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Electron-atom scattering parameters and experimental data on He-Ne™ interactions are used to
calculate the He-Ne(ns) quasimolecular terms with # = 4 and 5. The calculated term values are
supplemented by values deduced from differential scattering experiments. The data are then used
to determine the coordinates of nonadiabatic regions and to establish mechanisms responsible for
nonresonance excitation transfer leading to the population of different Ne* states. The tempera-
ture dependence of the rate constants K (7°) of the excitation-transfer reactions are related by a
single integration to transition probabilities between the quasicrossing terms. Comparison

between the calculated and experimental functions K (7") is used to determine the matrix elements
of the interaction. The energy dependence of excitation cross sections is calculated for different

neon states during excitation transfer.

§1. INTRODUCTION. FORMULATION OF THE PROBLEM

There has been increased interest in the excitation-
transfer reactions

He (2'S,) +Ne (2p°) —~He (1S,) +Ne (2p°5s), (1)
He (2°S,) +Ne (2p°) ~He (1'S,)+Ne (2p*4s) (2)

since the advent of the first gas laser. They are now the most
fully experimentally investigated nonresonant excitation-
transfer processes.! Experimental data on the temperature
dependence of the reaction rate constants K (7") and differen-
tial scattering cross sections have been interpreted in numer-
ous recent papers in terms of different models of nonadiaba-
tic transitions. Reaction (1) has been treated, for example, in
terms of the optical model, the strong coupling method,? and
the Landau-Zener model,® whereas reaction (2) has been in-
terpreted in terms of the Demkov model® and the Landau-
Zener model.> The use of this great variety of models for the
interpretation of (1) and (2), frequently without preliminary
justification of the validity of a particular model in relation
toa given process, and the fact that the models are frequently
mutually exclusive, suggests that the precise mechanism re-
sponsible for reactions (1) and (2) is still, to some extent, an
open question.

The aim of this paper is to provide a theoretical analysis
of reactions (1) and (2) by a method close to atomic collision
spectroscopy.’ A semiempirical term scheme for the system
He-Ne (2p°ns), n = 4, 5 is constructed in Sec. 2 on the basis of
data on the scattering of a weakly-bound electron, using the
method proposed in Refs. 8 and 9, and the experimental
data!® on the He-Ne™ interaction. This enables us to estab-
lish the reaction mechanisms and to determine the energy
and radial coordinates of nonadiabatic regions. In Secs. 3
and 4, experimental data on X (T'), taken mainly from Ref. 4,
11, and 12, are compared with particular calculations of
K (T'), which enables us to determine the off-diagonal matrix
elements of the interaction.” This determination of the reac-
tion mechanisms and interaction parameters enables us in
Secs. 3 and 4 to provide a critical review of the mechanisms
proposed in the literature, and to calculate the energy depen-
dence of the reaction cross sections for (1) and (2). Experi-
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mental studies of this energy dependence are difficult to per-
form, especially near the reaction threshold, which is
particularly sensitive to the choice of the reaction mecha-
nism. Moreover, the energy dependence is not only of inter-
est in itself, but is also necessary for the solution of applied
problems related to the optimization of different laser sys-
tems.

We shall use the atomic system of units in all our calcu-
lations.

§2. THE He-Ne (20%ns), n = 4, 5 QUASIMOLECULAR TERMS

Preliminary analysis»® has shown that nonadiabatic
transitions in processes (1) and (2) occur for nuclear separa-
tions R smaller than the orbital radius of the excited s-elec-
tron in the neon atom. The nature of the He-Ne(ns) quasimo-
lecular terms in this range of values of R is therefore largely
determined by the ion-atom interaction.?

To construct the He-Ne(ns) terms, we shall take the Ha-
miltonian for the quasimolecule in the form

H=Hyet+HueA VA7, (3)

Here H He ,ﬁ ne+ 18 the free-atom Hamiltonian, including the
spin-orbit interaction that can be regarded as independent of
R for the nonadiabatic transitions (R % 4) in which we are
interested,'® V, is the interaction potential between the Ne*
ion and the He atom, and the operator ¥V, represents the
influence of the weakly-bound s-electron. The fact that the
spin-orbit interaction in the quasimolecular ion is indepen-
dent of R (Ref. 13) enables us to determine the matrix ele-
ments of the operator ¥}, using a procedure that is the con-
verse of “turning on” the spin-orbit interaction'* and the
data'® on the He-Ne™ interaction. The matrix elements of
V, were calculated by the method described in Refs. 8 and 9.

