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Target dependence of slow electrons emitted in swift ion-atom collisions
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Low-energy electron emission is studied for 3.6-MaWu®3* impact on Ne and Ar using the first-Born and

continuum-distorted-wave eikonal-initial-stai@DW-EIS) approximations. By using optimized effective po-
tentials to represent the target atom, very good agreement is obtained between the CDW-EIS results and
experiments. The comparison with the calculations using the first-Born approximation shows that the emission
is very asymmetric, with a preferential emission into the forward direction. A detailed study of the emission
from each initial orbital of the target atom reveals features in the spectra which can be related to the structure
of the initial-state bound wave function.
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[. INTRODUCTION an emitted electron, by a combination of electric and mag-
netic fields, which is then recorded by a position-sensitive-
Electron emission plays a major role in the energy loss ofletector. This allows one to measure the full momenta of the
swift ions in different media, and therefore in radiation dam-emitted electron. By simultaneously measuring the recoil ion
age. Depending on the target thickness the impinging ion cansing a similar technique, and using energy and momentum
suffer single or multiple scattering. However, the basicconservation, it is possible to extract the complete kinemat-
mechanism by which electrons are produced is that of eledes, i.e., the momentum transfer, the recoil-ion momenta, and
tron emission in single ion-atom collisions. Of course, thethe electron spectra, for defined charge states of the residual
electronic states in solid or biological target differ from thosetarget[3]. Both methods provide different views of the same
of isolated atoms, but the reaction remains the same. Therépectra of emitted electrons. However, it turns out that both
fore, it is very important to have a precise knowledge of themethods are complementary, since they are best suited to
electron emission process in ion-atom collisions. different parts of the spectra. The former method has the
The first measurements of electron emission spectra wefinitation of measuring low-energy electrons, while the latter
performed during the 1960s by Rudd and co-workefs IS Not accurate for high-energy electrons.

Since then the field has withessed many major breakthroughs Atbpresept dt_h(ej flnal1lstgtetre]z lectron r?on:_'en';um dt|str|hbut|otr;]
due to the ever increasing precision of experimental tech'aS been studied mostly in the case of a ne target, where the

niques, the development of highly charged ion sources, thgntlre momentum space has been explored. These studies

L . . were performed with protons up to multiply charged ions.
;vanat:! ““1 c&f ant.| ptrlotonh beamsi etg' fAt the. sarlnefprr:e, ;heMuch less is known about the case of multielectronic targets,

coretical description has evolved from simple Nrst-order, pqq very few experimental and theoretical studies are
theory to the present calculations, which can take into ac

