factors as follows:
a) The detected oscillation level from Cg is not linearly 

proportional to the electric field in the cavity.
b) Strong effect of the quadrupole satellites transitions 

and oscillation pulsations on the radiation field in the 
cavity.

c) Second cavity does not interrogate the beam passively, 
but is driven into a highly non-linear mode of operation 
and changes the state of molecules.

k . .
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(ii) G and tuned to the molecular resonance frequency 
The oscillation amplitude (Ag) characteristics in G^ 

measured with "both cavities accurately tuned to the maser 
line centre cO, are represented in Figure (5.6) . This 
figure shows the variation of as a function of successive 
values of separator voltages at a constant gas pressure of 
22 torr "behind the nozzle source. At a threshold voltage 
of 1*.6 kV on the separator, C2 starts to sustain self 
oscillations. For higher voltages (5.8 kV), A2 grows to 
a maximum, then falls to zero at 8.2 kV. Y/ith further 
increase of the voltage, Ag increases, passing through a 
maximum at 22 kV and then falls to zero at 38 kV.

This sequence which is obtained by increasing the 
separator voltage from low to high values, differs substantially 
from those previously obtained by many workers. The two 
sets of results (previous and present) will be compared in 
section (5.8) . However, from the results shown in 
Figure (5.6), an immediate conclusion can be made: the 
nozzle skimmer scheme does substantially affect the perfor­
mance of the molecular beam in a cascaded cavity system and 
provides a "fertile ground" for detailed experimental studies 
of radiation processes and the energy state of the molecules 
between and within the two cavities.

As a complementary experiment to the above investigation, 
the molecular beam has been examined spectroscopically under 
conditions where the polarization of the emergent beam prior 
to entering C2 was destroyed. Detailed investigations are 
reported and interpretation given in the following section.



FIGURE(5.6) variation of oscillation amplitude in c 2 as a  f unction of
SEPARATOR VOLTAGES WITH BOTH CAVITIES TUNED TO THE MASER LINE CENTRE .

2TT

FIGURE($.8) VARIATION OF OSCILLATION AMPLITUDE IN C AS A FUNCTION 
OF SEPARATOR VOLTAGES ( After Basov et al 1964 2
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¿u5 Investigation of the state of emerging beam from
The energy states of the beam at the exit from the 

first cavity is now discussed . In the case of spectroscopic 
investigations, it is desirable to remove the oscillating 
polarization carried by the beam. This is achieved by 
applying a small voltage across a pair of capacitor plates 
placed on either side of the molecular beam between and 
q The plates are of dimensions 10 mm x 10 mm, spaced 10 mm 
apart. Penetration of the applied electric field into the 
cavities is prevented by leaving a gap of about 10 mm away 
from either side of the capacitor plates between the two 
cavities. It is preferable to maintain a low value of 
electric field in order to prevent any disturbance which 
might occur in the level population of the molecules. A 
useful method of reducing the strength of oscillation in Og 
is to employ either a low Q cavity or detuning the cavity 
slightly away from the molecular resonance frequency. 
Subsequently, in the experiment described below, the cavity 
is detuned slightly away from the line centre frequency and 
the forced oscillation is suppressed throughout the whole 
range of focuser voltage by applying a voltage of the order 
of 100 volts on the capacitor plates. For the arrangement 
used with 0 (Q = 8,000) detuned far away (> 8LIHz) from U)Q 
C2 (Q = 6000) oscillates freely at 10 kV at an optimum nozzle 
pressure of 21 torr.

Figure (5.7) represents the experimental results for 
investigations of the spectroscopic line inversion from 
emission to absorption etc. The amplitude dependence of 
this spectroscopic signal in 02 , is shown for various
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separator voltages. Belov; 1,8 kV there is an absorption
corresponding to a population distribution near the thermal
equilibrium value. At about 2 kV, the beam emerges from
C in an emissive state. This emissive signal increases in 

1

amplitude (maximum at 5.5 kV), then falls and gives way to 
a absorptive signal at 6.5 kV. Above 6.5 kV, the absorptive 
signal increases (maximum at 9.5 kV), then starts to decrease 
and once again it turns emissive once again above 16 kV.
Above 16 kV, the beam continues to be strongly emissive YJith 
an amplitude more than twice that of the emission signal at
5.5 kV. At 31 kV it reaches a maximum value, then begins 
to decrease and falls to zero at about i|0 kV.

Throughout this process the amplitude of oscillation 
in C.| was monitored. It was found that it displays a 
monotonic increase. At 15 kV, a condition for strong 
oscillation settling transients in was reached and from 
31 to UO kV, a strong pulsating character was dominant over 
the whole of the oscillation display.

Di scussion
The state of emergent molecules from the exit of 

(hence the amplitude of oscillation) is strongly dependent 
on the various combinations of the operational parameters.
These are, the molecular flux, separator voltage, time of- 
molecular flight, nozzle-skimmer geometry, cavity tuning and 
consequently the degree of polarization received by the 
molecules within their time of flight in C .

The strength of the molecular polarization is determined 
by the number of active molecules and their spatial orientation 
after leaving the separator. Because the interaction between
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molecules and the microwave field in C depends on the 
molecular spatial orientation, the probability of emission 
in will therefore depend on the space orientation which 
occurs in the region between the separator and the entrance 
of C^. V/hen molecules enter , the beam is polarized by 
the self-oscillation which then drives C2 to oscillate at an 
identical frequency and with zero phase difference between 
the two signals if both 0  ̂ and C2 are tuned to the molecular 
line centre. By destroying the oscillation polarization 
of the emergent beam from C^, the state of the molecules 
(absorptive or emissive) can be investigated.

V/hen is tuned to the line centre frequency, the 
molecular ringing in 02 is at maximum except for n JL_ 
excitation in C ( n = 1,2,3,...). The magnitude of the 
ringing signal is determined by the degree of beam polarization 
and the population difference between the upper and lower 
levels. If the number of molecules in the upper and lower 
energy state are equalized by a strong radiation field, the 
polarization is at a maximum and a state of saturation can 
be established (Basov et al 196/4 and Kukhamedgalieva et al
1965)*

On the basis of univelocity molecular beam theory, the 
condition for maximum molecular ringing in C2 (i.e. beam 
radiative, or forced oscillation in Gg) when both cavities 
are tuned to molecular resonance can be expressed by:

t'" = (2n ♦ 1) (n=0, 1, 2, ...) (27)
where E 1 is the electric field in .
The successive magnitudes of the term (2n + 1) JL. in the 
above equation, determines the corresponding conditions for
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maximum radiation in C2 (i.e. -
other hand, the condition for maximum population inversion 
which corresponds to beam absorption in C2 is given by:

and the solution for different values of n gives the 
corresponding conditions *rr, 37T , 5 ÏÏ ,,.. for absorption in

play a role in initiating oscillations and participate in 
the establishment of conditions for the observation of 
oscillation transients. In their experiment an oscillation 
transient first appeared when the beam as a whole was

was also reported that the slow molecules burn a hole in the 
spectral profile of the fast molecules. This appears as a 
small emissive going signal in the middle of the absorption 
line which steadily increases in amplitude and width at the 
expense of the absorption line until the whole line inverts 
into an emissive signal.

Owing to the molecular velocity distribution, the
interaction time for all molecules with the radiation field
is not the same. If two groups of molecules are considered
such that the velocity of fast molecules is twice that of
the slower, then the time of interaction between the field and
slow molecules is twice of the fast molecules, 2t = ts f *
Accordingly, the conditions for the two cases are;

(n=0, 1, 2, . . . ) (28)

Figure (5.9) shows a combined relationship between

According to Bardo and Laine (1971), the slow molecules

experiencing pulse excitation in between IT and' ¿JL  . It
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Absorptive ---i--- = (2n+1) tt
FIGUEE(5.9) THEORETICAL RELATION SHOWING THE OSCILLATION 
BETWEEN UPPER AND LOWER ENERGY STATES FOR A UNIVELOCITY BEAM.

FIGURE(5.10) THE LOCUS OF R AS a PARAMETRIC FUNCTION OF FOCUSER VOLTAGE
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and

2 M  E

2 / ^ E

* * f  =
TT ( 71 pulse excitation)

In other words, the fast molecules receive a TT pulse excitation 
which are absorptive and the slow molecules receive a 2 TT 
pulse, thus 1)600:116 emissive.

The above approach is based on the relative populations 
of the levels, witn the polarization information carried by 
the beam destroyed. Further experimental and theoretical 
investigations have been made by Laine and Bardo utilizing 
the double hump detuning characteristics. In their study 
the change in oscillation amplitude in C2 as a function of 
the detuning of is related to the magnitude of the nulse 
received in G^. This method provides complementary information
to that which is yielded by the population inversion technique.

The geometrical model based on Feynman theorem (1957) 
has aided in the interpretation of a number of phenomena in 
the molecular beam maser, including the population inversion 
phenomenon. However, this theoretical connection, and other 
experimental evidence in common for magnetic (n.m.r flow 
masers) and electric dipole transitions (molecular beam 
masers) is particularly powerful in giving an intuitive insight 
into various processes that occur in a molecular beam maser.

Figure(5.10) shows the locus of the dipole vector s as 
a parametric function of state separator voltage with the 
cavity tuned to the molecular resonance. The vector lengthens 
and rotates in a clockwise sense as the molecules receive
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a greater pulse in Cy The component of the vector R 
along the III axis represents the population difference 
between the two levels and along the II axis represents the 
real component of the oscillating dipole moment.

