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Experimental Evidence of Threshold Effects in the Energy Loss of Protons in Carbon
and Aluminum due to Inner Shell Ionization
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We explore the contributions of inner shell ionization to the energy loss of 7 to 270 keV protons in
C and Al foils under experimental conditions such that the product of the observation angle and the
projectile energy is kept constant. By normalizing these energy loss measurements to the energy loss
in the forward direction we observe a pronounced rising behavior with increasing energy. This effect
appears in the same range of energies where the respective K- and L-shell ionization cross sections of
these elements show a similar threshold behavior. Based also on various theoretical considerations we
interpret these results as clear evidence of the inner shell ionization contribution to the energy loss.

PACS numbers: 34.50.Bw, 34.50.Fa

It is well known that the electronic energy loss of slow
ions in solids (with velocities below the Bohr velocity)
is due to the interaction with conduction or valence elec-
trons of the medium, whereas with increasing velocities the
mechanism of inner shell ionization becomes increasingly
important [1]. Based on this knowledge one may expect
that with increasing energies some evidence of the thresh-
olds for the ionization of the various inner shells would be
observed. In fact, the phenomenon of inner shell ionization
by swift protons has been studied extensively using x-ray
spectroscopy techniques, and in particular the processes of
K- and L-shell ionization by light ions are well described
by the standard theories [2—8].

However, a direct evidence of threshold effects in the
contribution of inner shells to the total energy loss of swift
ions in solids has so far not been observed, and the reason
for this is simply that these effects are usually masked in
the standard measurements of total energy losses, or stop-
ping powers, due to an average over a multitude of elec-
tronic excitation processes; so that, at the end, a smooth
stopping function corresponding to the envelope of these
many processes is observed. For instance, an estimation
of the L-shell contribution to the total energy loss of pro-
tons in aluminum using the harmonic oscillator model [9]
yields a rise from 1% at 20 keV to 16% at 100 keV. In the
same energy range, the Al L-shell ionization cross section
increases by an order of magnitude [8].

In this respect, it is also interesting to note that rather
small threshold effects (due to the excitation of outer
shells) have been observed for slow ions in certain ma-
terials, which are related to particular effects in the band
structure of some metals [10] (deviations from a free elec-
tron behavior) or in wide band gap insulators [11]. But
the observation of similar effects at higher energies due to
inner shell ionization has so far not been achieved for the
reasons already indicated.

We propose here a different experimental approach to
study the contribution of inner shells to the energy loss of
ions in solids, which is based on the enhancement of that
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contribution with increasing observation angles, in beam
foil transmission experiments.

Here we provide direct experimental evidence of thresh-
old effects due to inner shell ionization in the energy loss
of protons in solids from energy loss measurements per-
formed under special experimental conditions. We have
performed transmission experiments using thin foils, vary-
ing the energy E of the ion beam and simultaneously
changing the observation angle 6, while keeping constant
the product #E. Normalizing the energy loss measure-
ments AE(6) to the energy loss in the forward direction,
AE(6 = 0), the effect of small impact parameter collisions
is magnified and so we observe the appearance of thresh-
old effects in the energy loss of swift protons in C and Al,
which are due to the ionization of the K and L shells, re-
spectively. The energy threshold for both elements appears
in the range of energies where the ionization cross sections
(K shell for C and L shell for Al) show a similar threshold
behavior. The normalization used also makes the results
independent of foil inhomogeneities as will be discussed
below. These inhomogeneities would otherwise mask the
threshold effect.

The experimental procedure is based on the so-called
scaling principle [12] where the quantity §F in small-
angle forward scattering is primarily a function of the im-
pact parameter b. This can also be expressed in terms
of the differential scattering cross section parametrized in
the usual way [13] as do = 7at ' f(¢'/2)d(t'/?), where
1'2 = 4OE/(2Z,Z,¢?) in the small angle approximation,
with a the screening radius, e the elementary charge, Z;
and Z; the atomic numbers of the ion and target, respec-
tively. According to this, under single-collision conditions,
it is possible to study the interactions between projectile
and target at constant impact parameter, by varying simul-
taneously the projectile energy E and the observation angle
0, with 6 E = constant. Because of the multiple scattering
phenomena, single-collision conditions cannot be obtained
in solids. Nevertheless, from Ref. [14] one can see that the
multiple scattering function F(x, #), describing the angular
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distribution of a particle beam after traversing a thin layer
of thickness x, can be written as well in terms of reduced
units as follows:

F(x,0) = f(r.0), (1)

where 7 = wa®Nx, 6 = t'/2 = a0E/(2Z,Z»e?), and N
is the target atomic density. From the reduced angle ex-
pression we see that the multiple scattering function pre-
serves the scaling property, so that it remains unchanged
when it is evaluated keeping the product # E constant.

