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Absiract

Signlficant new evidence Is presented for resonant-transfer-and-excitation
(RTE) In lon-atom collislons. This process occurs when a target electron is
captured simultanecusly with excltation of the projectile followed by de-
excitation via photon emission. RTE, which Is analogous ‘o dielectronic
recombination (DR), proceeds via an Inverse Auger transition, and Is expected
to be resonant for projectlle velocitles corresponding to the energy of the
ejected electron In the Auger process. Cross sections for projectile K x-ray
emission colncldent with single electron capture have been measured for 70-160
Me¥ 15573%, 100-360 MeV 5Cal6*» 174,18+ ang 180-250 Mey ,3¥19+,20+:21% jong
colllding with hellum. Strong resonant behavior, in agreement with theoretical
calculatlons of RTE, is observed as 2 function of beam energy in the measured
cross sections. For Ca and V¥V l[ons two maxima are cobserved in the enefgy
dependence of the measured coincidence cross sectlions. Theoretical calculations
show that these maxima are correl&fed to two groups of Intermediate resonant
states in the RTE process for which the excited and captured electrons occupy

levels with principal quantum numbers n = 2,2 and n = 2,23,
BSTRBURON DF THIS DOGUMENT 1S UKLIMITED

WS




Infroduction

The overaill goal of this work Is to investigate correlations between
charge-changing interactions and X x-ray emission ft;r hignly charged lons
Incident on gas targets under singie collilsion conditions. Experimentally,
cofncidences are measured between x-rays f(emitted from the projectile or the
target) and the outgoing projectile charge state of iInterest. This technique
allows the Individuai Inner-shell processis of of excitation, jonlization, and
charge transfer to be Isolated and Idcntified. Cross sections for total
electron capture and loss {(single and double) and total x-rcy production are
cbtalned at the same time. To date the primary emphasis has been the study of
x rays asscclated with single electron capture.

In an lon-atom coilislon, resonant-transfer-:ad-excitation'*Z(RTE) takes
piace when capture of a bound target eleciron is accompanied by simultaneocus
excitation of the ion, followed by de-excitation wvia photon emisslion. RITE is
qualitatively analogous to dielectronic recombinatior (DR), except that, in the
case of DR, the captured electron Is initially free. Simultaneous capture-and-
excifaﬂ‘on Involvina a free electron is the Inverse of an Auger transition and
hence is resonant for Incident eleciron energies (in ihe rest frame of the ion)
equa! to the ourgoing electron energy in the Auger process. In the case of RTE,
simultaneocus capture-and-excitation is also expected to be resonant for
incldent jon energies (in the rest frame of the target) which correspond to the
e jected Auger electron energles. For both RTE and DR many intermediate
resonance states are possible, each one corresponding to an allowed Auger
+ransition. A formal! theoretical treatment of simultaneous charge transfer and
excitation in lon-atom collislons has recently been developed by Feagln, Briggs
and Reeves.>

Experimentally, observation of a resonznt behavior in the cross section
for x rays (resulting from the decay of the intermedlate excited state)
colncident with electron capture identifies the RTE mechanism and distinguishes
it from competing channeis such as nonrescnant-trarsfer-and-excitation (NTE).?
Since the velocity component of the target electrons {due to +heir orbital
motion) aiong the beam axis contributes o the relative wvelocity, the widths of
the resonance states reflect the disiribution of target electron momenta l.e.,
their Compton profile. This distribution 1s sufficientiy large to result In
the overlapping of the separates Intermediate resonant states. Hence, only a
broad maximum due to the sum of the unresolved coniributions of the Individual
states 1s expected.’

Recent experimental studies?6 nave provided strong evidence for RTE and



"Indicate that RTE cross sections are closely rejated to dlelectronic
recomblination cross sections. 1t appears likely that RTE measurements will be
useful In testing theoretical DR cross section calculations, particuiarly for
highly ionized fons. !nvestlgation of RTE Is important from a fundamendtal
point of view as well as for 1ts relaticonship to DR for possible applications
to astrophysical investigations and the development of magnetically confined

nuclear yusion plasmas.7

The first experimental evidence for the existence of RTE was obtained in
measurements of 70-160 MeV $'3* + Ar collisions.? As expected for RTE
resorant behavior was observed 1n the cross section for K x-ray emlssion
associated with capture. The position of the ma<imum and the width of the peak
are !n good agreement with theoretical calculations® of the RTE process.
However, the thecretical- Interpretation of the results s complicated by the
complexity of the argon target with its 3 electronic shells including the
tightly bound 1s electrons. In addition, a relatively large nonrescnant
contribution to the x-ray yield coincident with capture was present for these
s!3* 4+ Ar measurements.

Investigation of RTE In collislons of lons with 2 helium target promisas
a simgler interpretation since there are only 2 target electrons, both weakly
bound cémpared to the relative kinetic energy between ‘the prolectile and the
target. Furthermore, the 2 alectron system of helium should give 2 narrower

"resonant” width due to the smailer electron momentum distribution for the target

electrons compared to argonz.