At zero focuser voltage there is a small absorption 
due to the unsorted beam in thermal equilibrium. As the 
focuser voltage is increased the vector grows and when the 
maser oscillates, R proceeds to rotate as the molecules 
experience successively larger pulses in C^. Then the growth 
with increasing voltage becomes slower due to the onset of 
saturation of the maser oscillation.

Figure (5.7) which displays the form of the amplitude 
of the spectroscopic line recording the state of molecules 
in G , permits the calibration of Figure (5.10) in terms of 
focuser voltages. Therefore, by the aid of the population 
inversion characteristic curve it is possible to determine 
the initial position of the vector R at zero detuning and 
establish the degree of excitation received by the molecules 
at a given focuser voltage. (Compare Figure 5.7 with 
Figure 5.10 ). The vector R grows and turns through 
position A and then through B where the population emissive 
component is a maximum. The vector tip continues to swing 
through C and then D at which the population component is 
zero, but the transverse component (polarization) is a 
maximum, after which the system becomes increasingly absorptive. 
As the vector transfers to position F through E, the absorption 
becomes a maximum and then decreases to zero at H. At H 
the transverse component is again a maximum. As the vector



106

proceeds through II to J, the system then becomes emissive 
once again and ¿rows to a maximum at u when the population 
emissive component is at its highest value corresponding 
to a 2TT pulse condition.

At this point, it should be emphasized that one of the
fundamental requirements for pulse excitation up to and
beyond the 2TT condition is a very strong oscillation in C .

1
In fact, the present maser device described in this thesis
with its high efficiency made 2JT pulse excitation and beyond
possible which supports the validity of the above mentioned
theory, Hence the first two maxima and two minima in
Figure (5.6) appear to correspond to JL. , JLIL and Ti 2Tf

2 2pulse conditions respectively. 

tj, 7 N, II. R. analogue
In 1967, Laine proposed a magnetic maser with two 

spatially separated emission fields which was the magnetic 
resonance analogue of a two-cavity molecular beam maser.
The two emission coils of the maser are arranged coaxially 
and the excited nuclei of water (active maser medium) passed 
through these coils in succession (Krause: Ph.D thesis 1969). 
This systematic arrangement resembles that of a two-cavity 
ammonia beam maser where the molecular beam passes through 
two resonators in series.

The population inversion of Zeeman energy levels is 
achieved by Benoits liquid flow method. Distilled water 
as the working substance is prepolarized in a strong static 
magnetic field and population inversion is obtained by 
adiabatic fast passage through an auxiliary r.f. coil
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arranged in the fringe field of the prepolarizing magnet.
On leaving the field the water flows through a plastic tube 
into the earth's magnetic field, where upon entering a tuned 
coil provided with Q multiplication, the active nuclei 
(protons) oscillate at a frequency near to 2. Oh kHz.

Apart from the different nature of the quantum transitions 
and different frequency of oscillation (2kHz compared with 
23.870 GHz for the molecular beam maser), it is found 
experimentally that the characteristics of the two systems 
are close analogues. First some details of this study on 
the "behaviour of the two-coil nuclear maser and its perfor­
mance will He reviewed.

When the nuclear maser was operated it was observed that 
the oscillations occured simultaneously in both coils (both 
tuned to resonance) and enhanced by increasing the quality 
factors of the coils. V/hen the first coil was detuned,the
frequency of the oscillation of the second coil followed 
precisely that of the frequency of the self-oscillation in 
the first coil and independently of the exact frequency of 
tuning of the second coil. This phenomenon is in complete 
qualitative agreement with the corresponding effect obtained 
with the two-cavity ammonia system. This implies that the 
free coherent precession of active protons in the water flow 
emerging from the first emission coil is fully analogous to 
the condition of molecular ringing which exist in a molecular 
■beam maser with two cavities in series.

In recording the characteristics of the two coil nuclear 
maser, different parameters such as the water flow rate and 
the quality factors of the first and second coils were adjusted.

L
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As the first coil was gradually detuned to a critical value, 
the self-modulation effect was first observed as a purely 
sinusoidal waveform. For a certain adjustment of experimental 
parameters and detuning, the beat signal available at the 
second coil no longer appeared in the form of sinusoidal beats. 
The shape of the beat signal revealed the existence of a 
non-linearity of the system.

The two-coil maser showed another interesting feature 
when the modulation voltage depth across the second coil was 
monitored. It was found that a modulation depth of about 
100/0 could be obtained.

It has been shown experimentally by Krause ( 1969) that 
the performance of a two-coil nuclear maser is in many 
resnects analogous to that of a two-cavity ammonia beam maser. 
For the nuclear maser, the conditions for the experimental 
results obtained with a two-coil maser, were derived and 
explained using Bloch's equations. On the other hand, the 
analogous performances of the two different types of maser 
(n.m.r and m.b.m. ) has been established quantum mechanically 
through Feynman theorem. Moreover, in the case of m.b.m. 
a discussion of the problem in terms of quantum mechanical 
probabilities led qualitatively to the same result.

However, the positive outcome of the new results 
(particularly,. non-linearity and 100f0 amplitude modulation) 
as observed in the n.m.r. maser suggests that the two systems 
are indeed closely related and hence the two-cavity ammonia 
maser can be studied by analogous experiments with a nuclear 
spin maser. The experimental verification of these

analogues may be regarded as a further proof of the quantum
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mechanical theorem which states that the motion of any two 
level system to he equivalent to the motion of a spin §• 
particle in a magnetic field (Feynman et al 1957). Detailed 
treatment of this theorem appropriate to the dipole moment 
case is given hy Bardo and Laine(1971).

As the present investigation has shown, the two-coil 
proton maser offers flexible demonstrations of many phenomena 
which also occur with the two-cavity molecular beam maser.
One reason is that, with the two-cavity maser, it is much 
more difficult to measure the operational parameters involved 
in absolute units than in the case of a two-coil nuclear maser 
in which the parameters involved can accurately be determined. 
Hence, for the beam maser it is more difficult to compare 
theoretical and experimental results. In the nuclear spin 
maser, the operational parameters such as flow rate and its 
average velocity, the quality factors of the coils are easily 
controlled in the audio frequency range. In contrast, in 
the case of molecular beam maser, the vacuum, gas scattering, 
quality factors of the cavities, microwave bridge and 
detecting techniques make the experiment more complicated 
and less flexible. Thus, with a well devised n.m. r. maser, 
various complicated phenomena obtained with the maser medium 
flowing from one resonant system to the other, can be 
examined and explained quantitatively rather than qualitatively 
as in the molecular beam experiments.
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5. 8 Qomnarison 'between previous and -present re su lts

a) Ad mentioned earlier, the "behaviour of the two- 
cavity system has been investigated in detail by several 
research groups. Y/ith the present apparatus similar 
investigations on the two-cavity maser system have been 
undertaken, but under conditions of very strong oscillation.
In both, present and previous work, the masers were operated 
under two sets of conditions, i.e. type (i) and (ii), which 
have been identified in Section (5.4 ).

One outcome of the present investigations is the discovery 
of the existence of a strong non-linearity of the maser 
medium. Detailed studies of the (L-I.i) sectors on the double 
hump detuning pattern, revealed such a non-linear behaviour 
and subsequently, several new interesting effects were obtained 
in association with the biharmonic regime, for example:- 
continuous but non-linear beats with frequency repetition of 
the order of (7-1^) kHz, amplitude modulation depths of 100;<5 
and giant oscillation pulsations (Details in Chapter 6). Cn 
the other hand, the shape of the detuning pattern as shown 
in Figure (5.3), is substantially different from that in 
Figure (5.0 . A comparison of the corresponding magnitude 
of oscillation amplitude on both detuning patterns is invited,

•b) The experimental results obtained under conditions 
of type (ii) revealed the following new phenomena: Figure 
(5.6) shows the variation of the amplitude of oscillation 
in O0 as a function of separator voltage. Figure (5.8) 
represents the form of the characteristic curve obtained
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previously. Prom Figure (5.6), it is interesting to note 
that the amplitude of oscillation after the second maximum 
falls in amplitude, and eventually reaches zero when the 
separator voltage reaches 33 kV. Thus, two maxima and 
three minima ere obtained. It can be seen that the relative 
amplitude of the two peaks are in the ratio of 1 :7 respectively 
in the order in which they appear with increasing separator 
voltage. In contrast, Figure (5.8) is typical of earlier 
work by Basov et al (1S6I|) and others, shows two maxima and two 
minima. The two maxima are in the ratio of 1:1.5. In 
addition Figure (5.6) shows evidence of conditions corres­
ponding to pulse excitation^ 3 IT/2.

c) As it can be seen from the spectroscopic line 
inversion diagram Figure (5.7)» the signal in Cg shows the 
state of the molecules after being emissive at 31 kV, the 
signal amplitude falls and vanishes at hO kV indicating a 
condition appropriate to, or higher than,2TT pulse excitation. 
Figure (5.11) typical results obtained previously by Laine 
and Bardo ( 1970).
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CHAPTER 6

PULSATION PHENOMENON IN AMMONIA BEAM MASER

6.1 Introduction
Strong oscillation amplitude pulsations have "been 

observed to occur in the present ammonia molecular beam 
maser operated with a particularly intense beam produced 
by a nozzle-skimmer gas source configuration. Both single 
8nd cascaded cavity systems operated in a pulsation regime 
of operation have been investigated. The basic experimental 
system has already been described in Chapters 3 and 5.

