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The theory of the rubidium-87 maser is described. It is shown that the maser power output is a critical
function of the rubidium density, light intensity, and cavity Q. Fundamental parameters and constants of
the maser are grouped together to define an oscillation parameter I',’ which determines the oscillation
characteristics of the maser. Spin-exchange calculations in rubidium are presented. The relaxation times
T, and T'; due to spin-exchange interactions are related to each other, and it is shown that T, = (8/5)7\.
A method of determining the spin-exchange cross section in terms of fundamental constants and maser
parameters is described. Results of experiments made to verify these calculations are given. It is found in
general that the results agree with the theory, but slight discrepancies exist. Tentative explanations are given.

1. INTRODUCTION

RANSITIONS in the ground states of hydrogen
and alkali atoms have been widely used in the
past to probe physical interactions in atoms. Instru-
ments built on the basis of these hyperfine transitions
have proven to be stable frequency sources and useful
tools for accurate studies of phenomena such as the in-
teraction of light with atoms,!? spin-exchange interac-
tion,?* and collisions of atoms with foreign gases and sur-
faces.*5 With the advent of the optically pumped rubid-
ium maser as an active oscillator,®8 it appears that
these effects can be measured with a new degree of
accuracy. This is due to the feasibility of obtaining large
power output which makes possible the realization of
large signal-to-noise ratios and the observation of the
true characteristics of the atoms without degradation by
receiving equipment. It follows also that the rubidium
maser is one of the microwave sources which has the
highest spectral purity.®
Very few results have been published, however, on
the behavior of the rubidium maser, and its limitations
are not yet completely known. In the present paper the
theory of the rubidium maser is developed for continu-
ous and pulse operation. Results of detailed calculations
of spin-exchange interactions in Rb%” are reported. A
method of measuring the rubidium spin-exchange cross
section without a previous knowledge of the rubidium
density is described in some detail.® Finally, results of
experiments made on a cell-type maser are reported.

* Present address: Département du Génie Electrique, Univer-
sité Laval, Ste. Foy, P. Q., Canada.
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II. THEORY

The theory is divided into two parts. A first part deals
with the rubidium maser under continuous and pulse
operation. A second part deals with detailed calcula-
tions of spin-exchange interactions in Rb#”.

A. The Rubidium Maser

A schematic diagram of the rubidium maser is shown
in Fig. 1. It consists essentially of a quartz cell con-
taining nitrogen at a pressure of 11 Torr and the isotope
Rb#. The cell is enclosed in a high Q cavity. Light from
an Rb#” lamp, filtered by a cell containing Rb®, pene-
trates inside the cavity and orients the Rb%7 atoms. The
energy levels of the rubidium atom are shown in Fig.
2. The purpose of the Rb# filter is to remove from the
spectrum of the Rb37 lamp the line at the frequency cor-
responding to the transitions from the P state to the
level F=2 of the ground state.’ After the rubidium
atoms have been excited to the P state, they are relaxed
to both levels F=1 and F=2 of the ground state by
collisions with nitrogen molecules. Because of the asym-
metry in the pumping light, a net population imbalance
is obtained. When enough atoms are ‘“‘pumped” into
the upper level F=2, self-sustained oscillations are ob-
served between the F=2, M ;=0and F=1, M ;=0levels
at a frequency of 6.835 GHz.

1. Continuous-W ave Operation

In order to obtain a mathematical closed-form solu-
tion of the operation of the maser, the following assump-
tions are made:

1. Reradiation is completely quenched by the nitro-
gen buffer gas.

2. The decay from the excited states takes place
randomly with equal probability to any of the ground
states.

3. In the ground state, in the absence of light, relaxa-
tion taking place through collisions produces an equi-
librium situation with all atoms equally distributed
among the eight Zeeman sublevels shown in Fig. 2.

4. The incident light consists of the line P— S
(F=1); in other words we assume an ideal Rb® filter.
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The theory thus describes the operation of an
ideal maser which would operate according to these
assumptions.

a. Master equations. The equilibrium density matrix
p in the laboratory frame of reference is written for the
ground state as:

a1 0 0 O O O 0 0)
0 p2 0 0 0 0 0 O
0 O p33 0 0 O psr O
0 0 0 pu 0 0 O O
P=Y0 0 0 0 ps 0 0 of @M
0 0 0 0 0 ps O O
O 0 P73 0 0 O P17 0
LOO 0 0 0 0 0 O pss

The hyperfine levels are numbered from high to low
energy. It is assumed that the transition takes place be-
tween the field-independent levels 3 and 7. The rate of
change of any element is given by

dp (dp dp dp
(09,45
dt dt/ op dt/ re1 @t/ rad

where (dp/df)op is the change with time of any element
due to the pumping light; (dp/df).e1 is the change with
time of any element due to relaxation processes in the
ground states. The processes include, for example, colli-
sions between rubidium atoms and nitrogen molecules
and rubidium-rubidium spin-exchange collisions; (dp/
d)::a is the change with time caused by rf radiation.

(1) Optical pumping. The effect of the light on the
density matrix elements is given by the following
expressions?:

Bpuw/dt=— Ay w[3Tw—1iAE, Jouw
—4 Am[% r.+ 1AE Jpuw, (3)

where 4,, is a term representing the polarization of the
light and its interaction with the atom; I', is a term pro-
portional to the light intensity and the cross section for
absorption of a photon by an atom; AE, are frequency
shifts produced by the radiation field.!* In the present
case, due to assumption 4, we have

I,=0 for p=1,2,3,4,5.

@

4)

1 Tn Cohen-Tannoudji’s analysis, 7 is set equal to 1.

We define
A Tu=T(27) for p=6,7,8, S)

A 33AE3"“ A 77AE7 = Awl(z,r) = 1lght Shift . (6)

In the analysis, z is the direction of the magnetic field
and of incidence of the light; 7 is a distance in the cavity
measured from the axis of symmetry. The pumping rate
T, the density matrix element p, and the light shift Acw;
are all functions of the distance of penetration of the
light inside the maser cell. Actually, T' can be written

T'(er)= / 1(y27)0()dv, )

where I(v,r) is the light intensity at frequency », and
position (z,r) in the maser cell, and o(») is the cross sec-
tion for absorption of a photon. Following Balling ef al.’
we average I'(z,7), p(z,7), and Aw(z,r) over the cell; we
call them respectively T, p, and Aw;; and we write

(dPnu/dt)op= —Touu, w=06, 7,8,
(dpr3/dt)op=—3Tpr3—1Awipr3.
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F1c. 2. Lower energy levels of a rubidum atom.

121, C. Balling, R. J. Hanson, and F. M. Pipkin, Phys. Rev.
133, 607 (1964).
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In this context, for a given light intensity I, incident
on the cell, I" expressed in photons per atom per second?
is a function of temperature because a certain amount
of light is lost to counteract relaxation in the maser.
However, the medium becomes transparent, to some
extent, upon optical pumping and the light penetrates
into the central region of the cavity. In other words, the
mean free path of the light inside the cell is increased by
the light itself due to its unsymmetrical nature.’ T is
thus a parameter which is fixed for a given situation; it
is best determined by a measurement on the maser
itself.

