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Spin-exchange and spin-destruction rates for the3He-Na system

P. I. Borel,* L. V. So”gaard,† W. E. Svendsen,* and N. Andersen
Niels Bohr Institute, O” rsted Laboratory, DK-2100 Copenhagen, Denmark

~Received 30 January 2003; published 16 June 2003!

Optically pumped Na is used as a spin-exchange partner to polarize3He. Polarizations around 20% have
routinely been achieved in sealed spherical glass cells containing3He, N2, and a few droplets of Na. An
optical technique has been developed to determine the Na-3He spin-exchange rate coefficient. By monitoring
the Na spin relaxation ‘‘in the dark,’’ the average Na-Na spin-destruction cross section at 330 °C is estimated
to be around 5310219 cm2. This value is 2–5~15–30! times smaller than the previously reported values for
the K-K ~Rb-Rb! spin-relaxation cross section. In the temperature range 310–355 °C the spin-exchange rate
coefficient is found to be (6.160.6)310220 cm3/s with no detectable temperature dependence. This value is in
good agreement with a previous theoretical estimate reported by Walker and it is only slightly lower than the
corresponding Rb-3He spin-exchange rate coefficient. The total Na-3He spin-destruction rate coefficient is,
within errors, found to be the same as the Na-3He spin-exchange rate coefficient, thereby indicating that the
maximum possible photon efficiency may approach unity for the Na-3He system. A technique, in which a
charge-coupled device camera is used to take images of faint unquenched fluorescence light, has been utilized
to allow for an instantaneous determination of the sodium number densities during the rate coefficient mea-
surements.

DOI: 10.1103/PhysRevA.67.062705 PACS number~s!: 34.50.2s, 32.80.Bx, 31.70.Hq
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I. INTRODUCTION

Hyperpolarized noble gases have found widespread ap
cations within different scientific and medical fields, e.g.,
neutron spin filters@1#, in studies of fundamental symmetrie
@2# and in lung imaging@3#. The gas is polarized by eithe
spin-exchange optical pumping@4# or metastability-exchange
optical pumping@5#. In the spin-exchange optical pumpin
method, the noble gas nuclei are polarized in an app
magnetic field by spin-exchange collisions with optica
pumped alkali-metal atoms, which in turn have been po
ized by circularly polarized laser light tuned to the alka
metalD1 line @6#. Optically pumped Rb is most often used
the spin-exchange partner, both in the case of3He and
129Xe, since ample supply of resonantD1 light is readily
available from high-power diode arrays. Also, sufficien
high alkali-metal vapor densities are obtained at relativ
moderate temperatures, thereby permitting the use of o
nary Pyrex glass as a container material, since Rb does
react with the glass at these temperatures.

However, Barangaet al. @7# have shown that under typi
cal circumstances, the photon efficiency of the sp
exchange optical pumping process is of the order of onl
few percent when Rb is used as the spin-exchange partn
polarize 3He. Thus, around 50 circularly polarized photo
are required to fully polarize one initially unpolarized3He
nucleus, the remainder of the spin angular momentum be
lost to tumbling motion in spin-destruction collisions. Walk
et al. @8# have proposed that the efficiency of the sp
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exchange optical pumping process for3He may be vastly
increased when lighter alkali metals are utilized as sp
exchange partners. In Ref.@7#, it is shown that the photon
efficiency is about an order of magnitude larger when us
K instead of Rb. In the case of Na, an even higher efficien
of the order of unity is predicted@8#.

To assess sodium’s potential as a spin-exchange par
we have performed experimental investigations of
3He-Na system. After a brief theoretical introduction, t
experimental techniques are presented. First, it is shown
3He may be polarized by spin exchange with optica
pumped Na. Thereafter, the setups used to measure th
number density and Na spin-relaxation rates are prese
and the experimental findings are reported. Furthermore,
setup that enables us to determine the spin-exchange
constant and hence the photon efficiency is introduced,
the obtained values are reported. Finally, the experime
results are summarized and discussed.

II. THEORY

The investigations presented here are performed at s
high Na densities that the Na density matrix is well char
terized by the spin-temperature distribution@9,10# during the
optical pumping process. During optical pumping, the alka
metal spin polarization evolves as@11#

d

dt
^Fz&52gsd̂ Sz&1gopS 1

2
2^Sz& D2gse~^Sz&2^Kz&!,

~1!

whereS andF are the electron spin and the total spin of t
alkali-metal atom, andK is the spin of the3He nucleus.gop
is the optical pumping rate andgsd designates the relaxatio
rates due to spin rotation or spin-axis interactions dur
binary collisions (S-damping collisions! excluding only the
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,
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alkali-metal–3He spin-exchange rategse. Diffusion to the
walls may be accounted for in Eq.~1! by adding an extra
term on the right-hand side@11#.

From Eq.~1!, it is seen that the buildup and the relaxati
of the alkali-metal polarizationPA52^Sz& when the pump
light is turned on and off, respectively, are slowed down b
polarization dependent factors5^Fz&/^Sz& compared to the
corresponding polarization of fictive alkali-metal atoms w
nuclear spinI 50. Therefore,s is often referred to as the
nuclear slowing-down factor@6#.

The time evolution of the nuclear spin of3He during
spin-exchange optical pumping is given by

d

dt
^Kz&5Gse~^Sz&2^Kz&!, ~2!

whereGse5(@A#/@He#gse. Since the alkali-metal vapor den
sity @A# is typically several orders of magnitude smaller th
the 3He density@He#, typical time constants for building up
an appreciable3He polarizationPHe are of the order of sev
eral hours:

PHe~ t !5
GsePA

op

Gse1G
~12e2(Gse1G)t!, ~3!

whereG accounts for all3He spin-relaxation mechanism
except alkali-metal–3He spin-exchange and wherePA

op is the
steady-state alkali-metal polarization during optical pum
ing.

