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Accurate 3He polarimetry using the Rb Zeeman frequency shift
due to the Rb*He spin-exchange collisions
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Department of Physics, Princeton University, Princeton, New Jersey 08544
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We describe a method dHe polarimetry relying on the polarization-dependent frequency shift of the Rb
Zeeman resonance. Our method is ideally suited for on-line measurements’blitipelarization produced by
spin-exchange optical pumping. To calibrate the frequency shift we performed an accurate measurement of the
imaginary part of the RBHe spin-exchange cross section in the temperature range typical for spin-exchange
optical pumping of*He. We also present a detailed study of possible systematic errors in the frequency shift
polarimetry.[S1050-29478)01010-5

PACS numbg(s): 32.80.Bx, 32.30.Dx, 33.25k, 33.35+r

[. INTRODUCTION etry in several ways. We describe a hew measurement pro-
cedure ideally suited for on-line measurements during optical
Nuclear spin polarizedHe is used in a variety of experi- pumping. It was used at SLAC in the recent neutron spin
ments in atomic, nuclear, and particle physics. Polarf#ée  Structure measuremef,9,13 and has proven to be robust
produced by spin exchange with optically pumped Rb metaln the accelerator environment. We extend the theoretical
[1,2] has recently been used for precision measurements #featment of the frequency shift to moderate magnetic fields,
the neutron spin structure functiof@), tests of fundamental where the effect of the hyperfine structure is §|gn|f|cant. We
symmetries[4], neutron polarizers and analyzds], and  "€POrt on a new measurement of the e spin-exchange

magnetic resonance imagityiR1) of the human lung§6]. ~ ConStantco. Unlike previous measuremeritsl, 12, our ex-
Several new experiments designed to measure Spirperlment is done in the temperature range typical for spin-

dependent form factors and structure functions of the neutrot Xgr?ar;g\?igﬁs“?zls&?smFl)zl?ngaldl t IS\/.elt dliicilgg irr?cggt;ifc%rsastieble
and *He are being developed at Jefferson National Accelera- prev ' Y, . . po:
tor Facility [7]. systematic errors of frequency shift polarimetry, estimate

| f th licati dcularly i .. __their typical sizes, and describe techniques for minimizing
n many o ?Si applica |0nséH|parf|cu a:cy IN PreciSion i ase effects. With these developments the technique of fre-
measurements of the neutron antle form factors, It IS 4 ,ency shift polarimetry can now be used easily in experi-
important to know accurately the absolutde p_olarlza_tlon. ments requiring very accurate knowledge of thée polar-

At present, the most common method of polarimetry is baseghation. Frequency shift polarimetry is also useful for making
on NMR, usually using the technique of adiabatic fast pasyoygh measurements of the absoldtée polarization, since
sage(AFP) [8]. While the signal-to-noise ratio provided by nq i sjtu calibration is required. The work presented here

this technique is excellent, absolute measurements requiréfoyides a practical approach to such measurements as well
complicated calibration which usually has a limited precisionyg 5n estimate of possible errors.

[9]. An alternative method of polarimetry, based on the fre-

guency shift of the Rb Zeeman resonafakso called elec- Il. THEORY OF POLARIZATION-DEPENDENT
tron paramagnetic resonan@PR] has been developed in ' FREQUENCY SHIFT

[10-17. Rb-He spin exchange, responsible for transferring

the polarization from Rb tdHe, also shifts the Rb Zeeman  To calculate the frequency shift due to RiHe spin ex-
frequency. The frequency shift is proportional to the polar-change consider the time evolution equation for the density
ization and density ofHe, as well as the imaginary part of matrix p describing the Rb atoms in a magnetic fi@ddi-

the Rb®He spin-exchange cross section, parametrized by eected along the axis[14,15,
dimensionless constami,. For He densities and polariza- g

tions typically used in nuclear physics experiments, the shift _ A ,

is very large(on the order of 20 kHz and can be measured dt” —2mi[Al-Sp]=ilweS,~ ol ]
easily in a typical magnetic field of 20 G, where the Rb EPR

frequency is 9 MHz. Thus, once the valuewgfis accurately ATl dalRY =Y. &4 2iT KY.S o1+ i
determined, frequency shift polarimetry provides a reliable se(4a(K)=C) ITseKsel (K) - Sip] dt?
and accurate method for measuring thide polarization 1)

without the need for aim situ calibration.

