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Transitions of one or two electrons irPC-He collisions are studied within the semiclassical close-coupling
description of atomic collisions, at impact energies of 1-35 keV/u. Angle-integrated cross sections are deter-
mined for single-transfer, double-transfer, and transfer-excitation channels. For single capfuista®es and
for two final states in the two-electron transfer channel, angle-differential cross sections are derived and a
number of coherence parameters that depend on the quantum-mechanical phases are calculated. The results are
compared with recent data on angle-differential two-electron transfer and with results from an earlier theoreti-
cal study.[S1050-294®6)03311-2

PACS numbd(s): 34.70+¢€, 32.80.Dz

I. INTRODUCTION sions of this work are summarized in Sec. IV. We use atomic
units unless stated otherwise.
In studies of slow atomic collisions, it is probably the

most ambitious task to understand the details of weak tran- Il. THEORY
sitions. Recent experiments on th8 GHe system have de- ) ) )
termined the weak population of doubly excitetRl2 1L The general features of the semiclassical close-coupling

states in two-electron captufé,2], the population of mag- theory qf atomic coIIisiops are discussed in Hé&fl. For the .
netic substates in these transitid@$, and most recentl{3] Q|scus§|on of the energies _of the system and for the deriva-
the angle-differential population of these substates, as well n of mte_grated cross sections, we use the samg form of the
the angle dependence of certain density matrices or cohe heory as in our earlier qukl] on similar systems; see Sec.
ence parameters that are sensitive to the quantum-mechani(}aﬁ' In .Sec. I B, we discuss the evaluation of angle-
) . ; ifferential cross sections.

phases of the scattering amplitudes. While such an experi-
ment is challenging enough, its interpretation by theory com- _ o _
pounds a number of difficulties, such @sthe description of A. Choice of the Hamiltonian and the basis SA
weak transitions in a two-electron systéhat compete with The nuclei are assumed to move on rectilinear classical
strong one-electron transitiongji) the determination of trajectories. The core electron of the’T projectile is as-
angle-differential quantities in a system with a nontrivial sumed to stay inert in the collision; its action is embodied in
connection between impact parameters and scattering angldébe choice of a non-Coulombic projectile potential
and (iii ) the derivation of elements of the density matrix that
depend on th@hasesof transition amplitudes. Ve(r)=— E_ E 1 1)

In this work we study the €"-He system within the ¢ rr Kdlexpr/d)—1]+1’
semiclassical close-coupling description of atomic collisions,
with the aim of understanding the primary features of thiswith r the electron coordinate and parametirand d as
system as well as the finer details as brought out by recertaken from Ref[8]. With this potential, and with the poten-
measuremen{s]. The theoretical description is an extensiontial V.= —2/r of the bare target nucleus acting on the two
of our own earlier work on B&"-He and B**-He collisions  active electrons, the two-electron Hamiltonian is constructed.
[4], as well as work by Hansen and Taulbjéfg on a few The basis for the representation of the electron dynamics
A9 -He systems, in both of which angle-differential resultsconsists of antisymmetrized, binary products of single-
are not considered. The determination of phase-dependeatectron hydrogenlike orbitals, just like in our earlier work
guantities in this work represents also an extension of thé4]. In the basis, we includé) one target centered configu-
scope of the work by Harel and Joui®] within the ration that represents the He ground stéi¢,a few projec-
molecular-orbital description, in which total and differential tile centered configurations that represent the double capture
cross sections for various channels ifi'NHe collisions are  states of C*, and (iii) two-center configurations with one

studied. electron at the target and the other at the projectile, which
In the next section we present the theory as we use it imepresent single capture statesro C**, 1s He') and also
this work to describe slow & -He collisions. In Sec. IlI, the transfer-excitation statesifm C**, 21'm’ He™, 1'=0,1).

calculated results are presented and discussed. The concllihe He ground state is represented by a configuration of type
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TABLE I. Projectile-centered two-electron configurations usedbjerg [5], who employ a purely Coulombic potential at the

in this work to represent the states ofriln’l’ C** after two-  carbon center. There is also good agreement for the energy
electron transfer in €"(1s)-He collisions. Given are the param- (—2.88 a.u). of the He ground state, although Hansen and
eters (1l1p1 Nal2pz) of hydrogenic orbitals, withp the charge  Taylbjerg allow also for a smallg-type contribution in this
number of the orbital, the classifi(.:atilon as to th.e total gngu!ar MOwave function. The largest discrepancy between calculated
mentumL, and the_ tvvp—electron binding energy(in atomic unit$ binding energies is for the single-capture, 2 states; cf.

of the state. The binding energiegy from the work by Hansenand - 15,16 ). This seems, however, still tolerable since the calcu-
Taulbjerg]5] are given in the last column. lated binding energies from both descriptions are in turn
bracketed by the experimental energies for the two possible

Mmoo, M 1o e NL ¢ EHT spin orientations, singlet or triplet, with respect to the spin of

1 0 641 1 0 429 1s the inert core electron. Including the spin interaction with the

1 0 570 2 0 455 3s core electron lies beyond the scope of this description. The
1 0 572 2 1 398 3%p uncertainty thus introduced into the calculated transition
1 0 570 3 2 400 3D cross sections is hence larger than the uncertainty caused by
2 0 525 2 0 52 1§ -594 -5093 ambiguities of the chosen potential or the chosen basis.