If a sizable 3He polarization has been built up and th
optical pumping is interrupted, then the alkali-metal pol
ization will relax to

PA
se5hPHe5

gse

g tot
PHe, ~4!

where PA
se is the alkali-metal polarization induced by spi

exchange collisions with3He, andg tot is the total alkali-
metal relaxation rate, i.e., it includes spin relaxati
due to diffusion to the walls and due toS-damping and
alkali-metal–3He spin-exchange collisions.h is often re-
ferred to as the photon efficiency@12#, since 1/h is the num-
ber of photons required to fully polarize an initially unpola
ized 3He nucleus.

By eliminatingPHe in Eqs.~3! and ~4!, we get

PA
se~ t !5PA

opgse

g tot

Gse

Gse1G
~12e2(Gse1G)t!. ~5!

This equation should be understood in the following w
PA

op is the polarization during optical pumping of the alka
metal atoms and this value remains nearly constant du
the buildup ofPHe, since under normal circumstancesgse
!gop. If the pump laser is blocked, the alkali-metal pola
ization will decay to PA

se with a transient relaxation rat
g tot /s. Typically, the polarization reaches its new stead
state valuePA

se in a fraction of a second. When the pum
laser is unblocked again, the alkali-metal polarization w
increase toPA

op with a rate;gop/s. If the pump laser is only
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interrupted in a short-time interval, thenPHe will be unaf-
fected, since the3He polarization changes with a time con
stant 1/(Gse1G), which is expected to be at least of the ord
of several hours. Hence, Eq.~5! expresses howPA

se(t) de-
pends on time~determined by shortly blocking the pum
beam at timet) during spin-exchange optical pumping o
3He. For timest with (Gse1G)t!1, Eq. ~5! becomes

PA
se~ t !5

PA
opgseGse

g tot
t5

PA
op@He#@A#kse

2

g tot
t, ~6!

where kse is the alkali-metal–3He spin-exchange rate con
stant. Thus, from the slopea5PA

op@He#@A#kse
2 /g tot , the spin-

exchange rate constant is found to be

kse5A ag tot

@He#@A#PA
op

. ~7!

Furthermore, it is seen that ifkse has been determined, the
the buildup of the3He polarization may be monitored as

PHe~ t !5
PA

se~ t !

h
5

g tot

kse@He#
PA

se~ t !. ~8!

Thus, in conclusion, it is possible to determine the sp
exchange rate constant by only measuring the alkali-m
polarization, and the3He polarizationPHe may be deter-
mined indirectly by purely optical means during spi
exchange optical pumping.

III. EXPERIMENTAL TECHNIQUES AND RESULTS

A. Polarization of 3He

Before discussing the determination of the key rates ch
acterizing the Na-3He system, the setups used to polari
3He and subsequently to detect the polarization are bri
described. Nuclear-magnetic-resonance~NMR! detection
was used to determine the3He polarization.

1. Spin-exchange optical pumping setup

A broadband standing-wave dye laser~Coherent CR 599-
01! pumped by an Ar1 laser was used to provide the optic
pumping light. The dye laser yielded 1.2 W at 590 nm~the
sodiumD1 line! using Rhodamine 6G as dye. The dye las
linewidth was estimated to be around 8 GHz. The laser li
was circularly polarized by means of a zero-order quartzl/4
wave plate. The degree of circular polarization of the lig
transmitted through thel/4 wave plate was measured to b
99.92%. The laser beam was expanded by using a Ke
telescope to ensure that the entire cell became illuminate

A number of spherical Corning 1720 glass cells having
diameter of 2 cm and containing a few droplets of Na, 0
amagat of N2, and 0.7–5.9 amagat of3He were fabricated
@13#. We chose to use Corning 1720 aluminosilicate gla
partly because it is less permeable to helium and hence
lead to lower3He spin-relaxation times@14#, and partly be-
cause it is more alkali-metal resistant.
5-2
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The glass cells were filled by attaching them to a gl
manifold, which was connected to a filling station co
structed of stainless steel. The terminal pressure after ba
out the manifold was typically around 431028 mbar. Na
~99.8% purity! was distilled into a cell, whereafter N2

~99.998 %! and 3He ~isotope enrichment 99.98% and chem
cal purity 99.994%! were introduced to the cell. The cell wa
subsequently detached from the manifold by applying a to
at the constriction between the cell and the manifold. F
desired gas densities below;2.5 amagat, the cell was im
mersed into liquid nitrogen during the detachment; for hig
densities liquid helium was used.

For optical pumping, the cell was placed in an oven co
structed entirely out of nonmagnetic materials. It w
equipped with three glass windows, two served as entra
and exit windows for the laser light and the third could
used to monitor fluorescence. The oven was heated by
flowing air, which had a controlled flow rate. Temperatur
up to 420 °C could be obtained by insulating the oven.
order to ensure an even temperature distribution in the o
the hot air from the copper delivery pipe was led into
chamber below the main oven, to where it could en
through a 2-mm-thick copper plate having around 1
evenly distributed 1-mm-diameter holes.

The temperature was measured by a 100-V platinum re-
sistance temperature detector~RTD!. The temperature wa
stable to within61°C on a time scale of several hours on
the intended temperature had been reached. Furthermo
was found that the temperature variation across the cell
&1°C.

A magnetic fieldB0;30 G was produced by a pair o
Helmholtz coils with the glass cell placed at the center of
coils. The magnetic-field inhomogeneities across the
were measured with a Gauss meter~F. W. Bell 9550! and
found to be (]B/]r )/B0,631024 cm21 with all equipment
in the laboratory turned on~except the hot flowing air!. Thus,
the magnetic-field gradients did not play an important r
during spin-exchange optical pumping of3He in our setup
@15#.

