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ABSTRACT
The line shape of en ammonia maser, baséd on the principle
of Ramsey separated oscillatory fields, has been investigated with
a cavity system employing a TR mode of oscillation. Two plausible
explanations are given for the line shapé observed although no

vvisitive conclusions are reached.
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PREFACE
In 19564 Gordon, Zeiger and Townes(g) obtained oscillatioﬁs
in the microwave region through the stimulatéd. emmission of radia-
tion, from the ammonia molecule. Since that time many attempts
have been made to apply the narrow lines in the inversion spectrum
of ammonia to use as frequency standards.‘ In the maser the width'
of the emmission line depends upon the time of interaction, of
the ammonia beam, with the field that stimulates the emission.
In 1962, Holuj, Kalra and Daams(7) succeeded in reducing the line
width by using a cavity system, oscillating in a TM mode, which
_produced the effects of Ramsey separated oscillating fields. In
this experiment a similar system was used, employing a TE mode of
oscillation.
In the following the neccessary theory, for the
wmderstending of the ammonis maser, is first developed, then the

details and the results of the experiment are given,

iii
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~ CHAPTER I

THRORY OF THE AMMONIA MOLECULE

Rotationnl Spectrum of Ammonia

Tae NHg molecule is a symmetric top. It is in the form
of a pyramid whose base is formed by the three hydrogen atoms, and
whose apex is formed by the mitrogen atom. The three hydrogen atoms
form an equilateral triangle and the distance between the Nitrogen
«ad each of the Hydrogens is the same,

Rotations of this molecule cen be described as follows.
The ..chocular or z axis is chosen as shown i Figure (1), This
axis is a three-fold axis of‘symmatry. The moment of inertia about
the 2 axis is usually denoted by I, end the moment of inertia about
any axis normal to the 2z axis' is denoted Ig. Where the x and y
axes are chosen arbitrarily. If the molecule has an angular momentum,

wh
P, in an arbitrary direction, the rotational energy is given by;

P2 . p,° 1 1
WS oo b B | oo - —-—--) (1

Aocording to Quantum Mechanics P must be replaced by

JI(0+ 1)

where J is the angular momentum quantum number, and its projection

in the % direction, Pz’ is replaced by; KM wherse K assumes values
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Fr——

wDeeevenede ch (1) can be written:

2 2 2
we U +21)h + { h2 - hz ) 2)
81y “Ip 8m4I, 8N4l
Substituting A:=HxK. , B=Hh into Eq. (2) yields,
2T alg : '
A
W= BJJ+1) 4+ (A - B)RZ, . (3)

For ammonia the values of A and B are,(l)
A= 189y 10¥ue, , B = 298 x 10%nc.

The expected rotational energy levels are shown in Fig, (2)
For a transition between levels with different J values, a selection
rule &K =0 4s rigorously obeyed because the resultant dipols
moment is along the ziaxis. For a dipole transition, the gelection
rule & J= 0,*1 holds, hence the frequencies of the rotational

spectra are given by;

Inversion Spectrum of Ammonia

The energy levels between which the maser action ocours,
are those due to inversion. The ammonia molecule can be found
with the nitrogen on &ither side of the plane formed by the
hydrogens. The potential acting on the nitrogen atom, in ammonia,
along the symmetry axis is plotted in Figure (3a), as a function
of s, the distance from thg plane formed by the hydrogen atoms.(l)

Fig., (3b) shows the wibrational energy levels of the nitrogen atom,
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Figure (1), The ammonia moleculs with molecular (z) axis indicated.
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Tigure (2). Rotational energy levels denoted by quantum

numbers J and K,
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Fig. (3}. DPotential energy for nitrogen along z-axis of ammonia where
s represents the distance from the hydrogen vlane and ¥ the poten-
tiz)l in 1/cm. {(b) shows the wibrational energy levels in the lower
portion of curve {(a), ‘
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The lower levels are doubled, as willube explained below, and it
is betwéen the two levels of these doubled levels that the inver-
sion transitions occur.

| The inversion transitions can be understood qualitatively
as follows., Consider an atom in the potential depicted iy Fig. (4a).
The vibrational emergy levels are evenly spaced, the spacings
corresponding “to transitions in the infraped .. Townes hes. shown
that for even X the growd state Vvibrational wave function is even
while that of the first excited state is odd. The reverse is true
for K odd.(l) These wave functions are shown in Fig. (4b). Upon
the introduction of & potential barrier, the wave functions retain
their symmetry, but the energy levels are modified. This situation
is illustrated in Fig. 4 (c) and (d). TIn ammonia the energy
difference between the two lowest vibrational energy levels is in
the microwave region. Transitions between these two levels are
referred to as inversion transitions,

