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Absolute differential and total cross sections for single electron capture
in low-energy Kr1-Ar collisions

H. Martı́nez and P. G. Reyes
Instituto de Fı´sica, Universidad Nacional Auto´noma de Me´xico, Apartado Postal 48-3, 62251 Cuernavaca, Morelos, Mexico
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Absolute differential and total cross sections for single electron capture were determined from Kr1 ions on
Ar in the energy range 0.3–5.0 keV. Using reduced variables@t5Eu vs u sin(u)ds/dV5r], we deduced, from
the experimental differential cross sections, that the electron capture channel ‘‘opens’’ at a critical projectile-
target separation between 1.63a0 and 2.21a0 in the present energy range and that at least two different
processes are involved. The total cross section for single electron capture is compared with other available
measurements. These results give a general shape of the curve for single electron capture cross sections for the
Kr1-Ar system in a wide range of energy.@S1050-2947~99!00203-6#
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I. INTRODUCTION

Charge-changing atomic collision processes in keV en
gies are of considerable importance to environments ran
from tokamak plasmas to planetary atmospheres. In prev
papers@1,2# we reported cross-section measurements on
Kr1-He and Kr1-Xe systems. To complement these stud
and to provide more information on single electron capt
in Kr11 ~rare gas! reactions, we report absolute measu
ments of the differential and total cross sections of sin
electron capture for Kr1 collisions with Ar atoms. The en
ergy range of the present study is 0.3–5.0 keV and the la
ratory scattering angle is between22° and 2°. In particular,
the reasons for choosing the Kr1-Ar systems for study were
the following. ~i! A work on total cross sections at low en
ergy exhibiting several structures was published previou
@3# and we felt that the measurements of differential cr
sections serve as a more sensitive proof for the collis
dynamics regarding the potential-energy curves and inter
ence phenomena.~ii ! To the best of our knowledge, there a
no absolute cross sections reported in the keV-energy ra

II. EXPERIMENT

The experimental apparatus and technique needed to
erate the fast ion beam are essentially the same as tha
ported recently@4#. Briefly, the Kr1 ions formed in an arc
discharge source, accelerated to the desired energy, wer
cused and velocity analyzed by a Wien filter, and pas
through a series of collimators before entering the gas ta
cell, consisting of a cylinder 2.5 cm in length and diamet
with a 2-mm-wide, 6-mm-long exit aperture. All other ape
tures and slits had knife edges. The target cell was locate
the center of a rotatable, computer-controlled vacuum ch
ber that moved the whole detector assembly, which was
cated 47 cm away from the target cell. A precision stepp
motor ensured a high repeatability in the positioning of
chamber over a large series of measurements. The det
assembly consisted of a Harrower-type parallel-plate a
lyzer and two channel-electron multipliers~CEMs! attached
PRA 591050-2947/99/59~3!/2504~4!/$15.00
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to its exit ends. The neutral beam (Kr0) passed straigh
through the analyzer and impinged on a CEM so that
neutral counting rate could be measured. Separation
charged particles occurred inside the analyzer, which was
to detect the Kr1 ions with the lateral CEM. The CEMs wer
calibrated in situ with low-intensity Kr0 and Kr1 beams,
which were measured as a current in a Faraday cup b
sensitive electrometer. The uncertainty in the detector c
bration was estimated to be less than 3%. A retractable
aday cup was located 33 cm away from the target cell,
lowing the measurement of the incoming Kr1 ion-beam
current.

Under the thin target conditions used in this experime
the differential cross sections for the Kr0 formation were
evaluated from the measured quantities by the expressio

ds~u!

dV
5

I f~u!

I 0nl
, ~1!

whereI 0 is the number of Kr1 ions incident per second o
the target~typically ;2.23108 particles/s),n is the number
of Kr atoms per unit volume ~typically 1.2
31013atoms/cm3); l is the length of the scattering chamb
( l 52.5 cm), andI f(u) is the number of Kr0 particles per unit
solid angle per second detected at a laboratory angleu with
respect to the incident beam direction~typically ;6.6
31010particles/s). The total cross sections for the produc-
tion of the Kr0 particles was obtained by the integration
ds/dV over all angles, that is

s52pE
0

p ds

dV
sin~u!du. ~2!

