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Spin-exchange rate coefficients for RHe are measured using three different methods. Two methods, using
Rb repolarization and rate balance, require no assumption about the naturéldéthall relaxation and agree
well; we find spin-exchange rate coefficients of 870 2° cm®/s and 6.8 10 2° cm®/s. These results agree
with a recent repolarization measurement of Baranga and co-wdiRBys. Rev. Lett80, 2801(1998]. The
third method uses the temperature dependence ofl#eerelaxation and is 30% larger than the other two,
implying a temperature-dependent wall or an unreasonably large value of the anisotropic spin-exchange inter-
action for Rb2He. In the course of these measurements we developed and tested a new method for Rb density
measurements under high power pumping conditions, and a new variant of Rb EPR polarimetry, both of which
are described here.
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[. INTRODUCTION In order to better understand the discrepancies between
these three experiments, and to further test our basic under-
Hyperpolarized®He gas is currently being applied to a standing of the spin-exchange optical pumping process so as
wide variety of scientific and medical problems. These in-to isolate those effects that limit tHi#de polarizations, in this
clude magnetic resonance imagifig2], spin-polarized tar- paper we present measurements of the spin-exchange rate
gets[3], polarized neutronp4], and precision measurements coefficient using both previous methoRb density depen-
[5]. All of these applications would benefit from being able dence of*He relaxation, Rb repolarizatipand a new “rate-
to produce®He polarizations in excess of 90%. Given the balance” method based on the equilibriuthle polarization
current knowledge of the fundamental spin-exchange andttained in a cell of known Rb density and polarization.
spin-relaxation rates for RBHe, and the existence of long-  Section Il presents the various methods and emphasizes
lifetime room-temperaturéHe storage cell§6,7], it should  their underlying assumptions. The rate-balance method, such
be possible to acheive such polarizations using spinas the repolarization method, makes no assumptions about
exchange optical pumpin@]. Such high polarizations have the nature of the’He relaxation and, in particular, does not
not been attained, however, and indeed with few exceptiongquire an understanding of how the wall relaxation depends
[9-11] polarizations over 55% have not been reported. Aon temperature.
second technology, metastability-exchange optical pumping, Section lll is a description of the experiment, emphasiz-
has been shown to give polarizations up to 85% at low presng the redundant methods we have used to assure the accu-
sureg[12]. The use of compression methods has enabled paacy of our determination of the crucial parameters of Rb
larizations of high-densityHe of typically 50%][13,14]. density, Rb polarization, and He polarization. Included in
Until the recent work of Barangat al. [15], only two  this discussion is a description of a method for determining
measurements of the most fundamental parameter 6Heb- the Rb density in the presence of intense optical pumping
spin exchange, the spin-exchange rate coefficient, had bedight, and our new variant of Rb polarimetry.
reported. Coulter and co-workef46] measured the relax- In Sec. IV we present and discuss the results. We find that
ation times ofHe as a function of temperature, and from the rate-balance and repolarization methods agree very well
that dependence deduced a value of102x 10 *° cm®/s  with each other and with the Baranga al. repolarization
for the spin-exchange rate coefficient. Larstral.[10] used  result, but the®He relaxation rate method gives a value
a similar method and obtained &®.2x10 2%°cm’/s, about 30% higher. The discrepancy can be reconciled by
nearly a factor of 2 smaller. Both these experiments deducedssuming either that the wall-relaxation rate is temperature
the Rb vapor pressure using published saturated vapor predependent with an Arrhenius temperature comparable to that
sure curves, a procedure that can be in error by a factor of @f the Rb vapor pressure, or by assuming that anisotropic
or more. In addition, the assumption must be made that thepin exchange, believed on theoretical grounds to be negli-
3He relaxation rate due to processes other than spin exible [17], is present at a very significant level. We present
change is temperature independent. In particular, differingirguments for a temperature-dependent wall, but further ex-
temperature-dependent wall relaxation rates could accouferiments will be required to distinguish between these pos-
for the difference. Recently, Baranga al. [15] deduced a sibilities.
spin-exchange rate coefficient of & 710 2° cm®/s by mea-
suring the absolute Rb polarization induced by spin ex- Il. THEORY
change from®He of a known polarization. This method re-
quires no measurement of the Rb density, and makes no The fundamental rate equation governing polarization of
assumptions about the wall relaxation. It should therefore béHe by spin-exchange collisions with rubidium atoms of
quite reliable. density[Rb] is
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equation must be measured to obtain the spin-transfer rates.
The first two terms are well knowf8,18], and represent A key point is that in doing so no assumption is made about
Rb-3He spin-exchange collisiongate coefficientk,) and  the nature of théHe relaxation. In particular, a temperature-
®He wall relaxation. Spin-exchange arises from the shortdependent wall-relaxation rate affects bbth, andPy, such
range Fermi contact hyperfine interactiarS-K that is  that their product in Eq(3) remains the same. An equivalent
present during binary collisions between the spin-polarizednethod, suggested by Gentile, would be to measure
alkali atoms of spirS and the®He atoms of nuclear spiK. dPye/dt=(K,— kp/2)[Rb] Pgp at Ppye=0.