If the wave functions corresponding to the first two

vibrational energy levels are ¥ 1 and W1y and the energies
associated with them are Wy and Wy + & , respectively the time depen-

dence of the wave functions is given by

Lpz"eL WItA \Ynel(m:ﬁ )’c/-ﬁ

~Iet the wave function corresponding to the lowest state of simple
harmonic oscillation with the nitrogen to the left be denated by

Up, and that for the nitrogen on the right by Uz The true
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(e)

(a)

Fig. (4). (2) FParabolic potential well with vibrationel energy levels

indicated, (b) Wave functions for the two lowest enersy levels
in the potentizl of:.{a), (c) Change of vibrational enerzy levels
when a potential barrier modifies a parabolic potential well.

{d) Wave functions Tor modified potential weill,

3
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molesular wave functions, which have a definite energy, must be
either symmetric or enti-symmetric with respect to inversion.
Thus the wave functions corresponding to the upper and lower

levels of the lowest vibrational doublet must bes

it

Yo 4-‘21‘ (uy, - %)

(4)

Vr = g netg) |

If at time t = O the nitrogen is found on the left side, then

the wave function is,

1
1= VZ (?I + ¥pp) = o

At some time, t, la.ter, the wave function becomes!

T e T | ot [ Ny
D e (Uy e Ypoot) ST

which at'a time t‘—'—,‘?,,ﬁ becomes!
Wo

Yo A (- ) d ety M

Hence the nitrogen has moved to the right side. For a time

4]

2 :
t((.&]} ) g_f . may be expanded to yield,

@ (;’: g(gjl'*‘\yl[) r L\I_(%:J“o’t E/Hq“}el\:\&'t/r\
(8)

M

:L/j_ ¥ \_u_i'?,:t(UL-—UR) .

-

Thus the amplitude of the wave function on the right has grown by
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@& Bacbor of;

Wot
20 ) ) (6)

This measures the rate at which the wave function penefrates the
potential barrier in terms of (¢ »

The penetration can be related to the Tibrational
frequency, (Vy in the following mamner. An approximate solution
to Schroediﬁger ’s equation in the region of the bowndary yields thg)

expression 31:1) v

?43 - 89= exp%— Sis ZK(V(S) nWI) ds

P )

-
-

o

which denotes the amplitude tramsmitted through the barrier when
the nitrogen striles  it. In a time t the nitrogen strikes the

Wyt . . . t
barrier <X— <times, transmitting en amplitude ﬂl&——f
2 ’ 2T A

This may be equated to expression (6) to yield the inversion

frequency:

Hyperfine 3tructure in the Inversion Spectrum of Ammonia

In the preceeding analysis the hyperfins structure of
the inversion levels due to the spin of the nitrogen and hydrogen

nuclei was neglected. The effect of this coupling between the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



nuclear spin of the nitrogen atom, Iy, and the angular momentum J
must be considered. Of these the most important is the electric

4
quadrupole coupling term\z):

= ol (1 - 3K% T o
WJKFl <V2°QQ’V> W]T}‘Q 1(Jt IN) k]

a3 |
> o BT Ny e ) - Ty + 1) 3T+ 1)

(7)

2(J - 1)(20 + 3) 21y (2Iy = 1)

Fig. (5&) shows the zero field coupling scheme for the
ammonia molecule, in which the spins of the hydrogens have been
included, The quantum number denoting the resultant of the
coupling between J and Iy is F; = J 4 Iy. Let us now consider a
system composed of molecules in the J = K= 3 inversion state.
For such molecules Fy tekes on the velues 2, 3, and 4., It has
been shown by Gordon (2) that the quadrupole coupling constsnt,
eQg, is approximately 4kc/sec, higher in the lower inversion state
then in upper., The result of this is that AF) 8 0 transitions
which occur between the upper and lower inversion states with
J = X® & and with Fy = 2, 3, or 4, have different frequencies.
Figure (Sc) shows the difference in frequency that results for
these transitions, compared to the frequency that would occur if
the quadrupole ¢oupling constant were the same for both inversion
states. The relative number in each state is also indicated in
this figure,

If the ammonia molecule is ?laced in a region of high

electric field, Fl is no longer a good quantum number., In the
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Field axis

MJ‘ MI
g 9"
1
1 -1
B o)
J K
2 1 1
()
-1 1
a E
2 0
& 3
3 -
3
Before passing through strong | After passing throﬁgh strong
field. - field.,
¥y 3 4 2 3 4 2
) i
-1 g 1 -1 i) 1

ke./sec. ke./sec.