6^2 Osc.mp.tion pulsations in tvm-^vity svstn.,.
a) ibe cnaracteristics of the ammonia maser with a 

molecular beam which passes through t m  resonator cavities 
in succession have been described in Chapter 5. A typical 
characteristic plot for the double hump detuning phenomenon 
is shorn in Figure (5.3) . On this graph, attention was 
focused on the two (L-g) detuning regions «here continuous 
and highly non—linear oscillation pulsations with 10(P£ 
amplitude modulation were observed. The investigation 
procedure was as follows: When the molecular beam maser
was capable of producing very strong oscillation in C with 
C 1 gradually detuned away from the molecular resonance 
frequency tJ (cavity heater switched off), a weak ainusoldal 
biharmonic waveform appeared on the masen oscillation
displayed in the I. F. bandpass mode. Then, the klystron 
power level was optimised and the microwave bridge components 
were carefully adjusted for maximum signal-to-noise ratio of 
the biharmonic maser output signal.
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On further detuning of 01 (C2 kept tuned to UJ ), 
the modulation depth in c2 gradually lnoreaaod right up to 
100?a. Figure (6.1) displays the amplitude modulation which 
nas detected from C2 for successive steps of detuning of 
Cr  The oaveform of the heat frequency is seen to progress 
from a simple sinusoid through to a highly non-linear region 
before becoming sinusoidal once again. The non-linear 
behaviour appears as a form of oscillation pulsation. This 
effect may be seen in Figures(6.1d,e,f).

Figures (6.2 3,b,c,d,e,f) represent a detailed 
examina-ion of the waveforms corresponding to Figures 
(6.1 b,c,d,e,f), obtained under the condition of zero sweep 
of the klystron frequency. Inspection of this figure, 
reveals that the oscillation peaks alternate between large 
and small amplitudes, and i»he time interval between succesive 
peaks also alternate between a pair of different values. 
Moreover, there is a trace of a further peak near the trailing 
edge of the main peak (Figure 6.2 c). It is interesting 
to note from Figure (6.2 d) that the small peak alternates 
in its pulsation amplitude in a regular manner. Clearly, 
this occurs when the maximum non-linearity is obtained in 
the maser. When this pulsation gives way to the regular 
type by alteration of the microwave bridge, the waveform 
changes to that shown in Figure (6.2e), and then as in (6.2f). 
The repetition frequency of these pulsations covers the 
range 8-m  kHz.
6.3 Further investigation and internretatinn

The phenomenon described above is quite sensitive to 
changes in any of the maser operating parameters such as gas

k
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FIGURE(6.1 ) SEQUENCE OF AMPLITUDE MODULATION RESULTS (i.F. BANDPASS MODE) IN TWO-CAVITY MASER 
WITH SUCCESSIVE DETUNING STEPS OF .



P™ - 2) 0SCILUTI0N AMPU™ E raSATI0NS »  C2<Z^  « ■ >  * » )  IN TWO-CAVITY SYSTEM wni 3CCCESS™ DETONIMI oy c.
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pressure, klystron power, microwave bridge loading, nozzle-
to-skimmer distance, voltage on the separator and cavity
tuning. In addition it is highly sensitive to either a
small magnetic or electric field (particularly the latter)
produced in the space between and Ĉ , Figure (6.3)
illustrates this dependence when a sawtooth voltage of about
200 V derived from the display oscilloscope, is applied
across a pair of capacitor plates situated on either side of
the molecular beam and when C is detuned to a frequency
appropriate for oscillation amplitude pulsations in Cg.
This electric field has two effects. First, as the potential
between the plates is increased, the polarization carried
by the beam from G1 to C2 is gradually destroyed (i.e. the
polarization from is amplitude modulated). Secondly,
spatial reoreintation of molecules prior to entering C" ° 2
modulates the oscillation amplitude, and thus the degree of 
over-fulfillment of the self-oscillation conditions for which 
oscillation amplitude transients may be excited in C (Basov 
et al 196U). Furthermore, since the amplitude of self­
oscillation in C2 is changed via spatial reorientation of 
molecules, the frequency will also be modulated through the 
pulling equation = Qq (^g - ) f(jtf)/ where
Qc and 0^ are cavity and molecular quality factors of 
respectively, the frequency of G^ and f{0) is a factor 
which is a function of beam flux, geometry of the separator 
system, separator voltage and gas pressure behind the nozzle. 
Frequency pulling occurs even when >) -S> = 0, since the J=3,
K=3 line used here has a composite structure, thus 'O - V isc o
never strictly equal to zero.



PIGURE(6.5) TWO-CAVITY PULSATIONS IN CAPACITOR VOLTAGE SWEPT MODE

(o) U)

PIGCBB(6A) SINGLE-CAVITY PULSATIONS EXCITED BY EXTERNAL FREQUENCY 
SWEPT SIGNAL.
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Basov et al (1967) have shown that if one of the 
oscillation parameters of a strongly oscillating maser could 
be periodically modulated at appropriate time intervals, 
oscillation pulsations can be established. If the modulation 
is at the natural freouency of the oscillation transient, 
large oscillation pulsations are produced. In such a system 
the maximum excitation is at- the natural frequency of the 
transient ^  given by /j^E/h, or at multiples of ̂ t, (2^ ,3^,.., ) 
where f~̂ 2 *s ma’tr*x elGment of the dipole moment and E 
the cavity field. Thus, giant pulsations would be evoked 
at "9 » 3'vL» *** • As an example, if the beat frequency
is twice that of the natural amplitude transients, the 
oscillation amplitude transient becomes phase-locked to the 
periodic perturbation. Therefore, the following model is 
proposed to account for the gross phenomenon observed.

The large beam flux produced by nozzle-skimmer beam 
maser gas source, permits a particularly strong oscillation 
to be observed in C2 ai a distance of about 150 mm away from 
the state separator. This oscillation is sufficiently 
strong for an oscillation transient to occur in C2 as well 

j _ c This is confirmed by excitation of 0o, by means
0 S  y <J* 6

of a fast passage technique, with G1 so far detuned away from
^ that no oscillation occurs in it. o

In the case of a single cavity maser operated under 
conditions of strong oscillation with a strong exciting signal 
swept slowly across V0, free oscillation of the maser is 
suppressed over a portion of the trace near On either
side of the zero beat region, beats of varying frequency are
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observed as in Figures (6.U a,b,c,d). A comparison 
between Figures (6.h a,b,c,d) and (6.3) and (6.2 c,e) 
reveals a marked similarity of the waveforms,in particular 
the spiky behaviour or pulsation waveform with peaks of 
high amplitude followed by ones of low amplitude. Thus it 
appears that the phenomenon for a two-cavity maser is closely 
related to the one cavity maser system with a frequency swept 
injected signal.

If the maser is operated under very strong oscillation 
conditions, an amplitude pulsation appears both before and 
after the region of quenching. These oscillation pulsations 
can also be associated with oscillation amplitude transients 
synchronously sustained by an amplitude modulated microwave 
field of frequency 2"^, 3^, or higher multiple. Examples 
of such pulsations are shown in Figure (6.i|d),

In both cases, oscillation amplitude transients are 
evidently evoked by modulation of a parameter of the system.
In the two-cavity case, the beat frequency between free 
oscillation in C2 and driving signal from C^, parametrically 
excites the oscillation amplitude transient in Gg, whereas 
in the one-cavity case, the external signal beats with the 
maser oscillation signal in G^. Consequently, the oscillation 
amplitude transient is parametrically excited to produce 
oscillation pulsations synchronously sustained by the 
amplitude modulated microwave field of frequency 2"̂  (which 
falls in the range 8-U 1 kHz), 3 or higher multiple.

b) In this case, the experiment is similar to that 
described in Section (6.2) but with a different detecting
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taotoisue. * spectroscopic mode of display la used Jn ^  

the klystron sldrtsnd frequency is swept across the quedrupcle 
structure on the higher frequency side of the main n ne. The
experiment was performed as follows:

When a condition for very strong oscillation „as met
in 01f the microwave detection system „as connected to 0
via the microwave snitch and the I.F. bandpass response la s

displayed on the oscilloscope. Then n  ̂ +- ‘ ¿sen, was detuned until
a sinusoidal Inharmonic oscillation with 100;$ amplitude
modulation was obtained. tinder such conditions, a weak
stimulating klystron sideband signal nas injected'at tha
quadruple transition frequency and the klystron frequency
sv/ept such that the sideband signal scanned across the
quadrupole structure. No change i„ the overall sinusoidal

beat waveform was observed except in the locations of the
two quadrupole satellites. Figure (6.5b) shows the amplitude
modulation of the sinusoidal beats at only, the two positions

of the quadrupole satellites (Figure 6.5a shows clearly the
two quadruples locations Just before the biharmonio regime
is reached).

0« further detuning of C1 closer to the quadrupole 
satellites (1.6 and 2.2 MHz respectively away from the main 
line centre), substantial changes in the shape of the wave 
pattern started to originate from the exact locations of 
the quadrupole satellites. Consequently, the heat frequency 
underwent changes in amplitude, frequency and in addition, 
a condition similar to the pulsation phenomenon was obtained,
A sequence of such modulations corresponding to the degree 
of detuning of C1 is shown in Figures (6.5 c,d,e,f).



( a ) (b)

(c) (a)

(e) (f)

FI&URE(6.5) sequence of two-cavitt pulsations with successive
DETUNING STEPS OF Cj AND EXCITED BY SWEPT EXTERNAL 
SIGNAL ACROSS THE QUADRUPOLES LINS STRUCTURE .



