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Helium excitation by protons and highly-charged-ion impact
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The symmetric eikonal distorted wave method is extended to account for two-electron atom excitation by ion
impact. In this formulation(SE2, the interaction between the projectile and each one of the two target
electrons is taken into account in the initial and final wave functions by using the eikonal approximation. The
active electron notion is not employed as both electrons are treated the same. When single configuration target
wave functions are used, the SE2 transition matrix element can be expressed as a convolution of one-electron
transition matrix elements. The theory is applied to the study of helium excitation by proton and highly-
charged-ion impact. Experimental total and differential cross section data are well reproduced.
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[. INTRODUCTION given up. Therefore, as in the one-electron target case, major
theoretical efforts have been addressed to improve the

The study of hydrogen and helium excitation by ion im- projectile-electron interaction description for dealing with
pact has recently been the object of new interest motivatedtomic electron excitation by ion impact at intermediate en-
by the requirement of data for this process for the propeergies. Following this line, the restricted Glauber approxima-
diagnostic of fusion plasmgl,2]. Most of the work on hy- tion [19] and the Vainshtein-Presnyakov-SobelmaP9
drogen excitation by ion impact is theoreti¢al-9]. Besides, approximationg 18] have been applied to study He excita-
a good deal of experimental data on helium excitation hasion by proton impact. Though no correlated target wave
been availablg10-15 and just a few recent theoretical functions were used, those calculations represented a good
works are found in the literatufd. 6—23. improvement over the first Born approximation.

This difference may be understood by the fact that a hy- Another way to treat the problem is to attempt the solu-
drogen target is simpler to treat in a theoretical way thartion of the time-dependent Schiinger equatiofTDSE). A
two-electron atoms such as helium. On the other hand, thgood number of close-coupling calculations have been per-
simplest experimental target is the helium one, becaustbrmed for helium excitation by proton impagfbr a review
atomic hydrogen is hard to produce in the laboratory. Thussee[22]). However, only recently numerical solutions of the
experiments on helium excitation by multicharged iph§] TDSE have been addressed to account for the helium exci-
have been available earlier than the corresponding ones aation by multicharged ion impa¢25]. The reason for this
hydrogen excitatio26]. lack is that, for highly charged ion impact, the basis set to be

One theoretical aspect to be studied in atomic collisionemployed is considerably increased and the numerical calcu-
involving two-electron targets is clarifying the role of lations become intractable.
electron-electron correlation. At present, it is known that the Different distorted wave theoretical methods have been
electronic correlation plays a major role when double elecemployed to improve both the Glauber and the VPS approxi-
tron processes are examinfd¥]. A detailed analysis on the mations in the context of hydrogen excitation at intermediate
importance of dynamic electron correlation in double elecenergied29-31. One of these methods, the symmetric ei-
tron excitation has been recently done in R&8]. When  konal[29,3(Q (SE) has provided a good description of opti-
single-electron processes are considered, the influence o&lly allowed transitions on hydrogen by proton and multi-
electronic correlations is expected to be fedl@@]. For in-  charged iong29,30,33. Despite its simplicity, this theory
stance, when comparing the proton-helium excitation crossas been successfully compared with the sophisticated finite-
sections in the first Born approximation with and without differences method applied to the solution of the TDSE
correlated target wave functions, their behavior follows thenot only for total cross sections but also for the details of the
data trend for impact energies larger than 200 k&®,13.  impact parameter dependent of the excitation probabilities.
For lower impact energies or higher projectile charges, th&The SE eikonal theory has been previously employed for the
first Born approximation fails as the perturbative regime isstudy of heliumlike electron excitation by using the active-

