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Adiabatic theory for binary-encounter-electron emission
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The electron-impact approximation for the ejection of target electrons by heavy, highly charged projectiles
is modified in order to allow for a distortion of the initial state by the heavy perturber. Model calculations for
ionization of H, by 0.5-0.6 MeV/amu CU impact show that the binary-encounter peak is considerably
broadened when distortion effects are included. In general, this leads to a better agreement of the peak shape
with experimental data than the conventional binary-encounter migtEd50-294{@7)00207-2

PACS numbdps): 34.50.Fa

[. INTRODUCTION charge. Hence, while providing a qualitative explanation of
the observed anomalies, the binary-encounter theories often
The spectroscopy of binary-encountéBE) electrons fail to be in quantitative accord with the experimental data
ejected in heavy-ion—atom collisions is presently a field of[9,10].
great interest, both experimentally and theoretically. Binary- In this work a molecular perturbation theory is applied for
encounter electrons are readily identified in the electrorihe description of the binary-encounter electrons. In this
spectra in the case of not too small collision velocities theory, the target and the projectile potential are allowed to
since they form a peak located near an energyEgf influence the electronic initial state. In a slow collision, the
=2p2cog9; for electron emission into the forward hemi- €lectron will follow a mo[ecular orbitd]l?—zq as 'projectile
sphere §;=60°) with respect to the beam direction. In the and target are approaching each other, until ionization occurs
case of highly charged projectiles anomalies in the electro@t very small internuclear distances. When the collision is
spectra were discovered that revealed the close connectigiightly more energetic, the electron may be transferred to
between the ejection of loosely bound electrons and the elagdiacent molecular orbitals via Landau-Zener transitions
tic scattering of free electrons by a strong perturber figld ~ [21,22 before it is ionized. In this case, electron ejection
These anomalies concern the inverse scaling of the binaryn@y be viewed as originating from a superposition of initial
encounter peak intensity with the ionic charge of the projecStates weighted with the corresponding occupation probabili-
tile, which is most obvious at small ejection angles of thefi€s, rather than originating from a single initial state. The
electrons and at low to moderate ionic charf@s6]. Also, ~ Shape of the binary-encounter peak will then be determined
double-peak structures were found at certain emissioffom the superposition of the momentum distributions of the
angles, which could be related to the Ramsauer-TownsenRPPulated molecular orbitals at the internuclear distance
structures in elastic electron-ion scatter[g-11]. All these ~ Where ionization takes place.
effects gradually disappear, however, when the collision en- This paper is organized as follows. In Sec. Il, the
ergy is increased. e!ectron—lmpact approxma_ltldrls], a quantgl version of the.
For the theoretical interpretation of these electron spectrddinary-encounter model, is reformulated in terms of adia-
the binary-encounter model and related theories are conftatic perturbation theory. The molecular orbitahdO) are
monly in use. The basic concept of these theories is the dd2rovided by an ion-atom correlation diagram calculation, and
scription of the ionization process in terms of quasielastidheir occupation numbers are evaluated within the Landau-
scattering of the active target electron from the projectileZener formalism. The results for the test systems 0.53 and
field, implying that the final state of the electron is a projec-0-6 MeV/amu C&"+H, are given in Sec. Ill. Scaling rela-
tile continuum eigenstatf12—16. On the other hand, the tions for the MO occupation numbers are found and, with
interaction between electron and target is neglected in théheir help, electron emission from 0.3 MeV/amu‘CH,
Scattering process; the 0n|y role of the target is to provide th§0”iSi0nS is calculated. For all these SyStemS, Comparison is
momentum distribution of the electron in its initial state. Made with available experimental data. The conclusion is
Since these theoretical models are based on a zeroth-ordé@awn in Sec. IV. Atomic units#f{=m=e=1) are used un-
perturbation theory in the target field, combined with the usdess otherwise indicated.
of an undisturbed initial target eigenstate, they are only valid
at high collision energies. _ Il. THEORY
However, the measurement of binary-encounter peak
structures usually requires moderate impact velocities, Our basic concern in this paper will be single target ion-
which, although high with respect to the orbiting velocity of ization, which means the ejection of one target electron
the active targetvalence electron, are low with respect to while the projectile ion remains unaffected. For highly
the projectile nuclear charge or even the projectile ioniccharged ions, electron loss will be quite unlikely because of
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the strong binding as compared to the target valence elec- d?o oa. K . A = -