1 1 8

D iscussion and confient s

From the above experimental re su lts, i t  i s  surmised 

that the evolution of the sinu so ida l bihermonio regime i s  

strong ly  related to the excitation of the quadrupole 

sa te ll it e s  line  structure. Figure <6.5c) shows that, as 

°1 i s  tuned closer to the inner quadrupole t ra n s it io n  

frequency, a signa l superimposed on the main trace appears 

at the inner quadrupole location  g iv in g  r ise  to a waveform 

which i s  strongly modulated. This modulation con be noted 

between the two quadrupoles and more strongly to the r igh t 

of the outer quadrupole. Thus three d ist in c t  types of 

modulation can be d istingu ished  over the o r ig in a l biharmonic 

beats pattern i.e . to the le f t  of inner quadrupole (L), 

between the two quadrupoles (ll) to the r igh t  of the outer 

quadrupole (R).

Figure (o.5d) il lu s t ra te s  the evolution of strong non­

l in e a r it y  by further detuning of G1 in  the three sectors 

with strong pulsation o sc illa t io n s  in M and R sectors.

F igure  (6.5e) i s  a detailed photograph of M and R  seotors. 

Glose inspection of the R region shows a trace of a further 

peak near the foot of the highest peak. Yet  with further 

detuning of C 1 a condition was obtained as in  Figure (6 .5 f) 

where pu lsation  o sc illa t io n s  were dominant over the whole 

trace. Again, three types of amplitude modulation could 

be recognized according to each sector but the repetition  

frequency fo r these pu lsations i s  the same ( ^  8kHz), 

Examples of such pu lsations are shown in  F igures (6 .5 f) and 

(6 .2  c ,e ,f). A  comparison i s  invited.
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From these experimental results, it is evident that 
the non-linear behaviour of the maser and pulsation 
characteristics are certainly caused by (or at least strongly 
related to) the quadrupole satellite line structure. since 
the maser system is oscillating under very strong conditions, 
it is possible that too or more closed-spaced lines of the 
resolved superbyperfine lines of the quadrupole satellites 
ore simultaneously oscillating. As a result, a beat 
frequency will modulate the original sinusoidal biharmonic 
beats and give rise to a pulsation character when both ore 
mutually phase-locked. It is interesting to note that this 
behaviour takes place only at the locations of the two 
quadrupole lines which may be considered to be the "locus" of 
this phenomenon,

in a single-cavity system

It has also been possible experimentally, to obtain 
pulsations in a single-cavity maser operated under exceptionally 
strong oscillation conditions. Pulsations are realised under 
quite different conditions from that previously described
in section (6,2).

Pulsations are now found .to occur, when the local 
oscillator power is set at a high level, the cavity resonator 
is offset by about 1.6 to 2.2 aiz on one side or the other 
of the main line frequency, and without an auxiliary injected 
signal from the sideband oscillator,

When the molecular beam maser was capable of producing 
very strong oscillation, and 01 gradually detuned from the 
molecular resonance cOQ (cavity heater switched off) 
sinusoidal biharmonic beats appeared on the I.P. bandpass mode
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as shown in Figure (6.6a) over a range of detuning. As the 
detuning closer to the quadrupole satellites region continued, 
these "beats progressed from a sinusoidal waveform to a 
highly non-linear type which appeared in a form of strong 
oscillation pulsations before becoming sinusoidal once again. 
Figure (6.6) demonstrates a sequence of amplitude modulations 
corresponding to detuning of close to the quadrupole 
satellites on the higher frequency side of the main line.
The repetition frequency of these pulsations covers the 
range 7~1U kHz.

Close inspection of this set of results, shows the 
effect of tuning closer to the quadrupole satellites. 
Figures (6.6 b,c,d) demonstrate how the evolution of the 
pulsation is related to the cavity tuning closer to the 
quadrupoles line structure. Figures (6.6 e,f) show two 
other conditions for further detuning of G^ in which giant 
pulsations can be seen over the two traces. It is interesting 
to note that three distinct types of pulsation waveforms can 
be seen in Figure (6.6g) similar to those which are obtained 
with a two-cavity system as shown in Figure (6,5®). This 
waveform corresponds to a condition when G^ is tuned somewhere 
between the two quadrupole satellites (about 2 LIHz from the 
main line). Figures (6.6 h,i ) show giant pulsations when 
the cavity is tuned closer to the outer quadrupole satellites. 
Close inspection of the waveform in Figure (6.6i) reveals 
evidence of a further peak near the bottom of the main peak. 
Figure (6.63) corresponds to a further stage of detuning 
which shows that the pulsations character is reduced and the 

oscillation less non-linear. In Figure (6.6k) yetmaser



FIGURE(6.6) SEQUENCE OF AMPLITUDE MODULATION PULSATIONS IN C1 CORRESPONDINS- TO THE DEGREE OF ITS DETUNING .
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less non-linear pulsations, non sinusoidal in form with a 
modulation depth of 100>o are obtained, whereas as in 
Figure (6.6 l) sinusoidal beats reappear as in Figure (6.6b).

Investigation of these pulsations using a zero sweet) 
technique of the local oscillator has yielded the waveforms 
shown in Figures (6.7a— g). Two clear large and small
pulsation waveforms can be seen as in Figures (6.7 g,h) with 
a further pair of "ghost"peaks superimposed. The repetition 
frequency of the pulsations falls between 7 to H 4 kHz,

Now, special attention is drawn to a full inspection 
and comparison between the results obtained under different 
conditions in one and two-cavity maser systems as follows- 
Figure (6.1) with (6.6), Figure (6.2) with (6.7) and (6.5) 
Figure (6.2) with (6,3) and (6.1*).

Despite the fact that each experimental result has been 
obtained under quite different conditions, it is quite 
difficult to perceive any substantial difference between 
these results. It may therefore be concluded that there 
is one common origin responsible for the gross feature of 
these phenomena.

The operational conditions associated wii-h such common
feature are: Three similar types of pupation wave patterns 
freguenoy repetition between 7 to Ms, and 100,»'araplitM.' 
modulation. In addition these pulsations altogether, 
behave in a very similar manner with respect to ohanse’of 
the operational parameters such as separator voltane 5as
pressure, nozzle-to-skimmer distance. kiv.+ „,.„» "j-ystron power and even

with weak external electric or magnetic fields.



FI&URï(6.7) OSCILLATION AMPLITUDE PULSATIONS IN SIN&LS-CAVITY MASEE SYSTEM PICTURES (*)-(«) 
CORRESPONDING' TO SUCCESSIVE CAVITY DETUNINGS (ZERO SWEEP MODE OF OPERATION) .
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However, a possible basis for an interpretation of the 
results lies in the possibility of extending the notion of 
synchronous or parametric excitation to accomodate the 
present data. Such a mechanism exists if it is assumed 
that two or more cuadrupole magnetic structure lines oscillate 
in addition to the oscillation at the frequency of the main line. 
Details of such mechanism will be given in the following sections.

6.6 Radiation damning -phenomena in an ammonia maser
This section is mainly concerned with various radiation

damping phenomena which have been observed recently in the
ammonia maser operated under exceptionally high level of
excitation. Transients, self-induced spiking and continuous
pulsations which have been observed are analogous to similar
phenomena in laser oscillators. Strong oscillation settling
transients which are related to the process of periodic
transfer of energy between the molecules and the radiation
field have been observed to occur in ammonia beam masers.
These provide a direct method of determining the degree by
W hicb the oscillation condition is overfulfilled. Therefore,

detailed study of the dynamic behaviour of the ammonia 8 u
_  4c of considerable interest since the experimental resultsmaser

htained are relevant to the phenomena of transient processes 
quantum oscillators in general.

According to Shimoda et al (1956), and Basov et al (1966) 
the case of an ammonia beam maser operated on J=K=3 line4* h

-transition with an E010 mode cavity of maximum possible Q 
nf 10 000. a molecular flux greater by a factor of 

0 hundred times than the oscillation threshold value is
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required, tefore continuous pulsations can occur. Moreover, 
Lefrere (I97h, Ph.D thesis) suggested for such self-induced 
pulsations to occur in a molecular beam maser, a cooled 
cavity, and a narrow beam with molecular flu* of £0 t0 30 

times that of the normal oscillation threshold value are 
all required. However, it is evident that in the present 
maser oscillator, the above, mentioned stringent requirements 
have been practically overfulfilled, since transients, self- 
induced spiking and continuous oscillation pulsations in one 
as well as m  two-cavity maser systems have been realised 
experimentally.

There are several techniques for chancing the oscillation 
level in a beam maser in such a way as to induce oscillation 
transients and related phenomena. These include;(a) the 
rapid passage of a high level injected signal into the maser 
resonator at, or near iO0, which normally acts by saturation 
broadening to quench the maser oscillation (Laine' and Bardo 
1971). (t>) The technique of suddenly altering the molecular
population rate in particular energy levels (Grasyuk and 
Oraevskii 1961;). (c) The molecular ^switching via stark
(Alsop et al 1957) or Zeeman line broadening.

Although it is a relatively easy matter to apply some 
form of step perturbation (method o) rather than to quench 
the oscillation in an ammonia maser (method a), it was found 
m  the present ease that the method (a) is more convenient 
to evoke settling transients, transitory or continuous 
amplitude pulsations. With method (a), if the driving signal 
is sufficiently strong, the oscillation can be completely



quenched, thus the maser oscillation can he switched on 
and off. moreover, a similar technique has also been used 
successfully at the quadrupole line resonance freauencies.

