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We report observations of backward and forward electron emission by a thin silicon crystal target traversed
by 29 MeV/u Pb56+ incident ions. For each incident ion we have performed measurements of backward and
forward electron emission, of the energy loss and of the charge state of the transmitted ion. The crystal target
was traversed by incident ions either in random incidence or in axial alignment conditions. In both cases these
correlated measurements bring original information on electron emission. In random conditions, using an
incident ion species with a charge quite far from equilibrium, we observe correlations between backward and
forward electron emission, that we understand when analyzing the associated charge exchange and energy-loss
data. In channeling conditions, we added electron emission measurements to simultaneous energy-loss and
charge state measurements(that are known to characterize quite precisely the type of trajectory of a projectile
transmitted through a thin crystal). This allowed us to observe the reduced electron emission due to hyper-
channeled ions, that interact mainly with target valence electrons, and also the enhanced electron emission due
to projectiles entering the crystal very close to atomic strings.
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Electron emission from solid surfaces under bombard-
ment of fast charged projectiles is a direct consequence of
the process of electronic energy loss by the projectiles. Ion-
izing collisions with target atoms produce primary electrons
that may induce secondary electrons(cascade multiplica-
tion). Primary and secondary electrons may leave the solid if
they happen to reach the surface with the minimum required
energy. The energy spectrum of emitted electrons is essen-
tially a continuum, extending up to aroundEM, the maximum
energy that can be transferred during a close encounter with
an electron at rest.

If the target is a single crystal, electron emission yields
are expected to be modified by channeling effects. Most
channeling studies have been performed using thick targets
bombarded by low-energy heavy ions[1], and showed a
strong reduction of electron yields in alignment conditions.
Zhaoet al. [2] have observed channeling effects on electron
emission by 1-MeV protons traversing a think100l silicon
crystal and measured yields equal to,0.6 times the yields
measured in random conditions, both for backward and for-
ward emission. Recent channeling studies, performed on
thick crystals with faster heavy projectiles by Kudo and co-
workers [3–5], were devoted to the spectrometry of high-
energy electrons and the main observed feature is the strong
reduction of electron yields aboveEM, those electrons result-
ing from binary interactions with fast inner-shell target elec-

trons. These latter experiments were not dealing with low-
energy electrons, which, however, represent by far the largest
part of the emitted electrons. Yet they suggest that channel-
ing effects vanish for low-energy electrons and that the ori-
entation effects on the mean electron multiplicity should be
small. However, even if there were no overall effects on the
electron multiplicity, the electron emission for each incident
projectile is expected to depend on its particular trajectory in
the crystal, a feature that is one of the goals of this paper. We
present here the most striking results of this original experi-
mental study, in which we have performed event-by-event
measurements of secondary electron emission(mainly low-
energy electron multiplicities) under impact of fast heavy
ions in axial and planar alignment conditions as well as for
random orientation of a thin silicon crystal: for each heavy
ion sent onto the crystal we measured simultaneously the
electron multiplicities of backward and forward emissions
(from the entrance and the emergence surfaces, respectively),
as well as the charge state and the energy loss of the trans-
mitted ions.

The incident projectile(species and energy) was chosen to
be far from charge equilibrium in random conditions. In our
experiment carries much more electrons than in its charge
state at equilibrium. Then the dominant charge exchange pro-
cess in the target is electron loss. Such a situation is quite
useful both in random conditions, as we will see, and in
alignment conditions because it allows us to characterize
rather precisely the trajectory of projectiles as their energy
loss and their charge state at emergence are tightly connected*Electronic address: c.ray@ipnl.in2p3.fr
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to their transverse energy1 [6,7]. Although this work was
initially devoted to crystal orientation effects on electron
emission, the preliminary study performed in random condi-
tions appeared to bring valuable information and will be pre-
sented in detail. As for experiments in alignment conditions,
we present the most interesting cases of axial alignment: the
case of hyperchanneled projectiles that experience a very low
electron density throughout the crystal, and the case of near-
zero impact parameter projectiles that enter the crystal in
regions of high atomic and electronic densities.

