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It is predicted that the cross sections of inelastic vibronic transitions and ionization of Rydberg
molecules depend strongly (resonantly) on the principal quantum number 7 in slow collisions
with atoms and the nature of this effect is analyzed. The effect is associated with the manifestation
of nonadiabatic vibronic coupling, resulting in mixing of the low-lying vibronic states of a
Rydberg molecule which belong to different excited states of the ionic core. Together with
pronounced peaks (whose amplitude is two to three orders of magnitude higher than the values in
the plateau region), the cross sections should exhibit interference dips resulting from oscillations
of the quasiclassical wave function of the outer electron as a function of #n. A comparison is made

with the impulse approximation, widely employed in such problems, and it is shown that for
nV, <e*/#, where V, is the relative velocity of the colliding particles, this approximation is
inapplicable for the processes considered. The theory developed is employed to describe collisions

of N¥* molecules with inert-gas atoms.

1.INTRODUCTION

Rydberg states (RSs) of molecules have, as is well
known, a number of unique features which are due to strong
nonadiabatic coupling of the electronic and nuclear mo-
tions. Among other phenomena, these features lead to, for
example, irregular dependence of the quantum defects of
highly excited molecules on the principal quantum number
n (Ref. 1) and of the near-threshold photoabsorption spec-
tra on the frequency of the incident light,' the presence of
bound states superposed on the continuum background,’
and the stroboscopic effect.*

In the present paper we show that the nonadiabatic in-
teraction also leads to an interesting physical phenomenon:
strong (resonance) dependence of the cross sections for in-
elastic transitions and ionization of highly excited molecules
XY ** on the principal quantum number 7 in slow collisions
with atoms 4

. XYt(g')+ A+ e

Xy (n'q)+A<’XY“((71'), 7)+4 (1)
where g is the collection of quantum numbers describing the
internal state of the ion XY *. We demonstrate the existence
of this effect in which the collision velocities V. of the collid-
ing particles arelow (¥, €n~ '), when the dynamical behav-
ior of the system XY ** 4 4 is studied after the structural
features of the potential energy surfaces (PES) are investi-
gated." This approach, which is an alternative to the impulse
approximation (see Ref. 1 and the literature cited there),
has been widely employed in problems of the interaction of
Rydberg atoms with atoms and molecules in the electronic
ground state.>~8 In contrast to Refs. 5-8, however, here we
must solve the problem of the perturbation of a series of
interacting Rydberg states by the field of a neutral particle.
In so doing, it is assumed that in the energy range considered
|E'| <1, where E is the total energy of the system XY ** + 4
with fixed distance between the particles XY * and 4 and is
equal to the binding energy of the Rydberg electron for the
ground vibrational state of XY *, the atom 4 does not have
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resonance states responsible for the formation of the ionic
configuration XY *4 ~. Our investigation includes two
stages.

First, we use the asymptotic method proposed in Refs. 9
and 10 to analyze the characteristic features of the vibronic
PESs of the system XY ** + 4 in the energy range E < o,
where w is the vibrational frequency of the ion XY *. The
peculiarity of this system is that it contains a weakly bound
electron, moving in the field produced by a Coulombic cen-
ter and the interactions with the ionic core and atom 4. The
ionic core perturbs states with low electron angular momen-
tum / relative to the Coulombic center (/ =0, 1 and 2). The
field of the atom, in turn, affects only those superpositions of
the states of the Coulombic center that have low electron
angular momentum L with respect to the atom 4. We refer to
the two “heterocenter’” groups of terms, characteristic of a
purely Coulombic center, briefly as / and L terms.

Next, we study the collision dynamics, employing an
approach based on analysis of the quasicrossing regions of
the terms of the PESs using the model of independent Lan-
dau-Zener transitions at the crossing points of the terms
(rigorous justification of this model is given in Ref. 11 for the
case of the crossing of parallel terms by a linear term). It
should be noted that the Rydberg states of molecules are, as a
rule, predissociation states and decay in the nuclear continu-
um on account of configurational mixing with dissociative
states, correlated at infinity with low-lying electronic states
of the atoms X and Y. Under the condition V,>y,n"",
where ¥, is the configuration interaction constant and
¥4 €1, the characteristic predissociation time 7, ~ 7, 'n*is
much longer than the collisional time 7, ~n?¥ . This
makes it possible to exclude from the description of the pro-
cesses (1) the dissociative valence configurations.