o available. For a target atom with several filled shells, several
count very accurately a description of target bound and cong estions arise which are of great importance, for example,
tinuum states and the distortion due to the long-range projegy cajculations of radiation damage. Since an electron can be
tile Coulomb potential2]. _ o emitted from any shell, it is important to know the relative
_ Detailed information about the reaction dynamics is pro-contriputions as a function of projectile charge and velocity.
vided by doubly differential cross sectiofBDCS’s) as a  on the other hand, electrons in the initial state fill levels with
function of the electron momenta in the final state. Due toyjfferent values of the principal, angular momentum and
the cylindrical symmetry of the collisiqn with respect to an magnetic quantum numberslm). One can expect that the
axis defined by the projectile velocity, DDCS’s can be final momentum distribution will be different, and will carry
expressed either in terms of the electron energy and angiaformation about the corresponding initial state.
(Ee,6c) or the longitudinal and transverse linear momenta In recent experiments using swift highly-charged®&u
(PejsPer)- Two experimental techniques are available toions impinging on He, Ne, and A4,5], it was found that the
measure DDCS’s in ion-atom collisions. In the first the emit-low-energy part of the electronic momentum distribution de-
ted electron energy is measured by an analyzer located atggends on the target. These results can be taken as an indirect
fixed angle. Varying this angle it is possible to map all theconfirmation of previous theoretical studies, which indicated
DDCS’s[1]. The second method involves the extraction ofthat there is a target dependence due to the different behavior
of the bound and continuum states at the thresHéld
Therefore it is our purpose to study in more detail the elec-
*Electronic address: pablof@cab.cnea.gov.ar tron emission process close to threshold for different initial
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states. The study will be performed at a fixed impact energgtates are obtained numerically by solving the time-
of 3.6 MeV/amu, which is equivalent to projectile velocity of independent Schdinger equation.
12 a.u., for light (H) and highly charged ions (&&") im- Several model potentials are available in the literature,
pinging on Ne and Ar target atoms. given either in tabular form or by analytical formulas. The
This paper is organized as follows. In Sec. Il we presenmost used are the Hartree-Fock-SlatelFS) potentials of
the theoretical models used to obtain the momentum distriHerman and Skillmamh10]. However, these potentials have
bution, and discuss the different model potentials used foan incorrect asymptotic behavior which is usually arranged
the calculation of the DDCS'’s. Section Il contains a com-by introducing the so-called Latter correction. Recent re-
parison between the experimental and theoretical results, arsgtarch showed that this method can produce unphysical
a study of the dependence of the DDCS on the initial statestructures in the electron momentum distributiphl].
Finally, in Sec. IV we present conclusions. Atomic units will Therefore it is necessary to use other potentials which do
be used. have the correct asymptotic behavior and which provide ac-
curate values of the binding energy and of the bound and
Il. THEORETICAL MODEL continuum wave functions. In the present work we will use
those obtained from the optimized effective potent@EP
The theoretical description of electron emission in iOﬂ-method deve|oped by Talman and CO-WOI’kBg—].LH. The
atom collisions requires two basic ingredients. The first is aryccuracy of these potentials has been tested in comparison
accurate calculation of the target bound and continuunyith Hartree-Fock calculations, and can be checked in com-
states. Following the work of MadisdiT] within the first-  parison with results obtained from density-functional theory
Born approximation, this can be done by assuming that thereDFT). The DFT potentials have the correct asymptotic be-
is only one active electron during the collision. The targethavior, and, when used within the CDW-EIS model, give
can then be replaced by a suitable model potential, and thesults in very good agreement with experimghit,15. For
bound and continuum states have to be calculated numeréxample, the binding energy of the 3tates of Ar calculated
cally. using the OEP is -0.585 a.u. which falls between the values
The second ingredient is to include the distortion in thegf -0.620 and -0.533 a.u. obtained with the DET and HES
initial and final channels introduced by the projectile. Due topotentials, respectively. Since the absolute values of the
the long range of the Coulomb potential, two effects appeareross sections are closely related to the value of the binding
The initial bound state is distorte@r polarized, and the  energy, we can expect that the results obtained with the OEP
final state is aligned, preferentially in the forward direction, potential will be larger than those from DFT, and smaller
due to the attraction of the projectile potential. Theoreticallythan the HFS values. The advantage of OEP potentials over
it is very difficult to describe these states of the two-centeDFT is that they are available for every target in tabular form

potential formed by the target and projectile nuclei. A useful[13]. Therefore, these potentials will be used in the calcula-
method to take these effects into account is distorted-wav@ons shown in the following.

theory, which allows one to develop perturbative schemes
where the long-range character of the Coulomb potential is
taken into account. Many first-order approximations have Ill. RESULTS AND DISCUSSIONS
been conctructed based on this theory. Usually the initial and

. ; . Electrons emitted with very low energy in ion-atom col-
final distorted wave functions are proposed as

lisions are very difficult to measure. However, the multielec-
tron recoil-ion momentum spectrometer recently developed

Xi=¢i(X) Li(s), @ by Ullrich et al.[3] is very well suited for this task. Experi-
. . ments with this technique achieve unprecedented accuracy at
Xt= Pi(X) Li(8), (2)  low electron energies, with an electron momentum resolution

. of ApeH=1><10*2 a.u. in the longitudinal direction and
wherex (s) is the coordinate of the active electron in the Aps, =1.4X10°? a.u. in the perpendicular direction. This
target(projectile reference frame, ang; and ¢; the initial  allows one to measure the so-called soft-collision peak at
bound and final continuum states of the target atom. ByE,=0 eV with an accuracAE,=2.5 meV. Experiments
choosing different distortion<;;, it is possible to define have been performed using Hi¢], Ne, and Ar[5] gas tar-
different approximations. One of the most successful is theets. In Figs. 1 and 2 the experimental doubly differential
continuum-distorted-wave-eikonal-initial-statd CDW-EIS) cross sections for net ionization of Ne and Ar by 3.6 MeV/
[8,2] model, where the initial target bound state is distortedAu®3* impact are shown in comparison with theoretical cal-
by an eikonal phase facto£() which takes into account the culation using the first-BorfB1) and CDW-EIS models. For
projectile-electron Coulomb interaction. In the final state, thethe B1 calculations we have also employed the OEP’s. The
interaction of the emitted electron with the projectile is in- DDCS'’s are presented as a functionpgf for fixed values of
troduced through a multiplicative continuum wave functionp,, =0.05, 0.45, and 0.95 a.u. It is clear from the figures that
(L5). Within the CDW-EIS model it is also possible to de- the CDW-EIS results using the OEP are in very good agree-
scribe with good accuracy, as in the first-Born approxima-ment with the experimental data, especially in the case of Ar.
tion, the bound and continuum states of the taf§&tWithin Conversely, the results from Bl largely overestimate the ex-
the one-active electron approximation the target is repreperimental results at the peak and for negative valuggof
sented by a model potential, and the bound and continuurA comparison between both models shows that B1 gives a
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FIG. 3. Contour plot showing the projection onto they(,pe, )
plane of the DDCS divided bg,% for electron emission from thes3
p,,[au.] state of Ar by 3.6 MeVii H* (left pane) and A3 (right pane)
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FIG. 1. DDCS for net ionization of Ne by 3.6 MeW/Au%3* .
impact as a function opg . Experiments: @), from Ref. [5]. tron momentum, therefore producing a cusp as the well-

