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Abstract

We have measured state-resolved angular distributions of one- and two-
electron capture ir 32 to 800 eV Ar®t — Ar collisions. The experimental
energy-gain spectra show that single-electron capture mainly populates the
5s, 5p and 4 f levels. We observe detailed structures in the corresponding
angular distributions, but a final interpretation has to await a quantitative

analysis of the collision dynamics. We tentatively ascribe the main features

in the angula: distribution of true double-electron capture at Q~26 eV (4s4 f

and 4s5s) and Q~42 eV (3d4dd) t‘Q processes invelving two consecutive one-
electron f.ransitions. For the transfer ionization process, we measuve a Q-
value dt’ ~26 ¢V, which we assign to autoionizing 4s5s (or 454 f) levels. The
4s5s,4s4f, and 3ddd levels all reside above-the first ionizutio‘n limit of Artt,

but we find that the 3ddd level stabilizes through radiative decay.
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1 ,Introduction

-~ The field of electron édpture by slow multi‘ply charged projectile ions has at-
tracted extensive attention in recent years (1]. This is driven by the need for
experimental and theoretical ir?ﬁrmation on charge-exchange mechanisms in
la.borémtory and astrophysical plasmas and the rapid development of sources
for high-charge-state jons With low kinetic energies
At low colhsnon velocities (when the relative velocity between the prOJec
tile and the target is much smaller »han the orbital velocmes of the active
“electrons) the process of state-selective electron capture can be described
within a quasimolecular picture. In many of these cases electron. transfer .
takes place near well~localized‘avoid‘ed crossinzs betvieen adiabatic potential
energy curves of the same spir\‘ and syinmetry. The transition prnbabilities
depend on the ehergy separations at the avdidéd crossings. Total and differ-
~ential cross sections can be calculated using a multichannel Landau-Zener
formalism. We have applied this method with considerable success to our
-recent results for very-slow’ Artt — Ar collisions [2,3]. Here we present ex-
perimenta.l resufts for Ar®t — Ar collisions in the energy range 32 to 800 eV
The ana.lysns of the results is, however, still prellmmary
Whea the collision energy is lowered, angular-dlfferential cross sections
provide more detailed information on the interaction potenti;ﬂs and the dy-
namics of the collision through resolvable rainbow and interference effects.
Additienal information on the internal states of the collision products can
be obtained by recording the projectile energy gain. With our setup it is
possible to ob‘tain simulﬁaneously data on projectile scattering angles and

energies. We show results for angular-differential cross sections for iransfer

[



ionization, single-, and double-electron capture for 32 to 800 eV Ar"f+ - Ar

collisions.

2 Experimental techniqué

'In‘the“f’ollowing we only, give a briefsummary‘of the experimental ap‘para.tus, ‘
~since a detailed description can be found in Ref. [2] A pump beam of
30 MeV CI5* ions from the Oak Ridge National LaBorato;y EN-12 tandem
Van de Graaff accelerator is post stripped and directed into a gas cell in
‘c‘>rd'er to produce recoil ions. Argon recoil ions are first extracted with a
sma.U:electric field and then accelerated to the potential of a Wien-filter for
‘ char‘ge—to‘-ma.ss separation. After retardation and collimation, the very-slow
"jon beam crosses an effusive gas-jet target at right angles. All regions of high

gas densities are enclosed in differentia.l"‘pump steps in order to minimize

charge transfer during the analysis and‘ transport of the very-slow icn beam
outside the target region.. The beam energy is determined by the ciarge
state and the pbtentia.i difference between the zone of recoil-ion creaton
and the collision region held at ground potential. In order to achieve good
resolution in the post-collisional energy-gain spectra, the energy spread of
the very-slow ion beam is kept at a minimum by the use of low extraction
field strengths and tight collimation of the pump beam. After the interaction
of the very-slow ion beam with the gas-jet iarget, the charge states, énergies
and scattering angles are alxa.lyzetl by a 64° cylindrical electrostatic analyzer
and a lxlultichahrlel plate with a two-dimensional position-sensitive anode.
Since tHe analyzer focusses only in one dimension, cnérgy-ga.in values are

obtained from the position recorded along the direction of energy dispersion,



~ while s;:attering angles are derived from the vertical positio‘n‘on the detector
ahd the trajectory length between the interaction region and the detector.
The relativé energy resolution is about 1.6 %. ' The angular divergence of
~the .very-s‘low beam was measured to be £0.5° and ‘the acéeptahce'aﬂgle is

limited to £9° by the diameter of the position-sensitive detector.

