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The elementary processes occurring in slow collisions between polarized atoms X with arbitrary 
total electron angular momentum J and atoms in the ground state Y( 'So) are considered. The 
effect of polarization on the spectral distribution of the electrons or photons emitted during the 
collision is analyzed for the decay processes (Penning ionization, collision-induced emission) of 
polarized metastable atoms. The cross sections and spectral distributions for arbitrary 
polarization of the atoms are expressed in terms of the cross sections uM and spectral 
distributions du,/d~ for the X(J)  atoms with fixed projection M of the angular momentum J on 
the direction of the initial relative velocity of the colliding atoms. As examples, the processes 
taking place in the collisions Kr(S3P2), Xe(63P2) + Ne are considered. It is found that the cross 
sections for the inelastic transitions 3P2 -+ 3P, differ by an order of magnitude for different 
polarizations of the Kr* and Xe* atoms. The polarization effect for these reactions significantly 
exceeds the analogous effect for the processes which have been studied hitherto. 

INTRODUCTION mining the polarization dependences of reaction cross 

In recent years a number of experimental and theoreti- sections (2)-(5) is discussed. 

cal studies of nonadiabatic transitions and ionization during The atomic system of units is used in this paper. 

slow collisions of polarized (oriented or aligned) atoms in 
intersecting beams have been carried out (see reviews 1-3). 
A peculiarity of elementary processes involving polarized 
atoms is the dependence of the reaction cross sections on the 
polarization of the colliding particles. 

In the present paper for a wide class of reactions of the 
type 

X ( J )  t Y ( l S , )  + Products (1)  

and arbitrary polarization of the X(J)  atoms, the cross sec- 
tion of the process is expressed in terms of the cross section 
uM%, (Mv = 0,1, ..., J) for the X(J)  atoms with fixed initial 
projection Mv of the total electron angular momentum J on 
the direction of the initial relative velocity v of the atoms and 
the parameters which characterize the polarization of the 
X(J)  atoms. The effect of polarization of the X( J )  atoms on 
the cross sections and the spectra of the decay reactions 
(Penning ionization and collision-induced radiative decay 
of the metastable state) is considered as well as its effect on 
the cross sections of the inelastic transitions. 

Actual calculations have been carried out for the fol- 
lowing reactions of metastable atoms 

in which the most widespread isotopes with zero nuclear 
spin participate. We show that for various polarizations of 
the Kr* or Xe* atoms the cross sections (4)  and (5)  differ by 
an order of magnitude, and the polarization effect for these 
reactions substantially exceeds the analogous effect for pro- 
cesses occurring during slow collisions which have been in- 
vestigated hitherto. The possibility of experimentally deter- 

REACTION CROSS SECTIONS FOR THE POLARIZED ATOMS 

A semiclassical study of the effect of polarization of the 
X( J )  atoms on the reaction cross sections of type (1)  for 
J = 1 was carried out in Refs. 4-7 in the instance of the in- 
elastic transitions 5'P, -+ S3P during the collisions 
Ca* + He, Ne. Below we will consider reaction ( 1 ) for po- 
larized atoms X(J)  with arbitrary values of J for the typical 
case in which, during the collision X(J)  + Y with relative 
energy E and impact parameter p, a change of the type of 
angular momentum coupling e -+ c (Hund's classification) 
takes place in the vicinity of the large internuclear distance 
R, (E,p) .'s9 Thus, during the approach of the atoms at large 
R > R, the initial projection Mo of the angular momentum J 
on some fixed axis z, remains constant (coupling type e). 
For R < R, the projection R of the total electron angular 
momentum of the quasimolecule on the rotating internu- 
clear axis z remains constant (coupling type c) .I' If reaction 
( 1 ) does not take place, type-e coupling is again realized as 
the atoms separate. 

