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Abstract

Significant new evidence i s presented for resonan*-transfer-and-excitation

(STE) in i on-a toa c o l l i s i o n s . This process occurs when a target e l ec t ron i s

captured simultaneously with the excitation of the projecti le followed by de-

e x c i t a t i o n v i a photon emiss ion . RTE, which i s analogous to d i e l e c t r o n i e

recoabinat ion (DR), proceeds v i a the inverse of an Auger t r a n s i t i o n , and i s

expected to be resonant for project i le ve loc i t i e s corresponding to the energy

of the ejected electron in the Auger process. STE was investigated by measuring

cross sections for project i le E x-ray emission coincident with single electron

capture for 15-200 MeV l t f S 1 3 * , 100-360 MeV 2 0 C « 1 6 * " 1 7 * * 1 8 + and 180-460 MeV

2 3 V i 9 * ' 2 0 * ' 2 1 * ions c o l l i d i n g with helium. Strong resonant behavior, in

sgreeaent with theoretical calculations of XTE, was observed in the coincidence

cross sec t ions .
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Introduction

In an ion-atom collision, resonant-trar.sfer-and-excitation <2tRTE) takes

place when capture of a bound target electron is accompanied by simultaneous

excitation of the project i le , followed by de-excitation of the resulting

intermediate excited state via photon Mission. RTE is qualitatively analogous

to dielectronic recombination (DR), except that, in the case of Oft, the

captured electros is i n i t i a l l y free. Simultaneous capture-and-exeitation

involving a free electron is the inverse of an Auger transition and hence is

resonant for incident electron energies (in the rest frame of the ion) equal to

the outgoing electron energy in the Anger process. In the case of RTE,

simultaneous capture—axtd-exc i tat ion i s also expected to be resonant for

incident ion energies (in the rest fraae of the target) which correspond to tie

ejected Anger electron energies. For 1>oth RTE and DR many intermediate

resonance states are possible, each one corresponding to an allowed Awgts

transition. A formal theoretical treatment of simultaneous charge transfer and

excitation in ion-atoa collisions has recently been developed by Feagin, Briggs

and Reeves.

Experimentally, observation of a resonant behavior in the cross section..

for x rays (resulting from the decay of the intermediate excited state}

coincident with electron capture identifies the RTE mechanism and distinguishes

it from competing processes such as nonresonant-transfer-n^d-excitation (OTE)

in which uncorrelated electron capture and I - s lc l l excitation-occur in a single

collision. Since the velocity component of the taxjet electrons (due to their

orbital motion} along the beam axis contributes to the relative velocity, the

widths of the resonance states in the RTE process reflect the distribution of

target electron momenta, i .e . , their Coapios profi le . This distribution i s

suff ic ient ly large to produce an overlapping of the separate intermediate



resonance states such that individual states are sot resolved. Instead, a

broad resonant-1ike structure composed of tie S U B of the contributions from

•any states is expected.

Correlated two—electron processes snch as RTE and PR are of fundamental

interest. In addition, RTE, through its connection to OS, say have important

applications in astrophysical investigation! at well ts provide information

concerning radiative energy losses in nuclear fusion plasmas , particularly for

highly ionized ions. Cross sections for both RTE and 01 have been ntazntti

only recently.

The first experimental evidence for the existence of RTE was obtained in

S + Ar collisions. As expected for RTE, resonant behavior was observed in

the cross section fcr E %~t*j emission coincident with single electron capture.

The position of the maximum and the width of the peak are in good agreement

with theoretical calculations5 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 Is electrons.

In addition, a relatively large nonresonant contribution, possibly due to the

NTE process, was present in the coincidence cross section for these S * Ar

me asui' eaent s. *

Investigation of RTE in collisions of ions with helium targets 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 is expected to 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 evidence*' for the xesonant-

transfer-and-excitation process for sulfur (Z«16)» calcium (Z«20) and vanadium

(Z-23) ions incident on helium. Strong resonant behavior, in good agreement



with theoretical RTE calculations ' was observed for all three ions is. the

energy dependence of tit* cxoss section for projectile I z rays coincident with

siagls electron capture.

Procedure

This work was perforaed at tit* ffaivexsity of Califoraia, Lawxcac* Berkeley

Laboratory using the SuperHILAC and at the Bxookhaven National Laboratory usiag

ths HP Tandea Vaa de Gxaaff. la each case the epparatas has been described

elsewhexe2'11.