The experiment was performed at the GANIL(Caen) fa-
cility. A tightly collimated beam of 29-MeV/u208Pb56+ ions
was sent in the SPEG beam line onto a 0.79-mm-thick k100l
silicon single crystal held by a two-axis goniometer. The
crystal was chosen thin enough to induce a negligible trans-
verse energy increase during the target traversal in alignment
conditions. The crystal was tilted at 45° in such a way that
the beam could be oriented along various directions around
the k110l axis. The tilt angle was needed for electron detec-
tion, using the technique introduced by Yamazaki and Kuroki
[8], as well as the setting of the crystal at a negative potential
−V0 sV0,10 kVd. A silicon detector, Si-in, located at 135° to
the beam direction and then facing the entrance surface of
the crystal, was grounded in order to attract all low-energy

electrons emitted in any direction. A second grounded silicon
detector, Si-out, located at 45° to the beam direction and
facing the emergence surface of the crystal detected forward
emitted electrons. In order to avoid pile-up problems the in-
cident beam intensity was kept below 104 particles/s. For
each detector, calibrated with a241Am source, and for each
projectile, the valuen of the multiplicity is deduced from the
theoretical signal amplitudeneV0 (e being the elementary
charge). However, it is known that a fraction of electrons
(,15% for V0=10 kV) are backscattered out of the detector
[9]. As a consequence the measured value of multiplicities
are somewhat below the real values. This is of minor impor-
tance when one compares multiplicities obtain with a given
detector, but must be kept in mind when one compares back-
ward and forward emissions.

The projectiles emerging from the crystal were charge and
energy analyzed in the high-resolution magnetic spectrom-
eter of the SPEG beam line, in which the ions were detected
by a drift chamber. The measured full width at half maxi-
mum (FWHM) of the direct beam peak was 0.3 MeV. This
energy resolution allows us to measure the energy losses in
this thin crystal(the energy loss in random conditions was
about 15 MeV for an effective path of 1.12mm). Each event
was triggered by the detection of a transmitted ion, and con-
tained information on the corresponding charge state and en-
ergy loss, together with the multiplicities of low-energy elec-
trons emitted at incidence and emergence. This provides
detailed insight into the dependence of secondary electron
emission upon entrance or emergence conditions. We first
present the results obtained for random incidence conditions,
that not only will be needed as a reference for the channeling
study to follow, but also happen to contain interesting fea-
tures that link electron emission, energy loss, and charge
exchange of fast heavy ions in solids.

In Fig. 1 we show the charge distributions of transmitted
ions for a random crystal orientation. This charge distribution
appears Gaussian like and centered around a mean charge of
68.5, much higher than the charge state at incidence. Accord-
ing to measurements performed with Pb ions of the same
energy in aluminum targets[10], that yielded an equilibrated
mean charge of 71.5 for target thicknesses above,4 mm,

1In conditions of alignment with an axial or a planar direction, the
transverse energy of a projectile of given charge and of energyE is
the sum of its potential energy in the axial or planar continuum
potential and of its transverse kinetic energyEf2, wheref is the
instantaneous angle between the projectile trajectory and the axial
or planar direction. The transverse energy of a projectile can be
considered to be constant during the traversal of a thin crystal and is
then determined by the entrance conditions of the projectile into the
crystal (i.e., the distance to the nearest atomic string or plane, and
the angle between the direction of incidence and the axial or planar
direction). The smallest transverse energies correspond to the best
channeled projectiles(call hyperchanneled in the axial case when
they are confined to one axial channel). Projectiles that enter the
crystal at zero degree and very close to an atomic string or plane
have a so-called critical transverse energy that is equal to the height
of the continuum potential barrier.

FIG. 1. Charge-state distributions for 29
-MeV/u Pb56+ incident ions transmitted after a
path of 1.12mm in silicon, in random conditions
and for k110l alignment.
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the charge equilibrium in silicon should be around 71. Equi-
librium is still not reached over the 1.12-mm path in the
present distribution.

Nonequilibrium also clearly appears in electron emission
measurements, as illustrated in Fig. 2, both for backward
[Fig. 2(a)] and forward[Fig. 2(b)] emissions. In the insets we
show, as examples, the amplitude spectra given by the detec-
tors Si-in and Si-out in coincidence with the detection of
transmitted 691 ions. The yield associated to each spectrum
is the mean number of electrons emitted per incident projec-
tile. The electron yields are of about 70 and 190 electrons for
the backward and the forward emission, respectively. These
values(and their ratio), are compatible with available experi-
mental values obtained in other conditions[11]. The multi-
plicity distributions appear slightly skew; the tail on the high
multiplicity side is known to be due to the rare violent binary
collisions with target electrons(d electrons) that may induce
large electron cascades. The results presented in Fig. 2 show
that both backward and forward electron yields depend on
the charge state at emergenceQout. In Fig. 2(a), the very
weak but significant increase withQout of the backward
emission looks rather surprising since backward emission is
essentially composed of low-energy electrons that are ex-
pected to originate from a few tens of angstroms, i.e., from a
depth much smaller than the target thickness. The observed
increase can be understood if considering that charge state
equilibrium is not reached at emergence: schematically, 561
incident ions steadily increase their charge state up toQout.
Then, on the average, their charge-state increase in the en-
trance region is larger for higher values ofQout. As a conse-
quence the energy loss in this region(due to the dependence
of energy loss on the ion charge) and thus the backward
emission are also larger for higher values ofQout. Moreover,
this weakQout dependence may also be partially due to the
contribution of the electrons removed from the projectiles in
the same region.

