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Abstract—An investigation is made of the absorption spectra of triplet metastable helium molecules in the

adz, statein liquid “He and 3He at various pressures and in dense 3He gas. An analysis of the spectrum corre-

sponding to the a3 Z: —c Zg transition confirmsthe conclusion that there isamicroscopic bubble surround-
ing the molecule in liquid helium. A simple approximation is proposed for the wave function of the valence
electron of the molecule and the parameters of the bubble are determined for various experimental conditions.
The coefficient of molecular recombination in liquid 3He and *He was determined experimentally at various
pressures and in dense cold *He gas. The results show good agreement with the theory of mutual recombination
limited by molecular diffusion under conditions of strong van der Waalsinteraction. It is shown that in the con-
densed phases of helium the polarization of the molecules under the action of the magnetic field does not lead
to suppression of their mutual recombination, and this is confirmed experimentally. © 2000 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

Numerous experimental and theoretical studies
have been devoted to the neutra triplet excitations of
helium. The lowest triplet atomic (23S) and molecular

(a3%)) states are metastable having intrinsic lifetimes
of approximately 8000 s[1, 2] and 15 s[3, 4] and ener-
gies of 19.82 and 17.86 eV, respectively. When helium
is excited by fast particles, an appreciable fraction of
the energy isdissipated in the formation of triplet atoms
and molecules. As the helium density increases, the
ratio of the steady-state molecular concentration to the
concentration of excited atomsincreases [5] which can
be attributed to an increase in the probability of three-
body collisions when a triplet atom may capture an
unexcited atom and form a dimer [6]. In dense helium
gas(n=3x 102 cm3) [5] andinliquid helium [7], trip-
let molecules in the a3Z;, state are the predominant
type of neutral excitations.

The main mechanism for the loss of triplet molecules
in condensed helium [5, 7, 8] and triplet atomsin the low-
density gas[9] istheir mutual recombination which takes
place via a Penning ionization scheme

Hek(@%s!) + Heb (2°S)) — 2He(1'S) + He) + @, @
He*(2°9 + He*(2°9 —~ He(1'S) + He' +&.

The characteritic lifetime of the molecules decreases
as their concentration increases T = 1/(an) (a is the

mutual recombination coefficient) and is a few milli-
seconds at concentrations of approximately 10% cm=.

In condensed helium the excimer decay process is
limited by diffusion:
a = 41DR,, 2

where R, isthe characteristic distance between the mol-
ecules for which the ionization takes place with a prob-
ability of the order of unity. Thisdistanceis determined
from the condition that the characteristic diffusion time

R|2/D and the characteristic time of reaction (1) are

equal.

Detailed calculations of the interaction between a
triplet helium atom and asurrounding liquid were made
in [10]. The calculated shift of the absorption line for
the 2°S—— 23P transition relative to the position at low
pressure showed good agreement with the experiment [7].
Similar calculations have not yet been made for triplet
molecules.

In the present study we give the molecular absorp-
tion spectra corresponding to the a3, — ¢3%; and
a®z, — b3, transitions measured in liquid *He and

“He at various pressures and in dense cold ®*He gas. The
integrated intensities of the spectra were used to deter-

mine the ratio of the oscillator strengths of the a3%;, —~

35, and a%%;, —» b, transitions whose value
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Fig. 1. Absorption spectraof moleculescorresponding tothe
a’x, — bMg transition: (a) in liquid “He (0—1.0 am,

2.1K; @—23.9 am, 1.9K); (b) in liquid ®He (0—1.0 atm,
1.8 K; @—14.4 atm, 1.8 K). The spectra are normalized to
the absorption at the maximum.

shows good agreement with the calculated value.
Quantitative data were obtained on the van der Waals
coefficients of the following pair interactions:

Hel (a’s)) —Hek (a’%)),
Hes (a%s)) —He(1'S),
Hej (c°Z,) —He(1'S).

We calculated the interaction between a molecule
and surrounding helium which leads to a shift and
broadening of the absorption lines, using amodel of the
“bubble” formed by the molecule in liquid helium and
we determined the bubble radius under various condi-
tions. The molecular spectrain the gas were described
using the standard theory of line broadening in the
binary approximation [10, 11].