Figures 1 and 2 show the calculated He-Ne(rs) quasi-
molecular terms together with the =+ He(2'3S) terms,?
deduced in Refs. 6 and 15 from scattering data, and the 3d,
4p terms® (see the discussion given below). Allowance for the
interaction between the calculated and measured terms of
the same symmetry leads to a splitting in crossing regions. It
will be established below that the characteristic size of the
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FIG. 1. The quasimolecular terms 2 Ne(5s"P; ) (Sec. 2) and != * He(2'S,)
(determined from experimental data in Ref. 15). Numbers shown against
curves represent f2. The broken curve shows the qualitative behavior of
the group of terms which correlate with the Ne(4d ) and Ne(4p”) states for
large R. The rearrangement of wave functions of the He-Ne(5s) system is
localized in the neighborhood of R, and R,; R,, U, and R,, U, are the
quasicrossing coordinates.

splitting is of the order of 10~>. We note that the large split-
ting would prevent the determination of the *X*+He(2'3S)
terms from scattering data. The matrix elements of the inter-
action between the calculated terms and terms correspond-
ing to other Ne* configurations are also small, since one of
the expressions contains the wave function of the highly ex-
cited s-electron, and there is also the interaction between
terms corresponding to mostly different (2 and I7 ) states of
the quasimolecular ion. This is confirmed by estimates based
on the method proposed in Ref. 9, which takes into account
core states.

The authors of Ref. 6 have established the presence of
groups of attractive terms that correlate for large R with the
Ne(2p°(*P$,,)3d ) and Ne(2p*(>P$,,)4p) states (3d, 4p terms
in Fig. 2), where these states interact with the >+ He(23S))
state. Additional analysis shows that attractive states that
interact with both *X %, _ He(2?S,) and He-Ne(ns) states are
those for which the excited electron is in the o3d orbital (this
orbital corresponds to attraction after interaction with the
analogous state in the 4p group; see Figs. 1 and 2 of Ref. 9),
and the ionic core is mostly in the Z-state. We shall refer to it
as the >+ Ne(3d) state.” The other attractive Z-state,
'3+ Ne(3d ), does not participate in excitation transfer. The
3d, 4p potentials determined in Ref. 6 are close to one an-
other in the region in which we are interested, and it will be
assumed below that the interaction in the >2 * Ne(3d ) state is
described by the 3d potential® (Fig. 2).
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FIG. 2. Quasimolecular terms {2 Ne(4s'>P;) (Sec. 2) and 33 *He(23S,) de-
termined from experimental data in Ref. 6. The 3d and 4p terms which, for
large R, are correlated with the Ne(3d ) and Ne(4p) states, were established
inRef. 6, and the 3d potential corresponds to interaction in the >+ Ne(3d )
state (see Sec. 2). The rearrangement of the wave function of the He-Ne(4s)
state is localized in the neighborhood of R, R,. R, Us, R, Ug, and R4, U,
are the quasicrossing coordinates.

We note that our calculation of the He-Ne(ns) interac-
tion enables us to calculate the probability of transitions
between different He-Ne(ns) terms, the inclusion of which is
unimportant for the excitation-transfer processes consid-
ered below. The rearrangement of the wave functions of the
He-Ne(ns) quasimolecule is localized in the neighborhood of
the distances R, and R, of halfwidth AR =0.5.

§3. THE He(2'S,) + Ne—He + Ne(2055s) EXCITATION
TRANSFER

The term picture established in Sec. 2 enables us to con-
clude that the population of the Ne(5s">P, ) states in reaction
(1) is determined by essentially different mechanisms. Let us
begin with the 'P, working laser level. The principal contri-
bution to its population is due to transitions to regions of
quasicrossing between the '=;", He(2'S,) and 0% Ne('P,)
terms. The crossing coordinates are listed in the table. The
reasons for the slight influence of the 1Ne('P,) and
0~ Ne(*P,) terms are discussed below.

