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Spin exchange optical pumping at pressures near 1 bar for neutron
spin filters
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Motivated by applications to neutron spin filters and recent advances in spectrally narrowed laser
diode arrays~LDAs!, we are exploring spin exchange optical pumping of3He at pressures near 1
bar. Among our more interesting results has been the production of glass cells with extremely long
relaxation times. The best of these has a lifetime ofT15840 h@where the polarization decays versus
time, t, as exp(2t/T1)#, dominated by the dipole–dipole contribution of 950 h at a3He partial
pressure of 0.85 bar. Using a broadband LDA, we have obtained 55%3He nuclear polarization in
this cell. These results are particularly relevant to the application of3He-based neutron spin filters
to neutron scattering and weak interaction experiments. Applications to magnetometry and polarized
gas magnetic resonance imaging are also possible. ©2002 American Institute of Physics.
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Nuclear spin-polarized3He has been employed in se
eral fields of physics, from magnetometry1,2 and studies of
nucleon structure3–5 to more recent applications in polarize
gas magnetic resonance imaging~MRI!6,7 and polarized neu-
tron research. The application of polarized3He-based neu-
tron spin filters8–10 to neutron scattering11,12 and weak inter-
action experiments13,14 places new demands on th
production and storage of polarized3He. In particular, these
applications require high3He polarization~50% or greater to
obtain acceptable neutron transmission! in storage cells of a
large cross-sectional area~to analyze divergent beams or p
larize large area beams!.

Two primary techniques exist to produce polarized3He:
spin exchange optical pumping~SEOP!,15,16 whereby3He is
polarized via spin exchange collisions with optically pump
Rb, and metastability exchange optical pumpi
~MEOP!,17,18 whereby3He is polarized via metastability ex
change collisions with optically pumped3He metastable at
oms. Each technique requires the minimization of polari
tion relaxation mechanisms, though for different reasons.
SEOP, the demand for high polarization requires slow de
larization rates, to compensate for the inherently long po
izing time constant~of the order of 10 h!. In addition, many
applications in neutron scattering can use neutron spin fil
polarized off-line and transported to the neutron beamli
For MEOP, this manner of operation has been dominant
the need for compression apparatus to achieve suitable3He
pressures for neutron spin filters makes off-line operat
preferable. For such operation, relaxation times of sev
days are desirable. We present results in SEOP and in
development that have particularly important ramificatio
for neutron applications, and are potentially relevant to ot
applications of polarized3He.

a!Present address: Wabash College, Crawfordsville, IN 47933; electr
mail: richde@wabash.edu
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Newburyet al. demonstrated that dipole–dipole intera
tions in bulk 3He limit the relaxation time of polarized3He
to 807/P h ~where P is the 3He pressure in bar, for a ce
temperature of 296 K!.19 This fundamental limitation on the
relaxation time can only be approached if the contribut
due to other interactions such as wall collisions20 is negli-
gible. Dipole–dipole dominated relaxation times have be
observed in sealed SEOP cells made from aluminosilic
glass~lifetimes of 90 and 150 h observed in 8.9 and 5.0 b
cells, respectively, by Newburyet al.19!, borosilicate glass~a
lifetime of 300 h observed in a 2.5 bar cell by Smithet al.21!,
and sol-gel coated Pyrex22 ~a lifetime of 344 h observed in a
2.1 bar cell by Hsuet al.23!. All of these cells contained Rb
for the SEOP process, which has been shown to supp
wall relaxation as compared to bare glass cells.9

Studies of SEOP at pressures near 1 bar have not b
vigorously pursued in the past, for three primary reaso
First, the electron scattering experiments that have driven
field require thick targets, and have operated near 10 ba
avoid excessive length. Second, the ratio of Rb density
3He density is largely irrelevant for SEOP, while the requir
laser power is set by the Rb volume. The greatest amoun
polarized3He for a given laser power is then achieved
high pressures in small volumes. Third, the spectral ove
of the pressure-broadened Rb absorption line~around 18
GHz/bar! with the broadband emission from a laser dio
array ~LDA ! ~of order 1000 GHz! is maximized at higher
pressures.24 Recent developments in frequency narrow
LDAs25,26 have inspired us to examine SEOP at pressu
near 1 bar. We have constructed several cells with3He partial
pressures as low as 0.85 bar, for which the dipole–dip
limit is 950 h. The best of these cells has a dipole–dip
dominated lifetime of 840 h~35 days!, over twice as long as
the longest relaxation time ever observed. Using a broadb
LDA, we have obtained 55%3He polarization in this cell.