2 1 483 2 0 511 P -547 -550 From the energies of the one-electron capture states in
2 1 469 2 1 469 D -540 -539 Table Il one notes that the dominant channel, the one-
2 1 464 2 1 464 !5 514 -5.15 electron captu_re channel to the=3 C4.+ §tates, is very

3 0 486 3 0 486 IS close, energetically, to the transfer-excitation channel to the

n=2 C** stateswith the target left asfor 2p He™), with
two-electron energies of, respectively-3.44 a.u. and
1sp 1sp’ with a pair of charge numbegs andp’ of 2.183  —3.82 a.u. for the =0 states. For this very reason transfer-
and 1.188. These charge numbers are derived in an optim@Xcitation states are included in the dynamical calculations.
zation procedure, by minimizing the ground-state energy ofit low energies and small impact parameters, their popula-
helium with respect to a variation of the charge numberstion may become comparable to the population of single
Similar procedures have been applied for defining the chargéansfer states; they may also act as a medium for populating
numbers for the other states in the basis; for an earlier applhe weak double-transfer states in slow collisions.

cation see also the basis choice in the work on"H¢ col-

lisions[9]. The other basis configurations are given in Tables B. Determination of differential cross sections SB

: and ”t: Thel er:ergles;r:n Tablell are Prmglm?l ener%esbpfdghe The angle-differential cross section for an inelastic transi-
WO active electrons, the energies in Table 1l are the binding, ., ¢, an initial staté to a final statef can be written as

energies of the transferred electr@mvo-electrorbinding en- . ;
. . ; tpe square of a scattering amplitudg at an anglef,
ergies are determined, in the one-electron transfer channel,

by adding to the energies in Table Il the numbeg, the doy; /d6=27 sing|Aq|% 2
energy of the Hé 1s configuration. In the transfer-
excitation channel, the number0.5 has to be added, i.e., The scattering amplitude;; in Eq. (2) may be determined
the energy of the Hé 2l configuration. Including the mul- in turn from impact-parameter-dependent transition ampli-
tiplicity of the magnetic quantum number, the basis consistsudesc;; , starting from the semiclassical approximation and
of 15 double-transfer configurations, 11 single-transfer conthe eikonal approach. The formalism has been described and
figurations, and 33 transfer-excitation configurations. implemented in a number of investigations; see, e.g., Ref.
There is fair quantitative agreement between the binding11] and references therein. Here we present our own imple-
energies of this work and of the work by Hansen and Taulmentation very briefly, with emphasis on the difficulties that
arise in a study at low collision energy involving multiply
charged ions.
The scattering amplitudA;; in Eq. (2) is given[12] by

TABLE II. Basis states for describing thestil C** states after
transfer of one electron in T (1s)-He collisions. Given are the
parametersr{lp) of hydrogenic orbitals and the binding energy
(in atomic unit3 of the outer electron. The energies from the work An(0)=puv(—i )|mf—mi|+1
by Hansen and Taulbjerff] are designated;. The last two fi H

columns list the corresponding experimental binding enerdi6f @
for tge singlet §) and triplet (T) combination of the electron spins X fo bdbJm —m(7b)Cri(b, +). €)
in C4*.
n | s T Herew is the reduced mass, is the relative collision veloc-

p € €nT . . . .

ity, andm; (m;) is the magnetic quantum number of the final

1 0 6.04 (intial) state. The functiod designates a Bessel function of
2 0 513 -332 337 322 342 the first kind, with »=2uvsin(0/2), and c(b,+ ) is the
2 1 510 —-3.15 -319 -3.09 322 “semiclassical” scattering amplitude that is evaluated for a
3 0 517 —144 —-139 —-142 —1.47 given impact parametdy at timet—oo or z=vt—o,
3 1 505 —-140 -139 -138 —-142 Equation(3) is essentially a diffraction integral that ac-
3 2 5.00 —-1.39 —-1.39 —-1.39 —-1.39 counts for the contributions from all impact parameters to the
1 0 257 scattering amplitude at a given angle. Its numerical evalua-

tion poses a number of difficulties since both the Bessel
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function and the scattering amplitude are oscillatory func-We use Eq.(6) to facilitate the determination of the phase
tions of impact parametds. For the slow collisions consid- ¢ of the amplitudea;; from the coupled equations. Shifting
ered here, the oscillations due to the scattering amplitude atbe end point of the integration, with the help of HG),
very rapid. changes the speed of the oscillations of the phase with im-
The scattering amplitude;; in Eq. (3) can be separated pact parameters. It turns out that the oscillations are less
into an electronic contribution that is obtained from solvingrapid at small impact parameters when a small value, 6§
the coupled equation for the transition amplitudgsand the  chosen. Likewise, the oscillations are less rapid at large im-
additional nucleafor core ionig contribution that is due to pact parameters when a large valuepfs chosen. Once the
the Coulomb repulsion between the two nuclei. In the actuafull set of phases for the mesh of impact parameters is known
evaluation of the transition amplitudes;, the core-core in- it can be transformed to any desired common end point of
teraction is usually not considered and hence such separatidhe time integration.
of terms occurs naturally, For z;>b, the logarithmic term in Eq(6) can be simpli-
fied to In/2z;). The phase of the scattering amplitude Eq.
2 (4) can hence be written as
Cfi(b,+00)=afi(b,+00)eXp:i—ZAZBInb]. (4)
v 2Zp\Zg—(Zi+Z4) n

