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Strong projectile-dependent forward-backward asymmetry of electron ejection by swift heavy
ions in solids
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We studied forward and backward electron ejection from carbon foils penetrated by swifteioeigy
range, 20 keV/nucleon—-74 MeV/nucleon; projectiles, H-e\der four orders of magnitude of electronic energy
loss (0.01-25 keV/nm Ejection of fast electrons from primary ionization and subsequent energy dissipation
by secondary cascades are found to be asymmetric. Electronic energy deposition by swift ions is thus different
at the entrance surface, in the solid’s bulk, and at the exit surface. The effect strongly increases with projectile
atomic number due to an increasing contribution of close collisions and enhanced fast-electron ejection.
[S1050-294{@8)06205-2

PACS numbes): 79.20.Rf, 34.50.Dy, 61.80.Jh

[. INTRODUCTION ions is different at the entrance surface, in the bulk of the
solid, and the exit surface.

A typical feature of swift heavy ions is their high elec-  Since the observed effects are due to electronic excita-
tronic energy loss per unit path lengttE/dx, and strong tions, the electronic energy loss per unit path lengidx
perturbation of the solid due to the huge induced density ofmmediately comes to mind as the first choice of an appro-
deposited energy up to some tens of keV per nm. Typica”ypriate scaling parameter for energy deposition and secondary
hundreds or thousands of electrons are excited per nm alorRfrticle emission. Consequently, it is often assumed that
the ion trajectory for a typical track diameter of some tens ofel€ctron yieldsy; (the mean number of emitted electrons per
nm. As a consequence of electronic energy loss, strongl}ncom'”g pr_OJecuIeare proportional to the electronic energy
ionizing high-velocity particles such as heavy idios clus- 0SS Per unit path lengtE/dx [2—4]. It is a common prac-
ter) can create specific damage and lead to track formation ifce [_3’4’6] to compare electron yields WE/dx by defining
solids[1]. The first step of such irradiation effects consists in2 ratio
ionization, i.e., the ejection of electrons and their subsequent ' o
transport through the solid. In this way, the deposited energy Ai(Zpvp) = /(dE/dX). @)

is transported and distributed away from, but along, the ionrhe indexi stands forB, F, or T if backward (from the
track. A fraction of these electrons is Ejected from the SOIiCbeam_entrance Siaeforward (the beam-exit S|de or total
surface and kinetic electron emission is thus an importanglectron yields are concernedy(=yg+ yg). In practice,
basic probe for the interaction of swift heavy ions with solidsdE/d(px) measured in ke\kg/cn?) rather thandE/dx is
[2-5], and contributes to the understanding of radiation efused and tabulatel].
fects in solids. In this paper, we report on evidence from It has long been known that backward electron yi¢Kls
electron yield measurements that primary ionization and enand total electron yields from both surfaces of the foil targets
ergy transport by fast electrons and subsequent secondai§] show a pronounced dependence on the projectile atomic
electron cascade are strongly nonisotropic. The effect innumberZp (for a review, see Ref4]). Recently, the projec-
creases with energy and projectile atomic number. This hatile dependence of backward and forward electron emission
the consequence that electronic energy deposition by swiftom thin foils has been studied by several grol@s10| at
low-projectile velocities around or below the maximum of
the electronic energy-loss curve. This velocity region is par-
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obtained for swift cluster impadtl1,12] as a function of — S L I L

cluster sizen (instead of atomic numbgr For example, % I /:Z'PZ,?T_E LA

for H,” impact on thin carbon foils, it was found that & | _A,I““' * 7]

Ai(n>1)<A;(n=1) [11]. . . g 100 E(;’-C: ‘C—u”* (9.6 MeV/nucleon) E
Here we present a comprehensive experimental study of 5 | =2 I O mens PR nornnnnne 7. ]

the projectile and the velocity dependence of backwaxg ( 2 o T ° ? ]

and forward (/) electron yields of carbon foils penetrated = 5'° “THIN" “THICK"

by swift ions. We studied the relationship of electron yields é i TARGET (Carbon Foil)

and energy deposition in a wide energy rafigem 20 keV/ = /./-—'"1:'":: T

nucleon up to 74 MeV/nuclednThis allows us to study the § 10F "'___':____ am T 7,

dependence of electron emission on the projectile atomicg Fe =TT G (111 MeVinudeon) . ]

number at high velocitiesaround 10 MeV/nucleon, above Z geeTT L RRRRREE LRRARE heRRET S P EE R * T

the maximum of the electronic energy-loss curfgr a large T, el Y

set of projectilegfrom protons up to uranium: H, He, Li, Be, 10! 10 10°

C, Mg, Ar, Cr, Ni, Cu, Cd, Te, Pb, and)UThis way, four TARGET THICKNESS d [pg/cm’]

orders of magnitude of electronic energy loss are covered

(from ~0.01 to 25 keV/nm FIG. 1. Target-thickness dependence of backwagd from the

beam entrance sigleforward (yg, from the beam exit side and
total electron yields f1=vyg+vg) for swift C and Cu ions

