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Production of highly polarized 3He using spectrally narrowed diode laser
array bars
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We have produced 70%–75%3He polarization by spin-exchange optical pumping in cells
'100 cm3 in volume. The polarization achieved is consistent with known spin-exchange and
spin-relaxation rates, but only when the recently discovered temperature dependence of3He
relaxation is included. Absolute3He polarization measurements were performed using two different
methods in two different laboratories. The results were obtained with either a spectrally narrowed
laser or one type of broadband laser. Based on tests of several larger cells at pressures near 1 bar,
we find that the power required to reach the same polarization is typically three times lower for the
spectrally narrowed laser. This last result indicates that spectrally narrowed lasers will be important
for obtaining the highest polarization in large volume neutron spin filters. Polarization in excess of
55% as obtained in cells up to 640 cm3 in volume and 70% polarization is anticipated with available
increases in spectrally narrowed laser power. ©2003 American Institute of Physics.
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I. INTRODUCTION

Polarized3He and129Xe gases are currently being a
plied to a wide variety of scientific and medical problem
They include neutron spin filters,1–3 magnetic resonanc
imaging,4 spin-polarized targets,5 surface science,6 probing
of biological systems,7 polymer science,8 precision
measurements,9 and quantum computation.10 In this article
we focus on producing highly polarized3He gas, in particu-
lar for applications such as neutron spin filters that requ
large volume cells. In addition, we focus on the sp
exchange optical pumping~SEOP! method,11,12which is cur-
rently better suited for continuous long-term operation th
the metastability-exchange method13,14 because the gas ca
be polarized directly at the required pressure. In the SE
method, electronic polarization is produced by optical pum
ing of Rb atoms, and the polarization is transferred to
3He nuclei by the hyperfine interaction during collisions.

3He polarizations of 72%–79% have been reported
17 cm3 cells that were optically pumped by a Ti-sapph
laser.15 However, in that work only 55% was reported fo
35 cm3 cells of similar geometry. In an early test of
3He-based neutron spin filter, 70% polarization was repor
for a 3 cm3 cell that was optically pumped with a dye laser16

Most applications currently employ broadband high pow
diode laser arrays and cells one to two orders of magnit
larger in volume, and under such conditions we are
aware of any published reports of3He polarization that ex-
ceeds 60%.

a!Present address: Dept. of Physics, University of Dayton, Day
OH 45469.
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Motivated by our recent results with long lifetime cells17

and spectrally narrowed high power diode laser arrays,18 we
report polarization results for a variety of cells with volum
between 40 and 640 cm3. Although some of these tests hav
been performed for conditions under which traditional ra
balance theory would predict polarization values of nea
100%, the maximum polarization we observed is 75%. O
polarization values are based on two independent meas
ment techniques in two different laboratories. This obser
tion is consistent with recent measurements of temperat
dependent3He relaxation which were discovered in th
course of new measurement of the spin-exchange
coefficient.19 While we are currently investigating the sourc
of this limitation, in this article we focus on practical result
in particular SEOP of large volume cells at near atmosph
pressure for neutron spin filter applications.17 Blown glass
cells and cells with optical quality windows were tested u
ing both narrowband and broadband lasers. We found
the narrowband laser and the broadband laser typically y
the same polarization for a broadband laser to narrowb
laser power ratio of 2.5–3. Given that our results indic
that obtaining the highest polarization in very large ce
would otherwise require well over 100 W of broadband lig
this result is of great practical value for SEOP near 1 ba

The use of high power diode laser bars rather than
sapphire or dye lasers for spin-exchange optical pumping
Rb greatly reduces the cost and increases the reliability
spin-exchange optical pumping experiments.20 In order to
partially compensate for the broad frequency spectrum
such lasers ('1 THz) it is common to operate at high ga
pressures, typically between 5 and 10 bar, so that
pressure-broadened Rb linewidth~18 GHz/bar! more closely
matches that of the laser. In optically thick spin-exchan

,
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cells, however, it is still difficult to attain uniformly high
polarization over the full cell volume because the relativ
small fraction of resonant light is strongly absorbed as
propagates through the cell. In addition, whereas high
pressures are well matched to some applications such a
gets for electron scattering and polarized gas magnetic r
nance imaging, cold neutron spin filters are best opera
near 1 bar, primarily to avoid explosion of large diame
glass cells, especially cells with flat windows. In additio
operation at 1 bar allows convenient dimensions for typi
gas path lengths between 4 and 8 bar cm. Using large vol
cells at 1 bar not only decreases the utility of broadba
light, it also increases the need for high optical pump
efficiency because of the increased volume. We have rece
reported that SEOP at 1 bar can be effective,17 but in this
article we demonstrate higher efficiency using narrowba
light and assess the potential for further increases in po
ization for large volume cells.