Here we extend the technique of frequency shift polarim-The first two terms give the evolution of the density matrix
due to the hyperfine and Zeeman interactions, while the next
two terms describe the effect of the RHe spin exchange

*Present address: Department of Physics, University of Washingduring binary collisions. The formation of van der Waals
ton, Seattle, WA 98195. molecules is negligible for RBHe [2] . Herel andS are the
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nuclear and electron spins of the Rb, aKdis the 3He  Where P=K,/K. k( is a dimensionless constant that de-
nuclear spinI'sg=[He](vosg) is the Rb-He spin-exchange pends on temperature, but not on th(_e density or t_he polariza-
rate per Rb atom, given by the product of thide number tion of *He. The shift parameteK e is absorbed intaco.
density[ He] and the velocity average of the real part of the NOte that_ if we |gnore_d aII_RBHe interactions and used only
spin-exchange cross sectianse. Ksg is the frequency the classical magnetic shift for a sphef@e=t 8/3) then we

shift parameter defined if15] as the ratio of the imaginary Would getko=1. So, the value ok,~6 can be thought of as

part of the spin-exchange cross section to its real pagnd ~ @n enhancement due to attraction of the Rb electron wave
R . , . function to the®He nucleus.
C are operators acting on the Rb nuclear ddid. A is the In the limit of low magnetic field dv(F,m)/dB

Rb hyperfine constant, andw.=g.ugB/%i and o,
_ =pupde/h(21+1) for all F and m levels, and Eq(5) re-
9inB/7 are the electron and nuclear Zeeman frequenduces to previous definitions in the literatyrB0—17. At

cies.d’p/dt is the contribution to the time evolution from higher maanetic field the lowest order correction is given b
other effects, such as the Rb-Rb spin exchange and optica|g 9 9 y

pumping, which do not depend directly on tRee polariza-

tion. These effects can also cause shifts of the Rb EPR fre- A ;= 87 Hele / T 81 1sgeB xopk[ HEIP
quency and lead to systematic errors. They are discussed in 3 h2i+1)| " (21+1)2 hA
the Appendix. (6)

Since the*He nuclear spins are polarized along thexis, o )
for theF=1+1/2, m=*F state, whose shift is most easily

(K)=K,z, the imaginary part of the spin-exchange term can casured in our conditions. For example, f&FRb

be directly added to the Zeeman term. The real part of the " T mo i
spin-exchange term causes a frequency shift only in secor?d_ 5/2, A=1012 MHz, and the correction is 3% for a mag

order, i.e.I's(I"sg/ we) [14], and is quite negligible. There- netic field of 20 G.
fore the frequency shift due to spin exchange is equivalent to

a shift by an additional magnetic field lll. *He POLARIMETRY
_ We have developed a new technique for measuring the
Bse= (2Ksel'set/ges) K, 2) EPR frequency shift which can be used without significant

disruption of the optical pumping process and with a rela-
tively small amount of additional equipment. The setup was
implemented at SLAC during the measurement of the neu-
tron spin structure functiof3]. It allowed measurements of
the polarization without access to the polarized target and
proved to be robust under accelerator conditions. Similar set-
ups have been used at Princeton for sever%I experiments.
During spin-exchange optical pumping ofHe [2], the
,,SE_dV(F’m) 2 Ksd Hel{vosg) N (3)  polarization of the Rb vapor is maintained at 60~100 % by
dB QetB optical pumping with a high power laser tuned to the
) . D, (5S;,—5P4) transition in Rb. For definiteness, con-
wherev(F,m) is the EPR frequency of the transitioR (M  sider optical pumping with left-circularly polarized light di-
—F,m-1), whose frequency shift is being measured, givengcted parallel to the holding field. Most of tféRb atoms
by the well-known Breit-Rabi equatiofi6]. _ are pumped into thE =3, m=3 state, from which they can-
The Rb EPR frequency can also be shifted by the classicg|ot apsorb laser photons. Among the atoms which can ab-
magnetic field created by polarizetHe. Only the compo- sorb the pump photons and are excited to th 5 state,
nent of the field parallel to the applied field contributes to they,ost are quenched to the ground state by Which is added
ghift to a signifigant degree. The field is propprtioqal to theyg the cell to avoid radiation trapping. A small fractié8—

He magnetizatioM e, Bpe=CMye, whereC is adimen- 5o decays by emitting a fluorescence photon at either the
sionless constant which depends on the shape of the CQﬂl or D, line. The fluorescence photons are observed
containing polar|zeq3|-_|e. The shift of the EPR frequency ,rough aD, filter which blocks the direct light scatter from
due to this magnetic field is given by the laser. By applying a rf field at the frequency of time

