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A model is developed which describes for the first time inelastic collisions of Rydberg atoms 
(RA) with complex neutral atomic particles, i.e., goes beyond the limits of the Fermi 
pseudopotential approximation. The model is based on an analysis of a binary collision of an 
RA electron with an incident particle. It is assumed that electron scattering by an atomic 
particle is described by the free-electron scattering amplitude, and the transitions between the 
RA states are due to the change of the kinetic energy and of the momentum of the electron 
colliding with the atomic particle. In this model, the cross sections of the processes are given 
by the amplitude of electron scattering by the incident atom, with allowance for the 
dependence of the scattering on the electron momentum and on the scattering angle. The 
general expressions obtained for the cross sections, rate constants, and diffusion coefficient of 
an electron in the energy space of the RA include, as particular cases, the results of known 
studies. These expressions account quantitatively for the experimentally observed dependences 
of the inelastic-transition cross sections on the energy defect of the transition, on the principal 
quantum number of the RA, and on the species and velocity of the perturbing particles, if the 
cross sections of the processes are smaller than the geometric cross section of the RA. 

1. INTRODUCTION 

Much attention is being paid at present to processes in 
which Rydberg atoms (RA) participate, including pro- 
cesses accompanying collisions between RA and neutral 
atomic particles (see the review'). The research into elastic 
collisions of RA with atoms and molecules is half a century 
old (see the review2 and the references therein), whereas 
inelastic collisions that lead to transitions between RA levels 
have been intensively investigated only during the past dec- 
ade. 

As a rule, theoretical description of such processes are 
based on the "free-electron" model proposed by Fermi,' and 
the interaction of a weakly bound RA electron with an inci- 
dent neutral particle is described by a zero-radius pseudopo- 
tential. Within the framework of this approximation, the 
cross sections for nl+n'l1 transitions were numerically cal- 
~ulated,~-%n approximation equation for the nl- n (I-mix- 
ing) transition applicable at small defects AE,,,,, of the tran- 
sition resonance was derived,'' analytic expressions were 
obtained for the I-mixing cross sections of the elastic and all 
inelastic processes at n2v& 1 ( u  is the relative velocity of the 
colliding atoms) ," and the adiabatic mechanism of I-mixing 
was investigated." Quite recently, the Fermi pseudopoten- 
tial model (the scattering-length approximation) was used 
to obtain analytic expressions for the transitions n-n','3 
n-n', and n l - r ~ ' ' ~  on the basis of the impulse approxima- 
tion and by a quasiclassical method15; these expressions are 
applicable for arbitrary resonance-transition defects. 

The scattering-length approximation is valid when the 
amplitude for electron scattering by the perturbing particle 
is independent of the scattering angle and of the absolute 

value of the electron momentum within the limit of the per- 
missible values of the electron momentum in the RA. This 
approximation holds strictly only for the helium atom. For 
heavier atoms, the scattering amplitude depends both on the 
electron momentum and on the scattering angle (since p 
scattering, and sometimes d scattering, are significant be- 
sides the s scattering). There is no theory of inelastic colli- 
sions of RA and neutral atomic particles with account taken 
of the dependences of the amplitude of the electron scatter- 
ing by the incident atom on the electron momentum and on 
the scattering angle. (There is only a numerical analysis of 
inelastic collisions of RA with inert-gas atoms.'"'* where 
account is taken of two terms in the expansion of the s-scat- 
tering amplitudes in the electron momenta.) Within the 
framework of the widely used approaches based on the qua- 
siclassical method or the impulse approximation, it is hardly 
possible to obtain expressions for the cross sections for in- 
elastic collisions of RA and netural particles with allowance 
for the dependences of the free-electron scattering amplitude 
on the momentum and on the scattering angle. 

