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Abstract. It is usually well accepted that for swift protons, the induced backward and forward electron
emission yield is proportional to the projectile electronic stopping power. This was observed in particular
for thin amorphous carbon foils. However, this law was established from a non extensive set of experimental
data and somewhat confirmed by rough macroscopic theories. We then developed a standard Monte Carlo
simulation to predict the yield dependence on proton energy [0.5-10 MeV] and for a wide range of foil
thickness. After evaluating the reliability of this simulation, we showed and explained why the law of
proportionality cannot generally hold for forward electron emission. In particular, the ratio between forward
yield and stopping power generally depends on foil thickness and proton energy. We performed a new

experiment that confirmed our theoretical predictions.

PACS. 34.50.Bw Energy loss and stopping power — 79.20.Ap Theory of impact phenomena; numerical
simulation — 79.20.Rf Atomic, molecular, and ion beam impact and interactions with surfaces

1 Introduction

Secondary electron emission induced by the penetration
of swift charged particles in a solid has been of inter-
est for a long time. Electron emission from solid surfaces
was first observed over 100 years ago [1-5] and during the
last 30 years was extensively analysed through all avail-
able experimental parameters (projectile atomic number
and energy, incident projectile charge state, target atomic
number and thickness, angle of incidence, etc.). Important
applications concern track formation in solids, detectors
of heavy ions and tumour treatment by heavy ion beams
just to name a few. Extensive reviews on electron emission
from solids can be found in references [6-9].

The knowledge of the mean number of electrons emit-
ted per incoming projectile (the electron yield +) as well
as their angular and energy distribution is of fundamen-
tal interest. In case of sufficiently thin foils, electrons are
ejected from both the entrance and exit surface of the
solid (¢f. Fig. 1) and it is possible to decompose the above
mentioned electron yield v in forward (emission in the di-
rection of the projectile beam) and backward (emission
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Fig. 1. Schematic representation of the beam foil interaction.
Note that the backward hemisphere corresponds to the en-
trance surface for the ion.

in the direction opposite to the projectile beam) contri-
butions, vr and g, respectively. Both v¢ and ~p were
found to be proportional to the electronic energy loss per
unit path length (stopping power) dE/dz for proton im-
pact on carbon as a function of projectile velocity over a
wide range of velocities [10]. Nevertheless this study was
performed only for a target thickness of 16 ug/cm?.

The correlation between electron emission and stop-
ping power is also assumed in some existing theoretical
models, which, despite the complex problem that electron
emission represents, were developed rather soon after the
first experimental studies [11]. However, the approaches
were very phenomenological and macroscopic [12-15] and
the relation between the system parameters and the elec-
tron emission quantities implied the adjunction of a wide
range of assumptions [16,17]. In particular, most of these
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models assume an isotropic distribution of ejected elec-
trons and for this reason they cannot distinguish between
forward and backward electron emission. To date, one
of the most successful empirical models that deals with
backward and forward emission was proposed by Koschar
et al. [18]. It explicitly takes into account the production
of fast d-electrons in the forward direction, which is at
the origin of the backward/forward asymmetry in elec-
tron emission. Nevertheless we shall see later that this
model does not predict the correct relationship between
the yield and the stopping power, in particular for large
foil thickness.

Monte Carlo simulation [8,19-24] is a powerful tool
to study ion induced electron emission. In contrast to
macroscopic models, Monte Carlo (MC) simulation does
not make the assumption of a primary spectrum propor-
tional to stopping power. Indeed, primary collisions of
the projectile with the target electrons, as well as all the
collisions that the electron emission process implies, are
treated from a microscopic point of view within quantum
formalism. For protons, such a MC simulation leads to a
proportionality between g and dE/dz for a thick car-
bon target [25]. However, it is interesting to note that the
same authors observed a slightly different behaviour for
thick aluminium target.

In the present work, the correlation between elec-
tron emission and stopping power for proton impact
(0.5-10 MeV) on thin carbon foils of different thickness
(1-1025 pg/cm?) is studied theoretically (by MC simula-
tion) and experimentally. The theoretical aspects will be
presented in Section 2.1 and thoroughly discussed in Sec-
tions 2.2 and 2.3. A complete set of experimental data
will be presented and discussed in the light of theoretical
results in Section 3.