To determine the matrix element a, of the interaction
between the 0" states in the quasicrossing region, we used
experimental data'"'? on the temperature dependence of the
rate constant K,(7") for excitation transfer in the reaction

He (2!'S,)+Ne—~He+Ne (5s'P,). (4)
For T <800 K, we can neglect the transfer of excitation to

higher-lying levels® of the Ne (2p°4d ) configuration (see Fig.
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FIG. 3. Excitation transfer cross sections for the He(2'S,) + Ne reactions.
1-4—temperature dependence of the cross section averaged over the
Maxwellian distribution (o{T')) = K (T')/v; 5-8—energy dependence of
the cross section o{E ). 1—excitation of the Ne(5s'P,) state, experiment;'’
2, 3—quenching of the He(2'S,) state, experiment.'""'> The uncertainty in
the experimental data'"'? is 30%; 4—excitation of the Ne(5s'P,) state,
calculated from (7); S—excitation cross section for the Ne(Ss'P,) state,
calculated with allowance for orbiting for R <R,,; 6—excitation of the
Ne(5s'P,) state, calculated;?® 7—cross section for the excitation of the
Ne(5s'P,) state,> deduced from experimental data on differential scatter-
ing within the framework of the optical model; 8—cross section for the
excitation of the Ne(5s' P,) state,? calculated by the strong coupling meth-
od.

3), so that K,(T") can be calculated from the usual Landau-
Zener formula, according to which the transition probabil-
ity is

Pu(5) =20 (1-p0),

Es 2nas® [ p\ "
— — == 5
peexp(— e ), B=—p (%) - (5)

where AF = 1.7 1073 is the difference between the term
strengths. We shall now take into account the fact that the
0" Ne('P,) term has a broad potential barrier for R > 8,
whose height is® U/, = 2.3 107* for R,, = 10, so that, at
low energies, the upper limit p,,, (E’) in the integral with
respect to the impact parameter

Pmax

O(P'SHIE )= j 2nPsp dp (6)

is determined from the orbiting condition in the attractive
part of the potential (R < R,,, ). However, subsequent calcula-
tions of the cross section o,(E ) for the reaction (4) shows that,
when the formula for K,(T') is derived, we can neglect orbit-
ing and assume that

Pmax(E") =min {Rs(1—U,'/E’)", Rn(1—U.'|E’)"}.
As in the case of the crossing of repulsive terms,'” we can

then relate K,(T) to the transition probability by a single
integration:

_ RS .
K‘(T)=v<0¢(T)>=z7nT"’ exp(_‘_’_;.)

i el -£)

Ua
o 0 (g ) oo (1) )
Us=(Un=Us)/A, 5=(8T/ap)", A=R.*[Ri-1. (1)

Comparison of (7) with experimental data'"'? on K,(T") for
T <800 K (Fig. 3) has enabled us to establish the value of the
only free parameter £, and hence determine the matrix ele-
ment a, of the interaction (see Table I). The energy depen-
dence of the cross section o,(E ) for the process (4) is shown in
Fig. 3. The results obtained with and without orbiting are
close for R <R,, (they are indistinguishable in the scale of
the figure), and this justifies the use of (7).

The attractive nature of the final term in (4) in the quasi-
crossing region (i.e., U} <0), and the reduction in the cross
section o,(E ) as the energy approaches the threshold value,
was established in Ref. 3, but only on the basis of an analysis
of K (T ) with the aid of asymptotic expressions.'®'° The esti-
mated values of the term interaction parameters given in
Ref. 3 are listed in the table. The cross section o, was calcu-
lated in Ref. 2 by the same coupling method, assuming that
U} > 0. The cross section obtained in this way is much lower
than that calculated above (Fig. 3).

