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Static over-the-barrier model for electron transfer between metallic spherical objects
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We present astatic classical over-the-barrier mod€éDBM) for electron transfer between two isolated,
infinitely conducting spheres with arbitrary and different electrical charges. This model is shown to be very
useful for first estimates of single- and multiple-electron transfer cross sections in cluster-cluster collisions
when the collision velocities are significantly lower than the typical target electron velocities. For faster
collisions, more advanced models such as the dynamical OBM, or the time-dependent local density approxi-
mation (TDLDA) or the solutions of their semiclassical counterparts—the Vlasov equations have to be used.
The latter two methods clearly provide the most detailed information on the electronic response, but they are
also computationally very demanding and have, so far, only been used for collisions involving one(ahuster
an atomic ion. We compare our static OBM resulfs the limit in which one of the sphere radii approaches
zero with TDLDA and Vlasov calculations of cluster charging in®AeNay, collisions at different velocities
to demonstrate that the present static OBM is valid at sufficiently low velocities. The static OBM is then used
in a comparison with experimental target charge state distributiongdh €4, and C*-Cg collisions at
0.01y/q and 0.06/q v, respectively. Calculated electronic excitation of the projectile after two-electron trans-
ferin CGO‘”—CGO collisions readily explains the recently observed suppression of the transfer ionization channel
in this reaction. Finally, we model the total projectile electron loss and dissociation cross section in highly
protonated Lysozyme-oxygen (Lysg?;T-Oz) collisions and make comparisons with recent experimental re-
sults at 0.0l .
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I. INTRODUCTION The time-dependent local-density  approximation
(TDLDA)has been applied to Af-Cqy, Ar®"-Nay,, and

Following Ryufukuet al. [1], Barany et al. [2] and Nie-  Ar®"-Na,qq collisions[7]. This quantum-mechanical method
haus[3] developed the first over-the-barrier modéBM’s)  gives very detailed information on the electronic response of
for multiple charge transfer in slow ion-atom collisions in the cluster including the time evolution of the electronic den-
1985 and 1986. These models have turned out to be esxity distributions which, for instance, means that the emis-
tremely useful for estimates of the total and absolute crossion of electrons during the collision process itself may be
sections for electron removal from an atomic target. Theraced. It has been shown that the semiclassical counterpart
atomic model§2,3] assume that electron transfer is possibleof such TDLDA calculations, which involves the solving of
when the over-the-barrier condition is fulfilled, i.e., when thethe Vlasov equationg8], gives a charging of the cluster as a
potential seen by the electron moving from the target to thdunction of impact parameter in close agreement with those
projectile equals the Stark-shifted binding energy for the acfor the TDLDA [9]. Even more advanced calculations in
tive electron at the target. In 1991 Burgthy et al.[4] pre-  which the motions of both the electrons and the heavy par-
sented a similar model for iometal surfacecollisions in ticles are followed have been performed by Knospe and co-
which the potential barrier was deduced from the quantumworkers, who used nonadiabatic quantum molecular dynam-
image charges, the active electron, and the ion itself. Aics (NA-QMD) to calculate charge transfer and
extension of the latter model, valid also for insulator sur-fragmentation in, e.g., 2.7-keV Ia-Cs collisions [10].
faces, was presented by ¢tpet al. [5] in 1997. These ion- These method$TDLA, Vlasov, NA-QMD) are, however,
surface OBM’s are dynamic in the sense that they take theomputationally very demanding, and so far no results for
time available for the active electrons to flow over the saddlevhich both collision partners are clusters have been pre-
point of the barrier into account. Similar ideas were appliedsented. The virtue of the present static OBM model for
for slow collisions between highly charged ions and clustersgluster-cluster collisions is its great simplicity through which
describing electron transfer in a dynamical OBM, by Thummone can easily get first estimates of charge-exchange cross
et al. [6]. sections and electronic excitations of the cluster projectile
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after the collision as we will show in detail below. R o
The first experiment with highly charged ions and

Ceomolecules was performed in 1994 by Walehal. [11], I3f+/- \ Al

and they used a simple static OB(iteating G, as a metal " \ R

[
spherg in order to interpret their results on relative cross \<a ¢ y

sections for removing electrons from @, in slow A" -Cy,

collisions. This pioneering experiment was followed by 4
ranges of other studies involving, e.g., charge transfer be- d
tween Gy molecule§ 12,13, precision projectile energy gain dd »
measurementgl4], projectile angular differential measure- d
ments[15,1¢ and thermionic emission from hotgg[17].

Nowadays, the most advanced experiments involve multiple FIG. 1. The positionsl;, andd] (relative to the target cenfeof
coincidence measurements between projectile scattering, tdhe image charges induced in the tar@t" and the projectile
get ionization, fragmentation and electron emission statisticd™" ", respectively.

