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Charge dependence of electron emission in swift heavy-ion collisions with carbon
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We report on the charge dependence of electron yields from sputter-cleaned amorphous carbon targets
bombarded with an isotachic set of swift ions. The experiments were performed in a UHV setup at the
heavy-ion accelerator GANIL in Caen. The ion velocity was 19 @arresponding to a kinetic energy of 9.2
MeV/nucleon) and the projectile charg®p was varied from 6 to 39. As observed for ion-atom collisions, the
electron yield exhibits a reduction with respect tQé law. We show that this projectile charge dependence
is consistent with a strong saturation of low-energy primary electron ejection. This effect is related to the
primary projectile-target interaction itself and not to high-charge effects affecting the electron transport before
escape from the target.

[. INTRODUCTION electron emission yields compared to such &2 scaling
have even been observed with fast, bare Kywions (Zp
The major part of the kinetic energy lost by a swift ion in =1-8) at high velocities5 MeV/nucleon.® The reduction
condensed matter is transferred to target electrons during thef low-energy electron emission has been also often ex-
passage of the ion. Consequently, the subsequent kinetjgtained by a screening of the projectile charge not only by
electron emission from the solid surface is an importanthe projectile electrons, but also by target electrons in
probe for the swift heavy-ion—solid interaction. Electron metals® However, such effects should be dominant at inter-
emission is usually regarded as a three-step procgs®- mediate velocities of the projectile only, around and below
duction of electrons by primary ionizatiortransportof the  the stopping power maximum, where also charge exchange
electrons through the solid including secondary-electron proeffects come into play.
duction (cascade multiplication and finally, transmission In order to explain these results with high-velocity bare
through the surface and ejection into the vacuum. Such #@ns, a model in terms of electron trapping in the wake of the
description can be modeled as a Markovian process foions was proposed by Borovsky and Suszcifiskyd refined
which the probabilityf (r,v,t) to find an excited electron at a by Benkaet al.” The ion would create a positively charged
positionr and a velocityv in the classical phase space is zone in its wake, leading to an attractive track potential,
given by a master phase space equatirizor our purpose, which results in an attractive force on the electrons moving
we do not need to consider explicitly the details of this mas-away from the ion track. Consequently, electron yields
ter equation. We simply write it as follows: would be reduced. The main prediction of the model is that
the yield reduction becomes stronger with increasigfor
ﬁJrTf:S(r v,t) (1) vp=const because of the increasing ionization density. Since
ot B most of the secondary electrons originate from a small depth
of the order of about 30 A below the surface, another pos-
Sis the source term, which accounts for primary electronsiple approach to explain electron yield reduction is to intro-
excitation via projectile-target interactiofi. is an integro-  guce a modified surface potential barrier=U oAU,
differential operator, which accounts for the transport of the\/vhereuo is the surface potential barrier in the limit of low
excited electrons through the foil. Since as a hypothesis thgynjzation density and small electron yiefi§or insulators,
transport of an excited electron is regarded as diffusion in aghe underlying physical process is the creation of unbalanced
unexcited material, the operat®ris linear:~*In the limit of  positively charged holes in the wake of the ion. Because of
the first Born perturbation theon is proportional to the  the |ow electron mobility in insulators, the electronic relax-
squared projectile charg@%,.4 Since the left-hand side of ation may be many orders of magnitugebout 16—1C°
Eq. (1) is linear, the number of excited electrons and henceimes slower than in conductorsConsequently, these holes
the electron yieldy (the mean number of emitted electrons cannot recombine within the escape time of the ion-induced
per incoming projectilpwill be also proportional taQ3. If  emitted electrons and thus modify the planar surface poten-
such an assumption holds true, the rajitQ3 should be tial by an additionalAU. As was shown in Ref. 10, both
constant. approaches lead to formally similar expressions for the elec-
Obviously, electron transport and emission could betron yield reductions: the induced chand&) of the sur-
strongly influenced by the induced charge fluctuations in théace potential plays the role of the ion-induced track poten-
ion’s wake: due to a possible positive charging up of thetial ¢1r. However, the predictions of such models clearly
track near the ion trajectory, slow electrons could be trappedeviate strongly from experimental results in the case of
in the ion’s wake. This wake can be characterized by arhighly charged swift heavy-ion impact on metals. The appli-
induced track potentialprr.> Indeed, strong reductions of cation of such kind of models seems to be more justified for
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insulators’ It seems, however, that the considerations underexclude effects connected to penetration depth dependent ion
lying these simple models suffer from a lack of rigorouschargessee Table)l
knowledge of microscopic electron dynamics at a short time Here we report the results of measurements of the back-
scale. In particular, it is worth keeping in mind that for any ward electron yieldyg from carbon targets. A schematic
material the charged-particle wake field results from an acdiagram of the experimental setup for electron yield mea-
cumulation of negative charges trailing the ion and screeningurements is shown in Fig. 1. The ejected electrons and the
it.1 ion beam itself induce an electrical current in the target. The
Up to now, all of the high-energy experiments were per-beam is stopped inside the target and generates a positive
formed with ill-defined surfaces in standard vacuum. Also,currentl, and the induced electron emission creates a cur-
the experiments were restricted to bare [@w-ions (Zp rentl.. Hence the measured target curreig
=1-8) since it is important that the charge stagsof the
incoming ions be close to their mean final chafgg) in [=lp+l,. (2
order to prevent preequilibrium effects connected to charge
exchange. Indeed, while traveling through the solid, heavy The target is biased to a negative potential of approxi-
ions may capture target electrons. Hence the projectilgnately —45 V in order to ensure that all emitted electrons
charge can be screened and the ion interaction cross sectiave the target surface. Two Faraday cups upstream and
with the solid can be reduced. However, experiments wittjownstream of the target allow measuring the ion beam in-
heavier ions should allow a more stringent test, since théensity |, when the target is removed from the beam path.
models predict the strongest effects for MeV/nucleon heavyrhe projectile flux(the number of projectile ions per second