Briefly, the expexiaeatal tecoaiqae for MBatBrinj x rays associated vith

electron capture i s as follows. loas ia a givea charge state pass through a

di f ferent ia l ly paaped gas ce i l . After •••xgiag Sworn the cell, ths bsss i s

•agaetically ox electrostatically aaalyzed iato i t s charge state component!,

loas which aadergo capture ia the target gas are detected ia a sol id state

particle detector while the x rays ax* detected with a Si(Li) detector aonated

at 90° to the beam. Coincidences botweea ioas and x rays ar* a«asax*d with a

tiae-to-aaplitude converter (TAC). The aoa-charge-chaaged-coapOKent of the

eaergiag beaa is collected in a Faraday cup. A capacitance aacoaeter is nsed

to aeasnre the absolute presssre ia the target gas c e l l . Data were obtained -

for 3-5 pressures in the range 0-80 aioroas fox each beaa eaexgy and charge

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

be l iaear with gas pressure ia the range studied indicating that single

collisions conditions prevailed.

K*suits

RTE has been investigated fox 15-200 MeV S 1 3 + + He coll is ioas9

(Brookhavea) and fox 100-3*0 MeV 2 0Ca
1 6*' 1 7 + < 1 8 + and 180-460 XeV 2 3v

1 9 +' 2 l 0 +« 2 1 +

+ He collisions (Berkeley). Figures 1, 2a, and 3a show the cxoss section* fox

total projectile X x-ray eaissioa, ojan. aad the cxoss sections for projectile



C x rays coincident with single electron capture, Q£~Q. Relative uncertainties

are generally less than ±5% for ©jo|j and less than +10% for ffjfnjj. Systeaatie

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

overall uncertainty in the absolute cross sections of about +20%. Figs. 2b and

3b show the aeasnred ofcl fox 2 0 C * 1 7 + " d 23 v 2°* i o a s Oi th iual i** in each

case) along with the calculated1 RTE cross sections based on the aethod of

Brandt.5 The v e r t i c a l l i n e s show the energy posit ions and relat ive

contributions of the intexaediate resonance states based on the dlelectroaic

recoabiaatioa cross section calculations of Hahn arid coworkers.

Froa Figs. 1-3 i t i s seen that <?£an varies aonotonically with energy in

al l cases. On the other hand, strong resonant behavior is observed in the

energy dependence of <J]JaB f O T ••** i o n t n d charge state investigated and for

20C**+ t a d 23V '+ t w o ••**•• •*• evident in o^i. (For •anadioa the aeasureaents

extend to 460 MeV which is the highest beaa energy obtainable for 5 lV at the

SuperHILAC}. Contributions to the aeasnred a j |~ | for 20*" and 23

(heliualike) froa Is2s aetastable states are expected to be saall .1 3

In Fig. 1 for S + He, aj~« shows a aaxiaua near 130 MeV which i s

attributed to RTE and, in_addition, there is a low energy aaxiaua near 30 MeV

which aay be due to the two-step NTE process. Qualitatively, NTE is ~

proportional to the product of the (increasing} K—shell excitation cross

section and the (decreasing) single electron capture cross section.

The data in the "resonance" region in Figs. 1-3 indicate that the

nonresonant contribution to o£~i is saall ia contrast to the previous results

for S1 + Ar- As suggested above, this nonresonant part aay be due to

nncorrelated capture aad excitatioa (i.e. NTE) in a single collision with one

target atoa. The saaller nonresonant yield for heliua targets aay be due to

the lower electron capture and I-she 11 excitatioa probabil it ies for heliaa

coapared to heavier targets. Secent calculations by Feagin and Reeves



predict that fox the collision systems studied here the noaresoaaat part of o9

should be * factor of about 10 lower titan the resonant part ia the

"resonance" region.

Pit cot?-ion

The aaxiaa ia ff£~i axe attributed to ME, which occurs as a result of the

formation of intermediate resonance states (for iithioalik* ions) such as

Is22s »ls2s22p, ltZtly2, Is2s23p. Is2s2p3p, etc. followed by I x-ray emission.