[18]. Additional efforts are made to extract information on

kinetic-energy releases, sequencing gf ffagmentation cas- following sections, we will use atomic units unless otherwise
caded[19], and energy-transfer mechanisfi29,21. In par-  Stated.

allel, advances with static and dynamic over-the-barrier mod-

els descri_bing electr_on_ trangfer, prpjectile scattering, and Il. THE MODEL
energy gain for atomic-ion & interactions have been made
[6,15,16,22,28 A. Two isolated metal spheres

In Sec. Il, we present the static model describing over-the- The polarization of aingle metal sphere in the presence
barrier electron transfer between twiofinitely conducting  of a point charge can be described by means of only two
metal spheres. For completeness, we first follovhé&t&t al.  image charge$28], one at the sphere center and one at a
[24] and show the solution for the electrostatic potential on gposition given by the position of the point charge and the
line connecting the centers of two charged sphemex. radius of the sphere. However, two infinite sets of image
IIA). In Sec. IIB, we arrive at the exact expression for thecharges are requirddne in each spherén order to describe
potential experienced by an electron moving between th&he polarization in thécharged sphere-sphere problemx-
two spheres, taking the additional polarizations induced irctly [24,29. Here, we are aiming at the description of se-
the spheres by the active electron into account. Section Il @uential transfer of an arbitrary numbigy of electrons from
deals with the over-the-barrier condition, i.e., the problem of2 Spherical target to a spherical projectiteeated in Secs.
finding the critical distances at which the Stark-shifted targef! B and 11C). Therefore, we start by treating the pure
electrons become free to move to the projectile sphere. I§Phere-sphere problem and assign arbitrary net charges
this section, we also give an expression for the electronid ~ ' (z_ind sphere radia, and_aq), to the tz_ar_get(B) and
excitation of the projectile following single- and multiple- prOJectlle(A). sp.her.es, respectively. The posmons of the tar-
electron transfer. In Sec. IID, we show that the model re-9et 'a'nd projectile image charget;, anddy, reIa’Flve to the
duces to the classical over-the-barrier models (omig ~ POSition of the target sphere centel; € 0) are given by

ion-sphere and ion-atom collisions when only the projectile r o —a?/qd

radius and both radii are set to zero, respectively. In Sec. ntlo ST

[T A, we first consider one of these limiting cases to argue

that it will be sufficient to use atatic OBM for sufficiently di,,=R-aj/(R—dp), D
low velocities in collisions between the highly charged ions

and the Na clusters. This result is inferred from a comparisofynere the center position of the projectile sphereljsR.
of the present static OBM results with TDLDA and semiclas-Tpe positions of the image charges converge towefdand
sical results using the Vlasov equations for the cluster charga \ nenn— o as indicated schematically in Fig. 1. From

ing as a function of the impact parameter in 80- and 320-ke . o q
Ar8*-Nay, collisions. In Sec. Ill B, we are then able to com- Eq. (1), we deduce expressions for the positiefisandds ,

pare the static OBM results to experimental recoil ion charge

state fractions for much slowergg"-Cgo and G -Cqo col- (d7,)2—(R?-ai+af)d./R+a’=0,
lisions[25]. The model excitation energies i " -Cqo col-
lisions atv =0.024v, are calculated in Sec. 1l C and these (dﬂc)z—(R2—a§+a,2)dﬂc/R+a,2=O, )

results are used to rationalize the observation of the complete

supression of the transfer ionization channel in processes

with two active electrong26]. Finally, we use the static with solutions inside the target €0d),<a,) and the projec-
OBM to explain the observation of electrdoss in highly  tile (R—a,<di<R) spheres. The corresponding absolute
protonated Lys-|§|9++02 collisions at very low velocities, magnitudes of the target and projectile image changeand
which was recently reported by Hvelplued al. [27]. Inthe q,, are
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The expressionél), (3), and(4) yield the exact solutions for
the polarizations of both spheres. In order to be able to ex- Fig 2. Absolute values of, and u, as functions of for a,

pressr, anddg in terms ofr andg—r more clearly, Eq(3) =a,=7.2 a, and different center-center distandes(left figure).
is rewritten as [N, and|w,| as functions oh at a constant center-center distance
R=25a,, a fixed valuea,=7.2a, and different values od (right
Fan-1=X2n-100, figure).
2n=2MA2nl 0,

par), we show results foR=25 a,, a,=7.2a;, and a,
=3.2, 7.2, 11.224. Note that|\,| and|u,| do not comude
as in the left figure due to the different radii of the spheres.

