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Absolute charge-exchange cross sections for the interaction between slow Xeq1
„15<q<43…

projectiles and neutral He, Ar, and Xe

N. Selberg, C. Biedermann,* and H. Cederquist
Department of Atomic Physics, Stockholm University, Frescativa¨gen 24, S-104 05 Stockholm, Sweden

~Received 25 September 1996; revised manuscript received 5 June 1997!

We report measurements of absolute cross sections for single- and multiple-electron capture in slow colli-
sions (v;0.1– 0.2 a.u.). Partial cross sections for simultaneousr -electron removal from the target andp-
electron retainment by the projectilesq,q2p

r are presented for the systems Xeq1-B, B5He, Ar, and Xe (15
<q<43). The results are also described in terms of electron-retainment (sq,q2p), electron-removal (sq

r ), and
total-reaction (sq) cross sections. Further, we deduce experimental single-electron-capture cross sections
sq21,q22

1 for Xe(q21)1-B collisions from measurements on the Xeq1-B system. The data are compared with
earlier and more recent scaling laws and the extended classical over-the-barrier model.
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I. INTRODUCTION

The first multiply charged ion-atom collision experime
in the low-energy regime was performed by Thomson
1913@1#. He investigated single- as well as multiple-electr
capture phenomena at this very early date. During the
lowing decades, however, little work was done in this a
and it was then mostly concentrated on single-electron
tainment. That is, only one electron is finally captured by
projectile, although one or several electrons might have b
transferred initially. It was not until more than fifty yea
later that the true nature of such a simple process was un
stood@2–5#. For instance, the two coincidence measureme
reported in@3# and @4# for

Aq11B→A~q2p!11Br 11~r 2p!e2 ~1!

revealed that true single-electron capturer 5p51 is the larg-
est contributor to the single-electron-retainment cross sec
sq,q21 . However, an important part ofsq,q21 was found to
be due to transfer ionization processes in whichr>2 and
p51. Slightly earlier, Mu¨ller and co-workers@6,7# reported
important work on scaling laws for the retainment cross s
tion sq,q2p for p51 – 4.

When the projectile charge is high, a full quantum
mechanical treatment of the charge-transfer process may
come prohibitively difficult due to the large number of rea
tion channels involved. Instead, results are often discusse
the framework of various classical or semiclassical mod
In 1985, Bárány et al. @8# extended the classical over-th
barrier model, developed for one-electron systems
Ryufuku et al. @9#, to include also multiple-electron captur
Shortly thereafter Niehaus@10# published a more detaile
model built on the same basic ideas.

With the introduction of more advanced ion sources d
ing the 1980s, more selective and sophisticated experim
became possible. Absolute-cross-section data for slow

*Present address: Max Planck Institute of Plasma Physics, B
Branch, MohrenstraXe 40/41, D-10117 Berlin, Germany.
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atom collisions with very highly charged projectilesq>15
are, however, still rarely reported in the literature. The pu
lished experimental results from the time around the mid
of the past decade are from Iwaiet al. ~Krq1-He, 7<q
<25! @11#, Tawaraet al. ~Iq1-He, 10<q<41! @12#, Mann
~Arq1-He and H2, 4<q<15, and Iq1-He and H2, 5<q
<27! @13#, and Anderssonet al. ~Xeq1-He, 11<q<31!
@14#. These articles, except@14#, mainly focus on one-
electron removal from a two-electron target. Recently,
activity in this field has increased and several papers h
been published by different groups: Vancuraet al.
~Arq1-He, H2, and Ar, 8<q<16! @15,16#, Ali et al.
~Arq1-Ar, 5<q<17! @17#, and Nakamuraet al. ~Iq1-Ne,
Ar, Kr, and Xe,q510 and 15! @18#. The latter work focused
on multiple-electron capture from various heavier targets

The primary aim with the present series of measureme
was to provide cross-section data on single- and multip
charge-transfer processes for both He and heavier targ
We thus report close to 300 absolute cross sectionssq,q2p

r

for collision processes according to Eq.~1! with projectiles
A5Xe and targetsB5He, Ar, and Xe. This large set of dat
has then been used as a basis for discussions of models
scaling laws for electron-transfer cross sections in the pre
and in a separate article by Selberget al. @19#. The latter
article @19# is mainly devoted to a detailed presentation o
different scaling law for the absolute cross sections for
moval ofexactly relectrons from the target. This scaling la
is consistent with the recent scaling law for removingat least
r electrons by Kimuraet al. @20#.

The main experimental installation for coincidence me
surements of the collision products in Eq.~1! are described
in Sec. II A, while the procedure to calibrate the effecti
target lengths~different for different gases! is described in
Sec. II B. The outline of the data analysis is given in Sec.
In Sec. IV we present the partial cross sectionssq,q2p

r in
tables. For the discussion and comparisons with models
scaling laws the data are reduced to total-reaction cross
tions sq

tot , r -electron-removal cross sectionssq
r , and

p-electron-retainment cross sectionssq,q2p . Various as-
pects of the experimental results will be compared with

lin
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cently developed@19# and earlier scaling laws@6,7# and with
the extended classical over-the-barrier model@8#.