2. NMR detection of3He polarization

NMR detection of the3He polarization was carried out o
a 4.7 T magnetic resonance~MR! animal scanner~Otsuka!
using free-induction decay~FID! @16#. The scanner was lo
cated'500 m from the polarization site. The cells contai
ing hyperpolarized3He were transported into the earth
magnetic field. It has been verified that during a round trip
the earth’s magnetic field between the MR scanner and
spin-exchange optical pumping setup, the relative polar
tion loss was typically around 10%. The glass cell w
placed in the magnet in a homemade solenoidal rf cop
coil having seven turns and a diameter of 5 cm. The nat
resonance frequency of the coil was tuned to 152.5 MHz~the
Larmor frequency of3He at B054.7 T). Figure 1 shows a
typical line shape for hyperpolarized3He. The area of the
line shape was proportional to the3He polarization PHe.
This was used to determine the absolute3He polarization, as
described below, and the relaxation ratesG for PHe in a
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number of cells. The relaxation rateG was measured by re
cording a FID signal once an hour. The tip angle was sm
(,1°) in order to ensure that the FID excitation pulse d
not significantly destroy the helium polarization. Typicall
1/G was found to be;100 h.

An absolute calibration of the measuredPHe was obtained
by comparing the area of the line shape with the therm
polarization signal given byPThermal5mHeB0 /kBT'1.2
31025, wheremHe is the nuclear-magnetic moment for3He
andB054.7 T. Due to the smallness ofG in our cells con-
taining Na-3He it was not practical to use these cells f
absolute calibration. Instead, cells of similar size and sh
filled with 3He and about 0.5–1 amagat of O2 were used,
since these3He–O2 cells had 1/G'2 –4 s@17#. The thermal
signal was typically averaged 500–1000 times to incre
the signal-to-noise ratio.

3He polarizations at around 20% percent obtained by s
exchange with optically pumped Na were verified by utili
ing the just described NMR detection scheme. Furtherm
the measured polarizations were consistent with the pre
tions of Eq.~3! where the experimentally determined valu
of PA

op andGse presented in the coming sections are used
Eq. ~3!.

B. Alkali-metal number densities

In order to determine the key rate constants that cha
terize the Na-3He system, it is important to know the N
number density@Na#. Several recent studies~e.g., Refs.
@18,19#! have determined the alkali-metal number densit
as a function of temperature and have found that the actu
measured alkali-metal density at a given temperature m
deviate substantially from the density extracted from ta
lated saturated vapor pressure curves. The reason for t
deviations is not always clear, but it may be due to the la
of control of the actual cell temperature or the chemical
vironment. Since sodium reacts with Corning 1720 glass
is important to have an unambiguous method to determ
@Na# in the present studies.

A simple method has been developed that allowed us
determine@Na# instantaneously during the rate constant m
surements@20#. The method relies on taking an image of th
fluorescence light from sodium atoms, which have been

FIG. 1. The line shape for hyperpolarized3He. Here, n0

5152.5 MHz. The hyperpolarized signal is from a cell in whic
3He has been polarized using Na. The hyperpolarized signal sh
here corresponds toPHe'17%.
5-3
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cited by a laser beam tuned to either theD1 or theD2 reso-
nance line. The presence of N2 in the cells will greatly sup-
press the fluorescence, but not completely eliminate it.
intensity of the fluorescent lightI f from a given point in the
cell along the probe-laser path is related to the laser inten
by

I f~ l !}
d

dl
I t~ l !}exp$2s~n!@Na# l %, ~9!

where l is the penetration depth of the probe laser alon
diameter of the cell (0, l ,L) and I t( l ) is the intensity of
the transmitted laser light with frequencyn at position l,
attenuated according to the Lambert-Beers law.

The integrated absorption cross section is given by
sum rule*s(n)dn5pcref , where r e52.82310213 cm is
the classical electron radius andf is the oscillator strength o
the absorption line. We use the valuesf 50.322 and f
50.647 for theD1 andD2 lines, respectively@21#. Since the
absorption profile is Lorentzian, we have*s(n)dn
5(p/2)s0w, wheres0[s(n0) is the absorption cross sec
tion for laser light tuned to the center frequencyn0 of the
absorption profile. For each cell it was possible to determ
s0 for both theD1 and theD2 transition by using the sum
rule and the values of the Lorentzian linewidthw, which are
reported in the literature@22,23# and have been remeasure
by us. Hence, by tuning a single-mode laser to the ce
frequency of either theD1 or the D2 line and by recording
I f( l ) as a function ofl, we were able to extract the sodiu
number density according to Eq.~9!.

A single-mode dye laser~Coherent 799-21! pumped by an
Ar 1 laser was tuned to the center of either theD1 or theD2
absorption peak. Care was taken to ensure that the line
polarized laser light passed through the cell along a diame
The path of the laser beam was defined by means of
circular apertures placed before and after the cell, resp
tively. A charge-coupled device~CCD! camera ~FA MS-
2821! was placed perpendicular to the laser beam and
used to detect the fluorescence by taking an 8-bit gray-s
image of it. The size of the CCD image was 7603570 ~pix-
els!, where 250 pixels corresponded to 1 cm in our case
was verified that the CCD camera had a linear respons
the detected intensity of the light by the use of calibra
neutral density filters.

Figure 2~a! shows a typical CCD image of the sodiu
fluorescence. The data were fitted to

FIG. 2. ~a! CCD image of Na fluorescence.~b! Averaged data
points as a function ofl and the corresponding fit.
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I f~ l !5I 0 exp~2kl !1I b , ~10!

using the method of least squares withI 0 , k, and I b as fit
parameters. Figure 2~b! shows the averaged data points as
function of l and the corresponding fit. From the fit param
eterk, we readily extracted@Na#5k/s0.

