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SPECTRAL DISTRIBUTION OF ELECTRONS EMITTED INTO THE CONTINUUM OF FAST PROJECTILES:
THEORETICAL APPROACHES OF HIGHER ORDER IN COMPARISON WITH EXPERIMENT

D.H.JakubaBa-Amundsen

Physics Section, University of Munich, 8046 Garching, Germany

A compilation of recent experimental data on the forward peak resulting
from the capture of target electrons into the continuum of bare, partly
stripped and neutral projectiles is presented. The impact-parameter
dependence and the dependence of the peak shape on the projectile
charge state as well as on the angular acceptance is considered. An
interpretation is attempted within the second-order Born theory and

the impulse approximation. Results from Monte Carlo calculations at
lower impact energies are also included.

1. Introduction

Since its discovery, the forward peak (cusp)
in the secondary electron spectrum has attracted
great interest both experimentally and theoreti-
cally.l It consists of target or projectile
electrons which are emitted into low-lying con-
tinuum states of the projectile, and hence ap-
pears in the laboratory frame at forward elec-
tron angles;ﬁ%ﬁv 0 and comprises electron momen-
ta kg in the vicinity of the collision velocity

2 have offered

v. Recent coincidence experiments
the possibility to separate the contributions
from target electrons (CTC) and from projectile
electrons (ELC). Although a very recent compila-
tion of ELC data3 calls for an improvement of
the theoretical approaches beyond the customary
first-order Born theory, I shall restrict myself
to the CTC process since it is much more sensi-
tive to higher-order effects than the electron
loss process. Starting with the derivation of
the second Born theory and the impulse approxi-
mation (IA) for structured projectiles (section
2), I shall consider CTC by bare projectiles and
show how the dependence of the peak shape on the
angular acceptance is related to the nonanalytic
behaviour of the doubly differential CTC cross
section at ﬁf =V (section 3). It is further
shown how the variation of the peak shape with
projectile charge Zp depends on the collision
velocity. The influence of the collision dyna-

mics on the peak formation is displayed with the

help of a classical trajectory Monte Carlo (CTMC)

calculation4

, and the impact-parameter dependence
of the forward electrons is studied within the
impulse approximation. In section 4, I consider
electron capture by partly stripped projectiles
and show that a description of the projectile in
terms of a pointlike ionic charge is incorrect.
The last section is devoted to CTC by neutral
projectiles where the observation of a cusp-like

peakz is a great challenge to theory.

2. Theory

For a theoretical description of charge
transfer within a perturbative approach, one has
to restrict oneself to energetic collisions where
the velocity v exceeds the shell velocity of the
electron in its initial target bound state, or
where the ratio between target charge Zr and
projectile charge Zp deviates largely from unity.
In the following I shall treat the target as a
quasi one-electron system, but will take the
projectile electrons (as far as they exist) ex-
plicitly into account. The neglect of multiple
target excitations is especially justified for

the case Zp/Zp < 1.

In the semiclassical picture where the inter-
nuclear motion is described by a classical tra-
jectory, the capture amplitude is given by (in

atomic units h = e =m = 1)

358 © 1990 American Institute of Physics
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agg =71 AETYp TLV ey 9y (2.1)
where @E is the wavefunction of the bound target

electron and»ﬁg describes the electronic ground
state of the projectile. The initial perturbation
V; is composed of the interaction VET of the pro-
jectile electrons with the target electron, the
interaction VgT of the projectile electrons with
the target nucleus, and the interaction Vp be-
tween the projectile nucleus and the target elec-
tron. In the (prior) impulse approximation, va%ig

for Zp << Zp, the exact scattering function ql

is approximated by

IW§-)> (1 + o= )v )|f> ~ (1 + G Dy )|f>

2.2
&> - Z bl P+1 xzm bﬂ|cp,fm ch7

where Vf = VT, the potential between the target
electron and the target nucleus, and consequently
|f> eigenstate to He = H - Vp where H is the
full electronic Hamiltonian (H = Hp + Tg + Vp +
Vo + VgT + VgT; Hp describes the projectile elec-

trons, T, the one-electron kinetic energy). The

e
state [£> can be represented in terms of eigen-
states WP+1 to the projectile plus one electron
(in absence of the target nucleus) which again

can be written as a superposition of electronic
states q)i of the projectile alone, where ;Em is
a one-electron scattering state. The full Greens
function G(—) = (19, - H - if)'l

formulation is in the IA replaced by G( ) corres-—

of the exact

ponding to Hyy = Hp + T, + Vp + VgT The second-
order Born approximation would result if in G( )

H were replaced by Hp + T..

Introducing a complete set of eigenstates

|@PT S

of momentum g and(P

where ]ﬁ) is a one-electron plane wave
eigenstate to HPT = Hp +

Vpr, and going on-shell, one obtains

=i gdtgdaz A PT*}(@P |(f:14) >

(2.3)
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T . .
where $‘ is an electronlc contlnuum target state.

Expanding @ (b and making use of

—Y W’
the orthogonallty properties of the eigenstates,

one arrives at

(2.4)
CP*’*"’PT'f’lcb >]

The expansion coefficients a,, and bgy describe

’[n1<?q[PVP> * E:

projectile excitations due to the interaction

VgT with the target nucleus:

Py
®nk <¢k|(1 *+ CppV PT)I(b

P+l
7 <\'f' Ay PT)“V

where Gp corresponds to Hpp and G¢ corresponds
to Hf‘

(2.5)

P 1
b +

If excitation of the projectile is neglected
(ank = b = 3nk) the conventional form is ob-

tained

JA L «~ ,~P s
fl -1gdt§dq <(Ffi|q>

T P, e P T
r {pglavp + <L Ve 1 B> ) 1>

where ?fl is a one-electron scattering state to

(2.6)

the projectile which is in the ground state(bl

In complete analogy, the second Born appro-

ximation reads

B2 1

- NP Q=2 >
afim—1gdt<(Ffi|(1+Vngq|q> <ah

—
d- 3+ if
P,.e P T
« p+ <OUIVEIDL Y Dle> @)
In accordance with the omission of the inter-
nuclear potential in the transition matrix ele-
ment, also the ground-state expectation value of

VgT (which only depends on the internuclear co-

ordinate) has been omitted in (2.7).



360 Spectral Distribution of Electrons

The impulse approximation in its post form,
suitable for ZP/ZT 77 1, can be derived? in a si-
milar way as (2.6) and contains an intermediate

projectile eigenstate instead of the target state
T
fa-

3. CTC by bare projectiles

For bare prOJectlles, VPT in (2.6) and (2 7)
is zero and ?fl reduces to a Coulomb wave ?f to
the charge Zp. In order to investigate the pro-
perties of the forward electrons it is instruc-—
tive to look at the Fourier transform of ?E at
§f =0 (?f = if - V is the electron momentum in
the projectile reference frame) which appears
explicitly in the transition amplitude (2.6)

Zp  MMg/2
e

xP oy L
fip & — ) ra-ingd =

. . ' . " . '
xexp(—lep[ cosiécosEE + 51négs1n€%cos?3 ]/S),

Xg = 0 (3.1)

where 9% is the electron emission angle in the
projectile frame, and ¢ = Zp/xf.

doubly differential cross section diverges like
xEl due to the normalisation factor of the Cou-
lomb wave. Furthermore, the dependence<x1@£ is
nonanalytical because the integration variable
3 =4 - ¥V can attain the value zero®. Since the
phase in (3.1) switches sign if one considers
forward electrons with momentum below the peak
(kg <5 v, 8% = 1800) and above the peak (kg 2, Vv,
@% = Oo), the intensity of the emitted electrons
is different on the two sides of the peak, lead-
ing to an asymmetric peak shape. This behaviour
is, however, only visible in higher-order theo-
ries, because in the first-order OBK theory the
phase information from (3.1) drops out when cal-
culating Iafil . The asymmetry of the forward
peak is clearly seen in the experiments as shown

in Fig.l in the case of O8+ + Ne collisions.’

08‘ - Ne e°= O,AO

—_
T

Intensity [arb. units)
o (
!

N
T

kilaul

Fig.l. Cusp electron spectrum7 from 40 MeV 08% 4
Ne collisions at an energy resolution of
0.5% and @, = 0.4° (a) and 1.2° (b).
(a), the flt by a 6-term expansion (eq.
(3.2)) is indistinguishable from the data.
(b) - - - - constructed "fit" with use of
the same By, as for 0.4°

In order to compare theory with experiment,
the differential cross section has to be averaged
over the energy resolution AE, and the angular
resolution 90 of the detector. Conventionally, an
expansion in terms of Legendre polynomials P; and

powers of x¢ is made8

Eg+4E /2
g §
dEf‘mf @ yAEo Z B 2E AE ke dEg
f—AE /2
o, ° (3.2)
1 n-1 '
S sind daf. X, = P_(cosB.)
1 - cosB, § e Ve e 1 3

in order to extract coefficients Bpj which are
independent of the detector resolution. However,
since the cross section is nonanalytic in @% a
truncation of the sum over 1 in (3.2) is in gene-

ral not possible. From Table 1 it is seen that



|l

E% N Ny Ny
0° 1 1 1
30° 1.02 1.01 1.05
60° 1.06 1.03 1.11
90° 1.15 1.09 1.28
120° 1.29 1.18 1.53
150° 1.42 1.27 1.79
180° 1.47 1.30 1.89
Table 1.

Cross section (in the projectile frame) for cusp
electron emission at ¥ = O within the transverse
peaked prior IA. For p + He collisions with v =
4.4745, d%6/decdd = Ni*2.02-10° bgrn/keV-st, with
v =26.328, d G/dsfdzﬂif = N2*6.43'10 barn/keV- sr,
fgr HeZ* + He collisions with v = 6.328,

d%/de ¢dflg = N3*4.57-10% barn/keV-sr

the differential cross section in the projectile
frame (which results upon multiplication by Xf/kf)
increases weakly with 9; near 0° and 180°, but
rather strongly around 90°. A similar result as in
the IA is also found with the second Born theory.
The slope is the larger, the smaller the velocity
v and the larger the projectile charge. Tentative
considerations indicate that the nonanalyticity
reveals itself in a singular behaviour of the hig-

her derivatives, especially around 90°.

The failure of the conventional truncation of
the series to 6 terms (1 < 2, n £ 1) is readily
seen if G% is varied in the experiment. In Fig.la
where Oo = 0.4°, the By, are fitted to the expe-
rimental spectrum. If these By, are used to con-
struct the spectrum for e.g. @O = 1.2° (Fig. 1b)
a clear discrepancy with the experimental data is

found.

As a measure of the peak asymmetry, the half
width at half maximum to the left (FL) and to the
right () of the line k¢ = v can be used. In
Fig.2 the ratio PL/FR following from experiment
and from the second Born theory is shown. The ex-
perimental decrease of the peak asymmetry for
G%—e 0 (which is another argument against a trun-
cated series expansion) is qualitatively reprodu-

ced by theory. Note that although eq. (2.7) has
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Fig.2. Ratio [} /[ for 40 MeV 08+ 4 Ne as a func-
tion of detector resolution’, Solid line,
eye-guide to the data, dashed line, 2.Born

been evaluated without resorting to the asympto-

tic approximation of Shakeshaftg, the second Born
theory is not expected to give quantitative
agreement with the data for systems with Zp = Zp

x V.

The shape of the forward peak depends strong-
ly on the system parameters like projectile char-
ge and collision velocity. Fig.3 displays the
cross section ratio for He?* impact to proton im-
pact on He at a rather low collision velocity of
2 au, and also the cross section ratio for 08+
impact to hydrogen impact on Ne at v = 10 au. The
low-velocity data, which are well reproduced by
a Monte Carlo calculationlo, scale approximately
with Z% at small momenta of the ejected electron,
but show an increase when kg > v. This increase
reflects a decreasing peak asymmetry with Zp. On
the other hand, the high-velocity data scale ap-

proximately with 25'3

but decrease when kg in-
creases beyond v. This behaviour is qualitatively
explained by the (post) impulse approximation11
(for a He target in order to obey the IA validity
criterions) which scales like Zg and which leads
to an asymmetry which increases according to ZP/v.
A similar difference in the v dependence of the

asymmetry (an increase with v at small v but a
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(Top) Ratio of the doubly differential cross sec-
tion for 2.5 MeV/N 08+ + Ne to H* + Ne collisi-
ons (exp: histogramm; 90'” 0.8°, AE,/Ef = 0.5%)
as a function of electron momentum relative to v;
solid line, cross section ratio for 2.5 MeV/N

08+ + He to H* + He at ¢ = 1° within the post IA.
(Bottom) Cross section ratio for 100 keV/N Hel+ 4

He to H* + He. Data points, Bernardi et al, dashed
line, CIMC calculation at J% = 5° (taken from
Ref. 10)

decrease at large v) has been observed by Dah1l2,

A supplementary information about the cusp
electrons can be extracted from an investigation
of the collision dynamics. Especially suited is
the Monte Carlo method, where the classical tra-
jectories of the projectile can be followed. In
Fig.4 is shown how the forward peak develops as
the internuclear distance between the proton and
the He target is increased after the encounter.
Distances of the order of 10° au are necessary in
order to give the correct energy spectrum which
compares well with the experimental data of Gib-
sonl3 and Dahllz, pointing to strong post-colli-

sional effects in medium-energy collisions. In

do 2
agraﬁﬂcm/eVsﬂ

p—He

10"

T T

T

1 0-1 8

LR LS

1 0‘19
10

Fig.4.

Forward peak and its formation as a function of
the internuclear distance R_ (where the CTMC cal-
culation is stopped) for 108 keV p + He collisi-

ons at &y = 1°. - -~ =, R, =100 au, - ... -- ,
R, =500 au, - - - -, R, = 3000 au, ——, R,
=10° au Experiments: @, Gibson and Reid13,

0, Dahl12 (taken from Ref.4)

quantum mechanical calculations, the information
on the relevant projectile-target distances is
contained in the impact parameter distribution.
Fig.5 gives a comparison of the experimental data
of Jagutzki et all% with the (prior) peaked im-
pulse approximation6 (which is scaled by the ra-
tio between the unpeaked IA and the peaked IA

for 1s-1s capture in the same collision at b = 0).
For H* + Ne, theory reproduces experiment within
the experimental uncertainty of the normalisation
(~507). A measurement of the b-distribution of
o-electrons emitted under zero degrees gives wi-
thin the error bars the same shape as the b-dis-
tribution of the cusp electrons. This confirms
the validity of the peaked IA which factorises
into the ionisation probability times the squared
normalisation constant of the final-state Cou-
lomb wave.®s15 For the more symmetric 3HeZ* + Ne
collision, the IA gives poor results at an impact

velocity as low as the electronic velocity of the
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Fig.5.

Imiact—parameter distribution of the cusp elec-
trons within d%-é 3° in 0.5 MeV/N H* 4 Ne and
3He2* 4+ Ne collisions. The experimental data 4

are obtained by integrating the electron spectrum
over the peak region. The calculations are perfor-
med with the fully peaked prior IA (integrated
over the region kg = v + 0.1v) and scaled down by
a factor of 0.4 (solid line) and 0.23 (dashed
line), respectively (see text)

target L-shell which yields the dominant contri-

bution.

4. CTC by partly stripped projectiles

To simplify the theoretical description of the
cusp electrons when the projectile carries elec-
trons it is often assumed that the projectile acts
like a pointlike particle of ionic charge. From
the general theory (e.g. eq. (2.6)) it follows
that the projectile field enters twofold, first
directly as a transition operator in the matrix
element, and second, implicitly in the final-state

electronic wavefunction Gg; - In Fig.6 is shown the
doubly differential cross section ratio for Het 4

He relative to the H* + He collision system at an
intermediate collision velocity of 2 au from a
CIMC calculation when a static screened projectile
field is usedl0. For small electron momenta, kg <
v, the ratio is approximately one which is con-
form with the picture of an ionic point charge.

For k¢ > v, however, Het is much more efficient in
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Ra%io of the doubly differential cross section
for 100 keV/N Het + He to HY + He at oJf = 5° wi-
thin the Monte Carlo method (dashed line) and
for 1 MeV/N Het + Ne to H' + Ne for B, = 1° wi-
thin the fully peaked prior IA (solid line) as a
function of electron momentum relative to v

producing CTC cusp electrons than Ht. This is re-
lated to the fact that fast electrons require a
large momentum transfer q, which is easier pro-
vided by the static screened Het potential which
in the limit of q — 00 coincides with the He?*
field. Also shown in Fig.6 is the ratio for Het 4+
Ne relative to H* + Ne in a fast collision (v =
6.328 au) from the (prior) peaked impulse appro-
ximation. A ratio of 4 is expected since the pro-
jectile field in the ionisation matrix element in
(2.6) acts very much like a HeZ* field for the
large momenta required. The deviation of the ra-
tio from 4 results from the consideration of the
ionic field (including polarisation and exchange)
in the calculation of the final-state electronic

wavefunction.

5. CTC by neutral projectiles

For a short-range potential no cusp behaviour
for the CTC electrons is expected as long as the
projectile remains in its ground state. If the
final-state electronic wavefunction is taken as

a scattering eigenstate of the projectile (calcu-
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Fig.7.
Fogward electron spectrum in 2.5 MeV H + He col-
lisions for §_ = 0.5° within the fully peaked
prior IA for different charge states of the pro-
jectile. - - - - , H¥, ——eem | HO(OS),
Ho(1s)

lated from a Schrodinger-type equation including

’

polarisation and exchange16) a forward peak is
indeed obtained, although with a much larger
width than in case of an ionic potential. Fig.7
displays the forward peak for neutral hydrogen
projectiles in the spin singlet and spin triplet
state in comparison with H* on a He target. The
calculations are performed within the (prior)
peaked impulse approximation where from the fi-
nal-state wavefunction, only the 1 = O partial
wave normalisation constant is required17. The
existence of a peak for xg — O results from the
attractive polarisation potential, and the en-
hancement of the peak for the singlet state is

due to the exchange interaction.

Experiments, where the projectile charge sta-
te is measured in coincidence with the electrons
in order to isolate the CTC contribution show,
however, a cusp-like structure even for neutral
projectiles.2 Fig.8 displays the forward peak in
75 keV/N HO + Ar and He® + Ar collisions separa-

L H' —-—Ar |
0.8f -
=
=t L
S o6k L
£0 ELC
2z T i
® 04 -
[
[+4

het
N

L T;Xx} L
N
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W 16 18 2

kf(a.uJ

Fig.8.

Fo%ward electron spectrum in 75 keV/N H® 4+ Ar
(left) and He® + Ar (right) collisions. Shown are
the relative intensities for the electron loss
contribution (ELC) and capture to continuum con-
tribution (ECC) for O _ = 3.5°. The solid lines
are eye-guides to the data (taken from Ref.18)

ted into electron loss and electron capture con-
tributionsl8, The fact that for the He® projec-
tile, the cusp is even narrower than for a Het
projectile has been tentatively explained in
terms of a low-lying shape resonancel9. In order
to observe such a resonance which introduces a
singularity into the final-state electronic wave-
function it is, however, necessary that the pro-
jectile is excited to a specific state prior to
the CTC process. For He®, the metastable 2!S sta-
te (which may be present in the beam) can account
for the occurrence of a resonancezo. For neu-
tral hydrogen on the other hand, it is difficult
to imagine in which way a specific excited reso-
nance-supporting projectile state can be suffi-
ciently strong populated: From Fig.8 it follows
that the peak intensity for CTC is about 207 of
that for ELC. Assuming (optimistically) an equal
transition probability for electron loss and el-
ectron capture by a projectile with fixed elec-
tronic configuration, the excitation probability

of the projectile has to be as large as 0.2 !



In conclusion, it has been shown that the im-
pulse approximation as well as the second Born
'theory are able to reproduce the features of the
forward peak for energetic collisions with char-
ged projectiles, such as the peak asymmetry and
its dependence on velocity, projectile charge
and angular acceptance. For neutral projectiles,
the question of existence and interpretation of
a cusp-like peak calls for further investigati-

ons.
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