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7b quantitatively study electron capture during collisions of multiply charged ions

wit.h neutral atoms at near-thermal energies, ke V-enerqy multicharged ion beams are

rTterged with ground-state beams of H or D at.ores of chosen, velocity such. that colli-
sions tn the relative energy range I-I000 eV/ainu result. Recent. data for 0 a4, 04+

4- H(D) are presented and compared with, theoretical pred;_ions. Recently complet2d
modificationsto the apparatus are described that will provide a significant improve-
ment in, signal-to-background and angular collection. These improvements will allow

measurements to be extended to lower energies, where effects due to the ion-induced

dipole attraction may be evident,
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1. Illtroductioll

Only very limited data are available for electron capture by multicharged ions

colliding witil neutral atoms in tile velocity range (v < 0,1 a.u.), In such low-velocity

_' of tile temcollisions, cross sections do not obey any simple scaling law. Mectrons

porary quasi-molecule forlned ;n tile collision have sufficient time to adjust to the

changing interatomic field as the nuclei approach and separate. Calculations in this

regime require involved theoretical approaches which often disagree at these low ener-

gies. At sufficiently low collision velocities, the attractive force due to the ion-induced

dipole or polarization interaction between reactants is strong enough to cause collision

trajectories to sample internuclear separations which are smMler than the impact pa-
l

rameter, and may thereby lead to an enhancement of the cross section fear ion-neutral

reactions. Published merged-beams experimental data from this laboratory for O s+

+ II(D) collisions[ii are suggestive of sueh an enhancement, although no such evi-

dence was found in subsequent measurements of N a+ , N 4+, and N54 ions.[2]. At these

low energies, there has been speculation[3,4] that the ion-induced dipole attraction

between the reactants _ay cause orbiting trajectories[5]. A rich. resonance structure

attributed to the quasi-boand states associated with the classical phenomenon of or-

biting trajectories has been predicted in cross section calculations[6] for N a+ + H at

collision energies below 0.1 eV.

In order to extend these studies of low energy ion-atom collisions, measurements

have been performed for Oa+ , 0 4+ + It(D) and are presented here. Previous mea-

surements[7 ] above 30 eV/ainu for O a+ were not able to access the 1-10 eV/ainu

energy range where factor of three differences in theoreticM calculations[8,9] exist.

There is particular astrophysicM interest[8] in the O a+ + H system, since spectral

line emission from states populated by charge transfer furnishes direct information

on the ionization structure of gaseous nebulae. Recent fully quantal calculations[10]
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for 0 4+ + II and Si 4+ + t! investigate tile large effect that the nature of tile ionic

core has oil these low-energy collisions,

2. Experimental Technique

Total electron-capture cross sections are measured at these low energies using the

merged-beams technique, q'ilis technique pernlits measurementsto be made over

a wide range of inter_.ction energies, provides a large angular collection of reaction

products, and produces independently absolute cr,oss-section measurements. In this

technique _ fast (30-80 keV) multicharged ion beam is merged electrostatica,.lly with a

6-9 keV neutral beam travelling at nearly the same speed, resulting in a relative veloc-
i

ity of the two beams wl6ch can be"tuned" over stlarge range. Figure 1 is a simplified

schema, tic of the ion-atom merged:beams apparatus. Multicharged ion beams (X q+)
,

of necessary intensity are produced by the Oak Ridge National Labora&ory Electron

Cyclotron Resonance (ORNL-EOR) multicharged ion source. A ground-state beam

of It or D atoms is produced by passing a 6-9 kev beam of H- or D- ions through

the optical cavity of a 1,._)6-/zm Nd'YAG laser. The merged-beams interact for a dis-

rance of 80.8 cre. The overlap of the two beams, which are a few mm in diameter

and have a mean divergence of less than 0.5 °, is measured along the merged path at

four positions by horizontal and vertical profile monitors. These profiles are used in

a calculation of the beam-beam overlap (form factor). The H(D) + products of the

collision (signal) a.re magnetically separated from the primary beams and detected by

a channel electron multiplier operating in pulse counting mode. The primary neutral
q

H(D) beam is measured by secondary electron emisson from a stainless steel plate.

