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An investigation is made of the process of nonresonant excitation transfer by exchange of metastability in a 
'Ho'He mixture of helium isotopes at thermal energies. The behavior of the metastability exchange cross 
sections u,('Ho3He) and o,('Ho4He), and of their relative difference Au = (u ,a , ) /u ,  in the temperature 
range from 77 to 3WK is explained. In a theoretical investigation of the isotopic effect the process of 
exchange is considered as the result of interference between the g and u states of a quasimolecule, composed of 
normal and excited helium atom. 

PAC§ numbers: 31.30.Gs, 31.50. + w 

1. Elastic scattering of metastable helium atoms by low 300°K and rises to a factor of 2 at 77°K; the cross 
normal atoms has a number of interesting properties section for the different isotopes becomes smaller. 
associated with the quantum symmetry effects and with 
the structure of the atomic interactions. Helium is one 3. This experimental observation can be explained i f  
of the few substances for which sufficiently accurate we consider, in accordance with the scheme of (1.1), 
theoretical calculations have been carried out and, con- the interaction between two helium atoms, one of which 
sequently, it i s  possible to compare quantitatively the i s  in the ground state l 'so and the other in the metas- 
theory and experiment. table state Z3s,. 

In addition to the purely elastic scattering, there is Elastic scattering of metastable helium atoms in a 
also a possibility of resonant excitation transfer: gas of unexcited helium atoms is characterized by two 

interaction potentials which are  degenerate at infinity: 
(lS1) V,(R) and V,(R), corresponding to the symmetric and 

antisymmetric superpositions of the ground state of one 
In this process there is no exchange of the transla- atom and of the metastable state of another atom. In 

tional and internal energies between the nuclei. Hence, the case of scattering of metastable helium these mo- 
it follows that the scattering process (1.1) can be re- lecular states are  the lowest states 3 ~ ,  and 3 ~ ,  .of the 
garded as a form of elastic scattering. quasimolecule He: (Refs. 11 and 12). 

2. In investigating the nature of long-range forces of 
colliding atoms it i s  particularly interesting to consider 
the results of the experiments on the elastic scattering 
at low temperatures. 

The first experimental determination of the scattering 
cross sections of metastable atoms was made by the 
molecular beam method.'-' The cross section of the 
metastability exchange process (1.1) was determined in 
Refs. 6 and 7 at low energies. Reliable measurements 
of the cross sections in the temperature range from 15 
to 115 OK and also at 300 OK were made in Refs. 8 and 9, 
respectively. 

The isotopic effect was observed in Ref. 10 and the 
cross sections U , ( ~ H ~ - ~ H ~ )  and U ~ ( ~ H ~ - ~ H ~ )  were ob- 
tained experimentally from the optical orientation and 
magnetic resonance of metastable helium atoms (23~1) 
in a mixture of the 3 ~ e  and ' ~ e  isotopes at thermal en- 
ergies. Figure l a  shows the experimental values of the 
cross sections a, and a2 averaged over the temperature 
distribution at six temperatures from 77 to 300°K; the 
error is within 8%. 

The temperature dependence of the relative difference 
h a  = (a, - 02)/a, is shown in Fig. lb. 

It is clear from these figures that a considerable dif- 
ference between o, and o2 appears at a temperature be- 

The potential Vu(R) corresponds to the antisymmetric 
wave function of the system and it has a minimum for 
the internuclear distance R = 2ao (ao = 0.53 X 1 0-a c.m.- 
Ref. 13). 