The smooth curve* in Figs. 1,2b. and 3b are the calculated 5 ' 1 0 RTE cross

sections <JJTE f o r s * 3 + ' Ca17+ and v 2 0 + using the aethod of Ref. 5 based on

dielectronic recombination cross section* . The shape, magnitude, and energy

position of the calculated BTE cross sections are observed to give reasonable

overall agreement with the Matured <ĵ ~g in each case. For S + He (Fig. 1),

the aeasareaeats of v^~\ are in reasonable agreement with the RTE aad NTE

predictions (aot shown) of Feagia aad Reeves.

For Ca1"* aad V20+, based oa the theoretical dielectxoaic recombination

energies (see Figs. 2b and 3bL the lower energy aaxiasn corresponds to

intermediate resonance states for which the excited aad the captured electrons

occupy levels with prin-'Ipal quantum numbers a = 2,2, i .e.. Is2s 2p aad*~

Is2s2p. The higher energy maximum correspoads to intermediate states Is2s 3p,

Is2s2-p3p, Is2s2p4p, e t c . , for which a » 2,>.3. This means that those

intermediate states populated ia the co l l i s ion which give rise to the low

energy peak decay by Xa transitions oaly, while the higher energy peak contains

contributions due to both fa and Ip. For V ions toe measured ratio of Xa

coincidences with tingle electron capture to a l l X x-ray (i .e. Xa + K{3)

coincidences with single capture is essentially unity ia the region of 360 Me?.

Thus, nearly a l l of the coincidences near 350 M«V axe associated with Xa ,



indicating that tbe transitions which contribute to o#~o in this energy region

are due to n - 2,2 states . In the region of 435 MeV about 85% of the

coincidences are with to . A similar result is found for Ca17+ ions.

For ifiS1 + He co l l i s ions (Fig.l) only a single maximum is observed in
afa6 i n "* KIE region. In this case the energy separation (-20 MeV) of the n »

2,2 and the n * 2, 2. 3 intermediate resonance states is less than the energy

spread in OgTE dne to the bound target electron momenta.

In Fig. 4 ire show the calculated ETE cross section for lithiumlike ions

from silicon to iron incident on helium. This figure shows that the separation

of the n » 2,2 states and n » 2,2 3 states i s suff icient to expect partial

resolution of these groups only for incident ions with Z 2. 18. Similar

calculations for a neon target (not sho..n) indicate that mo resolution of the n

- 2,2 and n - 2£.3 groups is expected for ions up to iron.

The partial resolution of the intermediate states into the group* a * 2,2

and n - 2,2. 3 is significant since it allows both the absolute Magnitudes and

the relative heights of these groups to be compared with theory. The lower

energy peak, corresponding to transitions with principal ojaantnm numbers n *

2,2 for the two electrons^involved, (see Figs. 2b and 3b) arises from only two

intermediate resonance states and so the BTE contribution due to the sum of
H 2 2 '2 "

these two transitions, naaely. Is 2s—>ls2s 2p and Is 2s—>ls2*2p , can be

compared directly with theory. In addition, the Measured ratio between tbe n =

2,2 transitions and the n *• 2,23 transitions for a given charge state can be

compared with theory* . These comparisons are made in Table I for V^+ ions

where the agreement i s seen to be quite good. It ihou'd be noted that the

theoretical ratio of the high-to-low energy peak heights for q » 20+ in Table I

is about 15% larger than that obtained from the BTE calculations shown in Fig .

3b. This deviation is apparently due to the different methods of accounting

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



In Fig. 5 t ie experimental peak heights fox «"£"« are compared with t i e

theoret ica l 5 ' 1 0 peak heights for Ogjg for the three ions investigated. Fox

calcium and vanadium the heights of »§g« corresponding to the n - 2,2 s ta t ss

were nsed in this comparison. It i s seen that the theoretical RTE cross

sections 0£T£ for lie Horn targets are aboat 15-25% larger than the measured oj£n

while the theoretical cross section for S1 + Ar is aboat half of the measured

value.

The reasonable agreement, for helium targets, of the positions of the

maxima and the relat ive heights of the peaks in <r§g£ with the calculations

(Figs. 2b,31) ssd Table I) suggests that the relative probabil i t ies for the

population of groups of intermediate states with specific n values in the ETE

process are nearly the same a> tuu*6 ealcul&tsd for uielectronic recombination.

Thus it would appear likely that RXB measurements wil l be useful in testing DR

calculations, particularly for highly ionized ions.

Discrepancies with theory exist, however. For example, the experimental

minimum in o~£~l in both Figs. 2b and 3b i s lower than that calculated, the

relat ive experimental peak heights are not reproduced exactly by the

calculations, and for S"+ and Ce1"* there is * an obvious deviation between..

