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A review is given on the use of the coupled-channel method to calculate the electronic and
nuclear energy loss of ions penetrating the matter. This first principle calculation based
on an expansion of the time dependent electronic wavefunction in terms of atomic orbitals
lias been applied to evaluate the impact parameter dependence o the electronic energy loss,
the stopping cross-section and the fluctuation in energy loss of ions colliding with H and
He atoms at energies of 10keV/amu to 500keV /amu. The results have been compared to
experimental data as well as to others existing modelse.g., local density approximation in
an electron gastarget, harmonic oscillator target treatment and first order plane-wave-Born
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approximation.

|. Introduction

During the last years many improved treatments
of the energy loss of ions penetrating the matter have
been presentad in the literature. For solid targets the
use of the density functional theory to describe the in-
teraction potential between the incoming ion and the
solid valence electrons has proven to be an efficient
method to calculate the electronic stopping power for
low-energy icnsl:2. For high-energy bare ions collid-
ing with gas targets, the stopping power as wdl as the
impact parameter dependence of the electronic energy-
loss have been calculated through the first-order per-
turbation theory!®4 without using additional approx-
imations, e.g. dipole approximation. At the same
time, new insights have been achieved in the investi-
gation of the electronic energy lossin an analytic har-
monic oscillator treatment up to third order perturba-
tion theory(®¢l. Nevertheless, presently two very impor-

tant problems concerning ions penetrating the matter
are of increasing interest. One is how to predict the be-
havior of the electronic stopping power at intermediate
velocities near the stopping power maximum and how
to obtain its impact parameter dependence.

At low and intermediate velocities most theories
fail in the description of electronic energy transfer pro-
cesses. Only theories which go beyond perturbation
theory are applicable in this velocity regime. Specialy
there is no theory which accurately describes the low
energy stopping processes for ions in gases or insu-
lators. For this reason most of the stopping power
tabulations(’=% and semi-empirical modelst*% extrap-
olate their results from intermediate and high energies
to lower ones using velocities dependencies which are
based on extremely simple models!* 1121, |n the low ve-
locity regime the energy loss is basically dominated by
electron capture and loss of projectile electrons and, in
the case of metals, due to the excitation of a small por-
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tion of electrons near the Fermi level to empty statesin
the conduction band. According to the Firsov modell!1!
and Lindhard electron gas theory!12], both mechanisms
yield a linear dependence of the electronic stopping
power with the projectile velocity. For metals, this be-
havior is well corroborated by other calculations(!3:14]
and is a consequence of the minimum energy transfer
being zero in these cases. On the other hand, in the
case of gasesor insulators, the electronic stopping power
should fall off faster at low ion velocities, since in most
cases there is a non-zero minimum energy transfer.

Besides the stopping power and energy straggling
information, in some casesit is necessary to go deeper
into the details of the energy loss phenomena. In par-
ticular, channeling experiments and measurements of
energy lossas afunction of scattering angle demand the
knowledge of the impact parameter dependence of the
electronic energy loss. Moreover, thefull impact param-
eter dependence of the energy lossisa basic quantity to
describe spatially correlated collisionsthat play an im-
portant rolein structured targets, e.g. crystalline solids
and diatomic gases. There are few descriptions of the
average energy loss as afunction of the impact param-
eter in the literature. Most of those models adopt ei-
ther first-order perturbation theory(®516l or local den-
sity approximation in an electron gas treatment of the
target!!7=20] or other approachesi!’21l in which it is
hardly possible to determine the uncertainty due to the
approximations involved.

Only recently some effort has been done in or-
der to attack the stopping power problem starting
from first principles in a non-pertubative way[?2-2l.
In this treatment, the electronic and nuclear energy
losses are obtained by solving the electronic time de-
pendent Schroedinger equation coupled with the classi-
cal motion of the nucleus through the coupled-channel
method. These time-consuming calculations serve not
only as a benchmark test for other models but also al-
low for an accurate determination of the importance
of different processes leading to the energy loss of ions
in gases or insulators. This full calculation accounts
for the basic stopping processes in gases, namely elec-
tron capture and loss of projectile electrons as well as
target ionization/excitation for different charge states
of the incoming ion. The first stopping power calcula-
tion of thistype was performed for the H+ charge-state
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fraction at intermediate and high energiesl22=24 and
waslater extended by including one projectile-centered
state in order to improve the treatment of the capture
process which is fundamental for the electronic stop-
ping power at low energies?5. For thefirst timeit was
possible to calculate the electronic stopping power of
protons on He atoms with high accuracy.

In the present work we give a review on the coupled-
channel method!?2-26] gpplied to energy loss calcula-
tions. In the following, we shall give a brief descrip-
tion of the theoretical procedure used to describe the
electronic and nuclear energy-transfer processes of light
ionsin H and He gases. In section III we discuss our
numerical results for the impact parameter dependence
of the electronic energy lossin connection with others
energy loss models. In section IV, the results for the
equilibrium mean stopping cross section are presented
and compared to experimental data. We provide a com-
parison in section V of the calculated energy lossstrag-
gling results with some existing experiments. Finaly,
in section VI, we analyze the influence of the electronic
energy-loss processes on the nuclear stopping power. If
not indicated otherwise atomic units {a.u.) will be used
throughout this paper.