Extreme care was taken when the absolute differential c
section was measured. The reported value of the angular
tribution was obtained by measuring it with and without g
2504 ©1999 The American Physical Society
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in the target cell with the same steady beam. Then point
point substraction of both angular distributions was carr
out to eliminate the counting rate due to neutralization of
Kr1 beam on the slits and those arising from backgrou
distributions. The Kr1 beam intensity was measured befo
and after each scan. Measurements not agreeing to within
were discarded. Angular distributions were measured
both sides of the forward direction to ensure they were sy
metric. The estimated rms error was 15%, while the to
cross sections were reproducible to within 10% from day
day.

Several runs were made at different gas target press
andds/dV was determined for each run. These were co
pared in order to estimate the reproducibility of the expe
mental results as well as to determine the limits of
‘‘single-collision regime’’ since the differential and tota
cross sections reported are absolute.

In the present work changes were not observed in
absolute values with respect to the ion source conditio
Also, no variation in the distributions was detected ove
target pressure range of 0.2–0.6 mTorr.

Several sources of systematic errors are present and
been discussed in a previous paper@4#. The absolute error o
the reported cross sections is believed to be less than615%.
This estimate represents both random and systematic er

III. RESULTS AND DISCUSSION

Measurements of differential cross sections have b
performed at laboratory angles of22°<u<2° and collision
energies of 0.3<Elab<5.0 keV. Differential cross section
for single electron capture of Kr1 in Ar are presented in Fig
1 for laboratory energies of 0.3, 0.5, 1.0, 3.0, and 5.0 k
All curves plotted in Fig. 1 show a monotonic decrease in
differential cross section with increasing angle. The elect
capture data show slight structures in the differential cr
sections, which tend to disappear as the incident energy
creases. This is presumably due either to curve crossin

FIG. 1. Measured absolute differential cross sections for sin
electron capture.
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the potential-energy surfaces for the initial and final states
to Demkov-type oscillations in the electron capture proba
ity as a function of the scattering angle. A method that h
been used extensively in the past to analyze collision cr
sections is that in which the angular distribution is expres
in reduced variables@t5Eu vs r5u sin(u)du/dV# as de-
scribed by Smith, Marchi, and Dedrick@5#. In this normal-
ized form, all electron capture data for a charged particle
a given velocity-independent interaction potential would f
on a general curve that is determined only by this interact
potential and eacht value then belongs to a certain value
the collisional impact parameterb. Thus data taken at differ
ent energies and plotted in~t,r! coordinates should fall on a
single curve. However, as this approach is based on an
proximation to a series expansion, in some points, ast in-
creases, the approximation will no longer be valid and dat
different energies will inevitably diverge. Figure 2 shows t
angular distributions of the data on Fig. 1 as a function of
reduced variables; the shape of the curves is identical fo
the energies. This is in agreement with the ‘‘scaling pr
ciple’’ and allows us to have a common curver~t!. Three
features of the reduced cross section curves are worth no
First, the curves at low energy show a tendency to fall int
single pattern in accordance with the expectations aris
from the scaling law@5#, with a maximum independent o
energy att'0.11 keV deg. Second, for the 1.0-keV data
small systematic horizontal shift is observed between
low-energy curves and the high-energy curves. At this
ergy a structure is observed att'0.3 keV deg. Third, for
energies above 3.0 keV, the high-energy data clearly
closer to another single curve with a slight horizontal shift
the energy increases. There is a characteristic structure
occurs at a constant value oft'1.4 keV deg for 3.0 keV and
t'1.5 keV deg for 5.0 keV. The features that occur at t
same value oft for different energies indicate that they orig
nate at a common region of the interaction potential sin
constantt implies nearly constant impact parameter and

le
FIG. 2. Experimental reduced differential cross sections

single electron capture of Kr1 ions in Ar: d, 5.0 keV;l, 3.0 keV;
m, 1.0 keV;j, 0.5 keV;., 0.3 keV.
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distance of closest approach@5#. In this particular case, the
impact parametersb were evaluated using an exponentia
Coulomb potential@5#. In the present case the experimen
results show three features, one of which is aroundt
'0.11 keV deg~corresponding to the parameterb'2.21a0)
at low energies, the second one att'0.3 keV deg (b
'1.98a0) at 1.0 keV, and the third one aroundt
'0.45 keV deg (b'1.63a0) at high energies. The impact pa
rameter estimated through the exponentially shielded C
lomb potential is probably not accurate, but it is sufficient
the present purpose. These results suggest that when the1

projectile penetrates into a critical projectile-target separa
~here corresponding tob between 1.63a0 and 2.21a0) the
electron capture channel ‘‘opens.’’ It is not possible at t
time to identify the specific channels.

