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Abstract

The absolute differential and total cross sections for single electron capture at energies between 1 and 5 keV are reporte
The reduced differential cross sections scale reasonably well, showing an overall increase of two orders of magnitude and thr
maxima at different collision energies. We deduce, from the experimental differential cross section, that the electron captur

channel “opens” at a critical projectile-target separation bet2eBBa, and 3.15a, and that at least two different processes
are involved in the present energy range. The single electron capture cross sectidniaiin various media is shown. It

has been found that the dependence of the single electron capture cross section with the nuclear charge of the target atom

oscillatory. (Int J Mass Spectrom 198 (2000) 77—82) © 2000 Elsevier Science B.V.
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1. Introduction targets, several studies [4—6] have been performed to
investigate the potentials of the quasimolecular sys-
Collision studies provide information on the inter- tem formed in these collisions, and to examine the
actions that occur between a given projectile and curve-crossing mechanism that plays such an impor-
target [1-3]. Experimental results can be used to test tant role in the inelastic processes. Most experiments
underlying theories and in many cases guide their concerned with the measurement of single electron
development. In this context there is substantial liter- capture cross sections for Kr[7] have been per-
ature on keV energy collisions containing, basically, formed at energies below 350 eV. There has also been
studies of ion—atom problems. Although keV energy a continuous interest in energy-transfer reactions be-
ion—atom collisions have been studied for a number of tween rare gas (RG) metastable atoms and RG ions
years, our understanding of them remains limited. because of their applicability to the pumping of rare
Except for a few cases, the interpretation of the gas ion lasers [8—10]. In previous articles [11-14] we
experimental results is based on a qualitative ap- have reported cross section measurements on the
proach [2,3]. For low-energy collisions of singly Kr*—He, Kr'—Ar, Kr*—Kr, and Kr"—Xe systems. To
charged krypton ions with atomic and molecular complement these studies and to provide more infor-
mation on single electron capture in K RG
reactions, we now report absolute total cross sections
* Corresponding author. E-mail: hm@fis.unam.mx of single electron capture for Krcollisions with Ne.
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The energy range of the present study is 1-5 keV. In where |, is the number of Kf ions incident per
addition, we present the results of the total electron second on the target;is the number of RG atoms per
capture cross section as a function of the target atomic unit volume (typically 1.2x 10" atoms/cm); | is the
number ;) at several incident energies. length of the scattering chambdr € 2.5 cm); and
1:(0) is the number of Kt atoms per unit solid angle
per second detected at a laboratory an@levith
respect to the incident beam direction. The total cross
sectiono for the production of the K& particles was
obtained by the integration afo/d(} over all angles;
this is

2. Experiment

The experiment was carried out at the low-energy
accelerator of Centro de Cienciasieas, UNAM. A

detailed description of the experimental approach has -
been given in a previous article [15]. Briefly, the Kr 5 = 2, f 29 i (6)d6 (2)
ions formed in an arc discharge source are accelerated dQ

0
from 1-5 keV, and selected by a Wien velocity filter.

The Kr* ions then pass through a series of collimators
before entering the gas target cell. The target cell is
located at the center of a rotatable computer con-
trolled vacuum chamber that moves the whole detec-
tor assembly, which is located 47 cm away from the

target cell. A precision stepping motor ensures a high pressures ando/d() was deter'mlned for ea(?h run.
repeatability in the positioning of the chamber over a These values were compared in order to estimate the

large series of measurements. The detector assembl)fepmducw,’i"ty of th.e gxperimental- results "’,‘S, well as
consisted of a Harrower-type parallel-plate analyzer t‘? determine the Im_uts of .the “single-collision re-
and two channel-electron multipliers (CEMs) attached gime” because the differential and total cross sections
to its exit ends. The neutral beam fXpasses straight reported are absolute. i

through the analyzer and impinges on a CEM so that Several sourcgs of systgmatlc er.rors arg present
the neutral counting rate can be measured. Separation""nd have been discussed in a previous art|clg [15,]'
of charged particles occurs inside the analyzer, which Th? absolute error of the reportgd cross sections s
is set to detect the Krions with the lateral CEM. The believed to be less tham15%; this represents both
CEMs were calibrated in situ with low-intensity Kr random and systematic errors.

and Kr" beams that were measured as a current in a
Faraday cup by a sensitive electrometer. The uncer-
tainty in the detector calibration was estimated to be
less than 3%. A retractable Faraday cup, located 33
cm away from the target cell, allows the measurement
of the current of the incoming Krion beam.

