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Target ionization and projectile charge changing in 0.5-8-MeV/q Li%*" +He (q=1,2,3 collisions

O. Woitke, P. A. Zavodszky! S. M. Ferguson, J. H. Houck, and J. A. Tanis
Department of Physics, Western Michigan University, Kalamazoo, Michigan 49008
(Received 14 July 1997; revised manuscript received 17 Novembep 1997

Target ionization and projectile charge changing were investigated for 0.5—8qUEV/+He (q
=1,2,3) collisions. Cross sections for the single and double ionization of He associated with no projectile
charge changédirect ionization, single-electron capture, and single-electron loss were measured using coin-
cidence techniques and compared to existing experimental and theoretical results. Total cross sections for
single-electron capturéfor Lit?%") and single-electron losor Li'?") were also obtained. For a given
incoming projectile charge state the double-to-single target ionization Rti@sy strongly with the outgoing
reaction channel. For direct ionizatioR,is nearly independent of the incident projectile charge state and can
be described by the semi-empirical scaling rule of Knudsteal. [J. Phys. B17, 3545(1984]. However, for
ionization associated with single-electron loss and single-electron capture by the profecidpends quite
strongly on the incident charge state of the projectile. These ionization Rta® interpreted in terms of
theoretical formulations involving electron-nucleus interactions and electron-electron interactions.
[S1050-294@8)07704-X]

PACS numbd(s): 34.50.Fa, 34.76.e

I. INTRODUCTION Z/lv=0.2 (Z is the projectile atomic number and is the
velocity in atomic units For this case, Knudseet al. [3]

In this work, processes involving target ionization andfound empirically thatRe(Z/v)?In(v)~*. For velocities and
projectile charge changing i1 MeV/nucleon Lt>3 +He  charges such that/v=<0.1[1,2], the probability of double
collisions are investigated. These results are important ifonization by two separate projectile-nucleus—target-electron
both fundamental and applied physics. For example, suchnteractions in a single collision event becomes small, and
studies can help test theories of few-body problems arising inlouble ionization is instead described by the “sudden ap-
atomic physics, specifically the interactions of nuclei with proximation” where, after ejection of the first electron by the
atomic electrons, and the interactions of electrons with otheprojectile nucleus, the atomic wave function of the target
electrons [1]. For this purpose, the collision system helium changes to the ionic wave function, leaving the sec-
Li% +He (q=1,2,3) is well suited because electron-ond electron still in its original atomic eigenenergy state.
electron effects can be observed both for the projectile and’his electron can then be “shaken off,” since the matrix
target. Helium is the simplest neutral target that showslement between the atomic stdtmntaining the electron-
electron-electron effects, while lithium can ser@ as a  electron interactionand the asymptotic ionic statevithout
fully stripped projectile(b) a one-electron projectile, ¢c) a  electron-electron interactigris nonzero. For the latter pro-
two-electron projectile. In the latter case, the Li projectilecess, the rati® of double-to-single ionization is expected to
can exhibit electron-electron effects itself. In this work targetbe constanf2].
ionization associated with specific outgoing projectile charge
states is |n.vest|gated. While the target undergqes ionization, Il EXPERIMENTAL PROCEDURE
the projectile charge state can remain unchargeédct ion-
ization), it can capture an electron, or it can lose an electron. This work was done using the tandem Van de Graaff ac-

Of particular interest is the double ionization of the He celerator at Western Michigan University using techniques
target associated with each of the above-mentioned projectilsimilar to those used previousl¥]. A schematic of the ex-
reaction channels. For the energy range investigated herperimental setup is shown in Fig. 1. After passing through
double ionization is examined in terms of mechanisms intwo sets of slits, the %" (q=1,2,3) projectiles were di-
volving electron-nucleugindependent-particjeinteractions  rected into the 4-cm-long collision chamber where they col-
as well as electron-electroricorrelation) effects [1,2]. lided with the helium target gas. The pressure in the collision
Double ionization by independent-particle interactions carchamber was measured with a capacitance manometer. Out-
be understood as two separate interactigmshe same col- going Li%*23 charge-changed reaction products were sepa-
lision evenj of the projectile nucleus with each of the targetrated with a magnet, and subsequently observed with
electrons; this picture is valid for intermediate velocities surface-barrier detectors. The incident beam was collected in
which there is sufficient time for two interactionsuch that a Faraday cup. To detect coincidences between the charge-

changed Li ions and the ionized target atoms, the recoiling
He™ and Hé" ions were deflected by a transverse electric
*Present address: Physics Division, Oak Ridge National Laborafield into a detector with a microchannel plate which could