Theory: solid line, CDW-EIS with the OEP; dot-dashed line, B1 KNOwn “electron capture to the continuum™ cusp. In Fig. 2
with the OEP. we also include the CDW-EIS results from Rgf1] using

the DFT potential for Ar. As predicted above from the bind-
ing energies of the 3 electrons in the initial state, the DFT
results are smaller than the present results using the OEP.
However, the results from both calculations are very close to
each other, showing the same dependencepgnfor the

symmetric peak while the CDW-EIS results are clearly
asymmetric in agreement with experiments. Exceptdgr
=0.05 a.u., the maximum is shifted to positive valuepgf
due to the Coulomb attraction by the highly charged ion.=:
This effect is not present at small values of baj and d|ff|\e;|rent valugs Ofpei' . o
Pe. , due to the large density of states at threshold which ore detailed information about the electron emission

produces the peak. In the cadeacH target this effect would process can be obtained by studying the contribution from

be even more pronounced, since the density of states d{[gelf]ﬁirent ént'ﬂalt tohrbltalg of th?_tt)artget.tPrS\Sc():uSs: S.tuq['hes
verges at threshold aspl, wherep?=pZ+p?, is the elec-  ->r-~ SHOWEC tat “1e main conwribLiion 1o > 1h e

momentum range shown in Figs. 1 and 2 come from the
outer shells of the target, that is, the &nd 2 orbitals of Ne

and the 3 and 3 orbitals of Ar. DDCS’s from each initial
orbital show a different functional dependence with the lon-
gitudinal and transverse momenta. Instead of plotting
DDCS'’s for different cuts, associated with constant values of
Pe. , it is more interesting to have a view of the whole dis-
tribution in momentum space. A three-dimensional plot of
the DDCS as a function gy andp,, has all the informa-
tion, but many details are lost since the DDCS varies by
several orders of magnitude in a small range of electron mo-
menta. We have therefore chosen to view the results as con-
tour plots which are the projection of the DDCS’ onto the
(Pej 1 Pe) Plane.

In Figs. 3, 4, and 5, we present the contour plots for 3.6
MeV/amu H' and Awt®" impact on Ar 3, 3pg, and 3.,
initial orbitals. These plots show a striking difference be-
tween both projectiles. For Himpact the momentum distri-
1077 0 1 ) 3 butions show a preferential emission at 99 =0), which

p. [au] is characteristic of the dipolar transitions that are dominant in
el the case of light projectiles at high impact energy. As the

FIG. 2. DDCS for net ionization of Ar by 3.6 MeW/ Au3* projectile charge increases, the momentum distribution is
impact as a function Obel\- Experiments: @), from Ref. [5]. shifted in the forward direction due to the Coulomb attrac-
Theory: solid line, CDW-EIS with the OEP; dot-dashed line, B1tion by the projectile potential. Although the projectile
with the OEP; dashed line, CDW-EIS with the DFT potential from charge is large and the process is nonperturbdtive pro-
Ref. [11]. jectile charge to velocity ratio is 4)4it is still very surpris-

e
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IN(pe)[*~1/pe, 4

producing the cusp which is characteristic of a pure Coulomb
potential. In the present case of multielectronic targets we
can suppose that E¢3) will remain basically unchanged,
except that the density of states given by E4). will be
replaced by a finite density of states associated with the
model potential used to describe the target attm density

of states diverges only for a “pure” Coulomb potenjidFor

a given initial orbital defined by the quantum numbars,

and m, the integral in Eq.(3) can be solved analytically.
Since we are making very crude approximations, it is not
necessary to do this; we only need to obtain the most impor-
tant functional dependence. Solving the integral and taking
the limit p.<v, it is easy to show that

Perp. Mom (a.1.)

Long. Mom. (a.u.)