As for forward emission[Fig. 2(b)], a stronger increase of
the electron yield is observed whenQout increases. As shown
on the figure the yield does not follow a law inQout

2 but a law
in sQout

2 +Q0
2d, with a Q0 value(55.2) that is close enough to

the initial charge state to allow us to conclude that the whole
target(or at least a very large fraction of it) contributes here
to the forward electron emission. This is compatible with
previous studies devoted to the dependence on the target
thickness of electron emission induced by heavy ions in car-
bon targets[11]. Such observations do indeed demonstrate
unambiguously that forward electron emission does not
originate only from the vicinity of the exit surface.

The same linear dependence onsQout
2 +Q0

2d is observed for
the mean energy loss of transmitted ions. However the most
interesting feature appears when examining energy loss spec-
tra, as illustrated by Fig. 3. Here we show as an example the
energy spectrum of ions transmitted withQout=69 [Fig.
3(b)]. The FWHM of this Gaussian-like peak is about
1.3 MeV, which is almost twice the width expected from
straggling effects due to collision statistics. This broadening
must be attributed to charge changing processes, and more
specifically to the fluctuations of the depths at which succes-
sive electron loss events take place in the target. This is also
the origin of the effect illustrated in Fig. 3(a), where we give
backward and forward electron yields associated with the
transmission of ions withQout=69 that have lost various
amounts of energy as indicated on the energy-loss spectrum
of Fig. 3(b). Both backward and forward electron yields are
seen to increase with energy-loss, a dependence that is ob-
served also for the otherQout values. The reason is that, for a
givenQout value, projectiles that lose more energy must have
had a higher mean charge state inside the target and then
emit more electrons, both backwards and forwards. An inter-
esting consequence of the above effect is that we do observe
a correlation between backward and forward electron emis-
sions for a givenQout value. Such a correlation had been
already observed some years ago by Yamazakiet al. [12]
with 1.8 MeV-Ar ions bombarding thin carbon foils, and ten-
tatively explained by the authors as resulting from the con-
version of bulk plasmons into electron-hole pairs. In spite of
the fact that the transmitted Ar ions in Ref.[12] were charge
equilibrated (contrary to the transmitted Pb ions in the
present experiment), charge changing and energy straggling
could well offer an alternative explanation for the correla-
tions they observed.

FIG. 2. Random crystal orientation:Qout de-
pendence of(a) backward and(b) forward elec-
tron yields(expressed in number of electrons per
projectile). Insets show electron multiplicity dis-
tributions for Qout=69. See text for explanation
of fits.
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The study of electron emission for incidence directions
close to axial or planar orientations, combined with energy
and charge measurements, leads to more specific conclu-
sions, thanks to the precise knowledge of the trajectories
throughout the crystal. Here we discuss only features ob-
served in axial alignment. In Fig. 1 we show the charge
distribution of the projectiles transmitted in conditions of
alignment with thek110l axial direction. The broadness of
the distribution reflects the variety of the entrance conditions
of the projectiles into the crystal. The most abundant is the
fraction 56+(about 50%) due to well channeled particles that
entered the crystal far from atomic strings: they stay frozen
in their initial charge state because they avoid nuclear impact
ionization and experience only low electron densities, which
reduces electron loss drastically(note that a small fraction of
them emerge as 55+ ions, that we ascribe to a mechanical
capture event in one of the two thin amorphous layers on the
crystal surfaces).

The increasing charges correspond to ions with increasing
transverse energies that experience increasing electron den-
sities and thus have increasing electron impact ionization
rates. The high charge state side corresponds to unchanneled
projectiles that entered the crystal close to an atomic string
and that can lose(and capture) electrons in binary collisions
with target atoms. Contrary to previous channeling studies
using also fast incident heavy ions with many electrons[6,7],
where the unchanneled component mimics the random
charge distribution, this component here extends not only
beyond the observed random orientation distribution but also
beyond its expected position at charge equilibrium. This re-
sult shows that charge exchange processes are enhanced for
projectiles that spend part of their path close to atomic rows,
where nuclei and electron densities are large. The main re-
sult, however, is that electron loss is enhanced more than
electron capture. We attribute this to a “superdensity” effect,
that results from the high collision frequency near the atomic
rows where the charge exchange events take place. Analo-
gous to the well known density effect[13] responsible for the
differences in the charge state distributions of slower(a few
MeV) heavy ions after traversal of gas and solid targets, this