II. Theory

Only few stopping-power models start from a de-
tailed microscopic description of the electronic states
in gases or solidst®13:2%, |n the case of solids, it is usu-
ally assumed that inner-shell excitations can be treated
quite well as localized atomic events. It was shown
on general theoretical grounds in refs. [26,27] that all
high energy excitations (inner- and outer-shell ioniza-
tion) in solids may be treated using atomic-collision
modelst®3% and that a free-atom model is sufficient
to describe energy losses in solids for incident ener-
gies above ~ 10 keV/u, even when the energy loss is
dominated by conduction-band electrons. However, it
should be kept in mind that the charge-state distribu-
tion aswell as projectile-screening effects differ between
gas-targets and solids. This might lead to significant
phase effects for the electronic stopping power (even
for inter-band contributions)?®!. For intra-band tran-
sitions and low-energy inter-band transitions, however,
the situation is more complicated. Calculations consid-
ering the full crystalline structure like the ones of refs.
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[13,26,28] rnust be taken into account. Here we will fo-
cus attention on atomictreatments of the energy trans-
fer process putting asideintra-band transitions and col-
lective exci sations such as bulk and surface plasmonsin
solid targets.

In a full quantum mechanical description, the ion-
atom collision process is described by the many-body
Schroedingsr equation. For incident energies above
a few eV/1 the motion of the heavy particles may
be described by classical nuclear trajectories ()31,
Then the electronic system obeys the time dependent

Schroedinger equation(®!]

HARONR(r 0 = im0 ()

where {7} represents all electronic coordinates and
{R(t)} is the set of projectile and target nuclear co-
ordinates. The nuclear trgjectories may be obtained
dynamically for each impact parameter b and each time
t through the classica Hamilton equationsfor an aver-
aged heavy-particle Hamiltonian(®% or, asin most cur-
rent theories, they aresimply replaced by straight lines.
The electronic many-body Hamiltonianin eq.(1) is
treated in the framework of the independent-electron
frozen-core model. This means that there is only one
active elect:on, whereas the other electrons are pas-
sive (no dynamic correlation is accounted for) and no
relaxation cccurs. In this model the electron-electron
interaction is replaced by an initial-state Hartree-Fock-
Slater potertiall®?l. This treatment is expected to be
highly accurate for heavy collision systems at interme-
diate to high incident energies and for H* + H the
treatment is exact (except for numerical uncertainties,
relativistic effects and the classica heavy-particle mo-
tion discussed above). Thelargest uncertainties of the
independent-electron model will show up for low-Z few-
electron systems, such as H+H and H+He.
Furthermore, the independent-electron approxima-

Zp —np
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tion alows for a distinction of target electrons and
projectile-centered electrons which screen the projectile
nuclear charge. One of the most important dynamic
correlation effects (deviations from the independent-
electron approximation) is the scattering of a target
electron with a projectile-centered electront®®34. This
will directly enhance the energy lossand reduce the pro-
jectile screening. Similar fluctuations of the screened
projectile potential can be due to the interaction with
the target potential. These fluctuations might strongly
increase the stopping cross-sections and are not ac-
counted for in any of the present theoriesfor the stop-
ping of low energy ionsin metals. It followsthat a sep-
arate treatment of the different projectile charge states
isimportant for reliable predictions of the mean energy
loss for atomic targets(®22-26:30,33] ingylators and, at
higher incident energies, also for metalsf2%:3%:3¢},

The time-dependent Schroedinger equation may be
solved by expanding ®.({7},t) in termsof unperturbed
eigenfunctions ¢; of the target and/or the projectile
with coefficients a;(t) =< ¢;|{®.(t) >. Thus, eq.(1) is
replaced by aset of coupled first-order differential equa-
tions, the so-called coupled-channel equations:

i‘c%ai(t) = Zaj(t)ei“’"jtw—»i({ﬁ(t)}) wij = E; — E'j
J

(2

with the internuclear distance R and
Viei({R(0)}) =< ¢l Vo (B(), Mld; >,  (3)

where E; is the orbital energy associated with the tar-
get wavefunction ¢;. Here V}, is an effective potential
seen by the active electron, and contains the screening
effect produced by other electrons from the medium.
For bare incident ions, the active-electron projectile in-
teraction V, isjust the Coulomb potential. However, in
the case where the projectile carries electrons, we use
the hydrogen-like screened potential

_, 1 —2Z.4s | B—7
Vo(R—7F) = — = +ny, | Zeps + —= e et 4
p( 7_") (lR—f"‘ p( 354 |R—7-"\) ()

where Z, is the projectile nuclear charge, n, is the
number of projectile electrons and Zeys; is the effec-

-

tive projectile charge as seen by the electrons which are
attached to the incident ion. It is pointed out, that
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the dynamic interaction between the bound projectile
electrons and the target electrons is not included in
the present model. The corresponding effect results in
an enhancement of theionization and excitation cross-
sections at high incident energies (dynamic screening)
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andat ilitermediate energies (antiscreening)®7:38],

Considering the angular and radial parts of the
atomic target-centered wavefunction ¢;, we have eval-
uated the matrix elements (3) using the multipole ex-
pansion