_ With decreasinga,, which correspond to larger sphere

O2n= M2nJo- 5) '
surface-surface distancds,,| and|u,| decrease more rap-

The coefficients\,, and u, with oddn are the ratios between idly. The relative magnitudes ¢k ,| and|u,| as functions of
the strengths of the induced image charge and the centér in these different situations directly give the relative
charge in the opposite sphere, whilg and u,, with evenn strengths of the different multipole terms describing the full
give the strengths of the induced image charges in relationgolarizations of the two spheres. The total charge of each
to the center charge in the same sphere. The explicit valuggphere is conservefEq. (4)] giving the following expres-
of A\, andu,, are then obtained by combining E8§) and Eq.  sions for the center charges as functions of the target and

Oon-1= M2n-1l0,

(5): projectile net charges[ro=rq(q—r,r) and go=0o(q
n-1 —a n—-1 a _r’r)]
)\ZHZH qr - q ra ® 0
0 (Rod2)120 dziss Fo=|r 1+2 M2n —(q—f)z Non—1 Q,
n=1 n=1
n—-1 —a n _a
)\2n+1:_].:[ d,q H dqr, % %
T (RE e Qo= (@0 1+ 3 Aan| 13 siana| /20 @
=1 -1
n-1 n-1 n n
_aq - . ]
Man= H r . ' where(} is a constant for given values & a,, anda,,
= (R_d2i+1)' 0 d2|
n n—-1
—a O=1+ +Nont+ Noi — D)
Mon+1 H H T (6) nzl M2nT A2n Zl (manh2i = pon-1N2i-1)

=0 (R— dZI)I d3i i1 ®

The electric field on an axis connecting the sphere cen-
ters, E,=E,(r,q—r), is zero inside the metal spheres and
given by the contributions from the image charges

The absolute magnitudes are smaller than unity fondl0
<|\pl<1 and 0<|u,|<1), sinceag<R—d; anda,<dj.
Figure 2(left pary shows|\,| and|u,| as functions of, for
example where, =a,=7.2a, andR=15, 25, 35a,. These %
are typical values for interactions between two atomic clus- = 2
ters (as e.g., Gy. For fixed values olR and n and equal n=0
sphere radii §;=a,), |\,| and|u,| are equal and decrease

exponentially with increasing. For decreasing center-center for x<—a,, a,<x<R—a,, andx>R+a,. The electric
distances R), the polarization effect becomes larger andpotential®=®(r,q—r) at a point x between the spheres is
INo| and|u,| decrease less rapidly with In Fig. 2 (right  thus

n(X_dL) n qn(x_dﬂ)
x—di® [x—di®

©
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7187 9901 sion of Gy'* and G,>" . The shapes of the barriers are due
7104 9.88 to the strong polarizations of both sphefes given by the
: 1 two infinite series of image chargest small distances, while
7.05 986 the pure Coulomb termg(—r)r/R dominates at large sepa-
=~ 7_00_' 9.84 rations. Using Eq(12), we arrive at the same result ashéa
2 ] 1 et al. [24] for the shapes of the interaction potentials for
£ 6.951 9627 sodium metal clusters.
6_90_' 9.80-.
! 9.78 4 B. A point charge and two metal spheres
681 0761 In this section, we will extend the ideas presented in the
6.80 ] preceding sectiofand in Ref[24]) and derive an expression
675 1 9.74 for the electrostatic potential for an electron moving from the

o6 100 104 108 112 98 97 98 99 100 target sphere to fche pr(_)jectile, and in the foIIow_ing section
we will deduce critical distances for over-the-barrier electron
transfer. The electron is assumed to be at a posiion an
FIG. 3. The interaction energietl; (R) for two charged axis thr_ough the centers of the two spheres. By first mqving
spheres with radia,=7.2 ag anda,=2.3 a, as functions of the the active target electron o=, the net target charge in-
center-center distancé® The final charges are—r=3 andr=1  creases from tor +1 and the sphere center charges are then
(left figure); g—r =4 andr =1 (right figure. These parameters are given by[cf. Eq. (7)]
chosen for a schematic illustration of the interactiong®G-C,"
and C‘Ss‘”-CZ*, respectively. Note that;,((R=%«)=0 in both
cases.

R (units of a,)

ro=|(r+1) 1+n§1 Won

—<q—r>n§1 xzn_l}/ﬂ,

1+n§1 m)—uugl mnl}/n,

: o . : : (15
This expression immediately gives the total potential energy
for two charged spheres as a function of the center-centeghere ro=ry(q—r,r+1), qo=qo(q—r,r+1), and Q is
distanceR>a,+a, as given by Eq.(8). Moving the active electron to a position
between the spheres leads to changes in the polarizations of

n=0

r
[ - On
Ix—dy  [di—x]|

w0 g

Utor R)=Uin(R)+ V.., (1D both spheres as described by additional infinite sets of image
whereU;,; is the sphere-sphere interaction energy charges at
2
1 _ (q—r)? _r? X =a?/x,
. — _ Xx=R—ag__ X=a, _ __
Ulnt(R) 2 (q—nod a aq +rd a,

w x§=R—aZ/(R—x) (16)

and®*=R~3 and ®*= are the electrostatic potentials due and
to the interaction of the projectile and target spheres, respec-
tively. The additional contributiorJ,, to the total energy

U, is the energy required to remowe-r andr electrons 5
from the projectile(A) and targe{B) spheres when they are Xn.1=R—ag/(R—xp) (17)
at infinite center-center distance

r — a27yQ
Xn+1_ar/Xn!