II. APPARATUS

The cells for this work were constructed at the Nation
Institute of Standards and Technology~NIST!, Gaithersburg,
Maryland, using techniques recently described elsewhe17

We report results with two different spectrally narrowed la
systems, one located at the University of Wisconsin and
other at NIST, both of which are based on the University
Wisconsin system.18

A. Cells

An important advantage of operating at 1 bar is the
duced contribution of dipole–dipole relaxation, which plac
a fundamental limit on the3He relaxation time of 807/P h
~hours!, whereP is the partial pressure of3He in bar,21 at a
temperature of 295 K. We have recently reported cells blo
from GE180~Ref. 22! glass with polarization lifetimes (T1)
approaching the dipole–dipole limit of 950 h at 0.85 bar17

Although this success has not yet been achieved for c
with optical quality windows, we have still obtained rela
ation times over 100 h in four such cells. The parameter
the cells used in this article are listed in Table I. The ce

TABLE I. 3He cells used in this work and the maximum values of3He
polarization,PHe , obtained in each cell with either 14 W of light from
spectrally narrowed laser~labeled 14N! or 50 W of light from the two
broadband lasers~labeled 50B! used at NIST. All cells except Joe Cool ar
cylindrical, with diameterD and lengthL in cm, volumeV in cm3, and3He
partial pressureP in bar. The cells and optical pumping conditions a
described in the text.

Cell name D L V P
T1

~h!
PHe ~14N!

~%!
PHe ~50B!

~%!

Joe Cool 6.5 1.4 44 3.5 110 63 63
Betty 4.7 4.9 81 0.87 140–300 71 70
Wilma 4.9 4.9 91 0.80 840 76 75
Sulu 4.8 6.2 110 0.90 110 62 ¯

Mars 6.0 8.0 227 0.85 105–270 65 69
Bullwinkle 6.9 7.1 268 1.22 550 63 64
BamBam 9.4 4.7 327 0.85 80–120 52 ¯

Dino 10.6 5.1 450 0.85 700 ¯ 61
Astro 11.3 6.4 640 0.89 730 54 58
Downloaded 07 Jun 2006 to 128.239.52.113. Redistribution subject to AI
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denoted Betty, Mars, and BamBam, are nearly perfect ri
circular cylinders that were constructed by optically seal
flat windows of either GE180 glass~Betty and Mars! or
10B-depleted Corning 1720 glass23 ~BamBam! to stock cylin-
drical Corning 1720 tubing. The cell Sulu is a slightly le
perfect right circular cylinder, constructed by optically se
ing flat GE180 windows to reblown GE180 tubing. The ce
Wilma, Bullwinkle, Dino, and Astro are roughly cylindrica
cells completely blown from GE180 glass. The cell Joe C
is shaped like a meniscus lens so as to provide curvature
mechanical stability at a pressure of 3.5 bar, while still ma
taining a reasonably uniform path length.

Whereas we obtain relaxation times of 150 h or long
with reasonably good reproduciability for blown cells, this
not yet true for cells made with flat, polished windows a
either stock or blown cylindrical tubing. We have typical
obtained lifetimes of between 10 and 80 h upon the first
of such cells. A 240 h relaxation time was obtained in the c
Betty after repeated refilling of the cell; each refill involve
opening the cell and cleaning out the oxidized Rb, and th
repeating the filling process. For the cells Mars and BamB
improvement of the relaxation time was only obtained
performing a nitric acid rinse21 in the course of a refill. Each
of these three cells exhibit dependence of its relaxation t
on its orientation with respect to the magnetic field, whi
has been recently reported both for cells that have been
posed to high magnetic fields24 and for cells that have no
been exposed to high fields.25 To date we have found this
effect to be more prevalent in cells that are not fully blow
but we have also observed it in blown cells. We have a
found that the relaxation times can change over time,
this is possibly linked to when the cell is heated and cool
In Table I the range of relaxation times that have been
served for Betty, Mars, and BamBam is listed.