ions. ¢p can be calculated from the ion beam currgntand the
In order to obtain more reliable data on the backwardprojectile chargeQp (with e the unit of charge

yield dependence on projectile charge, we therefore mea-
sured electron yields in a ultrahigh-vacuum setup from
sputter-cleaned surfaces of amorphous carbon with swift bp
highly charged ions which fulfill the above conditions. In our
analysis of the data, we ask whether it is necessary to intro-

duce models dealing with a charged wake or electron trap-t IQ| o.urt'expe;rlmﬁnt "’]}t GAer]L’ the bgam '15_ sgfﬂﬁlently
ping. Indeed, “reduced” electron yields may be simply re- stable in ime {o atlow for such a procedure. Typically, oné

lated to deviations of the primary target ionization crosg/measurement cycle consists of a 200 s integration on the

. . : 2 target and another 200 s integration with the Faraday cups.
2§;|t;r?g(the source tern$in the models from a simpleQp We repeat this cycle 10 times to get statistically meaningful

current values.
The backward electron yield, defined as the mean number
Il. EXPERIMENT of electrons emitted from the beam entrance side of the target

] . ) per incoming projectile,
The experiment was performed in an ultrahigh-vacuum

setup especially designed for experiments at large-scale ac-

Ip
eQp’

)

le

celerators as described extensively elsewhérat the Yg=—7, 4)
medium-energy beamlingME) of the French heavy-ion ac- ede

celerator GANIL in Caen. 'I_'he_velocity of ions was held can then finally be calculated from

constant at 19 a.ui.e., at a kinetic energy corresponding to

9.2 MeV/nucleon, while the charge of the projectile was 1

varied from 6 to 39. The charge state of the incoming ions Ye= PQP- (5)

was chosen very close to the equilibrium charge in order to Ip
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FIG. 2. Normalized yieldR,, of backward emitted electrons in-
duced by ions impinging on a thick carbon foil with a kinetic en-
ergy corresponding to 9.2 MeV/nucleon. Comparison between th

experimental data of Table (solid circle3 and QS extrapolation ) !
(dashed ling transport mechanisms connected to a “track potential’a