tory, Oak Ridge, TN 37831-6372. be operated to about 25 kHz. To detect coincidences between
"Present address: Dept. of Physics, Kansas State University, Mathe unchanged Li ions and the He recoil ions, the unchanged
hattan, KS 66506. ions were detected with a solid-state detector which required
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e nagnet
" Eﬁér:tl);m ) (0qq-1) and single-electron loséog gy, in Li¥?3 +He colli-
| > T [ | 1 sions. The number in square brackets represents the power of 10.
T TR
AU Y S —) S L E (MeV) Tqq-1 (€M) Tqqs1 (€M)
(g=1,2,3) i’ LS Li* projectile
= L% 0.50 (2.0-0.4) — 17] (1.6+0.3[—17]
tector 0.75 (1.0:0.2) — 17] (2.4+0.5)] — 17]
o n? 1.00 (5.6-1.1) — 18] (2.4+0.5) —17]
1.50 (2.2:0.4) — 18] (2.6+0.5) —17]
— 2.00 (1.0-0.2) — 18] (2.3+0.5) —17]
4.00 (1.2£0.2) - 19] (1.8+0.4) - 17]
6.00 (2.4 0.5)[ — 20] (1.2+0.3)[ —17]
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TABLE I. Cross sections for total single-electron capture

2693

FIG. 1. Schematic of the experimental arrangement. FC is a 7.00
Faraday cup, SB a surface-barrier detector.

8.00

the beam current to be decreased by a factor of about 100.

Considerable care was taken to ensure that events were not 3.00
“lost” due to settings of the electronics. Care was also taken 4.50
to ensure that contaminants in the supply gas did not affect  6.00

(1.5-0.3)[ — 20]
(8.0-1.6)[ — 21]

Li%" projectile
(2.3-0.3) — 18]
(5.3-1.1)[ — 19]
(1.7-0.3) — 19]

(1.2+0.2) —17]
(1.0+0.2) - 17]

(6.2+1.2)[ — 18]
(5.1+ 1.0) — 18]
(4.2+0.8) — 18]

the measured event yields. See RB}.for a more complete 8.00 (5.2£1.0)[ —20]
discussion of the latter two points. 10.0 (1.9-0.4) —20]
14.0 (3.5:0.7)[—21]

(3.5+0.7) — 18]

(2.9+0.6) — 18]

lll. DATA ANALYSIS AND RESULTS 16.0 (3.0:0.6) — 21] (1.8+0.4) - 18]
A. Singles Li** projectile
The total charge changing, i.e., singles, measurements 3.00 (6.2 1.3) 18]
. - e 4.00 (2.4-0.5) — 18]
(without the recoil-ion detector and the coincidence electron- 6.00 495107 —19
ics in place were done for 0.5-8-MeV [i, 3—-16-MeV 8.00 (1'&0‘3)[_19]
Li?", and 3—-20-MeV Li*+He collisions. In the case of 0.0 (5'&1'0)[ 2o]
single capture, accurate knowledge of the cross sections is : (5.2:1.0)0—20]
needed, as these data provide the basis for the determination 12.0 (2.220.4) —20]
of the recoil-ion detector efficiency for the coincidence mea- ~ 16-0 (5.5- 1.1y —21]

surements to be discussed below. For each projectile charge 200 (2.4£0.5) —21]

state and energy, data were taken for target gas pressures up

to 100 mTorr; for single capture to i at energies above 10 .
MeV, target gas pressures up to 200 mTorr were used. |gurements much lower target gas pressures are required than

these measurements, care was taken to ensure that the td@i the singles measurements, because the relatively slow
charge-changing fraction of the incident beam did not exceed'0Ving recoiling He ions have a high probability for chang-
about 10%, and that single-collision conditions prevailed. N9 their charge in the target gas as they are accelerated to

The results for single-electron capture and loss are liste{fe recoil-ion detectoFig. 1). o
in Table | and shown in Figs.(8 and 3a). Statistical un- The ratiosR of double-to-single target ionization could be

certainties for these measurements are due to fitting the fragietermined for each Li projectile reactiomo charge change,
tional yield vs pressure curvés%), while systematic uncer- Single-electron loss, and smgle—electrqrn captudgectly
tainties are due to the effective length of the collision{rom the number of detected Heand Hé -events without
chamber(2%), inaccuracy of the pressure reading in the col-knowledge of the efficiency o_f the recoil-ion dete_ctor. In
lision region(5%), and the calibration of the measured beamorder to deter_m_me absolute comclld.ence cross sections, how-
current(4%). ever, the eff|C|ency' of'the recqll—lorj _detector had to be
known. The determination of this efficiency was based on
the fact that for single-electron capture in a helium target
only single or double ionization of the target can occur, i.e.,
For the coincidence experiment, measurements were car-
ried out for each incident projectile charge state and reaction ogq-1= Ug}q_1+ Ug,zq_ﬁ Ug}q_1(1+08,2q_1/08,1q_1)
channel(single capture, single loss, and direct ionizatiah 0
impact energies in the range 2—8 MeV for'Li3—16 MeV =0g9-1(1+Rqq-1), @
for Li%*, and 3—-20 MeV for Li". Each of these measure-
ments was done for target gas pressures in the range 0-whereoq g1, og,lq_l, andog?q_l are the cross sections for
mTorr, where single-collision conditions prevailed. Double-total single capture, and single capture associated with single
collision contributions to the measured yields from chargeand double ionization of the target, respectively, &, |
exchange prior to entering the target region were in generat the ratio of target double-to-single ionization associated
less than 5%5]. We note that for these coincidence mea-with single-electron capture to the projectile. From the mea-