II. EXPERIMENTAL TECHNIQUES

A. The main „coincidence… experiment

The 136Xe projectiles were provided by the electron-bea
ion source CRYSIS at the Manne Siegbahn Laboratory
Stockholm. The ion source was operated in the stretc
pulse mode~;150-ms-long pulses! with a repetition rate of
0.5–20 Hz. An electron beam of 150 mA produced Xeq1

ions with charge states ranging between 151 and 431,
which were extracted at energies of 3.8q keV. Each ion
pulse contained 1029210210 C distributed over;5 – 10
charge states. In short, after selecting the desired ion ch
state with a bending magnet the beam was directed towar
gas cell containing the target gas He, Ar, or Xe. The cha
states of projectiles leaving the cell were analyzed by a he
spherical electrostatic analyzer and the projectiles were
detected by a position sensitive detector. The gas cell h
physical length of 7 mm and the diameters of the entra
and exit apertures were 0.5 and 1 mm, respectively.
recoil ions created in the extraction region~2 mm wide in the
direction of the beam! in the center of the gas cell wer
directed to a time-of-flight spectrometer by means of a po
tive pusher potential.

We have measured the detection efficienciese r for 11
and 21 recoils created within the extraction region. Bo
e r(11) ande r(21) were found to be (1963)% for He and
(2463)% for Ar and Xe. We thus assume that the efficien
is the same for all recoil charge states. The low detec
efficiencies are caused by five grids that the recoil ions h
to pass before they hit the detector. Each grid has a trans
sion of ;82% and the detector efficiency, indicated by t
measured efficiency, is;70%.

In order to eliminate disturbing electric fields along t
beam the projectile path through the chamber had to
shielded. This decreased the effective pumping speed in
region in front of the gas cell and thus increased the effec
target lengths~different for the three targets!, which were
determined experimentally as described in Sec. II B. In F
1 we show an image of the registered projectile spectra a
the axis of energy~charge-state! dispersion for Xe251-Xe
together with the time-of-flight spectra coincident with pr
jectiles retaining one (q21) and two (q22) electrons.

B. Calibration of effective target lengths

An additional experimental arrangement was used
calibration of the effective target lengths for He, Ar, and X
The reason for introducing a second setup was simply th
was mounted on the beam line when it was realized that
nominal target length~7 mm! could not be used in order t
deduce the absolute-cross-section scales for the mea
ments already performed with the original~main! experimen-
tal installation. The effective target lengths~different for dif-
ferent gases! in the original experimental setup was th
deduced by first calibrating the effective target lengths
the second~‘‘calibration’’ ! setup by means of Ar141-He and
Ar141-Ar cross sections from the literature. In the next st
we used these effective target lengths to measure the a
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lute charge-exchange yields~single-electron retainment b
the projectile! for Xe311-He and Xe311-Ar again with the
calibration setup. The effective target lengths for Ar and
in the main experimentwere then determined by relating th
absolute charge-exchange yields for Xe311-He and Xe311-Ar
to the same quantities already measured with the main se
The calibration setup was equipped with a gas cell~10 mm
geometrical length! without recoil-ion extraction devices
The outgoing projectile charge-state distributions were
corded by means of a 180° hemispherical analyzer an
position-sensitive detector@21,22#.

We measured the net one-electron-capture yieldsPq21 in
the calibration experiment for Ar141-He and Ar141-Ar colli-
sions as functions of the pressures. WhenPq21 is small, i.e.,
whenPq21!1, Pq215sq21r l is a fair approximation~r is
the target density andl is the effective target length!. The
normalization to the absolute cross sections reported by V
curaet al. @15,16# yielded the effective target lengths for th
calibration setup of 11.860.5 mm and 10.860.5 mm for He
and Ar, respectively. The larger value for He is mainly d

FIG. 1. Charge-state distribution of projectile ions in the ma
experiment as recorded on the position sensitive detector
Xe251-Xe collisions ~top!. To the right of the primary peak
(251) there is a hump and to the left there is a tail. The treatm
of these two features in the data analysis is discussed in the
The time-of-flight spectra for recoil ions coincident with on
(Xe241) and two-electron retainment by the projectile (Xe231) are
shown in the middle and the lower parts of the figure, respectiv
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56 4625ABSOLUTE CHARGE-EXCHANGE CROSS SECTIONS FOR . . .
to the fact that the gas flow from the cell is much higher
the lighter gas. The ratio between the flows of He~of mass
mHe! and Ar (mAr) is AmAr /mHe'3.3 with the same pressur
in the cell for the two gases. Taking also the difference
pumping speeds~Balzers TPU 510! for He ~570 l/s! and Ar
~500 l/s! into account we note that the 0.8 mm extra targ
length ~the geometrical length is 10 mm! for Ar ought to
amount to 2.3 mm extra for the He target@3.330.8
3(500/570)52.3#. The total effective target length (1
12.3512.3 mm) expected from this reasoning is consist
with the measured value 11.860.5 mm.

