PHYSICAL REVIEW A, VOLUME 62, 042711

Classical overbarrier model to compute charge exchange and ionization between ions
and one-optical-electron atoms
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In this paper, we study theoretically the process of electron capture between one-optical-electrde.gtoms
hydrogenlike or alkali atomsand ions at low-to-medium impact velocities/(,~1) working on a modifi-
cation of an already developed classical overbarrier mpdeDstrovsky, J. Phys. B8, 3901(1995], which
allows us to give a semianalytical formula for the cross sections. The model is discussed and then applied to
a number of test cases, including experimental data as well as data coming from other sophisticated numerical
simulations. It is found that the accuracy of the model, with the suggested corrections and applied to quite
different situations, is rather high. Furthermore, even ionization can be computed within the same framework.

PACS numbd(s): 34.70+e, 34.10+x

[. INTRODUCTION (see alsd3,4]), but with some important amendments and
improvements that, as we shall see, allow to get a quite good
The electron capture process in collisions of slow, highlyaccordance with experiments.
charged ions with neutral atoms and molecules is of great
importance not only in basic atomic physics but also in ap-
plied fields such as fusion plasmas and astrophysics. The Il. MODEL
process studied can be written as A. Geometry of the scattering

N (@=D+ 1 i+ We consider the standard scattering experiment and label
ATIHBAT DT BT (1 T, P, ande respectively the target ion, the projectile, and the
electron. The systeMi+ eis the initial neutral atom. Lat be

Theoretical models are regularly developed and/or improveéhe electron vector relative fb_andR the_internuclear vector

to solve Eq.(1) from first principles for a variety of choices PetweenT and P. In the spirit of classical OBMs, all par-

of target A and the projectileB, and their predictions are ficles are considered as classical objects.

compared with the results of ever more refined experiments, Let us consider the plan® containing all the three par-
In principle, one could compute all the quantities of inter-ticles and use the projection of cylindrical polar coordinates

est by writing the time-dependent Sctinger equation for  (p,2,¢=0) to describe the position of the electron within

the systen{1) and programming a computer to solve it. This f[h|s plane. We can assign thexis to the direction along the

task can be performed on present-day supercomputers fg}ernuclear axis. o

moderately complicated systems. Notwithstanding this, The total energy of the electron iatomic units will be

simple approximate models are still valuab(®:they allow  Used unless otherwise stated

us to get analytical estimates that are easily adaptable to ) 5

particular cases(ii) allow us to get physical insight on the E— p—+U= e 4 Zp @)

features of the problem by looking at the analytical formulas; 2 2 \pP+2 JpP+(R—-2)%

(iii) finally, they can be the only tools available when the

complexity of the problem overcomes the capabilities of the

computers. For this reason, new models are being still devefep 21dZ; are the effective charge of the projectile and of the
oped[1,2]. target seen by the electron, respectively. Notice that we are

This paper’s author has presented in a recent pejea considering. hy(_jrogenlike fipproximati(?ns for both the target
study attempting to develop a more accurate overbarriefd the projectile. We assign an effective chatge 1 to the
model (OBM) by adding some quantal features. The modeit@rget and an effective quanturr; nu;nmeno Igbel the bind-
so developed was therefore called a semiclassical OBM. [t§19 energy of the electror, =Z{/2n"=1/2n".
results showed an improvement with respect to other OBMs. As long as the electron is bound T we can also ap-

In this paper, we aim to present an OBM for dealing with ProximateE as
one of the simplest process@s: the one between an ion and
a target provided with a single active electron. Unlike the 7
former ong[2], this approach is entirely developed within the E(R)=—-E,— Ep 3
framework of a classical model, previously studied[i

This expression is used throughout all calculationdlih
*Email address: sattin@igi.pd.cnr.it however, we notice that it is asymptotically correct as long
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(1+1Z,)*-2,
Ro=———p (®)
n

In the region of the opening, the potentidl has a saddle
structure: along the internuclear axis it has a maximum at

1
VZy+ 1

while this is a minimum along the orthogonal direction.
Charge loss occurs provided the electron is able to cross

this potential barrier. LeN be the fraction of the trajecto-

ries that lead to electron loss at the tiiné is clear from the

discussion above that it must be function of the solid opening
FIG. 1. The enveloping curve shows a section of the equipoten@ndl€ {2, whose projection on the plane is thed,, angle.

