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We have observed a significant dependencétéé longitudinal relaxation times in glass spin-exchange
optical pumping(SEOB cells due only to the physical orientation of the cella 3 mT (30 G applied
magnetic field. The cells had no previous exposure to higher fields or were thoroughly degaussed prior to being
measured. The presence of rubidium metal and heating of the cells associated with the SEOP process is
necessary to produce this low-field orientation dependence. Our data suggest that the magnetic relaxation sites
at the glass wall involved here may be the dominant cause of wall relaxation in SEOP cells at any field.
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Hyperpolarized (HP) noble gases (principally 3He  netic sites cannot be avoided simply by avoiding large ap-
and 12°%Xe) are important for a growing number of applica- plied fields; indeed, these sites may be the dominant cause of
tions in physicq1,2], chemistry[3], biology [4], and medi- wall relaxation at any field.
cine[5]. The NMR sensitivity of HP gases depends critically Data were acquired on three sets of cells. Sets one and
on the longitudinal spin-relaxation tim&,. The dominant two consist of pristine cells measured for the first time after
contribution toT; is often due to wall relaxatiofcharacter- fabrication(Table ) and degaussed celiable 1I), respec-
ized by the timeT ), i.e., depolarizing interactions between tively, with some cells common to both sets. These cells
the gas atoms and the glass contaifoall). For production  were fabricated and measured at Ufa8]; they are made of
of HP 3He by spin-exchange optical pumpif§EOB [6], in  blown Corning 774QPyrex [13] glass with a spherical vol-
which 3He nuclei are polarized through collisions with an ume of ~50 cn?. A 10 cm length of capillary tubing sepa-
optically pumped alkali-metal vapdusually Rb, the pres- rates the main chamber from a right-angle glass valve,
ence of alkali metal in heated cells is required. Howeverthrough which the cells are filled to several bar witHe.
even for unheated storage cells in which HP gas is introUtah cells having the same numerical designation were made
duced following either spin-exchange or metastability-at the same time and on the same glass manifold. The third
exchange optical pumpingMEOP) [7], alkali-metal coatings set of cells(Table Ill) was made of aluminosilicate glass or
are often used because they are known to yield a significaitsed quartz and tested at NIST,14,15. They range in
increase irT,,, [8,9] as compared to bare-glass c§ll§,11].  volume from 40 cr to 620 cni and are either permanently
The introduction of alkali metal into SEOP cells is also cor-sealed SEOP cells or valved MEOP cells. Some were made
related with the appearance of j hysteresis,” a dependence from completely blown glass, while others were made by
of T, at a fixed low applied field on previous exposure of optically sealing polished windows onto either blown Gen-
the cell to a much larger fielf9]. Multidomain magnetic eral Electric(GE) 180[16] glass cylinders or extruded Corn-
sites at the glass surface were shown to strongly affect waihg 1720[13] glass tubing. Windows were fabricated from
relaxation at 3.1 mT for cells exposed to magnetic fieldsGE 180 or°B-depleted Corning 1720.
between 10 mT and 1 T. o _ )

We now report a dependence Bf,, on the physical ori- TABLE I. Wall relaxation timesT,,, (in hourg of several pris-
entation of cells in the low applied magnetic fields tine Utah Pyrex cells at pressupe The labelsO®; and O, refer to

- . . . : arbitrary but mutually antiparallel orientations in the external 3 mT
\(Nofk [gir) t;ﬁgg?géiﬁg hsalf/(gialg ﬁgrg::jito\gggfgg\slmftgeld, where the®He is initially polarized in®,. Measurements are

L . h h logically left to right with no int diate heati d
a large magnetic field“pristine” cells) or have been thor- STIOWN SATONOT0gIEay "SIt 10 Mgt With no Intermediate heating an

X e repolarization of the’He.
oughly degaussed, i.e., the cell-wall magnetization has beenp

minimizgd th_rough exposure to an aIternati_nglgnd graduall;ce” o (bap o, 0, o, 0,
decreasing field. We generally observe a significant increase
in T,,,, due solely to reversing the cell orientationd 3 mT 6B* 8.30.2 38419 10915