electron or one-electron formalisfB2—34.
In this work we extend the symmetric eikonal theory for
*Electronic address: viadimir@df.uba.ar the analysis of two-electron atom excitation considering both
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electrons in the same manner. In Sec. II, a the@&z is doj; 13
developed by introducing the eikonal wave functions as dis- d0. 242
torted waves for both the initial and final collision states. P
Special attention is paid to the proper long distance L . .
asymptotic behavior of the wave functions. We also deriveTh(.e proper use_of Eq8) '”f'p"es that 'ghe mternqclear Inter-
an active-electronversion of the theory (SEg,). This is action is not switched off in th&-matrix calculations. Total
accomplished by using a peaking approximation of the fu|ICross sections are obtained by integrating on the projectile
SE2 expression and single configuration target wave funcSCattering angles
tions. Results for helium excitation by proton impact and by
multicharged ions are presented in Secs. IV and V, respec- U'f:f dois 9)

I

tively. Finally, conclusions are drawn in Sec. VI. de dQp’

| Tie]2. 8

Il. THEORY In what follows we obtain the transition matrix element

. . - I Tis in the SE2 th .
We are interested in the heliumlike atom excitation by a ' n the eory

heavy projectileP (of chargeZp) impinging with velocity

v. The target atom is composed by a nucleus tafigéof A. Eikonal distorted wave functions

chargeZy) and two bound electrons, ,. Atomic units will Following the one-electron case, we approximate the col-
be used except where indicated. For large projedfileand |isional wave functions by eikonal distorted waves as
targetM  nuclear masses the system Hamiltonian is given by

®F =dPd" (Fp )d* (Fp,)D " (Ry), (10)

1 2 _Ze Zo ZiZe
2V'|' Ry rpl rp2 R,

1)

P =dPd(7p )d ™ (Fp,)D(Ry), (11

2

where the functiond™ andD* are expressed in terms of the
H=—>-Vv2 —Zvyz - 1_Z1,— (2)  eikonal phases as follows:

L . . d=(MN=E~(Zp,—0;F), (12
Fr, (rpk) are the coordinates of the electrepwith respect
to the target(projectile nucleus R is the vector position of and
the projectile with respect to the target nucle@sr large
Mr, R=Ry), vr=(M7+2mg)Mp/(M1+Mp+2m,) D*(R)=E*(—ZpZ7,i;R). (13
=M{Mp/(M:+Mp) is the reduced mass, and
1= FTl—FTZ is thee; — e, coordinate.

The unperturbed Born states are eigenfunctions of(Eq.
by switchingZp and they read

The functionsd™(fp ) andd*(fp,) take into consider-
ation the interaction between the projectile and both elec-
trons andDi(ﬁ) accounts for the internuclear interaction.

B_ (7 ¢ = The eikonal wave functions above are properly normalized
P7= iy e ) exdliK - Rel, @  anddo satisfy the correct long-distance boundary conditions
as given by Egs.(5) and (6), namely CIDjEZi—mI)J?ci as

B— r- r- iK o) +
= y(Fr,,Fr ) exdiKy Ry, ) R— o, and(q)jEZt@jEfZ*):ﬁj i
where zpj(FTl,FTZ)—or ¥;(fy) for short—describes the elec-
trons of the heliumlike atom in the statg¢s(j=i,f ) and B. Electronic wave functions of the heliumlike target
Ki(f) is the initial (final) relative momentum. The electronic wave functiong(r'r ,fr,) of the helium-
The incoming and outgoing wave functions should satisfylike atom do not have closed expressions, which is an impor-
the long distance asymptotic conditions tant difference from the hydrogenic target case. Since we
- Bt - will be dealing single excitation processes, then it is enough
O " =®7E[-Zp(Z1—2),UiR], (5 to work within the LS orbit-spin coupling[35]. The elec-
R tronic states are characterized by the total §and the total
OF =PPE[-Zp(Z7—2),5;R], (6) angular momentunh.. The ground state has total spin zero,
_ _ so the orbital wave function must be symmetric. The final
asR—=, where the eikonal phases are defined as orbital wave function is also symmetric since the perturba-

tion in Eq. (1) does not change the total spin. Thus, we are
@ interested in singlet final states.
' For simplicity we will restrict ourselves to the use of