There exists, however, one more method of analyzing 
inelastic collisions of RA with neutral particles, a method 
based on a direct analysis of a binary collision of the RA 
electron with an incident atom. This approach was success- 
fully used by PitaevskiiI9 to calculate the coefficient of elec- 
tron diffusion in the RA energy space. Pitaevskii's method 
was generalized and developed in Refs. 20 and 2 1, but no 
analytic expressions were obtained for the inelastic-transi- 
tion cross sections. We obtain in the present paper, on the 
basis of an analysis of a binary collision of an RA electron 
with an incident atom, analytic expressions for the cross sec- 
tions and rate constants of the transitions n -n' and nl-n', 
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and also of the coefficient of electron diffusion in the RA 
energy space. These expressions take full account of the am- 
plitude of electron scattering by an incident atom as a func- 
tion of the electron momentum and scattering angle, and 
also of the discrete character of the atomic states. This per- 
mits a rather simple calculation of the characteristics of the 
inelastic scattering of a complex neutral atomic particle by 
RA. From the expressions derived follows, as particular 
cases, all the known equations for the cross sections and rate 
constants of RA collisions with atoms in the ground state. In 
addition, an analysis of the expressions derived in this paper 
reveals the physical meaning and the applicability limits of 
the equations obtained by Alekseev and Sobel'man2' for the 
cross sections for broadening and shifts of Rydberg levels. 
The analysis generalizes also the Pitaevskii modelI9 to in- 
clude the discrete character of the RA states; this makes it 
possible to determine the coefficient of electron diffusion in 
the RA energy space in the region of small RA principal 
quantum numbers. 

2. FREE-ELECTRON MODEL FOR THE TRANSITIONS nl+nf 
AND n+n' 

Consider the collision of an RA A ** (nl)  with a netural 
atomic particle B. The RA is large and the Rydberg electron 
has a high probability of being located at a distance r>n2 
from the core (ion) A +. The interactions V, and V, of the 
neutral particle with the electron and the ion can therefore 
be considered independently. These interactions are jointly 
manifested only in the broadening and shift of the Rydberg 
levels,*' whereas the inelastic processes are governed in al- 
most all cases by the V, interaction. Transitions due to colli- 
sions of neutral particles with the atomic core are caused by 
the inertia force that acts on the Rydberg electron as a result 
of the accelerated motion of the Coulomb center A + upon 
collision with a neutral. As seen from Refs. 24 and 25, the 
cross sections related to this transition mechanism can be 
comparable with those due to the V, interaction only for 
very large principal quantum numbers (n>30-50) and in 
some special cases (see the analysis of this question in Ref. 
15 ). The present paper deals therefore with processes due to 
interaction of an incident particle with a Rydberg atom. 

The model developed here for inelastic collisions of 
neutral particles with RA is close to the approach used in 
Refs. 19-21, i.e., it is assumed that the state of the RA 
changes when the RA-electron energy and momentum are 
changed by collision with the incident particle B. The elec- 
tron is scattered by particle B as if it were free, with scatter- 
ing amplitudef, (p,B), where p is the electron momentum 
and 8 the scattering angle. The change of the electron coor- 
dinate in the e-B scattering is insignificant and does not alter 
substantially the potential energy of the RA electron. The 
last assumption means that the changes of the electron ener- 
gy and momentum do not depend on the e-B collision point 
(at which the electron coordinate r coincides with the coor- 
dinate R of the atom B ) ,  but depends on the initial momen- 
tum of the electron and on the scattering angle. To calculate 
the inelastic-transition cross section it is therefore necessary 
to average over the electron momenta, the scattering angles, 

and the velocity directions of particle B, but there is no need 
to average over the coordinates of B. 

We shall consider the transitions nl-n' and n -+n ' ,  i.e., 
transitions with an undetermined electron orbital momen- 
tum in the final state of the RA. We determine first the cross 
section do,, /d&, averaged over the velocity directions of the 
atom B, for the transfer of an energy E to the electron in e-B 
scattering. We choose the coordinate frame such that the 
electron momentum p is directed along thez axis prior to the 
scattering by the atom B, and the electron radius vector r 
relative to A + is in thexz plane, i.e., p(p,O,O) and r (r,x,O) in 
a spherical coordinate system. After scattering, the coordi- 
nates of the electron momentum (p'), of the momentum 
transfer (Q),  and of the velocity (v) of the atom B are then 
p(pl,B,p) ,Q(Q, (71 + e ) n , p )  and v(u,8, ,pa 1. Recognizing 
that the mass of the atom B is much larger than the electron 
mass, while the electron velocity is much larger than that of 
the atom B, the law of energy and momentum conservation 
in elastic e-B scattering yields for the electron energy after 
the scattering 

e=vQ cos y, Q=2p sin (012) 

( y  is the angle between v and Q) or 

~ = 2 v p  sin(8/2) cos y, cos y=-sin(012) cos 0. 

