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The stability of the polarized gas phase of atomic hydrogen in a strong magnetic field and at low temperature
is investigated. The cross section for nonresonant threshold depolarization due to exchange and dipole-dipole
interaction in pair collisions is found. It is shown that dipole-dipole interaction is predominant in strong
magnetic fields. Below-barrier resonance recombination into highly excited hydrogen molecule states located
at a distance of less than 2u,H from the boundary of the continuous spectrum is considered. It is noted that
this decay channel can be suppressed at the expense of the centrifugal barrier. Nonthreshold decay channels
involving three-particle recombination with a change of the spin state are studied in detail. The probabilities
of these processes are found for exchange and dipole-dipole interaction, remain finite as 7 — 0, and impose
thereby a restriction on the attainable density of the polarized gaseous phase. The role of surface effects is
considered. It is shown that surface recombination can be overcome and infralow temperatures corresponding
to Bose condensation can be attained, in principle, only if the atoms accumulate in a state with parallel

electron and nuclear spins.

PACS numbers: 31.70.Hqg, 51.60. + a

1. INTRODUCTION

The problem of metastable states of matter that re-
sult from polarization of the electron spins of atoms
in a system has been attracting great interest of late.
The system most intensively discussed is polarized
atomic hydrogen, in which spin alignment prevents the
recombination of the atoms into a molecule and leads
to the appearance of a quasistable atomic phase. In
the case of hydrogen one can speak even at the very
lowest temperatures of a gas and of a condensed sys-
tem.

A direct solution of the problem of the pair collision
of two hydrogen atoms in the triplet state leads to a
scattering length @, =0.72 A> 0 (see Sec. 2). This
result corresponds to an increase of the energy E of
the rarefied polarized gas with increase of its den-
sity », and by the same token to a stabilization of the
gas phase. Whether this phase is stable or metastable
depends on the behavior of the function E(z) at high
densities. As shown by numerical calculations,!-3
the energy turns out to be a monotonic function of »,
and consequently polarized atomic hydrogen by itself
does not form a condensed phase and remains a gas
at T=0. On the other hand, a polarized condensed
phase should be a solution of atomic hydrogen in a
foreign matrix. We note for comparison that in the
caseof tritium we have obtaineda; <0, and consequently
the condensed phase should be stable at T =0 in this
case.

Of particular interest is the gas phase of atomic
hydrogen, a phase readily seen to be a weakly inter-
acting Bose gas with relatively high Bose-condensa-
tion temperature T, even at limited densities.

The possibility of obtaining and using polarized ato-
mic systems depends to a decisive degree on their
lifetime, which is determined primarily by the spin
depolarization process. In the gas phase, the depo-
larization takes place in collisions of atoms in a
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volume, and also in collisions with a surface and with
atoms adsorbed on it. The present paper is devoted
to an investigation of the kinetics of the decay of the
metastable-gas phase of polarized atomic hydrogen

on account of volume depolarization and recombination
with change of the spin state. The role of surface
effects is discussed separately.

We are interested in temperatures of the order of
several degrees or lower, and also in strong polarizing
magnetic fields satisfying to the inequality

E=uaH/T>1. (1.1)

When considering pair collisions, we immediately
encounter two significant peculiarities. First, by
virtue of the condition (1.1) the depolarization is
essentially inelastic. Second, even at these tempera-
tures the de Broglie wavelength of the hydrogen atom
becomes comparable with the characteristic radius

of the interatomic interaction, and this makes it
necessary to treat the motion of the nuclei in the course
of the collision quantum-mechanically. This distin-
guishes in principle our problem from the ordinary
problems of the theory of atomic collisions.

The depolarization in collisions of polarized hydro-
gen atoms is due in principle to three types of inter-
action: exchange, spin dipole-dipole, and interaction
of the spin with the orbital motion of the nuclei. It
is known that even in extremely strong magnetic fields
the presence of a hyperfine interaction causes hydro-
gen atoms with zero total-spin projection to be in a
state that contains an admixture of a state with all
opposite projection of the electron spin (see, e.g.,
Ref. 4). The scale of this admixture is determined
by the ratio

w=AlbpsH<A, (1.2)

where A is the hyperfine interaction constant. The
collisions of the particles in such a “mixed” state with
arbitrary other polarized atoms can lead to depolari-
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zation on account of exchange interaction, as governed
by the small parameter (1.2). In this paper we de-
velop a quantum-mechanical theory of this depolariza-
tion process (see Sec. 2).

The presence of an exchange depolarization mecha-
nism in pair collisions was actually first pointed out
by Brown.5 To determine the probability of the depol-
arization, he modified the classical variant of the
theory of resonant spin exchange (see, e.g., Ref. 6)
to include the case when a magnetic field is present.
Stwalley’ used later Brown’s results® to estimate the
rate of depolarization of atomic hydrogen at low tem-
perature in a strong magnetic field. This approach,
however, is not appropriate for the considered pro-
blem at low temperatures, by virtue of the quantum
character of the motion of the nuclei and of the strong
inelasticity of the process, although the important
statement that the rate of depolarization depends
exponentially on the parameter (1.1) is undoubtedly
correct.

At low temperatures, as it turns out, an essential
role in the process of pair depolarization is played by
dipole-dipole interaction. In this case depolarization
results even if the weak hyperfine interaction is neglec-
ted. As will be demonstrated in this paper (see Sec.
3), in mangetic fields H > 10* Oe and at low tempera-
ture this depolarization mechanism is at any rate the
dominant one among the pair processes.

The depolarization due to the spin-orbit interaction,
as shown by our analysis (see Sec. 4), is practically
always weak compared with the dipole-dipole depolari-
zation,

In the case of pair collision, the depolarization pro-
cess is always accompanied by an increase of the Zee-
man energy by 2ugH. This predetermines its threshold
character and accordingly a decrease of its rate
with increasing parameter (1.1).

Besides depolarization, exchange interaction makes
possible in pair collisions of polarized atoms the
resonant process of recombination with transition of
the quasimolecule into bound singlet states whose
energy is located at a distance smaller than 2u H
from the end point of the continuous spectrum. As
shown by an analysis of the spectrum of the vibra-
tional-rotational states of the H, molecule (see Sec.
5), this situation can be realized only for levels with
a rotational quantum number j> 10, and the charac-
teristic time of the resonant recombination turns
out to be very long because of the high centrifugal
barrier. The opposite seems to take place in deu-
terium or in a mixture of hydrogen and deuterium.
Here resonant recombination into bound states with
j=0 is possible, making this decay channel really
dangerous (see Ref. 7).

Under conditions of strong increase in density, when
multiparticle interactions become significant, we en-
counter the possible appearance of decay channels
without thresholds (see Sec. 6). When considering the
depolarization it is necessary to take into account the
decrease of the energy of the produced particles with
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flipped spin on account of the interaction with the
background (see Ref. 8). This decrease of the energy
Ag increases with decreasing density, and if | Ag|
becomes larger than 2u,H, then the process of de-
polarization will have no threshold. Close to the usual
density of the condensed state, the parameter |Ag|

is replaced by the width of the energy band of the spin
waves. In this case the thresholdless decay of the
polarized phase would take place without production

of spin waves, with and without simultaneous emission
of phonons. %1

The energy values of the collective excitztions with
spin flip in a Bose gas of polarized hydrogen atoms,
given in Sec. 6, impose not too strong a restriction
on the density at which the depolarization process
still retains a threshold [the corresponding criterion
differs radically from that obtained by Berlinsky,®
(see also Ref. 9), since Berlinsky assumed implicitly
that particles with parallel and antiparallel spins
have the same pair-correlation function]. It follows
from the obtained criterion that the depolarization
process retains its threshold in a wide range of den-
sities, which certainly includes »~ 10*' cm™3,

At high densities an important role can be assumed
by the process of simultaneous depolarization and re-
combinationin ternary collision of polarized atoms.
A pair of particles then forms a molecule in a bound
excited state, and the excess energy is carried away
by the third particle. An examination of such a pecu-
liar recombination process, with allowance for the
exchange and dipole-dipole interactions (see Secs.

7 and 8) shows that its rate remains finite as 7— 0.
This imposes stringent restrictions on the gas density.

For the exchange mechanism at H =10° Oe, a decay
time of the order of an hour corresponds to n ~10'’
cm-? (this value increases with increasing H). For the
dipole interaction the limitation is less stringent:
n~10'® cm3.