tial surfaceU=E, i.e., it is the border of the region classically |N€ exact expression fdf, will be given below. The quan-

accessible to the electroR.is the internuclear distance. The param- tity we are interested in igV(t): the probability for the elec-

eterp,, is the radius of the opening that joins the potential wel}s, ~ tron to be still bound to the target, at tirhdts rate of change

the opening angle frofi; z, is the position of the potential’s saddle IS given by

)

z=27,=R

point. ¢
dW(t)=—N9dtT—TW(t). 8)
as asR—. In the limit of small R, instead,E(R) must em
converge to a finite limit. In the adiabatic approximation |n this expressiondtfy/Ten is the fraction of electrons that
(vlve<<l) itis cross any surface perpendicular to their motiand enter the
loss region within time intervaldt. T, is the unperturbed
E(R)—(Z,+ 1)%E, (4) period of the electron motion along its orbit, ahg, a cor-

rective term that accounts for the perturbation: in absence of
the projectile it would bd+=1. The unperturbed period can

(united atom limij. For the moment, we will assume that be easily computed by

is sufficiently large so that Eq3) holds, but later we will
consider the limit(4), too.

. ) i 1E,dr 1E, dr
On the planeP we can draw a section of the equipotential Tem= zf = \/E - _—2mn3 9
surface o p 0 1
- Er_|
r
Zp . . .
U(z,p,R)=—E,— R (5) or, including alsd >0 orbits:
rtTJrn dr
This represents the limit of the region classically allowed to Tem=12 B (10
the electron. WherR— o, this region is divided into two Fturn E—E _ I(1+1)
disconnected circles centered around each of the two nuclei. r n 2r2

Initial conditions determine which of the two regions actu-

ally the electron lives in. AR diminishes there can be even- (ry,,, are the two turning points roots of the square root in
tually an instant where the two regions become connected. Ithe integranl The parametef; must be considered as a
Fig. 1, we give an example for this. free parameter of the model. However, some considerations

In the spirit of OBMs, it is the opening of the equipoten- can be done to justify its presence: first of all, the presence of
tial curve betweerP and T that leads to a leakage of elec- the projectile deepens the potential energy of the electron,
trons from one nucleus to another, and therefore to chargihus the average velocity is likely to be increased and the
exchange. We make here the no-return hypothesis: once dffective period of revolution reduce@cti=Tem/f1<Tem
has crossed the barrier, the electron does not return to théhis, provided that the average radius of the orbit does not
target. It is well justified ifZ,>1, much lesser foZ,=1; increase sensitivelyBut another effect contributes fg : in
however, we shall see later how in the case of symmetricaRef. [5], even though addressing a different subject, some
scattering(equal projectile and targethe possibility of the studies were performed of the electron trajectory in presence
electron return to the target can be accounted for. of the projectile field. It was founésee Fig. 5 of that refer-

It is easy to solve Eq5) for R by imposing a vanishing ence, here reproduced in Fig. that the effect of the projec-
width of the opening §,,=0); furthermore, by imposing tile is not so much evident in varying the electron radial
also that there be a unique solution fom the range 8z  excursion as in varying its angular momentum: in the figure
<R: the electron starts with a relatively small angular num(aer
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6 b+ (vt)2. (12
4k 4 The extrematt,, in the integral(11) are the maximum val-
ues oft at which charge loss can occur.
In the case of symmetrical scatterifggual projectile and
T 2r 7 targe}, alsoP, must be made symmetricdl], thus account-
S ing for the possibility of the electron to return to the target:
> oor 7 1 fr [ +tm
Pi==|1—exp —2=— Nqdt]||. 13
=5 Ton) Mo (13
_2 — _
B. Computation of Ng
3 At this point it is necessary to give an explicit expression
for N . In absence of the projectile, the classical electron
e i trajectories, with zero angular momentum, are ellipses
squeezed onto the target nucleus. We are thus considering an
electron moving essentially in one dimension. Its unper-
] turbed Hamiltonian can be written as
2
ps 1
i L - _E. 14
2 r n ( )
i The electron has a turning point at
1
-4 1 1 rtum:E_. (15)
n
-2 0 2 4
X (a.u.) The approaching of the projectile modifies these trajectories.

