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Formation of negative ions in collisions between Rydberg atoms and neutral particles
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We present a theoretical description of the formation of weakly bound (£, ~ 0.1-10 meV) negative ions in
collisions of Rydberg atoms with neutral atoms or molecules. Using the adiabatic approximation for the collision,
we obtain an analytical expression for the formation cross section. It is shown that the cross section has a sharp
peak in its dependence on the principal quantum number of the Rydberg electron. This result is in agreement with
the experimental studies. We obtain a simple analytical expression that relates the peak position and the binding
energy of the negative ion. This expression generalizes the empirical law previously established by Desfrancois
[Phys. Rev. A 51, 3667 (1995)]. Comparison of our calculations with the experimental data on dipole-bound
anion formation shows that the obtained formula can be used for determination of binding energies of weakly
bound negative ions from Rydberg electron transfer reactions with good accuracy.
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I. INTRODUCTION

Fermi and Teller [1] were the first to predict that a fixed
point dipole can bind an electron provided that the dipole
moment is larger than 1.625 D. This result has been used
over the last 20 years in experimental and theoretical studies
of dipole-bound anions (DBA), that is, molecular negative
ions in which the excess electron is bound to the neutral
molecule due to its dipole moment (see reviews [2,3] and recent
works [4,5]).

One of the basic processes of DBA creation for experimen-
tal studies is charge-exchange collision between an excited
Rydberg atom and a polar molecule. The probability of this
reaction should be expected to be large due to the small
binding energy of the Rydberg electron. The formation of
DBAs with binding energies E, ~ 1-10 meV has been studied
in Refs. [6,7]. The cross sections of the anion formation were
shown to be strongly dependent on the principal quantum
number n of Rydberg atoms, peaking sharply at a certain
value of n = npax. Such a sharp sensitivity has also been
observed in Ca™ ion formation (E, =~ 20 meV) produced by
similar charge-exchange collisions between ground-state Ca
atoms and Ne Rydberg atoms [8]. The characteristic of these
reactions is that the following relation (in a.u.) is fulfilled at the
maximum of the cross sections as a function of the Rydberg
quantum number 7:
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This inequality means that the charge-exchange process is
strongly nonresonant since the cross section reaches its
maximum value when the binding energy of the Rydberg
atom is much larger than that of the created negative ion. The
following empirical law has been established [7] that relates
Ep and npayx:
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where Eq. (1) follows for n >> 1. Relation (2) has been used in
a series of works [7,9,10] for determination of DBA binding
energies and has been proven to be quite accurate.

Numerical calculations of DBA formation cross sections
were carried out within the framework of the multistate
Landau-Zener model [7]. In Ref. [11] the cross section of
the reaction of Ca™ ion formation was numerically calculated
using the decay model. According to this model, the negative
ion can decay due to the electric field of the positive core
of the Rydberg atom. As applied to the Ca™ formation, both
models agree well with experiments with regard to the value of
Nmax, but differ substantially from each other in the predicted
values of the cross section. In the latter case, a comparison
with experiment is difficult because one usually measures
relative rather than absolute formation cross sections. The
close-coupling calculations [12] of the Ca™ formation have
shown that the decay model describes quite well both the peak
position and the absolute value of the cross section as a function
of Rydberg quantum numbers 7.

A common drawback of the above mentioned numerical
calculations is that they are not able to clarify the physical
meaning and the validity conditions of the useful empirical
relation (2). In the present work we show that condition (1)
together with the requirement for the collision to be adiabatic
enable us to perform analytical calculations of negative ion
formation in charge-exchange reactions between Rydberg
atoms and neutral atoms or molecules. As aresult, we obtain an
approximate expression that determines 7, for given values
of the anion binding energy E, and the relative collision
velocity v. Also, an approximate formula for calculating
E; for given npy, and v is obtained that generalizes the
empirical law (2). This formula seems important because it
can be used for direct determination of the binding energy of
weakly bound negative ions from Rydberg electron transfer
reactions with good accuracy. The results of calculations with
the obtained analytical expressions are shown to be in good
agreement with the experimental data. [It should be noted that
investigation of Rydberg states has recently become especially
actual in relation to important scientific and technological
applications (see, for instance, Refs. [13—15] and references
therein).]
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FIG. 1. Diabatic potential curves for the system of the colliding
particles in reaction (3) as a function of the internuclear distance R
at a fixed impact parameter p. The solid lines correspond to covalent
terms Hj,, and the dashed line corresponds to the ionic term Hj. R,
is the transition point from the initial ns covalent term to the ionic
term.

Atomic units will be used throughout this paper, unless
explicitly stated otherwise.