' Li+i;
Vi(By=~ Y WpGPYiu(R), M=mj—m (5)
L=|l;-1;|
with
; ar(2; + 1)(20 + 1)\ /? . L L L L I L
2] J _1\ymi+M J J
WL'M_< 2L +1 (=1 0 0 -m; m; -M )’ (5a)
and ‘oo
GHR) = [ drrixixifulr ), (56)
0
where L
<
fL(’I’, R) = me s (56)
>

for an unscreened projectile. In the case of a screened projectile given by (4), fr(r, R) reads

fr(r,R) = (AL(Ar)HL(Ors) = Arc AL (Ar)H(Ars ) + rs AL(Ar)Hi (Ars)))

An rL
“x(2L + 1)(—1)L_2£ + (2, — np)—rLil , (5d)
>

with A = 2Z.;; and Ar(z) = itjL(ix) and Hi(z) =
L+t (iz) are related to modified spherical Bessd
functionst®!. The notation r(>) means the smallest
(largest) of the values of r and R. 1 and m are the
gquantum numbers associated with angular momentum
and angular momentum projection and x;, x; are the
radial wavefunctions of the states i and j respectively.

Thesymbols( ) in eg. (5a) represent the
Wigner 3j-symbol as described in ref. [39].

The essence of the present calculation is to solve nu-
merically in time, step by step, Eq.(1) and the classical
trajectory of the nucleus in order to obtain the coeffi-
cients a; after the callision (t = o), since the probabil -
ity of exciting (or ionizing) the active electron from the
target in a collision with impact parameter &(Z;(b)) is
given by:

Pi(®) = Jim Jai()F (®)
The probability P;(b) should be highly accurate aslong
as electron capture by the projectile is of minor im-
portance. The description of even a single projectile
state requires an infinite number of single-centered tar-
get states as basis set. Therefore, in the case of a bare
projectile, a hydrogenlike 1s projectile-centered stateis

also included

L o= 2, 3/2 Z,|7-Rjiv-F —iept
¢P(r_R)t)=‘74__ﬂ_Zp e’ e T ()

where R and # are the relative coordinate and velocity
between projectile and target nucleus respectively. ¢, is
the sum of the internal energy of the projectile-centered
state and the translational energy %vZ. Thisextrastate
strongly improvesthe stopping power calculation at low
energies since capture into the projectile-excited states
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is of minor iinportance. It should be pointed out that
the above projectile-centered state is preorthogonalized
in the present calculation by subtracting its projection
on all target-centered statesf40l.

- The matrix elements between target-centered and
projectile-certered states are calculated by replacing
thetranslaticn factor exp(:v-7)) by its Taylor expansion
up to the second order around E. Thisis well justified
at low velocities since ¥+ 7 varies sufficiently slow in the
region where ¢, is most important. This low-energy
approximaticn is very useful, because the use of exact
velocity dependent matrix-elements would be very time
consuming and the electron capture contributions are
only important for low to intermediate velocities. It is
emphasized that a Taylor expansion around the mean
value of 7, as it was used in previous works!*?, |eads
to problemsfor transitions between the projectile state
and the target continuum.

Each excited or continuum state corresponds to a
well defined energy transfer AFE;(= E; — Eg). Then the
average electronic energy loss Q(b) in a given impact
parameter b can be written as:

Q) = Z P,(b)AE; . (8)

The electronic stopping power S. and energy strag-
gling W per atom can be computed directly from

Se = ZaiAEi ) (9)
W=> aAE}, (10)
where o
o; = / 2bdbPi(b) (11)
0

is the cross szction for excitation (or ionization) from
the ground-state to astatei. It is noted that the above
sums have tc¢ be replaced by integrals in the case of
continuum states.

The corresponding atomic-orbital (AO) expansion
includes the binding effect and polarization in a natu-
ral way. Additionally, electron capture is accounted for
and the norm is preserved. This means that the sum
over the population probabilities of all states is aways
equal to onein the AO model, unlike asin perturbative
approaches. In the latter approaches even for H* +
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H collisions the total ionization probability may exceed
one.

In this work we are only interested in electronic en-
ergy loss processes. However, the kinetic energy trans-
ferred from the ion to the target core, the nuclear stop-
ping process, can be obtained directly from the calcu-
lated classical trajectories.

We can aso restrict the present computer code to
the so-called SCA, Semi Classical Approximation(®41,
In this approach, the nuclear trajectories are assumed
to be straight lines and the coupled-channel equations
are solved by neglecting all matrix elements, except
those which lead to transition from initial state, 1s (or
Is? in He case), to one of the final states. This model
yields the same cross section as the first-order- Plane-
Wave-Born-Approximation (PWBA )2,

It was verified that the coupled-channel results agree
with the predictions of thefirst order perturbation the-
ory (SCA) in the case of a small perturbation. Small
perturbations correspond to either fast projectiles, large
impact parameters or small projectile charges. Thus,
the advantages of coupled channel calculations com-
pared to first order theories should show up especialy
at intermediate incident energies and for small impact
parameters. In contrast to other coupled-channel cal-
culations we have used a large number of continuum
wave-packets that are composed out of a superposition
of continuum eigenstates (up to 350 gerade states with
partial waves up to 1= 8),since the computation of the
stopping power demands high accuracy of the emitted
electron energy spectrum. In addition, the energy loss
due to capture into projectile excited states is naturally
included in a large-basis-set calculation.

Further details of the calculation, e.g. the numer-
ical treatment of continuum states and adopted basis
set, may befound in ref. [22].

