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Angular asymmetry of low-energy electron emission in ion-atom collisions
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We show that two factors contribute to the forward-backward angular asymmetry in low-energy electron
emission by ion impact: the deviation of the target potential from a pure Coulomb potential and the two-center
effect. We perform calculations with various theories that include these two effects: the continuum-distorted-
wave-—eikonal-initial-statd CDW-EIS) and the CDW approximations based on distorted-wave perturbation
theory and a close-coupling calculation using a discrete representation of the continuum. The various theories
give consistent results on the asymmetry but discrepancies remain between theory and experiment.

PACS numbdps): 34.50.Fa

The electron emission spectrum in ion-atom collisionsthe most significant deviation with respect to the first Born
presents characteristic features. At low electron energies, thgredictions. Alternatively, the latter effect has been studied
doubly differential cross section as a function of electronat high impact energies by increasing the projectile charge
energy and angle decreases slowly with increasing electrd8—5l- i
energy. It has a finite value for zero electron energy. At In a recent series of papers, $emand co-workers have
forward angles and when the electron velocity is equal tdProduced a set of results for the collision of 106 keV H
that of the projectile, the spectrum shows a characteristi®ith @ Ne target[6-8]. They have found a significant
cusp due to the ejected electron-projectile interaction. Fiforward-backward asymmetry with respect to 90° electron
nally, there appears, for larger electron energies and foeMmission, which t'hey' have as_3|gned to two—center'e_ffects. In
emission angles smaller than 90°, the binary encounter pedk€ Present contribution we wish to discuss the origin of the
which arises from a binary collision between the projectileforward-backward asymmetry in the angular distribution of
and the target electron. Up to now, much effort has beefPw-energy eI_ectrops and perform quantitative calculations
devoted to the study of these structures while the low-energ§Pr confrontation with experiment. o
part of the spectrum has been partially overlookeeg, e.g., We 'cons[der throughout a one—electron. description of'the
[1], and references thergirThis is due in part to the diffi- target in which the target electrons move independently in a
culties involved in accurate measurements of low-energgentral potential(e.g., the Hartree-Fock potential of the
electrons. Still, the data of Rudet al. [2] already included 9ground state of the target atomWe analyze the angular
results for electron energies as low as 1 eV. The main interfoehavior of the doubly differential cross section for ejection
est of the low-energy electrons lies in their dominant contri-Of @n electron with final energi, = k?/2 into the solid angle
bution to the total ionization cross section. Theoretically it isd{2« in terms of the expansion
well known that, when the residual target is an ion, any cross
section differential in electron energy is finite at threshold do
and that low-energy electrons are mainly produced in dipolar S(0)= m = ; BL(k)P(cosp), @)
transitions which, at high impact energies, are well repre-
sented in the first Born approximation. As the projectile en- . L . L
ergy decreases, th@o-center effedit3], due to the influence where 0 is the ejection angle with respect to the propc_ule
of the projectile field on the final state of the ejected eIectronVGIOC'ty andP, is a Legendre polynomial. We have verified

becomes important even for low-energy electrons. It pro—J[hat values ofL up toL =2 are the most important for the

duces an increase of the electron yield in the forward direc,f’rcellsent s‘ltludy.v\ll-hghter grderihare at Ieasttone ordertof magni-
tion and alargel decrease in the backward direction. This is "Ud€ SMaller. We introduce the asymmetry parameter

:[5(0)_5(77)]:2j32j+1(k)2 B1(k)
[S(0)+S(m)]  Z;B(k) [ﬂo(k)"‘ﬂz(k)]('z)
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(b) CDW-EIS

FIG. 1. Asymmetry parameter
(a) as a function of electron en-
Ne ergy for 100 keV proton impact
on different targets calculated
with (a) first Born and(b) CDW-
EIS approximation. Full squares:
Ar experimental results for Ne from

