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Accurate 3He polarimetry using the Rb Zeeman frequency shift
due to the Rb-3He spin-exchange collisions

M. V. Romalis* and G. D. Cates
Department of Physics, Princeton University, Princeton, New Jersey 08544

~Received 6 February 1998!

We describe a method of3He polarimetry relying on the polarization-dependent frequency shift of the Rb
Zeeman resonance. Our method is ideally suited for on-line measurements of the3He polarization produced by
spin-exchange optical pumping. To calibrate the frequency shift we performed an accurate measurement of the
imaginary part of the Rb-3He spin-exchange cross section in the temperature range typical for spin-exchange
optical pumping of3He. We also present a detailed study of possible systematic errors in the frequency shift
polarimetry.@S1050-2947~98!01010-5#

PACS number~s!: 32.80.Bx, 32.30.Dx, 33.25.1k, 33.35.1r
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I. INTRODUCTION

Nuclear spin polarized3He is used in a variety of experi
ments in atomic, nuclear, and particle physics. Polarized3He
produced by spin exchange with optically pumped Rb me
@1,2# has recently been used for precision measurement
the neutron spin structure functions@3#, tests of fundamenta
symmetries@4#, neutron polarizers and analyzers@5#, and
magnetic resonance imaging~MRI! of the human lungs@6#.
Several new experiments designed to measure s
dependent form factors and structure functions of the neu
and 3He are being developed at Jefferson National Accele
tor Facility @7#.

In many of these applications, particularly in precisi
measurements of the neutron and3He form factors, it is
important to know accurately the absolute3He polarization.
At present, the most common method of polarimetry is ba
on NMR, usually using the technique of adiabatic fast p
sage~AFP! @8#. While the signal-to-noise ratio provided b
this technique is excellent, absolute measurements requ
complicated calibration which usually has a limited precis
@9#. An alternative method of polarimetry, based on the f
quency shift of the Rb Zeeman resonance@also called elec-
tron paramagnetic resonance~EPR!# has been developed i
@10–12#. Rb-3He spin exchange, responsible for transferri
the polarization from Rb to3He, also shifts the Rb Zeema
frequency. The frequency shift is proportional to the pol
ization and density of3He, as well as the imaginary part o
the Rb-3He spin-exchange cross section, parametrized b
dimensionless constantk0 . For 3He densities and polariza
tions typically used in nuclear physics experiments, the s
is very large~on the order of 20 kHz!, and can be measure
easily in a typical magnetic field of 20 G, where the Rb EP
frequency is 9 MHz. Thus, once the value ofk0 is accurately
determined, frequency shift polarimetry provides a relia
and accurate method for measuring the3He polarization
without the need for anin situ calibration.

Here we extend the technique of frequency shift polar

*Present address: Department of Physics, University of Wash
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etry in several ways. We describe a new measurement
cedure ideally suited for on-line measurements during opt
pumping. It was used at SLAC in the recent neutron s
structure measurement@3,9,13# and has proven to be robus
in the accelerator environment. We extend the theoret
treatment of the frequency shift to moderate magnetic fie
where the effect of the hyperfine structure is significant. W
report on a new measurement of the Rb-3He spin-exchange
constantk0 . Unlike previous measurements@11,12#, our ex-
periment is done in the temperature range typical for sp
exchange optical pumping of3He. It is also more accurate
than previous results. Finally, we discuss in detail poss
systematic errors of frequency shift polarimetry, estim
their typical sizes, and describe techniques for minimiz
these effects. With these developments the technique of
quency shift polarimetry can now be used easily in expe
ments requiring very accurate knowledge of the3He polar-
ization. Frequency shift polarimetry is also useful for maki
rough measurements of the absolute3He polarization, since
no in situ calibration is required. The work presented he
provides a practical approach to such measurements as
as an estimate of possible errors.

II. THEORY OF POLARIZATION-DEPENDENT
FREQUENCY SHIFT

To calculate the frequency shift due to Rb-3He spin ex-
change consider the time evolution equation for the den
matrix r describing the Rb atoms in a magnetic fieldB di-
rected along thez axis @14,15#,

d

dt
r522p i @AIW•SW ,r#2 i @veSz2v I I z ,r#

1GSE~4a^KW &2CW !•SW 12iGSEKSE@^KW &•SW ,r#1
d8

dt
r.

~1!