As an illustration of the theory developed we calculate
the cross sections of inelastic transitions and collisional ioni-
zation of Rydberg molecules N¥* by inert-gas atoms as a
function of the initial excitation energy and the relative ve-
locity.
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2. GENERAL EQUATIONS OF THE THEORY

It is convenient to analyze the behavior of a weakly
bound electron in the field of the perturbing atom A by
means of an asymptotic method similar to the one proposed
in Refs. 9, where the position of the lower energy levels of the
electron in the system XY ** + 4 with fixed distance R be-
tween the atom and the molecule is determined from an inte-
gral equation for the level-shift operator, which is a rear-
ranged Lippmann-Schwinger equation for the eigenvalue
problem

T=W(G - g)1, (2)
and W is an operator satisfying the equation
W=V + VgW. (3)

The operator ¥ in Eq. (3) describes the effective e™ + 4
interaction, which, generally speaking, is not weak; g is the
weakly energy dependent part of the Green’s function opera-
tor G of the molecule XY **. In this formulation the equation
(2) contains only singular terms, which characterize the
contributions of the discrete states XY ** + 4.

The behavior of the terms of the quasimolecule XY **4
at XY+ — A distances R corresponding to the classically
accessible motion of the Rydberg electron R |g, | < 1, where
¢, = E — E, and E, is the vibrational excitation energy of
XY *, is important for the processes (1) which we are inves-
tigating. In order to describe them it is necessary to know the
explicit form of the operator G in the neighborhood of the
perturbing atom 4,° i.e., for electron coordinates 7 such that

Ir—R| <R.

For this purpose, we employ an adiabatic basis, in which the
vibrational state and orientation of the molecule and the po-
sition of the perturbing atom are given and it is assumed that
the direction of the molecular axis does not change much
during the characteristic time of a transition from one term
to another. This means essentially that the rotational motion
of the molecule XY ** is treated classically on an equal foot-
ing with the translational motion, which is described by the
motion of the image point over the collection of PESs. We
also drop the spin variables, since they can easily be included
in the general scheme when necessary.

With these restrictions the operator G can be represent-
ed in the following form:'

G=g+2 E o i Y A tyip Yiae|
LMv
L'M'V
X (kg v, 8 pr 1 oarOiny + &y 1y (RO pr00ps0)s
(4)

where the part of the Green’s function operator that depends
weakly on the energy E is defined as

cosk |p—p'|
v
8=~ It,) e % |
v

Here y, is the vibrational function of the ion XY *, j, (k,p)
is a spherical Bessel function of the first kind, &, = [2(1/
R — £,)]"/?is the quasiclassical momentum of the electron,
Y2 (p) are spherical harmonics (9 describes the angles
which determine the direction of the vector p relative to R,

201 JETP 76 (2), February 1993

where p =r — R), M is the projection of the angular mo-
mentum L on the direction of the vector R, and
v, = [ —2(¢,)] 72 is the effective principal quantum
number.

The matrix @, ; -, (R) is related to the electron scatter-

ing matrix 7§, of the ion core by the expression
3/2
& . R =2y — V- (aL+ 1L + 1))
Ly, L'V sin zv_sin v
IA v v’
A) ~ p 12
x Tﬁv.[u'SDLv.E(R)(PL’v’,E(R) | YIA(R) I ( 3 )

where R denotes the angles determining the position of the
atom A in the coordinate system of the molecule and A is the
absolute magnitude of the projection of the electron angular
momentum / on the axis of the molecule.

The elements of the matrix T ), (E) are found from

the system of equations
A A A A
T( ) =t( ) +2t( ) ctg:wv,,T( )

by oy L v’ W'’

Q)
v

= —( g, ©)x )

where pu,, (§) is the adiabatic quantum defect of the Ryd-
berg level and depends parametrically on the interatomic
distance. The radial function @ {) - (R) is defined outside

the ion core as!®
0. Wy, 1+1/22RI7)
Pro,p\R) =702 = 172’
v RV L@, - DI, + 1+ 1)]

~ _ % for L=2m
Yo = v,—1/2 for L=2m+1’

where W, (x) is the Whittaker function, I' (x) is the gam-
ma function, and m = 0,1,2,... . We neglect /-mixing in the
scattering of an electron by the ion core, since for many di-
atomic molecules / is a good quantum number.! Since the
representation (4) for the operator g contains standing-
wave electron Green’s functions, the K scattering matrix
corresponds to the elements of the W operator.® Thus, sub-
stituting Eq. (4) into Eq. (2) reduces the homogeneous inte-
gral equation with a singular kernel to the following system
of algebraic equations:

7o = KR8 T T 1pr, + 8300, @ryrvtroy):  (6)
LY

Due to the spherical symmetry of the field of the perturbing
atom the K matrix is diagonal with respect to the indices L
and M, and for this reason the first term in Eq. (6) does not
include summation over L. The equation (6) describes vi-
bronic PESs, whose definition includes nonadiabatic cou-
pling of the electronic and vibrational motions.