I I [7].
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This parameter of asymmetry is more useful than, for excalculated in the first Born approximation with a Hartree-
ample, (3;/8,), because it gives the relative importance of Fock-Slater(HFS) description of the target. As we have
the asymmetri¢odd) contributions in Eq(2) with respectto  shown above, this parameter is zero at the ionization thresh-

all the significant symmetri¢ever) terms. ~ oldfor H targets. At 0.5 eV, which corresponds to the lowest
Consider first the case of the first Born approximation.energy measured in the experiments, we observe that the first
The coefficients3, (k) may be calculated explicitly 9] Born approximation gives a significant asymmetry, which

increases as a function of electron energy, for all targets
AL k). 3 except for Ne, which shows a very symmetric behavior. The
CORT accuracy of our results can be checked by noting that, in
view of (3), the asymmetry in the limik—0 is directly
The phase shift$ (k) are the ones associated with the scat-related to the additional phase shift(0). Thelatter is re-
tering of an electron with momentuknand angular momen- lated to the quantum defegt, through the well known re-
tum / by the target potential. When the target potential is dation 7u,=lim,_ 0 ,(k) which allows the evaluation of
pure Coulomb potential, the phase shif{gk) are the pure o ,(0) from spectroscopic dafd1]. Our calculated values

/7L
BLk)=2 cog5,(k)— Mk)]( 000

2

Coulomb phase shift§%(k) and one gets with the HFS potential are in good agreement with those
extracted from the spectroscopic data and the use of the latter
lim[ 6%(k) — 55,(k)]=(/— ) wl2. (4) in our calculations in place of the HFS ones does not change
k—0 our results appreciably. As (k) varies more slowly with

. _ . k than 55(k), the dependence of the asymmetry on electron

Therefore, due to the properties of Wigner's 8ymbol  energy for smalk is determined by the Coulomb phase shift.
which is zero unlesg’+ /" +L is even,B (k) is zero in this  For these two reasons the results given in Fig) With the
limit for odd values ofL and the distribution of ejected elec- HEs potential should be a reliable estimate of the asymmetry
trons is symmetric around 90°. It has been shown by Burgin the first Born approximation.
dorfer [10] that this is due to the particular symmetry of the  |n addition to the previous source of asymmetry, we have
Coulomb problem. For nonzero ejection energies, the purgy account, beyond the first Born approximation, for the two-
Coulomb phase shifé; =T'(1+/—i/k) varies rapidly with  center effect which is known to be very important for angular
k. Then, odd terms in the expansi¢h are no longer zero distributions. The two-center effect is due to the fact that the
and a forward-backward asymmetry develops. Any approxiionized electron is affected by the target potential and the
mate treatment of the target which makes use of a pure CowGoulomb field of the projectile simultaneously. It enhances
lomb potential for the definition of the final continuum state the electron yield in the forward direction and depletes it in
(even with an effective charggields the same result, inde- the backward direction. In view of the previous discussion, it
pendently of the approximation for the initial bound state ofis clear that we must account at the same time for the two-
the target electron. center effecandfor the deviation of the target potential from