It is convenient to introduce the longitudinal spin- A third repolarization method for obtaining the spin-
polarizationsPye=2(K,) and Pry=2(S,), with thezdirec-  (ransfer rate coefficients was recently introduced by Baranga
tion being that of the applied static magnetic field. The inter-g¢ 5. [15]. In the absence of optical pumpifiigentified with
action of *He with well-prepared container walls is weak, SOQ subscripts the Rb total longitudinal spifF,)o={(I,)o

the “wall-relaxation” ratel',, is small as compared to the +(S,)o, where(l,) is the Rb longitudinal nuclear spin,
diffusion rates. In this limit there exist only tiny gradients of gpeys

Pue across the cell and so thi¢le atoms sample the volume-

averaged alkali spin polarizatidPg, The relaxation due to d{F,)o )
He-He collisiong19] is quite small in our experiment andis ~ —q;  — PV (F20~ I're{So)ot ka[HEI((K2) = (S;)0)
lumped intol’, .

The third term in Eq.(1) represents spin transférate +kp[He](—(K)/12—(S,)q). (5)
coefficientk,,) to the He nucleus from the anisotropic hy-
perfine interactioBS- (3RR—1)-K, R being the displace- T_he first and second terms represent diffusidrand colli-
ment vector between the two colliding atoms. This interac-Sion l0sses(r,, assumed to be solely by electron random-
tion is produced by the precession of tiele magnetic ization) for the Rb atoms, while the other terms are .the spin-
moment about the long-range part of the magnetic field protransfer terms analogous to E@). As long as the collisional
duced by the Rb electron. The anisotropic hyperfine interad©SSes are much greater than the diffusion losses, we can
tion has only recently been considered in some theoreticdleglect diffusion(or make a small correctiorand find for
detail [17], and estimates suggest that it should be small r> (Katkp)[He] ,
compared to normal spin-exchange. However, this has not
been tested experimentally, so we will make no assumptions K. —Kko/2= I"roPRrb0 6)
about the relative size of the two terms that contribute to spin a b Pued Hel
transfer between alkali atoms arftHe. Note from Eq.(1)
that the anisotropic hyperfine interaction tends to polarize th&hysically, this is simply a statement that the Rb polarization

3He spin antiparallel to the alkali sp[i7]. attained with the optical pumping is a balance between the
From Eg.(1), the time constant for buildup or decay of rate at which the Rb atoms are polarized by spin-exchange
the 3He polarization is collisions with the polarizedHe, and the rate at which that
polarization is destroyed due to collisions. Like the rate-
T'he= (Ky+ ko) [RB]+ T, . @) balance method, the repolarization method makes no as-

sumption about the wall relaxation, and in fact has the addi-
tional advantage of requiring npRb] measurement. The
In a steady state, théHe polarization is assumption that the Rb spin relaxation is dominated by elec-
tron randomization is discussed in the Appendix.
(Ka—Ky/2)[Rb] In summary, we have three different methods for deter-
PHB=F— Prp (3 mining the spin-exchange rate coefficient. An important
He point is to note that they measure different combinations of
the fundamental rate coefficierkg andk,, for isotropic and
These two equations suggest two methods for measuring thenisotropic spin exchange. The rate-balance and repolariza-
spin-exchange rate coefficients. The first method, which we&ion methods measure the combination-k,/2, while the
will call the relaxation-rate method, is to measlig, as a relaxation-rate method gives,+k;,. In the absence of an-
function of[ Rb], the slope of such a plot beirkg+ky, . This  isotropic spin exchange the three methods will agree. But if
method has been used previougly,16, and relies on the anisotropic spin exchange is important the relaxation rate
assumption that the wall relaxation rate is temperaturemethod will give different results than the others. However,
independent. It also requires a reliable measurement of thidae relaxation method can also be contaminated by wall re-

