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scattering amplitude is split into two parts corresponding to ionization before and after compound-nu-

cleus formation.

An expression for the ratio of scattered protons with and without simultaneous ionization is obtained

by combining Eqs. (2) and (3):

N,|2+D ! exp—i6][sind(E’)expid(E’)+sind(E) expid(E)] |?

|1+ C™'sind(E) expi[6(E) - ¢] |

The fit of the measured ratio with formula (4) is
shown in Fig. 1(b); only D and ¢ are varied while
C and 6 are determined from the fit of the singles
yield with formula (2). The following values are
found: D=-0.62+0.05 and 6=0.20+0.06 rad.

The inequality of the parameters D and C and of
the parameters 6 and ¢, respectively, shows that
the Coulomb scattering and the nuclear resonant
scattering interfere in a different way for the
case with and without simultaneous K-shell ioni-
zation.

We conclude, therefore, that the phase change
observed is due to the influence of dipole and
higher-multipole ionization amplitudes, causing
angular momentum exchange, on the combined
process of inner-shell ionization and the scatter-
ing of the ionizing particle from the nucleus. This
influence manifests itself through the change of
the impact-parameter—-dependent ionization prob-
ability in the neighborhood of a nuclear scattering
resonance; or, formulated in a different way, in
the change of the shape of a nuclear s-wave reso-
nance when measured with or without simultane-
ous K-shell ionization. In the study of time-delay
effects in compound-nucleus formation, this ef-

(4)

|fect should be taken into account.
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A calculation is presented of the relaxation rate T, ! between the lowest two hyperfine
states of a dilute gas of H atoms in high magnetic field at low temperatures. Dipole-
dipole interactions dominate T~ 1, leading to long relaxation times at low temperatures
(T," '~ 10 2nyT"/? sec™! at H~100 kG). The recombination rate due to wall collisions
is much greater than T, ! and can lead to a depletion of the lowest hyperfine state from
thermal equilibrium and an effective recombination rate equal to 7, ~!.

PACS numbers: 34.10.+x

Recently, two groups have stabilized samples
of spin-polarized atomic hydrogen (H,;). Silvera
and Walraven' have obtained densities up to 5
x10'® em™3 at 0.27 K, and Cline et al.? report
densities up to 10" em™? at 0.30 K, both in high
magnetic fields, with holding times of greater
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than an hour. These conditions are now close to
those necessary for Bose-Einstein condensation.
Siggia and Ruckenstein’s recent Letter® on the
properties of Bose-condensed Hy predicts the
formation of a two-component superfluid, with
each component consisting of atoms in one of the
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two lowest hyperfine states of hydrogen. The de-
generacy temperature for each component is sim-
ply related to the density of atoms in each of the
two hyperfine states, and a fundamental assump-
tion of their theory is that the relative populations
of the states do not equilibrate, i.e., that T, is in-
finite for these two levels.

Experimental work in our own laboratory has
focused on magnetic resonance studies of atomic-
hydrogen gas at low temperature, and thus it is
important for us to understand how the H-atom
spins come to thermal equilibrium. We have also
suspected for some time that the recombination
rate of H atoms into H, molecules is sensitive to
the relative populations of the hyperfine states,
and hence that the recombination rate might de-
pend on T',. A theory of this dependence is given
below. The main result of this Letter, however,
is the T'; calculation which gives the temperature,
field, and density dependence of the relaxation
rate of the two lowest hyperfine levels of H;.

At low enough temperatures, in a high magnetic
field, only the lowest two hyperfine states are ap-
preciably populated. The lowest state, |a) = [¥4) l

—€|t¥) (+ electron and ¥ proton spin) contains a
small admixture € of spin-up electron, whereas
the other state |bV¥) is a pure Zeeman state.

In high field, the admixture constant € is approxi-
mately given by e ~a/(2u,H,) where a is the zero-
field hyperfine splitting. Also at high fields, spin
exchange does not equilibrate the proton spins be-
cause the electron and proton systems are effec-
tively decoupled. This leaves the dipole-dipole
interaction as the only other feasible mechanism
for relaxation.