for n=1. The corresponding absolute magnitudes are

q-r r
— A B

U.=2 |k+k21 12, (13) re=a, /x,
Here,l, is the binding energy of thkth electron to a sphere q5= aq/(R—x) (18)
of radiusay,

Le=W-+ (k—1/2)/a,, (14 2
whenR=« andW is the bulk work functionf30-32. Moe1=—dna, /X7,

In Fig. 3, we show two examples fat;,;(R) with param-

eters typical for the interactions,&*-C,* and G¢**-C, ", Ont1=—Tnaq/(R—Xp) (19

respectively. These potentials may then be used to deduce
fusion barriers and typical kinetic-energy releases in the fisfor n=1. The sums of the image chargesandqy, are
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18
~*1 9s
< CNGucsuousuuuuoe
£ 5
@ [ |
= 4
2 1in m d
=] 0 x(x=7.3a)
X p A X (x=75a)
o 1 v (x=7.7 a,)
O- 1 1 1 1 1 1 1 1 1 1
FIG. 4. Image charges induced in the presence of an electror o 2 4 6 8 1r$ 1214 18 18 20
between the spheretj, (gray circles, d? (gray circle, x;, (black
circles, andxj (black circles. FIG. 5. The positions of the target image charges for different

electron positiong. The center-center distanceRs= 15 a; and the
target and projectile radii arg, =aq=7.2a.

ag=a,=7.2a,, and three different positionsfor the elec-
- . tron. Note thatx;,, unlike d,, depend orx but thatd!, and
qe=n§=:1 On > (20 X, approach a common constant value regardless of the
value ofx. Outside the spheres, all image charges contribute
and since the net charges-1 andg—r must be left intact, to the electric fieldE,=E,(r +1,g—r), yielding
charges—r¢® and —q°® must be added to the target and pro-
jectile spheres, respectively. In analogy with Ed@), the

maghitudes of the center charges will be shifted by § a(Xx—dy n) gn(x—d) . < M
. . A0 | x=dp® x—df® | S| o)

e_| _ e €
aro—{ o\ 14 2 pean |+ AZM} / Q, L aoed] 5rﬁ<x—da>+5qﬁ<x—dﬁ>
. . Ix=xql®> | 4= | |x—d;|® [x—dql®

/ Q. (2)) (23

The image charges af, anddy will then also be shifted by at the positionx of the electron. The first sum gives the
contribution to the electric field when the electron is at in-

500=| —9q° l+n§_11 Ao +ren§—:1 Mon-1

8r 5n-1=N2n-180g, finity and is formally identical to Eq(9). The second and
o . third sums are the contributions due to the presence of the
O 3n=N2ndl g, electron. The potential that the electron experiences is zero at
infinity and its value at a position is extracted from the
803n—1=Han-100, work (W) required to move the electron from infinity 10
é\qgn:MZnéqg- (22
We 1 (x X
The total center charges thus becorge- 6r§ and qqy+ 898 = T 9ot Fxdx=— L E,dx, (24)

for the case of an electron positionedxdietween target and

projectile spheres with total charges 1 andq—r, respec-

tively. In Fig. 4, we show the positions of the image chargesvhere F,=q.E, is the force acting on the electron angd
given by Eqg.(1) and (17) schematically. An argument in =—1 a.u. is the charge of the electron. Note tht ¢,
analogy with the one in the preceding section shows xhat xp, x4, 6re, and 8q¢ depend orx, which makes the inte-
and x3 are described by expressions of the same form agranon of the second and third sums in E3) rather in-
those ford!, andd? [Eq. (2)]. As indicated in Fig. 4, the two volved. Numerical calculations, however, converge to the
series &, and d,) converge to the same positions in the following analytical expression for the potentidi=d(r
spheres but from opposite directions. In Fig. 5, we display+1,0—r), which the electron experiences at an arbitrary po-
the positions of the target image charges with sphere radigition x between the spheres:
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s U ¢R=°°
-6
— -8
S -104 R=30a,
O -12 ¢
~ -141
© -161
-181
-201
-224
24+
) 2 4 6 81012141618202224262830
(units of ag)
5+
Ceo / 60
R
7.2a, 7.2a,

FIG. 6. The potentiad (x) seen by an electron moving from the
target to the projectile £ molecule @—r=>5r=0). The maxi-

mum of the potential barrier is higher than the Stark-shifted ioniza-

tion potential (7). Thus the over-the-barrier condition is not ful-
filled and the electron is therefore still bound to the target.

<I>=—§ fn G | 1< | Th dn
10 [ [x—dg| [di—x|| 2a=1[[x=xq| [x3—x]
1< ore 59¢
53 o — |- (25)
n=0 |X_dn| |dn_x|

which includes the full multipole expansions of all polariza-
tion effects.

