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Influence of Nuclear Track Potentials in Insulators on the Emission of Target Auger Electrons
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The angle, energy, and fluence dependence of electron emission following the interaction of normally
incident 100-MeV Ne®* ions with thin polypropylene foils and 170-MeV Ne’™ projectiles with Mylar
foils has been investigated experimentally. Spectra were taken for electron ejection angles of 0°, 45°,
and 120° at fluences in the range of 2x10'} to 4x10'S ions/cm?. A fluence-dependent carbon KLL
Auger energy shift of up to 68 eV was observed. Model calculations for the nuclear track potential are

consistent with the experimental findings.

PACS numbers: 61.80.Jh, 79.20.Nc, 79.60.Eq

Nuclear track structures have been investigated for
several decades. However, not much is known about the
behavior of the solid during the first few femtoseconds
after interaction with a fast heavy ion. Especially at en-
ergies of a few MeV/u, heavy ions produce a high degree
of ionization and excitation in the solid. This may result
in different types of defects along the projectile path. In-
vestigations of conducting materials, especially of metal-
lic glasses, have shown that the electronic energy loss of
fast heavy ions may result in a plastic deformation of a
solid [1]. For a more quantitative elucidation of this
plastic deformation process or of the track formation in
general [2], it is necessary to determine the ion-induced
track potential, the corresponding electric field strength,
and the lifetime of this field. In this work a first attempt
is made to determine the track potential in the case of in-
sulators. It will be shown that the nuclear track potential
results in a considerable shift of target Auger electron en-
ergies.

We investigated the carbon K Auger structure induced
by normally incident 100-MeV Ne’* ions on polypro-
pylene (PP) and 170-MeV Ne’* ions on Mylar foils.
The experimental setup is similar to the one described in
Ref. [3]. It consists mainly of an electrostatic tandem
electron spectrometer, which may be moved around the
target center in a magnetically shielded scattering cham-
ber. All measurements were conducted at the VICKSI
heavy-ion accelerator of the Hahn-Meitner-Institut Ber-
lin GmbH.

Thin target foils of 140 £ 10 ug/cm? were used, so that
the incident ions only lose a small part of their initial en-
ergy in traversing the target. In order to avoid macro-
scopic charging of the foils or foil temperature in excess
of 50 or 60°C, about 20 ug/cm? of Al was evaporated on
the foils. This conducting film was placed on one side of
a foil and spectra were taken for electrons ejected from
the other side. In order to reduce the temperature load
and to achieve a high accuracy for the determination of
the ion fluence, a custom-made target wobbler was used
in the 100-MeV Ne®* experiment. The motion of a tar-
get frame was synchronized with the energy scan of the
electrostatic electron spectrometer. Thus, all points of an
electron spectrum correspond to the same fluence and to

the same number of incident ions. The ion current was
varied between 0.3 and 2 particlenA.

Using two surface-barrier detectors to measure nuclear
reaction products at angles of 28° and 60° with respect to
the incident beam, the foil composition was monitored
simultaneous to the measurement of the electron spectra.
At a scattering angle of 28° we observed high-energy re-
action products below 70 MeV. These particles stem
from quasielastic Ne+C reactions, as was estimated with
kinematic formulas. Thus, the number of fast reaction
products was used to determine the carbon contents of
the foils. Using C and PP targets of different thicknesses
for calibration, we could determine that the particle spec-
trum at 60° includes a 50% contribution from the Ne+H
reaction at energies below 20 MeV. This contribution is
due to (p,a) and quasielastic reactions. Figure 1 displays
the relative C and H contents of PP (C3Hg) as a function
of the fluence. It is seen that the number of C and H
atoms per cm? is continuously decreasing. Most likely
this is due to a reduction of the foil thickness. The H
content is decreasing much faster than the C content.
This is known as carbonization and leads to an increased
conductivity of the material [4]. The resistivity of poly-
mer samples usually drops by several orders of magni-
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FIG. |. Relative H and C contents of polypropylene samples

