
VOLUME 72, NUMBER 15 PHYSICAL REVIEW LETTERS

Spin-Exchange-Pumped 3He and '29Xe Zeeman Masers

11 APRIL 1994

T. E. Chupp, R. J. Hoare, ' R. L. Walsworth, and Bo Wu

'Harvard University, Cambridge, Massachusetts 02138
University of MichiganA, nn Arbor, Michigan 48109

Smithsonian Astrophysical Observatory, Cambridge, Massachusetts 02138
(Received 15 November 1993)

Steady-state noble gas Zeeman masers operating with He and ' Xe have been realized by spin ex-

change with laser optically pumped Rb. These masers can operate continuously for arbitrary lengths of
time. For measurement intervals s 1000 to 10000 s, frequency measurement precision for a phase

locked ' Xe maser is shown to be better than 1 X10 r Hz. Startup transients are used to study

gain characteristics. In a two-cell setup maser conditions for both species can be optimized allowing a

wide array of precision measurements.

PACS numbers: 32.80.Bx, 42.52.+x

Precision measurement of the Zeeman splitting in a
two-state system is the basis of the traditional magnetom-
eter (e.g., proton NMR [1]), optically pumped atomic
magnetometers [2], as well as searches for exotic non-

magnetic couplings such as the permanent electric dipole
moment (EDM) of the neutron [3] or atoms [4-8]. Pre-
vious work demonstrated a Zeeman maser operating with
3He polarized by optical pumping of metastable atoms
[9,10]. We report here the successful operation of a new

system: the spin-exchange-pumped noble gas Zeeman
maser in which the population inversion is produced by
spin exchange between the noble gas and optically
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FIG. l. The noble gas Zeeman maser apparatus. The two-
cell system necessary for dual species operation is illustrated.
For the experimental results presented in this paper, we used a
single cell in the measurement cell position. The laser optically
pumps Rb atoms that transfer spin to the noble gas nuclei.
Each pickup coil is part of a tank circuit tuned to the noble gas
precession frequency. The magnetic energy stored in the tank
circuit is oscillating at the precession frequency and causes Rabi
precession, which rotates the spins toward the lower energy
state.

pumped Rb vapor.
Our goal is a dual species maser with He and ' Xe.

Dual species operation is important for experiments that
measure frequency shifts due to new physics such as the

existence of an atomic EDM, which would be several or-
ders of magnitude smaller for He than for ' Xe [8,11).
Spin exchange can simultaneously produce polarization

of more than one noble gas species [11],and dual maser

operation can be effected in a two-cell system, in which

conditions for both species can be optimized. (Dual
species operation is difficult in a single cell, because
threshold and optimum conditions for each species are
different and competing. ) To date, we have achieved con-

tinuous maser operation separately with 3He and '2 Xe in

a single cell and with He in a two-cell system.
We begin with the formalism and description of the

two-cell system necessary for the dual species Zeeman
maser. A pumping cell (labeled Vt ) and a measurement

or maser cell (labeled V~) are connected by a transfer
tube [12] (see Fig. 1). Maser oscillation is effected by
the coupling of precessing spins to a resonant cavity or, in

our case, a tank circuit formed by the pickup coil and a
tuning capacitor (see Fig. 1). The precessing magnetiza-
tion induces a current and therefore a resonant oscillating
magnetic field, which produces a torque on the spins that
changes the magnetization. This self-coupling can lead to
stimulated or super-radiant Rabj precession of the spins

and, if a continuous source of magnetization is present, to
steady-state maser oscillations with stable longitudinal

and transverse magnetizations. Spin exchange in the

pumping cell provides the continuous source of magneti-
zation as the longitudinally polarized atoms diffuse into
the maser cell. Spins in the pumping cell do not take part
in the maser oscillation because the transverse component
of magnetization in the pumping cell is rapidly damped

by spin exchange and by the magnetic field gradients.
The equations of motion for the spins of each species in

the Zeeman maser can be written as modified Bloch
equations combined with source terms due to spin ex-
change and transfer of polarization from the pumping cell
to maser cell [10,12]:
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where the polarization in the maser cell, P, is defined by

M„s P~„s[n],M„sis the magnetization (magnetic mo-

ment density), p„sis the magnetic moment, and [n] is the
number density of the noble gas species. Pp is the longi-

tudinal (i.e., z component) of the noble gas polarization
in the pumping cell. The vector m y„sB,where y„sis

the gyromagnetic ratio of the noble gas species and 8 is

the sum of the static and induced oscillating magnetic
fields. Ti is the phenomenological relaxation time for
longitudinal polarization (P, and Pl ) and Tq is that for
transverse polarization in the maser cell (P and P~),
which is affected most strongly by magnetic field gra-
dients and spin transfer between the maser cell and

pumping cell. The polarization of the laser optically

pumped Rb is Pitb, and ysE is the noble gas Rb spin ex-

change rate. Gp and G~ are polarization transfer rates
out of the pumping cell and into the maser cell [12]. In