According to Eq. (6) only terms with M = 0O interact
effectively with one another. Thus the following equation is
sufficient for finding the terms:

1 —kaLucthrvU—KLU&’LU'LU(R)=0, (7)

The solution of this equation includes two groups of vibronic
terms of the compound system XY **4, which correspond,
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respectively, to two independent electron scattering centers
(the ion core XY * and the atom A4). The first group corre-
sponds to R-independent Rydberg / terms (see Ref. 10)

1
Enle=E Y EEEY (8)

Y 2(nv - '“IAU)Z,

where 11, is the quantum defect of the /Av series. The posi-
tion of these terms is given by the poles of the T collision
matrix. The second group consists of the covalent L terms,
split from the Coulombic levels by the field of the perturbing
atom A4. These terms are determined by the equation

1 -k K, ctgav, =0 9)
and are written as

1

2
2 [nv + ]—1[- arctg(k (R)K Lu)]

UDR) =E, - (10)

The collision of the particles XY ** and 4 induces non-
adiabatic transitions between the Rydberg / and covalent L
terms near the quasicrossings of the terms. These transitions
are accompanied by a simultaneous change in the vibration-
al state of the ion and an abrupt change in the angular mo-
mentum / (from /~1to/~n,).

3.PERTURBATION OF THE INTERACTING RYDBERG SERIES
BY THE FIELD OF THE NEUTRAL PARTICLE

The region of the spectrum corresponding to simulta-
neous excitation of twointeracting series of n,, /and n,/ Ryd-
berg terms by the covalent L term is of principal interest for
the processes (1) which we are considering. After we identi-
fy in Eq. (5) the pole terms, we are interested in, which have
definite values of / and A, Eq. (7), describing terms of the
quasimolecule XY **4 taking into account nonadiabatic
coupling between the nearest v and v’ = v — 1 Rydberg se-
ries of XY ** (i.e., in the two-channel representation for

T(A)) assumes the form

(ig w, = kuKLv) [(tg = t(A) (tg ., I(A) ) - & ) ]

W v, lv
it 2
P oy )8 = ) = )
(11)
where the coefficient
Bipsy= 2L+ D160 )1y, ®)* (12)

characterizes the probability of finding an electron near the
perturbing atom 4.

Neighborhoods of quasicrossing points R f,f/ ) of the
Rydberg n, I and covalent n, L terms, corresponding to dif-
ferent vibrational states of the ion XY *, make the largest
contribution to the cross section of the processes (1). In
order to investigate the behavior of the terms in these regions
we employ the fact that the coefficients B,,,, are small and
we rewrite the left-hand side of Eq. (11) as

(E - Ugllv‘)(R))(E - Env,lA)(E - Envll\)’

which explicitly determines the position of the terms of the
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system taking into account nonadiabatic vibronic coupling
in the /A states of the molecule XY **. Then in the neighbor-
hood of the crossing points R {” of the n,, [v’ and n, Lv terms,
where E, ;, = U'P(R), Eq. (11) can be rewritten as fol-
lows:

(B - B, y)(E - UD®R) =

nLnl’

which makes it possible to determine the interaction V7 , , ,
between them:

BIAL‘/chL cos Jrv

vv

2
VnLnl

(13)

nvnv, ’
where the factor
U]
fnvnv,(En“,IA)
@™ 2

v, lv'

3 2 N2 4 (A
/v ) (cos v [cos v )*(tg Ty~ ’fﬁ ﬁu 31) )

(14)

is defined as the nonadiabatic mixing factor. This factor
plays an important role in the theory being developed here
and, as will be shown below, it is responsible for the effects
we are investigating.

We now consider the two limiting cases of weak and
strong mixing. In the first case (nonresonance situation),
when the splitting between isolated vibronic n,, /and n, [ lev-
els is quite large, i.e., the inequality

A 3/2
> 140 1 n )2,

—-E

lEn IA n ,IAl

is satisfied, the term (7§, )? in the denominator in Eq. (14)
can be neglected. Then the expression (13) will describe the
case of weak interaction of the series of n,,/ Rydberg terms
with the covalent n,L term, as studied in Ref. 10. At reso-
nance tan 7v, =t ) (when the factor £, is equal to uni-
ty), the quantity (13) is the squared interaction of the cova-
lent n,L and Rydberg n,/ terms. Here a transition is
observed to the case of the quasicrossing of two terms with
the same vibrational quantum number v (strong mixing).
The behavior of the autoionization terms of the quasi-
molecule XY **4 is described by Eq. (7) with the formal
substitution tan 7v, =i. The solution gives the following
expression for the covalent term
r ;R
A0 = 5,y 1 e [,

3 2
v e

(15)

where the autoionization width? is
I‘n L(R)

A 2
— 25 lALv v Lv(lvlv)

