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Spin Exchange and Recombination in a Gas of Atomic Hydrogen at 1.2 K
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We report an accurate measurement of the longitudinal spin-exchange broadening cross section
for the AF = 1, Amy = 0 hyperfine transition of the hydrogen atom at 1.2 K. The resalt=
0.51(2) A2, is the first of its kind which is sufficiently accurate to clearly demonstrate disagreement
with theory. Resolution of this discrepancy is relevant to the understanding of cold atom collisions and
may involve a revision of the long range part of tak initio H atom pair potentials. A by-product
of our work is an improved measurement of the two body recombination rate cosstanit9(l) X
1073 cm®/s for the gas phase reactionHH + *He — H, + *He.

PACS numbers: 34.50.—s, 67.65.+z

Recent experimental evidence obtained using a cryo- A number of authors have treated the hydrogen atom
genic hydrogen maser indicates that serious discrepancigpin-exchange problem in the degenerate internal states
exist between measured and calculated hydrogen atom (KIPIS) approximation [8,9,15,16] in which hyperfine inter-
spin-exchange cross sections at subkelvin temperatur@gtions are neglected in comparison to electron exchange
[L-3]. This is of concern given the remarkable accuracyinteractions during collision. In general, good agreement
to which the relevant interatomic potentials are known [4][17] is obtained between both frequency shift and broad-
and the degree of sophistication to which the theoreticatning cross sections calculated in this manner and experi-
description of the problem has been advanced [5,6]. Iments carried out at temperatures above 77 K [18]. At
light of the traditional role played by the H atom as a pro-lower temperatures a rather dramatic reduction in the spin-
totype system for the understanding of atomic processesxchange relaxation rate is observed [19,20]. Although
the resolution of these inconsistencies is essential to theccurate data do not exist, qualitative agreement between
understanding of cold atom collisions [7]. The demon-measured relaxation rates, and calculated spin-exchange
strated sensitivity of various cross sections to the detailbroadening cross sections, has been demonstrated at tem-
of the potentials [3,5,6,8,9] suggests that the new data magyeratures down to 4 K [9,20]. At yet lower temperatures
prove valuable during future refinementsatf initio H-H  the DIS approximation cannot be expected to give accu-
potentials. In particular, the low energy collisions charac+ate results [21] and one is forced to consider nonadiabatic
teristic of these new measurements probe very long rangeffects [5,6].
interactions between H atoms. Stoof et al. [6,22] examined spin-exchange and dipolar

Motivated by these observations, we have undertakerelaxation in atomic hydrogen under conditions relevant
a series of measurements on a gas of hydrogen atonts a number of low temperature experimental situations.
at 1.2 K using pulsed hyperfine magnetic resonance techdnlike the DIS regime the longitudinal and transverse
niques [10,11]. Our immediate goal was to demonstratepin-exchange relaxation rates [23] are no longer simply
more directly the existence of discrepancies between theelated via the identityt /T,° = 2/T5°. At low tempera-
ory and experiment. This has resulted in what is to datéures and zero magnetic field, relaxation is dominated by
the only accurate determination of the thermally averagethree spin-exchange processes which drive the populations
longitudinal [12] spin-exchange broadening cross sectiowf the |a) and|c) states towards thermal equilibrium (TE).
(o) for the AF = 1, Amr = 0 hyperfine transition at One finds that

cryogenic temperatures [13]. We report a value #r d 5
which is in significant disagreement with theory yet con- m (na = ne) = = 2Q2Gaa—cc + Gaa—bality
sistent with previogs results [3].. Moreover, the accuracy + 22Gecmsaa + Geempa)

of our result fora is such that it should provide an ex-

cellent measure against which future modifications of H + 2(Gpi—aa = Gra—cc)npna, (1)

atom potentials may be gauged. Before proceeding, wehere the rate constants,z—.,s describe the exchange
note that in terms of the notation whereby the four hyperprocessesa8 — yé [22], and the n; represent the
fine states of the ground electronic state of the hydrogedensity of atoms in the various hyperfine states. For
atom are labeledk), |b), |c), and|d) in order of increas- temperatures of order 1 K and small deviations from
ing energy in low magnetic fields, theF = 1, Amr = 0  TE, the approximationss,,—pq = Gee—pdr Gapoys =
transition corresponds to tteec transition. Gys—ap, and n, + n. = n/2, wheren is the total H
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atom density, are valid and Eq. (1) can be written in theof each interpulse spacinyy;, then

form M 1

d In[l — X,»ﬁz} = _A”[W + Fo} +1In(2), (6)