v

#(b,zp) + b, 7)
In Eq.(4), Z, andZy are the effective charges that define the
Coulomb trajectory of the two colliding nuclei. For collisions where only terms that depend on the impact parameter have
involving multiply charged ions at low velocities, the phasebeen kept. Her&;= 10 for the present system since both
from the second term in E@4) is large and changes rapidly electrons in the He initial state “see,” at large separations,
with impact parameter. the Coulomb field of a charge with charge number 5. Simi-

The determination of the phase of the electronic transitionarly, for double captureZ;=4. For single capture and for
amplitudeay; in Eq. (4) is not trivial since the asymptotic transfer excitation, the receding ions give rise to a contribu-
charge of the receding ion causes a fast variation of thigion of 5+2=7 to the charge number of the logarithmic
phase with impact parameter. These amplitudes are deteshase dependence in E&), but the electron-electron inter-
mined numerically, as usuf], for a mesh of impact param- action leads to another term of1, adding up taZ;=6 for
etersb and a fixed end point; of the time integration; they these channels.
are hence known as a set of complex numbers. By plotting In order to perform the integration in E¢B) numerically,
the amplitudes over impact parameters, their phases can kg first divide the range of impact parametérsnto small
determined, up to an overall multiple ofr2 provided that  sectors where within each sector the integrand can be written
the mesh of impact parameters is sufficiently dense, i.e., pran the form
vided that there are a few mesh points within each full cycle
of the phase rotation. For slow collisions, this is very hard to F(b)exp{iwinb}, (8)
achieve without further provisions, as it would require the o
consideration of many hundreds of impact parameters fok€., We try to factor out the logarithmic impact-parameter
each velocity. erendence of the phase; see ex_pres(§i))nTo evalugte the

At interatomic separation® where electronic transitions integral over the sector, we substitute Inb and rewrite the
do not yet or no longer occur, the electron transition ampli-ntegral in the form
tudea;; can be written as

Xt )
f "dx(ax?+ bx+c)e™, 9)
Xn

est+sgn(t) Evln(R—vlt|) ] (5)

aﬁ(b,t):a?iexpl’ —i
where we have fitted the functida(b) within the sector by

a quadratic function. The integration over this sector is then

wheree; is the energy of statg, Z is the effective charge of carried out analytically. It is of course important to make

the collision partner that causes the phase oscillation, ansure that within each sector the functiéifb) is a smooth

sgn(t) designates the sign of tinte Hence, when changing function of x=Inb. The accuracy of the procedure can be

the end point of the time integration of the coupled equationghecked by changing the size of the sectors. In another check

from ty to t; (separationR, and R;), a phase change of on the accuracy one can integrate the differential cross sec-

Z: lvIn[{R-vt }{Ry-vtg}] is effected, where the purely time- tions over angles and compare the cross section with the

dependent energy term has been dropped. A similar phasesult obtained from integrating the probabilities over impact

change, with an effective charge &f, occurs when chang- parameters.

ing the initial point of the time integration. One can then

express the phasg(b,z;) of the amplitudeay; in Eq. (5) for C. Evaluation of coherence parameters

given fixed initial and final points of the time integration

z,=v|t4|, with reference to another poimg, which, for con-

venience, is chosen to l@g=0,

From the scattering amplitudes for the different final mag-
netic substates, one can extract the phase information or, in
general, the coherence parameters. We concentrate here on
the P states.

Zi+Z; /zf Z; For the P states, the two scattering amplitudas, for
¢(0,2)= (b, 20) = — In{ 25 ©®  m=0andm=1 (the amplitude fom=—1 andm=+1 are
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identical since the quantization axis is chosen to be along the ll. RESULTS AND DISCUSSION
beam directiongive four real parameters. Since the overall
phase is not important, there are three real parameters to
determined. From the scattering amplitudes these three p
rameters can be chosen @sthe total differential cross sec-
tion |Ao|?+2|A,|?, (ii) the fraction\, of the m=0 compo-
nent,

In this section we present the results of the calculations
e ) ; X .
qu the integrated cross sections for the various final states
and also the results for the differential cross sections and
coherence parameters. We start in Sec. Il A with an over-
view of the processes inC -He collisions, giving molecular
energies, total transfer cross sections, and one sample of the
No= A% (| Agl2+2|A]?), (10  impact parameter dependence.of transitions. We then pro-
ceed in Sec. Ill B to a closer discussion of total cross sec-
tions for single-electron transfer, two-electron transfer, and
transfer excitation, and, in Sec. Ill C, of differential cross
sections and coherence parameters.

