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Angular Dependence of Energy Loss in Proton-Helium Collisions
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The energy loss of 50 to 250 keV protons scattered under single-collision conditions from He atoms is

investigated in terms of its dependence on the angle of scattering. At the higher projectile energies we

observe an enhanced energy loss at scattering angles around 0.5 mrad. Such a behavior cannot be un-

derstood on the basis of two-body scattering models. Based on our theoretical studies we show that the
combined effects of the screened target potential and of electronic transitions have to be considered for
the energy loss of proton scattering in light gases.

PACS numbers: 34.5G.Bw, 34.50.Fa, 61.80.Mk

Recently energy-loss phenomena of fast ions in gases
have gained increasing attention [1,2], where the stopping
of the projectiles proceeds in a sequence of ion-atom col-
lisions. Despite the relevance of atomic collisions for a
description of energy dissipation in gases and also in

solids, the understanding of energy loss in those elemen-
tary processes is far from being complete. For relatively
high projectile velocities v, i.e., v &) v„ the typical electron
orbital velocities in the target atom, calculations in first-
order Born approximation are assumed to provide a good
description [3-5]. However, for intermediate velocities
(v=v, ) one has to apply numerical solutions of the
time-dependent Schrodinger equation that go beyond per-
turbative treatments [6,7]. In these (ab initio) calcula-
tions the mean energy )oss of projectiles interacting with
a single target atom is obtained as a function of impact
parameter or scattering angle. Because of the apparent
experimental diIItculties no corresponding data for the
stopping of light projectiles by light atoms have been re-
ported so far.

In this Letter we present a theoretical as well as an ex-
perimental study on the energy loss of fast protons in sin-

gle collisions with He atoms. The energy spectra for
scattered protons are recorded with high energy and high
angular resolution. Proton beams with energies from 50
to 250 keV and energy spreads bE/E = 5 X 10 (abso-
lute stability of energies 1 to 2 eV per h) are collimated
by a set of slits, collide in a gas cell under single-collision
conditions with He atoms, and are scattered towards the
entrance slit (width = 30 It m) of an electrostatic
analyzer made of cylindrical electrodes with 0.5 m radius.
The overall energy resolution of the setup is BE/
E & 10, and the angular resolution is better than
+0.15 mrad. The experiments have been performed at
the Institute fiir Kernphysik (Miinster) and a detailed
description of the experimental procedures will be given

elsewhere [8].
As a representative example we display in Fig. 1 an

energy-loss spectrum from 200 keV protons for a projec-
tile scattering angle of 1 mrad. The dominant peak is due
to elastic collisions and indicates an overall energy resolu-
tion of about 9 eV. The second peak at about 23 eV cor-
responds mainly to single-excitation processes. Double
excitation should lead to energy losses between 58 and 79
eV and a structure seems to be present at those energies.
Also displayed in Fig. 1 are results of eikonal-AO calcu-
lations (thin solid line; atomic-orbital calculations, see
below) where the thick solid line shows the results convo-
luted with the experimental energy resolution. The
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FIG. 1. Measured energy-loss spectrum for 200 keV H+ in-

cident on He at a projectile scattering angle of 1 mrad in com-
parison with (three-body) eikonal-AO results, normalized to the
integral of the experimental data, obtained from Eqs. (t) and

{2) (thin solid line). Eikonal-AO results convoluted with a
Gaussian distribution: thick solid line.
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FIG. 2. Experimental mean electronic energy loss for 50 to
250 keV H+ on He as a function of the H+ scattering angle.

theory reproduces the data very well. The slight dif-
ferences may be due to effects of two-electron processes
[9], since the theoretical results presented here are based
on the independent-electron model. It is noted that the
spectra taken at other scattering angles do not show addi-
tional structures.

In Fig. 2 we show experimental mean energy-loss data
for 50 to 250 keV protons on He as a function of projec-
tile scattering angle. The data were obtained from an in-

tegration of the energy-loss spectra (see Fig. 1), where we

estimate the resulting overall error in the integration and
extrapolation methods to about + 5%. We note that the
high energy resolution available here is a crucial prere-
quisite for this analysis of data. At projectile energies of
50 and 100 keV the data sets show a monotonic increase
of the mean energy loss with increasing scattering angle.
For incident energies above 100 keV, however, we observe
a peak structure in the mean energy loss at scattering an-

gles around 0.5 mrad.
The peak around 0.5 mrad can be related to the so-

called binary process: If the projectile interacts with a
free electron initially at rest, each final electron energy
corresponds to a well-defined projectile-scattering angle.
The binary process gives rise to a maximum in the
difl'erential ionization cross section for a given electron
energy and therefore to a maximum in the mean energy
transfer as a function of projectile scattering angle [10].
This maximum appears in our experiments only at in-

cident energies above 100 keV. For lower energies how-

ever, two factors have to be taken into account: First, for
a given ejected electron energy, the maximum is less ap-
parent, and second the relative yield of low energy elec-
trons (which give a smooth contribution around 0.5
mrad) is larger [10]. In summary, we can distinguish
three difl'erent regimes with respect to the projectile
scattering mechanism.