The He(2'S) + Ne elastic and inelastic scattering cross
sections have recently been measured? in the 25-225 meV
region and the data were used to determine the interaction
parameters R,, U,, a;. The results were in good agreement
with the values established above (see Table I). The cross

TABLE I Parameters of the interaction between the terms 0*Ne(Ss'P;) and

135" He(2'S)
Parameter; Present work; Data from Ref. 3; | Data from Ref: 20;
Rs 5.8 6.4 574
Us 1.2.10-3 44104 * 1.4-10-2
Es 0.01 3.6-10—2
as 2.2-10—¢ >8.10-5 21.10—%
*The value U, = — 1.32X 1073, established in Ref. 3, was measured from the

Ne(5s'P,) state and not from He(2'S)), as erroneously pointed out in Ref. 3.
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section o4(E ) for process (4), calculated in Ref. 20 form these
values of the interaction parameters (Fig.3), is found to reach
a maximum at the reaction threshold and decrease with in-
creasing energy. This is essentially different from the thresh-
old dependence of the cross sections established above in the
presence of the potential barrier, the existence of which was
noted in Ref. 20 as well:

T o &
6.(E) >Rt =2 Py T 7)- (8)
The small difference between the threshold energies (curves
5 and 6 in Fig. 3) is due to the fact that the value
U,, = 4Xx10~* adopted in Ref. 20 is greater than the result
U,. (R, =10)=2.3.10"*calculated in Sec. 2. Moreover, it
was assumed in Ref. 20 that the former value was reached in
the region of the external maximum of the 5s-electron wave
function (R,, =~20). The term calculations of Sec. 2 indicate
that this region does, in fact, contain a potential barrier, but
its height is much lower than the barrier height at R,, = 10.

Let us now consider the effect of other terms on the
quenching of the He(2'S,) state and the population of
Ne('P,). A Coriolis transition between the 0 ('P,) and 1('P,))
terms is possible for R < R;. Inclusion of this transition leads
to an increase in the probability P; in (7) by the amount
(1 — ps)* sin’® (see, for example, Ref. 21), where @ is the
angle of rotation of the molecular axis when the region
R <R, is traversed. Since p; =~0.8, the influence of this tran-
sition can be neglected.

It is clear from the term diagram (Fig. 1) that the
Ne(55°P,) level is not populated in single collisions because
the selection rule forbids transitions between the 0% and 0~
states, and this is in agreement with experiment.?? This en-
sures that, at 7= 360 K, the excitation constant for this
state is lower by a factor of 400 than the constant for process
(4). The small population of the Ne(5s>P,) level, reported in
Ref. 22, is probably due to multiple collisions.

For T'> 800 K, there is a discrepancy between the mea-
sured values of K,(7") and the calculations based on (7) (Fig.
3). It was noted in Ref. 3 that population of Ne(4d ) levels may
be the reason for this discrepancy at these temperatures. De-
tailed examination based on an analysis of the simultaneous
population of the Ne(5s'P,) and Ne(4d ) states and the use of
rate data'! for the process

He (2!S,)+Ne—He+Ne (2p* (*P,.) 4d) 9)

shows that, for 7>500 K, the correction to (7) due to transi-
tions to the 4d terms in the region of quasicrossing between
the 'S*He(2'S) term and the 0" Ne(4d ) terms near R, is
(40,) = — 1 and cannot explain the discrepancy between
theory and experiment. The basic reason for the discrepancy
canbe established by noting that, for 7% 800 K, the calculat-
ed Ne(5s'P,) population constant is equal to within the lim-
its of uncertainty with the experimental quenching constant
of He(2'S,). For characteristic transition probability values
D3, Pa~1, where p, is the probability of diabatic passage
through the quasicrossing region near R, in Fig. 1 between
theterm 'S, , *He(2'S,)and theterms 0+ Ne(4d ), this situa-
tion may occur when there is a substantial outflow directly
from the 0" Ne(5s'P,)term in the region of sufficiently large
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values of U, ~4 - 1073 for R <R, to terms that are corre-
lated with the higher-lying neon states, for example, the 44,
4f'states. The He(2'S,) quenching probability is then 2(1-p5),
and is approximately equal to the Ne(5s' P,) population prob-
ability calculated above without taking into account the
transitions for R < R,

The population of the Ne(5s°P,, 3P,) states is due to
double quasicrossings (Fig. 1). The experimental values of
the cross sections (o(T")) for these processes are lower by an
order of magnitude as compared with the cross section??
(04(T)), which is natural for the characteristic values of
transition probabilities p ~0.8-0.9.