- L /
R (et~ RO 1= 57+ 3037

»_ W 1
Av v Iv Jv + -1/ 2

. (16)
(1gln(2E, ) zj")‘} u)2

It is obvious that ionization of the molecule XY ** is efficient
when in the region of classical motion of the electron the
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covalent n, L term crosses thelimit E, _, or, in other words,
the equation

UP®;) = B, an

has at least one solution. If

ln,— Qw)"2|nd <1 (w,=E,-E,_)

the roots of Eq. (17) (at least some of them) lie in the
asymptotic region 2n2 > R »>1. In order to analyze the
asymptotic solutions we employ the wavelength representa-
tion (L =0, fk2«1):"

Kop=a+2 k,+ 3 Biainge) + vi2, (18)
where a is the scattering length of the electron scattered by
atom 4, 3 is the polarizability of the atom A4, and the values
of the coefficient y for scattering of an electron by inert-gas
atoms are given in Ref. 14.

We now indicate the conditions under which the »,/
resonance level, leading to effective mixing of the vibronic v
and v’ states of XY **, falls into the energy range from the
minimum of the term U (R,,,) to the spectrum limit
E = 0. This happens for positive a if

n,— Qo) Y2<p, <0, (19)
and for a <0 if
n,— Q) V<, <n, - 2o,
- VPR (20)

An example satisfying simultaneously the conditions
(19)-(20) is the system N¥* (nd6,) + A, where 4 is an in-

ert-gas atom. The behavior of the n, L terms U ;" (R) for the

case L = 0is displayed in Fig. 1 (a and b). The terms with
L #0 deviate significantly less from their asymptotic values
and are not considered here.

We note that in the case @ <0 the matrix elements K,
with L = 0 can vanish (Ramsauer effect), i.e., K, (R) = 0,
where the point R corresponds to the position of the unper-
turbed level

UP(R) = E, = 1/2n},

At distances in the range R < R < 2n? the PESs of the com-
pound system XY **4 (see Fig. 1) have small potential wells,
whose depth increases with decreasing #,. The characteris-
tics of these terms are presented in Table I.

4.I0NIZATION PROBABILITY AND CROSS SECTION

We now calculate the probabilities and cross sections of
collisional ionization of vibrationally excited Rydberg mole-
cules (v' =0, v =1). For this we employ, as is done in the
similar problem of ionization of a Rydberg atom due to per-
turbation by the term crossing the spectrum limit,”'®'? the
model of independent Landau-Zener transitions in a system
with multiple crossing of terms.!! The model has been strict-
ly justified for the linear term and is applicable under our
conditions, if the region AR = R {? — R * <R { makes the
main contribution to the ionization cross section; this condi-
tion imposes, generally speaking, certain restrictions on
both the choice of collision partners and the initial excitation
of the molecule XY **. Since the asymptotic region of large R
plays the main role in the collisional processes (1), under the
condition

0
n =17
-0,4/-
~
S A
282t 3 4 s b
2 FIG. 1. Terms of the system N**+4+4 (4 ={He,
4 Ne,Ar,Kr,Xe}) for n, = 7 and n, = 6, classified according to
2 the type of scattering (L = 0) by the perturbing center. The
numbers indicate the sequence of n,L terms from He to Xe.
-3,6}-
n =6
_4'0._
[ 1 1 !
20 40 60 80 100
R, a.u
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TABLE I. Parameters a, 3, ¥ in the expansion of the K matrix for e~ — A4 scattering [Eq. (18)] and characteristics of the covalent n,L terms of the

system N¥* + 4 (ina.u.).

Atoms Covalent n,L terms*
A a B y n=17 n=6
(15] (151 [14] R VDR ;) R R, LRy R .. U.(‘IL)(R,." D R
VC
He 1,15 1,383 6 — — - 58,1 6,87(=4) — - -
Ne 0,3 2,68 6.5 - - s 39.9 4.56(=3) - - -
Ar -1,69 11,08 -5 86,6 —1,88(-4) 65,5 45,9 2,93(2) 65,6 -3.91¢3) | 530
Kr -3,2 16,74 —40 85.5 =2,33(-4) 63.5 50,6 7,83(=2) 65.0 -3,97(¢3) S1.5
Xe 6,0 27,06 =210 86.0 =3,07(¢4) 64,0 55,6 1,28 65,4 —4,09(=3) 51,8

*The autoionization parameters '} ; R * /¥, were calculated for the relative velocity V, = 2- 10~°.

Ve >> (BIMYVAR() ™

where M, is the reduced mass of the colliding particles, the
ionization cross section can be calculated in the rectilinear-
trajectory approximation.