B. Coincidences
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FIG. 2. (a) Cross sections for total single-electron capture by the FIG 3 . (a).Czross sections for total single-electron loss from the
projectile in Li"?3* +He collisions. All data are from this work. projectile in Li!** +He collisions. Solid symbols are data from this
The solid lines are the empirical predictions from Ref. [6]. (b) and vyork and the open §ymbols (for Li*") are from Ref. [27 9 The solid
(c) Cross sections for single (solid symbols) and double (open sym- lme.shows th? pred1ct19n of the Bohr model (8] for Li*". (b) C'ross
bols) ionization of He by Li'*3* projectiles undergoing single-  Sections for single (f'g}:d sy .rnbc.)ls) and double (c?pen symbols) fon-
electron capture. Symbols are as follows: (@, O)—Li*, this work; ization of He by Li'~" projectiles un.chrergqng single-electron loss.
(@, ®)—Li", Ref. [10]; (M,0)—Li2", this work; (BE)—Li2*, Symbols are as follow.s; (@,0)—Li", this work';2+(0, @)—Li+,
Ref. [10}; (A,A)—Li%*, this work; (A,4)—Li®*, Ref. [10, ~ Ref [10} (@, O)—Li", Ref. [11}; (MO)—Li*", this work;
(#,0)—Li>*, Ref. [9]. The lines are drawn to guide the eye (B,E)—Li*", Ref. [10]. The lines are drawn to guide the eye
through the present data. through the present data.

latter cross sections with the same cross sections obtained
sured ratioRR 41 (Table 1) and the measured total single- USINg the efficiency, an independent check of the efficiency
capture cross sections for't4® (Table ), the efficiencye IS Obtained. . _
of the recoil-ion detector was determined from ~ The determined cross sections, and the cross-section ra-
tios, for single and double ionization of the helium target
associated with single-electron capture, single-electron loss,
_\/01 and no charge change, are listed in Tables II-IV and are
Taa-1= Yag-1(1+Raq-1)€, @ shown in Figs. &), 2(c), 3(b), and 4, respectively. The un-
certainties for the singles experiment listed above also apply
01 . : L to the coincidence measurements. In addition, there are the
whereY o, is the measured yield for single ionization of o4y cibility error(15%) and the uncertainty of the recoil-
the target associated with single capture. The resulting effiy, detector efficiency20%), thus giving an overall uncer-
ciency of the recoil-ion detector was found to be abeut tainty of about 30% in the listed cross-section values.

=0.5+0.1, and this value was used to calculate the coinci-

dence cross sections for direct target ionization projectile IV. DISCUSSION
charge changeand for target ionization associated with pro-
jectile loss. For target ionization associated with single cap-
ture by the projectile, the cross sections can be calculated For the single cross sections, Fig@R shows that the
directly from Eq.(1). Thus, by comparing the values of these single-capture cross sections for'2£" +He decrease with

A. Cross sections
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TABLE Il. Cross sections for singleof’,_;) and double
(ag?q_l) ionization and ratiosRg 4—1) of double-to-single ioniza- ionization and ratiosR, o) of double-to-single ionization of He by
tion of He by Li>>3" projectiles undergoing single-electron capture. Li*%%" projectiles undergoing no charge change. The cross sections

The cross sections for double ionization were determined fronfor double ionization were determined fromf% =o', X Ry q-
02 01 y , ,
R