Even if we confine ourselves to such densities,
however, we encounter the problem of the recombina~
tion that takes place on the surface, particularly with
participation of the substrate atoms as the third body
(see Sec. 9). In the region of the considered low
temperatures, even relatively low adsorption energy
is sufficient for a high surface density of the adsorbed
atoms. This immediately turns on thresholdless de-
polarization processes, making even an ideally clean
surface an effective “catalyst.” Thus, the question of
the surface with the minimum adsorption energy be-
comes fundamental. In this case coating with a helium
film (adsorption energy less than 1 K) has no com-
petition, accounting in fact for the success of the
brilliant experiments of Silvera et al.!? as well as
Clyne et al.'3

As shown by our analysis, even in the case of a
helium coating, exchange three-particle recombina-
tion on a surface with participation of a helium atom
does not make it possible to obtain the indicated den-
sities simultaneously with the infralow temperatures.
However, if a spin-polarized atomic phase is prepared
in a “clean” state with a nuclear spin polarized along
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the electron spin, such a possibility remains in prin-
ciple. The decisive factor here is the appearance of
a surface-recombination channel with participation of
the helium atom.

2. DEPOLARIZATION ON ACCOUNT OF EXCHANGE
INTERACTION IN PAIR COLLISIONS

It is known that the system of spin wave functions of
an isolated hydrogen atom in an external magnetic field
can be written in the following form (see, e.g., Ref.
4):

W1=¢1(’/:)ﬂ(‘/z), (Pz=a(’/z)§(—‘/z)+Ma(—’/z)p(‘/z)y (P:=¢(—'/z)§(—'/:),
Qu=0(—=*2) B(*fz) —x(*/2) (=) (2.1)

Here a(0) and 3(m) are the spin wave functions of the
electron and nucleus, respectively, while 0 and m are
the projections of the electron and nuclear spins on
the magnetic-field direction. The states ¢, and ¢,
have, even in a strong magnetic field, an admixture
of a state with opposite projection of the electron spin.
However, by virtue of the condition (1.2), the degree
of their polarization is close to unity, and we shall
refer to as polarized the two states ¢, and ¢, or ¢,
and ¢,.

The Hamiltonain of the quasimolecule made up of
two colliding atoms has in the c.m.s. the form

A=—tM-*Ax+U,(R)+ U (R) +H.+H,. (2.2)

Here M is the mass of the atom, R is the vector of
the internuclear distance, U,(R) is the potential of the
long-range interaction of the atoms,

U..(R)=A(R) (5.5.+/.) 2.3)

is the Hamiltonain of the exchange interaction (A(R)
>0),

A.=245(8,+8,)H

is the Hamiltonian of the Zeeman interaction, 3, and
S, are the operators of the electron spins of the atoms,
and Ay is the Hamiltonian of the hyperfine interaction.

As R— = the spin states of the quasimolecule are
determined by the Hamiltonian fl, +ﬁhf corresponding
to the eigenfunctions ¢;, = ¢;(1)¢,(2). Let the polarized
phase of the atomic hydrogen be a mixture of atoms
in states ¢; and ¢, (the magnetic moment of the elec-
trons in these states is directed along the magnetic
field). The exchange interaction (2.3) conserves the
projection of the total (electron and nuclear) spin of
the quasimolecule, and therefore does not lead to de-
polarization when two particles in the states ¢, col-
lide. However, if atoms in states ¢, and ¢, collide,
then the interaction (2.3) can lead to the transition
@24~ (@53 — ¥3,)/V2. Such a transition corresponds
to polarization of the electron spin of one of the atoms
as they diverge to infinity. The magnetic element of
the transition, taken with the spin variables, is equal
to »A(R)/V2Z. The initial spin state corresponds to the

triplet potential of the interaction of colliding atoms
U,(R)=U.(R)+A(R)/2, 2.4)

and the final state to the singlet potential
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U,(R)=U,(R)—A(R)/2 (2.5)

In the final spin state, the total nuclear spin of the
system is equal to unity [if we disregard the small
addition to the wave function, proportional to the param-
eter »(1.2)], i.e., we are dealing with an orthohydro-
gen quasimolecule, for which, as is well known, the
rotational quantum number j in the singlet state can
take on only odd values. Since the exchange interac-
tion (2.3) does not depend on the angle variables, the
angular momentum j does not change as a result of
depolarization and consequently in the initial state j
can likewise be only odd. Thus, in the case of the
collisions {3, 4} the depolarization takes place only at
odd angular momenta j. Scattering with even j, on
the contrary, is purely elastic.

When two atoms collide in the state ¢,, the exchange-
interaction operator (2.3) leads to transitions of the
system from the initial spin state ¢,, into a state with
a wave function (¢,; + ¢, — ¢,, — ¢,,)/2, corresponding
to interaction of the atoms in accord with the singlet
potential U;(R) (2.5). The matrix element of the tran-
sition, taken over the spin variables, is then wA(R).
Since the colliding atoms are identical, or since we
are dealing in the final state with a parahydrogen quasi-
molecule (as is readily established from the form of
the spin wave function), the angular momentum j can
take on in this case only even values.

As seen from our analysis, the spin depolarization
process is a nonresonant triplet-singlet transition.
In the considered case, when the electron magnetic
moments are polarized along the magnetic field, the
kinetic energy of the atoms is decreased as a result
of the depolarization by 2ugH. The fact that the
transition from the state 14, 3} takes place only into
the state {3, 2}, and from {4, 4} only into 14, 2} and
J13, 1} , is actually the consequence of the conservation
of the projection of the total spin of the quasimolecule
in the collision.

Bearing the condition (1.1) in mind, we determine
now the depolarization cross section in first-order
perturbation theory. Using the known expansion of the
wave functions of nuclear motion in spherical har-
monics (see. e.g., Ref. 14), we obtain

*M?R,® k
Uun—nx - ’2(2,+1)|L|

—~ (2.6)
1 D) Q)
L= re jn. (R)A (RS, (R)dR. (2.7)
The summation in (2.6) is only over odd j;
ki=k~' (Me)", k=h—'(Me,)", (2.8)

are the wave vectors of the relative motion of the

atoms in the initial and final states of the quasimole-
cule, ;> 2 H is the kinetic energy of the atoms col-
liding at infinity, and €;=€; —2usH. The wave functions
of the radial motion x(’)(R) and x§4) (R) are the solutions

of the Schrodinger equatlons for the signlet (2.5) and
triplet (2.4) potentials, respectively, and are normal-
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ized by the condition

| " (R (R) dR=258 (k=K. 2.9)
The distance R, = 7a, (a, is the Bohr radius) corresponds
to the condition U,(R,) =0 (see Fig. 1) and was intro-
duced into Eqs. (2.6) and (2.7) for convenience. At

low energies it corresponds to the characteristic
interaction region that leads to depolarization.

The deopolarization cross sections 0(,,, are deter-
mined by the same relation (2.6), but with twice as
large a numerical factor and with summation over only
even j. Taking this into consideration, recognizing
that there is no depolarization in the 13, 3} collision,
and assuming the same density of the atoms in the
states ¢, and ¢,, we get for the average depolarization
cross section

1 MR k; v
0"(5f)=~(0|£u)+20(u))= _— (2f+1)|L,P
8 8kt k‘,- ;

(2.10)

(the summation here is over all j).

At R 2 R > a, the exchange interaction A(R) decreases
exponentially with increasing R. Because of this cir-
cumstance, the main contribution to the depolarization
cross section 0%*{g;) (2.10) is connected with the vici-
nity of the point &,.

Bearing in mind the problem at hand, we confine
ourselves to an analysis of the depolarization cross
section in the case of extremely low temperatures,
on the order of 1 K and lower. By virtue of the thres-
hold and of the conditions (1.1), in the case of spin
flip the initial energy of the particles will be £; =2y H
and the final energy € ;<T. So low a final energy pre-
determines the leading role of s-scattering inthe
depolarization (at ¢ ;=1 K the p-scattering becomes
significant).

In the considered energy interval it is convenient to
represent the wave functions xJ:"(R) and x& (&) of the

f
motion in the following form:
Aol (R) =k (B, kD), xon, (R)=ku (R, k). 2.11)

In the limit as k;, k,— O the functions ¢, , cease to
depend on the wave vector. Recognizing that ¢,(r, 0)

U(R), K

wk \4®

FIG. 1. Potential curves of the quasimolecule Hy; R is the
internuclear distance, U(R) is the potential energy of the in-
teraction.
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and ¢ (R, 0) are solutions of the corresponding Schro-
dinger equations with #=0, we multiply the equation
for the potential U,(R) by ¢,(R, 0) and subtract from
it the equation for the potential U,(R) multiplied by

¥, (R, 0). As a result, we get for L, (2.7)

Lo=7z | [0:(R,009/ (R, 0 ~¢.(R, 0) " (R,0) JaR
_ 4Rh* (a,~ay) N
a7 el G (2.12)

where a, and g, are the scattering lengths in the triplet
and singlet states and » is the number of discrete s
levels in a singlet well.