This method was used extensively in the optical pump
experiments to determine the actual sodium number den
and it was verified that at a given temperature, the fluor
cence images of theD1 andD2 lines returned the same num
ber density within the experimental error. Furthermore,
was verified that the exponential decay in Eq.~10! was in-
dependent of an applied magnetic field~0–50 G! and it was
found that the determined sodium density was independ
of the intensity of the incident light.

This method gave us the chance to determine@Na# up to
(2 –3)31014 cm23. The overall uncertainty on the dete
mined@Na# was estimated to be 10–15%, mostly due to s
tematic errors and uncertainties in the fit and of the inter
cell diameter. The measured sodium densities were 20–8
lower than the densities inferred from saturated vapor p
sure curves@24#.

C. Na spin-relaxation rates

The Na spin-relaxation rates are measured using a me
called relaxation ‘‘in the dark,’’ originally introduced by
Franzen@25#. In this method, the alkali-metal atoms are p
larized by a short pulse of pump radiation~typically having a
duration of some milliseconds!, whereafter the decay of th
polarization is monitored by a weak probe beam. These ki
of experiments have been performed in several recent in
tigations@7,18,26–29#. The experimental setup is shown
Fig. 3. The cell was placed in a magnetic field (;30 G) in
the oven and was heated by flowing hot air. The broadb
dye laser provided near-resonant circularly polarizedD1
pump light, which was used to polarize the Na vapor.
chopper wheel blocked the pump beam, and the relaxatio
the Na polarization was monitored by a weak probe be
having the same or the opposite helicity as the pump beam
pickoff from the pump beam or the laser light from th
single-mode dye laser~also used to measure@Na#! were in-
terchangeably used as a probe beam. In the case of
single-mode laser, detunings near both theD1 and theD2
lines were utilized. The probe-laser beam path was defi
by two apertures~not shown in Fig. 3!, and the probe beam
crossed the cell at a small angle~around 7°) with respect to

FIG. 3. Experimental setup used to transient measurements
denotes linear polarizers and PD the photodiode. The angle betw
the probe and pump beam is exaggerated for clarity.
5-4
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the pump beam. The transient experiments were found
return the same relaxation rate whether the magnetic fi
was aligned along the pump or the probe beam direction.
intensity of the probe beam was kept sufficiently low
power ~typically, hundreds ofmW! to ensure that it did no
affect the spin-relaxation rates due to optical pumping. T
transmitted probe light was detected by a photodiode
recorded by an oscilloscope that was triggered by the ch
per wheel. A typical relaxation curve was averaged 50–5
times. From the oscilloscope signal the Na spin-relaxat
rate was determined as described below. In all our meas
ments the time interval, in which the pump beam w
blocked, was sufficiently long to allow the polarization
decay completely before the pump light was unblock
again. The linearity of the photodiode was tested by the
of neutral density filters, and the rise and fall response tim
of the photodiode were measured to be,1024 s. The pump
and probe beams were aligned in such a way that no l
from the pump beam spilled into the photodiode. The ba
ground light from stray light sources was measured and
rected for when extracting the relaxation rates from the tr
sient data.

Previous studies of the relaxation of Rb spin in ce
which had the same size and shape as ours and conta
3He and N2 buffer gases at multiatmosphere pressur
showed that diffusion to the walls typically contributed le
than 5% to the relaxation rate@7#. This is in contrast to the
present studies where the Na spin-relaxation rate due to
lisions is much smaller, thus making diffusion to the wa
the dominant contributor to the total relaxation rate, es
cially in the lower-pressure cells. At sufficiently late times,
is expected that only the lowest-order diffusion mode c
tributes to the Na spin relaxation, and that the spin relaxa
will be characterized by a single exponential time consta

Thus, the total spin-relaxation rategmeascan be extracted
at these late timest from the transmitted intensity

I ~ t !5I 0 exp$2@Na#Ls~n!~12zP0e2gmeast!%, ~11!

whereI 0 is the intensity of the incident light,L52R the cell
diameter,P0.0 the initial average sodium polarization, an
z561 or z571/2 for a probe beam havings6 helicity and
being detuned near either theD1 or the D2 resonance line,
respectively. The detuning of the probe beam is especi
important in low-density cells, where the hyperfine structu
is slightly resolved.

The initial Na polarizationP0 was chosen to be as high a
possible so that at late times, when only the slowest re
ation rate prevailed, there was still some signal left to det
At these late times,PNa had decayed sufficiently to ensu
that the slowing-down factor had reached its low polarizat
values56. By taking two logarithms in Eq.~11!, we get

lnU ln I ~ t !

I ~`!
U52gmeast1 ln$@Na#Ls~n!uzuP0%, ~12!

whereI (`)5I 0 exp†2@Na#Ls(n)‡ is the transmitted inten
sity of the probe beam whenPNa has decayed completely
Figure 4 shows a representative transient relaxation cu
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As expected from Eq.~12!, it is seen that at sufficiently late
times the relation between ln ln@I(t)/I(`)# and t is linear, im-
plying that the late-time relaxation rate may be extrac
from the slope of the linear part of the data. In all our sp
relaxation measurements, it was found that the decay
linear over more than an e-folding, even in the cases w
very small relaxation rates were measured.

To avoid ambiguities in the determination of the timest
>tstart at which the relaxation was characterized by a sin
relaxation rate, the relaxation data were fitted to Eq.~11! for
different starting times tstart by using the Levenberg
Marquardt algorithm @30#, and gmeas, I (`), and K
5@Na#Ls(n)uzuP0 as fit parameters. It was found that the
always returned a value ofI (`) very close to the observe
value from the transient decay. The reduced chi-squ
x2/dF was calculated as a function oftstart, wheredF de-
notes degrees of freedom. The~slightly! voltage-dependen
noise of the photodiode signal was measured independe
x2(tstart)/dF decreased with increasingtstart until it ap-
proached unity, thereby indicating that the appropriate s
time tstart had been found, as illustrated in Fig. 5. In all o
transient measurements, it was found thatx2/dF gave a value
between 0.8 and 1.2, whence the appropriate value oftstart
had been identified.