2 Theoretical analysis
2.1 Monte Carlo simulation of electron emission

Following numerous authors in this field [6,22,26], we de-
scribe our system with the help of a phenomenological
master equation we can derive under the following as-
sumptions. We consider the electron emission as a two-
step phenomenon. First the interaction between the pro-
jectile ion and the target liberates electrons above the
Fermi energy of the target and then the excited elec-
trons diffuse in a potential that represents the solid. Dur-
ing their diffusion the excited electrons can liberate other
target electrons giving rise to a cascade phenomenon.
The interaction with the surface is taken into account
by considering that the electrons move in the target po-
tential [23,24]. We assume that electron transport results
from a series of stochastic collisions, and that it can be
described classically on a mesoscopic scale (i.e. its posi-
tion r and momentum p are simultaneously well defined),
whereas the collisions follow quantum mechanical rules.
Since the protons are quite fast (say, with kinetic energy
above 0.1 MeV) they can be assumed to propagate along
an unperturbed straight line with a constant velocity and
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a constant charge Qp equal to 1. The master phase space
equation reads:

%er.vrf_vrvo-vpﬂk(p)f

- /dp’K(p,p’)f(p’) =S(p) (1)

where f(r,p,t) is the number of excited electrons at the
phase space coordinate (r, p) at time ¢. k(p) is the prob-
ability per unit of time that an electron changes its mo-
mentum p due to collisions. K (p, p’) is the probability per
unit of time that from such a collision (of an electron with
initial momentum p’) either a secondary electron with mo-
mentum p is created, or that the primary electron changes
its momentum to p by deflection and energy loss. S(p) is
the number of electrons liberated per unit of time with
a momentum p by the projectile. From the distribution
function f we obtain yg and ~vp as follows:

lim

P)/F7B o t——+o0
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Note that the left-hand side of equation (1) is linear with
respect to f. This means that the scaling properties of
S(p) will produce the same scaling properties for the
yields. Obviously, the scaling properties of S(p) apply to
the stopping power as well and if we could find two ions for
which S1(p) = aSa(p), the yield would follow the stop-
ping power. Such a kind of scaling may be found for two
fast light ions at the same velocity in a limited range of
charge [27]. This is however not the case when the projec-
tile velocity vp is changed. Indeed, a change in vp induces
changes in the kinematics of ion-electron collisions, which
results in a deformation of S(p). We emphasise that S(p)
is not isotropic as it can be observed in Figure 2, where
we have plotted for a given foil thickness, the energy dif-
ferential primary spectra emitted in 3 different directions,
for two different ion velocities (0.5 MeV and 9.2 MeV).
For comparison, each spectrum is normalised to the cor-
responding electronic stopping power. The jitter comes
from the statistics of the Monte Carlo simulation. Note
the strong resemblance of both backward spectra and the
qualitative difference in the high-energy part of both for-
ward spectra. Therefore, the proportionality between -,
v or vr with the stopping power has only two possible
interpretations:

1. the linear master equation (1) is wrong despite its great
success in explaining many results about electron emis-
sion [21-24,26];

2. the transport properties of the kernel in equation (1)
permits, by chance, that the solution of equation (1)
predicts an approximate proportionality either for vg
or VYr.

The second interpretation was qualitatively discussed
before [17], and we shall examine it more closely in the
next section for the condition of the experiment performed
so far.

The master equation (1) may be handled in several
ways. A well-suited choice is a standard Monte Carlo
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Fig. 2. Momentum and solid angle spectra of primary elec-
trons calculated for 0.5 MeV protons (open symbol) and
9.2 MeV protons (full symbol) with a thickness of 1 pg/cm?.
Each spectrum is normalized to the corresponding proton stop-
ping power. Angles: 3° (circle), 45° (square) and 135° (trian-
gle). Channel widths: Ap = 0.11 a.u.; A8 = £0.025 rad (for
9.2 MeV protons) and Af = +0.015 rad (for 0.5 MeV protons).