II. GENERAL EXPRESSIONS FOR PROBABILITY
OF NEGATIVE ION FORMATION

We consider the charge transfer reaction in collisions
between Rydberg atoms in ns states and neutral particles
(atoms or molecules) in ground states,

A*(ns)+ B — AT+ B~ 3)

We assume that the negative ion B~ has only the ground-
state energy level with the angular momentum [ = 0 (the s
state) and the binding energy —E; (E, > 0). It should be
noted that in the case of DBAs the angular momentum !/
of the excess electron is not conserved due to nonspherical
symmetry of the dipole potential. Nevertheless, the spherically
symmetric approximation for DBAs may be regarded as
acceptable, its accuracy is discussed in Refs. [16,17]. The
effect of nonspherical symmetry of the dipole potential on the
charge-exchange process in collisions of polar molecules has
been considered in Refs. [18,19].

The energies Hy, and Hy; of the covalent and ionic diabatic
states, which correspond to the localization of the electron in
the Rydberg atom and the negative ion, respectively, are

1 v o1
e M=y X
Here y = /2E}, and R is the distance between the colliding
particles. Equations (4) are accurate up to the terms of the
order of O(R™Y).

In the approximation of straight-line trajectories the time
dependence of R has the form

R(t) = v/p? + v, (5)

Here p is the impact parameter and v is the velocity of relative
motion of the colliding particles.

The neutral particle B can capture the electron initially
localized in the Rydberg atom to form a negative ion. It can
occur at the point R = R, where the initial covalent potential
curve crosses the ionic curve (Fig. 1). Equating Hy; = H»y,

Hy=—
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we obtain

1
R =—F7""">. 6
—y2%/2+1/2n? ©
Since in the collision the particles pass through the crossing
point R = R, twice (Fig. 1), the total probability of negative
ion formation for a fixed impact parameter p is

P=p,W + (1- pn)an2~ (N

Here p, is the probability of the initial capture of the electron
into the ionic state and W), are the probabilities for the
negative ion to survive if it is formed after the first or the second
passing through the crossing point R = R, respectively. The
first term in Eq. (7) corresponds to the negative ion formation
as the particles approach each other, and the second term is
responsible for negative ion formation as the particles move
away from each other.

III. DECAY MODEL

In the next step we will calculate the survival probabilities
W, that appear in Eq. (7). The electron of the negative ion
can make a transition to the Rydberg atom energy levels at
each crossing point that the particles pass through in the
collision (Fig. 1). Since the spectrum of Rydberg states is
dense, such a transition can be described as tunneling of the
electron from the short-range potential of the neutral particle
to the quasicontinuous spectrum of the states in the field of
the positive ion [20-22]. We will refer to this picture for the
electron transition from the negative ion to the Rydberg atom
as the decay model. In this model it is possible to define a
decay probability per unit time I'(R). Then the probabilities
W, ., are given by the exponential decay law

oo
Wi = exp [— / F(R(r))dr}, ®)
Fte

where 7. are the instants of the first (“—" sign) and the second
(“4> sign) passing through the point R = R.. We note that, in
accordance with Eq. (5), the instant of the closest approach,
when R = p, has been chosen as a time reference point, that
is, R(0) = p.

Using the substitution ¢ = /R? — p%/v, which follows
from Eq. (5), we change from integration over ¢ to integration
over R in Eq. (8). As a result, we obtain

ke dR ® dR
Wy =exp| — / r exp| — / r—jyJ, O
P Ur o Ur

*© dR
szexp<—/ r 5 > (10)
Rc r

Here v, = vy/1 — p2/R? is the component of the relative
velocity along the internuclear axis.

In the decay model, the electron tunnels through the
potential barrier in the Coulomb field of a positive ion (Fig. 2).
Under the conditions of the problem studied, variation of
the electric field along the path of the electron through the
barrier can be neglected, that is, the negative ion decay can be
considered to occur in a uniform electric field. To prove this
we note that condition (1) implies the relation

n’y? « 1, (11
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FIG. 2. The potential energy of the electron that tunnels from the
negative ion to the Rydberg atom, along the internuclear axis. The
positive ion is located at the point R = 0, d is the tunneling length,
the internuclear distance R = R..

which holds near the maximum of the cross section as
a function of the Rydberg principal quantum number n.
Using inequality (11), Eq. (6) for R, can be rewritten
approximately as

R. ~ 2n%(1 + y*n?). (12)

This relation has a clear physical meaning: the distance R,
at which the electron can pass from the Rydberg atom to the
negative ion almost coincides with the radius of the Rydberg
atom. As is seen from Fig. 2, the tunneling length d is
determined at R = R, by the condition

