
PHYSICAL REVIEW B VOLUME 43, NUMBER 4 1 FEBRUARY 1991

Heavy-ion-induced electron emission from thin carbon foils
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%'e have measured heavy-ion-induced (5 ~Z~ ~26; 0.3 &E & 1.8 MeV/u) secondary-electron
emission (SEE) from thin carbon foils. For all projectiles in the velocity range studied, the SEE
coefficient y (number of emitted electrons per incoming projectile) and the stopping power S have
the same velocity dependence. Similar to proton bombardment for heavy ions, we also observe a
maximum of the yield of electron emission at energies very close to the stopping-power maximum.
A systematic study of the ratio A=@/S with the projectile atomic number Z~ reveals a nonequili-
brium regime for 1 & Z & 6 ions (A decreasing with Z~) and an equilibrium regime for Z~ 6 ions
(A independent of Z~). The obtained results are discussed in the framework of an extended
Sternglass-type model, taking into account nonequilibrium projectile energy losses near the exit and
entrance surfaces of the carbon foils.

INTRODUCTION

The interaction between swift or heavy ions and a con-
densed medium can result in emission of electrons from
the solid surface. This is referred to as secondary elec-
tron emission (SEE), and the total SEE yield y is defined
as the average number of electrons emitted per incoming
projectile. Most of these electrons have energies below 20
eV and come from layers 10—20 A below the solid sur-
face. Ion-induced secondary electron emission is of in-
terest in the fields of semiconductor physics, fusion, ' the
study of radiation effects in materials, electron micros-
copy, amplification in electron multipliers, surface
analysis, ' and many more.

At high projectile velocities (u) 10 cm/s) the dom-
inant production mechanism of secondary electrons is the
so-called "kinetic ejection" mechanism, in which elec-
trons may be accelerated as a result of the interaction of
the projectile charge with the electron plasma of the solid
or from direct "binary collision" between the ion and
(nearly free) valence-band electron. In almost all theoret-
ical approaches ' the kinetic emission of secondary
electrons is considered as a three-step process. First, the
projectile transfers kinetic energy to target electrons.
Next, a fraction of these electrons moves from the bulk
toward the target surface, and finally a fraction of the
electrons reaching the surface passes though it.

Kinetic ejection of secondary electrons in high energet-
ic ion-solid collisions is strongly correlated to electronic
stopping power of the projectile at the entrance and exit
surface of the solid, and the most frequently applied
theoretical models ' consider y to be proportional to
the electronic stopping power S. Some experimental
studies' have been carried out to test whether the

theoretically predicted proportionality between y and the
electronic stopping power really exists. In order to study
the validity of this proportionality it is common practice
to define parameter A as ratio between measured secon-
dary electron yield and the stopping power value:

A=@/5 .

The proportionality was confirmed experimentally as a
function of the projectile velocity for proton bombard-
ment in a wide energy range 10 keV & E & 10 MeV.
In this case, i.e., for protons the parameter A would be
expected to depend only on target properties and may be
considered as a "material parameter. " With heavy ions
the parameter A has been found ' to be independent of
the projectile energy for sufficiently high projective ener-
gies E ) 50 keV/u. However A has been found smaller
for heavy ions (HI) than for light ions (H, He), i.e.,
A(HI) & A(He) & A(H).

In this work we present a systematic study of the
secondary electron yield y obtained with various fast pro-
jectiles 5 ~ Z ~ 26 impinging thin carbon foils in order to
determine the projectile Z dependence of the parameter
A.