The theory of diffusion-limited mutual recombina
tion was extended to the case of strong van der Waals
interaction. Good agreement was observed between the
calculated data and the experimental dataobtained in the
present study and in [7]. The coefficient of recombina-
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Fig. 2. Absorption spectra of molecules corresponding to

the &35, —» 0323 transition: (@) in liquid “He (0—
0.05 atm, 2.1 K; 0—6.3 atm, 2.1 K; @—10.1 atm, 2.0 K;
m—23.9 atm, 1.9 K; (b) in liquid 3He (0—4.8 am, 1.8 K;
0—14.4am, 1.8K; @—239am, 1.7K; m=—31.5am, 1.7 K).
The vertical line gives the wavelength corresponding to the
(0-0) a%s, — 0323 transition in vacuum. The spectra
are normalized to the absorption at the maximum.

tion calculated using this model does not depend on the
magnetic field and thisis confirmed experimentally.

2. ABSORPTION SPECTRA
AND THEIR INTERPRETATION

The method of generating mol ecules and measuring
the absorption is similar to that described in [12]. The
molecules are formed as a result of the recombination
of positive ions and electrons injected into the helium
from tungsten tips. Light from a halogen lamp passing
through a mechanical chopper and a monochromator is
fed along a quartz light guide into an experimental cell
from which it is extracted to a photodetector using
another light guide. The photodetector signal is ampli-
fied and demodulated using a lock-in amplifier. The
excimer concentration was modul ated at low frequency
by periodically varying the current through the cell and
the signal from the lock-in amplifier was demodul ated
using a computer.

Typica absorption spectra observed in liquid *He
and “He are shown in Figs. 1 and 2. To within experi-
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mental accuracy, the a3, — b3, absorption line
does not shift with varying pressure whereas the
a’z, —= c%, line undergoes an appreciable dis-

placement in the short-wavelength direction and
becomes broader as the pressure and particle density

increase. Line broadening of the a®%;, — ¢3%; tran-

sition was observed as a function of temperature (Fig. 3).
It is important to note that in the given temperature
range at constant pressure, the variation of the helium
density is within 1.5% so that we can reliably talk of
temperature-induced broadening of the line. Unlike the
absorption line width, its shift relative to the vacuum
position does not depend on temperature, which sug-

gests that the position of the a®%, —» ¢35 line may

be used as an indicator of the static interaction
between the molecule and the environment, neglect-
ing the temperature fluctuations which lead to addi-
tional broadening.

In order to describe the pressure dependence of the
(0-0) &%z, —~ 3%, line shifts, we used a model

which assumes that a microscopic bubble surroundsthe
molecule in liquid helium. This approach was used in

[10] which was devoted to the He} (2°S) metastable

triplet helium atoms. It is assumed that the bubble is
formed as a result of the repulsion of an excited elec-
tron from the surrounding helium atoms. This mecha-
nism may lead to the formation of a bubble around the
metastable molecul e since the size of the outer electron
orbit is comparable with the interatomic distancein lig-
uid helium [13].

The equilibrium bubble radius R, is determined by
minimizing the total energy of the complex E(R) which
consists of the total energy of the interaction between
the molecule and the surrounding helium atoms E,,
the potential energy of the cavity in the liquid pV, the
potentia energy at the bubble interface Eg,, and the
kinetic energy of the molecule E,,,whichisassociated with
the oscillations of the molecule in the bubble.

We shall make an assumption which will bejustified
by thefollowing cal culations, that the size of the bubble
is considerably greater than the internuclear distancein
the molecule (around 1 A [14]). To afirst approxima-
tion the interaction of the molecule with the surround-
ings reduces to the repulsion of the outer electron from
the helium atoms at short distances and van der Waals
interaction of the molecule with the atoms. In the
widely used optical model the energy of the interaction
between an electron and ahelium atom iswritten in the
form

_ 2mhi’a,

= R)|?,
fea = i IW(R)
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Fig. 3. Line broadening of the a5, —~ 0322; transition
inliquid 4He as afunction of temperature at 23.9 atm (0—
155K; 0—1.75 K; @—1.95K; m=—2.1 K; T, = 1.88 K).
The spectra are normalized to the maximum and are shifted
aong the ordinate by 0.25 relative to each other.

where g, is the scattering length of the electron on the
helium atom in the pseudopotential approximation
(a,=0.62 A) and Y(R) isthe dectron wave function [15].
Cdculation of the eectron wave function of a helium
molecule is a complex theoretical problem. However,
we are merely interested in its behavior at compara-
tively large distances from the nuclei. Calculations

made for the AY(Z;) and C'(Z;) singlet molecular

states by Guberman and Goddard [16] show that at dis-
tances greater than 5 Bohr radii the wave functions of
the outer electron are accurately approximated by
hydrogen-like functions of the 2Sand 2P, type, respec-
tively with the effective charges of the molecular core
Z(AY) =1.08 and Z(C) = 0.69. We shall assumethat the

wave functions of an excited electron in the a3z; and

CSZ; states are also essentially 2S and 2P, hydrogen-

like functions and the effective core charges will be fit-
ting parameters.

