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The dilusion constant of atomic hydrogen in helium gas, Do(H-He), was measured with use of
an optical-pumping —spin-exchange technique. Atomic hydrogen was produced by an inductive

discharge in spherical Pyrex cells containing helium and small amounts of molecular hydrogen

(&2%) and rubidium. The rubidium was optically pumped by a vapor lamp and the hydrogen

was polarized by subsequent spin-exchange collisions. The decay rate of the hydrogen concentra-

tion was obtained from the observed time dependence of the hydrogen Zeeman signal and, the

diffusion constant was determined by measuring the decay rate in cells of dilerent radius and heli-

um pressure. Do(H-He) was found to be 2.42(7) cm~ sec ' at 60'C, which may be extrapolated to
1.70(5} cm sec ' at O'C. This result is signi6cantly more accurate and mere consistent with

theoretical calculations than the results of previous experiments.

I. INTRQDUiwION

Accurate experimental measurements of atomic-
hydrogen diffusion in helium allow improvement of
current physical models of such systems as the upper at-
mosphere, electric discharge plasmas, molecular trans-
port in fusion reactors, ' and cryogenic hydrogen masers
with hquid-heliumcoated walls. The H-He system is of
considerable interest because its interaction potential is
among the simplest interatomic potentials and has one of
the smallest well depths of all neutral diatoms, compara-
ble to that of two spin-polarized hydrogen atoms (-0.5
meV). i Of secondary interest is the fact that these atoms
are so small that quantum effects (e.g., difFraction of the
wave functions) which modify their diffusion are not
negligible even at room temperature.

Most techniques for measuring room-temperature hy-
drogen difFusion make use of the fact that the wall
recombination rate of free hydrogen atoms is modified

by their diffusion in the surrounding gas. By measuring
quantities dependent on the time-varying atomic hydro-
gen concentration [H), such as magnetic resonance
linewidths or the intensity of plasma-induced electronic
transitions, s the diffusion constant may be determined
indirectly. It is difficult to measure the hydrogen con-
centration by direct spectroscopic methods because elec-
tronic transitions between the ground state and excited
states of the hydrogen atom lie in the vacuum-ultraviolet
spectrum, where efficient hght sources, lenses, windows,
polarizers, and other optical components are dif6cult to
obtain.

In this paper the diffusion constant of atomic hydro-
gen in helium was determined using optical pumping of
rubidium, subsequent spin exchange with hydrogen
atoms, and measurement of the decay rate of the
atomic-hydrogen concentration. Although Rb-H spin
exchange in the presence of a buN'er gas has previously
been investigated, this technique has only recently been
employed to measure diffusion. This method is relative-
ly free of systematic errors and allows determination of

the diffusion constant at room temperature to within a
few percent accuracy (which is comparable to the accu-
racy obtained by spin-echo techniques at liquid-helium
temperatures' ). This technique may be used to measure
difFusion of other diScult atomic species such as nitro-
gen, and also to differentiate between isotopes with
different nuclear spin, such as hydrogen and deuterium.

In subsequent sections of this paper we will discuss
the experimental apparatus and technique, the theory of
diffusion and how the diffusion rate is related to the ob-
served signal, the treatment of experimental uncertain-
ties, the experimental results and their comparison to
previous experiments and theoretical calculations, and
our conclusions.

II. EXPERIMENTAL APPARATUS

Spherical Pyrex cells with diameters of 2-5 cm were
cleansed thoroughly in an inductive discharge (using a
—1-torr H2-He mixture) and heated with a natural-gas
fiame to drive ofF'absorbed water vapor and other impur-
ities while they were evacuated below 10 torr. The
cells were subsequently filled with molecular hydrogen,
helium, and several small droplets of natural rubidium.

The alkali-metal and hydrogen polarizations are not
sigmficantly affected by the presence of helium and hy-
drogen bu8'er gases at the presence used in this experi-
ment. However, the buffer gas will retard the rate at
which hydrogen atoms di8use to the cell walls, where
they depolarize and recombine. At low helium pres-
sures, the rubidium and hydrogen atoms dil'use quickly
to the walls and relax so rapidly that their polarizations
are small. If the helium pressure is too high, the
discharge is unable to break down the gas and create hy-
drogen atoms. Hence the cells were Sled at room tem-
perature to a helium partial pressure between 21 and 51
torr and a hydrogen partial pressure between 0.41 and
0.55 torr. The pressure was measured with a capaci-
tance manometer with an accuracy of about 0.02 torr.
The manufacturer's stated purity was greater than
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99.9995% for both gases. "
The experimental apparatus is shown schematically in

Fig. 1. A rubidium vapor lamp' is used to illuminate
the cell. The light is 6rst passed through an interference
filter to select the rubidium D, resonance line Q, =794.8

nm) and is then circularly polarized by a linear polarizer
and a quarter-wave plate. A spherical lens focuses the
light into the cell, polarizing the rubidium atoms by op-
tical pumping.

