PHYSICAL REVIEW A, VOLUME 64, 012708
Single-electron capture and transfer ionization in collisions of L¥* ions with helium
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The total cross sections for single-electron capture and transfer ionization are computedfoHei
collisions in a four-body distorted-wave formalism. The contribution from ¢he interaction during the
collision is evaluated. Comparison between the present theoretical results and measurements at 50—5000
keV/amu yields satisfactory agreement. The continuum distorted-wave four-body method employed can pro-
vide information about the relative significance of the dynamic interelectron interaction in the collisions under
study.
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[. INTRODUCTION that are intermediate between the CDW-4B and CB1-4B ap-
proaches for double-charge exchange, termed the boundary-
In the past decade much attention has been paid toorrected continuum intermediate staf@8] and Born
electron-electron correlation effects in ion-atom collisions.distorted-wave methodsl9]. The common property of all
The simplest case where we can study these effects is a cdhe quoted four-body theories is that these methods show
lision in which a bare nucleuB of chargeZp is impinging ~ Systematic agreement with experimental data at intermediate
upon a heliumlike atomic system consisting of two electrongand high impact energies.
e, ande, initially bound to the target nucleus of charge In the present work, we shall apply the CDW-4B method
Z+1, i.e.,Zp+(Z7:e1,e,) collisions. In such collisions, one- to calculate total cross sections for single capt(8€) and
electron(electron capture, excitation, ionizatioas well as  transfer ionization(Tl) for the following processes:
two-electron transitiongdouble capture, double ionization,

double excitation, simultaneous transfer and ionization, si- Li®* +He—Li?*+He" (SO, (11
multaneous transfer and excitatjooan occur. Some two-
electron processes are not negligible compared to single- Li®T+He—Li? +He? +e (TI). (1.2

electron transitions, in particular for multiply charged

projectile ions. For example, the ratio of transfer ionizationThe reaction(1.1) has been theoretically treated previously
to single captur®R= o, /osc for F°* incident on He[1] is by a number of authors using various methods. For example,
2.65, 1.75, and 1.0 at impact energy 0.5, 1.0, and 1.5 MeWthe IPM and Roothan-Hartree-Fo€RHF) target screening
amu, respectively. The majority of the theoretical articleswere adopted within the corrected first Born theory of Belkic
that have considere@d,+(Z1;e;,e,) collisions employed [20]. This gave good agreement with experimental data at
the independent-particle moddPM). In this model, there intermediate and high impact energies. Belk&ayet, and
are many ways to approximate the wave function of a heli-Salin[21] originally introduced the RHF method for single-
umlike atom. The approach in which an active electron of theelectron capture from a multielectron target within the
two-electron target moves in an effective potential generate€DW-3B approximation of Cheshif@2]. This RHF model

by a target nucleus and passive electron has frequently beemd the CDW-3B approach were used by Saha, Data, and
used. Thus, in the IPM, the four-body problem is reduced tdVlukherjee[23] for the charge-changing reacti¢h.1) in the

a three-body problem. Probabilities for one-electron transienergy interval 0.2—4 MeV/amu. For the same collision sys-
tions were combined to calculate cross sections for varioutem, theoretical total cross sections have also been obtained
one- and two-electron processgs3]. The main failure of by Busnengo, Martinez, and Rivarolg24], using the
the IPM is that dynamidscatteredl correlation effects are continuum-distorted-wave—eikonal-initial-stat€CDW-EIS)
completely discarded from the outset. Hence, if we want teand  the  continuum-distorted-wave—eikonal-final-state
evaluate the role of the electron-electron interaction correlacCDW-EFS as well as the CDW-3B methods. These models
tion we must deal with a four-body problem. Such four-bodytreat the procesél.l) as a three-body problem and still the
theories have been developed within the continuumCDW-EIS model correctly predicted the behavior of the
distorted-wave (CDW-4B) formalism for double-electron measured cross sections even at lower energies, while simul-
capture[4—6], simultaneous transfer and ionizati¢@,8], taneously achieving good agreement with high-energy ex-
and simultaneous transfer and excitatj®r-11]. In addition  periments. Gravielle and Miragli25] studied reactioril.1)