In the second step of the normalization procedure
measured the one-electron-retainment cross sectionssq,q21
for Xe311-He, Xe311-Ar, and Xe311-Xe on an absolute leve
~since the target lengths are now known! with the calibration
setup. By relating these to the charge-exchange yields
corded at various pressures with the main experimental s
for Xe311 projectiles we determined the effective targ
lengths in the main experiment to 18.660.8 mm for He and
10.660.5 mm for Ar. These values are considerably larg
than the geometrical length of the gas cell in the main
periment~7 mm!, which is due to them-metal shielding of
the ion beam close to the gas cell causing serious reduc
of the pumping speeds in this region. The shield used in
main experiment was different from the one used in the c
bration setup. Again, the reason for the much longer He
get becomes clear when considering the differences in
flows from the cell and the pumping speeds of the t
bopump. The 3.6 mm extra length for Ar indicates an ex
length of 10.4 mm for He@3.633.33(500/570)#, where the
factor 3.3 is due to the difference in flows for He and Ar
the same cell pressure. The result 17.4 mm (7110.4 mm) is
close to the experimental value 18.660.8 mm. This large
effective target length for He can be checked in a comple
independent way since our present single-electron-cap
cross section (sq,q21

1 ) for Xe311-He ~using the effective
length 18.6 mm! is in agreement with the one reported b
Anderssonet al. @14#, using the same cell without shield an
consequently a shorter effective target length. Thus
present absolute effective target lengths in the main exp
ment are now firmly established for the He and Ar targe
For Xe this procedure could not be used and for simplic
we assumed that the effective length was equal to that of

III. DATA ANALYSIS

With the knowledge of the effective length (l ) and den-
sity ~r! of the gas target in the main experiment, it is possi
to determine the absolute cross section for removal ofr elec-
trons from the target and retainment ofp electrons to the
projectilesq,q2p

r . This is done by comparing the number
events registered on the position sensitive detector in
peak corresponding to capture ofp electrons to the projectile
Nq,q2p and the total number of registered eventsNq . Multi-
plying this with the fraction of recoils with charg
r 1, f q,q2p

r , in coincidence with projectiles of charg
(q2p)1 we get

sq,q2p
r 5

Nq,q2p

( t50Nq,q2t

f q,q2p
r

r l
5

Nq,q2p
r

( t50Nq,q2t

1

r l
, ~2!
r

n

t

t

e

e-
up
t

r
-

ns
e
i-
r-
as
-
a

t

ly
re

e
ri-
.

y
r.

e

e

where( t50Nq,q2t5Nq is the total number of incoming ions
All these various peaks are well separated and ought to
fitted easily by Gaussian curves and hence the analysis o
to be trivial. However, as seen in Fig. 1, a tail is in betwe
the primary peak and theq21 peak and sometimes a sid
hump also appears close to the primary peak~in this case to
the right!. The inclusion or omission of these contributions
the primary peak intensity largely affects the result, som
times by a factor of 2. We have, however, resolved this pr
lem by using the information provided by double collisio
~i.e., two consecutive collisions with different target atom!.

Absolute cross sections can also be determined dire
from double-collision coincidences (Nq,q22

1 ) using the for-
mula

sq21,q22
1 5

Nq,q22
1

Nq,q21
1

f q,q21
1

r l
5

Nq,q22
1

Nq,q21

1

r l
, ~3!

whereNq,q21
1 andNq,q22

1 are the measured numbers of si
gly charged recoil ions in coincidence with projectiles reta
ing one and two electrons, respectively. The total numbe
projecile ions retaining one electronNq,q21 is related to
Nq,q21

1 throughNq,q21
1 5 f q,q21

1 Nq,q21 , where f q,q21
1 is the

fraction of singly charged ions in the recoil ion distributio
for projectiles retaining one electron. The last form of Eq.~3!
relies on the observation thatf q,q21

1 ; f q21,q22
1 ~cf. Fig. 3!

and resembles the last form of Eq.~2!, which we used for
extraction of cross sectionssq,q21

1 from single-collision
events. This can be understood by observing that given th
11 recoil ion is created in the extraction region, the oth
collision may be located anywhere in the target of thickn
r l . The method of extraction of cross sectionssq21,q22

1

from double-collision events in the present setup is descri
in detail elsewhere@23#.

From Fig. 1 it is clear that theq21 andq22 peaks are
cleaner than the primary peak (q). Gating this spectrum with
singly charged recoil ions reduces the weak tails and ba
ground around the two former peaks even further. We t
deduce single-electron-capture cross section for collisi
Xe(q21)1-B with quantities measured for the syste
Xeq1-B using Eq.~3!.