“microscopic surface potentiaf’were suggested. Neverthe-

The main sources of error are the beam intensity fluctual€ss, a gquantitative analysis shows that the related models
tions and we estimate the error to be less tha0% of the  Yield unphysical values for the calculated potenttdit, on
measured valu& the other hand, a primary ionization effect is involved, the

The amorphous carbon used here can be considered ag/alidation of such a hypothesis requires observing the evo-
good electrical conductor. Target foils of at least 3agcn?  lution of the stopping power with the projectile charge.
(approximately 1.7um, densityp=1.65 were produced by ~ Therefore, we show in Fig3 a normalized stopping
standard evaporation techniques and mounted on copper supewer defined in the same way as the normalized yield:
ports thick enough to stop the ion beams at this energy. We )
note that the foils are thick enough to ensure that backward R :6 S&Qp) @
electron yields do not depend on the carbon foil thickrtess. S Q%Se(6) '

Before each measurement, we have controlled the surface

contamination by Auger analysis. If contaminant pe@ks/- The data are obtained by linear interpolation of the tables
gen were seen, the target surface was sputter cleaned wiisf Hubert et al® for helium to molybdenum and of the
500 eV Ar* jons (5 uA for about 20 min. This process ICRU tables? for hydrogen. These tables are the result of
was repeated until no more contamination was observed. Thempirical formula fitted to a compilation of various experi-
total pressure inside the chamber during the measuremeniental data performed with ions in charge state equilibrium.

was about 5% 10 °mbar. Compared to the empirical formula of Zieglet al,'® these
tables are in better agreement with experimental data in par-
Il. RESULTS AND DISCUSSION ticular for heavy ions. Whereas tt@3 extrapolatedRg is

) o ) __ obviously a constant; the results from Refs. 16 and 17 de-
In order to study the relative variations with the projectile crease in the same way as the normalized electron vyields of

chargeQp, we define a normalized yield Fig. 2. Consequently, but without definitely excluding non-
5 linear transport effects, this comparison clearly points out

R :6 ¥8(Qp) ©) that at least a part of the observed decreas® ptan be
Y ngB(e) ' attributed to nonlinear primary effects in the projectile-target

interaction itself. Among the possible primary effects, we

so thatRy=1 for Qp=6. have checked whether electron capture could play a role and

This ratio is presented in Fig. 2 as a function@f. The  we calculated the percentage of 9.2 MeV/nucleon ions that
dashed line indicates the expected linearity from EL. have reached a char@® equal to the incident charge of the
when the yield is linear in the source term and when the firsprojectile after a distance of Ag/cn?.’? Indeed it has been
Born approximation is applied in the source term calcula-shown theoreticalfyand experimentalfy that the backward
tions. In contrast, the measuré&l, values clearly decrease. yield increases with the foil thickness until at a certain thick-
The normalized yield for M&* reduces to about half of the ness a saturation is reached. In the case of amorphous carbon
normalized yield for €*. target the yield reaches about 90% of its maximal value for a

The discrepancy between experiment and theory could ethickness of the order of Lg/cn?.® The calculated values
ther come from the source terBor from a deviation from are presented in Table I. From these values it seems that the
linearity of Eq.(1). In other words, it can either be connected capture mechanism plays a negligible role on the backward
to the ion-solid primary interactions or to nonlinear effects inyield evolution with the incident charge of the projectile in
the electron transport through the solid. As mentioned in theur case. However, one could suggest that the projectile elec-
Introduction, in order to explain such a deviation, nonlineartrons could play a “static role” by simply modifying the
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TABLE I. Backward yields and stopping powers for ions im- 10 l | |
pinging on carbgn solid with a velocity c_orrespo_nd_lng to 9.2 MeV/ < 8.73 keV/um (H")
nucleon. The yields were measured with an incident chage g L -
close to the mean charge at equilibrium. The stopping powers are o Ni r
linear interpolations of the tables of Hubettal. Ref. 16(He—Mo) ’g Mo Ca?™
nd Ref. 17(H). Estimation(Ref. 12 of the mean char at = 61 ]
a (H) ( 2 9eQp) N Y=435+402X
charge-state equilibrium and percentage estimation of ions still hav- & ’ )
ing a chargeQ, equal to the incident charge at the thickness 1 o 4 [ 4.35keV/um -
uglent for a 2 glent carbon solid density. g
7]
5 I _
%(szQpO) Qo+ .
lon Qy vs dE/dx(keVium) (Qp) at 1 uglen? | X | (92 MeVi) |_> C-foil
0 1 |
H 1 } 8.730 1.00 100 0 0.02  0.04 0.;)6 , 0.08 0.1 0.12
He 2 - 35.00 2.00 100 W
N 6 36 307.6 5.99 99.95 FIG. 4. Stopping powefnormalized to the square of the ion
C‘_"‘ 20 320 2882 19.66 99.2 incident chargevs the backward emitted electron yiglalso nor-
Ni 27 450 5128 26.5 98.8 malized to the square of the ion incident chargéhe ions impinge
Mo 39 823 9912 39.2 97.4 on a thick carbon foil with an energy of 9.2 MeV/nucleon and with