(2) Relaxation. The master equation for relaxation
isl5

dpn#

dt

=Z Pu’u’Wu’n—PnuWMu' ’ (10)
u’

where W, is the rate of transition from level u’ to level
p. We assume that relaxation takes place uniformly
among all the eight levels and we write

dpu/dt=—v1(puu—%) . (11a)

We also write
(11b)

We have defined y,1=8W,.,, the rate of decay to equi-
librium of any diagonal elements. The decay of the
off-diagonal elements is characterized by a rate vs. Both
v1 and v, contain contributions from buffer-gas colli-
sions, spin-exchange collisions and collisions between
rubidium atoms and the wall of the storage cell. Any
other relaxation mechanism can be introduced in a
similar phenomenological way. 1 and 2 are respectively
1/T: and 1/T%.

(3) Radiation. The radiation term is calculated from
the expression

dPﬂu'/ dt= —Y2Ppp’

dpuw
dt

7
=;Z(PnkalA'_HukPku’) ) (12)
k

where Hy, and H,: are the matrix elements of the in-
teraction with the rf field.

From these three mechanisms a set of eight equations
is written for the diagonal elements of the density
matrix. One equation is sufficient for the off-diagonal
element, p73. These equations are

dpuy/dt=%§T(pes+ pr1+ pss) —v1(puu—3%) (13)
for u=1, 2, 4, 5;
dpss/dt=3T (pes+ pr1-+pss) —v1(pss—3%)
+28 Imprzeiot, (14)

13 C. O. Alley, Palmer Physical Lab, Princeton University
Report, 1960 (unpublished).

1 The detailed solution for the case where the pumping rate and
the density matrix elements are a function of position in the maser
cell is being carried out on a computer in collaboration with W.
Happer of Columbia University.

1 C. P. Slichter, Principles of Magnetic Resonance (Harper and
Row, New York, 1963).
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dp;m/dt= —Tpuut %’I‘(P66+P77+P88) -7 (le'_ %) (15)
for u=6, 8;
dpri/dt=—Tpr+3T (psstpritpss)
—y1(pri—3)—28 Imppse—i@t, (16)
dpr3/ dt=iwopr3— 13 (p3s— pr7) _
Xetwt— (AT +ys) psr—iAwiprs, (17)

where B=3(uoH./%), wo is the atomic resonant fre-
quency, and  is the frequency of the applied field H.,.
b. Maser equation. The solution of this set of equa-
tions is done at equilibrium as in the case of the hydro-
gen maser.!~18 The power delivered by the rubidium
vapor is given by Nkv(dpss/di)raa and is calculated as

P=Nhv
2(82)1r4

% GT+v2)+[r/Gr+72) J(w—w')+ 1+ FB)‘*(?:?S )’

where
A=71(T+v1)/(5T24+13y,T+871%) , (19)
B=(3T+471)/(5T?413v:T+87:%), (20)
W' =wo— Aw;. (21)

In the presence of a buffer gas the atoms are assumed to
be at rest and B? has been averaged over the cavity
volume.?® The field created by the rubidium atoms is
made self-consistent by equating the radiated power to
the dissipated power. The relation between the rf field
and the power dissipated in the cavity is

4(B%) = (8mQumuo*/ @V #*) Paiss;
from this relation and Eq. (18) we arrive at the maser
equation?
P I 41
EZ[FJ (21791 +8)
1 r2 /
_Gr +7)(51"24-13T +8):|, 22)

(2T2-+9T"+8)
where
I, =7y1%/4nmQunue® = T'm/v1, (23)
I"= r/’h 5 (24)
P.=iNwT,, (25)
r="x2/71. (26)

16 D, Kleppner, H. C. Berg, S. B. Crampton, N. F. Ramsey,
R. F. C. Vessot, H. E. Peters, and J. Vanier, Phys. Rev. 138,
A972 (1965).

17 P, L. Bender, Phys. Rev. 136, 2154 (1964).

18 J, Vanier and R.'F. C. Vessot, IEEE J. Quantum Electron.
9, 391 (1966).

13D, Kleppner, H. M. Goldenberg, and N. F. Ramsey, Phys.
Rev. 126, 603 (1962). .

2 A similar expression can be derived for the Rb® maser. It is

P II T+1 _ GBI +) (717 41917 4-12)
P, [rm' @Br2413r'+12) (Br2+131"+12)




132

Rb 87 MASER IDEAL CASE  r=I,
-nl
P. I _a #'
3t Bn Tm B I-T'B
, by
P Th o et
B 2f

I'm= 0040

Th=005
m Il

! L'n's\z“\r,'.uaoss‘ r's

Fi16. 3. Variation of power output versus rubidium maser
versus light intensity for several values of the oscillation parameter

I‘m.

The various parameters are defined as follows: # is the
rubidium density; N is the total number of atoms; Q; is
cavity quality factor; # is the filling factor; uo is the
Bohr magneton; » is the resonance frequency. Figure 3
shows the variation of P/P,, with the normalized pump-
ing rate I for several values of T,

(1) Oscillation parameter. T’ is called the oscillation
parameter in a similar sense as ¢ in the hydrogen
maser.'® By requiring the power output to be positive
(oscillating state) we can set a limit on T',,’. That limit is

I/ <[(v80r)+4+5r]. 27

In order to determine if oscillations are possible, one
needs to know the ratio of v2 to vi. Experiments have
shown that in a buffer gas such as nitrogen, dephasing
collisions are more frequent than collisions which affect
the populations of the states. Thus at low rubidium
pressures where the spin-exchange dephasing action be-
tween rubidium atoms is small relative to interactions
with the buffer gas, we expect » to be large.l® At tem-
peratures of the order of 65°C where spin-exchange in-
teractions contribute to a large extent to the relaxation,
we find experimentally that 7 is close to 1. Consequently,
the minimum value of T,/ necessary for oscillation
varies with the density of rubidium. In the case r=1,
T, needs to be smaller than 0.056.

(2) Filling factor. Because of the presence of the
buffer gas, rubidium atoms are confined to an rf field
of the same phase during the time of emission. In the
case where the bulb completely fills the cavity, one cal-
culates for a T'Egn; cylindrical cavity

n= <H22>bulb/<H2>cavity = )\02/)\02 ) (28)

where \q is the free-space wavelength of the microwave
radiation and A, is the cut-off wavelength of a cylindrical
waveguide of the same diameter as the cavity.

2. Transient Operation

In the previous section the theory of the rubidum
maser has been derived and a closed-form solution has
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been obtained. This theory was developed on the as-
sumption that a steady-state situation exists in the
maser. By this it is meant that parameters such as light
intensity and rf amplitude are kept constant with time.
There are experiments, however, in which more infor-
mation is obtained by operating the maser under
transient operation. For example, the light may be
applied in the form of pulses followed by rf pulses which
send the atomic system into a radiant state. Experi-
ments of this nature have been reported by Arditi et.
al? The present experimental arrangement with its
high maser gain, however, permits experiments which
could not be performed in their case.

This mode of operation is probably the one that gives
most information. The rf pulse produces a ringing in the
maser and the decay of this induced signal is a function
of the relaxation time and oscillation parameter. It has
been found possible to determine the rubidium spin-
exchange cross section through this technique. In the
present section the theory of such a transient operation
is described. The starting point of the analysis is found
in Egs. (14), (16), and (17) of the previous section. We
define

(29)
(30)

where § is time-dependent. To arrive at Eq. (18), prs
was assumed to have the form given here with the differ-
ence, however, that an equilibrium was assumed in
which & was a constant.