and (i) the phase differencgy1,

Bo1=Bo~ B1, (13)
between the two amplitudes,, for m=0 and m=1. The A. Overview of transitions
fraction\ o and the phase differeng&; do not have obvious 1. Molecular energies
classical interpretation. For tHe state, two other quantities,

: ) ' In slow collisions, the mechanisms of electron transitions
the orientation parameter and the alignment angle, are often . . . . . .
used can be visualized in a consideration of the molecular-orbital

For theD state, we will use later also the fractian of (MO) energies. In Fig. 1 we show the tvvo-glectrop energies

the m=2 component of 2 andII states, as they result fr_om a diagonalization of
' the two-center two-electron Hamiltonian of the system

within the basis of two-electron atomic configurations used
in the close-coupling calculation. An extra line is drawn as
an estimate of a “diabatic” state that correlates with the He
along with the fractior\ o, which is defined as for the state  ground state. This has been determined as the expectation
Eq. (10), but with the probability of populating the state in  value of the same Hamiltonian in the configuration of the He
the denominator as in Eq12). In our calculation the inci- ground state. In the diagonalization, tHestates that corre-
dent beam direction is chosen to be the quantization axis, th@ate to transfer excitation states have been left out.
collision plane is thex-z plane with the incident particle Figure 1 shows that the single-transfer statesof3 in
entering the collision on the-x side. They axis is chosen C** where the target is left with theslHe" state, are
such thatx-y-z forms a right-handed coordinate system. Inpopulated strongly at impact parameters below some 10 a.u.
this coordinate frame, the orientation paramdterfor the  These states are only a little less bound than the combination

No= 2| A% (|Ag|+ 2| Ag]*+2|A4)?), (12

P state is given by of n=2 C*" and n=2 He" states, which are populated,
from the initial state, by transfer excitation at separations
L, =2v2Im( AA¥)/or (13)  below some 6 a.u. Below impact parameters of about 3 a.u.,

two-electron capture states are populated by direct couplings
with the initial He ground state. Below some 2 a.u., the
avoided crossings may allow the population of double-
. . capture states through coupling with single-capture states.
L, =2BIM(AA] /oy + 4 IM(ALAS ) oy, (14) Here, besides the radial couplings among Hhetates,I1-
IT radial andII-3, rotational couplings may contribute to the

whereoy is the total cross section summed over all magnetigopulation of double-capture states.
guantum numbers. For a quantitative assessment of the importance of cou-

In discussing the coherent parameters the explicit expreglings, one would have to compute the corresponding nona-
sions depend on the choice of a coordinate frame. In order tdiabatic coupling matrix elements between MO configura-
compare with quantities quoted in the experimental paper byions. However, this has not been done here since one would
Khemlicheet al. [3], we note that they chose thez plane  have to follow the coupling matrix elements of many pairs of
as the collision plane, witht-z as the beam direction but potential curves and still the interpretation would not be
with +y corresponding to out-x direction. Thus the phase transparent. We will show later that the calculated cross sec-
angles in their scattering amplitudes are 90° and 180° behintions and the impact-parameter dependences of transition
ours for, respectively, then=1 and m=2 components. probabilities are consistent with the MO diagram and its in-
Transforming to their coordinate frame, the expression foiterpretation.
L, for the P state is

and for theD state it is

2. Cross sections in €-He collisions

L, =—2V2|Ag||As|cosBos, (15) An overview of the calculated total cross sections is given
in Fig. 2. It shows that the dominant channel is the single-
where now the phase angles are defined in the frame aflectron capture channel to the=3 states and that it agrees
Khemlicheet al. [3]. In order to avoid confusion, we will closely, at low energies, with the measured total electron-
henceforth use their frame of reference whenever referring toapture cross sectiofil3]. Single-electron capture to the
the phase angles in this work. n=2 states is much weaker. The major portion of the popu-
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two-electron energies (a.u.)

-15 { L i . I Lo i) A L il

0.1 1 10 100
interatomic separation (a.u.)

FIG. 1. Molecular energies & (dot9 and ofII (solid lines two-electron configurations in the3¢-He system. The broken line marks
the course of a diabatic configuration that correlates to the He ground state. The levels outside the frame of the energy diagram mark the most
important levels in, from left to right, two-electron transfer, in one-electron transfer, and in transfer excitation.
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FIG. 2. Calculated cross sections for the'GHe collision system. Shown are the one-electron transfer cross sections, from this work, for
the final C** n=3 (@) andn=2 () shells, the two-electron transfer cross sections for the sefdfar2l’ configurations M), and the
transfer-excitation cross section to thé'n=2, He* n=2 configurations A ). The corresponding results from the calculations by Hansen
and Taulbjerd 5] are given as open symbols. The data by letal. [13] (V) are for total one-electron transfer.
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TABLE Ill. Calculated partial transfer cross sections, i o

o7k o 5 R cm?, to the single capture € nl states, in ¢"-He collisions.