We do not know of any experimental or theoretical
data on the coefficient of the van der Waals interaction
between amolecule and ahelium atom. In order to esti-
mate this we can use the following simple reasoning:
the dipole moment of a molecule is mainly determined
by the outer electron whose characteristic frequency of
motion is low compared with the frequencies of elec-
trons in the 1'S ground state of the helium atom.
Assuming that the motion of the outer electron relative
to the molecular core is classical, at each instant the
energy of the interaction between a molecule and a
helium atom is —aE?(R)/2 where E(R) is the electric
field induced by the molecule and a isthe polarizability
of the helium atom in the ground state (o = 1.383 au [17]).
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Fig. 4. Energy of interaction between an He;(a‘gz:) mol-

ecule and a 1S helium atom at large distances.
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Fig. 5. Shift of the maximum of the (0-0) a%%, —~ CSZg
absorption line relative to the vacuum position in liquid

helium [0—3He, o—*He, @—fitting using bubble model
(seetext)].

Averaging over the state of the outer electron in the
molecule, we can easily obtain

22
ae '3
sVdW(ZS = - 5 S’
R
ae®0Oe @ .3 2.0
g an(2P) = ——— L8 1 2o’ O
vdw () RG EB 5 D

where the angular brackets denote averaging over the
state. We note that the expression for €,44(2P,) is the
same as the result of the approximate guantum-
mechanical calculations [18]. Figure 4 gives the inter-

action potential between a molecule in the &’ state

and a helium atom in the ground state. It can be seen
that the characteristic scale of the region of major vari-
ationinthe potentia issmaller than theinteratomic dis-
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tancein theliquid. Thus, the helium density was subse-
guently assumed to be equa to its value at infinity
everywhere outside the bubble and

Em=nj{%mﬂamm»&R
R>R,

We write the energy associated with the presence of
a liquid—vacuum interface at the bubble surface in the

form Eg, = 4TR;y. The value of y was assumed to be

equal to ag(n/ny), where o, and n, are the coefficients of
surface tension at the liquid—saturated vapor interface
and the liquid density at the saturated vapor pressure,
respectively, when T — 0. When calculating the
kinetic energy of the molecule we assumed that the
configuration of the surrounding ligquid remains the
same under the molecular oscillations since the
attached mass of the bubbleis considerably greater than
the molecular mass and the characteristic frequencies
of the bubble oscillations are relatively low. Under this
assumption the change in the potential energy of the
interaction of the molecule with the surroundings when
the molecule is displaced by &r = {dx, oy, 0z} relative
to the center of the bubbleis

OE(dr) = n I {€a(R=0r) +&,40(R=0r)} d°R. (©)]
R>R,

Expanding (3) as a seriesin powers of dx, dy, and 0z as
far as quadratic terms and integrating, we find the fre-
guencies of the molecular oscillations in the corre-
sponding directions. For a bubble radius of 6-7 A these
frequencies correspond to temperatures of 10-15 K and
consequently the kinetic energy of the moleculeissim-
ply the energy of its zero-point oscillations.

In the adiabatic approximation the frequency shift
of the transition is Aw = (E.(R)) — Ei(Ry))/%, where
E.(Ry)(EL(Ry)) isthe total energy of the “bubble + mol-

eculein state 8’2, (¢°Z; )" complex, and Ry isthe equi-
librium radius of the bubble formed by the molecule in
the initial state a’%,,. In our model, the shift of the

absorption line only depends on the unknown effective
charges of the molecular coreZ, and Z.intheinitial and
final states which were determined by fitting the exper-
imental values. It can be seen from Fig. 5 that the pro-
posed model accurately describes the interaction
between the molecule and the surrounding liquid.
Thevauesof Z,=1.04+0.05and Z, =0.78 £ 0.04
thus determined are close to the effective charges Z, and

Z; determined for, respectively, the A'(Z) and C'(Z;)
snglet states from Guberman and Goddard's cacula
tion[16]. The bubble radius varies between 7 A at low
pressure and 6.4 A at pressures close to solidification.

