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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%He polarization by spin-exchange optical pumping in cells
~100 cn? in volume. The polarization achieved is consistent with known spin-exchange and
spin-relaxation rates, but only when the recently discovered temperature dependefide of
relaxation is included. Absolut#He 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 €in volume and 70% polarization is anticipated with available
increases in spectrally narrowed laser power2@3 American Institute of Physics.
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I. INTRODUCTION Motivated by our recent results with long lifetime célls
and spectrally narrowed high power diode laser artiyse
Polarized®*He and'?*Xe gases are currently being ap- report polarization results for a variety of cells with volumes
plied to a wide variety of scientific and medical problems.between 40 and 640 cinAlthough some of these tests have
They include neutron spin filters® magnetic resonance been performed for conditions under which traditional rate
imaging; spin-polarized targessurface scienc®probing  balance theory would predict polarization values of nearly
of biological system$, polymer sciencé, precision 100%, the maximum polarization we observed is 75%. Our
measurementand quantum computatidfl.In this article  polarization values are based on two independent measure-
we focus on producing highly polarizétile gas, in particu- ment techniques in two different laboratories. This observa-
lar for applications such as neutron spin filters that requirgion is consistent with recent measurements of temperature-
large volume cells. In addition, we focus on the spin-dependent®He relaxation which were discovered in the
exchange optical pumpin@EOR method**?which is cur-  course of new measurement of the spin-exchange rate
rently better suited for continuous long-term operation tharcoefficient'® While we are currently investigating the source
the metastability-exchange metHdd* because the gas can of this limitation, in this article we focus on practical results,
be polarized directly at the required pressure. In the SEOR particular SEOP of large volume cells at near atmospheric
method, electronic polarization is produced by optical pump-pressure for neutron spin filter applicatioisBlown glass
ing of Rb atoms, and the polarization is transferred to thecells and cells with optical quality windows were tested us-
3He nuclei by the hyperfine interaction during collisions.  ing both narrowband and broadband lasers. We found that
3He polarizations of 72%—-79% have been reported fothe narrowband laser and the broadband laser typically yield
17 cn? cells that were optically pumped by a Ti-sapphire the same polarization for a broadband laser to narrowband
laser*> However, in that work only 55% was reported for laser power ratio of 2.5-3. Given that our results indicate
35cnT cells of similar geometry. In an early test of a that obtaining the highest polarization in very large cells
He-based neutron spin filter, 70% polarization was reportedvould otherwise require well over 100 W of broadband light,
for a 3 cn? cell that was optically pumped with a dye las®r. this result is of great practical value for SEOP near 1 bar.
Most applications currently employ broadband high power  The use of high power diode laser bars rather than Ti:
diode laser arrays and cells one to two orders of magnitudeéapphire or dye lasers for spin-exchange optical pumping of
larger in volume, and under such conditions we are noRb greatly reduces the cost and increases the reliability of

aware of any published reports #fle polarization that ex- Spin-exchange optical pumping experimefitsn order to
ceeds 60%. partially compensate for the broad frequency spectrum of

such lasers£1 THz) it is common to operate at high gas
pressures, typically between 5 and 10 bar, so that the
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TABLE I. °He cells used in this work and the maximum values®idé denoted Betty, Mars, and BamBam, are nearly perfect right

polarization,Py., obtained in each cell with either 14 W of light from a circular cvlinders that were constructed by optically sealin
spectrally narrowed lasetabeled 14N or 50 W of light from the two y y op y 9

broadband laserdabeled 508 used at NIST. All cells except Joe Cool are flat windows of e.'ther GE180 gIas(sBetty and Mar$ Qr
cylindrical, with diameteD and lengtfL in cm, volumeV in cn?, and®He  ~°B-depleted Corning 1720 gl#SgBamBan) to stock cylin-
partial pressureP in bar. The cells and optical pumping conditions are drical Corning 1720 tubing. The cell Sulu is a slightly less
described in the text. perfect right circular cylinder, constructed by optically seal-
ing flat GE180 windows to reblown GE180 tubing. The cells

Ty Pue (14N) Py (50B)

Celpame D L V P (h) (%) (%) Wilma, Bullwinkle, Dino, and Astro are roughly cylindrical
cells completely blown from GE180 glass. The cell Joe Cool

Joe Cool 65 14 44 35 110 63 63 ) . . .