C. Charge transfer between the spheres

The critical distancesR;,,) at which an electron is

PHYSICAL REVIEW A 66, 032710 (2002

b 4 y

o (eV)
ot i  E
PRR b,
ENOComRNOO®ANO
P A T

1 ¢R=221a°

ETX

~

0 2 4 6 81012141618202224262830
(units of a,)

FIG. 7. The potential barrie® (x) between two g, molecules
at the first critical distanc®,=22.1a,. The Q value and the ex-
citation energy can be derived from the resonance conditign
=T7 [Eq. (27)]} and the Stark-shifted ionization potential of the
projectile (7).

the over-the-barrier condition. This condition is, however,
fulfiled when the projectile is closer to the targeR (
=22.1a,), as indicated in Fig. 7. We assume that there is a
resonant state on the projectile sphere at this mortord-
sicontinuum approximation The resonance condition }(
=T7) is then given by

:T1+ q)X:Rliaq

x=a,
I+ r=1q-r=4

r=0g-r=>5 —(q—r)/aq, (27)
where the left-hand sidey-r=5) is the Stark-shifted bind-
ing energy of the electron located to the target at the critical
center-center distanc®;. The right-hand sideq—r=4) is

the corresponding energy when the electron is localized to

transferred fr_om the target to the projectile are given by thahe projectile. When the spheres separate again to infinite
over-the-barrier conditions. These are fulfilled when thecenter-center distances after the collision, the Stark-shift

maxima of the potential® in Eq. (25 become lower than

terms tend to zero. Th€ value for one-electron transfer

the corresponding Stark-shifted target ionization potentiafrom the target to the projectile is defined as the difference in

*
r+1»
cbmaX<|;;1=|r+l+q>f;irr—r/ar. (26)
whered’ * —r/a, is the Stark shift that the electron expe-

Fa-
riences atqthe targéEq. (10)] andl, 4 is the binding energy
of the (r+1)th electron to the targdEq. (14)].

The potential®(x) [Eq. (25)] seen by an electron at
between two G, molecules —r=5r=0) modeled as

binding energies to the projectile and the targgt,=T;
—1,. According to the resonance conditipig. (27)] this
equals the difference in Stark shifts at the critical distaR¢ce
[23]. The excitation energy of the transferred electron in
single-electron capture is the difference in the Stark-shifted
ionization potentials when the electron is in the target and
projectile ground states, respectivelyE*=1%(R,)
~15(Ry).

The Q-value for transfer of electrons is

metal spheres is shown in Fig. 6. Here, we assume that the

model sphere radius is independent of the sphere charge and
use a linear fit of the experimental sequence of ionization

potentials[33] to Eq. (14) (as a function ok) yielding a,
=aq=7.2a;, andW=5.7 eV. The Stark-shift term is zero at
infinite center-center distand@=c. For decreasing, the
potential barrier decreases and the binding energy of the fir
active electron on the target is down shiftedlfo. The R

Q=2 (Te—1y, (28)
k=1

while the total excitation energy of transferred electron is
sqciven by

=30 ay case shown in Fig. 6 corresponds to a situation
where the first electron transfer is not possible according to

032710-6
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D. Relations to ion-sphere and ion-atom OBM models

For a point-formed projectilea;=0) and a spherical tar-
get (@,=7.2a), the only nonvanishing charges in E@3),
(7), (15), (19), (19), (21), and (22) are the center charges
ro=r—ri+1, go=qg—r, and éro=-r; and the image
chargesr; andr$, giving only two dipole contributions to
the target polarization. The potential in E5) is then given

by

Target charge (e)

g-r a(a-r af(q-r r+l
R—X Rx—a? Rx X

r

n
L

Cbaq=0(x) ==

0 T T L} L} T T L} L} T T
1/ a a, 15 20 25 30 35 40 15 20 25 80 35 40
+ 2\ ,2 (30) b (units of a,) b (units of a,)

x? x?-—a?

and the resonance condition corresponding to @6) be- FIG. 8. The number of transferred electrditise target cluster
charge stateas functions of the impact parametein Ar*-Na,,
comes collisions at 80 keV(left) and 320 keV(right) using the TDLDA
| +(g—r)/R= DM (31) (full curves and Vlasov(dashed curvesmethods. The present
r+i ag=0- static OBM results, for which the resonance condition is ignored
Iand the numbers of electrons located at the target are taken to be

This is identical to the results of the over-the-barrier mOded|screte, are also shown as the staircases.

for atomic ions andspherical clusters[16]. When, in addi-

tion, the target radius is set to zefoe., 8, =24=0), the  jifieq assumption of this model is that electrons will move
only remaining charges are of course only the net chargegyer the barrier to the projectile as soon as the barrier be-
ro=r+1 andgo=q—r. The potential and resonance condi- comes sufficiently low for such a transition to become clas-
tion are then sically allowed. This means that the resonance requirement is
D (0= —(d—F)V(R=%)—(r +1)/X 32 |gn0red and in effect we assume a quasicontinuum of projec-
ar*aq*O( ) (a=n)i( )= ( ) (32) tile capture states. The static OBM results are thus upper
bounds to the results that one would have obtained if the
quantum nature of the projectile capture state energies would
liar+(q—r)/R=DMX (33) have been mvoked._Thls is a customary approximation in
ro OBM's [2,11,14 and its justification is that capture proceeds
respectively. Here the critical distances are obtained analytf© highly excited states for which the densities of states are
cally as high, which is also the case when clusters are involigee
e.g., Ref.[23]). The target charging in discrete steps is of
Rrs1=[2(q—D)Yr+1)Y2+(r+1)1/1,4,, (39 course a consequence of the fact that the charge is not treated

o _ ) ) ) as a continuos variable as in the TDLDA and Vlasov calcu-
which is equivalent to the expression given in the over-theiations[9].

