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Abstract

Significant new evidence is presented for resonant-transfer-and-excltatJon
(RTE) In Ion-atom col I Jslons. This process occurs when a target electron Is
captured simultaneously with exci tat ion of the pro jec t i le foil lowed by de-
excl tat lon via photon emission. RTE, which Is analogous to dielectronlc
recombination (OR), proceeds via an Inverse Auger transit ion, and Is expected
to be resonant for project I le veloci t ies corresponding to the energy of the
ejected electron In the Auger process. Cross sections for projecti le K x-ray
emission coincident with single electron capture have been measured for 70-160
MeV 1 6 S 1 3 + , 100-360 MeV 2 0 Ca 1 6 + * 1 7 * * 1 8 * and 180-460 MeV 2 3 v 1 9 + * 2 0 + » 2 : + Jons
coll iding with helium. Strong resonant behavior. In agreement with theoretical
calculations of RTE, Is observed as a function of beam energy In the [measured f,<
cross sections. For Ca and V Ions two maxima are observed In the energy
dependence of the measured coincidence cross sections. Theoretical calculations
show that these maxima are correlated 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 * 2,2$,
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Introduction

The overal l goal of th is work Is to Investigate correlat ions (between
charge-changing Interactions and K x-ray emission for highly charged Ions
Incident on gas targets under single cot I Islon conditions. Experimental ly ,
coincidences are measured between x-rays (emitted from the projectile or the
target) and the outgoing projectile charge state of Interest. This technique
allows the Individual Inner-shell processes of of excitation, fonlzatlon, and
charge transfer to be Isolated and Ident i f ied. Cross sections for to ta l
electron capture and loss (single and double) and to ta l x-r,. y production are
obtained at the same time. To date the primary emphasis has been the study of
x rays associated with single.electron capture.

In an Ion-atom col l islon, resonant-transfer- 3 ad-exeltat I on •* (RTE) takes
place when capture of a bound target electron Is accompanied by slmuiltaneous
excitation of the ion, followed by de-excitation via photon emission. RTE Is
qualitatively analogous to dielectronic recombination (OR), except that, In the
case of OR, the captured electron Is in i t i a l l y free. Simultaneous capture-and-
excitation Involving a free electron is the Inverse of an Auger transition and
hence is resonant for Incident electron energies (in ihe rest frame of the Ion)
equal to the ou-l-golng electron energy In the Auger process. In the case of RTE,
simultaneous capture-and-excitation Is also expected to be resonant for
Incident Ion energies (In the rest frame of the target) which correspond to the
ejected Auger electron energies. For both RTE and OR many Intermediate
resonance states are possible, each one corresponding to an allowed Auger
transit ion. A formal theoretical treatment of simultaneous charge transfer and
excitation In Ion-atom collisions has recently been developed by Feaglm, BrJggs
and Reeves.3

Experimentally, observation of a resonant behavior In the cross section
for x rays (result ing from the decay of the Intermediate excited state)
coincident with electron capture Identifies the RTE mechanism and distinguishes
I t from competing channels such as nonresonant-trarsfer-and-excitatlon (NTE).
Since the veloci ty component of the target electrons (due to the i r o rb i ta l
motion) along the beam axis contributes to th£ relative velocity, the widths of
the resonance states ref lect the distribution of target electron momenta !.«.,
their Compton prof i le. This distribution Is suff iciently large to result In
the overlapping of the separate Intermediate resonant states. Hence, only a
broad maximum due to the sum of the unresolved contributions of tha Individual
states Is expected.5

Recent experimental studies2'^ have provided strong evidence for RTt and



Indicate that RTE cross sections are closely related to dielectronic
recombination cross sections. It appears Hkely that RTE measurements will be
useful In testing theoretical DR cross section calculations, particularly for
highly ionized Ions. Investigation of RTE Is Important from a fundamental
point of view as well as for Its relationship to DR for possible applications
to astrophysicaI investigations and the development of magnetically confined
nuclear vusion plasmas.

The first experimental evidence for the existence of RTE was obtained In
measurements of 70-560 MeV s " + + Ar collisions. As expected for RTE
resonant behavior was observed In the cross section for K x-ray emission
associated with capture. The position of the maximum and the width of the peak
are !n good agreement with theoretical calculations" of the RTE process.
However, the theoretical- Interpretation of the results Is complicated by the
complexity of the argon target with Its 3 electronic shells Including the
tightly bound 1s electrons. In addition, a relatively large nonresonant
contribution to the x-ray yield coincident with capture was present for these
S + Ar measurements.