] ) ] __ single configuration wave functions. The initiéround
The differential cross section for the electron excitationgiate is given by

i— f while the projectile is scattered in the solid an@lg is
related to the transition matrix element by Po(F1,F2)=do(r1) do(rs), (14

VA
Ei(Z,J;r*)=exr{I; In(rv=r-v)
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and the final(excited state by ric eikonal SE(or SEJ introduced for one-electron target
atoms. TheT-matrix element is written as
1
l//niLM(rl,rz)E(l"‘Plz)g ¢ (F) dr(F2), (15 TSE= (D |W | OE2 ) = (dF27|W]|dF2T),  (16)

where H—E)® 7" =W, ;®[7", E being the total energy.

where the subindice, , denote the quantum numbers of the The residual potentials up to orde p are given by

one-electron final orbitals, ari#;, is the exchange operator.

Single excitation wave functiong,1, ,, have one of the elec- 2 1
trons in the & state and the other one in thé M state. The W, = — — V2 d%(Fp)
derivation that follows can be easily extended to account for ’ =1 2d*(Fp) P !
multiconfigurational wave functions. !
C. Transition matrix element in the SE2 approximation +VFPI|nd7(FPj) ’ VFTjIn'r/’i,f(FT) : (17)

The T-matrix element in the distorted wave approxima-
tion is obtained by using the eikonal wave functions Making use of the corresponding wave functions and the
dDjEZi . This method represents an extension of the symmetresidual potentials we obtain

T = f f f dRydFr dFr exp(iP - Rp)p?@(1+Pio)p, Py (Fr)d~* (Fp)

-3 V’Pld+( 7o) = Vi o d" (Fp)- Ve, (), (18

p=[R*=(R-0)*"2 p;=[r%j—(rpj-ﬁ>z]1’% (19

a=ZpZ7lv, ap=Zplv, and we have neglected an unimportant constant phase factor.

Because of the symmetry of the wave functiofis with respect to the exchange of the electronic coordinates we can
replace (I P;5) =2 in Eq.(18). If Egs. (14) and(15) for the initial and final states of the heliumlike atom are considered, we
obtain

T @) =2 [ [ [ dRearr,drr extiP- R0, 2 gt (Fun(rd (7

1 > -
5 Vi, d"(Fe) = Ve, d"(Fe) Ve, Indo(Fr) | (20

where we explicitly denote the dependence on the internuclear Coulomb parameter

1
V(T =~ L6(7r) ol Tr,) 1, (7r,) ol Fr,) + 61, () ol ) 6,7 il Pry) (21)

For total cross section calculations, we can work with the transition matrix obtained froif2@doy switching off the
internuclear interactiona=0). For differential cross sections, we must reintroduce the internuclear interaction through the
well-known Coulomb phasésee, for exampld,36]).

By introducing the following Fourier transforms,

$1,(No(N= 75 )3deexp<—|K F)For,(K), (22)
- 1 - N T
04 (NVe0(1)= 1555 | O expl =K1 Goy (), @3
B(a;K)=# J dR exp —iK - R)p%2 (24)
22 T(1-ia)

~AKIE® Ty 0 (9
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whereK = Ko+ IZL , EQ. (20) with the internuclear interaction switched off reads

TiF40) zx/if dKB(—ap;K)(1+Pp)For,(K)TGH(0K+P), (26)

with Fofj being the corresponding form factor. In Eg6) Tng_l denotes the one-electron matrix element for the transition from

the ¢, orbital to thecf)fj one in the SE approximatior80]
T(S)fEl(aaé):f f dRy dry, exp(iQ- FET)PZiaPIZiaP(ﬁ?(FTl)(ﬁo(FTl)
X