and

barrier model for atomic ions and atorf®]. It is clear from the comparison between the left and right
parts of Fig. 8 that thetaticOBM becomes a better approxi-
Ill. RESULTS AND DISCUSSION mation as the collision velocity decreases. This is connected

to the fact that the electrons that moves in the cluster at
characteristic velocities will have more time to make the
transition to the projectile. From the improvement in the
In Fig. 8, we show comparisons between different calcu-agreement when decreasing the collision velocity from 0.6 to
lations of the final cluster charge in &r-Nay, collisions asa 0.3 vo, We expect that thetatic OBM will give results on
function of the impact parameter. The results based on ththe target charging close to those obtained with the full
TDLDA, which treat the electronic response of a sharplyTDLDA (or VlasoV at significantly lower energies. How low
edged jellium target in a fully quantum-mechanical way,the collision velocity has to be in order to fulfill this require-
were obtained with a target radius&f=13.7 a.u[7,9]. The  ment does of course depend on the target. This has been
left figure shows results for 80 kelelative velocity 0.3y),  demonstrated by Plagne and Gué&i, who made Vlasov
while the right one gives results for 320 keV (0g§. As can  calculations for AF*-Naygs at 0.4 v, giving much lower
be seen in Fig. 8 these results differ little from those obtainedarget charges than the static OBM. This is due to the much
by solving the Vlasov equation, which is the semiclassicalower ionization potentials, and thus lower characteristic ve-
counterpart of the TDLDA9]. In the two figures we also locities) of the larger clustefsee Eq.(14)]. Note that the
show the final target charge state as a function of impacbvercharging of the target at smal—the target charge ex-
parameter according to the presetdtic classical OBM us-  ceeds the incident projectile charge—which was observed in
ing the same target sphere radiws € 13.7 a.u.). The sim- TDLDA and Vlasov calculation$7—-9] also appears in the

A. Comparisons with TDLDA and Vlasov calculations
for Ar 8%-Nay, collisions
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present static OBM, which does not consider electron emis- TABLE I. Critical distances for electron transfer ing§"-Cy
sion during the collision. From the comparison in this sectioncollisions.

we conclude that the static OBM is a reasonable approxima
tion for the very slow, ion-cluster, cluster-cluster, and sphere- d 2 3 4 5
sphere collisionsy<0.1v) which will be considered in the

followi A ith - . tal It R 18.5a, 19.5a, 20.8ag 22.1a,
ollowing comparisons with various experimental results. R, 17.7a, 18.42, 19.3a,
Rs 17.7a,

B. Relative charge-exchange cross sections ing@"-Cgy
and C9*-Cg4, collisions

Recently, members of the present collaborafiag] re- rmax

ported on an experimental investigation of charge transfer in Ttor= rzl o =m(RI= 000 (39
CI%-Cgo and Cy *-Cgo collisions at 0.06/q vo and 0.04/q B

vo, respectively. The projectile charge stafjeanged from In the case of atomic g

0" ~ e i projectiles, we use E@%), (36), and
q=110q=5 but whereas g, was ionized up 1m,,=q for 39) for odd and everg. The critical over-the-barrier dis-
atom!c prOJecnIes, the corresponding maximum target.charg ances for charge transfer in the sphere-sph@g™( -Cqo)
was limited tor = Int[ (q+ 1)/2], for the fullerene projec- collisions with a,=a,=7.2 a, and in point charge-sphere
tiles. In the latter case, no fragmentation of the target wa?Cq+ Co) collisigns :/vith.a _00 anda,=7.2 ag, are given

- . -Lg q= r— . 01

observed Ref[25]. As argued in Ref[25], the empirical in Tables | and Il, respectively. Thie,,, values are then

resultr ma,=In (g +1)/2)] can be understood by modeling efined semiempirically using the model critical radii and the

the molecules as conducting spheres that fragment at certalﬁeasured values far, /oo, for q=5 yielding the reslts

small, but nonzero, surface-surface distances. For ev

' P ' : o =17.2ay (rmax=3) andb=11.4a9 (rna=>5) for
charged projectiles, the charges will be equally divided oﬁbmax 0\ max— =/ < max ST E0 L max .

ged prol g gquaty Ceo?™ and theC9™ projectiles, respectively. The comparison

the two spheres, while for odgl the last charge may or may )
not end up on the target after separation. In the case of athetvyeen the model and experimer{t2b] results are shown

atomic projectile, such as®C, it has been shown before that " Fig. 9.