TABLE IV. Cross sections for singles(’;) and double ¢35,

94,0-17 %q,q-1"a.q-1- o1 02 9
= — E (MeV) oqy (cm) ooy (cm) Ry.q (%)
E(MeV) 0%, (cmP) o 1 (cm)  Ryq-1 (%) " projectie
Li™ projectile 2.00 (9.8:2.7)—17] (4.8£1.4)—18] 4.9+0.1
200  (6.9:1.9—-19] (2.0:0.6)—19] 29.5+0.3 2.50 (8.4c2.3—17] (3.6x1.0)—18] 4.3+0.1
2.50 (4.21.2) —19] (1.1+0.3) —19] 27.9+0.5 3.00 (7.2.0)—-17] (2.7£0.8) —18] 3.8£0.1
3.00 (2.1:0.6)—19] (5.3+x1.5[—20] 25.1+0.9 4.50 (5.2:1.5[—-17] (1.4x0.4)-18] 2.7x0.1
4.50 (5.6 1.6) —20] (1.1+0.3) —20] 18.9£1.5 6.00 (4.0:1.1) —17] (8.8£2.5)—19] 2.2+0.3
6.00  (1.9505[—20] (3.2£0.9[—21] 16.9+0.8 8.00 (3.7:1.0) —17] (6.0x1.7)—19] 1.6+0.1
8.00 (6.9-1.9)—21] (1.1x0.3)—21] 16.6+2.8 P
Li“" projectile
Li** projectile 3.00 (1.9-0.5)—16] (6.7+1.9)—-18] 3.5x0.3
3.00  (1.8-0.5[—18] (4.8+1.3[—19] 26.9+1.0 4.50 (1.2:0.3)[—16] (2.9+0.7[—18] 2.4+0.1
4.50 (43:1.2)—-19] (9.3£2.6)—20] 21.5+0.5 6.00 (9.1-2.6)—17] (1.7+0.5[-18] 1.9+0.1
6.00  (1.4:0.4)—19] (2.6+0.8[—20] 18.8+1.6 8.00 (8.202.3)[—17] (1.2£0.3[—18] 1.5*0.1
8.00 (4.5:1.3) —20] (6.8=1.9) —21] 15.1+0.6 10.0 (5.8£1.6) —17] (7.0=2.0) —19] 1.2+0.1
10.0 (1504 —20] (2.2+0.6)—21] 14.9+15 12.0 (5.9:1.7[—-17] (5.3x1.6)—19] 0.9x0.1
12.0 (7.1:2.0[—21] (1.1+x0.3[-21] 14.9+0.1 16.0 (45-1.3[—-17] (3.6x1.4)—19] 0.8£0.2
Li®* projectile Li®* projectile
3.00 (5.8-1.6)—18] (2.2+0.6)—18] 37.8+1.7 3.00 (3.3:0.1)[—-16] (1.5+0.1)[—17] 4.5*0.1
4.00 (1.8:0.5[-18] (5.8:1.6)—19] 32.0+1.9 4.00 (2.4-0.7)—16] (8.4x2.4)—18] 35+ 0.2
6.00 (3.9-1.1)—19] (10.0+2.8)—20] 25.5+0.9 6.00 (L.705)—16] (4.1+1.2)—18] 2.4+0.0
8.00 (1.200.3)—19]  (2.1+0.5)—20] 17.7+0.1 12.0 (1.200.3—16] (1.4+0.4)—18] 1.2+0.0
120  (2.0:0.6)—20] (2.4+0.8)—21] 11.8*1.2 16.0 (8.4:2.3)—17] (8.4x23)—19] 1.0x0.1
14.0 (2.0:0.6)—20] (1.6+0.5)—21]  8.1+0.7 20.0 (7.5-2.1)—-17] (6.0+1.8[—19] 0.8+0.1
24.0 (6.4:1.8)[—17] (4.5x1.3[-19] 0.7£0.0

increasing energy and decreasing incident charge state, as
expected. In the energy regime represented by the presepfeasured energies. A similar deviation from this scaling rule
work, the data are well represented by the empirical scalingt |ow energies was observed in the work of Ref] for
He"+He collisions (also g=1). For single-electron loss
from the projectile, shown in Fig.(8), the cross sections for
Li* are seen to be significantly larger than those fdf Lias
expected. However, this effect is enhanced due to the fact
that the incident L beam contained a significant metastable
fraction determined to be about 20%]. The present data for

rule of Schlachteret al. [6], except for Li" at the lowest

TABLE IIl. Cross sections for single «Y,;) and double
(_ag?qﬂ) ioniza_tion ant_j ra_tiosl'\qul) f(_)r do_uble-to-single ioniza-
tion of He by Li"?* projectiles undergoing single-electron loss. The
cross sections for double ionization were determined feeffy ;

_ 01
—O'q'qulX quq_‘_l.