=3—2 transition one can increase the number of atoms in
:dV(F’m) :dV(F’m) them=2 state which are able to absorb pump photons, and,
Avy He C[HeJukK,/K, (4) . ) )
dB dB therefore increase the intensity of the fluorescence. The reso-
nance signal can also be observedmat2—1 and other
where u is the *He nuclear magnetic moment. The two transitions, but it is, in general, much weaker because the
sources of EPR frequency shift can be combined for gopulation of these states is depleted by optical pumping.

sample of specific shape, since both of them are proportiongtherefore, we always use the=3—2 transition(or m=
to the 3He polarization and density. Following the conven- —2_, — 3 transition if pumping into then=—3 state.

ignoring the contribution from the nuclear Zeeman splitting,
which gives a correction on the order ok1L0™ 3. The value

of Bgg for typical conditions is about 0.05 G, so in calculat-
ing the change of the EPR frequency due’ke we can use
the derivative of the EPR frequency with respect to the mag
netic field. Thus, the frequency shift is given by

tion in the Iiterature. we define a constasy for a spherical A typical experimental setup for EPR measurements is
sample by the relation shown in Fig. 1. The optical pumping cell, containing a few
8 du(F.m) mg of Rb metal, 9 amg ofHe and 0.08 amg of N[17], is
T Qv m i i ic fi i
_ _om , placed in a holding magnetic fiel8, and is pumped by
Av=Avset Avm=—3"—qg— KorxlHelP, ®) circularly polarized laser light directed parallel to the holding
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FIG. 2. A typical set of EPR data. The direction of tAele
polarization is periodically reversed by AFP.
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1 Fee dba:ck B Field versal was done by the NMR method of adiabatic fast pas-
Supply sagd 8]. The 3He cell was located inside a pair of AFP coils.
The frequency of the rf field created by the coils was swept
FIG. 1. Typical experimental setup for frequency shift polarim- through the3He NMR frequency by a HP3325 function gen-
etry. erator. The magnitude of the rf field and the frequency sweep
rate were adjusted to satisfy the AFP conditions

P-1 Feedback

field. To achieve a desirable Rb number densjtRb] . ]
=10"-10"> cm™3, the cell is placed in an oven and heated IVB,]? yw
to 170-190 °C by flowing hot air. The EPR rf field is created D?< B_l< vBy, @
by a coil mounted on the side of the oven. The fluorescence !
block the scatter from the pumping Iasers. Tormeasure tENETe® IS the f fequencyB, the magnitude of the f field,
EPR frequency we use a feedback sysféd]. The rf fieldis ¥ Bz iS the gradient of the holding field, arf is the *He
generated by a voltage controlled oscillat¥CO), in our Q|ffu3|on constant. Ur_1der these condmons ﬁHae polanza_—
case, a Wavetek function generator Model 80. By applying%'on followed adiabatically the effective flelq in the rotating
an ac voltage to the input of the VCO we modulate its fre-fame, and the frequency sweep resulted in a 180° reversal
quency. A typical value for the amplitude of the frequencyOf the polarization. Typical value fd8, is 100 mG and the
modulation is 6 kHz and the modulation frequency is zoofreq_uency sweep rate is 6 kHz/sec. The loss of polarization
Hz. The photodiode signal is detected by a lock-in amplifierduring AFP reversal was on the order of 0.1%.
referenced to the modulation frequency. One can show that The measurement cycle consisted of recording the EPR
the lock-in signal is proportional to the derivative of the frequency for about 1 min, then flippingHe spins by AFP
resonance line shape and crosses zero when the central f@&d recording the frequency for another minute. This se-
quency of the rf field is equal to the EPR frequency. Aduence was repeated several times. A typical data set is
proportional-integral(Pl) feedback circuit adjusts the dc Shownin Fig. 2. The data are fit allowing a small amount of
level at the input of the VCO to keep the lock-in signal zero,Polarization loss per cycle which is due to the AFP losses
thus locking the central frequency of the VCO to the EPRaNd the decay of the polarization during one-half of the cycle
resonance. This frequency is measured by a counter and réhen the lasers are pumping in the direction opposite to the
corded by a computer. To accurately determine the shift of He polarization. The quality of the data is very high and the
the EPR frequency due tdHe, it is important to keep the Size of the frequency shift can be extracted with an error of
applied static magnetic field stable. We used a Bartingtoess than 0.5%. o
flux-gate magnetometer to stabilize the magnetic field. A 10 determine the*He polarization from the frequency
small coil wound around the head of the magnetometer proshift, one has to consider the geometry of the cell containing
vided a cancellation field, so the total magnetic field meaPolarized®He. Equation(s) is valid only if the cell is spheri-
sured by the magnetometer was close to zero. The coil wa@al- For other geometries, one needs to apply a correction
driven by a precision current source, which served as a refdue to the magnetic field shi4). In general, this correction
erence to which the magnetic field was locked. The output ofs Not very large, its maximum valugor a long cylinder
the magnetometer was connected to a Pl feedback circuitfiented parallel td) is about 10%. For a cell of arbitrary
controlling the power supply for the Helmholtz coils produc- shape the magnetic field produced by uniform magnetization
ing the holding field. The magnetometer was placed suffifilling the cell can be calculated using the technique of scalar
ciently far from the®He cell so the magnetic field produced Magnetic potentigl17]. The magnetic field is proportional to
by the polarized®He at its position was negligible. the magnetizationBye=C(X)Mye, with a constantC(x)