to these two-electron transitions, the CDW-4B approxima-using the prior form of the eikonal impulse approximation
tion was used in Refs[12,13 for description of single- and assumed the IPM for the helium target. Sidorovich, Ni-
electron capture. The four-body first Born approximationkolaev, and McGuirg¢2] have applied the approximation of
with the correct boundary conditiof€B1-4B) was carried Bassel and Gerjuoy26] to calculate the charge-changing
out for double-charge exchandd4,15, as well as for cross sections in collisions of H H&?", and L' ions with
single-electron capture in collisions between two hydrogenHe atoms in the energy region of 0.025—-4 MeV/amu in the
like atoms, where we can also evaluate the correlation effeci®dependent-electron approximation. The IPM and the unita-
[16,17]. There are second-order four-body hybrid theoriesrized distorted-wave approximation, which is based on the
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atomic-orbital expansion, were used by Suzuki ef2d] for ~ determining whether electronic correlations remain impor-
description of the reactiofil.1). However, in their method tant. In our discussion, emphasis will be placed upon the
the correlation term is simplified, according tB;/r;  relative role of various terms in the full pri&f; and postvy
—Z7Iro+ 1l o= —alr{—alr, where «a is the effective perturbations.
charge, so that their model cannot yield any information Atomic units will be used throughout unless otherwise
about the correlation effect. The reactidn2) was one of the stated.
subjects of investigation in Refg3], [2], [28] where an IPM
was used.

Despite the availability of several theories, the contribu- Il. THEORY
tion from the electron-electron interaction during the colli- N
sion in Li** +He scattering has not been previously assessed. L€t 1, andX; , be the position vectors of the electrons
Therefore, the main goal of the present work is an evaluatio®,2 elative toZp andZy, respectively. Lee; be captured
of the relative significance of the dynamic interelectron in-ande, be simultaneously ionized in the case of Tl, whereas
teraction in LP*+He collisions by means of the CDW-4B for SCe, stays bound to the target nucleus. We denot®by
theory. With regard to previous wofi 2,13, where a major the position vector off with respect toP. The distance be-
influence of electronic correlations on electron capture to théween electrons will be denoted Ivy,. The transition am-
ground state inp+He, HE"+He, andp+Li* collisions plitudes in the prior(—) and post(+) forms for transfer
was found, in the present paper the calculation is extendeidnization and single capture in the CDW-4B theory can be
for charge exchange to the excited states, with the purpose afritten as[7,12]

T;f(“):/\ffffdﬁzd§1d§2ei&-51+iﬁ-*1—ii-*zgo;*1(§l)1F1(ivT,1,iux1+i5->zl)1F1(ig,1,ipx2+iﬁ->zz)
X[VP(Rasz)1F1(iVPvl,ivsl"‘il7'§1)<Pi(>zl,iz)—ﬁxl¢i(ilyiz)'ﬁsllFl(iVP,11i051+il7'§1)

—aFa(ivp,livs;+iv-S))(Ei—H1) @i(X,X2) ], (2.9
T;(m:NJffdﬁd)‘(ldizei&‘gl*‘/;’zf‘E‘22¢i(>?1,)Zz)1F1(ivp,l,ivsl+i17-§l)1F1(i§,1,ipx2+iﬁ->?2)
X{[Vp(R,S2) + V(12 X1)] 1F (i vy, Livxy +i5-X0) 0F (81) = Vs 07 (81) - Vi 1Fa(ivr Livxg +id- X))}, (2.2
TS =Nor [ [ | dRaxidRe ™54 55007, (516t () FalivrLioxs +15- K)DVo( R.5p) i(5a %)

X 1F1(i Vp,l,iUSl+il})'gl)_ﬁxl@i(il,il) . V)Slll:l(i Vp,l,ivsl+il?'§1)_ lFl(i Vp,l,iUSl+i5‘§l)

X(Ei=H7)ei(X1,X2) ], 2.3
T30 Nor [ [ [ dRaRd%,e/%5 15,0, K)o, (0p) P (v Livs +iB )

