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Significant new evideace is presented for i:laslonln‘—trlnsfar-und_ucitatibn
{RTE) in ion-atom collisioas. This process occurs when a target xelact:on. ;;-
captured simultansously with the excitatioa of the projectile followed by de-
excitation via photon emission, RTE, which is anslogous to dielsctronic
recombination (DR), proceeds via the iaverse of an Apger traansition, and is
expected to be resonant for projectile velocities corresponding to the ezergy
of the ejected electron in the Auger process. RTE was investigated by measuring
cross sections for projectile K x-ray ani-s-_li‘on coincident with tingle electron
capture for 15-200 NeV ;5S13%, 100-360 MeV ,Cal6%17+:18% 404 180460 Hev

37‘19""20""21" ions colliding with helims. Strong resonant behawvior, inm

agreoment with theoretical calculations of RTE, was observed in the coincidence
Ak :ﬁ‘ £
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Intro ion

In an ion-atom collision, resonant-transfer—and-exc itationl*2(RTE) takes
place when capture of a Louypd target electron is accompsnied by simultaneouns
excitation of the projectile, followed by de—excitation of the resalting
intermediate oxcited state via photon emission, RTE is qualitatively analogous
to dielectronic recombination (DR), except that, in the case of DR, tke
captured elsctron is initislly ffee. Simultsneons capture-and-excitation
involving a free electron is the inverse of an Auger transition and heance is
resonant for incident electron snergies (in the rest frame of the ion) egual to
the outgoing electron energy in the Auger process. In the case of RTE,
simultaneous captnre-and-oxcitation is also expected to be resomant for
incident fop energiss {in the rest frame of the target) which correspond Lo the
ejected Auger slectrom snergiss. ‘For both RTE and DR many intermediate
resonance states are possible, each one corresponding to an allowed Auger
transition. A formal thecretical treatmeat of simultaneous charge transfer and
excitation in ion-atom collisicans has receantly been developed by Feaugin, Briggs

and Reewes.3 . -

—a

Experimentally, observation of a resonant behavior im the cross section.
for x rays (resulting from the decay of the intermediate excited stats)
coincident with electron capture identifies the RTE mechanism amd distingnishes
it from competing processes such as noaresonant-transfer-szd-excitation ey
in which nggorrelated electron capture and K~shell excitation-occur im a single
collision. Since the wvelocity component of the target electrons {dme to their
orbital motion) along the beam azxis contributes to the relative velocity, the
widths of the resonsnce states in the RTE process reflect the distribution of

targoet electror momenta, i.e., their Compion profile. This distribution is

sufficiently large to produce an overlapping of the separate intermediate



sesonance states such that individual states are not resolwed. Ianstead, a

broad resonant-like structure composed of the sum of the contributions from

many states is oxpncted.s

Correlated two-slectron processes such as RTE snd DR are of fondamental
interest. In sddition, RTE, through its comzection to DR, may have important

spplications in astrophysical investigations as well as provide ianformatica
()

concyrning radiative energy losses in muclear fusise plesmas™, particalerxly for

highly ionized ioas. Cross sections for both RTE? and DR’ have been mecsured
only recently.

The first experimental evidence for the existence of RTE was obtaimed in
s13% 4+ Ar collisions.? As expocted for RTE, resomsat behavior was observed in
the cross section fcr T x-ifay emission coincident with single elestron capture.
The position of the mezimum and the width of the peak are in good agreement
with theorstical calculutionss of the RTE proucess. Howewver, the theoretical
interpretation of the results is complicated by the complexity of the argon
targot with its 3 electronic shells including the tightiy Yound 1s electrons.
In addition, a relatively 1large monresonant contribatiom, possibly doe to the
NIE process, was present in the coincidence cross section for these §13+ 4 Ar

P

measurements.

Investigation of RTE in collisions of ions with heliom targets promiies
a simpler interpretation since there sre only 2 target electrons, both weakly
bound compared to ths relative kinetic energy betweean the projectile and the

target. Furthermore, the 2 electron system of heliam is expected to give a

narrower ‘‘resonant’’ width dus to the smaller slectron momentam distribution

for the target electrons compared to ‘lrgoaz.

In the following we presesmt significant new evidence®? for the resonent-
transfer-and-excitation process for sulfmr (Z=16), calcium (Z=20) and wvsasdiom

{Z=23) ions incident on helium. Strong resonant behavior, in good sgreement




with theorstical RIE ctlcuhtionss‘lo was observed for all three ions in the

energy dependence of the cross section for projectile K x rays coincident with

singls slsctron capture.
Experiments]l Procedyre

This work was performed at the University of Californis, Lawrence Berkeley
Laboratory using the SuperHILAC and at the Brookhaven Nationsi Laboratory using
the NP Tanden Van de Graaff. In each casc the apparatos has been descridbed
nl.sowhcr.z"u.