an incident chargeQ, close to the mean charge at charge-state
equilibrium.
projectile potential felt by the target electrons. Nevertheless,
such an effect cannot explain the reduction of the yield fora significant amount of energy and thus without producing a
the totally stripped C&" projectile with no electrons present significant contribution to the backward yield.
(see Table)l Second, we assume that the ejection of high-energy elec-

Similar observations were made in ion-atom collisions,trons is not affected by nonlinear effects and scale®zasin
for stopping powers, ionization cross sectidhsind excita-  jon-atom collisions, the saturation of electron energy differ-
tion cross section®’ It was shown that such a so-called ential cross sections with respect to g scaling law con-
“saturation effect” (sometimes also called the “nonlinear cerns essentially collisions leading to low energy transters.
effect”) is not predicted by the first Born approximation, Thjs is consistent with the findings of such a scaling for
which would end up as @2 law and is only valid for small  jon-solid collisions? This means that the contribution of the
perturbations. It is then conceivable that this “saturation ef-ejection of low-energy primary electrons to the total stopping
fect” observed in ion-atom collisions also takes place in apower should be more significantly affected by the reduction
solid target, where, however, the electronic structure of theffects than the contribution to the ejection of high-energy
target and consequently the interaction cross sections are difrimary electrons. Thus the contribution of the stopping
ferent. In order to verify qualitatively this hypothesis and to power of aQ,-charged ion to the ejection of high-energy
quantify the correlation between the evolution of electronprimary electrons \% can simply be written as
yield and stopping power with the projectile charge, we de-
velop in the following a phenomenological model based on
two assumptions only.

First, we assume a linear relation between the backward
electron yieldyg and the part of the projectile energy loss
which goes into the ejection of low-energy primary electrons

SeP=Q2sd" . 9)

From both assumptions, Eq®8) and(9), it follows that

(<50 eV with respect to the vacuum leyelithin the typical Y=AX+B,

escape depth of the low-energy electrons. This assumption is

quite reasonable, since the backward yield mostly consists of X = B y= S;eop B= Sé;H (10)
low-energy electrorfs from primary ionizatiom® We can Qp’ Qp ' '

write this relation as

Figure 4 shows the experimental set(&fY) couples on
which the relation given by Eq10) was adjusted with the
help of a least-mean-squares fit. Incontestably, @) is
well suited to describe the entire set of experimental data,
where S@P represents the contribution of the stopping power},]hoLiZ itr:g{] gtla/esL[;[r)é)soerg?%;Teo?b:):/pee??:gitzfsggg tggz.rll);e;:_s
of a Qp-charged ion to the ejection of low-energy primary ¢ydes a linear relation between the stopping power and the
electrons and wheré is a constant which depends on the packward yield. This is in agreement with the conclusions of
target nature. This hypothesis corresponds to the treatmeRigthardet al® based on other experimental data. These data
given by Schod? but is somewhat different to the hypoth- \yere, however, obtained with ions of different velocities and
esis of Sternglas¥, which simply assumed proportionality jj|_defined surface conditions. A linear relationship, often as-
between electron emission and the total stopping power afymed in the literature, was established from simple macro-
the projectile. Indeed, §édx should be used because the scopic descriptions:~23In our simple model, we rather pro-
fast primary electrons escape the thin lagievithout losing  pose the relation