Assuming resonance, we can write w=wy and we ob-
tain the two following simple equations in the dark
where I'=0:

A= pys—pr7,

— Spiut
pr3=0e*!,

dA/di=48 Tmé—,A, (31)
48/ dt=—iBA—rs5, (32)

where 8 is a measure of the rf field in the cavity. The
above set of equations has been solved for a typical
experimental situation represented in Fig. 4. The light
pulse is first applied and creates a difference in popula-
tion between levels 3 and 7. Immediately after the pulse,
this difference is A¢. A resonant microwave pulse is
applied at some time ¢ later and induces the atomic
system into a radiant state in which it emits energy in
the form of microwaves.

The amplitude of the induced signal is proportional to
the residual difference of population at the time ¢ after
the light pulse. By varying the time #, the initial ampli-
tude of the induced signal traces the decay of the popu-
lation difference between the two levels contributing to
the signal. On the other hand the decay of the induced
signal is caused by buffer gas and spin-exchange colli-
sions; as will be shown later, the decay may also, in
certain experimental situations, reflect the effect of the
rf field on the atoms themselves.

21 M. Arditi and T. R. Carver, Phys. Rev. 136, A643 (1964).
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Fi16. 4. Typical pulse sequence used
in experiments described in this report.
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The growth of the orientation is traced
by varying the time between the be-
ginning of the light pulse and the
microwave pulse. The decay rate of
the orientation is traced by varying
the time between the microwave pulse
and the end of the light pulse. In each
case the traces of the growth and decay
may be obtained by multiple exposure
on the oscillograph.

ORIENTATION
RATE( 3 T'+y,)

Another situation also shown in Fig. 4 is that where
the microwave pulse is applied during the light pulse at
a given time after the light has been turned on. In that
case the initial amplitude of the induced signal immedi-
ately after the microwave pulse measures the population
difference obtained between the levels contributing to
the signal. By varying the time ¢, the build-up of the
rubidium-vapor orientation is traced, and the pumping
rate can be obtained from this trace. The decay of the
induced signal while the light is on, on the other hand,
is controlled by decorrelation due to buffer-gas colli-
sions, spin-exchange interaction, and the light itself.
In the case where the system gain is high, enhancement
may be observed in the decay. The enhancement may
be large enough to produce a continuous oscillation dur-
ing the light pulse. Examples of the various situations
described above are presented in Fig. 5, in which are
shown some multiple-exposure photographs of selected
stimulated emission signals.

a. Solution during the microwave pulse (in the dark).
In this case, B8 is constant and is called 8,. The solution
of Egs. (31) and (32) is then??

8= (—iAoBp/s)e= MM rtmt singt (33)

) sinst], (34)
2

A= Aoe—(lﬂ) (yrtv2) t[cos“-’-
S

where
s=[48,*—1(ya—v1)*]'2 (35)

and ¢ is measured from the beginning of the microwave
pulse.

In a typical experimental situation, the pulse length
is so short that there is practically no relaxation taking
place and e~7*=1. In that case, calling the pulse length
7, we can write 23,7=6, and we obtain

(36)
(37

A 90° pulse is one that makes A equal to zero and §
maximum.
b. Solution after the microwave pulse (in the dark). The

=—14A, sinf,,

A=1Aq cosb,.

2 H. C. Torrey, Phys. Rev. 76, 1059 (1949).

LIGHT PULSE

N~

MICROWAVE PULSES

solution of Egs. (31) and (32), after the microwave pulse,
is complicated by the fact that 8 is not constant. Two
cases are considered. First, one assumes that after the
pulse the microwave field is so small that it does not
influence the populations. In other words, the radiation
lifetime is much longer than the relaxation time. In that
case, measuring time #, from the end of the light pulse,

A(tl) = Age 710 , (38)

o= 8(0,,)6“”2(““) , (39)

where 8(6,) is the value of § after a microwave pulse of
phase angle 8, and A(#;) is the value of A at time #; after

the light pulse. The power radiated by the atoms after
the pulse is given by

P=—31wN(dA/db)raa (40)
and the field is then given by the equation

4(B2%)=—k(dD/dt)xaa, (41)
where

k= (8mQumue®/2V #)N . (42)

The radiation term (dA/df)raq is obtained from Eq. (31)
and

B: - k5= —_— ka(ep)e"'ﬂ(l—tl) ,
P=2huNE[6(0,) ]2 22—t

(43)
(44)

Thus the field in the cavity decays at the rate v; and
the power at the rate 2y.. With a linear detector the rate
e is measured directly.

The amplitude 6(6,), on the other hand, is propor-
tional to the value of A at time #. Consequently a plot
of the field amplitude immediately after the microwave
pulse versus # gives information on A and on the rate
1. This is illustrated in Figs. 4 and 5(a).

The second case of importance is the one where the
effect of the radiation field is comparable to the effect
of the relaxation. In that case, Egs. (31), (32), and (41)
have to be solved simultaneously. This set of equations
can be solved exactly for the case v1=1s. The solution is

8= —1iLAce "¢ sech[— (Ack/v)

X(1—e)—In tanib,], (45)
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A=At tanh[ — (Aok/y)(1—e7")—In tanif,], (46)
P=3hwNkoAy?e 27 sech? — (Aok/7)
X(1—e ") —In tanb,]. (47)

The above equations are the same as those obtained
by Bloom? in a different mathematical context. Equa-
tion (47) predicts a delayed surge of power with a maxi-
mum at a time {5 after the microwave pulse. This time is
obtained by differentiating P in respect to ¢ for a given
microwave pulse phase angle and is given by the

(b)

F16. 5. Typical experimental results. Photograph (a) shows a
multiple exposure of the induced signal after the microwave pulse.
The time base is 10 msec/div and the trace is triggered by the
end of the light pulse. Photograph (b) is a multiple exposure of
the growth of the orientation during the light pulse; in that case
the trace is triggered from the beginning of the light pulse. The
time base is 1 msec/div. In photograph (c), the maser gain is
sufficiently high to permit continuous oscillation. The time base
is 10 msec/div and the scope is triggered from the beginning of the
light pulse. The light pulse ends at about 48 msec where the power
output rises because the decorrelation effect of the light is removed.

% S. Bloom, J. Appl. Phys. 27, 785 (1956).
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equation
1=(A¢k/v)e~7t tanh[ — (Aok/v)
X (1—e 7¥)—In tanif,]. (48)
When £ tends to zero the above relation becomes
Aok/y=(cos0,)!| spym0=0. (49)

The value of 6, for this situation can be determined ex-
perimentally. From the definition of £ and the relation
y1=nb,o, where 7, is the relative velocity, # is the den-
sity, and o the spin-exchange cross section, one can
write

o= (4mpo®/ 1) (AeQumV s/ Vo) (cosby) | tyy=0.  (50)

The above equation provides a means of determining
the spin-exchange cross section without a previous
knowledge of the density.
¢. Pumping rate T. At the beginning of the light
pulse, the distribution of atoms among the levels varies
with time; if the pulse of light is sufficiently long, equi-
librium among the levels is reached. Equations (14),
(15), and (16) can be solved in the transient state in the
case 3=0 .The result is
A=

:I[l__e—-[(s/s) THyilf], (51)

[SI‘-f—S'yl

where time is measured from the beginning of the light
pulse. The characteristic time for redistribution of the
atoms among the energy levels by the light is thus
@T+y)

In practice the population difference A is monitored
with a probing rf pulse and the characteristic time
(§T++1)~'is measured as shown in Fig. 4. From a meas-
urement of v, through the method described earlier, we
finally arrive at the determination of I'. Figure 5(b)
shows a multiple-exposure photograph tracing the
growth of A.