1 1

R.—d 22

Substituting here Eq. (12) for R., we obtain
d = R, —2n®* ~ 2n*y? < R.. (13)

From Eq. (13) it follows that at R = R, the electron tunnels
in a uniform electric field with the strength F = 1/ Rf. The
corresponding probability per unit time for an s electron of a
negative ion has the form [23,24]

A’F 2y3
r=2"ep(-2-). (14)
4y 3F
Here A is the normalization factor in an asymptotic behavior

of the s electron wave function at large distances [25]

Y(r) >~ e, ry > L (15)

A
Vanr
For a weakly bound electron, it is convenient to represent A
in the form

A= B2y,

where the coefficient B ~ 1. When B = 1, the electron in a
negative ion is described by the wave function (15) in the
whole space.

Equation (14) can be used for description of the negative
ion decay not only at the point R = R,, but also in a narrow
interval of R values around this point, |R — R.| < R., where
the uniform-field approximation also holds. The substitution of
the corresponding electric field strength F = 1/R? in Eq. (14)
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A? 2 2 3

As it will be shown below, expression (16) leads to the result
that the negative ion decay mainly takes place at distances
IR — R.| < R, that is, in the region where (16) is applicable.
Thus we can assume that Eq. (16) gives a complete description
of the negative ion decay.

Expression (16) is correct if R*y3 > 1, which corresponds
to a small tunneling probability. For description of the negative
ion decay in the neighborhood of the point R = R, it is
sufficient to satisfy the condition R2y* > 1. It follows from
Egs. (11) and (12) that R. ~ 2n>. Therefore, the condition
n’y? « 1 for the uniform field approximation to be valid is
equivalent to R.y?/2 « 1. To use formula (16) it is necessary
to satisfy both conditions

Ry?2<1, Ry >»1 (17)

simultaneously. We show below that, for thermal collision
velocities, conditions (17) are satisfied at the cross section
maximum n = i,y in a wide range of y values.

IV. LANDAU-ZENER MODEL FOR NEGATIVE ION
FORMATION

In this section we calculate the capture probability p, from
Eq. (7). Since the probability p, corresponds to the transition
between the initial covalent curve and the ionic curve, it can be
obtained from the following simplified Landau-Zener formula
[26] (see also Ref. [27]):

2p2
27w |Hip(R,)| Rc>’ (18)

Urc

where Hj, is the potential of the one-electron exchange
interaction between the ionic state and the initial covalent state,
and v, = vy/1 — p?/R?Z is the radial velocity v, at R = R...

The decay model can be used for description of the electron
transfer from the negative ion to the Rydberg atom if the
transition probability at each crossing between the ionic and
covalent curves is sufficiently small, so that the electron has a
negligible chance to return back into the negative ion from
quasicontinuum of the Rydberg states, that is, so that the
irreversibility of the decay holds. In particular, we must have
pn < 1. We make the assumption, which will be confirmed
by the result, that the condition p,, < 1 does hold. Then the
exponential in Eq. (18) is close to 1, and, expanding it in a
series, we obtain

N 27 |Hi2(R))*R?

Ure

19)

n

To calculate Hj>(R.) we use an approximate expression,
obtained in Refs. [28,29], for the potential of the exchange
interaction between negative and positive ions at large internu-
clear distances Ry >> 1.In our case of the s electron transition,
it has the form

A
HlZ(RL') = E an(Rc)v (20)
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where x,;(R) is the radial wave function of the ns Rydberg
state. We note that the condition R.y >> 1 for expression (20)
to be valid is satisfied automatically if conditions (17) hold
since R>y3/R.y* = R.y.

Since the principal quantum number n of the Rydberg
electron is high, we can use for y,;(R.) the quasiclassical

approximation [25]
2 P < /2112 V )

R

Xns(Re) = f
2R\ —
¢t =2/nn’. @D

The integral appearing in Eq. (21) can be calculated as

/R” /i_gdr_R(i_£>l/2
e Y2 r T \n?2 R,
—nlnl:&—l—kﬁ(i—i)l/z}.
n? n \n? R,

(22)
Using Egs. (6), (11), and (12), Eq. (22) can be simplified to

Re [ 2
[ 2~ 23,0
/2,,2 n?2 r " 3)/ "

In the pre-exponential factor in Eq. (21) we replace
1/n* — 2/R. by y? in accordance with Eq. (6). The final result
for y,s is

R.\/2myn3 3
In the exponent in Eq. (23) the replacement of n by R, has
been carried out by using relation (12).