B. University of Wisconsin apparatus

The work at the University of Wisconsin has primari
been done with a 30 W diode laser array bar specially
lected for low array curvature (,3 mm ‘‘smile’’ !.18,26 The
bandwidth is narrowed from 700 to'125 GHz using an ex-
ternal cavity with a 43 telescope and 2400 lines/mm gra
ing. To limit the intracavity power to 30 W, the diode las
current is operated at a reduced value that yields 22 W fr
the laser in the absence of feedback. The resultant ou
power in the spectrally narrowed beam is 14 W, which yie
three times higher spectral power~power per unit bandwidth!
compared to the original unnarrowed laser. One cylindri
and one spherical lens convert the highly asymmetric mu
spatial mode laser output to a roughly square shape.
some tests, light from two additional broadband lasers w
added. The linewidth of each broadband lasers was meas
to be 1200 GHz.

The University of Wisconsin apparatus is equipped w
several diagnostics19 for measuring absolute Rb polarizatio
~and polarization imaging!, Rb density, Rb relaxation rates
light absorption, and3He adiabatic fast passage~AFP! and
free-induction decay 3He nuclear magnetic resonanc
~NMR!. The cell is heated with hot air and its surface te
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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perature is stabilized to better than 1 °C, measured by
serving a small piece of blackened metallic tape with
optical pyrometer. Absolute3He polarization is deduced b
the Rb electron paramagnetic resonance~EPR! frequency
shift method,27 with small corrections made for the non
spherical cell geometry. All of the EPR-based measurem
of 3He polarization presented in this article were on rig
circular cylindrical cells, which allows accurate calculatio
of these small corrections. We estimate the relative stand
uncertainty in this measurement at 3%, and it is domina
by uncompensated drifts in the magnetic field. Employ
this method requires knowledge of the density of the3He gas
in the cell, which we determined by neutron transmiss
measurements28 and by measurement of the Rb absorpti
profile, with relative standard uncertainties of 3% and 10
respectively. For Betty, the pressure at 295 K was determ
by the neutron and Rb absorption methods to be 0.
60.026 bar and 0.8260.08 bar, respectively. The value from
neutron measurements, which also agreed well with
value of 0.872 bar recorded on the pressure gauge at the
the cell was filled, was used in determining3He polarization.
The uncertainty in the pressure yields a total relative st
dard uncertainty of 4% for the EPR-based determination
3He polarization.

C. NIST apparatus

At NIST, the holding field is provided by a pair of 75 cm
diam Helmholtz coils operated at a field of 2.7 mT~27 G!.
The cell is heated in a cubical, hot air oven that is 16 cm
each side, and constructed of Teflon and glass. The l
beams enter through two 15 cm315 cm diam, 0.15 cm thick
Pyrex windows that were masked to 13 cm diameter and
spaced 1.0 cm. Data were obtained with either 14 W of n
rowband light delivered through one side of the oven or w
50 W of broadband light~900 GHz linewidth! split between
opposite sides of the oven. The spectrally narrowed laser
an output power of 15 W, while the broadband laser lig
was provided by two 30 W lasers; the lower power delive
to the oven is due to loss in optical elements. All of the las
were tuned by a low resolution spectrometer29 to observe the
absorption of laser light through a hot cell. For the narrow
laser, the temperature of the laser was adjusted such tha
unnarrowed peak was on the atomic resonance, and the
back grating was adjusted to place the narrowed peak
resonance. Proper tuning of the narrowed peak was occa
ally checked using a photodiode to establish that the li
transmitted by the cell was at a minimum. The wavelength
the narrowed peak was found to be quite stable.

The spectrally narrowed laser at NIST is essentially
duplicate of the University of Wisconsin design, but has n
yet been characterized as well. The laser employed is a 2
diode bar with a fast axis collimating lens and was specia
selected for smile,1 mm.30 This laser was operated wit
less feedback than the Wisconsin system, resulting in hig
output power~15 W! but also with incomplete suppression
the broadband peak. The linewidth without feedback
'900 GHz; aside from verification of the narrowing wi
the low resolution spectrometer,29 the bandwidth with feed-
Downloaded 07 Jun 2006 to 128.239.52.113. Redistribution subject to AI
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back has not been measured. A 100 mm focal length cy
drical lens was followed by a telescope formed by tw
spherical lenses with focal lengths of 100 and 300 m
thereby allowing the range of rectangularly shaped bea
needed for testing a variety of cells. The typical distan
from the second spherical lens to the cell is 110 cm and
total distance from the laser diode to the cell is 240 cm.