- (na - nc) = _Fin(na - nc)’ (2) 0 il

dt where0 < y; = 1 — 7;/79 < 1 describes the decrease
where v is the thermally averaged relative collision in M, over the course of time due to recombination. Here
velocity. Comparing Egs. (1) and (2) we identify the M, andr, implicitly refer to the values of these quantities

longitudinal spin-exchange relaxation rate at the time of the singler/2 pulse. Likewisel/T} is
o the spin-exchange relaxation rate which corresponds to
/Ty = 0vn = 2Gec—aa + Gpa—aadt-  (3)  the atomic density at that time.

It is convenient to discuss the analysis of our experi- Most of the experimental details pertinent to the mea-

ment in terms of the fictitious spih/2 analogy in which surements we describe have been reported in detail

the time evolution of the atomic density matrix is likened elsewhere [11]. A4sea|ed Pyrex glass cell containing a
to the time evolution of the magnetic moment of a fic-Mixture of H, and "He gases is cooled to temperatures

titious spin 1/2 particle. Within this framework, the of order 1 Kiin a_pumped liquidHe (¢-*He) bath. The
sdemperature of this bath and consequently that of the cell

Js measured and regulated to within 0.1 mK by monitor-
ing the vapor pressure of thé*He. The temperature

states. Details can be found in an appendix to Ref. [11].Within the cell can be monitored very precisely by ob-

: c \
Our measurement of the spin-exchange relaxation rafe€rVing the*He buffer gas shift [11]. A pulsed 50 MHz

1/T* usina hvperfine maanetic resonance techniaues i sci_llator is used to dissociatezll-ﬂpoleculles adsorbed to
/Ti g fyp g d the inner walls of the cell. SufficierfHe is added to the

based upon the use of a finite train ef#/2 tipping ; . e
pulse pairs. Eachr pulse in the train inverts the effective cell prior to sealing to form a saturated superfluid film of
¢-*He within the cell. This film suppresses adsorption of

spin magnetizatiod/, of the sample which subsequently h I wall

relaxes back towards its TE valigy. The free induction H _?_thoms tﬁ t. elce wg S.I h is of 1420 MH

decay (FID) response of the atoms to th¢2 pulse then he cell Is located along the axis of a z
split ring resonator which is used for magnetic resonance

rovides a measure of the amplitude a time At . N N U
?ollowing the 7 pulse. Pulse pF;.irS artlamzseparated by gtudies. A 6 mT Iong|tud|nal magnetic field with f|rst_
time interval much longer thaf; so that TE is achieved qrder gr_adlent correction provides a homqgeneous bias
prior to each news pulse. In the absence of other f|el_d Wh'_Ch effect_n_/ely |solates_ the-c transition from
processes, one expects the longitudinal magnetization fygighboring transitions. Stray f|e_Ids fr_om exte_rnal sources
recover according to are largely ellmlnateq by magnetic shields which surroun(_j

the cryostat; the residual static field transverse to the axis
M, = Mo[1 — 2exp(—At/Ty)] (4)  of the resonator was determined to be less than 35 nT by
nulling the longitudinal field and measuring the frequency
from which 71 may be determined by measuriM} as a  of the a-b anda-d transitions.
function of Az. In general,T; will contain contributions The power radiated by the H atoms following a
from one body processes as well as spin exchange. Thaiagnetic resonance tipping pulse is determined following
is, 1/Ty = 1/T° + I'o wherel's accounts for relaxation a careful calibration of all components of the microwave
processes which are independentiof detection system. The atomic density is subsequently

This procedure is complicated by recombination eventgletermined knowing the quality fact@ of the resonator
which reduce the atomic density over the course of theind the filling factorn for the cell-resonator geometry.
measurement. The two body gas phase recombination reehe absolute calibration of the density depends upon the
acton H+ H + *He— H, + *He causes the atomic productnQ which can be determined by measuring the

population difference between atoms in the and |c)

densityn to decay such that length of time and resonant microwave power required to
1 1 1 invert the|a) and |c) state populations with ar tipping
m = <1 + T—) (5) pulse. For the particular cell used in this work we find
0 0

nQ = 512(19). This last step is crucial to the accurate

wherer, = 1/knyeny is a time characteristic of the decay determination of atomic densities.