Rb density. laxation that can mimic a nonzeky . Having described the
The second method, first used in this work and termed théhree methods for measuring the spin-exchange rate coeffi-
rate-balance method, uses E8): cients, we turn now to a description of the experiment.
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FIG. 1. Optical system for coupling to cell. The laser consists of 20 emitters, rays from two of them are shown. A cylindrical transform
lens provides a roughly uniform intensity beam at Nid plate that is imaged onto the cell. The cell is substantially overfilled to ensure
uniform optical pumping. Distances are in millimeters.

Il EXPERIMENT piece of blackened metallic tape with an optical pyrometer.
The spin-exchange rate coefficient measurements requir-ghe pyrometgr was calibrated against a thermocouple Fhat
careful and absolute determination of Rb densities, polariza\{vasgtemporarlly _taped to Fhe cell and then removed during
tions, and relaxation rates, as well 3de polarization and € He polarization experiments. ,

relaxation rates. We measure the Rb densities in three differ- | e magnetic field, typically of 2—8 G, is generated by a
ent ways: field-dependent Faraday rotati@f, 21, polariza- 135-turn, 1—m-d|amef[er Helmholtz co!l driven by a dc power
tion Faraday rotation, and absorption spectroscopy on thaupply. For short periods of time the field can be increased to
second resonance line of Rb. Rb polarimetry is performed@s high as 35 G as needed to resolve rf transitions for Rb
with a variant of the rf-spectroscopic method recently intro-polarimetry. The magnetic field is stabilized by feedback
duced by Young and co-workef82,23. The Rb relaxation from a fluxgate magnetometer to a level of 10G. Ten
rate is measured with a weak probe beam by observing Rédditional turns on the field coils are used for shimming
polarization transients at low Rb polarization. Thide po-  magnetic-field gradients.

larization is measured using the frequency shift of the Rb rf The laser source for optical pumping was a frequency
transitions produced by the effective magnetic field of thenarrowed diode laser bdR5] (Coherentp/n B1-40C-19-
polarized *He [24], and the*He relaxation rate is measured 30-A, selected for a small curvature in the alignment of the
by observing the long-term decay of the amplitude of re-optical elements that provides 15 W within a 125-GHz
peated free-induction-decay transients. We begin this sectioggandwidth at the Rb S,,,— 5P, resonance at 795 nm. The
with a general discussion of the apparatus and_the Faradamgh’ spatially asymmetric outputl9 emitters in a 5 cm
rotation method used for many of these diagnostics, and theg g 5 cm arenof this laser is efficiently coupled to the cell

discuss each of the diagnostics in turn. using the optical system as shown in Fig. 1. A 200-mm cy-
lindrical transform lens produces a symmetric, uniform beam
A. General features on theN/4 plate. A spherical lens then images this plane onto

In order to have a system as carefully characterized atshe front face of the cell.

possible, we have used for this experiment an optically
sealed cylindrical cell manufactured and generously pro-
vided to us by Gentile and colleagues at the National Insti- The key optical diagnostic in the experiment, used for Rb
tute of Standards and TechnologMIST). The NIST cell  density measurements, Rb polarimetry, &hte polarimetry,
construction has been described in detail elsewh@leits is Faraday rotation. The apparatus is shown schematically in
body is made from Corning 1720 glass and the windows arig. 2. In the presence of a magnetic field, the Zeeman inter-
made of GE180 glass. Its has a room-temperature relaxaticiction causes a slight difference in the index of refraction for
rate of about 250 h. It contains 0.77 amagatbfe, 0.08 different light helicities, resulting in a rotation of the plane of
amagat of N for radiative quenching of the optically polarization of light as it propagates through the cell. A simi-
pumped Rb, and a small amount of Rb metal. It measureslar effect occurs when the Rb electrons are spin polarized. A
=4.9 cm in length and =4.5 cm in inner diameter. The low-power tunable diode laser tuned approximately to 1000
cell is heated with hot air; its surface temperature is stabiGHz from theP5, resonance at 780 nm is circularly polar-
lized to better than 1°C, measured by observing a smalzed and modulated by a photoelastic modulator at a fre-