01 02
E (MeV) 9qq+1 (CT7) 9qq+1 (OT)  Raqs1 (%0 ergies investigated, the data for’Liare in good agreement
Li* projectile with predictions of the Bohr model, as formulated by Knud-
2.00 (1.1t-0.3[—17]  (1.2+0.3[—18] 11.2+0.3 senet al. [8].
2.50 (9.1-2.6)—18] (9.2£2.6)—19] 10.1+0.3 Considering the coincidence cross sections, for the direct
3.00 (6.6-1.9)—18] (6.1+1.7)—19] 9.3+0.6 ionization channel shown in Fig. 4, the present results are
4.50 (6.3:1.8)—18] (4.1+12)—19] 6.5+0.3 consistent with earlier results of other investigatf@®,10,
6.00 (4.7-1.3]—18] (25+0.7)—19] 5.3+0.2 except those for L'i associated with single and double target
8.00 (3.951.1—18] (1.6:05[—19] 4.1+0.2 ionization measured by Knudsenal.[3]. It is not clear why
this is so but it could be due to a different fraction of meta-
Li*" projectile stable ions in the incident Libeam. For the single capture
3.00 (2.4:0.7)[—18] (3.6+x1.2)(—19] 14.8+24 channel[Figs. 2b) and 4c)], the present experiment pro-
4.50 (2.2:0.7)—18] (2.3*0.7)—19] 10.8+1.8 vides data in the energy regime above 400 keV/nucleon for
6.00 (1.9-0.6) —18] (1.7+0.5)—-19] 8.7=15 all three Li charge states. In the region of overlap with other
8.00 (1.450.4) —18] (10.1+=3.3)[—20] 7.2+1.2 measurements at lower energies, there is good agreement
10.0 (1.0:0.3]—18] (6.8=2.4)—20] 6.8+1.3 with the data of Shah and Gilbod9] and SanderEl0]. For
12.0 (9.6:3.1)[—19] (5.8£2.3)—20] 6.0+1.3 the single-loss channgFig. 3(b)] in the region of overlap,
16.0 (8.7:2.8)—19] (3.6+1.00—20] 4.1+0.8 the present data for Fiagree well with the data of Ref11].

Li?" are seen to be in very good agreement with earlier re-
sults of Huskatter et al. [7]. Furthermore, at the highest en-

Also, the double target ionization data of R¢L0] agree
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FIG. 4. Cross sections for single (solid symbols) and double
(open symbols) ionization of He by Li'*** projectiles undergoing
no charge change (direct ionization). Symbols are as follows:
(®,0)—Li*, this work; (@, ®)—Li*, Ref. [10]; (¥,V)—Li*, Ref.
(3], (@,0)—Li", this work; (B,E)—Li®*, Ref. [10]; (®,0)—
Li%*, Ref. [3]; (A,A)—Li**, this work; (A, A)—Li**, Ref. [10];
(®,0)—Li%", Ref. [3], (A,A)—L?*, Ref. [9]. The lines are
drawn to guide the eye through the present data.

FIG. 5. He target double-to-single ionization ratios associated
with direct ionization (no charge change) for Li*** projectiles.
Symbols are as follows: (@)—Li™*, this work; (®)—Li*, Ref. [10];
(O)—Li", Ref. [3]; (M)—Li%*, this work; (B)—Li2*, Ref. [10];
(C))—Li*, Ref. [3]; (A)—Li%*, this work; (A)—Li**, Ref. [10];
(A)—Li3*, Ref. [3]; (A)—Li**, Ref. [9]. The smooth curve is the
scaling rule of Ref. [1] for Li**+He.

lisions such a projectile with nuclear charge is fully
well, while the single target ionization data of REf0] are  screened, so that
higher thaq .the presgnt dat_a. From Figs. 2—4 it is seen that | distan 2_|z-1p2 @
for all collision reactions(single-electron capture, single- et '

electron loss, and no charge cha) d for all incomin . - S
g ngan 9 while at close collisions the projectile nucleus and the pro-

et 1i2,3+ ;
projectile charges (L"), the cross sections for double ctile electrons collide independently with the target, so that

target ionization are one to two orders of magnitude smallehe_}‘e effective charge is laraer than the nuclear charae:
than the cross sections for single target ionization. This resu 9 9 ge:

is consistent with the expectation that double target ioniza-
tion requires a “harder” collision, i.e., the average impact

parameter for the callision is smaller. For the hydrogenic projectile £, Egs.(3) and (4) predict

il A lgoct)d measmirr]e of H.'e. collective 'nfltiﬁncifOf ;c_he IOLOJQC'an effective charge of 2.0 for distant collisions, and 3.2 for
le electrons on the coflision process IS the etieclive charg€qqe collisions. The experimentally determined effective
In this case, the projectile electrons are considered as

! arge for single ionizatio =2.1) is close to the distant-
electron cloud which “screens” the nuclear charge. In the 9 g e )

. llision limit, while the effecti h for double ioniza-
present energy regime (0.5—8 May)/ the two-step mecha- collision limit, while the effective charge for double ioniza

. A . tion (ger=2.4) is somewhere between the close encounter
n|sm[3,12,13 for .doqblg lonization Is expec_ted to be domi- and the distant-encounter limits. These results show quanti-
nant, i.e., the projectile interacts strongly with the two targe

. . : & tively that collisions producing double ionization require a
electrons in separate encounters. In this case, single ary

o . 5 aller impact parameter than collisions producing single
double4|on|zat|on are expected. to scale I'mef(/v) and ionization, as expected, and are consistent with results of
(gesi/v)", respectively, wherel is the effective charge of