FIG. 1. a) Metastability exchange cross sections ui ( ' ~ e - ~ ~ e )  
(1) and g 2  ( ' ~ e - ~ ~ e )  (2) averaged over the thermal distribution 
and plotted a s  functions of temperature. b) Relative difference 
AU = ( ~ 1 -  a2) /ai: 0, *) experimental results; the calculations 
are represented by a continuous curve. The calculated tem- 
perature dependences are close to linear in the investigated 
temperature range, which makes it easier to average over the 
energies of the colliding particles. 
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The potential energy V,(R) has a maximum at a rela- 
tively large internuclear distance (R = 4 . 5 ~ ~ ) .  This i s  
explained by competition between the various exchange 
forces.14   he existence of a potential barr ier  is closely 
related to the existence of an excitation energy in the 
metastability exchange r e a ~ t i o n . ~ ' " ~  Although the exis- 
tence of the excitation energy has been confirmed in o p  
tical pumping experiments,16 there i s  still a large dis- 
crepancy with the results of Ref. 11. Since the most 
probable source of e r ro r  i s  in calculation of the term 
%,, much theoretical work has been done on this t o p  
i c 1 ~ - ~ 9  and the results  of Ref. 19 a r e  in good agreement 

with the experiments.' 

The existence of a potential barr ier  in the case of both 
potential curves &(R) and Vu(R) of an investigated pair 
of atoms has the effect that the metastability exchange 
cross sections decrease when the kinetic energy in- 
creases. 

The long-range interaction is governed by the van der 
Waals forces; it has the form - 3 0 . 5 / ~ ~  expressed in 
atomic units for both terms.  h he coefficient 30.5 fol- 
lows from a calculation based on a variational approach 
in perturbation theory.13) This interaction gives r ise  to 
a minimum of both potential curves at R - 6-7 A with a 
depth less than 1 meV, which i s  unimportant for the 
process in question. 

It should be stressed that the results of calculations of 
the potential curves a r e  very sensitive to the nature of 
the wave functions. Therefore, the behavior of the 
terms (particularly in the case of large distances be- 
tween the nuclei) must be checked and refined experi- 
mentally. 

Figure 2 shows the potential curves obtained recently 
by Brutschy and Haberland.,' A qualitative explanation 
of the temperature dependences of o, and o, in the range 
from 77 to 300°K i s  given in Ref. 10. 

The metastability exchange cross  section is governed 
by the difference AV = V, - V, averaged during the time 

FIG. 2. Potential curves for the ~ e ( 2 ~ ~ )  + He(lI.9) process.20 
The barrier height of the symmetric term is approximately 
four times that of the antisymmetric term. The points were 
obtained in Ref. 2 1  and the dashed curves in Ref. 19. The 
density of the population of a potential well with quasistationary 
states is shown schematically. The average distance between 
the levels in the well is of the order of lo-' eV, whereas the 
width of the levels does not exceed lo-' eV. 

of interaction between helium atoms and multiplied by 
the interaction time, i.e., the time during which atoms 
a re  in a region of considerable divergence between the 
 potential^.^^ When temperature is lowered, the cross  
section decreases because of the repulsive nature of the 
terms. Conversely, when temperature i s  increased, 
the effective interaction range and, consequently, the 
average value of the potential difference AV increases 
considerably (Fig. 2). This causes the cross  sections 
a, and a2 t o  r i se  steeply. 

It is clear from Fig. l b  that the relative difference h a  
i s  fairly large in a wide range of temperatures. 

4. In a theoretical investigation of the isotopic effect 
we can employ the usual representation of the process 
a s  the result of interference between the g and u states 
of a q u a s i r n ~ l e c u l e ~ ~ ' ~ ~  allowing for the factors listed 
below. 

a) The number of partial waves from which cross  sec- 
tions a r e  formed in the investigated temperature range 
varies from 20 to 40. Hence, it follows that the approx- 
imation of classical trajectories can still be used, but 
partial waves have to be summed to reveal fine effects. 

b) In the classical trajectory approximation the veloc- 
ity of motion in the 3 ~ e - 3 ~ e  system, which i s  charac- 
terized by the smaller reduced mass,  is greater for a 
given energy than in the 3 ~ e - 4 ~ e  system. Therefore, 
the integral J z  AVdt i s  somewhat larger in the latter 
case than in the former and D ~ ( ~ H ~ - ~ H ~ )  i s  greater than 
u , ( ~ H ~ - ~ H ~ ) ,  which is  contrary to the experimental re- 
sults; hence, it follows that this factor does not pre- 
dominate. 