Investigation of RTE In collisions of Ions with a helium target promises
a simpler Interpretation since there are only 2 target electrons, both weakly
bound compared to the relative kinetic energy between the projectile and the
target. Furthermore, the 2 electron system of helium should give a narrower
"resonant" width due to the smaller electron momentum distribution for the target
electrons compared to argon .

In the following we present significant new evidence0'0 for the resonant-
transfei—and-excitatlon process for sulfur, calcium and vanadium Ions Incident
on helium. Strong resonant behavior was observed for all three Ions In the
energy dependence of the cross section for projectile K x rays coincident with
5Ingle electron capture.

Experimental Procedure

This work was performed at The University of California, Lawrence Berkeley
Laboratory using the SuperHILAC and at the Brookhaven National Laboratory using
the MP Tandem Van de Graaff. In each case the apparatus has been described
elsewhere^'®.

Briefly, the experimental technique for measuring x-rays associated with
electron capture !s as follows: Ions In a given charge state pass through a
differential ly pumped gas eel I. After emerging from the eel I, the beam Is
magnetically or electrostatically analyzed into Its charge state components.
Ions which undergo capture In the target ga ; are detected In a solid stats



particle detector while the x rays are detected with a Sf(LI) detector mounted

at 90° to the beam. Coincidences between Ions and x rays are measured with a

tlme-to-amplitude converter (TAC). The non-charge-changed-ccmponent of the

emerging beam is collected In a Faraday cup. A capacitance manometer is used

to measure the absolute pressure In the target gas eel I. Data were obtained

for 3-5 pressures In the range 0-80 microns for each beam energy and charge

state studied. The total x-ray yields and the coincidence yields were found to

be linear with gas pressure In the range studied Indicating that single

collisions conditions prevailed.

. Results

RTE was Investigated for 70-160 MeV S13+ + He col I listens8 (Brookhaven) and

for 100-360 MaY 2Q Ca16+ ' 17+> 1 8 + and 180-460 MeV 2 3 V19+ ' 2 0 + ' 2 1 + + He

collisions6 (Berkeley). Figures 1, 2a, and 3a show thn cross sections for total

projecti le K x-ray emission, aKao and the cross sections for projecti le K x

rays coincident with single electron capture, °$ag- Figs. 2b and 3b show the

measured c2~0 for 7nCa'7+aad r*V^+ j o n s { | Jthluml Ike in each case) along

with the calcujated10 RTE cross sections based on the method of Brandt.5 Also

shown are the energy positions and relative contributions of the Intermediate

resonant states based on the dlelectronic recombination cross section

calculations of Hahn ' ' and coworkers. Relative uncertainties are generally

less than ±5% f e r o and less than ±\Q% for oS~ -̂ Systematic

uncertainties due to x-ray detection efficiency and solid angle lead to an

overall uncertainty In the absolute cross sections of about +2QJL
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FIG. 1. Projectlje cross
for 70-160 MeV S 1 3 + + He.

sections
for 70-160 MeV S1 J T + He. ©jjoe ? s

the cross section for tota| sulfur K
x-ray production and °Ka6 ' s ^ n e

cross section for sulfur K x rays
coincident with s ing le-e lect ron
capture. The sol id line through
oKa8 ' s drawn to guide the eye.
fhs l ine through 09~1 Is the
calculated (Ref. oT RTE cross
section.



FIG. 2 (a) P r o j e c t i l e cross]
sections for 100-360 MeV C a ^ + He \
for q = 16-H, 17+ and 13+. c^o Is \
the cross section for the fota)
calcium K x-ray production. o | ^ Is
the cross section for calcium K x«
rays coincident wfth single-electron .
capture. The solid lines ace drawn
to guide the eye. (b) ojfog for ;