(MC) simulation [24,28] that does not require any fur-
ther assumptions. In the simulation the particles are fol-
lowed from the entrance of the ion in the solid until the
electrons leave the solid or until their energy becomes so
small that they cannot exit the solid potential anymore
(i.e. they have a negative energy with respect to vacuum
level). The position of the Fermi level is obtained from the
work function of graphite taken at 0.173 a.u. (4.7 €V) be-
low the vacuum level [29]. The potential inside the target
is taken to be V) = —0.895 a.u. (—24.3 eV). It corresponds
to the bottom of the conduction band for a uniform gas of
independent electrons at the same density (4pat), which is
usually chosen [21-24,26,30]. Note that the absolute value
of the yield is highly sensitive to the choice of V) [23,24].
The kernel entering equation (1) includes elastic scattering
on target nuclei as well as inelastic scattering and ionisa-
tion by collision with the valence and 1s core electron.
For this latter interaction, Auger electron emission is ac-
counted for. More details about the kernel can be found
elsewhere [21-24,26,31].

In the calculation presented in this paper, the proton
interaction with the valence electrons is described in the
framework of dielectric response theory, while the 1s tar-
get electron ionisation is modelled by the CDW-EIS the-
ory. A more thorough description is not necessary for our
purpose and we refer the interested reader to the following
references [24,32].

2.2 Analysis of transport effects

Although nowadays the main transport effects are well-
known from experimental data [33—35], macroscopic mod-
els [14,18] and more sophisticated models [23,24], we shall
move one step back and re-analyse the evolution of the
yield with the foil thickness. The purpose of this section
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Fig. 3. Backward g and forward ~r yield evolution with
foil thickness. Experimental data of Jung et al. [34] (symbols).
Present theory (solid line). Low-energy electron contribution to
the yields, calculated for backward Y5 and forward Yr emission
(dotted line).

is, first, to check the reliability of our Monte Carlo code
by comparing it to experimental data, second, to call to
mind some transport effects relevant for the relation be-
tween electron emission and stopping power, and third, to
shed some new light on this subject. Figure 3 presents the
theoretical predictions for 45 and ¢ for 11.1 MeV /u C5+
as a function of the foil thickness. It also displays the con-
tribution of the low-energy electrons to the yields (i.e.
energy lower than 50 eV in vacuum). The error bars on
the MC curves indicate the small statistical dispersion.
From the figure, most of the backward ejected electrons
are low-energy electrons. As a consequence, yg keeps in-
creasing with foil thickness until this thickness becomes
larger than the escape length, i.e. the maximal depth for
the low-energy electrons to be able to escape the solid.
From the yield-thickness curve we obtain for this escape
length about 50 a.u. (2.5 nm), in reasonable agreement
with the literature [18,37].

The evolution of ¢ with the foil thickness is notably
different from the evolution of . Indeed, even if yr es-
sentially matches its backward counterpart for thickness
lower than the low-energy electron escape length, vr keeps
increasing for thicker foils. The reason for this increase are
the anisotropy of the source term previously mentioned in
Section 2.1 and the ejection of fast electrons in the for-
ward direction. Though the total probability of fast elec-
tron ejection is quite low, it is not negligible in the for-
ward direction and these fast electrons can easily escape
from the foil (¢f. Tab. 1) compared to low-energy elec-
trons. Therefore, when further increasing the foil thick-
ness, fast electrons from deeper layers can still escape from
the foil. They are thus cumulated, increasing the number
of electrons ejected in the forward direction. Finally, when
the thickness exceeds the maximum escape length for the
fastest electrons (¢f. Tab. 1), v reaches a saturation value.
The deduced saturation thickness corresponds to the pen-
etration depth of electrons [31] whose velocity is two times
that of the projectile, i.e. the fastest electrons emitted by
the projectile. Let us note that the low-energy electron
contribution to ¢ at the saturation thickness is close to
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Table 1. Estimation of the velocity (Vimax = 2V},), the energy 25107 e 12
(Emax = 2V;}) and the range (Rm [31]) of the fastest primary ?ﬁ
electrons for various proton energies (Ep). el ,,I =
Ep (MeV) Vinae (1) B (keV) Ru (/) oA 0
05 8.96 1.09 6.66 S 1510 s ]
1 12.66 2.18 21.49 = . | o
2 17.91 4.36 69.35 g o L
3 21.93 6.54 137.62 = S
4 25.32 8.72 223.78 04
5 28.31 10.90 326.28 S10% |
6 31.02 13.08 444.03 Femees =& 02
7 33.50 15.26 576.17 T , |
8 35.81 17.44 722.03 R T T T
10 10 10 10 10 10
9 37.99 19.62 881.06 Thickness (ug/cm’)
10 40.04 21.80 1052.77