It was found that the late-time rates were independen
whethers1 or s2 probe light, detuned near either theD1 or
the D2 line, was used and whether the broadband or

FIG. 4. Representative transient relaxation curve fors1 probe
light tuned near theD1 line in a cell containing 5.9 amagat of3He.
Shown is ln ln@I(t)/I(`)# as a function oft, wheret50 corresponds
to blocking the pump beam. The late-time decay is seen to be g
erned by a single exponential relaxation rategmeas.

FIG. 5. The fit valuegmeasand the calculatedx2/dF as functions
of different starting timeststart for the data shown in Fig. 4.
5-5
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BOREL et al. PHYSICAL REVIEW A 67, 062705 ~2003!
single-mode laser was used. Typically, the probe beam
detuned at 2 –10 Å, and red and blue detunings were alw
utilized when using theD1 and theD2 lines, respectively.
Sodium number densities@Na# up to around (2 –3
31014 cm23 were measured instantaneously by using
CCD camera and the single-mode laser as described ea
Higher sodium number densities were determined by
trapolation from the measured@Na#-T relations parametrized
as@Na#510A2B/T/T, with T in K and where the cell-specific
parametersA andB were determined by least-squares fits

The transient measurements were performed for sod
number densities in the range (0.3–8)31014 cm23. These
relatively high number densities ensured that the time ev
tion of the Na spins could be accurately described by
spin-temperature parameter.

Figure 6 shows the measured late-time spin-relaxa
ratesgmeasas a function of the determined sodium numb
densities in cells containing 0.7–5.9 amagat of3He. At a
given Na number density, it is expected that the contribut
to the spin-relaxation rate due to buffer gas collisions is p
portional to the buffer gas density, while the contribution d
to diffusion to the walls scales as the inverse of the bu
gas density. Figure 6 clearly illustrates that in our case
fusion to the walls is the dominant contributor togmeas,
since the cells containing the smallest buffer gas dens
have the largest relaxation rates. It is noted that the meas
values ofgmeas as a function of@Na# are almost indistin-
guishable in the cells containing@He#53.2 amagat and 5.9
amagat.

Barangaet al. @7# showed, in their study of Rb spin relax
ation, that their measured relaxation rates were well par
etrized by a sum of contributions from diffusion to the wa
and from alkali-metal–alkali-metal, alkali-metal–N2, and
alkali-metal–3He spin-relaxation collisions. In our case,
was similarly found that the data were fairly well describ
by

gmeas5kNa@Na#1kN2
@N2#1kHe@He#1gdiff , ~13!

wherekNa, kN2
, andkHe are the gas-induced relaxation c

efficients due to Na-Na, Na-N2, and Na-3He collisions, re-

FIG. 6. The total spin-destruction rate as a function of sodi
number density for several different cells. The solid lines are a fi
the data obtained, as described in the text.
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spectively @31#, and gdiff5Dp2/R2 as appropriate for the
lowest-order diffusion mode. It is noted that the Na-3He spin
relaxation rate constantkHe5kse1ksd includes both contribu-
tions from spin-exchange and spin-rotation collisions. In
investigations in Ref.@7# of Rb spin-relaxation it was found
that kHe had a strong temperature dependence~scaled as
T4.3). In our case, such a dependence is not expected, s
contrary to the case of Rb,kse is expected to be the mai
contributor tokHe.

All data shown in Fig. 6 were fitted simultaneously to E
~13! by usingkNa, kHe, D0, andgN2

5kN2
@N2# as fit param-

eters and by utilizing the measured cell radiiR, the tempera-
ture T detected by the RTD,@He# determined when the cell
were filled, and the experimentally determined values
gmeasand@Na#. A constant value ofgN2

was used for all the

cells, since they contained nearly the same amount of2 .
D0 was employed as a free fit parameter due to the disc
ancies in the reported value from earlier investigatio
@32,33#. In the fit it was used that the diffusion constant
given by

D5D0

1amagat

@X# S T

273 KD 0.8

,

where@X# is the buffer gas density. The temperature scal
of D given in Ref.@33# was used.

The result of the fit is displayed in Fig. 6. The fit is se
not to be in complete agreement with the data. Especiall
is noted that the slope ofgmeas as a function of@Na# de-
creases for increasing@He#, a feature that the fit does no
reproduce.

For the Na-Na spin-destruction rate constant, the fit
turned the value

kNa[^sNavNa&5skNa55.260.4310214 cm3/s, ~14!

quoting statistical errors only. However, the smaller slope
the two cells containing the highest3He densities may indi-
cate a somewhat smaller value ofkNa than that suggested b
the fit value. Due to the systematical errors in the fit and
discrepancies in the slopes ofgmeasas function of@Na# at the
different 3He densities, the value in Eq.~14! should be con-
sidered to be an order of magnitude estimate only.

An average cross section is defined bysNa5kNa/vNa
[^sNavNa&/vNa, wherevNa is the relative Na-Na collision
velocity. The value in Eq.~14! corresponds at 600 K to a
Na-Na spin-destruction cross section

sNa'5310219 cm2. ~15!

This value is a factor of 2–5 smaller than the earlier m
sured K-K spin-relaxation cross section@18,34# and a factor
of 15–30 smaller than the Rb-Rb spin-relaxation cross s
tion @7,26,34–36#.

The rate constant due to Na-3He collisions is found to be

kHe5skHe5861310220 cm3/s, ~16!

o
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quoting statistical errors only. However, since the values
kHe and gN2

are strongly correlated and due to the syste
atical errors in the fit, Eq.~16! is considered only as an orde
of magnitude estimate.