Betty 47 49 81 087 140-300 71 70 is shaped like a meniscus lens so as to provide curvature for

Wilma 49 49 91 080 840 76 75 mechanical stability at a pressure of 3.5 bar, while still main-

Sulu 48 6.2 110 090 110 62 taining a reasonably uniform path length.

Mars 6.0 80 227 0.85 105-270 65 69 Whereas we obtain relaxation times of 150 h or longer

Bullwinkle 6.9 = 7.1 268 1.22 550 63 64 with reasonably good reproduciability for blown cells, this is

BamBam 9.4 4.7 327 085 80-120 52 . . )

Dino 106 51 450 085 700 61 not yet true for cells made with flat, polished windows and

Astro 113 6.4 640 0.89 730 54 58 either stock or blown cylindrical tubing. We have typically

obtained lifetimes of between 10 and 80 h upon the first fill
of such cells. A 240 h relaxation time was obtained in the cell
o o ) ) ) Betty after repeated refilling of the cell; each refill involves
cells, however, it is still difficult to attain uniformly high opening the cell and cleaning out the oxidized Rb, and then
polarization over the full cell volume because the relativelyrepeating the filling process. For the cells Mars and BamBam
small fraction of resonant light is sf[r_ongly absorbec_j as itimprovement of the relaxation time was only obtained by
propagates through the cell. In addition, whereas high gaSerforming a nitric acid ringe in the course of a refill. Each
pressures are well matched to some applications such as 1@ these three cells exhibit dependence of its relaxation time
gets for electron scattering and polarized gas magnetic resey, jts orientation with respect to the magnetic field, which
hance imaging, cold neutron spin filters are best operateflys peen recently reported both for cells that have been ex-
near 1 bar, primarily to avoid explosion of large dlameterposed to high magnetic fieffsand for cells that have not
glass cells, especially cells with flat windows. In addition, paan exposed to high field®To date we have found this
operation at 1 bar allows convenient dimensions for typicakftact to be more prevalent in cells that are not fully blown,
gas path lengths between 4 and 8 barcm. Using large volumg; \ve have also observed it in blown cells. We have also
cells at 1 bar not only decreases the utility of broadbang, ng that the relaxation times can change over time, and

light, it also increases the need for high optical pumpings is possibly linked to when the cell is heated and cooled.
efficiency because of the increased volume. We have recentjy, Table | the range of relaxation times that have been ob-

reported that SEOP at 1 bar can be effectiveut in this  copyed for Betty, Mars, and BamBam is listed.
article we demonstrate higher efficiency using narrowband
light and assess the potential for further increases in polar-

ization for large volume cells. B. University of Wisconsin apparatus

The work at the University of Wisconsin has primarily
been done with a 30 W diode laser array bar specially se-
The cells for this work were constructed at the Nationallected for low array curvature<(3 um “smile” ).*¥% The

Institute of Standards and Technolo@ylST), Gaithersburg, bandwidth is narrowed from 700 ts 125 GHz using an ex-
Maryland, using techniques recently described elsewHere.ternal cavity with a 4 telescope and 2400 lines/mm grat-
We report results with two different spectrally narrowed lasering. To limit the intracavity power to 30 W, the diode laser
systems, one located at the University of Wisconsin and theurrent is operated at a reduced value that yields 22 W from
other at NIST, both of which are based on the University ofthe laser in the absence of feedback. The resultant output
Wisconsin systent® power in the spectrally narrowed beam is 14 W, which yields
three times higher spectral powg@ower per unit bandwidjh
compared to the original unnarrowed laser. One cylindrical
An important advantage of operating at 1 bar is the re-and one spherical lens convert the highly asymmetric multi-
duced contribution of dipole—dipole relaxation, which placesspatial mode laser output to a roughly square shape. For
a fundamental limit on théHe relaxation time of 80 h some tests, light from two additional broadband lasers was
(hours, whereP is the partial pressure dHe in bar’t at a  added. The linewidth of each broadband lasers was measured
temperature of 295 K. We have recently reported cells blowrio be 1200 GHz.
from GE180(Ref. 22 glass with polarization lifetimesT(;) The University of Wisconsin apparatus is equipped with
approaching the dipole—dipole limit of 950 h at 0.85 Har. several diagnosti¢8 for measuring absolute Rb polarization
Although this success has not yet been achieved for celle@nd polarization imaging Rb density, Rb relaxation rates,
with optical quality windows, we have still obtained relax- light absorption, andHe adiabatic fast passagaFP) and
ation times over 100 h in four such cells. The parameters ofree-induction decay®He nuclear magnetic resonance
the cells used in this article are listed in Table I. The cells,(NMR). The cell is heated with hot air and its surface tem-