As to the mechanism of process (1 ), it is further as- 
sumed that for initial energy E the cross section is deter- 
mined predominantly by the collisions with impact param- 
eter p <pm (E) ,  and the transitions take place in the region 
R < R, (E) , where R, < R, (p, ) . A possible variant of the 
qualitative scheme of quasimolecular terms for reaction ( 1 ) 
for J = 2 is shown in Fig. 1. For p<p, the e -  c coupling 
change takes place in the hatched region 
R>,R,, = R, (p, ). Note that as p increases from 0 to p, 
the magnitude of R, ( p )  decreases from R, = w to 
R, = R,, . The regions of transitions significant for reac- 
tion ( 1) are indicated in Fig. 1 by thickening of the quasimo- 
lecular terms. 

As is well-known (see Refs. 8 and 9 ) ,  an e -+ c coupling 
change takes place in the region of internuclear distances 
R, - AR, < R < R, + AR,, where the characteristic split- 
ting A U between the degenerate (in the limit R + w ) quasi- 
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FIG. 1. Qualitative picture of the quasimolecular terms for reaction ( 1) 
for J =  2. Change of coupling type takes place in the hatched region 
R>R, ,  . The transition regions are indicated by thickening of the quasi- 
molecular terms. The numbers alongside the terms are the values of la/. 

molecular fl(J)-states of the system X(J)  + Y goes from 
values AU(R, - ARd ) ) V,,, to values AU(R, + AR, ) 
< V,,, [ V,,, (R)  -vp/R is the Coriolis interaction of the 
f l  (J) -states of the quasimolecule X(J)  + Y, which is due to 
rotation of the internuclear axis]. If the splitting AU(R) 
varies rapidly in the vicinity of R, (p)  at values of the impact 
parameterp <p, which are important for reaction ( 1 ), then 
the coupling-type change region is quite narrow [for the sys- 
tems considered below the exponential approximation 
A U- exp( - 0 'R ) is valid near R, ] and the width of the 
change region AR, - 1/0' is of the order of 0 . 5 ~ ~ .  In this 
case if AR, < R, - R, then it is possible to use the approxi- 
mation of sudden change of coupling type to describe the 
passage of the system through the vicinity of R, .'-lo The 
question of the choice of the radius R, ( v g )  of coupling type 
change is discussed in Ref. 10. In what follows we will take 
for R, the root of the equation (see Ref. 10) 

where AUis the maximal splitting between the fl(J)-states. 
'The existence of some indeterminacy in the choice of R, is of 
no consequence if the variation of the splitting AU in the 
region of change from coupling type e to coupling type c is 
rapid. 

In the approximation of sudden change of coupling type 
the population of the 0(J)-states in the region R < R d  is 
determined by the projections of the initial state li) of cou- 
pling type e onto the states of coupling type c at the internu- 
clear distance R, . To analyze reaction ( 1 ) in more detail, it 
is convenient to introduce alongside the arbitrary fixed coor- 
dinate system x#ozo the fixed system x,y,z, with quantiza- 
tion axisz, parallel to the initial velocity v (Mu is the projec- 
tion of J the z, axis). We then obtain for the probability 
PnMc, of populating the quasimolecular 0-state in the region 
R > R, via the collision X(J,M,) + Ywith fixed value of the 
projection Mo of the angular momentum J the arbitrary 
fixed axis z,, 

where 2'-" (B) is the matrix of finite rotations with Euler 
angles (O,B,O), a is the angle between thez, andz, axes, 0, is 
the angle between the z, and z axes at internuclear distance 
R, , and q, is the azimuthal angle of the z axis in the coordi- 

nate system x,y,z, . Note that for a wide class of reactions of 
type ( 1 ) e - c coupling change takes place at large internu- 
clear distances; in this case the approximation of rectilinear 
motion is valid in the region R 2 R, and 

&=arc sin (p lRd) .  (8)  

If as a result of populating each of the 0(J)-states the 
reaction ( 1) takes place in the region R<R, < R, with 
probability P,  but the contribution of the transitions in the 
region R > R, is negligibly small, then the total probability 
of the process ( 1 ) during the collision X(J,Mo) + Y is 

J 

It is assumed in Eq. (9)  that the action between R, and R, 
is large, and interference terms are neglected. 

