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Projectile angular distribution in He single ionization by proton impact
as a function of the ejected-electron energy
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In this paper we study the single ionization of helium atoms by the impact of protons at intermediate
energies. We present a continuum-distorted-wave—eikonal-initial-state calculation of the cross section doubly
differential in the projectile scattering angle and the ionized electron energy. The internuclear interaction is
incorporated by means of an eikonal phase approximation. This calculation includes a full account of the
final-state interactions among the three collision partners, showing a much better agreement with the recent
experimental data of Schuk al. than other first-order theories. We also discuss the appearance of different
structures associated with the electron capture to the continuum process and the binary-encounter projectile-
electron collision[S1050-294{®@7)07912-3

PACS numbse(s): 34.50.Fa

I. INTRODUCTION initial-state(CDW-EIS) theory[12,13, including both inter-
actions, was compared in a recent padet] with the avail-

The scattering of the projectile in ion-atom collisions hasable projectile scattering measurements in proton-helium
been experimentally investigated for excitation and electronsingle ionization collision$4,5]. This distorted-wave calcu-
capture processes during the past two decades. Let us mdation was shown to give an improved description of the
tion, for instance, the remarkable observation of Thomas€Xperimental data even at the lowest available impact ener-
peak in charge exchange collisions by Horsdal-Pederseies(100—300 keV/amu _ _
et al. [1] in 1983. However, experimental studies of ioniza- N @ recent work by Schulet al. [15], doubly differential
tion processes have been mainly devoted to total cross se€l0SS Sections for Fi-+He ionization collisions have been

tions or to the energy and angular distributions of the ejecteayStelmaticalg measured as Ia _func}ion of the projectile en-
electrons(see, for instance, the review by Rudtal. [2]). ergy loss and scattering angle in a lower energy ra5ge-

. . o - . 150 keV). In principle, multiply differential cross sections
The cross-section differential in the projectile Scatte”ngdisplay\?:ollisign prgperties tFr)]gt are washed out by integra-

angle has been available only for a feyv years. The first ®Xion in total cross sections. Furthermore, they are more sen-
perimental results concentrated on helium ionization by P'O%itive to deviations between experimental and theoretical re-
, ESults than integral cross sections. These data were compared
(0.1-6/amyi [3-6]. In the high-energy rangel—6 MeV/ \ih 4 first-order Born approximationB(l) which includes
amu, a distinctive shoulder in the cross section was 0byne target ion-electron interaction in the final state. A modi-
served at a projectile scattering angle equal tome/Mp,  fied B1 calculation was also considered, where the final-state
wherem, and Mp are the electron and projectile masses,jnteraction of the electron with the receding projectile is par-
respectively[4]. This shoulder comes from the dominant tjally taken into account by multipling thB1 transition am-
contribution of the binary projectile-electron collision fés  plitude with the electron-projectile Coulomb normalization
smaller than this critical angle. This structure is fairly repro-factor [16]. This distortion of the B1 approximation im-
duced even by the simplest plane-wave Born approximatioproves the comparison with the measured doubly differential
(PWBA) [4]. For angles larger tham./Mp, however, the cross section in the matching velocity region, i.e., when the
binary collision mechanism does not hold, and the PWBAelectrons move at the same speed as the projectile. However,
fails, dropping faster than the experimental results. At thes@mportant discrepancies that were observed for large scatter-
larger scattering angles, the projectile deviation is mainlying angles were attributed to the fact that the projectile-target
due to the interaction with the target cdf@. Later theoret-  nucleus interaction was not included in eitl approxima-
ical descriptions[7—11] did include both the projectile- tion. Schulzet al.[15] also compared their experimental data
electron and the internuclear interaction in order to get awith a classical trajectory Monte Carlo calculation, which
correct description of the projectile deflection. In particular,exhibits a much better agreement for large scattering angles.
the well-established continuum-distorted-wave—eikonal- The objective of the present work is to compare these
recent experimental data with a CDW-EIS calculation, in-
cluding a full account of the final-state interactions among
*Also a member of the Consejo Nacional de Investigaciones Cithe three collision partner®lectron, projectile, and residual
enfficas y Tenicas(CONICET), Argentina. targe}. The theory is briefly reviewed in the following sec-
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tion. Since we are particularly interested in the projectileby Schulz et al. [15] for 50-150 keV H"+He single-
angular distribution, much care has been taken in the calcuenization collisions, this doubly differential cross section
lation to get a proper description of the internuclear interachas been systematically measured in a range of scattering
tion. These theoretical results are compared in Sec. Il witrangles(0—1.5 mragl and electron energigd—95 eVj.