Fig,(5). (a) Weak field coupling scheme, (b) Weak and strong field
energy levels,neglecting hydrogen spinsf” {c) Relative intensities
and freguencies of hyperfine components, before and after passing
through strong field.(3)
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11

high field case J and Iy decouple. Figure (5b) indicates which
low field states go to which high field states during an

adiabatic transition bé‘cween the two cases.
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" CHAPTER II

AV AMMONIA BEAM AS A TWO LEVEL SYSTEM

The maser studied was of the two level type. The
following will show how a favourable two level system can be

obtained, using the inversion states of ammonia.

Staticnary States

Consider the two eigenfunctions Uy and Uy as basis
eigenfunctions used to form the two wave fumotions LP 1 and ?H
which describe the ground and excited states of the two level
system. The Hamiltonian, H, has for eigenfunctions the two

states @I and @IIO‘ 'The matrix of this Hamiltonisn may be formed

between the two states UL’ UR' Let:

CARIR VERCREIRUNER:" S

which is true because there is no physical reason for the energy

to depend on whether the nitrogen is on the left or on the right,

and

(G \EIU) = B G =4

12
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13
yields the eigenvalues of H !
Wy ir S EoF A, (8)

and the eigenfunctions:

Yriarmpprw) .

The beam consists of a mixture of molecules in the
states kPI and SPH, The wave fuaction describing the beam is

written:

where 16112 and [C;7/% are the probability amplitudes.

An Ammonia Beam In an Eleetric Field

If san ammonia molecule is placed in an electric field g,
the energy of the molecule is changed by sn amount -/?-?, where /?
is the dipole moment of the molecule, Supposing that the electric
field is pointing from right to left, the matrix elements of i

may be written between the bases UL’ UR’ to yield,
Uy |8 | Uz) = Eo + uB
(o, |ut IUL> = Eo = uk (10)
1 - *
oz B \U,) = <UL\H1\ UR> z -A
where u is the magnitude of the dipole moment in the direction of

the field,and E is the magnitude of the fieldo The secular

determinant becomes
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Bot+ B -« W -l

in
o

-4 Eo - uE = W o

which yields the energy eigenvalues ®

W 1p = Eo TVAZ 4 (uE)2 N (11)

corresponding te the sigenfumctions:

Hence the energy of the upper state, g!II’ increases with the
square of the electric field while that of the lower state, SPI:
decreases., For experimentally achievable fields uE(CA and Eq.(11)

may be expanded to give,

2\2
v‘;:EOnA-E‘U‘}“

I 24

w2 (12)
EO*A“'%‘B‘“ .

‘N b4 I

4

If a beam of ammonia molecules is passed through an
electric field in which E increases radially from the centre of
the beam, the lower state molecules will move to the region of
lowcst energy and be removed from the beam. The upper state
molecules will also move to the region of lowest energy, which is
at the centre of the beam,

The quantity uE can be written in terms of the rotational
quantum numbers Jp, K and M, where M is the quantum number for the

projection of the rotational angular momentum on the field. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dipole moment of the ammonia molscule points in the direction of
the molecular axis. If.; is the angular momentum of the molecule,
the componen®t of the dipole moment in the j&i-nect.iO'no&*p‘is given by
uK/J(Jth)‘where X and J have the seme definitions a5 before.

Writing the angle between P and in terms of M and J the expréssionj
uE = (KE] /30T * 1), (13)

is obtained., It ’follows.from.Fquation .{12),.. that the force
exerted by an elecetric field on an ammonia molecule with a given
J and X, deponds on the value of MZ,

Passage of an ammonia beam through a strong electric
fisld changes the relative populaticns of the hyperfine energ

« Consider ammonia molecules in the J = 3

ki
Ao

states denoted by F
and X = 3 state\initially in thermocdynamic eguilibrium. The
relative populstions of the Fi= 2, 3 and 4 levels is 5:7:9. Then
the molecules enter the field, designed to remové those in the
lower state and focus those in the uppef state Iy ard J are
decoupled and the weak field states change to strong field states
az is shewn iﬁ Figure (5b). In the strong field the force exerted
on the molecules depends on ¥. Thus the relative number of the
weak field states .. after the molecules have been passed
through & strong field depends on Eimz. Where the summgtion is
earried out over the values of M that a particular Fl takes on
when it enters a strong field, This yields the ratio 2:45:37 for
the relative populations of the Fl states when they leave the

strong field, Figure (5¢) shows the relative intensities that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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would be expected for the AFl = 0 transitions after passing through

the field.(3)

An Samonia Deam in a Time Dependent Electric Field

The system composed of the upper and lower inversion

state molecules is discribed by the wave function,

e = Cr tPI*‘CII LPI): .