Finally, the fit returns the valueD050.59 cm2/s. This
value is only slightly higher than the value extracted fro
Ref. @33# if it is taken into account that the diffusion consta
is expected to scale asD;m21/2, wherem is the reduced
mass@37#.

D. Na-He spin-exchange rate constant

In this section, the experimental techniques that allow
us to extract the Na-3He spin-exchange rate constant a
monitor the buildup ofPHe in situ are presented.

As discussed in Sec. II, the knowledge of the Na num
density@Na#, the 3He density@He#, the late-time relaxation
rate gmeas5g tot /s, and the Na polarizationPNa during
buildup of 3He polarization is sufficient to determine th
Na-3He spin-exchange rate constant.

To determine the Na polarization~both with pump light
on and off!, an optical detection method similar to the on
described in Refs.@7,36# was employed. The method utilize
the fact that the transmitted intensity of a probe beam hav
a time-varying circular polarizationsz(t) is given by

I ~ t !5I 0 exp$2@Na#Ls~n!@12zsz~ t !PNa#%, ~17!

where z51 and z521/2 for a probe beam detuned ne
either theD1 or the D2 line, respectively, andPNa is the
average Na polarization along the probe beam in the c
The time-varying polarization of the light is produced b
sending linearly polarized light through a photoelastic mo
lator, which has the slow and fast axes oriented at an ang
45° with respect to the axis of the linear polarization. T
photoelastic modulator produces a time-varying phase dif
encef(t)5f0 sinvt between the fast and slow axes. T
light transmitted through the photoelastic modulator obta
thereby a circular polarization

sz~ t !5sinf~ t !52 (
n51,3,5, . . .

Jn~f0!sin~nvt !, ~18!

whereJn is the Bessel function of the first kind of ordern.
sz561 corresponds to the light havings6 helicity andsz
50 to the linearly polarized light. In our investigations, bo
f05p/2 andf05p were used as maximum phase diffe
ences, the former value corresponding to the light havings6

helicity at the extrema of the phase difference and the la
to the linearly polarized light at the extrema. By detecting
time-varying signal, Eq.~17!, it was possible to extractPNa.

The experimental setup is shown in Fig. 7. Linearly p
larized probe light tuned near either theD1 or the D2 line
from the single-mode dye laser was sent through a photoe
tic modulator ~Hinds PEM-90! to produce a time-varying
polarization with a phase modulation frequency ofv52p
350 kHz. The probe light was sent through the cell and w
detected by a fast photodiode. The ac componentI ac and the
dc componentI dc of the signal were recorded by a lock-
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amplifier and an oscilloscope referenced to and triggered
the 50 kHz reference signal from the photoelastic modula
respectively. Also, the incident probe intensityI 0 from Eq.
~17! was measured by detuning the laser completely o
resonance. From the measured values ofI 0 and the ac and dc
components ofI (t), one could readily extractPNa from Eq.
~17! taking a possible offset of the photodiode into accou
In fact, the oscilloscope recorded the complete signalI (t)
which typically was averaged around 500 times. In the ca
when a highPNa was present in the cell, both the ac- and d
components could be read off the oscilloscope, thereby p
viding a calibration between the lock-in and the oscillosco
signals. Such a calibration was also performed by employ
the method described in Ref.@7#, where the probe beam i
detuned off-resonance and a circular analyzer is inserte
the probe beam path after the photoelastic modulator as
dicated in Fig. 7. In this calibration procedure, the circu
analyzer was used to ‘‘imitate’’ the behavior of a fully pola
ized Na vapor, since the analyzer is transparent for one of
helicity components of the probe light only. Both calibratio
methods returned the same calibration value. In most ca
PNa could also be obtained by fitting the oscilloscope sig
to Eq.~17! employingPNa andK5@Na#Ls(n) as fit param-
eters, utilizing Eq.~18!, and using the measured value ofI 0.
In all cases the two methods used to determinePNa agreed
within 10–15 %. It was also found that the value obtained
PNa was independent of the detuning of the probe beam
whether the D1 or D2 line was used. As seen from Eq.~18!,
the lock-in signal is proportional toJ1(f0) and it was veri-
fied that within the experimental error the ratio between
lock-in signals, when the maximum phase difference of
photoelastic modulator was set to eitherf05p/2 or f0
5p, agreed withJ1(p/2)/J1(p)'1.99 even in the case
where small Na polarizations were detected. All measu
signal intensities were normalized to constant probe-lase
tensity.

The actual experimental procedure employed in orde
determine the Na-3He spin-exchange rate constant will b
described now. The cell was as usual placed in a magn
field (;30 G) in the oven and was heated by flowing hot a
When the temperature had reached a stable value,@Na# and
g tot were determinedin situ as described previously, ensurin
the shortest possible duration of optical pumping of the

FIG. 7. Setup used to determinePNa both with a blocked pump
beam~not shown! and during spin-exchange optical pumping. L
denotes linear polarizer, PD photodiode, and PEM photoela
modulator, respectively.
5-7
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dium vapor at this stage to avoid any premature buildup
3He polarization. ThenPNa

se ~supposedly zero! was measured
the optical pumping of Na was commenced by unblock
the pump beam, andPNa

op was measured. The circularly po
larized D1 pump light was provided by the broadband d
laser and the angle between the pump and probe beam
7°. After 1 h,PNa

se andPNa
op were remeasured. This was don

by first blocking the pump light to measurePNa
se , then the

pump light was unblocked again andPNa
op was measured. In

addition, the probe laser was detuned off-resonance in o
to detectI 0. It was verified that no pump light spilled into th
photodiode and hence verified thatI 0 was independent o
whether the pump light was on or off. This data-taking p
cedure was repeated once every hour with the pump l
being interrupted typically around 30 s/h. Finally, when the
measurements were completed,@Na# was remeasured and
was found to agree with the previously measured va
within 10–15 %. The dc componentI dc of the signal con-
tained information onK5 ln(I0 /Idc)5@Na#Ls(n) and could
thus serve as a relative measurement of@Na# during the op-
tical pumping process, if mode hops in the single-mode la
could be avoided. Independent measurements showed
the value ofK typically varied in the renge of 10–20 % du
ing spin-exchange optical pumping~when the frequency o
the probe beam was kept constant!, consistent with62 °C
temperature variations in the cell during spin-exchange o
cal pumping.