§4. He(235,) + Ne—He + Ne(2p54s) EXCITATION TRANSFER

The term picture established in Sec. 2 (Fig. 2) enables us
to conclude that the basic mechanism responsible for the
He(23S,)—Ne(2p°4s) excitation transfer is as follows.

In the course of a collision, excitation is transferred
from He(2%S)) initially to an intermediate term during the
quasicrossing of the terms *=*Ne(23S,) and >3+ Ne(3d ) for
Rs=4.9and Us =2.95X 107> The Ne (4s'P,, 3P,) state is
populated as a result of the quasicrossing of the terms
>3,*Ne(3d) with 1Ne(ds'P,) and 33,_*Ne(3d) with
0~ Ne(4s’P,) at R=Rs=4.2. The terms 1Ne(4s*P,) and
2Ne(4s’P,) do not interact with the intermediate term 33+
because, for these terms, calculations show that a complete
rearrangement has taken place near R, =4.9, and for
R=R,=4.0 the ion core is in the /T state. For the
1,0*Ne('P,) and 0~ Ne(*P,) states, this remark is not valid
because these states are similar to the 1,07 Ne(*P,),
0*Ne(*P,) states in that rearrangement occurs near
R, = 4.2, and the admixture of the ionic Z-state in the cross-
ing region at R~R¢ = 4.2 is considerable. Thus, the popula-
tion of the Ne(4s>P, *P,) states is small in comparison with
Ne(4s>P,, 'P,). The above qualitative difference between the
populations of the Ne(4s'P,, *P,) and Ne(4s>P,, >P,) states is
in agreement with experimental data.?>?* We note that the
importance of the intermediate terms for the population of
the Ne(4s) states was first mentioned in Ref. 6.

We now proceed to the determination of the tempera-
ture dependence of the rate constant, since comparison of
this function with experimental data will enable us to estab-
lish values of the remaining parameters and to calculate the
energy dependence of the cross section. The difficulty en-
countered here is that is is essential to take into account the
vibrational nature of the motion of the atoms in the diabatic
potential corresponding to 2 * Ne(3d ) and the adiabatic po-
tentials produced when this term crosses the *=*+He(225))
and 1,0~ Ne(4S 'P,, *P,) terms. (In the discussion given be-
low, the 1,0~ Ne('P,, P,) terms, the splitting for which is
Ae=8- 107, are looked upon as a single term.) In the re-
gion of the crossing R, Us, thermal collisions are character-
ized by action §' S 1, so that a quantum-mechanical analysis
of the motion of the atoms that takes into account the inter-
ference character of the transitions during repeated crossing
of the region is essential. Let I” be the probability of the
nonadiabatic crossing >3 * He(23S,)—>>=*Ne(3d ) that satis-
fies this condition.

A. Z. Devdariani and A. L. Zagrebin 1148



The action between Rs, Usand Ry, Ugis S =5, so that, in
this region, the motion of the atoms may be treated classical-
ly,and we can sum the usual Landau-Zener probabilities of
the P-transition >=*Ne(3d )—1,0~Ne(*P,, *P,) for each vi-
bration independently. This approach yields

W=TP/(T+P—TP),

so that W is approximately equal to the smaller of the two
quantities I" and P. We note that the Landau-Zener transi-
tions were examined in Refs. 25 and 26 with allowance for
multiple vibrations in the effective potential well and pas-
sage through the centripetal barrier. Both the quantum me-
chanical and semiclassical approaches were used. The for-
mula obtained in these papers for the transition probability
averaged over fast vibrations, i.e., near the top of the cen-
tripetal barrier (where the separation between vibrational
levels is comparable with the width), differs from (10) in that
it does not contain the term I"P in the denominator, which is
small under the conditions assumed in Refs. 25, 26.

Scattering data® indicate that there is weak coupling
between the diabatic states in the crossing regions, so it is
reasonable to suppose that the matrix element a5 of the inter-
action between the X+ He(23S,) and 32+ Ne(3d ) states is
small at R = R and we can use the perturbation-theory for-
mula?’