B. Faraday rotation diagnostics
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FIG. 2. Optical layout for absolute Rb density and polarization %‘)
measurement. The arrows on the waveplate and the photoelasti _
modulator(PEM) show the principal axes of the birefringence. £ 0.2 —
<
S
quencyw= 2 x40 kHz before entering the cell containing 00
polarized atoms in a uniform longitudinal magnetic field ’ |
(coils not showin Low power is required to ensure that the 35
probe does no optical pumping. A 780-nm bandpass interfer- Magnetic Field (gauss)

ence filter passes the probe light while blocking out the in-

tense light from the pumping laser for measurements taken FIG. 3. ®Rb polarization spectrum taken at 155°C and low Rb
with the pumping light on. The optical rotation is analyzed polarization. The rela.tive. areds:-, under the resonance peaks de-
by a polarizing beam splitter cube and detected by a baﬁ_grmme the Rb polquzatlon. Thi;,, and A, transmpns are par-
anced photodiode pair. The difference of the photodiode sigi@lly resolved. The inset shows the energy levels involireat to
nalsv registers at the PEM modulation frequeney the Scald. and example transitions.
polarization-induced Faraday rotatiah of the probe laser
[26]: vsin2p. The proportionality constant is determined

by inserting ax/2 plate and rotating it at a known angle.

purposely lower the polarization by reducing the pump laser
power or tuning the pump-laser off-resonance, we observe
only theAgz, Ag,, Ay, transitions of®>Rb. TheAs, andA,,
1. Rb polarimetry transitions are only rarely resol\{ed from each_ other. The
measured ratio = As3/(Azxt+ Ay, in terms of which
Absolute measurements Bfz, were made using rf spec-
troscopy on the Faraday rotation of a longitudinal probe.
Recently, Youngetal. [22,23 introduced a convenient Pro
method for measuring the absolute alkali polarization in op-
tically pumped cells. They used a weak probe beam propas therefore a useful and practical way to determine the po-
gating perpendicular to the alkali polarization direction. Ap-|arization from spectra such as Fig. 4.
plication of a transverse rf field at the Rb resonance \ve generated the rf magnetic field using a six-turn circu-
frequency caused a polarization-dependent transmissiogr coil mounted below the cell and driven from a program-
modulated at the rf frequency. In such a way a set of rimaple function generator as part of a tank circuit. We typi-
resonances was observed that directly measured the populgglly fixed the rf frequency at 16 MHz and swept the
tions in the various magnetic sublevels of the hyperfinemagnetic field from 35 G to 37 G, recording the Faraday
structure of the ground-state atoms. A key feature of thgotation. Typical spectra are shown in Figs. 3 and 4. In Fig. 3
method is that no vapor pressure measurement is required {Re Rb polarization has been purposely made small in order
get absolute polarization information. to see the various transitions. Under the actual conditions
For convenience, we use a variant of the above procedurenat the data were taken for this experiment, the Rb polariza-
measuring Faraday rotation of a longitudinal probe as Options were very high. Only at the highest temperatures
posed to the transmission of a transverse probe. The applicg= 190°C) was theAs,+ A,, peak observable and thus over
tion of a tranverse rf field at a Zeeman resonance of the Rbjrtually the entire dataset discussed here the Rb polarization
atoms causes a slight reduction in the spin polarization of thes essentially 100%. This is illustrated by the spectra in Fig.
atoms. This in turn reduces the Faraday rotation of the probg Note that the resonance lines are considerably broader
beam. The signal is proportional to the square of the rf magthan in Fig. 3 due to a higher rate of spin-exchange colli-
netic field and hence requires larger and more uniform rkjons, except for thés; peak that is narrowed for high po-
fields than the transverse method of Yousigal. The area |arizations[23]. We also periodically checked that the Rb
Arm under a particularf, m)—(F, m—1) line is propor- polarization at the edge of the cell was high; in all cases

tional to the population difference of the two states multi-presented here we found it to be in excess of 95% and even
plied by the square of the rf coupling between the two states] mm from the outer edge of the cylinder.