III. Impact parameter dependence

The numerical results for the impact parameter de-
pendente of the energy loss calculated according to the
last section are presented in Figs. 1-4. Fig. 1 shows
the energy dependence of the electronic energy lossfor
protons incident on He. For impact parameter smaller
thari 2 a.u theshape of Q(b) isapproximately described
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by an exponential e~ function (dashed line). In fact,
this behavior was found for almost all cases studied by
us. In addition we have found that the coefficient a
depends only weakly on the projectile energy. For pro-
tons (E > 20 keV) on H, a ~ 0.9 and for p on He,
a =~ 1.4. For lower energies, the energy loss Q(b) can-
not be described by an exponential function anymore.
As a ansatz, the exponential behavior of the impact
parameter dependence of the electronic energy loss was
aready proposed by Oen and Robinson[*3l. They have
suggested that the « parameter, which deviates from
our results, is a function of the interatomic screening
length and independent of the projectile energy. At
larger impact parameters (> 3 a.u.), however, tlie shape
of @(b) depeiids strongly on the incident energy.

HMI-P3-90-4305

"3 RN RN L RIS FUUTE SR TTE SRUNY PRI FENTE SR AN SRR
10012345678910

Impact Parameter (a.u.)

Figure 1: Theoretical results of the mean electronic energy
loss for proton incident on He at 100, 300 and 500keV.
Dashed line represents an exponential curve with o« = 1.2
(see text).

From Fig. 1 we can also observe that the curves be-
comeflatter at large impact parameterswith increasing
ion energy. Thisisin agreement with the result of first
order perturbation theories!*!l, where it is known tliat
the mean impact parameter for excitation and ioniza-
tion processes is proportional to the ion velocity v,. It
is emphasized that the contribution due to excitation
becomes dominant at largeimpact parameters. We can
aso note that Q(0) follows the energy dependence of
the electronic stopping power, and shows a maximum
around 80 keV [22].
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Figure 2. Comparison between our theoretical result of
Q(b)(A0) for Ht + H collisions at 300keV with different
models. i) The electronic energy loss is proportional to
the electronic density integrated along the ion trajectory
(dens.); ii) Classical Bohr energy-loss formulal*®! with w =
0.5a.u. (dipole approximation).

In Fig.2 the calculated impact parameter depen-
dente of the electronic energy loss for protons on H at
300keV is displayed. The dotted line represents a sim-
ple inodel where it is assumed that the energy loss is
proportional to the electronic density integrated along
the ion path. In fact, compared to the electronic den-
sity of the target atom the energy loss Q(b) falls off
very dowly. This tendency, indicating a break-down of
the local density model, was observed for all cases (H
and He targets). For large impact parameters our nu-
merical results are quite well described by the Bohr's
classical oscillator model!3] with a frequency w = 0.55.
Tlie classical energy-loss formulal*3], when generalized
toan ensembleof harmonic oscillators, isequivalent toa
quantum-meclianical calculation in the first-order per-
turbation theory using the dipole approximation. Both
approximations are meaningful for large impact param-
eters.

Fig. 3 displays the present calculation for 300 keV
Ht * He collisions in comparison with others Q(b)
modeisexisting in the literature. The models (O-L)and
(0-2) correspond to thefirst and second order quantum
perturbation theory in a harmonic oscillator target re-
spectively, as proposed by Mikkelsen and Sigmund!®*]
witli two harmonic oscillators of the same frequency
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w = 154 2ul8l |n this model a near gaussian de-
pendente of Q(b) is predicted for smaller impact pa-
rameters, iri contrast to the exponential shape found
for realistic target wavefunctions. However, the overall
agreement vrith our resultsis reasonable. In thisfigure,
the mean energy transfer is also evaluated by using a
local-density electron-gas treatment (LDA)2% and the
agreement with the AO calculation is not good. In
fact, for the present case of atomic transitions (or inter-
band transitions), the applicability of such a model (ne-
glect of the target level-structure) is rather dubious. A
breakdown of the local density model was observed for
ali cases (H and He targets at different incident en-
ergies). Thisfinding is very important, since most of
the energy loss models used for the description of chan-
neling are based on the assumption that the electronic
stopping power depends only on the local electron den-
sity. Asshown in ref. [13], however, this assumption is
reasonable for intra-band transitions in metals.

1025 YT "I""l".;"l""§ g
Q 300keV H' + He] 3
10°E &
: z
= |
o 10°F
107 F
10-2_“.1:....1....1....1....1..L
0 10 20 30 40 50 6.0

Impact Parameter (a.u.)

Figure 3 Theoretical mean energy loss as a function o im-
pact parameter for 300keV H* + He coliisons. Present
theory is denoted by (AO). Dashed lines (0-1) and (0-2)
correspond to acalculation d @(b) in a harmonic oscillator
target with w = 1.54 a.u. from refs. [5,6] approximation in
aelectron gas target!'®. He(1s?) ground-state density was
used. The experimental point in b=0.02 was taken from ref.
[46].

One experimental data point from ref. [46] is also
presented for b = 0.02 a.u.. The agreement of this
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data point with the AO result in Fig. 3 is good and
a similar good agreement was found for the energy
spectrum!*”) as well as for the angular distributionf*¢]
of gjected electrons in H* + He collisions. However, a
much better agreement can be achieved by increasing
the size of the basis set or adapting the basis set to
the physical situation[?2:46]. For small irnpact param-
eters, only states with angular momentum projection
numbers m = 0 need to be considered. It should also
be pointed out that doubleionization processes become
important for He target mainly for very small impact
parameters and that the present calculations can not
properly take into account these processes because of
the independent electron model which was employed in
the calculations.