However, in order to make computations feasible, we make
i , X ) : the following hypothesis: electron trajectories are considered
during the interaction. Upper panel, impact veloaity-0.10 a.u., 55 esgentially unperturbed in the region between the target
and impact parametey=2.345 a.u. BothT and P are hydrogen and the saddle point. The only trajectories that are thus al-

nuclei. The .daShed .“ne Is the trajectory of the h eavy projectile. Th‘?owed to escape are those whose aphelia are directed toward
electron trajectory is the dotted line. The trajectory of the target

nucleus is not shown since it is always close to the ori@if). The the opening within the solid _angle whose projection onZhe
lower panel shows the same process, but now wit#2.350 a.u. planellsi Om (S,e_e Fig. 1 AS'_de from the one on the 3”9'9v
there is a condition to be fulfilled also on the radial excursion
squeezed ellipsethat increases in time, the orbit becoming pf the glectron: it must b('e.able to reach thg sadd!e point. This
closer to a circle. We assume an adiabatic collision, so thdf €duivalent to a condition on the maximum internuclear
we can define with reasonable accuracy an instantaneous afiStance for captureR.,,. Reference 1] considers as cap-
gular numbet function of time. The period ., is too, there- tured any eleqtron provided that. it has the right dlrectlon and
fore, a function of time through We can therefore assume that the opening has appeared: thtig,= Ry, [as given by

that the true period at any instant of time be given by Eq.Eq. _(6)]. A more restrictive condition is that the electrqn
(10): Torr=Ten(l). If we start in a condition with =0, we turning point must be larger than the saddle point. By using

get forl from Fig. 2 an increasing function of time. But, for EQ. (7) for zo and Eq.(15) for the turning radius, we obtain
a givenE,, it can be recovered from E@10) that T, is a

FIG. 2. Two examples of trajectories of the partickesT, P

decreasindgunction ofl so, averaging over the collision time RC&P:(‘/Z—P+ Drturn - (16
Ter<Tem(t=1=0)—fr>1. N We are making here a strong assumption and one that is not
A simple integration yields the leakage probability fully consistent with the rest of the treatment, singehas
o been evaluated accounting for the presence of projectile,
P=P(+0)=1—W(+x)= _j dW(t) while ry,., holds only in absence of it. However, note that
— Rcap given by Eq.(6) can be written as
fr [+tm _
_ 1_exp( I Nﬂdt>_ 1) Reap=(2VZp+ D tarn. (17
emJ —ty

Both Eqgs.(16) and (17) can be interpolated with the single
In order to actually integrate Eq11) we need to know the expression
collision trajectory; an unperturbed straight line whhm-
pact parameter is assumed: Rcapz(a\/Z—er D)riurn - (18

042711-3
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Intuitively, using Eq.(17) («¢=2) should be associated with order to deal with expressions amenable to algebraic ma-
high values ofZ,: an highly charged ion should strongly nipulations, we do therefore the approximation: first of all,
attract the electron so that the real behavior of the electrodivide the space in the two regioR<R,,R>R,, whereR,,
should bear poor resemblance with Ef5). On the other is the internuclear distance at which the energy given by Eq.
hand Eq.(16) (a«=1) is true in the(unphysical limit Z, (3) becomes comparable with its united-atom form:
—0 and, by extrapolation, could be correct @y~1. The
question “What do we mean b¥,>1 andZ,~1 ?" is not
easy to answer, and probably the answer itself should vary
from case to case. For the moment we will keepas a )
second free parameter of the model. We use then .foE(R) the unl_ted-atom form foR<R,, and
The above discussion has been carried on under the hjP€ asymptotic form otherwise:
pothesid =0 (apart for the correction due to orbital perjod

z
P_ 2 _ p
Ent R = (BF VE—RE g g (@9

S . 4
when the angular momentum is different from zero, orbits E,+ —, R>R,
are ellipses whose minor semiaxis has a finite length. We can E(R)= R (25
still write the Hamiltonian as function of just the radial co- (Z,+ 1)%E,, R<R,.

ordinates ¢,p):
It is worthwhile explicitly rewriting Eq.(23) for the two

Z 1 L2 i =1
L L =—E,. (19 casesremembering thaZ ,=1):
2 r 2r
4 1
1 " 2: + . 1 i 2 - R> R
L is the usual termt.“=I(1+1). The turning points are now ) (E.R+1)2 4 u
. 1x1-2EL? Pm=Y 111 26
rturn_Z—En' (20) 2 E—RZ ,  R<R,
n
The fraction of trajectories entering the loss cone is mUChand the corresponding expressions g are
more difficult to estimate in thE>0 case. In principle, it can P 9 exp
still be determined: it is equal to the fraction of ellipses that 1
have some intersection with the opening. Actual computa- §(3—EnR), R>R,
tions can be rather cumbersome. Thus, we use the following Ng = 1—cosfm _ 27

approximation, which holds for low angular momettan 2
(with n principal quantum numbgr ellipses are approxi-
mated as straight linggs for thel =0 case, and the depen-

dence froml is retained only when evaluating the turning Note thatN,=1/2 for R=0. This is a check on the correct-