r—3
r+3

, ®

Aem*BR[F(F+1)—m(m=1)](pem—prm-2)-  (7) 2. Rb density measurements

Under the conditions of this experiment, the populations are We used both magnetic-field-induced and polarization-
well-characterized by a spin temperaty&] so thatpg, induced Faraday rotation to deduce the Rb density for this
«cexp(Bm), where Pg,=tanh(@/2). In addition, the alkali experiment. It is important to recognize that under high
spin polarization is very close to 1 and in practice, unless wgower pumping conditions there is substantial heating of the
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Littrow cavity to 842 nm. This light was frequency doubled
by a Li:NbG; crystal, the output of which was coupled to the
cell in the form of a narrow beam. After transmission
through the cell, the blue light was isolated with an interfer-
ence filter and a UV-sensitive photodiode. We then recorded
transmission vs frequency as the light was tuned through the
421-nm resonances. The resulting absorption spectra were fit
to determine the areas under th® 5— 6P, 3o peaks. Then
the areas were used with the known oscillator strengths to
deduce the density. With the pump laser(and hence heat-
ing) or off, the density deduced from absorption agreed with
that from both types of Faraday rotation to typically 15%,
30 352 3.5'4. 356 358 limited by the accuracy of the absorption spectroscopy. The
Magnetic Field (gauss) absorption spectroscopy accuracy was limited by small sig-
FIG. 4. ®Rb polarization spectra taken at 183°C. The threenals and beam alignment problems were associated with the

cases shown are with the pump laser on resonance with the probefggquency doubling. . )
the center and 1 mm from the edge of the cell, and with the laser off Ve note that the consistency of the three Rb density mea-

resonance. The three peaks, whose relative areas give the Rb pol§Hrements is also a check on our Rb polarimetry because the
ization, correspond to thiss, Asy+ Ay, andAg+ Ay transitions,  Polarization rotation method is proportional to the product of
The three spectra have been arbitrarily scaled to give the sari@€ Rb density and polarization.

height of theAs; peak.

0.20 —

0.15 —

0.10 —

Rotation Angle (arb. units)

0.05 —

000 47

3. 3He polarimetry

gas[29] and the Rb density is often significantly higher than  \y\,e make absolutéHe polarization measurements using
the external wall temperature would indicate. Thus is it im-the Rp electron paramagnetic resonatE®R frequency
portant to be able to measure the Rb density with the pumpsp;ft method[24]. In the presence of polarizetHe the Rb

ing on and off. The two rotation methods allow us to accoM-gjectrons experience a small effective magnetic field due to
plish this. With the pumping laser off, so that the RD the Fermi-contact hyperfine interaction with thide nucleus
polarization is very small, we measure the Faraday rotatioRs tne electrons penetrate the core of fie atoms. The
angle as a function of magnetic fil20], a technique whose yegiting frequency shift is a sensitive and accurate measure
accuracy and reliability we have recently studied at SOM&y¢ the He polarization. With the pumping light on, we mea-
length[21]. The rotation angle is, for detunings much greaterg e the shiftA » in the Rb rf resonance frequeneydue to

than the atomic linewidth and hyperfine struct{2&], the polarization of*He [24]:
le’ugB( 4 7 2 dv 8
0p=[Rbooe— | ——+ —— —— |, 9 _dv 8w
B [ ]18th A%/Z Ag/Z A3/2A1/2 ( ) Av= dB 3 K/-LK[He]PHe (11)

where, for exampleA;,=v— v, is the detuning of the kHz
probe laser from the $,,,— 6P, transition. Here alse is = ( 1.13—4K[He]PHe. (12
the electronic chargeyg is the Bohr magnetonn is the amag
electron massh is Planck’s constant, andis the speed of
light. Similarly, with the pumping laser on, the polarized Rb
atoms produce a rotation

Here « is the frequency shift enhancement factor angdis
the *He magnetic moment. For a nonspherical cell such as
ours, the frequency shift is slightly modified by the nonuni-
le2 [ 1 1 form magnetic field produced inside the cell by tfige nu-
0p=[Rb]—<A— - A_) Prob- (10 clei. For a cylindrical cell of radiua and length, we use the

82 =i method of magnetic scalar potent80] to find that the av-

6mc
Since the Rb polarization is measured absolutely via the rgrage frequency shift enhancement on the cylinder axis is

spectroscopy, the absolute rotation angle allows us to deduce

the Rb density. = Kt }_ §
In practice, under conditions of small heating due to the 02 2

pump laser we find that the two rotation methods usually

agree to within 10%, giving us confidence in our densityFor our cell witha/l =0.46, the correction term is— xo=

measurements. As a further check, we also measured the0.04. Romalis and Cate$24] recently measuredk,

density using the more laborious technique of absorption=4.52+0.009 34, with T as the temperature in Celsius, to

spectroscopy on thes5-6p resonances of Rb near 421 nm. 1.5% accuracy.