To isolate the frequency shift due to tiele we periodi-  which can depend on the position inside the cell. Thgiin
cally reversed the direction of théHe polarization. The re- Eq. (5) should be replaced by an effective value
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3 . 1.0 ——mm™m—————— 7
kett= Ko+ g—C(X)~1 ® *

and averaged over the region of the cell sampled by the 081
photodiode. If the shape of the cell is given by an ellipsoid of

revolution, the correctioﬁ:(i) is constant inside the cell. A 0.6
very long cylinder can be thought of as a limiting case of an

ellipsoid andC(x) is constant in the central region of the

cylinder. For other shape@(f) is varying within the cell
and the uncertainty in the sampling region can lead to errors
on the order of 1-2 %, so care should be taken to have a 02
well-defined sampling region. As shown in Fig. 1, the fluo-
rescence is detected in the direction perpendicular to the di-
rection of laser light propagation. By using an appropriate oot L e L
aperture, one can restrict the sampling region inzluérec-
tion. This reduces the uncertainty due to variations of the

laser intensity along the cell. To properly calculate the depth g 3. The attenuation of the intensity of the fluorescence light

into the cell sampled by the photodiode, we need to considesmitted by the Rb atoms in the optical pumping cell as it propagates
the propagation of the unpolarized fluorescence light in thenrough the cell.

Rb vapor. The Rb spectral linewidth is dominated by pres-
sure broadening due tHe, and the line profile is given by
a Lorentzian

I(x)

0.4

o
[SN
[AV]
w
o~

Distance (cm)

formed over a temperature range of 40—-80[1C,12, and it
was found thatk, has a mild temperature dependence.
Therefore we performed a new measurement in the tempera-
o(v)= ' (9) ture range of 110-175 °C. _ _
(v—rg)?+T? The measurement used an interplay between the spin ex-
change and magnetic field sources of the frequency shift, a
where the half-widtH" is proportional to the*He pressure technique first implemented {i2]. For a spherical sample
[18], and og=cr.f,/T". Here f,=0.66 is the oscillator the frequency shift is given by Ed5). For a sample of
strength of theD, transition andr. is the classical electron another shape we can imagine a sphere around the EPR de-
radius. In our conditions of strong pressure broadening antection region which gives the same shift plus a shift due to
optical pumping with broadband light from a diode laserthe remaining parts of the sample. Since thée atoms in
array, the fluorescence light is emitted with the same spectrahese parts do not come into direct physical contact with the
profile as the absorption profile(v) [19]. As the fluores- Rb atoms in the detection region, they cannot contribute to
cence light is propagating toward the surface of the cell itdhe shift through the spin exchange. They only contribute
intensity is attenuated according to the equation through the classical magnetic field shift, which can be cal-
culated based on the geometry of the sample. Making two
li —o(»)nx —onnxi2 measurements with different geometry we can separate the
1(x)= Wrgof dvo(v)e =lie" 70" o(oonx/2), magnetic field shift from the shift due to the spin exchange,

(10

where x is the propagation distance, is the Rb number
density, |; is the initial intensity of the light, andl, is the

modified Bessel function of zeroth order. In a typical optical
pumping cell (He]=2.4x10°° cm 3, '=90 GHz, n=4
X 10" ecm™3) oyn=~20 cm ! and the Rb vapor is opti-
cally thick exactly on resonance. The functibfx) drops
very fast for smallx, but forx>2 mm it slows down and AN
drops only as 3/, as shown in Fig. 3. As a result, the cell = = oMs =
is sampled relatively uniformly, with only a small part of the N N < B —41M
signal coming from the region close to the surface of the cell. \\ \\ - He
Equation(10) can be used to calculate the contribution to the \\ \3:_ m
EPR signal from different parts of the cell, and the effective N ¢ Field
average value ok, can be calculated from Eg8) [13]. \\ >