1
5(1-ER), R<Ry.

point r,., and the periodl ¢ ,. ness of the model, since, for symmetrical scattering at low
The angular integration is now easily done, supposing aelocity and small distances we expect the electrons to be
uniform distribution for the directions of the electrons: equally shared between the two nuclei.
When Z,>1, we have to consider two distinct limits:
1 whenR— o we know that eventually,,— 0. It is reasonable
No==(1-cosb,,). (21) . .
2 therefore to expand E@22) in a series of powers gb,,/R

and, retaining only terms up to second order:
In order to give an expression fa@, we notice that cos,,

=25/(p2+ 22, with p,, root of 2\z
" " po~ ——=—— R{(JZ,+1)*~Z,-E,R]. (29
R2 -1/ 7 R2 -1/2 (VZp+1)
p

E(R)=

Consistently with the limiR— o, we have used the large-

(22 expression foE(R).

The limit R—0 is quite delicate to deal with: a straight-
It is easy to recognize that, in the right-hand side, the firsforward solution of Eq(22) would give
term is the potential due to the electron-target interaction,
and the second is the electron-projectile contribution. Equa- .
tion (22) cannot be solved analytically fer,, except for the Pm= (Zy+1)E,
particular cas&,=1, for which case;

2t ——|  +Z| pit———
g T (2

+0O(R), (29

but calculating co#,,, and eventuall\N, , from this expres-
, [ 2 2 [R\? sion gives incorrect results: it is easy to work out the result
Pm=lER)| |2 (23 N, =1/2R—0. This result corresponds to the case in which
all and only the electrons going towalPdare captured. It can
The form ofE(R) function of R cannot be given analytically, be traced back to the united—atom form #©¢R): one can
even though can be quite easily computed numeri¢éllyin notice that the expression thus written is perfectly symmetri-
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25

2
FIG. 3. E' versus time for

1.5 ;
some choices of the parameters.
e 1 (& E,=0.5, Z,=1b/b,=0.2, v
i 05 =1 (solid ling, v=1.5 (dotted
line), v=0.5 (dashed ling (b)
0 E,=0.5, Z,=2, v=1, b/by,
3 R A A 05 =0.2 (solid line, 0.4 (dotted
: o : line), 0.6 (dashed ling
2o -5 0 5 10 s

cal with respect to the interchange projectile target. Becausthere developed was actually including ionization-via-charge
of this symmetry, electrons are forced to be equally shareéxchange, but to our knowledge, no attempt had been made
between the two nuclei. This is fine when dealing with sym-to separate the two contributions.

metrical collisionsZ,=Z;=1, and is actually an improve- Let us thus consider an electron in the saddle p@et
ment with respect t¢1], where Eq.(28) was used even for Fig. 1). Its energy, in the reference frame of the target, is
smallR’s and one recovered the valdg,(R=0)=3/8. But  written as

whenZ,>1 the expected result should bg,~1: at small )

distances the projectile should completely overcome the field ve 172, £ Zp (31)

of the donor atom so that all electrons should be considered 2 2z R-zz " R

as bound tdP. This cannot consistently be recovered within

our approximations: Eq(21) does not allow values larger In the reference frame of the projectile, instead:

than 1/2 to be obtained. As emphasized i, at close en- o

counter the description of electron losses via the trajectory (ve) _ i_ Zp - _E/— l (32)
leakage is not natural. However, even though the hypotheses 2 zy, R-—Zz " R’

the model is based on break down, we have the possibility of ) ) -
recovering the sought result by extrapolating E28) to where we have labeled with a prime the quantities that refer

smallR, and obtaining to the projectile, thu€;, is the binding energy t® anduv,
the relative eP velocity. Since ¢.)%=|ve—V|?=v2+0?