PNa
se(t) and PNa

op were measured in exactly the same wa
the only difference being that the pump laser was blocke
the first case. This implies that some systematical errors
cel out in the determination ofkse, since only the ratio of
PNa

se(t) andPNa
op enters in this determination@see Eq.~7!#.

In the Na-3He spin-exchange rate constant measureme
the probe laser was typically detuned to obtain modera
optical depths atK'0.4–1.0, thereby ensuring the be
signal-to-noise ratio. It was attempted to use the same p
detuning throughout each particular rate constant meas
ment.

All the measurements of the Na-3He spin-exchange rat
constant were performed using the cell containing 5.9 a
gat of 3He, since this cell had the highest@He# and the low-
estg tot . From Eq.~6! it is seen that these two features ensu
thatPNa

se(t) will be more easily detectable, which in turn wi
lead to smaller uncertainties in the extracted values ofkse.

Figure 8 shows the time evolution, due to the buildup
3He polarization, of the oscilloscope signalI (t) recorded
with a blocked pump beam for the probe beam tuned near
D2 line at T5341 °C. The oscilloscope signals were r
corded once an hour during the 30 s intervals, when
pump beam was blocked. Each oscilloscope signal was
eraged 500 times. The last measurement ofI (t) was repeated
by tuning the probe laser near theD1 line, as shown in the
figure. It is clear from the figure that the ac component of
signal, and hencePNa

se(t), increases as a function of time
I (t) from theD1 line is seen to be 180° out of phase with t
other signals in agreement with Eq.~17!.

In Fig. 9 the time evolution ofPNa
se(t) is shown for a cell

containing 5.9 amagat of3He at T5319 °C. The corre-
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sponding polarization when the pump beam was unbloc
is measured to bePNa

op50.7960.05 throughout the spin
exchange optical pumping process. The data was fitted
PNa

se(t)5a(12e2bt)/b usinga andb5Gse1G as fit param-
eters. From the fit value of the slopea, the Na-3He spin-
exchange rate constant was found to bekse5(6.460.9)
310220 cm3/s. This value corresponds toGse5@Na#kse
5(0.03760.006) h21'1/(27 h) consistent with the fi
value found forb5(0.05660.024) h21'1/(18 h) and the
smallness of3He spin-relaxation rateG.

PNa
se(t) and the correspondingPNa

op were determined in the
temperature range 310–355 °C. At lower temperatures,
Na polarization was typically found to be aroundPNa

op580%
when the pump beam was unblocked. At higher tempe
tures, values as low asPNa

op560% were found, in all cases th
values ofPNa

op fluctuate around 10% throughout the measu
ments. Except at the highest temperature,@Na# was suffi-
ciently low to allow for a direct determination using th
CCD camera. From these measurements, the Na-3He spin-
exchange rate constant was determined as a function of
perature, as shown in Fig. 10. The main contributors to
error bars are uncertainties in the slopea, @Na#, PNa

op , and

FIG. 8. Time evolution ofI (t) recorded in the hourly 30 s in
terval, where the pump beam was blocked. The probe beam
tuned near theD2 line, except for the last curve, where theD1 line
was used. In these measurements, the maximum phase diffe
was f05p/2. The curves have an arbitrary offset for clarity. A
measurements are performed in a cell containing 5.9 amagat of3He
at T5341 °C.

FIG. 9. PNa
se as a function of time in a cell containing 5.9 amag

of 3He atT5319 °C. Also shown is a fit to the data.
5-8
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g tot . In all cases, the values ofGse5@Na#kse were found to
be consistent with the fit values ofb5Gse1G, as discussed
in detail for the measurement ofPNa

se at T5319 °C~see Fig.
9!. It is seen from Fig. 10 that in the investigated temperat
range there is no detectable temperature dependence an
average value of the Na-3He spin-exchange rate constant
found to be

kse5~6.160.6!310220 cm3/s. ~19!

This value is consistent with the valuekHe given in Eq.~16!,
which includes both spin-exchange andS-damping collisions
between Na and3He. However, sincekHe only is an order of
magnitude estimate it is not possible to estimate, a rate c
stant for the Na-3He S-damping collisions.

Also shown in Fig. 10 is a theoretical estimate by Walk
@38# calculated atT5100 °C. Walker has suggested that t
spin-exchange cross section scales as 1/T and his estimate
has been scaled accordingly. Furthermore, it has been
rected by a factor of 2 as noted by Walteret al. @39#. It is
seen that Walker’s estimate is in good agreement with
observed value.

From Eqs.~16! and ~19! we may estimate the maximum
possible photon efficiencyh5kse/kHe;75%. Due to the
large uncertainty in Eq.~16!, this value is only a rough esti
mate. However, it is found that the maximum possible p
ton efficiency has to lie in the rangeh535–100 % to be
consistent with our experimental data.

Finally, it is noted that in cases where comparisons h
been possible, it is found that the values of the3He polar-
ization inferred from Eqs.~3! and~8! by utilizing experimen-
tally determined rate constants and measured Na num
densities are consistent with the3He polarizations obtained
by NMR detection.