B, =2nM

IV. MEASUREMENT OF kg
] ) FIG. 4. Schematic of the experimental setup used for measure-
To use the EPR frequency shift for polarimetry we needment of «,. The cell was periodically rotated between the two
to know the value ofk, for Rb-*He system under typical orientations shown in solid and broken lines. The value of the mag-
optical pumping conditions, with the temperature in thenetic field created by polarizetHe is indicated for each orienta-
range of 170—190 °C. Previous measurements were petion.
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and determine the value af,. We used a long cylinder to 1R580 T T
make the measurements as shown in Fig. 4. The magnetic i ]
field produced by a uniform magnetizatibh parallel to the g T T
axis of a very long cylinder iB=47M. For a cylinder = 12560 - To ]
magnetized perpendicular to its axis the fieldBis 27 M. 2~ - 1
The field inside a uniformly magnetized sphere Bs 812,540'_ ]
=8mM/3. The frequency shifts for the longitudinal and 2 - 1
transverse orientations are given by g i ]
Sr1zse0 -, TRl e e e

dv(F,m) 8 8 [ - - - - b
n=—gg— wxlHelP ?Ko+(477_ ?” (11 & b ]

= 12.500 —

dv(F,m) 8 8 T
AVT:TMK[He]P ?KOJF 2m— ?) . (12) 0 500 1000 1500 2000 2500

Data Point

Introducing polarization to frequency shift conversion con- FIG. 5. A typical set of data used to extract the valuexgf
stantsA v, =PK_, Avy=PK;, we can cancel the polariza- Frequencies refer to E413).
tion of *He and obtairky,=3(K_+K1)/8(K —Ky)—1/8.

A cylindrical cell 1.2 cm in diameter and 18 cm long was ment sequences were tried and it was found that the best
prepared for the experiment. The cell contained a few mgycle wasMFMFMR, which was repeated many times dur-
of Rb metal in natural abundance, 8.4 amg e, and ing the measurement. The data from a typical run are shown
0.08 amg of N. The magnetic field produced by a uniform in Fig. 5. Let us follow the polarization during a measure-
magnetization in the cell differed from the field for an infi- ment cycle. For definiteness, we start in the longitudinal ori-
nite cylinder by less than 0.6%. Variations of the magneticentation with the®He spins pointing in the direction of op-
field inside the sampling region were less than 0.03%. Tdical pumping, parallel to the magnetic fieB] and having a
change the orientation of the magnetization, the cell was ropolarization P. During the measurement of the EPR fre-
tated with respect to the holding field as shown in Fig. 4. Thequency the polarization changes due to optical pumping and
EPR detector placed near the center of the cell consisted ofspin relaxation. We will parametrize the change by a frac-
2 cm diameter rf coil, a light collecting lens,[x, filter, and  tional polarization loss per second, so after a tifnehe
a photodiode. The electronics was similar to the polarimetrypolarization will beP(1— Sy, T). The first subscript refers
setup described above, except for the field locking mechato the orientation of the spin@ip or down with respect to
nism. Since the value ok, depends on the difference be- the magnetic field and the second subscript refers to the ori-
tween the EPR shifts in the two orientations, which is onlyentation of the celllongitudinal or transvergeWe also in-
16% of the total shift, the frequency shifts had to be meatroduce corresponding constaiSs, for *He spins opposite
sured with much higher accuracy. To achieve sufficient acto the magnetic field in the longitudinal orientation of the
curacy it was necessary to keep the field stable to one part icell, and Syt and Syt for the transverse orientation of the
10%, which exceeded the stability of the current sourcecell. Since the change of the polarization during the whole
Therefore the field was locked to a Cs magnetometer whicilmeasurement sequence is relatively snfabout 5%, we
used a rf generator as a reference source. The principle @¥ill assume that the fractional loss parameters remain con-
operation of the Cs magnetometer is also based on the EPRant. For AFP losses we introduce a fractional loss constant
resonancg11,20. The field locking is essentially an inver- « per flip. Then the frequency shift at various points in the
sion of the above mentioned feedback scheme, where the cfycle is given by(see Fig. 5 for notation
frequency is kept constant and the magnetic field is locked to
the resonance. The rf generator for the Cs magnetometer wés=f, — PK_,
synchronized with the counter used to measure the Rb EPR
frequency t.o.av0|d relative drifts. The magnetometer wag,=f, — P(1- Sy, T)K,
placed sufficiently far from the He cell to avc;;d spurious
feedback due to the magnetic field created by the. The _ _ _
magnitude of3the frequency shift was measured by periodif3 i PA=Su (=K,
cally flipping “He polarization with AFP. During the mea- |
surement the cell was also frequently rotated by 90° from thde= FLH PA=Su N (A= a)(1=Sp K,
longitudinal to the transverse orientation. To keep the laser
illumination constant, it was positioned at 45° to the mag-fSZfL_ P(1=Sy.T)
netic field in the plane of the cell rotation.