1-cos, 1 \/z—p , —2v.v cosd (6 is the angle between the two velocitiese

5 3% 71 2[(\/Z_p+ 1)°=Z,—ER]. can substitute it into Eq(32) which, after rearrangements,
(NZp+1) becomes
(30
. . . - , Zp_ 1 Uz
It is straightforward to evaluate Ed30) in the limit Z, E,=E,+ —=—— 5 +vev COSH, (33

—o,R—0, and find the result 1. R 2

We notice that, from the numerical point of view, it is not
such a great error using E@8) everywhere: the approxima-
tion it is based upon breaks down whRris of the order of
R, or lesser, which is quite a small range with respect to al
other lengths involved whed,>1, while even for the case
Z,=1 itis easy to get that the relative error thus introduce
on P, is AP,/P,=1/24 for smallb (and, obviously, it is

with cosf=vt/R (remind thatt <0 means thaP is still in the
ingoing half of the trajectony Equation(33), through some
imple algebraic manipulations, can be turned into a third-
egree polynomial equation fd® and therefore fot. One
C{ecovers from this equation that, for high enough-at least
or some values of co$—E; can be negative, which, of
course, is incompatible with capture by the projectile, but
exactly null for largeb). Therefore, Eq(28) could be used can well be associated to ionization. A straightforward as-

zﬁLec% Irf]l alhﬁgulitrl]o?ks]. Hdg\pil\?;t?c;hw?v?r;nggg\% t\k/]veasngncggg;?umption is therefore to label as captured just that fraction of
gn g gty g electrons for whichE{=0. An instructive case is foZ,

since it is not satisfactory working with a model that does not

. : . =1p=1/n. For this case it is straightforward to see that
compl th the very basic symmetries of the problem at_,~" .
hanc?.y W very ic 5Y ! P E,<0 for t<0 andE;>0 for t>0, that is, exactly half of

the trajectory contributes to charge exchange. In order to
have an idea about the behaviorkf, we plot it in Fig. 3 for
various combinations of parametetg,b,v. The interpreta-

Up to now we have implicitly assumed that the rate oftion of these plots is quite easy: the negative side<a®
lossesbe equal to the rate alapturesdW/dt=dC/dt. More  appears because of the terms?/2 and v cosé, both
correctly, one should writel\W/dt=dC/dt+dl/dt, where negative. Whilee— —t,,, E’ increases toward zero because
dl/dt stands for the rate of ionization. In this section, wev,=0 att=—t,,.
derive explicit expression for botthC/dt anddl/dt. It must We are finally in the position to define the charge ex-
be noted that already irl], it was suggested that the model change probability from Eq11):

C. Corrections for ionization and computation of P,

042711-5
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40 T T T T T T
30 .
— FIG. 4. Cross section for
3
P charge exchange for
< 20 Na*-Na(2%) (upped . .and
c Na"-Na(28&l) (lowern collisions.
© 10 Symbols, experimental data; solid
line, present model withv=1f
=2; dashed line, a=2f;=1;
%2 dotted line, =2,f;=2; dotted—

dashed line@¢=1,ft=2 but with-
out symmetrization of the loss
probability. Dotted curve with x’s,
a=1,fr=2 without allowance for
ionization(all losses are attributed
to charge exchangeFor the defi-
nition of «,f1, see the main text.
Note that the experimental results
are not absolutely calibrated, the
data shown here are calibrated us-
ing as reference the CTMC results

atv=1 andnl=28&d.

Poy=— J:fcxdw(t) 0'=27TJ bP,(b)db. (36)

tex

fr (il
=—eX[{ _T_ (:(Nﬂdt

emJ —

f i The integration extends until the maximusrallowed: b
+ex% — T |t dt) g max

=Reap-
emJ — cap

Ill. SOME TEST CASES

f
1—exp< - _I_f—T :CXNth) .
emJtoy
(34) As a first test case we consider the inelastic scattering
o o Na"+Na(28l,2%). We investigate this system sin¢e it
The quantity within the exponential is has been studied experimentally[if; (ii) it has been used
as test case ifl], thus allowing to assess the relative quality
of the fits.

The two experimental curves frofif] are very close to
each other, reflecting the fact that the two orbits have very
similar properties: the energies of the two states differ by a
very small amount, and in both casgglL?<1.