T L T ' T T ¥

300keV X + H]

10

Energy Loss (eV)

anti-proton

—
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L J. 1 1t

] 1 L
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Figure 4: Electronic energy loss as a function o impact
parameter for p and p penetrating atomic H at 300keV.

The impact parameter dependence of the electronic
energy lossfor protons and antiprotonson H at 300 keV
isshown in the Fig. 4. In contrast to afirst order calcu-
lation where the excitation and ionization probabilities
are proportional to Z,Z, the squared projectile charge,
Fig. 4 displays a behavior different for incident p and
p. For large impact parameters this difference comes
from the polarization effect, which is not included in
first order (SCA) calculation. The projectile can at-
tract or repel the electrons, depending on its sign of
charge. This implies an enhancement or reduction of
the electronic density around the projectile trajectory
and consequently, of the electronic energy loss. For
small impact parameters the presence of the projectile
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charge may increase or decrease the electron binding
energy. This binding effect can enhance or reduce the
probability to excite or ionize the target electron. It al-
ways Peadsto a significant reduction of the polarization
effect.

IV. Electronic stopping power for light systems

Fig. 5ashowsour coupled-channel (Atomic Orbital)
results for the electronic stopping cross sections corre-
sponding to hydrogen beams penetrating Hegas. In or-
der to calculate the equilibrium mean stopping power
we must consider the charge state distribution of the
projectile and the fact that we are restricted to only
one active electron. Then, we have to calculate the
energy lossin 3 reaction classes:

1) H* + He® — HY + He* or — H® 4 Het

2) HO+ He® — HO+ He*

3) He® + HO — HeP+ H*
where * includes excitation and ionization as well. For
case 1 we have evaluated the electronic energy loss due
to the electron capture process. lonization and excita-
tion of the target electrons have been computed for 1
and 2. Case 3 provides the energy dissipation by projec-
tile electron loss and projectile excitation. The energy
loss involving neutral collision-partners (H°+ He and
He+ HY) is basically due to target or projectile ion-
ization. Excitation of the target or the projectile is of
minor importance. The same holds true for collisions
between H* and He at high energies (E >100 keV).
However, the main contribution for low energies comes
from the capture of target electrons into the projectile
1sstate. From Fig. 5 we can see that the partial elec-
tronic stopping power for bare hydrogen is dominant
at high energies whereas excitation and ionization of
the projectile yield the highest partial cross section at
low velocities. Nevertheless, the projectile ionization
leads to an enhancement of the H* charge-state frac-
tion and consequently the contribution of H° to the
stopping processes is reduced. The experimental equi-
librium fractions!®l for hydrogen beams in He gas are
shown in Fig. 5b. The H* fraction increases for high
and low energies as well. The neutral fraction is only
significant for intermediate ion velocities. This means
that the H+ * He collisions also dominate the low en-
ergy part of the stopping power. For energies around
30keV /u, all reaction classes are equally important.
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Figure 5. a) Coupled-channel results for electronic stopping
crosssection for H+ and H® incident on atomic He versus in-
cident energy (solid and long-dashed lines). lonization and
excitation o the projectile, in the case of the H° charge-
state fraction is accounted for by considering the coliision
system HetH° (short-dashed ling). b) Experimental equi-
iibrium fractions for hydrogen beams in helium gas from ref
[48].

It is pointed out that we could not estimate the equi-
librium fractionsof H+ and H° from the present calcu-
lation at high energies because of the above described
approximation (Taylor expansion) which isinvolved in
the computation of the capture matrix elements. In
fact, the low energy Taylor-expansion works quite well
only for energies lower than 20keV/u. Thisis not a
problem, since, for high energies, it is possible to evalu-
ate the total energy loss due to capture and ionization
employing a huge basis set[24].

In Fig. 6 the equilibrium mean total stopping
cross section per atom for H t He collisions is pre-
sented in comparison with experimental data of differ-
ent groupst*®~53, The solid curve represents the val-
ues of Fig. 5a weighted with the corresponding charge-
state fractions from Fig. 5b (the contribution due to
H~ can be neglected“®!). For comparison, we have
added the ZBL nuclear stopping powerl!¥ for incident
deuterons (at low velocities the experiments were car-
ried out with deuterons) to our calculated values. Nev-
ertheless, according to ref [10], the nuclear stopping
contribution is much less than 3% for energies higher
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than 8 keV but can reach 30% at 3 keV. Special at-
tention should be drawn to the low energy stopping
power data which was recently measured by Golser and
Semradl®¥. At energies below 10keV experimental and
theoretical results agree within 5% or better.

At 30 keV/u we find the largest deviation between
the measurei stopping power and our calculated values
of about 12%. This may be attributed to an overesti-
mation of cross-sections for multi-electron processes be-
cause of the use of the independent particle modell46].
We emphasize that the present calculation does not
properly take into account events in which more than
one electron isactively involved, e.g. double target ion-
ization or excitation and simultaneous projectile and
target ionization.