For fixed impact parameter b the ionization probability
can be written as'’

Wnlno(b) = pnlno(b)qulno+l(b)(l - S(b))’ (21)
where p,, , is the probability of the first nonadiabatic transi-
tion from the n,/ Rydbergterm to the n,L covalent term, and
nn, ., 18 the probability of entering the continuous spec-
trum at the point R} along the diabatic n,L-term. The
quantity S is the probability of remaining on the covalent
term as the image point moves into the range RS R} [in
this region the term is determined by the expression (15)].

In order to describe a transition between two crossing
terms we introduce, as usual, the Landau-Zener parameter
characterizing the probability of transitions in the model:'®

2
anL.nolA

Fﬂl VC '

(22)

’7 =
nlno

where F, is the magnitude of the difference of the forces
acting along the trajectory, i.e.,

|1<L1 | [(Rgli))z _ b2]1/2

F (R©) =
ey nn?kl(Rg?)(Rffo)ﬁ

The overbar in Eq. (22) denotes averaging over all orienta-
tions of the molecule XY **. Substituting Eq. (13) into Eq.
(22) and using the quasiclassical representation for the elec-

tron wave function ¢ {} ;, we can easily derive the following
expression:

202L + 1)k1(R§,?) | K, |cosZy sinb

= h
’7nlno Vc[l _ (b/RS'c))ZII/Z jgllno’ (23)
0

where @ = (8R(O)"2+ 226y RO + mupo + 7L /2
— m/4 is the corresponding quasiclassical phase. In the
presence of resonance, whose existence is determined by the
conditions (19)-(20), the mixing factor /", near an isolat-
ed n,/ level

1
1 2[n, +n"larctg(15ml)]2

E,=E
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acquires a pronounced resonance character
d2
o =———a (24)
2, 2
e (E-E)"+d,
The quantity d, here is the “effective width” of the reso-
nance and is given by
. cos v cos v, ®
- 32 “nol”
Jr(vlvo

The capture probability p, , in the formula (21) is re-

lated to the probability of remaining in the #,L covalent term
(on passage through the quasicrossing point R ')

w":"o(l' A b)) = exp(—qnlno(l, A, b))

by the expression p,, , = 1— w, , . The probability that the
system is transferred in the continuous spectrum is defined
as the product of the separate probabilities of remaining in
then,L term, takinginto account all transitions at the points
of quasicrossings with Rydberg terms (ni>n,+ 1,
I'<ng— 1,A'<1")

n—-1 !

I 11w, (0 A).

= (25)
me=n+1 I'=0 A’=0

qnlno+l
Assuming the transition region AR to be well localized, in
calculating g, , . in Eq. (25) the summation over n; can
be replaced by integration. The quantity S(b) in Eq. (21)
(neglecting nonabatic transitions in the continuous spec-
trum) can be written in the form

7(b,E)
S() = cxp(—2f Fnl,l(l)dt)
0

where T'(b,E) is the residence time in the region 5<R<R }
and T, , is the autodecay width (16). In the rectilinear-
trajectory approximation

2 1/2
*2
ZF:IILRIll R:;
— ————arctg | |— -1

S(b) = exp Vb 3

(T = Tu L (RLD)- (26)

Performing the integration over the impact parameter b, we
can represent the ionization cross section as the product of
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the cross section for the system to be captured in the n L
state and the effective ionization probability p{5 (V.) (the
indices / and A are dropped), i.e.,

ooy =m0, -
0 1
where
1
1)5'8(‘/5) = 2fx [1 - cXp(_TI/‘_ (1 - (\,'2)—x/2)j]
0 c
xexp(— —VQC' (1= x2)‘1/2) (1 = S(x))dx [x = RI(’C)]. (28)
“0

The quantities 4 and Q, which are related, respectively, to
the probability of the first Landau-Zener transition from the
initial Rydberg n,/ termto the covalentn,L term (~A4 /V.)
and the probability of remaining in this term (~exp( — Q/
V.)), are given by the expressions

1
A = 25 ZROMD, » (29)

|E*| -1
Qng) = Z(Rffl))d, arcctg [——rT——O ,
r

where we have introduced the following notation:

2
(Im)2 coszywl sin2®
Z=2Q2L + L)k, K, [+ ( )2 3 2
00 1 r

2

El=E +A A = iIL

r=E. 44, r— N

d ’
s=-F Rt
’ 2(ng + 1)

We now analyze the cross section (27), making the as-
sumption that in the energy range under consideration
strong nonadiabatic mixing of n,/ and n,/ states occurs in
only one region. According to Eq. (29) the functions 4 (n,)
and Q(n,) vary significantly near the corresponding ,/ lev-
el and are virtually energy independent far from this level.
The half-width of the transition region is quite narrow,
An % 1. The function 4 (n,) in this region increases rapidly,
reaching at the point E, the maximum value

[

max = v Z(Rgfl‘))'

ow

The function Q(n,), however, after passing the resonance
point E *, decreases rapidly with n,. The rate of decrease is
~k,K, ,/n3. For this reason, the peak in the cross section
(27) should be, strictly speaking, asymmetric with respect
to E,. Physically, this is related with the fact that for
E, <E, themolecule XY **isefficiently vibrationally excit-
ed due to the transition from the covalent n,L term of the
Rydbergn,/ term. The rapid growth of the cross section near
the point E, is caused by the increase in 4(n,) due to mix-
ing of nyl and n,/ Rydberg configurations.