In a strong magnetic field we must take into account
primarily the dependence of the function ¢, on k;.
Thus, if the magnetic field is H ~10° Oe, then g; ~13 K
and k;R,> 1.

Substituting (2.11) in (2.7) and taking (2.12) into
consideration, we obtain for the exchange-depolariza-
tion cross section in the case of s scattering

(2.13)
2.14)

o=k 'ky*0.%go" (&4, €;),

0. *=2n(a,—a,)?

&olewe)= [ @B ) AR)9.(R, k)dR [ [ 0.(R,0)ARg.(R,0)dR.

(2.15)

To determine q,, a,, and g,(e;, f), we obtained the
solutions of the S¢hrodinger equation for the triplet
(2.4) and singlet (2.5) potentials (see Fig. 1) corres-
ponding to the data of the variational calculation by
Kolos and Wolniewicz.'®> The results were a, =0.72
A, a,=0.33 A and consequently o =107 cm®.

The obtained dependence of g2 on g; for two values
of the final energy, £,=0 and ¢;=1 K, is shown in
Fig. 2a. In a magnetic field H 210° Oe, the factor
W =6+10"%, ¢; 13 K and if ¢, <1K we obtain for the
exchange-depolarization cross section the estimate
o =5+ 10" cm?.

Let us dwell briefly on the depolarization in scat-
tering withj =0. At £ <1 K the cross section for de-
polarization with j> 2 is much less than the cross
section 0,*. The reason is that even for j=2 the
centrifugal potential at R =R, amounts to 21 K, and
the effective potential in the singlet state acquires
a barrier of height ~7 K at R =10q,. As for the cross
section o, at g,=0 it is naturally equal to zero.

7,2
95,9,
1

Vi 20 Vi 0 Ja

FIG. 2. Dependence of the factors g% and g? on the initial
energy g;: curve 1) gg(a() at £=0, curve 2—g§(5‘) at g=1K,
curve 3—eMR3e?(e;)/R? at §=1 K. b) Dependence of the fac-
tor fZ on the initial energy g;: curve l)fz(Eg) g,=0, curve

2) fX(ey) at g,=1 K.

Kagan et al. 593



With increasing €,, this cross section increases.

At an energy as low as g, =1 K it becomes relatively
large in the region of those £; where the factor g2 is
small. The expression for o§* can be represented in
the form

k e, MR
01"=—1u’0.“%—g,’(e,—,£,).

(2.16)
In the region of values £, <1 K of interest to us, the
dependence of the factor g, on ¢, is very weak.

Figure 2a shows a plot of the quantity € M R2g2/R?
against ¢; at g, =1 K. We note that H ~10° Oe the
cross section 0% exceeds 05* by a factor of 2 (the
cross section 03" is much smaller than o3 +0¢* in the
entire considered interval of g;).

The characteristic time 7. of the bulk depolarization
is determined by the rate constant of the process a ..
=(0®v) (v is the relative particle velocity, the angle
brackets denote averaging over the Maxwellian dis-
tribution of the particles in the gas) from the relation

(2.17)

1/Tex=0lesn,

where 7 is the density of the gas. Using the relations
(2.13) and (2.16) for temperatures 7 <1 K we have
under the condition (1.1)

(2.18)
K (Hﬁo-) "’[ g0 (2u:H, 0) + 372550: 8 (2psH,0) ] exp ( - Zp;H ) .

In this expression

2k
or =05 —— = 3510 cm?
Qp'=0C R, cm?/sec ,

Hy=F*/2u,MR*~2.5-10" Oe -

The threshold character of the reaction leads to the
appearance of the obvious small factor exp(—-2ugH/T).
Therefore by a transition to infralow temperatures it
is always possible, in principle, to attain an arbitrary
decrease of the depolarization rate constant (cf.

Ref. 7).

The dependence of the pre-exponential factor in
(2.18) on the magnetic field at T=0and T=1 K is
shown in Fig. 3.

In concluding this section we shall trace the trans-
formation of the obtained relations for the exchange-
depolarization cross section on going to higher tem-
peratures. If in place of the inequality (1.1) we have
the inverse relation £ << 1, then the depolarization pro-
cess becomes quasi-elastic. In this case, when de-
termining the overlap integral L (2.7), we can put
approximately k; =k, =k. Then, following the same
procedure as in the derivation of (2.12), we obtain

L= —mh—k—j [ (R (R)

—xx (R)x"" (R)1dR

- in[8.;(k k
_Wk—Rosm 8.5 (k) —8,4(k) 1.

Here 6,; and 6,, are the phases of the j-scattering in
the singlet and triplet states. Substituting this ex-
pression in (2.10), we obtain for the depolarization
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a-exp(Zu HIT)

"

/s

07"

/s

V7 !

1 L |
V74 * 10° H#,0e

FIG. 3. Dependence of the pre-exponential factor in the for-

mulas for the rate constants of the exchange (2.18) and the di-
pole-dipole (3.11) depolarization onthe magnetic field. Curves

1 and 2 correspond to the exchange depolarization at 7= 0 and

T=1K. Curve 3 corresponds to dipole depolarization.

cross section

2nx’

=" Y @)

J=0

X sin*[8,; (k) —6, (k) ]. (2. 19)

In the high-energy region (¢ = 300 K), when the de-
cisive contribution in (2.19) comes from collisions with
large angular momenta j, we can determine the phase
difference by using the quasiclassical approximation.
In this case

A(p,t)

oh (2.20)

o ~4an’ jpdp sin’( j dt) =2%*0res
where p is the impact parameter of the collision, 0.
is the cross section for resonant spin exchange. The
formula for 0, is well known (see, e.g., Ref. 6).

A result similar to (2.20) was obtained earlier by
Brown.*

3. DIPOLE-DIPOLE POLARIZATION IN PAIR
COLLISIONS

Spin depolarization in collision of two polarized hy-
drogen atoms can be due not only to exchange interac-
tion but also to diple-dipole interaction of the electron
spins:

4“;

- {(8.8.)R*—3(5,R) (S:R)}. (3.1)

fi==

The operator (3.1) does not change the total electron
spin of the quasimolecule, but can change its pro-
jection Mg, on a preferred direction with AMg =1,
+2. This makes possible depolarization in collision
of polarized atoms also when the hyperfine interaction
is neglected. The depolarization corresponds then to
a nonresonant triplet-triplet transition.

We obtain the depolarization cross section in first-
order perturbation theory. Recognizing that in the
triplet state, at a total quasimolecule nuclear spin
I=1, the angular momentum assumes only even values,
and at /=0 only odd values, we have for the cross
section for depolarization with AM =1

®

(e = 2 (B K L5 $V S ) i) 21 0)

10\ A2 k; 4
J=0 jy=0
x(j‘ 2 j, )2+ o, @, PG (2+1) 2+ (]’( 2 js )z] (32)
000 Zl Zﬁ ’ 000
Ji=1 jp=1
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(the symbols ’ and '’ correspond to summation over
even and odd j). The overlap integral J(j;, j;) is de-
fined by the relation

L 1 @ » 4R
J(J«.J;)=oni,.~{xf,u,73v 3.3)

where the radial-motion wave functions XE,; (R) cor-
responding to the triplet potential are normalized by
the condition (2.9); k; and k; are defined in accord-
ance with (2.8).

From (3.2) there follows directly the selection rule
Ji —js =0, £2 for the angular momentum of the quasi-
molecule. In addition, j; and j, cannot be simulta-
neously equal to zero.

We note that the cross section for the simultaneous
spin flip of both atoms (AMg =2) is determined by the
same formula (3.2) but with twice as large a numeri-
cal factor and with

k=t [ M (e—4psH) 1",  e>4paH. 3.4)

We determine first the cross section for dipole
depolarization at the lower limit of the initial energy
€;, corresponding to the condition kR, <1 (weak
magnetic field). In this case the overlap integral (3.3)
is built up over the distances R ~1/k; > R,. We can
then use for xjk(R,) the wave functions of the free mo-
tion:

xa#(R)=2kRF;(kR), (3.5)
where f(x) is a spherical Bessel function. In the case

j#0 this is obvious, but this can be done also at j=0,
recognizing that x,, ~sin k(R - a,) and ka, <1.

Substituting (3.5) in (3.3) we obtain (k; <k,):

ki 2 2 k.

fo(ue 3 r (L) 6.9

Here I is the gamma function and F is a hypergeo-
metric function.