The unpolarized beams from each broadband laser26 di-
verged from fiber optic cables and were collimated to a
ameter of either 2 or 4 cm. The collimating lenses we
adjusted to provide sufficient beam divergence so as to o
fill each cell. Two polarized beams were produced for ea
broadband laser by a 5 cm diam polarizing beamsplit
Since there were four beams, it was convenient to deliver
broadband light to two sides of the cell. For each broadb
laser, the two beams were separated 10 cm at the locatio
the 7.5 cm diam mica quarter-wave plates that were e
ployed to circularly polarize the laser light. For one laser,
beams travel a direct distance of 160 cm between the pl
and the cell, hence each beam was at an angle of 1.8°
tive to the magnetic field axis. For the other laser, the bea
traveled 270 cm to a 10 cm diam mirror on the opposite s
of the Helmholtz coils, which redirected these beams for
additional 120 cm to the cell. Since the angle of inciden
for this reflection was only 7°, the effect on the circul
polarization was expected to be negligible.

While for the flat windowed cells~Betty, Sulu, Mars, and
BamBam! and Joe Cool the laser light is sent along the a
of the cylinder, for the blown cells the light is sent throug
the side. This approach is employed because the thickne
the glass is fairly uniform on the sides but is rather nonu
form on the ends. Hence despite the curvature of the glas
the side, optical pumping from the side results in less lens
of the light and hence more uniform illumination of the ce
volume. For Astro, side pumping presented an elongated
profile, hence additional weak diverging cylindrical lens
were employed. For both lasers and all of the optical pum
ing conditions in this work, we estimate that skew light e
fects are minor.31

Temperature measurement was less accurate in the N
apparatus compared to the careful University of Wiscon
measurements. The typical oven temperatures employe
NIST were between 160 and 170 °C, as measured by a
sistance temperature device located in free space nea
cell. Based on a recent measurement of the spin-excha
rate coefficient19 and standard vapor pressure curves
spin-exchange time constants measured at NIST indicate
the true temperature is typically about 5 °C lower, wi
variations from test to test of a few degrees centigrade.

The polarization is monitored during optical pumpin
~or relaxation! with AFP NMR. The NMR drive field is pro-
duced by a pair of 45 cm Helmholtz coils, and the AFP sig
is detected by a pair of 13.5 cm diam, 300 turn coils that
located just outside the sides of the oven. The NMR signa
calibrated by transmission measurements on the NG
monochromatic beam line at the NIST Center for Neutr
Research~NCNR!.28 This is accomplished by cooling th
cell, transferring it to a battery-operated solenoid that p
vides a field of 1.3 mT, transporting it to the neutron bea
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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line, and transferring it to another holding field on the be
line. A small correction is applied to account for the typic
polarization loss of 2%~fractional! observed in the transfer
We estimate the relative standard uncertainty in the value
3He polarization to be64% for flat-windowed cells. For
blown cells the thickness of the glass windows was e
mated, increasing the uncertainty to65%.

Given the time constraints on optimizing conditions f
two different lasers and many cells, we consider the NI
results to be general indicators for a variety of cells, n
careful comparisons for a specific cell. The most prec
comparison of narrowband and broadband light would
obtained by simply operating the narrowband laser with
feedback~see Sec. III A!, because in such a comparison t
beam size and shape is the same for both spectral condit
However, the NIST tests were meant to address the m
practical question of the relative performance of the sp
trally narrowed laser compared to typical fiber-coupl
broadband lasers.

III. RESULTS

Our results include a variety of tests to address differ
issues in achievable polarization. For the most part the U
versity of Wisconsin and NIST results are complementa
but in a few cases were deliberately redundant so as to
tablish reproduciability between different apparatuses w
different measurement techniques. The diagnostics avail
at the University of Wisconsin, in particular the capability
direct measurement of the Rb polarization, permitted a co
parison of the absolute3He polarization achieved to that ex
pected by simple rate-balance theory. At NIST the availa
ity of a large variety of cells and a3He polarization
measurement method that is more easily applicable to bl
cells permitted practical tests of the polarization achieva
under a variety of conditions. At each laboratory results w
a spectrally narrowed laser were compared to those obta
with broadband lasers.