The rapid passage of an external microwave signal 
through the magnetic satellites on the high frequency side 
of the main J = X = 3 inversion line of ammonia, yields strong 
amplitude settling transients following oscillation quenching, 
as shown in Figure (6.8 a). The damped oscillation 
amplitude transient associated with the oscillation build-up 
process only appears with a high beam flux. The period of 
the settling transient decreases as the amplitude of the 
maser oscillation is increased. This result simply shows 
that the maser is oscillating strongly and the condition 
\  < T2 <  T1 is satisfied, where TR, T^ t , are respectively 
the times for radiation damping, transverse and longitudinal 
relaxation.

It will be seen that this method, which may be regarded 
as one form of molecular 3-switching since it relies on 
saturation broadening of the spectral line, provides qualitative 
confirmation of the existence of strong transient pulsations 
accompanying oscillation build-up. However, with such a 
method, transients as shown in Figure (6.8a) are nearly as 
clearly marked as those obtained with the most effective 
method of quenching-that of stark broadening (Lefrere 197/4 

pb.D thesis).

Consideration of the energy-level diagram of the 14NH.
molecule Figure (6.9) shows that transients can be evoked, 
if switching is effected by changing the emission rate of 
molecules in the cavity resonator at the main line transition



r X aURS(.6.8) OSCILLATION SETTLING TRANSIENTS ( a ) , ( b )  AND STRONG PULSATIONS 

( e ) , ( d )  FOLLOWED OSCILLATION QUENCHING OF THE MAIN LINE .
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frequency. Since the magnetic and quadruple satellite 
lines have energy levels in common with the main line, 
saturation of one of the satellites lines will change the 
transition probability at the frequency of the main line 
of the niascr. Subsequently, the resulting population 
depletion may oe sufficient to quench the maser oscillation 
completely and hence excitation and detection occur at two 
different frequencies. This quenching procedure can be 
visualised if it is assumed that the external oscillation 
quenching signal is used to excite the system at one of the 
upper quadruple frequencies. This causes a considerable 
reduction in the number of molecules in the p = 3 upper soate. 
As a result, the F̂  = 3, AF = 0 transition as well as F = 2  
A F  = 0 rate, will be reduced by the same amount. Consequently 
the intensity of the main line will be reduced while regener­
ation associated with the F1 = 2, A F  = 1 transition is 
enhanced and regeneration of the F1 =3, A F  = 1 transition 
is reduced. In the following sections a detailed analysis 
of this quenching method will be given.

It has been shown that strong settling transients can 
be seen clearly with a strongly oscillating ammonia beam 
maser when a strong saturating signal is injected at, or near, 
the molecular resonance frequency. Now, if this saturation 
signal is swept rapidly through the maser emission line 
using the sideband technique, the beat between the injected 
signal and the free maser oscillation, is found to give way 
to a stimulated emission signal. With a further increase 
in the strength of the maser oscillation and by careful 
adjustment of the klystron power and microwave bridge 
components, pronounced spiky oscillation amplitude pulsations
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can be obtained following rapid passage through the maser 
emission line. Typical examples of such induced soi Icing 
effects are shown in Figures (6.8 b,c,d)., Figure (6.8d) 
shows a condition of strong induced spiking before and after 
the region of oscillation quenching.

As can be seen, these oscillation spikes are of/
relatively large amplitude, and therefore it can be concluded 
that their esi/solishment is related to a repetitive perturbation 
in the maser system which follows the beat frequenay between 
the injected microwave signal and the natural frequency of 
maser oscillation.

£ l2 The experimental investigation of quadrunole suoerh, 
structure

yperfine

■ Shimoda and dang (1955), used 8 nc,lecul„  ^  ̂  ^  

a spectrometer with sufficient resold power and large 8lsM1. 
to-noise ratio to investigate the hyperfine structure of the 
J=K=3 inversion line of %Hj. Wore*™ power at freouencies 
corresponding to quadrupole satellite tranaitlon frequencies 
was injected into the cavity resonator while the maser vies 
oscillating at the frequency of the main line. V/hen the 
external microwave signal was swept across the quadrupole 
satellites frequencies, a reduction in the amplitude of the 
main line oscillation was recorded. Tbis reduction is due 
to induced quadrupole transitions which occur between energy 
levels shared with the main line transitions. The change in 
populations of these energy levels caused by the external 
signal are therefore accompanied by a reduction in the main 
line amplitude of oscillation.
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With such a technique, Shimoda and V/ang were able to 
observe about 20 components of the quadrupole satellites and 
to determine their frequency separation from the main line. 
Certain transitions of the quadrupole satellites on the low 
frequency side of the main line were not easily observed 
because of tne weakness of their transitions, as a consequence 
of poor state separator efficiency for focusing molecules 
with low values of F^.

Accordingly, a similar technique has been used in the 
present investigation on the four quadrupoles satellites 
which lie in pairs at either side of the main linej inner 
and outer quadrupoles on the lower frequency side of the main 
line (henceforth designated QJ>L and QQ respectively), 
inner and outer quadrupoles on the upper frequency side of 
the main line ( Q ^  and respectively). in fact, this
probing technique, made the excitation of all the quadrupole 
satellites and their characteristic oscillation pulsations 
feasible and extremely interesting. Based on the evidence 
of several experimental results, these oscillation pulsations 
are strongly connected to the quadrupole line transitions 
and the oscillation strength of the main line. Since the 
energy levels between various transitions of both the main 
line and quadrupole lines are shared, an energy-level 
diagram for all the possible transitions may be constructed.
A specific model based on this energy level scheme to account 
for the possible excitation of each quadrupole line and which 
leads to instantaneous perturbation on the magnetic satellites 
and the main line is given. This model is found to be in 
good agreement with the experimental results.
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Figure (6.9) is a schematic diagram of all energy levels,
hyperfine sublevels and associated transitions for the J=K=3

1Uinversion line of Uïî̂ . The top twelve horizontal lines 
represent the energy levels of the molecules in the upper 
inversion state (V=1), while the bottom twelve lines are the 
energy levels of the molecules in the lower inversion state 
(V=0). Each one of the main levels F̂  = 3, F̂  = h and F^=2 
has four sub-levels determined by the quantum number F, 
where F = F^ + 1̂ » Ijj = + *2 + *3 and P1 = J + (see
section 1.b).

As can be seen there are 56 possible transitions between 
the upper and lower energy states according to their selection 
rules (each arrow represents a transition). The main line is 
composed of 12 individual hyperfine transitions for which 
A  F 1 = A F  = 0. These lines are close flanked on either 
side by 9 magnetic satellites. Further out is the inner 
quadrupole satellite on the high-frequency side of the main 
line (Q jj) wnicn is composed of 7 transitions for which 

= -1, A F  = 0, + 1. The outer quadrupole satellite 
( jj) 1 s also composed of 7 transitions but for A  p = _-j

A F  = 0, -1. Cn the lower-frequency side of the main line, 
each of the inner (QJ#L) and outer (Qq<l) quadruples is also 
composed of 7 transitions for which AF = ~1 f AF = 0 -1 and

= +1, AF = 0, +1 respectively. Both inner and outer 
quadrupole satellites lie at a frequency interval of 1 6 and 
2.2 MHz respectively on either side of the main line. (See 
figures 6.16 and 6.17).
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6. 8 Simultaneous population robbing mechanism

With reference to the energy-levels diagram constructed 
for the 1i4Iïlly (3.3) line shown in Figure (6.9), the basic 
principle of possible excitation of quadrupole, magnetic 
satellite and the main lines leading to a population transfer 
via common energy levels may be understood. It can also be 
shown that regeneration of several superhyperfine components 
of both quadrupole and magnetic satellite lines can be 
enhanced at the expense of some components of the main linê  
with energy levels in common.

Under the strong interaction of the focusing electric 
field on the state separator, nearly all the molecules 
which enter the cavity resonator will be in the upper inversion 
state (V=1). If a probing signal is at a frequency which 
corresponds to one of the quadrupole satellite transitions, 
then the field inside the cavity consists of two components, 
one of which is the field produced by the probing signal, and 
the other by the molecular oscillation at the main line 
transition frequency. Therefore,the molecules are stimulated 
■by both the probing signal ( and the field at the main 
line transition frequency (tOQ).

Consider that uj represents the transition frequencyP
of one of the outer quadrupole lines on the higher frequency
side of the main line (Q „), for example, the transitionu« n
(F1 = 3, P = l^vTT^ (p i = 2> p = |) y = 0* As 8 result 
some of the molecules in the state (F1 = 3, F = 2) ^  will
make transitions to the state (F1 = 2, F = ÿ  Thus,
the population of the state (F1=3, F = will be decreased
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by stimulated emission at the frequency to , whereas theP
population of the state (P̂  = 2, P = v,i11 increase.
Since this energy level is shared by four other lines, all 
will he affected, particularly two of the main line components. 
Consequently, the emission rate due to the transitions

(*1  = 3 > P  = 2>v - T T * ~  <P1 = 3. S  = | ) v  = 0 •

and the transition rate from (F̂  =2, P = g-)v 
(p = 2, P = £-)v _ q will also decrease. Thus the amplitude 
of oscillation at the molecular resonance frequency o>0 is 
reduced, and the amplitude of the induced emission of 
quadrupole satellites is increased by the same order of 
magnitude.