Fig. 7 cfsplays the equilibrium mean total stop-
ping cross-saction per atom for H + H, collisions
in comparison with experimental data of different
groupsl4®=53 55-57 The solid curves represent AO re-
sultsfor incident protonsand hydrogen atoms (the con-
tribution due to A~ can be neglected*3]) on (atomic)
H targets we ghted with the corresponding charge-state
fractions!*8l. There is also a very good overall agree-
ment between the A O results and the experimental
data. At low as well as at high incident energies the
agreement is generally better than 4% (which is about
the experimental uncertainty). At 55 keV/u we find
the largest ceviation of about 6% between the mea-
sured stopping power and our calculated values. This
deviation is slso attributed to the influence of multi-
electron processes because the AO theory relies on the
independent-zlectron model. The target double target-
ionization (fcr the H, molecule) (a part of the dissoci-
ation process=s) isexpected to be of minor importance.
But in this case we underestimate the simultaneous pro-
jectile and target ionizationin H°* H, collisions. Cor-
related two-€'ectron transitions comeinto play at ener-
gies above 30 keV. AT estimated Value (relying on per-
turbation theory) for the corresponding contribution is
shown as a sclid arrow in the lower part of Fig. 7. The
corresponding; enhancement of the mean stopping cross
section will, liowever, be partly canceled by the influ-
ence Of the increased binding energy in Hy compared
to atomic hydrogen. An estimate for the reduction of
electron loss, target ionization and electron capture is
shown as a dashed arrow. Molecular as well as multi-
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electron corrections are expected to be less than 1%%6at
energies above 200 keV.
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Figure 6. Equilibriurn mean stopping cross section per atom
for hydrogen beams penetrating He gas. Theoretical re-
sults: present atornic orbital (AO) calculation (solid line),
Andersen and Ziegler®®! (dashed line). Experimental val-
ues open triangles*?) | crosses!®®, closed squares!®!, closed
trianglest®, dosed circles’®®, open squares!®*!.

[ H + H,
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Figure 7. Equilibrium mean total stopping cross-section per
atom for H + H!®! collisong as function of the incident
energy. The solid curves represent AO results in compar-
ison with experimental data o different groups. Experi-
mental values closed triangles!®®!, open triangles!*®!, closed
circlest®! | dosed squarest®! and crossesl®. The arow
indicates the maximum contribution due to the eectron-
electroninteractionin H°+ H° collisons. The dashed lines
correspond to the semi-empirical formula by Andersen and
Ziegler[sl.

The Figs. 6 and 7 display also the electronic stop-
ping power as predicted by the fitting formula of An-
dersen and Ziegler®® who use velocity proportionality
to extrapolate their fit down to low energies. The de-
viation from the velocity proportionality was assigned
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in ref. [54] to a threshold effect, i.e., the existence
of a finite minimum energy transfer in H + He colli-
sions. According to our calculations, the low energy
part of the stopping power is governed by electron cap-
ture which has a minimum energy transfer AFEuni, of
about (0.4%+ 0.5v2) a.u.. A useful criterion may be
given to determine the threshold projectile-energy E
below which the effect of a minimum energy transfer
AFin becomes important. If we suppose that the
maximum energy-transfer between projectile and elec-
tron in a binary collision should exceed A Epin We have
Ey = MpAEmin/4 (M, is the projectile mass in units
of electron mass). Using this criterion we estimate a
classica threshold energy of 8 keV which is consistent
with Fig.7. Furthermore, for the investigated case of
Zp, < Zp and I, < Iy (I, and Iy are the projectile and
target ionization potentials, respectively) the electronic
stopping cross section Se may be approximated by

Se Ucapture(IT + 'UZ) » (12)

at low velocities. Theenergy transfer (Ir+v?2) accounts
for a single capture-and-loss cycle of the g = 1 charge-
state fraction. For homo-nuclear systems (Z, = Zr) at
low energies one may write

Se & o'loss(2IT + 1.5’02) + 20 excitation A Fexcitation - (13)

The corresponding cross sections ¢jess and Fexcitation fOF
neutral projectile and ocapture fOr singly-charged ions
may be obtained from tabulated atomic cross sections.
It should be emphasized that Kimural®] has recently
performed a more complete analysis of this type for
H+ Heand H + H, systems.

V. Electronic straggling calculation

The fluctuation in energy loss of a monoenergetic
incident beam passing through matter is not only due
to the energy loss variation in each individual collision,
but also due to the statistical fluctuation in the num-
ber of collisions suffered by the penetrating ion. As
suming statistic independence of the collision events,
the variance of the energy loss distribution (Q2) can be
calculated, for a thin penetrated layer Sx, as [45]:

QO = N§zW | (14)
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where N isthetarget density (atm/cm3) and W isgiven
by Eq.(10).

For an extremely thin penetrated layer, the energy
loss spectrum will exhibit a single collision energy loss
structure. On the other hand, if much more collisions
happen, the energy loss distribution will be broadened.
If additionally the mean energy loss is much less than
the initial projectile energy, the final energy loss dis-
tribution will tend to a gaussian profilel*®], According
to Bohrl*®l, the straggling of a high velocity particle
with atomic number Z; penetrating matter with atomic
number Z; isgiven by

Q% = NéednZizZ, (15)

which isindependent of the ion velocity v,. In general,
at low energies, the electronic straggling increases as a
function of the projectile velocity.