Il. EXPERIMENT AND TARGET THICKNESS L
(~10 MeV/nucleon as indicated

DEPENDENCE

Most of the data presented have been obtained at th@rgets. For proton impact, within error bars, the ratio is con-
Grand Accéerateur National d’lons LourdYGANIL) in  stant over the whole investigated energy rari@®2—7.5
Caen, France; some data are from Institut Kernphysik  \ev/nucleon for both forward and backward yields. In the
(Frankfury, Institut de Physique Nucdire (Lyon), and Insti-  particular case of proton impact, the above-mentioned as-
tute of Nuclear Physics, NCSR Demokritéathens. We  symption is correct and electron emission yields are propor-
used carbon foils of different thicknesséspically 20 to
7000ug/cn?, approximately 0.1 to 3%um) in a standard
vacuum p~5x10"’ mbar). All foils used were manufac-
tured at IPN, Lyon to obtain comparable and reproducible
results at the different accelerat¢gs11,13—-16 The experi- H' (Z.=1) = C
mental setup and procedures for the electron-yield measure- :
ments have been described in R¢815,16. It is important
to note that the charge statgsof the incoming ions were
chosen close to the mean final chatgg) in order to prevent
the above-mentioned pre-equilibrium effe¢f6,15. Also,
the foils are so thin that the change of ion energy within the
foils can be neglected.

In the following, we distinguish between *“thick” and C(Z.=6) > C
“thin” foil targets. In order to explain the meaning of these f
terms, we show the target thickness dependence of electron
yields for swift ions(C at 11.1 MeV/nucleon and Cu at 9.6
MeV/nucleon in Fig. 1. The term “thick targets” refers to
foils for which forward and backward yields have reached
constant values and do not evolve further with target thick-

EP/MP [MeV/nucleon]
0.1 1.0 10

T T

Ap =1,/ (dE/dx)

—
<o
T

&g

A, =17,/ (dE/dx)

[ng/keVem?) |

10l A =7,/ (dE/dx) |

v / (dE/dx)
b
Y
»

Ag =1,/ (dE/X) |

ness. This thickness depends on the range of the fast elec- < : : : :
trons and thus on the projectile velocigt 10 MeV/nucleon, o N A=Y,/ (dE/dx)
~500 ug/cn?). For “thin targets,” only the backward yield Ni(2,=28), Cu (2,=29) >
has reached a constant value. In contrast, the secondary elec- 10F " 1
tron cascade due to fast electromainly in the forward S S
direction from primary ionization and the target thickness “_,_-f‘
dependence of forward yields just begin to start. At 10 MeV/ i Ag =1/ ([dE/dX) |
nucleon, as can be seen from Fig. 1, this is the case around ! , , .
20 nglent. A thorough discussion of the target thickness 0.1 1 10 100
dependence of ion-induced electron yields can be found in E,/M, [MeV/nucleon]
Ref.[16].
FIG. 2. The ratios of electron yields and electronic energy loss
IIl. RESULTS: VELOCITY AND PROJECTILE per unit path lengt\;(E/M)=v,/(dE/dX) as a function of the
DEPENDENCE projectile energye/M for protons, carbon ions, and nickgoppey

ions (as indicatefl The indexi stands for eitheB (backward emis-
The dependence of the ratios Ed) for protons, carbon sion) or F (forward emissionp The lines are fits of a power law
ions, and nickellcoppey ions is shown in Fig. 2 for thick A;=C;(E/M)" to the data.
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T T T trons” (say, of energies of at least some hundred, evth
FORWARD "Thick N
Target” | large mean free path and range, carry away a part of the
+ + } deposited energy from the entrance surface region. Conse-
X 1 quently, more energy is deposited far away from the entrance
. ;i,} + 1 surface, deep into the bulk. This leads to reduced electron
""" i i FORWARD “Thin . emission in the backward direction, but leads to enhanced
+ : {' { Target' . | slow electron ejection in fast-electron-induced secondary
s ‘T % electron cascades in the forward direction. For thin targets,
+ }% % el the fast electrons cannot deposit all of their energy within the
'”-\+ % solid. A large number of them leave the solid without sec-
-i_ ondary interaction or without contributing significantly to the
| GANIL SME 1993-1996 e ] secondary electron cascade. This can clearly be seen from
%"“- the thin target curve for forward emission of Fig. 3, which is
DEMOCRITOS Tandem 1995-1996 .
IKF Van-De-Graaff 1996 BACKW ARD+ close to the backward curve even in absolute value. On the
other hand, the energy that seems to be missing in the back-
1} ELECTRON EMISSION FROM CARBON FOILS g ward direction can be found in forward emission if the target
. ""1'0 e 100 is thick enough to allow fast electrons, originating from the
PROJECTILE ATOMIC NUMBER Z, fII"St 'Iayers of 'the beam entranc_:e side to deposit their energy
within the solid close to the exit surface.