(30 G field. This effect has been observed in cells fabricated?0A  8.20.2) 39.91.4 38.11.2 34.62.0

by two separate research groufidniversity of Utah and 20B  8.20.2 52.31.9 50.91.6) 44.61.0

NIST) using several types of glass and a wide range of celp1B  4.§0.20 80.84.8 21310) 69.41.9

sizes, shapes, antHe pressures. We expect that the mag-22a  8.20.2 3.30.) 16.80.5 3.80.1) 16.20.4)
netic relaxation sites first observed in RE] are involved 22B  8.20.2 83.33.0 99.94.4 64.01.9 107(3)
here, as well. However, the heating of cells associated with
SEOP also plays a crucial role in producing this low-field®This cell is a blown cylinder with rounded ends and a volume of
orientation dependence. We conclude that the effects of mags cn?.
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TABLE II. Wall relaxation timesT,,, (in hours as measured data, between 3 and 7 data points were acquired out to times
chronologically from left to right for several degaussed Utah cells atranging from 0.15 to 0.5 time§,. A correction was applied
pressurep. For the first eight entries, cells were degaussed agaiffor the contribution from bulk®He-*He collisions to yield
and the®He was repolarized by SEOP in orientati®n prior to the T,w. For an 8.0 bar cell at 295 K, the bulk contribution is
second pair of measurements. For the last three entries, polarizegyq h[18] and scales inversely with gas density. The uncer-

He_was transferred into the cellwithout heatlrlg th_emprlor to tainties inTy, (shown in parenthesgsesult from propagat-
the first pair of measurements; they were polarized in the usual way, , 1 stafistical relative uncertainty in measufigdvalues
prior to the second pair without intermediate degaussing. (=3% in all caselsthrough the correction. The relative un-
certainty in the bulk contribution itself, due to uncertainty in

cell p (bay < ©: ©: O cell pressurdtypically <5%) and/or the calculation in Ref.
5A 8.30.2 59.43.9 97(11) 106(10) 86.62.1) [18], is not accounted for in the tables. It results in a small,
5A 8.30.2 54.70.5 70.21.2 94.05.89 1365) purely systematic correction to all;,, values for a given
9A 8.20.2 22.30.9 60.44.1) 18.20.3 46.90.9 cell.

15A 8.20.2 18.11.8 21.10.6) 18.40.4 20.50.3 Measurements on the first set (@fristine cells followed

20A 8.20.2 36.30.4 36.50.4 34.30.5 33.50.4 this sequence: théHe gas was polarized ar, measured
20B 8.20.2 43.11.0 52.01.4 36.11.1 48.00.9 immediate_zly afterward in a field _of 3.1mT with the cell in
227 8.20.2 13.30.5 51614 17.10.8 38.01.0 some arbitrary but convenient orientation with respect to the
29B 8.20.2) 73.23.00 74.43.7) 78416 95.93.5 external field(denoted by©,). The cell was then rotated
682 2802 39214 41904 40912 48.20.5 180° .about an axis perpendicular to the applied field to ori-
2% 3200 21400 25202 1430 0810 R O e aaeh eall wih an i
b 1 -
228 3102 78022 53114 484L1) 5540.7 tervening orientation change but without heating the cell,