B. Spin Exchange in Rb%

Detailed calculations of spin-exchange interactions
have been made for hydrogen by Wittke,** who con-
sidered the case of strong collisions in which the relative
phase between the singlet and triplet wave function of
the two-atom system is randomized by the collision.
More recently, Bender!” has made calculations for hy-
drogen spin-exchange interactions not limited to the
case of strong collisions. A feature of the calculations is
the prediction of a small frequency shift of the atomic
resonance of about 59, of the spin-exchange linewidth.

We have applied the theory developed by Bender to
the case of rubidium spin-exchange collisions. His Eq.
(6) is repeated here with a slight change in notation:

o/ =g'—(1—cosA¢)(co*+aic— 2ca’c)

—14 sinAg(cic—co?), (52)

%], P. Wittke, thesis, Princeton University, 1955 (unpub-
lished).
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where ¢/ and o are respectively the final and initial den-
sity matrices of the two-atom system. The matrix C is
defined as C=M*+BM, where M is the representation
transformation matrix from the .S representation, in
which the two electron spins and the two nuclear spins
are coupled, to the F representation where the electron
and nuclear spins are coupled.?® B is a matrix, related to
the spin-exchange matrix operator; it is diagonal with all
elements zero except for the last eight which are equal
to 1. Agis the phase shift between the triplet and singlet
part of the wave function due to the collision.
Matrices M and C are all of order 64. They have been
calculated in detail. Matrix C is given in Table I in the
form of 16 matrices of order 16 in the following notation:

11 12 13 14
cod2t 22 23
=131 32 33 4

41 42 43 44

In Table I the 16X16 matrices are called Cy;, Cis, etc.
All the elements not written are zero; those elements
which are zero and which are written in the C matrix,
originate from the property of the Wigner coefficients
and are kept here to preserve the symmetry of the
matrix.

It can be shown from the properties of the matrices
M and B that

(33)

Cij=2 CirChj-
k

This property can be used to check the final results.

2% M is used here instead of I', to avoid confusion with the
pumping rate defined earlier in this article.

Defining the spin-exchange cross section as

1
G=E[21r/(1—COSA<p(R))RdR:I , (54)
where R is the impact parameter, one finally obtains
that the rate of change of (ps3—pr7); and pgr= de??, due
to spin-exchange collisions, is given by

d(pss— pr1)/dt=—n,(pss— pr7) (55)
dpsr/dt= —n:0p31(§— §[— pr1+3peatpsst3pas
—pPs5— %pee‘l‘ﬁw—%pss])—i sinA ¢ (pgs— pr). (56)

The last term of Eq. (56) introduces a small frequency
shift in the atomic resonance. The part in the square
bracket in the first term of the same equation is very
small in most experimental situations and can be ne-
glected. From Eq. (56) it is seen that the ratio v1/y2 for
spin exchange is approximately 8/5. Experimental re-
sults reported later in this paper confirm this prediction.
This is to be compared to the case of hydrogen where
this ratio is 2.24