trons. On the other hand, the ejection of an energetic binary- de.da. @ ):?J dq 8(es—&i +q-v)
encounter electron requires close collisions so that multiple- [

target ionization is strongly suppressed in the energy region X|fe(k’0)|2|qinA(a+|2f)|2 (4)

of the binary-encounter peak. Therefore, the active electron

can be described within the independent-particle modepy jhiroducing the Fourier transforg” of the united-atom

while the passive projectile and target electrons are aCéigenstate. In the above expression, the on-shell approxima-

counted for by means of modified single-particle potentialﬁion is made, and(k, 6) is the amplitude for scattering a

and wave functions. Furthermore, the semiclassical apProXfae electron elastically from the projectile field. Its momen-

mation is used, representing the internuclear motion in terms, 1 k and scattering anglé are average values of the true

of a classical trajectory. . . - . - -
J y electronic momenta in the initial and final statgs; x; and
Ef, respectively(in the projectile frame of reference, with

ki=K;—v and k; the final-state momentum in the target

In the case of a strong perturber field, its influence on bothrame. In all calculations, the Hartley and Walters on-shell
the initial and final states of the active electron has t0 b&rescription is usef25]:

treated nonperturbatively. For slow collisiofes compared

to typical projectile electron orbiting velocitigs the elec- o 0 q

tronic states$M°® and ¢}'© are conventionally taken as k=max(|q+ x|, 1), Siny = 5 - (5)
eigenstates to the combined fielh+ V1 of projectile and

target. This leads to the adiabatic perturbation theory WhereEquation (4) provides the ionization cross section when a
to first order, the transition amplitude for electron emission isSingle united-atom state is populated during the approach of
given by the collision partners. If, however, several united-atom states
are populated, the ionization cross section is obtained from a

superposition,

A. Adiabatic electron-impact approximation

d2o—t0t d20' UA
m—z Pim(d’i ) (6)

Lo e
afi:_j dt< ?AO(R)E ¢;\AO(R)>e'fdt(8’fwos:wO)_ (1)

The statespy;” as well as their energlaé‘f'f depend on time whereP; is the occupation probability of the staﬁé’A. The

via the internuclear coordina®. Since we are concerned o 0y jation with probabilities rather than with amplitudes is
with the emission of binary-encounter electrons requiring,q exact since interference terms are neglected. However,
close collisions with typical impact parametés-v/Ae  \yhen the active electron is distributed over many molecular

71 71 .
~(2v (_:Ogﬁf_) Sv G, we _re%lilce }v'hoe molecular functions giates we expect that Ef) is a reasonable approximation.
by their united-atom limite; = ¢+ (R=0) and follow

Briggs[23] to obtain B. Population of the initial united-atom states
The population of electronic molecular states prior to ion-
. UA UAv i(sUA_ A izati_on is.conventionally obtained by solving_tr_le single-
afi:_|f dt( e Vet Vel )e' et =5t (2)  particle Dirac-Fock-Slater equations for the collision system
in question[18-20. In this formalism, the exact time-
dependent electronic wave function is expanded in terms of

For heavy perturber fieldép as compared to the target field Molecular orbitalsp,(r,R)e~'/*", which are eigenstates to
V; (i.e., Zp>Z; whereZp andZ; are the nuclear charges of Vet V7 at a given internuclear separatign(for brevity, the
projectile and target V; can be neglected in the transition Superscript MO is droppedThis leads to a coupled system
operator as well as in the final state. This leads to the adic@f differential equations for the expansion coefficieats
batic electron-impact approximatioa-EIA)

¢m> glf(en—emadt @)
agi =1 f dt( | Vel g eiter e, 3

wheree (R) is the energy of,(r,R). For later purpose, we
note that the coupling matrix elements can be split into con-

where nowg" is an unbound projectile eigenstate. Equationt'ioutions from radial and rotational coupling,
(3) differs from the conventional EIA solely by the replace-
ment of the initial target eigenstate with a bound eigenstate <¢ ﬁ‘ b > — R< b i
of the united atom formed by projectile and target. There- ot O™ " dR
fore, the doubly differential cross section for the ejection of R

an electron with energyf=kf/2 into the solid anglelQ)¢ is  with j,=id/d6 the angular momentum operator. Since the
readily obtained from the EIA formalisiiil3,24] adiabatic stateg,, are defined such that the magnetic quan-

¢m> —i 0<¢n|]y|¢m>’ (8)



56 ADIABATIC THEORY FOR BINARY-ENCOUNTER . .. 397

tum numberm; is conserved, either radial couplingor Included in the basig10) are the projectile &;,, to
Am;=0) or rotational couplingfor Am;=1) does occur. 6ds), states with angular momentuh=2, as well as the
target Is;, to 2pg, states. All(separated-atomprojectile
1. Calculation of the correlation diagram states{nlj} that are more strongly bound than the hydrogen

Before solving Eq(7), the relevant molecular orbitals and 1S12 State correlate to the correspondifigj} states of the
their energies have to be determined. Since the initial state ¢fhitéd atom. The targets}(m;=1/2) ground state corre-
the active targetvalence electron has a small binding en- 1atés via the 13;=1/2) molecular orbital to the UA
ergy as compared to the electrons bound to the projectil@da2(m;=1/2) state, while for the higher-lying states, level
nucleus, the separated-atom level of the active electron wilPromotion may occur. Since united-atom states are not in-
correlate to high-lying, unoccupied states of the united atonfluded in thetruncated basis set10), one cannot expect the
formed by projectile and target. The correlation diagram isMO energies to converge to the exact UA energies in the
calculated with the relativistic Dirac-Fock-Slater linear com-limit R—0. However, the minor deviations fét<1 do not
bination of atomic orbitals—molecular orbitd CAO-MO)  affect the correlation of the various states.
basis set method as discussed in earlier wd& 20. The
time-independent Dirac-Fock-Slater equation containing 2. MO coupling in the Landau-Zener formalism

nuclear, Coulomb, and exchange potentials, As follows from Eq.(7), the time dependence of the two-

center potential viaﬁ(t) induces couplings between the
molecular-orbital states. If an isolated coupling between two
molecular states is restricted to a small regldR around an
avoided crossing poirRR, the transition probability between
these states can be obtained by means of the Landau-Zener
formalism, a theory much simpler than a full time-dependent
Np Ny Dir?C-Fock-S_IaterhcalcuIatiokn. Tr|1ed appl}ic&tg)bn of this for-
Z 3y _ Pio B3 TCB malism requires, however, knowledge o atic corre-
¢”(r'R)_V21 CnygV(r'R)+,;1 Unuu(,R). (10 lation diagqram instead of the adiab%tic correlation diagram
shown in Fig. 1. This is achieved through a linear combina-
The potentials involved in Eq9) are the electron-nucleus  tion of the MO functionsp,(r,R), or equivalently, through a
potential VN(R), the electron-electron Coulomb potential transformation of their expansion coefficierts[17]:
Vc(ﬁ), and the Slater exchange potenm&\fX where the
Slater parameter was set 4,=0.7.
Figure 1 shows the correlation diagram for the test system ane 1endt=>" C (R)b?, (11)
CWw"+H. This is a simplification of the experimental sys- K
tem, C&"+H,, but it has been shown that for binary-
encounter electron emission, the Hirget(if not oriented |\ b{® are interpreted as expansion coefficients of the
can well be approximated by two independent hydrogen at- C . i .
oms[10]. exact wave fu_nqtlon in terms of the dlapatlc bas_ls states.
When Eq.(11) is inserted into the differential equatiofig),
a set of equations fob(? is obtained. The transformation

[E+VN(R) +VE(R) + VEXR) 1 én(F,R) = £(R) ¢hn(T, R),
9

is solved by expanding,,(r,R) in a basis consisting of pro-
jectile ionic statest, and target atomic states :

-10 ¢ —

’*:‘_ matrix C in Eq. (11) is found from the requirement that only
£, (eV) potential (/) coupling occurs in these equations,
-20 5p
/.JA/ 5s
= R R v . d (d) _ (d)
" by _§ Vib' . (12)
13(1/2
“
N One obtains
Jd J
_C = - - ’ C Tk y
1 Cnk §<¢n3t‘d’k> K’k
(13
FIG. 1. Correlation diagram for the system*u-H. The low- Vim= E CIanannm:
est level shown is that of the (102) state connected to the UA n

4s,,, state, followed by 1@/2), 12(1/2), and §3/2) connected to

the UA 4p group. The levels adjacent to @32) [i.e., 141/2)

+6(3/2) and 13/2)+2(5/2)] all relate to the UA 4 group whereas WhereC ™! is the inverse matrix o€. If restriction is made
the subsequent 152) level connects to the UA S, state. Only  to a two-level systemn(=1,2), one can readily solve for
core states up to UAs},, are occupied by the Cii electrons. C andV [17]
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cosw sina)

—Sine cosx
(14)

Vll V12 V11=810052a+825in2a, V22=813in2a+82C032a
Vi, Vy' Vo=8iha coxx(e,—¢€5)

with « defined throughda/dt= —(p4|d/dt|¢,). With the A. The test system CA* on H,
knowledge of the potential matri, the probability for re-
maining in the diabatic leval (with energyV;;, coinciding
at R—« with the adiabatic level i) or, equivalently, for
changingfrom oneadiabaticleveli to the other one can be )
calculated within the Landau-Zener model. The diabatic leyParameters, we have 6<b=0.2 a.u. From this it follows
els have a real crossing R [i.e., whenV,,(R)=V,(R)], that the MO level cqupllngs beloﬁ—o.l are |nacces_S|bIe.
and the transition probability from th@diabati¢ level 1 to and therefore the slight inaccuracies of the_correlatlon dia-
level 2 is given by[21,22 gram _nearR=0 d_o_ _not play any role. We estimated the oc-
cupation probabilities from the coupling strengths between
the initially occupied 18l/2) state and the adjacent
levels neaiR~0.3 (using the level energies and the adia-
batic coupling matrix elements provided by the LCAO-MO
(19 calculation and found that radial coupling was largely domi-
nating. Couplings at larger distancd® were neglected
whereas the probability for the electron to remain in level 1pecause many of them are weak or involve only intra-
is P;_.,=1—exp(—y) from the conservation of unitarity. subshell coupling, and moreover, the couplings riee:0.3
The denominator of is proportional toda/dt and hence to  gre so strong that they would lead to a complete redistribu-
the adiabatic coupling matrix elemefip,|d/dt| ,). For the  tion of probability anyway. Neglecting MO states for which
radial respective rotational coupling one obtains the transition probability from the 18/2) state is much
less than 10%, we have found that for theand 9; range
considered above, the hydrogen electron during the approach
(16) of projectile and target is distributed O\é(;rA MO levels con-
a2 n — necting to the following united-atom stat with average
Vo= 781 22 R [4bu( paliyl f2)lm, probabilitiesP; : 4py,+4ps, (18%), &lgy+4ds, (47.5%,

— = N . . 5512 (10%), 5p1/2+5pa2 (14.5%, and > +5ds/, (10%).
wheree;=¢(R) are the adiabatic energies at the crossingrhesep; values, which are normalized to 1, are quite insen-
point. Into the radial transition probability enters the radialsitive to small changes in orb. The deviation of the indi-
velocity vg=v[1-(e1+&2)/2Ecm— (b/R)?]*? (With Ecm vidual numbers for each group of staté®., when a fixed
the center-of-mass energy of the collisiosuch that both , 5ng 9; is selecteyl from the average numbem; given

We consider the two collision energies, 0.53 and 0.6
MeV/amu, corresponding to=4.6 and 4.9 a.u., and emis-
sion anglest; between 0° and 40°. For the range of these

Pi_o=e77 y=2m|Vy |9/t (V= Vool o

Yrad= €1~ &2|/|4vr( 1|9l IR| $2) |

Yrad @Nd 1ot depend on impact parameter above is at most\P/P;~6% except for the p group at
v =4.6 and9;=40° where one crossing is no longer reached
lll. RESULTS (20%).

Figure 2 shows our results for 0.6 MeV/amu *Cuon

The doubly differential cross sections for binary- H, at the emission angles 0°, 25°, and 40° in comparison
encounter-electron emission were calculated from the forwjth experimental data from Schmidt:Bking and co-
mula (6) with the initial-state occupation probabilities taken workers[10] recorded at the Heidelberg facilities. These ear-
from Egs.(15) and(16). For each electron spectrum, a fixed |ier data are not measured on an absolute scale. We have
impact parameteb=(2v cos9;) ! was used to calculate therefore normalized them to the absolute data taken recently
the numbersP; . For the calculation of the ionization cross by Hagmann and collaboratof41,29 in Kansas. To this
sectiong4), the elastic scattering amplitude was obtained byaim we have extrapolated the Kansas zero-degree data avail-
means of a partial wave expansion of the scattering stateble for a variety of copper charge states and impact veloci-
The corresponding phase shifts were calculated numericallgies tov=4.9 and charge statetbat the binary-encounter
[24], using a static plus exchange potential for electron scatpeak maximum to have a reference intensity for the Heidel-
tering from the copper ions: the static potential was obtainederg data. When comparing these normalized 0° data to the
from a Hartree-Fock-Slater code taking the ground-state coreonventional EIA theory it follows from Fig. (3) that al-
figuration of the Cu ions, and exchange was included via thehough the experimental yield at the BE peak maximum is
local AAFEGE (asymptotically adjusted free-electron gas reproduced, the calculated peak width is too narrow and the
exchangg potential[26]. Polarization was neglected since it intensity much too low for energies below the binary-
is not important for highly charged ions at large impact ve-encounter peak. The presenElA theory, although giving a
locities. The united-atom energies and wave functions weremaller peak intensity, improves on the peak shape since the
obtained from a Dirac-Fock calculation, and their Fourierinitial-state Compton profiléwhich determines the shapis
transform3gc>iUA were found with the help of a fast Bessel much wider for the (Ct" +H) UA 4d and the adjacent UA
transform routind 27,28|. states than for the hydrogenic ground state used in the con-
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108k FIG. 3. Doubly differential cross section for electron emission
[ in 0.53 MeV/amu C&" +H, collisions at emission angles @8)
ol and 40°(b). Experimental dataO, Liao [11]. Theory: —,a-EIA,
L T . L T IR | EIA; -, Zoy=1.61.
10°F Fig. 4). While this structure is very pronounced in the EIA
i N results, it is damped in tha-EIA results in a similar way as
0°F 1 in the measurements.
Figure 3 shows the electron spectra from the Kansas
ol l l . . group[11,29 for 0.53 MeV/amu Ct" on H, at 0° and 40°.
© 0 04 08 £ev) 12 These data are absolutely measured singles data. The theo-

retical results for zero degrees compare to experiment in a
similar way as in Fig. @&). However, the discrepancy in
FIG. 2. Doubly differential cross section for electron emission INt€NSity betweera-EIA and the data persists at the larger

in 0.6 MeV/amu C8&" +H, collisions at emissions angles (9,  angles, being nearly an order of magnitude at[#09. 3(b)].
25° (b), and 40°(c). Experimental data®, Wolff et al. [10].  Also, the binary-encounter peak is more pronounced than in
Theory: —,a-EIA; ------- L EIA; -, UA 4da)y; -, Zeg=1.61. the 0.6 MeV/amu CU" +H, spectra, such that the decrease

of the a-EIA results on the high-energy wing of the BE peak
ventional EIA. Part of the difference in intensity between theis too slow as compared with experiment.
calculated and the measured spectra may be due to the fact The different behavior of the 0.53 and 0.6 MeV/amu
that no coincidence is made with a fixed charge state of th€uw’* + H, collision systems at the larger angles cannot be
transmitted ions. Therefore, the measured spectra will corascribed to a dynamical effect since the two collision veloci-
tain some contribution from projectile ionization that is not ties differ by 6% only. Indeed, the EIA arsdEIA results are
considered in theory and that is most serious for forwardnuch alike for the two systems. This suggests some incon-
electron emission. sistency in the acquisition of the data of Wadf al. and

At the larger angle$Figs. 2b) and Zc)], the a-EIA re- Hagmann and co-workers. In order to be more specific, the

sults are in considerably better agreement with experimengingly (angulay differential cross sections are plotted in Fig.
both in shape and in intensity. In the 25° spectra, a double4, which are obtained upon integrating each spectrum across
peak structure is visible, which can be traced back to ahe binary-encounter peak. The Hagmann and co-workers
Ramsauer-Townsend minimum in the elagi€w’™ scatter- BE peak yields are available from the experimentalists
ing cross section near 120h the projectile reference frame [11,29 while the 0.6-MeV/amu data points were found from
[10] corresponding to a laboratory angle ©80°; see also directly integrating the measured spedtt8,30 without any
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distribution is better reproduced by the Kansas d@tha
though these data seem to be substantially too high at the
} CuS" +H, larger angles

B. Scaling relations and the Cd* +H, system

When investigating the test systemuon H, we have
found that the initial-state occupation probabilities vary
smoothly withv and depend only weakly on impact param-
eter b. We therefore have tried to fit thB; to a general
formula,

108

P=—, p=ne A, (18)

FIG. 4. Singly differential cross section as a function of angle

. Experiment: binary-encounter peak yield in 0.6 MeV/a, \hore the inverse velocity dependence in the exponent is

Wolff et al. [10]) and 0.53 MeV/amuQ, Liao [11]) C®* +H, g .
collisions. Theory: cross section for elastic electron scattering fromsquested by th_eLandau Zener form(id) with (16). In

CU for k=v=4.9(—) and 4.6(-—); binary-encounter peak yield NS expressionA‘e’iUA is the mean united-atom energy dif-
in 0.6 MeV/amu CA* +H, collisions from EIA theory(--------- . ference of a group of levels belonging to the same subshell
from the “central” UA state, which correlates asymptoti-

) cally to the occupied target stator Cu’* + H the 4d state,
background subtraction procedure. Therefore, the latter daighile i runs over (4, 4d, 5s, 5p, 5d)]. The number of sub-

may be systematically too high. It is obvious, however, thalspelis in the group that couple to the central state is denoted
the data of Wolfet al. fall off by nearly two orders of mag- by n;,. B is a fit parameter that is found to k&=7.5 in the
nitude when; is increased from 0° to 40°, whereas the case of the average probabilities forCu-H given above.
0.53-MeV/amu data decrease by less than a factor of 5 anfihe formula(18), which assumes that the energy difference
exhibit a distinct second maximum around 40°. In order toat the crossing point can be replaced by the corresponding
stress the relation between BE electron emission and freemited-atom energy difference, and that the adiabatic cou-
electron scattering, we have included in Fig. 4 the elasticpling matrix elements are much alike, makes detailed knowl-
scattering cross section of electrons from®Cuat k=v edge of correlation diagrams and coupling strengths unnec-
=4.6 and 4.9 corresponding to the Cucollision velocities. ~ essary. It is only required to know the “central” UA state,
This cross section is conveniently calculated in the projectild-€-, to which UA state the initial state of the active target

reference framétermedda’/dQ(k,6), with 6=m—29;],  electron is correlating. _
and is subsequently transformed to the target reference frame The basic importance of this central UA state suggests an
by means of1]: even simpler approximation to tleeEIA formula. Instead of

summing over the momentum-space densities of the true UA
states with weighting facto®;, one might simply take one
“averaged” bound-state density instead. We have included
in Figs. 2 and 3 the results for the choice of a single
1s-type hydrogenic state with an effective char@gs

=1/2|e .| calculated from the binding energy.|“* of the

central UA statdthe (C@" +H) 4dg, UA state energy re-
where N;=2 is the number of target valence electrons. Atsults inZ.=1.61]. In all cases, these results are surprisingly
the lower velocity, the Ramsauer-Townsend minimum at 30tlose to those from tha-EIA theory. For the sake of com-
is somewhat more pronounced than for4.9, but other- parison, we show in Fig. 2 also results where in thEIA
wise the two cross sections are much alike, confirming théormula (6) solely the central UA state has been included
weak velocity dependence of the cross sections discussedth P;=1. It is seen that only fof};=25° does the energy
earlier. In order to compare with the quasielastic scatteringlependence follow the-EIA theory, but for the other two
data, the cross sectidia7) has to be folded with the bound- angles, the resulting BE peak is considerably broader and
state momentum distribution as done in the EIA an#IA lower in intensity than predicted by treeEIA theory. This
theories. This leads to a considerable damping of théndicates that structures or peculiarities in the BE peak re-
Ramsauer-Townsend structuréfer the a-EIA even more gion of the electron spectra arising from the nodal structure
than for the EIA, which nevertheless are more easily dis-of particular UA wave functions contributing to the cross
cernible in the singly differential cross sections than in thesection (6) are largely averaged out by calculating the
BE electron spectra. At angles upte85°, the data of Wolf weighted sum over all relevant states, such that the resulting
et al. are in good accord with the EIA on a relative scale,momentum space density resembles the density of an occu-
whereas the shape of the second maximum in the angul@ied atomic shelland is therefore of 4 type).

!

do =4N;cos do k 1
aa, iCO fm( ,0), (17)
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100 IV. CONCLUSION
do Dby F : - - .
dEdSu'keVsr! Binary-encounter-electron emission from collisions with
10°F medium-energy, highly charged projectiles has been calcu-
I lated within an adiabatic binary-encounter model where the
108 initial-state occupation probabilities of the individual mo-
i lecular orbitals have been found from an LCAO-MO calcu-
a0 lation combined with the Landau-Zener formalism. For the
00y test system CU +H we were able to deduce scaling rela-
I tions that allow for an approximate determination of the
108 | initial-state occupation numbers solely from the knowledge
i of the united-atom level diagram and of the “central” UA
05l o level to which the active target electron is correlating. Even

0 02 04 1 more, we have found that our results for the doubly differ-
ential cross section for BE electron emission are in many
cases well approximated by applying a very simplified pre-

FIG. 5. Doubly differential cross section for electron emission SCFiption. This consists in using the conventional electron-
in 0.3 MeV/amu CA*+H, collisions at9;=20°. Experimental impact approximation with one hydrogenlike initiat btate
data from Liao[11]: @, singles data:#, data in coincidence with for each active target electron characterized by an effective
transmitted Cti". Theory: —,a-EIA; ------, EIA; ---, Z;z=1.68  charge. The charge parame®yy is determined from the

(present calculations ----------- . peaked EIA from Bhalla@@s  energys " of the central UA state. This prescription works

quoted in Liao[11]). because in tha-EIA calculations one must sum over many

levels, hence damping out most of the wave-function effects.

As an app“cation of the Sca"ng relations discussed abové?or all models it is therefore crucial to know the central UA
we show in Fig. 5 results for the collision system 0.3 MeV/state or rather its energy for a given projectile ion-target
amu Cd* + H, in comparison with experimefil1,29. Both  combination. Assuming that the projectile dependence of this
singles data and data in coincidence with transmittei"Cu energy is weak for a given target, one may apply the simpli-
projectiles are measured on an absolute scale. These ddiad model to other collision systems without knowledge of
indicate that projectile ionization can be quite importantthe corresponding correlation diagram.

(Cu"* being of course more easily ionized than°C)y, giv- The comparison of our theory with experimental data is

ing a similar contribution to the BE peak yield as pure targethampered by the fact that the data sets from two experimen-

ionization at the considered angle of 20°. The very broada| groups are not internally consistent. The data from the
experimental BE peak at this angle is again caused by th§chmidt-Beking group rapidly decrease in intensity upon

influence of Ramsauer-Townsend structures. Pronounceflcreasing the electron ejection angle and show a very broad
double-peak structures are visible in ipeaked EIA calcu-  gg peak. This characteristic is observed for a great variety of

lations of Bhalla[9,13] included in Fig. 5, but they are o - - : :
! projectiles[10,3Q colliding with H, or He. Our adiabatic
largely damped out in ouunpeakeJl EIA results. We also model is quite successful in explaining the relative energy

showa-ElA res_ults from Eq.(6)_ W'th P appromma_ted by dependence of the BE electrons for not too high collision
Eq. (18), assuming that the collision system under investiga- lociti for other proiectiles like & colliding with
tion is sufficiently close to the 0.53-0.6 MeV/amu Cu velocities even Tor Other projectlies fike A€ o 9

+H systems such that the scaling relations are supposed ¢ (using the simplified one-state prescripfio®n the other
give reliable result$with 8 unchangel With the help of the and, the spectra from Hagmann and co-workers Sh(.JW a
LCAO-MO basis set method we have found that the occuSharP BE peak even at the higher angles, and the peak inten-
pied target electronic state correlates to the Ufy4state Sty decreases only very slowly with angle. For many of
(with energy—38.22 e\}, which actually is the one closest these spectra, OW-EIA theory overestimates the peak'W|dth

in energy to the central UAdk), state of the C¥" +H sys- 0N the high-energy wing and dramatically underpredicts the
tem (at —35.41 eV}. This could be an indication that the electron intensity. Further independent experiments are nec-
energy of the central UA state depends only weakly on thé&ssary to clarify the situation.

projectile. In contrast, its dependence on the taffmt Zp

>Z+) is much stronger according to LCAO-MO calculations

for C** +He where the central state is the UA,4 state ACKNOWLEDGMENTS

(with energy—68.45 eV.
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