The measurement procedure consisted of a combinatiofs=f —P(1—Sy . T)(1—a)4(1—-Sp T)(1-Sy T)K_,
of the following three actions: measuring the EPR frequency
(M), flipping the spins by AFPK), and rotating the cell f,=f;—P(1—Sy T)(1—a)?%(1—Sp, T)(1- Sy K+,
(R). It was important to properly take into account the
changes of the polarization during the measurement due tp _¢ _ _ —N201
the optical pumping and AFP losses, since they were signifi]-0 frmPA=SuT1=a) (150 )
cant compared to the required accuracy. Several measure- X(1—Sy T)(1-SptT)Ky,

(1= a@)*(1-Sp K, (13
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where f| and f; are the baseline EPR frequencies in the
longitudinal and transverse orientations. During the first
cycle we directly measure three quantitie®,=(f,
+1,)/2, My=(f3+1f,)/2, and My=(fs+fe)/2. We can 6.0
extract f, =(M;+2M,+M3)/4 if we expand everything

to first order, since all losses are much less than a percen 5.8
We also calculate the frequency shift before and after
the longitudinal cycleAfg =f —M;=PK (1-S,.T/2), €586
and Afp =f —M3=PK (1-Sy, T)(1- &)*(1-Sp T)(1

— Sy T/2). We repeat the same procedure for the next cycle, 5-4
done in the transverse orientation. Now we calculate

O This measurement
—Linear fit
A A, Barton et al.

5.2
_Afa —Afgr K —Ky(1-Sy T/2)(1-Sp1T/2)
1_AfAL+AfBT_ KL+ KT(l_SULT/Z)(l_SDTT/Z) ' 5.0 \
(14

60 80 100 120 140 160 180
where again we used first order expansion. Repeating the Temperature (°C)

cycle one more time we can also form the ra@§)=(AfB,__ FIG. 6. The results of our measurement «f compared with
—Afar)/(Afar+Afg). Averaging the two asymmetries previous experiments. The hatched region is obtained using the re-

we get sult of [12] and by assuming that the temperature dependence mea-
5 sured in[11] is valid up to 180°C.
A1+A2: KL_KT[ KKy /SUL"‘SDTT)
2 KL+KTl (KL+KT)2\ 2 ’

value of k; by 0.7%. This change can be explained by a
(15  5°C reduction of the temperature inside the cell, which is in

o ) ) o agreement with an estimate based on the heat conductivity of
to the lowest nontrivial order. So, with this combination of the glass walls of the cell.