FIG. 2. Measured one-electron retainment yieldsPq21 for
Xe311-Ar collisions as a function of the target gas pressure in
calibration experiment.
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4626 56N. SELBERG, C. BIEDERMANN, AND H. CEDERQUIST
In quite a few cases~when measurements were made
neighboring projectile charge states! it was possible to com-
pare results from the double-collision method with those
tained directly using the single-collision data and formu
~2!. The agreement was excellent in most of the cases w
the intensities due to the tail and the hump were omit
from the primary peak intensity in Eq.~2!. This agreement
also supports an assumption that was made implicitly h
namely, that the excitation produced in the first collision w
relaxed before the second collision. This appears to be
sonable since typical lifetimes for the yrast states~which are
the most long lived! lie in the subnanosecond regime, whi
a typical time between two collisions in the cell is of th
order of 10 ns~considering the whole length of the cell!. It
cannot be completely ruled out that somewhat more lo
lived metastable states with low excitation, which may
created in the relaxation cascades, could slightly influe
the cross sections obtained with the double-collision meth
Again, however, such effects cannot be very important si
the double-collision results agree with those obtained us
single collisions.

IV. RESULTS AND DISCUSSION

The partial cross sectionssq,q2p
r for reactions~1! are pre-

sented in Tables I, II, and III for the targets He, Ar, and X
respectively. The errors in the cross sections consist of
errors in the linear coefficients of the fits to the press
dependences of the charge-exchange yields~cf. Fig. 3! and
statistical errors in the determinations of the correspond
recoil-ion distributions. Additional absolute errors
;10%, which are not included in Tables I–III, are due
the uncertainties in the absolute cross sections used for
malization~cf. Sec. II B!.

The double-collision method has been used for the ca
where only single-electron-capture cross sections are gi
As can be seen in these tables, cross sections for remov
up to nine electrons from the target are reported as wel

TABLE I. Partial cross sectionssq,q2p
r for the processes Xeq1

1He→He(q2p)11Her 11(r 2p)e2 in units of 10215 cm2. In the
cases where only single-electron-capture cross sections (sq,q21

1 )
are given, the results are obtained by means of the double-coll
method~cf. Sec. III B!. The collision energy was 3.8q keV.

q sq,q21
1 sq,q21

2 sq,q22
2

30 11.161.4
31 12.661.6 3.460.5 1.260.2
32 9.661.2 2.860.5 0.960.2
33 14.461.3 4.160.5 1.060.2
34 13.661.0
35 13.561.3 3.760.4 1.060.1
36 13.661.5 3.260.4 1.460.2
37 14.262.0 3.260.5 1.460.3
38 11.861.4 5.960.9 1.660.3
39 17.663.1
40 14.462.0 3.260.6 2.160.5
41 17.064.9
42 16.463.4 4.661.4 2.260.8
r
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cross sections for retaining up to three electrons (p53) on
the projectile. For most of the collisions studied, howev
we present data only forp51 andp52. The cases where w
do have results forp53 show thatsq,q21 and sq,q22 are
dominant in the total cross section. This is consistent w
the results of Vancuraet al. @16# and Raphaelianet al. @24#,
who have shown thatp51 andp52 account for more than
95% of the total cross section.

A. Total-reaction cross sections,Q values, and capture states

Since the cross section for pure ionization of the targe
the present velocity regime (v;0.2 a.u.) is small@25#, the
total-reaction cross section should be very close to the to
electron-removal cross section. This means that it is poss
to discuss the former cross sections in the framework of
extended classical over-the-barrier~ECB! model @8#. This
model was developed in order to describe single- a
multiple-electron removal in slow collisions between high
charged ions and neutral atoms. The active electrons exp
ence a superposition of two Coulomb potentials originat
from the projectile and target cores. As the projectile i
approaches the target the Coulomb barrier for the outerm
target electron decreases. At a certain internuclear dista
R1 the first electron is assumed to be removed from the
get to a quasicontinuum of states in the projectile. More el
trons are succesively removed by the projectile if the int
nuclear distance continues to decrease. The critical dista
where the top of the barrier becomes sufficiently low f
removal of ther th electron is given by~in a.u.!

Rr5
2ArAq2r 111r

I r
, ~4!

whereI r is the ionization potential of ther th target electron.
Using the absorbing sphere concept and assuming tha
electrons are transferred back to the target, one arrives
cross section for removal of ther th electronsq

r of

sq
r 5p~Rr

22Rr 11
2 !. ~5!

The total-electron-removal cross section is then the sum
all these, i.e.,

sq
tot5(

r
sq

r 5pR1
2 . ~6!

This should be regarded as an upper limit of the cross sec
since the density of available capture states in the projec
is not invoked and further a 100% reaction probability
assumed for impact parameters smaller thanR1 . In Ref. @19#
we compared calculated@from Eqs. ~4! and ~6!# and mea-
sured total-reaction cross sections. The agreement was fo
to be well within 620% in virtually all the 45 cases dis
cussed in Ref.@19#.

The totalQ values forr -electron removal are given by th
ECB model as

Qr
tot5(

r
Qr5(

r
~Er2I r !5(

r

q2~2r 21!