Eq. (I) we assume that a conserved current of atoms in

each spin state IIows from one cell to the other, which re-

quires that polarization relaxation in the transfer tube is

negligible.
Transverse components of m are due to the current in

the pickup coil induced by the precessing spins. The
magnitude of the current is I p(ro, )e,@/R, where 4

poNr red is the IIux coupled from the transverse com-

ponents of magnetization (Nr gN, +N» ) to the pick-

up coil of area A and resistance R, and rl is a geometric
factor that accounts for the difference in volume of the

pickup coil and the magnetized sample. p(oi, /coo) is the

response of the pickup coil circuit:

2Px
Pz =Pp6~-

~o&RD T
+6~

(3)

where I/r RD, often called the radiation damping rate, is a
measure of the torque that is self-induced by the spin-coil

coupling,

1 1
y.s~—Q&o—[.]P. ,

&RD
(4)

Po is the equilibrium value of P, in the absence of spin-

cavity coupling (i.e., ritD ~), and P, ~Po. For a sin-

gle cell maser, Eqs. (3) can be modified by setting Pp

Pitb and G~ yap. The solution of these coupled equa-
tions depends on initial conditions. The conditions for
steady-state maser oscillation, found by setting P P,

P p 0, are (1) P, )0 (i.e., population inversion), (2)
ran & T2, and (3) P )0. The last condition (3) is re-

quired for the maser to start and can be induced by spon-

taneous emission, blackbody radiation, or with a pulse of
applied oscillating magnetic field [10].

In Fig. 2 we show the results of a calculation for a
single-cell maser with conditions similar to those for the
single-cell ' Xe maser described below. The calculation
shows components of polarization for maser startup from

the condition P, 0 and a small transverse polarization
"seed" of P„0.001. The illustrated transient behavior

can be understood as follows: Spin exchange produces
polarization P„which builds up and increases the radia-

tion damping torque. When that torque exceeds the
threshold defined by ritD & (P,/Po) T2, P„canincrease as

the polarization rotates. Thus P, decreases, decreasing
the radiation damping torque until a temporary equilibri-

um is attained from which the process repeats. Eventual-

ly, the transients decay, and steady-state oscillation

proceeds.

Q(m, /roo) 2+ Q z(oi, /roo 1)'—
where Q moL/R is the quality factor of the pickup coil

tank circuit, and aio is the coil resonant frequency.
It is convenient to transform to a frame corotating with

the precessing spins around the z axis. In this frame the

magnetization is directed along the x axis. Neglecting
the high frequency (e.g. , Bloch-Siegert) components of
the magnetic field in the rotating frame we have oi, 0,
and

y y siI(oi /roo)P(ro*/roo)goNT'sink ~

I (2)
coy -—y y„sil(oi,ioio)p(oi, /coo)goNz cosy,

where P is the phase angle between the voltage and
current in the pickup coil circuit: tang Q(oi, —

ohio)/
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FIG. 2. Calculations of startup transients and approach to
steady state for the siagle-cell '~Xe maser ~ith conditions sirni-

lar to those listed in Table I.
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FIG. 3. Observed startup transients and approach to steady
state for the single-cell '~Xe (a) and the IHe (b) masers and
the two-cell IHe maser (c). At time t =0, II 0 and optical
pumping was started. For the data in panel (c), the phase
locked loop was closed at t =0.65 h.

1.5

In Fig. 3 we show the measured maser signal (propor-
tional to MT) for the startup and approach to the steady
state of separate single-cell masers using ' 9Xe (a) and
3He (b) and for a two-cell 3He maser (c). The single cell
is spherical in shape with volume approximately I cm3

and is coated with a siliconizing agent which increases
the wall relaxation time for 'z9Xe [8]. The double cells,
each spherical with volume = 3 cm3 are uncoated. The
relevant parameters are given in Table I. In particular,
note that the coherence relaxation times T2 are short
compared to previously observed free induction decay
times of l000 s or more li I]. For the single-cell maser,
this is due to spin exchange with the polarized Rb which
aA'ects both species but is much stronger for ' Xe (13].

In the two-cell maser the Rb density is much less in the

lower temperature maser cell and the spin exchange
effects on T2 for ' Xe will be negligible. In our current
two-cell setup, the maser cell is in a region of strong mag-

netic field gradients which leads to the short Tz for He.
Also note that the He gyromagnetic ratio is 2.76 times

larger than that of ' Xe, which makes ru, and Q corre-

spondingly larger and rRn significantly smaller so that

the maser threshold can be attained with smaller P, . For
the single-cell maser, the rate at which the transients

damp out is determined by ysE. For the two-cell 3He

maser, the transients damp out with a rate characteristic
of the spin transfer rate 6~ = I/(3 min).