o heating of these cells prior to first measurement pair. repolarizing the gas, or removing the cell from the field.
bFor the second pair of measurements, this cell was pumped arfdesults of these measurements are shown chronologically
measured ir0; and then rotated t@,. from left to _nght in Table I. All pristine _ceIIs showed some
form of orientation-dependent behavior; several showed
, ) large changes it 4,, due simply to reversing the orientation.
Unless otherwise noted, all cells contain 10-100 mg Ofrhree of the six cell$21B, 22A, and 22Bshow a pattern of
Rb, distilled in during fabrication®He was polarized by ajternating longer and shortdr,, with alternating cell ori-
SEOP for 10—-20 Hoften overnight at 170-190°C. AllT;  entation.
measurements were made at room temperature by periodi- The second set of cells had been previously exposed to
cally recording the NMR signal height and fitting the data toapplied fields >100 mT (1 kG) and were thoroughly
a single exponential decay. Utah measurements were madeddgaussed before being measured. The two-step process first
3.1 mT using 100 kHz pulse NMRL7]. Between 10 and 20 employs a 50 rpm motor to rotate a cell about its capillary
data points were acquired out to times ranging from 0.7 to Zxis between the poles of an electromagnet while the mag-
timesT,. A typical data set and fit for a Utah cell can be seennetic field is steadily turned down over about one minute
in Fig. 5b of Ref[12]. NIST measurements were made at 2.6from 1 T to the magnet's remanent fielec@ mT). Next, the
mT using adiabatic-fast-passage NMR]. For the NIST cellis held stationary in a decreasing AC magnetic field gen-
erated by a tuned 60 Hz serié€ circuit controlled by a
variable AC transformer. The maximum AC field generated
by this apparatus is about 140 mT. This method reliably
) o _ degausses most cells to well below the magnetization in-
TABLE IIl. Properties and relaxation tlme'léllW (in houry for duced by an applied field of 10 mT, the order of magnitude
NIS'_I' SE_OP ceII_s. The glasses and_constructnlon used for the cell§yserved to correspond to the onset of high-fig|dhyster-
are identified using nomenclature discussed in the text. The NIST,q;¢ previously observed in these céBsld].
\?Vﬁia'? Ccfrl]lgii‘;n;a'zré %:?023;af'Fei;]aeleai‘;tef,?irnt(;Eaize;heo‘r’af:;'g Measurements on degaussed cells followed this sequence:
e ' . . After degaussing, SEOP was performeda 3 mTfield in
of relaxation times observed for both orientations after, but not_ . : ) .
including, the initial measurements. orlentatlon(’)l._ A_palr of Ty mgagurements was then made in
0, and O,, similar to the pristine-cell measurements. The

cell Wind./cyl. o, o, Final range cell was then degausseq again and %Ifrte repolarized at 3

mT in O,. A second pair of consecutivE; measurements
BamBam 1720/1720  98) 1554) 89-119 was made, with an intervening 180° rotation, starting with
Betty 180/1720  298)  214(6) 162-515 O,. Repolarization of the®He was necessary after de-
Mars 180/1720 12@) 386(7) 187-309 Gaussing because the AC degaussing apparatus destroys any
Spock 180/180 37(1) 3097) 70-165 existing polarization. Results are shown in Table Il. The
Chekhov 188 28(1) 222(1) 28-239 change in the orientation of initial field exposure and SEOP
Red Baron 180 90(2) 380(49) from O, to O,, with degaussing between measurement pairs,

caused the orientation dependencd gf to be reversed. For
8Glass was reblown tubing. two cells(9A and 15A, even the values of,,, were almost
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exactly interchanged. We then remeasured three ¢elés 119 h—258 h. Hence Spica showed very little orientation
three rows of Table )lwithout heating them by using polar- dependence before heating, but it was clearly apparent after
ized 3He transferred in from another cell for the first mea- heating.
surement pair. Prior to the second measurement pair, these The orientation dependenceBf,,, consistently observed
cells were not degaussed but were heated and polarized a&sall data sets, indicates that cell-wall magnetization induced
before. For two of these three cells, the orientation depenby applied fields as low as 3 mT is detectable in the
dence was absent or minimal for the first measurement paineasured>He relaxation times in almost all SEOP cells. We
(where no heating was donand reappeared in the second note that effects due to magnetic field gradief8] were
pair after heating and SEOP were performed. very small and in any case cannot be responsible for orien-
For all Utah cells, the ratio of the second measurement iiation dependence, because the cells were always rotated
a pair to the first ranged from 0.75 to 5. Only one ¢2DA) about their centers and always occupied the same volume at
does not exhibit statistically significant orientation depen-the center of the Helmholtz pair. Cells were generally
dence. With the exceptions of the second pair of measurd2Umped into the low-energy Zeeman state to avoid losses
ments in the first test of cell 5A and the second gafter the ~ T0M stimulated emissiofmasing [21]. Some of the Utah
no-heating teston cell 22B, all observations of orientation cells were pur_npe_d Into th_e hlgh-epergy Zeeman state; no
dependence in the Utah cells that are greater than measufdiusual behavior in the spin-relaxation data that would indi-
ment uncertainty exhibit a shortéy,, when measured in the Cﬁte mazlrég ;Nas obt.:,]erved. As of yeta no correflatpn th"’tl.s be((jen
orientation of initial placement in the 3 mT field for SEOP. observed between Tne presence or degree of onientation de-

