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The magnetic hyperfine structure of the J=3, K=2 inversion line of N"“H; has been measured in a
maser spectrometer employing the method of separated oscillating fields. The molecular-resonance line-
width of this system is 350 cps at 23 kMc/sec. The measured frequencies of the 3-2 inversion-line com-
ponents are (in cycles/sec): 22 834 247 98050, 22 834 209 990-£50, 22,834,207,230-£50, 22 834 185 130
=420, 22 834 163 020-£50, 22 834 160 27050, 22 834 122 270-£50. The pairs of lines adjacent to the main

line were unresolved previously.

INTRODUCTION

HE NH; hyperfine structure produced by the
nitrogen quadrupole moment was investigated
experimentally by Gordon' who used a maser spec-
trometer. Gordon noted that the nitrogen quadrupole
interaction vanishes in first order for the 3-2 line. A
calculation with higher order terms included was carried
out by Hadley.? Shimoda and Kondo® measured the
structure of the 3-2 line with 6-kc/sec resolution, and
found general agreement between measurements and
the calculated spectrum, but they were not able to re-
solve the pairs of lines separated by less than 3 kc/sec
on each side of the main line.

EXPERIMENTAL RESULTS

In the present experiment, molecular-resonance
patterns of 350-cps linewidth were observed and these
pairs of lines were easily resolved. The observed spec-
trum of the 3-2 line is shown in Fig. 1. The measure-
ments agree with the form of the spectrum calculated
by Hadley,? and the observed spectrum is symmetrical
about the main line. Figure 2 shows the pairs of satel-
lites at 22 834 207.23 and 22 834 209.99 kc/sec which
give an indication of the resolution and signal-to-noise

20 0 ‘20 40 60
kc

60 -40

F16. 1. Measured spectrum of the 3-2 line.
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ratio of the system. The satellites have lower intensity
than the main line by a factor of approximately 30.

The frequencies of the measured lines are (in cycles/
sec):

22 834 247 980450, 22 834 209 99050,
22 834 207 23050, 22 834 185 13020,
22 834 163 02050, 22 834 160 27050,

22 834 122 270450.

The frequency standard for these measurements was
a National 2001 cesium-beam tube. We used the A-1
time scale! which locates the zero-field cesium hyperfine
resonance at 9 192 631 770 cps. The standard deviation
for 10 measurements is approximately one-half of the
indicated uncertainty. For all of the magnetic satellites
the indicated uncertainty is based on an average value.

The main contribution to systematic errors is a power
shift of —20 cps/dB for the satellites and —2 cps/dB
for the main line. This is the variation of the resonance
frequency as the stimulating power is changed from the
optimum value. The dependence of frequency on ther-
mal-cavity tuning is 1 cps/°C and the cavity tempera-
tures are stabilized to better than 1°C. Electric fields in
the drift region produce a quadratic frequency shift of
approximately 0.12 cps for a 0.1 V/cm field, but the
drift region is electrically and magnetically shielded so
that stray electric fields should be negligible. The de-
pendence of the measured frequency on focuser voltage,
or external magnetic fields, is too small to be significant
in any of these measurements.

APPARATUS

The apparatus is basically similar to the original
maser spectrometer used by Gordon! but employs

. .

Fic. 2. Resolved pair of satellites at 22 834 207.23 kc/sec
and 22 834 209.99 kc/sec.

¢ F. H. Reder, Frequency 1, 32 (1963).
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Ramsey’s method® of separated oscillating fields to
obtain a much narrower molecular-resonance linewidth.
A diagram of the present apparatus is shown in Fig. 3.
A beam of ammonia molecules in the upper inversion
state is directed through the microwave cavities by a
four-pole state-selector focuser. The stimulating signal
is injected into both cavities and the microwave receiver
is connected to the second cavity to observe the reso-
nance. A directional coupler is used at the second
cavity to reduce the amount of stimulating power going
directly into the receiver.

The cavity separation is 105 cm, and the resulting
linewidth is 350 cps. The cavities are each 10 cm long,
and operate in the M0 mode with a Q of 1200. For
measurements on the main line the cavity diameter is
reduced to 0.5 cm for a distance of 1.5 cm from both
ends of the cavities. This substantially decreases the rf
power radiated out of the ends of the cavities, and
reduces the power shift from —20 to —2 cps/dB.