Absolute calibration of this neutral detector is performed in situ. A fast two-beam

chopping scheme is used to separate signal from background. The background (typ-

ically 10 kHz)is due mainly to stripping of It(D) atoms on residual gas. To keep
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this ba,ckground to a minimuln, pressure In the merge-section is maintained as low as

possible, typically2 x 10-1° Torr or ,leas during measurenlents Sillce the numl)erof

ion-atom collisions is proportional to the relative velocity of the beams, t'he signal-

to-background ratio determined the lowest energies a,t which nleasure_nents could i.)e

made. The lower-energy limit is at)proximat'('ly 0.2 eV/ainu, and is _t result of the

finite beam divergence.

Au important advttntttge of the merged-beams technique is the potentially large

a.tlgul_tr collection of tlm reaction l)roducts. Tlle low energy electron c_q)ture collisions

under study are exoergic, and, since both products are positively charged, they can

undergo significant angular scattering in the center-of-mass frame[III. An average

angular collection in the laboratory frame along the 80.8 cm tnerge ptgh was deter-

mined by detailed trajectory calculations[li to be 1..8° . Angular scattering in the

center..of-mass frame becomes agnificantly compressed in the laboratory frame where

the It(D) + product ion is collected. This colnpression incre_ses as collision energies

decrease. In fact, for O 5+ 4- D measurements performed with a 9 keV D beam, D +

trajectories with up tq, 90 ° scattering in the center-of-mass frame are collected at

1 eV/ainu collision energies, However, at collision energies above 1 eV/amu, even

though the estimated angular collection was sufficient to collect products scattered

within angles predicted by a Rutherford half-collision model[ii], it was not sufficient

for the larger scattering predicted in recent dilferential cross section calculations[12],

Further details of the apparatus used for the measurements presented here are given

in Ref.[1].

3. Results & Discussion

The data for O a+ + It(D) and 0 4+ + H(D) are presented Mong with other ex-

perimental and theoretical results in Figs. 2-4. Error bars shown correspond tO au



i.'stinl_tted uncert!duty in the reproducibility of the nleasurernents estimated with a
,

90% c,onfidence limit, The absolute un.certainty in tire nleasuremcnts corresponds

to _tbout 12 % [1] and must be added in qt|adrature to the relatiw-, uncertainty.

l*'or both the O a+ + Ii(D). and 0 4+ + li(D)collisions, tile merged-beams data join

smootilly with other measurements at the higher energies based upon ion-lJeam-gas

ta.rget methods, a.nd verify the norma.liz_ttion methods used for the latter.

I;'or itle O a+ -{- Ii system (see F'ig. 2), the present measurements Ii(: signific_tnt, ly
'

. I,elow the c_.lcul_ttions (_f l_iensiock et._tl.[9] which predict th_Lt c_tpture, to the (2pap)

contlgur_tion dominates at 10w energies. The measurements are more consistent with

the calculations of Oargaud et al.J8] which predict that capture to theap ,';tare dom-

in_tes below 10 eV/ainu while capture, to the 3s state is in,porte, ht at the higher

energies, This predictic t agreees with translationed spectroscopy m.e_tsurements by

Wilson et _tl.[13] As se, n in Fig, 3, within the experimental uncertainties, the present

measurements are consistent throughout the whole energy range with the calculation

including only capture to the 3s state. This suggests that even Gargaud et al.'s cal-

cult_tion may overestim_t,e the 3p contribution by roughly a factor of two. lt should

be noted that a finite fraction (previously estimated{7J to be on the order of 16°/0 `

for beams from a Penning multicharged ion so_. ce) of the B-like O a+ ion beam is in

the (lsa2s2pa)4P metastable state, which may also contribute at least in part to this

discrepancy.

In Fig. 4, the merged-beam measurements for 0 4+ q- It(l)) a.re compared with

c_dculations of Oargaud ct. al.[10] which predict that for this system capture to the

3d st_te dominates, especially below 200 eV/ainu. In these calcul_ttions the eft'ect oi"

rot,_tional coupling involving the 3d, 3d,r, and ada orbitals is considerable and sensi-

tive to the relative energy separations of the different orbitals used in the calculation.

