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Magnetic decoupling of Rb spin relaxation in H, buffer gas
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We report studies of the magnetic decoupling of Rb spin relaxation in the presengébaffer gas at high
pressures ¥1.5 atm). At low Rb number densities<6x 103 cm 2), we find that the observed magnetic-
field dependence of the spin relaxation is almost solely due to binary collisions between Rb atoms and
hydrogen molecules, and that it is very well described by three rates: the Rb-Rb spin-exchange rate, the
Sdamping rate, and the Carver rate associated with the hyperfine pressure-shift interaction in collisions of Rb
with H, molecules. At higher Rb densities, the contribution to the relaxation from Rb triplet dimers becomes
significant.

DOI: 10.1103/PhysRevA.66.063410 PACS nuntber33.35:+r, 31.70.Hg, 32.80.Bx

[. INTRODUCTION blocked with a mechanical chopper and the decay of the
electron spin is measured by monitoring the transmitted in-
When nuclear spin-polarized noble gases are produced Bgnsities| . (t) of the two helicity components of a weak,
spin exchangél] with optically pumped alkali-metal atoms linearly polarized probe beam, collinear with the pump, de-
[2], molecular nitrogen is nearly always used to quench théuned 5-10 A from the RID, resonance line. As discussed
excited alkali-metal atom of the pumping cycle, thereby re-in Refs.[5] and[6], at late times, the observed decay rate
ducing the large spin-depolarizing effects of radiation trap-y.,scan be found from the signal ratia(t) =1, (t)/I _(t) by
ping. A recent study has shown that despite the chemicalse of InIfV(t)/V(«)]=—y.pd +a, whereV () is the trans-
reaction of H gas with alkali metals to form alkali hydrides, mitted signal ratio when the Rb polarization has decayed
high nonequilibrium hydrogen densities may persist for seveompletely anda is an unimportant constant determined by
eral weeks in heated sealed glass cells containing Rb and Hhe initial Rb polarization, the Rb number density, the optical
[3]. Hence, hydrogen may serve as an alternative quenchingath length, and the probe detuning. We verified that the
gas to nitrogen, especially in applications of hyperpolarizedneasured rates were independent of the probe-laser power
noble gasegsuch as polarizedHe targets for high-energy and detuning. Figure 2 shows a typical measurement of a
scattering experimentsvhere the dilution of the hyperpolar- single late-time decay rate.
ized nuclei by N, with its much higher nuclear chargg For a given cell, the late-time relaxation rajg,s was
would be profitably avoided. determined as a function of the magnetic field for various
Hydrogen, like nitrogen and indeed all other inert buffertemperatures between 125°C and 225°C. Thendmber
gases, contributes to the spin relaxation of the opticallydensity[H,] in each cell was determined by measuring the
aligned alkali-metal vapor. In the present work, we investi-widths of the pressure-broadened absorption profiles of the
gate experimentally the magnetic-field dependence of th&®b D, andD, lines, as described in Rdf3]. These measure-
spin relaxation of Rb in the presence of Huffer gas by ments were performed both before and after a relaxation
measuring the relaxation rate “in the dark,” utilizing a varia- measurement in order to monitor possible changesHi|

tion of the method originally introduced by Franzgtj. due to hydride formation. We found thidil, ] remained con-
stant for all cells throughout the relaxation rate measure-
II. EXPERIMENTAL SETUP ments except in the cell with the highes} Hensity, where

the density was observed to drop from 9.2 amagat to 8.8

The single exponential late-time decay rate of the Rb po-
larization is determined using a previously described experi- wavemeter
mental arrangeme®,6]. The apparatus is illustrated in Fig.
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1
1. We use spherical glass cells, of diameter2.5 cm, con- |
taining Rb of natural isotopic composition and, igas at —> —D/:
several densities from 1.6 to 9 amag@jat. The cells, inside pump : | PD3
an oven heated by blowing hot air, are placed in a dc mag- q] ] :
netic field B (varied from 50 to 6000 Gproduced by an ¢ cell : .
electromagnet. The Rb electron spins are polarized by a cir- in L
cularly polarized, resonari2, pump beam propagating par-  chopper|| > probe  oven 1 sk E‘:itc';i':
allel to the applied magnetic field. The pump light isthen = ===S===-=-=2=x

FIG. 1. Experimental setup used to measure the spin decay rate

for Rb. The dark interval, caused by the chopper wheel blocking the

*Present address: Niels Bohr Institutéfs@d Laboratory, DK-  pump beam, was 20 times the light interval. P1 and P2 denote

2100 Copenhagen, Denmark. polarizing beam-splitter cubes, W1 and W2 quarterwave plates, and
TPresent address: McKinsey & Co., Chicago, IL 60603. PD1-PD3 photodiodes.
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29 lisions between Rb atoms and, ifholecules. Thus, we cor-

rect the observed late-time rajg for diffusion to the cell
walls and contributions due to Rb triplet dimers in order to
obtain the fundamental late-time ragé"),

(1)

4

Y= Yobs™ Vit~ Yirip - (1)