During the collisions X(J,M,) + Y in intersecting 
beams the angle q, takes on arbitrary values from 0 to 277. 
After integrating over q, andp we obtain for the cross section 
a,,, of reaction ( 1 ) for collisions with fixed initial projection 
Mo of the angular momentum J on the zo axis 

J 

OM. = l dP:nr. (a) 1' O A ~ ? ,  (10) 
M,=-J 

where 

is the cross section of reaction ( 1 ) for collisions with fixed 
initial projection M, of the angular momentum J on the z, 
axis (z, Ilv). 

Note that for unpolarized atoms the cross section aver- 
aged over the initial states 

J 

is given by the usual formula 

Formulas (7)  and (9 I-( 1 1 ) describe both nonadiaba- 
tic transitions in the region R < R, and the decay of quasi- 
stationary states during collisions of polarized atoms. In the 
latter case it is assumed that the probability of decay in the 
region R > R, is negligibly small. 

For a wide class of reactions, P ,, = P,, and upM, ,  
= u,,, . Thus, in the approximation of sudden change of cou- 

pling type the cross section of process ( 1 ) for arbitrary po- 
larization of the X(J)  atoms is expressed in terms of the 
quantities a,,, = 0, uM ,,,..., a,,, = J ,  which number J + 1 in 
all, and parameters which characterize the polarization of 
the X(J)  atoms, e.g., a and Mo. 

CROSS SECTIONS OF DECAY REACTIONS IN THE 
COLLISIONS OF POLARIZED METASTABLE ATOMS 

The semiclassical description of the decay reactions of 
the metastable states during atomic collisions (such a Pen- 
ning ionization or collision-induced fluorescence of the 
metastable state) is based on the introduction of internu- 
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clear-distance-dependent values of the autodecay width 
r, (R ) of the adiabatic quasimolecular (J) -states (see, 
e.g., Refs. 9 and 1 1 ). Thus, for immobile nuclei the probabil- 
ity of decay (per unit time) of the quasimolecular fl(J)- 
state with emission of an electron or a photon is r, / f i .  

If the width r, is small enough and falls off fast enough 
with growth of R, such that in the region 
R > R, (E )  > Rdm (E) it can be neglected, then the total 
probability of decay of the quasimolecular R (J) -state dur- 
ing a collision with initial energy E and impact parameter p 
is given by 

R", 

where U, (R)  is the interaction potential in the state Q( J )  
and R,, (Eq) is the turning point. Formula (14) is valid for 
P, ) 1 if for negative values of U,, the condition I U,, I ) E is 
fulfilled. The latter condition is violated at low energies. In 
this case it is possible to use the approximate given in Ref. 12. 
If necessary, the transitions in the region R > Rd (p)  can be 
taken into account, as in Refs. 13 and 14, by using the joining 
approximation. Note that even though in Refs. 13 and 14 
were considered ionization reactions during collisions of un- 
polarized atoms, allowance was made there for coupling- 
type change during the course of the collision. 

For a wide class of processes involving Penning ioniza- 
tion (see, e.g., the review15 ) and radiative quenching of 
metastable states,16-l8 in the region of internuclear distances 
which contribute significantly to the cross sections the auto- 
decay width r is determined by the exchange interaction of 
the atoms and has the exponential form 

r, (R) =Cn esp  (-(--poR). (15) 

If the parameter& is large enough, the main contribu- 
tion to the cross section comes from collisions with small p, 
and the transitions take place near the turning point, where 
the potential U,, (R )  is also determined by the exchange in- 
teraction and the approximation 

