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Secondary electron emission near the electronic stopping power maximum

R. Neugebauer, R. Wuensch, T. Jalowy, and K. O. Groeneveld
Institut fir Kernphysik der Johann-Wolfgang-Goethe-Univetsifsugust-Euler-Strasse 6, Frankfurt am Main, Germany

H. Rothard
Centre Interdisciplinaire de Recherches lons-Laser (CEA-CNRS-ISMRA), Rue Claude Blter?@utale 5133,
14070 Caen Cedex 05, France

A. Clouvas
Department of Electrical and Computer Engineering, Aristotle University of Thessaloniki, GR-54006 Thessaloniki, Greece

C. Potiriadis
Greek Atomic Energy Commission, GR-15310 Agia Paraskevi, Greece
(Received 20 October 1998; revised manuscript received 22 January 1999

We report on measurements of light ioB=€2) and heavy ionZ=14) induced electron emission yields
from the entrance and exit surfaces of thin carbon foils near the electronic energy loss per unit path length
(dE/dx) maximum. At constantl E/dx, secondary electron yields are lower for high projectile velocities than
for lower projectile velocities. This velocity effect, which is well known for secondary ion emission, is
observed for backward electron emission for both He and Si. In the case of Si projectiles such a velocity effect
is also observed for forward electron emission. The results can be qualitatively understood in the framework of
recent electron transport and nuclear track mod&8163-182€09)08617-9

INTRODUCTION Tandem accelerator of the National Research Center of

The interaction of fast charged particles with a condense<lj:).hySICaI Sglen.ces Demokritos™ in Athens in Gr+eece f+0+r the
ilicon projectiles. Mass analyzed beams of "HeHe

matter leads to secondary particle emission. Electrons, a?— . .
oms, and molecule@eutrai or ionizeflare ejected from the (0-2—2 MeV, and S?_ (12-27 MeVf were sent through thin
entrance and exit surfaces of solids if sufficiently thin foils (500 A) self-supporting carbon foils. The thickness of the
are used. The knowledge of the mean number of electroni@rgets was large enough to ensure thiathe charge equi-
emitted per incoming projectiléhe electron yieldy) gives !|br|um of the penetrating par'ut_:_les was reached before the
important information about basic interaction mechanismdOns reached the exit surface afid full development of the
between ion and solid. Important applications concern tracR€condary electron cascade induced by high-enérglec-
formation in solids, detectors of heavy ions, and tumor treatl’ONs was achieved. The experiments were performed under
ment by heavy ion beams, just to name a few. Extensiv&igh vacuum conditionsf< 10" Pa). _ _
reviews on electron emission from solids can be found in_ The experimental setup used in Athens is the same as in
Refs. 1-3. Ref. 4. The experimental setup used in Frankfurt is almost
Electron yields were found to be proportional to the elec-identical and has been described in detail in Ref. 6. Two
tronic energy loss per unit path lengthE/dx for proton nearly closed.metal cyI|nd.e|(S|m.|Iar to Faraday cages, ex-
impact on carbon for both exit and entrance surface as funcept for openings for the incoming and outgoing ion bgam
tion of projectile velocity over a wide range of velocitits. mounted on each side of a target-foil holder were used to
For heavy ions, the ratic = y/(dE/dx) was found to in- colle_zct the secondary e_Iec_trons in forward and backward di-
crease with the projectile velocity above the stopping-powef€ctions of the target foil S|ml.JI.taneoust,. but separately. The
maximum? It should be interesting to correlate the electroncYlinders were held at a positive potentiallo=+40V to
yields anddE/dx in the projectile velocity region around the assure that all t_he secondary electrons were collected, and a
dE/dx maximum where the santiE/dx value may occur at N€gative potential of- U, =—20V was applied to the target,
two different projectile velocities , . In the present work the enough for the electron emission y!eld to reach a saturation
correlation between electron yields and energy loss was studf@/ue. The Faraday cup was comprised of two parts: a beam-

ied around thedE/dx maximum with helium and silicon collecting_cup that was grounded through an elect_rometer
projectiles. and a cylindrical electrode upstream of this cup which was

biased —U,=—300V with respect to the ground. This
negatively biased electrode preventedsecondary electrons
from escaping from the collecting cup ariil) secondary
electrons of the target from escaping through the opening of
The experimental work was performed at the 2.5 MV Vanthe outgoing ion beam of the second cylinder, the so-catled
De Graaff accelerator of the Institutrfiernphysik in Frank-  cup. A similar repeller was positioned upstream of the fijrst
furt am Main for the helium projectiles and at the 5 MV cup and biased- U ,,= —300V with respect to the ground
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= - Yp velocity effect onyg can be seen.
s In the phenomenological model on electron emission
S based on the Sternglass treatmént? kinetic emission of