irradiated with 100-MeV Ne®* ions as a function of the
fluence. The solid lines are drawn to guide the eye.
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tude. As known from previous investigations [5], the car-
bonization is accompanied by a blackening and a com-
paction of the target samples. The compaction could be
observed in this work at fluences as low as 2x10'* ions/
cm?. The color of the foils turned to light brown at
fluences of about 10" jons/cm? and they were nearly
black at the highest fluences above 3x10'° ions/cm?2. For
even higher fluences the samples broke apart due to
mechanical stress. At this point it should be emphasized
that the chemical processes leading to the carbonization
are of minor importance for the understanding of the
short-time processes during the penetration of the solid
by a fast heavy ion. From an auxiliary residual-gas anal-
ysis with a quadrupole mass spectrometer we determined
the ratio of the losses of H to C atoms during the irradia-
tion to be 6.7 in the case of 100-MeV Ne’* projectiles.
This is consistent with the data displayed in Fig. 1.

Figure 2 displays three electron spectra for the passage
of 100-MeV Ne’? ions through a carbon foil and a po-
lypropylene foil at two different fluences. The PP foil
spectra for low fluences are dominated by the carbon K
Auger peak at 180 eV. This peak is shifted towards
higher energies when the fluence is increased. In the case
of carbon foils, the peak energy is similar to atomic
Auger energies. The low-energy tail of the peak corre-
sponds to emission of Auger electrons from up to 20 A
below the surface. The deeper the electrons are produced
inside the solid the more energy they lose on their way to
the surface. In auxiliary measurements it was verified
that the PP spectra depend on the observation angle and
on the fluence, but not on the ion current. Thus, macro-
scopic charging of the sample does not take place. Con-
sequently, the shift of the Auger peak can be assigned to
the influence of a single track, in the case of low fluences.

Figure 3 displays the Auger energy shift for different
ejection angles as a function of the fluence. The relative
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FIG. 2. Electron energy spectra taken at an ejection angle of
120° for 100-MeV Ne®* ions on thin target foils. Solid line,
20-ug/cm? C; squares, 1.55-um polypropylene at a fluence of
1.1x10' ions/cm?; triangles, 1.55-um polypropylene at a flu-
ence of 3.6x10'3 ions/cm?2.

position of the PP K Auger structure was determined by a
fit to the corresponding carbon-foil spectra. Asymptotic
energy shifts for zero fluence are 68 =4 eV at 120° and
35+ 3 eV at forward angles. The asymptotic value for
0° Auger electron ejection in the 170-MeV-Ne’"
+Mylar experiment is 32+ 4 eV. It is seen from Fig. 3
that the energy shift tends to zero in the limit of high
fluences. The lowest measured shift is 1 +0.5 eV at
3.1x10' jons/cm?2. At this fluence the ratio of H to C
atoms is reduced by a factor of about 2.5 compared to
C;3Hg, as may be extracted from Fig. 1. However, the
chemical environment affects the carbon K Auger peak
energy by only about 5 eV or less [6]. Therefore, we con-
clude that the transition from an insulator to a conduct-
ing material is responsible for the fluence dependence of
the PP spectra.

In an insulator, recombination processes are strongly
suppressed. Thus, for an inner-shell excited carbon atom
inside a PP environment there is a high probability that
its charge state is conserved during the decay time. The
direct carbon L-shell ionization probability is about 0.48
[7] for a single electron in 100-MeV-Ne®*+C collisions.
Also, taking into account that an Auger decay is only
possible when there are at least two electrons left in the L
shell, the most probable K Auger states in an insulator
are 15252, 1s2s2p, and 1s2p2. The Auger energy for the
transition from 1s2s2p to 1s2 to 22.6 eV lower than the
energy of the corresponding diagram lines. This was cal-
culated with the atomic Hartree-Fock code by Cowan
[8]. If the initial state is given by a four-electron con-
figuration, the Auger energy is reduced by only about 10
eV. In a conductor, recombination can take place before
the Auger transition. This results in a population of the
1s2522p? initial state and leads to an energy shift with
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FIG. 3. Fluence dependence of the carbon K Auger energy
shift of 1.55-um polypropylene foils irradiated with 100-MeV
Ne®* ions. The measurements were conducted at electron ejec-
tion angles of 0° (open triangles), 45° (open squares), and at
120° (solid triangles and circles) for two target samples. The
solid lines are drawn to guide the eye.