Rr
, ~7!

on
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TABLE II. Same as Table I, but with Ar as a target.

q sq,q21
1 sq,q21

2 sq,q21
3 sq,q21

4 sq,q21
5 sq,q21

6

24 11.361.3
25 10.960.9 5.360.5 3.560.4 1.260.1
26 13.461.8 7.061.0 3.760.5 1.060.2
27 13.761.6 6.660.9 4.160.4 1.160.2 0.460.09
28 13.961.3 6.660.7 5.460.6 2.060.3 1.060.2
29 5.960.4 3.360.3 2.360.2 0.860.1 0.560.06 0.360.05
30 15.261.4 6.160.7 3.760.5 1.760.3 1.060.2
31 15.361.1 5.960.5 3.760.3 1.760.2 0.960.1
32 12.361.9 4.560.8 2.560.4 1.360.2
34 21.665.5
35 18.962.1 5.761.0 4.860.8 1.360.4
36 22.064.3
37 18.662.3 5.460.9 3.160.6 1.260.2
39 14.064.4
40 16.762.6 5.461.2 1.660.5 0.760.3
41 22.663.1 7.661.7 4.961.2 2.460.7 1.260.4
42 24.064.5
43 18.662.8 5.761.0 2.160.4 0.860.2

q sq,q22
2 sq,q22

3 sq,q22
4 sq,q22

5 sq,q22
6 sq,q22

7

25 0.460.07 0.860.1 1.060.1 1.060.12
26 0.460.09 1.460.2 1.660.2
27 0.260.06 0.660.1 0.860.2 1.460.2 1.260.2 0.760.1
28 0.960.2 1.260.2 1.160.2 1.460.2
29 0.560.06 0.860.09 0.460.05
30 1.660.3 1.960.3 1.860.3 1.960.3
31 1.460.2 2.360.2 1.460.2 1.360.2
32 1.660.3 2.360.4 1.160.2 1.260.2 1.060.2
35 2.660.6 2.960.6 2.760.6 1.560.4
37 2.360.5 2.260.4 1.660.4 1.260.3
40 2.060.6 3.460.8 2.660.7
41 1.860.6 6.061.4 2.860.8
43 0.660.2 1.960.4 2.160.4
on
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whereEr is the total change in electronic binding energy
the projectile due to the transfer of ther th target electron.
TheQ1 andQ2

tot values have been measured directly by C
erquistet al. @22# for Xeq1-He collisions in the charge-stat
regime 25<q<44. According to the ideas of the EC
model, there should be a strong correlation between theQ1

value and the total reaction cross sectionsq
tot through expres-

sions ~6! and ~7!. For the He target there should also be
similar relation betweenQ25Q2

tot2Q1
tot andsq

2 , the absolute
cross section for removing two electrons from the target
Fig. 4 we plot the measured values ofQ1 andQ2 from Ref.
@22# as functions of C15(q21)/A exsq

tot and C25(q
23)/A exsq

2, respectively, where the two latter quantities a
obtained from the present absolute experimental cross
tions. The line in the figure is a fit to the experimental poin
and its slope is (2.160.2)31027 eV cm, which is close to
the one expected from the model (Ap31027 eV cm).

In Ref. @22# we used the direct measurements of me
Q1

tot values to deduce the principal quantum numbers po
lated in single-electron capture. The correlation betwe
measuredQ values and measured cross sections in Fig
-

n

c-
s

n
u-
n
4

shows that it should be possible to deduce the capturn
states directly from absolute-cross-section measurements~al-
though with larger uncertainties than from measuredQ val-
ues!. In Fig. 5 we show the semiempirical effective quantu
numbersn1* andn2* for all three targets deduced from cro
sections results and the ECB model. The correspond
quantities deduced directly from the ECB model are sho
as dashed lines in Fig. 5. Then1* values for He, obtained
from the measuredQ1 values@22#, are also shown in this
figure and they are slightly lower than then1* results derived
from the cross sections. The overall agreement between
present semiempirical results and those of Ref.@22# is, how-
ever, rather good and they are both close to the prediction
the ECB model.

The results in Fig. 5 are obtained by assuming capture
unscreened hydrogenlike states and taking the binding
ergy of ther th transferred electron to be

Er5
q2

2~nr* !2 . ~8!
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TABLE III. Same as Table I, but with Xe as a target.