. - . pendence and the Zeeman state.
Ou;;eh':i;_ dceglslegiezree dnogg]ae:ypggzgnteoblgw?iilzge;ri\é)?”t- The data further indicate that both the presence of Rb and

) X cheating after distillation are required to produce low-field
the recorded measurements. As part of a now discontinueglientation dependence. Most celiacluding all those ex-
depolarization procedure, small sections of the cells Bettypiting orientation dependencevere heated for SEOP and
and Mars may have experienced fields between 10 mT angaq their initial T, immediately measured in the same orien-
50 mT. The NIST cells were never degaussed. Results ak@tion. The subsequent 180° rotation @ (done at room
shown in Table Ill, where “Final range” refers to the range temperaturgapparently leads to a decreased cell-wall mag-
of Ty,’s observed for both orientations in a few subsequenhetization, resulting in a longeF,,,. In contrast, unheated
cycles of SEOP. Observations of orientation dependence igells into which polarized gas was transferred exhibited little
the NIST cells, both for the measurement pairs listed in Tabler no orientation dependence, whether they had never been
[Il and for the seven additional pairs in the data summarizedheated after Rb distillatiofNIST cells or had not been

in “Final range,” exhibited a shortef,,, when measured in heated since last being degausédthh cell3. However, the
the orientation of initial placement in the 3 mT field for data in Table I(where orientation was reversed up to three
SEOP. The only exception to this rule is the first pair on thetimes in successignindicate that once orientation depen-
cell Betty. However, the average magnitude of the orientadence is present, changesT, can occur due to magnetic
tion dependence decreased for some cells, such that the ratistory, even in the absence of further heating. The return to
of the second measurement in the pair to the first only exO1 typically results in a shorteily,,, indicating that the
ceeded a factor of 2 in three of these seven cases. Six addifiginal orientation dependence is preserved in sign, if not
tional measurements with the cells Spock and Chekhov wergWays in magnitude. _ o
obtained with the magnetic field turned off for the heating FOF Cells that have only been exposed to low fields, it is
and/or cooling cycle, and in these tests the sign of the orien10t cléar from the data whether degaussing at room tempera-
tation dependence was less consistent. Further investigati re has any effect offy,,. Orientation dependence in the

. . . . ST cells seems to be correlated exclusively with the ori-
Li::?;';ﬁg;o understand the role of the field during ternperaentation in which the cell is heated for SEOP. However, de-

ngaussing did appear to remove any residual orientation de-

We then used the MEOP method and a polarized gas co yendence for two of the three cells employed in the no-

pression apparaty4d5] to fill three valved, blown cells: Eu- heating experiment6B and 22A, but not 22B

ropa an_d Antare(sblovyn 180 glass, filled to 0.85.and 0.5 bar, e speculate that the wall relaxation rate is proportional
respectively and Spica(blown fused quartz, filled to 0.5 4 the cell-wall magnetization, which can be “set” in a spe-
bap. The Europa cell contained no Rb, and the Antares celtific orientation by the temperature cycling in low field as-
had never been heated after distillation of Rb. For the Spicggcjated with SEOP. The origin of this magnetization is un-
cell, data were acquired before and after heating to 180 °Gcnown; possibilities include the Rb in combination with
The relaxation times of these cells were tested at four or Si)'q’npurities originating in either the glass or the Rb itself, or
field magnitudes betweerr2.6 mT and—2.6 mT without  perhaps the Rb alor@2,23. Our recent observation af;
physical reversal of the orientation of the cell. For Europahysteresis in quartz cell24], which have substantially less
and Antares, the range of relaxation times obtained was 2Bon than Pyrex, suggests that impurities in the glass may not
h—32 h and 119 h—124 h, respectively, which indicates esbe the dominant issue. Further study is underway to sort out
sentially no orientation dependence within uncertaintiesthe effects of field cycling, temperature cycling, degaussing,
For Spica, the range of relaxation times obtained befordield reversal versus orientation reversal, as well as to inves-
heating was 230 h—253 h, while the range after heating wasgate possible physical mechanisms for the observed effects.
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