UP (R) =An exp (-anR) (16) 

is valid. 
Let us consider the calculation of the probability P, on 

the basis of formula ( 14) at moderate impact parametersp 
which contribute significantly to the cross section and for 
which the potential U, ( 16) substantially exceeds the cen- 
trifugal potential Ep2/R near the turning point R,, (p) .  
The radiative width r, [see Eq. ( 15) ] falls off rapidly with 
the growth of R. In this case the probability Pa is deter- 
mined by the radiative transitions near the turning point and 
the main contribution to the integral in formula ( 14) comes 
from the narrow region R,, (p)  5 R 5 R,, (p)  + 1/P,. 
Therefore for aR,, > 1 an approximate value of P, (p )  can 
be found by replacing the centrifugal termp2/R in the inte- 
grand by the constant expressionp2/R :, and extending the 
integration to infinity (the contribution of the region 
R > R, is negligibly small). Then 

where B(x ,y )  is the beta function, y = P/a (the index fl is 
omitted to simplify the expressions). Comparison (Fig. 2) 
of the results calculated on the basis of formulas ( 14) and 
( 17) for the interaction parameters corresponding to reac- 
tions (2)  and (3)  shows that at values of the impact param- 
eterp which contribute significantly to the cross section ap- 
proximation ( 17) only insignificantly increases the 
probability of radiative decay. For p = 0 formula ( 17) is 
exact [for exponential dependences ( 15 ) and ( 16) 1. 

A rougher (see Fig. 2) estimate of the probability P, is 
given by the formula 

Paf (E, P)=Pn(E, p=O) ( I - ~ ~ / R ~ ~ ) ~ - ' ,  (18 )  

obtained from Eq. (17) by replacing R, (p)  by 
Ro=R,(p=.O)  = a - '  1n(AEp') .  

Thus it is possible to use approximation (17) for the 
probabilities P, in formulas (9)-( 13) in the analysis of the 
decay processes in the collisions of polarized atoms. Note 
that for unpolarized atoms the total cross section 5 of the 
decay reaction, allowing for the repulsive nature of the po- 
tentials U,, can be represented in the form (see, e.g., Ref. 9 
and 11) 

J m 

1 - 
(J=- 

U (R) % dR. x $ R2ro (R) ( I - e) 
2 J + 1  P=-J RIO E 

Substitution of the estimate ( 18) of the probability into for- 
mula ( 13) gives the approximate value 

J 

which corresponds to replacing R in the integrand of Eq. 
( 19) by Ro,, 2. 

The values of the cross sections 5 of reactions (2)  and 
( 3 ) calculated according to formula ( 19 ) and formula ( 13 ) 
with probability ( 17), which are shown in Table I, confirm 
the feasibility of using approximation ( 17) to analyze the 
decay processes. Approximation (20) also gives reasonable 
results for the cross sections 5 of reactions (2)  and (3).  

FIG. 2. Dependence of the decay probability Pi, = , on the impact param- 
eter p for reaction ( 2 )  for E = 0.05 eV (curves I )  and reaction ( 3 )  for 
E = 0.1 eV (curves 2) .  The solid and dashed curves were calculated on the 
basis of approximate formulas ( 17) and ( IS), respectively, and the points 
represent calculation according to the exact formula ( 14). 
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TABLE I. Cross sections of reactions (2)-(5)  for the polarized (a,,,,,) and unpolarized (5 )  
atoms. 

Reaction ( 2 )  

Reaction ( 3 )  

Reaction ( 4 )  

Reaction ( 5 )  

*Calculation according to formula ( 19). 
**Calculation according to formula (20). 

SPECTRA OF DECAY REACTIONS WHICH OCCUR DURING 
COLLISIONS OF POLARIZED ATOMS 

Let us consider the influence of the polarization of the 
X(J)  atoms on the shape of the spectral distribution of the 
electrons or photons emitted in the decay reaction 
X(J) + Y. 

For unpolarized X(J)  atoms the probability of emission 
during the collision of an electron (photon) with energy in 
the interval from E to E + d~ is given by the well-known for- 
mula' ' 

parameter. Formulas (21) and (23) assume that coupling 
type c is realized in the region of internuclear distances 
R - R,, and are valid far from the extrema of the spectral 
distributions associated with the extrema of the difference 
potentials, where IAF,, I = 0. 