FIG. 3. Ratios of electron yields and electronic energy loss per A particularly interesting result is that this effect of pref-
unit path lengthA;(Zp) = v;/(dE/dx) as a function of the projec- €rential forward projection of energy deposition increases
tile atomic numberZ,. Only data around 10 MeV/nucleorE(  With Zp, as can be seen from the increasing ra&tiof for-
=3.8-13.6 MeV/nucleon) have been included. Triangles, forwaravard to backward emissiaifrig. 3). This can be explained as
yields obtained with “thick targets;” upside down triangles, for- follows. Close, violent collisions and thus high-energy elec-
ward yields obtained with “thin targets;” circles, backward yields tron emission may be favored with increasing projectile
(see text The lines represent a power laky=c;(Zp)". atomic number. Consequently, the emission of fast electrons

is enhanced; a relative reduction of low-energy electron
tional todE/dx. In contrast, for C ions, a slight increase is emission and possibly plasmon excitation occurs. The mean
observed0.2-9.6 MeV/nucleon For the heavy Cu and Ni energy(E) of electrons is increasdd6,18,19. This leads to
ions, the increase of; with energy is more pronounceéf.2  a shift in the electron energy distribution toward higher en-
to 74 MeV/nucleoih The increase is stronger for forward ergies for heavier and faster ions.
rather than for backward yields. The energy dependence of These arguments could also explain the stronger increase

A; can be described by a power law: of forward emission compared to backward emission for
heavy ions seen in Fig. 2 with increasing velocity. In this
A =C;(E/M)", (2 respect, it is important to note that for “medium heavy ions”

(Zp around 30, at 10 MeV/nucleon, about 20% of ejected
The solid lines in Fig. 2 are fits of EQ) to the experimental electrons are fast electrons; this fraction increases up to
data. We obtaimg=0.003, 0.064, and 0.18 for backward about 35% at 74 MeV/nucleofil6]. At 8 MeV/nucleon,
emission, anchg=0.007, 0.18, and 0.24 for forward emis- about 30% of ejected electrons are fast electrons for the
sion for H, C, and Cu/Ni projectiles, respectively. heaviest projectilesuranium [19].

Now we can study the projectile dependence for approxi- Available theoretical modelsuch as the numerical simu-
mately constant velocity. The corresponding ratiogZp) lation we compared to target-thickness-dependent electron-
=, /(dE/dx) are shown in Fig. 3 as a function of the pro- yield measurements in Refdl5,16]) indeed are not capable
jectile atomic numbeZ, . Only medium energy data around of explaining or reproducing the results. We will briefly dis-
10 MeV/nucleon E=3.8—13.6 MeV/nucleon) have been in- cuss in the following some of the possible reasons. Electron
cluded [17]. The lines again represent a power layy  emission can roughly be divided into three stefasprimary
=c;(Zp)". The values of the exponent ang=0.019 for ionization of the target atomgh) electron migration through
forward yields obtained with thick targets;=—0.19 for  the solid (transport, and (c) transmission through the
forward yields obtained with thin targets, ang= —0.28 for ~ surface-potential barrier.
backward yields. One observes thag(Zp) for backward Specific effects connected to the high charge and strong
yields and Ag(Zp) for forward yields from thin targets Perturbation induced by heavy multiply charged ions may
strongly decrease withp. In contrast,Ag(Zp) is approxi- ~ occur at all of the above-mentioned steps.
mately constant for forward yields with thick targets. The (d) Primary ionization cross sections deviate from first-
ratio of forward to backward yieldR= yg/yg from thick  order theory(see, e.g.[20]), but in most numerical simula-
targets Strong|y increases with the project"e atomic numbeﬂons first-order ionization or linear dielectric theory are

from ~R=1.2 for protons up t&R=5 for the heaviest ions. used. This yields a simplg? or Z scaling for fixed velocity.
In contrast, if we plot the ratio of the measured total electron

yields and the square of the projectile charge as a function of
the projectile atomic numbéFig. 4, diamonds we observe