the static over-the-barrier model is able to account for full

neutralization of the projectile at distances well outside the C. Excitation energies in G,'"-Cgo collisions

surface of a model spherefXarget] 23] Figure 10 shows g recoil ion spectra measured in coin-

Here, we are aiming at a quantitative comparison betweegijence with final intact fullerene projectiles, & (upper
experimental and model relative charge state fractions, Wh'CBart of Fig. 10 and G 2+ (Jower part of Fig. 10, resulting
. O " Ll

are defined ag, /o,; Whereo, is the cross section for re- i .
movingr electrons from the target without fragmentation andfrom 10-keV G -Ceo c_olll_smns [26]. Note that there are
no doubly charged recoils in the upper spectrum, that is the

oot IS the corresponding totahonfragmentingionization AR . .
cross section. In the sphere-sphere case, we define the mo&@nsfer lonization process of the. type Of“?” dominant in s_Iow
. ' collisions and mediated via an intermediate doubly excited

cross sections foeven gas S
a projectile state [Cgy' " + Cog— (Cep> ) *™* +Cop? T —Ceo "

o=m(R?—R?,)) (35) +Cg>"+e ] is strongly suppressed. True double-electron
capture (Gg' "+ Coo— Coe? T +Ces> ") is, however, seen as a
whenr <r,,x and strong peak in the target spectrum of Fig. d@wer par.
The suppression of the transfer ionization process is due to
o =7(RZ 21— b2 ay) (36)  the relatively low excitation energy of &' formed in

Coo' "-Cgo collisions. The reason for this is clearly exposed
whenr=r .. Here by, is defined semiempiricallyi.e., by the present over-the-barrier model. According to this
from comparisons with the measuremeras the maximi- model the first electron is captured to the projectile in an
mum impact parameter for fragmentation of the tar@ete  excited state. The left part of Fig. 11 is a schematic display
below). The corresponding definitions fadd gare of the calculated excitationE§*=7 eV), and binding T,

=12 eV) energiegwhich of course are given foR= ),

a
_Tp2 2
IrTy (Rimax~Bimax) (37) TABLE II. Critical distances for electron transfer in9G-Cg
collisions.
whenr =r ., and
max q 2 3 4 5
a
2 2 2 2 R 16.6a 18.7a 20.54a, 22.0a,
o=m(RF—R + = (Rrpax— b 38 1 0 0 0 0
= TR Rimax) 35 (Rimax™ Pina) 38 R, 13.2a, 15.5a, 17.3a, 18.9a,
Rs 12.7a, 14.8a, 16.4a,
whenr=r,.—1. For lowerr we use Eq.35). The total R, 12.3a, 14.2a,
model nonfragmention ionization cross section for odd and R, 11.9a,

evenq is
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FIG. 10. Mass-to-chargen{/r) spectra in atomic units for 10-
keV Cyy' " -Cgo collisions. The spectra are measured in coincidence

with C603+ product ions(upper figuré and Q02+ product ions
(lower figure.

makes it possible to capture an electron to the neutral mol-
ecule as was recently verified experimentally by Tomita
et al. [34]. The total Ly:;-l-g9+ beam attenuation cross sec-
tion, which is the sum of the nonfragmenting electron loss
and the fragmentation cross sections, was measured to be

2
FIG. 9. Model and experimental recoil charge state fractions fo(5.5=0.5)x 10° ag [27].

Ceol"-Cgo and @ -Cqy collisions. Only intact G, target ions are
included in the fractions.

and the energy required to ionize the isolategft [14
=19 eV; calculated from Eq14)]. In the right part of Fig.
11 the calculated total excitation ener§§q;=9 eV [Eq.
(29)]} of Cgss>" is compared to the ionization energys (

Here, we use the present model for electron transfer be-
tween two spheres using,=37.8a, anda,=2.2 a,, the
latter deduced frona, = o' and the dipole polarizability of
0, a=10.7 ag [35]. We calculate the critical distance at
which the potential barrier between the spheres becomes low
enough for an electron to be removed from the projectile
(g=9) with 1,,=11 eV[27] by a neutral targetr(=0). This
critical distance R;=43.3a,) gives a total model cross sec-

=15 eV). Thus the model suggests that transfer ionizatiogion for electron loss(including also fragmentation pro-
channel is prohibited for energetic reasons, which is in aCtessepof 5.9x 108 ag which agrees with the measured at-

cordance with the experimental observatip2s].

D. Projectile electron loss in Lys-I-L)qJ'-O2 collisions

Recently, Hvelplundkt al.[27] reported on measurements
of electron lossfrom highly protonated lysozyme ions
Lys-H,"* (ionization potential 11 eV[27]—giving target
electron velocities around 0:8)), colliding with O, at 0.01
vo. At a first glance it is quite surprising that such a highly

charged projectile loses an electron in a collision with a neu- -
tral molecule. This observation contrasts strongly to the ones E

made for collisions involving highly charged atomic and

(smalley molecular ions where electron capture always is

dominant. As already pointed out by Hvelpluetial. [27],
there are two important features of the Ly§9F|-OZ colli-

tenuation cross section.