The mutrix elements of the Hamiltonian H1l are

Eo - VAZ

<‘{’I R R I>
< 1)
<£i71 § Hll\\%ﬁ

B T
wrd A1t

I'I{in > Bo + V4%
11} 7\ »
(Wpplm 1%1_}17* *uB(t)

The time dependent Schroedinger equation yields the coupled

| an ]
§t

HC

11}

equations,

[0}
ih C1y = (Zo + A) Crp + uB(%) Cq
(14)

1
—
4
[+
]

O
ih C1 A) C; + uE(t) Cp

it

If it is assumed that BE(t) = E coswt, uB{t){4 and that the terms
With. (W +We:.. zay be dropped. The above equations may be solved.

to ; yield : v

e Eo)t] aeilRt _ be—iﬁ{t:{
(18)

f—

exp L-i(‘%)_ + .%?.)g[ (A +{R) aexp (-i]Rt)
+ (- R) exp (i [Rt)]

E )
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wnere

A
X A0

[} = |aZ ;l-(uE)z .

sl

=
=
b
4
=
4
jav]

The constants a and b Lare subject to the initial conditions.

If at =0 C;(0) = 0 end C7(0) = 1, then the

cQuations;

Crp{t) = (i cos O sin Rt +cos (R t) exp i(ciéz.;.gg_) t

¢y (t) = (4 sin © sin (K %) exp -{i(‘fﬁ + “OJT‘:] N (18)

ere obtained, where cos &= A/ [R and sin 6= uE/‘h [R. The

probebility for a transition from[})II to TI is given by,

= gcz(t):g ~ $in%Q sin® {R t (17)

.
{5}
[N
~~
<
et
1

arated Oscillating Electric Fields

[ €4
O
9]

in Ammonia Bezam in

The transition probability will now be calculated for an
ammonia beam which passes in succession through two time dependent
slectric fields of the same frequency, smplitude and phase., More

general solutions for Equations (14) are,

Ciy(to+ 1) =S(icos © sin (RT + cos (RT)Cyy(t,)+ isin 6 sin (KT

: J _E
Xpr(lwto) CI (to)g exp 1(% - ?1_2) T

C1 (to + 1) “{;Sin ¢ sin [RT exp (-iwt) C; (to) + (icos © sin {RT

Eol
T .";I < {18}

/

Ff}"-?‘) C ( \i e d
CoO8 « Xl T exn~il
II O} - i b, N

Sy
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These solubtions are obtained at a time T for the molecules entering
the field at a time t_ with Cyp(t ) and C;(t ). For the beam
enterirg a regicn of zero field we have, using the same initial
conditions, |

= exp&-iEII/%)i]CII(to)

~~
ot
4
r3
e
t

-
&+

Cr

-
Cp{t, + T) expg-iEI/h)E‘]CI(to) .

IT the beam enters the first field 4t t = Q, with
cy(0y = 0 CII(O} = 1, spends a time T there, then passes through
e region of no field for a time 3T, and finally passes through the
second fiéld, where it spends a time T, Equations (16}, (19) end

(18 may be appiied in succession to yield,<4)

‘ ¢ 2
' ¢, (6T) = -2i sin Qz(cos 0 sing { ®KT sin3AT-(1/2) sin {RT

cosd A T)}exp—i(%é 4.%_3_} 57 . (20)

1
“he transition probability from state Q/H to E)T is given by,

PII»I<5T) = 4:«;1‘:3 o sin® [RT(cos3 ATcos Y RT - cos © sin3AT

~ 2
sin (RT) . (21)

Figure (6) is a plot of Equations (17} and (21). It is calculated

& — -4 . z Rh U x -4 . % “hat
for T = 107 sec. in (2L, and £t = 2 X 10°% sec. in (17}, so tha
the time of interadtion with the field is the seme in both cases,
Tie parsameler uB/Aﬁ is set at 30 X 10% degrees/second, in both
curves, The curves show the variation of the transition probability
rith the frecuency of the time dependent fields. The separated
oscillating fields thus produce & much narrower line width then

does a single louag field,
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*T oAIND J0J PGS SPTeTI OMY o3 JO SYaLuel ayg
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The above calculations were made assuming a wniform
velocity in the smmonia beam. If the effects of the velocity
distribution are taken into account the widths of the tremnsition
probability curves will be increassed. The velocity distribution