Ca17+ + He. The sol Id curve Is the ;
ca lcu la ted (Ref. 10) RTE cross
section. The vertical bars give the
theoret ical positions and relative
Intensi t ies of the Intermediate
s t a t e s f o r d l e l e c t r o n i c
recombination (Ref. 11). The
notation n • 2,3 etc. refers to the
principal quantum numbers of the two
elect rons In these Intermediate
states. The two states near 210 MeV
are the n - 2,2 transitions.
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FIG. 3 (a) P r o j e c t i l e c ross
sections for 180-460 MeV V^+ + He
for q * 19+, 20+, and 21+. See
captloji fcrFJtg. Z.n
(b)og-J for V20+ + He. See
captfoTi for Fig. 2.
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From these figures It Is seen that c ^ - varies slowly with energy In all

cases. On the other hand, strong resonant behavior Is observed !n the energy

dependence of oS . for each Ion and charge state Investigated. Furthermore,
Q-l

from Figs. 2a and 3a ft Is seen that o2 . exhibits two maxima for 2QCa end 2j^
Ions for each Incident charge state. For vanadium the measurements extend to
460 HeV which Is the highest beam energy obtainable for 5 lV at the SuperHILAC-
Contributions to the measured o?T for 2 0 C a 1 8 + and Z 3 v 2 ' + *hel Iu"1'!ke) from

1s2s metastable states are expected to be small.12

In Figs. 1-3, the data at the highest and lowest beam energies Indicate
that the nonresonant contribution to c£ p Is smail I In contrast to the previous
results2 obtained for S* 3 + + Ar. This nonresonant part may be due to
uncorrelated capture and excitation In a single collision with one target atom.
For helium the smaller nonresonant yield Is probably related to the lower
electron capture and K-shelI excitation 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 cS should be afrctor of about 10 lower than the resonant part In the "resonance" region.

Discussion

The maxima In c5~ are attributed to RTE, which occurs as a result of the
formation of Intermedia-)a resonant states (for lithiumIIIke ions) such as
1s22s •»• 1s2s22p, 1s2s2p2, 1s2s23p, 1s2s2p3p, etc. followed by K x-ray emission.
The sol id curves In Figs. 1,2b, and 3b are the calculated -'»'" ' RTE cross
sections o R j t for S I 3 + , Ca*7+ and V20+ using the method of Ref. 5 based on
dielectronlc recombination cross sections . The shape, magnitude, and energy
position of the calculated RTE cross sections are observed to give reasonable
overall agreement with the measured crS „ In each case.

For Ca' '+ and V2 , based on the theoretical dielectronlc recombination
energies11 (see Figs. 2b and 3b), the lower energy maximum corresponds to
Intermediate resonant states for which the excited and the captured electrons
occupy levels with pr incipal quantum numbers n = 2,2, i.e., Is2s22p and
1s2s2p2. The higher energy maximum corresponds to Intermediate states !s2s23p,
1s2s2p3p, 1s2s2p4p, e tc . , f o r which n * 2,13. This means t h a t those
Intermediate states populated In the col l ls ion which give r ise to the low
energy peak decay by KB transi t ions only, while the higher energy peak
contains contributions due to both Ka and KB .

Fig. 4 shows the rat io of Ka coincidences with single electron capture to
a I I K x-ray ( I .e. KB + Kg ) coincidences with single capture for V2"+ Ions.
In the region of 360 HeY, this ratfo is essentially unity, Indicating that aM



FIG. 4. Fraction of to ta l K x-ray
production coincident with single
electron capture which results In K»
emission for Vz o + Ions. This p lo t ,
shows t h a t e s s e n t i a l l y a l l
coincidence events in the v i c i n i t y
o f 360 MeV a r i s e f rom K«
trans i t ions. The line Is drawn to
guide the eye.
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the coincidences are associated with Ka, while In vhe region of 435 MeV about
85% of the coincidences are with Ka. A similar result Is found for Ca17+ Ions.
This correlation of certain energy regions within the resonant structure with
speci f ic n states as predicted by the RTE ca lcu la t ions , 5 * ' 0 provides very
strong evidence that the observed maxima Jn0jjj~l are, In fact, due to RTE, For
energies < 300 MeV, the plotted rat io Indicates the fraction of coincidences
resulting from Ka emission for uncorrelated capture and excitation events.

For
1 6

13+
+ He collisions (Fig.1) two maxima are not observed

In th is case the energy separation (<v20 MeV) of the n = 2,2 and the n = 2, > 3
Intermediate resonant states Is less than the energy spread in oRTE due to the
bound target electron momenta.