The differential cross sections have been integrated
yield total cross sections. A comparison of a previous m
surement@3# on single-electron-capture cross sections a
ours is shown in Fig. 3. Although there is no overlap of t
two sets of data, the shape of the cross-section curve of
@3# and present measurements indicate that the data for
measurements are mutually consistent. These results g
general shape of the whole curve of single-electron-cap
cross sections for the Kr1-Ar system in a wide range o
energy.

Figure 3 shows several interesting structures in the c
section. Previous investigations also reveal structures at
energies in the Ne11Ar reaction@3#. It is also intriguing that
the structure at low energies in the cross sections of
Kr11Ar system is much more prominent than for th
Ne11Ar case. Notice that the threshold energy f
Kr11Ar→Ar11Kr ( uDEu51.76 eV) is large enough fo
Kr11Ar→Kr11Ar11e (uDEu515.759 eV) to proceed
perhaps this circumstance is somehow connected with
structure in the cross section. Although it is not possible
identify the specific processes from the present studies,
general shapes of the curves in Figs. 2 and 3 suggest th
least two different processes are involved.

FIG. 3. Total cross sections for single electron capture of K1

ions in Ar: d, present measurements;j, from Ref. @8#; ,
semiempirical calculation of Olson@9#.
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Until now, there has been no theoretical study~to our
knowledge! dealing with the above process to compare w
our experimental results in this energy range. Sin
potential-energy curves are not generally available for
inhomogeneous rare-gas diatomic ions, it is impractical
attempt a detailed theoretical exposition. In any event, i
not entirely clear how to calculate the transition probabilit
between two sets of interacting curves@6# even for simpler
systems@7,8#. It thus appears desirable that a detailed th
retical analysis be carried out to further check this behav
It is nevertheless possible to explain some of these obse
tions in terms of ‘‘curve crossing’’ without having accura
potential curves. Let us consider the behavior of some of
cross sections in the intermediate-energy range, as is
illustrated, using the semiempirical model of Olson@9#. The
total single-electron-capture cross sections are calcul
with the universal reduced cross section of Olson@9# using
Rc51.98a0 ~which was taken from the experimental reduc
differential cross section at 1.0 keV! and the coupling matrix
elementH1250.198 a.u.@which was calculated through th
expression H125R* exp(20.86R* ), where R* 5 1

2 (a
1g)Rc#. We used1

2 a2515.759 eV as the effective ioniza
tion potential of the target and12 g2513.999 eV as the Kr1

ground-state electron affinity;uDV8(Rc)u was fitted until the
experimental cross section at 1.0 keV was obtained, giv
thus a value of 3.8 a.u./a0 . The results of this calculation ar
shown in Fig. 3~solid line!. Although the Olson model cal
culation is not expected to be highly reliable, the calculat
of s10 is seen to agree in shape with the present meas
ments over the energy range 0.5–1.5 keV. At low energ
the experimental data of Maier@3# lie above the Olson mode
calculations, with deviations of;100%.

IV. SUMMARY

Differential and total cross sections for single electr
capture in Kr1-Ar collisions were measured at laborato
energies between 0.3 and 5.0 keV. Using reduced varia
and an exponentially shielded Coulomb potential, we
duced, from the experimental differential cross sections,
crossing radius where the electron capture takes place.
analysis indicates that it occurs at a critical projectile-tar
separation between 1.63a0 and 2.21a0 in the energy range o
the present study and that at least two different processe
involved. The participating states are not identified at t
time.

The total cross section shows the presence of structu
These structures represent the participation of the gro
electronic states and selected electronically excited state
the projectile and the target, which are in agreement with
results obtained from the differential cross sections.
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