will also have the effect of reducing the heights of the wings

n the transiticn probability curve for the sepsrated oscillating

boe

fields,
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CHAPTER IIX

TERCORY OF THE AMVMONIA MASER

The inversion levels in a beam of ammonia molecules cean
o utilized to form a highly stable microwave oscillator in the

f ammonia molecules is formed by effusion

&
o]
| 2
.
Q
<

4
[

(414
b

]
F
b
Cr
]
$0
b ¥1
4
o]

molecules from the beam snd focuses the upper state molecules.
Leaving the state ssleciors the mmlécules, in the upper state,
enter & resonent cavity where dowaward traazsitions, to the

lower inversica state, are.induced. When tThe nusber of molecules
in the upper state reaches & certain coritical number, the msser
osciliates. When this critical number is exceedsd, the beam alone
can meintain s high enough emergy density in the cavity to

compeasate Ifor sower lost through the coupling holes and in the

“he beam current necessary for oscilliation To start is
obhained by egusting the expression for the besm power to the
expression for the power dissipated in the cavity. For a wmiform

velocity of the beau, this ylelds,

tholcx(t)jz = QAR
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Iy

where N is the number of upper sitate molecules entering the field,

1 b
W is the energy storsd in the cavity and is equal to %-é E‘V, where

i

V is the volume of the cavity, and Q is the cavity Q.
If we substitute for the tremsition probability from Eq.(}7) and

assume sinfit = [3%, then we have et .resonance,
18, = 2 (L/A) (WE

wiere L is the cavity length, A is its cross-sectional area and v

e

g the velocity 4n Tthe beam. Thus we see, to minimize the starting
current, the cavity should be long, small in cross-sectional area,

snd it should have a high Q.

The IreGusncy of osciliation is determined by the
reactance of .no beam and by that of the cavity, If an ammonia
molecule enters s cavity oscillating at a frequency W , the
molecular dipole will start oscillating in pheze with the field,
and will continuve to vibrate at its own frequency thereafter. By
the time the rmolecule leaves the field, the average phase
the two frequencies will be (&)-Luo)%-T which

to the reactence of the besam. The reactance of

N
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fre. ..oy of the cavity. For resonance the sum of these two

reactancos must equal zero, 1.e.3
W=, XN (OJ-cuc) 4Q/Tw .

The expression 4Q/Tw represents an effective Q for the molecular
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oscillator, with a band width of 1/T cycles per second. This
roughly corresponds to the frequency range over which the maser
‘can be tuned.

It 4s shown in the above disocussion thatthe width of the
ammonia maser lineiéan be desreased by increasing the length of
the cavity. There are, howevef, practical limitations to the
samowunt the‘length may be inereased. The mode of oscillation of
the cavity must be such that there is no more than half a wave-
length of the field in the direction of the beam. This prevents
the use of single cavities in modes other than TEﬂml and My,
or Tﬂﬁmo i Tvgx},

A serious.disadvantage of long cavities is the Doppler
broadening of the line whioch occurs due to the difference in time
it takes for the maser power, from different parts of the cavity,
to reach the coupling to the measuring devices.

To overcome the difficulties in reducing the line width
of the‘maser,'g cavity system simulating the effects of Ramsey

" separated fiélds was constructed.(q) There is no exact solution
to the problem involving the passage of the beam through this

Ramsey separated field cavity system. The theory previously worked

| out for the Ramsey sepérated fields should however give approximately.
the correct results. The transition probability ourves shown in

Fig. (6) were calculated for a single resonant frequency of the
beam. As was shown in the section on hyperfine structure the actual
transitions occur between hyperfine energy~levels. For J= 3

K=3 AFl z 0 transitions, the two lines F{ = 3 and 4, are t ..
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most intense, while the third may be neglected. The two lines and
their frequency separation are shown in figure (5¢). In Fizure (8)
the transition probability curves calculated from Equation (21),
for each hyperfine line are shovn. They are weighted by the
relative populations that would be found as shown in Fiz 5(c). The
amplitudes of the two lines are added to show the resultant line
shape expected when maser action oceurs with both ... 1lines

present,
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TRANSITICON PROBABILITY
Fin. (3}, Curvel is the transition probability for the Fy= 3 corponent
of the hyperfine struacture. Curve II is that for the ¥y z 4 component,
Curve III is the superposition of the two components, s is the dif-
farence in frequency from that which would occur if there were no
hyperfine structure,
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CHAPTER IV

APPARATUS

Introduction

The physical configuration of the apparatus used is shown
in Fig. (9). Ammonia from the storage tank J, was leaked through
two valves, I, to sources, B. The pressure behind the sources was
measured by Pirani guages, H. After effusing from the sources the
comonia molecules passed through the state selectors, D, then
through the cavity system A, B, C. Output power from the maser
passed through waveguide, L. Shutter, M, preventsed the beams from
passing through both cavities, A and B. The entire system of
cavities, focusers. , and sources was enclosed by the vacuum,system,
k, with fhe liquid air traps, G and F. The traps are semi-
cylindrical so that they partially enclose the state selectors,

The remainder of the apparatus consists of the electronics used
to measure the frequency ahd amplitude of the maser signal. A
more detailed description of the various components described above

shall now be given.