FIG. 4. Same as Fig. 3, but for electron emission from thg 3

state of Ar. d2o
Tz =INGRI*Pg. (5)
ing that at high velocities the projectile field can produce Pe
such a large variation of the momentum distribution at very
small electron energies. d?o

A particular feature appears for theg orbital, where df) IN(pe)|?, (6)
there is a pronounced dip close jpg=0. It can be shown, e
with a very simplified model, that this feature is related to
the nodal structure of the® orbital. Let us consider the
first-Born approximation in the limit op.— 0. We describe numberl,m=1,0, and_ Eq.(6? t(.) l,m= 1’.i 1'. These_results
the final continuum state using a hydrogenic wave functior‘lShOW thaF the DDCS in the limit g5 —0 IS given mainly by_
with an effective nuclear charge, to be chosen using somg‘e density of states at threshold multiplied by a function

recipe which is of no importance here. Therefore the DDCéNhiCh depends on the initial state. In the first case the DDCS
can be written as ' Is proportional topg, and thus it is zero wheipg=0.

Therefore, the dip shown in Fig. 4 is directly related to the
T symmetry properties of the initial bound state. The results
o [ = [ Pnim(a+Pe)l from B1 differ a little from this simple model, as we can

IN(pe)|? | dp ————, (3 .  Sin

q expect more than dipolar contributions, and because the re-
sult has a limited range of validity which excludes, for ex-
ample, the large values @f,, where the dip is shifted from
pe=0. This is confirmed by the fact that the shift increases
with the projectile charge.

The previous results show that the momentum distribution
close to the soft-collision peak is sensitive to the initial state.
However, when it is not possible to separate the contribution
from each orbital, these signatures are lost. This is shown in
Fig. 6, where the contour plots are given, summing the con-
tribution from all the initial states as is given by present day
- experiments. The distributions now appear as we would ex-
L pect from our conventional knowledge. For the light projec-
tile close to the peak the emission is symmetrigadte the
different scales in both axisn the longitudinal and perpen-
dicular direction, as one would expect from the major role
- played by the density of states at threshold as explained
L above. As the electron momentum increases the emission
becomes mainly dipolar, but with contributions from other
angular momenta, as is clear from the fact that the emission
is not exactly ontgpe =0 but is slightly shifted in the for-
ward direction. When the projectile charge increases the shift
is more pronounced, and a change in the distribution is also
observed the region near threshold. This is in agreement with

FIG. 5. Same as Fig. 3, but for electron emission from the;3  previous theoretical resulf$], showing that the behavior
state of Ar. near threshold is determined by non-Coulombic behavior due

where Eq.(5) corresponds to initial orbitals with quantum

d’o 47722,2:,

d|3e~ v?

whereq (7) is the (transverse momentum transfer by the
projectile, Zp andv are the projectile charge and velocity,
énim is the initial orbital occupied by the active electron, and
N(pe)| is the Coulomb density of states, which at threshold
behaves as

Perp. Mom. (2.0

3 1 0o 1 2 3
Long. Mom. (a.u.)
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ST = Ay case of H impact, the processes is closely related to that of
. r electron loss to low-lying continuum states in the projectile
: field in collisions between atoms. Studies byrgdorfer[16]

in the case of electron loss from H, initially prepared in the
2pg initial state with Ar targets, showed the same momen-
tum distribution as shown here in Fig. 4. The main difference
r is that in the case of ionization the projectile is a charged
L particle, while in the case of electron loss the same role is
played by a target which remains neutral throughout the col-
lision. Therefore, in the latter the momentum distribution is

Perp, Mom, (a.n.)

T Zop i not perturbed by the target field, while in the former the
- r charged projectile produces a shift of the distribution in the
-5 : . : ‘ : : . forward direction.
-1 o 1 2 3 -1 0 1 2 3

Long. Mom. (a.n.)
IV. CONCLUSIONS

FIG. 6. Same as Fig. 3, but for electron emission from all states

of Ar. In the present work we have shown that OEP’s are a valid

alternative to HFS potentials, giving cross sections in very
myood agreement with experiments. These potentials are also
free from unphysical results due to the incorrect behavior of
he HFS potentials at large distances.
Calculations restricted to very low electron emission en-
rgy for given initial states show distinct features which can

to the target potential and a two-center effect due to co

bined action of the residual target and projectile potentials.
Further insight can be gained by a simple momentu

analysis of the collision. In ion-atom collisions at intermedi-

ate to high impact energy, the momentum transfer from th L
9 P oy e related to the nodal structure of the initial bound state. It

projectile is given byq= 77+qu .2The longitudinal momen- 3y he possible to observe such structures in experiments
tum transfer is given byy=(zpg+|ei|)/v wheree; is the  ysing state-prepared targets.
initial binding energy. Therefore in the limit gh.<v we

have =0 and g=7, and thus the projectile essentially ACKNOWLEDGMENTS
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