The absorption spectracorresponding tothe a3z, —
33, transition were also measured in cold 3He gas at
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densitiesof 1.3 x 10?211 x 10?2 cm~3 (Fig. 6). In order
to describe the observed line shifts relative to the vac-
uum position we used the standard theory of line broad-
ening in the binary limit (see, e.g., [11]) assuming that
the energy of the interaction between the molecule and
the surroundings can be reduced to the sum of the ener-
gies of two-particle interactions between the molecule
and isolated atoms. Then, in the adiabatic approxima-
tion the frequency dependence of the absorption inten-
sity isgiven by

l(w) = J'e“*“q)(r)dr,
where _

o) = exp[—jga @

f

Here, wisthe frequency shift, U,(R) and U(R) arethe
energies of the interaction of the molecule with an iso-
lated atom in the initial and final states, n(R) is the
coordinate distribution function of the helium atoms.
Taking into account the slope of the interaction poten-
tial U,(R) and the smallness of the van der Waals mini-
mum compared with temperature (see Fig. 4), we
approximated the real potential by an infinite wall
located at a distance R,;,, from the molecule. The value
of Ry, is determined from the condition U (R,,) = T
(classical turning point) and depends weakly on tem-
perature. If three-body “molecule + atom + atom” col-
lisions are neglected, we can easily calculate the coor-
dinate distribution function of the atoms:

n(R< Rmin) =0,

_exp[ MCEG L (R))} m(R)d R}

0 2mT(R- : Ruin)’ %
h N
Figure 7 shows measured shifts of the maximum of

the a®%;, —~ c3%, absorption line from the vacuum

position in *He at various densities and results of calcu-
lations using the bubble model and in the binary
approximation. On comparing the experimental data
with the calculations, we can conclude that at densities
=1.5x 10% cmr3 themoleculeislocdized in abubble (for
comparison, the critical *He density is 8.3 x 10% cnr3

[19)).

n(R>R.) = n, DL exprt

3. KINETICS OF MOLECULAR DECAY

Triplet He§(a3zj) molecules are the longest-lived
neutral excitations in condensed helium and thus the
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Fig. 6. Absorption spectra of molecules corresponding to
the a5, — ¢33 transition in cold *He gas at various
densities (7—0.7 atm, 2.9 K, 0.0064 g/cm3; 0—1.8 atm,
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Fig. 7. Shiftof thea®s, —= ng; absorption linerelative

to the vacuum position in liquid and gaseous ®He at various
densities [0—experiment, C—calculations using bubble
model, A—calculations using binary approximation (see
text)].

guestion of the processes leading to their decay is of
considerable interest. The dominant mechanism of
excimer loss in liquid and dense gaseous helium is the
binary Penning ionization reaction (1) [5, 7, 8]. In cases
where the total electron spin of the interacting triplets
does not exceed unity, reaction (1) takes place to the
extent of exchange interaction between the outer elec-
trons of the reacting particles and its rate at maximum
convergence (2.5-3 A [20]) isW,, = 10 s1[20, 21]. If
the electron spin of the reacting triplets is two, ioniza-
tion asaresult of total spin-conserving exchange inter-
action is forbidden since the spin of the reaction prod-
ucts does not exceed unity. In this case, a nonzero Pen-
ning ionization probability only occurs when weak spin
dipole interaction is taken into account. The rate W, _4
of the reaction taking place by this exchange dipole mech-
anism is seven orders of magnitude lower than W, [4].
Konovalov and Shlyapnikov [4] predict that recombi-
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nation will be appreciably suppressed when the triplets
are strongly polarized.