I'(E.~Us) =J'(,2B‘/“|Ai (_85%) |2’

(10)

B=bhas (nas/FAF)", (11)

€=(E7—U5)AF/2Q«5F_, Er=E(1_pz/R52)a

for I'<1, where AF = |F, — F,| = 61073, F = |F,F,|'?
=2.8.1072% and E, — Us is the radial kinetic energy of the
atoms. The terms given in Ref. 6 were used to estimate the
strengths F,, F,. For large values of I', the expression given
by (11) is no longer valid, but an exact I is not, in fact, re-
quired in this region because W~P for I"* P. Moreover, for
T=300 K, such values of I" occur in (10) on the tail of the
Mazxwell velocity distribution.

When the rate constant K, (75300 K) for excitation
transfer to the 1, 0~ Ne(4s'P,, *P,) levels is calculated from
(10) and (11), it is important to remember that P is a slowly-
varying function of the collision energy (7€ Us — Ug) and we

o ey b
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may suppose that P = const. Moreover, the coordinates R
and R are close to one another (R — R¢<Rj), so that K,(T')
can again be related to

W(E)=PI'(E)/(I'(E)+P—PI'(E)),
by a single integral, namely,

R’
T

Ky (1) =5¢0,(T) =5 = [ W (E—Us)exp (—%) dE. (12)
o

The correction to (12) that represents the dependence of P on
the collision energy and the difference between Rs and R,
does not exceed 0.1K, in these cases. Comparison to (12)
with experimental data* on K,(T') (Fig. 4) in the range 178
K <T<300 K has enabled us to estimate the interaction as
as =4x107* and P = 0.25. Calculations have shown that
the main contribution to the Ne(4s'P,, 3P,) level population
is due to collisions with energies in the range 0.8 Us
< E < Us + T, so that the terms may be assumed to be linear
in the subbarrier region when K,(T') is calculated. The value
P = 0.25 corresponds to £, = 0.01 and a4 = 5.5-10~* for the
matrix element of the interaction between the >= %, _ Ne(3d)
and 1,0"Ne(4s'P,, *P,) terms. Calculations based on the
method put forward in Ref. 9, augmented by the inclusion of
the ion core states, have enabled us to estimate the matrix
elements between different terms with the same (2 in this
quasicrosing region. The resulting values of the matrix ele-
ments are equal, and are in agreement with the above value
of the effective matrix element,’ so that the Ne(4s'P,) and
Ne(4s>P,) states are populated in the ratio of 2:1 during the
excitation transfer process, which this is in agreement with
experimental data® that indicate a ratio of 1.7:1.

The energy dependence of the cross section for excita-
tion transfer, calculated for the above parameter values, is
shown in Fig. 4. Calculations have shown that the function
F( p) need not be taken into account. We note that there is a
discrepancy, exceeding the experimental uncertainty for
T> 500K, between the calculated (o,(T)) and experimental
data®® (Fig. 4). The experimental data®® refer, strictly speak-
ing, to the quenching of the He(2S)) state. It follows from
the term diagram and the discussion at the beginning of this
section that, for T < 500 K, quenching is due to excitation
transfer to the Ne(4s'P,, 3P,) levels. The population of the

0.4
FIG. 4. Excitation transfer cross section for the He(2%S)) + Ne
reaction: 1-6 —temperature dependence of the cross sections
& (o(T)) = K (T)/v averaged over the Maxwell distribution; 7—
03 <_. energy dependence of the cross section, o(E ). 1—quenching of
— He(2’S,), experiment*; 2—excitation of Ne(4s'P,, >P,), calculat-
& ed from (12); 3—quenching of He(23S)), experiment®®, (o(T'))/
“\ 10; 4—same as 2 but (o(T))/10; S5—excitation of
U'ZQ Ne(2p°(*PY,,)3d), calculated; 6—total excitation of Ne(4s'P,,
& 3P,) and Ne(2p°(*P9,,)3d, calculated, (o{T'))/10; 7—excitation
B of Ne(4s'P,, *P,), calculated, o(E)/10, the 'P, and 3P, states are

populated in the ratio of 2 to 1.
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higher-lying neon levels begins as the temperature increases:
He(2:S,) +Ne—He+Ne (2p° (*Py) 3d). (13)

It is precisely this reaction that is responsible for the differ-
ence in Fig. 3 between curve 4 and points 3. Since the interac-
tion parameters are known, we can calculate the rate con-
stant for reaction (13), and this is indicated by curve 5 in Fig.
4. These calculations include transitions from the
33 *Ne(3d ) term to the He-Ne(4s) terms, and orbiting during
motion in the >3 * Ne(3d ) potential. The calculated resultant
rate constant K (T ) for reactions (2) and (13) is in good agree-
ment with experimental data (curve 6 and points 3 in Fig. 4).