) C>*-He 7 Note that the actual population of thé &tates is larger than shown
~ 06 | here, through the process of transfer excitation; cf. later in this
e work.
©
o 05 E K
| (keV/u) 2s 2p 3s 3p 3d
% 0.4 1.00 0.040 0.056 7.19 3.41 3.35
'5 r 2.00 0.076 0.118 4.63 3.32 4.21
§°-3l 4.00 0.097 0.267 2.94 3.20 4.64
=S I 8.00 0.144 0.424 1.86 3.05 5.27
§ 02 15.00 0140 0338 116 262  6.70
. 04 25.00 0.154 0.343 0.49 181 7.49

' ) 35.00 0.196 0.362 0.28 1.45 6.78

'y
impact parameter (a.u.) abilities for two-electron transfer are much influenced by the

presence of transfer-excitation states. One would hence ex-
FIG. 3. Calculated transition probabilities ifG-He collisions ~ P€ct some difference in the calculated double-transfer cross
at 1 keV/u. Shown are the probabilities for one-electron transfer t€ctions between this work and the work by Hansen and
the n=2 andn=3 states in ¢* (dashed lines for two-electron ~ Taulbjerg[5] as in the latter transfer excitation is not in-
transfer to the 221 configurations in " (boxes, and for transfer ~ cluded.
excitation to ¢* n=2, He" n=2 configurationgsolid line).
B. Total cross sections Results
lation of C** n=2 states, however, does not come from
single capture to these states but from capture events that are
accompanied, in a transfer-excitation process, by target exci- As shown in Fig. 2, single-electron capture to the 3
tation to the HE n=2 states. The calculated cross sectionstates dominates in the energy range considered, while single
for total transfer excitation is of the same order as the cros§apture to then=2 states is much smaller. We list the cal-
section for double-electron capture to th&'C212|" configu-  culated partial single-electron-capture cross sections in Ta-
rations. For these total cross sections, the results from thle Il for comparison with future studies.
calculations by Hansen and Taulbjef§] are qualitatively The cross section for the dominart &hannels are com-
very similar to the results from this work, except for the pared to the results from Hansen and Taulb[&ign Fig. 4.
process of transfer excitation, which has not been considereé@e note that there is a general agreement with their result for
in Ref.[5]. the final 31 state, but not so for thes3inal state. This is not
unexpected since the use of a pure Coulomb potential for the
3. Impact parameter dependence projectile in the work by Hansen and Taulbjerg can be well
justified ford states but less so farstates; cf. the energies in
able II. This is especially important for collisions at low

1. Single-electron transfer

For a better understanding of the relative magnitudes
cross sections, we show in Fig. 3 the calculated transition
probabilities versus impact parameters at 1 keV/u. The
impact-parameter dependence of all transition probabilities 10
shows large oscillations as is typical for slow collisions with
rapidly changing phase angles. The large cross sections for
populating then=3 states in one-electron transfer are seen to
come mainly from contributions at large impact parameters
b= 3 a.u. The population of the=2 states of ¢* through
one-electron transfer is weak at all impact parameters. The
probabilities for two-electron transfer have values in the
range 0.2—-0.3 below impact parameters of 3 a.u., but peak
sharply at about an impact parameter of 1.8 a.u. It seems
therefore that the double-transfer states are not merely popu-
lated directly from the initial states but also via the single-
transfer states as a mediator, see the energy diagram in °
Fig. 1. The probabilities for transfer excitation are very
large, around values of 0.5, at small impact parameters of

0.1-1.3 a.u., but become small beyond impact parameters F|G. 4. Calculated cross sections for one-electron transfer in
of 2 a.u. Also these states are apparently populated, to @5*-He collisions to 3 (circles, 3p (boxes, and 3! (diamonds
large extent, by multistep processes at small separationgates. Full symbols designate results from this work, open symbols
where a clear transition mechanism is not obvious. It iSthe corresponding results from the calculation by Hansen and Taul-
however, very plausible to assume that the calculated prolsjerg[5].
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TABLE IV. Cross sections, in 10'® cm?, for line emission
after single capture in € -He collisions. The datfl4] are taken at

4.17 keV/u and the calculated cross sections are at 4 keV/u. -v/j
Line This work Datd[ 14] Theory[5] 1
2p — 1s (s) 1.96 1.40 1.26 -
3p — 1s(s) 0.76 0.17 0.56 i
2p — 1s (t) 1.17 0.62 0.56 ‘ 1
0.0 L L
0.7 T |

energies where an accurate representation of the wave func-
tions of the initial and final states is very critical.