A projectile that exits the foil with an observation angle
0, has suffered a certain number of collisions inside the
foil, with different scattering angles /. The corresponding
differential scattering angle distribution may be expressed
in reduced units as [15]

~ o~ d v 2
dn(r,0,y) = #fg('g .
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where bold symbols denote vectors in a plane perpen-
dicular to the incident beam direction (small angle ap-

proximation), do (i) is the differential scattering cross
section which has the scale property mentioned above, and

a is the angle between @ and ¢. Because of the scaling

principle, i « iy E represents a given impact parameter b.
Therefore, when observing the transmitted energy spectra

in conditions where 6 o« §E = constant, we are consid-
ering a fixed distribution of impact parameters inside the
target foil.

The energy losses were measured using the transmission
method with very thin smooth foils (~20 nm). Here, only
a short description of the experiment is given; more de-
tails can be found in Refs. [16,17]. To cover the present
energy range, two ion accelerators were used. Protons with
E < 10 keV were generated by a hot discharge ion source
followed by focusing and accelerating stages, a Wien filter
for mass selection, and a 18° electrostatic deflector to get
rid of neutral particles. Energy losses as a function of the
observation angles were measured with a 127° rotatable
electrostatic energy analyzer, with a precision of =10 eV,
and an angular resolution of =0.58°. The higher energy re-
gion (15 < E < 270 keV) was covered with protons gen-
erated by a Cockroft-Walton electrostatic accelerator with
a rf ion source and a magnetic mass selection. In this case
the observation angle is selected by electrostatic deflection
of the emerging ions. This method, especially suited for
small angles, has the advantage that a fixed plate potential
corresponds to a constant § E value. In this case the pre-
cision of the energy loss determinations was =15 eV, and
the angular resolution was *0.05°.

These experiments were performed by simultaneous
variations of the beam energy E and observation angle
0 such that the product #E remained constant at
100 keV-deg.

0 [deg]= 100 /E [keV]

200 100 5° 2 1 05°
107 . b
. A 4
__ 106} 4 C e
=3 F A M a 1
Ll L J

o 105 A A . 4.

~ AA A
@1.04- Aa o4, A aat 4
wl I A aA A ]
< 103+ A A A 7
L A A ]
1.02 at b
108 [ ' | -
A ce, ]
= Al o ]
o 1.06 I (;) Oo e ® ]
< % o ° e
— 105+ L% o.' ° -
P~ F o o o) o o 1
T 1041 0 oy, e 8 .
< F [ ] i o ©° 1
1.08 i ° ]
1.02 .
10 100
E (keV)

FIG. 1. Normalized energy loss as a function of projectile en-

ergy for protons observed at §[deg] = 100/E[keV] transmitted
in a thin C foil (23 nm) and two Al foils (21 nm). Solid and
open circles for aluminum correspond to the different foils.

In Fig. 1 we present experimental results of the normal-
ized energy loss AE(#,E)/AE(0, E) for one carbon foil
(23 nm) and two aluminum foils (21 nm) as a function of
proton energy for a constant  E value. We note that this
ratio increases both at low and at high energies.

In a recent publication [17] comparing Monte Carlo
simulations with experimental results it was shown that
in the very low energy range (E < 10 keV) the angular
dependence of the energy loss for protons traversing thin
metal foils can be fully explained considering the contribu-
tion to the mean energy loss of the following three factors:
foil roughness effect, path length enlargement, and elastic
energy loss, i.e., AE(0,E) = AE + AE(0, E)roughness T
AE(0, E)path ent. + AE(6, E)elasiic- The last two become
important for observation angles & = 5°. The effect of foil
roughness on the mean energy loss in the normalized repre-
sentation becomes constant (in conditions of 6 E constant)
since it may be expressed in terms of reduced variables as
follows [18]:

ﬁ + AE(Q, E)roughness
AE(0,E)

1+ p281nf(7',5)/61n7

1+ p20Inf(7,0)/91In7
=1+c, 3)
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where p is the roughness coefficient and ¢ depends on
p, 7, and @, but remains constant under the present
experimental conditions. This independence of the foil
roughness effect is the main reason for the present normal-
ization method. As a consequence of these considerations
it may be shown that the increase of AE(6,E)/AE(0,E)
observed in Fig. 1 for decreasing energies is essentially
due to path length enlargement and elastic energy loss
effects. These two effects become negligible at higher en-
ergies, since A[deg] = 100/E[keV] becomes very small.
Nevertheless, one can observe in Fig. 1 a remarkable
increase of AE(0,E)/AE(0,E) with E in this energy
region, for both targets. This indicates that there are
additional inelastic effects on the energy loss AE(6, E)
which are not included in the previous equations. We
show below that this additional contribution is the inelastic
term expected from inner shell ionization to be called
AE(0, E)inelastic. Taking into account the scattering angle
distribution of Eq. (2) and assuming an inelastic energy
loss per collision Q(E, ), the total contribution of the
observable inelastic term is given in terms of the present
variables by [15]