In the following we present significant new evidence®® for the rescnant-
transfer-and-excitation process for sulfur, calcium and vanadium fons incident
on helium. Strong resonant behavior was cbserved for all three ions in the
energy dependence of the cross section for projectile K x rays coincldent with

single electron capture.
Experimental Procedure

This work was performed at the University of California, Lawrence Berkefey
Laboratory using the SuperHILAC and at the Brockhaven National Laboratory using
‘+he MP Tandem Yan de Graaff. In each casse the apparatus has been described
elsewhera??9, -

Briefly, the experimental technique for measuring x~-rays associated with
eiectron capture is as follows: lons In a given charge state pass Through a
dlfferentially pumped gas cell. After emerglng from the cell, the beam is
magneticaily or electrostatically analyzed into 1ts charge state components.
lons which undergb capture in the target ga: are detected in a solid state

b o L 3



. particle destector while the x rays are detected with a Si(Li) detector mounted
at 90° to the beam. Coincldences between lons and x rays are measured with a
time-to-ampl l;l'ude converter (TAC). The non-charge-changed-ccmponent of the
emerging beam Is collected in a Faraday cup. A capacitance manometer is used
+0 measure the absolute pressure In the target gas cell, Data were cbtained
for 3-5 pressures in the range 0-80 microns for each beam energy and charge

state studled. The total x-ray ylelds and the coincidence ylelds were found to
be linear with gas pressure in the range studied Indicating that single
coilisions condltions prevaiiled.

RTE was investigated for 70-160 MeV $13* 4+ He col lislons® (Brockhaven) and

for 100-360 MoV 5o Calb*s 17+ 18+ apy 180460 Mev 55 ¥19%) 20%, 21+ 4 e

collisions® {Berkeley). Figures 1, 2a, and 3a show th> cross sections for total
projectile K x-ray emission, Oy and the cross sections for projectile K x

rays colnc‘denf with sIngIe electron capture, UEaB Figs. 2b and 3b show the

~measured O‘K ; for 200a * and 2372°+ ions {lithiumiike in =ach case) along
with the cal::ula‘l'ed10 RTE cross sections based on the method of Brandt.’ Also

shown are the energy positions and relative contributions of the Intermediate

resonant states based on the dielectronic recombination cross section

calculations of Hahn 1! and coworkers. Relative uncertalntles are generally

less than +5% for ¢ and less than +10% for [gﬁ ; Systematic

uncertainties due to x-ray detection efficlency and t0lid angle lead to an

overali uncertalinty In the absclute cross sections of about +20%.
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From these figures it Is seen that OKap varies sliowly with energy iIn ail
cases. On the other hand, strong resonant behavior s cbserved In the energy
dependence cof og;; for each ion and charge state investigated. Furtihermore,
from Figs. Za and 3a [t Is seen that 02;; exhibits two maxima for ,4Ca and >z¥
fons for each iIncident charge state. For vanadium the measuremegnts extend o
450 MeV¥ which [s the highest beam energy cbtainable for 51y at the SuperHILAC.
Contributions to the measured 02;; for 2OCa18+ and 23'V'21+ {heliuml lke) from
1s2s metastable states ars expected o be smali.

In Flgs. 1-3, the data at the highest and lowest beam energles Indicate
that the nonresonant contributlon to UE;B is small In contrast to the previous
results? obtained for §!3*% & Ar. This nonresonant part may be due tfo
uncorrelated capture and excitation In a single collision with one target atom.
For helium the smaller nonresonant yleld is probably related to the lower
etectron capture and K-shell excitatlion probabilities for helium compared to
heavier targets. Recent calculations by Feagin and Reeves!> show that for the
collision systems studied here the nonresonant part of UE;; shouid be a
frctor of about 10 lower than the resonant part in the "resonance" regilon.

Discussion
The maxima in 02;; are attributed to RTE, which occurs as a result of the
formation of intermediata resonant states (for lithiumlike lons) such as
15225 152522;), 15252p2, 152523p, 15252p3p, etc. followed by K x~ray emission.
The solid curves in Figs. 1,2b, and 3b are ‘the calculated 7»10 RTE cross

sections opyy for S's"", cal7* and v20* using the method of Ref. 5 based on
1

dielectronic recombination cross sections''. The shape, magnitude, and energy
pesltion of the calculated RTE cross sections are cbserved to give reasonable
overall agreement with the measured GJI%;:; in each case.

For Cal”7* and ‘I2°+," based on the theoretical dielectronic recombination
energies” (see Figs. 2b and 3b), the lower energy maximum corresponds fo
intermediate rescnant states for which the excited and the captured electrons
occupy levels wlth principal quantum numbers n = 2,2, i.e., 15‘2522;: and
15252p2. The higher energy maximum corresponds 1o Intermediate states 1525239,
1s2s2p3p, 1s2s2pdp, etc., for which n = 2,23, This means that those
intermediate states populated in the collision which give rise to the low
energy peak decay by Ko transitlions only, while the higher erergy peak
contains contributions due to both Ka and K8 .