Briefly, the sxperimental technique for measnring x rays associated with
electror. capture is as follows. Jons in a given charge state pass through a

= P

differentially pumped gas ceii. After smexrgiag from tie =:l1,

rhe heow
AT W

magnetically or slectrostatically analyzed into its chergs state coaponsats.
Ions which usdergo capture in ths target gas sre dotected in 2 solid state
particle detector while the z rays are detected with a Si(Li) detector mounted
at 90° to the beam. Coincidences blot'nn‘ioaa and x rays are measared with a
time—-to—amplitude converter {TAC). Ths non-charge—changed~componant of the
emerging beam iz collected in a Faraday cup. A capacitance marometer iz nsed
to measure the absolute p-:nsure in the target gas cell. Data were obtained--
for 3-5 pressures in the range 0~80 microns for each beam sanergy and charge
stats studied. The total x-ray yields and the coincidence yields were focund to
be linear with gas pressure in the range studied indicating that single
collisions coanditions prevailad.

i Resujts

RTE bhas been investigated for 15-200 MNeV $13* 4+ He collisinas?
(Brookhaven) and for 100-360 MeV 5 Cal6*:17%18% 4y 180-460 Mev ,,v19%-20%21%
+ He collisions3 {Berkeley). Figures 1, 2a, and 3a show the cross sectioms for

total projectile Kk x-ray smission, Sgap’ and the cross sections for projectils



K x rays coincideat with single electron capture, ui;é. Relsative uncertainties
ars generally less thanm +5% for 9%ap and less tham *10% for uﬂ;%; Systematic
nncertainties due to x-ray detection efficiency and solid angle lead to an
overall uncertainty in the absolute cross sections of abont +20%. Figs. 2b and
3b show the measnred ui;é for 200117+ and‘23V2°+ ions (lithinmlike in each
case) along with the ollculat'dlo RTE cross sections based on the method of
B:andt.s The wertical lines show the energy positions and relative
contributions of the intermediats resonancse states based on the dielectronic
recombination cross section calcnlations of Hatnl? azd coworkers.

From Figs. 1-3 it is seen th't'“laﬁ wvaries monotonically with energy ia
all cases. On the other hand, strong resonant behavior is observed in the
snergy dependence of‘cigi for sach ion and charge sta*e investigated and for
zof;q+ and 23Vq+ two maxims are evident in\uﬂgﬁ. {For vanadium the measarements
sxtend to 460 MeV which iz the highest beam energy obtainable for 51y 2t the
8+ 23-v21+

SuperHILAC). Contributions to the messared °i;% for 200113 and

{helinmlike) from 1523 metastadls states are expscted to be 93111.13

In Fig. 1 for s13* + g, of;% shows a mazimum near 130 MeV which is
attributed to RIE and, in addition, there is s low energy maximum near 30 MeV
which =msy bde due to the two-step NTE p:oc;ﬁs. Qualitatively, NTE is
proportional to the product of the (increasing)} E-shell excitation cross
section and the [decreasing) single electron capture cross sectiom.

The data in the ’‘resonance’’ regiom in Figs. 1-3 jindicate that the
nonresonant contribuiion to ”ﬁ;% is small ia coatrast to the previouns :esn1t32
for S13+ + Ar. As suggestsd above, this noaresonant part may be dume to
gacorrelsted capture and excitation (i.s. NIE) in a single coliisiom with onme
iar;ot atom. The smaller noaresonant yield for helium targets may be dune to
the lower slectron capture and K-shell excitation probabilities for helinm

compared to heavier targets. Rocent calculations by Feagin and Re|10314



predict that for the collision systems studied here the nonresonaat part of oﬁ;%
should be a factor of about 10 lower than the resomant part in the
‘‘resonance’’ region.