0o . Forestet al.[4] for He™ +He collisions.
the projectile as seen by the target. Thus, these relations can

be used to calculate the effective charges 6f &nd LF" for
target ionization by normalizing the direct ionization cross
sections for these projectiles to those of the bare projectile Of primary interest in this work is the ratio of double-to-
Li®*. For Li*, the average effective charges for single andsingle ionization of the He target, because this ratio can be
double ionization are found to be 1.4 and 2.0, respectivelyysed to exhibit the main features of double ionizatidr
while the average effective charges for single and doubl&,12,13. Here these ratios are investigated experimentally as
ionization by LP" are 2.1 and 2.4, respectively. a function of the incoming projectile charge state and as a
McGuire, Stolterfoht, and Simory14] proposed a theory function of the outgoing reaction channel, as shown in Figs.
for the effective charge of a hydrogenic projectile based orb—7. From these plots, three observations are mdgé&or a
the screeningandantiscreeningnechanisms. At distant col- given incident projectile charge state, the ratios depend

|95%12=2%+1. @

B. Ratios of double-to-single ionization
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50 T ] electron capture and single-electron loss, the ratios depend
; Single Capture ] quite strongly on the incoming projectile charge stdims.
asr a4 E 6and 7
d A .
s A Observation(1) can be understood qualitatively in terms
F of the average impact parameters for the three types of col-
35| A lision reactions. The larger the ratio, the more double ioniza-
E tion which takes place compared to single ionization. Double
30 ionization is generally expected to require smaller impact
& f a & parameter collisions than single ionization, as evidenced by
o 25F . . MDA
5 E PN the higher effective chargg,; found for double ionization in
2k 4 the above discussion. Therefore, the average impact param-
; ZAN ® eter for the single capture reaction channel appears to be
i5F A smaller than for the single-loss channel, which, in turn, is
N smaller than the average impact parameter for direct ioniza-
10p tion.
St R 1. Direct target ionization
0 ‘0'1 : E— 1‘ According to observatiof®), the ratioR, 4 for direct ion-

ization is nearly independent of the number of electrons on
the impacting projectile. Figure 5 shows that for energies
=0.3 MeV/nucleon the measured ratios for incident43"
are all nearly the same, and fall along the predicted scaling
rule of Knudsenet al. [3] for Li®". A similar result was
previously obtained by Forest al. [4], who reported that
the double-to-single ionization ratios at a given energy for
He' +He and H&" +He collisions are nearly the same in this
velocity regime.

For fully stripped projectiles of nuclear chargeand ve-
. ] -~ locitiesv such thaZ/v=1 (v in atomic unity, the ratioR of
strongly on the outgoing reaction channel, Spec'f'cal|yvdouble-to-single ionization is given 4,3,12,13
Rq.q-1>Rq.q+1>Rqq: (2) For direct ionization(no charge
change at a given energy, the ratios are largely independent
of the incoming projectile charge statEig. 5), depending
essentially only on the nuclear charge; ai®l for single-

Projectile Energy (MeV/nucleon)

FIG. 6. He target double-to-single ionization ratios associated
with single-electron capture for Li*>** projectiles. Symbols are as
follows: (@)—Li*, this work; (®)—Li*, Ref. [10]; (W)—Li*,
this work; (@)—Li**, Ref. [10]; (A)—Li*", this work; (A)—
Li**, Ref. [10]; (A)—Li**, Ref. [9]. The solid lines are drawn to
guide the eye. The dashed curve shows the calculated values from

Ref. [15] for Li**.

R= Cl+ Cim v

+C,

7 2
—> : ®)
v

where the first term is due to the one-step mecharism

18 pr—r-rr7 T — ization involving electron-electron interactignghe last term
L . results from the two-step mechanisiimdependent-particle
16 |- Single Loss ionization, and the middle term comes from interference
F 1 between the one- and two-step mechanisms. The validity of
14 E this scaling for fully stripped projectiles at intermediate-to-
F %%ﬁ 1 high velocities has been well establisHda)].
12F % E On the contrary, little is known about the behaviorRf
N % 1 for projectiles which are not fully stripped. In general, it is
E; 0F % ® ] expected that
5 gf % ° N E
: % - o ] R=R(q,Z,v). (6)
6 E % ] From Fig. 5 for direct ionization, however, it is apparent that
AF 3 for Li%?3" projectiles in the energy range investigated here
C there is little dependence & ongq, i.e.,R#R(q), and soR
5 3 3 is given essentially by Ed5). Since this equation, and con-
C ] sequently the empirical scaling rule of Knudsenal. [3],
0 Fo , e L] were derived only fobare projectiles impacting on He, it is

0.1

1

not cleara priori that these should be valid for partially

stripped projectiles as well.