If k; <<k, then the leading transitions are d— s.
In this case we have J(2, 0)=4/3. Substituting this
result in (3.2), we get for the depolarization cross
section

k 8 l"'z 2
‘= ot of=—nRAn2). 3.7
TEERCC 5“R°(h230) ¢.7

In a strong magnetic field, a realistic situation is
one in which

kRe<l, kR>1. (3.8)

The d— s transitions are again decisive here. How-
ever, to calculate the overlap integral (3.3) we must
now use the true wave functions, which are solutions

of the Schrodinger equation for the real potential U, (R),
since a substantial contribution to this integral under
condition (3.8) is built up over distances comparable
with R;. The overlap integral will decrease with
increasing ¢;. Representing J(2, 0) in the form J(2,0)
=(4/3)f (¢,,€;) we have correspondingly for the depolar-
ization cross section at AM;
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o'=kk 0. (84, £1)- (3.9)

For the depolarization channel with AM g = 2 we obtain
a similar expression with an additional factor 2 and
under the condition that £; and ¢, are determined in
accordance with (3.4). The dependence of f2 on g,
obtained as a result of direct calculations is shown
in Fig. 2b, again for two values of the final energy,
€,=0and g, =1 K. The time 74 of the decay of the
polarized states of the atomic gas on account of the
paired dipole polarization is determined by the rela-
tion (2.17), in which the rate constant is a,=(0%).
Using expression (3.9), we obtain for temperatures
T <1 K, with account taken of both depolarization
channels,

asas” (HIHo) "{f* (2usH, 0) exp (—2usH/T)
+2f* (4uaH, 0) exp (—4usH/T)}. (3.10)

Here o =0% * 25/ MR,=3 + 107** cm®%/sec. Under the
condition (1.1), the second term in (3.10) is small and
«, is determined in practice by the process with one
spin flip. The contribution from transitions with all
other combinations of j; and j; is also small compared
with the obtained value of a,.

The dependence of the pre-exponential factor in (3.10)
on the magnetic field is shown in Fig. 3. As seen
from the curves in this figure, at H > 10* Qe the di-
pole depolarization is decisive. If H~10° Oe,
then e/, =2°10°3. The reason for this result, which
is unusual for magnetic relation processes, is the
smallness which is characteristic of exchange polari-
zation in the considered case.

We note that despite the small dipole-dipole inter-
action (L2 /K2 ~10"2 K) and of the factor »*, both rate
constants @, (2.18) and &, (3.10) turn out to be rela-
tively large. This makes essential the use of the
threshold factor exp(~2ugH/T) to ensure a sufficiently
long lifetime 7 of the polarized state of the atomic
gas. Thus, to obtain 7 on the order of hours at a
density n=10% cm-?, the threshold factor must amount
to ~10-8~10-°. In a field H =10° Oe this calls for tem-
peratures T<0.6 K.

4. ESTIMATE OF THE ROLE OF SPIN-ORBIT
INTERACTION

Besides the exchange and the dipole-dipole interac-
tions spin depolarizationin collisions of polarizedatoms
can in principle be caused by the interaction of the
electron spins with the orbital motion of the nuclei or,
in other words, with the rotation of the quasimole-
cule axis. This interaction is, in particular, respon-
sible for the rotation of the spin of the atom in a
collision with an atom that does not have its own spin
and orbital momenta. %17

It is easy to establish from general considerations
that in collisions of hydrogen atoms the Hamiltonian
of the spin-orbit interaction, averaged over the elec-
tron wave function, is of the form

Va(R)=Y(R)S], 4.1)

where f is the operator of the total angular momentum
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of the quasimolecule without allowance for the spin,
and S is the operator of the total electron spin. The
expression for y(R) has the following structure:

us’ m
1R=5 2 1(R), (4.2)
where m is the electron mass. By virtue of the re-
pulsive character of the triplet potential U,(R), the
spin-orbit depolarization takes place over distances
Rz R,. Therefore the dimensionless quantity f(R)
turns out to be small compared with unity for all
variants of the interaction, both those that do not
take into account the distortion of the atomic wave
functions, and those that do take this distortion into
account; this distortion, in principle, can be sub-
stantial (see Refs. 16 and 17). It is clear, therefore,
that the spin-orbit depolarization is weaker by many
orders of magnitude than the dipole polarization con-
sidered in the preceding section.

5. RESONANT RECOMBINATION OF POLARIZED
ATOMS IN STATES WITH LARGE

As noted in the Introduction, bound states of a hydro-
gen molecule with large rotational quantum numbers
can have energy values E, ;j close to end point of the
continuous spectrum. If at the same time

| Eos| <2usH, (5.1)

formation of a bound singlet state of the molecule be-
comes possible in pair collision of polarized atoms.
This resonant process can be due only to exchange
interaction, since dipole-dipole interaction does not
lead to transitions from the triplet to the singlet
state.

An analysis of the data on the spectrum of the vi-
brational-rotational states of the hydrogen molecule!®
shows that the greatest trouble can be caused by the
level Ej, ,,~10 K. Other possible levels corresponding
to the condition (5.1) could have only larger values of
j and smaller values of v.

In transitions connected with exchange interaction, the
rotational quantum number is conserved. By virtue
of this, the states of the continuous spectrum are
separated by a large centrifugal barrier from the
bound states satisfying the inequality (5.1).

It is known that bound states with odd j are possessed
only by molecules of orthohydrogen, and with even j
only by parahydrogen molecules. Taking this into con-
sideration, it is easy to verify that only ortho-hydro-
gen can be produced in collisions of atoms in states
¢s and @, [see (2.1)], and only para-hydrogen in
collisions of two atoms in the state ¢, .

We consider first the inverse process, namely the
decay of a bound singlet state of a molecule. The
matrix element of the transition from the exchange-
interaction operator (2.3), taken over the spin varia-
bles, is equal to 2(/? »A(R) for the orthomolecule

3, 4} transition. For the para molecule —14, 4}
transitionit is equalto »AR. Bearing it in mind that in the
former case it isnecessary to sum over two equivalent
final states ({3, 4} and{4, 3}), we obtaina single formula
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for the probability of the decay of the bound state and an
arbitrary value of j:

’;,f Ij- xR ABL (R)aR

o= (5.2)
Here x,,(R) is the radial wave function of the bound
state, normalized to unity; x J.(:; (R) is the radial wave
function of the continuous spectrum for the triplet
state, normalized by the condition (2.9);

ko=h=" (M (2usH— | E5|))". (5.3)

Recognizing that the functions x,,(R) and x ;,:(:(R) are

solutions of the Schrodinger equation for the singlet
(2.5) and triplet (2.4) potentials, respectively, it is
easy to show that

Jrs R A @) 12 (B dR=20sH [ (R} (R)AR. (5.4)
Substituting this result in (5.2) and using (1.2), we
obtain

W.=AMa'L.i/40°, (5.5)

L=k gyt J'xti(R)x}S (R)dR. (5.6)
Using now the detailed-balance principle, we can ob-
tain the following expression for the rate constant of
resonant recombination of polarized atoms:

avi=iwvi(2j+1) '[ihz‘ %exp —é )
e (55) (- 2) o
Eo=2k
M )
Let us estimate the value of the overlap integral I,
(5.6). By virtue of the condition j >» 1, which is pre-
determined by the inequality (5.1), we use the quasi-
classical approximation for the function x,;(%). In the
range of distances R 2 R* (R* is the position of the
maximum of the effective single potential and depends
little on the rotational quantum number), where the
bulk of the integral ,, is built up, the function x ;,(k)
practically coincides with the wave function of the
free motion [k,R* <f, R, ,<R*, where R, is the
value of R at which the centrifugal potential coincides
with U, (R)]. Bearing in mind an upper-bound estimate,
we assume for the definition of x, (%) the limit | E, |
-0, and for x;,:;(R) we retain the solution in the form
(3.5) at R>R*. Recognizing that at R = R* the centri-
fugal potential greatly exceeds the singlet potential,
we obtain after integrating in (5.6)

(5.8)

1,~ L0 exp{ (i—1)In k,R*—j In 3} .

] e
The factor C(j), just as R*, depends little on j. Its
appearance is due to the presence of the normalizing
factor in the singlet wave function, and to the fact
that in a relatively narrow vicinity of the point R,,
(Us;(R,;) =0) the centrifugal potential is comparable
in magnitude with the singlet potential. Direct esti-
mates at j~10 show that C(j) ~1.

Substituting (5.8) in (5.5), we obtain the following
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expression for the decay probability:

A*Mag® C*(j) E, 2j
Wy =~ L j— — —2iln—
o W exp{ (j—1)In g 2j In . },

(5.9)
E'=nm*|MR*~4 K.

We see from this that the decay probability and the

rate constant (5.7) decrease rapidly with increasing

rotational quantum number. The character of the func-

tion @ ,(E,) is governed to a considerable degree by

the relation between E;, and T'. This relation has a

maximum at E;=(j-1)T. In this case

(5.10)

An estimate of expression (5.9) at the smallest pos-
sible j=10 yields

Woy=10-12(E,/E*)*sec’!. (5.11)

If E,~2ugH and H ~10° Oe, then the lifetime 7,,= W;}
~10” sec. At all densities of interest, the molecule
certainly experiences inelastic collisions during this
time, and these collisions shift it to lower non-decaying
states. The recombination rate is therefore actually
determined by the constant a ; (5.7), (5.10).