1
¥8= 5 S§”, ®
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ve X 1[ QIZJ } IV. CONCLUSION
Ae=s@ =V~ a| 1 Bsew| (1 We presented measurements of ion-induced backward

S _ Q electron emission yields as a function of the projectile

The backward electron yield is proportional toj8&nd  charge. Swift ions at the same velocity impinged on amor-
not to the total stopping power Sebecause the charge de- phous sputter-cleaned and Auger-spectroscopy-controlled
pendences of §é and S%P are different. carbon targets. The ions were chosen with an incident charge

We can remark that the coefficieBt which is equal in  Qp as close as possible to the mean charge at equilibrium
our model to SE*, is of the order of 0.53¢ in agreement Overa wide range of charge. We have shown that the experi-
with the equipartition ru-232valid at very high projectile ~mental results deviate from th@% law which results from
velocity. The relation betwee and SE* should depend on standard microscopic models based on the first Born ap-
the velocity only, whileA depends only on the target prop- Proximation and a linear transport equation. This reduction
erties. Let us note that an estimation using the first Borrpf the backward yield with respect to@g law is correlated
approximation within the dielectric formalist?® yields B with the evolution of the stopping power wi@p without
=0.7S&" (Refs. 3 and 2F with Ashley’s dielectric being strictly proportional to it. We developed a simple phe-
functiorf® for amorphous carbon at the same projectile ve-nomenological model which shows explicitly the correlation
locity. On the other hand, for 2-8 MeV protons a simplebetweenyB/QS and Se(QS. Therefore the behavior of the
semiempirical model adjusted on experimental data yielddackward emission yield with respect @, can be inter-
approximatelyB=0.4S&".1® Several reasons may explain preted as a primary effect independent of any transport ef-
these differences. We particularly stress the quite arbitrarfect. In particular, our model assumes a reduction of the low-
separation of “low-energy” and “high-energy” electrons in energy primary electron ejection and in this sense it suggests
the second assumption, and the fitting procedure does nthat the observed effect is of the same nature as the so-called
provide any information about this separation. Nevertheless;saturation effect” observed in ion-atom collisions. Finally,
the good description of the experimental data by the simpl@ur model proposes a simple charge-dependent relation be-
model, Eq.(10), is a strong argument in favor of the inter- tween the stopping power and the backward electron yield,
pretation that the first Born approximation is not valid for which fully accounts for the reduction effect in charge de-

high charges? pendence.
IM. Rosler and W. Brauer, Phys. Status SolidiLB8, 213(1988; There is one source of systematic error of such measurements
, 104, 161(1982). _ which usually is neglected throughout the literature. Emitted
A. Dubus, J. C. Dehaes, J. P. Ganachaud, A. Hafni, and M. electrons interact with the inner walls of the vacuum chamber.
Cailler, Phys. Rev. B7, 11 056(1993. Low-energy electrons are absorbed by the grounded walls due to

3M. Beuve, Ph.D. thesis, University of Caen, 1999.
4M. R. C. McDowell and J. P. Colemarntroduction to the
Theory of lon-Atom CollisiongNorth-Holland, Amsterdam,

the target 45 V polarization, but high-energy electrons could be
scattered back and induce an additional target current. However,
fast electrons represent less than 10% of the whole emitted elec-