Il. APPARATUS

A. Cells
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perature is stabilized to better than 1 °C, measured by otdack has not been measured. A 100 mm focal length cylin-
serving a small piece of blackened metallic tape with ardrical lens was followed by a telescope formed by two
optical pyrometer. AbsolutéHe polarization is deduced by spherical lenses with focal lengths of 100 and 300 mm,
the Rb electron paramagnetic resonafE®R frequency thereby allowing the range of rectangularly shaped beams
shift method?” with small corrections made for the non- needed for testing a variety of cells. The typical distance
spherical cell geometry. All of the EPR-based measurement$om the second spherical lens to the cell is 110 cm and the
of ®He polarization presented in this article were on righttotal distance from the laser diode to the cell is 240 cm.
circular cylindrical cells, which allows accurate calculation ~ The unpolarized beams from each broadband fastr
of these small corrections. We estimate the relative standareerged from fiber optic cables and were collimated to a di-
uncertainty in this measurement at 3%, and it is dominateémeter of either 2 or 4 cm. The collimating lenses were
by uncompensated drifts in the magnetic field. Employingadjusted to provide sufficient beam divergence so as to over-
this method requires knowledge of the density ofiHe gas fill each cell. Two polarized beams were produced for each
in the cell, which we determined by neutron transmissionbroadband laser by a 5 cm diam polarizing beamsplitter.
measurements and by measurement of the Rb absorptionSince there were four beams, it was convenient to deliver the
profile, with relative standard uncertainties of 3% and 10% broadband light to two sides of the cell. For each broadband
respectively. For Betty, the pressure at 295 K was determineldser, the two beams were separated 10 cm at the location of
by the neutron and Rb absorption methods to be 0.876he 7.5 cm diam mica quarter-wave plates that were em-
+0.026 bar and 0.820.08 bar, respectively. The value from ployed to circularly polarize the laser light. For one laser, the
neutron measurements, which also agreed well with théeams travel a direct distance of 160 cm between the plates
value of 0.872 bar recorded on the pressure gauge at the tinaad the cell, hence each beam was at an angle of 1.8° rela-
the cell was filled, was used in determinifide polarization. tive to the magnetic field axis. For the other laser, the beams
The uncertainty in the pressure yields a total relative stantraveled 270 cm to a 10 cm diam mirror on the opposite side
dard uncertainty of 4% for the EPR-based determinations off the Helmholtz coils, which redirected these beams for an
3He polarization. additional 120 cm to the cell. Since the angle of incidence
for this reflection was only 7°, the effect on the circular
polarization was expected to be negligible.