At j=10 we have

o ~10-3(T/E*)": cm3 /sec (5.12)

and in the temperature region T <3 K it does not
exceed ~10-%¢ cm3/sec. This rate constant corresponds
to a polarized-gas lifetime 7> 10° with respect to the
process of resonance recombination all the way to
densities n ~10% c¢cm-3. The polarized gas thus turns
out to be stable with respect to this decay channel.

We emphasize, in concluding this section, that the
stability of the polarized gas to resonant recombination
is due decisively to the large value of the rotational
quantum number of the corresponding discrete levels.
If this is not the case and molecules can be produced in
states with small j, then the considered decay channel
may cause considerable trouble. Such a situation
should apparently take place in deuterium or in a mix-
ture of hydrogen with deuterium, a fact first pointed
out by Stwalley.’

6. THRESHOLDLESS DEPOLARIZATION. ROLE OF
COLLECTIVE SPIN EXCITATIONS

We have seen that in pair collisions of polarized
hydrogen atoms in a strong magnetic field the depolar-
ization has in principle a threshold. This circumstance
caused the appearance of the factor exp(-2ugH/T) in
the expressions for the depolarization rate constants
@.(2.18) and «,(3.10).

At higher densities, an important role can be as-
sumed by multiparticle processes, which already
admit of the appearance of thresholdless depolariza-
tion and recombination channels. In the case of de-
polarization we must take into account the energy-
lowering interaction between the particles appearing
with opposite spin projection in the states ¢, or ¢,
with the background (see Ref. 8).
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At T =0 we are dealing in fact with the energy of
“impuriton” excitation in a Bose-condensed gas of par-
ticles that is a mixture of hydrogen atoms in the
states ¢; and ¢, in equal concentrations, or at infra-
low temperatures only in the state ¢,. In the for-
mer case the interaction of the particles in the state
¢, and ¢, with a mixed Bose condensate leads to the
appearance of two types of spin excitations with energies

e ahigy/2M+2.H, (6.1)
g 2ah?
e;z) ~ —-2:! +2usH — ;([ (a—a,)n (6.2)

(g—0). If the background consists of particles in the
state ¢,, then the excitation energy in the presence of
an “impurity” particle in the state ¢, is determined by
Eq. (6.2), and in the presence of a particle in the
state ¢, it is determined by Eq. (6.1).

It follows from (6.2) that the depolarization process
continues to have a threshold so long as the inequality

2nh* (a,—a,) n/ M<2p,H (6.3)

is satisfied.

Relations (6.2) and (6.3) differ radically from those
obtained by Berlinsky® (see also Ref. 9). The reason
is that Berlinsky used implicitly the assumption that
the pair correlation functions of particles with parallel
and antiparallel spins are equal.

The criterion (6.3) turns out to be much less strin-
gent than Berlinsky’s result. It is satisfied with a
large margin for such densities as 10! cm"3, when
the corrections of higher order in the density can
still be neglected.

If we confine ourselves to densities » < 10% cm™2,
then the multiparticle effects will be actually caused
only by ternary collisions. In ternary collisions of
polarized atoms, a thresholdless process correspon-
ding to simultaneous depolarization and recombination
is possible. This process consists of a transition of
the particles to a bound singlet molecular state
with high degree of vibrational excitation. The binding
energy released in this case is carried away by a
third particle (| E,;| > 2ugH). This process can take
place both in exchange and in dipole-dipole interactions.
Since the spin state of the system must be altered by
the collision process, the rate of this process should
be slow compared with the rate of the ordinary three-
particle recombination.

7. THRESHOLDLESS THREE-PARTICLE
RECOMBINATION IN EXCHANGE INTERACTION

In this section we consider the exchange recombina-
tion channel. When three polarized atoms collide,
a transition of a pair of particles into a bound singlet
state takes place in this case only if simultaneous
allowance is made for the exchange and hyperfine in-
teractions. The structure of the Hamiltonians of the
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exchange of hyperfine interactions predetermines the
conservation, in the result of this process, of the
projection of the total spin (electron and nuclear) of
all three particles, as well as the fact that the pro-
jection of the electron spin changes by not more than
unity. By virtue of this circumstance, only the fol-
lowing transitions are possible:

paramolecule -+ {4}
orthomolecule (M;="0) + {4},
orthomolecule (Mr=1) 4 {3},
paramolecule: + {3}
orthomolecule (M1=—1) 4- {4},
orthomolecule (M1 =10) 4 {3}

{334} =orthomolecule (M,=—1) +{3}

(444) —

(344} — (7.1)

(M; is the projection of the total nuclear spin of the
molecule).

Regarding the potential energy of the interaction as
the sum of paired interactions, we write down the am-
plitude of the transition of particles 1 and 2 into a
bound state (v, j) with acquisition by the third particle
of a momentum g, relative to the mass center of the
produced molecule, in the form

M

=

2 I dRdr exp (—iq,r) ¥ (R, &, E2, N1, M2) Do, (&5, Ms)

LTRY

X(f/(ru)+i/(rz:))0(R,l,§n ). (7,2)

This equation is obtained directly within the frame-
work of ordinary inelastic-scattering theory. Here
R=RI12, r is the distance from the third particle to
the mass center of the quasimolecule (1 -2), #; and
7; are the set of spin variables of the electrons and
nuclei, M’ =(2/3)M is the reduced mass of the mole-
cule and of the atom, and o, is the projection of the
total spin of the third particle in the final state (the
value 0, =0 corresponding to the spin wave function
¢4, while 0, = -1 corresponds to the wave functlon
®s). The Hamiltonian V(r,5) = U, (r,,) + (r,,) 8,8, +1/4)
describes the interaction of the third particle w1th the
i-th atom of the quasimolecule (1-2). The true wave
function ®(R, r, &, 1,) corresponds to three polarized
atoms in the input channel, ¥ .(R, &, &, 7,, 7,) and
@ a,(ﬁa, n3) are respectively the wave function of the
bound state of the molecule and the spin wave function
of the third particle in the final state. The hyperfine
interaction is included here in the definition of all the
functions in (7.2).

The interaction f’(rls) separates effectively in the
integral (7.2) a region of relatively short distances 713
This region is separated also in the product V(r,,
®(R, r, &, 1;). From pure geometric considerations
it is clear that the correlation in the relative positions
of the particles 2 and 3 plays a minor role in the deter-
mination of this product, and to estimate the amplitude
of the transition in the limit as T— 0 we can use the
following approximate representation:

Vrw) O R, 1, &, 1)~V (1)

X Wrirwo (R, Eiy &2, Moy M) Wiiaeo (713) @, (85, 7), (7.3)

and analogously for f’(rzs)‘b(R, r, &, 1;) (0; is the
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projection of the total spin of the third particle in the
initial state). The reason why the relative motion of
the third particle and of the i-th atom is described in
this relation by a triplet wave function is the small
value of the hyperfine interaction compared with the
exchange interaction in the region of the effective in-
teraction.

We determine now the amplitude of the transition in
an approximation linear in the hyperfine interaction.
To this end we use in the (7.2) and (7.3) wave functions
determined within the framework of perturbation theory
in ﬁh;. We begin with consideration of the formation of
a paramolecule (even j) in a collision of three particles
in a state ¢, [see (2.1)]. In this case the wave func-
tions take the form

W (R, 1y B2 e Ma) =W oy (R) %4 (&4, E2) e (M1, m2)
Ol ® )
+3 A4 T E.,,I Toroer ¥ ®teGobxatnon);  (7.4)
Yo (R, &, B2, M 1) =W (R)%ecs (1, &) (M1 1)
+Kwk(:‘.) (R) %5 (Ess E2) e (14, le)‘xwl(:z) (R) %10 (B4, E2) %o (M1, M)
Ak’ ¥y 1w
K’ ki ()
+x% WWWW (R) e (&5 E2) %o (M1, M2)
)
(Wi | W,y >
A¥0 ) g (R (B 80 ). (7.5)

T2 e (B -2pH
v

The overlap integrals (¥,."| ¥, ) and (%1 %)) are de-
fined here in the usual manner, x, and X¢m are the
singlet and triplet wave functions for the electron and
nuclear spins of the quasimolecule (1-2) and m is the
spin projection in the triplet state. The wave function
of the bound state contains also increments with
electron-spin projection equal to 0 and 1. In the
approximation linear in the hyperfine interaction,
however, these increments make no contribution to
the transition matrix element, and are not taken into
account in (7.4).