EXPERIMENT

The experiments were performed at the 5-MV tandem
accelerator of the National Research Center "Demokri-
tos" in Athens. Mass-analyzed beams of B +, B,N +,
F+, F+ F+, Al+, Al+ Al+ S4+, S+ S+
S +, Cl + Cls+ Cl +, Fe + Fe + ions were sent,
through thin self-supporting carbon foils. The thickness
of the carbon foils was 20 pg/cm, large enough to en-

43 2496 1991 The American Physical Society



43 HEAVY-ION-INDUCED ELECTRON EMISSION FROM THIN. . . 2497

r = (Qt /QFc )ef +ef e;— (2)

where Q, and Q„care the charges measured at the target
and Faraday cup, respectively, qf is the mean final charge
state of the projectiles after leaving the foil exit surface,
and q, is the projectile incident charge before the foil en-
trance. The mean charge qf of the projectiles emerging
from the carbon foils were obtained from Shima et al.

sure charge equilibrium at the exit surface of the foil. A
negative voltage of 20 V was applied to the target;
enough for the electron emission y to reach a saturation
value. '

The secondary electron coefficient y has been mea-
sured as a function of the projectile nuclear charge
(5 ~ Zp ~ 26) and the projectile energy (0.3 (E( 1.8
MeV/u ) under standard vacuum conditions
(p = 1 pTorr). The experimental setup used for these
measurements is fairly simple and similar to the one de-
scribed in Ref. 27. The number of electrons emitted per
projectile ion, y, is extracted by calculating the charge
balance at the target:

pg/cm carbon foils. We observe that our values are in
good agreement with previous measurements' when data
are available. Dividing for each energy, the SEE
coefficient by the stopping power S (obtained from Ref.
30) we can deduce the ratio A=y/S. We observe for all
ions (Figs. 4 and 5) that the parameter A is independent
of the projectile velocity which means that the propor-
tionality between y and S exists at least concerning the
velocity dependence. Identical results have also been pre-
viously deduced for Li, C, and 0 ions in the same labora-
tory by Clouvas et al. , for He, Ne, Ar, Kr, Xe by
Rothard et a/. , for Cl, 0 by Shi et al. ,

' and for He, 0,
S, and I ions by Clerk et al. ' It is worth noting that the
maximum secondary electron yield for protons is reached
at an energy close to the stopping power maximum de-
pending on the target material. In the present experi-
ment, a maximum secondary electron yield was also ob-
served for F, S, and Cl ions at energies very close to the
stopping power maximum which means that also for
heavy ions the yield of electron emission has a maximum
at an energy close to that of the stopping power.

RESULTS AND DISCUSSIC)N

Figures 1 —3 present the energy dependence of the SEE
coefficient, y, for various incident projectiles on 20 sq+- c
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FICr. 1. Energy dependence of the total secondary electron
coefficient y for B and N ions impinging on a thin carbon foil.

FIG. 2. Energy dependence of the total secondary electron

coefficient y for F, S, and Al ions impinging on a thin carbon

foil. In the solid symbols the results obtained by Shi et al. (Ref.
18) are presented.
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The small but significant incident charge-state depen-
dences of y which is generally observed (Figs. 1 —3) for
almost all projectiles is expected because of charge-
exchange processes taking place in the first few mono-
layers of the foil, as well as distant Coulomb excitation of
electrons for unequilibrated charge-state ions.

In Fig. 6 we present the A parameter as a function of
the projectile atomic number. The values of A obtained
in the same laboratory with H, Li, C, and 0 ions are
also included. The values of A presented are the mean
values for each projectile obtained with various incident
projectile energies and initial charge states. The error
bars include statistical fluctuations as well as the small in-
cident charge state dependence of the total secondary
electron yield.