A. University of Wisconsin experiments

In Fig. 1 we present studies of the absolute3He polar-
ization obtained in cell Betty as a function of the rubidiu
density. With 14 W of narrow-band pumping over the R
density range between 131014 and 331014 cm23 ~corre-
sponding to oven temperatures of between 150 and 175
we consistently obtain 70%3He polarization. At higher Rb
densities, the3He polarization drops because the laser pow
is insufficient to maintain 100% Rb polarization. Measu
ments of the Rb polarization are shown in Fig. 2.

The results shown in Fig. 1 were determined by fitti
the rise in polarization for EPR measurements taken for ty
cally two time constants. Scatter in these results is prima
due to the stability of the EPR measurement, with a sma
contribution from the uncertainty in fitting the final polariz
tion. An additional consideration that may have produc
some scatter in the data in Fig. 1 is the time and orienta
dependence of Betty’s room temperature relaxation time~see
Sec. II A!. These effects on the relaxation time were not d
covered until after the University of Wisconsin data we
obtained.
Downloaded 07 Jun 2006 to 128.239.52.113. Redistribution subject to AI
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The advantage of using frequency-narrowed diode arr
for spin-exchange optical pumping is illustrated by the poi
at 231014 cm23 in Fig. 1. After pumping the cell to 68%
polarization with the frequency narrowed laser, we replac
the diffraction grating with a gold mirror, thereby returnin
the laser to its unnarrowed frequency spectrum of 700 G
but increasing the output power by a factor of 2. The3He
polarization so obtained is only 49%.

FIG. 1. Measured3He polarization vs the Rb density deduced from the R
EPR frequency shift. The temperature range of the data shown is betw
150 and 187 °C. Data obtained with 14 W of optical power from the n
rowband laser are shown by closed circles, while data obtained with 42 W
broadband light are shown by open circles, except for the point a
31014 cm23 (168 °C) shown by an asterisk, which was obtained with 28
of broadband light. One measurement that was performed at NIST is sh
by a closed square.~Since Rb density measurements were unavailable
NIST, the Rb densities were estimated based on the time constant for th
in polarization.! The solid line shows the calculated polarization includin
the excess relaxation. The dotted line shows the predicted polarization
suming 100% Rb polarization and3He relaxation solely due to spin
exchange and room-temperature wall relaxation.

FIG. 2. Measured Rb polarizations vs the Rb density for optical pump
with either 14 W of spectrally narrowed laser light~closed circles! or 42 W
of broadband light~open circles!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Figure 1 also shows polarization obtained by adding
output from two broadband diode arrays to the rear of
cell, bringing the total pumping power to 42 W. This in
creased the3He polarization to just under 60%, still substa
tially lower than that obtained with the frequency narrow
laser of only 14 W.

Despite the increased3He polarization obtained with the
narrowband laser, there remains an important discrepa
between our measured values of the3He polarizationPHe

and the value we expect from independent measuremen
the volume-averaged Rb polarization,PRb, the spin-
exchange rategse, and the room temperature wall-relaxatio
rateG r . The3He polarizationPHe is determined by a balanc
between spin-exchange and spin-relaxation rates:

PHe5PRb

gse

GHe
, ~1!

whereGHe is the total3He relaxation rate.~In Eq. ~1!, aniso-
tropic spin-exchange32 is neglected.! The dotted line in Fig. 1
shows the expected variation of the3He polarization with Rb
density using known spin-exchange rates19 and assuming
GHe5gse1G r . Using rf spectroscopy of the Rb, we hav
made absolute, position-dependent determinations of the
polarization and find that the volume-average Rb polari
tion exceeds 95% at Rb densities below 3.531014 cm23

(180 °C). Hence if this simple rate balance theory were c
rect, we would expect our data to fall close to the dotted l
shown in Fig. 1, whereas our data are typically 20% low
~fractional! than the dotted curve.

In the course of measuring spin-exchange rates, we
cently measured the3He spin-relaxation rate as a function
the Rb density for several cells. We found, as expected f
the argument in the previous paragraph, a linear depend
on the Rb density, but with the slope of the curve, 9
310220 cm3/s, 33% higher than the spin-exchange rate
efficient ofkse56.8310220 cm3/s.19,33This implies that Eq.
~2! should be written in more detail as

PHe5PRb

kse@Rb#

kse@Rb#~11X!1G r
, ~2!

with X50.33. If we use these values in Eq.~1! along with
the measured room temperature relaxation time of 240 h
cell Betty, we obtain the solid line in Fig. 1. Hence the p
larization data are consistent with the measurements of3He
spin-relaxation rate and support the existence of an unkn
excess3He relaxation that limits the attainable polarization
PHe,1/(11X). Understanding the origin of this excess r
laxation is critical to further advances in the polarizati
achievable with spin-exchange optical pumping.