The diffusion correction is given by = 4D yqps/ 702, as
discussed in Ref.10]. An additional phenomenon, first dis-

v covered by Kadlecekt al.[11] and now believed to be due
o to loosely bound Rb triplet dimers, manifests itself in the
104 . ’ magnetic decoupling curves at high Rb number densities. At
° low buffer-gas densities, the spin-axis interaction in Rb trip-
let dimers has conclusively been shown to play an important
role in the Rb spin relaxatioft]. Kadleceket al. [11] and
Erickson[12] have conducted thorough studies on the influ-
ence of Rb triplet dimers on the magnetic decoupling curves
FIG. 2. After sufficiently long time, the decay is characterized at high *He and N buffer-gas densities and have found that
by a single exponential time constantydys where — y,, is the  this still puzzling effect at a fixed buffer-gas pressure can be
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slope. characterized by a rate coefficieky, and magnetic decou-
pling width AB:

amagat during relaxation measurements at five different tem-

peratures. The Rb number dendiBb] was measureuh situ Kyipl RDJ

by Faraday rotatiof8]. Figure 3 shows a representative 4L R (2

measurement of the Faraday rotation angle as a function of 1+(B/AB)

probe-laser detuning. We find that all our higjRb] data are well parameterized by

Interestingly, we find that the relationship between the Rby g 1100 G andk... ~2.4x 10" cnfs-L in good agree-
number density and the temperature in our cells differs CON: ant with the find;;;pgs O'f Ref11] '
siderably from the Killian formula for saturated vapor pres- After subtracting these relatively small contributions to
sure[9]. In the low H, density cells, the Rb number density th

duced b hiv a f £ d o the Kill e relaxation from diffusion and from Rb triplet dimers, we
was reduced by roughly a factor of 2 compared to the Killiang, 11 the relaxation rate as a function of the applied mag-
formula, perhaps due to the hydride layer, which rapidly

ic fiel i Il h I I
forms at the exposed Rb surfaces. In the high dénsity netic field can be described very well by the model recently

. resented by Walteet al. [6], in which the observed relax-
cells, the measured Rb number densities were reduced ev y L6]

) . _ ) flon is the result of three mechanisms: the spin-rotation in-
further. In fact, in the cell with the highestpHlensity,[Rb] 1o action yN.S, the hyperfine pressure-shift interaction
appeared to be nearly independent of temperature. ’

S6Al-S in binary collisions between Rb atoms and hhol-
ecules, and the spin-exchange interactl®-S, in colli-
sions between pairs of Rb atoms. Unlike in Héfl, here we

The main objective of the present study is to investigateUse natural Rb rather than pure isotopes, since large amounts
the contributions to the Rb spin relaxation from binary col-of Rb are consumed by hydride formation; as a result, the
analysis is slightly more complicated than it is for the single-

IIl. DATA ANALYSIS

00259 isotope case.
The spin interactions of a free Rb atom of isotqpere
0.0204 given by the Breit-Rabi Hamiltionian
EL 0.0154 HM:A,ul w S,u+ gsugB Sz,u ) (3
o
g wherel,, and S, are the nuclear and electron spin, respec-
5 00104 tively, of isotopeu and A, is the ground-state hyperfine
g coupling coefficient. The Schdinger equation
0.005«
Hylur)=Elpr) (4)
0.0004 ° defines a set of energi&s,, and eigenstatelg.r). The spin
v T Y v T 1 polarization of the Rb vapor of mixed isotopes is given by
776 778 780 782 784 786 788

the occupation probabilities/ of sublevelr of isotope u.
Because spin exchange occurs not only between Rb atoms of
FIG. 3. Faraday rotation angle of the Rb polarization as a functhe same isotope, but also between Rb atoms of different
tion of probe-laser detuning. The Rb number density is extracted ai$otopes, the relaxation equation contains terms which
described in Ref[8]. couplepf to pg for u# v. The full relaxation equation is

wavelength (nm)
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d
qiPr =2 e, (5)
where the relaxation matrix is
—I'f= 5Mu[XircC¢§+FSDDg]+FExE¢§V- (6)

The three characteristic rates associated with the hyperfinug
pressure-shift interaction, the spin-rotation interaction, and 3

the spin-exchange interaction, respectively,
ratel’c, theS-damping ratd’sp, and the spin-exchange rate
I'ex. The corresponding rate matrices are

Cle=—Srs(ur|(1,,- S )2 ury+[(ur |1 .- S,lus)?, (D)

3
Dfs=— 7 0rsH(ur[Su| us) - (us|S,|ur), ®
) 27,
B = 8, Dl o T (ur | Spul ur)(vs[S,,lvs). 9
Y23
The dimensionless constag}, in Eq. (6), defined as
My
= , 10
Xu 20 (10

is the ratio of the hyperfine coupling,, of isotopeu (with
nuclear spinl , and nuclear moment,,) to the couplingA
of a hypothetical Rb isotope with nuclear sdis1/2 and
nuclear moment equal to the nuclear magnetgn The y
factors for 8Rb and ®Rb are 0.9170 and 0.2706, respec-
tively. In Eq.(9), 7,=[X,]/[ X] denotes the atom fraction of
isotope X, of chemical species X, and ,]=21,+1 is the
number of nuclear azimuthal spin states of isotppe