Substituting Eq. (23) into Eq. (20), and then Eq. (20) into
expression (19), we finally obtain for the capture probability

A? 2
n = - 24
p 4yn3vme p< 3 LV) (24)

V. CALCULATIONS OF THE TOTAL CROSS SECTION
Taking into account Eq. (7), the total cross section of
negative ion formation can be written as
Rc Rc
o=21 [ pP@)dp =27 [ puWi+ Wapdp.
0 0
(25)

Here we have used the above-stated inequality p, < 1.
It is follows from Eqs. (9) and (10) that the expression for
W/ can be rewritten in the form

Rc dR
Wi = exp [ -2 / I'(R) }Wz. (26)
p

According to Eq. (25), the lower limit of integration in
Eq. (26) varies from O to R.. As shown in the Appendix, for
R?y3 > 1 the exponent in Eq. (26) decreases rapidly with
decreasing p from the value p = R, that is, with increasing
the interval of integration. This fact enables us to neglect W,
in comparison with W, in Eq. (25). Physically, it means that
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almost all negative ions which were formed at the first passing
through the point R = R, decay as they move from R = R, to
R = p and back.

Next we consider the integral

0 dR
/ ['(R) —, 27)
R

c vr

which appears in Eq. (10) for W,. For R3y3 > 1, according
to Eq. (16), ['(R) decreases fast as R increases from the value
R = R, corresponding to the lower limit of integration in
Eq. (27). Therefore, the main contribution to integral (27) is
given by a narrow region near the point R = R.. The width
SR of the region is determined by variation of the exponent in
Eq. (16) by a quantity of the order of O(1). Then for R?y> > 1
we obtain the estimate

1
SR ~ ——. 28
IRy (28)

From this relation and the condition R2y3 >> 1, itis follows
that SR/R. < 1. Thus, the negative ion decay mainly takes
place near the transition point R = R,.

We assume that the velocity v, is constant in the segment
SR and equal to the value v,.. We also neglect the variation of
the pre-exponential factor in expression (16) for I'(R) in this
segment. Then we can approximately calculate the integral
(27). Putting R = R.(1 4 u), we obtain

® 4R IR o
/ '(R) — 2 f o IR0 gy
Rc Ur 43/ Rcvrc

3A? 2
~ —ZR%»3). 29
16)/5 RS’vrC eXP( 3 Y ) ( )

In the calculation it has been taken into account that for
R?y3 > 1 only values u < 1/(R?>y?) < 1 contribute to the
mtegral over u.
Substituting Eq. (29) in expression (10) for W, and using
formula (24) for p,, and neglecting W, in comparison with
W,, we can represent the cross section (25) as

_2p2,3

NBZRE _2p2,3 1 3828 3R"V

o=—5"“e€: 24 exp| —=———+——
n-v 0

8 y*Riux
Replacing n in front of the integral by 4/ R, /2 in accordance
with Eq. (12) and denoting o = (2/3)R?y?, we bring the
previous expression for o to the form

61427 32
= vy 34

! V2 JYB* e 1
Y2V T Vdx. 31
X/O exp( 43 v a3/2x) * G

Figure 3 shows the cross section (31) as a function of
the principal quantum number n of Rydberg atoms for y =
1072 a.u.,, B =1, and v = 10~* a.u. The resonant behavior of
the dependence o (n) is explained by the competition between
two processes, which occur mainly in the neighborhood of
the transition point R = R,: (i) the capture of the Rydberg
electron into the negative ion and (ii) its decay in the Coulomb
field of the positive ion. We also plotted in Fig. 3 the
Gaussian curve obtained by the least-squares fitting of the

)dx. (30)

a1/4€7a
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FIG. 3. Solid line: the cross section of the negative ion formation
normalized to unity as a function of the Rydberg principal quantum
number n for y = 1072 a.u., B =1, and v = 10~* a.u. Dashed line:
the Gaussian curve which gives the least-squares approximation of
the cross section curve.

cross section curve. As can be seen, the two curves differ
markedly, which is mainly related to the asymmetry of the
function o (n).

V1. DEPENDENCE OF THE CROSS SECTION
ON REACTION PARAMETERS

The cross section (31) reaches its maximum at the value of
n determined by the condition
do  doda
dn  da dn
Since da/dn = (4/3)y3dR./dn ~ (16/3)y3n # 0, condi-
tion (32) is reduced to the equation do/da = 0. For « > 1,
in a computation of do/d« in the first nonvanishing order of
a~!, it is sufficient to differentiate in expression (31) only the
exponentials that appear in the terms a'/4e™%, e=%/a¥/2. As a
result, condition (32) is transformed into the equation

! (8
/ e (- — l)dx =0, (33)
0 X

V2 ﬁBz e @
4ﬁ v ad?