. . . electrons is considered as a three-step proég&sproduction

T T T T e s of the secondary electrons near the entrance and exit surface
of the foil; (2) transport of secondary electrons towards the
entrance and exit surface of the foiB) escape of the sec-

FIG. 1. ThedE/dx dependence ofg, ¢, v for incident He ondary electrons from the target surfaces. It is now well
ions. The lines guide the eye, the arrows point to increasjng establishetf that “nonequilibrium near surface stopping

powers” are correlated to the production of the secondary

in order to preventi) secondary electrons from the slits to electrons both at the entrance and exit surface of the foil.
hit the firsty cup and(ii) secondary electrons of the target These pre-equilibrium stopping powers are reduced in com-
from escaping through the opening of the incoming ion beanparison to the calculatetrim bulk energy-loss values. At
of the firsty cup. constant fE/dx) value the production of electrons in the

Backward (yg), forward (yg), and total ¢/;) electron entrance surface of the foil at the corresponding high and low
yields can easily be deduced from measuring: the ion invelocities may in addition be different due to the role of the
duced target current, the current in the tway cupsl- and  projectile electron of Hé. The projectile electron while it is
lg, and the current in the Faraday clg:: bound to the nucleus screens the nuclear charge therefore
reducing the stopping power. Nevertheless, if it is lost and
acts as independent particle, it can produce additional sec-

Electronic Stopping Power [eV/A]

lg

Y8=0s E ' 1) ondary electrongpassive and active role, see Ref. 8ince
the production of the secondary electrons varies with the
I square of the partly screened nuclear charge, it is reasonable
7F:qf(|_)a (2)  to assume that even for helium ions the contribution of the
FC projectile electron in the backward emission is small com-
It pared to the contribution due to the nuclear charge. The
Yr=08| +q;—0i, (3)  screening of the nuclear charge by the projectile electron of
FC He' varies as function of the penetration depth. Since most

whereg; is the mean final charge state of the projectiles aftef the emitted electrons originate from within a depth much
leaving the foil exit surface, angi is the projectile incident Smaller than the depth needed to reach charge equilibrium,
charge before the foil entrance. The mean chaygef the ~ One can expect a higher screening for high projectile velocity

projectiles emerging from the carbon foils was obtained fronthan for low velocity. The low charge state remains “fro-
Refs. 7—9. zen” in the thin surface layer of about 30 Ref. 13 from