The first two terms give the evolution of the density mat
due to the hyperfine and Zeeman interactions, while the n
two terms describe the effect of the Rb-3He spin exchange
during binary collisions. The formation of van der Waa
molecules is negligible for Rb-3He @2# . HereI andS are the
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PRA 58 3005ACCURATE 3He POLARIMETRY USING THE Rb . . .
nuclear and electron spins of the Rb, andK is the 3He
nuclear spin.GSE5@He#^vsSE& is the Rb-He spin-exchang
rate per Rb atom, given by the product of the3He number
density@He# and the velocity average of the real part of t
spin-exchange cross sectionsSE. KSE is the frequency
shift parameter defined in@15# as the ratio of the imaginary
part of the spin-exchange cross section to its real part.a and
CW are operators acting on the Rb nuclear spin@14#. A is the
Rb hyperfine constant, andve5gemBB/\ and v I
5gImNB/\ are the electron and nuclear Zeeman frequ
cies. d8r/dt is the contribution to the time evolution from
other effects, such as the Rb-Rb spin exchange and op
pumping, which do not depend directly on the3He polariza-
tion. These effects can also cause shifts of the Rb EPR
quency and lead to systematic errors. They are discusse
the Appendix.

Since the3He nuclear spins are polarized along thez axis,

^KW &5Kzẑ, the imaginary part of the spin-exchange term c
be directly added to the Zeeman term. The real part of
spin-exchange term causes a frequency shift only in sec
order, i.e.,GSE(GSE/ve) @14#, and is quite negligible. There
fore the frequency shift due to spin exchange is equivalen
a shift by an additional magnetic field

BSE5~2KSEGSE\/gemB!Kz, ~2!

ignoring the contribution from the nuclear Zeeman splittin
which gives a correction on the order of 131023. The value
of BSE for typical conditions is about 0.05 G, so in calcula
ing the change of the EPR frequency due to3He we can use
the derivative of the EPR frequency with respect to the m
netic field. Thus, the frequency shift is given by

DnSE5
dn~F,m!

dB

2\KSE@He#^vsSE&
gemB

Kz, ~3!

wheren(F,m) is the EPR frequency of the transition (F,m
→F,m21), whose frequency shift is being measured, giv
by the well-known Breit-Rabi equation@16#.

The Rb EPR frequency can also be shifted by the class
magnetic field created by polarized3He. Only the compo-
nent of the field parallel to the applied field contributes to
shift to a significant degree. The field is proportional to t
3He magnetizationMHe, BHe5CMHe, whereC is a dimen-
sionless constant which depends on the shape of the
containing polarized3He. The shift of the EPR frequenc
due to this magnetic field is given by

DnM5
dn~F,m!

dB
CMHe5

dn~F,m!

dB
C@He#mKKz /K, ~4!

where mK is the 3He nuclear magnetic moment. The tw
sources of EPR frequency shift can be combined fo
sample of specific shape, since both of them are proportio
to the 3He polarization and density. Following the conve
tion in the literature we define a constantk0 for a spherical
sample by the relation

Dn5DnSE1DnM5
8p

3

dn~F,m!

dB
k0mK@He#P, ~5!
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where P5Kz /K. k0 is a dimensionless constant that d
pends on temperature, but not on the density or the polar
tion of 3He. The shift parameterKHe is absorbed intok0 .
Note that if we ignored all Rb-3He interactions and used onl
the classical magnetic shift for a sphere (C58p/3) then we
would getk051. So, the value ofk0;6 can be thought of as
an enhancement due to attraction of the Rb electron w
function to the3He nucleus.

In the limit of low magnetic field dn(F,m)/dB
5mBge /h(2I 11) for all F and m levels, and Eq.~5! re-
duces to previous definitions in the literature@10–12#. At
higher magnetic field the lowest order correction is given

Dn5
8p

3

mBge

h~2I 11!S 17
8I

~2I 11!2

mBgeB

hA D k0mK@He#P

~6!

for the F5I 11/2, m56F state, whose shift is most easil
measured in our conditions. For example, for85Rb
I 55/2, A51012 MHz, and the correction is 3% for a ma
netic field of 20 G.

III. 3He POLARIMETRY

We have developed a new technique for measuring
EPR frequency shift which can be used without significa
disruption of the optical pumping process and with a re
tively small amount of additional equipment. The setup w
implemented at SLAC during the measurement of the n
tron spin structure function@3#. It allowed measurements o
the polarization without access to the polarized target
proved to be robust under accelerator conditions. Similar
ups have been used at Princeton for several experiment

During spin-exchange optical pumping of3He @2#, the
polarization of the Rb vapor is maintained at 60–100 %
optical pumping with a high power laser tuned to t
D1 (5S1/2→5P1/2) transition in Rb. For definiteness, con
sider optical pumping with left-circularly polarized light d
rected parallel to the holding field. Most of the85Rb atoms
are pumped into theF53, m53 state, from which they can
not absorb laser photons. Among the atoms which can
sorb the pump photons and are excited to the 5P1/2 state,
most are quenched to the ground state by N2, which is added
to the cell to avoid radiation trapping. A small fraction~3–
5 %! decays by emitting a fluorescence photon at either
D1 or D2 line. The fluorescence photons are observ
through aD2 filter which blocks the direct light scatter from
the laser. By applying a rf field at the frequency of them
53→2 transition one can increase the number of atoms
the m52 state which are able to absorb pump photons, a
therefore increase the intensity of the fluorescence. The r
nance signal can also be observed atm52→1 and other
transitions, but it is, in general, much weaker because
population of these states is depleted by optical pump
Therefore, we always use them53→2 transition~or m5
22→23 transition if pumping into them523 state!.

A typical experimental setup for EPR measurements
shown in Fig. 1. The optical pumping cell, containing a fe
mg of Rb metal, 9 amg of3He and 0.08 amg of N2 @17#, is
placed in a holding magnetic fieldB, and is pumped by
circularly polarized laser light directed parallel to the holdi
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3006 PRA 58M. V. ROMALIS AND G. D. CATES
field. To achieve a desirable Rb number density,@Rb#
51014–1015 cm23, the cell is placed in an oven and heat
to 170–190 °C by flowing hot air. The EPR rf field is creat
by a coil mounted on the side of the oven. The fluoresce
from the cell is detected by a photodiode with aD2 filter to
block the scatter from the pumping lasers. To measure
EPR frequency we use a feedback system@11#. The rf field is
generated by a voltage controlled oscillator~VCO!, in our
case, a Wavetek function generator Model 80. By apply
an ac voltage to the input of the VCO we modulate its f
quency. A typical value for the amplitude of the frequen
modulation is 6 kHz and the modulation frequency is 2
Hz. The photodiode signal is detected by a lock-in amplifi
referenced to the modulation frequency. One can show
the lock-in signal is proportional to the derivative of th
resonance line shape and crosses zero when the centra
quency of the rf field is equal to the EPR frequency.
proportional-integral~PI! feedback circuit adjusts the d
level at the input of the VCO to keep the lock-in signal ze
thus locking the central frequency of the VCO to the EP
resonance. This frequency is measured by a counter an
corded by a computer. To accurately determine the shif
the EPR frequency due to3He, it is important to keep the
applied static magnetic field stable. We used a Barting
flux-gate magnetometer to stabilize the magnetic field.
small coil wound around the head of the magnetometer p
vided a cancellation field, so the total magnetic field m
sured by the magnetometer was close to zero. The coil
driven by a precision current source, which served as a
erence to which the magnetic field was locked. The outpu
the magnetometer was connected to a PI feedback ci
controlling the power supply for the Helmholtz coils produ
ing the holding field. The magnetometer was placed su
ciently far from the3He cell so the magnetic field produce
by the polarized3He at its position was negligible.

To isolate the frequency shift due to the3He we periodi-
cally reversed the direction of the3He polarization. The re-

FIG. 1. Typical experimental setup for frequency shift polari
etry.
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versal was done by the NMR method of adiabatic fast p
sage@8#. The 3He cell was located inside a pair of AFP coil
The frequency of the rf field created by the coils was sw
through the3He NMR frequency by a HP3325 function gen
erator. The magnitude of the rf field and the frequency sw
rate were adjusted to satisfy the AFP conditions

D
u¹W Bzu2

B1
2

!
gv̇

B1
!gB1 , ~7!

wherev is the rf frequency,B1 the magnitude of the rf field,
¹W Bz is the gradient of the holding field, andD is the 3He
diffusion constant. Under these conditions the3He polariza-
tion followed adiabatically the effective field in the rotatin
frame, and the frequency sweep resulted in a 180° reve
of the polarization. Typical value forB1 is 100 mG and the
frequency sweep rate is 6 kHz/sec. The loss of polariza
during AFP reversal was on the order of 0.1%.

The measurement cycle consisted of recording the E
frequency for about 1 min, then flipping3He spins by AFP
and recording the frequency for another minute. This
quence was repeated several times. A typical data se
shown in Fig. 2. The data are fit allowing a small amount
polarization loss per cycle which is due to the AFP loss
and the decay of the polarization during one-half of the cy
when the lasers are pumping in the direction opposite to
3He polarization. The quality of the data is very high and t
size of the frequency shift can be extracted with an error
less than 0.5%.

To determine the3He polarization from the frequenc
shift, one has to consider the geometry of the cell contain
polarized3He. Equation~5! is valid only if the cell is spheri-
cal. For other geometries, one needs to apply a correc
due to the magnetic field shift~4!. In general, this correction
is not very large, its maximum value~for a long cylinder
oriented parallel toB) is about 10%. For a cell of arbitrary
shape the magnetic field produced by uniform magnetiza
filling the cell can be calculated using the technique of sca
magnetic potential@17#. The magnetic field is proportional to
the magnetization,BHe5C(xW )MHe, with a constantC(xW )
which can depend on the position inside the cell. Thenk0 in
Eq. ~5! should be replaced by an effective value

FIG. 2. A typical set of EPR data. The direction of the3He
polarization is periodically reversed by AFP.
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PRA 58 3007ACCURATE 3He POLARIMETRY USING THE Rb . . .
keff5k01
3

8p
C~xW !21 ~8!

and averaged over the region of the cell sampled by
photodiode. If the shape of the cell is given by an ellipsoid
revolution, the correctionC(xW ) is constant inside the cell. A
very long cylinder can be thought of as a limiting case of
ellipsoid andC(xW ) is constant in the central region of th
cylinder. For other shapesC(xW ) is varying within the cell
and the uncertainty in the sampling region can lead to er
on the order of 1–2 %, so care should be taken to hav
well-defined sampling region. As shown in Fig. 1, the flu
rescence is detected in the direction perpendicular to the
rection of laser light propagation. By using an appropri
aperture, one can restrict the sampling region in thez direc-
tion. This reduces the uncertainty due to variations of
laser intensity along the cell. To properly calculate the de
into the cell sampled by the photodiode, we need to cons
the propagation of the unpolarized fluorescence light in
Rb vapor. The Rb spectral linewidth is dominated by pr
sure broadening due to3He, and the line profile is given by
a Lorentzian

s~n!5
s0G2

~n2n0!21G2
, ~9!

where the half-widthG is proportional to the3He pressure
@18#, and s05cref 2 /G. Here f 2.0.66 is the oscillator
strength of theD2 transition andr e is the classical electron
radius. In our conditions of strong pressure broadening
optical pumping with broadband light from a diode las
array, the fluorescence light is emitted with the same spec
profile as the absorption profiles(n) @19#. As the fluores-
cence light is propagating toward the surface of the cell
intensity is attenuated according to the equation

I ~x!5
I i

pGs0
E dns~n!e2s~n!nx5I ie

2s0nx/2I 0~s0nx/2!,

~10!

where x is the propagation distance,n is the Rb number
density, I i is the initial intensity of the light, andI 0 is the
modified Bessel function of zeroth order. In a typical optic
pumping cell (@He#52.431020 cm23, G590 GHz, n54
31014 cm23) s0n'20 cm21 and the Rb vapor is opti
cally thick exactly on resonance. The functionI (x) drops
very fast for smallx, but for x.2 mm it slows down and
drops only as 1/Ax, as shown in Fig. 3. As a result, the ce
is sampled relatively uniformly, with only a small part of th
signal coming from the region close to the surface of the c
Equation~10! can be used to calculate the contribution to t
EPR signal from different parts of the cell, and the effect
average value ofk0 can be calculated from Eq.~8! @13#.

IV. MEASUREMENT OF k0

To use the EPR frequency shift for polarimetry we ne
to know the value ofk0 for Rb-3He system under typica
optical pumping conditions, with the temperature in t
range of 170–190 °C . Previous measurements were
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formed over a temperature range of 40–80 °C@11,12#, and it
was found thatk0 has a mild temperature dependenc
Therefore we performed a new measurement in the temp
ture range of 110–175 °C.

The measurement used an interplay between the spin
change and magnetic field sources of the frequency shi
technique first implemented in@12#. For a spherical sample
the frequency shift is given by Eq.~5!. For a sample of
another shape we can imagine a sphere around the EPR
tection region which gives the same shift plus a shift due
the remaining parts of the sample. Since the3He atoms in
these parts do not come into direct physical contact with
Rb atoms in the detection region, they cannot contribute
the shift through the spin exchange. They only contrib
through the classical magnetic field shift, which can be c
culated based on the geometry of the sample. Making
measurements with different geometry we can separate
magnetic field shift from the shift due to the spin exchan

FIG. 3. The attenuation of the intensity of the fluorescence li
emitted by the Rb atoms in the optical pumping cell as it propaga
through the cell.

FIG. 4. Schematic of the experimental setup used for meas
ment of k0 . The cell was periodically rotated between the tw
orientations shown in solid and broken lines. The value of the m
netic field created by polarized3He is indicated for each orienta
tion.
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3008 PRA 58M. V. ROMALIS AND G. D. CATES
and determine the value ofk0 . We used a long cylinder to
make the measurements as shown in Fig. 4. The magn
field produced by a uniform magnetizationM parallel to the
axis of a very long cylinder isB54pM . For a cylinder
magnetized perpendicular to its axis the field isB52pM .
The field inside a uniformly magnetized sphere isB
58pM /3. The frequency shifts for the longitudinal an
transverse orientations are given by

DnL5
dn~F,m!

dB
mK@He#PF8p

3
k01S 4p2

8p

3 D G , ~11!

DnT5
dn~F,m!

dB
mK@He#PF8p

3
k01S 2p2

8p

3 D G . ~12!

Introducing polarization to frequency shift conversion co
stantsDnL5PKL , DnT5PKT , we can cancel the polariza
tion of 3He and obtaink053(KL1KT)/8(KL2KT)21/8.

A cylindrical cell 1.2 cm in diameter and 18 cm long wa
prepared for the experiment. The cell contained a few
of Rb metal in natural abundance, 8.4 amg of3He, and
0.08 amg of N2 . The magnetic field produced by a unifor
magnetization in the cell differed from the field for an in
nite cylinder by less than 0.6%. Variations of the magne
field inside the sampling region were less than 0.03%.
change the orientation of the magnetization, the cell was
tated with respect to the holding field as shown in Fig. 4. T
EPR detector placed near the center of the cell consisted
2 cm diameter rf coil, a light collecting lens, aD2 filter, and
a photodiode. The electronics was similar to the polarime
setup described above, except for the field locking mec
nism. Since the value ofk0 depends on the difference be
tween the EPR shifts in the two orientations, which is on
16% of the total shift, the frequency shifts had to be m
sured with much higher accuracy. To achieve sufficient
curacy it was necessary to keep the field stable to one pa
106, which exceeded the stability of the current sour
Therefore the field was locked to a Cs magnetometer wh
used a rf generator as a reference source. The principl
operation of the Cs magnetometer is also based on the
resonance@11,20#. The field locking is essentially an inver
sion of the above mentioned feedback scheme, where th
frequency is kept constant and the magnetic field is locke
the resonance. The rf generator for the Cs magnetometer
synchronized with the counter used to measure the Rb E
frequency to avoid relative drifts. The magnetometer w
placed sufficiently far from the He cell to avoid spurio
feedback due to the magnetic field created by the3He. The
magnitude of the frequency shift was measured by perio
cally flipping 3He polarization with AFP. During the mea
surement the cell was also frequently rotated by 90° from
longitudinal to the transverse orientation. To keep the la
illumination constant, it was positioned at 45° to the ma
netic field in the plane of the cell rotation.

The measurement procedure consisted of a combina
of the following three actions: measuring the EPR freque
(M ), flipping the spins by AFP (F), and rotating the cell
(R). It was important to properly take into account th
changes of the polarization during the measurement du
the optical pumping and AFP losses, since they were sig
cant compared to the required accuracy. Several meas
tic
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ment sequences were tried and it was found that the
cycle wasMFMFMR, which was repeated many times du
ing the measurement. The data from a typical run are sho
in Fig. 5. Let us follow the polarization during a measur
ment cycle. For definiteness, we start in the longitudinal o
entation with the3He spins pointing in the direction of op
tical pumping, parallel to the magnetic fieldB, and having a
polarization P. During the measurement of the EPR fr
quency the polarization changes due to optical pumping
spin relaxation. We will parametrize the change by a fra
tional polarization loss per second, so after a timeT the
polarization will beP(12SULT). The first subscript refers
to the orientation of the spins~up or down! with respect to
the magnetic field and the second subscript refers to the
entation of the cell~longitudinal or transverse!. We also in-
troduce corresponding constantsSDL for 3He spins opposite
to the magnetic field in the longitudinal orientation of th
cell, andSDT and SUT for the transverse orientation of th
cell. Since the change of the polarization during the wh
measurement sequence is relatively small~about 5%!, we
will assume that the fractional loss parameters remain c
stant. For AFP losses we introduce a fractional loss cons
a per flip. Then the frequency shift at various points in t
cycle is given by~see Fig. 5 for notation!

f 15 f L2PKL ,

f 25 f L2P~12SULT!KL ,

f 35 f L1P~12SULT!~12a!KL ,

f 45 f L1P~12SULT!~12a!~12SDLT!KL ,

f 55 f L2P~12SULT!~12a!2~12SDLT!KL , ~13!

f 65 f L2P~12SULT!~12a!2~12SDLT!~12SULT!KL ,

f 75 f T2P~12SULT!~12a!2~12SDLT!~12SULT!KT ,

f 85 f T2P~12SULT!~12a!2~12SDLT!

3~12SULT!~12SDTT!KT ,

FIG. 5. A typical set of data used to extract the value ofk0 .
Frequencies refer to Eq.~13!.
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PRA 58 3009ACCURATE 3He POLARIMETRY USING THE Rb . . .
where f L and f T are the baseline EPR frequencies in t
longitudinal and transverse orientations. During the fi
cycle we directly measure three quantities:M15( f 1
1 f 2)/2, M25( f 31 f 4)/2, and M35( f 51 f 6)/2. We can
extract f L5(M112M21M3)/4 if we expand everything
to first order, since all losses are much less than a perc
We also calculate the frequency shift before and a
the longitudinal cycle:D f BL5 f L2M15PKL(12SULT/2),
and D f AL5 f L2M35PKL(12SULT)(12a)2(12SDLT)(1
2SULT/2). We repeat the same procedure for the next cy
done in the transverse orientation. Now we calculate

A15
D f AL2D f BT

D f AL1D f BT
5

KL2KT~12SULT/2!~12SDTT/2!

KL1KT~12SULT/2!~12SDTT/2!
,

~14!

where again we used first order expansion. Repeating
cycle one more time we can also form the ratioA25(D f BL
2D f AT)/(D f AT1D f BL). Averaging the two asymmetrie
we get

Ā5
A11A2

2
5

KL2KT

KL1KT
H 12

KLKT

~KL1KT!2S SUL1SDT

2
TD 2J ,

~15!

to the lowest nontrivial order. So, with this combination
measurements, the correction is second order in the am
of loss per cycle. Since the total loss during a complete cy
(2SULT1SDLT12a) is about 0.5%, this correction is neg
ligible. We usually repeated the cycle 10–30 times to red
the random measurement noise to about 0.4%. For an infi
cylinder the value ofk0 is given byk053/(8Ā)21/8. For
our cell the field was slightly different (BHe512.542M for
the longitudinal and 6.295M for the transverse orientation!,
so k050.3728/Ā20.1243.

Various systematic checks were performed during the
periment. The biggest systematic uncertainty comes from
temperature of the cell. A 50 W diode laser was used
optical pumping and EPR detection, and it caused a subs
tial heating of the cell. The temperature of the cell was m
sured by 4 resistive temperature detectors~RTDs! mounted
along its length. The RTD used to control the temperature
the oven was located near the center of the cell. It was
tached to the cell with a high thermal conductivity compou
and shielded from the air flow and direct laser light by
Teflon screen. The temperatures of the other RTDs diffe
by less than 5 °C. It is particularly important to study t
asymmetry in temperature between the transverse and lo
tudinal orientations of the cell. Given the temperature dep
dence ofk0 , an asymmetry of 1°C will cause a 1.3% err
in determination ofk0 . Therefore the temperature was car
fully recorded during the measurement cycle. It was fou
that the asymmetry was less than 0.6 °C. Another way
check for significant temperature asymmetry is to vary
measurement periodT, reducing it to the point where th
temperature asymmetry does not have enough time to
velop. We changedT from 3 to 100 sec and have not se
changes ink0 of more than 0.5%. We also studied the d
pendence ofk0 on the power of the diode laser while kee
ing the temperature measured by the RTD constant. Re
ing the power of the laser by about a factor of 2 reduced
t

nt.
r

e,

he

nt
le

e
ite

x-
e
r
n-
-

f
t-

d

gi-
n-

-
d
o
e

e-

-

c-
e

value of k0 by 0.7%. This change can be explained by
5 °C reduction of the temperature inside the cell, which is
agreement with an estimate based on the heat conductivi
the glass walls of the cell.

The alignment of the cell with respect to the magne
field was checked by mapping the frequency shift vs an
near the transverse and longitudinal orientations. It w
found that the alignment was better than 1° causing an e
of less than 0.1%. The Earth’s magnetic field rotated
magnetization vector from the horizontal plane by 1° for t
data taken with a holding field of 27 G and by 2.5° for th
data at 11 G causing an error of less than 0.3% in the w
case. To check for the possibility of a polarization gradie
across the cell, several EPR measurements were done a
its axis. It was found that the changes in the EPR freque
shift along the length of the cell were on the order of 0.2
and were monotonic from one end of the cell to the other.
they could not cause a significant error in the value ofk0 .
They were probably due to a temperature gradient since
air inlet was located near one end of the cell. We a
checked the dependence ofk0 on the magnitude of the hold
ing magnetic field, the direction of the circular polarizatio
of the laser light, the magnitude of the3He polarization
~from 25% to 45%!, and the method of mounting the RTD
The biggest difference was observed in the case of the3He
polarization, and was equal to 0.7%. In all other cases
have not seen any changes at the level of our statistical
cision of 0.4%.

We studied the temperature dependence ofk0 by making
measurements at four different temperatures, from 110 °C
172 °C. Our results are shown in Fig. 6. They can be para
etrized by the linear fit

k054.5210.009 34@T~°C!#. ~16!

The error ink0 is dominated by systematic errors. Our es
mates of the systematic effects indicate that the largest er
are due to the temperature asymmetry~0.8%! and the abso-
lute temperature uncertainty~0.7%!. We also add in quadra

FIG. 6. The results of our measurement ofk0 compared with
previous experiments. The hatched region is obtained using the
sult of @12# and by assuming that the temperature dependence m
sured in@11# is valid up to 180 °C.
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ture all observed systematic variations ofk0 which exceeded
our statistical resolution of 0.4%. Although these variatio
are likely due to the systematic effects considered abov
to random fluctuations, we cannot exclude the possibility t
the origin of some of these variations has not been identifi
The total error of our measurement is 1.5%, the compon
of which are summarized in Table I.

Figure 6 also shows previous measurements ofk0 for
Rb-3He. Bartonet al. @12# measuredk0 at 74.5 °C with an
accuracy of 2.5% using an experimental technique simila
ours. The temperature dependence ofk0 has been measure
by Newburyet al. @11# in the range of 40–80 °C, but the
value ofk0 had a much larger absolute error.

The hatched region in Fig. 6 is obtained by using t
value ofk0 from @12# and extrapolating the temperature d
pendence measured in@11# to 180 °C. As can be seen, ou
results for the absolute value and the temperature de
dence ofk0 are in very good agreement with previous me
surements.

V. CONCLUSION

We have presented a method of3He polarimetry based on
the frequency shift of the Rb Zeeman resonance. The me
is well suited for precision polarimetry of3He polarized by
spin exchange with optically pumped Rb. We discuss in
tail the implementation of the technique and possible syst
atic errors. The constantk0 , necessary for the calibration o
our method, is measured with an accuracy of 1.5%. W
these developments, frequency shift polarimetry become
attractive alternative to more traditional NMR methods
polarimetry.
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APPENDIX: EFFECTS OF ADDITIONAL FREQUENCY
SHIFTS

In this appendix we discuss several effects which c
cause systematic errors in the frequency shift polarimetry

TABLE I. Summary of the systematic errors in the measurem
of k0 .

Error source Error ink0 at 175 °C

Calculated systematic errors
Temperature asymmetry 0.8%
Absolute temperature 0.7%
Alignment 0.2%

Observed systematic variations
Laser power 0.7%
Measurement period 0.5%
Polarization 0.7%

Total 1.5%
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addition to the shift caused by polarized3He, the Rb EPR
frequency is shifted by other effects, the largest of which
the Rb-Rb spin exchange and the light shift due to opti
pumping. As will be seen from the estimates below, the
shifts are comparable to the shift produced by polarized3He
and can potentially cause substantial errors. To significa
reduce their effect, we periodically reverse the direction
the 3He polarization by AFP, while keeping other optic
pumping parameters constant. The frequency shift due
3He is determined from the difference between the Rb E
frequencies for the two directions of the3He polarization.
Because Rb-3He spin exchange is a very slow process, to
first approximation the direction and value of the3He polar-
ization does not affect any other processes in the opt
pumping cell, and the size of these additional shifts does
change when the3He polarization is flipped. Here we con
sider under what conditions this approximation is valid.

One can show@2# that the equilibrium polarization of the
Rb vapor is given by

PRb5
R1GSEPHe

R1GSD1GSE
, ~A1!

whereGSD is the Rb spin destruction rate andR is the optical
pumping rate. For typical optical pumping conditions (@He#
52.431020 cm23, @Rb# 5 4.331014 cm23, T5453 K)
the rates are:GSD5725 s21, GSE516 s21, using the rate
constants from@21#. The optical pumping rate in the front o
the cell is usually 10–100 times larger thanGSD, so GSE
;1023R. However, as the laser power is absorbed in
cell, the pumping rate drops, and the value of the Rb po
ization becomes more sensitive to the3He polarization.

The largest contribution tod8r/dt in Eq. ~1! comes from
the Rb-Rb spin exchange@14#

d

dt
r5GRb~4a^SW &2CW !•SW 12iGRbKRb@^SW &•SW ,r#, ~A2!

whereGRb5@Rb#v̄sRb-Rb is the spin-exchange rate andKRb
is the frequency shift parameter. The real part of this expr
sion affects the frequency shift only in the second order, i
dn;nEPR(GRb/ve)

2 @14#. Using sRb-Rb52310214 cm2

@22# we get at 180 °C a frequency shift of onlydn513 Hz.
The imaginary part of Eq.~A2! contributes directly to the
frequency shift. The shift parameterKRb for the Rb-Rb spin
exchange is calculated by Kartoshkin@23#: KRb520.14. Us-
ing this number, and assuming that^SW &51/2, we estimate
that the shift due to the imaginary part of Eq.~A2! is dn8
5GRbKRb/2p(2I 11)51.5 kHz, which is comparable to
typical shift of 20 kHz due to3He. However, if the change
in the Rb polarization correlated with the direction of th
3He polarization are on the order of 1022, this is not a sig-
nificant source of systematic error, provided that one de
mines the frequency shift by flipping the direction of the3He
polarization. Therefore we need to haveR>102GSE.

Another source of the Rb EPR frequency shift is due
the light shift produced by the optical pumping laser. T
evolution of the Rb density matrix due to optical pumping
given by @24,25#

t
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d

dt
r5R@a~112sW•SW !2r#1 iV@~ 1

2 2sW•SW !,r#, ~A3!

whereR andV are the real and imaginary parts of the co
plex pumping rateR̃,

R̃5R1 iV5r ec f1E F~n!dn

G1 i ~n2n0!
. ~A4!

HereF(n) is the spectral flux of the pumping photons,s is
the mean photon spin of the pumping light, andf 1.0.33 is
the oscillator strength of theD1 transition. Again, only the
complex part of this expression contributes significantly
the frequency shift. The light shift has a dispersion shape
vanishes if the center of the laser spectral profile coinci
with the optical line center. To estimate the maximum p
sible value of the light shift we consider optical pumpin
with a diode laser array and assume that its spectral pr
can be approximated by a Gaussian with a full width at h
maximum ~FWHM! of 2 nm. For laser power density o
5 W/cm2 and G590 GHz we estimate that the maximu
v.

ys

n-

A

W

M

H.
-

d
s
-

le
lf

frequency shift due to optical pumping isdnLS5V/2p(2I
11)52.4 kHz and occurs for laser detuning of 0.6 nm. Th
number is again comparable to the frequency shift produ
by 3He. The intensity of the light can be affected by th
reversal of the3He polarization because the absorption
the light in the cell depends on the Rb polarization

]F~n,z!

]z
52@Rb#s~n!F~n,z!@12sPRb~z!#, ~A5!

which, in turn, depends on the3He polarization through
Eq. ~A1!. Thus we need to ensure that the intensity of t
optical pumping light does not vary appreciably when t
direction of the3He polarization is reversed.

The sources of the systematic error considered above
small if the pumping rateR is much larger than the spin
exchange rateGSE. To ensure that this condition is satisfie
the fluorescence should be detected in the front of the op
pumping cell, where the intensity of the laser light is ma
mal.
.
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