that of the backward yield. In other words, the difference
between backward yield and forward yield mostly con-
sists in cumulated fast electrons. This means also that the
slowing down of the fast electrons results in the produc-
tion of very low-energy electrons that cannot escape the
foil. This is somewhat in contradiction to assumptions of
the macroscopic models, in which it is assumed that most
of the emitted electrons originate from a large cascade
multiplication instead of being primaries [17,18].

Figure 3 also provides a comparison to the experimen-
tal data of Jung et al. [34,37]. We observe a rather good
agreement in shape between the experiment and our the-
ory. Nevertheless, we note a discrepancy in absolute value.
It is very likely due to an incorrect description of low-
energy electron transport, which underestimates the low-
energy electron contribution to the yields. It could also be
due to some extent to an overestimation of the experimen-
tal values obtained in standard vacuum with uncleaned
target instead of ultra high vacuum. It is, however, the
evolution with target thickness which is important in the
present context.

Figure 4 shows the influence of the projectile velocity
on the yield evolution versus thickness for 0.5 MeV/u and
a 9.2 MeV/u HT. Obviously, the yields for the slower pro-
ton are higher than for the faster proton. Except for this
difference in absolute value, the behaviour of the back-
ward yield is similar at both velocities. We also calculated
the stopping power fraction that corresponds to the ejec-
tion of fast primary electrons (larger than 50 eV with re-
spect to the vacuum level). We obtained 58.6% for the
0.5 MeV/u H" and 63.3% for the 9.2 MeV/u H". Since
these values are rather close, one would expect a similar
evolution of forward yield with the thickness for both ve-
locities. In contrast, two striking differences are observed.
First, the saturation thickness is much lower for the slow-
est proton. In fact, the saturation thickness corresponds
to the penetration depth of electrons whose velocity is
twice the projectile velocity (i.e. 7 ug/cm? at 0.5 MeV
and 900 pg/cm? at 9.2 MeV, c¢f. Tab. 1 and Fig. 4). Sec-
ond, the ratio between g and g at saturation is about
two times higher for the faster proton than for the slower.
This means that for high proton velocity, the few addi-

Fig. 4. Backward «g and forward «r yield evolution with foil
thickness, calculated for a 0.5 MeV proton (solid line) and a
9.2 MeV proton (dashed line).

tional faster electrons from deeper layers contribute sig-
nificantly and strongly increase yg, though their contri-
bution to the energy loss is small. In other words, matter
acts as a high-pass filter that allows only for high-energy
electron transmission. Consequently, y¢ cannot be possi-
bly simply related to stopping power, as pointed out in
Section 2.1. The proportionality between vg and stopping
power observed by Clouvas et al. [10] (cf. Fig. 5a) is there-
fore astonishing and led us to re-analyse the experimental
data and to perform a new experiment.

2.3 Calculated thickness dependent electron yields

We have calculated the ratio A of the yield over stopping
power with the following thickness:

(i) a thickness of 16 ug/cm?, which corresponds to the
foil thickness used by Clouvas et al. [10];

(ii) a thickness of 1 ug/cm?, which represents the regime
for which the cascades of fast electrons remain
negligible;

(iii) the saturation thickness, which depends on the en-
ergy of the projectile and which integrates the whole
development of the fast electron cascades.

The results are presented in Figure 5b.

We first observe that, within the error bars, the ratio
for backward emission /Ag is independent of the projectile
energy and of the target thickness as expected for vg. It
saturates for thickness higher than 1 ug/cm?. The inde-
pendence with projectile energy can be explained in the
following way. From the simulation, we know that the
backward yield mostly consists in slow secondary electrons
induced by slow primaries. This particular contribution to
B is observed to be proportional to the energy lost by the
projectile to generate slow primary electrons in the typical
escape depth of slow electrons [23,25,38]. Moreover, the
relative fraction of energy lost in slow primary creation is
only weakly dependent on the projectile velocity (36% at
0.5 MeV and 29% at 9.0 MeV). In absolute value, it is thus
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Fig. 5. Ratio of yields and stopping power, for forward Ag
and backward Ap emission, as a function of the proton en-
ergy. (a) Experimental data obtained with a thickness of
16 pg/cm? [10]. (b) Our theoretical predictions obtained for
thickness of 1 and 16 ug/cm? and for the saturation thickness.
(c) Our experimental data obtained for a thickness of 8 ug/cm?
and for the saturation thickness.