The dynamics of the loss of molecules as aresult of
mutual recombination may be described by the follow-
ing relationships:

. 2
n, = —0;,N; =0, Ne =0, Ny N,

. 2

Ng = — 0o NoMNy —UgoNp —Ug, NoNy s )
PO 2

n, =-a,nn —-a,nNnNp—a, n,

where n,, ny, and n, are the concentrations of mole-
cules having different spin projections and a;; are the
recombination coefficients. If, following Konovalov
and Shlyapnikov [4], we assume that free molecular
diffusion takes place, the rate of recombination is deter-
mined by

o = 4TDR,, (6)

where the ionization radius is determined by the condi-
tion R*/D = UW(R,) (W(R) is the probability of recom-
bination event (1) per unit time). The molecular diffu-
sion coefficient can be estimated in the T approximation
using the calculated bubble radius (see previous sec-
tion). Typical vaues of the diffusion coefficient in a
normal liquid are around 10° cm?/s, increasing in a
superfluid liquid as the density of the normal compo-
nent decreases. As a result of an exponentia decrease
in the recombination probability W with distance, the
characteristic ionization radius varies weakly asthe dif-
fusion coefficient varies. Under our experimental con-
ditions the ionization radius of a spin-allowed reaction
was 7-10 A. The characteristic time of an ionization
reaction by the exchange—dipole mechanism is several
orders of magnitude greater than the diffusion time at
all distances and in the approximation under study we
finda,, <a,,,d,

However, the assumption of free diffusion is not
consistent with the real situation because of the pres-
ence of strong van der Waals interaction between the
molecules. Allowance for this interaction yields the
conclusion that molecules having converged to a dis-
tance at which the van der Waals energy is comparable
with the temperature, do not diverge but form a bound
state having a short intermolecular distance (=3 A) and
react within times much shorter than the diffusion con-
vergence time even when the total molecular spin is
two. The van der Waals capture radius is [22]

0 Cedr

Raw = | [eXper—F5

dw |:I p TD 2:|
CG/(TR)

J— —'[ —5/ 6

10T '

6C,0
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We use the following formula to estimate the van
der Waals coefficient (see, e.g. [23])

3he

f ak f ak'
z (wak + wak‘)wakwak' , (8)

where f,, and w,, are the oscillator strength and fre-

quency of the a3z; — k transition, respectively, and
summation is performed over all possible transitions.

The oscillator strength of the a3z; — b, transition
is known, f,, = 0.205 [5]. The oscillator strength of the

a’s, — ¢’z transition can easily be calculated
using the matrix elements of the dipole moment opera-

tor calculated by Yarkony [24] and the cal culations give
f.c =0.307.

Using the well-known relationship (see, e.g., [25])

fkk' -

2
cm

= —(ao(v)dv,
ézI()

where f,. is the oscillator strength of the k — K’ tran-
sition, o(v) isthe cross section for absorption of light at
frequency v, and the integral is taken along the entire
absorption line corresponding to this transition, we
obtain from the integrated intensities of our measured
spectra: f,J/f,, = 1.5 + 0.2 which agrees with the calcu-
lated data.

Having retained only the principal termswith k, k' =
b, cinthe sum (8), we obtain the lower constraint on the

van der Waals coefficient Ci"" = 6020 au. For the

upper constraint on C; we assumef, =1 —f,, —f,. (the
a — dtrangition is parity-forbidden), f,, = O for k Z b,

¢, e, which gives C¢™ = 7940 au. Thus, we have Cq =

7000 + 1000 au.

Bearinginmindthat R = 10 A wehave C5/(TR®) > 1
and integration in (7) can be extended to infinity, which
gives

6 §6[|1/6 _
rag oo - 15-18 A 9)

RvdW
at temperatures of 1.5-4.2 K. Thus, at low temperatures
we find R4y > R so that the van der Waals capture
radius should be taken as the characteristic ionization
radius:

o = 4TDR gy . (10)
Thus, inthismodel the polarization of the molecules

has no influence on their decay dynamics.

Formula (10) obtained in the diffusion approxima-
tion holds for short mean free paths | < Ry . If the
moleculeis situated in aliquid, it islocalized in a bub-
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ble and direct estimatesin the t-approximation give |l =
R/6 (R, = 6.4-7.0 A is the bubble radius); for a super-
fluid liquid we havel = (Ry/6)(n/N,o:m) Where Ny, isthe
density of the normal component. If the moleculeissit-
uated in alow-density gas, we find | = 2/on where the
cross section for scattering of a helium atom at amole-
culeis o = 1-2 x 10 cm? a 24 K (the factor 2
appears as a result of a difference between the atomic
and molecular masses which has the result that for a
molecule a single collision with an atom is insufficient
to reverse its momentum). Thus, we find that the result
(10) isvalid in normal liquid helium, in superfluid “He
at temperatures above 1.7 K, and also in gases at densi-
tiesn > 102 cm3, and under all the conditions listed
above polarization does not influence the recombina-
tion of excimers.