The mazims in cﬂ% ars attributed to RTE, which occurs as a result of the
formation of intermediate resonance states (for lithinmlike ioms) such as
15225 )1:2:229. 112:2;:2. 1323239. 13232p3p., etc. followed by K x—ray emission.
The smooth curves in Figs. 1,2b, and 3b are the calcalated3:10 RTE cross

sections oprp for 813+, cal7?* ang v20* using the metihod of Ref. 5 based oa

dielactronic recombination cross s‘ecti-onslz. The shape, magnitude, and energy
position of the calculated RTE cross sections are observed to give reasomable
overall agreement with the measured vcE;% in each case. For s13+ 4 He {Fig. 1),
the measurements of oﬂ;% are in ressonable agreement with the RTE and NTE

predictions (not shown) of Feagin and Reoves.14

For Cal?* and V2°+. based on the theoretical dielectronic recombination
ener;iesn (see Figs. 2b and 3b), the lower energy msaximom correspoands to
intermediate resonanc® states for which the excited and the captured electrons
occupy levels with pri;_;pal qusntam nnmbers n = 2,2, i.e., 132s22p and~
lszszpz. The higher ensrgy maximum corresponds to intermediate states 152:2‘31’,
1s2s2p3p, 1s2s2pép, etc., for which n = 2,323, This means that those
intermediate states populated in the collision which give rise to the low
energy peak decay by Xa transitioms only, while the higher energy peak contains
contributions due to both £a and XB. For 1'2'°+ ions the measurad ratio of Ko
coincidences with single electron capture to all X x-ray (i.e. Ka + KB)
coincidences with sing-le capturs is essentially umity in the region of 360 MeV.

Thus, nearly all of the coincidences near 360 MeV are associated with Ka ,



indiceting that thes transitions which coatribute to cE;% in this emergy region
sro due to n = 2,2 states. In the region of 435 MeV about 35% of the
coincidences sro with Ka . A similar resalt is found for Cal?* ions.

For 16813+ + He collisions {Fig.1l) only a single maximum is observed in
uﬂzé in ths RTE region. In this cass the energy ssparation (~20 MeV) of the n =
2,2 and the a =2, ) 3 intermedicte resonsance states is less than the eaergy
sproad in ORTE dus to the bound target electron mcmenta.

In Fig. 4 we show tho calonlltodm RTR cross section for lithinmlike ions
from silicon to irom incideat on heliom. This figure shows that the separation
of the n = 2,2 states and n = 2,2 3 states is sufficiemt to expect partial
resolution of these groups omly for incideat ions with Z » 18, Similszr
calculations for a meon targst (not sho.n) indicate that ac resolution of the =
= 2,2 and n =233 groups is expected for ions up to iromn.

The partial resolution of ths intermediste states into the groops n = 2,2
and n = 2,> 3 is significant siace it sllows both the absolute magnitudes and
thes relative heights of these groups to be compared with theory. The lower
energy pukJ, corresponding to transitions with principsl quantum zumbers n =
2,2 for the two electroms_jinvolved, (see Figs. 2b and 3b) arises from only two
intermediate resonance states and so the RIE c;n-t:i‘bntion due to the som of
these two transitions, namely, 1:223—)13232‘21: and 13223—)1:2321:2. can be
compared directly with theory. In addition, the measured ratio between the n =
2,2 transitions and the n = 2,33 transitions for a given charge state can dbe
comparsd with thaorylz. These comparisons are made in Table I for ve* jons
whar; fha agreemeont is seen to be guite good. It shoun!d be noted that the
theoretical ratio of the high-to-low energy peak heights for q = 20+ in Table I
is abount 15% larger than that obtained from tho"m calonlations showa in Fig .

3b. This deviation is apparently doe to the different methods of acconnting

for the target.electron momentum distribution in Refs. 10 and 12.



In Fig. 5 the sxperimental peak heights for ui;‘% are compered with the
thcorcticals’1° pesk heights for oprp for the thres ions iavestigated. For
calciom and vanadium the heights of ui;% corresponding to the n = 2,2 states
wsre used in this comparisonm. It is seen that the theoretical RTE cross
sections opqn for helium targets are sbout 15-25% larger than the measured uﬁ;é
while the theoretical cross section for S13* 4 Ar is about half of the measured
value,

The reasonable agreement, for hslium targets, of the positioans of the
msxima and the relative heights of the peaks in "};é with the celculations
(Figs. 2b,3b and Table I) suggests that the relative probabilities for the
population of groups of intermediate stetes with specific n values in the RTE
process are nenrly the same as ihose calculatsd for dielectronic recombination.
Thas it would appear likely that RTZ measurements will be usefunl in testing DR
calcolations, particularly for highly ionized ions. .

Discreprncies with :heory exist, however. For exampis, the experimental
minimum ia ai‘;é in both Figs. 2b and 3b is lower than that calculated, the
relative experimental peak heights ars not reprodunced exactly by the
calculations, and for SIT; and Cal7* there 1s - an obvious deviation between..
oprg and cg;% at the higher projectile energies. These differences may be due
to one or more of the following reasons: (1) the elsctron momentum distribution
unsed in the RTE calcunlation may overestimate the width of the actual
distritation, (2) the relative amplitudes for formation of the wvarious
intermediate resonance states =may be slightly differeat for dielectronic
recombination and RTE, (3) the assumed z2 scalinglz ssed to obtain the
intermediate resonance state transitionm energies may ot be exectly correct,
and (4) the DR cross sections for n = 3,33 inve not been calculated and hence

contributions dme to thess states are not included in the RIE calcmlations.