In the analysis of the collisions of polarized atoms it is 
necessary to remove the averaging over the initial states and 
to introduce the probabilities of populating the correspond- 
ing quasimolecular a-states. For collisions with prescribed 
projection Mo of the angular momentum J on the zo axis we 
obtain 

dPnso(u, P, E )  = 2 r c n P n ~ 0  (24) 
de n = - J  R,o ( AFco I vcn ' 

The inner sum is taken over all the classically accessible 
Condon points R,, -the roots of the equation where the probability Pa,,, is given by formula (7 ) .  

The spectral distribution of the cross section do,<, 
( E , E ) / ~ E  is related by a formula of type ( 10) with the spec- 
tral distributions 

where A U,, is the energy difference between the initial and 
final quasimolecular states (if there are more than one final 
quasimolecular states, then there is an additional sum over 
the final states), I?,, = r, (R,, ), 

and U,, = U,, (R,, ). The corresponding cross section of 
the decay reaction for the collisions X(J,M, ) + Y with prescribed projection 

M ,  of the angular momentum J on the z, axis. Here 
pen = R,, ( 1 - Uc, /E) is the maximum value of the im- 
pact parameter at which the internuclear distance R,, is 
attained. In Eq. (25) it is assumed that R, (p,, ) > R,, . The 
averaged spectral distribution is found by integrating the probability (21) over the impact 
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coincides with distribution (23). 
Thus, at energies E for which the spectral distribution is 

built up by transitions in the region of type-c coupling the 
values of d u / d ~  for arbitrary polarization of the X(J)  atoms 
are expressed in terms of distributions (25), as is also the 
case for the total cross sections ( 10). 

THE INTERACTION Kr(5s), Xe(Gs)+ Ne 

The interaction potentials of the atoms Kr(4p55s) 
+ Ne and Xe( 5p56s) + Ne (Fig. 3) were calculated in Refs. 
17-20 using the effective-Hamiltonian method.20 In the re- 
gion of internuclear distances important for processes (2)- 
(5) (at energies E 2 0.1 eV) the adiabatic potentials U, of 
the interaction X(3P1, 3P2) + Ne are approximated by expo- 
nential functions such as in Eq. (16). The splitting of the 
degenerate (in the limit R + co ) quasimolecular terms is due 
to the ion-atom interaction X + + Ne and is proportional to 
the quantity A V = V,, - Vx (see Ref. 20), where V, and 
V, are the potentials of the ion-atom interaction in the 2- 
and II-states, we obtain without taking the spin-orbit split- 
ting into account. In particular, at J = 2 for AU in Eq. (6)  

The nondiagonal matrix elements of the effective Ham- 
iltonian in a quasimolecular basis of products of atomic wave 
functions are also proportional to A V." To determine the 
A V(R) dependence, we used semiempirical ion-atom po- 
tentials2' which allow for the interaction of the ion configu- 

U.103, at. units 

AU.103, at. units 
I I 

FIG. 3. Adiabatic potentials Ul,,, of the interaction Kr(3P,,3P,) + Ne 
(solid curves) and Xe(3P,,3P,) + Ne (dashed curves). The numbers la- 
beling the curves are the values of IRl. The inset is a plot of the corre- 
sponding difference potentials A U , ,  (R  = 1, J = 2). 

rations X + + Ne and X + Ne + . In the regions of transi- 
tions (2)-(5) the dependences AV(R) are determined by 
the ion-atom exchange interaction and have exponential 
form. 