q sq,q21
1 sq,q21

2 sq,q21
3 sq,q21

4 sq,q21
5 sq,q21

6

14 9.960.4
15 12.160.6 7.260.4 3.360.2 1.460.9
19 11.961.8
20 14.960.7 8.360.4 4.660.2 2.760.2 1.260.09 0.260.05
24 17.461.3
25 17.561.0 8.260.5 4.560.3 2.660.2 1.660.2 0.560.08
27 25.863.2
28 17.660.9 9.460.5 5.060.3 2.760.2 1.660.1 0.960.08
29 23.162.1
30 20.961.2 10.760.7 4.760.4 2.860.2 1.460.1 0.660.08
31 19.362.1 9.161.1 4.560.6 2.260.3
32 24.461.4 11.160.9 4.760.4 3.260.3 1.260.2
34 21.963.5
35 21.363.2 8.461.4 3.560.6 1.660.4 1.260.3 0.760.2
36 25.364.5 10.061.8 4.860.9 2.060.4 1.260.3
37 28.864.2 12.262.0 4.860.9 1.660.4

q sq,q22
2 sq,q22

3 sq,q22
4 sq,q22

5 sq,q22
6 sq,q22

7

15 0.260.03 0.460.04 0.860.06 1.360.08 1.060.07
20 0.860.1 1.860.2 1.860.2 1.860.2 1.560.2
25 1.360.2 1.760.2 2.060.2 2.060.2 1.460.2 1.060.1
28 0.860.08 1.360.1 1.560.1 1.260.09 1.260.09 0.760.07
30 2.060.2 2.860.2 2.760.2 2.060.2 1.660.2 0.960.09
31 3.160.4 3.660.4 2.560.3 2.460.3 2.060.3 1.660.2
32 4.660.4 5.060.5 4.860.4 3.660.4 3.060.3 2.060.2
35 5.360.9 6.361.1 4.460.8 3.560.6 1.660.4
36 5.161.0 4.560.8 3.960.7 2.460.5
37 6.261.1 6.261.1 5.160.9 2.860.6 1.960.4

q sq,q22
8 sg,g22

9 sq,q23
3 sq,q23

4 sq,q23
5 sq,q23

6

20 0.560.09 0.860.1 1.160.1
28 0.560.06 0.560.05 0.160.03 0.260.03 0.360.04 0.560.05
30 0.760.08 0.460.06 0.360.06 0.460.07 0.560.07 1.060.1
31 0.660.02
32 1.460.2 0.660.1 0.460.09 0.460.09 0.860.1 0.760.1
le
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This is well justified whenq is high. Note that Eq.~7! is
derived under the assumption that earlier transferred e
trons ~to the projectile! screen the projectile charge com
pletely as ‘‘seen’’ by the next electron to be transferred fro
the target. This is fully consistent with using Eq.~8!, which
assumes no screening by earlier transferred electrons w
the active electron becomes localized to the projectile~i.e.,
when the transfer of ther th electron is completed!. Here we
obtain the model prediction of the effective quantum sta
populated in one- and two-electron removal from

n1* 5
q

A2S q21

R1
1I 1D

~9!

and
c-

en

s

n2* 5
q

A2S q23

R2
1I 2D

. ~10!

Using Eq.~6!, we arrive at the two expressions for the e
perimental crossing radiiR1

ex andR2
ex ,

exsq
tot5p~R1

ex!2 ~11!

and ~starting the sum atr 52!

exsq
r>25p~R2

ex!2. ~12!

Inserting R1
ex and R2

ex into Eqs. ~9! and ~10!, respectively,
gives the semiempirical values forn1* and n2* ~cf. Fig. 5!.
The cross section for removingat least two electrons from
the target is denotedexsq

r>2 and for Ar and Xe these quan
tities differ from exsq

2 . One should bear in mind that th
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semiempiricaln1* andn2* results of Fig. 5 are deduced usin
the ECB model. An agreement with direct evaluations of t
model is thus not very strong support for the model. Ho
ever, the comparison shows that it is possible to use
measured absolute cross sections in order to deduce r
good estimates of the capture states. This is warranted by
fair agreement with theQ-value-based results of Ref.@22#.
Finally, the present semiempiricaln2* values should be take
as upper limits since the procedure we have used here
not take a possible rearrangement of the outer electron

FIG. 3. Partial charge-state fractionsf q,q21
r for r 1 recoil ions in

coincidence with projectiles in final charge state (q21)1 as func-
tions of the incoming projectile chargeq. Data are displayed for
targets of He~top! and Xe~bottom! and show that the fractions ar
varying slowly with q. That is, f q,q21

r ; f q21,q22
r for neighboring

charge states.
s
-
e

her
he

es
to

account. Such a rearrangement is likely to occur since
screening of the core for the first transferred electron w
change when the second electron is captured inside itn2*
<n1* ) @21#.

B. Ratios of electron-removal cross sections

In the previous subsection we found reasonable ag
ment between the present experimental results forsq

tot , n1* ,
andn2* and the corresponding ECB predictions for all thr
target gases He, Ar, and Xe. However, measurement
cross section ratiossq

2/sq
1 provide much more sensitive tes

of the model, which can easily be seen from Eqs.~9! and
~10! indicating thatsq

2/sq
1;(n2 /n1)4.