Next, let us examine the other published suggestions as
to the mechanism responsible for reaction (2). The experi-
mental data on K (T') for reaction (2) were analyzed in Ref. 4
by using the usual relation for exothermal reactions, namely,
K (T)/v = {(0(T)) = o(E = T),andit wasconcluded that the
population of the Ne(4s'P,, *P,) levels could not be explained
within the framework of the Demkov model. For a reasona-
ble value of the model parameter proposed in Ref. 4 (a=~1),
collisions are almost adiabatic in character at thermal ener-
gies and

o(E)»exp(—t), E=nAEpn"/a(2E)",

where AE is the reaction defect. It is well known®® that the
constant K (T') is then determined by the tail of the Maxwel-
lian distribution: {(o(T)) <exp (—c/T'3) and {(o(T))
>0(E = T') as can be clearly seen in Fig. 4 (curves 2, 4, and 7).
In other words, if we use the energy dependence of the cross
section proposed in Ref. 4 to calculate the rate constant, the
resulting values of K (T) turn out to be substantially higher
than the experimental values.

Analysis of experimental data on K (T°), made in Ref. 5
on the basis of the formulas given in Refs. 18 and 30, has
shown that the population of the Ne(4s) levels is due to quasi-
crossing of the original >+ He(2S) term with another term
in the repulsive region, but it was assumed that the second
term was correlated with the Ne(4s state). Of course, the
presence of the second quasicrossing, which plays a much
smaller role in the temperature dependence X (T') could not
have been established as a result of the comparison with the
formulas for K (T') given in Refs. 18 and 13 because they take
into account the presence of only one nonadiabatic region.
This can be done only by introducing additional experimen-
tal data, as in Ref. 6, where the simultaneous population of
the Ne(4s) and Ne(3d ) levels was established, or by introduc-
ing additional theoretical considerations, i.e., by construct-
ing the quasimolecular term diagram.

§5. CONCLUSION

The quasimolecular term scheme constructed on the
basis of elastic scattering data and additional theoretical
ideas, and comparison of experimental data on K (T") with
calculations, have enabled us to determine the parameters of
the nonadiabatic interaction that determines the transfer of
excitation in the helium-neon laser. This comparison turns
out to be fruitful because we have been able to relate K (T') to
the required parameters without using the energy depen-
dence of the cross section. The function o(E ) calculated from
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the resulting parameter values may turn out to be useful, for
example, in optimizing nontraditional He-Ne laser schemes
such as plasma, gas-dynamic, and so on, systems. This way
of obtaining the energy dependence of the excitation transfer
cross sections will be useful in other cases, since it enables us
to combine studies of elastic scattering of beams with the
relative simplicity of measuring K (T') for inelastic processes
in plasmas and gas discharges.

The basic conclusions of this work on the population of
the He-Ne laser levels are as follows. The population of the
Ne(5s'P,) state occurs as a result of Landau-Zener quasi-
crossing of terms corresponding to the initial and final
states. The population of the Ne(4s'P,) level is accomplished
by the quasicrossing of terms corresponding to the initial
and final states with an intermediate term. Subbarrier transi-
tions take place in this reaction for temperatures 7= 300 K.

The authors are greatly indebted to Yu. N. Demkov and
N. P. Penkin for useful discussions.

UThere are no reliable published methods for calculating this quantity in
the case of excitation transfer processes.

PThis notation represents the term that correlates with the He(2'S ) level
for R— . For states correlating with He-Ne(ns), we give the number £2
and the state of the Ne(ns) atom which, for brevity, is indicated in the LS-
coupling notation.

¥The final rearrangment of the wave functions is completed for R S5 in
the case of Hund type a.

“The Zener formula is justified because the 0+ Ne('P,) term strength is
small in the quasicrossing region (Ref. 16).

S'Primed energy variables are measured from the final state as R— 0, in
this case, from He-Ne(5s'P,).
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