If the energy of the initial state E, lies above E,, then
according to Eq. (28) the probability P {5 (V,) is
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2. > *
nlL n

»() — 11
IIO(VE)_ 2Vc Ea (30)

Vv
c

*,

where E,, (x) is the integral exponential function.'® This cor-
responds to a nonresonance situation. For Q(n,)/V. <1 the
ionization cross section as a function of V_ in this case is
proportional to ~1/V..

Since near the point E,, 4(n,) starts to increase with
increasing n, and Q(n,) starts to drop rapidly at the point
E*(|E¥*| <|E,|), the position of the maximum of the proba-
bility (28) should correspond to the energy E,. The maxi-
mum then is

I’ R
Pﬁ’g(max) =4
v, -

For this reason, the ratio of o} (E,) to the cross section in
the plateau region o, (E #E, ) is larger than or of order 10°,
i.e., the cross section (27) should have a pronounced peak
near E=F,.

We note that the ionization cross section (27) should
contain, together with sharp peaks, oscillations due to the
ny,-dependence of the quasiclassical phase ®. The scale of
these oscillations

T

oMo = 2[d7(ng)|

(31)

is proportional to ~ |dU {*’/dR |'/*. Hence it follows that
the cross sections for the sloping n,L covalent terms are
characterized by a higher oscillation frequency (~8ny ').

Similar oscillations in the broadening cross section in
the case of quenching of nonhydrogen-like Rydberg states of
alkali atoms in a rubidium atmosphere due to formation of
an ionic *P-configuration were investigated in Ref. 20, and
were also mentioned in Ref. 17.

5. VIBRONIC TRANSITIONS IN THESYSTEM XY** + A

We now consider inelastic collisions accompanied by
single-quantum vibrational excitation of the molecule XY **,
Here vibronic transitions into the n,L state (accompanied
by a change in the angular momentum of the electron /' #/,
l"Sny),ie.

XY*(ng, L,v' =0) + A>XY*(n,, I > 1,u=1) + 4, (32)

and transitions into the n,/ state with conservation of

(=1

XY*(ng, Lv'=0)+ A>XY"(n;, Lv=1)+ 4 (33)
are of greatest interest.

In contrast to the ionization process, the inelastic
(ng,v = 0) - (n,v = 1) vibronic transitions occur because
the image point passes through the regions of pseudocross-
ing of the Rydberg and covalent terms twice. Since transi-
tions between them are unlikely, the total cross sections of
the processes (32)—(33) are sums of separate cross sections,
each of which corresponds to a single capture in the n, L state
(with the particles approaching one another and moving
apart, respectively). In addition, in the case (33), in contrast
to the case (32), an additional factor describing the proba-
bility of leaving the #n,L term in the vicinity of £ = E,, must
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also be included in the overall scheme of the calculation.

Two regions corresponding to different values of n,
must be distinguished in the dependence of the cross sections
on theinitial energy E, . In the first region the n,L terms lie
near the limit of the continuous spectrum and they cross this
limit at the points R ¥ (see Fig. 1a). For this reason, the
possibility of an autoionization term must be taken into ac-
count here.

In the second region (see Fig. 1b) the covalent n,L
terms lie in the discrete spectrum (E <0). The cross section
of inelastic transitions in this case can be represented in the

form
é(vno)] _k, [Q(no) + A(no))]' 34)

c VL‘

2
%1 = Z’IRS;’ [Es

where Q, in contrast to Eq. (29), presupposes summation
over a finite number of states. Under nonresonance condi-
tions the excitation cross section (34) is

A(n
o0i(E # E,) = xR LVQ (35)
c

Near the point E = E,, however, it is of order
2
T01(Ep) = ”Rgz? ’

and for this reason the ratio of the maximum cross section to
the cross section in the region of the plateau is
00 (E=E,)/0y,(E #E,)>1. Therefore, the pronounced
“resonance” structure in the energy dependence oy, (E,, )
should also be manifested in the cross sections for inelastic
transitions (by analogy to ionization).