It has been observed before that the ECB model gi
good results for the ratio between the cross sections for t
and one-electron removal from Xe, while the correspond
values for the He target in general are a factor of 2
@14,28#. Early on there was an attempt to explain this diffe
ence as due to a special transfer excitation~TE! mechanism,
in which one electron was transferred to the projectile wh
the other target electron was excited@27#. This process was
assumed to be active for He, but not for the heavier targ
The reason for this was that recapture~from the projectile to

FIG. 4. Experimental Q1 and Q25Q2
tot2Q1

tot values for
Xeq1-He collisions from Ref.@21# plotted as functions ofC1 and
C2 , respectively~cf. the text!.
FIG. 5. Effective principal quantum states populated by the firstexn1* and the secondexn2* transferred electron as functions ofq for
targets of He, Ar, and Xe. The dashed lines represent the ECB model.
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FIG. 6. Ratios between the electron-removal cross sectionsq
r 11/sq

r in Xeq1-He, Xeq1-Ar, and Xeq1-Xe collisions as a function of the
incoming projectile chargeq. The dashed lines are the ECB predictions and the full lines are due to the recently developed scaling@see
Eq. ~13! and Ref.@19##.
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for
the target! only was considered to be efficient if two but n
three electrons could leave the target. An attempt to iso
this target-specific transfer excitation process experiment
for He was then made using the translational energy-g
method. The TE process was expected to have the s
charge-state signatures as single-electron capture, but w
smaller-Q value. In that work@22# no clear evidence of TE a
the cross-section level predicted by theoretical consid
ations@27# was found, but it could not be completely rule
out that the process could be active at a somewhat m
modest level~;5 – 10 % of single-electron capture!. This
would, however, be insufficient in order to explain the lo
experimentalsq

2/sq
1 ratio for He. Instead, it was suggeste

that the finite density of capture states for transfer of a s
ond electron from He could make the measured ratio dev
from the model predictions using quasicontinua of projec
capture states. This conclusion was tentatively derived fr
the measured mean-Q values for single-electron capture
Xeq1-He collisions@22#.

Using various reductions of the data presented in Tab
I–III, we recently derived@19# a semiempirical formula for
the absolute cross sections for removing exactlyr electrons
from the target:

sesq
r 5~2.7310213!qrY I 1

2I r
2(

j 51

N

~ j /I j
2!, ~13!
te
ly
in
me

a

r-

re

c-
te
e
m

s

where the result is in cm2 if the ionization potentialsI j are
given in eV. This formula was obtained by means of fits
the experimental data in@19#, but Eq. ~13! could also be
expressed approximately using theRr values~4! of the ECB
model

sesq
r '

pRr
2

( j 51
N j ~ I 1 /I j !

2 . ~14!

The sums overj in Eqs.~13! and~14! run over the number of
outer-shell electronsN. In this context we wish to stress tha
the results obtained from Eq.~14! may be very different from
the ones obtained from the ECB model~5!. For example,
relative recoil-ion charge-state distributions deduced fr
Eqs.~13! or ~14! are found to be in excellent agreement wi
the present experimental results for He, Ar, and Xe@19#. The
same quantities derived from Eq.~5! give reasonable result
for Ar and Xe but fail for He. Thus, in contrast to the EC
model, Eq.~13! is able to reproduce the experimental resu
for sq

2/sq
1 both for light and heavy targets. The scaling la

~13! is only partly consistent with the basic views of th
charge-transfer process used in the ECB model. The m
difference is that whereas the ECB model assumes
r -electron transfer takes place with a probability of one
impact parameters betweenRr andRr 11 , Eq. ~13! is consis-
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tent with a picture wherer or fewer thanr electrons are
removed from the target for the same impact parameter ra
@19#.

In Fig. 6 we show the cross section ratiossq
2/sq

1 ~for He,
Ar, and Xe!, sq

3/sq
2 ~only Ar and Xe!, andsq

4/sq
3 ~only Xe!.

The experimental ratiossq
3/sq

2 andsq
4/sq

3 in Fig. 6 are not,
except in a few cases, the complete ratios sincesq,q23

3 , i.e.,
true three-electron capture, andsq,q24

4 , i.e., true four-
electron capture, are missing insq

3 andsq
4, respectively. We

have measured the ‘‘true’’ ratiosq
3/sq

2 for Xeq1-Xe in four
casesq520, 28, 30, and 32. From this we conclude that
contribution from true three-electron capturesq,q23

3 to three-
electron removalsq

3 is small (;3 – 4%).Also, it seems rea-
sonable to assume that we can extend this argument fu
and that thesq,q24

4 part in sq
4 can be neglected. For He an

Xe all ratios are clearly much better described by the rece
developed scaling rule~full lines in Fig. 6! than by the ECB
model ~dashed lines!. For Ar, however, the two prediction
from @19# and@8# appear to be equally successful. An inspe
tion of the individualsq

r cross sections show, however, th
formulas~13! and~14! give somewhat better results than t
ECB model, as can be seen in Ref.@19#.