roughly proportional to the stopping power. This propor-
tionality is an excellent approximation for an amorphous
carbon target. We confirm here the results obtained by
Dubus et al. in the energy range 0.25—3.0 MeV for alu-
minium [25].

Second, we observe that the ratio for forward emission
Ay dramatically depends both on the projectile energy
and on the foil thickness. While this ratio increases with
the projectile energy for the saturation thickness, it de-
creases for the thickness of 1 ug/cm?. At low thickness, the
fast protons lose energy to generate fast electrons, which
contribute few to the forward yield, and Ap is then low. In
contrast, at saturation thickness all the target layers con-
tributes and the electron emission is maximum. Finally,
for 1 ug/cm?, Ap is clearly higher for 0.5 MeV/u H* than
for 9.2 MeV/u H* while at saturation thickness the op-
posite trend is observed. Indeed, high-pass energy filter-
ing of matter leads to Ar much higher for fast proton
than for slow proton. The thickness of 16 ug/cm? is an
intermediate thickness and, fortuitously, Ar seems con-
stant within +10%. The macroscopic model proposed by
Koschar et al. [18] qualitatively includes some of these
important effects and due to its free parameters its pre-
dictions can match some experimental data. However the
assumed laws are quantitatively not relevant enough to
provide a correct description for yg. In particular, in con-
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tradiction with our simulation, v is found to be propor-
tional to the stopping power for large thickness.

To summarise, from our simulation we confirm the pro-
portional relation between backward yield and stopping
power for 0.5 MeV-9.2 MeV /u protons and for carbon foil
thickness larger than 1 ug/cm?. On the other hand, such
a relation for forward emission cannot be generally ex-
pected, and the experimental results obtained by Clouvas
et al. [10] were obtained for a target thickness at which the
velocity dependence of Ag is quite small. Guided by the
above theoretical results, we performed a new experiment
of target thickness and energy dependent proton induced
electron yields.

3 Experimental procedure and results

The experimental work was performed at the 5 MV Tan-
dem accelerator of the National Research Center of Phys-
ical Sciences “Demokritos” in Athens, Greece. Mass anal-
ysed beams of protons (1-8 MeV) were sent through thin
(8-1025 ug/cm?) self-supporting carbon foils.

The experimental set-up used for these measurements
is shown in Figure 6. Two nearly closed metal cylinders
(similar to Faraday cages, except for openings for the in-
coming and outgoing ion beam) mounted on each side of a
target-foil holder were used to collect the secondary elec-
trons in the forward and the backward directions of the
target foil simultaneously, but separately. The cylinders
were held at a potential +Uy = +40 V to assure that
all the secondary electrons were collected, and a nega-
tive potential of —Uy = —20 V was applied to the target,
enough for the electron emission v to reach the satura-
tion value. The Faraday cup was comprised of two parts:
a beam collecting cup that was grounded through an elec-
trometer and a cylindrical electrode upstream of this cup
which was biased —Up = —300 V relative to the ground.
This negatively biased electrode prevented (i) secondary
electrons of the target from escaping from the collecting
cup and (ii) secondary electrons of the target from escap-
ing through the opening of the outgoing ion beam of the
second cylinder (v cup). A similar repeller (Repeller I)
was positioned upstream of the first vy-cup and biased
—Urep = —300 V with respect to the ground in order to
prevent (i) secondary electrons from the slits to hit the
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Fig. 7. Energy dependence of the Ap, Ar for proton ions im-
pinging on carbon foils. Ar is calculated with the stopping
power at the exit of the foil.

first v cup and (ii) secondary electrons of the target from
escaping through the opening of the incoming ion beam
of the first v cup. The experiments were performed under
standard vacuum conditions (10~4-107° Pa).