the experimental data of Schuét al. [15] and with other These experimental advances triggered similar theoretical
theoretical descriptions. studies of highly differential ionization cross sections, in-
cluding the projectile or recoil target-ion momentum distri-

Il. GENERAL THEORY bution. These cross sections have been calculated in the

) _ o ) plane-waved 4], first-order Born[7], eikonal distorted-wave
Let us consider the single ionization of a hydrogenic tar{10], continuum distorted-wavgl4], and Glaubef11] ap-

get of chargeZy by the collision of a projectile of charg®  proximations. Also, the classical trajectory Monte Carlo cal-
and velocityvp. The outcome of this collision process may cylation[15,19 and a semiclassical approximation with clas-
be described by the electron momentknand the direction  sjcal hyperbolic projectile trajectorief9,20] have been
Qp of the scattered projectile momentukr. The corre-  employed.
sponding quintuply differential cross section in the center-of- \while the deflection of the projectile at large angles is
mass coordinate system readatomic units are used mainly determined by its interaction with the target nucleus,

throughout the binary collision with the emitted electron plays an impor-
) tant role at angles smaller tham,/Mp, which corresponds
=M—|T( )2 2 to the maximum angle of deflection by a free electron. Mea-
dkdQp 442 w surements of the singly differential cross sectiba/d()p

for high-energy H +He collisions show a conspicuous
with u=Mp(1+M7)/(1+Ms+M5p) the reduced mass in Shoulder at exactly this limit angl®,/Mp=0.545 mrad4].
the initial projectile-target configuratiofi.(z) is the corre- The plane-wave Born approximation reproduces this small-
sponding transition matrix element, with the transversal angle distribution, but fails at larger angles, dropping rapidly
component of the momentupvp— K transferred in the col- With the scattering angle just above the maximum binary-
lision. For small projectile scattering angles~ uvp0p, collision anglem,/Mp. The first-order Born approximation
with 6 the projectile scattering angle. The transformationof Salin [7] gets a better comparison over a wide angular
from the center-of-mass to the |aboratory frame can be pe'r_ange, due to the inclusion of an eikonal phase related to the

formed by replacing. in Eq. (1) by the projectile mas#p Coulomb interaction between the projectile and the target-
[7]. nucleus. However, the shoulder is not reproduced at 3 MeV.

For a |0ng time, most measurements of sing|e_i0nizationThiS failure was attributed to the slow convergence of the
collisions were restricted to the momentum distribution ofPartial wave expansion employed by this author.
the ejected electron, integrated over the projectile scattering The internuclear interaction can be accounted for by

angles means of an integral transformatifiv]
do do f ~
- = - T = | — ' T(7n d2 r, 5
i ddedeP' 2 (m) (p=7')T(7n) 5
However, some recent papde5| have reported measure- where thereducedtransition matrix elemenft is evaluated
ments of the projectile angular distribution in an approximation with the target ion-projectile interaction
completely removed. For small-angle scattering, this internu-
d—0=27-rsin0 f do dk 3) clear potentiaMp1(R) can be accounted for by means of an
dép PJ dkdQp eikonal phase factd7]

teron impact. The dependence on the polar argevan-
ishes because of the symmetry of the system.

Recent developments in coincidence techniques and cold- <exd —i(n—n')- pld2 6
target recoil-ion spectroscop$7,18 have also made it pos- H-iGr=7)-pld’p, ©
sible to measure higher differential cross sections with re-

. o where R=\/p?+v2t2. In principle, Vp(R) represents a
spect to practically any combination of the momenta of the‘static” core potential which distorts the projectile trajec-

g::)eses f;r;ilt-is(;tr?te particles. This is the case, for instance, of thf%ry [21,22. Assuming a pure Coulomb interaction between

the projectile and target residual ion, tlkiernelreads

for the ionization of helium by high-energy proton and deu- 1 o

| gk @ .
dEdQp °J dkdQp " (9~ n’)=pf p22eZ11eexd —i(n—7') - pldp,
ar
differential in the projectile scattering ange and the ion- @)

ized electron energi.=k?/2 (the dependence odp van-
ishesg. While some previous measurements only concentrat&here we introduce an effective chargg to account for the
on some fixed scattering anglgk9], in a recent experiment screening of the target nucleus charge by the passive elec-
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FIG. 1. (a) Doubly differential cross section for helium single-ionization at 50-keV proton impact as a function of the projectile scattering
angle[15]. (b) CDW-EIS calculation.