(i) At high incident energies the center of the energy-
loss peak corresponds mainly to electron-projectile (two-
body) interactions with large transferred momenta. For
ionizing collisions a shoulder was observed in the angular

dependence of single-ionization cross sections near 0.5
mrad at incident energies from 3 to 9 MeV fl 1]. In
another work [12] it was shown that this shoulder ap-
pears at incident energies above 400 keV. The energy-
loss peak investigated in the present work is much more
pronounced and it is visible already at 130 keV, since
both the ionization probability and the mean energy
transfer per ionization event are quite high at 0.5 mrad
(65% and 120 eV at 200 keV). It should be noted, how-

ever, that the mean ejected-electron energies as well as
the electron-energy distributions determined from our
data differ significantly from the simplified two-body ki-
nematics (only the kinematic low-energy branch of the
energy loss was considered) on which the interpretation
of Kamber et al. [11] is based. These deviations are due
to the existence of two kinematic branches for small
scattering angles, due to the initial velocity distribution,
and due to three-body eA'ects as a result of projectile-
target interactions and electron-target interactions.

(ii) At larger angles (8) 3 mrad), the projectile scat-
tering is due to the projectile-target-core interaction. The
excitation and ionization probabilities are close to those
for zero impact parameter and the energy loss is therefore
nearly independent of the angle.

(iii) For intermediate scattering angles (0.6 mrad
&8 & 3 mrad) as well as for small scattering angles
(8&0.4 mrad) the projectile interacts simultaneously
with the target nucleus and one of the electrons (three-
body eA'ects). For small angles the energy loss is dom-
inated by excitation and emission of low energy electrons.
For this case Dorner ei i2!. [13] have observed three-body
effects in measurements of the angular dependence of the
(nuclear) energy transfer to He+ ions. Another. three-
body eA'ect leads to a maximum in the capture probabili-
ty at high incident energies [14]. However, the influence
of electron capture to our mean energy-loss data is of
minor importance at energies above 100 keV.

The ion-atom collision investigated here is at least a
three-body problem involving the projectile interaction
with the active electron and with the target core. For in-

cident energies above a few hundred eV and small projec-
tile scattering angles, the solution to this problem can be
considerably simplified by employing the eikonal method
[15]. One first solves the time-dependent Schrodinger
equation for rectilinear projectile trajectories (impact-
parameter method). The transition amplitude as a func-
tion of projectile scattering angle is then obtained from
the amplitudes in the impact-parameter method through
a Hankel transformation. The time-dependent Schro-
dinger equation is solved in this work by expanding the
electronic wave function 4, (t) in terms of atomic orbitals

with coefficients a; (t ) =(y; (@,(t )& [6]. Thus, the
Schrodinger equation is replaced by a set of coupled
first-order differential equations. Neglecting the recoil
motion of the target, the so-called coupled-channel equa-
tions can be written (in atomic units) as
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i a;(r,b) =pa~(r, b)e' ' ' (v;)&p(r R—(r))~q J)
dI

with orbital energies E; associated with the target wave
function p; and with the interaction potential V~ between
the projectile and the target electrons. The internuclear
distance R =vt+b is given by straight-line trajectories of
the atomic nuclei, where b and v are the impact parame-

ter and projectile velocity, respectively.
In the present work, the four-body problem is reduced

to a three-body problem by application of the inde-

pendent-electron frozen-core model; i.e., the target is rep-
resented by a single electron evolving in the initial-state
Hartree-Fock potential. The two-electron amplitude can
then be obtained from the product of two single-electron
amplitudes [16]. The differential scattering amplitude
for a small projectile scattering angle 8, the eikonal ap-
proximation [151, reads

f„... , „.... ,(e) =(i) '+ 'K bdb[a„, ,i, , (~,b)a„, i,, ,(~,b)e ' ' ' '
81,2Gs]jl~, +.,l(&eb)

for a bare projectile with charge Z~ and for a target nu-

clear charge Z&. The principle quantum number is denot-
ed n; and I;,m; are quantum numbers associated with the
angular momentum and angular momentum projection of
the ith electron. B~ 2.GS is equal to 1 only when both elec-
trons are in the ground state; otherwise it is zero and

J (z) are Bessel functions of integer order. K is the
momentum of the projectile in the laboratory frame.
Equation (2) accounts for the combined influence of the
target nuclear potential and individual electronic transi-
tions on the projectile motion. Then, the mean electronic
energy transfer can be directly computed from

(3)

since each two-electron state i (specified by ni, li, mi,
n2, l2, mz) corresponds to a well-defined energy transfer
AE; =E; —Eo (Eii is the initial-state energy).