C. Electron-retainment cross sections

The electron-retainment cross sections are defined
sq,q2p5( rsq,q2p

r , where the sum runs over all produce
recoil-ion charge statesr 1 for a given value ofp. Here we
will in particular discuss the casesp51 and p52. When
Müller and co-workers@6,7# derived their famous scaling
law more than fifteen years ago only data for rather mode
projectile charge states~mostly belowq510! were available.
Nakamuraet al. @18# have recently measuredsq,q2p for
Iq1-B, q510,15 andp51 – 3, colliding with various multi-
electron targetsB and compared these with the scaling cro
sections sq,q2p

MS 5ApqapI 1
bp ~with, e.g., a151.17 and b1

522.76!. They @18# found fair agreement forp51, but for
p52 there was a significant deviation, which became e
more pronounced forp53. In Fig. 7 we have compared th
present high-q data with the predictions ofsq,q2p

MS @6,7# as
functions ofq. The agreement between the measured cr
sections andsq,q21

MS is rather good for He, while the sam
comparisons for the heavier targets are much less succes
Thesq,q21

MS values for Ar and Xe lie above the experimen
cross sections and the deviations increase withq as is seen in
Fig. 7. Note that this conclusion is different from the o
reached by Nakamuraet al. @18#, who used only projectiles
of charge statesq510 andq515 and found fair agreemen
for all targets andp51. The present observations are e
plained as follows.~i! Multiple-electron removal from He
amounts to only;30% of the total-reaction cross section.
large part of the two-electron-removal cross section will f
ther contribute tosq,q21 due to the dominance of transfe
ionization at the present velocities. True double-electron c
ture will at most amount to about 15% ofsq

tot in the present
charge-state regime due to the fact that the probability
radiative stabilization is lower than 50%@26,29#. Thus
sq,q21 for He will develop essentially as the total expe
mental reaction cross section and sincesq

tot scales linearly
ge
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with q as shown in@19# it is also rather well described b
sq,q21

MS , which scale asq1.17. ~ii ! Multiple-electron removal
amounts to 60–70 % ofsq

tot for Ar and Xe. In addition, sta-
bilization of two ~or more! electrons on the projectile be
comes more likely as the number of initially transferred ele
trons increases, as it can only do for targets heavier than
Both these effects tend to increasesq,q22 at the expense o
sq,q21 . This feature becomes more pronounced whenq in-
creases as the probability of radiative stabilization becom
larger in thisq region and it accounts for the observed sa
rations of the experimentalsq,q21 cross sections for Ar and
Xe. The same reasons also explain the deviations betw
experimental cross sections and the~close to! q0.71 scaling of
sq,q2p

MS for p52, which are evident from Fig. 7. So far, n
scaling law for electron-retainment cross sections that is g
erally valid both for heavy and light targets and for high a
low projectile charge has been established. However, in R
@19# we presented two separate scaling relations: one
appears to be valid for light targets~i.e., He! and one that
appears to be valid for heavy targets~i.e., Ar and Xe!.

FIG. 7. Cross sectionssq,q2p for retaining p ~p51 and 2!
electrons as functions ofq for all three targets. The results from
Anderssonet al. @14# are also included. In the He target case a
Iq1-He data from Iwaiet al. @11# is included. The full lines are due
to the scaling cross sectionssq,q2p

MS ~cf. the text and Refs.@6,7#!.
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V. CONCLUSION

The main results presented here are the close to 300
solute reaction cross sections for single- and multip
electron transfer processes in slow collisions between hig
charged Xe ions and targets of He, Ar, and Xe. The exp
mental technique has been described in some detail and
cial emphasis has been given to the procedure used in o
to determine the different effective target lengths for the d
ferent gases. We have also described the extraction of sin
electron-capture cross sections for the collision sys
Xe(q21)1-B from double-collision rates measured f
Xeq1-B collisions. This was necessary in order to resolv
problem in the data analysis, which was due to ‘‘tail a
hump intensities’’ close to the primary peak.

The present collection of data is easily the largest o
presented for slow collisions involving ions of high charg
In addition, unlike all previous sets of such data, it conta
charge-state coincidences for both light and heavy targ
The measured absoluter -electron-removal cross section
were used in order to deduce semiempirical effective qu
tum numbers for transfer of the first and the second elec
from the target to the projectile. These semiempirical res
and the experimental ones for the total reaction cross
-
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tions compare favorably with the extended classical ov
the-barrier model. However, comparisons between pre
tions from the same model and ratios of experimental cr
sections for (r 11)- and r -electron removal exposed som
rather serious discrepancies especially for the He target.
also made similar comparisons using a different semiem
ical expression forr -electron removal from the target an
found significantly better agreement with the experimen
data for He and Xe. In fact, the recently developed scal
law is able to account for all observed features of the pres
data~see also Ref.@19#!, except thesq

2/sq
1 and sq

3/sq
2 data

for Ar. This is, however, a rare exception, and although t
particular problem still is unexplained, the general succes
the scaling law indicates that the one-to-one corresponde
between the number of removed target electrons and the
pact parameter used in the ECB model has to be recon
ered. This and the motivation for the scaling law are d
cussed in more detail in the related article by Selberget al.
@19#.
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