Sources

The sources consisted of circular bundles of fine tubes.
The dismeter of each tube was .06 mm. and the length was .5 mm.
About 320 such tubes formed a circular source of .7 mm. diameter.,

The sources were prepared in the following manner. A

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



28

£ ‘sesTeA MuoT I ‘soduend TUwWITd H

PINLTIT & ‘&80anos

Jos8 Sl 10 PWsreruvade [ROTs

IR

P

‘fgresendo]

o.
Ay

Muq,f_” ¥

¥ pus

sivdg 1% PIRLTT D
TLRD -a.(m,

AT AeOTPUT Wulaulp O

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

bundle of number 486 magnet wire was impregnated with epoxy resin.

Care was taken to insure that each strand of wire was straight and

parallel to the axis of the bundle. When the epoxy\had hardened

the bundle was placed along the axis of a cylindrical form which

was also filleé with epoxy. From the rod, so formed, cross-sectional

wafers about 1 mm. thick were cut. These -afers were polished wntil
- they were of the right thickness and until. the cross-section of

ecach of the wires st the center of the bundle was visible under a

microscope. The copper was then removed electrolytically. This

bundle of tubes formed an efficient source for the ammonia bean.

Stats Selectors

The state selectors are shown in Fig. (10). They comsist
© of stainless stesel rods mounted on teflon stands. They are constructed
aceording to a design first used by Helmergs). The shepe of the
focuser is such, that it is not only highly effective in removing

the lower inversion state molecules, but collimates.the remaining

upper stata molecules as well,

Cavity Systenm

The cavity system, shown in Figure (7), utilises a TE mode
of oscillation, 4 similar system has been previously used,(7)
em?loying a TM mode. The TE system has the advantage of offering
a larger apperature for the “eam to pass through.

The cavity system . . designed in this manner . uffects

the molecular beam in a manner anolagous to Ramsey separated

oscillating fields. Cavities A and B, which produce the separatsd
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fields, are tightly coupled to cavity C, which determines the
frequency and phase of A and B, Cavity C. is also loosly coupled
" to the detection system.

The three cavities were constructed of brass. The ends
of cavity C were terminated by means of brass plates. Cavities,

A and B, through which the beam passed, were terminated by means
of short cylindrical tubes whose inner diamsters were smaller than
that of the small cavities. For a given length, and the modes of’
oscillation used, the resonant frequency of the three cavities
varied inversly with their radius. This allowed us to increase
their frequency by plating copper to their inner surfaces and

to decrease their frequency by polishing their inner surface. It
was by this means that the cavities were tuned to the desired
resonant frequency.

The ' resonant frequency of the TE015 cavity was measured
using the apparatus shown in Figure (11). The correct mode of
oscillation was determined by inserting plungers in the ends of
the cavity and observing the corresponding changes in frequency
of the wvarious modes. Once the proper mode was fownd the frequency
was neasured as follows. Part of the frequency modulated output
of the klysfron was mixed with the 12th harmonic of a 2000 me.

réfarence. The I1.F. thus obtained was passed through a narrow
band radar receiver whose output was fed to the Y axis of the
oscilloscope. This produced a marker whose frequency depended on
the tuning of the receiver. The receiver was then tuned wntil.

the marker coincided with the resonant mode of the cavity.
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This enabled us to measure the frequency of the cavity to within
o5 mec.
To measure the frequency of the TEOll cavities, a method

(8) was used. With this method a slide

proposed by R. Alvarez
screw tuner and a long line cavity, consisting of twenty feet of
waveguide, was placed between the cavity under investigation and
the detector. With this arrangement the modes of oscillation of
the long line caviﬁy fall at equal frequency intervals, However, -
v . near the resonant frequency of the small cavity this spacing is
changeds The frequency of the cavity is determined by adjusting

the slide screw tuner wntill the spacings become symmetrical about

a central mode. The frequency of this mode is the cavity frequency.