This procedure of predicting the energy loss vs the pro-
jectile scattering angle goes far beyond semiclassical
models that use classical trajectories for the atomic nuclei
and rely on model assumptions to convert impact parame-
ter into projectile scattering angle. In fact it will be
shown that semiclassical models underestimate the elec-
tronic energy transfer at projectile scattering angles of
0.5 mrad by a factor of 2. The theoretical results pre-
sented here (Figs. 1 and 3) are numerical solutions of
Eqs. (1) and (2) and are accurate to within a numerical
uncertainty of about ~3%. Because of the need for
many partial waves at high continuum energies the corre-
sponding energy transfers have been calculated using a
basis set of about 250 gerade states (corresponding to
about 350 one-electron eigenstates). The treatment of
continuum states, computation time, and other details of
the calculation are reported elsewhere [6].

Figure 3 displays the mean energy loss for protons in-

cident on helium at 100 and 200 keV as a function of the
projectile scattering angle. The experimental results are
identical to those presented in Fig. 2 (closed squares). It
is noted that electron capture adds to the energy loss and
becomes significant at lower incident energies. Thus, for
100 keV we correct the experimental data for contribu-
tions due to electron capture {open squares). The capture
probability is determined also in the experiments. The

thick solid lines represent the eikonal-AO results as dis-

cussed above. Since we have performed large-basis-set

AO calculations electron capture is automatically includ-

ed here [6]. Hence, for 100 keV the eikonal-AO results

should be compared to the open squares. It is obvious

that the agreement between the experimental and the

theoretical results is not as good for 100 keV as for 200
keV. We assign this deviation to two-electron processes,

which are not properly taken into account in any
independent-electron treatment.

The dashed lines in Fig. 3 represent results that are
also based on Eq. (1), with the same basis states as in the

eikonal-AO calculations. The nuclear trajectories, how-

ever, are here obtained self-consistently through the clas-

sical Hamilton equations for an averaged heavy-particle

Hamiltonian [6] that is computed from the time-

dependent electron density. This mean-field trajectory
treatment goes beyond models that use predetermined
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FIG. 3. Mean electronic energy loss for H+ incident on He
at 100 and 200 keV vs projectile scattering angle. Closed
squares with error bars: experimental results as in Fig. 2. Open
squares with error bars: experimental results corrected for the
electron capture contribution. Solid lines: (three-body)
eikonal-AO results; dashed lines: (two-body) AO results for
mean-field projectile trajectories.
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straight-line or hyperbolic trajectories, since target polar-
ization is accounted for. Still, this present semiclassical
approach does not give any structure in the energy loss
above 100 keV. In fact, the average potential used in the
definition of the average trajectory is unable to account
for the kinematics of a violent ionizing collision in con-
trast to the eikonal method. As can be seen from Fig. 3,
these violent collisions enhance the mean energy transfer
by a factor of about 2 for this case. These deviations be-
tween mean-field and eikonal-AO results extend up to
6=3 mrad and point to the importance of three-body
eA'ects.

In conclusion, we have measured the scattering-angle
dependence of the electronic energy transfer for 50 to 250
keV H++He. A peak structure is observed in the mean
energy loss as a function of the projectile scattering an-

gle. Full calculations of the electronic stopping power are
presented by considering each basic single-electron mech-
anism of the energy loss of protons penetrating a He gas
target. The corresponding eikonal-AO results are the
first theoretical energy-loss data that consistently account
for the projectile-electron interaction. A good overall
agreement of the results from this three-body theory
(eikonal-AO) with experimental data is obtained. The
remaining discrepancies of less than about 10% at inter-
mediate energies are assigned to two-electron processes.
Via a comparison between the eikonal-AO results and
theoretical mean-field results (assuming two-body kine-
matics and thus a one-to-one correspondence between im-

pact parameter and scattering angle) we are able to iden-

tify the origin of a peak structure in the scattering-angle
dependence of the mean energy loss. This peak is due to
violent projectile-electron collisions that lead to projectile
deAections around 0.5 mrad.

Our calculations indicate that about 50% of the total
proton energy loss at incident energies above 200 keV is

related to 0.5 mrad scattering, in accord with the well-

known equipartition rule for the energy loss of fast parti-
cles. This correlation between angular scattering and en-

ergy loss is not taken into account in the transport
theories for ions in matter [17,18]. The energy-loss peak
may have special relevance for channe]ing/dechanneling
of light charged particles and surface-scattering phenom-
ena. At incident energies above 100 MeV, e.g. , a single
close encounter of a proton with an electron may lead to
dechanneling in diamond even for a perfect lattice at 0 K.
Already at Me V energies one may expect a strong
inAuence of the angular-scattering-energy-loss relation
on the energy distribution of hyperchanneled particles
[18]. Projectiles with exceptional high energy losses in

the channel will preferentially be dechanneled and lose
even more energy. Thus, the residual fraction of chan-

neled ions corresponds to low energy losses.
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