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Abstract

We have measured state-resolved angular distributions of one- and two-

electron capture in 32 to 800 eV Ar 6+ - Ar collisions. The experimental

energy-gain spectra show that single-electron capture mainly populates the

5s, 5p and 4f 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 azlgula: distribution of true double-electron capture at Q,,_26 eV (4s4f
,.'

and 4s5s) and Q-,_42 eV (3d4d) tO processes involving two consecutive one-

electron trazlsitioas. For the transfer ionization process, we me,a.su,_e a Q:

value of "--26 eV, which we _sign to autoionizing ,ls5s (or 4s4f) levels. The

4s5_,4s4f, ,xnd 3d4d levels ali r(;side above,the tir:_t ioniz;ttion limit of Ar '_+,

but we find that the :ld,ld lew,l stal)iliz,,s tltrt)ugll r;t,tiative (t(,cav.
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1 Introduction

The field of electron capture by slow multiply charged projectile ions has at-

tracted extensive attention in recent years Ill. This is driven by the need for

experimental and theoretical irfr)rmation on chaxge-exchange mechanisms in

laboratory and astrophysical plasmas and the rapid development of sources

for high-charge-state ions with low kinetic energies.

At low cotiision velocities (when the relative velocity between t|,e projec-

tile and the target is much smaller _.han the orbital velocities 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 new well-localized avoided crossings between adiabatic potential

energy curves of the same spin and sylnmetr_. The transition p, _babilities

' depend on the energ3 separations at the .xvoided crossings. Total and differ-

ential cross sections can be calculated _'sing a multichannel Landau-Zener

formalism. We have applied this method with considerable success to our

recent results for very-slow Ar 4+ - Ar collisions [2,3]. Here we present ex-

perimental results for Ar 6+ - Ar collisions ia theenergy range 3'2 to 800 eV.

The analysis of the results is, however, still preliminary.

When the collision energy is lowered, as'.gular-differential cross sections

provide more detailed information on the interaction potentials and the dy-

namics of the coUision through resolvable rainbow and interference effects.

AdditionM information on the internal states of the collision products cat_

be obtained by recording the projectile energy gain. With our setup it is

possible to obtain simultaneously data on projectile scattering angles and

energies. We show results for angular-differential cross sections for 'i.ransfer
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ionization, single-, and double-electron capture for 32 to 800 eV Ar 6+ - Ar l

collisions. !

2 Experimental technique

In the following we only give a brief summary of the experimental apparatus,

since a detailed description can be found in I[ef. [2]. A pump beam of

30 MeV Cl 5+ ions from the Oak Ridge National Laboratory EN-12 tandem

Van de Graaff accelerator is post stripped and directed into a gas cell in

order to produce recoil ions. Argon recoil ions are first extracted with a

small electric field and then accelerated to the potential of a Wien-filter for

charge-to-mass separation. After retardation and collimation, the very-slow

ion beam crosses aaaeffusive ga.s-jet target at right angles. Ali regions of high

gas densities are enclosed in differential pump steps in order to minimize

charge transfer during the analysis and transport of the very-slow ion beam

outside the target region. The beam energy is determined by the ci_arge

state and the potenti,d difference between the zone of recoil-ion creation

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 beana 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 target, tile charge states, energies

and scattering anglesa.re analyzed by a 64° cylindrical electrostatic artalyzer

and a multichannel plate with a two-dimensional position-sensitive anode.

Since the analyzer focusses only in one dimension, energy-gain wdues are

obtained from the position recorded along th(r direction of energy dispersion,



while scattering angles are derived from the vertical position on tile detector

and the trajectory length between the interaction region and the detector.

The relative energy resolution is about 1.6 %. The angular divergence of

the very-slow beam was measured to be 4-0.5o and the acceptance angle is

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

3 Results and discussion

In fig. 1 we show angular distributions for single-electron capture in Ar 6+ on

Ar collisions at 32 (a), 59 (b), 97 (c) and 199 eV (d). In tile corresponding

energy-gain spectra we observe that single-electron capture mainly populates

the 5s state of Ar 5+ with smaller contributions of the 5p and 4f levels, which

are close in excitation energy. 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 tile 5s level is about 3 times larger than the

cross section lhr 5p and 4f at 100 eV [4]. The relative populations of tile 5s

and 5p levels increase when the velocity is lowered. This 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 tile

potential energy for tile incoming channel Ar 6+ 3s _ + Ar 3p_; is taken to

be [Int. The four relevant outgoing single-capture channels Ar 5+ 3s" t_l

+ Ar + 3p '5 and two double-capture channels Ar 4+ 3s2 7zll_'l' + ,,tr _+ 3p4

are dominated by tile Coulomb interaction, from which tilt inelasticity of



the reaction for the respective final state is subtrax:ted. The crossings of

the diabatic potential curves with the Sp, 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

Sp, 5s and 4f states (from left to right) for each of the angular distributions

shown in fig. 1. The estimates are arrived at by assuming impact parameters

equal to the crossing radii of the populated channels. These half-Coulomb

scattering angles 8c occur where _ = 0 in the classical deflection functions.

lt is clearly seen in fig. 1 that these estimates by no means represent lower

limits for projectile scattering angles 0. This is because the transition may

take place on the way out from the collision resulting in smaller deflections.