A numerical evaluation of Eq. (33) gives §(«) >~ 0.61. Thus
we have the following relation at the cross section maximum:

=0. (32)

where

S(a) =

e—O(

v

For given values of y and v, Eq. (34) enables us to find the
value of R, that corresponds to the cross section maximum
and hence to obtain the value of np,x. Conversely, given
values of nmax and v, we can calculate y from Eq. (34),
taking into account that R, ~2n2_  in accordance with
Eq. (12).

To calculate np.,x approximately, we note that in the
adiabatic approximation, when v/y < 1, the inequality
v//y <1 holds if y « 1. Therefore, we have a small
parameter on the right-hand side of Eq. (34), so that it can
be solved by iteration. To do this we represent Eq. (34) in the

(34)
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form
oa=Inpu— %lna,

where we have introduced the parameter u = ,/y. B?/(3v) >
1. Assuming that in the zeroth approximation o = In p, we get
after the first iteration

a=Inpu—3nhpy. (35)

Substituting the expression « = (2/3)R?>y* for « in
Eq. (35), and replacing, in accordance with Eq. (12), R, by

2n2 ., we finally obtain
__ 0.78(In w4 { 3Inlnp _ JYB? 36)
e y3/4 8 Inp 3

To determine the binding energy 2 /2 for given v and 74y,
we rewrite Eq. (34) in such a form that it does not contain y
on its right-hand side:

e 28
il R!v. (37)
From Eq. (11) we have the inequality n < 1/y, which
enables us to estimate the right-hand side of Eq. (37) as follows:
RPv ~ 20?3y ~ n?3y < nv < v/y. In the adiabatic ap-
proximation v/y < 1, and consequently the right-hand side
of Eq. (37) is small, so that we can solve Eq. (37) by iteration.
Proceeding in exactly the same way as in the derivation of
formula (36), we obtain from Eq. (37) the following expression

for the negative ion binding energy:

»2  0.26(Inn)%3 8 Inlny 028532
Ep=—7=x> l—= s M= 55
9 Inn

5 = 8/3

Nmax NmaxV

(38)

Now we will show that the relations obtained are in
agreement with the assumption which have been made in
deriving formulas (19) and (25), that is, that the probability
pn < 1 in the neighborhood of the cross section maximum.
To this end, we substitute the expression for exp[—(2/3)R2y ]
from Eq. (34) into formula (24) for p,. This enables us to get
the following estimate:

where the relation R, >~ 2n2__ has been used. For Rydberg
atoms with a principal quantum number n 2 10, we obtain, us-
ing inequality (11), 8n°y* = 8(n?>y?)?/n <« 1, which proves

the assumption made.

VII. RESULTS AND DISCUSSION

To compare ny,,x and E}, values obtained by using formulas
(36) and (38) with experimental data and results of previous
calculations, we use results of Ref. [7], where the process of
DBA formation in collisions of several polar molecules with
Xe Rydberg atoms was studied. In Table I the experimental val-
ues n}) are given for the Rydberg electron principal quantum
number at which the formation cross section for various DBAs
reaches its maximum. The binding energies E,El) indicated in
Table T have been adjusted in Ref. [7] so as to achieve the

best fit of the experimental and numerically calculated cross
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TABLE I. Comparison of np,,x and E, values obtained by
using analytical expressions (36) and (38) with the experimental
data and the results of numerical calculations of Ref. [7] for the
reaction of DBA formation in collisions between Rydberg atoms
and polar molecules. The B values are calculated from the data of
Ref. [7].

Reference [7] This work
Molecule n®) o EY(meV) B a2 EY (meV)
Acetonitrile 13 18.6 221 13.1 18.6
Acrylonitrile 15-16 10.8 2.19 159 11.4
Cyclohexanone 19 5.78 1.73 19.5 6.09
TFMB?* 22-23 3.73 1.73 228 3.81
Cyclopentanone 24 3.18 1.70 24.1 3.17
Acetone 24-25 2.97 1.66 24.7 2.97
2-Butanone 28-29 1.89 1.64 29.0 1.94
Cyclobutanone 29 1.88 1.66 29.1 1.86
Butanal 33 1.29 1.59 33.1 1.28
Pivaldehyde 34 1.20 1.56 339 1.17
Acetaldehyde 41-42 0.70 1.53 41.1 0.67

*Trifluoromethylbenzene.

section curves. The numerical calculations were carried out
by using the multistate Landau-Zener model. The binding
energies thus obtained are compared in Table I with the values
E\? calculated by means of formula (38), the values n{). and B
from Table I being used for ny,x and B in (38), respectively. We
assume the relative collision velocity v = 5.5 x 107 a.u. =
1.2 x 10° cm/s, which corresponds to the mean collision
energy 350 meV reported in [6]. Theoretical values n'2)
are also given in Table I for the Rydberg electron principal
quantum number at the maximum of the cross sections. These
values were calculated by using formula (36) with E 1(71) for the
binding energy.