Blectronics

The purposs of the electronics uséd in this expsriment
was to measure the power and the frequency of the maser signals.
Figure (12) is a block diagram of the electronics used.

The signal from the maser was passed through a X band
Waveguid;, through a ferrite isolator and into the H arm of a
magic T. This signal is mixed with the local oscillator signal
(23,930 mc.) appearing in the E arm, by crystals in the two side
armses The difference frequency from the side arms is fed into a
balenced pro-smplifier. leaving tﬁe balenced mixer the signal is
amplified and mixed with a 60 mc. standard, which yields the
second I.F. at approximately 120 kc. This signal is then passed

through a narrow band amplifier and divided into two parts. The
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first part is detected and fed to the Y axis of an XY plotter.
The second part is mixed with the signal from a 110 ko. referencs,
the differeﬁce frequen?y is passed through a froequency meter with
a recorder output in.the Farmof a D.b. voltage proportional to the
inout frequency. This voltage is fed to the X axis of the X-Y
plotter. Thus as the maser is tuned through its range of oscil-
lation, the recorder traces out the curve of the amplitude of its
siznal against the frequency.

The primary frequency standard used in this experiment
was a 5 mo. temperature controlled erystal oscillator. This primary
signal was fed into a distribution amplifier, whose outputs where
multiplied to yield the necessary reference frequencies for the
mixers and klystron stablization.

The 23930 mo. local oécillator signal was obtained in
the following manner. The signal from an X band klystron oscil-
lating at 11,965 mc. was paséed through a ferrite isolator into a
harmonic generator. The second harmonic (23,930 me.) was picked
up by the K bsnd system, fed through snother isolator and then
went to the magic T. Part of thié signal was removed using a
directional coupler. This was mixed with the 12th harmonic of a
2,000 mc. reference. The I.F. of 70 me, was amplified and fed
along with a 70 me. reference signal into a phase sensitive
detector, which applied a correction voltage to the reflector of

the klystronh.;‘ T Les . URGI00,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

The Vacuum and Ammonia Supply Systems

The mein vacuum chamber was constructed of stainless
steel, with glass ports for viewing the components inside. The
vacuum was attained by'means of two four inch diffusion pumps backed
by a two inch pump and a mechanical pump. There were liquid air

"traps placed above the two diffusion pumps. Liquid air traps also
' partially enclosed the state sélestors to capture the lower state
molecules., At liquid air temperature the vapour pressure of
ammonia is consgiderably less than 10~ mm, so the liquid air traps
- were quite efficient in removing the ammonia moleculss from the
system. With liquid air in the traps the pressure in the tank

& mm. with

was 10'7 mm. in absence of the beams, and it was 107
the beams., At this pressure the mean free path of the ammonia
molecules was several meters.

The ammonia was kept in a large oell oulside the vacuum
tank. It was purified by distillation using liquid air. The cell
mrussure was approximately equal to that of the atmosphere. From
the cell ammonia was leaked through acopqiexﬁ wubing to the sources,
The pressure on the high pressure side of the sources.was from 1

to 10 mm. This pressure was monitored by means of Pirani guages

to estimate the beam flux,
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CHAPTER V

EXPERIMENTATION AND RESULTS

The three cavities were tﬁned so that the system
resénated at 23,865 we. in air. The frequency of cavity C was
moasured to be 23,865.3 mc. with the coupling holes for cavities
A end B shorted. .. It was measured to be, 23,854,.8 mc. with only -
cavity A coupled to it, and 23,864.9 me, with only cavity B
coupled. When tbé system was placed in a vacuum the frequency was
25,874 me., The cavity system“'frequency was then swept through
the *vesonwat frequency. Great care was taken in assembling the
maser, to be sure that the beams passed down the axis of the
system.

The maser was operated with beams entering both ends of
the cavity-system. Fig. (13) shows the experimental curves obtained
for different values of beam pressure. The amplitude is plotted in
arbitrary units and the frequency is in kc./sec. The absolute
frequency was not measured since we were concerned only with the shape
of the curve. The oscillations started when the pressure at both
sources was 1.5 mm. the fields in the cavity system reached satura-
tion at a source pressure of 9 mm. Throughout the experiment the

focuser voltage wzs kept constant at 30 X.V.