~ 507 Ve (Fe) = Ve, Ind" (Fo) - Ve, Indo(Fr,) |. (27)
1 1 1 1

Because of the Dirac delta function, the expresdi@®) is  state we use a wave function obtained by the method of
reduced to a double integral, which must be numericallyRoothan-Hartree-Fock,

evaluated.
Po(r1,r2) = do(ra) do(r), (29
D. The peaking approximation (SEZye40 where
It may be observed that the ter®(a;K) in Eq. (25) 5 5 32
exhibits a pronounced peak aroukie=0. Thus, we can per- o N A _
form a peaking approximation of the exact SE2 integral ex- o(F) );1 b\ @1(Z[7) le by T XA 2,1)
pression. To do this, we extract the smooth variation factor (30

For (K), evaluated aK=0, from the integral in Eq(26). _ .

Ofi( ) _V_ u' o integral in Eql ). with the coefficientsb, and the chargeg, extracted from
The remaining integral idK can be evaluated by expressing the Table | by Clementi and RoetfB8]. For the excited
the functionsT(S)ijl(O,KJr P) andB(a;K) as integrals on the states we use

coordinates to obtain an expression similar to &f), but L
with a=—Zp /v andZp=0. Again, this phase factor can be N . . ~
switched off for total cross section calculations and reintro-  /nim(T1:72) = (1+P1o) V3 $nim(FL) @15(2|72),
duced for differential cross section calculations. Finally, the (32)
peaking version of the SE2, SR2,is given by

where ¢,,(Z|F) has the same form as in E0), and

m(H)=N(NL)rY w(f)exd —a(nL)r]

The interpretation of this expression is simple because of n—L
its similarity to the Born approximatiofiL6,37. In fact, the X 2 (—=1)* b(nL,k)rk-1t (32)
first Born approximation is obtained by replacing the k=1
T-matrix elements for one-electron transition in the SE ap-

proximationTngjl by the corresponding ones in the Born ap- with the parameters, b, andN extracted from Table | of

Ty P40)=v2(1+Pr)For (O)TSLIOP).  (28)

. _ SE Winter and Lin[39]. These parameters were obtained by
proximation Tofj. Therefore, the improvement ofF;; Zpeak using the variational principle.

with respect to the simple first Born approximation comes

from the utilization of‘l'ngj instead oﬂ'gfj in Eq. (28). It may A. Total cross sections

be said that the peaking version is a single scattering ap- Experimental total cross sections for He excitation by pro-
proxmatlon. Theactlveelectr_on is influenced b_y the projec- on impact have been available since 1960]. However,
tile through the Coulomb eikonal phase, while assive  qite recently some sort of inconsistency in the experimental
electron does not account for this interaction, though its inyata has been pointed out for proton energies below 100 keV
fluence is considered in the 0V6r|a|5§fj(0)- [23]. As a solution, some of the data have been renormalized
to the close-coupling theoretical valugZ3]. Therefore, it is
always of interest to produce a new theoretical calculation in
order to yield some light on the controversy. In Fig$a)l
The proton-helium collision is the fundamental system in-and Xb) experimental data are shown as well as present the-
volving two-electron atoms. Therefore, it becomes an impororetical n*P excitation cross sections. We observe that for
tant test for any theory working with two-electron atoms. In proton energies higher than, say, 300 keV, the cross sections
the present work we study the helium excitation from thecalculated with SEZ,and SE2 merge into one with those
ground state to theP excited states. As the helium initial obtained with the Born approximation. The data by Hippler

[ll. HELIUM EXCITATION BY PROTON IMPACT



55 HELIUM EXCITATION BY PROTONS AND HIGHLY-... 4205

1017
g
Q
Z
o 1018 |
=
Q
8 1018
12}
]
o]
[
© — SE2 ] — SE2
) === SE2,. .
i .-+ Born (a) 1 .--Born (b) ]
-19 T R N N S B I | L (I T T N B B 10_19 [ TR N N N A I | 1 1 [ N T B I
10 20 100 1000 20 100 1000
ENERGY (KeV) ENERGY (KeV)