III. APPARATUS

The measurements reported below have been made
with the experimental arrangement shown in Fig. 6. The
pulsers and receiver were commercially available items.
The multiplier chains were specially built for the fre-
quency of interest here. The rubidium lamp consisted of
a 1-in. bulb filled with a few milligrams of Rb8 and 2
Torr of krypton, placed in the tank circuit of an rf
oscillator. The power delivered to the bulb was of the
order of 30 W. In one case the bulb was placed inside
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TaBLE I. Matrix C for electron spin exchange in rubidium-87. The matrix shown here is  of the
matrix that would be obtained in Bender’s notation.
Cu
FaM. 22 21 20 2-1 22 141 10 11 22 21 20 2-1 2-2 1-1 10 1
FiM, 22 22 22 22 22 22 22 22 21 21 21 21 21 21 21 21
FiMy FaM2\
22 22 0
2 21 % V3 -3
2 20 0 i -3 Wi
22 2-1 2 V3 13 w3
22 2-2 3 -1 13
22 11 33 3 —3V3 Wi
22 10 i i -3 i
22 11 W3 3 —V3
21 22 -3 —V3 3
21 2 -3 —5V3 s V3
21 20 -3 -3 i %
21 21 -} 5 V3
21 22 3
21 11 3 V3 1
21 10 W3 W3 3 i
21 11 V3 wi V3 s
C21
M 22 21 20 2-1 2-2 1-1 10 11 22 21 20 2-1 2-2 1-1 10 11
\%Ml 22 22 22 22 22 22 22 22 21 21 21 21 21 21 21 21
FiM: FaMo
0 2 0 0 —tvi —1v3
20 21 0 0 —5% -3
20 20 0 —1s —1sV3
20 2-1 -3
20 2-2
20 1-1 Wi
20 10 0 s %3
20 11 0 0 ] %V3
2-1 22 0 0 0 0
2-1 21 0 0 0
2-1 20 0
2-1 21
2-1 22
2-1 11
2-1 10 0
2-1 11 0 0 0
Cu
FoM 22 21 20 2-1 2-2 1-1 10 11 22 21 20 2-1 2-2 1-1 10 11
\\FlMl 22 22 22 22 22 22 22 22 21 21 21 21 21 21 21 21
F 1M 1 F. ZM 2
2-2 22 0 0 0
2-2 21 0
2-2 20
2-2 21
2-2 22
2-2 141
2-2 10
2-2 11 0
-1 22 0 0 0 0
-1 21 0 0 0
-1 20 0
-1 21
-1 2-2
1-1 11
-1 10 0
-1 11 0 0 0
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TaBLE 1. (continued).
C4l
FoM, 22 21 20 2-1 22 141 10 11 22 21 20 2-1 22 1-1 10 11
FiM; 22 22 22 22 22 22 2 22 21 21 21 21 21 21 21 21
FiM, F2M
10 22 0 0 -3 -3
10 21 0 0 - -3
10 20 0 —& —&V3
10 2-1 -3
10 2-2
10 1-1 Wi
10 10 0 & V3
10 11 0 0 &V3 V3
1 22 -3 —2 13
1 21 -V -Vi 76V3 —1%
11 20 —3VZ —1/3 0 -3
11 2-1 -3 —V3 —&
11 2-2 -3
11 11 2 —& %V3
1 10 V2 1./3 -3 0
1 1 V3 W3 —1% —16V3
Ciz
FaM, 22 21 20 2.1 22 11 100 11 22 21 20 2-1 2-2 1-1 10 11
F\M, 20 20 20 20 20 20 20 20 21 2-1 2-1 2-1 2-1 2-1 2-1 241
F\M, FsM,
2 22
2 2
2 20 0
2 241 0 0 0
22 222 0 0 0 0
22 1-1 0 0 0
22 10 0
2 11
21 22
21 21 —/3
21 20 - &3 0
21 2-1 -5 = 0 0
21 2-2 -3 W3 0 0
21 11 —&V3 %V3 0 0
21 10 - 3 0
21 11 —iVi
Ca
\ﬂMz 2 21 20 221 22 11 10 11 22 21 20 -1 222 11 10 11
FiM; 20 20 20 20 20 20 20 20 2.1 2-1 21 2-1 2-1 2-1 2.1 21
F\M, FoaM,
20 22 1
20 21 1 0 -3
20 20 i 0 —1% V3
20 2-1 i 0 —1% 15
20 2-2 i —3Vv3 Wi
20 1-1 0 3 —&V3 V3
20 10 0 i —1% V3
20 11 0 I -3
2-1 22 -3 ~Wi 3
2-1 21 —1% —1% 16 —&V3
2-1 20 —1% — V3 i -3
-1 2-1 -3 16 —76V3
2-1 22 3
2-1 1-1 Vi —15V3 s
2-1 10 5 V3 -3 i
2-1 1 V3 V3 —&V3 &
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TaBLE 1. (continued).
C32
FoM, 22 21 20 2.1 22 11 10 12 21 20 21 22 11 1
- 0 1
FM: 20 20 20 20 20 20 20 20 2-1 2-1 21 21 2- - —
par Ea 2-1 2.1 2.1 241
222 22 0 0 —3 —1V3
22 21 0 0 ~iv3 S
22 2 0 ~ivi Wi
2-2 2-1 -3
2-2 222
2-2 11 13
2-2 10 0 W3 i
22 11 0 0 Wi DA
-1 22 -3 -3 3
-1 21 —16V3 — V3 =V3 — 3
-1 20 —1eV3 —1% 0 -3 B
-1 2-1 —iVE —1sV3 —1%
1-1 22 13
-1 1-1 V3 —.3 13
1 10 V3 2 Y B
-1 11 Ts Te —1% —&V3
Ca
F.Ms 22 21 20 21 22 1-1 10 1M 22 21 20 2.1 22 11
FM, 20 20 20 20 20 20 20 200 2-1 2-1 2-1 2-1 2-1 241 21—01 21—11
F1M1 F2M2
10 22 i
10 21 3 -8 3
10 20 0 —i T V3
—&V3
0 2 -1 —33 kX T
10 22 -1 Y% —iVi
10 1-1 —% H V3 —16V3
10 10 -3 0 s —&V3
0 11 —4 -+ 3 B
1 22
11 21 %
11 20 V3 —% 0
11 21 V3 —15V3 0 0
11 22 W3 -3 0 0
11 11 T —1s 0 0
11 10 %V3 -1 0
11 11 V3
Cis
FM, 22 21 20 2-1 222 1-1 10 11 22 21 20 2-1 2- -
FM, 222 2-2 22 22 22 22 22 22 1-1 11 11 1-1 1—% H 11—01 11-11
FM, FM2
2 22
2 2
22 20
2 21 0
22 22 0 0 0
2 11 0
22 10
2 1u
21 22
21 21
21 20 0
21 2-1 0 0 0
21 2-2 0 0 0 0 ¢
21 1-1 0 0 0
21 10 0
21 11
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TaBLE L. (continued).
Cas
N\ FM, 22 21 20 2-1 2-2 1-1 10 11 22 21 20 21 222 1-1 10 11
FM, 272 22 2-2 2-2 2-2 2-2 2-2 2-2 1-1 1-1 1-1 -1 11 1-1 1-1 11
FiM, FoM,
20 22
20 21 —1v4
20 20 0 — 43 &
20 2-1 0 0 —1%V3 V3
20 2-2 0 0 —iVi W3
20 1-1 0 0 — X
20 10 0 —&V3 &
20 11 —1v3
2-1 22 3
2-1 21 -1 V3 —
2-1 20 -3 W3 0 -3
-1 2-1 —iV3 W3 —15V3 —1%
2-1 2-2 -1 W3 -3
2-1 11 -3 i -5 V3
2-1 10 -3 Wi —§3 0
2-1 11 —3V3 —1% — V3
Css
FaM, 22 21 20 2-1 -2-2 1-1 10 11 22 21 20 2-1 2.2 1-1 10 11
FiM, 2-2 22 2-2 2-2 22 22 222 2-2 1-1 11  1-1 -1 1-1 11 -1 1-1
FiM; FaM-
2.2 22 3 3 3
2-2 21 3 —3v3 W3 3
2-2 20 3 —-% Vi W3
22 2-1 3 —33 3
2-2 22 0
22 11 -3 § -3
22 10 — 1 -t -hvi
2-2 11 —3V3 H -3 -3
-1 22 i
-1 21 w3 5 V3
-1 20 W3 -3 i 3
-1 21 Wi —-iVE 5 43
-1 2-2 W3 -3 2
-1 11 b 1 -3 V3 T
-1 10 2% 1 %% 3 i
-1 1 3 V3 &
Cas
FaM, 22 21 20 2-1 22 11 10 11 22 21 20 2-1 22 11 10 11
FiM, 2-2 2-2 2-2 2-2 2-2 22 22 22 11 11 11 1-1 1-1  1-1 1-1 1-1
F\M, F:M,
10 22
10 21 /3
10 20 0 &V3 —&
10 2-1 0 0 %V3 — V3
10 2-2 0 0 Vi -3
10 1-1 0 0 . — i
10 10 0 V3 —
10 11 W3
11 22
11 21
1 20 0
11 2-1 0 0 0
11 22 0 0 0 0
11 11 0 : 0 0
1 10 0
11 11
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TaBiE L. (continued).

168

Cus
\\FzMz 2 21 20 2-1 22 1-1 10 11 22 21 20 2-1 22 1-1 10 11
FM, 10 10 10 10 10 10 10 10 11 11 11 11 1 11 11 11
FMy FoM,
22 22
2 21 -3
22 20 0 —34/1 13
22 21 0 0 —%V2 22
22 22 0 0 —13 2
22 141 0 0 —1/3 1./3
22 10 0 —-iVi V3
22 11 -2
21 22 "3
21 21 1% V3 —1%
21 20 —1% V3 0 33
21 2-1 -5 % ~15V3 —1%
21 2-2 -3 Wi -3
21 141 —&V3 V3 - V3
21 11 -ivi —Ts —75V3
CM
FaM, 22 21 20  2-1 2-2 1-1 10 11 22 21 20 21 222 1-1 10 11
FiM; 10 10 10 10 10 10 10 10 11 11 11 1 11 1 11 1
F1M1 F2M2
20 22 i Vi W3
20 21 3 -3 =3 V3
20 20 0 - %6V3 s
20 2-1 -3 —3V3 Wi
20 2-2 -1
20 1-1 —-3V3 H 14
20 10 -1 0 — 163 —1%
20 11 -3 -1 - -
2-1 22 W3 W3 0 0
2-1 21 15 s 0 0
2-1 20 5 V3 0
2-1 21 Wi
2-1 22
2-1 1-1 —Vi
2-1 10 -1 —15V3 0
2-1 11 —7%6V3 —15V3 0 0
Cas
FaM, 22 21 20 2-1 2-2 1-1 10 11 22 21 20 21 22 1-1 10 11
\\F;Ml 10 10 10 10 10 10 10 10 11 11 11 11 11 11 11 11
Fi\My FoM:
2-2 22 0 0 0 0
2-2 21 0 0 0
22 20 0
2-2 21
222 2-2
2-2 11
2-2 10 0
222 11 0 0 0
-1 22 W3 W 0 0
-1 21 V3 %3 0 0
-1 20 %V3 % 0
-1 241 vi
-1 22
-1 1-1 -3
-1 10 —75V3 —1s 0
-1 1 —1s —1%s 0 0
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TaBLE 1. (continued).
Cus
YM; 22 21 20 2-1:-2-2 1-1 10 1 22 2 20 2-1 2-2 -1 10 11
FiM, 10 10 10 10 10 10 10 10 11 1 1 11 11 11 11 11
F\M, F:M,
10 22 1 vi i
10 21 Y 0 V3 V3
10 20 1 0 V3 R
10 2-1 1 0 1%
10 2-2 1
10 1-1 0 1 —iv3
10 10 0 1 —&V3 —
10 11 0 1 ~1s —1s
11 22 3
11 21 ivi T —1sV3
11 20 V3 - 1 -1
11 241 &V3 —&V3 & -3
11 22 W3 -3 H
11 11 & - —&V3 &
11 10 V3 - -1 1
11 1 V3 —15V3 s