During the laboratory angular distribution experi-
ment, the collimator in front of the lateral CEM was
an orifice of 1 cm in diameter. Under the thin target
conditions used in this experiment, the differential
cross sections for the Riformation were evaluated
from the measured quantities by the expression

In the present work changes were not observed in the
absolute values with respect to the ions’ source
conditions. Also, no variation in the distributions was
detected over a target pressure of 0.2—0.6 mTorr.
Several runs were made at different gas target

3. Results and discussion

Measurements of differential cross sections (DCS)

were performed at laboratory angles-e2.5° =< § =
2.5° and collision energies of 1.& E,,, = 5.0 keV.
We show in Fig. 1 the measurements of the differen-
tial cross sections for Kr ions in Ne at different
collision energies (the vertical error bar is of the order
of the size of the symbols used in the figure). All
curves plotted in Fig. 1 show a monotonic decrease in
the differential cross section with increasing angle.
do(6) 146) 1 The electron capture data show small scale structures

dQ Il (1) in the differential cross sections. Angular and energy
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depends on the potential. The small-angle reduced

103 I 3
3 cross sections were computed using an exponential
\ shielded Coulomb potential given by [16]
10 =
= ZZ, r
] V(r)=—"—exp| — ¢ (3)
1
10 5.0 keV = . o
_ a1 E where ¢ was evaluated using the relation =
i - ap[Z5® + ZZ"*] 7 *'?, wherea, is the Bohr radiusz,,
o 10° 10" 4.0 keV = is the projectile atomic number, arf is the target
: -0 . atomic number; the impact paramebawvas evaluated
b'-|<=10-1 ] using the reduced functions, versus b/c) given in
ol 3 [16]. Because the impact paramelesind the distance
102 39 keV | of closest approach, are essentially the same in
102 et - small angle scattering, the features localized at a
3 specific reduced angle, represent interactions at
2.0 keV | some localized place, ~ b, on the potentiaV/(r). In
10° E the inelastic scattering, perturbations were observed at
104 1.0 keV . certain localized values of, which provide us with
10* ‘ ‘ | knowledge of the points of the crossing of the

0 1
O (degrees)

potential curves. Our experimental results show the
presence of three maxima apparently centered near
3.2 (at 2 keV), 4.8 (3 keV), and 9.8 (5 keV) keV deg,
which provide evidence of three impact parameters at
b ~ 3.15, 3.05, and 2.8& at an energyv =
0.034, 0.052, and).107 eV, respectively. These
results suggest that when the'Kprojectile penetrates

a critical projectile-target separation between 2.88 and

Fig. 1. Measured absolute differential cross sections for single
electron capture of Kr on Ne.

dependences of the DCB = (da/dQ)6 sin (6) of

one electron charge transfer in the laboratory system
are presented in Fig. 2 where the abscissa is the
reduced angle = E,..0. The curves representing the 3-158o, the electron capture channel “opens.”
reduced differential cross sections (RDCS) for the The measured differential cross sections for single
different energies have an overall increase of two €lectron capture of Kr impacting on Ne were inte
orders of magnitude. At all the energies studieg) grated over the observed angular range; they are listed
has a rather similar behavior within the experimental in Table 1. The behavior of these data will be
uncertainty; the general behavior for these curves cananalyzed later (Fig. 4). We present in Fig. 3 the total
be approximated by common curves [16] that are single electron cross section of Kions in Ne as a
shown as solid lines in Fig. 2. A systematic horizontal function of the incident energy. Error bars are given
shift can be observed between the low-energy curvesas an indication of the maximum reproducibility of
and the high-energy curves. The results at 2, 3, and 5the data in the present energy range. The curve
keV have a vestige of structure at 3.2, 4.8, and 9.8 displays a vestige of an oscillatory behavior with two
keV deg, respectively, whereas such a clear behavior maxima at 1.5 and 3.5 keV. Because we are reporting

cannot be observed in the RDCs at 1 and 4 keV.