tron. For helium we choos&* = 1.35, arising from the bind- it is readily verified that the ionization cross section inte-
ing energy of the active eIeTctron. ’ grated in the projectile scattering angle can be calculated in
For the reduced transition matrix elemdntn Eq. (5) we ~ €rMS of the reduced matrix elemehtalone, which is en-

employ the CDW-EIS approximation, introduced by tirely independent of the internuclear potential,
Crothers and McCanji.2] for the ionization collision. While

the initial scattering state is distorted by an eikonal phase do  un

2
_—__= 242, 2| F 242
factor for the electron-projectile Coulomb interaction, the fi- dk 4772J’ T(m|*d*n= 4= J [T(pFd*n. (9
nal state incorporates the interaction of the emitted electron

with both the projectile and the residual target ion, through arhus, the internuclear interaction plays no sensible role in
product of the individual Coulomb continuum wave func- the momentum distribution of the emitted electron, and can
tions ip and i1, respectively. be switched off in the corresponding calculation. However,
Here we want to calculate the reduced transition matrixhis is not the case for the projectile emission angle distribu-
elementT in Eq. (5) for a single-ionization H +He colli-  tion. In particular, a correct description of the deflection in
sion. We employ an independent electron description of th@ngles larger tham,/Mp can only be achieved through the

two-electron target atom. The initial state is described by anteraction with the target nucleus.
Hartree-Fock wave function and the final state by a hydro-

genic wave function with the effective charg§ [13]. The
presence of two electrons in the target is taken into account ) ]

by multiplying the corresponding single-ionization cross sec- !N What follows, cross sections and scattering angles are
tion by a factor two. We refer to the work by McCartney and 9iven in the laboratory system. In Fig. 1 we show three-
Crothers[23] for an analytic expression of the reduced tran_dlmensmnzal plots of the doubly differential cross section
sition matrix T. The integral transformation in Ed5) is (DDCY d”g/dEdQ, for helium single-ionization at 50-
numerically performed as described in REf]. keV proton impact. The experlm_ental data of Schetal.

We want to point out that the CDW-EIS calculation in- [15] [F|g. 1@] are compared with the present_CDW-EIS
corporates the three interactions in the final state. It is Onl);?lc#latlon[ﬂg. 1(b)]|' We clearly see that the mdaln fga:)uresh
due to the large momentum of the projectile that the contri-> the exper|g1e|nta ﬁroTs serc]:'uon arﬁ rtlag)ro uced by the
bution of the internuclear potential can be singled out in anCDW'EIS mo eé Both plots show a shoulder at an energy
eikonal approximation as given in Ed$) and(6). Since the around E.=me P/2=(me{M p)Ep~25 eV, that' corre-
kernel (6) verifies the following property: spo_nds to elt_actrons moving at the same velocity than the

projectile. This structure is a fingerprint of the well-known
“electron capture to the continuum” cusp in the electron
. , n2 . spectra[16,24,25. We may note that at the forward direc-
f (= n")1 (= 5" )d 9= (' = '), B tfion, the theory underestimates the experimental data at en-

IIl. COMPARISON WITH EXPERIMENTAL RESULTS
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In Fig. 2, we show these same experimental data and
CDW-EIS calculation as function of the projectile scattering
angle 6, for fixed values of the ionized electron enerfgy.
We note that the CDW-EIS doubly differential cross sections
(solid line) agree well with the experimental data, both in
magnitude and shape. On the other hand, both first Born
(B1) calculations, with (dash-dotted line and without
(dashed ling the electron-projectile Coulomb normalization
factor, show significant discrepancies, especially for large
scattering angles where they underestimate the data. As it has
been already mentioned, the reason for this failure is that the
internuclear interaction is not explicitly included in these
theories. Forcing the inclusion of the internuclear interaction
in the B1 calculation[7] improves the agreement with the
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10-16 4—— experimental data at large scattering angles, but leads to even
1012 worse results in the forward direction.
1043 [ In Fig. 3 we show a similar comparison of experimental
i and theoretical results at proton energies of 50, 100, and 150
1014} keV. As for the case shown in Fig. 2, we verify that the
1045 CDW-EIS calculation is in much better agreement with the
-~ experimental data than the other considered theories. At the
o6l N lowest impact energy50 keV), the theory underestimates
0.0 02 04 06 08 1.0 12 1.4 1.6 1.8 the data for an electron energy of 45 eV, as noted before. For
0 (mrad) 100- and 150-keV proton impact energies, the global agree-