+cos (0/2) sin 0. cos (9-cp,) . (2.1) 

The differential cross section for the transfer of an ener- 
gy E to the electron in e-B scattering is obtained by integrat- 
ing the squared e-B scattering modulus / f, (p,8) I 2  over the 
scattering angles 8 and p ,  and averaging it over the angles 8, 
and p a ,  under the condition that the electron had acquired 
an energy E :  

doe-, (P) 
= 1 j 1 f. (p, 0) 1 ' 6 (E-2up sin (0/2) cor y) 

de 4n 
X sin 0 sin 0, d0 d0, d q  dcp.. (2.2) 

Integrating first over p, and p and then over 8, , we have 
I I 

The rate constant of energy transfer to the electron, 
which is equal to the rate constant of energy transfer to the 
RA as a result of a collision of the Rydberg atom of momen- 
tump with the atom B, is obtained by multiplying (2.3) by 
the electron velocity v, (equal t o p  in atomic units). The 
cross section da,,_,/d& for transfer of the RA energy as it 
collides with B will equal the rate constant divided by the 
collision velocity v and averaged over the momenta of the 
Rydberg electron in the initial nl state: 

(2.4) 
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We obtain the cross section for the nl-n' transition by 
multiplying the cross section by the distance Ae = n'-3 
between the hydrogen levels: 

0. n 

Equation (2.5) is the solution of the problem of ex- 
pressing the cross section of the nl -n' transition in terms of 
the amplitude of the e-B scattering amplitude. Let us ana- 
lyze this equation. IfJI, is independent of the momentap and 
Q, (2.5) agrees with the results obtained in the impulse ap- 
proximation [Eq. (3)  of Ref. 141 and by the quasiclassical 
method. '' This agreement between the particular Eq. (2.5) 
and equations obtained by other methods justifies the as- 
sumptions on which it was derived. According to (2.5), in 
the case of afinite transition energy defect ( AE # O )  a contri- 
bution to the cross section cr,,,,, is made only by scattering of 
an electron having a momentum higher than the threshold 
momentump,, and through an angle exceeding the thresh- 
old angle 8,. 

The total cross section for scattering of the particle B by 
the electron cloud of A is obtained by summing the cross 
section (2.5) over n'. At 2vn2, 1 the cross section a,,,,. de- 
pends little on n' (see also Ref. 14) and summation of (2.5) 
over n' can be replaced by integrating (2.4) with respect to 
d ~ .  Changing the order of integration in (2.4) and integrat- 
ing it by parts with respect to d ~ ,  we get 

m A 

Equation (2.6) agrees with the result of Alekseev and 
S~bel'man.~' It follows hence also that the connection found 
in Ref. 22 between the amplitude of forward scattering of 
atomic particle B by the RA electron cloud and the ampli- 
tude of forward scattering of an electron by B, 

~ B - P A . ( ~ )  = P j f . ( p ,  0) 1g.t (P) I ' P ~ ~ P .  (2.7) 
, 

wherep is the reduced mass of the RA and of the atom B, is 
valid when the cross sections for transitions with change of 
the principal quantum number of the RA are large (contrary 
to the assumptions of Ref. 22). See also Refs. 2, 11, and 14 
concerning this question. 

We obtain now explicit expressions for the cross sec- 
tions a,,,,, . Equation (2.5) can be written in the form 

m 

We express the e-B scattering amplitude and cross section in 
terms of the partial amplitudes 

/ . ( P I  0) = E ( ~ L + I ) ~ L ( P ) P L ( c ~ ~  B ) ,  
L 

where P, is a Legendre polynomial. 
We analyze first the cross section for mixing degenerate 

nl states (AE = 0).  Substituting (2.10) in (2.9) and inte- 
grating at 8, = 0 we obtain according to (Ref. 26, Vol. 2, p. 
447) 

on1,n (PI 

Here ,F, is a generalized hypergeometric (Ref. 26, Vol. 2, p. 
745). Averaging (2.11) in accordance with (2.8), we obtain 
the total cross section for orbital-angular-momentum mix- 
ing of degenerate nl states. The Rydberg electron is slow (its 
characteristic momentum is p - n- ' ), therefore the main 
contribution to e-B scattering is made as a rule only by s and 
p scattering. According to (2.8) and (2.11 ) we have then 