However, for a more detailed treatment, the transition 
probability of each satellite component and their intensities 
relative to the main line intensity, should be determined 
quantum mechanically. The energy diagram could then be 
simplified considerably by ignoring those transitions which 
are weak relative to the main line transition. The theoretical 
results could then be compared with experimental data.
Details of such a theoretical basis are given in chapter 2.

9 Oscillation •pulsations on the cuadrunole satellites

It has been found experimentally, that the excitation of 
the two sets of quadrupole satellites on either side of the 
main line to cause amplitude pulsations is possible. If the 
excitation signal is sufficiently strong, the oscillation at 
the main line frequency can be completely quenched, thus the
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oscillation level can be switched. It has already been 
seen that rapid passage of an external microwave signal 
through the quadrupole satellite frequencies gives rise to 
characteristic oscillation amplitude pulsations. It is also 
found that pulsations may be obtained under conditions of 
slow or even zero sweep.

The oscillation pulsation behaviour for each of the four 
quadrupole lines is obtained by excitation of each satellite 
in turn, under a condition of very strong main line oscillation 
with the cavity resonator tuned to the upper or lower sets 
of the quadrupole satellites. Examples of such oscillatiion 
pulsations for each quadrupole line at 25, 32, 37 kV on the 
state separator are shown in Figure(6.10),(6.11),(6.12),&(6.13) 
each of which corresponds to j> Q j and
Q0 H, respectively.

Strong pulsations on each quadrupole lines can be excited 
py setting the local oscillator and side band power at a 
high level, and adjusting the microwave bridge components 
accordingly. Figure (6.1 it) and (6.15) show the oscillation 
amplitude pulsations (corresponding to Figure 6.11 and 6.12 
respectively) under a condition of narrow band frequency 
swept excitation across the Q0 ^ and ^ respectively. The 
pulsation repetition frequency is about 1ij kHz.

Figures (6.16) and (6.17) show the excitation of the four 
quadrupole lines obtained by a wide band frequency sweep of 
the stimulated signal across their line structure. Strong 
amplitude oscillation pulsations for both lower (i.e Qq ^ 
and q L ) and higher (i.e. QQ H snd H ) quadrupole 
satellites can be seen in Figure (6.16) and (6.17) respectively. 
It should be noted that these pulsations are bounded at the



(a) 25 kV (b) 32 kV (c) 37 kV
FICURE(6.11 ) OSCILLATION PULSATIONS WITH WIDE BAND FREQUENCY SWEPT EXCITATION OF Qq l FOR VARIOUS SEPARATOR VOLTkGSS.



(•) 25 kV (b) 32 kV

FIGURE(6.13) oscillation pulsations with wide band frequency swept excitation of q „'O .H



PICURE(6.15)

(a) 25 kV (b) 32 kV (o) 37 kV
OSCILLATION AMPLITUDE PULSATIONS WITH NARROW BAND FREQUENCY SWEPT EXCITATION OF Qj ^OR VARIOUS SEPARATOR VOLTAGE



FIGURE(6.16) OSCILLATION PULSATIONS ON Qq l AND Q L WITH 
NARROW BAND FREQUENCY SWEPT EXCITATION .

FICURE(6.17) OSCILLATION PULSATIONS ON QT „ AND Q „ WITH1«n u »n
NARROW BAND FREQUENCY SWEPT EXCITATION .

FIGURE(6.18) CONTINUOUS OSCILLATION PULSATIONS WHEN THB EXTERNAL SIGNAL FREQUENCY 
IS CLOSE TO THE REGION OF SUPPRESSION OF FREE MASER OSCILLATION .
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location of each quadrupole line, 1.6 and 2.2 MHz on either 
side of the main line. The maximum frequency repetition 
of these pulsations is about 1 iq kHz. These two photographs 
reveal the important fact that the excitation at each set of 
quadrupole lines is accompanied by a considerable reduction 
in the oscillation amplitude of the main line. The reduction 
in the amplitude of oscillation to the point of near total 
suppression of the main line can be seen to the right of 
Figure (6.16) and to the left of Figure (6.17).

Moreover, continuous amplitude oscillation pulsations in 
the maser are produced under the condition of zero sweep when 
the excitation is sufficiently strong and close to the 
frequency region for suppression of free maser oscillation. 
Figure (6.18) is a typical result obtained under such conditions 
when the exciting signal is about 1 MHz below the main line 
frequency.

6^10 Discussion and phenomenological interpretation

In the previous sections it has been demonstrated 
experimentally that with a sufficiently strong exciting signal 
the main line oscillation can be completely quenched Figures 
(6.8a, b, c, d). Amplitude oscillation pulsations on the 
four quadrupole satellites have been obtained Figures (6.10-* 
6.17)« Continuous amplitude pulsations are produced when 
the external signal frequency is near to that for suppression 
of free maser oscillation Figure (6.18). Moreover, amplitude 
pulsations can also be obtained without auxiliary excitation, 
provided that the klystron power is set to a high level and 
the cavity (C^) is tuned to one or other sets of the quadrupole 
lines. Figure (6.7). These results however, do not seem
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to owe their origin to rapid passage effects since they may 
also he produced under conditions of.slow or even zero 
frequency sweep.

The possibility of self-excitation of oscillation 
pulsations in a simple two-level quantum oscillator has been 
discussed by Grasyulc and Oraevskii (1cj6L]), In view of the 
present experimental evidence obtained with excitation of 
the quadrupole satellites, their analysis does not appear 
to be adequate to explain the present results. Whilst such 
a model cannot be totally ruled out for the main line, an 
alternative interpretation is sought which accommodates all 
results to date, including those involving excitation of 
the quadrupole satellites. Possible approaches are (i) 
relaxation oscillations, or (ii) excitation of a three-level 
quantum oscillator, or (iii) synchronous excitation of 
oscillation transients. Here, only the latter approach will 
be discussed.

In section (6.3) it has been shown experimentally that 
oscillation pulsations can be synchronously sustained in the 
strongly oscillating maser by the presence of a strong 
driving signal whose frequency offset is the same or a low 
value harmonic of the oscillation settling transient In
the present system has a typical maximum frequency of 
12-1h kHz, whereas in other maser systems, settling transient 
frequencies in the region of 10kHz have been observed (Laine 
and Bardo 1969» Bardo and Laine 1970« Thus a possible 
basis for an interpretation of the present results arises if 
it is assumed that two or more quadrupole magnetic structure 
lines oscillate in addition to the oscillation at the frequency 
of the main line. The possibility of maser oscillation



arising on such weak lines has been verified "by the
observation of biharmonic oscillation in the quadrupole

1 hsatellites of the J = X = 1 inversion transition of 
(Krupnov and Shchuko 1969).

Consideration of the energy level scheme for the J = K = 3 
inversion transition reveals that oscillation on the main 
line tends to suppress oscillation on the quadrupole satellite 
lines, since these transitions possess common energy states 
Figure (6.9). If the1 main line transition can be suppressed, 
even in part, oscillation on resolved components of the 
magnetic structure of the quadrupole satellites lines is 
highly probable. Thus, simultaneous oscillation on several 
magnetic components is expected to occur with frequency 
separations in the region of 12-20 kHz, A beat frequency 
between such oscillations could then synchronously sustain 
the pulsations as experimentally observed in Figures (6.10-*
6.17).

The fact that the maser cavity must be tuned to the 
particular transition excited for pulsation to arise, is 
evidence of competition between main and quadrupole -satellite 
line transition frequencies, using the same pool of molecules. 
When strong excitation of a given quadrupole line occurs, 
consideration of the energy level diagram, Figure (6.9) 
illustrates that the excitation of the quadrupole transitions 
results in population transfer, which will favour increased 
regeneration, not only for some components of the main line, 
but also on one or more quadrupole lines other than the one 
being excited.
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Since there are 28 possible pumping schemes corresponding 
to the various components of the quadrupole satellites, 
only two representative examples are given. These are shown 
in Figure (6.19). Strong excitation of a given quadrupole 
line to the point of saturation or even partial saturation, 
causes molecular population transfer between the levels 
involved. Figure (6.19a) shows enhanced regeneration on 
two close spaced quadrupole lines and, Figure (6.19b) reveals 
regeneration enhancement for three quadrupole lines.
In both cases, two of the main line components are 
weakened and two components of the magnetic satellites are 
enhanced. The experimental results obtained as in Figures 
(6.16) and (6.17) support the above phenomenological approach.

It can be readily seen that the strength of each set of 
quadrupole lines can be enhanced by molecular robbing of the 
main line which in turn enhances regeneration, leading to 
a condition for oscillation fulfillment at the frequencies of 
the quadrupole lines involved. The fact that the maser 
cavity is tuned to the particular quadrupole transitions 
excited for pulsations to occur, could favour strong 
simultaneous oscillation on the main line and the magnetic 
or quadrupole lines as a consequence of population transfer. 
Oscillation on the satellite lines combined with the non­
linearity of the maser system could excite settling transients 
to continuous amplitude pulsations as observed in a single 
cavity maser. The experimental observation of oscillation 
pulsations obtained with a one-cavity system may also be 
interpreted in terms of a synchronous excitation model.
These pulsations, which are local-oscillator power dependent



Key: C = centre line, M » magnetic satellites, Q = quadrupole lines,
W = weaker regeneration, e = enhanced regeneration .
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can "be attributed to frequency dispersion of the microwave 
bridge which presents a frequency dependent load to the maser 
cavity. Since the detector and modulator crystal impedances 
are dependent upon the local oscillator power, under favour­
able conditions of bridge balance, differential loading for
one or other set of quadrupole lines relative to oO couldo
favour simultaneous oscillation on the main line and one 
or more of its satellite lines.