Backward (vg), forward (yr), and total (1) electron
yields can easily be deduced from measuring: the ion in-
duced target current I, the current of low energy elec-
trons Iz and Iy, and the ion beam current Ivc:

I
=g (3)

Ir
- 4
=T (4)

It
T 5
=T (5)
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Table 2. Estimation of the mean energy of outgoing protons
(in MeV) as a function of the foil thickness and of the energy
of the incoming protons [39].

Thickness (ug/cm?)

30 90 302 1025
E, (MeV)

1 099 098 093 0.74
2 1.99 196 1.85
3 297 288
4 3.97 391
5 4.98 4.92
6 598 5.93
7 6.94
8 7.95
9 8.95
10 9.96

Table 3. Estimation of the stopping power (in
MeV /(mg/cm?)) for outgoing protons as a function of the foil
thickness and of the energy of the incoming protons [39].

Thickness (ug/cm?)

0 30 90 302 1025
E, (MeV)
1 0.229  0.230 0.232  0.240 0.276
2 0.143 0.144  0.146 0.152
3 0.107 0.108 0.111
4 0.0860 0.0865 0.0877
5 0.0723 0.0726  0.0733
6 0.0626 0.0628  0.0632
7 0.0553
8 0.0497
9 0.0451
10 0.0414

The r, v, yr for four different targets with thickness
8, 30, 302, 1025 ug/cm? are measured at different proton
energies (1-8 MeV). The results are shown in Table 4. The
errors of all coefficients are estimated to be 5% (based
on reproducibility measurements). For all ions we observe
that within 2% 1 = g +7s. This means that the fraction
of forward emitted high energy delta electrons, which can
escape through the opening of the outgoing ion beam of
the second cylinder (v cup), is small.

The ratios Ap, Ap are calculated using the stopping
powers (dE/dx) obtained from the TRIM code [39], which
gives electronic stopping power values in agreement with
other recent values [40].

The experimental ratios are presented in Figure 5c:
(i) for the thinnest foil (8 ug/cm?); (ii) for foils chosen so
that, for each proton energy, the thickness is as close as
possible to the estimated saturation thickness (¢f. Tab. 1).
We observe that the evolution of the ratios with the thick-
ness is in really good agreement with the prediction (cf.
Fig. 5b). For backward emission, the ratio is clearly con-
stant. For forward emission, the ratio is increasing for
the saturation thickness and decreasing for the thin foil,
demonstrating experimentally that the forward yield is
not at all proportional to the stopping power. The trends
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Table 4. For various energies of incoming protons and various foil thickness: experimental values for total (yr), backward (vg)
and forward (yr) yields; estimation of the stopping power for incoming and outgoing protons [39] in keV/(mg/cm?). Thickness:
8 pug/cm? (a), 30.1 ug/cm? (b), 302 pug/cm? (c), 1025 ug/cm? (d).

(a)

E, (MeV) 7 B ¢ dE/dz (inc.) dE/dz (out.) Ap Ap
1 293 127 1.58 229.5 229.8 0.00553  0.00687
2 1.92 0.83 1.04 141.2 141.2 0.00588  0.00736
3 145 0.62 0.8 104.7 104.7 0.00592  0.00764
4 1.17 0.5 0.63 84.1 84.11 0.00594  0.00749
5 1 0.44 0.53 70.8 70.80 0.00621  0.00748
6 0.83 0.36 043 61.4 61.41 0.00586  0.00700
7 0.74 0.33 0.39 54.3 54.30 0.00608  0.00718
8 0.62 0.27 0.32 48.9 48.9 0.00552  0.00654

(b)

E, MeV) At B vr dE/dz (inc.) dE/dz (out.) Ap Ap
1 3.17 122 185 229.5 230.4 0.00532  0.00803
2 2.05 08 1.22 141.2 141.4 0.00567  0.00862
3 1.52 0.6 0.89 104.7 104.7 0.00573  0.00849
4 1.23 049 0.71 84.1 84.13 0.00583  0.00844
5 1.06 043 0.6 70.8 70.81 0.00607  0.00847
6 093 0.38 0.52 61.4 61.41 0.00619  0.00847
7 0.78 0.32 045 54.3 54.30 0.00589  0.00829
8 0.7 029 0.38 48.9 48.90 0.00593  0.00777

(c)