The Rb 5s—5p resonance lines are not suitable for this since The EPR system is similar to that of Romalis and Cates

their large oscillator strengths makes them extremely optif24]. The rf coil is driven by a 3-MHz voltage-controlled

cally thick under conditions of this experiment. We used aoscillator with 2 kHz FM sidebands. The resulting 2-kHz

150-mW, 825-nm Hitachi diode laser tuned by an externamodulation of the Faraday rotation is detected by a lock-in

2

a
1+ —\/1+

| 13
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FIG. 5. EPR frequency as a function of time, showing the fre-
quency shift upon AFP reversals. THele polarization for these FIG. 6. Polarization buildup ofHe at 170°C(raw data and
data is 69%. exponential fit. The NMR is calibrated using the EPR frequency
shift.

amplifier, producing the derivitive of the EPR line shape. A

proportional/integral feedback circuit uses the lock-in outputjetected and analyzed to obtain the decay yaté the slow-

to adjust the rf frequency in order to keep the rf at the pealest relaxation mode at low Rb polarizatifh8]. From this

of the EPR resonance. A frequency counter samples the if_ is determined a¥ g,= 7. As a check, we also measure
frequency every 1.0 sec. We then use adiabatic fast passage, by tuning the pump laser far off resonance so tRag
(Sec. Il O to reverse the’He spins, and observe the result- <1, and chop the pump laser on and off. Analyzing the
ing change in the rf frequency, which is twice that of Eq. transients in the same way gives results that agree with the rf

(12). S o _ chopper to better than 10%.
A sample EPR signal is shown in Fig. 5. Even with the

modest 0.77 amagaHe density, the EPR shift is quite large .
and easily measurable. We note that we are routinely able to C. "He NMR

attain *He polarizations in excess of 70% in these experi- \ye perform NMR on the polarizedHe using free-
ments. The accuracy is limited by magnetic field drifts t0jnduction decayFID) with a small surface coil. The 1.3-cm-
typically 3%. diameter coil has 320 turns and@uof 15 at 24.5 kHz. A

A potentially important uncertainty in théHe polarime-  resonant pulse at 24.5 kHz tiféle nuclei at the surface of
try is the accuracy of the measurement of the gas density. lthe cell by a small angle. The resulting precession of nuclei
order to check that the density as determined at the time q§ then detected with the same coil and analyzed to determine
the cell filling was accurate, we have spectroscopically meajts injtial amplitude. Using the shim turns on the Helmholtz
sured the Rb resonance-line absorption profiles at 780 noijls to minimize magnetic field gradients, we thereby

and 795 nm at temperatures of typically 80°C where thgengthen the transverse relaxation rate and typically attain
lines are optically thin. We scanned a tunable diode lasefansverse relaxation timé&2~ 170 msec.

across the resonance lines and mgasured absolqtg absprptmrwe determinel’;, using time dependence of NMR free-
as a function of frequency. Using the precision line-induction decays, both in the presence and absence of pump-
broadening parameters of Romagisal. [31], and the known jnq |ight. Due to the long relaxation times fdHe, we take
hyperfine and isotope structure, we fit the absorption spectrgy FID sample once every 30 min, and normally observe for
with the gas density as a free parameter. The measured 98%o to three time constants so that tiele polarization
density of 0.74-0.2 amagat was in excellent agreement withpearly reaches equilibrium. With the magnetic field stabiliza-
the fill density. tion on, we get excellent signal-to-noise ratio on thée
transients. Figure 6 shows an example. Note that it is not
necessary to start from zero polarization in order to deter-
The small “repolarization” of the Rb atoms produced by mine the time constant for théHe relaxation. The loss per
spin exchange with the polarizetHe is measured by com- FID pulse is measured to be0.005% by repeating a se-
paring the Faraday rotation of the repolarized atoms with theuence of FID pulse once every 7 sec for 10 min at room
fully pumped atoms that result with the pump light on. Thetemperature.
zero polarization rotation is determined by driving the Rb  Though we could detect théHe polarization using adia-
EPR resonance with a 2 Hz square-wave amplitude modubatic fast passag@\FP) [24,32], we instead simply use it to
lated rf pulse that strongly saturates the Rb resonance, makeverse the®*He spins for the EPRHe polarimetry. As a
ing the Rb polarization zero. strong transverse rf field is swept through resonance, the pre-
The rf chopper method is also used to medugg. After  cession of the nuclei about the effective magnetic field in the
saturation with rf, the resulting Faraday rotation transient igotating frame causes the nuclei to flip direction. The AFP