The cell itself is situated in a thermally insulated oven
with glass windows. Hot air piped into the oven heats
the cell to a temperature of about 60 C, and the rubidi-
um number density may be determined from published
vapor-pressure curves. ' Because the rubidium vapor
pressure is less than 10 torr at the temperatures used
in this experiment, the presence of rubidium has a negli-
gible effect on hydrogen diffusion. The oven tempera-
ture was measured by a copper-Constantan thermocou-
ple mounted near the cell and was found to remain con-
stant to within a few degrees for all measurements.

Atomic hydrogen is produced by a pulsed radio-
frequency (rf) inductive discharge (-21 MHz, -50 W)
applied to the cell and becomes polarized by spin-
exchange colhsions with the optically pumped rubidium
atoms. External Helmholtz coils (not shown in Fig. 1)
maintain a uniform magnetic field (8 —1 6) in the direc-
tion of the light, which also defines the spin-polarization
axis. Auxiliary coils are operated at the frequency

gp~8
h (2I+1)

where g =2 is the electron g factor, h is Planck's con-
stant, and p~ is the Bohr magneion, to depolarize atoms
of nuclear spin I by inducing Zeeman transitions
(bI'=0, b,mr=El) between adjacent hyperlne sublev-
els. The energy difference between adjacent sublevels is
nearly linear in 8 at such low magnetic fields, so Eq. (1)
is an excellent approximation. The oven is electrically
shielded in order to avoid pickup of the discharge rf by
the detection electronics, and the apparatus contains no
magnetic materials which could cause depolarization.

The transmitted light is collimated by a second spheri-
cal lens and detected by a silicon photodetector. If the
rubidium is unpolarized at a given time, some of the
photons will be absorbed and the cell mill be partially

opaque to the light. As the rubidium polarization in-
creases, the cell becomes more transparent to the light.
Hence the light transmission is related to the degree of
polarization of the rubidium. The detector output is
sent to a lock-in ampli6er.

Figure 2 shows the unique timing sequence used in
this experiment. The master clock defines two equal
half-cycles of duration r, /2 (-40—130 msec), each of
which begins with a discharge pulse (~d-100 @sec).
During one half-cycle the rubidium and hydrogen polar-
izations are allo~ed to evolve normally following the
discharge pulse. During the next half-cycle, the hydro-
gen atoms are completely depolarized by application of a
short rf pulse (~, =2 msec) at the hydrogen (I= —,') Zee-
man frequency. This Zeeman pulse is delayed by a vari-
able time to from the end of the discharge pulse. The
lock-in amplifier integrates the difference in the light
transmission between these two half-cycles. The output
of the lock-in amplifier is recorded with a signal
averager while the delay time to is increased from zero
to ~, /2.

A plot of this signal as a function of the delay time to
is obtained by repeating this process several times, as
shown in Fig. 3. After the initial signal buildup, the hy-
drogen atoms become polarized, and the signal decays
exponentially due to the hydrogen atoms being lost to
recombination at the cell wall (as will be shown in Sec.
III). The exponential-decay part of this curve is ana-
lyzed to determine the decay constant v' ' of the
atomic-hydrogen concentration, from which the diffu-
sion constant may be calculated.

III. THEORY

A. DiSusion

Classical diffusion theory predicts that under iso-
thermal conditions the spatial and temporal evolution of
the particle concentration n (r, t) is governed by the fa-
miliar diffusion equation

(2)

where D is the difFusion constant. If the particles are en-
closed in a spherical cell (radius R) whose wall is a parti-
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FIG. 1. Schematic diagram of the experimental apparatus.

FIG. 2. Timing sequence showing the discharge (v.d) and
Zeeman (~, ) pulse widths. The depolarizing Zeeman pulse can
be delayed relative to the end of the discharge pulse by a vari-
able time to.



MEASUREMENT OF ATOMIC-HYDROGEN DIFFUSION IN HEI.IUM

++
C

Q
CO

LLj

cle sink [n (R)=0] due to wall recombination, the con-
centration may be expressed as a sum of exponentials
which decay in time,

n(r, t)=gn (r)exp( —tlat ), (3)

where r is the recombination time constant and the
subscript m refers to the order of the diffusion mode
(m =1,2, 3. . . ). The diffusion equation (2) for each
mode reduces to

t) ttm 2 t)ttm 1

r~ r Br D

for which the solution is the spherical Bessel function of
order zero:

sin(k r)
n (r)=n (0)jc(k r)=n (0)

k r

where k =(Dr ) 'i. At the cell wall n (R)=0,
which implies k R = rrt m,

(rrtn ) 760 torr
+m 0 ~2 P

where D0 refers to the difFusion constant at 760 torr.
Hence the particle recombination rate v in this experi-
ment is directly related to the difFusion constant. It will
be shown later that all except the slowest diffusion mode
(m =1) may be neglected in this experiment, so we will
adopt the convention ~=—~, for the remainder of this re-
port.