It is worthwhile to emphasize here, that the present 
molecular beam maser behaviour and characteristic experimental 
results, possess features in common with a parametric down 
or up-converter amplifier. In fact, i'/eiss (1957) showed 
that the Llanley-Howe (1956) relations are obeyed in a maser.

Evidently, this complex dynamic mode of operation 
obtained with the present molecular beam maser, needs further 
detailed investigation. Unfortunately, owing to limited 
time, further investigations have not been possible.
However, it is gratifying that so many new phenomena have 
been discovered in a molecular beam maser, bearing in mind 
that 1975 is the 21st anniversary year of its first creation 
in 195^. Clearly, the study of molecular beam masers still 
gives scope for further investigations of quantum oscillators 
employing a molecular beam, the results of which are related 
to quantum oscillators in general.
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6.11 Conclusions and suggestions for future work

In 21 years of molecular "beam maser research, several types 
of masers have been constructed with the aim of producing an 
intense, highly collimated beam. Great attention has been 
given to the problem of producing high beam intensities and a 
narrow molecular velocity distribution in order to improve the 
signal-to-noise ratios in maser devices used as a spectrometer 
(Laine' 1975).

In the investigations reported in this thesis, however, 
emphasis has been placed on the operation of the maser as an 
oscillator from the point of view of investigations of non-linear 
effects and the technology of operation without recourse to 
cryogenic pumping. These considerations are directly related 
to details of construction of the molecular beam source, the 
state selector, and the fast pumping system which is necessary 
to maintain the low background pressure required. Accordingly, 
consideration of these important details led to the present form 
of the molecular beam maser actually constructed.

The present maser undoubtedly, owes its success to the use 
of a nozsle-skimmer combination similar to that employed in 
supersonic molecular beam work, which provides a molecular flux 
some two orders of magnitude greater than in a conventional beam 
maser. In fact,the nozzle-skimmer technique provides a powerful 
tool central to the beam formation problem, provided that the 
first stage pumping is sufficiently fast.

As a consequence, with the present experimental device, many
new discoveries have been obtained using the J=K=3 line of ammonia
in both single and two-cavity maser systems. In addition,
successful operation without cryogenic pumping or time limit on

1 hthe J=3, K=2 inversion line of NH^ now makes the present device
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highly attractive for secondary frequency work. Thus, there 
is no reason why such a maser system cannot now he operated, on 
a continuous basis for years at a time without deterioration of 
its frequency resettahility or stability.

Moreover, one of the most encouraging aspects of the system 
is that of its versatility for a wide variety of experiments. 
Bxamples are, spectroscopic investigations of both weak and 
strong ammonia inversion lines, studies of Stark and Zeeman 
perturbation effects including spatial reorientation of molecules 
in the maser oscillator, as well as general studies of strong 
oscillation in a relatively simple quantum oscillator.

Furthermore, it is found experimentally that the essential 
features of this apparatus are, high level of oscillation, thus 
good signal-to-noise ratio, low 3.H.T values at the oscillation 
threshold, and continuous operation without cryogenic pumping.
It is quite possible that an even lower oscillation threshold 
could be obtained by designing a focuser with an optimum length 
and tranparency.

nevertheless, beam masers operated with nozzle gas sources 
provide an opportunity for further work in three directions: 
high resolution spectroscopy, molecular clocks, and studies of 
the non-liear behaviour of the maser oscillator.

It seems likely that the present apparatus will provide an 
opportunity, for the next few years 8t least, for more detailed 
investigations of the present results especially with the 
oscillation pulsation phenomenon on the four quadrupole satellite 
lines as well as for studies of the other properties of the msser 
system similar to those of lasers and n.m.r masers.
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Accordingly, the author’s suggestions fall into tv?o groups:
(i)- Further detailed investigations based on each of the new 

results reported in this thesis. Since the new phenomena 
described here are interpreted phenomenologically in view 
of their preliminary nature, further quantitative results 
are required. The validity of the conclusions reached could 
then be checked, and in particular those concerned with the 
oscillation amplitude pulsation phenomena obtained in single 
8nd two-cavity maser systems, and on the quadrupole satellites. 

(E) - It is also suggested that several other experiments should 
be carried out under strong oscillation conditions obtained 
in the present maser. These include, oscillation settling 
transients with an external- Stark perturbation; phase locking 
of biharmonic oscillation in a weak field Zeeman maser to an 
external perturbation and Zeeman maser studies by observation 
of the state of the emergent beam from the first cavity.
Also, several other possibilities include, Fabry-Perot maser 
overationj the study of the effect of molecular velocity 
distribution on the pulsating mode of operation; investigations 
of the focusing lower state molecules in "anti-maser" 
absorption.

Other possible investigations include oscillations on 
■inversion transitions of oth01* than the J=K=3 line,
especially the weak J=K=1 inversion transition; the possibility 
of establishing continuous maser oscillation with permanent 
state separation by the use of electrets, and the extension 
of beam maser techniques to the far infra-red region. The 
results observed elsewhere for n.m.r masers suggest that the 
two systems are closely related and hence, the two-cavity



ammonia maser can be studied by analogous experiments with 
a nuclear spin maser.

However, in spite of all the effort that has been 
expended in forming an intense molecular beam, it must be 
recognized that there is still much to be done before the 
nozzle-skimmer assembly can be regarded as optimised. It 
is possible that the performance of this molecular beam 
maser system could yet be improved by a second stage of 
beam skimming. However, the incorporation of this facility 
in the present apparatus is not envisaged in view of the 
host of interesting experiments which can be investigated 
without drastic modification of the experimental equipment 
in its present form .
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APPENDIX 3

Oscillation pulsations in a s ing! e cavity molecular beam maser operated

with a nozzle gas source

D.C. Laine/ and A.K.H. Maroof 

Physics Department, University of Keele, Keele, 

Staffordsh ire, ST5 5CG, U.K.

Abstract

Strong o sc i l la t io n  amplitude pulsations in the frequency

14
region 5-14kHz have been observed to occur in a NĤ  molecular beam 

maser operated with a part icu lar ly  intense beam produced by a nozzle 

type of gas source. Details of these results and a preliminary 

explanation of their possible o r ig in  are presented.

Introduction

Oscillat ion  amplitude pulsations in a molecular beam maser 

(MBM) were f i r s t  observed in a s ingle  cavity system, in which an external 

excitation signal was present with a frequency offset between 5-100kHz from 

that of the MBM o sc i l la t io n  (1). More recently (2) i t  has been shown that 

se lf-excited  pulsations can be driven by biharmonic o sc i l la t ion s  which can 

a r ise  in the second cavity of a maser operated with two cavit ie s in series.

In th is paper, results are presented for se lf-excited pulsations that are 

found to occur in a single cavity MBM operated under conditions of 

part icu la r ly  strong o sc i l la t ion .  A possible phenomenological interpretation 

is  suggested.

*on study leave from Physics Department, College of Science,
Baghdad University, Iraq.
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Experimental apparatus

In the present MBM, an unusually strong o sc i l la t io n  i s  obtained 

by the use of a nozzle-skimmer combination in conjunction with a d if fe ren t ia l ly  

pumped vacuum chamber. Experimental details have been given previously (3). 

These are summarized as follows. Gas: 14NH3 (J=3, K=3 inversion l ine  at 

23.87GHz); gas source: nozzle type, 0.1mm diameter, 0.2mm thick; skimmer: 

internal and external cone angles 35° and 45° respectively, hole s ize  1.6mm 

diameter, leading edge of skimmer spaced 10mm from nozzTe; state selector: 

r ing type, internal diameter of rings 3.4mm, total length 83mm, maximum EHT 

37kV; cavity: TMq-jq mode, loaded Q of 8000, length 100mm. The optimum 

gas pressure behind the nozzle for maximum o sc i l la t io n  amplitude v/as 22 tcrr.

A single klystron superheterodyne microwave bridge system (4) 

permitted detection of the MBM o sc i l la t io n  with simultaneous excitation of 

quadrupole sa te l l ite  transit ions.

Experimental results and discussion

I t  was shown by Shimoda and liang (5) that excitation of the

14
quadrupole sa te l l ite  transit ion s of the NH3 , 0=K=3 inversion l ine  in a 

MBM can reduce the amplitude of o sc i l la t ion  at the main line frequency v 

v i a  molecular population robbing by virtue of shared energy levels. I t  

was demonstrated that with a su f f ic ie n t ly  strong exciting s igna l, the 

main line o sc i l la t ion  can be completely quenched. However, i t  has now 

been discovered that an external microwave excitation which p a rt ia l ly  

saturates the quadrupole lines of the present strongly o sc i l la t in g  maser, 

leads to an o sc i l la t io n  amplitude pulsation regime of operation, rather 

than simple quenching of the MBM o sc i l la t io n  at vQ. These pulsations 

are obtained at the optimum nozzle pressure, EHT > 22kV, and the MBM 

c a v i t y  tuned to the mean frequency of the set of quadrupole lines being 

excited. Typical results obtained with quadrupole l ine  excitation 

(method A) are shown in Figs. 1 and 2. These pulsations do not appear, 

however, to owe their o r ig in  to rapid passage effects since they may also
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(a) 25kV

(b) 37 kV

500ps

35 kV

FIGURE (1 )

v,\.