c )  On the other hand, the same difference between the 
reduced masses has the result that the 3 ~ e - 3 ~ e  system 
penetrates deeper under the potential barr ier  where AV 
increases and this factor tends to increase the cross  
section for the 3 ~ e - 3 ~ e  pair. 

d) In principle, we can also expect some influence of 
the resonant effects associated with the presence of 

' 

quasistationary states, particularly in the case of the 
t e rm 3 ~ , ,  when the barr ier  height i s  of the order of 0.1 
eV. 

e) Finally, we can allow for the nonresonant nature of 
the excitation transfer process. We must bear in mind 
that in the case of large internuclear distances the 
t e rms  3 ~ ,  and 3C, will be different only is we allow for 
the nonadiabatic corrections, which take into account 
the motion of nuclei in each of the atoms s o  that the po- 
tential curves should be considered here in the general- 
ized sense. 

However, calculations show that neither the subbar- 
r i e r  penetration nor resonances can give any significant 
contribution to the excitation transfer cross  section. In 
fact, the average distance between quasidiscrete levels 
inside a well is of the order of lo', eV, whereas the 
level width is of the order of 10" eV (Ref. 22) at tem- 
peratures -300 OK. Consequently, the probability of 
formation of quasistationary states corresponding to 
levels in a well is negligible. 
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The integral J", AVdt for the 3 ~ e - 4 ~ e  system i s  sev- 
eral percent higher than the corresponding integral for 
the ' ~ e - ~ ~ e  system, but this difference is not signifi- 
cant. 

Estimates indicate that the difference between the ex- 
citation energies of the state z3s1 for the 3 ~ e  and 4 ~ e  
isotopes makes the process of metastability exchange 
between atoms of different helium isotopes strongly 
nonresonant.1° The resonance defect A =A, - A, appears 
mainly because of the difference between the masses" 
of the 3 ~ e  and 4 ~ e  atoms. 

5. Theoretical  calculation^'^ l9 relating the cross 
section 4 = o1 ( 3 ~ e - 3 ~ e )  and its temperature dependence 
to V, and V, have already been made, but similar cal- 
culations have not been carried out for the interaction 
between 'He and 'He and for the cross section o, 
= U , ( ~ H ~ - ~ H ~ ) .  Had the results of such calculations 
been available, it would have been possible to deter- 
mine more accurateiy the potentials V, and V, from the 
values of u1 and o2 and their temperature dependences 
found experimentally. Clearly, the potential curves V, 
and V, should allow for the above splitting at infinity; 
the exact solution of the problem goes beyond the adi- 
abatic theory framework. 

We shall use the adiabatic approach to deal with the 
process (1.1). We shall assume that the velocity of at- 
oms is much less than the velocity of the outer elec- 
trons and that their kinetic energy i s  much greater than 
the kinetic energy of electrons (in our case these con- 
ditions are  satisfied). The case of resonant excitation 
transfer is considered in Refs. 23 and 24. Here, we 
shall discuss a small resonance defect, i.e., a small 
difference between the electron energies of the initial 
and final states. 

We shall also assume that nuclei move along classi- 
cal trajectories; we shall represent the wave function 
of the system approximately in the form 

9(t)-a(t)vA+b(t)vB, (5.1) 

where c p ~  and cpB are  the wave functions of electrons in 
the states near atoms A and B in the process 

or  in the excitation transfer process corresponding to 
the scheme (1.1). This case of two-level approximation 
was considered by ~ e m k o v ~ '  using adiabatic theory. 

The probability of nonresonant charge exchange i s  
given by 

w - (.in1 f B. dl) / cha ( ~ a , ~ ) ,  (5.2) 
-- 

where 

where integration is carried out over the electron co- 
ordinate; 2 i s  the Hamiltonian of the system; a = ~ / 2 ;  
yt = m ~ ;  I is the lowest ionization potential of a helium 
atom; R i s  the internuclear distance. 

The limits of validity of the above formula are  also 
discussed in Ref. 25; they correspond to the experi- 

mental conditions of Ref. 10. 