In this experiment there is multicomponent difFusion
due to the presence of a small amount of molecular hy-
drogen in the helium bufFer gas. The overall time con-
stant r is given by

P

D (H H ) D (H H )

DELAY TNE to (miec)

FIG. 3. Time evolution of an observed hydrogen signal.
Once the atomic polarizations have had suScient time to build

up, the signa1 decays as exp[ —(to/r)] due to recombination of
hydrogen atoms at the cell wall.

Dc(H-Hz) has been measured to be about 2.56 cm sec
at 60'C, ' ' so Do(H-He) may be determined by
measuring the recombination rate v

' and correcting for
the smaB second term ( ~ 3%) in Eq. (7).

Two other transport processes, viscous and free
molecular How, ' could also add to the difFusive Aux

Jz ——DVn and modify the observed recombination rate.
The viscous flow Jv due to pressure gradients in the cell
of radius R is on the order of nR Vp/rl, where n is the
average number density, Vp is the maximum pressure
gradient in the cell, and q is the gas viscosity. The free
molecular flux JFM is roughly nu (neglecting geometrical
factors), where U is the average atomic velocity. Inser-
tion of typical numbers yields J&.JFM. J&-10".10:1,
which indicates that wall recombination is limited by the
diffusion rate, and viscous and free molecular flow may
be neglected.

8. Experimental signal

A rigorous analysis of the polarization process for a
given atom would require accounting for the changes in
the populations of the individual hyperfine sublevels due
to optical pumping, spin relaxation, and spin exchange.
We use simple models of these processes, independent of
the details of the hyperfine structure, in order to derive
an approximate analytical solution. In this approxima-
tion, the time evolution of the electron-spin polarization
(S, ) of each atom is described by

d(s, )
dt

d&S, )
dt optical +

pumping
electron-spin

relaxation

d(s, )

dt Rb-H spin '

. exchange

The first two terms are easily approximated as the
optical-pumping rate varies linearly as (S, ), and
electron-spin relaxation has nearly a simple exponential
decay rate. The spin-exchange rate is a complicated
function of (S, )„b and (S, )H, but the rate of change of
the atomic polarization d (F, ) /dt is just proportional to
the difference in (S, ) of the colliding atoms. ' We use
the approximation d(S, )/dt =d (8, ) /dt in order to fa-
cilitate the analysis.

Combination of these simple models yields the two
coupled equations

dsab /« = I Op(-, —sab ) —7'ttbsRb

+[H]& „,.)(s„—s„,),
dS„/dt = —yHSH+[Rb](o„u )(Sttb —S„), (9b)

where S„b=—(S, )„b and SH=(S, )H, I, is the optical-
pumping rate in the unpolarized rubidium vapor, ykb
and yH are the rubidium and hydrogen electron-spin-
relaxation rates, (tru ) is the average product of the Rb-
H spin-exchange cross section and the relative speed of
the colliding atoms. Since the electron transfers its spin
to the nucleus through the hyperfine interaction, the
atom must undergo several spin-exchange collisions be-
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fore the electron remains polarized. Hence the e6'ective

spin-exchange cross section (o„b H) is equal to the real
spin-exchange cross section ( o ) divided by the "nuclear
slowing-down factor" (2Iab H+1) /2, where I is the nu-

clear spin. All of these rates are efkctive values, aver-

aged over the atomic hyper6ne populations, the atomic
velocity distributions, the spatial variation of the pump-
ing light intensity, and the cell volume.

l

Because the hydrogen concentration is small, Eqs. (9a)
and (9b) may be solved by expanding the polarizations in

a power series in [H] and solving iteratively. The
discharge pulse causes total depolarization at the start of
each half-cycle, so the initial conditions are
SH(0)=Sab(0)=0. To zeroth order (assuming [H]=0},
the rubidium and hydrogen polarizations have the exact
solutions

0 2 OP
Sitb(t) = 1 —exp[ ( I—Op+ yRb }t]

(I';+yitb)
exp —( I,„+yab)t

(I, +y„) " (y +[Rb]& )) (y +[Rb]& ) —I » —y )

+
(I „+y )exp{ —(y„+[Rb]( „u))t jOP

(yH+[Rb]&oHu»(yH+IRbj&oHu &
—1.,—yab}

Equation (10a) describes the evolution of the rubidium polarization in the limit as [H](t) goes to zero.
The 6rst-order correction to the rubidium polarization is then

Sitb(t) = SRb(t)+f(t)[H](t) (o abu ),
where the hydrogen concentration decays exponentially due to @eall recombination, as discussed previously.