. . . 2s2p
There is no experimental data for the single-capture cross

sections for this collision system. Suraetlal. [14] have S ]
measured, at one energy point, a few lines that are emittedg ]
from the C** ion after single-electron capture. Using the 3 N0 ~
branching ratios as given in that work, we derive line emis- § 1
sion cross sectionse,, from the cross sections,, in Ta- o o .
ble 1II, T oo ' '
@ o7
oon(2p—1s)=0.25 Opt O35t 039), (16) 06 £
0.5
oen{3p—15)=0.25X0.952r3,, , 17 041
0.3
0.2
obL{(2p—18)=0.75x 0.34%02,)-!- O35t 3039), (18) o1
0.0
where we have assuméi] a statistical population of singlet 03

(s) and triplet ¢) configurations(ii) a statistical population
of the different total angular momentundsfor the triplet
states, andiii) neglected cascades from higher states. The 0.1
coefficient forosq is obtained after the line strength for tran-
sitions to theJ=1 component for thesp 3P, line is cal-
culated. Note that the last line is the intercombination line
and only the transition from th@=1 fine structure level is energy (keV/u)

observed in the experiment. In Table IV we compare the

line emission cross sections for these lines from this work, at F|G. 5. Relative population of the & ninl’ substates in

4 keVlu, with the results from the measureméhd] and  double transfer, derived by dividing the state-selective transfer
from the calculations by Hansen and Taulbjéb There is  cross sections by the total two-electron transfer cross section.
a large deviation between results from this work and theshown are the results from this wotkull circles), from the calcu-
data, particularly striking for the[8 — 1s line. There are lations by Hansen and Taulbjef§] (open circley and from the
also major deviations between the results from this work andneasurements by Mackl] (boxes and by Holtet al. [2] (dia-
from the other theor{5], mainly due to the larger population monds.

of 3s states in the calculations of this work. Inclusion of

contributions from the transfer-excitation process to the lingsjg 5. There is good qualitative agreement with the calcu-
emission would further increase our estimate of cross seqzations by Hansen and Taulbjef§] and with the data by

tions. Mack [1] and by Holtet al. [2]. The two calculations are
For many other systems, there generally has been closgq o agree quantitatively at the higher energies where

agreement between calculated cross sections for the populgiare are no data. At the lower energies, the relative cross
tion of specificnl projectile states and the measured linegections from this work agree very well with the two sets of
emission cross sections; cf.,, e.g., REf5] and references ¢, except for thepp D final state where the results by

therein. The degree of disagreement in Table IV is hence,,nqen and Taulbjerg are closer to the data. Mack estimates
rather unusual and disturbing. Without further experimentay, o uncertainty of the cross sections in his work as better

tion, with detection of more lines at more energies, the proby,,n 2504 while Holtet al. show error bars of about 2%.

lem is difficult to resolve. Hence the cross section ratios from this work would still be
in agreement with the data by Mack, but too high when
compared to the data by Hadt al.

The calculated total two-electron transfer cross sections to For the weak transitions to thes2s and the p2p S
C3* 212" states are given in Fig. 2. Since data are availabletates, it appears that the good agreement of the results from
only relative to the total two-electron transfer cross sectionthis work with the data is rather remarkable, in particular in
we show the calculated and measured cross section ratios #iew of the deviations of the earlier theoretical description

1 10

2. Two-electron transfer
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0.0 1 10 FIG. 7. Calculated cross sections for the population, through the
energy (keV/u) process of transfer excitation only, of the"C2s state (), the

C** 2p state @), the He' 2s state (J), and the Hé 2p state
(M). The dashed line denotes an assessment ofgHpopulation

FIG. 6..Relati.ve population of thi! substates within the € (note the enhancement factor of 10 in the gdapirough single
ninl” manifolds in double transfer. These results representsub- excitation: cf. text.

cross sections normalized to the total two-electron transfer cross
section to allM states within the samé state. Shown are the
results from this work(full circles) and from the measurements by
Holt et al. [2] (diamond$.

We also include in Fig. 7 an assessment of the single-
excitation cross section of He to it Xstate. For this we
have taken the calculated excitation cross section for
C5%*-He collisions[16] and scaled it, using the scaling pro-
[5] by about a factor of 2 or more. For test purposes, we haveedure of Janev and Presnyaladv,18, to the case of a bare
tried a simpler model in which we include, besides the initialincident charge with charge number of 5. Obviously, the
state, only the double-transfer states. It turns out that, at 2ingle-excitation cross section of He is much smaller in this
keV/u, the distribution over thalnl’ states from Refi5]is  energy regime than the cross section for populating excited
closely reproduced by these test calculations. We hence corte® states through transfer-excitation.
clude that the better agreement of our results in Fig. 5 with There are no data nor is there other theoretical informa-
the data is mainly due to the inclusion of the transfer-tion on transfer excitation for £ -He collisions. The calcu-
excitation channel. This channel is, as we have seen earlier iated total transfer-excitation cross section fof ‘GHe col-

Fig. 3, strong in about the same impact-parameter ranggsions is about X 10~ %6 cm? [16] and hence in the same
where double transfer is strong, but has been left out in Refrder as in the present system. The same cross section for the
[5]. Be*"-He system is, however, about a factor of 5 smaller