When pumping with large quantities of broadband lig
we find 3He polarizations 15%–20% lower than for narrow
band pumping. Our Rb polarization studies, presented in
2, show that most of this is due to reduced Rb polarizati
The Rb polarization declines from 90% to 75% as the
density is increased and also shows variations that are du
sensitivity to issues such as beam alignment. This expl
the greater scatter for the broadband data in Figs. 1 an
However, we find some interesting effects that we cannot
Downloaded 07 Jun 2006 to 128.239.52.113. Redistribution subject to AI
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explain. For example, employing more than about 30 W
laser power does not lead to an increase in either Rb or3He
polarization.

The cell BamBam, which has over four times the volum
of Betty and a average relaxation time of only 100 h, w
also tested at the University of Wisconsin. After careful o
timization of the beam size and oven temperature, 63%
larization was obtained with 17 W of spectrally narrow
light. The polarization measured is consistent with the va
expected given the measured room temperature relaxa
time, but again only if recent measurements of the sp
exchange rate coefficient and temperature dependent3He re-
laxation rate are utilized.19

B. NIST results

The University of Wisconsin results indicate that 70
polarization is achievable in a flat-windowed, long lifetim
relatively small cell, and that this polarization is limited b
the temperature-dependent3He relaxation. At NIST we con-
firmed this result with a different method for measuring3He
polarization and evaluated the polarization in a variety
cells with either shorter lifetime, curved windows, larger vo
ume, or some combination of these characteristics. Th
tests are important for a variety of applications, but here
focus on issues for neutron spin filters:~1! constructing cells
with lifetimes of greater than 200 h is not always guarante
and the lifetimes of spin filter cells may be reduced beca
of operation in magnetic field gradients from high field ma
nets.~2! We and others21 have found that long lifetimes ca
be obtained with greater reliability in blown cells. Blow
glass causes optical effects such as skew light31 and degra-
dation of the circular polarization of the laser light, whic
may reduce the3He polarization achievable compared to fla
windowed cells.~3! Cells with both large diameter and vo
ume are needed for neutron applications. The results
listed in Table I.

The time constants for these tests were typically betw
10 and 20 h, which sometimes makes it difficult to wait lo
enough to observe the final polarization. The values repo
in Table I are actual observed polarizations; whereas th
are essentially the final values, we have noted in the
cases where we extrapolated to slightly higher final value
infinite time. When calculated polarizations are stated, th
were determined by measured room temperature relaxa
times, and recent measurements of the spin-exchange
coefficient and temperature-dependent3He relaxation rate.19

For Betty we obtained 72% polarization using the sp
trally narrowed laser, in agreement with the University
Wisconsin results. In contrast with the University of Wisco
sin broadband results, we obtained 71%~68%! polarization
with 50 W ~25 W! of broadband light. The reason for th
difference in the NIST and Wisconsin results in the tests w
broadband light is not completely clear, but may be due
the larger linewidth of some of the broadband lasers t
were employed at the University of Wisconsin.

The results with the blown cell, Wilma, indicate th
there are no significant issues with pumping through
curved cell sides, at least for this relatively small cell. T
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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slightly higher polarization obtained in Wilma compared
that obtained in Betty is most likely due to Wilma’s ve
long lifetime, which is close to the dipole–dipole limit. Sim
larly, the lower polarization in the cell Sulu is consistent w
its shorter lifetime.

With the cell Mars, we also compared the polarizati
obtained with 26 W of broadband light delivered to one s
of the cell to that obtained with 13 W delivered to each s
of the cell. Aside from some minor differences in optics, t
total power is the same, hence this experiment tests whe
a higher volume-averaged Rb polarization is achieved
pumping from both sides of the cell. Since Mars has
windows, lensing effects are not an issue. We found t
pumping from both sides~one side! yielded 60%~57%! po-
larization.