-



Coaclusion

In summary, important new evidence for the existence of :esvoﬁnt—tznnsfez-
apd-excitation has been presented. The nse of a helium target, with only 2
weakly bound elsctrons, simplifies tho theoretical ianterpretstion of the
expsrimental results compared to previous measurements with many-slectron
targets, The observation of two maxzima in the cross ssction for K x-ray
production associated with electron capture for imcident calciam and vanadium
ions provides a more detailed and critical test of the RTE theory and the
cklculated dielectronic recombination cross sections which go into the theory.
The oxperimental results are in substantisl agreement with the vredictions of
this theory.

Apart from any coanection to dielectronic recombination the large resonant
contridbution to the coincidence yield due to RTE demonstrates the fundawental
importance of this process and indicates the necessity of iacimding RTE in
theoretical formulstions of ion-atom collision interactions.

The azthors would like to thank Professor W. E. Meyerhof for the use of
his Si(Li) detector and Pzofessor Y. Hahn for providing his calcunlations prior

to publication. —.
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TABLE I. Conparison of the measured ‘ai;% relative peak heights with
theorstical RTE calculations for vanadinm icns. Similar comparisons are
not included for calcium ions since the DR cross sections meeded to

calculate 92TE for calcium are not available.

Ratio" Ezpscimont Theory?

I, (204 0.98 0.97
I]. ‘(20+)

I Qi+ 1.07 0.99
I, (21+)

I, (214) 1.27 1.34
I, (20+)

1, (21+4) L.40 1.3%

s 11 refors to the nn;;nu- intensity of the-lower energy peak at abount  __
360 MeV: I, refers to the maximum intensity of the higher eaergy peak
near 435 MeV (seo Fig. 3); the number in parentheses is the incident

charze stats.

b Rpef. 12
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Fig. 1

Fig. 2

Fig. 4

FIGUPE CAPTIONS
Projectile K x—ray cross sections for 15-200 MeV sl3+ 4 H; collisions.
%Zap is the cross section for total sulfur K x-ray production and aﬁZé is
the cross sectior for sulfaur K x rays coincident with single—~electron
capture. The maximum in °§;§ near 130 MeV is due to RTE and the maximum
near 30 MeV may be due to NTE (see text). The dashed curve through “ﬁ;%

is the calculated (Ref. 5) RTE cross section multiplied by 0.85.

(a) Projectile cross sections for 100-360 MeV Ca%" + He for q = 16+, 17+,
and 18+, cxaﬂ is the cross section for the total calcium K x-ray
prodaction. c&;é is tye cross section for calcium K x rays coincident
with single—electron capture. The solid lines aie drawn to guide the eye.
(b) ca;é for Cal7* + He. The solid curve is the calculated (Ref. 10) RTE
cross section. The vertical bars give the theoretical positions and
relative intensities of the intermediate states for dielectronic
recombination (Ref. 12). The¢ notation a = 2,3 etc. refers to the
principal quantum numbers of the two electrons in these intermediate

states. The two states near 210 MeV are the n = 2,2 tramsitions.

(a) Projectile cross sections for 180-460 M.V Vi* + He for q =19+, 20+,
J

‘and 21+. See caption for Fig. 2. (b) cagé for V2U* + He. See caption

for Fig. 2.

RTE cross sections, opTp: for ioms in the ramge 14<Z<26 iucident omn
helium. The magnitudes of the DR cross sections msed in these
calculations were taken to be comstant anﬁ equal those given for gl13+ by
McLaughlin and Hahn in Ref. 12. The DR cross sections, obtained from the

information in Ref. 12, do mot vary greatly over this range of Z. These

12



Fig. §

calcolations show the qualitative features of opTg 8ud the onset of

structure for Z218.

Ratio of the theoretical RTE cross ssctions oprg tnd the experimental

cross sections for X x rays coincident with single slectron capture cﬂ;%

for 813"'. Cn”"', and v19+,20+,21+ ions incident on He. Also showan
16 20 23
is this same ratio for 813+ + Ar from Ref. 2. The RTE calcniations for

calcium and vanadium are from Ref. 10. The DR cross sectioms used to

obtain opTE 8TO from Bsf. 12.
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