While for the flat windowed cell§Betty, Sulu, Mars, and

At NIST, the holding field is provided by a pair of 75 cm BamBam and Joe Cool the laser light is sent along the axis
diam Helmholtz coils operated at a field of 2.7 A7 G. of the cylinder, for the blown cells the light is sent through
The cell is heated in a cubical, hot air oven that is 16 cm orthe side. This approach is employed because the thickness of
each side, and constructed of Teflon and glass. The las#ne glass is fairly uniform on the sides but is rather nonuni-
beams enter through two 15 ¢d5 cm diam, 0.15 cm thick form on the ends. Hence despite the curvature of the glass on
Pyrex windows that were masked to 13 cm diameter and arthe side, optical pumping from the side results in less lensing
spaced 1.0 cm. Data were obtained with either 14 W of naref the light and hence more uniform illumination of the cell
rowband light delivered through one side of the oven or withvolume. For Astro, side pumping presented an elongated cell
50 W of broadband light900 GHz linewidth split between profile, hence additional weak diverging cylindrical lenses
opposite sides of the oven. The spectrally narrowed laser hagere employed. For both lasers and all of the optical pump-
an output power of 15 W, while the broadband laser lighting conditions in this work, we estimate that skew light ef-
was provided by two 30 W lasers; the lower power deliveredfects are minof:
to the oven is due to loss in optical elements. All of the lasers ~ Temperature measurement was less accurate in the NIST
were tuned by a low resolution spectroméléo observe the apparatus compared to the careful University of Wisconsin
absorption of laser light through a hot cell. For the narrowedneasurements. The typical oven temperatures employed at
laser, the temperature of the laser was adjusted such that theST were between 160 and 170°C, as measured by a re-
unnarrowed peak was on the atomic resonance, and the feesistance temperature device located in free space near the
back grating was adjusted to place the narrowed peak ocell. Based on a recent measurement of the spin-exchange
resonance. Proper tuning of the narrowed peak was occasiorate coefficien and standard vapor pressure curves the
ally checked using a photodiode to establish that the lighspin-exchange time constants measured at NIST indicate that
transmitted by the cell was at a minimum. The wavelength othe true temperature is typically about 5°C lower, with
the narrowed peak was found to be quite stable. variations from test to test of a few degrees centigrade.

The spectrally narrowed laser at NIST is essentially a  The polarization is monitored during optical pumping
duplicate of the University of Wisconsin design, but has not(or relaxation with AFP NMR. The NMR drive field is pro-
yet been characterized as well. The laser employed is a 20 \Buced by a pair of 45 cm Helmholtz coils, and the AFP signal
diode bar with a fast axis collimating lens and was speciallyis detected by a pair of 13.5 cm diam, 300 turn coils that are
selected for smile<1 um.%® This laser was operated with located just outside the sides of the oven. The NMR signal is
less feedback than the Wisconsin system, resulting in highesalibrated by transmission measurements on the NG6EM
output powelr(15 W) but also with incomplete suppression of monochromatic beam line at the NIST Center for Neutron
the broadband peak. The linewidth without feedback isResearch(NCNR).?® This is accomplished by cooling the
~900 GHz; aside from verification of the narrowing with cell, transferring it to a battery-operated solenoid that pro-
the low resolution spectrometétthe bandwidth with feed- vides a field of 1.3 mT, transporting it to the neutron beam

C. NIST apparatus
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line, and transferring it to another holding field on the beam 100
line. A small correction is applied to account for the typical UL e
polarization loss of 2%fractiona) observed in the transfer.
We estimate the relative standard uncertainty in the values o
3He polarization to be+-4% for flat-windowed cells. For
blown cells the thickness of the glass windows was esti-_ 60
mated, increasing the uncertainty 16 %.

Given the time constraints on optimizing conditions for &
two different lasers and many cells, we consider the NIST
results to be general indicators for a variety of cells, not
careful comparisons for a specific cell. The most precise 20
comparison of narrowband and broadband light would be
obtained by simply operating the narrowband laser without
feedback(see Sec. Il A, because in such a comparison the
beam size and shape is the same for both spectral condition:
However, the NIST tests were meant to address the more

practical question of the relative performance of the specgic. 1. MeasuredHe polarization vs the Rb density deduced from the Rb
trally narrowed laser compared to typical fiber-coupledEPR frequency shift. The temperature range of the data shown is between
broadband lasers. 150 and 187 °C. Data obtained with 14 W of optical power from the nar-
rowband laser are shown by closed circles, while data obtained with 42 W of
broadband light are shown by open circles, except for the point at 2
ll. RESULTS X 10** cm™3 (168 °C) shown by an asterisk, which was obtained with 28 W