5J.19E7.Qéorovsky and D. M. Suszcynsky, Phys. Rev43 1433 trons, and the backscattering probability is about 28%5chou,
(1991); 43, 1416(1991). in Physical Processes of the Interaction of Fusion Plasmas with
SA. Koyama, T. Shikata, H. Sakairi, and E. Yagi, Jpn. J. Appl. ~ Solids edited by W. Hofer and J. Rottihcademic, NY, 199§
Phys., Part 21, 1216(1982; 21, 586 (1982. p. 177. Furthermore, we estimate from geometrical consider-
70. Benka, A. Schinner, T. Fink, and M. Pfaffenlehner, Phys. Rev. ations that less than 5% of these electrons finally reach the tar-
A 52, 3959(1995. get. Thus this effect can be neglected in comparison to the beam
8M. Shi, D. E. Grosjean, J. Schou, and R. A. Baragiola, Nucl. intensity.
Instrum. Methods Phys. Res. 8, 524 (1995. 15M. Jung, H. Rothard, B. Gervais, J. P. Grandin, A. Clouvas, and
9G. Schiwietz and G. Xiao, Nucl. Instrum. Methods Phys. Res. B R. Wunsch, Phys. Rev. A4, 4153(1996.
107, 113(1996. 18 Hubert, R. Bimbot, and H. Gauvin, At. Data Nucl. Data Tables

04, Rothard, M. Jung, J. P. Grandin, B. Gervais, M. Caron, A. 46, 1(1990.
Billebaud, A. Clouvas, R. Wusch, C. Thierfelder, and K. O. 17Stopping Powers and Ranges for Protons and Alpha Particles
Groeneveld, Nucl. Instrum. Methods Phys. Res.1B5 35 ICRU Report 49ICRU, MD, 1993.
(1997; H. Rothard, M. Jung, M. Caron, J. P. Grandin, B. Ger- 183, F. Ziegler, J. P. Biersack, and U. Littmafkhe Stopping and
vais, A. Billebaud, A. Clouvas, and R. Wsch, Phys. Rev. A Ranges of lons in Solids, The Stopping and Ranges of lons in

57, 3660(1998. Matter, Vol. 1 (Pergamon, New York, 1985

p M. Echenique, F. Flores, and R. H. Ritchie, Solid State Phys?gP. D. Fainstein, V. H. Ponce, and R. D. Rivarola, J. Phy21B
43, 231(1990. 287(1988.

123 P. Rozet, C. Stephan, and D. Vernhet, Nucl. Instrum. Methodé’D. Vernhet, L. Adoui, J. P. Rozet, K. Wohrer, A. Chetioui, A.
Phys. Res. BLO7, 67 (1996. Cassimi, J. P. Grandin, J. M. Ramillon, M. Cornille, and C.

M. caron, H. Rothard, M. Jung, V. Mouton, D. Lelie, M. Stephan, Phys. Rev. Letl9, 3625(1997; D. Vernhet, J. P.

Beuve, and B. Gervais, Nucl. Instrum. Methods Phys. Res. B Rozet, K. Wohrer, L. Adoui, C. Stephan, A. Cassimi, and J. M.
146, 126 (1998. Ramillon, Nucl. Instrum. Methods Phys. Res1B7, 71 (1996.



PRB 62 CHARGE DEPENDENCE OF ELECTRON EMISSION IN . .. 8823

21D, Hasselkamp, H. Rothard, K. O. Groeneveld, J. Kemmler, P. 331(1999.
Varga, and H. Winter, ifParticle Induced Electron Emission, Il 2°N. Bohr, Mat. Fys. Medd. K. Dan. Vidensk. Selsk8, No. 8
edited by G. Hbler and E. A. Niekisch, Springer Tracts in Mod- (1948.

. ern Physics Vol. 123Springer, New York, 1991 26 p. Noziges and D. Pines, Nuovo Cimenfy 470 (1958; P.
J. Schou, Scanning Microsg, 607 (1988; J. Schou, Phys. Rev. Nozieres, Theory of Interacting Fermi SysteniBenjamin, NY,
B 22, 2141(1980; P. Sigmund and S. Tougaailectron Emis- 1964.
sion From Solids During lon Bombardment: Theoretical As-27g Gervais and S. Bouffard, Nucl. Instrum. Methods Phys. Res. B
pects Springer Tracts in Chemical Physics Vol. 13pringer, 88, 355 (1994
»s New York, 1983, p. 2. 283.C. Ashley, J. J. Cowan, and R. H. Ritchie, Thin Solid Fitfs
E. Sternglass, Phys. Ret08 1 (1957. 361 (1979

24\, Caron, H. Rothard, M. Beuve, and B. Gervais, Phys. 860,