The square of the hyperbolic cosine in the denomin- 
ator of Eq. (5.2) allows for the resonance defect in the 
excitation transfer process. If a =0, there is no split- 
ting and Eq. (5.2) reduces to the formula for the usual 
resonant charge exchange. 

6. The metastability exchange cross section in the 
resonant case can be calculated from 

The nature of the interaction of colliding particles i s  
such that the sum in Eq. (6 .l) has a finite number of 
terms representing partial cross sections. Then, l , , , ,  
(maximum value of the orbital quantum number) i s  gov- 
erned by the difference AV in the long-range parts of 
the potential curves and by the kinetic energy of the at- 
oms. At T = 300 "K the sum (6.1) contains about 40 
terms. 

The phases a re  calculated using the familiar Jeffreys 
formula: 

where the lower limits of the integrals are  the largest 
zeros of the integrands. Figure 3 shows typical de- 
pendences of the difference fl(k) - q&k) on the orbital 
quantum number obtained for three values of the energy 
of the ' ~ e - ~ H e  system. It should be pointed out that the 
behavior of the 11;- rl: system as a function of I i s  gov- 
erned not only by the value of AV but also by khe differ- 
ence between the classical turning points for the sym- 
metric and antisymmetric terms and, consequently, by 
the steepness of these terms. Therefore, the less steep 
terms would have made a somewhat greater contribution 
to the cross section than the steeper terms with the 
same divergence AV, but this difference is compensated 
to some extent by the fact that in allowing for the differ- 
ence between the turning points the scattering phases 
are governed not only by the divergence AV but also by 
the potentials Vg and V,. 

Clearly, if we neglect the difference between the turn- 
ing points, the steeper potentials with a smaller diver- 

FIG. 3 .  Characteristic dependence of the difference 111 (k )  
= qY(k)-  #(k)  on the orbital quantum number for different 
energies: 1) k =  1.850 a.u. ( E  = 16.90 meV); 2 )  k =  2.356 a.u. 
(E = 27.42 meV); 3)  k =  2.732 a.u. ( E  = 36.87 meV); k =  ~ v , ,  
where v_ i s  the thermal velocity of a system of a colliding a- 
toms. The calculations are made for the 3 ~ e - 3 ~ e  system. 
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gence and the less  steep potentials with a larger diver- 
gence will make the same contribution to the excitation 
transfer cross section. (This becomes particularly 
true if we can ignore also the difference between pairs 
of classical turning points of the corresponding pairs of 
terms.) 

The cross  section u ~ ( ~ H ~ - ~ H ~ )  in the nonresonant 
case can also be calculated from Eq. (6.2) if the final 
result is multiplied by the average value of the square 
of the hyperbolic secant. 

The cross  sections were calculated and averaged over 
the temperature scale on a computer. The results  a r e  
shown in Figs. l a  and l b  (continuous curves). As point- 
ed out earl ier  ,I0 an increase in the potential difference 
AV =V, - V ,  at low values of R causes the metastability 
exchange cross  sections to increase with the kinetic en- 
ergy. They begin to  oscillate20 when the energy of the 
system exceeds the antisymmetric potential barr ier  (T 
> 300°K). The calculated temperature dependences of 
the cross  sections a r e  fairly close to linearity in the 
investigated range of temperatures, which makes it 
easier to average u,(T) and u,(T) over the energies of 
the colliding particles and then the relative difference 
AU(T)/U,(T) agrees well with the experimental results  
of Ref. 10. 

We shall conclude by noting that the approximation 
employed is not fully self-consistent because the 0, 

3 ( ~ e - ~ ~ e )  c ross  section is first  calculated in the a p  
proximation of resonant metastability exchange, and 
then only multiplied by a factor allowing for the reso- 
nance defect and the corresponding head-on collisions. 
It would be more correct  to allow this factor in each 
partial wave, solving a system of two second-order dif- 
ferential equations, which would have reduced addition- 
ally the effective c ross  section. It is possible that in 
this case the calculated cross  sections can be made to 
agree better with the experimental results  and can re-  
produce an inflection in the region of 100-250 "K ( ~ i g .  
1). One should also bear in mind that in the case of 
cross  sections not averaged over the temperature scale 
the nonmonotonicity in this range should be even steep- 
e r ,  so  that the problem of theoretical explanation i s  
still urgently in need of solution. 