FIGURE (2)

À
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be obtained under conditions of slow or even zero frequency sweep. Moreover, 

i t  is  found that s im ila r  pulsations are obtained when the external signal 

frequency is  close to that for suppression of free maser o sc i l la t io n  (6) 

(method B). Thus the pulsation phenomenon does not appear to depend 

exclusive ly upon excitation of one of the quadrupole lines. Continuous 

pulsations produced by th is  method are shown in Fig. 3.

Amplitude pulsations can also be obtained without external excit­

ation (method C), provided that the local o sc i l la to r  (L.O.) klystron power is  

set to a high level and the MBM cavity is  tuned to one or other sets of 

quadrupole lines. The s im ila r ity  between these pulsations, shown in Fig. 4, 

and those from the second cavity of a biharmonic maser operated with two 

cavit ie s in series (2), should be noted. The repetition frequency of 

amplitude pulsations with methods (A-C) fa l l  in the region of 5 to 14kHz.

The p o s s ib i l it y  of se lf-excitation  of o sc i l la t io n  amplitude 

pulsations with a simple 2-level MBM o sc i l la to r  has been studied by Grasyuk 

and Oraevskii (7). However, their analysis i s  inadequate for a fu ll 

interpretation of the present results in view of experimental evidence 

obtained with excitation of the quadrupole sa te l l ite s ,  which c learly  

invalidates a 2-level model. Whilst such a model cannot be to ta l ly  ruled 

out for the main l ine, an alternative explanation is  sought which accommodates 

a l l  results to date, including those involving excitation of the quadrupole 

lines. Possible approaches are ( i)  relaxation o sc i l la t io n s ,  or ( i i )  

synchronous excitation of o sc i l la t io n  transients. Only ( i i )  is  explored 

here.

In a previous paper (2), i t  was argued on the basis of experimental 

resu lts  that o sc i l la t io n  pulsations can be synchronously sustained in  a 

strongly o sc i l la t in g  MBM by an additional driv ing signal whose frequency 

o ffse t is  either the same or low value harmonic of the o sc i l la t io n  amplitude 

se tt l in g  transient frequency, v̂ .. The maximum frequency of i s  typ ica lly
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10kHz (1,8) and 12-14kHz in the present system. The pulsation phenomena 

reported in th is  communication may also be understood on the basis of 

synchronous excitation of o sc i l la t io n  sett ling  transients. Such a mechanism 

could ex ist  i f  i t  is  assumed that two or more close-spaced superhyperfine 

components of any one, or more, of the magnetic or quadrupole sa te l l it e s  

lines o sc i l la te  at the same time as the main line, and that the o sc i l la t io n  

strength o f the la tte r  i s  su ff ic ien t  for se tt ling  transients to be excited 

at v̂ .. Such a mode of operation i s  possible, even i f  the biharmonic quad­

rupole sa te l l it e  frequency is  not exactly equal to v .̂, or a multiple of i t ,  

in which case pulsations would be excited in a periodic time varying manner. 

This would produce a pulsation amplitude envelope whose period i s  the inverse 

of the frequency difference. Some evidence of th is  type of behaviour i s  

shown in Fig. 1(b). The fact that MBM o sc i l la t io n  can occur on the 

re la t ive ly  weak quadrupole sa te l l ite s  of an ammonia inversion transit ion  has 

been demonstrated by the observation of biharmonic o sc i l la t io n  on a quadrupole 

sa te l l ite  line of ^NH^, J=K=1 line (_9).

Certain of the experimental observations to date may be interpreted 

in terms of a synchronous excitation model. For example, the power 

dependent pulsations (method C) may be attributed to frequency d ispersion of 

the microwave bridge which presents a frequency dependent load to the maser 

cavity. The bridge balance is  power dependent, since the detector and 

modulator crystal impedances are dependent upon L.O. power. Thus, under 

favourable conditions of bridge balance, d ifferential loading for one or other 

set of quadrupole lines re lative  to vQ could favour simultaneous o sc i l la t io n  

on the main l ine  and one or more o f i t s  sa te l l ite  lines.

When strong excitation of a given quadrupole l ine  occurs (method A), 

consideration o f the energy levels involved for the J=K=3 inversion transit ion  

of shows that excitation to the point of partial saturation

causes molecular population transfer between levels.
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Th is  could favour an increase in o sc i l la t ion  strength of the main line  under 

p a r t ic u la r  circumstances, possibly leading to pulsations of the Grasyuk- 

Oraevsk ii type. I t  can also be shown that regeneration of several superhyper- 

f in e  components of both quadrupole and magnetic sa te l l ite  lines can be enhanced. 

Two examples of possible pumping schemes are given in Fig. 5. Enhanced 

regeneration leading to simultaneous o sc i l la t ion s  on two or more close-spaced 

but resolved superhyperfine components could then excite harmonic or sub­

harmonic phase-locked se tt ling  transients to a continuous pulsation mode of 

operation, as observed. With method B, i t  is  probable that off-resonance 

exc ita t ion  occurs of quadrupole, magnetic sa te l l ite  and main lines,again 

leading to a population transfer via common energy levels. However, whether 

the pulsations obtained with th is  particular method are again a result of 

synchronous excitation or a type of relaxation o sc i l la t ion  remains to be 

established.

Further work is  in progress to identify which of the quadrupole 

o r  other transit ion s are relevant to a ll the pulsation phenomena reported 

in  th is  paper and to check in more detail the synchronous excitation model 

proposed.
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Figure Captions

Figure 1 14
NH  ̂ molecular beam maser o sc i l la t io n  amplitude pulsations 

with narrow band frequency swept excitation of the lowest 

frequency quadrupole sa te l l ite  line, 2.2MHz below the frequency 

of the main o sc i l la t in g  line (J=K=3). Pulsation frequency 

(a) vnkHz, (b) 14kHz.

Figure 2 Maser o sc i l la t io n  amplitude pulsations with wide band frequency 

swept excitation over the two high frequency quadrupole 

sa te l l ite  l ines, respectively 1.6 and 2.2MHz above main 

o sc i l la t in g  line  frequency.

Figure 3 Continuous o sc i l la t io n  amplitude pulsations in maser when 

external excitation signal frequency is  close to the region of 

suppression of free maser o sc i l la t ion ,  about l.oMHz below 

main line frequency.

Figure 4 Continuous o sc i l la t io n  amplitude pulsations in.maser produced 

when strong L.O. power only, o ffset 3uMHz from main line  maser 

transit ion , is  applied to microwave bridge.

Figure 5 Energy level scheme for ^NH^, J=K=3 inversion transit ion  with 

two examples of partial saturation of quadrupole sa te l l ite  

transit ions. Only two of the possible 12 main l ine  

tran s it ion s,o f immediate relevance drawn.

Key: w = weaker regeneration, e = enhanced regeneration,

Q = quadrupole l ines, m = magnetic sa te l l ite s ,  C = centre 

line  (o sc i l la t in g  main l ine  tran s it ion ).

/
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APPENDIX 4

Calculation of the transition probabilities for the three components 

of the central line (F̂  =2, F^=3 and F.j=4 ) for the ammonia inversion 

line J=3, K=3:

M2 = i F 1 (F1 + 1 ) (2F1 + 1 )

M2 = 1 x 2 x 3 x 5  = 10 

M2 = j x 3 x I n  7 = 28

M2 = jXlfX 5 X 9 = 60

A = [k2/j2(j+1)] m2 j[j( J+1 )-l(I+1 )+F1 (P.,+1 )j /4F2(F1+1 )2 

^ = 2  =[9/9x16] 10 [(12-2+6 f/kxhx?) = 640/576

^  - 3  =[9/9x16] 28 {(12-2+12)2/4x 9x 16} = 847/576

=[9/9x16] 60 [(12-2+20 )2/4x16x25}* 1215/576

Calculation of the weighting factors for the three components:

U M N(M) M2/(2F1 + 1)

F^2 (3x0 + 2x1)/ 5 = 2/5

F1=3 (4x9 + 2x4 + 1x1)/ 7 = ^5/7
F =4 (2x9 + 4x2 + 1 x1)/ 9 = 37/9

(2.41)

(2.37)

(2.11)
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Calculation of the relative intensities (R) of the satellites , to the 

intensity of the central line for the ammonia inversion line J=3, K=3:

2
Q(J) = (J + 1 )4 + J4 + [J(J++1 ) - 1] (2.43)

Q(1 ) = 24 + 1 + 12 = 18

Q(2) = 34 + 2^ + 52 = 122

Q(3) = 44 + 34 + 112 = 458

Q(4) = 54 + 44 + 192 « 1242

Q(5) = 6̂  + 54 + 292 = 2762

Q(6) = /  + ^  + 412 = 5378

RJ-1,J = (AJ-1,/AJ,J^ = U + 0 2(2J-1)/ (2J+1) Q(J) (2.45)

h,M "  V A , j )  -  J 2C2J+3 ) /  (2J+1 ) 9 ( j )  (2 A 6 )

J RJ-1»J RJ,J+1

1 4x1/3x18 = 7.407x1o”2 1x5/3x18 = 9.259x10~2

2 9x3/5x122 = 4.426x1 ( f2 4x7/5x122 = 4.590x1O-2

3 16x5/7x458 = 2.495x10" 2 9x9/7x458 = 2.526x1o"2

4 25x7/9x1242 = 1.565x1o"2 16x11/9x1242 = 1.574x1o“2

5 36x9/11x2762= 1.066x1o“2 25x13/11x2762= 1.069x10~2

6 49x11/13x5378= 0.770x10~2 36x15/13x5378= 0.772x1o"2
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