3 Results and diééussion

In fig. 1 we show angular distributions for single-electron capture in Ar%* on
Ar collisions at 32 (a), 59 (‘b),‘97‘(c) and 199 eV (d). In the corresponding
énergy-gaJXI spectra we observe thai single-eiectron ca.ptﬁre mainly populates
the 5s state of Ar®* with smaller contributions of the Sp and 4 f levels, which
are close in excitation eriergy. These observations are in accordance with the
findings in higher resolution energy-gain experiments of Nielsen et al. ‘[4]‘and
Giese et al. (5] at higher projectile energies. The former authors found that
~ the cross section for capture to the 5s level is about 3 times larger than the
éross section for 5p and 4 f at 100 eV (4]. The relative populations of the 55
and 5p levels increase when the velocity is lowered. ‘Thi‘s shift in intensity is
| expected since the reaction window, which indicates the favored final states,

shifts towards larger internuclear distance with decreasing energy.

Fig. 2 shows the potential energy curve diagram for he collision system
as a function of the internuclear distance R. In a first approximation the
potential energy for the incomi‘ng channel Arét 3s? + Ar 3p8 is taken to
be flat. The four relevant outgoing single-capture channels Ar®t 3s* nl
+ Ar* 3p® and two double-capture channels Ar*t 3s? nlinl' 4+ Artt gpd

are dominated by the Coulomb interaction, from which the inelasticity of



the reaction for the respective final state is subtracted. The crossings of
- the diabatic potential curves with the 5p, the 5s and the 4f channels lie
fairly well separated at the internuclear distances of 16, 11.5 and 9 a.u.,

respectively.

We have indicated estimates of scattering angles for the capture to the -

5p, 5s and 4 f states (from left to right) for each of the angular distributions
shown in ﬁg. . The estimates are arrived at by assuming impact parameters
equal to the crossing radii of the populated channels. These half-Coulomb
scétteﬁng angles 6. océur where 5—3 = 0.in the Elassica.l deflection functions.
It is clearly seen in fig. 1 that these estimates by no means represent lower
limits for projectile scattering angles 8. This is because the transition may
‘take place on the way out from the collision resulting in sma.l]er deflections.
At the two highest ener ies (fig.1(c) and (d)) the three 8. lie close to the
' second maxima, wh’ile t.ie inner maxima possibly could be due to rainbow
scattering at the repulsive inner wall 4d [4]. It is, however, clear that a more
detailed analysis involving multichannel Landau-Zener calculations or cou-
pled channel calculations are needed in order to understand even the more
prominent features of the angular distributions of single-electron capture,
In the energy-gain spectra for true double-electron capture in fig.. 3 (a),
two structures corresponding to inelasticities of Q == 26 eV and 42 eV are

observed. The energy-gain peaks are shifted to lower energy values due

to the large scattering angles associated with two-electron capture. The

Q-values of 26 and 42 eV indicate total binding energies for two electrons

cabturcd to Ar®t projectile of 69 and 85 eV respectively. The binding

energy of the Ar3* ground state is 91 eV with respect to ArSt, Hindihg

energies for relevant doubly-excited states are not readily found in tables,



but some information on the structure can be gained By using an extended
Rydberg formula giveri,by e.g. Read [6). Quantum defects of single-electron
ca.ptﬁre states can be found from energy levels of Ar3t (4,7). Energy l‘evel‘s
of Artt with the configuration [core](4s nl), with nl = 4f, 5s, 5p are thus
‘estimated to be in the immediate vicinity of the double-capture channe!
with Q = 26 eV,‘whereas conﬁgura.tioyns like [core](3d nl) seem to have
énergies near thg Q = 42 eV double-capture channel. The widths of the
two double-electron capture peaks are fairly large dué to several close-lying
capture levels and kinematic effects. | |

In fig. 4, the angular distribution of true double-electron capture ((a)
dashed line] is compared to the distribution of single-electrdxﬁ, capture [(a)
solid line] and transfer ioniza.ﬁon [(b) dashed line] at 450 eV. In the true
double-electron capture process two electrons are transferred between the
target-and a hon-autoionizing projectile state, whereas the trah‘sfer ioniza-
tion process ihvolves the emission of one electron from the projectile. The
angular distribution .of true doublé-capture shons a double-peak structure
at large scattering angles (3.2 and 4.2°). Estimates of 6. for direct (one-step)
transitions between the initial and final channels result in angles of 1.7 and
2.5° for Q = 26 and Q = 42 eV, respectively. Instead, the peak at 3° most
probably results from two sequential one-electron transitions: the first one
from the initial channel to either the 5s or the 4f state and the second one
from capture of a second electron to the 4s state. Doubly-excited 4s4f and
4s3s states could thus be formed with a Q-value of 26 eV and the correspond-
i‘ng rainbow scattering angles are observed in both the true double-electron
capture and transfer ionization spectra at ~3°. The Q = 42 ¢V channel