The leading term in the considered transition am-
plitude is connected with the admixture of the singlet
state in the function ¥, on account of the homogeneous
action of the hyperfine Hamiltonian [the second term
in (7.5)]. When the initial energy of the particles
tends to zero, we can set the total angular momen-
tum of all three particles and the angular momentum of
the recombining pair in the initial state equal to zero.
In this case, taking (2.11) into account, we have

VR = e B, ¥ ®) ==t g m),
. (7.6)
\F:‘-)»a("u) =—:(ris)
2rin

(the numerical coefficients are different here because
the nuclei in the recombining pair are identical). Then,
integrating over the angles in (7.2) and summing over
the spin variables in explicit form, as well as recog-
nizing that the amplitude is tripled on account of the
identity of the initial spin states of the atoms, we ob-
tain
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F=fn~—8 2'/.uxY;...’ (%’—) Roa" AT, (7.7)
1
where m is the projection of the angular momentum j
in the bound state (we assume the volume of the sys-
tem to be equal to unity);
A= 1—,

T rs@a @7, L) an, (7.8)

)= iR h,j @(r) (U.(r)+ ) ) sin(g,r)dr. (7.9)

The correction to the wave function of the bound state,
which is proportional to the hyperfine-interaction con-
stant A and is due to the admixture of states of the
continuous spectrum [the second term in (7.4)], and
conversely, the correction due to the bound states to
the wave function of the continuous spectrum [the
last term in (7.5)], add to the transition amplitude
a contribution which is small compared with (7.7) in
the ratio 2, H/| E,;|. In the first case this can be
verified by leaving out ¢,, from the denominator of
the integrand (the characteristic value € is less than
|E,;l| ), after which the expression for the correspon-
ding amplitude can be greatly simplified.

There is no explicit small parameter in the fourth
term of (7.5). Direct calculations show, however,
that the contribution from this term to the amplitude
of the transition is likewise small compared with (7.7).
It must be emphasized that these conclusions remain
in force also when other variants of the transitions
are considered. Realistically, therefore, when de-
termining the transition amplitude, account need be
taken in the wave function of the continuous spectrum
of only the corrections that correspond to the second
and third terms in (7.5).

We now obtain the amplitude for the production of the
orthomolecule (odd j). Here we must already distin-
guish between cases corresponding to different values
of the projection of the nuclear spin of the molecule.

It is easily understood that the triplet increment to the
wave function of the recombining pair [the third term
in (7.5)] leads to formation of an orthomolecule with
M;=0. Explicit calculation of (7.2) yields then

o7 =i (M,=0) ~—8-2" 7x ¥y (4/q,) Roas™ A" 15

(7.10)
Here
4= j xR 0 (R 7, (55 aR,
(7.11)
I e ok haj @:(r) A(r)sin(gr)dr. (7.12)

Actually, expression (7.3) contains one more cor-
rection proportional to ». It is due to the form of the
spin wave function of the third particle ¢,(&;, n,).
Allowance for this correction leads to a transition
wherein the third particle has in the final state a spin
configuration ¢,(&;, 1,), while the orthomolecule turns
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out to be in a state with a nuclear-spin projection M,
=1. The corresponding amplitude is calculated in
analogy with (7.10):

(7.13)

If one of the colliding particles is in a state ¢,, and
the two others in a state ¢, then only the latter canform
a paramolecule. The third particle remains in the
state ¢;, and we have for the transition amplitude

fon=""sf - (7.14)

The atoms in the initial spin states ¢; and ¢, can
form at T— 0 only an orthomolecule. This is easily
established from the form of their paired wave func-
tion

frien (Mr=1) ==2477 .

Wi (R, i, B2y My 1) =22 (R) 01 (By B2) %o (1, 12)
2"”‘[’3(,? (R) %e-1(E4s E2) %s (15 M2) —2'%%‘1"11(.:) (R) %o (&4, E2)Kem1 (Ms M)
+2""u‘l’x‘.'.) (R)x.(E«, Ez)x‘-. (ﬂl, 7]2) . (7 . 15)

The formation of a paramolecule can be connected only
with the second term in (7.15), with account taken of
the correction, proportional to », to the spin

wave function of the third particle. The expansionof
the coordinate wave function ‘I’;,';(R) in spherical har-
monics then includes only odd j, and the transition
amplitude contains, compared with the previously ob-
tained ones, an extra power of the small initial mo-
mentum. The same smallness is possessed also by
the orthomolecule-production amplitude connected
with the singlet correction [the last term in (7.15)].

The transition that leads to formation of an ortho-
molecule with projection /; = -1 is connected with
the third term in (7.15). Doubling the transition am-
plitude (7.2), since two 13, 4} pairs can recombine,
we obtain

fo0 (M=—1) =—2"F5" /3. (7.16)

The formation of an orthomolecule with projection
M, = 0 can take place when particles recombine in
states ¢, and ¢, on account of the increment to the
spin wave function of the third particle. A similar
transition takes place also when two particles recom-
bine in a state ¢, [the corresponding amplitude is 1/3
the value of (7.10)]. Adding both amplitudes we have

fow (M=0)=—7 5" /3. (7.17)

In principle, orthomolecules with projections M,
= -1 accompanied by a departure of a third particle in
the state ¢ can be produced in the {334} collision. Such
a transition can take palce both upon recombination of
particles in the states ¢, and ¢,, and upon recombina-
tion of two particles in the state ¢,. In the limit at
T— 0, when the singlet increment to (7.15) can be
neglected, the corresponding amplitudes are equal in
magnitude and opposite in sign, so that this transition
does not take place.

We use now the usual connection between the ampli-
tude and the probability of the inelastic transition
Taking into account the paramolecule production am-
plitudes (7.7) and (7.14) and the orthomolecule pro-
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duction amplitude (7.10), (7.13), (7.16), and (7.17),
and allowing for the relative concentrations of the
particles ¢, , in the states ¢, and ¢,, we obtain after
summing over the projections m ; and M; for the sum-
mary transition probability

2
W= Y8 o1y

M

X 5 @ectead) [ 7S P+317 a0, (7.18)

(naturally, for each j either f;‘;.) or f:f” is different
from zero).

Substittting in (7.18) the expressions (7.7) and (7.10),
we obtain directly

Wi =%/ n*%? (ha,*n/ MR,) (nR.*) (3¢>+cic?) ye. (H), (7.19)
1a()= Y @i+ [2-(-1)]
°3
X(qsa,) | Aoy (H)J§™ (H) 12, (7.20)

In expressions (7.18)-(7.20), the value of the final
momentum ¢, is determined by the energy-conserva-
tion law

3ﬁ’q;'/4M=IE'-;|—2u.H, (7. 21)

which predetermines its dependence on v, j, and H.
The overlap integrals A, ,(H) and J_,(H) are determined
by relations (7.8) and (7.9) for evenj and by (7.11)

and (7.12) for odd j, and depend on the magnetic field
via q;.

We compare now the results with the probability of
exchange depolarization in the pair collision (2.17)
and (2.18). We must note primarily the absence from
(7.19) of a factor that depends exponentially on the
temperature. This is due to the thresholdless charac-
ter of the considered three-particle process. It is
important that in this case the characteristic time of
the decay of the polarized state remains finite as

- T—0.

Expression (7.19) contains the usual small factor
nR3. On the other hand, analysis of the factor 4, (H)
calls for a direct calculation of the overlap integrals.
Recombination takes place most effectively in the
state with the maximum vibrational quantum number
v=14, to which there correspond in the discrete spec-
trum four rotational sublevels with 0 <j<3. By way
of illustration, Table I lists the overlap integrals at
H=10° Oe. From the presented data it is seen that
the modulus A, ; of the overlap integral changes little
for the recombining pair with changing j. Moreover,
it changes little also in a wide range of the magnetic
field. On the contrary, the overlap integral J”(;” for

TABLE 1.
LE;;,(I,SK Ay () Ay (2H) P2 #Pem 1D 2m)
0 206 13 14 -5-10-2 - -
1 181 0.7 09 -10-2 -10-2 -1,2.10-2
2 134 -0.8 -09 -0.1 - -
3 70 1.2 0.9 04 2.5-10-2 6,5-10-2
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the third particle turns out to be very sensitive to the
value of j. The recombination probability is deter-
mined in fact by the transitions to the level with j=3.
In this case ¥, (H) turns out to be larger than unity.

In contrast to A, the integral J{:* is sensitive to
the value of the magnetic field. With increasing H,
a tendency of || to decrease is observed, and
this predetermines the appearance, in the expres-
sion for the reciprocal decay time of the polarized
state, of an additional dependence on the magnetic
field, besides the factor »®~1/H2, This decrease is
effectively connected with decrease of the parameter
qsR.c (Rer is the characteristic interaction radius)
with increasing H and with the onset of a situation of
the Ramsauer-effect type.