The results of Fig. 5 suggest that the electrons on the
projectile have little influence on theatio of double-to-
single ionization. However, the absolute single and double
ionizationcross sectiongt a given energy do decrease with
decreasing projectile charge state, as seen in Fig. 4. Thus, it
must be concluded that whatever effect the projectile elec-

Projectile Energy (MeV/nucleon)

FIG. 7. He target double-to-single ionization ratios associated
with single-electron loss for Li'** projectiles. Symbols are as fol-
lows: (@)—Li", this work; (®)—Li*, Ref. [10]; (O)—Li*, Ref.
[11]; (M)—Li2*, this work; (E)—Li*", Ref. [10]. The lines are
drawn to guide the eye.
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trons have on the single ionization cross sections compared 30 N as

to L.i3+, they have_ nearly the same effect on the double ion- Li®* (Single Capture) @ ]

ization cross sections. 25 - N

He?* (Single Capture)
&

2. Target ionization with projectile capture or loss 20 - O
Contrary to the results for direct ionization, the ratios &
Rg.q-1 andRy 4+ 1 for target ionization accompanied by pro- £ 13t 7]
jectile single capture or loss, respectively, depend quite < EHe’(Single Capture)0 * (Single Loss)]

strongly on the incident projectile charge state, as seen in 10
Figs. 6 and 7. In the single-capture chanig. 6) the ratios

for Li* and LP* exhibit approximately the same behavior, 5
have nearly the same magnitude, and appear to level off at
the highest energies investigated. The ratios fof Lhow-

LA ILAL I L B B B e

ever, are still decreasing for the highest energies investi- 16 HH - 3
gated. In the range 0.3 to about 1.5 MeV/nucleon, the ratios 1.5 (b) 3
for Li®" are larger than those for tiand LF*, while for 14| I 3
energies=1.5 MeV/nucleon the ratios for Bf are smaller. —~ 3
These results suggest the importance of the electron-electron% '3 F /4 E
. . . . . . I L 1
interaction in this reaction channel. At the lower velocities §F 1.2[ 3
the bare projectile produces relatively more double ioniza- @ ey E 3
tion (due to the electron-nucleus interactichan the non- a_:" T F 1+ T E
bare projectiles(due to a combination of electron-nucleus x 1.0F T
and electron-electron interactionsvhile at the highest ve- 2 0ok \I‘Tf 3
locities investigated here the situation is reversed. Thus, the ™ : ]
strength of the electron-electron interaction apparently in- 08 | —®— Capture: (49)xR(L)/ R(He') E
F —s— Capture: {(4/9)xR(LI**)/ R(He®* E

creases compared to the electron-nucleus interaction as the 0.7
collision velocity increases.

E —A— Loss: (4/9)xR(Li%")/ R(He*")
TR | " M R R T S |

0.6

Knudsenet al. [15] and McGuire, Salzborn, and Mer 0.1 1
[16] analyzed data for target ionization accompanied by Projectile Energy (MeV/nucleon)
single capturgwhich they refer to as simultaneous capture
and ionization in terms of direct(two-step and rearrange- FIG. 8. (a) He target double-to-single ionization ratios associ-

ment (one-step mechanisms. The direct contribution is cal- ated with single-electron capture and loss for Li**, He?*, and He"
culated assuming independent capture and ionization prolprojectiles. Symbols are as follows: Single capture: (@)—Li**, this
abilities [16], while the rearrangement contribution was work; (®)—He*", (O)—He", Refs. [1,4,13]. Single loss: (W)—
calculated from second Born terrfis5]. In Fig. 6 we show  Li**, this work, (0)—He", Ref. [4]. (b) Ratios §R(Li**)/R(He?*)
the calculated curve for Bf +He from Ref.[15]. It is seen for double-to-single ionization ratios associated with single capture
that this curve underestimates the present data for energito hydrogenic projectiles (@) and to projectiles of ionic charge 2
=<1.5 MeV/nucleon. Above this energy, the calculated curve(.-)’ and for double-to-s.ingle .ioqization ratios. associated with
levels off somewhat while the i data continue to decrease Single loss from hydrogenic projectiles (4). The lines are drawn to
strongly. Noteworthy is the fact that the calculated curveStide the eye.
agrees quite well with the Bf ratios, and to a lesser degree
with the Li* ratios. While this latter agreement may be for- (screening or (b) ionize the electrofs) of the collision part-
tuitous, it is clear that more work needs to be done to underner (antiscreening
stand the scaling of the double-to-single ionization ratios in  In the screening procegdirect ionization, the electrons
the single-capture channel. remain in their original state, while in the antiscreening pro-
In the single-loss channgFig. 7), the ratiosR; 411 for  cess they actively participate in the collision and can be ion-
Li™ and LP" exhibit a behavior similar to each other, with ized or excited 14,18,19. Screening is characterized by an
the Li?" ratios being approximately 80% larger than thé Li electron-nucleus interaction, while antiscreening involves an
results. Thus 4" causes more target double ionization for aelectron-electron interaction. Screening and the projectile ex-
given amount of target single ionization than"LiThis is  citation contribution of antiscreening both leave the projec-
evidence that the electronic structure of the projectile playsile in the same charge stafé8], so that they cannot be
an important role in this reaction. distinguished in this experiment. Thus antiscreening associ-
It has been suggested that such results can be interpretated with projectile excitation is included in the direct ion-
in the free-collision mode[8,17]. In this model, collision ization channel here. However, for double ionization of the
processes such as'i+He and Hé+He reduce to colli- helium target, it can be concluded that the ionization part of
sions of He targets with bare projectiles, namely**Land  antiscreeningsingle loss reaction channés relatively more
He?t, respectively, where the projectiles do not changemportant than screening and the excitation part of anti-
charge state, plus the scattering of a free electron accompaereening combineddirect ionization. This can be seen
nying these processes, i.e., +He. Electrons in the colli- from Figs. 5 and 7, where the ratios for single loss from Li
sion reaction have a dual role: they danshield the nucleus and LP" are significantly larger than the ratios for direct
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ionization by the same ions at all energies investigated.  He targets in the energy range between 0.5 and 8 MeV/