FIG. 1. Total cross section for the excitation ofQ of helium to then'P states by proton impact. Theory: the solid line, SE2; dashed
line, SE2eq« dotted line, first Born approximation. Experiments: Open circles, from [R&f; inverted triangles, from Ref14]; diamonds,
from Ref.[13]; circles, from Ref[11]; triangles, from Ref[10].

and Schartnerl3] cover this high-energy range. The agree-good agreement with ours as well as with the experimental
ment between theory and experiment is excellent f6P2 data. For lower energies, TDHF results show a similar be-
and 3P excitations, and differences of the order of 20% canhavior to the SE2 ones; i.e., they overestimate the data with-
be found for 4P. The same can be said for'B excitation ~ 0Out showing any structure.
with respect to the van den Bos dafid]. We should recall
that differences of this order were found by Betlal. [16] B. Differential cross sections
when comparing their first Born approximation with the full - \ych more sensitive information about the collisional
correlated wave function with the one obtained usingprocess may be obtained from the differential cross sections.
Hartree-Fock wave functions. Kvale et al. [14] have performed measurements of proton
For lower energies, the SE2 follows the data trend showangular differential cross sections for helium excitation at
ing the same experimental qualitative behavior: cross se@5- 50-, 75-, and 100 keV proton impact energies covering
tions decrease for impact energies below 100 keV. This bethe intermediate-energy range.
havior arises from the increasing role of the electron capture In Fig. 2, we plot the experimental data along with the
channel as the energy decreases. The Born approximatigesent Born, SE, and SEKA«theoretical calculations. At 25
breaks down and overestimates the data by 1 order of mageV, all these theories fail to follow the data. However, for
nitude at 20-keV energy. At the lowest energy consideredhigher energies the SE2 and SERare clearly better than
E=20keV, the SEg0verestimates the SE2 by a factor of the first Born approximation. In particular, the SE2 curve
2. The SEZ2 is clearly much better than the single-active elearemains within the experimental error bars, and the qualita-
tron version SEZ.,over the whole energy range. tive agreement with the data is excellent. On the other hand,
The proton-helium system has been previously studied byhe SE2.., agrees with the data to a lower degree than the
using improved versions of the close-coupling approactSE2. First Born results are not good even for 100-keV proton
[23,21,24. The work by Fritsch is particularly relevant for energy. At this energy, the curves are close to each other
the low-energy range. With his one-electron close couplingnly in the forward direction. This may be understood by
calculations he was able to describe an ondulatory structureonsidering that only distant collisions contribute to the for-
in the 1'S-N 1P excitation data between 7 and 40 kE23]. ward scattering direction. For distant collisions, the perturba-
In Fig. 1 only the 2'P excitation cross sections exhibit some tive regime is reached at 100 keV/amu, which is not an im-
structure. The present SE2 just decreases monotonically afect energy that is too high.
is not able to describe this low-energy effect. For the other Both the SE2 and SEg,differential cross sections show
levels N>2), the structure is evidenced at lower energiesa strong change of the slope aroufig,~0.6—0.7 mrad.
not shown. This is related to the proper introduction of the internuclear
For the 2'P excitation case, there is another sophisticatednteraction as in the present calculations. Calculations made
calculation by Gra and co-worker$21]. They have solved withoutincluding the internuclear interaction do not display
the time-dependent Hartree-Fock equations by using a basisich a behavior. The experimental data also seem to exhibit
set of Gauss-lobe functions. With this basis the matrix elethis change of slope within the corresponding error bars.
ments of the TDHF Hamiltonian can be analytically ob- The experimental data were previously compared with
tained. Their results for impact energies above 50 keV are itheoretical cross sections obtained by using the close-
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FIG. 2. Angular differential cross section for the excitation dfSlof helium to 2'P states by 25- to 100-keV proton impact. Curves are
denoted as in Fig. 1. Experiments by Kvateal. [14].