Fiz. (14) curve (I) is the line shape near saturation with

the beam shutter open while curve (II)iS.the shape with the shutter

closed. The frequency shift which occured as the shutter was

37
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cpened a2nd clesed is also indicated in the Figure, When the systenm

started to oscillate with the shutter closed on the low

frequency side, the freguency of oscillation of the system with

the shutter open was about 70 cycles higher, whereas on the high

.frequency side this difference in frequency was only sbout 25 cyclesy

ﬁer sec., the transition between the two extremes being linear,
The experiment was reéeated for different values of the

coupling between the small cavities and the long one. Attempts

were also made to improve the tuning of the threé cavities. These

‘attemptg: did not however change the results stated abovs,.
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CHAPTER VI

DISCUSSION

The line shape obtained in this experiment (Fig. 13)
has two maxima separated, on the average, by 1.5 kc./%ec. The
reason fof this shapehis not definitely known, though two
plausible explﬁnations may be given.

Figure (14) shows the difference in frequency for the
maser line with the shutters open and closed. At the centre of
these lines there should be no difference in frequency for the two
cases, This ocours becausesthe ofvity pullingretteet 48 addent in
thiz case 8o that, v uula, W= W, = w; and there is no dependence
on the nﬁmber of molecules N, It has been shown that this formula
for the cavity pulling holds near saturation when the natural
frequency of the three ocavities are the same.(7) Thus Fig. (14)
indicates that the natural frequencies of the three cavities are
not the same. If this is the case then there must exist a difference
in phase in the electric fields of cavities A and B when the
system is resonating at some frequency & o It has been shown by
Gordon<2) that if the maser is operated with a cavity in which

, the mode of oscillation consists of more than one half-wavelength
in the direstion of the beam, the maser line observed will have two
maxima, one on either side of the resonant frequency of the
ammonia molecule. Such a cavity gives risevto a 180 degrge phase

shift in the field. Such a situation could exist in the cavity
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we
system used, and the line shape obtained could be due to the

difference in phase of the cavities A and Be

The other possible explanation stems from the fact thet
J=3 K=3 inversion transition of ammonia has essentially two
hyperfine components, of nearly the same intensity, denoted by
Fl': 3 and 4., Fig. (8), which showed the superposition of the
Ramsey transition probabilities for the two hyperfine lines, was
calculated using the average velocity of the beam. The two peaks -
fowmd by such a superposition are 2,3 ke. apart. If the velocity
distribution were taken into account the peaks would be found
somewhat closer together. There would also be an effect due to
frequency pulling of the two lines. Fig. (12) indicates that
the peak on the high frequency side of the line is greater in
amplitude than the ons on thé low frequency side. This is opposite
to what is expected when the'relative intensity of the two hyperfine
lines is considered. Thus it is impossible to conoclude that the
line shape is due %o the hyperfine structure. It is more probable
that it ocours because of a difference in phase between the two
cavities..

To investigate the exact mature of the line shape obtained
it would be necessary to construct a cavity system in which the three
cavities could be tuned independantly while the maser was oscillating.
Suéh & system would be very difficult to comstruct using the TE
cavities, due to the fact that the currents in these cavities run
around the circumference of the cavity. 1In the TM cavity, however,

"the currents run parallel to the axis of the cavity. This would
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2llow the cavity to be slit along it?s length and thus be tuned
by means of squeezing the cavity. To comstruct such maser tuning,
the whole vacuum system enclosing the maser would have had to be

redesigned.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.
2.

3.
4.
5

6.

8.

.9‘

REFERENCES
C.H. Tovmes "Microwave SpectrOSGOpy s McGraw-Hill Book Co.
N. Y. (1955)

J. P. Gordon, H.J. Zeiger, and C.H. Townes, Phys. Rev. 99
1264, (1955)

K. Shimoda, J. Phys. Soc. Japan, _ILZ_V, 1006, (1957)

N.F. Ramsey, "Molecular Beams," Oxford Press, (1963)

J.C. Helmer and F¥.B, Jacobus, J. Appl. Phys. 3L, 458 (1960)
J.C. Helmer, Ph.D. Thesis, Stanford University

¥. Holuj, H. Daams, and S.N, Kalra, J. Appl. Phys. 33,
2370 (1962)

R. Alvarez and J,P. Lindley, IEEE Transactions on Microwave
Theory and Techniques, pg. 89 Jan. (1963)

D.V. Skobel 'tsyn, "Soviet Maser Research™, Consultants Bureau,
N.Y. (1964)

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VITA AUTORIS

1942 = born in Windsor, Ontario on March 7.

1960 = graduated from General Amherst Highschool, Amherstburg,
Ontario. '
1963 - Bacheler of Science in Physics, University of Windsor.
- Entered the Faculty of Graduate Studies, University of
Windsor' to proceed toward M.Sc. degree in Physics.
1964 -

married,

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



	A triple cavity ammonia maser.
	Recommended Citation

	tmp.1506436215.pdf.ewlJj