To give additional insight into the effect of the projectile Cross sections for single and double ionization of the He
electrons on the double-to-single ionization ratio for thetarget by incident L%%" have been obtained for three pro-
single capture and loss reaction channels, the results for thectile reaction channels, namely, direct ionization, single-
hydrogenic projectile 14" can be compared with He electron capture, and single-electron loss. In general, good
(which has the same electronic structusnd with HE"  agreement is found in those cases where previous measure-
(which has the same ionic chajgd@hese results are shown ments were available for comparison. For all incoming pro-
in Fig. 8@a). The ratios for capture by Ei are seen to be jectile charge states, energies, and outgoing reaction chan-
about twice as large as those for capture by'Hend capture nels the double ionization cross sections are one to two
by He" for energies>0.4 MeV/nucleon. The fact that orders of magnitude smaller than the corresponding single
Rg.q-1 for Li%* is larger tharR, o4 for He?* indicates that  jonization cross sections. This implies that double ionization
it is not simply the ionic charge which is important in this occurs for smaller average impact parameters than single
reaction channel. Furthermore, the fact tRgt,_; for Li**  jonization, as evidenced by the larger calculated effective
is larger tharR, ,, for He™ must be principally due to the charges for 32" projectiles for double ionization than for
higher nuclear charge of £i, since both L3* and He have  single ionization.
the same electronic structure, and since the projectile elec- The main emphasis of this work was the investigation of
tron is expected to play mainly a passive role in the capturghe ratioR of double-to-single ionization of helium for each
process, i.e., it is a spectator electron. The same cannot laf the various outgoing reaction channels. It was found that
said for the loss channel, i.eRq 41 for Li?* and He, for direct ionization (no charge changethese ratios are
where the projectile electron plays an active role in the coldargely independent of the incoming projectile charge state
lision process since it is lost from the projectile. Since theand are in good agreement with the scaling of Knudsteal.
data for energies 0.4 MeV/nucleon are in the intermediate- [3]. Theoretically, however, it is not clear why these ratios
velocity regime, the effect of the nuclear chargePnoan be are largely independent of the incoming projectile charge
“taken out” by considering the ratio§ R(Li*")/R(He™), state. For the single-capture and the single-loss channels, the
with q=1,2. These results are shown in FigbB It is seen ratios depend quite strongly on the incoming projectile
that these ratios for capture to isoelectroni¢’Land He are  charge state, and the contribution of the electron-electron
nearly unity, indicating that whatever effect the projectile interaction appears to increase compared to the contribution
electron has oR, 4, itis the same for 3" and He'. Thus,  of the electron-nucleus interaction at the highest energies in-
the net effect of the %" electron orR, 4—1 should be shown vestigated. This is in agreement with studies by Montenegro
by the ratiosgR(Li*")/R(He?") for capture to L¥" and and co-workers [18,19 for single-electron loss in
He**. These latter ratios are less than unity, and appear tble” +(He,H,) collisions.
generally decrease with increasing projectile velocity, indi- Finally, while the scaling of the double-to-single ioniza-
cating that the 13" (spectator electron serves to decrease tion ratio for bare projectiles with nuclear chargeand ve-
the relative amount of double ionization, perhaps due tdocity v is largely understood in the direct ionization chan-
screening. Finally, it is seen that the ratios nel, the results presented here show that this scaling is not
4R(Li%")/R(He") for loss from LP* and He are generally  well understood for dressed projectiles or for projectiles un-
greater than unity and appear to decrease for energigtergoing charge changeingle-electron capture or single-
=1 MeV/nucleon. This result foR, 4,1 indicates that the electron loss Future experiments for projectiles wii>3
projectile electron produces greater double ionization as theould be useful to enhance the understanding oftlzedv
nuclear charge increases, perhaps signaling the increasisgaling of the ratio for dressed projectiles or for projectiles
importance of electron-electrofanti-screeniny effects for  undergoing single-electron capture or single-electron loss.
higherZ projectiles. The theoretical basis for these observa-
tions is not known.
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