629



VOLUME 69, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JULY 1992

respect to an insulator. In total one may estimate a shift
of less then 25 eV (the most probable energy shift is 18
eV) due to suppressed recombination and the presence of
either hydrogen or carbon atoms near the Auger atom
(chemical shift). The maximum observed shift is too
large to be justified by the effects discussed above. Thus,
the origin of the remaining shift of about 50 eV must be
explained.

In the following, it will be shown that this contribution
of the Auger energy shift (about 50 eV) is due to the
track potential. A highly charged ion produces a large
amount of electronic vacancies on its way through the
solid and any Auger electron which is ejected near the
track will be decelerated according to the resulting track
potential. In order to estimate the distribution of vacan-
cies and trapped electrons inside the solid, transport
theory has to be applied. Therefore, we extended the
well-established Monte Carlo code TRIM [9], originally
made for transport of ions in matter. The necessary
modifications are as follows.

(i) The PP target is simulated by a statistical ensemble
of screened carbon atoms (3 atoms per unit volume) and
hydrogen atoms (6 atoms per unit volume). In addition
twelve electrons with a binding energy of 11 eV, six elec-
trons with a binding energy of 18 eV, and six electrons
with a binding energy of 270 eV are introduced in the
target description. There are no explicit internal atomic
energy losses in this model, since all particles may lose
their energy via binary collisions with target electrons or
atoms. Collective excitations, e.g., plasmon creation [10],
are neglected in the model and are expected to increase
the electronic stopping power by only 10% or less [11,12].

(ii) Collisions between two electrons are described by
Rutherford cross sections with a cutoff impact parameter,
whereas all other cross sections are based on screened po-
tentials. It was verified that the resulting track potential
is rather insensitive of this cutoff.

(iii) In order to simulate the electronic target struc-
ture, excitation of inner-shell electrons into occupied
bands is suppressed, simply by skipping the corresponding
binary collision. This is necessary, since in general a clas-
sical collision theory incorporates neither quantized tran-
sition energies nor the Pauli exclusion principle.

The track potential V7(R) was computed from the
spatial charge density of electronic vacancies p,(r) for all
bands and from the charge density of stopped electrons
ps(r) via

po(r) —ps(r)
IR—r|

The maximum potential inside a PP foil of 10000 A is
about 35 eV according to the above described model. A
closer examination of the numerical integral in Eq. (1)
shows that the dominant part of the potential is of short-
range type with a typical range of 20 A. This range is
somewhat larger then the so-called infratrack, where the
primary ion-solid interaction dominates the creation of
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VT(R)=fdr , for [IR—r|>15A. (1)

defects. The radius of this cylinder is equal to the ion ve-
locity in atomic units [13]. Thus, the radius of the infra-
track is 7 A for the present case. The calculated track
potential drops to about half its maximum value near
both surfaces. Since carbon Auger electrons may escape
the surface only from a depth of up to 20 A, an average
Auger energy shift of 20 eV may be extracted from the
results of the calculation.

A comparison of ionization cross sections for 100-
MeV-Ne®* +H collisions calculated using the quantum-
mechanical plane-wave Born approximation (PWBA)
[14] for the three-body problem with binary-encounter
(Rutherford) cross sections shows that the production of
zero-energy electrons is underestimated in our Monte
Carlo code by a factor of 5.2. In an earlier investigation
we have shown that experimental electron energy spectra
for 100-MeV-Ne'®*+He collisions agree with PWBA
cross sections to within 30% [15]. Since low-energy elec-
trons are most important for the short-range potential,
the classical Monte Carlo result for the track potential
should be too low by a factor of 2 to 5. An additional
reduction of the potential of the order of 25% is expected,
since our theoretical estimate does not incorporate either
collective excitations in the electron energy loss [10,16] or
the interaction of directly ionized electrons with the track
potential [17]. Based on this, the origin of the additional
Auger energy shift of 50 eV is consistent with a dominant
contribution due to the track potential. Using the calcu-
lated range of 20 A, the track potential is equivalent to
an average radial electric field strength on the order of S
V/A inside the solid.