[H](t)=[H] exp( tlat) . —
When (11) is inserted in (9a), the remaining first-order terms are

(10a)

(10b)

(12)

(14)

(15a)

df (t)/dt =f (t}(r ' —I,p
—yitb)+ SH(t) —Stab(t) .

This may be solved exactly for f (t), and therefore for S„b(t),
OP

S„b(t)= { 1 —exp[ —(I,p+yab)t ] I(I .p+yab)

—,'1.„(y„—r.,—y„)[H],(o„u )
, {exp[ —( I, +y ab+ ~ ' )t ]—exp[ —( I »+ y itb)t ] j(I, +y„}(y +[Rb]( ) —I „—y„)

2 1»[Rb j ( 0 Hu ) [H ]o( o a,u ) ( exp {—( y H+ [Rb ]( o „u & +r ')t
I
—exp-[ —( I, +y ab )t j )

(y„+[Rb]( u))(y +[Rb]& „&—I.,—y„)(y +[Rb]( u&+ ' —I„„—y, )

Y~opyH[H]0(okbu &

{exp( —t/r) —exp[ —(I » y+ a)tb]j .
(I, +y„)(y„+[Rb]( „))(I, +y„— ')

Equation (14) describes the evolution of the rubidium polarization during the half-cycle in which the depolarizing rf is
not turned on.

The evolution during the depolarization half-cycle is derived in the same way, except that SH(t) is zero (and

yH~ ao) during the short Zeeman pulse (applied at t =to) and evolves again afterward, The first-order solution dur-
ing the Zeernan pulse of duration ~, is

2 OP
{1—exP[ —(I.p+yab}t ]1(I .p+ yRb)

—,'I, [H] (o u)
{exp( t lr) exp[ —( l—,—p+ y„„)(t to )] exp( to/r) —I—(1.,+y„)(r.,+y„—r-'}

—,'1.,[H ]0&oabu &

{exp[ —( I, +y„+~ ' )t ]—exp[ —( I, +y „)t]exp( t /r )I—(I.p+yRb)&
'

—I opyH[H]0& oabu & exp[ —(I op+yRb}t]
+ [1—exp(1, +yRb+~ ')to](I.p+yab)(yH+[Rbj& Hu &)(1.,+yRb —r ')

—,'I'.,[Rb]& &[H],& „, & p[ —(1.,+y„„)t](l— p{ —(y +[Rb]( „)+ ' —I,„—y )t j}+'
(yH+[Rbj&oHu &)(yH+[~&]&o u &

—1.,—y )(y +[Rbj&o„u)+v ' —r.,—y„)
(yH. ",—y.ab—)[H]0&oRbu & exp[ —(1.,+yab)t]+' [1—exp( to /r )]-(i,p+yitb)(y„+[Rb](o „u ) —I,„—y„b)~
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and the solution after the pulse ends (t & t, =—to+r, ) is

QP
SRb(t} =

I 1 —exp[ —(I.,+rab)t j j(I .p+yRb)

—,'I,„yH[H]0(o Rbu ) exp[ —(I, +yab)t]
I exp( t /—7.) ex—p[ —(I, +y„b)(t t, )]—exp( t—, /r) I(1.,+r )(r +[Rbj&oHu &)(I .p+rRb

—,'1.,(y„—r.,—y„)[H],& „,.)

(I', +y„)(y +[Rb](cr„v) I,—y„—)r

&& [ exp[ —( I,p+ y Rb+ r ' )t ]—'exp[ —(I, +y „b)t ] exp( —t, /r ) I

—,'I,p[Rb]& cr„u &[H]0(o „bu & exp[ (I'„—+yab+r ')t, ] exp( t]/—~)

(I, +yRb)(yH+[Rb](oHu )+~ ' —I, —y„b) (yH+[Rb](oHu ) —i,p
—yab) (yH+[Rb](o'Hv ) )

X(expI —(rH+[Rb](o Hu )+r ')(t t] )I —exp[——(I, +yab)(t t])])—
—,'~.,r.[H].& ., &-p[-(~.,+r,.) j

+ [1—exp(I', p+yRb+~ ')to](I, +y„)(y +[Rb]( „))(I, +y — ')

—,'I.p[Rb]&oHu &[H]]]&oabu & exp[ —(I.p+yab)t](1 —expI —(rH+[Rbj&oHu &+r ' I.p —rRb—)t]]I )+'
(y„+[Rb]& „.&)(y„+[Rb]& „.& —1.,—y„,)(y„+[Rb]& „.)+ — —1.,—y„„)