As can be seen from Table I, the results of numerical
calculations [7] within the framework of the multistate
Landau-Zener model agree well with those obtained here
by using the decay model for description of the electron
transfer from anions to Rydberg atoms. This indicates that both
models are equivalent in the neighborhood of the cross section
maximum. In a significant deviation from the maximum, one
of the conditions (17) for validity of our theory is violated.
Therefore, far from the cross section maximum, calculations
within the multistate Landau-Zener model is expected to be
more accurate.

The empirical relation (2) has been obtained in [7] by
approximating the dependence of the values El(,]) on nD
(see Table I). Expression (38) for Ej enables us to understand
the origin of this empirical relation. Indeed, as is seen from
Table I, in the experiment [7] npmax =~ 10—40, which leads, at
the velocity v ~ 10~* a.u., to variation of the coefficient before

1/nia =~ 1/n27 in Eq. (38) by about 15% of its maximum
value, the change of B being taken into account. Thus we can
write Ej, > const/n%] , and this is very close to the empirical
law (2).

It follows from Eq. (2) that ny, does not depend on
the relative velocity v of the colliding particles. However, in

accordance with Eq. (36), such a dependence, though weak,
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must exist. A weak dependence of n,,x on v has indeed been
observed experimentally [9,30], and its character is similar to
that predicted by formula (36): as the relative velocity of the
colliding particles decreases, nmax shifts in the direction of
bigger values.

In Ref. [7], numerical results are also presented for DBA
formation rate constants k = vo at the cross section maxi-
mum, where n = nn,x. The values reported vary from 1.6 x
10~ cm?3/s for acetonitrile to 14 x 108 ¢cm?/s for acetalde-
hyde. A similar computation by using Eq. (30) for the cross
section o gives, at the velocity v = 1.2 x 10° cm/s, k = 3.1 x
10~% cm?®/s for acetonitrile and k = 12 x 1078 cm?/s for
acetaldehyde. This should be considered as good agreement
with [7] in view of the many approximations which have been
made in our calculations.

Expressions (30), (36), and (38) for o, nmax, and Ej are
valid under conditions (17). At the cross section maximum we
can write them by using Eq. (35) for o = (2/3)R37/3, in the
form

1/2
ﬁ(ln «3/_7) <1, In \3/7
v

- > L (39)
v

For a given relative velocity v of the colliding particles,
the first of conditions (39) gives an upper limit, while the
second gives an lower limit for the permissible values of y.
Conditions (39) must be supplemented by the requirements
that the electron of the negative ion is weakly bound, that is,
y < 1, and the collision is adiabatic, which implies y > v.
It is the latter condition that gives the lower limit for the
values of y at thermal collision velocities v ~ 10° cm/s =~
4.6 x 10~* a.u. since the second of conditions (39) still holds
when y /v ~ 1, provided that y < 1. As a result, we obtain
that at velocity v = 4.6 x 10™* a.u. our theory is applicable for
y values lying in a range ~1073~1072 a.u., which corresponds
to negative ion binding energies E; ~ 0.1-10 meV. For lower
values of Ej, the adiabatic approximation is violated; for bigger
values of E), the assumption that the negative ion decays in
a uniform electric field breaks down because of violation of
condition (11).

The expressions (36) and (38) for ny.x and E, can be
shown to remain valid even for a nonzero orbital angular
momentum [/ of the electron in the Rydberg atom before
the collision, provided that [ < n, and [ ~ 1, where n is the
principal Rydberg quantum number. These conditions hold in
all the experiments referred above, in which Rydberg atoms
were initially excited in states with angular momentum / < 3.
Expression (30) for o retains its form for / # 0 if 0 means
a cross section averaged over the projection of the Rydberg
electron angular momentum on the internuclear axis. A special
consideration is required for the case when the Rydberg
electron is captured by neutral particles in a state with [ # 0,
for example, for the reaction of Ca™ ion formation [8].