Another important feature of the processes (1) arises
when the molecule XY ** interacts with atoms 4 character-
ized by the presence of the Ramsauer effect in e~ + A4 scat-
tering (a <0). Near the level E, = — 1/2n} (where the
matrix element K; ; vanishes) the probability of capture in
thestaten,L [correspondingtothefactor4 /¥, in Eq. (28)]
becomes small, and as a result the cross sections decrease
sharply in this energy range.

6. COMPARISON WITH THE IMPULSE APPROXIMATION

It is natural to compare the results obtained to the im-
pulse approximation, which is widely employed in similar
calculations but completely ignores the specific structure of
the PESs of the quasimolecules. Such a comparison is helpful
for clarifying the usefulness of the impulse approximation
for describing collisional processes in XY ** + 4 systems,
characterized by quasicrossing of terms.

The cross section for the transfer of energy AE = |1/
2n§ — 1/2n*| with AE> 1/n} by the impact impulse mecha-
nism can be estimated as

oy 2 2
9E = | F@)| fla/;”[(k)l S(E — »V )dk dcos 6,..
Here |F(x)| is the amplitude of elastic scattering of an elec-
tron by an angle 6. and x is the momentum transferred
(% = |k —K’|). Since for ny¥V, <1 the amount of energy
transferred is small compared with the kinetic energy k 2/2,
in the main region of the transitions (/, = 1/2n?) theioniza-
tion cross section can be represented in the form
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do{f) T (k- 1,/2V )?
Zor = |F1 [ [0 ——dk. (36)

IO/ZVr

Using the well-known expression for the electron momen-
tum distribution in the hydrogen atom?' and the fact that the
minimum momentum in the integral (36) satisfies
Kein = 1o/2V.>1/n,, we obtain for the total ionization
cross section

o) =27(1 +4 T(3/2)T(ny + D)(4nyV)H*3| F|2
tritp ~ ( + n) T+ 3/)0(ny — DI+ [+ 42 - 1]
(37)

The expression (37) with / = 0 is identical to the cross sec-
tion calculated according to classical mechanics,'’ i.e.,

o) 256V

mp 157

oI5V 2V )3 (o, = 4x| F|?. (38)

From Eqgs. (29)-(30), theionization cross section (27)
under nonresonance conditions (n,> (2|E,|) ~'/?) can be
estimated as
w|Kp, 1’31

312
nOVc

3
1K 165, _

o) =
3.2
o'ty Vc

"0

(39)

where o is the vibrational frequency of the ion XY *.
Comparing Egs. (38) and (39), the following relations
are easily obtained:

o) >> ofD

ny mp

ol < o)
ny

imp

*
for ny <y,
for no > ‘V;,
where

V’-=

1/6
w| K, 1’4,
ach

is the effective principal quantum number, for which

o ~ofn,. For the characteristic values oy~ |K,|*~1,
|£o1| ~10~ " and ¥V, ~10~*, this number is on the order of
v* ~ 10%. Thus in the case n, < v*, corresponding to the con-
dition n,V,. €1, the ionization process proceeds mainly by
the term-quasicrossing mechanism. Under these conditions
the impulse approximation in the velocity range V, ~1/n}
does not give a correct estimate of the cross section for colli-

sional ionization in the XY ** 4+ A4 system.

7.10NIZATION AND VIBRONIC TRANSITIONS DURING THE
INTERACTION OF N3* MOLECULES WITH INERT-GAS
ATOMS

We now apply the foregoing theory to the example of
collisional excitation and inelastic (ny, v =0) - (n,,v=1)
vibronic transitions in the system

Ny +A+e, (40")
N;‘(nl =7,1>1,
N3*(ng > 40,dé,, v="0) + A > v=1)+ 4, (40")
Ny(n, =17, dég,
v=1)+4 (40")
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(where A = {He,Ne,Ar,Kr,Xe}), whose covalent L terms
cross the spectrum limit (Fig. 1a). This system with energy
E, = — 1.148-10~* corresponding to n, = 66, is character-
ized by strong nonadiabatic mixing of the Rydberg d§,
states (v =0 and v = 1). The dependence of the cross sec-
tions of the processes (40) on the initial excitation, which
were calculated using the formulas (27)-(29) with the pa-
rameters®>>3

®=1,006-10"2, &, =2,11,

/ldds(f) = —0,01 +0,158(¢ - &) (41)

(&, is the equilibrium interatomic distance in the ion N,")
and the initial data taken from Table I, are displayed in Figs.
2 and 3. These cross sections are characterized by sharp
peaks, encompassing a small group of Rydberg states. The
resulting distributions are, as expected, asymmetric with re-
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~ N
- >
- waN