-'1. (r —
~

—r Rb)[H]0& oRbv & exp[ —(1.,+r Rb}t 1+' [1—exp( —to/r)]
(I,„+y „)(y + [Rb]( o u &

—r.,—y„,)~-'

—,'r.,[H],(cr„u ) exp[ —(I „+y„,)t]+' [exp(1 Op+ y Rb+ & )to —exp(1 Dp+ y Rb+ & )t ] ](I .p+y Rb }(I.p+ r Rb &')—

—,'I', [H]]](oRbu ) exp[ —(I, +y„b)t]+' [exp( —to/~) —exp( —t]/r}] .
(I .,+rab)r ' (15b)

In this experiment the optical-pumping light source is also used as a probe for transmission monitoring of the rubi-
dium polarization. The intensity I transmitted through a cell of optical path length I. is

I=Iv exp( —[Rb]oL ),

where Io is the intensity of light entering the cell and o =oo(1 —2S„b) is the absorption cross section (oo is the ab-
sorption cross section for unpolarized light). The lock-in signal is proportional to the diff'erence in the light transmit-
ted during consecutive half-cycles, averaged over many cycles. If bSRb ——SRb(rf off}—SRb(rf on) is small, then the
change in light transmission hI is proportional to ASRb,

EI=2[Rb]ooLIES (17)

The hydrogen signal A H(t]]) is found by integrating hI over the time intervals during and after the depolarizing pulse,

/2
&H(tO)= f MRb(t)dt .

r, /2 (18)

The signal is normalized by the length r, /2 of the half-cycle and the factor g represents the efficiency of the detection
electronics and the factor 2[RbjooLI. Upon integration, the hydrogen signal becomes the following expression (to
first order in [H]}:
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AH(t0)

(I,„/r, }[Rb](a u &[H] (a u & exp( t—lr)H 0 Rb 0
[1 ((I.,+y, )(y„+[Rbj( „&)(I.,+y, — ')

(I, /r, )[Rb]&a„u &[H]0&aRbu & exp[ —(I „+yRb+r ')t0]
+~ , Il —exp[ —(I o +yRb+r )r ]I(I, +y )(y +[Rb]( „&—I, —y )(I „+y + ')

(I,plr, )[Rb](oHu &[H]0(a„bu & exp( t0/r—)

, t 1 —-p[ —(I'.,+yRb)(, /2 —t.}]I(I",p+yRb)'(yH+[Rb](cTHu &)(1, +yRb —r ')

(I, /, )[Rb](cr„u &[H] (o u & exp[ —(I, +y „+ ')t j
7l I 1 e—xp[ (—I .p+yRb)(r, /2 t—o}]I(r.„+y„)'(y„+[Rb]( „.&

—r.,—y„).-'
(l,p/r, )[Rb](cTHu &[H]0(o Rbu & exp[ —(yH+[Rb](o Hu &+r ')t0I Il —exp[ —(I,„+yRb)(r, /2 t0)]I-

+~ (1.,+y„)(y„+[Rb]( „u &)(y„+[Rb]&a„u&
—1.,—y, )(y„+[Rb](o„u&+r —1.,—y )

—]

(I",p/r, )[Rb](o „u &[H]0(o „bu & expI —(yH+[Rb](o „u &+r ')t0I

(yH+[Rb]&aHv & }(yH+[Rbj(aHv &
—I op

—yRb)(yH+[Rbj(aHu &+r I op yRb )(3 H+[Rb](aHu&+r

X (1—expI —(yH+ [Rb](o Hu &+r ')(r, /2 t0) j }—

(I,„lr, )[Rb](aHu &[H]0(crRbu & exp( t, /r)(1——exp[ —(yH+[Rb](aHu &+r ')(r, /2 t, )I )—
(I.,+y„,)(y„+[Rb]( „&)(y +[Rb]( &+ ' —1.,—y, )(y„+[Rb]( &+ ')

(I, /r, )[Rb](o„u &[H]0(o„bu &exp[—(I, +yRb+r ')t, ](1—exp[ —( yH+[ Rb]( aHu&+r ')(r, l2 t, )j)—
+3 (I'.„+yRb)(yH+[Rb]&aHu &

—1.,—y }(y +[Rb]&a v &+r ' I.,—y—}(y +[Rb](aHu &+r

(I',p/r, )[Rb](crHu & [H]0(o'Rbu & exp( t
~
Ir) j 1 —exp—[—(I,p+yab)(r, /2 t, )])—