[10,11]: 7o is inversely proportional to the H atom density ~ An independent measurement of the filling factor using

no at timet = 0, the “He atom density:yy, and the two  a perturbation technique wherein small Teflon and metal-

body gas phase recombination rate conskant lic spheres are passed throughout the volume occupied by
One can use this information to calculate whidy  the cell [24] yieldsn = 0.280(11). When combined with

was at the time of theth 7-7/2 pulse pair if it is a direct measurement of the quality factor of the critically

subsequently measured using a singlg2 pulse a time coupled resonator, we fingQ = 515(21), in excellent

7; later (againr; > T, to allow the system to reach TE). agreement with the value reported above. A third measure

If the atomic density remains constant on the time scal®f this product is obtained by fitting the FID response of
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relaxation are ignored (i.ey; = 1, I'y = 0). The same
data are replotted after the effects of recombination (fi-
nite measuredy;) are included (circles) and after both
recombination and density independent relaxation (mea-
suredI’y) are included (squares). The slope of a fit to the
data yields a measure of the spin-exchange relaxation rate
1/T;¢ atn = 8.9 X 101°cm™3. An extrapolation of the
fit to Az = 0 passes very closely to2nproviding a use-
ful check of the analysis. Similar agreement is obtained
for all of the data we collected. A compilation of relax-
ation rates measured in this fashion is presented in Fig. 3
as a function of the H atom density. The slope of a fit to
these data yields a value = 0.51(2) A% at 1.23 K. We
note that the data shown in Fig. 3 were obtained following
. L a single discharge to illustrate the fact that a single mea-
0 1000 2000 3000 4000 5000 sured value of’y is sufficient to describe a wide range of
time (s) data. We emphasize that changedindo not affect the
FIG. 1. Measurement of the recombination rate constant value determined fo in this manner to within the stated
for the two body gas phase recombination reactior-HH +  accuracy of the measurement.
‘He— H, + “He at 1.23 K. The slope of the fit to the  Our experimental result should be compared to the
data yields the produckny. [cf. Eq. (5)]; nu. is accurately value @ = 0.37 A% calculated from the rate constants
determined from vapor pressure measurements. Gap—vys [6,22]. We note that the theoretical prediction
lies well below the experimentally determined cross sec-
tion. This situation is comparable to that observed at
the atoms to a numerically integrated solution of the dif-0.5 K where the experimentally determinédinsverse
ferential equations describing the decay using measuregpin-exchange broadening cross section is larger than pre-
values ofT; [11]. The form of this decay is determined dicted by theory by roughly the same factor [3]. The
primarily by radiation damping and can thus be used taesult presented here thus lends considerable support to
determine the couplingyQ between the atoms and the

resonator. The result of such an analysis is again in ex- 0.8 , : . : . : .
cellent agreement with the values quoted above. < In(2)
In Fig. 1 we plot an example of the inverse of the EoT s 1
measured H atom density following a single rf dis- s RN
. . . £
charge pulse as a function of time. Knowing thide z‘ 0.4 - . .

vapor density, the slope of a least squares fit of the
data to a straight line [cf. Eq. (5)] yields a measure
of the two body recombination rate constakt We N o & o
find £ = 1.9(1) x 1073 cnf/s at 1.23 K, in agreement 001 i
with the valuel.8 X 1073% cm®/s calculated by Greben

et al.at 1 K [25]. This result is considerably more accu-
rate than that reported by Hardy al. [10] primarily be- 04l i
cause of improvedHe vapor pressure measurements and °
temperature regulation [11]. Measurements similar to the L .
one shown in Fig. 1 but at different temperaturéble

o

atom densities) reproduce this result very well, indicating ~0.8 — i : é : : —
that the recombination rate is indeed proportional to the At/x. (s)