107% 1

10~2

10-23 1 1 1 |
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FIG. 2. Cross section for collisional ionization (/) and vibronic transi-
tions v = 0—v =1 with (2) and without (3) a change in the electron
angular momentum for the system N3*(ny,dd,,v=0) + 4, where
A = {He and Ne}. The calculations were performed for the relative veloc-
ity ¥, = 2-10~* a.u. with the parameters (41) and the data given in Table
L
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FIG. 3. Cross sections for collisional ionization (/) and vibronic transi-
tions v =0—v =1 with (2) and without (3) a change in the electron
angular momentum for the system N2#*(no,dd,,v=0) + 4, where
A = {Ar,Kr,Xe}. The calculations were performed for the relative veloc-
ity ¥, = 2-10*a.u. with the parameters (41) and the data given in Table
I
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TABLE II. Cross sections of inelastic transitions v = 0—v = 1 with a change in the electron
angular momentum in a collision of the molecules N%(ny,dm,,v = 0) with inert-gas atoms.

ny Iy(ng), 10~ 6cm?*

He Ne Ar Kr Xe
11 — — — — 30,0
12 466,0 22,8 108,0 6,18 84,0
13 0,58 2,39 0,92 4,38 1,41
14 0,04 0,11 0,51 0,58 0,02
15 0,04 0,61 0,03 0,03 —

*The cross sections were calculated for the relative velocity ¥, =1-10"%a

spect to the position of the level n, = 66.

The next general property of the processes (40) is the
interference suppression of cross sections for values of n,
approximately corresponding to sin ®(n,) = 0. For exam-
ple, for the He atom the first interference minima occur at
the points n, = 80 and n, = 147. In the case of Ne atoms,
where the n,L term is the most gently sloping (see Fig. 1a),
the function o(n,) has three oscillations at n, = 65, 77, and
114, respectively. Due to the closeness of the first interfer-
ence minimum to the position of the level n, = 66 the pro-
cesses (40) and (40”) are found to be partially suppressed
here.

A characteristic feature of the interaction with Ar, Kr,
and Xe atoms (whose scattering length is negative) is the
appearance of the Ramsauer effect, due to which the cross
section near the level n, = 59 decreases. This effect should
also be observed in inelastic collisions of X ** Rydberg atoms
with 4 atoms.' In contradistinction to atomic systems,
where the Ramsauer minima are quite flat, however, here we
have narrow localized dips (Fig. 3). This is because the cross
section for the processes (1) reproduce the characteristic
features of the energy dependence of the K matrix and not its
average characteristics (as in the case of collisions proceed-
ing by the impulse mechanism').

For all inert gases (with the exception of Xe atoms) the
autoionization parameter I'¥, R ¥ /¥, is small (see Table
I). For this reason, here, the ionization cross section is found
to be less than the cross sections for inelastic transitions. The
cross sections of the processes (40) are comparable only in
the case of Xe atoms (where ionization proceeds quite effi-
ciently).

We now proceed to the region of the spectrum n, = 6
(see Fig. 1b). In this region the most efficient transitions
should be the vibronic transitions into the covalent L state
with the participation of the nyd7, Rydberg series of the
N** molecule. Strong nonadiabatic mixing of states with
no~n, = 12, which appreciably increases the cross sections,
should also occur here. The results of calculations per-
formed with the adiabatic quantum defect?>?

Ky €) = =0,11 + 0,166( — £,)
g
are presented in Table II. We note that the cross sections

obtained near n, = 12 are two orders of magnitude larger
than the gas-kinetic cross sections.

8.CONCLUSIONS

Our investigation is based on an asymptotically exact
determination of the potential energy surfaces of the systems
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considered and an approximate (using the model of Ref. 11)
description of their dynamical behavior. As we have already
been mentioned, the conditions under which this model is
applicable are, in the main, satisfied. It can be expected,
however, that the qualitative conclusions that the excitation
energy dependence of the cross sections of the processes is
irregular will remain valid also in more general cases, since
the effect considered is associated with mixing of higher-
lying vibrational states of a Rydberg molecule, and the rela-
tive role of these states is determined by the sharply »n,-de-
pendent function (14).

According to the results obtained in this work, similar
features should be observed in the cross sections of charge-
exchange processes, occurring by the harpoon mechanism,
in collisions of Rydberg molecules with atoms and molecules
having a positive electron affinity. Sharp n, dependence
should also be manifested in inverse three-particle electron-
ion recombination processes, giving rise to light flashes on
optically allowed transitions.

""Here and below the atomic system of units #i = m, = e = 1 is employed.

2This result is obtained in the two-channel approximation and holds in
the region E, > U{"’(R) > E, _,, where the strongest coupling with the
closest (with respect to v) continuum state of the system is taken into
account. In order to determine the autodecay properties of the system in
the region E, _, > U{”(R) >0 the equations (5) and (6) must be
solved using the multichannel T collision matrix.
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