E, MeV) At B vr dE/dz (inc.) dE/dz (out.) Ap Ap
1 3.15 122 1.76 229.5 242.0 0.00532  0.00727
2 209 08 1.2 141.2 143.7 0.00609  0.00835
3 1.59 0.67 0.89 104.7 105.5 0.00640  0.00843
4 1.32 054 0.75 84.1 84.50 0.00642  0.00888
5 1.16 0.48 0.65 70.8 70.99 0.00678  0.00915
6 1 0.4 0.56 61.4 61.50 0.00651  0.00910
7 09 038 0.5 54.3 54.35 0.00700  0.00920
8 0.77 0.33 043 48.9 48.92 0.00675  0.00879

(d)

E, (MeV) 7 B ¢ dE/dz (inc.) dE/dz (out.) Ap Ap
1 3.47 115 224 229.5 283.9 0.00501  0.00789
2 221 075 1.42 141.2 150.3 0.00531  0.00944
3 1.67 0.55 1.09 104.7 107.8 0.00525  0.0101
4 1.4 047 0091 84.1 85.49 0.00559  0.0106
5 1.24 041 0.8 70.8 71.48 0.00579  0.0112
6 1.08 035 0.69 61.4 61.74 0.00570  0.0113
7 097 0.32 0.62 54.3 54.47 0.00589  0.0114
8 0.88 0.29 0.57 48.9 48.97 0.00593  0.0116

are however less obvious than the ones predicted by the
theory, likely because the low-energy electron contribution
is higher than the predicted one. Moreover, the thinnest
foil is 8 ug/cm? for the experiment and 1 pug/cm? for the
theory.

Figure 7 brings another point of view for these fea-
tures. Instead of considering the saturation thickness, the
forward and backward ratios are simply plotted as a func-
tion of projectile energy for the whole set of experimental
thickness. Now, the forward ratio is no longer calculated
with the stopping power at the “entrance” but with the
stopping power at the “exit” of the foil. Indeed, as exem-
plified by Tables 2 and 3, the slowest protons lose velocity

and their stopping power actually increases. Once more,
we observe, in particular for the thickest foil, that the for-
ward yield is not simply proportional to stopping power.

4 Conclusion

Focusing on 0.5-9.2 MeV/u protons and on an amor-
phous carbon target, we have re-analysed, in the light
of a Monte Carlo simulation, the relation between pro-
ton induced electron emission yields and proton stopping
power. We show that, due to a transport effect, no sim-
ple relation could be expected for forward emission. In
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fact, forward yields depend on the spectra in energy and
angle of the primary electrons, on one hand, and on the
target parameters that characterise electron transport, on
the other hand. Although some of these effects are qual-
itatively included in the macroscopic model proposed by
Koschar et al. [18], the rough assumptions prevent it from
correct predictions, in particular for large thickness. We
evaluated the reliability of our simulation through a com-
parison with experimental data of yield evolution with
foil thickness, and predicted the ratios of yields and stop-
ping power. We confirmed and explained the proportion-
ality between backward yield and stopping power. We also
confirmed the experimentally observed proportionality for
forward yields in the specific range of foil thickness used in
previous experiments. However, Ar generally depends on
the target thickness and on proton energy and it cannot
be considered as a material parameter even for protons.
The new experimental data that we obtained for a set
of amorphous carbon foil thicknesses confirmed nicely the
theoretical predictions. The main reason for this behaviour
of A is that the forward electron emission is made of fast
electrons coming from deep layers, which add to each other
until the saturation thickness is reached. This theoretical
result could easily be checked experimentally to establish
it definitely.

Beyond the field of proton induced electron emission,
this work is of interest for heavier projectiles. Indeed it
had been mentioned that for swift heavy ions the lack
of the proportionality relation between forward yield and
stopping power [37] was likely due to charge effects [34,
35]. This interpretation was proposed from a comparison
of experimental data obtained with different foil thickness
for protons and for heavy ions. For this reason, we sug-
gest that the effects of transport we considered in this
work should play an important role in this comparison.
It would be interesting to compare the ratio Ag for dif-
ferent atomic number of the projectiles but in the same
experimental conditions (nature and thickness of the foils,
vacuum conditions). It would allow one to properly estab-
lish the respective contributions of high charge effects and
of transport effects.
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