In Fig. 4 we plot the normalized cross sectior o/n*

versus the normalized impact velocity=vn=uv/v, for both
(35  collisionsnl=28d andnl=29s. In order to assess the im-

portance of the different parameters, several cases have been

considered:fr=2,a=1 (solid line) (we recall thata=1
The limits of integratiort¢) are the limit values of the time  means approximation of unperturbed electron radial motion,
at WhICh charge exchange can occur: thaEfs=0 for tcy  while fr=2 means that the period of rotation is halved with
<t<tgy, and are roots of the rhs of EG33). A further  respect to the projectile-free caséy=1,a=2 (dashed ling
condition is also that<\/RC2ap b%. A similar expression f;=2,a=2 (dotted lind. All these simulations have adopted
holds also for ionization, just with the extrema of integrationthe symmetrized form foP, [Eq. (13)]. The effect of leaving
satisfying to the conditioe’ <O. the symmetrization out is not stronghe dotted-dashed

The cross sections can be finally obtained after integratingurve, using Eq(11) with fr=2,&=1]. In order to assess

over the impact parametéthis last integration must be done the importance of ionization we have also compudede-
numerically: glecting ionization altogethédotted curve with x’: that is,

f i
=ex;< - T—T tCXNgdt)
em. —= A. Na*-Na(28d,2%)

t
J *Ngdt=F(vt,/b)—F(uvt, /b),
t

VZ, ) E, b2
F(u)= “aZ 17 [[(FH) p] u-— (7)

X [uy1+u?+arcsintiu)]|.
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FIG. 5. Differential cross sectionPcy, for Na”-Na(2&) col- FIG. 6. Cross section for charge exchangefif-Cs collisions.

lision atv=1. Squares, CTMC data; solid line, present model with Circles, experimental data with 20% error bar; solid line, present

a=1,f;=2; dotted line, the same as previous curve but withoutmodel.

symmetrization ofP,; dashed-dotted line, the same as solid curve

but adding together charge exchange and ionization. Even in this case, we see that explicitly accounting for
symmetrization ofP; does not yield great differencésom-

all losses were considered as captures. The other paramet@@'€ Solid and dotted curvesVhat is really important is the

werefr=2,a=1. It is apparent how, besides an overall bet_mclusmn or not of the ionizatioridotted-dashed curyelf

ter fit, using Eq.(34) definitely improves the high-velocity we assume the CTMC to give the most correct estimate we

~_ : . can conclude that we are overestimating the losses for ion-
(v=1) range. As for the other curves, differences are quitg, ation at small impact parameters. Notice, however, that our

small and it is impossible from this plot alone to prefer agpproach is entirely based on velocity-matching arguments.
choice of parameters with respect to the others. The importance of velocity matching is well known for col-

Unlike f+, « admits a straightforward geometrical repre- jisions at low velocity with aligned Rydberg atorfi@]. At
sentation: the maximum impact parameter at which electrop ~y, and higher, the projectile is likely to transfer an ap-
capture can occur iR, of Eq. (17); therefore we can com- preciable amount of momentum to the electron. This goes in
pute the differential cross sectiolw/db=DbPcy, compare it the direction of reducing the relativee-P velocity. It should
with other independent calculations and check the accuraciherefore favor charge exchange at the expenses of ionization
of our guess fore. Such a comparison is done in Figg)  and alleviate the discrepancy.
using as benchmark the CTMC simulations done by Pascale
et al. [8] for Na*'-Na(28&l) collisions. The choicex=1 is B. lodine-cesium collisions
pe_rfectly consistent with the _maximpm_impact.parame_ter ob- We apply now our model to the process of electron cap-
tained from CTMC data. This, again, is consistent with they, e
findings of Ref[5]: at least in these cases, the electron cap-
ture process does not appear as a gradual shift of the electron 197 + Cs— 1@~ D 4 s’ (37)
toward the projectile as it is approaching. Instead, the elec-
tron appears more like it is following a nearly unperturbedwith q=6-30. This scattering process has been studied ex-
trajectory until it suddenly “jumps”(i.e., passes from one perimentally in[10,11. It is particularly interesting to study
nucleus to the other over a relatively short scale of jitoe N this context since it could not be tackled satisfactorily by
the projectile. a number of other OBMs, including that ff] (for a discus-