The existing measurements of straggling in energy
loss of H ions in gases were performed in an energy
range where there are two equilibrated charge states of
the projectile #+ and H°. Similar to the mean equilib-
rium stopping power cal culation, an averaged straggling
has to be taken into account

QZIFIQ%J[‘FOQg s (16)

where Q2, Q2 are the straggling in energy loss for the
charge-state fractions Fy, Fy for Ht and HP respec-
tively. These values may be found for H; and He tar-
getsin the review of S. Allison!8l,

Specia attention must be drawn to molecular gas
target. According to Sigmund®®!, the molecular geom-
etry influences the spectral distribution of energy loss,
deflection angles and excitation phenomena. From a
purely geometrical point of view, disregarding the dif-
ferences between the electronic states of the constituent
atoms in a molecule and in a free atom, Sigmund ob-
tained an adclitional positive definite term to the ex-
pression (14) for binary molecules:

2, = Néal / Qi (b1)Qs(ba)a s (17)

where the {....)q means an average over all possible ori-
entations of target molecules, Q; is the mean energy
loss in a collision with target atom i of the molecule
and b; is the impact parameter relative to the i-atom.
This correction was for the first time evaluated from a
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realistic impact-parameter dependence in ref [23]. The
straggling produced by charge-state fluctuation accord-
ing to ref [60] was also estirnated. But for the present
cases this effect isof rninor importance.
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Figure 8: Equilibrium mean total electronic straggling in
energy loss pei atom for incident H in H, target in com-
parison with experimental data from ref [62] (sgquare) and
ref [61] (triangle). Solid curves represent the calculation
with the molecular term correction from Eq.(18). The dif-
ference between the two upper and lower curvesis due to
the treatment r sed to evaluate the excitation and ionization
cross-sections for H° + H® collisions (see text).
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Figure 9: The same asin Fig. 8 for incident H in He gas
tar get.

Figs. 8 and 9 show the present straggling calcula-
tion in comparison with experimental datal®:62l. The
dashed lines ccsrespond to the evaluation without the
molecular terrr (17). For the He target, it is also nec-
essary to evaluste the molecular correlation term since
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we are assuming, according to the independent electron
model, the He target as being two full overlapping “ef-
fective one electron atoms” each having the sarne one-
electron wavefunction. It should be pointed out that
for the first time this 'bunching effect’,which was orig-
inally calculated by Besenbacher et all9] is evaluated
without using electron gas models®®).

The difference between the two upper and lower
curves is due to the treatment used to obtain Q32 in
(16). In our calculation, we have assumed the neu-
tral projectile to act as a screened Coulomb potential,
(lower curves), or we can take the dynamic motion of
the projectile electron into account in PWBA calcu-
lations according to [38] . This implies, especialy for
srnall impact parameters, aso called antiscreening effect
(upper curves). Nevertheless, the treatrnent described
in ref [38] usually overestimates the excitation and ion-
ization cross sections. Therefore, we expect that an
exact two-electron treatment will yield a curve between
the ones plotted as solid lines.

As can be observed frorn Fig. 8, for E < 200 keV
the experimental points lie between the calculated val-
ues showing consistence of the theoretical results. But
for theenergy range between 200 and 600 keV, the theo-
retical predictions underestimate the experimental data
by ~ 10%. For these energies, there are basically only
H* — H, reactions and the molecular correlation term
(17) issrnall. In principle, we did not find any reason-
able explanation for this discrepancies. However, as
can be seen from the scatter of the data pointsat E =
200keV | the experimental error seerns to be larger than
5-7%, as quoted in ref [61].

The same systematic deviation from the theory, for
E > 300 keV, can be seen in Fig. 9, for the He target.
In this case, the discrepancies are still higher (about
15%). For lower energies, the agreement is also not
good. However, in this energy range, the dominant
contribution to the electronic straggling comes from
H°+ He collisions. Besides the problems which may
emerge from the description of projectile ionization, we
have used hydrogen like wave functions to describe the
target excitation and ionization processes. It is well
known that these functions deviate significantly from
more sophisticated He target wave functions. It is em-
phasized, that thesolid curvesin Fig. 9, i e. "rnolecular
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correlation”, stand for an independent particle treat-
ment of doubleionization. The double-ionization prob-
abilities are known to be overestimated by afactor of 6
in the independent particle modell*¢!. However it isnot
possible to determine from the existing experimental
data the uncertainties due to approximations involved
in our treatment.

VI. Nuclear stopping cross section

At low incident energies the nuclear stopping pro-
cess determines the dowing down of ions in the mat-
ter. Calculation with parametrized time-independent
potentials have yielded stopping powers and ranges in
good agreement with experimental datal'® except for
some special systems!®3, These potentials correspond
to static (frozen) electronic charge distributions. How-
ever, investigations of highly charged ions or negative
particles require the treatment of collisiona excitation
processes and of the resulting dynamic target polariza-
tion. Any polarization during the collision will influ-
ente the projectile/target interaction potential. Hence,
the nuclear stopping power is changed. It should he
emphasized that the nuclear stopping may aso be in-
fluenced by the electronic energy lossin a different fash-
ion for many-electron systems due to the formation
of quasi-molecular orbitals that influence the excited
potential(®3],