X{[Vp(R,Sp) +V(r 12,X1)10f (81) 1F1(i vy, Ljoxy +i5-%1) = Vi @7 (S1) - Vi, aFa(ivr Livxg +i0-Xp)}, (2.4

where like wave function of the 15" ion in the exit channel. The
11 11 final bound state of He in reaction(1.1) is described by
- . i (T) +(SC)
VP(Rasz):ZP(ﬁ— s_)’ V(flz,Xl)Z(r—— _)_ gofz_(xz). The remaining quantities if;;*'’ and T; are
2 12 X1 defined as follows:

(2.9

The symbol;F,(a,b,x) stands for the usual Kummer hyper-
geometric function. The momentum vector of the ejected

N=(2m) " 3N""({)Npr,

electrone, with respect to its parent nucleliss denoted by Npr=N"(vp)N~"(v7),
«. The wave function of the initial bound state is labeled by
¢i(X1,X2), whereaspy (Sy) is the single-electron hydrogen- N (0)=T(1+i7)e™",
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N~ (vp)=T(1+ivr)e™™, N (vp)=T(1—ivp)e™r? sectiogs obtained from the one-parameter orbital for
H
Zp Z—1 Z e(1s),
vp=—-, V1= ) =—, pP=vtk. o A3
v v P ¢i(%y %)= —e M, A=16875, (3.0

The momentum transfei@ and,é are given by : . .
are plotted. In this case the post-prior discrepancy does not

G= ;7_(2_ 9){7 BZ _ ;7_(2+ 9 3 exceed 26% in the considered energy interval. If the ground
2 v’ 2 v)” state of the helium atom is described by the two-parameter

wave function[29]

where 7 is the transverse momentum transfer vector with
propertiesa+ 8= —v and 5-v=0, and the impact velocity
vectory is directed along th& axis. TheQ factor of inelas-
ticity is defined asQ:Ei—(Efl+ E,) for Tl and Q=E;

N
0i(X1,X)=—(e” a1X1T X 4 @7 @2X1T @1X2)
T

—(Ef. +E;)) for SC, whereE; and E; ,E;_ are the initial |1 1 16 o
L TEr) | _ B, N=| 5+ -—5+——3| (3.2
and final binding energies, arif, = «2/2. a;  a; (aytay)

The prior transition amplitude®.1) and (2.3) contain a ) ) ) o
term with the factor E,—Hq7)ei(Xy,X,) with H;  the post-prior discrepancy is less significant and does not
= —(1/20)V2 — (1/20)V2 = Z1 /Xy — Z1/Xo+ 115, where —€xceed~10% (see Table )l The reason for the decreased
1 2 ’ . . . .
b=rmy/(mr+1) andm, is the mass of the target nucleus. If discrepancy is the fact that the functi@®2) includes some

the bound-state wave function for helium were known eX_radial static correlations. The discrepancy would disappear if
. R S the exact wave function for helium were available.
actly, the functione; (Xy,X)=(E;—H1)¢;i(X1,X5) would

ioh identically. Si h ; e The CDW-4B total cross sections for the ground-to-
vanish identically. Since such an exact wave function Is Ung,qynq transition in reactiofi..1) obtained by means of the
available, the contribution fronp; (X1,X5) is not equal to

7 et ) \21.72) one-parameter orbital3.1) and the two-parameter radially
zero. This implies that this term, in principle, should be kept.grelated orbital3.2) are very close, as can be seen from
throughout the computation within the prior transition ampli- Tgple |. In the case of the post form, the difference between
tudesiTi’f(SC) and (™. This correction was suggested by the two corresponding results is less than 7%, while for the
Belkic [15] within the CB1-4B approximation for double- prior form the difference is greater, up to 16%ee Table)l
electron capture. However, numerical computations forThe prior cross section is more sensitive to the accuracy of
double-electron captufd5] and for TI[7] in a-He collisions  the initial state than the post form, because the expression for
show that this correction is negligible at high impact ener-the prior amplitude(2.1) does not contain the termrij,

gies. For this reason we shall not consider this term in thevhich explicitly accounts for the dynamical correlations.