The calculated distribution over magnetic quantum num{16]. This strong variation of cross sections with the charge
ber M states within a giverL shell should provide for an number of the projectile underlines the role that energy lev-
even more sensitive test of the theory. In Fig. 6, we showels play in slow collisions. A scaling relation for transfer-
the normalized cross sections for double transfer toNhe excitation cross sectiorid9] can hence serve only for a first
substates of the & 2s2p P and the p2p D states from this  assessment of the magnitude of cross sections.
work and from the measurements by Heltal. [2]. The
agreement is good qualitatively and even quantitatively. It
seems therefore that the model description of the Ele
system is very satisfactory for two-electron transfer as far as The results presented in the preceding subsection provide
integrated cross sections are concerned. information about the transition probabilities to individual
final states after the collision. In order to extract information
on the scatteringamplitudes coherence parameters or the
relative phase among degenerate final states can be obtained

In Fig. 7, the calculated cross sections for the populatiorfrom the characteristics of photons or electrons that are emit-
of the C** 2l and the He 2| states, through the process of ted from these states. For a single-electron-capture process,
transfer excitation only, are displayed. Clearly, the populathe most detailed experimental study possible is the measure-
tion of the C** 2s and 2 states through this mechanism is ment of the polarization and/or the angular distribution of
much stronger than the corresponding population througiphotons emitted in coincidence with the scattered particle.
single transfer; cf. Table IIl. For a double-electron-capture process, on the other hand, it is

C. Differential cross sections and coherence parameters

3. Transfer excitation
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the measurement of the anisotropic electron angular distribu-
tion from the autoionization of the doubly excited states in
coincidence with the angle of the scattered particle. For the
present collision system, there is no such “complete” mea-
surement for the single-electron-capture process. Such mea-
surements have been performed rather fét Ble collisions
[21,22, where the phase information for electron capture to
the dominant B state has been examined both experimen-
tally and theoretically. For the double-capture process in
C°"-He collisions, however, the complex ampitudes for the T T

2s2p P and the p2p D states at 25 keV have been stud- 08 s
ied experimentally 3].

1. Coherence parameters for single transfer to 3p states

Before discussing the differential cross sections and the - .
phase information for the double-capture channels, we first
discuss the corresponding results fimgleelectroncapture
to the P state at 2 keV/u. The single-capture channel is the
dominant channel and its phase information should be exam-
ined first in order to compare it with the results for the
weaker double capture channels.

In Fig. 8 we show the differential cross section, the frac-
tional population\y [Eqg. (10)] of the 3p, state, the orienta-
tion parameteiL;, [Eqg. (13)], and the sine of the relative
phase angle spy,. The differential cross section is strongly
forward peaked, with maximum near 0.16 mrad and dies out
at about 0.50 mrad. It also exhibits oscillatory structure that
is typically of differential cross sections at low energies. ' T T

The fraction\y of the 3p, state, as shown in Fig. 8, is 8

about one-half in the region where the differential cross sec- . 2 keV/u
tion peaks. The structures at larger angles have probably 61
little physical significance since the transition probabilties C4+ 1s3p 7

are small and thus are prone to limitations in the theoretical
model. The total integrated cross section fqyy3s 1.74

do/de (10° a.u.)
S

%1071 cm? and for the sum of B; and P_, states it is 2 i ]
1.59x 10 ¢ cm?. o 1
The differential orientation parametdr, in Fig. 8 is
. . 0 1 2 3
negative and close te-1 in the angular range where the
differential cross section is large. Also the corresponding ori- 6 (mrad)

entation parameter at large impact parameteo$ shown is

negative and close te 1. This is consistent with the general _ FIG. 8. Calculated dependence on the projectile argté the

propensity rule for orientation parameters in electron-capturdifferential cross section for populating the*C 1s3p state at 2

processes between multiply charged ions and atf2o% KeV/u, the fractional populat.loho of the Py ;ubstate, the orienta-

This propensity rule is a consequence of the electron followion Parametet., , and the sine of the relative phase angig.

ing the rotation of the internuclear axis during the collision.

Negative orientation parameters at small angtedarge im-  The total cross section for th&1=0 component is 1.25

pact parameteyswith values close to-1, have also been X107 " cm? for the sum of theM = +1 andM =—1 com-

observed for the 2 states that are populated iPB-He col-  ponents the cross section is 3.%40™ " cm?. The differ-

lisions[21]. ential cross section has the peak near 3 mrad and the transi-
The phase differencg,, between them=0 andm=1  tion occurs at much larger angles in comparison with the

amplitudes lacks an obvious physical interpretation eversingle-capture process. This is already evident in Fig. 3 from

though it is related to the alignment angle. It is shown herdghe impact-parameter dependence of these probabilities. The

for reference further below when the results for double capcoherence parameters exibit numerous rapid variations at
ture to 22p P states are discussed. certain narrow angular ranges. When comparing with the dif-

ferential cross sections, one notes that such seemingly erratic

structures occur when the differential cross sections are small

and the extracted phase information is less reliable. The sig-
The calculated differential cross sections and coherenceificance of these sharp structures is further reduced when an

parameters for thes2p P state from double capture, in 2 experimental resolution is taken into account.

keV/u C°* on He collisions, are shown in Fig. 9. In com-  We note that the propensity rule of a negative orientation

parison to single-electron capture, this is a weak channeparameter is not seen for this double-capture channel. This is