where the ellipsis stands for the contributions of d, f,... scat- 
tering and the superior bar denotes averaging over the mo- 
menta of the Rydberg electron, in analogy with (2.8), at 
p, = 0. Comparison of (2.12) and (2.10) shows that in the 
general case the cross section a,,,, [in contrast to the total 
cross section a,, (2.6) ] is not expressed in terms of the e-B 
scattering cross section. The amplitudes f, of the e-B scat- 
tering enter in the expression for u,,,, with different weights, 
and interference of the amplitudes sets in. The following ap- 
proximate relation, however, is satisfied: 

- 
on,, ,,=IS, ( p )  /2vZn3, AE=O. (2.13) 

The cross section a,,,,, has an even more complicated 
dependence on the partial e-B scattering amplitudes at a 
finite energy defect AE = (2n**) - ' - (2ni2) - ' of the tran- 
sition (n* is the effective principal quantum number of the 
initial nl state). Thus, substituting (2.10) and (2.9) in (2.8) 
we obtain 
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FIG. 1 .  Dependence of the integrals If:&" ( A l )  on the Massey parameter 
( = / A E  ln*/2u. Curves 1,2, and 3-the integrals I b,,Iz and IP ,  respec- 
tively according to (A3)-(A8); curves 4, 5, and &the integrals 
and I :  respectively according to (A10)-(A15). 

The superior bar denotes here averaging in accordance with 
(2.81, i.e., 

m 

I ~ L ( P ) I ~ Z ~ ( P ~ ~ P ) =  J I ~ L ( P ) I ~ Z ~ ( P < ~ P ) I ~ ~ ~ ( P ) I ~ P ' ~ ~  (2.16) 
PI 

Using the approximate expressions for the distributions of 
lg,, (p) I averaged over the oscillations (see the Appendix), 
we can easily average in (2.16) if the functions f, (p) are 
known. The contribution to the integrals (2.16) is made by a 
relatively narrow range ofelectron momenta, viz., fromp, to 
approximately n*-' ifp, Sn*-I, or in the vicinity of the 
point p, if p, >n*- I. If there are no singularities (reson- 
ances) in the e-B scattering atp-p, or n*-I, the scattering 
partial amplitudes f, (p) change little, as a rule, in the indi- 
cated momentum interval, and can therefore be taken out- 
side the integral sign in (2.16). Thus, 

I ~ L ( P )  121L(pt, P ) z I ~ L ( B )  12ZL(~t, P)=I~L(B) IzlnlL(E), 

p"=max(n*-', p,), g=n*p,= IAEln*/2v, 
(2.17) 

where 6 is the Massey parameter for the considered transi- 
tion" (see also the Appendix). Note that in this case the 
characteristic internuclear distance is n*/2, half the de 
Broglie length of the Rydberg electron. The Appendix con- 
tains expressions for the integrals I f ; ,  ( l ) ,  which are plotted 

in Fig. 1. This makes it easy to determine the cross sections 
a,,,. by using (2.14) and (2.17). Note that I :< (6) becomes 
negative at (a0.3. 

It follows from the foregoing analysis that if the e-B 
scattering amplitude changes little with change of the elec- 
tron momentum is in the interval p, <p 5 n*-', the cross 
section of the transition nl-n' is described with good accu- 
racy by the expression 

In this approximation, the behavior of the cross sections of 
the transitions nl-nl(l(n) and n -nf follows respectively 
from (2.18), (A3), (A4) and (2.18), (AlO), ( A l l ) .  Inpar- 
ticular, the cross section an0,,. as a function of n* with v and 
AN * = n' - n* constant reaches a maximum value 

at nz,, = 1.31 (lAn*1/2~)"~, while the cross section a,,,,. 
reaches a maximum 

at nz,, = 1.36( 1An*(/2v) 'I2. Analysis of the behavior of the 
cross section a,,,, as a function of the collision velocity v 
shows that, with accuracy not worse than 22%, the rate con- 
stant of the transition nl-n1(lgn) is 

where the angle brackets denote averaging over the Maxwel- 
lian distribution of the collision velocities. 