present paper. In Fig. 2, the theoretical post total cross sections for SC to
The triple differential cross sections for Tl read the ground state in Bf +He collisions are plottedfull line)

doz(m TZ(M|2 together with the experimental data of Shah and Gilbody

Qi M(k)= dlf* =J d7 2” , (2.6)  [30] and Woitkeet al. [31]. As can be seen, the computed
K o cross sections are in satisfactory agreement with the experi-

whereas the total cross sections are given by mental measurements. Our CDW-4B curve lies slightly be-
- (T . low the experimental findings, due to the fact that the

Qif =f dx Qjf" (k). (2.7)  cDW-4B results displayed include capture only in the

heground state, while the contribution from the excited states is
accounted for by the factor 1.202 which additionally multi-
plies the total cross sections. When we neglect the relevant
term for dynamic correlationS/(r,,x;) from Eqg. (2.4), we

The post and prior total cross sections for SC in t

CDW-4B theory are
£(SC)_ -
Qi )_f d7 obtain cross sectiongenoted byQ;, in Table |) that grossly
underestimate the experimental détae the dashed curve in

As shown in Ref.[7], after analytical calculations per- Fig. 2). This provides evidence that the dynamic correlations
formed by means of the standard Nordsieck technique, thglay an important role for electron capture to the ground
expressions for total cross sections for Tl can be reduced tostate, especially at higher impact energies.
seven-dimensional numerical integral. In the case of single- In the next stage of investigation we extended the

charge exchange, the total cross sections are expresseW-4B theory for electron capture to the excited states,
[12,13 via a four-dimensional numerical quadrature. i.e., for the reaction

T=(s0)|2

if

(2.9

2v

Ill. RESULTS AND DISCUSSION Li%*+He(1s?) —Li%"(n¢l) + He (1s), (3.3

The numerical results for the posRf;) and prior Q;;)  where the values of the quantum numbeyk in this paper
total cross sections for electron capture from H&jlto the  are restricted to 4, 2s, 2p, 3s, 3p, and 3. The analytical
ground state of 13" in reaction(1.1) are summarized in calculations are carried out separately for each subshell by
Table | and Figs. 1 and 2. In Fig. 1 post and prior crossmeans of the partial differentiation technique of the Nords-
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TABLE . Total cross sectionéin cn) in the CDW-4B model for single-electron capture to the ground
state in LP*+He collisions, as a function of incident energytkeV/amy. The columns labele®;; andQ;;
correspond to the post and prior results obtained with the complete perturbation potentials according to Egs.
(2.3 and(2.4), while the dataQp denote the pogt+) and prior(—) cross sections obtained without the term
Vp(R,S,); the symbolQ7, refers to the results obtained without the perturbati¢n,,,x,) in Eq.(2.4). The
computations carried out by means of the wave functi@® and(3.2) are labeled bya) and(b), respec-
tively. The results obtained are multiplied additionally by a factor of 1.202 in order to include the contribu-
tion from the excited states. The number in square brackets represents the power of 10.