In the calculation of the spectral distributions of reac- 
tions (2)  and (3)  we used the interaction potentials22 of the 
atoms in the ground state to determine the difference poten- 
tials A U, (R ) (Fig. 3 ) . 
RADIATIVE DECAY OF THE METASTABLE STATE =P2 
DURING COLLISIONSOFTHE POLARIZED ATOMS Kr* AND 
Xe* WITH Ne ATOMS 

One of the possible channels of destruction of the meta- 
stable states during slow atomic collisions is radiative decay 
during the approach of the atoms. On the whole, these pro- 
cesses are characterized by small cross sections (a 5 10 - 20 

cm2); however, it is just radiative decay which determines 
the radiation of the reaction zone at frequencies close to the 
frequency of the forbidden atomic line, and also the destruc- 
tion of the metastable states under those conditions in which 
the inelastic transitions are adiabatic and low-probability, 
and in which Penning ionization is impossible (see, e.g., 
Refs. 16-18). 

Radiative quenching in processes (2)  and (3)  is due to 
mixing of the wave functions of the metastable 
[X(3P2) + Ne] state and the resonant [X('x3 PI) + Ne] 
states of a quasimolecule with = 1 as a consequence of 
the interatomic interaction. In the region of internuclear dis- 
tances accessible at energies E 5 0.1 eV the radiative width of 
the adiabatic quasimolecular state SZ = f 1 (J = 2) can be 
revresented in the form 

bZ A V ( R )  r.=,, ( R )  =r. - (- - -- (28) 
4 AE, 

where r, is the radiative width of the resonant atomic level 
'PI; AE, andAE2 are the splittings between the atomic levels 
'PI and 3P2 and the levels 3P1 and 3P2, respectively; 
b = (3P ,,, I 3P ,,,, ) ( 1 3P ) is the atomic wave eigenfunc- 
tion of intermediate coupling and I3P ,,,, ) is the LS-cou- 
pling atomic wave function). The factor [w (R )/@:I, where 
w(R) is the quasimolecular transition frequency and w, is 
the frequency of the resonant atomic transition 'PI-'So, has 
been omitted in Eq. (28). 

The dependences of the potentials U, = +, and of the 
widths r, = . , on distance, which were calculated in Refs. 
17-19, are approximated by the exponential functions ( 15) 
and ( 16) with the following parameters (in atomic units) : 
C = 0.92,P = 4.1, A = 138, and a = 2.0 for Kr* + Ne and 
C=0.51 ,P=3.7 ,A=3650,anda=2.4forXe*+Ne.  

The cross sections a," of reactions (2)  and (3)  were 
calculated using formula ( 11 ) and are listed in Table I. The 
approximate formula, (17) was used for the probabilities 
P o =  + 1  in the calculation of the cross sections; for I R I # 1 
one obtains P, = 0. Expression (8)  holds for the angle 8,. 

As was assumed in the derivation of formulas (9)- 
( 1 1 ) , the transition region (a  narrow vicinity of the turning 
point R, ) and the region of coupling type changeover R, 
(see Figs. 4 and 5) do not overlap for those impact param- 
eters p which contribute significantly to the cross section. 

As follows from the formulas 
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FIG. 4. Dependence of the variation Rd of the type of coupling radius 
change (dashed curve) and of the turning point R, (solid curve) on the 
impact parameterp for reaction (2)  at E = 0.05 eV. 

the cross sections a,,, =, and a,,, =, are determined by colli- 
sions with larger impact parameters in comparison with the 
cross section a," = , (Fig. 5 ) . 

Processes (2) and (3)  are most efficient for collisions 
with unity projections ( JM, 1 = 1 ) of the angular momen- 
tum J o n  the direction of the initial relative velocity, and are 
least efficient for collisions with IM, I = 2. The ratio of the 
maximal cross section [upon variation of the parameters 
which characterize the polarization of the X(3P2) atoms] to 
the minimal cross section is alM,,, = I /ulM,,, = - 3 (see Table 

I ) .  
The spectral distributions (23) and (26) for the pho- 

tons studied in reaction (20) and (3) during collisions of 
unpolarized and polarized atoms are shown in Fig. 6 
( AE = E - E ~ ,  eo is the energy of the forbidden transition). 
The spectral distributions d u / d ~  have maxima of two types. 
the maxima of the first type with A&,- 140 cm- '  (for 

PMWp, at. 