We shall now consider the opposite limit of long
mean free paths| > R4, . The coefficient of molecular
recombination in this case is determined by

o =0V, (12)
where o isthe cross section of reaction (1) and v;isthe
thermal velocity. The limit of long mean free paths
obtains in superfluid helium at <1.3 K and in gas at
densities <10?* cm3. In superfluid helium as the mol-
ecules converge to distances R = 2R, (R, is the bubble
radius), a bound state of two molecules localized in a
single bubble forms so that the cross section is =T(2R;)?
and the recombination coefficient also does not depend
on the polarization of the molecules.

We note that an electron—on pair formed as aresult
of the excimer ionization reaction (1) may recombineto
form a“secondary” molecule. If the probability of this
processy is not low, the recombination coefficient (10),
(12) should be multiplied by (1 —y). The experimental
setup in the present study can be used to estimatey. The
lifetime of the molecules in liquid helium under the
conditions used to observe the absorption spectra was
several milliseconds which is much shorter than the
characteristic vibrational and rotational relaxation
times (~300 ms and 15 ms, respectively [8]). Conse-
quently, the molecular distribution over excited vibra-
tional and rotational states corresponds to the probabil-
ity of the formation of amoleculein aparticular excited
state. However, the characteristic relaxation times of

the He, and He; molecular ions arerelatively short as

aresult of the absence of an excited electron which sup-
presses the interaction of the ion core with the sur-
roundings in the case of a molecule. Hence, molecules
generated in highly excited rotational states are formed
as a result of recombination of an electron-ion pair
which occurred when the helium atom wasionized, and
attachment of one or two atoms to an atomic ion. Such
a pair is comparatively short-lived (the characteristic
distance of maximum separation during expansion is
R =< 10°° cm, the time of convergence and pair recom-
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Fig. 8. Temperature dependence of the coefficient of recom-

bination of molecules in superfluid *He: 0o—Fitzsimmons
experimental data[7], corrected allowing for the calculated
[5] oscillator strength f,y,; the solid curve gives the calcula-
tions using the diffusion approximation, the dashed curve
gives the calculations using the long mean free path limit
(seetext).

binationistg ~ R¥(ue) < 10~ s) and the ion core does
not have timeto relax.

An analysis of the spectra shows that the fraction of
molecules formed in this process is (20 + 10)%. Thus,
using the measured spectrawe can estimate the probabil-
ity y of the formation of a single molecule in a mutual
recombination event involving two molecules: let h, and
n, be the concentrations of unexcited (primary) and
excited (secondary) molecules and then the rate of gen-
eration of secondary moleculesisya(n, + n,)? and their
rate of recombination is any(n, + n,). Consequently in
the steady-state regime we have y = n,/(n; + n,) = 0.2
and allowance for the factor (1 —v) in estimates of the
recombination coefficient is needlessly accurate.

The calculated values (10) and (11) and the Fitzsim-
mons experimental data [7] measured in superfluid “He
at temperatures of 1.4-2.1 K are compared in Fig. 8.

Thus, the suppression of recombination by a strong
magnetic field can only be observed in agasinthelong
mean free path regime. The condition| > R4, iSequiv-
alent to the absence of three-body “molecule + mole-
cule + atom” collisions. Then, as they converge, these

Table 1
Phase T, K P, am | pgH/(KT)
Superfluid “He 2.12 0.05 35
Superfluid “He 176 | 281 42
Superfluid “He 1.43 0.004 5.2
20% *He—*He solution 1.8 14.4 4.1
3He, liquid 18 14.4 4.1
3He, liquid 1.8 315 41
He, gas 2.9 0.7 1.4
No.5 2000
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Table 2
a, cm¥/s (+15%) a, cm3/s