We have used our atomic-orbital coupled-channel
code to calculate dynamic curved projectile trajecto-
riesfor protons and anti-protonsin thefield of polarized
hydrogen atoms. According to section II the electronic
motion is treated quantum mechanically resulting in
a time-degendent electronic density. The nuclear mo-
tion is determined simultaneously by Newtow's classi-
cal equation of motion and the nuclear energy trans-
fer may directly be extracted. Fig. 10 shows scaled
nuclear energy loss cross sections for different incident
light particles on atomic hydrogen. For fast projec-
tiles the nuclear energy loss cross section .S, behaves
roughly asthe reciprocal of the incident energy E, and
the maximum of S,, is at about 50 eV. Thus, S, * Ep
shows an increase of only afactor 3 when E, is varied
from 1 to 300 keV. The lowest curve in Fig. 10 is the
well-known ZBL stopping-power prediction!, [t relies
on an approximate treatment of the static interaction
between a projectile and the target atom. Since both
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collision partners are screened, in this case the results
are lower than the static results for incident protons
and anti-protons. For anti-protons at low velocities the
static results are slightly larger than for protons be-
cause the distance of closest approach rg is smaller for
anti-protons.

S,* E, (cm?> / atom)
)
=

[ EEY |

.13 & i
2+10 0 " R

10 107

lo
Projectile Energy E (keV)

Figure 10: Scaed nuclear stopping power as afunction of
the projectile energy for protons (long-dashed and thick
solid line), antiprotons (dotted and short-dotted lines) and
neutral hydrogen incident on hydrogen atoms. Thin solid
line: ZBL prediction*® for neutral projectiles. For two of
the curves (dotted and long- dashed) dynamic target polar-
ization has been accounted for in the calculation

Antiprolons ~
_—M
=

Protons

b < 2au

Figure 11: Scheme showing typica projectile trajectories
d protons and antiprotons in the fidd o polarized target
atoms.

Especially at low energies, the results of dynamic
calculations show asignificant deviation from the static
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ones. At 1 keV the anti-proton results with polariza-
tion lie about 25% above the static results. Further-
more, 5, clearly shows a different energy dependence
for anti-prctons and protons. The reason for this de-
viation is clepicted in Fig. 11. At large impact pa-
rameters negative projectiles repel the target electron
cloud and rositively charged particles attract the elec-
tsons. Hence, in both cases the projectile is deflected
towards the target atom and the deflection is larger
than in the static case. The situation is different for
the positive ions at small impact parameters. at larger
internuclear distances the projectile is attracted by the
electron cloiid, but at small distances the Coulombforce
between the nuclel leads to a sudden projectile deflec-
tion away from the target nucleus. At low energies, this
repulsion is even enhanced dueto a reduction of ro. At
intermediate impact parameters, the attraction and the
repulsion are of the same strength and the trajectory is
nearly astraight-line. Thus, the nuclear energy transfer
is strongly reduced and at a certain impact parameter
it is even ze-o.

Finally, at low incident energies, larger impact pa-
rameters gain importance and the dynamic results ex-
ceed the static ones. On the contrary, for fast positively
charged projectiles the zero-crossing of the projectile
scattering angle (at about 2 a.u. in the case of H) leads
to slight reduced dynamic nuclear stopping cross sec-
tions.

VI1l. Conclusions and outlook

Full caculations of the electronic stopping power are
presented by considering, in detail, each basic single-
electron mechanism of the energy loss of bare and neu-
tral hydrogen atomspenetrating H and He gastargets.
A good overitll agreement with experimental results of
different groaps was obtained and the remaining dis-
crepancies of about 10% at intermediate energies are
assigned to rnulti-electron processes. It is emphasized
that these effects will be lessimportant for heavier pro-
jectiles and targets, since the electron-electron interac-
tion will be reduced in comparison with the nucleus-
electron interaction. For very low incident energies we
give scaling rules for the electronic stopping power in
gases or insu ators that are based on atomic cross sec-
tionsfor electron capture and loss.

The impact-parameter dependence of the mean en-
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ergy transfer wasfound to be consistent with the Oen-
Robinson ansatz for b < 2 a.u. At larger impact param-
eters, however, the slope of the energy transfer curve
depends significantly on the incident energy. Further-
more, local-density free-electron gas models clearly fail
in the description of the impact-parameter dependence
of the electronic energy loss at small as well as at large
impact parameters.

The theoretical straggling values are in relatively
good agreement (to within 10%) with the experimental
ones. However, there is a need for more experimental
data V\}iih'improved accuracy.

In conclusion, for atoms, insulators or inner shells
of conductors accurate stopping cross sections may be
computed (including excitation, ionization and electron
capture) using the atomic-orbital (AO) coupled-channel
method. Thisis very time-consuming, since it has to
be donefor each individual subshell and each projectile
charge-state separately. For dow heavy particles, how-
ever, eectron-exchange and dynamic mean-field effects
will be important and have to be incorporated in the
treatment. The use of time-dependent Hartree-Fock
methods might be necessary for this purpose. There
is also a need for density-functional methods which are
applicable to finite projectile velocities. At this point
it should be emphasized once again that there is no
strictly non-perturbative model which may be applied
to the prediction of the impact-parameter dependence
of the energy loss of channeled ionsin metals.

This work shows the possibility of performing first
principle (coupled-channel) calculations for the energy
loss problem. The results give deeper insights into the
basic energy transfer mechanisms and their importance
with respect to impact parameter and incident energy.
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