However, if the ejected electron does not move in a purea pure Coulomb behavior. The continuum-distorted-wave—
Coulomb field, as is the case for any multielectron targeteikonal-initial-state (CDW-EIS) approximation of[12,13
8,(k)=685(k)+ a,(k) whereo (k) is the additional phase satisfies this requiremeiin contrast with the previous cal-
shift caused by the deviation of the target potential from aculations of[14,15)).
pure Coulomb one. As a consequenBg(0) is usually dif- In Fig. 1(b) we present the results of our CDW-EIS cal-
ferent from zerceven for odd values of bnd the Born ap- culations of the asymmetry paramefer(k) ] using the same
proximation gives a forward-backward asymmetry in the an-HFS potential as for the first Born calculations of Figa)l
gular distribution wherk— 0, in contradiction with what has From the above discussion, it is clear that the case of H
been assumed in previous discussions of the problem. This targets is a particular one since the asymmetry at threshold is
shown in Fig. 1a) where we givea(k) for various atoms entirely due to the two-center effect. The comparison be-
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FIG. 2. Doubly differential
cross section as a function of elec-
tron emission angle for proton im-
pact on(a) H, (b) He, and(c) Ne.
Theory: dashed line, first Born;
thick line, CDW-EIS; dash-dot
line, CDW; full line, close cou-
pling. Experiments:(a) @, from
[17]; (b) @, from[2]; (c) @, from
[7].
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tween the CDW-EIS and first Born calculations shows thatfrom [5] is very good. For Ne we compare the results from
the two-center effect always increases the asymmetry. For althe perturbative models with experiments. CDW-EIS and
targets, it is already very important near the ionizationCDW give the same qualitative behavior and the same dis-
threshold and gives a monotonically increasing asymmetrgrepancy with experiment appears at small ejection angles as
with increasing electron energy. for H targets. For Ne we compare in Fig. 1 the parameter
Before comparing our results with experiment, we would 4(k) from the CDW-EIS calculations with the experimental
like to further assess the accuracy of our calculations. To thi?esults[?]. Our results are in close agreement with experi-
end we have also performed close-coupling calculatiaf$  ment ahove 10 eV. Below this energy our results decrease
of the doubly differential cross section for H and_He targets,ith energy as expected for the two-center effect: the latter
The calculations for He are based on an expansion over Wgs, always been observed to decrease when the difference in

electron states of He including a discrete representation elocity between the projectile and electron increases. The

the continuum. In the present work our basis sets include uRearly constant measured value is in clear contradiction with
to 123 one-center states with total angular momentz;[l

L=0-6. The same techniques aq ir6] were used for the H his expectation. Therefor.e the behavior of the experimental
calculations. The number of partial waves introduced at théesults can hgrdly be assigned to the two-center effect. .
given electron energy ensures convergence in the calculation In conclusion, we have shown that the two-center gffect IS
of the doubly differential cross sectidf). It has been shown Ot the only source of forward-backward asymmetry in slow
in [16] that the close-coupling calculations account for the€€ctron emission by ion impact, except for hydrogenic tar-
two-center effect. In addition, we have performed calcula-9€ts at threshold: the non-Coulomb character of the target
tions with the CDW model that has been adapted for arbiPotential induces an asymmetry even in a first Born calcula-
trary targets in the same way as the CDW-EIS modelﬁion that does not include any two-center effect. Calculations
through a HFS description of the target. The main differencén the first Born and CDW-EIS approximations including a
between CDW-EIS and CDW lies in the distortion of the Hartree-Fock-Slater description of the target allow extraction
initial state which is an eikonal phase in the former and aof information on the role of the two-center effect. The latter
Coulomb wave in the lattdrl]. is very large even at threshold. The forward-backward asym-
The results for H, He, and Ne targets are presented in Fignetry calculated with the CDW-EIS approximation is in fair
2 as a function of electron emission angle together with theagreement with results from a large scale one-center close-
experimental ones. It is remarkable that for H, the CDW-coupling calculation. Some unexplained discrepancies re-
EIS, CDW, and close-couplingEC) calculations are in good main with experiment. The latter increase rapidly in the for-
agreement in spite of the completely different status of thgyard direction for H and Ne targets, inducing a very large
CC and CDW calculationsthe latter being based on asymmetry. We have shown that this result cannot be inter-

distorted-wave perturbation thegryThe agreement is Very preted as a two-center effect and cannot therefore be as-
good with experiments except in the forward direction forsigned to any known effect.

angles below 30°. For He the differences between theories,

and between theory and experiment, is larger at backward

angles although the three theoretical models show a similar The authors would like to acknowledge very useful dis-
asymmetry. We have done further comparisons betweeaussions with N. Stolterfoht. P. D. Fainstein acknowledges
CDW-EIS, CDW, and CC at much higher impact energles Consejo Nacional de Investigaciones Cifioais y Tenicas
MeV/amu for different projectiles impinging on He and ob- de la Repblica Argentina for financial support. This work
tained similar results: the agreement with the experimentbas been supported by the International Atomic Energy
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