+3
( .p+yRb}'(yH+[ b]&aHu &+r ' —I'.,—yRb)(1'.,+yRb —r '}

(P, /r, )[Rb](o Hu &[H]0(o Rbv & exp[ —(P,p+yRb+r '}t, j
+~ I 1 —exp[ —( l,p+ y Rb)(r, /2 —t, ) ] ) . (19)(I-.,+y„,)'(y„[Rbj& „.&+.-' —I-.„-y„}.-'

The typical values of the rates and time constants used in this experiment are I,„-100sec ', yR&-100 sec
yH-600 sec ', [Rb]-10" cm, [H]0-10' cm, (ou &-10 P cm sec ', r ' —100 sec ', r, =2 msec, and
r, /2-100 msec. These values allow Eq. (19) to be simplified by the approximation that all exponential terms besides
exp( t0lr) and ex—p( t, lr) a—re negligible compared to these two if t0 is large ( 25 msec). This includes all but the
slowest diffusion mode (m =1}of Eq. (6), as previously stated. With this approximation, the signal amplitude after a
long delay to reduces to

(I, /r, }[H] (o„v &[Rbj(a u & 1 1 —exp( r, /r)—
AH(t0)=rtexp( t0/r) —

2 + —1(1.,+yRb)'(yH+[Rb]&aHu &+r ') (yH+[Rbj&aHv &)

Equation (20) shows that to first order in [H], the time
dependence of the hydrogen signal after allowing
suScient time for the polarizations to become estab-
lished is an exponential with decay rate ~ ' due to
diffusion of hydrogen atoms to the cell walls. In Figure
4 the single exponential approximation of Eq. (20) is
compared graphically to an exact numerical solution of
Eqs. (9a) and (9b) using the typical parameters listed
above, showing the validity of this approximation at
large delay times.

It can similarly be shown that if the depolarizing
pulse is applied at the rubidium Zeeman frequency, the
rubidium signal is (for large t0)

( I,plr, )
A Rb(t0)

(I .p+ y Rb}'
(20a)

The ratio of the hydrogen and rubidium signals for large
t, is thus

[Rb](o Hu &[H]0(aRbu & exp( —t0/r)

(yH+[Rbj&aHu &)(yH+[Rbj&~Hu &+r '}

(y +[Rb]& &)
X 1+, [1—exp( r,/r)]—
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FIG. 4. Numerical calculation of the hydrogen signal com-

pared to our single exponential approximation [Eq. (20)]. The

single exponential approximation becomes valid at large delay

times. The rates, number densities, and pulse widths used in

the calculation are those listed in the text.

The [Rb] dependence of this signal ratio may be used to
determine the hydrogen spin-relaxation rate yH, the
spin-exchange rate (oU ), and the initial hydrogeii con-
centration [Hjo produced by the discharge.

IV. DATA REDUCTION

Several experimental variables were set separately for
each cell in order to maximize the hydrogen signal-to-
noise ratio of each measurement. These include the rf
power and tuning of the discharge coil, the lengths of
the master clock and discharge pulses, and the tempera-
ture of the cell. A typical temperature dependence of
the peak hydrogen signal is shown in Fig. 5. The tem-
perature of the cell determines the rubidium density. At
low rubidium density, the spin-exchange rate is too low
to strongly couple the rubidium and hydrogen spins. At
high rubidium density, the transmission is reduced due
to increased light absorption. The optimum alkali-metal
concentration could also be maintained at other temper-
atures either by cooling the rubidium in a separate reser-
voir while the rest of the cell is heated or by using
another alkali-metal (K,Cs) with a difFerent vapor- 500

I I I I I

pressure curve. This would allow the measurement of
Do over an extended temperature range.

In order to investigate possible systematic errors, the
cell temperature and longitudinal j[nagnetic field were
varied. Data were taken on one cell at temperatures
from 40 to 70'C. In this temperature range, the rubidi-
um concentration varies by an order of magnitude, ' yet
the decay rate was not observed to change significantly
with rubidium concentration (or to deviate from the ex-
pected temperature dependence, which will be discussed
later). There was also no significant diff'erence in the de-
cay rate when the longitudinal magnetic field was in-
creased from 0.59 to 1.33 G. Hence the temperatures
and magnetic fields used in this experiment do not seem
to have introduced any significant errors into these re-
sults.

The decay rate for an individual hydrogen signal (as in
Fig. 3) was determined by a least-squares fit of the signal
to an exponential-decay function. As previously indicat-
ed, the exponential decay becomes a good approximation
only well after the peak of the signal, by which time the
faster difFusion modes of Eq. (6) and the faster exponen-
tials left out of Eq. (20) may be neglected. Therefore,
the curve fit was begun at the point at which the hydro-
gen signal had decayed to about 30% of its peak value.
Variations in the starting point of the curve fit were not
found to significantly affect the calculated decay rate.