orientation effect is based on the strong reduction, with re-
spect to random conditions, of the mean time interval
s5310−18 sd between two successive collisions of the pro-
jectiles with target atoms in atomic rows. This may increase
the mean electronic excitation of projectile bound electrons
and then increase their probability to be lost. This effect is
observable here because of the thinness of the crystal, that
leaves no time to a projectile of high transverse energy to
change its transverse energy and then to explore uniformly
the transverse space. We will describe these effects in more
detail in a forthcoming paper.

The electron emission yields fork110l alignment depend
strongly on theQout value, i.e., on the transverse energy of
the projectiles in the crystal. They are smaller than in random
conditions for well channeled projectiles and much higher
for high transverse energy projectiles emerging in a high
charge state. However, the overall effect ofk110l alignment
is rather small, since the yields, integrated over all transmit-
ted ions, are measured to be 0.9 and 0.6 for backward and
forward emission, respectively, in units of the total yield
measured for a random crystal orientation. Parts of our re-
sults are given in Fig. 4, where we show backward and for-
ward electron multiplicity distributions and energy-loss spec-
tra, obtained for transmitted ions ofQout 56 and 72,
respectively. For comparison the spectra obtained in random
conditions forQout=72 are also shown.

First we consider energy-loss: the measured energy loss of
well channeled projectiles frozen in their initial charge state
56 is much smaller than the random energy-loss. There are
two reasons for that: the first one is the well-known property
of channeled projectiles to encounter lower target electron
densities than projectiles traveling in random conditions. The
second reason is theQ2 dependence of energy-loss: other
things being equal, 56+ ions lose less energy than ions in-
creasing their charge in the target from 56 to 72. In order to
determine the reduction factor of the energy-loss rate due to
the specific trajectories of channeled ions, it is necessary to
remove the charge dependence of energy loss from measured
values, what we did using thesQ0

2+Qout
2 d law discussed

above. Then we obtain the “charge-corrected” energy-loss

FIG. 3. Random crystal orientation, for
Qout=69: (a) variations of backward(full square)
and forward (full circle) electron yields (ex-
pressed in number of electrons per projectile)
with the energy loss in the target, the spectrum of
which is given in(b).
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spectra of Fig. 4, where “corrected” energy-losses are ex-
pressed in units of the mean random energy loss. Whereas
the mean reduction factor is,50% for 56+ ions, the reduc-
tion factor for hyperchanneled ions that lose the smallest
amount of energy(see the enlargement the spectrum in the
inset of Fig. 4) is about 0.35, in agreement with a wealth of
published data, the most often obtained with lighter bare
ions.

On the other side, the 72+ ions transmitted in axial align-
ment conditions are nonchanneled projectiles that entered the
crystal very close to a string of atoms, where the energy loss
rate is very large(Vickridge et al. [14] have measured an
enhancement of,8 for the energy loss of MeV protons in
k110l atomic strings of an aluminum crystal). In the broad
energy-loss spectrum of Fig. 4, the mean value is 1.45 times
the energy loss of 72+ projectiles transmitted in random con-
ditions, and the enhancement factor is seen to reach more
than 2.5 for some projectiles. Monte Carlo simulations have
shown that 29 MeV/u Pb projectiles entering along ank110l
atomic string of silicon at zero impact parameter leave the
string (i.e., depart from the string by more than the vibration
amplitude of Si atoms) after ,500 Å on the average. A
rough estimate shows that the factor 1.45 may result from an
energy-loss enhancement of,10 over the first 500 Å asso-
ciated with a “random” energy loss in the rest of the crystal.
In the same way the factor 2.5 may result from the same
enhancement of,10 over the first 500 Å, and over the
,1000 Å length of a second close interaction with an atomic
string deeper in the crystal.