In Figure 4, the cross section calcul_ttion is presented with and without the ett'ect of



rotational coupling (de.lloted I!y a solid anct broken line, respectively), .illustrating tile

significant enhancenlent due to this effect throughout most of tile energy r_tnge, As

may be seen in the. Iqgure, for energies M_ow'. 200 eV/e_mu, previous me_surements (,f

Pha,_euf et were somewhat lower than the calculation (which includes the en-

hancelnent due to rot_tional coupling), but suggest agreement at energies below 200
, ,,

cV/a.mu, The present nlerge(l-be_mls xneasurements, though, _re significtmtly lower

tlla.n tile calculation over the whole energy railge, As can be seen ill the figure, this
,,

discrc, l_a._lcy with tllL'ory is oll the order of the pr,:.dicte d e_lha.,tcement due to rota-

tionttl coupling, Of course, this discrepancy could _l.so be caused by an overestimation
i

i of the ad contribution jn the cMculation,
i ,"

l)reviously noted disa.grcements between measure,ne,,ts[1] and ca.lcul_ttio,_s[l.4] for

the O s+ + H(1)) system have led to calculations[12] of the angular scattering in

an attempt to reconcile striking differences between cMculations and measurements

for this system in the collision energy between 2 and 10 eV/ainu, Tile differentiM

cross section cMculations[12] suggest that for capture to some staten (e,g,, to the 3p

g state) in this energy ra;age there may be significant angular scattering, somewhat

i beyond the estimated collection of the apparatus. In response to this, modificationsto the apparatus (shortening the merged..path to 50 cm and increasing the diameter

of collection lenses and beam pipes) have been made which have resulted in the

estimated angular collection to increase from an average of 1..8° to a minimum of

2,3 °. This corresponds to a significant increase in the angular collection in the center-

of-mass frame _nd, according to the recent angular scattering c_lculation[12], should

be suflqcient to resolve the differences between present theory and ext)eriment, As

a result of these modifications together with vacuum improvements in the merged_

I section, the signM-to-background ratio has been increased by at least a factor of three.

With this large increase in sensitivity and angular collection, it should be possible to



cxtclld znea,surenlenl, s to lower energies _tz_([I,o perl'c_rH_i_t::a,surettlertts for ions with

higller charge st_tes, lt is for sue:ii collisiolls that l_rcctic:ted effects due to the ion-

ir,duced dipole _.tttraction xn_Lybecome evident iu tll¢' rel_tive cc,llislon energy r_mge

fitcilitated by the present technique.

,1. Sllmtn..ry

(-k).lpa.riso, of mcrged-be_ms me_sureiIlezlts of ():_". 0 4_ -t- li(D) witl_ tl_ec,ry a_e

t)rovidizlg iIlsigllt into the low eztergy electrozl capture process. '['lte measurements

for (.)a+ + II(D) suggest th_tt for this system, electron c_tpture is dominated by cap-

ture to the 3s stttte, more so t,h_n predicted by the most recent cMcul_tions. 'I'he
1

Inc_tsltrements indica.te th_tt contributions {tuc to {:_t}t,_r,:.'t{}tit{' 3I} st_tte _na.y [lav{.,t}re-

viously been ov{:restin_ttte{l. The me_tsureme_ts for ()4-t -t- 1t(1)) suggest th_tt rec{;nt
i

{:a.lcul_ttions may overes_,im{_.te the enhancement {{_e t,} rot{ttion_d {:oupling. f_.ecent

mo{titic_ttions to the apparatus will provide _ significant increttse in angular collection

and sensitivity 8t the lowest energies, lt is hoped that with these improvements, new

measurements will be po_dble that will sited light on existing discrepancies between

experiment _nd theory for tlm 0 s+ + t1 system, and that the merged-beams technique

will extend _o lower energies where orbiting resone.nces are predicted to occur.
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[;'1(_. 1. Simplified scl_en_ttic of the ion-neutru,l merged-bcc.roIs al)p_tratus,

l_'l(_'. 2. (,_o.,np_trison of nlergcd-be_ms d_tt_t for O a) ._- II(D) with other m_;_tsurements

(l_.(.r,lrl) _,,d theoreticalc_lculatious(t_.(:f._,[O,8l),'Phi*,d_sh(,,l,:urw,is frolllRef,{9]

_tn(l tit(,, solid curve is from R.ef.[8].

l?l(i. :l. (_(.)ml)_.trisozlof nl,2rgecl-be_tins {l_tt_ for ()a_. -t li(l)),vitlt tll(.'.oretic_d calcula-

ti,.,,ts (l_.ef.'[8]) f()r c_I:,ture tc, the as e,nd al, st_ttes.

FIG. 4, Comparison of merged-beams data, for 0 4+ + II(D) with other measurements

_,,a theoretical ca.lcul,ttio,_s(t_.(,f,[10])with (solid curw)tu_(t without

(broken curve) the {.'.nh(mcenlent due to rot_tiontd coupling.
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