which only is seen in the true double-capture spectrum is most likely pop-



ulated through the diabatic 4d single-capture channel (4] and its coupling
to the 3d4d channel (cf. fig. 2).. The feature at absut 6° is probably due
to two-step pépulatioh of 3d4f and/or 3d5s levels. Comparing the angular
distribution of transfer ionization (b) in fig. 4 with the angular distribution
for true double-electron cabture (a) we can conclude that the structure at
smaller scattering angles of 3° is aésociated with a.Q-value of 26 eV and
the larger (4.2°) scattering angles with @ = 42 eV. Although both double-
capture channels are energetically allowed to decay via autoionization, only
transfer iohization states with Q-values close to 26 eV are observed. This is
surprising, since one would expect a larger branching ratio for auioioniia-
tion of Q=42 eVﬁexcited states, because this requires‘ the emission of an
electron with lower energy than does the proéess for the @ = 26 eV channel.
On the other hand, we have seen that states with high angular momentum
components probably are populatéd‘in the two-electron capture process at
Q = 42 eV. This might imply a low autoiorization rate, due to weak inter-
“actions between electrons with high angular momentum, The ratio between
the cross sections for true double-czipture and transfer ionization'is about 1.5
at 450 eV within our apgular acceptance. With higher collision energies the
angular distributions”o‘f single- and double-electron capture move to smaller

scattering angles and total capture cross sections have been reported in Ref.
(8).
4 Conclusion

We have shown results for state-selective angular distributions for one- and

‘two-clectron capture processes in very slow Ar®t — Ar collisions investigated



with an ex“perimental setup util.izing a recoil-ion source for production of
an intense, very—slox*«" ion beam o‘f‘high charge. We record‘ post-collisional

scattering anglés ;ind projectile energy-gain simultaneously. The structures

observed in the angular distributions for singllg-electron capture are similar

to the ones reported for other collision ‘syétems at very low energies such as
Ar't — Ar [2) and ArSt - He (31, which have been found to be dominated by

multiple rainbow scatt‘er-ing. The large scattering angles for double-electron- |
capture and transfer ionization are most likely due to a sequential electron-
transfer process. We have observed features at 3.2° and 4.2° in the angular
distribution. of true double-electron capture which we‘ tentatively ascribe to
the formation of radiatively stabilizihg doubly-excited Artt levels of 4s4 f
(Q ~ 26 eV) and 3d4d (Q ~ 42 eV), respectively. The strongest peak in
the angular distribution of transfer ionization might be 4s5s (Q ~ 26 eV),
for which preferential of autoionization could ‘o‘c due to strong interaction

between the two s electrons.
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,Figﬁre 1: Angular distributions for single-elcctron cap‘ture‘in Arft — Ar
collisions at 32 (a), 59 (b), 97 (c) and 199 eV (d). Indicated by arrows
are the estimated scattering angles derived from a lmif-Coulomb‘sca.t.tering‘i
model for capture to the 5p, 5s and 4f levels of Ar®* (from left to right).
At 32 eV only‘ the estimated angle for Sp/capture is shown, The hori.zonta]

bars mark the FWHM of the incident Ar* beam profile.

Figure 2: Schematic potential energy diagram for the Ar‘f+ — Ar collision
system. The potential energy curves for the incoming channel and the exit-
ing single- and double-electron capture channels are plotted as functions of

the internuclear distance /.

Figure 3: Energy-gain spectra for doﬁble-electron c‘apture (a) within pro-
jectile scattering angles of 5 £ 2°, and for single-electron capture (b) within
3£ 1.5° in 450 eV Ar®* — Ar collisions. The peak structure in (b) at higher
energy-gain values corresponds to a Q-value of 26 eV and is due to autoion-
ization in one of t‘he double-capture channels. The horizontal bar indicates

the energy resolution of the cylindrical analyzer.

Figure 4 Angular distributions for single-electron capture [(a) solid line],
true double-electron capture {(a) dashed line) and transfer jonisation {(b)
dashed line] in 450 eV Ar%* — Ar collisions. The intensity of the single-
capture peak is reduced by a factor of 10 for clarity. The horizontal bar

marks the FWHM of the incident Ar®*.beam profile,
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