FIG. 5. Dependences on the impact parameterp of the integrands of for- 
mula ( 11 ), summed over R, for reaction ( 3 )  at E = 0.1 eV (solid curves) 
and reaction (5)  at E = 0.2 eV (dashed curves). The numbers labeling the 
curves are the values of Mu.  For reaction ( 5 )  at Mu = 0 and Mu = 2 
values 10' PMr are given. 

FIG. 6. Spectral distributions (23) and (25) of the photons emitted in 
reactions ( 2 )  (the spectrum in the region AP 5 1 4 0 c m  I ,  n = 7) and ( 3 )  
(the spectrum in the region AP 2 100 cm ' , n = 8 ) .  The numbers label- 
ing the curves are the values of IM,, /. The solid curves show the distribu- 
tions (25) for the polarized atoms at E = 0.1 eV; the dot-dash curves are 
distributions (23) for the unpolarized atoms at E = 0.1 eV; the dashed 
curves are the distributions (25) for the polarized atoms at E = 0.75 eV. 

Kr* + Ne) and A&,- 170 c m '  (for Xe* + Ne) are asso- 
ciated with the extrema of the difference potentials 
(AF = 0).  Formulas (23) and (26) are therefore inapplica- 
ble in these regions for a quantitative description of the spec- 
trum and allow one only to confirm the existence of peculiar- 
ities (maxima) in the dependences of d a / d ~  near A&,. 
Maxima of the first type arise at energies large enough for the 
attainment of internuclear distances R , , where AF(R, ) = 0. 
The location of these maxima remains practically un- 
changed with further increase of the energy. 

The maxima of the second type are associated with the 
extremum of the product Tfl ( 1 - U,, /E) '12 in the vicinity 
of the turning point (at E = 0.1 eV AE, - 20 c m  ' for 
Kr* + Ne and AE, - 350 cm ' for Xe* + Ne) . The loca- 
tion of these maxima shifts as the collision energy E in- 
creases. Thus, as E increases for the system Kr* + Ne the 
value of A E ~  falls off, and for the system Xe* + Ne it grows. 
This difference in the behavior of the spectral distributions 
of reactions (2)  and (3)  is due to the different character of 
the potentials AU, ( R )  for the systems Kr* + Ne and 
Xe* + Ne (Fig. 3 ) .  

The peculiarities of the spectral distributions for reac- 
tions (2)  and (3)  under gas-cell conditions were discussed 
in Ref. 18. A satellite of the forbidden line Xe(3P,-'S,) in 
neon was experimentally observed under gas-cell condi- 
t i o n ~ . ~ ~  The location of the experimental satellite agrees with 
the results of the calculations in Refs. 18 and 20. 

NONADIABATIC TRANSITIONSJPz-'PI IN COLLISIONS OF 
POLARIZED Kr* and Xe* ATOMS WITH Ne ATOMS 

The nonadiabatic transitions (4)  and (5)  are due to the 
interaction of quasimolecular states with / fl/ = 1. As was 
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shown in Ref. 19, where collisions of unpolarized atoms un- 
der gas-cell conditions were considered, the probabilities 
P, = . , in reactions (4)  and (5)  (at energies E 5; 0.2 eV for 
Xe* + Ne and E 5; 0.15 eV for Kr* + Ne) can be calculated 
in the distorted-wave appro~imation'~ 

where T(A) is a gamma function, R, is the turning point for 
the collision with zero impact parameter, and AE is the reac- 
tion defect. The interaction parameters were determined in 
Ref. 19 and take for Kr* + Ne the following values: 
A=160, a=2 .0 ,  C=64.1, and /3=2.05, and for 
Xe* + Ne: A = 3900, a = 2.39, C = 37.1, a n d p  = 1.85 (in 
atomic units). 

The transitions in reactions (4)  and (5)  are localized 
near the turning point, and for those impact parameters 
which contribute significantly to the cross section the transi- 
tion region and the coupling-type-change region do not 
overlap (see Figs. 4 and 5 ) . 