The utility of the noble gas maser for magnetometry
and searches for exotic dipole couplings (e.g. , a per-
manent EDM of ' Xe) is illustrated in an experiment
that uses the maser precession frequency to lock the mag-
netic field while monitoring the maser oscillation frequen-

cy. In this experiment, the maser serves as a phase
locked local oscillator which is compared to a master
clock as shown in Fig. 1. This measurement is not sensi-

tive to the intrinsic frequency stability of the maser for
observation times long compared to the time constants of
the phase locked loop, and it therefore establishes the
limits of the maser frequency precision. The frequency
was measured by beating the maser signals against a
reference oscillator shifted from the lock frequency by
0.05 Hz (i.e., for the single-cell 3He maser, the reference
oscillator is at 9388.05 Hz). This beat signal was aver-

aged with a l.25 s time constant and sampled at I Hz.
The measured frequency is defined as the best fit fre-

quency extracted from a g2 minimization of the data
stream, which can be thought of as a linear fit of the

phase as a function of time. In our case, the phase is

determined by the measured signal voltage with the rela-

tionship e(t;) vosin[p(t;)], where vo is the amplitude of
the measured voltage. The expected optimal maser fre-

quency performance, the precision for a given measure-
ment interval r, is limited by the error on the slope of p
as a function of time. For our measurements, with r be-
tween l000 and l0000 s, this is dominated by the white

voltage noise from the pickup coil at temperature T and
noise from the electronics which cause white phase noise

TABLE I. Noble gas Zeeman maser parameters.

Operating temperature
[Rb]
[n]

7sE
Pp

&RD

T2
Signal size (vp)

Operating frequency

80 C
1.4x 10' /cm
7 x 10 "/cm'

0.2 h

=1
13

=25 s
100 s

30 pV
3510 Hz

He (single cell)

150 C
l.ox 10' /cm
1.4x 1O "/cm'

22 h

& 0.2
30

&2s
180 s
6pU

9388 Hz

IHe (double cell)

150 C (pump)/90'C (maser)
1.0 x 10'4/cm I

4.9x 10"/cm'
22 h

=0.3
10

1 ~ 5 s
12s

40 pU
9760 Hz
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FIG. 4. Frequency precision of the single-cell He and ' Xe
masers. In both cases, the maser oscillation frequency is locked
to an external oscillator by feedback to the static magnetic field.
The maser serves as a local oscillator that is compared to the
reference frequency for variable integration times, r. The solid
and dashed lines are proportional to ~, which is expected
for limitations due solely to white phase noise.

In summary, we have demonstrated successful opera-
tion of versatile spin-exchange-pumped noble gas Zeeman
masers that are appropriate for precision magnetometry
and, when operating ~ith two or more species, searches
for exotic dipole couplings. The performance achieved to
date for the single-cell, single species, phase locked ' Xe
maser can be expressed as o„&10 r Hz for mea-
surement intervals r —1000 to 10000 s. We anticipate
significant improvement of this performance in the opti-
mized two-cell configuration (increasing vo and utilizing
optimized pickup coil geometry). Also note that, since
maser performance is dominated by pickup coil Johnson
noise and other sources of white voltage noise, a dc
SQUID detecting the precessing magnetization could also
lead to improved performance. Operation with other no-

ble gas species, including 'Ne, is straightforward, pro-
viding opportunities for a wide array of applications.
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sions with Mark Wagshul, Eduardo Oteiza, Miriam Vu,
Reginald Jaynes, Edward Mattison, and Robert Vessot.
This work was supported by the University of Michigan
and the Smithsonian Institution's Scholary Studies Pro-
gram.
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where 8 is the bandwidth of the electronics. Fluctuations
of the maser frequency on time scales short compared to
the 0.05 Hz beat frequency also appear as phase noise
and cannot be separated from the voltage noise. For
white phase noise, the error on the measured frequency
can be shown to be [14]

&/2

1 12 PrmJ8
2 3

-3/2

where we assume that 8 is matched to the sample rate so
that the number of samples is N 2tr8r The intrin. sic
frequency noise of the maser includes unstable collisional
and wall induced shifts and imperfect operation of the
magnetic field lock loop. White frequency noise causes a
random walk of the phase that accumulates as p,m, cx: z

[15], and for r sufficien]y large so that white frequency
noise dominates, we would expect cr„ccr 'l2 [16].

In Fig. 4 we show the results of our measurements for
the single-cell 3He and '2sXe masers. Each data point
represents the standard deviation of a series of measure-
ments for each measurement interval r. The data dem-
onstrate that ct„txr t (sohd and dashed lines) as ex-
pected for the phase locked maser. We can extract the
effective noise temperature (Q T,a Q T+T,m~+ . . )
and find Q T,a-3X IO K for He and Q T,tr-7X10
K for ' Xe. For the He maser pickup coil Q T
-4&10 K, and for the ' Xe maser Q T=6X 10 K.
This shows that voltage and phase noise are 4 and 10
times greater, respectively, than that due to pickup coil
Johnson noise alone.
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