As for electron emission, we first consider the case of
561 ions that represent about 50% of the transmitted beam.
The backward and forward emission yields associated with
frozen 561 emergent projectiles are 55 and 92, respectively,
i.e., about 0.75 and 0.5 times the yields observed in random
conditions. This illustrates clearly the fact that electron emis-
sion is tightly connected to energy loss. Qualitatively, the
reduction of close encounter ion-electron collisions(which,
on the average, produce forward directed electron cascades)

affects the forward emission more than the backward emis-
sion. We also show, in Fig. 4, the multiplicity distributions
associated with the transmitted 56+ ions of the so-called
leading edge(shaded part of the energy loss spectrum), that
represent about 5310−3 of the transmitted beam. They are
then the very best hyperchanneled projectiles and sample a
very small target electron density. The associated backward
and forward yields(47 and 76e−, respectively) are only
slightly lower than the yields associated with the whole 56
+ charge fraction that samples a much higher electron den-
sity in the crystal(the ratio of the above electron densities is
larger than 5). This demonstrates that electron emission is
not only dependent on the local electron density but that
distant collisions must also be considered, as for energy-loss.

In particular, one can expect that collective excitation of
the target electron gas plays a dominant role in electron
emission by hyperchanneled projectiles, as it does for
energy-loss. If this process were exclusive, electron emission
following plasmon decay should have the property of
backward-forward symmetry. As our experimental geometry
and the frozen charge of hyperchanneled projectiles respect
this symmetry, one should measure equal yields for back-
ward and forward electron emission in this case. We do not
observe this(even if — as mentioned above — one must be
careful in comparing backward and forward yields) but
rather measure a larger forward emission, even if the ratio of
the forward yield over the backward yield is somewhat
smaller than in random conditions. The persistence of this
asymmetry between backward and forward emission by hy-
perchanneled projectiles can be understood as follows: for
those highly charged projectiles, binary collisions with large
energy transfers may involve target electrons far from their
trajectories[6,15], i.e., far from the center of thek110l chan-
nel. Moreover, the electron emission from the thin amor-
phous surface layers may bring a small contribution to the
observed asymmetry.

Comparing quantitatively the yields obtained for hyper-
channeled projectile to yields obtained in random condition
is a difficult task that would require more experimental work.

FIG. 4. From left to right: distributions of backward and forward electron multiplicities and corrected energy loss spectra(see text)
associated with ions incident along thek110l direction and transmitted with charge states 56(top) and 72(bottom), respectively. For 56+ ions
the electron multiplicity distributions of hyperchanneled ions(with the most reduced energy loss, see top-right inset) are shown. For 72+ ions
the spectra obtained in random conditions are also shown.
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The reason is mainly that the energy distribution of electrons
set in motion following plasmon decay is probably quite dif-
ferent from the distribution resulting from binary collisions
(particularly for backward emission). As a consequence the
regions of the crystal involved in electron emission must be
different in the two cases. For forward emission the situation
is further complicated by its dependence upon the target
thickness and the ion charge state at emergence.

As for electron emission associated with 72+ emergent
ions, the multiplicity distributions shown on Fig. 4 are very
broad, with yields of 142 and 241e− for backward and for-
ward emission, respectively. The increase with respect to
random values associated with the same emergent charge
72+ is particularly spectacular for backward emission, which
is enhanced by a factor,2 on the average. The enhancement
reaches values up to 3, that are associated with projectiles
that enter the crystal near a string of atoms and that have, as
discussed above, a very high-energy-loss rate when they en-
ter the crystal. The forward emission is also significantly
enhanced with respect to random conditions, but less than
backward emission. This was expected since we already
know that the whole target contributes to forward emission.
This is also the reason for which the distribution of forward
emission multiplicity and energy loss are quite similar. How-
ever, it must be noted that the enhancement of the most prob-
able energy-loss, with respect to the random case, is larger
than the most probable forward emission multiplicity. This
shows that the contribution of the projectile entrance region
to forward emission is significantly attenuated for the 1
-mm-thick crystal target used in our experiment. Moreover,

as for energy-loss, the high multiplicity tail corresponds to
projectiles that suffer a second close interaction with an
atomic string in the crystal bulk.

To conclude, we have observed electron emission from a
thin silicon crystal under impact of fast Pb ions. We have
clearly shown how electron emission induced by a fast heavy
ion in a thin solid target is correlated to its energy loss and to
its charge state at emergence, both for a random orientation
of the crystal and for axial alignment conditions. In particu-
lar we have performed an observation of electron emission
by hyperchanneled projectiles and by projectiles entering a
crystal close to an atomic string. We show in particular
which electron emission by hyperchanneled projectiles is
strongly reduced with respect to random conditions, even if
the specific emission resulting from plasma excitation has
not been fully isolated. More work should be needed for this,
that could involve lighter incident species or varied crystal
thicknesses and that should shed additional light on the elec-
tron excitation processes in solids.

Moreover, our results show that electron emission, and
specially backward emission, is very sensitive to the type of
trajectory of the projectile in alignment conditions, and may
then provide a precise way of determining the entrance con-
ditions of projectiles in a crystal.
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