To calculate the rate constant of the transition n -n' we 
express the cross section a,,,, in accordance with (2.18), 
(A1 ), and (A9), after integrating by parts, in the form 

rn 

Averaging (2.20) over the Maxwellian distribution of the 
collision velocities we obtain by integrating by parts and in 
accordance with Ref. 26 (Vol. 1, p. 324) the rate constant of 
the n -+ n' transition (n > n') 

- 2"2a, ( p " )  
nvTnt3 eXp(~i12) u(+, 21hs,) , 

(2.21) 
K,,, ,= (n2/n") K,. ,. exp (-AEIT) . 

Here 6, = IhE Jn/2vT,vT = (2T/,u)It2 is the thermal ve- 
locity of the colliding atoms, U(a,b;z) is a confluent hyper- 
geometric function, and U(a,z) is a Whittaker function tab- 
ulated in Ref. 27 (Chap. 19). From (2.21 ) follow limiting 
expressions for the rate constants: 

K,, ,8=2'a,(p") ~ , ~ / n n ~ n ' ~ I A E 1 ~ ,  ET>l. 

At n,,, = 1.3(1An1/2~,)"~ the rate constant K,,,. as a 
function of n has a maximum at constant v and An: 
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Note that at 5, ) 1 we have 

K,, ,,=2,3u,, ,- ((v))(v). 

If the e-B scattering amplitudef, (p,B) depends strong- 
ly on the momentump atp, <p 5 n*-', the cross section for 
the inelastic transition must be calculated from (2.14)- 
(2.16). It follows hence also that in the vicinity of the reso- 
nant scattering of slow electrons by atoms (which we have in 
fact predicted bef~re~ ' -~ '  for alkali-metal atoms) the ampli- 
tudeinfluences only transitions with [An*] 5 2 ~ n * ~ ( 2 E ,  ) 'I2, 

where E, is the position of the resonance, with E, -0.1 to 
0.001 1 eV for alkali-metal atoms." Consequently, such re- 
sonances contribute mainly only to the cross sections for 
elastic and quasielastic scattering ( [An* 1 4 1 ). 

3. ELECTRON DIFFUSION COEFFICIENT IN THE RA 
ENERGY SPACE 

Having now an expression for the rate constant of the 
n -n' transition, we can calculate also the electron diffusion 
coefficient in the RA energy space, due to collisions of the 
RA with neutral particles of type B. Quantities expressed in 
terms of the diffusion coefficient are the ionization and re- 
combination coefficients in a low-temperature plas- 
ma, I y v 3  and the efficiency and time of collisional ioniza- 
tion of the RA.33,34 The diffusion coefficient was calculated 
in Refs. 19 and 3 1 without allowance for the discrete charac- 
ter of the atomic states. We obtain now an expression for the 
diffusion coefficient B(E),  with full allowance for the dis- 
crete character of the atomic states, and for the transitions 
between all the RA levels. By d e f i n i t i ~ n , ' ~ . ~ l - ~ ~  

where N,  is the density of the atoms B. Using (2.20), we can 
write 

After integration by parts with respect to dv, expression 
(3.2) takes the form 

2'1V.o.nu,~ (x 
B ( B )  = 

3x h= I 

where the angle brackets denote averaging over the Maxwel- 
lian distribution of the collision velocities. The sum in (3.3) 
is of the form 

m " 

The lower integration limit must be chosen here to have 
(3.4) yield the exact result as a -0 (Ref. 26, Vol. 1, p. 65 1 ) : 

c.7 m 

i.e., b = (2S,) - ' I 2  = 0.645. At a )  1 (3.4) depends little on 

b, and is therefore a good approximation of the sum at all a. 
Averaging in (3.3 1, with allowance for (4.4) over the Max- 
wellian distribution of the velocities, we have 

B ( E )  = (2"a/nb") NBo,v? 8; exp (E,2/2) [ (4Ed2f 1) U ( ? / , ,  2'"&) 

where Cd = bE/v,. Averaging separately the numerator 
and denominator of ( 3.3 ) , we obtain from (3.4) an approxi- 
mate for the diffusion coefficient 

which has the correct asymptotic values and differs from the 
exact result (3.6) by less than 15% for all cd .  