a light pipe made of polished copper tubing. Another
lamp consisted similarly of a 1-in. bulb placed at the
focus of a large spherical mirror. The power supply for
these lamps was essentially that used by Alley.!* The
lamps could be pulsed at rates up to several kilohertz,
and the decay time of the light pulse was of the order
of a tenth of a millisecond. The lamps operated very
satisfactorily and were sufficiently intense for the ex-
periments to be reported. The only disadvantage was the
amount of cooling required to maintain the optimum
temperature. This was done by blowing air on the
lamps. The maser was made of a copper cavity operated
in a TEge; mode tuned to 6.835 GHz. The storage cells,
filling the cavity almost entirely, were made of thin
quartz to minimize microwave losses. Several designs of
cells have been tried. Best results were obtained with
a cell which had walls of the order of 2 mm thick. The
quality factor of the cavity-cell arrangement was 37 000.
The transparent ends of the cavity were made of
wrinkled copper foil. The maser could be illuminated
with two lamps from either end.

IV. RESULTS
A. Buffer Gas Relaxation

To measure the contribution of the buffer gas to the
relaxation, the maser cell was maintained at room tem-
perature (about 26°C). At this temperature the rubid-
ium density was low and relaxation by spin exchange
was weak. The rubidium density was approximately
5X10° atoms per cc giving a spin-exchange contribution
to 1 of approximately 4 sec™. This was small but still
not negligible at the longest relaxation time measured.
However, the results can be interpreted correctly if one
allows for this added relaxation.

The relaxation times 7 and T'; were measured by the

method described above. The experiments were per-
formed with the cell open to a vacuum system. The
best vacuum obtained with the oil-diffusion pump used
was approximately 3)X1076. The buffer gas was intro-
duced into the bulb at the desired pressure through a
play of stopcocks. The gases used were nitrogen and
neon in glass bottles (Airco-assayed reagent). The pres-
sure was measured with a Bourdon pressure gauge.

The results are shown in Fig. 7 for nitrogen as a buffer
gas. The maximum of T'; was observed at 8 Torr while
the maximum of 7', appeared between 15 and 20 Torr.
The pressure at which the scattered radiation was
quenched at maximum and where optical pumping was
optimum was found by measuring the size of the signal
immediately after the light pulse; this pressure was
found to be 10 Torr with a broad maximum. From these
results the pressure for maximum maser gain is between
10 and 15 Torr and does not appear to be too critical.
This is in agreement with the results of Davidovits who
measured the maser gain directly as a function of buffer
gas pressure.5

The results obtained for neon were similar to those for
nitrogen although the relaxation times at maximum
were a little longer. The signals were weaker, probably
because neon does not quench the scattered radiation
that interacts with both hyperfine levels of the ground
state, destroying to a certain extent the orientation ob-
tained. A maximum of 70 msec was observed for T} at
a pressure of 30 Torr. T'» had a maximum of 13.5 msec
at a pressure of 20 Torr.

It is observed that the maximum value of T'; observed
in these experiments is around 70 msec. In a bulb that
had been sealed for several months, T'; was as long as
85 msec at room temperature. Applying a correction for
the presence of rubidium spin-exchange interaction at
the temperature of operation, the relaxation time due
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to the buffer gas is approximately 100 msec. As pointed
out by Franz,? impurities would affect the relaxation
time even with a residual pressure of the order of 5X10~7
Torr. Assuming a cross section of about 10~ cm? and
a relative velocity of 5.5)X10* cm/sec, Franz calculates
the maximum value of 7% to be 95 msec. Although the
value assumed for the cross section appears somewhat
arbitrary, it is of the order of magnitude of cross section
found in spin-exchange interaction; the above calcula-
tions would show that at the residual pressure in our
experiment (3X107¢ Torr), our longest relaxation times

26 F. A. Franz, University of Illinois Report No. R-246 (unpub-
lished),

are affected by the presence of impurities. In that con-
text, however, the decorrelation characteristic time T
would not be much affected by the presence of the re-
sidual impurities. This is because if spin exchange is the
actual mechanism taking place between rubidium and
these impurities, 7> would then be of the order of mag-
nitude of 7. Consequently, due to the relatively low
values measured for T, and long values for T, we do
not expect to find 7% affected much by this mechanism.

It should be mentioned that at the normal tempera-
ture of operation of the maser (60-70°C) spin-exchange
interactions between rubidum atoms play a major role
and the decorrelation of the buffer gas adds only a small
contribution to the relaxation.
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F16. 8. Relaxation rate v plotted versus (y1—10 sec™?). The temperature is the variable; however, v: as explained in the text, is
used to measure the rubidium density. The solid line reflects the theoretical results obtained in an earlier section.

B. Rubidium-Rubidium Spin-Exchange Relaxation

The effect of spin-exchange interaction between ru-
bidium atoms was determined as a function of tem-
perature in nitrogen at a pressure of approximately 11
Torr. It was found, however, that the relaxation time
T measured depended very much on the history of the
cell and on the physical location of the rubidium inside
the cell. For example, the same relaxation time could be
obtained in two different cells but at temperatures differ-
ing by as much as 10°C. Since, at moderate tempera-
tures, the relaxation rate v; is mostly controlled by spin-
exchange interaction, the following procedure was found
best in analyzing the data. First, a plot of y; was made
against the rubidium pressure as obtained from tables of
vapor pressure versus temperature. Extrapolation to
zero pressure gave an approximate value of the zero
rubidium density relaxation rate. This value was ap-
proximately 10 sec™! and was then subtracted from all
the measurements of v;. From the results a graph of v,
versus (y;—10 sec™!) was made. This is shown in Fig.

8 for three bulbs, called 01, 03, and 05. The results for
bulb 05 were obtained from a situation where optical
pumping was accomplished from both ends of the cav-
ity. In the case of bulb 03 a film of rubidium was present
on the walls inside the bulb. The temperature needed to
obtain a given y; was approximately 10°C lower than
in the other bulbs.

The solid line passed through the points in Fig. 8 is
the line that would give

v1°2=(8/5)y2*

as calculated in the theoretical section.?” The dotted line
would give v1¢*=2v,°*. The experimental results thus
appear to confirm the calculation made earlier. There
may be some question, however, about the high-density
points. Since, at these high densities, the light gets ab-
sorbed closer to the ends of the cell and does not pene-
trate as far in the cell as in the case of lower density, the

27 A least-squares fit of all the data points in Fig. 8 gave the fol-
lowing relation: y2=63-40.61v,%%.
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Fi16. 9. A typical plot of the time at which power becomes maximum as a function of the rf pulse-driving phase angle 8,. Curve (1) is
for the case where one lamp only is used while curve (2) is for the case where the maser is pumped from both ends. The difference be-
tween these two curves comes from the difference in pumping rate. The insert is a typical photograph of a delayed power surge for

0,<90°.

wall may start to play a more important role in the re-
laxation. However, the configuration of rf field is such
that those atoms that contribute to the signal are not
close to the ends of the cell. An interesting region on
Fig. 8 is where v; equals .. This happens at a relaxation
rate of about 140 sec™!. This number depends on the
buffer gas pressure since at low rubidium density v; is
primarily determined by buffer gas relaxation. The tem-
perature at which this crossing region exists depends also
very much on the history of the bulb. In one case where
a rubidium film was present in the bulb, this point ap-
peared at a temperature of 55°C. In another bulb where
the rubidium was concentrated in the tip, the point was
at 62°C.