In Fig. 6 the measured-signal decay rate w„H, is plot-
ted as a function of the cell radius and helium pressure
at an oven temperature of about 60'C. The decay rate
plotted for each of the 13 cells is the average of four in-

dividual measurements taken for that cell (with the
correction for ~H H ), and the vertical error bars2'
represent the standard deviation of the mean of these
measurements. The helium pressure was determined by
correction of the fill pressure from room temperature to
the oven temperature. From these data, which were an-

alyzed by a least-squares fit to a straight line through the
origin, the diffusion constant of atomic hydrogen in heli-
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FIG. 5. Typical plot of the observed hydrogen signal as a
function of the cell temperature. At low temperatures, the ru-
bidium density is so low that spin exchange is insuf5icient to
polarize the hydrogen atoms before they diffuse to the cell mall

and recombine. At high temperatures, the rubidium density is
high enough to reduce light transmission through the cell.
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FIG. 6. Decay rate of the hydrogen signal as a function of
the cell radius and helium partial pressure. The straight line
corresponds to the measured diffusion constant at 60'C,
Do ——2.42(7} cm sec '. The vertical error bars are the statisti-
cal error in the decay rate {standard deviation of the mean).
The horizontal error bars represent the uncertainty in the cell
radii.
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um at 60'C and 760 torr was determined to be 2.42(7)
cm sec '. This value is represented by the straight line
through the points in Fig. 6.

In addition to the statistical error, the systematic er-
rors due to temperature fluctuations and uncertainties in
the gas pressure and the cell radius must be estimated.
Typical temperature fluctuations were about +1.5 K
around -333 K, which implies an uncertainty of about
1%. The uncertainty in gas pressure was less than one
part in 10 . The finite and nonuniform thickness of the
cell walls and the fact that the cells were not perfectly
spherical contributed to an estimated uncertainty of 0.5
mm in the cell diameter, an error of 1-3%. Adding the
systematic errors in quadrature, the errors in tempera-
ture and pressure are negligible compared to the uncer-
tainties in the cell radii, which are shown as the horizon-
tal error bars in Fig. 6.

V. MSCUSSIGN

Because the slope of the real interatomic potential is
finite, the temperature dependence of the diifusion con-
stant deviates from the classical T dependence expect-
ed for a billiard-ball interatomic potential. In the tem-
perature range of this experiment, the temperature
dependence of Do has been calculated to be about T'
(as may be seen in Table I, which is discussed below).
Hence the result of this experiment may be scaled to

Theoretical potentials Do(0'C) Do{60'C)

TABLE I. Diffusion constants calculated from the cited H-
He interatomic potentials. The stated errors for Refs. 19-24
and 26 are the uncertainties in the numerical quadratures (Ref.
25); the uncertainties in the potentials were not taken into ac-
count. The errors in the experimental measurements (Refs. 5
and 14) are the stated experimental uncertainties. Numbers in
square brackets are the experimental measurements extrapolat-
ed into the other column, assuming that the diffusion constant
varies with temperature as T' '. The exponent 1.77(2}
represents the average temperature dependence of the calcula-
tions for the potentials of Refs. 19-23.

1

nQ„(T)

where p is the reduced mass of the binary system, n is
the total atomic number density, and 0» is a collision

other temperatures, yielding Do (273 K)= 1.70( 5 )

cm sec '. Figure 7 compares the result of this experi-
ment to those of Khouw et al. ,

' who found Do(273
K)=2.38 cm sec ' using a catalytic sink technique, and
Kartoshkin et al., who found Do(273' K)=1.86(19)
cm sec '

by analysis of the magnetic resonance
linewidths of Zeeman transitions in hydrogen atoms.
The result of this report is much lower than that of
Khouw et al. and somewhat lower than that of Kar-
toshkin et al. However, it is possible that both of these
previous experiments involved systematic errors which
led to overestimation of the diffusion constant. In Kar-
toshkin et al., the hydrogen line broadening was assumed
to be entirely due to diffusion, yet other broadening pro-
cesses could have contributed to the linewidth and there-
fore enhanced the calculated difFusion constant. In
Khouw et al. the diffusion constant is a function of the
concentration and flow velocity of gas in a cylindrical
tube. Their analysis accounted for the possibility of
small radial concentration gradients in the tube but did
not account for any radial velocity dependence, instead
assuming a uniform How at the velocity measured in the
center of the tube, where the How rate is greatest. The
diffusion constant calculated using this maximum veloci-
ty would be signi6cantly higher than that calculated us-
ing a velocity averaged over the radius of the tube.