We compare now (3.7) with Pitaevskii's result," which 
is likewise obtained by changing the order of integration in 
(2.4) and integrating it by parts with respect to d ~ ,  i.e., 

m 

Here a, is the e-B scattering transport cross section. At con- 
stant a, averaging of (3.8) yields in accordance with (A9) 

Bp (E) = (2"*/3n) NBu,vT2EYz. (3.9) 

Since a, z a,,  expression (3.7) differs from (3.9) mainly 
only by a factor ( 1 + 4Cd 2/3 ) ( 1 + 2ld 2/3 ) -2. It follows 
therefore that the Pitaevskiy expression (3.9) is valid only 
for ld 4 1, i.e., for n 2 n p  = 0.5(p/T) 'I4. At thermal veloc- 
ities, n, -20-40. At n Sn, one must use the expression 
(3.7) above for the diffusion coefficient. Allowance for the 
discreteness of the atomic states at n 5 n, leads to a decrease 
of the electron diffusion coefficient in the RA energy space, 
to a decrease of the ionization and recombination coeffi- 
cients in a low-temperature plasma, and to a longer time and 
less effective ionization of the RA by collisions. 

4. LIMITS OF APPLICABILITY OF THE MODEL AND 
COMPARISON WITH THE EXPERIMENTAL DATA 

It is assumed in the here-developed model of a free elec- 
tron that the processes are due to collisions of the quasifree 
Rydberg atom with the perturbing atom B during the entire 
time that the atom B remains in the inside the RA. Inverse 
transitions are not taken into account. The free-electron 
model in this sense is therefore applicable when the investi- 
gated processes are not highly effective. This means that the 
cross sections for the processes described by the free-elec- 
tron model must be much smaller than the geometric cross 
section of the RA. Thus, for mixed degenerate states we have 
according to (2.13) 8rv2n7) a, ( p )  , which is an inverse cri- 
terion for the validity of the adiabatic mechanism.I2 For 
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cipal quantum numbers, n>20-25. For RA collisions with 
inert gases, our model is applicable also at smaller n* ( - 10- 
201.1~ 

FIG. 2.  Cross section for quenching of the ns states of rubidium by colli- 
sions with rubidium atoms in the ground state, at temperature T = 400 K, 
vs the effective principal quantum number n*. Circles-experimental 
data3', solid curve--calculation according to (2 .18)  at a, = 2900?rai, 
dashed and dash-dot curves, respectively-numerical calculation" in the 
impulse approximation at u, = 4?rl f;, 1 '  = 2900~-a;  and with allowance 
for the dependence of the cross section Ce, averaged over the electron 
momenta in the ns state, on n. 

transitions from an isolated level with large defect of the 
transition resonance, the free-electron model is applicable at 
smaller principal quantum numbers of the RA, i.e., accord- 
ing to (2.18), at 8nv2n7)ue (j)InlS ({). 

At 2vn2) 1, transitions to a large number of states with 
n' -n are effective. For the model to be valid in this case it is 
necessary that the summary cross section (2.6) likewise be 
smaller than the geometric cross section of the RA, i.e., 
4nn4 )u,_,,, =. ue (p )/vn. According to the optical 
theorem, ue (p) 54np-'=.4nn2. It follows therefore that at 
2vn2) 1 the free-electron model and the theory of Alekseev 
and S ~ b e l ' m a n ~ ~  can be used to describe collisions of RA 
with any neutral atomic particle. 

In experiment one measures most frequently the cross 
sections for quenching nl states with small 1 = 0,1,2,3. Ac- 
cording to our present results, such cross sections are deter- 
mined at 2un" 1 by transitions to the nearest n' level with 
the smallest transition-energy defect 

where 16,) is the fractional part of the quantum defects. [at 
{6,)=.0.5, transitions to two groups of states with 
n ' z n *  + 0.5 are significant, and the cross section for the 
quenching such an nl state is equal to the sum of two cross 
sections of type (2.18).] 