For this effort cells were constructed from GE18027 ~ex-
cept where noted in Table I!, an aluminosilicate glass chose
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because it contains no boron~a strong neutron absorber!, has
sufficiently low 3He permeability for long term operation a
elevated temperatures, and is easier to work than other
minosilicates. The largest GE180 tubing available is only
cm in diameter, requiring the glass to be completely
worked to produce large diameter cells. In our experie
~and in the experience of others19!, reblown glass has typi
cally yielded the longest relaxation times. Our glass blow
constructs and attaches the cells to a Pyrex tube~called the
‘‘string’’ !. The string and cell surfaces are thoroughly rins
first with soapy water, then several times with distilled wat
then with acetone, then several more times with distilled w
ter, and finally with methanol. The string and cells are th
attached to an oil-free, high vacuum system, where they
evacuated and baked at 400 °C for two days. The typ
ambient pressure measured at the pump is 431028 mbar.
After this first bakeout, Rb is distilled from a side arm to
small reservoir~also baked! at the end of the string. The sid
arm is then removed~‘‘pulled’’ ! from the string by fusing a
glass constriction with a torch. The cells are then baked
400 °C for two more days, the Rb is distilled into a seco
reservoir~very close to the cells!, and the first reservoir is
pulled from the string. The Rb is then distilled into the cel
typically as a vapor which condenses onto the cell walls. T
cells are filled with approximately 65 mbar of N2 gas
~present to quench fluorescence of laser-excited Rb at
during SEOP!, followed by the desired amount of3He gas.
Those cells filled to pressures greater than atmospheric w
submerged in liquid N2 to allow the cell to be pulled off. All
gases were passed through a getter and filter stage to re
impurities before entering the cells.

The Rb~and thus the3He, in spin exchange collisions! is
polarized by irradiating the cells, in ovens maintained
140–180 °C, with laser light generated by a 32 W, 795
LDA with a bandwidth of<1.9 nm~900 GHz! ~full width at
half maximum!.28 For some tests, a second 16 W laser sou
~of similar bandwidth! was available. The laser light is spl
into two beams by a linearly polarizing beam splitter. T

TABLE I. Low pressure3He cell inventory, for SEOP~1–11! and MEOP
~12–14! applications. Cylindrical cell dimensions in cm, length3diameter.
The uncertainties provided reflect only the uncertainty in the fits to re
ation data. The lifetimes of cells 1, 7, and 11–14 were determined in
off-line FID apparatus, cells 2, 4, 5, and 9 on the neutron beamline, and
3, 6, 8, and 10 on our offline AFP apparatus. All cells constructed of reblo
GE180 glass, except cells 10~flat GE180 windows optically sealed to
Corning 1720 body!, 11 and 12~reblown fused silica!.

Cell Dim. ~cm3cm! 3He pressure~bar! Lifetime ~h!

1 435 0.85 840~16!
2 434.5 1.30 90~2!
3 438.5 1.20 391~11!
4 4310 0.85 350~12!
5 439.5 0.85 520~13!
6 4.539.5 0.85 185~10!
7 4.5311 0.85 730~15!
8 3.5311 1.25 55~2!
9 4.5311 0.85 98~2!

10 4.535.0 0.85 270~20!
11 4.534.5 0.85 731~24!
12 1037.0 Filled to 0.30 74~1!
13 1037.5 Filled to 0.30 240~3!
14 1037.5 Filled to 0.45 230~7!
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beams are independently circularly polarized and direc
into the3He cell.

We have two stations where SEOP takes place, b
equipped for adiabatic fast passage~AFP! nuclear magnetic
resonance~NMR! to monitor the 3He polarization ~see
Lorenzon et al.29 for a description of NMR as applied to
polarized3He!. One of these stations is located on the NG6
5 Å monochromatic neutron beamline at the National Ins
tute of Standards and Technology~NIST! Center for Neutron
Research.8 This allows the performance of absolute neutr
polarization measurements by neutron transmission, fr
which the3He polarization may be extracted and the NMR
calibrated.8,10 At this station, laser power on the cell is lim
ited to around 12 W, due to losses in optical components
the second station, located off-line, incident laser power
to 37 W was available. Static magnetic fields of 2.0 mT a
provided by 76-cm-diam Helmholtz coils.

Relaxation time measurements were also performed
an off-line apparatus30 that is equipped for free induction
decay~FID! NMR. For our best cell, we observe a relaxatio
time of 650 h on the neutron beamline, and 840 h on t
off-line station~the difference has not been thoroughly inve
tigated, but we suspect it is due to magnetic field gradient
the on-line system!. Figure 1 shows the relaxation of the3He
polarization for this cell in the off-line apparatus.

Table I lists an inventory of low pressure cells co
structed for this study. A few cells are dominated by dipol
dipole relaxation and most have multihundred hour lifetim

We have performed extensive tests on cells 1 and 5
determine the efficiency of SEOP near 1 bar with a bro
band LDA. At the on-line station~12 W incident on the cell!,
we have achieved3He polarizations of 55~3!% in cell 1,
determined by neutron transmission. The uncertainty in
measurement is dominated by the uncertainty in the neu
transmission through the cell windows, due to nonuniform
ties in their thickness. This result is comparable to resu
achieved on this system8 and elsewhere24 for higher pressure
cells.