2. Coherence parameters for double capture to 2$Pp
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FIG. 10. Same as in Fig. 9, but the calculated results have been
smoothed with a Gaussian shaped angle resolution of 1.2 mrad
width. Data(full symbolsg are from Ref. [3] for 25 keV.
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L | erage for the differential cross sections and the fractigis
6 8 10 12 14 straightforward. However, the procedure for calculating the
6 (mrad) GaL_Jssian average for @p, needs some explanations. Ex-
perimentally this parameter is extracted from measuring the
angular distribution of the emitted electron in coincidence

FIG. 9. Calculated dependence on the projectile afigté the  \yith the scattered projectiles. The electron yield is, up to an
differential cross section for populating thé C2s2p P state at 2 overall normalization,

keV/u, fractional population\, for the P, substate, orientation
parametet , , and the sine of the relative phase anglg.

o
o
N
»F

: Sp( 8, 0e, o) =|A1|?(SiMPhe) (1 — cOS2be) +|Ag|%cOSH,
not unexpected since double capture occurs at small impact pl 0, Oe. o) = | Adl*(sibe)( Pe) +[Adl ¢

parameters and it is a weak channel. In a previous theoretical —|ALl| Aol V2sinDesingesingo,  (19)
study for double capture in Nié-He collisions, the 8 F

state is shown to be predominantly populated and strongly

oriented[23]. In this case, the f# F state is populated at where electrons are measured at anglesh, within a small
large impact parameters and the propensity rule can henceolid angle. Thus, to calculate the average of &jp(we first
still be applied. The orientation of this state is expected to bgerform the Gaussian average |8f||A;|sin(By1) and then
close to—4.0. divide the result by the Gaussian averageAy| and|A,|.

In order to compare the calculated results in Fig. 9 with By and large, the agreement between the calculated and
measurements, the calculated quantitites should be convoeasured results in Fig. 10 is reasonable. Most of the struc-
luted with the angular resolution of the experiment. Wetures in the results of Fig. 9 are gone after performing the
choose a Gaussian width of 1.2 mrad, which is close to th&aussian average. The structures in the calculation can be
resolution of the experiment of Khemlicla al. [3]. put to a closer test only if experiments with a finer angular

The Gaussian convoluted cross sections and coherencesolution are executed. At the present stage of comparison,
parameters are shown in Fig. 10 and compared there witthe close-coupling description is seen to provide for adequate
the experimental results. The calculation of the Gaussian ayredictions of the coherent parameters for the weak channels.
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FIG. 11. Calculated dependence on the projectile afigiéthe FIG. 12. Same as in Fig. 11, but the calculated results are

differential cross section for populating thé T2p2p D state at 2  smoothed with a Gaussian shaped angle resolution of 1.2 mrad
keV/u, the normalized probabilities, and\ , for, respectively, the  width. Data(symbols with error baysare from Ref. [3].
D, and 1D, substates, the coherence parameter the cosine of
the relative phase angJey, (solid line), and the sine o, (broken  In general we should not attach much physical significance
line). to the results when the differential cross sections are very
small.
In order to compare with data we performed the Gaussian
nvolution with an angular resolution of 1.2 mrad. The re-
sulting differential cross sections and coherence parameters
are shown in Fig. 12 together with the d48. The differ-
ential cross sections and the magnetic substate populations
3. Coherence parameters for two-electron transfer to 2g2p are all in reasonable agreement with experiment. Even the
two relative phases are in good agreement with the measure-
ment, except at large angles where the experimental uncer-
tainty is large.

We do not present here a Gaussian average for the orientg(—)
tion parametet | since this parameter was not directly mea-
sured.

The differential cross section, the fractiong andX\ , of,
respectivelyM =0 and|M|=2 substates, the orientation pa-
rametert | , and siBy; and cogg, similar to those defined
in Khemliche et al, are shown in Fig. 11. Similar to the
case of the &p P state, the rapid oscillations for the co-
herence parameters at small angles are probably not real After quite a few theoretical studies of two-electron sys-
since at these small angles the cross sections are rather smédims in the past ten years, it is now well established that the

IV. SUMMARY AND CONCLUSIONS
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semiclassical close-coupling description is able to predict toealculations when the experimental angular resolution is in-
tal and partial cross sections in collisions at low and intercluded. The determination of such details of the electron dy-

mediate energie$7,15]. This is confirmed in this work,

namics in slow collisions, as well as the phase-dependent

which takes into account the electron-electron interaction exeoherence parameters, has not been attempted before, as far
plicitly for the weak two-electron transfer channels in as we know, with atomic-orbital or with molecular-orbital
C>*-He collisions for which there are data from two inde- expansions. The challenge by the recent experiff@nvas
pendent experiments. The agreement with these sets of dateeded to initiate such a step. We find that for these very
is remarkably goodi) for the relative partial cross sections weak channels a qualitative understanding of the calculated

in the two-electron transfer channel afid) even for the
population of the magnetic substates within states with

angular dependencies is rather difficult, if not impossible.
Notably, the well-known propensity rule does not seem to

# 1. One would expect that the calculated cross sections faapply for the calculated orientation parameiter.
the strong single-transfer channels are even more reliable

even though there is disagreement with the very limited data
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