By way of example, Figure 2 shows a comparison of the 
e~perimental'~ cross sections for quenching the RA Rb (ns) 
by rubidium atoms in the ground state Rb(SS), on the one 
hand, with the cross section (2.18) obtained in the free elec- 
tron model, on the other. Since the quantum defect of the ns 
series of Rb is 6, = 3.13, the principal channel of Rb(ns) 
quenching is the transition with the smallest transition-ener- 
gy defect AE=0.13n*-3, i.e., the transition 
ns- (n - 3) f,g,h, ... . The cross section used by us for elec- 
tron scattering by Rb(5S) was u, = 2900nag, obtained in 
Ref. 35 after averaging the theoretical cross section for elec- 
tron scattering by the Rb atom3' over the momenta of the 
Rydberg electron. Note that the cross sections for RA 
quenching by alkali atoms are very large, so that the free- 
electron model is applicable here at relatively large RA prin- 

5. CONCLUDING REMARKS 

A model was developed with which it was possible, for 
the first time ever, to describe theoretically inelastic colli- 
sions of RA with neutral atomic particles, without resorting 
to the Fermi-pseudopotential approximation. The model is 
based on an analysis of a binary collision of a Rydberg elec- 
tron with an incident particle. In this approximation, the 
transition cross sections are expressed very simply in terms 
of the amplitude of the scattering of the electron by the atom- 
ic particle, with allowance for the dependence of this ampli- 
tude on the electron momentum and on the scattering angle. 
Measurement of the cross sections of processes that occur in 
collisions of an RA with a neutral particle permits a deter- 
mination of the characteristics of scattering of a very slow 
electron by an atomic particle. This model can be general- 
ized to describe nl+nfl  ' transitions, where it is necessary to 
consider also the changes of the angular momentum of the 
Rydberg atom as it collides with the atomic particles, as well 
as for the description of RA collisions with molecules, when 
scattering by a Rydberg atom takes a molecule into another 
vibrational-rotational state. Furthermore, in view of our 
present results, it is necessary to revise the physical meaning 
and the limits of applicability of the Rydberg-level broaden- 
ing theory based on the impulse a p p r o x i m a t i ~ n . ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~  

The author is indebted to L. P. Presnyakov for constant 
support of the research in this field and to V. S. Lisitsa for 
helpful remarks. 

APPENDIX 

Calculation of the integrals 1$$7(5). 

From (2.16) and (2.17) we have 
CO 

At I<n we use the radial part, averaged over the oscillations, 
of the Rydberg-electron ns-state wave function in the mo- 
mentum representati~n".'~.'~: 

Ig,, ( p )  ~Z=4n*/npz( l+n*2pz)2 ,  ( 2 n r 2 ) - 1 K p K l + 1 / Z .  (A2) 

Substituting (2.15) and (A2) in (A1 ) we get 

Z n o s =  ( 2 / n )  [arcctg E - E  I n ( i + f - ' )  1 ,  (A31 

InO8*= ( 2 / n )  [arcctg E+4g- (4i3+3E)1n(1+t--2)  1, (A5)  

InoP= ( 2 / 5 n )  [7 arcctg f+36f3+22E 
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'/s-(6/n)g(21nE-'-l)+. . . , 
InoPp 

l/hE3-8/25nE5 + . . . , '"I' (A8)  
E B I .  

We can similarly calculate the integrals of ( A l )  for 
transitions from the level n for equiprobable population of 
the nl states. In this case".'4 

n-i 

Substitution of ( 2 . 1 5 )  and (A91 in ( A l )  yields 

In8= ( U n )  [arcctg E- (3t3+5E)/3(1+E2)2], (A101 

I,.= (2/5n) [ 7  arcctg E+ (384E5+160E3) ln (I+E-') 

- (384E7+736E5+375E3+33g)/ (1+E2)2], (A141 

In (A3)-(A8)  we have 6 =p,n*<n*; 6<1 means ac- 
tually that 5 5  0.1, while 5 )  1 means that { 2 3. Plots of 
If;:; ' )  (5 )  are shown in Fig. 1 .  

'Rydberg States of Atoms and Molecules (R. F. Stebbings and F. B. 
Dunning, eds.), Cambridge Univ. Press, 1983. 

'B. P. Kaulakisand P. D. Serapinas, Litovsk. Fiz. Sb. 24, No. 3,3 (1984). 
3B. M. Smirnov, Usp. Fiz. Nauk 131,577 (1980) [Sov. Phys. Usp23,450 
(1980)l. 
4E. Fermi, Nuovo Cimento 11, 157 ( 1934). 