E (keV)/amu Qi Qi Qp Qp Q1
50 (@ 1.66-16]  1.59-16] 1.1 -16] 1.04-16]  1.54-16]
(b) 1.64-16]  1.63—16] 1.14-16] 1.14-16]  1.61—16]
60 @ 1.40-16]  1.31-16]  8.69-17]  7.6§-17]  1.27-16]
(b) 1.3§-16]  1.39-16] 8.74-17] 8.87-17]  1.29-16]
70 (@ 1.26-16]  1.19-16]  7.61-17] 6.74-17]  1.09-16]
(b) 1.24-16]  1.2§-16]  7.69-17]  7.80-17] 1.09-16]
90 (@ 1.09-16]  1.01-16]  6.61-17] 6.11-17]  8.27—17]
(b) 1.01-16]  1.04-16]  6.6-17] 6.79-17]  8.17—17]
100 (@ 9.14-17]  9.14-17]  6.24-17] 579-17]  7.1-17]
(b) 9.14-17]  9.33-17] 6.14-17] 6.31-17]  7.01-17]
150 (@ 531-17]  5.1§-17]  4.00-17] 3.81-17]  3.54-17]
(b) 501-17]  5.13-17]  3.81-17] 3.971-17]  3.43-17]
200 (@ 297-17]  291-17]  2.44-17]  2.33-17] 1.84-17)
(b) 2.79-17]  2.84-17]  2.34-17]  2.40—17] 1.74-17)
300 @ 1.0§-17]  1.04-17]  9.56-18]  9.29-18]  6.17—18]
(b) 1.00-17]  1.04-17]  9.29-17]  9.49-18]  5.8(0—18]
400 @ 4.49-18]  4.39-18]  4.271-18]  4.11-18]  2.44-18§]
(b) 423-18]  4.37-18]  4.19-18]  4.2§-18  2.27-1§]
500 @ 2.14-18]  2.07-18]  2.19-18]  2.07-18] 1.0 -18]
(b) 2.07-18]  2.0§-18]  2.09-18]  2.17-18] 1.00-18]
600 @ 1.17-18]  1.07-18  1.14-18] 1.04-18]  5.3§-19]
(b) 1.09-18]  1.07-18  1.13-18] 1.19-18]  4.99—19]
700 (@ 6.24-19]  5.91-19] 659-19]  6.15-19]  2.89-19
(b) 591-19] 5.99-19] 656-19]  6.60-19]  2.69-19]
800 (@ 3.70-19]  3.44-19]  3.99-19]  3.69—19 1.64-19]
(b) 350-19]  353-19]  3.99-19]  4.00—19] 1.5 19
900 @ 2.30-19]  2.14-19]  254-19]  2.31-19]  9.63-20]
(b) 2.19-19]  2.19-19] 253-19] 253-19]  8.91-20]
1000 @ 1.44-19]  1.3§-19]  1.6§-19] 1.50-19]  5.99-20]
(b) 1.41-19]  1.41-19]  1.66-19] 1.66-19]  5.57—20]
1500 @ 250-20]  2.1§-20] 2.93-20] 2.5§-20]  8.6§-21]
(b) 2.39-20]  2.34-20]  3.00-20] 2.93-20]  7.9-21]
2000 @ 6.5§—21]  5.49-21]  7.90-21]  6.67-21]  2.04-21]
(b) 6.30—21]  6.04-21] 8.14-21  7.87-21] 1.8 -21]
3000 @ 9.01-22]  7.13-22] 1.14-21]  9.09-22]  2.43-22]
(b) 8.71-22]  8.14-22]  1.14-21] 1.09-21]  2.20-22]
4000 @ 2.09-22]  159-22] 2.69-22] 2.0§-22]  5.14-23]
(b) 207-22]  1.8§-22] 2.74-22] 254-22]  4.6§-23]
5000 @ 6.50-23]  4.8§-23] 8271-23]  6.37-23 1.50-23]

(b) 6.371—23] 5.74-23] 8.671—23] 7.94-23] 1.34-23]

ieck integrals. As an illustration numerical computations arereported are the total cross sectiddg,, obtained by means
performed for incident projectile energies 60, 800, and 400Qf the Oppenheimern(;) ~2 scaling law

keV/amu. The results for the state-selective partial cross sec- . . . .

tions Qqy m, for process(3.3) are given in Table II. Also Qiota= Q1 Q7 +2.081Q3, (3.9
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FIG. 1. The total cross sections of the CDW-4B approximation FIG. 2. The total cross sectiorf; cn?) as a function of the
(in cm?) as a function of the laboratory incident enery(keV/ laboratory incident energyE (keV/amy for the reaction
amuy for the reaction 3" +He—Li?*+He". The post cross sec- Li%"+He—Li?>"+He". The full and the dashed lines represent the
tions are shown by the full line, while the dashed line represents thpost cross section®;; of the CDW-4B method with the complete
prior results. The ground state of the target atom K&(ds de-  perturbation potential and without the potentér ;,,x,), respec-
scribed by means of the one-parameter wave fundtod). tively. The symbolA refers to theoretical post total cross sections