VIII. CONCLUSION

We have theoretically considered the formation of negative
ions in collisions between Rydberg atoms and neutral particles
(atoms or molecules) which are able to capture an excess
electron. Using condition (11), which means that the formation
of the negative ion takes place at the boundary of the Rydberg
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atom, and the requirement for the collision to be adiabatic
with respect to the motion of the electron in the negative
ion, we have calculated the formation cross section in an
analytical form. It is shown that the cross section as a function
of the principal quantum number n of Rydberg atoms has
a sharp maximum at a certain value of n = np,x which is
strongly correlated to the binding energy E; of the negative
ions. The analytical expressions (36) and (38) linking Ej, and
Nmax are obtained. We point out that in accordance with Eq. (38)
the negative ion binding energy E; depends only slightly on
the relative collision velocity v and the asymptotic coefficient
B. It is the reason why the simple empirical law (2) established
in Ref. [7] appears to be quite accurate for determination of
DBA binding energies. The expression (38) for E;, generalizes
the empirical law (2). It can be used for determination of
binding energies of DBA and other weakly bound negative
ions (both atomic and molecular) through measurements of
the cross section of Rydberg electron transfer reactions. The
obtained expressions are shown to be applicable to negative
ions with binding energies Ej, ~ 0.1-10 meV.
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APPENDIX: ESTIMATION OF THE SURVIVAL
PROBABILITY W,

To prove that the survival probability W, can be neglected
in comparison with W,, we will show that, if conditions (17)
hold, the exponential factor in expression (26) for W, decreases
fast as p decreases from the value p = R,, at which the factor
is unity. To this end, we consider the integral in the exponent
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in Eq. (26),

Rc dR
1(p) :/ I'(R) .
o v

r

(AL)

Since R2y? > 1, the inequality p>y> > 1 holds for values
of p that satisfy (R, — p)/R. < 1. For the same reason as
in the derivation of estimate (28), the condition p%y3 > 1
means that the main contribution to integral (A1) is given by a
region of width 8p ~ 1/(py>) ~ 1/(R.y>) near the lower limit
R = p of integration. Consequently, for R, — p 2 §p we can
replace the upper limit R, in Eq. (A1) by infinity. For p?y? >
1, the integral obtained may be calculated approximately to

give
3 A 2 5,
1027 gmmen( - 307)

Since p < R, from Eq. (A2) we get the inequality

A? 2 3

(A2)

I(p) > I(Rc) ~

Substituting the expression for exp[—(2/3)R?y?] from
Eq. (34) into (A3) we obtain

1(p) 2 Ry 21 (A4)

since R?y3 > 1. Estimate (A4) is valid for values of p in the
range
1 < R.—p

Ry~ gk <

(AS5)

These inequalities are consistent due to the condition
R2y* > 1.

From relations (A4) and (AS) it follows that the expo-
nential exp[—21(p)] in Eq. (26) becomes small even on a
slight deviation of p from R., and this proves the prime
assertion.

[1] E. Fermi and E. Teller, Phys. Rev. 72, 399 (1947).

[2] R.N. Compton and N. I. Hammer, in Advances in Gas Phase lon
Chemistry, edited by N. G. Adams and L. M. Babcock (Elsevier,
New York, 2001), Vol. 4, p. 257.

[3] K. Jordan and F. Wang, Annu. Rev. Phys. Chem. 54, 367 (2003).

[4] R. Nakanishi and T. Nagata, J. Chem. Phys. 130, 224309 (2009).

[5] V. E. Chernov, A. V. Danilyan, and B. A. Zon, Phys. Rev. A 80,
022702 (2009).

[6] C. Desfrangois, H. Abdoul-Carime, N. Khelifa, and J. P.
Schermann, Phys. Rev. Lett. 73, 2436 (1994).

[7] C. Desfrancois, Phys. Rev. A 51, 3667 (1995).

[8] M. Reicherts, T. Roth, A. Gopalan, M.-W. Ruf, H. Hotop,
C. Desfrancgois, and I. I. Fabrikant, Europhys. Lett. 40, 129
(1997).

[9] N. I. Hammer, K. Diri, K. D. Jordan, C. Desfrangois, and R. N.
Compton, J. Chem. Phys. 119, 3650 (2003).

[10] N. I. Hammer, R. J. Hind, R. N. Compton, K. Diri, K. D. Jordan,
D. Radisic, S. T. Stokes, and K. H. Bowen, J. Chem. Phys. 120,
685 (2004).

[11] L. I. Fabrikant, J. Phys. B 31, 2921 (1998).

[12] I. I. Fabrikant and M. I. Chibisov, Phys. Rev. A 61, 022718
(2000).

[13] M. Viteau, M. G. Bason, J. Radogostowicz, N. Malossi,
D. Ciampini, O. Morsch, and E. Arimondo, Phys. Rev. Lett.
107, 060402 (2011).

[14] J. Honer, R. Low, H. Weimer, T. Pfau, and H. P. Buchler, Phys.
Rev. Lett. 107, 093601 (2011).

[151 A. V. Gorshkov, J. Otterbach, M. Fleischhauer,
T. Pohl, and M. D. Lukin, Phys. Rev. Lett. 107, 133602
(2011).