The effect of limited laser power is more pronounced
BamBam. The polarization of only 52% is lower than t
value of 63% obtained at the University of Wisconsin, whi
we attribute to lower laser power and less attention to o
mization. We planned to refill BamBam in an attempt
improve its lifetime and then perform more careful measu
ments at NIST, but the seal of one of BamBam’s windo
was lost in this attempt and has not yet been repaired.

The polarization achievable in the larger cells, Dino a
Astro, were clearly limited by laser power and thus provid
the best tests of the relative efficiency of spectrally narrow
and broadband light. For Astro polarization of 54% was o
tained with spectrally narrowed light, slightly lower than th
value of 58% obtained with broadband light. For Astro the
was an error in the temperature measurement; based
time constant of'60 h, we expect that the true temperatu
was just over 140 °C. For both the spectrally narrowed a
broadband cases, the extrapolated polarization was 60%

The results with the cell Joe Cool indicate that the i
proved efficiency of the spectrally narrowed laser is also e
dent at 3.5 bar. To increase the sensitivity of the test,
decreased each power, resulting in 60% for 7.5 W of n
rowed light and 55% for 25 W of broadband light.

Systematic tests of the temperature dependence of
polarization have not been performed, but a few general
tures have been established. In the larger, long lifetime c
such as Bullwinkle and Astro, typically'15% higher polar-
ization is obtained at 160 °C than at 170 °C, indicating t
imperfect Rb polarization limits the3He polarization. For
these large, long lifetime cells, the best polarization for lon
term operation may be obtained at quite low temperat
~such as in the Astro test!, but time considerations did no
allow us to fully investigate this regime. In the case of Ba
Bam, the relatively short lifetime does not allow operation
such low temperature, and careful optimization was requ
to balance the conflicting needs of high Rb polarization a
short spin-exchange time, a familiar characteristic of SE
While cells for which the laser power is insufficient to mai
tain 100% Rb polarization throughout the cell provide t
best test of the relative efficiency of narrowband and bro
band light, these same properties make the achievable p
ization sensitive to temperature and beam size and shap

A survey of the results indicates that slightly higher p
larization is generally obtained with 50 W of broadband lig
Downloaded 07 Jun 2006 to 128.239.52.113. Redistribution subject to AI
e
e

er
y
t
t

i-

-
s

d
d
d
-

e
a

d

-
i-
e
r-

he
a-
lls

t

-
e

-
t
d
d
P.

-
ar-
.
-
t

compared to 14 W of spectrally narrowed light. In the cou
of our development, we performed some additional tests w
38 W of broadband light and 10 W of spectrally narrow
light; based on all of our data, we conclude that the sp
trally narrowed laser can produce the same polarization
the broadband laser for a broadband laser to narrowban
ser power ratio of 2.5–3.

Based on other data not shown it appears that the ach
able polarization in Bullwinkle is still rising with increasin
laser power, with an asymptotic value of 75% in the limit
infinite power. This is consistent with the observed limit f
Wilma and with the existence of excess relaxation.

IV. CONCLUSION

We have optically pumped a variety of cells and repor
the polarization achievable for both narrowband and bro
band pumping. We observe a maximum of 75% polarizati
consistent with the recent discovery of excess3He relaxation.
Understanding of this process is essential in order to rea
the full potential of spin-exchange optical pumping a
thereby attain3He polarization of over 90%. We have show
that spectrally narrowed lasers are substantially more e
cient than broadband lasers. In situations in which fib
coupled, turn-key lasers are needed, we still observed
the highest polarization could be achieved with substanti
higher power provided by broadband lasers, but such va
are not necessarily always guaranteed.

We expect that with doubling of the narrowband las
power from 14 to 28 W, along with careful evaluation of th
best optical conditions to maximize the use of that power
should be possible to approach 70% in large neutron s
filter cells. Such doubling could be possible with a single
W diode bar, which we are currently pursuing. In contra
such doubling would require 120 W of broadband pow
which at the very least would be expensive, as well as inc
venient because of the multiple beams needed. Hence t
results illustrate that narrowband lasers will be of great u
ity in reaching 70% polarization in large cells.

ACKNOWLEDGMENTS

The authors acknowledge Dennis Rich and Gord
Jones for their contributions in cell construction and sp
exchange optical pumping at NIST. Special acknowled
ment goes to Jeff Anderson and Jack Fuller of the NI
Optical Shop for construction of the cells used in this wo
The work at NIST was supported in part by Department
Energy Interagency Agreement No. DE-AI02-00ER4581
The work at the University of Wisconsin was supported
part by the National Science Foundation.