It is worthwhile pointing out here that ifiL] the issue of ~Sion and results, s¢]). The impact energy is chosen equal
I-changing collisions was extensively discussed, with regardo 1.52, keV: since it corresponds to<1, we expect that
to its importance on suppressing charge exchange at lardenization does not play any role. The cesium atom is in its
impact parameters. It was stated that the model there deveround state with the optical electron irsatate.
oped could not deal with these transitions and therefore it In Fig. 6, we plot the experimental points together with
was expected to give good results only in cases wheem-  our estimates. In this case the fit is excellent udipg 2,«
sitions were suppressed by the nature of the problem at hane:1. It is important to notice that this agreement is entirely a
One can see that we have tackled in this paper the problem ebnsequence of our choice far: to understand this fact,
I-changing collisions througli+ and, above alle param-  observe that because of the very high charge of the projec-
eters. It is the latter parameter that is devoted to the task dfle, the exponential term in Eq34) is small (, by direct
suppressing charge exchange at ldnge inspection, is increasing with,) and thusP,~ 1 over nearly
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all the range obs. The details of the modéin particular of  cess(the difference of energy between the state bound to the
the other free parametef;) which are inF are therefore of target and that to the projectjlés a crucial parameter: cap-
no relevance. The only surviving parameter, and that whichures to states witAE~0 are strongly preferred. Obviously,
determineso, is a. Even though in this case we have no the value ofAE depends on the energy levels structure of the
independent estimates of the differential cross sectioRecombining ion.

do/db, this suggests that even in this case our choice

is correct. Since here we are not dealing with snzl,

this seems to imply that the parameter must be a D. H-Be** collisions
possibly complicated function not only &f, but also of ) o o
E,.v. Up to now we have introduced the possibility of ioniza-

tion just as a means to reduce the probability of charge ex-
change, but we have not compared the predictions of the

~ model with experimental results. We now address the pro-
As a further test case we present the results for collisiongesses

H*—Na(3s,3p). They are part of a set of experiments as
well as numerical simulations involving also other singly
charged ions: He, Ne, and Asee[12] and the references
therein and in particulaf13]; Ref. [14] presents numerical

calculations for the same systgnin Fig. 7, we plot the . , .
results of our model together with those of REE2]. The  1hese processes have been studied by Kestid. [15] using

low-energy wing of the curve is strongly underestimated,h€ adiabatic superpromotion model, fox2; the molecular
while the agreement is somewhat bettervamcreases, but @pproach to the solution of the Schioger equation has
the slope ofo for relative velocities higher than 1 could not instead been adopted by Hagtlal. [16] in the rangev <1
be reproduced. and only for charge exchange.

We do not show results for other ions: they can be found This system reveals interesting features also with refer-
in Fig. 3 of Ref.[12]. What is important to note is that ence to the previous discussion about the correct capture dis-
differences of a factor twdand even larger for 3s stajes tanceR:,,: in Fig. 8, we plot results for charge exchange
appear between light (HHe") and heavy (Né,Ar") ions, and ionization from the two cited references as well from
which our model is unable to predict. The suspect is therethe present model using f&.,, both valuesa=1,2. It ap-
fore that the structure of the projectile needs to be incorpopears again thatr=1 is the more appropriate for charge
rated into the model. Until now, the only parameter characexchange, while neither choice is entirely satisfactory for
terizing the projectile has been its chaigg. It seems that, ionization, even thouglr=1 seems, here too, slightly to be
as emphasized if12,13, the energy defecAE of the pro-  preferred.

C. H*—Na(n=3) collisions

H+Be*" -H"+Be’t* -H"+e +Be*". (39
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The modeling of ionization is not as satisfactory as forpendent computations of the differential cross section, so it
charge exchange: in particular, ionization is forced to be zergseems quite firmly established for smaJj. It is interesting
for low enough velocity, since the right-hand-side of BB)  to remark that some recent experiments seem to indicate the
can no longer become negative. On the other handy as exact capture distance can still be overestimated, even within
increases, ionization increases much more than its experihe present model: ifiL7] some very accurate experiments of
mental value. Notwithstanding this, we do not deem entirelynearly-resonant charge exchange were carried on at low
negative the prediction by the model: even though the agreerelocities between Rydberg rubidium atoms and low-
ment is scarcely better than a factor of three, we are computharged ions Z,=1, ... ,4). Both the binding energy to
ing at the same time two process@snization and charge the targeg, (i.e., the quantum number of the optical electron
exchanggthat differ among them by an order of magnitude in the Rb atomand to the projectild, (the binding energy
and which are strictly correlated. It is unavoidable that anyto the ion after captujecould be measured and varied
small error over the latter carries a large error over thawith fine tuning. Quasiresonance means that capture
former. was found to be strongly preferred for ratibs E;/E ~1.