The cross sections for the polarized and unpolarized 
atoms calculated according to formulas ( 1 1 )-( 15 ) are given 
in Table I. As in the case of reactions (2) and (3),  the cross 
sections a," = , and oML, = , of reactions (4)  and ( 5 ) are de- 
termined by collisions with larger impact parameters than 
those of the collisions which determine the cross section 
a," = , (Fig. 5 ). Processes (4)  and (5)  are characterized by 
a very strong polarization dependence of their cross sections 
(the ratios of the maximal cross sections u M U  = , to the mini- 
mal alM,,, =, are given in Table I )  since these cross sections 
are determined by collisions with small impact parameters 
(Fig. 5),  for which the expression (30) substantially exceeds 
expressions (29) and (3  1) .  Note that the cross sections of 
reactions (4)  and (5)  grows rapidly with increasing energy, 
whereas reactions (2)  and (3)  are characterized by a quite 
weak energy dependence of their cross sections. 

CONCLUSION 

Our results can be used in the theoretical analysis of a 
wide class of elementary processes of type ( 1 ) occurring in 
slow collisions of polarized atoms. Relations (10) for the 
total cross sections and the spectral distributions allow one 
to determine from the experimental data for a few polariza- 
tion types the corresponding values for arbitrary polariza- 
tion. 

From our analysis of formulas (6) ,  ( 8) ,  and ( 1 1 ) we 
conclude that the strongest polarization dependences of the 
cross sections of processes of type ( 1) occur under those 
conditions in which only one quasimolecular I fl I (J)-state 
takes part in the reaction and the cross section of the process 
is determined primarily by collisions with small impact pa- 
rameters for which p )  R ,  (p).  

Reactions (2)-(5) and similar processes in the colli- 
sions of other polarized atoms of the rare gases can be ob- 

served using intersecting atomic beams or a beam of relative- 
ly fast metastable atoms and a sufficiently cold gaseous 
target, when the relative velocity of the colliding atoms is 
simply the velocity of the polarized metastable atoms. Note 
that the problem of creating a beam of polarized metastable 
atoms of rare gases in the state 3P2 was solved in Ref. 24. The 
difficulty of measuring the absolute values of the cross sec- 
tions, which characterizes beam experiments, is increased 
further by the smallness of the cross sections of reactions 
(2 )-( 5 ) . It therefore appears most promising to investigate 
polarization effects for reactions (2)-(5) by measuring the 
polarization dependence of the relative intensities of the sat- 
ellites of the forbidden lines 3P2-1S, which accompany reac- 
tions (2)  and (3)  or the intensities of the resonant lines 3P,- 
IS ,  excited in reactions (4)  and (5) .  The slow intensity in- 
creases with increase of the collision energy (see Table I )  
and of the density of the atoms of the target N, . At the same 
time, the density of the atoms of the target is limited by colli- 
sional depolarization of the metastable atoms, i.e., the condi- 
tion N, 9 (ud)  - ' must be satisfied, where a- 30 A2 is the 
depolarization cross section of Kr ( 3P2) or Xe (3P2) atoms 
colliding with Ne atoms, and d is the target thickness. In the 
opposite case collisional destruction of the initial polariza- 
tion of the metastable atoms precedes processes (2)-(5). 

In the experimental investigation of processes (2)-(5) 
it is necessary to take into account the influence of the reac- 
tions 

in symmetric collisions of the atoms in the beam 
(X  = Kr,Xe). The influence ofprocesses (33) and (34) can 
be eliminated by making the beam monokinetic to decrease 
the relative energy ofX * + Xcollisions of like atoms. In this 
case the cross section of reaction (34) is negligibly small in 
comparison with the cross sections of reactions (2)-(5), 
and reaction (33) is accompanied by luminescence at wave- 
lengths longer than that of reactions (2)  and (3) .  

The author is grateful to A. Z. Devdariani for discus- 
sion of the elementary processes in which polarized atoms 
take part and to Yu. N. Demkov and the participants of his 
seminar for a discussion of the work. 
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