“He density, and that this reaction is the only significant o

recombination process within the cell. FIG. 2. Analysis of data obtained from four-7/2 tipping

TR ; ; _ pulse pairs followed by a singler/2 pulse as outlined in
The density independent relaxation g is deter the text. Each datum corresponds to a measurement of the

mined by examining the response of the atomic SySTongitudinal (fictitious) magnetization a timé: after the

tem to the pulse sequence described above in the logppiication of a tipping pulse. The parametey; accounts
density regime where recombination can be neglectetbr recombination of H to form K over the course of the
[cf. EQ. (4)]. It is found thatly =~ 0.2 s™! but that the measurement whild’, represents relaxation processes which

exact value changes from discharge to discharge. nge independent of. Triangles illustrate an analysis in which

. . ) L oth effects are ignore@y; = 1, I'y = 0). The same data are
analysis of data obtained at higher densities is illustrate plotted so as to correct for recombination (circles) and for

in Fig. 2 [cf. Eq. (6)]. The triangles represent an analy-poth effects (squares). The slope of a fit to the data yields the
sis in which both recombination and density independeniongitudinal spin-exchange relaxation rdtér;® [cf. Eq. (6)].
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0.5 T — (1980). See Refs. [11] and [14] for errata regardingnd
ag.
I [11] M.E. Hayden and W.N. Hardy, J. Low Temp. Phg®,
0.2 . 787 (1995).
[12] The transversebroadening cross section has been mea-
— o4k i sured at 0.5 K [3]. At higher temperatures the two are
i C ] related by a simple identity as outlined below.
N C ] [13] The same cross section was measured in this laboratory
o 00571 ] soon after atomic H was first observed at temperatures of
= I i order 1 K [14]. References to this work have been made
} ‘ i [10]; however, experimental details were never published.
0.02 F . In the intervening years, it has become evident that the ac-
curacy of this early result should be suspect for a number
001 - i of reasons. These include the presence of a parasitic TEM
T ] mode in the microwave resonators used in the early work
[ ] which likely influenced the determination of the relevant
0.005 oot filling factor and hence the calibration of the atomic den-
10 10 i inati i
. _3 sity, and the determination and regulation of temperature
H Density (cm™) which certainly influenced the determination of thde
FIG. 3. Determination of the longitudinal spin-exchange re- buffer gas density and hence t.he interpretation of how the
laxation cross sectio@. Each datum corresponds to a mea- data were affected by recombination events [11]. A more
surement ofl /T}° at a different H atom density as illustrated realistic estimate of the uncertainty for the reported cross
in Fig. 2. The slope of a fit to the data yiel@safter dividing section [10,14] is 0.43(11) Awhich isnot sufficiently ac-
by the thermally averaged relative velocity curate to distinguish between various H-H potentials (see,

for example, Fig. 16 of Ref. [3]). The experimental pro-
cedure and analysis reported here have been substantially
the 0.5 K measurements. Based upon this observation, maodified from the original so as to address each of these
one may argue either that the H atom spin-exchange col- issues.
lision problem is not fully understood at low collision [14] M.R. Morrow, Ph.D. thesis, University of British Colum-
energies, or that the pair potentials used to calculate the  Pia, Vancouver, B.C. Canada, 1983.
various cross sections are not sufficiently accurate. [htS] P-L. Bender, Phys. Rel32 2154 (1963).
the latter case, the experimental results we have pré=®! IiéC.AI\Be%l;ngl,gleJ. Hanson, and F.M. Pipkin, Phys. Rev.
sented here and previously [1-3] should provide a 3 ( )

lent inst which fut dificati ¢ 17] The inclusion of hyperfine interactions in the analysis
excellent gauge against which futuré modmncations of spin-exchange collisions results in a more complex

these potentials can be judged. In either case, resolu- gependency of the evolving single atom density matrix

tion of these diSCYePanCieS will likely be an important on the detailed occupancy of the various level populations
step towards furthering the understanding of cold atom  [5,6]. The classical DIS results, however, remain largely

collisions. unaffected by these details at room temperature.
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