By assuming a two-level system we relate the
relaxation rate, T',"!, to the transition rates for
the various two-body elastic collisions, w;. Con-
sidering the rate of change of the population dif-
ference in the high-temperature limit, we find

T1-1=4(w1+w2)’ (1)

where w, =w(a,b;a,a)=w(a,b;b,b), as we will
show later, and w, =w(a,a;b,b). Here w(o,,0,;
g, 0,') is the rate of transitions for two atoms
initially in hyperfine states o, and o, into hyper-
fine states 0,’ and ¢,’. By using the distorted-
wave Born approximation, we have

Wy(0,,0,530,7,0,") = N(27T/ﬁ)(1/41r)fdﬂkd9k:|(E';ol’oz’[ PsTHdd Ps]E;O'uUz)' zp_f(k)’ (2)

where H,, is the dipole-dipole Hamiltonian, ps(2) the final density of states, and P the operator which
projects out the properly symmetrized two-atom states. These states will have total nuclear spin Z,
total electron spin S, and angular momentum /. The Pauli principle for protons and electrons is satis-

fied if 7+S +I is even.

Before evaluating the spin matrix elements, consider which dipole~dipole interactions are important.
The strongest interaction which flips the proton is the electron-proton interaction, Hy;®? o +y,y,. For

the electron it is the electron-electron interaction, Hy;%¢ o< —vy, 2,

Hamiltonian is

Hag =1, 7,(121 /5)2 33 [To,™ = (g /y,)Tee ™Y ,™

ms=*1
where

To," =S (I (2) +S° () ™(1);

Therefore, the total interaction

(912)/R1237 (3)

T, ™ =S°(1)S™(2) +S™(1)S°(2).

Y; ™) is a spherical harmonic and R, the distance between the two colliding atoms, 1 and 2.

We are going to keep the leading terms of order y,7, and €y,? but discard terms of higher order in
€ and y, /ve- The only nonzero matrix element involving the singlet interaction (S =0) occurs in wla,a;
b,b), is of order €y,y,, and will therefore be ignored. This term corresponds to a simultaneous pro-
ton-electron spin-flip (,{0,0|®,(0,0| Hz,l1,-1),®|1,~-1),) and also involves a change from the triplet
to singlet potential during the collision. All the other terms of interest have 7=S=1, Therefore, the
atoms interact via the triplet potential and ! must be even.

The spin matrix elements are

(@,al [Tt = o /yp)Tee 1la,b) =(A/V8)1 +ev, /v, ], (4a)

(0,b][Tey™ = v /¥ p)T oo™ 1la,b) == 1/V8)1 +ev, /r,].

Also, w,=0 since it contains only terms of higher order. Now we must evaluate the square of the spa-

(4b)

2106



VOLUME 45, NUMBER 26 PHYSICAL REVIEW LETTERS 29 DECEMBER 1980

tial matrix element
M(K) = [dQ,dQ, | & |V, @ ,)R,,* B 2 (5)

Following the procedure outlined by Shizgal,® we evaluate M () after solving for the spatial wave func-
tion by using standard partial wave analysis. The triplet potential used here is a fit to the Kolos and
Wolniewicz potential.®

The radial wave equation is solved numerically for given # and ! and the resulting wave function,
u;(,R,,), is used to evaluate

3
ME) =2 5 @re1)@ +1)C@ 2;00), 4 %1, (6)
1% 1,1’ even ’
where
Vl,l’=fo dezul(k,Rm)ul’(k’Rlz)R1z-3- (7)

The only two terms which feel the potential at the low energies of concern here, <0.6 meV, are the
7o and 7,, terms. These values are obtained numerically and the asymptotic form® is used for the rest
of the 7; ;- terms.

Once this is done, the relaxation rate can be written in the form

Tl- ! =nH77rel%32fowe- BEoeff(E)E dE; (8)
where ny is the atom density, v,.; the average relative thermal velocity, B =(kT)" !, and
oeff=(4817/25)p.2ye2'y,2[1 +eye/'y,]2 >, @+1)@r +1)C?(11'2; 00)r, ;- %" *, 9)

1,1’ even

where p is the reduced mass. In order to per- |

form the thermal average, we evaluated o.s¢(E) The rate constants for these processes are not

for 0.001 meV<E<0.6 meV. This results in o.¢s known but one can extract an estimate from the

of the form o.¢¢(E) =a +bE. After performing the bulk-*He value.