The power level of the stimulating signal in the first
cavity is set to produce a transition probability of ap-
proximately % for molecules leaving the first cavity.
The resonance width for this condition is nearly twenty
times the Ramsey resonance width, so this condition is
nearly constant over the width of the observed reso-
nance. The power delivered to the second cavity is a
few dB less than that in the first cavity. This differs
from the usual separated-oscillating-field resonance
condition,® but only reduces the signal intensity. Under
these conditions, the power delivered to the second
cavity by the molecular system is approximately
W =nhwo(P.p—3%) as will be discussed in the last section
(n=number of molecules passing through the second
cavity =102/sec, fwo=inversion energy, P,;=total
transition probability for the two-cavity system?®). The
quantity W is measured by the microwave receiver and
has nearly the same resonance behavior as Pgp.

The stimulating signal is a multiple of the frequency

8 N. F. Ramsey, Molecular Beams (Oxford University Press,
London, 1956), Chap. 5.

of a stable crystal oscillator near 10 Mc/sec. This
signal is phase-modulated with a 170-cps square wave
which produces phase deviations of 437 at 23 kMc/sec.
The 170-cps square wave then serves as the reference
signal for a synchronous detector connected to the
microwave receiver. A similar phase-modulation tech-
nique has been discussed by Ramsey.?

For measurements on the main line the synchronous
detector output was used in a servo loop to control the
crystal oscillator. This system provides a molecular-
resonance clock with an rms frequency deviation of 3
parts in 10" over a 12-h period.

The resonance pattern is shifted if the rf fields in the
two cavities are out of phase. The dependence on phase
shift is 6wz T= 08¢, where dwr, is the resonance shift, and
T is the transit time for a molecule to pass between the
two cavities.® The dependence of this shift on cavity
tuning has been considered elsewhere.® An additional
synchronous detector operating 90° out of phase with
the 170-cps modulation signal was used to detect a
phase difference between the two cavities.” The cavities
were thermally stabilized at the inversion frequency,
and any residual phase error was corrected manually
with a phase shifter.

For measurements on the magnetic satellites the
signal-to-noise ratio was not sufficient to use this servo
system, so the stimulating frequency was slowly swept
through resonance and the asymmetry of the resonance
pattern was used to detect the cavity phase difference.

THEORY OF THE TWO-CAVITY MASER

An arbitrary state of the two-level ammonia inver-
sion system may by represented as a linear combination
of the upper- and lower-state eigenfunctions %, and #;
(Y= au,+bus, where a and b are complex and subject

8S. G. Kukolich, Proc. IEEE 52, 211; 437 (1964).

7R. S. Badessa, V. J. Bates, and C. L. Searle, Quarterly Prog-
ress Report No. 52 Research Laboratory of Electronics, MIT,
Cambridge, Ma.ssachusetts, 1964, pp. 1-11 (unpublished).
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to the condition a*a+b*b=1). It is convenient to use
, e

the spinor representation y= [ J, since the resulting
b

Schrédinger equation will be the same as that for spin-3

particles in a magnetic field.® Then the Hamiltonian for

this system when no external fields are present is

3Co=3%(hwo)o, and Y*3Cop=1(fuwo)(a*a—b*b), where

fiwo is the energy separation between the inversion

levels, and o is a Pauli spin matrix. An applied rf field

provides a perturbation of the form

Vz=( 0 %(hwl)e‘i“") ’
3 (et 0

This equation has been solved by Abragam?:

G. KUKOLICH

and the Schrédinger equation #%(8/3¢)y =30y is

K (a) ( 1w 1 (wl)e"*"’) <a)
— )= ,
ol b %(wl)ei"" b %wo b

where %wi1=pq,80, pap is the dipole matrix element
between the upper and lower states, and &, is the mag-
nitude of the rf field (use=pps=0). If we make the

substitution
a a/ e‘“”/?)t
(b) =(b’ eirwmt)’

the Schrédinger equation becomes

K (a’) (% (wo—w)
7—| =
AN %wl

1 ’
2W1

-%(wo—w))c') '

. wWo—w w1
cosM—z( ) sinaf —i— sinat
(a’(t)) Q(a(O)) 2a 20 (a(O))
b (1) b(0) Jon wo—w 50)/’
—i(——) sinat cowt—{—i( ) sinat
2 2a
1
where o?= (§(wo—w) )*+ (3w1)%. The initial state selected by the focuser is Yo= . The state produced by an rf
0
field that is on for a time 7 is
wWo—w iwy
COSar—i< ) sinar ——sinar
(a’) 20 20 (a(O))
b o wo—w 5(0)/
—1— sinar COSar—l—i( ) sinar
2a 2«

For the first cavity we define

cosar—i((wo—w)/2a) sinar=Pr, —i(wi/2a) sinar=~i,
SO

()2 Co)C, 220G
=QI = = .
v'/r 5(0) vr Br*/\0 $%4

In the two-cavity maser the level of w; in the first
cavity is adjusted so that w;~m/27, where 7 is the
average time that the molecules spend in the first
cavity. The resonance width Aw for the validity of this
condition is approximately Aw=w;=7/27. This pro-

duces a transition probability b*b=1%, and the wave
’

function
a 1 ( 1 a 17 eitwot
(b’), V2\ — z) (b), \Q(—ie““"’”‘) '
8R. P. Feynman, F. L. Vernon, and R. W. Hellwarth, J. Appl.
Phys. 28, 49 (1957).