The values of (y1—10 sec™) plotted on the abscissa
in Fig. 8 can be used to determine the density in the
following way. From the calculation made earlier,
v1°*=nb,a where » is the density, 7, is the relative ve-
locity, and o is the cross section. This last parameter

has been determined by several experimenters.?-% As
will be shown later, its value is approximately 1.6 104
cm? From this, and defining 8,=4(kT/7m)'’?, one ob-
tains #=(v,/6.4)10* holding approximately for the
range of temperature used here.

C. Spin-Exchange Cross Section

In relaxation measurements as reported above, the
effect of the rf magnetic field on the atoms themselves is

28 H, Warren Moos and Richard H. Sands, Phys. Rev. 135,
A591 (1964).

2 Hyatt Gibbs, thesis, University of California, Lawrence
Radiation Laboratory, 1965 (unpublished); H. M. Gibbs and R.
J. Hull, Phys. Rev. 153, 132 (1967).

30 S. M. Jarrett, Phys. Rev. 133, A111 (1964).

3 P, Franken, R. Sands, and J. Hobart, Phys. Rev. Letters 1,
118 (1959).

8 R. Novick and H. E. Peters, Phys. Rev. Letters 1, 54 (1958).

# Marie Anne Boushiat, Etude par Pompage Optique de la
Relaxation de Rubidium, Publications Scientifiques et Techniques
du Ministere de I'Air, Paris (Service de Documentation et d’In-
formation Technique de ’Aeronautique, Paris, 1965).

( u S.) M. Jarrett and P. A. Franken, J. Opt. Soc. Am. 55, 1603
1965).
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assumed to be small. In other words, the radiation life-
time at the hyperfine frequency is assumed to be long
compared to the relaxation time measured. In practice,
this condition can be satisfied by increasing the cavity
coupling and setting the cavity somewhat off resonance.

In the case where the radiation lifetime is of the same
order of magnitude as the relaxation time, a delayed
surge of power is observed some time ¢y after the pulse.
The physical explanation of the phenomenon is funda-
mental to maser action. It shows that after the spin
system is sent into a radiant state, oscillation builds up
to a point where the effect of relaxation takes over and
makes the system decay to equilibrium. In a maser the
relaxation is counteracted by replenishing the popula-
tion of the upper energy level. In the present situation
this does not happen since the orienting light is turned
off during the time of observation of the effect.

The effect has been seen in the maser; its existence
has been reported also by Bender and Driscoll in pro-
tons.®® This effect was used to determine the spin-
exchange cross section through the method described
in the theory. The dependence of ¢, versus 6, obtained
had the general form predicted by Eq. (48). This is
shown in Fig. 9. There were, however, some slight dis-
crepanices which were probably due to the difficulty of
interpretation of #,. The driving phase angle 6, of the
pulse could be varied by changing either the pulse length
or the rf amplitude. In changing the pulse length one
had to be careful about the electronics response time. It
was found in our case that below approximately 35 usec,
the pulse amplitude decreased with diminishing length.
The other method of varying the pulse amplitude with
a calibrated attenuator appeared to be more reliable.

The definition of the phase angle for a given pulse was
somewhat ambiguous in our system. This was due to
the fact that the rf field was not constant through the
whole cavity. It was found that at exact resonance the
power required for a 180° pulse was not exactly twice the
power required for a 90° pulse. It appears that it would
be desirable to make these experiments in a system
where the atoms are confined to a field of approximately
the same amplitude.

Even though there were some ambiguities like the
ones described above, the effect was clearly observed and
the results were analyzed in the following way. Either
the pulse length or the field amplitude was varied. The
signal amplitude immediately after the rf pulse was then
recorded as well as the time of the maximum power after
the pulse. The driving phase angle was obtained from

3 P, L. Bender and R. L. Driscoll, IRE Trans. Instr. 7, 177
(1958).
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the amplitude of the signal, and a plot of 6, versus fx
was made.

Several methods were tried for extracting the param-
eter a=A¢k/v from the experimental data.

(1) One method consisted in trying various values of
a to obtain the best fit between Eq. (48) and the experi-
mental data. However, it was found that when this was
done, Eq. (48) was not in agreement with the experi-
mental data for large values of ¢y when 6,— 0. This
was probably due to the ambiguity in defining the phase
angle 6, at intermediate values.

(2) Another method consisted in finding by extrap-
olation the value of 6, for the case where ¢y — 0. Al-
though this is a perfectly valid method, it was found
rather difficult to use in practice because the relation
between 6, and £3 is not linear.

(3) A third method, which is probably the best one,
was to use the value of ¢ when 6, — 0. In this case one
can show from Eq. (48) that ¢y tends to the value Ina/y,
from which e can be obtained. This method has the ad-
vantage that it does not depend on the interpretation of
0, at intermediate values.

The value of ¢ found through this last method near
the temperature where y;=>y; was

0=1.6X10"1* cm?+0.3

and is in agreement with the best value published.?-2?
The error quoted here is the maximum scatter observed
in the various measurements. This value of ¢ is approxi-
mately 209, smaller than the value published earlier,
which was obtained through methods (1) and (2) de-
scribed above.!® The new value reflects the use of the
third method of extracting the value of ¢ from the ex-
perimental data, as well as new experiments that have
been made since that time. Figure 9, which is a typical
set of data, was obtained with bulb 05 and optical pump-
ing either from both ends of the cavity or from one end
only. The same value of & was found for both cases, well
within the experimental maximum error given above.
The relative shape of the two curves is in agreement
with the shape predicted by Eq. (48). However, Eq.
(48) could not be fitted to the experimental data at both
regions of intermediate 6, and 6, — 0 at the same time.

Several questions arise on the absolute accuracy of ¢
as determined here. The parameters Ay and # could be
inexact by a certain amount. To obtain o, the value of
7 was first calculated for a bulb filling the entire cavity;
this result was then multiplied by the ratio of the bulb
volume to the cavity volume. The value of A in general
could be inexact due to two sources. First, an error in
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the pumping rates could be reflected by an error on A,.
However, at the pumping rates used here, an error of
25% in T would be reflected by an error of only 79, in
the value of Ao. The other source of error would be to
some extent nonuniform illumination through the cell.
However, it will be seen in the following section on
pumping rates that the bulb is still relatively trans-
parent at the density at which these experiments were
done. The experimental data of Fig. 9 in which the bulb
was optically pumped either from both ends or from only
one end gave the same result as far as ¢ is concerned.
The two lamps added to give a greater pumping rate
without increasing the signal much as compared to the
case where only one lamp was used.

The technique of determination of ¢ just described

can be used in several other systems such as those using
hydrogen, potassium, sodium, rubidium-85, and cesium.
In each case a different method would be used to ob-
tain the orientation.