which most low-energy electrons originate. This leads to less
RESULTS AND DISCUSSION production of secondary electrons for high velocity than at
low velocity, in agreement with the experimental observa-
Figure 1 shows the electron yieldg, yg, yr obtained tions. In order to test the above mentioned hypothesis, we
with He™ projectiles of energies between 0.2—2 MeV as ameasured the backward electron emission induced by He
function of the electronic energy loss per unit path lengthand He * ions for the same projectile velocity. As can be
(dE/dx). The electronic stopping powedE/dx) values for  seen from Fig. 2, a reduced backward electron emission for
He in carbon were calculated with tieim codel® The lines  He' ions compared to the backward emission induced by
through the data points guide the eye, the arrows indicatele™ * projectiles is observed for all projectile velocities. This
increasing, direction. At constantdE/dx) bothyg andyr  can be attributed to the screening of the nuclear charge by
are lower for highv, than for lowv,. There is a clear the projectile electron. The velocity effect observed in Fig. 2
velocity effect onyg andy;. Within error bars, however, no for both He" and He * ions, however, indicates that further
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model, the projectile deposits energy in a cylindrical volume
- C (amorphous materiplalong the trajectory called “infra-
track” or “track core.” 1* For some femtoseconds the core is
a zone of highly charged, plasmalike target matddapend-
| ing on the electrical conductivity Energy is dissipated by
S P | é-electron emission in a bulk area around the trajectory. This
area is called the “ultratrack” or “track halo.** 5 electrons
dissipate the energy in cascading processes into low-energy
electrons. The dimension of this halo is given by thelec-
—o———o——=— B trons range. Due to binary collisions, ti&eelectrons range
e increases withy,, and thus the dimension of the track halo.
308 312 316 320 324 328 For the same amount of deposited energy per unit path
length, i.e., for constanddE/dx, the energy density in the
track depends on,. In the track model the secondary par-
FIG. 3. ThedE/dx dependence of, v, yr for incident SF* ticle emission depends on the energy density in the surface
ions. The lines guide the eye, the arrows point to increasjng regions of the track™*°and thus ornv, . Within this track
picture, with increasing projectile velocity, the relative num-
different mechanisms must be responsible for the experimerfer of fast electrons is enhanced. A relative reduction of
tal observations. low-energy electron emission and possibly plasmon excita-
A simple explanation which can describe qualitatively thetion for a givendE/dx occurs. The electron energy distribu-
experimental observations obtained with'Hend He * ions ~ tion is shifted towards higher energies, but the relqnve_ num-
is the following. During the passage of the incident ionsPer of low-energy electronevhich dominates the yieldss
through the carbon foil target atoms are ionized, the eleclowered. This can easily explain the observed velocity effect
trons(both low energy electrons from soft collisions at large NOt only in backward, but also in forward direction.
impact parameter and high ener@y electrons from violent,
binary, close collisionsmove away from their “place of CONCLUSION
birth.” If the solid surface is within the range of these elec-
trons and if they have enough energy to overcome the Uk,
face potential barrier, they eventually leave the target. &he
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The correlation between electron yields and energy loss
helium and silicon projectiles around tltd=/dx maxi-
mum was investigated. At constathE/dx, secondary elec-
Sron yields are lower for high projectile velocities than for

and production of more electrons of low enerfnascade Sfower projectile velocities. This effect was not observed for
P the forward electron emission obtained with helium ions.

multiplication). The transport ofé electrons is strongly The “velocity effect” presented here can be qualitatively

pgﬁ';zd;\?vgor\?gg ?r']r:Ct'%ﬁélT”ee egr?trr%);ul:se %?Jr:flg\!)é tirrigs_th understood in the framework of electron transport and track
P y Proj odels. A similar but larger effect is not only knobWrfor

glr:ter;tr;(::r; Osfutrrf]gcrértgtegljlr?s?;:E%gaig\./vzrLése?(;r:zzrsrgleezt-”ethe §econdary ion emi;sion,_ but it has also been fqunq that
trons are produced for high thar,l for lowv . Similarly the mdUCEd damag_e n sqli’@s_may depend on projectile

: . p L ' velocity. In the studied projectile energy range, nuclear en-
¥a IS reduced for higlv,. At the projectile exit surface ergy loss is negligible. Damage production in the solid and

elgctrons transport energy into the vacuum. If the target i§econdary ion emission from the surface can only be due to
thick enoughitarget thickness larger than the rangaefec- an electronic process. Therefore the electron transport in the

trons the lost energy is replaced b?e'_ec”of‘s onginating .iq s involved in the damage creation process. Both the
from the bulk. Therefore on the projectile exit surface we do

ejected secondary ions and electrons are a probe for this
not expect and do not observevg dependence of .
e S ; . process.
This is not the case for Si incident ions where a velocity
effect is clearly observed also for the forward yig¢kg. 3).
The above-mentioned electron transport model fails to de-
scribe the presence of a velocity effect fpr observed for This work was supported by GSI, Darmstadt. A.C. ac-
silicon ions. On the contrary, a track motfef®can describe  knowledges financial support from the DAAD, Bonn. H.R.
qualitatively the observed velocity effect in forward and acknowledges support from the “Service Culturel et Scien-
backward electron emission. In the framework of a tracktifiqgue” of the French Embassy in Greece.
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