coupling method17], a simplified form of the VPS approxi- oy /Zp=f(E/Zp) [40]. Second, the excitation cross sections
mation[18], and the restricted Glauber approximatidr®]. show apparent saturation as the projectile charge is increased
Between the two last methods only the Glauber approximafor a fixed impact velocity.
tion considers both electrons in the same manner. A certain In the next subsections we test in depth the SE2 theory by
similarity exists between the Glauber theory in the simpleapplying it to the 3P helium excitation by $i* ion impact
scattering approximatiofl9] and the present SE2y ap-  (as a function of the impact enengyand by muticharged ion
proximation. In both theories, the two-electron transition maimpact at a fixed velocityas a function of the projectile
trix element is expressed as products of one-electron transtharge.
tion matrices times orbital overlaps. In the same way the full
Glauber approximatiofl9] is a convolution integral similar A. Helium excitation by Si®* impact
to the exact SE2 in Eq26). ) )

More recently, Dreizler and co-workers applied an EXperimental total cross sections from R¢L5] for

i i inti 3!P He excitation by Si*, along with SE2, S and
optical-potential description to the study of the proton- : y S, gwr ;s Er%e;k
helium collision systeni24]. They calculated the differential Born theoretical calculations are displayed in Fig. 3 as a
and total cross sections for'® helium excitation. They re- function of the projectile impact energy. Different from the
ported differential cross sections for 25- and 100-keV protorf@se of excitation by proton impact, the Born approximation
impact energies. Their results are in good agreement with th@verestimates the data in the whole specific energy range
data, and with the present SE2 for 100-keV energy. At 250 1 MeV/amy. It is clear that the perturbative regime is
keV, their results are in better agreement with the experimenshifted to larger impact energies as the perturbation strength

tal data than present calculations. It is interesting to note that

the same change of slope in the differential cross sections
can be also observed in the results obtained with this method T 3'p |
D [ |- Exp. [15] e
IV. HELIUM EXCITATION BY MUTICHARGED IONS g - Bom 1
— - SE2 e e ]
Most of the theoretical work on atomic excitation by mul- & TSE2 | e B i e (S
ticharged ion impact done during recent years was devoted tc E» ,,,,,,,
studying the collisions of ions with hydrogen atoms. Just a 5 4./| _
few theoretical studies are available for helium excitation by § i ]
highly charged ion933,3,29. On the experimental side, °*
Reymannet al. [15] reported measurements of helium exci-
tation by multicharged ion impact. The experiments cover a

. . . . . . 80 ‘1(‘)0 260 360 ‘ 560 — 'IOIOO
wide range of projectile ion charges, and the impact veloci- ENERGY (KeV / amu )
ties range from intermediate to high.

From this experimental work, two important features were  FIG. 3. Total cross section for the excitation of3.of helium to
confirmed. First, the excitation cross sections satisfy the sathe 3'P states by $i+ impact. Curves are denoted as in Fig. 1.
called Janev and PresnyakowJP scaling rule Experiments by Reymanet al.[15].
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appreciated, particularly as the Born cross sections break
down forZp>4. In the same figure, we show the theoretical
results of Martin and Salif25] obtained with the close-
coupling method, which overestimate the data slightly. Un-
fortunately, no close-coupling results are reported for projec-
tile charges larger thadp= 26 to confirm this trend.

As found by Rodmguez and Salin7] by solving the
TDSE, the apparent saturation of the cross sections may be
explained at the level of impact-parameter-dependent prob-
abilities. Namely, the excitation probabilities exhibit a maxi-
mum at increasing impact parametersZasis increased. At
the same time, the value of this probability maximum de-
creases witlZp . As a consequence, total cross sections are

similar for a wide range of projectile charges. This later be-
FIG. 4. Total cross section for the excitation of2.of heliumto  havior has also been stated by Martin and SE2).
the 3'P states by multicharged ions. Curves are denoted as in Fig. The impact-parameter-dependent probabilities evaluated
1. Experiments by Reymaret al.[15]. Open triangles are calcula- with the present SE2 are in full agreement with the above
tions from Ref.[25]. explanation.