D. Pumping Rates of Lamps and Maser Power Output

The pumping rates of the lamps were determined by
the method shown in Fig. 4 in a bulb filled with nitrogen
at a pressure of 11 Torr. At the turn-on of the light,
orientation starts in the spin system. Orientation takes
place within a characteristic time which is a measure of
the pumping rate of the lamp and of the relaxation rate
1. This characteristic time is (3T+4v1)~L. It is measured
by monitoring with a 90° pulse the amount of orientation
obtained at a given time after the light has been turned
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on. This has been done on a maser equipped with two
lamps—one at each end; the pumping rate of either lamp
individually or of both lamps acting together has been
measured as a function of the density (or v1) in the
maser cell. These lamps are called 03 and 04, respec-
tively, and the results are shown in Fig. 10.

The variation of the pumping rate I' with density and
distance in the absorption cell can be estimated in the
following way. We assume a spectrum having a rec-
tangular line shape of width equal to the Doppler width
and around the wavelength corresponding to the transi-
tion P <> S(F=1). The absorption line in the maser cell
is assumed to have the same shape and the same width.
Although these are crude assumptions, the result ob-
tained is sufficient to explain qualitatively the experi-
mental behavior of the pumping rate I'. We define o9 as
the absorption cross section for the absorption of an
incident photon by a rubidium atom. Taking into ac-
count the effect of the light in increasing the cell trans-
parency we obtain the following relation:

(8/3)v1 In(T/To)+(5/3)(T—To) = — (00/0v,)711%2,

where z is the distance in the cell and where we have
used the relation yi~%d,o.

The experimental results shown in Fig. 10 reflect
qualitatively the behavior predicted by Eq. (57). The
large rate of decrease of I' observed at low values of v is
in agreement with the prediction that the pumping rate
should decrease with the square of the density.?® At
higher density the observed rate of decrease of I' with
density is less than at lower density. This would show
that the logarithmic term in Eq. (9) is becoming impor-
tant relative to the linear term in I'. In this case I' would
decrease exponentially with v;. When the experimental
values are entered into Eq. (9) and z is taken as one-
half the length of the cell, a value of o9 of the order of
2X10~1 cm? is obtained. This is of the order of mag-
nitude known for the absorption cross section for
rubidium resonance radiation. Detailed comparison of
the experimental data with the theory, however, shows
that Eq. (57) predicts a faster decrease of T' with density
than the one observed. This is probably because at
these higher densities, the center of the rubidium line is
absorbed and much of the pumping is done by the
wings of the line. In that case the cross section for ab-
sorption of photons in the wings of the line is small; this
would predict a less rapid decrease of the intensity with
the density. This effect was not included in Eq. (57)
since the cross section oo was assumed constant through
the absorption line of width equal to the Doppler width.

In Fig. 11 the ratio I'(03+04)/(T03+T'04) is plotted.
It is seen that this ratio drops monotonically with in-
creasing cell density, showing that the region of inter-

(57)

36 At low values of v1, I' is close to Ty, the value of I' when v;
tends to zero.
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I'16. 11. Plot of the ratio of the pumping rates of both lamps
acting together, to the sum of the pumping rate of each lamp acting
separately. The result shows that the overlap of the region of in-
teraction of the lamps decreases with increasing density.

action of the lamps is- becoming more separated at
the higher temperatures. However, at the temperature

.of operation of the maser where v1~300 sec™?, one can

see that both lamps are still interacting at overlapping
regions of space. At low densities both lamps help each
other by making the cell more transparent and allowing
the light to penetrate the region of space where the rf
field has the proper orientation.

The maser power output was studied under cw opera-
tion as a function of various parameters such as cavity
Q, density, and light intensity. In the first experiment
the bulb was filled with 11 Torr of nitrogen and 10 mg
of Rb%. The maser in which these measurements were
made had a transparent top tuner and a solid bottom
which probably had a certain amount of reflectivity at
the wavelength of the pumping light. Only one lamp was
used in these experiments.

The light intensity was varied by the means of an
iris in front of the light beam. Light pipes were used in
the experiment and it is beleived that redistribution of
intensity in the beam was not appreciable when the light
intensity was varied through that technique. The pump-
ing rate of the lamp was measured by the method de-
scribed earlier; this was done for various iris settings
and various densities in the maser. The lamp and filter
cell temperatures were adjusted to give optimum
performance.

Using these measurements it was possible to make
graphs of the maser power output as a function of light
intensity for various parameters and cavity Q values.
The cavity Q was varied by changing the amount of
coupling. The original data of power output has been
transformed to an actual power given by the atomic
system and it is this power that is plotted in Fig. 12.
These two powers are related by

Pout=kac/(1+k0) 3 (58)
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where %, is the coupling coefficient for an undercoupled
cavity.

These results follow the general characteristic of the
theory described earlier. However, there are some
marked differences:

(1) The range of I'=T/y: over which the maser
operates is very narrow. From the value of A¢k/y ob-
tained earlier, the parameter T,/ can be evaluated
through the relation I',,’=1/k. The value found is about
0.04 which, from Fig. 3, would permit a range of oscil-
lation from I'=0.6 to I"~6. This is not seen in Fig. 12.

(2) When the density in the maser cell is raised, the
maximum of power appears to move toward lower values
of TV,

The reason for this behavior is not yet completely
understood. However, one can mention the presence of
the following effects. If the buffer gas is not quenching

all the scattered radiation, there will be trapped radia-
tion and a loss of orientation at high light intensity; this
could redlice the range of operation of the maser as a
function of light intensity. Another effect is the modula-
tion of the light by the oscillating atoms.?” This would
introduce side bands in the lamp spectrum; one of these
side bands would appear at the resonance wavelength
connecting the P state to the F=2 level in the ground
state. This would destroy the spin orientation in the
maser and lower the power output. In the experiments
reported here a maximum power of 21071 W has been
observed for the case where the maser oscillates between
the field-independent levels. In zero field where all the
Zeeman levels are overlapping, a power output of 10—° W
was detected.

37 R. Novick (private communication).
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V. CONCLUSIONS

From the results reported here it can be concluded
that the theory underlying the operation of the rubidium
maser is fundamentally in agreement with the experi-
mental data. However, there are some discrepancies
between the theory and the experimental results which
are not yet understood. From the results of measure-
ments on the power output of the maser, it appears
that the rubidium maser should be a source of unsur-
passed spectral purity.

In this paper the theory of spin-exchange interaction
between Rb%7 atoms has been developed and has been
found in agreement with the experimental data. Experi-
ments have also been described in which the spin-
exchange cross section has been measured through a
new method utilizing stimulated emission. The result
has been found in agreement with the data published.
The method should be extended to other systems such as
those using sodium, potassium, cesium, and rubidium-85.

Rb&? AND Rb
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(a)

F1c. 5. Typical experimental results. Photograph (a) shows a
multiple exposure of the induced signal after the microwave pulse.
The time base is 10 msec/div and the trace is triggered by the
end of the light pulse. Photograph (b) is a multiple exposure of
the growth of the orientation during the light pulse; in that case
the trace is triggered from the beginning of the light pulse. The
time base is 1 msec/div. In photograph (c), the maser gain is
sufficiently high to permit continuous oscillation. The time base
is 10 msec/div and tEc scope is triggered from the beginning of the
light pulse. The light pulse ends at about 48 msec where the power
output rises because the decorrelation effect of the light is removed.
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F16. 9. A typical plot of the time at which power becomes maximum as a function of the rf pulse-driving phase angle 8,. Curve (1) is
for the case where one lamp only is used while curve (2) is for the case where the maser is pumped from both ends. The difference be-
tween these two curves comes from the difference in pumping rate. The insert is a typical photograph of a delayed power surge for
0,<90°.