9 A. Abragam, The Principles of Nuglear Magnetism (Oxford
University Press, London, 1961), Chap. 2.

The average energy is
Er=}(hwo){o.)=3%(fiwo) (a*a—b*b) =0,
and there is an oscillating polarization
P=Py{o.y=Po(a*b+b*a)= Py sinwet.

In the region between the cavities the rf fields are
very small, and the matrix is

e—i(wo—w) T 0
Qrr= , )
0 ez%(wu—m) T

where T is the time spent by molecules in the region
between the cavities.

The final wave function, after the molecules have
passed through the two-cavity system, is

(-emmnn()

where Q1 represents the effect of the first cavity, Qi
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the field-free drift space between the cavities, and Qu1, the effect of the second cavity.

Cosa'v'—'i(

Brrr Y 2
Q= = ,
Brr* o)

Y111

(a’) ([3111
b/ Y111

bl

wo—

w wy
sina’r —\{i— ) sina’r
2a’
—i(—) sina/7
2/

1
which is the same form as Q5, but the field strength »; may be different. For the initial condition o= { J ,

0 G (G Y
ﬁIII* 0 et (wo—w)T Y1 BI* 0

(a’) (Blnﬂle—~ﬂ(wo—-w)T_i_,YIII,YIeii(wo—w)T )
III

YrrBre @O T4 Bryp*yett (o) T

. wWo—w
cosa’ 741 sina/r
2/

The total transition probability for the two-cavity system is
(0*b) = (0"*b")mr=3% (a*a+b*b)— 5 (a*a—b*b) =5~ 3{o )t
b’ = cost (wo—w) T (yrrBr+Brrr*y1) ] —1 sind (wo—w) T (ymmBi—Bm*y1)]
(6*b)111= — c0s?% (wo— ) T[ (vrrtBr*+Buryr) (YirBr+Bur*yr) ]—sin®3 (wo—w) T (virxBr* — Buryr) (VinBr—Bur*vi) ]

(Note that the minus sign occurs because the y are pure
imaginary.)

The first two terms are both symmetric functions of
(wo—w), and the last term is the product of two anti-
symmetric functions and thus is also symmetric. This
means that the resonance peak at wo will not be shifted
if the two rf fields have different strengths (w17w;’ and
Y17%y111), since the resonance pattern will ‘be modified
in a symmetrical way. This problem has also been con-
sidered by Ramsey.

For conditions near the center of the resonance
(wo—w<1/T)

Bi==cosk (wit)  yi2—1 sing (wir)
B=zcost(wi'r) yin=2—i sing (wi'7)
and the last term in (6*b)1x vanishes. If the rf field
strengths are equal, the second term vanishes also, and

(*0) 1= sinw;7 cos?3 (wo—w) T

(see Ramsey™).

For the two-cavity maser, conditions in the first
cavity are nearly such that Bi=1/v2, y1=—1/V2, and
the average energy just before the second cavity is

Er=3fwo){o-)1=0.
10 N. F. Ramsey, Recent Research in Molecular Beams, edited by

I. Estermann (Academic Press Inc., New York, 1959), Chap. 6.
1 N. F. Ramsey, Ref. 5, cf. Eq. (V. 44a).

+1 cos (wo—w) T sing (wo—w) T 2yryrm (BrBri— Br*Bur*)] -

After the second cavity, the average energy is
Erir= 4% (o) {0 2)11= oo 3 — (b*b)11]

If there are » molecules per sec, the power delivered to
the second cavity is

W=n(Eu— Em) ,
W= m’zwo[ (b*b) = %:] ’

and the resonance behavior will be determined by
(0*B) 111l (b*b)111=Pss]. For these conditions,

(0*b) 11123+ sind (wi'7) cost (wi'r)
X [[cos* (wo—w) T'— sin} (wo—w) 7] ,
(b*b)nx-—_"—%—l—% sin(w,'7) [cos(wo—w) T].

The velocity distribution in the beam will provide a
distribution of transit times T, and reduce the ampli-
tude of other maxima relative to the central maximum
at(wo—w)=0.5 The factor sin(w:’'7) reduces theresonance
signal if the rf field is less than the optimum value
(wr=%m).
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