The solutions of the relaxation equatigh) are of the
form

pl=vhe N, (12)

which upon substitution into Eq5) yields the eigenvalue
equation

> (T4 = % 8168,,)v5=0. (12)

vS

Ordering the non-negative, real decay rajg$13] such that
Y1SY2S- - <7yn, We have

wherep is the number of different isotopes. For sufficiently

late timet, the polarization decay transients are characterizec

by the single slowest nonzero ratg,,,, which is easily
extracted from the data. Usingc, I'sp, andI'gy as free

parameters, we find that the late-time decay rates, correcte

for diffusion and triplet dimer contributions, can be fit very

well to the foregoing model. In all cases, we find that the

best-fit value ofl 'cx, within errors on the fit and the mea-

Q
=
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—
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()
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QD
=
<
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FIG. 4. Measured magnetic decoupling datas (®) and fits
YO+ it + Yuip (—) for Rb in 2.2 amagat H

[6,14,19. Representative measured magnetic decoupling
curves for Rb in H are shown in Fig. 4, together with fits to
the model.

IV. RESULTS

The measured&-damping rated’sp due to binary colli-
sions between Rb atoms and krholecules are shown as a
function of temperature in Fig. 5. At high Rb number densi-
ties, Rb—Rb binary collisions also contribute to the total
Sdamping rate. We take this contribution into account by

subtractingF_SD,Rb=v_aSA[Rb] from the best-fit values of

I'sp, wherev is the average relative velocity of the Rb atom
pair ando g, is the binary relaxation cross section, given by
osp=5.6x 101 cn?? based on the extensive empirical data
in Ref.[12].

We find thatl'gp is well described by

330 =

300
4
270 -

240«

210 =

180+

Iy/H] (s" amagat™)

150+

120

L] L] hd L L
150 175 200 225
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FIG. 5. The measurefigsp/[H,] as a function of temperature.

sured Rb number density, agrees with previous measuree solid line is a linear fit to the data. Also shownligg/[N,]

ments of the spin-exchange cross secti@9<=FEX/v_[Rb]

from Ref.[6] (dashed ling
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T-90°C

and ¢ (¢ngpz) is the unperturbed wave function of the
NS ESIETe

alkali-metal valence electron in the grouffitst-excitedp,)
(14)  state.
Based on the data for the pressure shift of the alkali-metal

For comparison, we note that R¢lL6] reportedl’sp/[H;]  absorption lines, the scattering lengths of low-energy elec-
=160 amagat's ' at 35 °C (assuming a slowing-down trons from helium and hydrogen are very nearly equal
factor s=152) and Ref. [17] found T'sp/[H,]  [20,21], and therefore, the difference in the spin-rotation
=160 amagat' s * at 70 °C(assumings=10.8). coupling for Rb-He and for Rb-His due solely to the dif-

Comparing our results with those recently obtained byference in the reduced mab,;,. Since the cross section is
Walteret al.[6] for the relaxation of Rb in helium and nitro- proportional to the collisional average f, the rate coeffi-
gen, we find that th&damping rate coefficient at 90 °C of cient will scale asksp~M ~*2 including the additional fac-
Rb in H, is nearly four times larger than that of Rb fitle,  tor of M~ Y2 from the average relative velocity of the collid-
and slightly more than half th&-damping rate coefficient of jng atom pair. Thus for Rb, th&-damping rate coefficient in
Rb in N,. Although it may be rather surprising that;H H, is expected to be roughly a factor of 3 larger than the
causes markedly faster Rb spin relaxation than does helius.damping rate coefficient in He, in good agreement with the
(which has the same nuclear chai@jg these observations results reported here and in RES].
are consistent with the theory of Walket al. [18] for the At high Rb number densitieg Rb]=5x 10'3 cm™3), the
spin-rotation interaction between alkali-metal atoms andCarver rate cannot be accurately determined, due to the
small perturbers such as helium, for which the dominant condominance of the much higher spin-exchange rate, but at
tribution to the spin-rotation coupling is expected to comelower Rb number densities, we find that a nonzero Carver
from the region external to the core of the perturb@ther  rate is necessary to obtain satisfactory fits to the theory. From
than from the region internal to the perturber’s core—thethe fits of the theory to the data, we find the Carver rate to be
case for heavier atoms such as Kr and[X@]). In Ref.[18],
it is shown that the spin-rotation coupling coefficiept at
internuclear separatioR of the interactiony,N-S between
the alkali-metal electron spi® and the rotational angular
momentumN of the alkali-metal—He-atom pair is given by

Tsp _
[H]

1

(94+6) amagat's t.

I'c 11
——=226+59 amagat*s -. (16
[Ha]
The relatively large error is due to uncertaintie§ Rb] and

16w2h6a2AEngp ) , Eenctﬁ inf"gx. We thu_ts f(ijnd th?rt] trtw? CaR%e.r r[zéae for Rbinp H
R)=— 9 R R)|2, (15 as the same magnitude as that for i@ [6].
Ya(R) 3E2Mabm2R2 |po(R)| |¢ngpz( )l (15
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