The first remark is that the parameter A obtained with
heavy ions (HI) is smaller to the one obtained with a pro-
ton beam. This result has also been found previously for
Ne, Ar, Kr, and Xe beams and can be explained in the
framework of an extended Sternglass-type model taking
into account nonequilibrium projectile energy losses near
the surfaces. The stopping powers usually used in expres-

sion (1) are the tabulated bulk energy-loss values and it is
now well established ' that "nonequilibrium near-
surface stopping powers" both at the upstream and
downstream surfaces of the foils are responsible for the
production of the secondary electrons in the entrance and
exit surface of the foil. The total electron yield y, due to
the small escape depth of the secondary electrons, is only
sensitive to events in the first few atomic layers at the
beam entrance and exit surface of the foil and conse-
quently to the near-surface stopping power. Furthermore
the energy loss is correlated to the nonequilibrium pro-
cess of the evolution of the ionic charge state near the en-
trance surface ' ' and to the dynamic self-screening of
the projectile by bound projectile electrons. ' An evolu-
tion of the "effective" projectile charge occurs at the en-
trance surface of the foil within some few atomic layers
until the bulk effective charge value is reached, but also
at the exit surface where a sudden change of the projec-
tile screening or a deexcitation of the projectile having
been excited inside the foil can take place. Deviations
of up to a factor of 2 can occur for heavy ions between
near-surface energy loss and the tabulated bulk energy
loss. Such reduced nonequilibrium stopping powers
near the surfaces, first introduced by Koschar and co-
workers, can be deduced from the ratio
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FIG. 3. Energy dependence of the total secondary electron
coefficient y for Cl and Fe ions impinging a thin carbon foil. In
the solid symbols the results obtained by Shi et al. (Ref. 18) are
presented.
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FICx. 4. Energy dependence of the ratio A =y /5 [S is the tab-
ulated (Ref. 30) stopping power] for B, N, and F ions impinging
on a thin carbon foil.
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FIG. 5. Energy dependence of the ratio A = @/5 [S is the tab-
ulated (Ref. 30) stopping power] for Al, S, Cl, and Fe ions imp-
inging on a thin carbon foil.

C=A(Zp ) I)/A(Z =1)

as discussed in Ref. 24. Parameter C describes in a very
general way a variety of possible physical mechanisms
that can possibly cause a projectile dependence of an
effective energy loss near the entrance and exit surfaces;
possibly, e.g. , charge exchange, screening effects, projec-
tile ionization, or even molecular orbital excitation effects
may contribute to the Z dependence.

We also observe in Fig. 6 that the A parameter first de-
creases with Z and then reaches an equilibrium value of

0

about 0.4 A/eV for Z ~6 incident ions. A correlation
analysis between the coefficient y and the stopping power
S for Z 6 incident ions (110 experimental values) give

y = (0.4+0.01 )S

with R squared (validity of the correlation) equal to 98%
and where S is given in eV/A. One must be very careful
in the precision attached to the y value deduced from ex-
pression (4). In the correlation analysis we neglected any
uncertainty in the stopping power S values which were
simply obtained from Ref. 30. It would be desirable to
have simultaneous measurements of both y and 5 at the
same target to reduce the uncertainty sources of power A.

In a previous work we indicated that for a given pro-
jectile velocity y and S do not have the same Z depen-
dence. We were partially right as we were in the Z re-
gime where the equilibrium value of the A parameter was
not yet reached. Now we know that for Z ~ 6 ions the A
parameter is independent not only on the projectile veloc-
ity but on the projectile atomic number too, a new and
surprising result which needs further investigation.

CONCLUSION
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We have studied the SEE coefficient y as a function of
the projectile atomic number, charge state and velocity.
For all projectiles in the velocity region studied, the y
coefficient and the stopping power S have the same veloc-
ity dependence. A maximum of the yield of electron
emission has been also observed for heavy ions at energies
very close to the stopping power maximum. The sys-
tematic study of the A parameter as a function of the pro-
jectile atomic number Z reveal a nonequilibrium regime
for 1 (Z & 6 ions and an equilibrium regime for Z ~ 6
ions. The obtained results can be partially understood by
the semiempirical Sternglass-type model introduced by
Koschar et al. taking into account nonequilibrium pro-
jectile energy losses near the surfaces. Further work to
explain the unanswered questions as the independence of
parameter A with Z for Z ~ 6 is in progress.
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