From the above discussion it becomes clear that the
measured maximum Auger energy shift is mainly due to
the track potential and that the fluence dependence of the
shift is correlated to recombination processes in the car-
bonized environment of a track. Since the solid is com-
pletely carbonized in the limit of high fluences, the PP
Auger spectra become nearly identical to the correspond-
ing carbon-foil spectra. In this limit recombination takes
place within less than 100 a.u., i.e., before the Auger de-
cay. Therefore the carbon K Auger energies from solid
carbon, irradiated PP (see Figs. 2 and 3) and singly ion-
ized atomic carbon [8] are equal to within less than 5 eV.
[t is emphasized that the measured carbon-foil Auger en-
ergies for forward and backward angles are identical to
within an experimental uncertainty of 0.5 eV. Howev-
er, this is not the case for the PP spectra at low fluences.

As it was found recently [3], Auger electrons in the
forward direction are partially produced [(20-50)%] via
electron-electron collision cascades. A significant part of
these electrons should be created far away (20 A)
from the track. Thus, they will not be affected by the
track potential. In order to test the influence of electronic
collision cascades on the results presented in Fig. 3, we
fitted the sum of a shifted and an unshifted carbon-foil
Auger spectrum to the PP spectra at forward angles. The
results of this multiparameter fit indicate that only about
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15% of the Auger electrons are created far away from the
track and that the Auger energy shifts displayed in Fig. 3
are 3 eV too low at forward angles and low fluences.
Hence, the forward-backward asymmetry of the PP
Auger energy shift is not due to electronic collision cas-
cades. Furthermore, it is emphasized that the initial
charge state g; =9 is nearly equal to the mean final
charge state gq;y=9.1, as determined in an auxiliary
charge-state analysis [18]. Thus, charge-state equilibra-
tion in the foil also cannot explain the forward-backward
asymmetry.

However, with respect to the electron-hole recombina-
tion processes, which lead to a reduction of the measured
energy shift, there are significant differences between the
backward and forward surfaces.

(I) Recombination may occur along the track, since
the corresponding volume is highly ionized and might
give rise to high electron transport velocities. Typical K
Auger decay times are about 400 to 500 a.u. for highly
ionized carbon, whereas the projectile needs 2000 a.u. to
pass the solid. Thus, at the backward (ion-entrance) sur-
face the projectile is still inside the solid, when an Auger
decay occurs. However, at forward ejection the projectile
may produce a conducting track between both surfaces
before the Auger decay and recombination takes place
via the aluminum grounding plane.

(II) Recombination may also occur within the local
surrounding of an electronic vacancy, as in a conductor.
At the backward surface, secondary electrons are pro-
duced simultaneous with the Auger states and most of the
secondary electrons are ejected into forward directions.
At the forward (ion-exit) surface, these electrons are al-
ready decelerated near the Auger atom by the time the
Auger state is produced and thus recombination processes
are faster. However, from the present data it is not possi-
ble to decide which process is dominant.

In summary, we have investigated the angle and flu-
ence dependence of carbon KLL Auger electron emission
in collisions of fast highly charged Ne ions with thin po-
lypropylene samples. In comparison to graphite foils, the
measured carbon KLL Auger energies from polypro-
pylene are 68 eV lower at backward angles and low
fluences. Model calculations for the nuclear track poten-
tial are consistent with the experimentally observed max-
imum Auger energy shift. Thus, the measurement of
Auger electrons in ion-solid interactions provides a sensi-
tive tool to determine the track potential a few hundred
atomic time units after the penetration of a surface. In
the case of forward ejection or at fluences above 10'4
ions/cm? the Auger energy shift is significantly reduced
due to recombination processes. However, the details of
these recombination processes are not fully understood
and should be the subject of further studies.
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