Fig. 4 shows the ratio of Ka coincidences with single electron capture to
all X x-ray (i.e. Ka + K3 ) coincidences with si ngle captura for v20* jons.,
In the region of 360 MeY, thls ratio is essentially unity, indicating that al)
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the colncidences are associated with Ka, while in “he regicn of 435 Me¥ about
853 of the colncldences are with Ka. A simiiar resul+ is found for Cal’t lons.
This correlation of certaln energy regicns within the resonant structure with
specific n states as predicted by the RTE caiculaﬂons,s’w provides wvery
strong evidence that the cbserved maxima !noﬁ;; are, in fact, dvue to RTE. For
energles £ 300 MeV, the plotted ratio indicates the fractfon of coincldences
resulting from Ko emission for uncorrelated capture and exclitation events. _

For 165'3"' + He collislons (Fig.1) two maxima are not observed in ‘oﬁ;g .
In this case the energy separation (~ 20 Me¥) of the n = 2,2 and the n = 2, 53
intermediate resonant states Is less than the energy spread in Oprg due Yo the
bound target electron momenta.

In rig. 5 we show the calculated!Q RTE cross section for 11thiumlike fons
from silicon to iren incident on helium. This figure shows +hat +he separation
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F s Helom Torget
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F1G. 5. RTE cross sections, ORTE»
for jons in the range 14 < Z £ 55
incident on helium. The magnitudes
of the DR cross sactions used in
these calculations were taken to pe
- c?giﬂ'an‘r and aqual those given for
S by McLauglin and Hahn In Ref.’
11. The DR cross sections, obtained
- from the Information In Ref. 11 do
not wvary greatly ovar thls range of
Z. Thess calculations show the
qualitative features of Upyp and
the onset of structure for Z 2718,
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of the n = 2,2 states and n = 2,> 3 states is sufficient to expect partial
‘resolutlon of thess groups for Incident fons with Z 2 18.

This partial resolution of the Intermasdlate states Into +ha groups n = 2,2
and n = 2, 23 is significant since i+ allows a more direct and detalled
comparison wlth theory than earlier measurements? without such structure. For
example, the lower energy peak, corresponding to transitions with princ i;a'l
quantum numbers n = 2,2 for the two alectrons invoived, (see Flgs. 2b and 3b)
arlses from only two Intermediate resonant states, and so the sum of these ¥wo
transitlions namely, 152254 152522p and 15225+ ‘-15252p2, can be comparad directly
with theory. | |

In Flg. 6 the experimental peak helghts for xu\lq(;g are compared with the
theoretical?»10 peak helghts for Oprz for the three lons Investigated. For
calclum and vanadium the heights of ”K;B corresponding to the n = 2,2 states
were useC In this comparison.. It Is seen that the absolute magnitudes of the
experimental cross sections are about 15-25% lower than predicted by the
calculations. These resuits are to be contrasted with those for S15% + Ar
collistons 2 (aiso shown) In which the experimental yleld of S Ke x rays
coincident with single capture was factor of 2 larger than predicted.

The reasonable agreement of the positions of the maxima and the relative
heights of the peaks In aq-'l with the calculations (Figs. 2b and 3b) suggests

KaB
that the relative probabilities for the population of groups of intermediate
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" states wlfh speciflic n values In the RTE procsss are nearly the same as those
calzculated for dislectronic recomblnation. Thus it would appear likely that
RTE measurements w!ll be useful In testing DR calculatlons, particularly for
highly ionlzed fons. [t should be noted, Lowever, taat the experimental
mlalmum In oﬂ;; in both Figs. 2b and 3b 1s lower than that calculated, and also
that +he reiatlve experimental peak heights are not reproduced exactiy by the
calculations. For S13+ and for Ca‘7+ there 1s also an obvlous deviation
between opte and-oﬂ;g at the higher projectile energles. These dlfferences
may be due to one or mure of the following reasons: (1) the electron momentum
distribution used in the RTE calculation may overestimate the width of the
actual distribution, {(2) the relative ampllitudes for formaticn of the varlous
Intermediate states may be siightly different for dieiectronic recombination
and RTE, (3) the assumed 22 scallng used to obtaln the Intermediate rescrant
state transition energies may not be exactly correct, and (4} the DR cross
sectlions for n = 3,> 3 have not beern calculated and hence contributions due to
these states are not Included in the RTE calculations.

Conclusion

In summary, Important new evidence for the existence nf resonant-transfer-
and-excitation has been prasan}ed. The use of & helium target, with onily 2
weakly bound electrons, simplifies the theoretical interpretation of the
axperimental results compared to previous measurements with many-electron
targets. The observation of two maxima in the cross section for K x-ray
proeduction associated with electron capture for calcium and vanadium provides a
more detailed and critical test of the RTE theory and the calculated
dielectronic recombination cross sections which go into the theocry. The
experimental results are In substantial agreement with the predictions of this
theory. .

Apart from any connection to dielectronic recombination the large resonant
contribution to the coincidence yleld due to RTE demensirates the fundamental
significance of this process and Indicates the necesslty of Including RTE in
theoretical formulations of ion-atom coliislon Interactions.

The authors would |lke to thank Professor W. E. Meyerhof for the use of
his SI(Li) detector and Professor Y. Hahn for providing his calculations prlor
to pubilication.
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