The fact that the factor y . (H) does not produce ad-
ditional smallness in (7.19) compared with (2.18)
is unexpected. This result is explained by the fact
that in the course of the paired exchange polarization
an abrupt decrease took place in the cross section as
a result of the anomalous shortening of the scattering
length in the triplet state (a, <#,). There is no such
efect in the three-particle process, and linear scales
of the order of £, are restored.

From (7.19) we get for the reciprocal decay time of
a polarized gas in the process under consideration, at
¢3=c,, the following estimate:

1/7 310 x2b,. (H) n*c~*. (7.22)

At H=10° Oe, the factor b. (H)=1. With increasing
H, in the interval from 5:10%to 1.5° 10° Oe, it de-
creases monotonically from 2 to 0.3.

Attention must be called to the fact that according
to (7.18) and (7.19) the probability of decay of the
polarized gas depends decisively on the density of the
particles in the state ¢,. Missing from these ex-
pressions is not only a term proportional to ¢, as is
physically obvious, but also a term proportional to
c2c, (it appears only at a fininte temperature). There-
fore the time 7 increases like 1/c2 with decreasing
Cy.

8. DIPOLE THREE-PARTICLE RECOMBINATION

Dipole-dipole interaction can also lead to simul-
taneous depolarization and recombination in ternary
collision of polarized atoms. Just as in the case of
paired depolarization (see Sec. 3), the hyperfine in-
teraction can be left out when this process is considered.

For the amplitude of a transition in which particles
1 and 2 produce a molecule in a mixed state and particle
3 goes off with a momentum ¢, relative to the mass cen-
ter of this molecule, we use Eq. (7.2) as before. Now,
however, we must add to the Hamiltonian V(r;;) the
Hamiltonian ¥, (r;5) (3.1) of the dipole interaction, and
the true wave function ®(R, r, &;, 1,) must be deter-
mined with allowance for the dipole-dipole interaction.
In the approximation linear in this interaction, it is
convenient to represent the transition amplitude as a
sum of two terms:
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f'=f+11

1Y%
fit=m - Z j dRdr exp (—ig,r)

S

XWo;(R, &, &z, M1y M) @, (Bs, M)

X[ Ve(ri) +Va(ras) 16 (R, 1, £, 70), 8.1)

w
ftmm e 3 | dRdrexp(—igm) W (R, 81 8 1) 06, (B4, m)

X[V (r) +V (r2s) 10 (R, v, &0, n) B (R, 1, £, m) 1. (8.2)

Here ®(R, r, &, n,) is the true wave function with the
dipole-dipole interaction neglected. No account is
taken in (8.1) and (8.2) of the increment due to the
dipole interaction to the wave function of the bound
state, since it makes no contribution to the transition
matrix element.

We find first the amplitude f‘f. Since neglect of Hys
leads in the considered process to conservation of the
nuclear spin, only orthomolecules can be produced
in the {333} and {444} collisions. A paramolecule can
be produced only by particles in the states ¢, and ¢,.
For this purpose, however, it is necessary that the
initial angular momentum of the recombining pair be
odd and this, as already noted, leads to vanishing
of the transition amplitude as T — 0.

In the calculation of (8.1) we retain the approximate
representation (7.3) with 7(r,,) replaced by V,(r,,),
although it is possible that in the case of a dipole-
dipole interaction this approximation is somewhat
worse. A triplet quasimolecule wave function enters
in this case in (7.3). Using the limiting values of the
wave functions (7.6) and summing (7.2) over the spin
variables and integrating over the angles, we obtain
for the amplitude of the transition without change of the
spin state of the third particle in the {444} collision
(taking into account the tripling of the amplitude be-
cause the particles are identical)

8\ utM |
f =fluu)(M1=1)~—24 (1:) uTauh
q . q (or) 5 (d)
XY, (E)Y,m, (;)A,, 7 (8.3)
where
1= jcp((rm(q,r) (8.4)

and ¢, is specified in accordance with (7.20). Expres-
sion (8.3) is given only for odd 5.

We obtain analogously an expression for the ampli-
tude of the transition accompanied by a rotation of the
electron spin of the third particle:

ao’l-

8n\'r ustM
I ‘fmu) (M=1) "’48:1( 5 ) .“"?.

XY,_,( )Y,.,,(q) 45180 8.5)

In this expression ¢, is determined already from the
relation

312q2/4M=|E;| —4psH. (8.6)

For other collision variants, we have
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fudm) (Mr= _1) =fu 4 fad(:u) (M1=1) =]‘fmu (M1= —1) ='/lfvid;
fld(su) (M,=0) =f1(‘:n) (M,=0) =2ll'fo1d/3.

8.7

Exactly the same relations are obtained also for the
amplitudes of a transition with change of the state of the
third particle f4. :

Expression (8.2) is perfectly analogous in structure
to (7.2), and when using for its calculation the same
approximation (7.3) we should replace in the latter the
paired wave function ‘I’hz*“ by the correction to this
function due to the dipole-dipole interaction. Direct
calculation of f¢ has shown that this amplitude is sub-
stantially lower than f¢, and we shall disregard it in
the estimates of the transition probability.

We note that in principle we could have treated all
three dipole interactions as a perturbation within the
framework of the distorted-wave method. If the wave
function of the final state, taking into account the
large value of ¢;, is approximately represented here
in the form

Ww‘(Rv Elv §21 N1 nl) exp(iq,r),

we would obtain the same result, since our choice

of the wave function ¢(R, r £, 7,) in the form (7.3)
would cause the matrix element of V,(7,,) to vanish.
The ensuing inaccuracy turns out to be not very large,
since the small distances 7,; and 7,; are practically
excluded upon integration because of the behavior of
the triplet wave function ¢,.

Using the relations obtained for the transition am-
plitudes [see (8.3), (8.5) and (8.7)], and taking into
account recombination channels with and without spin
flip of the third particle, we get for the transition
probability [cf. (7.18)]

A
W“”=Z aim’ (21+1)_-(cs+c,c thetoctest)

vg
xj[lf d12+

The summation here is only over odd j, while ¢, and
g; are determined in accordance with (7.21) and (8. 6).

If ’d|=] do,,. (8.8)

Substituting in (8.8) expressions (8.3) and (8.5),
we obtain
sox
5

";,T) i ——n(nRy®) (ctesedtesectes’) v (H),

W 8.9)

W= () 2 (@2+1) {graol Ao (B) I () ]?

+hqy as[ A (2H) I (2H) 1% (8.10)

[the overlap integrals A , and J%; are determined by
formulas (7.11) and (8.4)]. The recombination pro-
cess goes in this case effectively to the same levels
as in the case of exchange interaction, the only dif-
ference being that now j takes on only odd values. By
way of 1llustration Table I lists the overlapping in-
tegrals J, ¢ in the expression for ,(H) at H=10° Oe.
Again, the recombination to a level with j=3 is de-
cisive. An important role is played here by tran-
sitions with simultaneous spin flip of the third par-
ticle.
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The coefficient y,(H) (8.10) amounts to ~10-% and is
smaller by more than two orders of magnitude than the
coefficient y, (H) (7.21). Therefore the role of the
dipole mechanism in the three-particle recombination
process is greatly decreased compared with the paired
depolarization process. The reciprocal lifetime of
the poalrized gas with respect to dipole recombination
is

(8.11)

it turns out to be much less than 1/73’ (7.22) at H
=10% Oe.

1/ P%2-10-"by(H) n*sec’! (cy=c., ba(H=10°Oe)=1)

The factor b,(H) has an inverse dependence on the
magnetic field compared with b.(H), namely, it in-
creases with H and changes from 0.3 to 2 in the inter-
val from 5°10*to 1.5+ 10° Oe. At larger values of
H it begins to decrease. The principally different
character of the dependences of 7¢>’ and 7, on the
magnetic field causes the channels of the exchange
in dipole recombination to become rapidly equalized
in velocity with increasing H.

We note one more circumstance. Direct calculations
have shown that the modulus of the overlap integral
Jv‘j ) decreases strongly with increasing final momentum
q;. Therefore the model assumed by us seems to
overestimate the probability W(‘), since the real po-
tential of the H—-H, interaction has a well that in-
creases the effective value of the final momentum in
the interaction region.

Thus, on account of simultaneous depolarization and
recombination in the process of ternary collision of
polarized atoms, the decay time of the metastable
polarized gas phase remains finite as T - 0. This
restricts in principle the attainable values of the
density. As follows from the results, at H=10° Oe a
lifetime of the order of hours is possible only up to
densities 7 ~(1-2)+ 10! cm-3. In the limiting strong
field H ~(2-2.5)- 10° Oe such a lifetime corresponds
to n~10'® cm-3.