1W. C. Chenet al., Physica B335, 196 ~2003!.
2T. R. Gentileet al., J. Appl. Crystallogr.33, 771 ~2000!.
3W. Heil et al., Nucl. Instrum. Methods Phys. Res. A485, 551 ~2002!.
4M. S. Albert et al., Nature~London! 370, 199 ~1994!.
5W. Xu et al., Phys. Rev. Lett.85, 2900~2000!.
6T. Pietrass, A. Bifone, and A. Pines, Surf. Sci.334, L730 ~1995!.
7S. M. Rubin, M. M. Spence, A. Pines, and D. E. Wemmer, J. Ma
Reson.152, 79 ~2001!.

8B. Nagasaka, H. Omi, T. Eguchi, H. Nakayama, and N. Nakamura, Ch
Phys. Lett.340, 473 ~2001!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



ne

g,

es

. A

nd
ed

the
denti-
ute
are

Lett.

2.
, CA

.
. A

R.

6914 J. Appl. Phys., Vol. 94, No. 10, 15 November 2003 Chann et al.
9D. Bear, R. E. Stoner, R. L. Walsworth, V. A. Kostelecky, and C. D. La
Phys. Rev. Lett.85, 5038~2000!.

10A. S. Verhulst, O. Liivak, M. H. Sherwood, H. M. Vieth, and I. L. Chuan
Appl. Phys. Lett.79, 2480~2001!.

11M. A. Bouchiat, T. R. Carver, and C. M. Varnum, Phys. Rev. Lett.5, 373
~1960!.

12T. Walker and W. Happer, Rev. Mod. Phys.69, 629 ~1997!.
13F. D. Colegrove, L. D. Schearer, and G. K. Walters, Phys. Rev.132, 2561

~1963!.
14J. Beckeret al., Nucl. Instrum. Methods Phys. Res. A346, 45 ~1994!.
15B. Larsonet al., Phys. Rev. A44, 3108~1991!.
16K. P. Coulteret al., Nucl. Instrum. Methods Phys. Res. A288, 463~1990!.
17D. R. Rich, T. R. Gentile, T. B. Smith, A. K. Thompson, and G. L. Jon

Appl. Phys. Lett.80, 2210~2002!.
18B. Chann, I. Nelson, and T. G. Walker, Opt. Lett.25, 1352~2000!.
19B. Chann, E. Babcock, L. W. Anderson, and T. G. Walker, Phys. Rev

66, 032703~2002!.
20B. Driehuyset al., Appl. Phys. Lett.69, 1668~1996!.
21N. R. Newburyet al., Phys. Rev. A48, 4411~1993!.
22GE Lighting Component Sales, Bldg. 315D, 1975 Noble Rd., Clevela

OH 44117. Certain trade names and company products are mention
Downloaded 07 Jun 2006 to 128.239.52.113. Redistribution subject to AI
,

,

,
in

the text or identified in an illustration in order to adequately specify
experimental procedure and equipment used. In no case does such i
fication imply recommendation or endorsement by the National Instit
of Standards and Technology, nor does it imply that the products
necessarily the best available for the purpose.

23Corning Glass, Corning, NY 14831.
24R. E. Jacob, S. W. Morgan, B. Saam, and J. C. Leawoods, Phys. Rev.

87, 143004~2001!.
25R. E. Jacob, Ph.D. thesis, University of Utah, Salt Lake City, UT, 200
26Coherent Semiconductor Group, 5100 Patrick Henry Dr., Santa Clara

95054.
27M. Romalis and G. Cates, Phys. Rev. A58, 3004~1998!.
28G. L. Joneset al., Nucl. Instrum. Methods Phys. Res. A440, 772 ~2000!.
29Ocean Optics Inc., 380 Main Street, Dunedin, FL 34698.
30Cutting Edge Optronics, 20 Point West Blvd., St. Charles, MO 63301
31B. Chann, E. Babcock, L. W. Anderson, and T. G. Walker, Phys. Rev

66, 033406~2002!.
32D. K. Walter, W. Happer, and T. G. Walker, Phys. Rev. A58, 3642~1998!.
33A. Ben-Amar Baranga, S. Appelt, M. V. Romalis, C. J. Erickson, A.

Young, G. D. Cates, and W. Happer, Phys. Rev. Lett.80, 2801~1998!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp


