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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.Jakubaßa-Amundsen 

Physics Section, University of Munich, 8046 Garching, Germany 

A compilation of recent experimental data on the forward peak r e s u l t i n g 
from the capture of target electrons i n t o the continuum of bare, p a r t l y 
stripped and neutral p r o j e c t i l e s i s presented. The impact-parameter 
dependence and the dependence of the peak shape on the p r o j e c t i l e 
charge state as well as on the angular acceptance i s considered. An 
i n t e r p r e t a t i o n i s attempted w i t h i n the second-order Born theory and 
the impulse approximation. Results from Monte Carlo calculations at 
lower impact energies are also included. 

1. Introduction 

Since i t s discovery, the forward peak (cusp) 
i n the secondary electron spectrum has attrac t e d 
great i n t e r e s t both experimentally and t h e o r e t i ­
c a l l y . ̂  I t consists of target or p r o j e c t i l e 
electrons which are emitted i n t o low-lying con­
tinuum states of the p r o j e c t i l e , and hence ap­
pears i n the laboratory frame at forward elec­
tron angles 3f & 0 and comprises electron momen­
ta kf i n the v i c i n i t y of the c o l l i s i o n v e l o c i t y 
v. Recent coincidence experiments^ have offered 
the p o s s i b i l i t y to separate the contributions 
from target electrons (CTC) and from p r o j e c t i l e 
electrons (ELC). Although a very recent compila-
t i o n of ELC data-3 c a l l s f o r an improvement of 
the t h e o r e t i c a l approaches beyond the customary 
f i r s t - o r d e r Born theory, I s h a l l r e s t r i c t myself 
to the CTC process since i t i s much more sensi­
t i v e to higher-order e f f e c t s than the electron 
loss process. St a r t i n g with the derivation of 
the second Born theory and the impulse approxi­
mation (IA) f o r structured p r o j e c t i l e s (section 
2), I s h a l l consider CTC by bare p r o j e c t i l e s and 
show how the dependence of the peak shape on the 
angular acceptance i s related to the nonanalytic 
behaviour of the doubly d i f f e r e n t i a l CTC cross 
section at kf = ν (section 3). I t i s f u r t h e r 
shown how the v a r i a t i o n of the peak shape with 
p r o j e c t i l e charge Zp depends on the c o l l i s i o n 
v e l o c i t y . The influence of the c o l l i s i o n dyna­
mics on the peak formation i s displayed with the 

help of a c l a s s i c a l t r a j e c t o r y Monte Carlo (CTMC) 
ca l c u l a t i o n ^ , and the impact-parameter dependence 
of the forward electrons i s studied w i t h i n the 
impulse approximation. In section 4, I consider 
electron capture by p a r t l y stripped p r o j e c t i l e s 
and show that a description of the p r o j e c t i l e i n 
terms of a p o i n t l i k e i o n i c charge i s incorrect. 
The l a s t section i s devoted to CTC by neutral 
p r o j e c t i l e s where the observation of a cusp-like 
peak^ i s a great challenge to theory. 

2. Theory 

For a t h e o r e t i c a l description of charge 
transfer w i t h i n a perturbative approach, one has 
to r e s t r i c t oneself to energetic c o l l i s i o n s where 
the v e l o c i t y ν exceeds the s h e l l v e l o c i t y of the 
electron i n i t s i n i t i a l target bound state, or 
where the r a t i o between target charge and 
p r o j e c t i l e charge Zp deviates larg e l y from u n i t y . 
I n the following I s h a l l t r e a t the target as a 
quasi one-electron system, but w i l l take the 
p r o j e c t i l e electrons (as f a r as they e x i s t ) ex­
p l i c i t l y i n t o account. The neglect of multiple 
target excitations i s especially j u s t i f i e d f or 
the case Zp/Z-p « 1. 

In the semiclassical picture where the i n t e r -
nuclear motion i s described by a c l a s s i c a l t r a ­
j e c t o r y , the capture amplitude i s given by ( i n 
atomic uni t s h = e = m = l ) 

3 5 8 © 1990 American Institute of Physics 
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a f i f 1 ι 
Τ i P v (2.1) 

where i s the wavefunction of the bound target 
• Ρ 

electron and describes the electronic ground 
state of the p r o j e c t i l e . The i n i t i a l perturbation 

i s composed of the i n t e r a c t i o n Vpp> of the pro­
j e c t i l e electrons with the target electron, the 

Ν 
i n t e r a c t i o n Vprp of the p r o j e c t i l e electrons with 
the target nucleus, and the i n t e r a c t i o n Vp be­
tween the p r o j e c t i l e nucleus and the target elec­
t r o n . I n the ( p r i o r ) impulse approximation, v a l i d 
for Zp « Ζρ·, the exact scattering function ^ 
i s approximated by 

l y ^ } > = (ι + G ( ~ ) v f ) | f > # (ι + 4^v f)|f> 

A 

(2.2) 

λϋΐ 

where Vp = Vp-, the p o t e n t i a l between the target 
electron and the target nucleus, and consequently 
I Ο eigenstate to Hp = Η - V^ where Η i s the 
f u l l e l ectronic Hamiltonian (H Hp + T e + V p + 

e Ν 
Vrp + Vp-p + Vp^; Hp describes the p r o j e c t i l e elec­
trons, T e the one-electron k i n e t i c energy). The 
state | f > can be represented i n terms of eigen-

P+l 
states y to the p r o j e c t i l e plus one electron 
( i n absence of the target nucleus) which again 
can be w r i t t e n as a superposition of electronic Φ Ρ ^P 

m of the p r o j e c t i l e alone, where <jp^m i s 
a one-electron scattering state. The f u l l Greens function G (-) (iäf - Η - i f ) * of the exact 
formulation i s i n the IA replaced by Gp^' corres-

N 
ponding to Hp^ = Hp + T g + + ^ρτ· The second-
order Born approximation would r e s u l t i f i n öS \ 
Η were replaced by Hp + Τ . 

Introducing a complete set of eigenstates 
χΡΤ -χ o. 
|U) q y where |q> i s a one-electron plane wave 

τΡΤ 
of momentum q and (p n eigenstate to Hpp, = Hp + 
Vprp, and going on-shell, one obtains IA 

± Jdt: J d q ^ I <^ΙΦ» 3><Φ^· νΐ'ΫΪ Φΐ> 
η Η 

(2.3) 

where (ρ- i s an electronic continuum target state. 
xPT "\— Ρ Expanding φ η = / ^ a ( j ^ and making use of 

the orthogonality properties of the eigenstates, 
one arrives at 

IA 
ä f i 

(2.4) 

- K i ^ i v ^
 +

 ^<^\^?Ul>] 
The expansion c o e f f i c i e n t s a n^ and bp^ describe 
p r o j e c t i l e excitations due to the i n t e r a c t i o n 
Ν 

Vp^ with the target nucleus: 

b f A - < % P + 1 | ( i + G f V ^ T ) i T 

(2.5) 
P+l. 

where Gpp* corresponds to Hpp̂  and Gp corresponds 
to Hf. 

I f e x c i t a t i o n of the p r o j e c t i l e i s neglected 
(5 nj <.) the conventional form i s ob­

tained 
( a n k ~ bnk 

IA i U t T d q <<j>*± I q > 
(2.6) 

where Cppp i s a one-electron scattering state to 
ι Ρ 

the p r o j e c t i l e which i s i n the ground state (pp. 
In complete analogy, the second Born appro­

ximation reads 
B2 a . £v f ι f d t < ^ . | ( l + V T ^ | q > 1—γ- <q|) 

+ i f 

« ( v p + < Φ ι I v J T i > )\<?l> (2- 7> 

In accordance with the omission of the i n t e r -
nuclear p o t e n t i a l i n the t r a n s i t i o n matrix ele­
ment, also the ground-state expectation value of 
Ν 

Vprp (which only depends on the internuclear co­
ordinate) has been omitted i n (2.7). 
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The impulse approximation i n i t s post form, 
suitable f o r Zp/ZT >7 1, can be derived 5 i n a s i ­
milar way as (2.6) and contains an intermediate 
p r o j e c t i l e eigenstate instead of the target state 

3. CTC by bare p r o j e c t i l e s 

For bare p r o j e c t i l e s , Vprj. i n (2.6) and (2.7) 
~P Ρ i s zero and reduces to a Coulomb wave <f£ to 

the charge Zp. I n order to investigate the pro­
perties of the forward electrons i t i s i n s t r u c -

p 
t i v e to look at the Fourier transform of <f£ at 

ο (*\ ν i s the electron momentum i n 
the p r o j e c t i l e reference frame) which appears 
e x p l i c i t l y i n the t r a n s i t i o n amplitude (2.6) 

IT* 
e Γ ( 1 

*exp(-2iZp[ cosn3scos0£ + sinJ ssin9^cos^ s J/s), 

(3.1) 

where 0£ i s the electron emission angle i n the 
p r o j e c t i l e frame, and 7 ^ = Zp/*£. 

Upon i n s e r t i o n i n t o (2.6) i t follows that the 
doubly d i f f e r e n t i a l cross section diverges l i k e 
Κ£^ due to the normalisation factor of the Cou­
lomb wave. Furthermore, the dependence on θ| i s 
nonanalytical because the i n t e g r a t i o n variable 
s = q - ν can a t t a i n the value zero^. Since the 
phase i n (3.1) switches sign i f one considers 
forward electrons with momentum below the peak 

f ο 
( k f <^ v, 6 f = 180 ) and above the peak ( k f >> v» 
t ο 

= 0 ) , the i n t e n s i t y of the emitted electrons 
i s d i f f e r e n t on the two sides of the peak, lead­
ing to an asymmetric peak shape. This behaviour 
i s , however, only v i s i b l e i n higher-order theo­
r i e s , because i n the f i r s t - o r d e r OBK theory the 
phase information from (3.1) drops out when c a l -

2 
culating |afχ I · ̂ he asymmetry of the forward 
peak i s c l e a r l y seen i n the experiments as shown 
i n F i g . l i n the case of 0 + Ne c o l l i s i o n s . ^ 

u) 1 
c 
D 
_ö 
-*—> 
(7) 
C 
Φ 

0 8 +-Ne θ0= 0,4° 

B=X2C 

kf[a.u] 
7 8-1-F i g . l . Cusp electron spectrum 7 from 40 MeV 00i" + 

Ne c o l l i s i o n s at an energy resolution of 
0.5% and 0O = 0.4° (a) and 1.2° ( b ) . I n 
(a) , the f i t by a 6-term expansion (eq. 
(3.2)) i s indistinguishable from the data. 
(b) - - - - constructed " f i t " with use of 
the same B^m as f o r 0.4° 

In order to compare theory with experiment, 
the d i f f e r e n t i a l cross section has to be averaged 
over the energy resolution A E q and the angular 
resolution θ 0 of the detector. Conventionally, an 
expansion i n terms of Legendre polynomials P-ĵ  and 
powers of i s made^ 

Λ ι E f + 4 E ° / 2 

< d E ^ > © 0 , ^ 0 = Σ > η ΐ Ζ ^ J 
N I Ε £-ΔΕ 0/2 

k f d E f 

(3.2) 

s0o 

^ sinrS^ da^ Ρ (cos9 f ) 

i n order to extract c o e f f i c i e n t s Β ηχ which are 
independent of the detector r e s o l u t i o n . However, 
since the cross section i s nonanalytic i n &f a 
truncation of the sum over 1 i n (3.2) i s i n gene­
r a l not possible. From Table 1 i t i s seen that 
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9f N l N2 N3 

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 ( i n the p r o j e c t i l e frame) for cusp 
electron emission at Zf = 0 w i t h i n the transverse 
peaked p r i o r IA. For ρ + He c o l l i s i o n s with ν = 
4.4745, a26/aetaXt = Ν^2.02·10 5 barn/keV-sr, with 
ν = 6.328, d 2tf/de faM^ = N2*6.43-103 barn/keV-sr, 
fo r He 2 + + He c o l l i s i o n s with ν = 6.328, 
d 2 6-/de fd^ = N3*4.57-104 barn/keV-sr 
the d i f f e r e n t i a l cross section i n the p r o j e c t i l e 
frame (which r e s u l t s upon m u l t i p l i c a t i o n by *f/kp) 
increases weakly with near 0° and 180°, but 
rather strongly around 90°. A s i m i l a r r e s u l t as i n 
the IA i s also found with the second Born theory. 
The slope i s the larger, the smaller the v e l o c i t y 
ν and the larger the p r o j e c t i l e charge. Tentative 
considerations indicate that the nonanalyticity 
reveals i t s e l f i n a singular behaviour of the h i g ­
her derivatives, especially around 90°. 

The f a i l u r e of the conventional truncation of 
the series to 6 terms ( 1 < 2, η <. 1) i s r e a d i l y 
seen i f QQ i s varied i n the experiment. I n Fi g . l a 
where © Q = 0.4°, the Bp m are f i t t e d to the expe­
rimental spectrum. I f these Bp m are used to con­
s t r u c t the spectrum f o r e.g. 0 O = 1.2° (Fig. l b ) 
a clear discrepancy with the experimental data i s 
found. 

As a measure of the peak asymmetry, the half 
width at half maximum to the l e f t (Pp) and to the 
r i g h t (TR) of the l i n e kf = ν can be used. In 
Fig.2 the r a t i o ^τ/Γβ f°ll°wing from experiment 
and from the second Born theory i s shown. The ex­
perimental decrease of the peak asymmetry for 
θ0—> 0 (which i s another argument against a t r u n ­
cated series expansion) i s q u a l i t a t i v e l y reprodu­
ced by theory. Note that although eq. (2.7) has 
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Fig.2. Ratio T L / r R f o r 40 MeV 0 8+ + Ne as a func­
t i o n of detector resolution'. Solid l i n e , 
eye-guide to the data, dashed l i n e , 2.Born 

been evaluated without resorting to the asympto­
t i c approximation of Shakeshaft^, the second Born 
theory i s not expected to give qu a n t i t a t i v e 
agreement with the data f o r systems with Zp ~ Z^ 
^ v. 

The shape of the forward peak depends strong­
l y on the system parameters l i k e p r o j e c t i l e char­
ge and c o l l i s i o n v e l o c i t y . Fig.3 displays the 
cross section r a t i o for He 2 + impact to proton im­
pact on He at a rather low c o l l i s i o n v e l o c i t y of 
2 au, and also the cross section r a t i o for 0^+ 

impact to hydrogen impact on Ne at ν = 10 au. The 
low-velocity data, which are well reproduced by 
a Monte Carlo c a l c u l a t i o n ^ , scale approximately 

2 
with Zp at small momenta of the ejected electron, 
but show an increase when kf > v. This increase 
r e f l e c t s a decreasing peak asymmetry with Zp. On 
the other hand, the high-velocity data scale ap-

2 3 
proximately with Zp* but decrease when kf i n ­
creases beyond v. This behaviour i s q u a l i t a t i v e l y 
explained by the (post) impulse approximation^ 
( f o r a He target i n order to obey the IA v a l i d i t y 

3 
c r i t e r i o n s ) which scales l i k e Zp and which leads 
to an asymmetry which increases according to Zp/v. 
A s i m i l a r difference i n the ν dependence of the 
asymmetry (an increase with ν at small ν but a 
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Fig.3. 
(Top) Ratio of the doubly d i f f e r e n t i a l cross sec­
t i o n f o r 2.5 MeV/N 0 8 + + Ne to H+ + Ne c o l l i s i ­
ons (exp: histogramm; 9 Q ~ 0.8°, AEQ/E^ = 0.5%) 
as a function of electron momentum r e l a t i v e to v; 
so l i d l i n e , cross section r a t i o f o r 2.5 MeV/N 
0 8 +.+ He to H + + He at α% = 1° wi t h i n the post IA. 
(Bottom) Cross section r a t i o f o r 100 keV/N He^+ + 
He to H + + He. Data points, Bernardi et a l , dashed 
l i n e , CTMC cal c u l a t i o n at = 5° (taken from 
Ref. 10) 
decrease at large v) has been observed by Da h l 1 2 . 

A supplementary information about the cusp 
electrons can be extracted from an inv e s t i g a t i o n 
of the c o l l i s i o n dynamics. Especially suited i s 
the Monte Carlo method, where the c l a s s i c a l t r a ­
j e c t o r i e s of the p r o j e c t i l e can be followed. I n 
Fig.4 i s shown how the forward peak develops as 
the internuclear distance between the proton and 
the He target i s increased a f t e r the encounter. 
Distances of the order of 105 au are necessary i n 
order to give the correct energy spectrum which 
compares well with the experimental data of Gib-
son-LJ and Dahl , pointing to strong p o s t - c o l l i -
sional e f f e c t s i n medium-energy c o l l i s i o n s . I n 
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Fig.4. 
Forward peak and i t s formation as a function of 
the internuclear distance R (where the CTMC cal­
culation i s stopped) for 100 keV ρ + He c o l l i s i -

1°. ons at ojjr 
i t RQ = 500 au, 

~ 10^ au. Experiments:φ, Gib 
ι, D a h l 1 2 (taken from Ref.4) 

, RQ = 100 au, 
3000 au, 
bson and Reid Ϊ3* R ° 

O, 
quantum mechanical calculations, the information 
on the relevant p r o j e c t i l e - t a r g e t distances i s 
contained i n the impact parameter d i s t r i b u t i o n . 
Fig.5 gives a comparison of the experimental data 
of Jagutzki et a l 1 ^ with the ( p r i o r ) peaked im­
pulse approximation 6 (which i s scaled by the r a ­
t i o between the unpeaked IA and the peaked IA 
for l s - l s capture i n the same c o l l i s i o n at b = 0 ) . 
For H + + Ne, theory reproduces experiment w i t h i n 
the experimental uncertainty of the normalisation 
(/v50%). A measurement of the b - d i s t r i b u t i o n of 
έ-electrons emitted under zero degrees gives w i ­
t h i n the error bars the same shape as the b-dis­
t r i b u t i o n of the cusp electrons. This confirms 
the v a l i d i t y of the peaked IA which fa c t o r i s e s 
i n t o the i o n i s a t i o n p r o b a b i l i t y times the squared 
normalisation constant of the f i n a l - s t a t e Cou­
lomb wave. 6' 1 5 For the more symmetric 3He 2 + + Ne 
c o l l i s i o n , the IA gives poor re s u l t s at an impact 
v e l o c i t y as low as the electronic v e l o c i t y of the 
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Fig.5. 
Impact-parameter d i s t r i b u t i o n of the cusp elec­
trons w i t h i n J f ί 3° i n 0.5 MeV/Ν H + + Ne and 
% e 2 + + Ne c o l l i s i o n s . The experimental data-^ 
are obtained by in t e g r a t i n g the electron spectrum 
over the peak region. The calculations are perfor­
med with the f u l l y peaked pr i o r IA (integrated 
over the region kf = ν + O.lv) and scaled down by 
a factor of 0Λ ( s o l i d l i n e ) and 0.23 (dashed 
l i n e ) , respectively (see t e x t ) 
target L-shell which yields the dominant c o n t r i ­
bution. 

4. CTC by p a r t l y stripped p r o j e c t i l e s 

To s i m p l i f y the t h e o r e t i c a l description of the 
cusp electrons when the p r o j e c t i l e carries elec­
trons i t i s often assumed that the p r o j e c t i l e acts 
l i k e a p o i n t l i k e p a r t i c l e of ionic charge. From 
the general theory (e.g. eq. (2.6)) i t follows 
that the p r o j e c t i l e f i e l d enters twofold, f i r s t 
d i r e c t l y as a t r a n s i t i o n operator i n the matrix 
element, and second, i m p l i c i t l y i n the f i n a l - s t a t e 
electronic wavefunction <^fi- I n Fig.6 i s shown the 
doubly d i f f e r e n t i a l cross section r a t i o f o r He + + 
He r e l a t i v e to the H + + He c o l l i s i o n system at an 
intermediate c o l l i s i o n v e l o c i t y of 2 au from a 
CTMC cal c u l a t i o n when a s t a t i c screened p r o j e c t i l e 
f i e l d i s used-^. For small electron momenta, kf < 
v, the r a t i o i s approximately one which i s con­
form with the picture of an ionic point charge. 
For k f > v, however, He+ i s much more e f f i c i e n t i n 

dV(He+) 
dV(H +) 

10 

Ne. v= 6.328 

He. ν = 2.0 

0 
-15 -0,5 -0,5 15 

kf-v (au.) 

Fig.6. 
Ratio of the doubly d i f f e r e n t i a l cross section 
fo r 100 keV/N He+ + He to H + + He at f3~f = 5° wi­
t h i n the Monte Carlo method^ (dashed l i n e ) and 
for 1 MeV/N He+ + Ne to H + + Ne for θ 0 = 1 ° wi­
t h i n the f u l l y peaked p r i o r IA ( s o l i d l i n e ) as a 
function of electron momentum r e l a t i v e to ν 
producing CTC cusp electrons than H+. This i s r e ­
lated to the f a c t that f a s t electrons require a 
large momentum transfer q, which i s easier pro­
vided by the s t a t i c screened He + p o t e n t i a l which 
i n the l i m i t of q —> oo coincides with the He2+ 
f i e l d . Also shown i n Fig.6 i s the r a t i o for He + + 
Ne r e l a t i v e to H + + Ne i n a fast c o l l i s i o n (v = 
6.328 au) from the ( p r i o r ) peaked impulse appro­
ximation. A r a t i o of 4 i s expected since the pro­
j e c t i l e f i e l d i n the i o n i s a t i o n matrix element i n 
(2.6) acts very much l i k e a He 2 + f i e l d f o r the 
large momenta required. The deviation of the r a ­
t i o from 4 resu l t s from the consideration of the 
i o n i c f i e l d (including p o l a r i s a t i o n and exchange) 
i n the c a l c u l a t i o n of the f i n a l - s t a t e electronic 
wavefunction. 

5. CTC by neutral p r o j e c t i l e s 

For a short-range p o t e n t i a l no cusp behaviour 
for the CTC electrons i s expected as long as the 
p r o j e c t i l e remains i n i t s ground st a t e . I f the 
f i n a l - s t a t e electronic wavefunction i s taken as 
a scattering eigenstate of the p r o j e c t i l e (calcu-
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k f(o.u.) 

Fig.7. 
Forward electron spectrum i n 2.5 MeV Η + He c o l ­
l i s i o n s f o r θ 0 = 0.5° w i t h i n the f u l l y peaked 
pri o r IA f o r d i f f e r e n t charge states of the pro­
j e c t i l e . , H+, , H°( 3S), , 
H°(1S) 
lated from a Schrödinger-type equation including 
p o l a r i s a t i o n and exchange^) a forward peak i s 
indeed obtained, although with a much larger 
width than i n case of an io n i c p o t e n t i a l . Fig.7 
displays the forward peak fo r neutral hydrogen 
p r o j e c t i l e s i n the spin s i n g l e t and spin t r i p l e t 
state i n comparison with H + on a He tar g e t . The 
calculations are performed w i t h i n the ( p r i o r ) 
peaked impulse approximation where from the f i ­
nal-state wavefunction, only the 1 = 0 p a r t i a l 
wave normalisation constant i s r e q u i r e d ^ . The 
existence of a peak f o r /£ —» 0 re s u l t s from the 
a t t r a c t i v e p o l a r i s a t i o n p o t e n t i a l , and the en­
hancement of the peak f o r the s i n g l e t state i s 
due to the exchange i n t e r a c t i o n . 

Experiments, where the p r o j e c t i l e charge sta­
te i s measured i n coincidence with the electrons 
i n order to i s o l a t e the CTC cont r i b u t i o n show, 
however, a cusp-like structure even for neutral 
p r o j e c t i l e s . 2 Fig.8 displays the forward peak i n 
75 keV/N H° + Ar and He° + Ar c o l l i s i o n s separa-

kr(a-u.) 

Fig.8. 
Forward electron spectrum i n 75 keV/N H° + Ar 
( l e f t ) and He 0 + Ar ( r i g h t ) c o l l i s i o n s . Shown are 
the r e l a t i v e i n t e n s i t i e s f o r the electron loss 
co n t r i b u t i o n (ELC) and capture to continuum con­
t r i b u t i o n (ECC) fo r θ 0 =3.5°. The s o l i d l i n e s 
are eye-guides to the data (taken from Ref.18) 
ted i n t o electron loss and electron capture con­
t r i b u t i o n s 1 8 . The fa c t that f o r the He 0 projec­
t i l e , the cusp i s even narrower than f o r a He + 

p r o j e c t i l e has been t e n t a t i v e l y explained i n 
terms of a low-lying shape resonance 1^. I n order 
to observe such a resonance which introduces a 
s i n g u l a r i t y i n t o the f i n a l - s t a t e e l e c t r o n i c wave-
function i t i s , however, necessary that the pro­
j e c t i l e i s excited to a sp e c i f i c state p r i o r to 
the CTC process. For He0, the metastable 2*S s t a ­
te (which may be present i n the beam) can account 
for the occurrence of a resonance 2^. For neu­
t r a l hydrogen on the other hand, i t i s d i f f i c u l t 
to imagine i n which way a sp e c i f i c excited reso­
nance-supporting p r o j e c t i l e state can be s u f f i ­
c i e n t l y strong populated: From Fig.8 i t follows 
that the peak i n t e n s i t y f o r CTC i s about 20% of 
that f o r ELC. Assuming ( o p t i m i s t i c a l l y ) an equal 
t r a n s i t i o n p r o b a b i l i t y f o r electron loss and e l ­
ectron capture by a p r o j e c t i l e with f i x e d elec­
t r o n i c configuration, the e x c i t a t i o n p r o b a b i l i t y 
of the p r o j e c t i l e has to be as large as 0.2 ! 
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I n conclusion, i t 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 c o l l i s i o n s with char­
ged p r o j e c t i l e s , such as the peak asymmetry and 
i t s dependence on v e l o c i t y , p r o j e c t i l e charge 
and angular acceptance. For neutral p r o j e c t i l e s , 
the question of existence and i n t e r p r e t a t i o n of 
a cusp-like peak c a l l s f o r further i n v e s t i g a t i ­
ons. 

Acknowledgments 

The c o l l a b o r a t i o n with W.Oswald (who provided 
the second Born r e s u l t s ) and with the other mem­
bers of the experimental group, H.-D.Betz and 
R.Schramm, i s greatly acknowledged. I would also 
l i k e to thank R.Koch and H.Schmidt-Böcking f o r 
providing the data on the b - d i s t r i b u t i o n , and 
CO.Reinhold f o r communicating the CTMC res u l t s 
p r i o r t o pub l i c a t i o n . Especially I would l i k e to 
thank D.Berenyi and his group for discussions 
and f o r t h e i r great h o s p i t a l i t y during my v i s i t 
i n Debrecen. 

References 

1. Forward Electron Ejection i n Ion-Atom C o l l i ­
sions, Lecture Notes i n Physics, Vol. 213, 
eds. Κ,-O.Groeneveld, W.Meckbach and I.A. 
S e l l i n (Springer, B e r l i n 1984) 

2. L.Sarkadi, J.Palinkas, A.Köver, D.Berenyi 
and T.Vajnai, Phys.Rev.Lett. 62, 527 (1989) 

3. H.Atan, W.Steckelmacher and M.W.Lucas, pre­
p r i n t (1989) 

4. CO.Reinhold and R.E.Olson, Phys.Rev. A39, 
3861 (1989) 

5. D.H.Jakubaßa-Amundsen, Int.J.Mod.Phys. A4, 
769 (1989) 

6. D.H.Jakubaßa-Amundsen, Phys.Rev. A38, 70 
(1988) 

7. W.Oswald, R.Schramm and H.-D.Betz, Phys.Rev. 
L e t t . 62, 1114 (1989) 

8. W.Meckbach, I.B.Nemirovsky and C.R.Garibotti, 
Phys.Rev. A24, 1793 (1981) 

9. R.Shakeshaft and L.Spruch, Phys.Rev.Lett. 41, 

1037 (1978) 
10. CO.Reinhold and D.R.Schultz, prepr i n t (1989) 
11. D.H.Jakubaßa-Amundsen, J.Phys. B16, 1761 

(1983) 
12. P.Dahl, J.Phys. B18, 1181 (1985) 
13. D.K.Gibson and I.D.Reid, J.Phys. B19, 3265 

(1986) 
14. O.Jagutzki, R.Koch, A.Skutlartz and H.Schmidt-

Böcking, Contributed Paper to the 3 r d ECAMP, 
Bordeaux, Book of Abstracts p.654 (1989) 

15. J.S.Briggs, J.Phys. BIO, 3075 (1977) 
16. H.Nakanishi and D.M.Schräder, Phys.Rev. A34, 

1810 (1986) 
17. D.H.Jakubaßa-Amundsen, J.Phys. Β ( i n p r i n t ) 
18. A.Köver, L.Sarkadi, J.Palinkas, L.Gulyas, 

Gy.Szabo, T.Vajnai, D.Berenyi, O.Heil, K.-0. 
Groeneveld, J.Gibbons and I. A . S e l l i n , pre­
p r i n t (1989) 

19. C.R.Garibotti and R.O.Barrachina, Phys.Rev. 
A28, 2792 (1983) 

20. R.O.Barrachina, preprint (1989) 