IV. DISCUSSION

An investigation of spin interactions in the Na-3He sys-
tems has been presented.3He polarizations*20% have
been obtained by using optically pumped Na as a sp
exchange partner, and these relatively high3He polarizations
have been verified by utilizing two different methods~NMR
detection and an indirect optical detection technique!. Even
higher 3He polarizations may be achieved by using a hig
sodium density during spin-exchange optical pumping.

FIG. 10. kse at different temperatures. Also shown is a theor
ical estimate by Walker@38# .
06270
e
the

n-

r

or-

r

-

e

er

-

r
s

pointed out by Channet al. @40#, such high sodium densitie
may require that the pump-laser beam is well collima
through the cell and perfectly parallel to the magnetic fie
In our case, however, the Corning 1720 cells containing
gradually ~50–100 h! became more and more opaqu
~brown! when heated. Thus, in order to prolong the use
lifetime of the cells, it was chosen to perform the spi
exchange optical pumping only at relatively moderate te
peratures.

Alkali-metal number densities have been determined
employing a technique where a CCD camera is used to
images of the faint fluorescence light. In general, the num
densities in our cells are found to be somewhat suppresse
compared to the values inferred from the saturated va
pressure curves.

The key rates that govern the Na-3He system have bee
determined by performing two different types of investig
tions. From the relaxation in-the-dark measurements,
Na-Na S-damping rate constant and the total Na-3He spin-
relaxation rate constant have been estimated by investiga
the late-time relaxation rate as a function of@Na# and @He#.
Diffusion to the walls is found to be the largest contributor
the measured relaxation rates. Uncertainties in the correc
of diffusion phenomena in the late-time rates combined w
the lack of knowledge of the Na-N2 spin-destruction rate
coefficient and systematic errors in the fit imply that the
rate coefficients should only be considered as order of m
nitude estimates. The Na-Na spin-destruction rate cons
corresponds to an average Na-Na spin-destruction cross
tion, which is found to be about 2–5 times smaller than
corresponding value for K-K spin destruction and 15–
times smaller than for Rb-Rb spin destruction.

A feature that the fit does not account for is the decre
in slope of the relaxation rate as a function of@Na# as@He# is
increased. One might speculate that a possible explana
for this could be that the contribution to the Na-Na rate fro
bound triplet molecules is being suppressed as the He de
increases. However, to confirm this hypothesis, a much m
detailed experimental work is required.

A different optical technique has allowed us to determ
the Na-3He spin-exchange rate constant, and the value of
rate constant is consistent with the estimate of the to
Na-3He spin-relaxation rate constant obtained in the rel
ation in-the-dark measurements. The determined Na-3He
spin-exchange rate constant is in good agreement with a
oretical estimate by Walker@38#, as shown in Fig. 10.

Walter et al. @39# estimated the rate constant to bekse
52.3310220 cm3/s at T5190 °C. No temperature depen
dence was proposed for this value, but for the correspond
spin-exchange rate constant characterizing the Rb-3He sys-
tem they suggested that it may increase as a function
increasing temperature. In general, Ref.@39# finds that their
estimates of spin-exchange rate constants are a factor of
lower than experimental values, and this trend is confirm
in our case. Soboll@41,42# has measured the total spin
relaxation rate of Na in both3He and4He atT5150 °C and
found the corresponding cross sections to be (1662)
310226 cm2 and (2.460.5)310226 cm2, respectively. If it
is assumed that the Na-3He spin-exchange cross section c

-
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BOREL et al. PHYSICAL REVIEW A 67, 062705 ~2003!
be obtained as the difference between these two cross
tions, and if it furthermore is assumed that a slowing-do
factor of s56 is appropriate in Sobolls investigations, th
the Na-3He spin-exchange rate constant may be estimate
kse5(1.560.2)310219 cm3/s at 150 °C, about a factor of
larger than our average value. If the temperature scaling
gested by Walker is utilized, then the valuekse5(1.04
60.16)310219 cm3/s is found at 350 °C.

Interestingly, the value for the Na-3He spin-exchange rat
constant is found to be almost the same as the Rb-3He spin-
exchange rate constant@7,43#. The Na-3He photon efficiency
has been estimated and is found to beh535–100 %. As
predicted, this value is much larger than the Rb-3He photon
efficiency, which is a few percent, obtained by Barangaet al.
@7#, and it is also larger than the photon efficiency obtain
for K-3He @7#.

However, there are some practical problems that nee
be solved before Na may be employed as a useful alterna
to Rb. Presently, only dye lasers are used to provide ligh
590 nm, and it is often an annoyance unnecessary to m
tain a stable output from such lasers during the many hou
takes to build up an appreciable3He polarization.

Another problem is to find a transparent material tha
not destroyed by the hot Na vapor. In the present invest
tions, cells made of Corning 1720 glass were used and it
found that the glass eventually became dark brown at a t
cal time constant of 50–100 h when heated. Happer@44# has
proposed that sapphire, which is known to be complet
alkali-metal resistant, may be used instead. However, c
talline sapphire is birefringent, an unwanted quality that m
hamper the circular polarization of the pumping light a
nd

m

tt.

e
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thereby the optical pumping process of Na. To cope with
birefringence, one could cut the sapphire normal to the o
axis, the so-called ‘‘0° cut,’’ or use two sapphire sheets
equal thicknesses with the optical axis in the plane of
entrance window of the laser light, but with the optical ax
of the sheets rotated 90° with respect to each other to ca
the birefringence.

V. CONCLUSION

Our investigations have shown that Na may be efficien
used as a spin-exchange partner when polarizing3He instead
of the traditionally used tried-and-true workhorse Rb. At
given alkali-metal number density, the3He polarization
builds up at the same rate independent of whether Na or
are used as spin-exchange partners, since the spin-exch
rate constants are nearly identical in the two cases. Howe
far less laser power is required when Na is utilized due to
much higher Na-3He photon efficiency. Thus, Na may be
viable alternative to Rb if laser and cell technologies i
prove.
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