. . . f broadband light. One measurement that was performed at NIST is shown
. Our_ reSUIFS include a V_a”e.ty of tests to address dlﬁeren,gy a closed sq%are(Since Rb density measureraents were unavailable at
issues in achievable polarization. For the most part the UninisT, the Rb densities were estimated based on the time constant for the rise
versity of Wisconsin and NIST results are complementaryjn polarization) The solid line shows the calculated polarization including
but in a few cases were deliberately redundant so as to ethe excess relaxation. The dotted line shows the predicted polarization as-

. T . .suming 100% Rb polarization antHe relaxation solely due to spin-

tgbhsh reproduciability betwe_zen dlfferent_ appara_ltuses W'thexchange and room-temperature wall relaxation.
different measurement techniques. The diagnostics available

at the University of Wisconsin, in particular the capability of

dirept measurement of the Rb pola_rizationl, permitted a com-  The advantage of using frequency-narrowed diode arrays
parison of the absolutéHe polarization achieved to that ex- for spin-exchange optical pumping is illustrated by the points
pected by simple rate-balance theory. At NIST the availabilat 2x 104 cm™2 in Fig. 1. After pumping the cell to 68%

ity of a large variety of cells and 'éHe polarization  polarization with the frequency narrowed laser, we replaced
measurement method that is more easily applicable to blowhe diffraction grating with a gold mirror, thereby returning
cells permitted practical tests of the polarization achievablghe |aser to its unnarrowed frequency spectrum of 700 GHz

under a variety of conditions. At each laboratory results withbut increasing the output power by a factor of 2. Thie
a spectrally narrowed laser were compared to those obtaingsblarization so obtained is only 49%.

with broadband lasers.
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A. University of Wisconsin experiments

, _ 100 4@ @O 08 088 °
In Fig. 1 we present studies of the absoliée polar- o o @
ization obtained in cell Betty as a function of the rubidium D) © °
density. With 14 W of narrow-band pumping over the Rb 80 ¢ 0
density range betweenx110** and 3x10* cm 2 (corre- o0 ©
sponding to oven temperatures of between 150 and 175°C e}

we consistently obtain 70%He polarization. At higher Rb ~ 60
densities, théHe polarization drops because the laser power %
is insufficient to maintain 100% Rb polarization. Measure- &%
ments of the Rb polarization are shown in Fig. 2. 40
The results shown in Fig. 1 were determined by fitting
the rise in polarization for EPR measurements taken for typi-
cally two time constants. Scatter in these results is primarily
due to the stability of the EPR measurement, with a smaller
contribution from the uncertainty in fitting the final polariza-
tion. An additional consideration that may have produced "
some scatter in the data in Fig. 1 is the time and orientation 0 1 2 3 4x10
dependence of Betty’s room temperature relaxation tisee [Rb] (cm™)
Sec. |l A> Th.ese effects on.the r'elaxat|0.n tlme.were not dIS_FIG. 2. Measured Rb polarizations vs the Rb density for optical pumping
covered until after the University of Wisconsin data wereyt either 14 W of spectrally narrowed laser ligitosed circlesor 42 W
obtained. of broadband lightopen circles

20
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Figure 1 also shows polarization obtained by adding theexplain. For example, employing more than about 30 W of
output from two broadband diode arrays to the rear of thdaser power does not lead to an increase in either Ritler
cell, bringing the total pumping power to 42 W. This in- polarization.
creased théHe polarization to just under 60%, still substan- The cell BamBam, which has over four times the volume
tially lower than that obtained with the frequency narrowedof Betty and a average relaxation time of only 100 h, was
laser of only 14 W. also tested at the University of Wisconsin. After careful op-

Despite the increasetiHe polarization obtained with the timization of the beam size and oven temperature, 63% po-
narrowband laser, there remains an important discrepandgrization was obtained with 17 W of spectrally narrowed
between our measured values of tiée polarizationP,,  light. The polarization measured is consistent with the value
and the value we expect from independent measurements ekpected given the measured room temperature relaxation
the volume-averaged Rb polarizatioRg,, the spin- time, but again only if recent measurements of the spin-
exchange rate,., and the room temperature wall-relaxation exchange rate coefficient and temperature deperigtante-
rateT", . The®He polarizatiorP,, is determined by a balance laxation rate are utilizetf
between spin-exchange and spin-relaxation rates:

Vse B. NIST results
Pre=Prop—, D o . _ o

He The University of Wisconsin results indicate that 70%
polarization is achievable in a flat-windowed, long lifetime,

relatively small cell, and that this polarization is limited by

shows the expected variation of thide polarization with Rb ~ the temp.erature-de.pendeglth{e relaxation. At NIST we con-

density using known spin-exchange rafeand assuming firmed this result with a different method for measurﬁh@

The= v+ T, . Using rf spectroscopy of the Rb, we have polarization and evaluated the polarization in a variety of
e se r- ! . . . . .

made absolute, position-dependent determinations of the RE!!S With either shorter lifetime, curved windows, larger vol-

polarization and find that the volume-average Rb polarizaMe: O some combination of these characteristics. These

tion exceeds 95% at Rb densities below 35 cm3 tests are important for a variety of applications, but here we

(180°C). Hence if this simple rate balance theory were Corjo_cus_ on issues for neutron spin filt(_afﬁ) constructing cells

rect, we would expect our data to fall close to the dotted ling/ith lifetimes of greater than 200 h is not always guaranteed

shown in Fig. 1, whereas our data are typically 20% lowerdnd the lifetimes of spin filter cells may be reduced because
(fractiona) than the dotted curve. of operation in magnetic field gradients from high field mag-

In the course of measuring spin-exchange rates, we rd1ets.(2) We and otherd have found that long lifetimes can

cently measured th#He spin-relaxation rate as a function of be obtained With_ greater reliability in blown cells. Blown
the Rb density for several cells. We found, as expected fron§!2SS causes optical effects such as skew tgitd degra-

the argument in the previous paragraph, a linear dependenEj@tion of the circular polarization of the laser light, which
on the Rb density, but with the slope of the curve, 9.1Ma&Y reduce théHe polarization achievable compared to flat-

X 10~2° cni/s, 33% higher than the spin-exchange rate Co_vvindowed cells(3) Cells with both large diameter and vol-
efficient Ofkse; 6.8x 10~ 2 cm®/s 19 This implies that Eq.  UMe are needed for neutron applications. The results are

whereT . is the total®He relaxation rate(In Eq. (1), aniso-
tropic spin-exchang@is neglected.The dotted line in Fig. 1

(2) should be written in more detail as listed in Table I. _
The time constants for these tests were typically between
ksd RD] 10 and 20 h, which sometimes makes it difficult to wait long
Phe= PRkaE{ RbJ(1+X)+T," 2 enough to observe the final polarization. The values reported

in Table | are actual observed polarizations; whereas these

with X=0.33. If we use these values in Ed) along with  are essentially the final values, we have noted in the text
the measured room temperature relaxation time of 240 h focases where we extrapolated to slightly higher final values at
cell Betty, we obtain the solid line in Fig. 1. Hence the po-infinite time. When calculated polarizations are stated, they
larization data are consistent with the measurementélef were determined by measured room temperature relaxation
spin-relaxation rate and support the existence of an unknowtimes, and recent measurements of the spin-exchange rate
excessHe relaxation that limits the attainable polarization to coefficient and temperature-dependétée relaxation raté®
Pre<1/(1+X). Understanding the origin of this excess re- For Betty we obtained 72% polarization using the spec-
laxation is critical to further advances in the polarizationtrally narrowed laser, in agreement with the University of
achievable with spin-exchange optical pumping. Wisconsin results. In contrast with the University of Wiscon-