Phase K P, am experiment calculated Ryaw
Liquid “He 2.10 1.0 3.8x 1011 3.6x 10711 0.086
Liquid *He 1.98 14.4 32x101 29x 1071 0.072
Liquid “He 1.76 28.1 28x107! 3.2x10 0.080
Liquid “He 1.76 1.0 1.1x 10710 0.9 x 10710 0.23
Liquid 3He 1.64 14.4 33x 101 29x 1071 0.086
Gas *He 3.0 0.7 43x 10710 85x 10710 0.60

molecules do not form bound states and react with a
certain probability which depends on their polarization.
The corresponding reaction cross sections for triplet
atoms were calculated in [20]: o(11) = o(10) = 3.2 x
10%cm?, o(11 ) =2.9x 105 cm? at low temperatures.
Unfortunately our method of generating molecules
cannot operate at fairly low helium densities since,
when n = 10% cm3, the electron mobility increases
rapidly [15] and breakdown occurs in the cell. Table 1
gives al the experimental conditions used to study the
influence of molecular polarization on the recombina-
tion coefficient. The molecular lifetimes were 200 ms.

Simple estimates using standard spin-attice relax-
ation theory (see, for example [26]) for molecules in
helium of appropriate density give longitudinal relax-
ation times on microsecond scales as a result of “spin—
axis’ interaction, which suggests that the polarization
of the moleculesin our experimentsis close to equilib-
rium. Under our conditions it was impossible to
observe molecular polarization using the Zeeman effect
because in the fairly strong magnetic fields for which
multiplet splitting could become appreciable in the
absorption spectra, optical transitions accompanied by
a change in the spin projection Mg are forbidden as a
result of the Paschen—Back effect.

Under all the experimental conditions listed above
no influence of the magnetic field on excimer decay
was observed, which isin complete agreement with the
theory.

In order to determine the numerical values of the
recombination coefficient under various experimental
conditions, the experimental time dependences of the
absorption signal were fitted using the binary reaction
equation

01 + ot —tO)D_l

Aty oov/SO

where A(t) = n(t)oV/IS, 0y is the cross section for
absorption of light determined from the oscillator
strength of the transition and the integrated intensity of
the spectrum, V isthe volume in which absorption takes
place, Sisthe area of the light beam, and the recombi-
nation coefficient a was the fitting parameter. The
unknown effective volume V was obtained by compar-

AQt) =
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ing our data with the results [7] under similar condi-
tions. The values of the recombination coefficient thus
determined and those calculated using formula (10) are
givenin Table 2.

All the experimental data agree with the calcula-
tions within measurement error, except for the coeffi-
cient of recombination measured in a gas, where the
criterion for the validity of the diffusion approximation
ceases to be satisfied. Assuming that the cross section
of theionization reaction is approximately equal to the
cross section for the reaction of two triplet atoms at low
temperatures (see above), in the long mean free path
limit we obtain o = 4.8 x 107° cm®¥/s at 3.0 K whichis
in good agreement with the experimental value.

4. CONCLUSIONS

The position and shape of the absorption line corre-

sponding to the a®%;, —~ ¢35, molecular transition
exhibits a strong dependence on the helium density

which means that the interaction of the He’z‘(asz;)

molecule with the surroundings can be studied using
optical measurements. By analyzing the spectra obtained
under various experimental conditions, we established
that at above-critical dendtiesthe molecules are localized
in microscopic bubbles similar to the localization of
excess electrons. The size of this complex, unlike a
bubble, formed by an electron varies weakly with pres-
sure.

We obtained estimates of the coefficients of the van
der Waals interaction between a molecule and a
ground-state helium atom:

Co(He% (3%5)) —He(1'S)) =54 au,
Co(Hes (c’=y) —He(1'S) = 68(4/5 + 3/5c0s°O) aul.

We observed appreciable broadening of the absorp-
tion line in *He as a function of temperature. The natu-
ral oscillation frequencies of the bubble which are eas-
ily estimated correspond to temperatures around 3 K
and we ascribe the observed broadening to the excita-
tion of vibrational degrees of freedom of the bubble.
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We obtained an estimate of the coefficient of van der
Waals interaction of the molecules Cg = 7000 £ 1000 au.
Allowance for the strong attraction of molecules at
large distances yields the conclusion that the diffusion-
limited rate of excimer recombination does not depend
on the molecular polarization. Calculations using the
proposed model show good agreement with all the
available experimental values measured under condi-
tionswhen the diffusion approximationisvalid (normal
3He and superfluid “He at temperatures above 1.7 K).
The recombination coefficient measured in cold *He
gas agrees with the data [5] obtained in “He at similar
densities and shows good agreement with the results of
the theoretical calculations [20] for an extremely low-
density gas.
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