(Qir1a) Obtained from Eq(3.4). The curves correspond to capture
where the notatio@;f implieSQﬁ :EI . Q;_rl o All cross ?nto the ground state, while the contribution from _the excited _stgtes
f f L B is accounted for by the factor 1.202 which additionally multiplies

sections given' in Table Il are 02btained assuming the ON€he total cross sections. The displayed results are obtained by means
parameter orbital3.1) for He(1s%). We have found that o the orbital(3.1) for the ground state of the helium target atom.

electronic correlations remain important for excited states agyperimental datall Shah and Gilbody30]; ® Woitke et al.[31].
well. It should be noted that the contribution from the term

V(ris,X1) to the total cross section for the excited states

: g included. This is fully accomplished in the CDW-4B theory,
retains a S|m|la_r trend to that for capture to the ground St.atethrough introduction of the on-shell electronic Coulomb
For example, if we compare the post total cross sectio

. ) NYaves centered & and Zr—1). At lower energies, how-
+ P T ’

Comp“te‘j with and V,V'thOUt the .term(rlz,xl), namely,Qy, ever, charge exchange dominates over ionization channels.
versusQ;,, we obtain, reSprtl\iely, forsl 2s, and 3 at s time, electronic-continuum states represent a drawback,
4000 keV/amu the value®,/Qq,=4.05, 4.10, and 4.10. sjnce they overaccount for the intermediate ionization paths
These ratios at 800 keV/amu are 2.28, 2.24, and 2.2lgf the reaction. Such an observation is supported by the in-
whereas at 60 keV/amu they are 1.10, 1.66, and 1.48. Thgpection of the Coulomb waves, whose normalization con-
ratio Q,,/Qy exhibits similar behavior also for other excited stant increases as the incident energy is decreased. Using
states that are considered in this paper. these arguments, one can conclude that the CDW method

The values of the total cross section3,,) are displayed will yield unphysically large cross sections at lower energies.
in Fig. 2 via the symbolA at three selected impact energies. Thus, we should expect, without resorting to any numerical
As expected, the contribution from the excited states beeomputations, that the neglect of the electronic intermediate
comes less important as the impact energy increases. Howenization states in the channel where distortion is stronger
ever, at lower energies, total cross sectio{,) signifi-  will lead to considerably smaller cross sections, especially at
cantly overestimate experimental data in a fashion typical fofow energies. Such one-channel distorted-wave approaches
the CDW approximation. The reason for such behavior carave been developed for different charge-changing reactions
be understood from the following arguments. (see, for example, Ref$32—-34, [24], [18], [19]). In our

(i) The ionization channels dominate over charge ex<ase, the interaction of the projectile L) with the cap-
change at high energies. Therefore, to properly describe eletdred electron is stronger than the interaction between (
tron capture to a final bound state, in the limit of high ener-—1) and the captured electron, so that the distortion of the
gies, the electronic-continuum intermediate state must baitial bound state is greater than that of the final state.
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TABLE Il. Total cross sectiongin units of cnf) for reaction(3.3), computed in the CDW-4B approxi-
mation. Column labeledl im; refers to the state-selectiypartial) cross section@nﬁ”mf . Here we adopt the
spectroscopic notation, i.eQq ,=Qp 10+ 2Qx 11, Q3y=Q30T 2(Q321+ Q329 Column labeled “total”
represents the cross sectias,,, for reaction(3.3), where the summation over the final states is carried out
by means of the Oppenheimen 2 scaling law: Qu,=Q; +Q, +2.081Q; . The number in square
brackets represents the power of 10.