At the two highest enerf les (fig.l(c) and (d)) the three /9c lie close to the

second maxima, while tte inner maxima possibly could be due to rainbow

scattering at the repulsive inner wall 4d [4]. lt 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

captured to Ar G+ projectile of 69 and 85 el / respectively. The binding

energy of the Ar s+ ground state is 91 eV with respect to Ar 6+. llinding

energies for relevant doubly-excitod states are not readily foutld in tables,



but some information on the structure can be gained by using an extended

Rydberg formula given by e.g. Read [6]. Quantum defects of single-electro n

capture states can be found from energy levels of Ar 5+ [4,7}. Energy levels

of Ar 4+ with the configuration [core](4s ni), with ni = 4f, 5s, 5p are thus

estimated to be in the immediate vicinity of the double-capture channel

with Q = 26 eV, whereas configurations like [core](3d ni) seem to have

energies near the Q = 42 eV double-capture channel. The widths of the

two double-electron capture peaks are fairly large due 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-electron capture [(a)

solid line] and transfer ionization [(b) dashed line] at 450 eV. In the true

double-electron capture process two electrons are transferred between the

target and a non-autoionizing projectile state, whereas the transfer ioniza-

tion process involves the emission of one electron from the projectile; The

angular distribution of true double-capture shows a double.peak structure

at laxge scattering angles (3.2 and 4.2°). Estimates of Oc for direct (one-step)

transitions between the initial and final channels result in angles of 1.7 and

2.5 ° for Q = 26 a_d Q = 42 eV, respectively. Instead, the peak at 3° most

probably results from two sequential one-electron trzalsitions: tile 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

4s5s states could thus be formed with a Q- value of 26 eV and the correspond-

,ng rainbow sca.tterinz, angles are observed in both the true ¢touble-electrc_tl

capture a.nd transfer ionization spectra at ._3 °. The Q = ,12 eV channol

which only is seen in the true double-capture sl)ectrum is lhr)St likely i.)1>-



ulated through the diabatic 4d single-capture channel [4] and its coupling

to the 3d4d channel (cf. fig. 2). The feature at _bout 6° is probably due

to two-step population of 3d4f and/or 3dSs levels. Comparing the angular

distribution of transfer ionization (b) in fig. 4 with the angular distribution

for true double-electron capture (a) we can conclude that the structure at

smaller scattering angles of 3° is associated with a Q-value of 26 eV and

the larger (4.2 °) scattering angles with Q = 42 eV. Although both double-

capture channels are energetically allowed to decay via autoionization, only

transfer ionization states with Q-values close to 26 eV are observed. This is

surprising, since one would expect a larger branching ratio for autoioniza-

tion of Q = 42 eV excited states, because this requires tile emission of an

electron with lower energy than does the process for the Q = 26 eV channel.

On the other hand, we have seen that states with high angular momentum

components probably are populated in the two-electron capture process at

Q = 42 eV. This might imply a low autoionization rat e , due to weak inter-

actions between electrons with high angular momentum, The ratio between

the cross sections for true double-capture and transfer ionization is about 1.5

at 450 eV within our angular acceptance. With higher collision energies the

angular distributions of single- and double-electron capture move to smaller

scattering angles and total capture cross sections have been reported in Ref.

Is}.

4 Conclusion

We have shown results f()r stat(_-sclcctivc angular distributions for oIle- and

two-electron captur(, pt'¢_c_rssesill v(,ry sl()w Ar _;+-Ar collisions investigated



with an experimental setup utilizing a recoil-ion source for production of

an intense, very-slow ion beam of high charge. We record post-collisional

scattering angles and pr0jectileenergy.gain simultaneously. The structures

observed in the angular distributions for single-electron capture are similar
, ,

to the ones reported for other collision Systems at very low energies such as

Ar 4.- mr [2] and At6+ He [3], which have been found to be dominated by
,

multiple rainbow scattering. 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 stabilizing doubly-excited Ar 4+ levels of 4s4f

(Q ,-, 26 el / ) 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 bc due to strong interaction

between the two s electrons.
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Figure 1: Angular distributions for single-electron capture in Ar (_+ - Ar

collisions at 32 (a), 59 (b), 97 (c) and 199 eV (d). Indicated by arrows

are the estimated scattering angles derived from a half.Coulomb scattering

model for capture to the 5p, 5_ and 4f levels of Ar 5+ (from left to right).

At 32 eV only the estimated angle for 5p capture is shown. The horizontal

bars mark the FWHM of the incident Ar 6+ beam profile.

Figure 2: Schematic potentiaJ energy diagram for the Ar 6+ - Ar collision

system. The potential energy curves for the incoming channel and the exit-

ing single- and double-clectrotl capture channels are plotted ,'ts functions of

the internuclear dist_Lnc(, R.

Figure 3: Energy-gain spectra for double-electron capture (a) within pro-

jectile scattering angles of 5 :t: 2°, and for single-electron capture (b) within

3=i: 1.5° in 450 el/' Ar 6+ - Ar collisions, The peak structure in (b) at higher

energy-gafin values corresponds to a Q-va]ue of 26 eV and is due to autoion-

ization in one of the double-capture channels. The horizontal bar indicates

the energy resolution of the cylindric,'d analyzer.

Figure 4: Angular distributions forsingle-electron capture [(a) solid line],

true double-electron Cal,tur(' [(a)dashe(t line] and transfer ionis;ttioll [(b)

dashed line] in 450 eV A r_;+ - Ar collisiox_s. 'l'h(' intensity o'f the singl(_-

capture peak is reduced I)y a factor of 10 for clarity. Th(; ilorizontal bar

marks the I.'WItM ()f til(, ill('i(l(,llt /lr(;+.l_(,;tlll l)rofil(,.

I()
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