4. Rb repolarization
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ally k,—kg/2), as deduced by the repolarization and rate-
balance methods, for a series of data runs. The individual
points show fluctuations about the mean of about 20%, but
the statistical averages of the two methddssuming no
temperature dependence of the rate coefficigive 7.2
+0.4x10 ® cn’/s for the rate-balance method and 7.0
+0.2x 10 2% cm®/s for the repolarization method.

We also measured the spin-exchange rate coefficients with
a second cell whose room temperature wall relaxation time
was only 6.7 h. It was not possible to attain high He polar-
izations with this cell, but the deduced spin-exchange rate
coefficients agreed well with the other cell: 60.2
: : : : x 10720 cm’/s for the rate-balance method and 6(33
0 i 5 3 Ax10™ X 10729 cm’/s for the repolarization method.

The close agreement between the results of the repolar-
ization and rate-balance methods is a strong evidence that the

FIG. 7. 3He spin-relaxation rate as a function of Rb density. Thesystemgtic_ errors in the experiment are well controlled. The
circles are the points taken with the pumping laser on, the squard§Polarization method uses the measured values of Rb relax-
have the pumping laser off. ation rate, Rb repolarizatior’He polarization, and He den-

sity. The rate-balance method requires measurements of the

coils are 20 turns with a 22 cm diameter, and driven by a He relaxation rate;He polarization, Rb polarizatiofvery
programmable frequency source. With the magnetic fieldlose to 1 for our experimeptand Rb density. The only
held at 5.65 G, we slowly sweep the AFP drive frequencycommon measured quantity is the absoltite polarization,
from 11950 Hz to 26050 Hz over a time of 5.9 sec. TheWhich occurs in the numerator of the rate-balance expression
pickup coil is tuned off resonance during the AFP sweep/Ed- (4] and the denominator of the repolarization expres-

Repeating the AFP flips many times, we determine a loss pefion[Eq. (6)]. Thus the systematic errors in the two methods
flip of about 0.5%. should be very different.

The significantly larger value deduced with the relaxation-
IV RESULTS rate method, as compared to the repolarization and rate-
balance methods, indicates the presence of a temperature de-
Figure 7 shows théHe relaxation rate as a function of Rb pendent wall-relaxation rate and/or significant anisotropic
density. The bulk of the data were taken with the pumpingspin-exchange contributions. In order to explain the data, the
on, but at a few temperatures we also measured the relawall-relaxation mechanism must produce a relaxation rate
ation rate with the laser off. At a given temperature, the ratehat varies linearly with the Rb density, implying a tempera-
with the laser on was higher than with it off, typically by ture dependence similar to that of the saturated Rb vapor
30%, but the figure shows that the difference is entirely dugressure. Alternatively, anisotropic spin exchange could also
to a difference in the Rb density. The slope of the line givesbe present, though it would need to be much larger than that
a rate coefficient of 940.3x 10 2° cm?/s. estimated by Walteet al. [17]. Assuming anisotropic spin
Figure 8 shows the spin-exchange rate coefficiéatsu- exchange is responsible for the entire difference would give,
using Eq. (2) and Eq. (4), ky,<1.4+0.6x10 % cm’/s,

3x107 4

He relaxation rate (1/s)

3

Rb density (cm )

e =«O nearly an order of magnitude larger than the XD %!
g . cm’/s predicted by Walteet al.
° o e e oo Comparison of the spin-exchange rate coefficients mea-
° ° :ﬂ o sured here(both cells combinedwith previous results is
6 — ° ¢ done in Table I. The measurements that use the relaxation-

rate method vary widely and are in general larger than those
obtained with other methods. The variation may be a result
of the different walls used in the three experiments, or inac-
curacies in determining vapor pressures in the previous ex-
periments, or both.