thermal average, we obtain This is done by assuming an effective kinetic
T,"1=0.956x 10" *T*/% = 0.105X 10" “T*/ sec™ " cross section whereby recombination always oc-

curs when the necessary atoms are within a cer-
(10)  tain volume. We obtain a cross section of ~34 A2
4 s -
for H,=100 kG and n;; =10 cm™2. This expres- from the bulk-“He rate constant and will now as

sion is valid up to the point where o.¢f becomes z?mf_ that this valuz:pplifs;;:o tsl;e Ot,h er':icogn -
nonlinear (= 2 K) and down to ~ 50 mK where the Ination processes as we assuming it to be

collisions become inelastic. For other values of tegé) eratbu.re tl.ndep ;artlden; atoms . that
field T,”* scales with [1 rey, /y,]z. combination of two oms requires

Now that the relaxation rate has been deter- they %nteract via Fhe singlet potential since only
mined, let us consider the recombination proc- the singlet p Ot(,mtlal supports bound stateg. For
esses. At 1.0 K, where there is a substantial I,q‘ the population Of,th(? ug?p'er two hyperfine states
“He density (if we assume the sample container 1s 1°_W enou.gh to l:?e Insignificant. However, the
walls are coated with a *He film), the dominant admixture in |a) }S large enough for lreasonable
process involves bulk collisions where values of H, that it becomes the dominant source

of recombination. We will use this assumption
H+H+"He—~ H, +“He. (11)  in determining the various rate constants for re-
combination in a high magnetic field.

In order to determine the rate constant for the
wall processes, the surface density must be cal-
culated. For low enough surface density this can
be done by assuming the simple model given by

The rate constant for this process has been meas-
ured by Hardy et al.* Below 1 K other processes
dominate the recombination rate. One must con-
sider three-body bulk collisions where

H+H+H-H, +H, (12)  Eawards and Mantz.” The surface density is giv-
and wall processes where en by
H +H +wall- H, +wall. (13) ou=nyl exp(Eg/kT),
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where A =t/(2rmkT )2 and E 5 is the binding en-
ergy of H on a *He surface. This expression will
be valid until the interatomic interactions limit
the surface density,” at about 10'* cm™ 2,

Two values for Ez are used here. Mantz and
Edwards® give a lower limit of Eg5 =0.6 K whereas|

T =4,54X 10T V(A / V) £€2 +exp(~v,H,/kT)] exp(2E g /kT I 5(0).

7~! is plotted versus temperature in Fig. 1 for
both values of E gz, along with the relaxation rate
T, L.

Finally, let us consider the population dynamics
of the quasi-two-level system of H, under the in-
fluence of both recombination and relaxation.
Considering wall recombination only, the rate
equations for the two populations are'®

dn, /dt = = Kiecno(2n, +n,) ~Kie1(n,— 1), +n,,),
(15a)
Any /dt ==K e ny +K o1y —ny) 00, +n,).  (15b)

We will now discuss two limiting cases, the first
where K. <K,.;. In order for two atoms to re-
combine, one must be in a state |a). This favors
a heavier depletion of |a) than of |b) but since
relaxation rate is fast, the two states remain
equally populated. Therefore, the two popula-
tions follow the rate equation dn/dt = - Kn?, with
a rate constant K ...

The other limit, K,..> K., appears to be the
case at low temperatures. Here the atoms in

Guyer and Miller® calculate Ez =0.1 K. By using
the above information, we find that the dominant

recombination mechanism involves collisions be-
tween two atoms on the surface. The initial rate

constant for this process, 7" ! =Kny(t =0), is giv-
en by

(14)

I state | @) recombine faster than the relaxation
mechanism can equilibrate the two populations.
Therefore, state |a) is almost depleted and re-
combination occurs only as fast as relaxation
can transfer atoms from | ) to |a). The asymp-
totic behavior of n,() and n,() is given by

"a(t) =(Kre1 /Krec)nb(t) (16a)

nyt) =ny,t/t +7, (16b)

where (Tn,,)" ' =2K .1, n,, being the population of

| 5) at which the actual solution approaches the
asymptotic solution. In this case n,({) follows the
rate equation for wall recombination but with the
rate constant =T, ',

In light of these results Bose condensation
should occur first for atoms in state | b) and per-
haps not at all for atoms in state |a). With re-
gard to the discussion of Bose-condensed H, by
Siggia and Ruckenstein,® it appears as if the two-
component superfluid will not be formed.
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FIG. 1. Recombination rate for two values of binding energy, ny(0) =10% cm™3, and H;=100 kG. The relaxation

rate is also given.
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UHere we assume that the cross section for two a
atoms to recombine is equal to that for one a and one
b atom. In fact, these rates may be different because
there are different cross sections for forming para-H,
and ortho-H,. However, this difference is unlikely to
affect the important qualitative features of Fig. 1.
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