This is, of course, a well-known result. OBMs can

predict that capture preferentially populates quantum num-
IV. SUMMARY AND CONCLUSIONS bers[1,3]

We have developed in this paper a classical OBM for

single charge exchange and ionization between ions and at- 2\/Z—p+l 12
oms. The accuracy of the model has been tested against four Ne=NZ,| — = (39
cases, with results going from godéig. 4), to excellent Zp+\/z—p

(Fig. 6), moderateg(Fig. 8), and poor(Fig. 7). The model is

based upon a previous wofk], and adds to it a number of This result has been numerically confirmed by simulations
features, which we go to recall and discuss. The minor imdone using the present model. However, the results of Ref.
provements involve(i) a more accurate treatment of the [17] definitely support lowek (i.e., lowern, for fixed ny).
small impact parameter region for symmetrical collisions;The reason, Fisheat al. suggest, could be due to an overes-
(i) the explicit—although still somewhat approximate— timate of the capture distance made by OB(#hese authors
treatment of the capture froin>0 states. give a factor of about 1)g18].

These points are important from a formal point of view (iv) The redefinition of the orbital period of the electron:
but do not seem to be of any importance in actual computa¥¢s=Ten/f1. This assumption could not be tested as di-
tions[This sentence, referring to poifit), could be contra- rectly as the previous one and the more appropriate value for
dicted by further computations done for high-angular num-f; is still unknown. However, the choide-=2 done in this
bers] work proved to be rather satisfactory.

Some other improvements are instead undoubtedly of the (v) A correction to the capture probability due finite im-
utmost importance.(ii) The finite excursion from the pact velocity. This has permitted us to introduce the process
nucleus permitted to the electrons, which in this work hasof ionization within the model. This correction is essential to
been assumed preferentially to be equal to its projectile-freguarantee a good reliability at high impact energy.
case. This assumption has been confirmed from some inde- Finally, we recall that the treatment of the projectile—or
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better the process of the electron-projectile binding—is an ACKNOWLEDGMENTS

aspect which probably awaits for main improvements. We

just observe that it is a shortcoming of all classical methods, It is a pleasure to thank the staff at National Institute for
that they cannot easily deal with quantized energy levels, séusion ScienceNagoya, and in particular Professor H.
the energy defect is a parameter that is not easily impleTawara and Dr. K. Hosaka for providing the data of Ref.

mented within. [10].

[1] V.N. Ostrovsky, J. Phys. B8, 3901(1995. et al, Fusion Eng. Des34-35 781(1997); A. Hiroyuki et al,

[2] F. Sattin, J. Phys. B3, 861(2000. Fusion Eng. Des34-35 785 (1997; K. Hosakaet al, Phys.

[3] H. Ryufuku, K. Sasaki, and T. Watanabe, Phys. Rev21A Scr. T73, 273(1997).
745 (1980. [12] J.W. Thomseret al, Z. Phys. D: At., Mol. Clusters7, 133

[4] A. Niehaus, J. Phys. B9, 2925(1986). (1996.

[5] F. Sattin and L. Salasnich, Phys. Rev5g 1246(1999. [13] F. Aumayr, G. Lakits, and H. Winter, Z. Phys. D: At., Mol.

[6] F. Sattin, Comput. Phys. Commuh05, 225(1997. Clusters6, 145(1987.

[7] S.B. Hansen, L.G. Gray, E. Horsdal-Petersen, and K.B. Mac{14] A. Dubois, S.E. Nielsen, and J.P. Hansen, J. Phy&6B8705
Adam, J. Phys. B4, L315(1991. (1993.

[8] J. Pascale, R.E. Olson, and C.O. Reinhold, Phys. Re#2A [15] P.S. Krstic, M. Radmilovic, and R.K. Janewtomic and
5305(1990. Plasma-Material Data for FusioflAEA, Vienna, 1992, Vol.

[9] L. Fourreand C. Courbin, Z. Phys. D: At., Mol. Clustegs, 3, p. 113.
103(1996; S. Schippers, Nucl. Instrum. Methods Phys. Res.[16] C. Harel, H. Jouin, and B. Pons, At. Data Nucl. Data Tables
B 98, 177(1995; J.C. Houveret al, Phys. Rev. Lett68, 162 68, 279(1998.
(1992. [17] D.S. Fisheret al, Phys. Rev. Lett81, 1817(1998.

[10] K. Hosakaet al., National Institute for Fusion Science Report [18] Notice, however, that neither CTMC calculations are able to
No. NIFS-PROC-44, 200Qunpublishedl reproduce the results of Fishet al, although they miss the

[11] M. Kimura et al, J. Phys. B28, L643 (1999; K. Hosaka experimental value by a smaller amount.

042711-10