An explanation lies in preferential fast electron ejectiona decrease by a factor of 2 frofip=1 to Z,=48. Available
and energy deposition in forward direction. The “fast elec-numerical simulation would yield a constant projectile inde-

IV. DISCUSSION



57 STRONG PROJECTILE-DEPENDENT FORWARD. . 3663

T I T parameter. Probably, this is due to the fact that it already
o W __ accounts for high charge effects via the effective charge used
, . to calculate thed E/dx values[7].
Ap lng/ (keV em?)] =7, / (dE/dx) ] (b) and (c) The transport and emission of electrons in-
1 duced by weakly ionizing particlegelectrons, protonsis
reasonably well understod@2,23. In this case, the above-

. . LI T ] mentioned step&), (b), an_d(c)_ can b_e regard_ed as indepen-
""""""""""""""" b dent. Nevertheless, the high ionization density could have an
1y ®e 1/0" (2010 om’] 3 influence on the transport of electrons in the wake of highly
N : ionizing particles, such as heavy ions. In a similar manner, it
P . . : could lead to a change of the effective surface barrier in the

Y7 ¢ T T vicinity of the heavy-ion track. It was indeed the initial mo-

! e N tivation for this work to test theoretical predictiofi24] of

1 10 100 order-of-magnitude electron-yield reductions due to the trap-
PROJECTILE ATOMIC NUMBER Z, ping of slow electrons in the positively charged wake of the

] ) ions. This effect could not be confirmed in its predicted
FIG. 4. Ratios of electron yields and the square of the charge °§trength[25], but such a condensed-matter effect related to
the projectilesy/q” (diamonds, the ratiosA(Zp) = y/(dE/dX) of  the induced track potential or a modification of the surface-
electron yields and electronic energy loss per unit path Iengtfbotentia| barrier cannot be completely excludeee also the
(squares, from Fig.)3and the ratio of electron yields and the total §iscussions in Refd.18] and [25]). Effects related to the
net target ionization cross-sectigito " (Eq. 3, Ref[21], circles  high charge density, induced in the wake of the ions as dis-
as a_function of the p.rojectile atomic_numtas. The Iines(rep_re- cussed in Ref[24], should increase with increasing charge
senting power laws irZp) are to guide the eye. Fop/q” (dia-  and decreasing velocitipr, in other terms, increase with the
monds, electron yield data below 5 MeV/nucleon were Sk'pped’perturbation parameter'v). The opposite is observed in Fig.
and only data betyveen 7.5 and 13.6 MeV/nucleon were extrapolateg, concerning the velocity dependence.
to the fixed velocity of 10 MeV/nucleon. We finally mention that until now, only a reduction of
_ . L . heavy-ion-induced electron yields compared to the proton
pendent value, i.e., a horizontal line in Fig. 4 and is thus Offcase, i.e., a decrease Afwith Zp, has been reported as
by a factor of 2. . o mentioned above. A closer look at Fig. 2 shows that even
“Reduced” electron yields related to deviations of the strongly enhanced forward electron emission can be ex-
atomic-target ionization cross section from a simgtescal- pected for swift heavy ionémedium to highZp, up to about
ing already occur in single atomic collisiorigas targets 100 MeV/nucleoh if it could be assumed that proton-
[20,21. To test whether such effects could already explaininduced yields remain proportional W0E/dx at energies
the observed decrease of electron yields with the square @bove 10 MeV/nucleon. Experimental evidence that this is
the charge, we included, in Fig. 4, the ratios of electronindeed the case was recently reported for protons up to 70
yields and the total net-target ionization cross sectia™ MeV/nucleon [26]. One may only speculate about what
(circles for neutral target atoms bombarded with heavy ionswould happen if heavy atom clusters would be available at
of chargeq. Such cross sections can be described by aguch energies, if such effects could even be stronger due to a

empirical scaling rulg21] collective interaction of constituenfd1,12,.
In conclusion, numerical models with refined treatment of
ot ~g?Kk{1—exd —1/(kq)]}, (3)  primary ionization(deviations from first-order theory, mul-

. _ o tiple ionization, and also including collective solid-state ef-
with K~0.25x10"*® and k=0.23E, with the projectile fects(on transport or surface transmissiare needed.
energyEp measured in units of MeV/nucleon. In order to
find a good approximation for the carbon target atoms, we ACKNOWLEDGMENTS
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