E (keV/amy
60 800 4000
nel Mg post prior post prior post prior
100 1.14-16] 1.07-16] 3.0§-19] 2.84-19] 1.73-22] 1.37-22]
200 2.11-16] 2.24-16] 7.17-20] 7.00—-20] 2.6q0—-23] 1.99-23]
210 7.07T—-16] 7.47-16] 3.19-20] 3.0 -20] 3.93-24] 2.87—-24]
211 2.65—16] 2.5(0-16] 1.07-20] 8.89—-21] 1.54 —24] 1.03-24]
2p 1.24-15] 1.29-15] 5.33-20] 4.83—-20] 7.09—-24] 4.84 —24]
300 1.32-16] 1.39-16] 2.44-20] 2.41-20] 8.04—24] 6.19 —24]
310 2.63-16] 2.79-16] 1.23-20] 1.19-20] 1.40-24] 1.03-24]
311 1.07-16] 6.69—17] 4.44-21] 3.40-21] 6.20—25] 3.81-25]
3p 4.71-16] 4.09 -16] 2.17-20] 1.87—-20] 2.64 —24] 1.79-24]
320 1.16-16] 1.20-16] 1.34-21] 1.31-21] 4.54—-26] 2.9 -26]
321 1.44-16] 1.24-16] 1.81-21] 1.37-21] 2.5(—25] 1.3 -25]
322 1.36—-16] 2.671—-17] 6.1 —-22] 3.21-22] 2.57—26] 7.89—26]
3d 6.7 —16] 4.29-16] 6.23-21] 4.69-21] 5.97-25] 4.57—-25]

Total 4.24-15] 3.64—-15] 5.41-19] 5.04-19] 2.30-22] 1.74-22]

Therefore, Busnenget al. [24] found good agreement with Vp(R,s,) is observed for the orbitdB.1) (see Table)l We
experimental data including the low-energy region for reaccan conclude that for SC to the ground state iR"HiHe
tion (3.3 in the framework of the three-body one-channelcollisions the contribution of the perturbatifp(R,s,) var-
distorted-wave modelCDW-EIS), when they replaced the jes by up to 40%. In the case of SC, tke coordinate is

continuum distorted factor in the entrance channel by th%ma”, because the e|ectr@ﬂ remains bound for the target
corresponding logarithmic eikonal phase. The lower limit ofyycleus, and we can develoZp(1/R—1/s,) in a

Elzp)ﬁlication of the CDW-3B theory was established in Ref-power series  according  to Vp(R,S,)=Zp(1/R—1/
- : : =Zp(1|8,— %o — 1/s,) =Zp[ LISy + X S5 IS5+ - — 1fs
(ii) It should also be noted that at low energies the |mpacts~2)Z . P(a /ls‘g .:_(ﬁ| " f/SrZ) thg[ e/zsr'furl;(:ltif;ﬂ S(ZR s) shojl]d
velocity is smaller than the velocity of the electron in e~ <PX2 S2/S2. TheTelore, P PATH™2

shell of the target, and thus some molecular effects may bé{ield a greater contribution to the total cross sec.tions for Tl
come increasingly important. The CDW-4B method does noffan for SC. Our computatiorisee Table Il and Fig. j3for
account for any molecular effects and so it is not expected t§r0cess(1.2) confirm that fact; for example, the total cross
be valid at low impact energies. sections computed withQj;) and without Qp) [the term

(iii ) The normalization problem of the CDW states causes/p(R,S;) | in the prior transition amplitudé2.1) differ from
the total cross sections to be overestimated at intermediatach other by at most 67% at 50—-5000 keV/amu. The post
and low energie§36]. This problem is less significant at and prior total cross sections for Tl in reacti@n?2), derived
sufficiently high impact energies. Thus, the CDW-4B modelwith the full perturbations according to Eq&.1) and(2.2),
gives reliable cross sections at high velocities where renorare plotted in Fig. 4, where the experimental findings from
malization of the theory is not necessary. Refs.[30], [31] are also displayed. The CDW-4B theory is