[16] V. E. Chernov, L. Yu. Kiyan, H. Helm, and B. A. Zon, Phys. Rev.
A 71, 033410 (2005).

[17] V. E. Chernov, A. V. Dolgikh, and B. A. Zon, Phys. Rev. A 72,
052701 (2005).

[18] E. Yu. Buslov and B. A. Zon, Zh. Eksp. Teor. Fiz. 139, 46 (2011)
[Sov. Phys. JETP 112, 38 (2011)].

[19] E. Yu. Buslov and B. A. Zon, Khim. Fiz. 30, 13 (2011) [Russ. J.
Phys. Chem. B 5, 722 (2011)].

[20] A. A. Radtsig and B. M. Smirnov, Zh. Eksp. Teor. Fiz. 60, 521
(1971) [Sov. Phys. JETP 33, 282 (1971)].

042709-7


http://dx.doi.org/10.1103/PhysRev.72.399
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103851
http://dx.doi.org/10.1063/1.3152636
http://dx.doi.org/10.1103/PhysRevA.80.022702
http://dx.doi.org/10.1103/PhysRevA.80.022702
http://dx.doi.org/10.1103/PhysRevLett.73.2436
http://dx.doi.org/10.1103/PhysRevA.51.3667
http://dx.doi.org/10.1209/epl/i1997-00434-8
http://dx.doi.org/10.1209/epl/i1997-00434-8
http://dx.doi.org/10.1063/1.1590959
http://dx.doi.org/10.1063/1.1629669
http://dx.doi.org/10.1063/1.1629669
http://dx.doi.org/10.1088/0953-4075/31/13/011
http://dx.doi.org/10.1103/PhysRevA.61.022718
http://dx.doi.org/10.1103/PhysRevA.61.022718
http://dx.doi.org/10.1103/PhysRevLett.107.060402
http://dx.doi.org/10.1103/PhysRevLett.107.060402
http://dx.doi.org/10.1103/PhysRevLett.107.093601
http://dx.doi.org/10.1103/PhysRevLett.107.093601
http://dx.doi.org/10.1103/PhysRevLett.107.133602
http://dx.doi.org/10.1103/PhysRevLett.107.133602
http://dx.doi.org/10.1103/PhysRevA.71.033410
http://dx.doi.org/10.1103/PhysRevA.71.033410
http://dx.doi.org/10.1103/PhysRevA.72.052701
http://dx.doi.org/10.1103/PhysRevA.72.052701
http://dx.doi.org/10.1134/S1063776110061019
http://dx.doi.org/10.1134/S199079311109003X
http://dx.doi.org/10.1134/S199079311109003X

EVGENY YU. BUSLOV AND BORIS A. ZON

[21]1 E. L. Duman, L. I. Men’shikov, and B. M. Smirnov, Zh.
Eksp. Teor. Fiz. 76, 516 (1979) [Sov. Phys. JETP 49, 260
(1979)].

[22] L. P. Presnyakov and D. B. Uskov, Zh. Eksp. Teor. Fiz. 86, 882
(1984) [Sov. Phys. JETP §9, 515 (1984)].

[23] B. M. Smirnov and M. L. Chibisov, Zh. Eksp. Teor. Fiz. 49, 841
(1965) [Sov. Phys. JETP 22, 585 (1966)].

[24] Yu. N. Demkov and G. F. Drukarev, Zh. Eksp. Teor. Fiz. 81,
1218 (1981) [Sov. Phys. JETP 54, 650 (1981)].

PHYSICAL REVIEW A 85, 042709 (2012)

[25] L. D. Landau and E. M. Lifshitz, Quantum Mechanics: Non-
relativistic Theory (Pergamon, Oxford, 1977).

[26] N.F.Mottand H. S. W. Massey, The Theory of Atomic Collisions
(Clarendon, Oxford, 1965).

[27] C. Desfrangois, J. P. Astruc, R. Barbe, and J. P. Schermann, J.
Chem. Phys. 88, 3037 (1988).

[28] R. K. Janev, J. Chem. Phys. 64, 1891 (1976).

[29] M. I. Chibisov and R. K. Janev, Phys. Rep. 166, 1 (1988).

[30] N. I. Hammer and R. N. Compton, Eur. Phys. J. D 26, 27 (2003).

042709-8


http://dx.doi.org/10.1063/1.453947
http://dx.doi.org/10.1063/1.453947
http://dx.doi.org/10.1063/1.432473
http://dx.doi.org/10.1016/S0370-1573(98)90002-3
http://dx.doi.org/10.1140/epjd/e2003-00200-0