AE(0, E)inelastic = f dn(r.0.0)QE.§). 4

To isolate the effect of this inelastic term we subtract
from the total energy loss AE(6, E) the contributions from
path length enlargement and elastic energy loss, as de-
scribed in Ref. [17], obtaining the quantity AE*(6, E) =
AE(G,E) - AE(07E)path enl. — AE(HvE)ClaStiC7 which
we normalize with respect to the AE(0, E) value. Thus
we obtain

AE(‘ng)1< AE(H, E)inelastic (5)
AE(0,E) AE(0,E)

In Figs. 2 and 3 we show a fit of 1/AE(0,E) from
the present measurements, together with the energy de-
pendence of the ionization cross sections of the carbon K
shell and the aluminum L shell [7,8] and the experimen-
tal results from Fig. 1 in the form AE(6, E)*/AE(0,E) —
1. This expression equals ¢ + AE(#, E)inelastic/ AE(0, E)
from Eq. (5). The constancy observable at low ener-
gies, in spite of the large amplification introduced by the
1/AE(0, E) factor, corresponds to the constant roughness
effect mentioned above. It indicates that there is no influ-
ence of additional inelastic mechanisms on the energy loss
in this region. The relative displacement of the two sets of
data points for aluminum corresponds to different values of
the ¢ constant arising from differences in the roughnesses
of the two foils.

The most interesting feature that we want to note in both
Figs. 2 and 3, is the remarkable increment of the additional
energy loss contribution at high energies. This behavior is
quite similar to the energy dependence of the K and L
shell ionization cross sections for carbon and aluminum,
respectively, shown in the upper panels of the figures.

=1+c+
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FIG. 2. Top: (- - - -) Fitted expression for 1/AE(0, E) taken
from the present measurements in C. ( ) Cross section for
K-shell ionization by protons [7]. Bottom: Experimental data
from Fig. 1, subtracting path enlargement and elastic energy loss
contributions. The constancy observed at low energies indicates
a negligible contribution of inelastic terms (see text). The dash-
dotted line shows the theoretical model.

To estimate the inelastic energy loss due to i-shell ion-
ization according to Eq. (4), we used the harmonic oscil-
lator model to calculate the stopping number L;[n;(r), v]
for this shell [9], which, together with a local density ap-
proximation [19], give the energy loss per collision Q;(b)
as follows:

_ dE _47TZ%€4
o) = [ a(5E) = AL [ atnwrine. v,
(6)

where n;(r) corresponds to the electronic density of the i
shell obtained from Hartree-Fock calculations.  The
integration was simplified by considering a straight line
trajectory with an effective impact parameter b.ss for
the inelastic processes. The results of these calculations
are shown in Figs. 2 and 3 together with the experimen-
tal points. To make this comparison, we divided the
theoretical values by the fitted AE(0, E) values obtained
in this experiment and included a constant term c, as
indicated in Eq. (5). In the case of aluminum we obtain
two lines due to the different ¢ values, arising from the
different foil roughnesses. A good agreement with the
experimental data was obtained from these calculations
using bers.c = 0.1 a.u., bessa] = 0.4 a.u., for carbon and
aluminum, respectively. These values are smaller than the
corresponding shell radii, as expected in a semiclassical
picture of ionization processes produced by ions that pene-
trate the corresponding shells. However, we note that these
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FIG. 3. Top: (- - - -) Fitted expression for 1/AE(0, E) taken
from the present measurements in Al. (——) Cross section

for L-shell ionization by protons [8]. Bottom: Experimental
data from Fig. 1, subtracting path enlargement and elastic en-
ergy loss contributions. The constancy observed at low energies
indicates a negligible contribution of inelastic terms, and the
observed differences in height between both foils are due to dif-
ferent roughnesses (see text). The dash-dotted lines show the
theoretical model.

calculations may be improved by more precise impact-
parameter formulations (a question that lies outside the
scope of this Letter).

In addition, we note that the binding energies of the
2s and 2p L-shell electrons of aluminum are ~120 and
~80 eV, respectively, whereas the corresponding value for
the K-shell electrons of carbon is ~290 eV. This signifi-
cant difference in binding energies is considered to be the
reason for the shift of the proton energies corresponding
to the appearance of the threshold behavior observed in
Figs. 2 and 3. It may be observed that the oxygen present
in the oxide layers on the aluminum-foil surfaces does not
affect the threshold effect because of the great difference
in the binding energy of the oxygen K shell (~540 eV).

The present results provide a direct experimental evi-
dence of a threshold effect in the energy loss of protons due
to inner shell ionization phenomena. We have shown that a
combined study of the energy and angular dependences of
proton energy losses in an extended energy range, based
on the small-angle scaling properties of single and mul-
tiple scattering processes (in terms of the 6 E parameter)
provides valuable information on the energy loss phenome-
non, which cannot be obtained from the usual stopping

power experiments. This information may be useful to
test the models on the impact parameter dependence of
the energy loss due to inner shell ionization, as well as
to improve the numerical simulations of ion transport in
matter by a more precise description of the energy loss
mechanisms.
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