°BTE *a d alfo6 •* t i - niKa*r projectile energies. These differences may be due

to one or store of the following reasons: (1) the electron momentum distribution

used in the RTE calculation may overestimate the width of the actual

distribution, (2) the relat ive amplitudes for formation of the various

intermediate resonance states may be s l ight ly different for dielectronic

9 "13.

recombination and RTE, (3) the assumed Z* scaling used to obtain the

intermediate resonance state transition energies may not be exactly correct,

and (4) the DS cross sections for n » 3,23 have not been calculated and hence

contributions due to these states are not included in the STE calculations.
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Conclusion

In summary, important new evidence for the existence of resonant-transfex-

and-excitation has been presented. The use of a helium target, with only 2

weakly bound electrons, s implif ies ths theoretical interpretation of the

experimental result* compared to previous measurements with «any-electron

targets. The observation of two maxima in the cross section for I x-ray

production associated with electron capture for incident calcium and vanadium

ions provides a more detailed and cr i t i ca l test of the RTE theory aad the

calculated dielectronic recombination ctosx sections which go into the theory.

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 yield due to RTE demonstrate* the fundamental

importance of this process and indicates the necessity of including STE in

theoretical formulations of ion-atom collision interactions.

The authors would like to thank Professor W. E. Meyerhof for the use of

his Si (Li) detector and Professor 7. Hahn for providing his calculations prior

to publication. _-.
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TABLE I. Comparison of the measured <r̂ ~l relative peak heights with

theoretical RTE calculations fox vanadium icns. Similar comparisons aie

not included for calcium ions since the DR cross sections needed to

calculate <*£UJ £OT calcium are not available.

latio" Experiment Tkaoxj*

0.98 0.97

1.07 0.99

1.27 1.34

I 2 (20+)
1.40 1.31!

* 1^ refers to the maximum intensity of tie lower energy peak at about

360 MeV; I 2 refers to the maximum intensity of the higher energy peak

near 435 MeV (see Fig. 3); the number in parentheses is the incident

charge state.

h Ref. 12
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FIGURE CAPTIONS

Fig. 1 Project i le Z x-ray cross sections for 15-200 MeV S + He co l l i s ions .

aKa8 * s *ke cross section for total sulfur E x-ray production and o$aQ is

the cross section for sulfur K x rays coincident with s ingle-electron

capture. The maximum in or£~a near 130 MeV is due to RTE and the maximum

near 30 MeV may be due to NTE (see text) . The dashed curve through <*§an

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

Fig. 2 (a) Project i le cross sections for 100-360 MeV Ca4+ + He for q = 16+, 17 + ,

and 18+. aZa& * s * ^ e c r o s s section for the to ta l calcium K x-ray

production. ff§og is t n e cross section for calcium K x rays coincident

with single-electron capture. The solid lines ax« drawn to guide the eye.

(b) <rg~jj for Ca17+ + He. The solid curve is the calculated (Ref. 10) RTE

cross section. The ver t ica l bars give the theoret ical posit ions and

re la t ive in tens i t i e s of the intermediate s ta tes for die lectronic

recombination (Ref. 12). The notation n = 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 transitions.

Fig. 3 (a) Project i le cross sections for 180-460 V ;V Vq+ + He for q = 19+, 20 + ,

and 21+. See caption for Fig. 2. (b) »|~o for V2(>+ + He. See caption

for Fig. 2.

Fig. 4 RTE cross sections, <*RTE, for ions in the range 14<Z<i,26 incident on

helium. The magnitudes of the DR cross sec t ions used in these

calculations were taken to be constant and equal those given for S by

McLaughlin and Hahn in Ref. 12. The DR cross sections, obtained from the

information in Ref. 12, do not vary greatly over this range of Z. These

12



calculations show the qualitative features of O£j£ and the onset of

structure for

Fig. 5 Ratio of the theoretical RTE cross sections «£££ and the experimental

cross sections for K x rays coincident with single electron capture cr£~J

for 1 SS
1 3 +, 20 C a l 7 +' *nd 23V19+'20+'21+ ions incident on He. Also shown

is this sane ratio for S 1 3 + + Ar froa Ref. 2. The KTE calculations fox

calciua and vanadiua are from Bef. 10. The DK cross sections used to

obtain OJCTE mre fzoa Ref. 12.

13
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