The author i s  deeply grateful to Yu. N. Demkovfor his 
helpandto G. F. Drukarev forvaluable comments in a 

discussion of the work. 

')The energy level scheme of the 3 ~ e  and ' ~ e  atoms together 
with the intervals Ai and A2 can be found in Fig. 1 of Ref. 
10. 

'R. F. Stebbings, Proc. R. Soc. London Ser. A 241, 270 (1957). 
'5. B. Hasted and P. Mahadevan, Proc. R. Soc. London Ser. A 

249, 42 (1959). 
'H. L. Richards and E. E. Muschlitz J r ,  J. Chem. Phys. 41, 

559 (1964). 
4 ~ .  W. Rothe and R. H. Neynaber, J. Chem. Phys. 42, 3306 

(1965). 
5 ~ .  W. Rothe, P. K. Rol, S. M. Trujillo, and R. H. Neynaber, 

Phys. Rev. 128. 659 (1962). 
6 ~ .  D. Colegrove, L. D. Schearer, and G. K. Walters, Phys. 

Rev. 132, 2561 (1963). 
'R. C. Greenhow, Phys. Rev. 136, A660 (1964). 
'5. Dupont-Roc, M. Leduc, and F. Laloz, Phys. Rev. Lett. 27, 

467 (1971). 
's. D. Rosner and F. M. Pipkin, Phys. Rev. A 5, 1909 (1972). 
'OR. A. Zhitnikov, V. A. Kartoshkin, G, V. Klement'ev, and 

L. V. Usacheva, Zh: Eksp. Teor. Fiz. 71, 1761 (1976) [Sov. 
Phys. J E T P  44, 924 (1976)l. 

"R. A. Buckingham and A. Dalgarno, Proc. R. Soc. London 
Ser. A 213, 506 (1952). 

12R. A. Buckingham and A. Dalgarno, Proc. R. Soc. London 
Ser. A 213, 327 (1952). 

1 3 ~ .  I. Kolker and H. H. Michels, J. Chem. Phys. 50, 1762 
(1969). 

"B. M. Smirtov, Asimptoticheskie metody v teorii atomnykh 
stolknovenii (Asymptotic Methods in the Theory of Atomic 
Collisions), Nauka, M., 1973. 

1 5 ~ .  J. Kolker and H. H. Michels, J. Chem. Phys. 43, 1027 
(1965). 

I6F. D. Colegrove, L. D. Schearer, andG.  K. Walters, Phys. 
Rev. 135, A353 (1964). 

"R. D. Poshusta and R. A. Matsen, Phys. Rev. 132, 309 (1963). 
 la^. H. Brigman, S. Brient, and F. A. Matsen, J. Chem. Phys. 

34, 958 (1961). 
1 9 ~ .  P. Hickman and F. L. Neal, Phys. Rev. A 10, 444 (1974). 
'OB. Brutschy and H. Haberland, Phys. Rev. A 19, 2232 

(1979). 
"G. Das, Phys. Rev. A 11, 732 (1975). 
2 2 ~ .  Jeffreys, Proc. Cambridge Philos. Soc. 38, 290 (1942): 
230. B. Firsov. Zh. Eksp. Teor. Fiz. 21, 1001 (1951). 
2 4 ~ ~ .  N. Demkov, Uch. Zap. Leningr. Gos. Univ. Ser. Fiz. 

Nauk No. 146, 80 (1952). 
2 5 ~ ~ .  N. Demkov, Zh. Eksp. Teor. Fiz. 45, 195 (1963) [Sov. 

Phys. J E T P  18, 138 (196411. 

Translated by A. Tybulewicz 

463 Sov. Phys. JETP 54(3), Sept. 1981 V. D. Laptev 