The pure nonfragmenting electron-loss cross section was
measured to be 3@% [27], which is only a small fraction of
the total attenuation cross section. Here, we use Edsand
(13) to calculate the curve crossing between the sphere-

4+ 4+
A A CGD A CGD

L

A

A 4 3+ A 4 3+
Ce T, 'y Ceo

Ll‘ | » g
>

I,

*cy

E*
v tot

sion system, which gives clues to how to understand the g 11, The total model binding, and (T,+T,) and excita-

electron-loss process. First, Lysg—si-T is a very large(and
roughly spherical molecule with a radius of,=37.8 a,

[27], which indicates that polarization effects are important.

Second, the @molecule has a large electron affinity which

tion energiesES* and E&X for Cgp'™ +Cgo—Ceo> ' +Cgo” and
Co "+ Coo—Coe? "+ Ces> " collisions, respectively. Note that the
total excitation energ¥,;, is smaller than the ionization energy of

Cot" (13=15 eV).
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velocities below 0.1. The relative recoil charge state frac-
2.01 Lys-Hq10+ +O, tions for such @*-Cy and Gyl " -Cg collisions have been
shown to be in good agreement with similar recent experi-
s 157 mental result§25]. Further, the model accounts for the ob-
% served complete suppression of transfer ionization in
2 107 a+a, Ceo' " -Cqo collisions at 0.02v, [26] as the calculated total
5 7/ excitation energy of the formed doubly excited projectile
= 031 state is smaller than the third ionization potential qf, C
E Lys-Hg® +O, We have also shown that the electron loss and dissociation
E 0.04 7 cross section in highly protonated Lysozyme-oxygen
054 (Lys-Hy " -0,) collisions at 0.01v, are reproduced by the
’ |, ' ' ' . ' . present calculations, which also shows thgt 8 formed
0 | 400 402 404 406 408 4.0 through a curve crossing inside the critical distance for elec-

R (units of a,) tron transfer but outside the radius for fragmentation. The
main advantage with the present model is its great simplicity
FIG. 12. The potential energy curves as a function of centerand the fact that it is able to provide first estimates of impor-
center distance when an electron is localized to the projectiléant observables in, e.g., cluster-cluster collisions—such as
(Lys-Ho”" +0,) and the target (Lys-51°"+0;), respectively. the very recent example of Ubiquitinggcollisions[37]. Its
The curve crossing lies just outside the distance for which the targafsefulness at higher collision velocities is more limited, but
surface touches the projectile surfagg ta,=40a,), but inside  there are—as we have shown in this work—many applica-
the critical distanceR, =43.3a,). tions in which it might be extremely useful at low
The work to incorporate the influences from over-the-

) ) ) ) . barrier electron transfer processes in the descriptions of frag-
sphere potentials with the active electron localized to eithef,entation of multiply charged metal clusters is in progress.
the target Q) or projectile (Lys-H®") spheres. The cross- e also note that electron transfer processes involving one
ing distance lies inside the critical distancR;&43.32p)  or several charged objects might be important for the under-
for electron removal from the highly charged projectile standing of charge balance in dilute astrophysical plasmas
Sphere as can be seen in F|g 12. At Sllghtly smaller diStanC%’Ontaining' e.g., Spherica| Conducting dust part|¢[ﬁ] A
(<37.8ap+2.2 ap) fragmentation processes become veryfyrther possible extension of the present model with applica-

strong due to elastic atom-atom collisions. tions in chemistry would be to consider electron transfer be-
tween dielectric spheres in solutions, with obvious applica-
IV. CONCLUSIONS tions for studies in biochemistry concerning, e.g., long-range

. . . forces between overcharged macroions in soluti@®. In
m this work, we have prgsentec‘gﬁaﬂcclasswal over-the- the near future, the model will be used for comparisons with
barrier model for sequential multiple-electron transfer be-

i experimental results on fragmentation and fusion of metal
tween two metal spheres. The model gives the total and a% P g

solute cross sections for transfer ofelectrons from the lusters taking charge transfer during these processes into
" account.
target to the projectile and the correspondi@gralues and
total excitation energies. By letting the projectile sphere ra-
dius approach zero the present model reduces to the over-
the-barrier model for(atomig ion-metal sphere collisions This work was supported by the Swedish Research Coun-
[16], while we arrive at the corresponding ion-atom modelcil under Contract No. 621-2001-2226 and the Swedish
[2] when both radii tend to zero. On the basis of comparisongoundation for International Cooperation in Research and
with full quantum-mechanical TDLDA calculations for the Higher EducationSTINT) at the Manne Siegbahn Labora-
electronic response of a Wgcluster (jellium mode) collid-  tory. The collaboration was organized within the framework
ing with slow A" ions, we conclude that the static OBM of the European network LEIF Grant N¢HPRI-CT-1999-
may be used for moderately sized clusters in collisions witt400132.
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