The cross sections for charge exchange to the ground stafgund to be in good agreement with the experimental data.
in reaction(1.1), obtained without the terp(R;S;) in EQs.  The post cross sections lie below the prior ones at impact
(2.3 and(2.4), are denoted in Table | b@; . The compu-  energies between 100 and 3000 keV/amu, with the reverse
tations are carried out with wave functiof3.1) and (3.2)  behavior outside this energy interval. Since the computations
using the postQ;) and prior Qp) forms. The influence of for Tl are carried out for transfer to the ground state, the
the potentialVp(R,S,) becomes more important with in- agreement with measurements at lower impact energies
creasing impact energies. For example, the difference beshould be understood in the sense of the previous discussions
tween total cross sections obtained with and without thislevoted to the validity of the distorted-wave models for SC
term at 500, 1500, and 5000 keV/amu is 3.4%, 25.2%, anéh the low-energy region. The theoretical results of Bhatta-
38.1%, respectively, if the wave functid8.2) is utilized for  charyyaet al. [28] are also depicted in Fig. 4. Their cross
the ground state of helium. A very similar dependence orsections were computed within a relativistically covariant

012708-6
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TABLE lIl. The prior Q;; (cm?) and postQ;; (cn) total cross

sections in the CDW-4B theory as a function of the laboratory 10718 B Li®*+He»Li2*+He?* +e 3

incident energyE (keV)/amu for transfer ionization in Ef +He
collisions. The column labele®, corresponds to the results ob-
tained with the assumptiovp(R,s,)=0 in Eq.(2.1). The ground
state of the helium atom is described by the wave func(i).
The number in square brackets represents the power of 10.

E (keV)/amu Qir Qi Qp
50 1.2-16] 1.4-16] 8.4 —-17]
70 9.4-17] 1.0-16] 6.7—17]
100 6.0—17] 6.2—17] 4.4-17)
150 3.1-17] 2.71-17] 2.94-17]
200 1.6—17] 1.3-17 1.7-17)
400 2.4-18] 1.6-18] 2.0—18]
600 5.§—19] 3.7-19] 5.1 —19]
750 2.4-19] 1.5-19] 2.3-19]
1000 6.9—20] 4.71—-20] 7.3-20]
1500 1.0—20] 8.0—21] 1.3-20]
2000 2.6—-21] 2.10-21] 3.4-21]
3000 3.1-22] 3.10-22] 4.94-22]
4000 6.9—23] 7.4-23] 1.01-22]
5000 2.1-23] 2.5 23 3.5 23

10-1 Li*+He~Li®*+He?* +e .
10717 -
T ool
\Q_)/ E
& .
g 107k
S i
° 3
2 1070 ¢
& i
L‘ -
o 1072 L
E E
S
S 3
10_22 E_
50 100 0 5000

100
E(keV/amu)

FIG. 3. The total cross sectior{i; cn) as a function of the
laboratory incident energyE (keV/amy for the reaction
Li®"+He—Li?"+He?" +e. The full and dashed curves correspond
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Total cross section Q;(cm?)
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FIG. 4. The total cross sectiorf; cn¥) as a function of the
laboratory incident energyE (keV/amy for the reaction
Li®*+He—Li?" +He?t +e. The full and dashed lines represent, re-
spectively, the priorQ; and postQ;; cross sections of the
CDW-4B approximation with the complete perturbation potentials.
The dotted curve refers to the theoretical results of Bhattacharyya
et al. [28]. Experimental data: @ Shah and Gilbody{30]; ®
Woitke et al. [31].

field approach using the second-order Feynman diagrams. As
can be seen from Fig. 4, their results greatly overestimate the
experimental measurements.

IV. CONCLUSION

We have investigated the problem of single-electron cap-
ture and transfer ionization in the ¥i+He collisions by
means of the CDW-4B approximation. Numerical computa-
tions of the post and prior total cross sections are carried out
at impact energies from 50 to 5000 keV/amu. The CDW-4B
model explicitly includes the dynamic electronic correlations
through the dielectronic interactionsr 14 in the transitionT
operator. The relative importance of the various terms in the
perturbation potentials is evaluated. The results obtained in-
dicate that the dynamic electron correlations are very impor-
tant for capture to the ground state as well as to excited
states. The theoretical CDW-4B cross sections for single-
electron capture and for transfer ionization are in good agree-
ment with the measurements.

to the prior total cross sections obtained with the full perturbation ACKNOWLEDGMENT

potential and neglecting the termp(R,s,)=Zp(1/R—1/s,), re-
spectively. The ground state of the target atom H#) 1s described
by means of the wave functia3.1).
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