Both the current repolarization and rate-balance results
reported here are in excellent agreement with the Barahga
0 | | | | , al. [15] result of 6.7-0.6x 10 2° cm®/s, and also in excel-

140 150 160 170 180 lent agreement with the theoretical prediction of 5.6

X 10~ 2% cm’/s by Walteret al.[17]. Since the calculation of
both the isotropic and anisotropic spin-exchange rates uses

FIG. 8. Spin-exchange rate coefficients deduced using the repdhe same wave functions, this gives support for the reliablity
larization method (circles and the rate-balance methddpen  of the Walter estimates, and makes it probable that the ex-
squares planation for the higher results for the relaxation-rate method

rate coefficient (10 '200m3/s)
S~
|

)
|

Temperature (°C)
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References Method Result (1% cm’/s) APPENDIX
[16] Relaxation rate 122 The derivation of the basic equation of the repolarization
[10] Relaxation rate 622 method, Eq(6), assumed that the Rb spin relaxation is domi-
This work Relaxation rate 940.3 nated by electron randomization processes, as first pointed
[15] Repolarization 6.20.6 out by Barangaet al. [15]. At high pressures and relatively
This work Repolarization 6:80.2 low densities, such that the relaxation due to Rb-Rb interac-
This work Rate balance 6480.2 tions can be neglected, the assumption of electron random-

ization is justified since the relaxation occurs in Rb-He bi-
nary collisions whose duration is so short that there is
is that there is a temperature-dependent wall-relaxatiomegligible precession of the nucleus during the collision. But
mechanism that scales closely with the Rb density. when Rb-Rb relaxation is important we recently discovered

In this work we have achieved He polarizations in excesghat there are other spin-relaxation mechanisms that arise
of 70%. This value is consistent with the ratio of the spin-from the formation of triplef 33,34 and singlet[35] Rb,

exchange and spin-relaxation rates, molecules. We argue here that as longlag, is properly
interpreted, Eq(6) should still hold even when such pro-
(k= kb/2)[Rb]P7

cesses are present.

He  The R® The spin-relaxation due to molecular processes is compli-
cated, but can be approximated at low Rb polarization by
Experimentally, we find thdf . is linear in Rb density, with  replacingT' ri(S,)o— T «(S,) o+ T'e(F,)o in Eq. (5). HereT'g
slope determined by the spin-relaxation method. Thus théenotes the relaxation rate arising from binary collisions, and
maximum achievable polarization is the ratio of the rate coI'r the relaxation rate from molecules. As long as spin-
efficient determined by repolarization or rate balance, di-conserving Rb-Rb spin-exchange collisions occur at a much
vided by the rate coefficient for théHe relaxation. The greater rate than the spin-relaxing collisions, a condition well
value so obtained, 0.740.03, is consistent with the maxi- satisfied in our experiments, then for small polarizations the
mum 3He polarizations we have observed. well-known approximation(F,),= €(S,)o holds, with the

In summary, we have measured the spin-exchange ratslowing-down factor” e=10.8 for Rb vapor of natural iso-
coefficient for the important RBHe system, which is widely topic compositior{8,18]. The slowing-down factor accounts
used for producing spin-polarizetHe. We have introduced for the storage of most of the angular momentum of the Rb
a “rate-balance” method for measuring the rate coefficientvapor in the nuclei.
that does not depend on assumptions about otHerrelax- With the above modifications and assumptions, E5).
ation mechanisms, in particular the wall relaxation. It givespredicts that the Rb polarization decays at a ratel'r
excellent agreement with the “repolarization” method of +I'g/e, and that the steady-state Rb polarization in the
Barangaet al. [15]. We have shown that théHe spin- absence of  optical pumping is Pgrpo=(Ka
relaxation rate increases with increasing Rb density at a rate k,/2)Py. Hel/(ey). Identifying I'g,= €y gives Eq.(6).
that is significantly greater than what can be accounted foThusI'g, should be obtained from the product of the mea-
by spin exchange. It is vital to understand the source of thisured Rb relaxation rate and the slowing-down factor. With
wall relaxation (or anisotropic spin exchanpén order to  this procedure the value of the spin-exchange rate coefficient
understand why experiments have been unable to attéén  deduced from Eq(6) should be insensitive to the mechanism

(14

polarizations much in excess of 70%. for the electron spin relaxation.
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