In r i g . 5 we show the calculated10 RTE cross section for lithium!ike Ions
from sil icon to Iron Incident on helium. This figure shows that the separation
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FIG. 5. RTE cross sections, oRT£for Ions In the range 14 <. 2 <.
Incident on he 11 urn. The imagriftudes
of the OR cross sections u^ed In
these calculations were taken to oe
constant and equal those given for
S1 3 + by McLauglln and Hjhn in Ref.
11. The OR cross sections, obtained
from the Information in Ref. 11 do
not vary greatly over this range of
Z. These calculations, show the
qual i ta t ive features of aRTE a n d

the onset of structure for 2 > 18.



of the n = 2,2 states and n « 2,> 3 states Is suf f ic ient to expect par t ia l
resolution of these groups for Incident !ons with Z ^ 18.

This partial resolution of the Intermediate states Into ths groups n » 2,2
and n * 2, > 3 Is s ign i f i can t since I t allows a more direct and detai led
comparison with theory than earlier measurements2 without such structure. For
example, the lower energy peak, corresponding to t ransi t ions with pr incipal
quantum numbers n - 2,2 for the two electrons Involved, (see Figs. 2b and 3b)
arises from only two Intermediate resonant states, and so the sum of these two
transitions namely, 1s22s-»- 1s2s22p and 1s22s->- 1s2s2p2, can be compared directly
with theory.

In Fig. 6 the experimental peak heights for er'jj£e are compared with the
theo re t i ca l 5 ' 1 0 penk heights for ORJB for the three Jons Investigated. For
calcium and vanadium the heights of c$~e corresponding to the n * 2,2 states
were used In this comparison. . I t Is seen that the absolute magnitudes of the
experimental cross sections are about 15-25JJ lower than predicted by the
calculat ions. These results are to be contrasted with those for S J 3 + + Ar
co l l is ions 2 (also shown) In which the experimental y ie ld of S Ka 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 a ^ with the calculations (Figs. 2b and 3b) suggests
that the relative probabilities for the population of groups of Intermediate
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FIG. 6. Ratio of the theoret ical
RTE cross sections cRTE and the
experimental cross sections for K x
rays coincident with s'ncjle electron
capture o g j for , 6 S'3 + , 2Q Ca17*

and 23V * ' Ions Incident on
He. Mso shown Is th i s same r a t i o
for S ° + Ar from Ref.. 2. The RTE
c a l c u l a t i o n s f o r calc ium and
vanadium are from Ref. 10. The OR
cross sections used to obtain aOTtr
are from Ref. 11. K l l t



states wfth specific n values In the RTE process are nearly the same as those
calculated for dialsctronlc recombination. Thus I t would appear likely that
RTE measurements w i l l be useful In testing DR calculations, particularly for
highly Ionized tons. I t should be noted, however, that the experimental
minimum In o^"*' In both Figs. 2b and 3b Is lower than that calculated, and also
that the relative experimental peak heights are not reproduced exactly by the
calculat ions. For S ^ + and for C a " + there Is also an obvious deviation
between ORJE and ag~l at the higher pro jec t l le energies. These differences
may be due to one or more of the following reasons: (1) the electron momentum
d is t r i bu t ion used In the RTE calculat ion may overestimate the width of the
actual distr ibution, (2) the relative amplitudes for formation of the various
Intermediate states may be sl ight ly different for dlelectronic recombination
and RTE, (3) the assumed Z2 scaling used to obtain the Intermediate resonant
state t rans i t ion energies may not be exactly correct, and (4) the DR cross
sections for n - 3,>. 3 have not been calculated and hence contributions due to
these states are not Included In the RTE calculations.

Conclusion

In summary. Important new evidence for the existence of resonant-transfer-
and-excitation has been presented. The use of a helium target , with only 2
weakly bound electrons, s impl i f ies the theoretical Interpretat ion of the
experimental results compared to previous measurements with many-electron
targets. The observation of two maxima In the cross section for K x-ray
production associated with electron capture for calcium and vanadium provides a
more detai led and c r i t i c a l test of the RTE theory and the calculated
d(electronic recombination cross sections which go Into the theory. The
experimental results are In substantial agreement with the predictions of this
theory.

Apart from any connection to dlelectronlc recombination the large resonant
contribution to the coincidence yield due to RTE demonstrates the fundamental
significance of this process and indicates the necessity of Including RTE In
theoretical formulations of Ion-atom coll ision Interactions.

The authors would I ike to thank Professor W. E. Meyerhof for the use of
his 5KLI) detector and Professor Y. Hahn for providing his calculations prior
to publication.
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