measurements, the correction is second order in the amount The alignment of the cell with respect to the magnetic
of loss per cycle. Since the total loss during a complete cyclgeld was checked by mapping the frequency shift vs angle
(2Sy,T+Sp T+2a) is about 0.5%, this correction is neg- near the transverse and longitudinal orientations. It was
ligible. We usually repeated the cycle 10—30 times to reducgoynd that the alignment was better than 1° causing an error
the random measurement noise to about 04%) For an IannIT@f |ess than 0.1%. The Earth's magnetic f|e|d rotated the
cylinder the value ofk, is given by x;=3/(8A)—1/8. For = magnetization vector from the horizontal plane by 1° for the
our cell the field was slightly differentB.=12.54M for  data taken with a holding field of 27 G and by 2.5° for the
the longitudinal and 6.298 for the transverse orientatinpn data at 11 G causing an error of less than 0.3% in the worst
so K020.3728K— 0.1243. case. To check for the possibility of a polarization gradient
Various Systematic checks were performed during the exaCross the Ce”, several EPR measurements were done along
periment. The biggest systematic uncertainty comes from thééS axis. It was found that the changes in the EPR frequency
temperature of the cell. A 50 W diode laser was used foshift along the length of the cell were on the order of 0.2%
optical pumping and EPR detection, and it caused a substa@hd were monotonic from one end of the cell to the other. So
tial heating of the cell. The temperature of the cell was meathey could not cause a significant error in the valuecgf
sured by 4 resistive temperature detect®3Ds mounted ~ They were probably due to a temperature gradient since the
along its length. The RTD used to control the temperature ofif inlet was located near one end of the cell. We also
the oven was located near the center of the cell. It was achecked the dependence«f on the magnitude of the hold-
tached to the cell with a high thermal conductivity compounding magnetic field, the direction of the circular polarization
and shielded from the air flow and direct laser light by aof the laser light, the magnitude of théHe polarization
Teflon screen. The temperatures of the other RTDs differeffrom 25% to 45%, and the method of mounting the RTDs.
by less than 5°C. It is particularly important to study the The biggest difference was observed in the case of'te
asymmetry in temperature between the transverse and longpolarization, and was equal to 0.7%. In all other cases we
tudinal orientations of the cell. Given the temperature depenbave not seen any changes at the level of our statistical pre-
dence ofk,, an asymmetry of 1°C will cause a 1.3% error Cision of 0.4%.
in determination ofc,. Therefore the temperature was care- We studied the temperature dependencepby making
fully recorded during the measurement cycle. It was foundneasurements at four different temperatures, from 110°C to
that the asymmetry was less than 0.6 °C. Another way td72°C. Our results are shown in Fig. 6. They can be param-
check for significant temperature asymmetry is to vary theetrized by the linear fit
measurement period, reducing it to the point where the
temperature asymmetry does not have enough time to de- ko=4.52+0.00934T(°C)]. (16)
velop. We changed from 3 to 100 sec and have not seen
changes inkg of more than 0.5%. We also studied the de-The error inkg is dominated by systematic errors. Our esti-
pendence ok, on the power of the diode laser while keep- mates of the systematic effects indicate that the largest errors
ing the temperature measured by the RTD constant. Reduare due to the temperature asymmey8% and the abso-
ing the power of the laser by about a factor of 2 reduced thdute temperature uncertaint®.7%. We also add in quadra-



3010 M. V. ROMALIS AND G. D. CATES PRA 58

TABLE I. Summary of the systematic errors in the measuremengddition to the shift caused by polarizétile, the Rb EPR

of «qo. frequency is shifted by other effects, the largest of which are
- the Rb-Rb spin exchange and the light shift due to optical
Error source Errar ing at 175°C pumping. As will be seen from the estimates below, these
Calculated systematic errors shifts are comparable to the shift produced by polarizde
Temperature asymmetry 0.8% and can potentially cause substantial errors. To significantly
Absolute temperature 0.7% reduce their e_ffec_t, we penodlcall_y reverse the dlrectlo_n of
Alignment 0.2% the 3I-_|e polarization by AFP, while keeping other_ optical
Observed systematic variations gampmg parameters constan_t. The frequency shift due to
Laser power 0.7% eis determlned from th_e dlf_ference between the R_b EPR
Measurement period 0.5% frequencies for the two directions of th#He polarization.
o Because RBHe spin exchange is a very slow process, to a
Polarization 0.7%

first approximation the direction and value of thide polar-

Total 1.5% ization does not affect any other processes in the optical

pumping cell, and the size of these additional shifts does not

change when théHe polarization is flipped. Here we con-

ture all observed systematic variationssgfwhich exceeded sider under what conditions this approximation is valid.

our statistical resolution of 0.4%. Although these variations One can showW2] that the equilibrium polarization of the

are likely due to the systematic effects considered above dRb vapor is given by

to random fluctuations, we cannot exclude the possibility that

the origin of some of these variations has not been identified. R+sePre

The total error of our measurement is 1.5%, the components quﬁw,

of which are summarized in Table I. sb . SE
Figure 6 also shows previous measurements<gffor ) ) ) )

Rb-3He. Bartonet al.[12] measured, at 74.5°C with an WhergFSD is the Rb spin destr.uctlon ratg aRds th_g optical

accuracy of 2.5% using an experimental technique similar t®UMPpIng rate. For typical optical pu4mp|n_g3cond|t|orﬁ$1(a]

ours. The temperature dependencecghas been measured = 2-4X 10°° cm™®, [Rb] = 4.3x 10" cm = T=453 K)

by Newburyet al. [11] in the range of 40-80°C, but their the rates arel'sp=725 s°°, I'sg=16 s 7, using the rate

value of k, had a much larger absolute error. constants froni21]. The optlcz_;ll pumping rate in the front of
The hatched region in Fig. 6 is obtained by using theth® Eegll is usually 10-100 times larger thaRp, so I'sg

value of ko from [12] and extrapolating the temperature de- ~10 °R. However, as the laser power is absorbed in the

pendence measured 1] to 180°C. As can be seen, our C€ll; the pumping rate drops, and the value of the Rb polar-

results for the absolute value and the temperature depef%ation becomes more sensitive to thele polarization.