In small-angle scattering processes, the most im-
portant observable is the reduced scattering angle
that is related to the impact parameteby a func-
tional form—the reduced deflection function—that

the maxima reproducibility of the data, we believe
that this behavior is real. Previous investigations also
reveal structures at low energies in Ne- Ar [7] and

Kr* + Ar reactions [7,13]. Although from the
present studies it is not possible to identify the specific
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Fig. 2. Reduced differential cross sections for single-electron captureofdfis in Ne. Down-pointing triangles, 1.0 keV; circles, 2.0 keV;
squares, 3.0 keV; triangles, 4.0 keV; diamonds, 5.0 keV.

processes, the shape of the data in Figs. 2 and 3 suggest&r  (4p>(°P?,,,)5s) + Ne™ (1s°2s’p®) AE =

that at least two different processes are involved. —17.480 eV; Ki (4s%p°®) + Ne (25%p°) — Kr
There exist several endothermic reactions requir- (4p°(°P9,,,)5p) + Ne* (1s%2s%p®) AE =

ing a minimum collision energy. The Katoms are ~ —18.868 eV; Ki (4s?p®) + Ne (25%p®%) — Kr

most probably formed in their lowest excited states, (4p>(°*P?,,,)4d) + Ne* (1s%2s%p®) AE =

characterized by the following transitions: Kr  —19.563 eV;AE being the energy defect. It is

(45%p®) + Ne (2s?p®) — Kr (4p®) + Ne' (2s%p®) important to mention that because of the ion source

AE = —7.563 eV; Kr" (4s’p®) + Ne (25%p°) — used, our beam must contain both*K2P,,,) and
Kr*(®P,,) ions, but we cannot distinguish between

Table 1 these states. The reaction probability decreases with
Electron capture cross section for Kon Ne higher endothermicity up to the first ionization limit;
Energy (keV) a(A?) hence, these reactions involve a one-electron process
10 0.007 in which the KF atom is in a state with an electronic
15 0010 configuration of 4°, 4p°5s, 4p°5p, or 4p°4d. The

2.0 0.009 type of target cell and the operation conditions (pres-
g'g 8'8;2 sure, temperature) leads us to the assumption that Ne
35 0023 is in its ground state.

4.0 0.022 The total electron capture cross section as a func-
g-g 8-8;2 tion of the target atomic numbe#y) for laboratory

energies between 1 and 5 keV is shown in Fig. 4. All
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Fig. 3. Total single electron capture cross sections for-Hite collisions.

the curves display the same oscillatory behavior, follows: (1) The reduced differential cross sections
having a cross section maximumzt= 36. Electron scale reasonably well, showing an overall increase of
capture rapidly decreases and shows a minimum attwo orders of magnitude and three maxima at differ-

Z, = 10, following a pronounced structure. An anal
ogous oscillation in the dependence of the cross
sections on the nuclear charggeof the target atoms
was previously observed by Dimitriev et al. [17] and
by Bell and Betz [18]. They calculated the cross
section for electron capture to tie shell of Cl ions
with an energy of 120 MeV using the Brinkman—
Kramers formula and found a nonmonotonic depen-
dence or¥,. The present experimental results confirm
the prediction of the Oppenheimer—Brinkman—Kram-
ers calculation that states that the oscillations in the

ent collision energies. (2) From the experimental
differential cross section we deduced that the electron
capture channel “opens” at a critical projectile-target
separation betweeR.88 a, and 3.15a,, where at
least two different processes are involved in the
present energy range. (3) The total cross section
displays an oscillatory behavior and presents two
maxima at 1.5 and 3.5 keV. The shape of the data
suggests that at least two different processes are
involved. (4) We show the single electron capture
cross section of K ions in various media and the

capture cross sections must also be observed atoscillatory dependence of the single electron capture

velocities down tov ~ vq (Vo = 2.18 X 108 cm/s).

4. Conclusions

We have presented values of absolute differential

and total cross sections for single electron capture of

Kr* in Ne at impact energies between 1 and 5 keV.

cross section on the nuclear charge of the target
atoms.
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Fig. 4. Total cross sections for single electron capture of Kins in rare gases as a function of the target atomic number. Down-pointing

triangles, 1.0 keV; plus signs, 1.5 keV; boxed multiplication sign, 2.0 keV; squares, 2.5 keV; multiplication sign, 3.0 keV; diamonds, 3.5 keV;

triangles, 4.0 keV; hourglasses, 4.5 keV; circles, 5.0 keV.
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