9. ROLE OF SURFACE EFFECTS

When considering the gas phase at low temperature,
we encounter in principle the strong role of the sur-
face effects. Indeed, if the surface density of the
adsorbed gas becomes large, then thresholdless depo-
larization and recombination processes, similar to
the processes considered in the preceding section,
come immediately into play. The role of the third
body, in particular, can be assumed in this case by
the surface. The most troublesome here is the thresh-
oldless production of spin excitations in paired
depolarization, which results from violation of an
inequality similar to (6.3) if the coating of the surface
is close to a monolayer.

At T =0 the chemical potential of the adsorbed atoms
is determined by the value ¢,, renormalized on ac-
count of the interaction on the surface, of the ground
state (g,) in the adsorption well (cf. Ref. 19):

ps=8r=e,+82nhtns/ M. 9.1)
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Here ng is the surface density of the adsorbed atoms,
and 6 ~1 is a dimensionless coefficient that depends on
theinteraction of the atoms with one another and with
the surface (¢,<0).

The bulk chemical potential has the usual value for a
rarefied gas:

wv=4nh’a.n/M. 9.2)

The number of free places on the surface for polari-
zed hydrogen atoms is approximately equal to

nse™A/nR~3-10% cm? . ©.3)

It follows directly from (9.1)-(9.3) that the inequa-
lity ng <ng, at equilibrium (kg= p,) at T=0 can be
satisfied only under the condition |g,| <1 K. So low
a value of the adsorption energy is known at present
only in a single case: on a surface covered with a
helium film (Jg,] 0.9 K,2%2!). In all the remaining
cases the lowest value of |g,| is of the order of tens
of degrees (for example, ¢,~40 K on the surface of
molecular hydrogen. The requirement ng <ng, can
then be satisfied only at finite temperatures. Assuming
that T is higher than the degeneracy temperature both
in the bulk and on the surface, we obtain approximately
for the ratio of the surface density to the bulk density
in the case of free motion of the atoms over the surface

ns~n(2nh/MT)" exp (|e,|/T). (9.4)
If the adsorption is localized, then
ns=nng,(2nf*/MT)" exp (|e.|/T). (9.5)

It is easy to conclude from (9.4) and (9.5) that at
T <1 K the formation of a monolayer is unavoidable
for all surfaces, except one covered with helium,
at all bulk-density values of interest.

It is therefore meaningful to estimate the role of
surface effects just for the case of a helium coating.
In this case the ratio ng/ng, remains less than or of
the order of 0.1 at all temperatures down to T'=0
(at n<10% cm=3%), so that the question of thresholdless
production of collective spin excitations is avoided.
The leading decay channel of the polarized phase on
the surface is then three-particle recombination with
change of the spin state. If the result for the number
of acts of bulk recombination of this type per unit time
is represented in the form

(9.6)

(V is the volume of the system), then the total num-
ber of recombination due to ternary collisions of
adsorbed atoms acts on a surface S can be written
in the form

wy (nRy*)*nV=vyV

9.7

ws (nsRo?) *neS=vsS.

The coefficients w, and wg are of the same order of
magntitude.

On the helium surface, however, a recombination
process is possible with a change of the spin state,
wherein the role of the third body is assumed by the
helium atoms. This process was observed in ex-
periment.?! Since the binding energy of the helium
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atoms in the film is small compared with the energy
(7.21) transferred in the recombination to the third
particle, we have in this case an estimated number of
recombination acts

Ws (nsRy?) nsS=vsS. 9.8)

The quantity wg can differ in principle somewhat
from wg on account of the specifics of the kinematics
of the collision and of the difference between the Ht-
H#% and H-He interaction potentials. At the same time
it is of interest to note that the recombination rate
constant obtained experimentally by Hardy et al.?? for
unpolarized atomic hydrogen in a helium atmosphere
at T =1 K turned out to be quite close to the value
that follows from (7.22), if the factor w* is left out
of the latter.

We emphasize that the process of simultaneous
depolarization and recombination with participation of
the helium atom can be connected only with the ex-
change mechanism. If one of the particles in the
three-particle cluster has zero spin, the dipole-
interaction cannot alter the total spin. Consequently
dipole recombination with participation of a helium
atom turns out to be impossible.

As shown in the preceding section, in an ordinary
mixture of hydrogen atoms in spin states ¢, and ¢,
the strong decay channel is exchange recombination,
by virtue of which recombination on the surface
should be described by relation (9.8) (#gRZ<1). It is
important that if the third particle in the recombination
is a helium atom, then the value of the final momentum
qs, which enters in all the overlap integrals, is in-
creased by a factor V2. This leads to a weakening of
the b, (H) dependence, which becomes additionally
weakened by the difficulty of formation of a molecule
in a bound state with j=3. As a result, the dependence
of (9.8) on the magnetic field can be close to »* 1/H%.
Such a dependence was recently observed for the con-
sidered process in experiment.?' If we use the
surface-recombination rate constant obtained in that
reference, then we have for Vg as T — 0 the estimate
(ng =n2*~3.10"® cm-2): Vg 2°10'® 1/cm?* sec (H=10°
Oe). It is easy to estimate here that surface recom-
bination predominates over the volume recombination
up to densities n ~10'® em=3. If we arbitrarily intro-
duce the reciprocal effective decay time 1/7,,, as the
ratio of the number of particles recombining in the
bulk and on the surface per unit time to the total num-
ber of particles, then it turns out that as T— 0 the
maximum value of 7., is ~0.2 sec. This time de-
creases both when the density increases and when it
decreases from the value 10*® cm3.

The obtained estimates offer evidence that it is
practically impossible to reach the Bose condensation
region by direct means. It is possible, however, to

accumulate a polarized atomic-hydrogen phase by using

a finite temperature to which, according to (9.4), the
condition ng/n®** <1 corresponds. Thus, at 7=0.5 K
we can reach densities #~10*7 cm-?, and if H ~(2-2.5)
X 10°, then also n ~10'*® cm-%, and we can get 7 ,, on
the order of hours.
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The picture changes substantially if the polarized
hydrogen atoms are only in the spin state ¢4. In this
case there is no exchange recombination in the volume
and on the surface, and the only remaining threshold-
less decay channel is dipole recombination. As already
noted, the channel of surface recombination with
participation of a helium atom is suppressed in this
case, and recombination takes place only in the col-
lision of three polarized hydrogen atoms. In this,
relation (9.7) is already valid for its rate.

It is important that in the case considered the sur-
face recombination decreases abruptlyat H - (0.5 - 1)
x10° Oe, both because of the small parameter (ngRZ)
and because the rate constant (8.11) of the dipole
recombination is smaller than the corresponding value
for the exchange recombination. Estimates show that
if we assume wg ~w, and use relation (8.11), when
Tog¢ Teaches in this case a maximum value ~10-100
sec. The corresponding volume density is n~3 - 10'®
cm3,

We note that any decrease of |¢,| leads to a sub-
stantial increase of the effective decay time, since
vs ~lg,l® (in films of the mixture He®-He* the adsorb-
tion energy was decreased to 0.6 K~Ref. 21).

The presented estimate of 7,,, is obviously approxi- -
mate because of the inaccurate knowledge of such sur-
face-recombination parameters as ws and the surface
density as T— 0. At the same time, as already
noted in Sec. 8, the rate constant (8.11) of the bulk
recombination is apparently overestimated (con-
sequently 7,,, is underestimated). As a result,

a final assessment of the feasibility in principle of
reaching the Bose-condensation region can be made
only after greatly refining these parameters. In

any case, however, the separation of spin-polarized
hydrogen in the state ¢, is to all appearances optimal.

We note that dipole interaction between the electron
spin of one atom and the electron and nuclear spins
of another makes possible relaxation of the nuclear
spin with a transition of the atom from the state ¢,
into the state ¢,. An analysis perfectly similar to
that in Sec. 3 leads for the reciprocal relaxation time
at T <Ag, (Ag, is the energy difference of the atoms
in the states ¢, and ¢,, and is equal to 5 10~ K and
H =10° Qe) to the value

VU ta=0ran,  Gra=4-107 (1+%ps/ps)* cm? - sec, 9.9)

(kp is the magnetic moment of the proton). On the
other hand, if 1 KR2 T> Ag,, then an additional factor
(T/Ag,)* /2 appears in the expression for a,,,.

Thus, if we have a polarized-system decay time on
the order of hours, then this mechanism does not
change the scale all the way to n~10'® ¢cm-3,

It should be pointed out that as T — 0 the probability
of three-particle exchange recombination is propor-
tional to ¢ [see (7.19)]. A similar result is valid
also for recombination on a surface with participation
of a helium atom. This, in particular, permits the
presence of approximately 1% of a component in the
state ¢,.
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