ment is good. In particular, our theoretical results remain
FIG. 2. Doubly differential cross section for helium single- Cl0Se to the experimental data at small and intermediate pro-

ionization at 75-keV proton impact as a function of the projectile ton scattering angles. For 150 keV, the present CDW-EIS
Scattering ang|e for fixed values of the ionized electron enErQy CaICUIationS underestimate the data at Iarge Scattering angleS.
The points are the experimental data of Scletlal.[15]. The solid Classical trajectory Monte CarlCTMC) calculations
curve is the present CDW-EIS calculation. The dash-dotted andi8,9] are not shown in the previous figures. We refer to the
dashed lines represent the first Born approximation with and withpaper by Schulet al. [15] for a comparison of their experi-
out electron-projectile Coulomb normalization factor, respectivelymental data with the CTMC model. We would only mention
[15]. that the agreement of this theory with the experimental re-

sults of Schulzt al. is as good as for the CDW-EIS calcu-
ergies larger thark,, so the shoulder is slightly less pro- lation, with a similar failure at 50 keV. CTMC calculations
nounced. We would like to point out that no normalizationfor 75 keV impact energy has not been reported.
procedure has been carried out, and the acttetis units No characteristic structuréBethe ridge [26] related to
are shown in the figure. the binary projectile-electron scattering is observed in
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FIG. 3. Same as Fig. 2 but for 50, 100, and 150 keV.



57 PROJECTILE ANGULAR DISTRIBUTION IN He ... 219

O ported yet, although calculations with the Bethe approxima-
1 tion has been publishe@6]. In contrast to the present re-
sults, previous calculations show an exponential fall-off for
angles larger than 0.8 mrad. This is the case because beyond
the binary projectile-electron ridge, only the internuclear in-

~
3}
g‘l teraction may deflect the projectile. Therefore, theoretical
g \. calculations ignoring the internuclear interaction largely un-
G N i - i i .
Q \““‘y'.’““ M derestimate the tail of the cross sections, showing an expo
2 \\\\\\‘20.’0:3:3:0‘:\3;‘3;‘\‘3&&‘}\‘\‘&3\\“\ nential dependence, instead of the well-known Rutherford
o o0 | HSKHILLE = scattering behavior for large scattering angles.
S S
; a8 “"'&,’:’l’,’,’
2
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IV. CONCLUSIONS
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In the present work we have compared a CDW-EIS cal-
culation of the doubly differential cross section
d?0/dE.dQp for H* +He single-ionization collisions with
recent experimental data by Schelzal. We showed that the
CDW-EIS calculation reproduce the main features of the ex-
perimental cross section. For all the considered projectile
energieq50, 75, 100, and 150 keythe CDW-EIS calcula-
tion is in much better agreement with the experimental data,
FIG. 4. CDW-EIS calculation of the doubly differential cross both in magnitude and shape, than other first-order theories.
section for helium single-ionization at 3-MeV proton impact as aHere we have described the projectile-target core interaction
function of the projectile scattering angly and electron energy by means of a pure Coulomb potential with an effective

Ee. chargeZs . Further improvements of the theory might be
expected from the use of a static core potentiah(R)

d*c/dE.dQp in any of the previous figures. Such structure showing the required Coulomb behavior with target-core

would only emerge at much larger impact enerdesove 1 chargesZ; and Z;—1 for close and distant collisions, re-

MeV), as a ridge in the doubly-differential cross section lo-spectively.

cated af14]

We conclude that the CDW-EIS approximation, including

a full account of the final-state interactions among the three
p _ Me 4 Ee / _ Ee (10) collision partners(electron, projectile, and residual target
P Mp 2mev§,\ 2mevd)’ seems to be a qualified theory for describing the projectile

deflection in single-ionization ion-atom collisions.
The appearance of this ridge at large impact energies is ex-
emplified in Fig. 4 by a CDW-EIS calculation of the doubly ACKNOWLEDGMENTS
differential cross sectiod?o/dE.dQp for a 3 MeV H" +He

single-ionization collision. This structure is slightly smeared This work has been supported by the Consejo Nacional de
by the initial momentum distribution of the electron in the Investigaciones Cieificas y Tenicas under Contract No.
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