When pumping with large quantities of broadband light,sin broadband results, we obtained 7168%) polarization
we find *He polarizations 15%-20% lower than for narrow- with 50 W (25 W) of broadband light. The reason for the
band pumping. Our Rb polarization studies, presented in Figdifference in the NIST and Wisconsin results in the tests with
2, show that most of this is due to reduced Rb polarizationbroadband light is not completely clear, but may be due to
The Rb polarization declines from 90% to 75% as the Rkthe larger linewidth of some of the broadband lasers that
density is increased and also shows variations that are due weere employed at the University of Wisconsin.
sensitivity to issues such as beam alignment. This explains The results with the blown cell, Wilma, indicate that
the greater scatter for the broadband data in Figs. 1 and #here are no significant issues with pumping through the
However, we find some interesting effects that we cannot yeturved cell sides, at least for this relatively small cell. The
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slightly higher polarization obtained in Wilma compared to compared to 14 W of spectrally narrowed light. In the course
that obtained in Betty is most likely due to Wilma’s very of our development, we performed some additional tests with
long lifetime, which is close to the dipole—dipole limit. Simi- 38 W of broadband light and 10 W of spectrally narrowed
larly, the lower polarization in the cell Sulu is consistent with light; based on all of our data, we conclude that the spec-
its shorter lifetime. trally narrowed laser can produce the same polarization as
With the cell Mars, we also compared the polarizationthe broadband laser for a broadband laser to narrowband la-
obtained with 26 W of broadband light delivered to one sideser power ratio of 2.5-3.
of the cell to that obtained with 13 W delivered to each side = Based on other data not shown it appears that the achiev-
of the cell. Aside from some minor differences in optics, theable polarization in Bullwinkle is still rising with increasing
total power is the same, hence this experiment tests whethéser power, with an asymptotic value of 75% in the limit of
a higher volume-averaged Rb polarization is achieved bynfinite power. This is consistent with the observed limit for
pumping from both sides of the cell. Since Mars has flatWilma and with the existence of excess relaxation.
windows, lensing effects are not an issue. We found that
pumping from both sidegone side yielded 60%(57%) po-  IV. CONCLUSION

Iarlz_?::on.ﬁ t of limited | . di We have optically pumped a variety of cells and reported
€ efiect of imited 1aser power IS more pronounced Ny, polarization achievable for both narrowband and broad-

BalmBafm. 'Or/hebpo_langatloE of o_nly E_>2%f|\sN_Iower _thanht_h(; band pumping. We observe a maximum of 75% polarization,
value of 63% obtained at the University of Wisconsin, whic consistent with the recent discovery of excéide relaxation.

we attribute to lower laser power and less attention to 0ptlUnderstanding of this process is essential in order to realize

mization. We planned to refill BamBam in an attempt to. 1 potential of spin-exchange optical pumping and
improve its lifetime and then perform more careful mgasure-thereby attairiHe polarization of over 90%. We have shown
ments at NIST, but the seal of one of BamBam’s W'”dOWSthat spectrally narrowed lasers are substantially more effi-
was lost in this attempt and has not yet been repaired.  jont than broadband lasers. In situations in which fiber-
The polarization achievable in the larger cells, Dino and.,pieq turn-key lasers are needed, we still observed that
Astro, were clearly limited by laser power and thus providedy,q highest polarization could be achieved with substantially

the best tests of the relative efficiency of spectrally narroweql]igher power provided by broadband lasers, but such values

and broadband light. For Astro polarization of 54% was 0b-5.a ot necessarily always guaranteed.
tained with spectrally narrowed light, slightly lower than the We expect that with doubling of the narrowband laser
value of 58% obtained with broadband light. For Astro therepower from 14 to 28 W, along with careful evaluation of the

was an error in the temperature measurement; based onyg; gptical conditions to maximize the use of that power, it
time _constant of~60 h, we expect that the true temperaturegpoid pe possible to approach 70% in large neutron spin
was just over 140°C. For both the spectrally narrowed angjjier cells. Such doubling could be possible with a single 40
broadband cases, the extrapolated polarization was 60%. \y diode bar, which we are currently pursuing. In contrast,
The results with the cell Joe Cool indicate that the im-g ;¢ doubling would require 120 W of broadband power,
proved efficiency of the spectrally narrowed laser is also eviypich at the very least would be expensive, as well as incon-
dent at 3.5 bar. To increase the sensitivity of the test, Wgenient because of the multiple beams needed. Hence these
decreased each power, resulting in 60% for 7.5 W of narresyits illustrate that narrowband lasers will be of great util-
rowed light and 55% for 25 W of broadband light. ity in reaching 70% polarization in large cells.
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