We find that with one half incident laser power~6 W!,
the relative decrease in polarization in cell 1 is only 5%~to
52%!. The question of why higher power does not yield s
higher polarizations arises. We note that models of SE
often predict higher values of3He polarization than are ac
tually observed.31 To address this issue, studies to compa
direct, independent measures of the3He and Rb polarizations
are under way elsewhere.31 Laser power is a more significan
issue for larger cells, due to the increase in Rb volume.
the on-line station, we achieve a maximum3He polarization
in cell 5 of 33~3!%. At the off-line station, we have observe
46~5!% 3He polarization with 25 W incident laser power, an
50~5!% with 37 W. The off-line NMR is calibrated agains
neutron measurements on the cell transported between
two systems.

These results have the potential for profound impact
neutron scattering and tests of the weak interaction us
cold neutrons. For mechanical stability, construction of la
diameter cells is facilitated by operating pressures near 1
The remarkably long relaxation times observed should al
a significant increase in the efficiency of off-line operation
optical pumping apparatus—the3He polarization in cell 1,
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for example, would only decrease by 20% in one week. T
high polarizations achieved are significant for weak inter
tion studies using cold neutrons, where continuous opt
pumping is desirable due to the long time scales of s
experiments. Operation near atmospheric pressure al
construction of cells with flat, optically sealed, windows32

Such cells are necessary for experiments that need uni
3He thickness so as to produce highly uniform polarizat
across the neutron beam, such as measurements of the
ized neutron beta-decay correlation coefficientsA and B.13

We have constructed one test cell~10! in this geometry.
While our results are most significant for neutron sp

filter applications, we note in conclusion that the long lif
times observed may be relevant to magnetometry and po
ized gas MRI. For polarized gas MRI, long lifetimes a
necessary if transporting the cells to remote imaging lo
tions, but the cells cannot be sealed. Our results with val
cells ~cells 12 and 13!, tested on a MEOP compressio
apparatus,30 indicate that long relaxation times are possib
in this configuration.

The efforts of Jeff Anderson, the NIST glass blower, a
Jack Fuller, of the NIST optical shop, are gratefully acknow
edged. The authors would also like to thank Thad Wal
from the University of Wisconsin for many helpful discu
sions.
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Pentillä, A. Pirozhkov, V. R. Pomeroy, D. R. Rich, A. Serebrov, E.
Sharapov, D. A. Smith, T. B. Smith, R. C. Welsh, F. E. Wietfeldt, W.
Wilburn, V. W. Yuan, and J. Zerger, Nucl. Instrum. Methods Phys. R
440, 729 ~2000!.

15T. G. Walker and W. Happer, Rev. Mod. Phys.69, 629 ~1997!.
16M. A. Bouchiat, T. R. Carver, and C. M. Varnum, Phys. Rev. Lett.5, 373

~1960!.
17T. R. Gentile and R. D. McKeown, Phys. Rev. A47, 456 ~1993!.
18F. D. Colegrove, L. D. Schearer, and G. K. Walters, Phys. Rev.132, 2561

~1963!.
19N. R. Newbury, A. S. Barton, G. D. Cates, W. Happer, and H. Middlet

Phys. Rev. A48, 4411~1993!.
20W. A. Fitzsimmons, L. L. Tankersley, and G. K. Walters, Phys. Rev.179,

156 ~1968!.
21T. B. Smith, T. E. Chupp, K. P. Coulter, and R. C. Welsh, Nucl. Instru

Methods Phys. Res. A402, 247 ~1998!.
22Corning Glass, Corning, NY 14831. Certain trade names and comp

products are mentioned in the text or identified in an illustration in or
to adequately specify the experimental procedure and equipment use
no case does such identification imply recommendation or endorseme
the National Institute Standards and Technology, nor does it imply that
products are necessarily the best available for the purpose.

23M. F. Hsu, G. D. Cates, I. Kominis, I. A. Aksay, and D. M. Dabbs, App
Phys. Lett.77, 2069~2000!.

24W. J. Cummings, O. Husser, W. Lorenzon, D. R. Swenson, and B. Lar
Phys. Rev. A51, 4842~1995!.

25B. Chann, I. Nelson, and T. G. Walker, Opt. Lett.25, 1352~2000!.
26J. N. Zerger, M. J. Lim, K. P. Coulter, and T. E. Chupp, Appl. Phys. Le

76, 1798~2000!.
27GE Lighting Component Sales, Bldg. 315D, 1975 Noble Rd., Clevela

OH 44117.
28Coherent Semiconductor Group, 5100 Patrick Henry Dr., Santa Clara

95054.
29W. Lorenzon, T. R. Gentile, H. Gao, and R. D. McKeown, Phys. Rev

47, 468 ~1993!.
30T. R. Gentile, D. R. Rich, A. K. Thompson, W. M. Snow, and G. L. Jon

J. Res. Natl. Inst. Stand. Technol.106, 709 ~2001!.
31T. G. Walker~private communications!.
32D. Blessing,Proceedings of the American Scientific Glassblowers Soci,

1974, p. 78.

l
an
P license or copyright, see http://apl.aip.org/apl/copyright.jsp