dence of«, are in very good agreement with previous mea-  1he largest contribution td’p/dt in Eq. (1) comes from
surements. the Rb-Rb spin exchandé4]

(A1)

d L. . -
V. CONCLUSION —p=Tr(4a(S)~C)-S+2iTreKrd(S)-S,p], (A2)

dt

We have presented a method3{e polarimetry based on
the frequency shift of the Rb Zeeman resonance. The method — i )
is well suited for precision polarimetry diHe polarized by ~Wherel'ry=[RbJuory.ryiS the spin-exchange rate aG,
spin exchange with optically pumped Rb. We discuss in de!S the frequency shift parameter. Thg real part of this expres-
tail the implementation of the technique and possible system3ion affects the frezquency shift only in the secon_dlfrder, ie.,
atic errors. The constamiy, necessary for the calibration of %~ VerrI'ro/ we)” [14]. Using ogy.py=2x10"1 cnt
our method, is measured with an accuracy of 1.5%. witH22] we getat 180 °C a frequency shift of onfiy=13 Hz.
these developments, frequency shift polarimetry becomes af'® imaginary part of Eq(A2) contributes directly to the
attractive alternative to more traditional NMR methods of frequency shift. The shift parameti, for the Rb-Rb spin
polarimetry. exchange is calculated by Kartoshlk&j%]: Kgrp=—0.14. Us-
ing this number, and assuming thg)=1/2, we estimate
that the shift due to the imaginary part of H§\2) is Sv’
=TI'rKry/27(21 +1)=1.5 kHz, which is comparable to a

We would like to acknowledge discussions with Will typical shift of 20 kHz due to’He. However, if the changes
Happer, Todd Smith, and Tim Chupp. This research wadn the Rb polarization correlated with the direction of the
supported by the U.S. DOE under Contract No. DE-FG02-*He polarization are on the order of 19 this is not a sig-
90ER40557 and the NSF under Contract No. NSF-941390Mificant source of systematic error, provided that one deter-

mines the frequency shift by flipping the dir((a)zction of thee
. polarization. Therefore we need to hakes 1071 g¢.
APPENDIX: EFFECTS OSFHIA;ZHONAL FREQUENCY Another source of the Rb EPR frequency shift is due to
the light shift produced by the optical pumping laser. The

In this appendix we discuss several effects which carevolution of the Rb density matrix due to optical pumping is

cause systematic errors in the frequency shift polarimetry. Igiven by[24,25
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d . ) L = frequency shift due to optical pumping & s=Q/27(2I
qiP= Rla(1+2s-S)—p]+iQ[(5; —s-9),p], (A3) 4 1)=2.4 kHz and occurs for laser detuning of 0.6 nm. This
number is again comparable to the frequency shift produced
whereR and() are the real and imaginary parts of the com-by 3He. The intensity of the light can be affected by the
plex pumping rateR, reversal of the®He polarization because the absorption of
the light in the cell depends on the Rb polarization
d(v)dv (Ad)
IHi(v=wo) I®(v,2)
Jz

ﬁ=R+iQ=recf1f
=—[Rb]o(»)®(v,2)[1-sPry(2)], (A5)
Here ®(v) is the spectral flux of the pumping photorssis
the mean photon spin of the pumping light, aind=0.33 is
the oscillator strength of th®, transition. Again, only the which, in turn, depends on théHe polarization through
complex part of this expression contributes significantly toEq. (Al). Thus we need to ensure that the intensity of the
the frequency shift. The light shift has a dispersion shape andptical pumping light does not vary appreciably when the
vanishes if the center of the laser spectral profile coincideslirection of the®He polarization is reversed.

with the optical line center. To estimate the maximum pos- The sources of the systematic error considered above are
sible value of the light shift we consider optical pumping small if the pumping rateR is much larger than the spin-
with a diode laser array and assume that its spectral profilexchange rat€'sz. To ensure that this condition is satisfied,
can be approximated by a Gaussian with a full width at halthe fluorescence should be detected in the front of the optical
maximum (FWHM) of 2 nm. For laser power density of pumping cell, where the intensity of the laser light is maxi-
5W/cn? and '=90 GHz we estimate that the maximum mal.
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