5J. I. Gersten, Phys. Rev. A14, 1354 (1976). 
6J. Derouard and M. Lombardi, J. Phys. B11, 3875 (1978). 
7M. Matsuzawa, ibid. B12, 3743 (1979); B17, 1930 (1984). 
'A. P. Hickman, Phys. Rev. Al8, 1339 (1978); 19,994 (1979). 
'F. Gounand and L. Petitjean, ibid. A30, 61 (1984). 
''A. P. Hickman, Phys. Rev. A23, 87 (1981). 
"A. Omont, J. de Phys. 30, 1343 (1977). 
I2B. P. Kaulakis, Litovsk. Fiz. Sb. 22, No. 5, 22 (1982). 
I3L. Petitjean and F. Gounand, Phys. Rev. A30,2946 (1984). 
I4B. Kaulakys, J. Phys. B18, L167 (1985). 
"V. S. Lebedev and V. S. Marchenko, Zh. Eksp. Teor. Fiz. 88,754 ( 1985) 

[Sov. Phys. JETP 61,443 (1985)l. 
IhK. Sasano, Y. Sato, and M. Matsuzawa, Phys. Rev. A27,2421 (1983). 
I7Y. Sato and M. Matsuzawa, ibid. A31, 1366 (1985). 
I8T. Yoshizawa and M. Matsuzawa, J. Phys. Soc. Jpn. 54,918 (1985). 
I9L. P. Pitaevskii, Zh. Eksp. Teor. Fiz. 42,1326 ( 1962) [Sov. Phys. JETP 

15,919 (1962)l. 
'OD. R. Bates and S. P. Khare, Proc. Phys. Soc. 85,231 (1965). 
"M. R. Flannery, Ann. Phys. (N.Y.) 61,465 (1970); 79,480 (1973). 
'*V. A. Alekseevand I. I. Sobel'man, Zh. Eksp. Teor. Fiz. 49,1274 (1965) 

[Sov. Phys. JETP 22, 882 ( 1966)l. 
"B. Kaulakys, J. Phys. B1,4485 (1984). 
24B. V. Kaulakis, Litovsk. Fiz. Sb. 22, No. 1, 3 (1982). 
25V. S. Lebedev and V. S. Marchenko, Zh. Eksp. Teor. Fiz. 84, 1623 

(1983) [Sov. Phys. JETP 57,946 (1983). 
"A. P. Prudnikov, Yu. A. Brychkov, and 0. I. Marichev, Integrals and 

Series [in Russian], Nauka, M., Vol. 1, 1981, Vol. 2, 1983. 
27M. Abramowitz and I. A. Stegun, Handbook of Mathematical Func- 

tions, Dover, 1964. 
"B. P. Kaulakis, L. P. Presnyakov, and P. D. Serapinas, Pis'ma Zh. Eksp. 

Teor. Fiz. 30,60 ( 1979) [JETP Lett. 30,53 ( 1979) 1. 
"B. P. Kaulakis, Opt. Spektrosk. 48, 1047 (1980). 
30B. Kaulakys, J. Phys. B15, L719 (1982). 
3'E. M. Lifshitz and L. P. Pitaevskii, Physical Kinetics, Pergamon, 1981, 

Chap. 2. 
"L. M. Biberman, V. S. Vorob'ev, and I. T. Yakubov, Kinetics of Non- 

equilibrium Low-Temperature Plasma [in Russian], Nauka, 1982. 
'B. P. Kaulakis, A. R. Zhishyunas, and V. I. Shvyadas, Litovsk. Fiz. Sb. 

24, No. 3,48 (1984). 
j4B. Kaulakis and A. Chizhyunas, Diffuse Flows. Diffusion Mechanism 

of Rydberg-Atom Ionization [in Russian], Preprint, Inst. Phys. Lith. 
Acad. Sci., Vilnius, 1985. 

"M. Hugon, F. Gounand, P. R. Fournier, and J. Berlande, J. Phys. B16, 
2531 (1983). 

"L. C. Balling, Phys. Rev. 179, 78 (1969). 
"M. Matsuzawa and J. Koyama, J. Phys. B18, L303 ( 1985). 

Translated by J. G. Adashko 

235 Sov. Phys. JETP 64 (2), August 1986 B. P. Kaulakys 235 