is increased{p=6). The exact SE2 explains the data fairly
well with the exception of the lowest-energy d&i%0 keV/
amy. The SEZ.. overestimates the SE2, though the differ- ) . )
ences become smaller as the energy is increased. I_n this w_ork_ we have _presented theoretical calculations of
The general form of the data can be understood by the Jpelium excitation to optically allowed levels by proton and
scaling rule: the basic shape is quite similar to the protofnulticharged ion impact using the symmetric eikonal theory
case, provided that the impact energy is properly scaledOr tWo-electron target atomSE2. Most of the experimen-
Cross sections increase for increasing energies, reach a mal@l data are well reproduced for reduced energigs, larger
mum, and then decrease again for higher energies. The matpan S0 keV/amu. An impressive agreement of the full SE2
mum is located aroundE/Zp~ 100 keV/amu in a similar theory is fognd for h|_ghly charged ion |mpac_t, in a S|m|Ia_r
way to the proton impact case. way to previous applications of thg theory.W|th hydrogenic
Although not shown here, the SE2 excitation cross sect@rgets. On the contrary, the peaking version of the theory,
tions satisfy the JP scaling rule. This is particularly true forclosely related to an active electron picture, fails to account
larger projectile charges, as found previously with the SE iffor the data quantitatively but st_|II e>_<h|b|ts much better per-
the context of hydrogen excitation by multicharged ip#g]. ~ formance than the Born approximation. _
The validity of the JP scaling rule arises from the behavior of The theoretical excitation cross sections by multicharged
the impact-parameter-dependent probabilities. Namely, prodon impact show a plateau as the projectile charge is in-
abilities show a maximum at a large impact parametePreased for a fixed impact velocity. This behavior is known

o~ /—ZP_ Therefore, the distant collisions determine the to-2S saturation. However, by extrapolating the present calcula-
tal cross sections and so the dipolar approximation of th lons we can say th?‘t cross sections start to decrease slowly
interaction potential may be employed. For a dipolar interacP€yond a finite albeit large value of projectile charge.

tion potential, a set of scaling rules including the JP one has A"?T‘g thif worklthe fpcus has been on c_)ptically allowed
been proved to be exaptl]. transitions 1'S—N-"P. It is well known that simple distorted

There exist some calculations for théCand C&* impact waves like the SE describe fairly well these transitions be-
on He by Fritsch and Lifi42], but these authors only present cause of their dipolar nature, and because they are basically

results for electron capture at impact energies lower than 46|ngle—step trgnsmons. .No attemp.t_has been made to show
keV/amu. results for optically forbidden transitions where second-order

refinements are requirg¢81]. More systematic methods such
as the close-coupling approximation might be considered
better theoretical approaches to deal with these weak transi-
In Fig. 4, excitation cross sections for the samé3sub-  tions.
level are shown. Here, the data are plotted for a fixed specific
impact energy E=1.4 MeV/amu) as a function of the pro-
jectile charge. The data increasezfsfor low Zp values,
and then increase slowly & is increased. The theoretical  This work has been partially supported by the Consejo
SE2 and SEgZ, curves show a plateau frop=30 to  Nacional de Investigaciones Ciditas y Tenicas. V.D.R.
Zp=40. For higher projectile charges the cross sections stawould like to acknowledge support from the Universidad de
to decrease very smoothly. The experimental data are a®uenos Aires under project EX052/3-UBA. R.D.R. acknowl-
counted for in the SE2 theory within the experimental erroredges the hospitality of the National Institute for Fusion Sci-
bars. The SE2lightly overestimates the SE2 and the ex- ence of NagoyaJapan during the completion of this work
perimental data as the projectile charge increases. The ina&nd the Japan Society for Promotion of Science for financial
provement of the SE2 over the Born approximation is clearlysupport.

V. CONCLUDING REMARKS

B. Helium excitation as a function of Zp
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