Our measured difFusion constant may be used to gain
information about the H-He interaction potential. Be-
cause a11 transport phenomena arise due to deviation
from the equilibrium molecular velocity distribution, the
difFusion constant is found by solving the Boltzmann
equation for the nonequilibrium distribution. DifFusion
is related to the momentum transferred during binary
collisions, which to a 6rst approximation are assumed to
be elastic. In this approximation (Chapman-Enskog
theory' ), the di(Fusion constant D is given by

1/2
3 2+kT

(21)
16 p

Mason et al. '
X)as and Ray
Miller and Schaefer'
Davison and Liewd

Das et al. '
Jochemsen et al. '

1.655(4)
1.673(4}
1.684(5)
1.757(5)
1.844{4)
1.970(5)

2.346(6)
2.385{6)
2.402(7)
2.491(7)
2.610{6)
2.750(7)

2.6

2.4—

Experimental potential
Gengenbach et al. ~

Experimental measurements
This work
Kartoshkin et al. "
Khouw et al. '

'Reference 19.
Reference 20.

'Reference 21.
Reference 22.

'Reference 23.

1.978(5)

[1.70(5)j
1.86(19)
2.38

2.42{7)
[2.64(26)]
[3.38)

'Reference 24.
IReference 26.
"Reference 5.
'Reference 14.
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FIG. 7. Graphic comparison of experimental results, ob-
tained in this experiment and those of Refs. 5 and 14 for
Do(H-He) at 273 K.
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integral

Q» ———' e "x o(E)dx,
2 0

(22)

o(E)=2m I b db(l —cos8) (23)

WE, b)=~ 2b —I" " "", , „, . (2~)
[1—V(r)/E b /r—]'~

In these expressions, o(E) is the momentum-transfer
cross section, where x =E/kT is the ratio of the initial
kine;tic energy of the colliding molecules to the tempera-
ture, and 8(E,b) is the classical scattering angle for a
collision at initial kinetic energy E, impact parameter b,
and classical turning point r . Hence it is possible to
evaluate 0» and Do using the H-He interatomic poten-
tial.

Theoretical potential calculations use combinations of
modified Hartree-Pock atomic orbital configurations to
construct the interatomic potential. ' These numeri-
cal calculations may be fit to various semiempirical
analytical forms (usually matching a short-range ex-
ponential repulsion due to electronic screening and a
long-range multipolar attraction) in order to evaluate the
collision integrals by standard techniques of numerical
integration.

We have evaluated the difFusion constants for these
theoretical potentials and also for one experimentally
determined potential. 6 These results are listed in Table
I. It was found that the calculated diffusion constants
were most sensitive to the repulsive part of the intera-
tomic potential at energies on the order of the tempera-
ture kT'. While most of these theoretical calculations are
within 10% of our experimental result, those of Jochem-
sen et al. and Gengenbach et al. z are sufficiently far off
to suggest that their form of the repulsive part of the H-
He interaction potential is inaccurate. In fact, the repul-
sive part of the potential of Jochemsen et aI. is based on
the experimental results of Gengenbach et al. These re-
sults come from scattering experiments at beam energies
of a few hundred meV, which is an order of magnitude
larger than the energy equivalent of 333 K. Hence the
disagreement between our measured diffusion constant
and that calculated from the analytical potential of
Gengenbach et al. implies that the scattering cross sec-
tion is significantly difFerent from the cross section pre-

dieted by their extrapolation to lower beam energies.
Our calculations of the diffusion constants assumed a

classical interaction model, ignoring quantum-
mechanical corrections to the collision integrals. Quan-
tum and classical calculations of the collision integral
0&& were performed using an ab initio potential suggest-
ed by Scoles. The ratio Q»(classical)/Q»(quantum)
was found to be about 1.0065„which implies that the
quantum-mechanical enhancement of Do(H-He) is less
than 1%. Improvements in the accuracy of this tech-
nique could be used to compare quantum-mechanical
effects on the H-He and D-He interactions by measure-
ment of Dc(H-He) and Do(D-He) in cells containing heli-

um, hydrogen, and deuterium.

VI. SUMMARY

The difFusion constant of atomic hydrogen in helium
gas was measured using an optical-pumping-spin-
exchange technique. The result obtained in this experi-
ment, Do(60'C)=2. 42(7) cm sec ', is in good agree-
ment with most theoretical calculations and is
significantly more accurate than the results of previous
experiments.

Because of the accuracy of this method, the measured
difFusion constant may be used to obtain information
about the interatomic potential energy. Such quantities
as the steepness of the repulsive potential at energies
comparable to kT and the location of the zero crossing
could be determined accurately by measuring the
diffusion constant over a wide range of temperatures.

The difFusion of atomic species such as hydrogen, deu-
terium, and nitrogen (or electrons), which can be difficult
or impractical to measure by conventional methods, may
be investigated using the present technique. This
method may be used to compare the diffusion of isotopes
with different nuclear spin, such as hydrogen and deu-

terium, in the same volume.
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