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Kinetic electron-emission yields y from swift ion penetration of solids are proportional to the (elec-
tronic) stopping power y —PS, if the preequilibrium evolution of the charge and excitation states of the
positively charged ions is taken into account. We show that the concept of the preequilibrium near-
surface stopping S can be applied successfully to describe the dependence of the ion-induced electron
yields on the projectile atomic number Zp and on the charge states q; of the incoming ions. We discuss
the implementation of this concept into Schou's transport theory after having presented a summary of
recent results on the projectile- and charge-state dependence of forward and backward electron yields y F
and y& and the Meckbach factor R =yF/y&. A simple extension of the yield equations is proposed and
several assumptions are justified by investigating the "transport factor" P, the energy spectrum of direct-
ly ejected recoil electrons and the evolution of ionic charge state inside solids. Estimates of the energy-
loss fraction leading to electron emission and the effective charges of the ions near the surface allow a
quantitative description of the Zz dependence of the electron yields.

PACS number(s): 79.20.Rf, 34.90.+q

I. INTRODUCTION

In order to study the validity of Eq. (1), it became com-
mon practice [1,2] to define parameters

AB =yB IS, for the backward yield,

A~ =y F /S, for the forward yield,

AT =y r IS =AB +AF* for the total yield,

(2)

as ratios of the measured electron yields y and the (tabu-
lated) stopping-power values S, . Here, yF denotes the
yield of electrons emitted in the forward hemisphere, i.e.,
the yield from the exit surface in the direction of the ions,
yB is the backward-electron yield, and the total yield is

VT XF+XB

The interaction of swift charged particles (v~ & 1

keV/u) with solids leads to the so-called "kinetic emis-
sion of electrons" [1]. This basic phenomenon is related
to the (electronic) energy loss per unit path length, i.e.,
the stopping power S, of the particles. Consequently,
most of the theoretical approaches [1] consider the yield
y of electrons ejected per incident projectile to be propor-
tional to the electronic stopping power, y -S„or

y=AS, .

The important assumption Eq. (1) has been confirmed
experimentally for proton impact, i.e., the parameters A*
obtained from Eq. (2) were found to be constant within a
wide projectile-energy range, 5 keV &Et* &24 MeV [1].
Furthermore, a rough overall proportionality of total
electron yields from thin foils, S, —y T (within a factor of
2), has been observed for a variety of projectile nuclear
charges Zz (1 & Zt, &92) in a wide range of projectile ve-
locities vt, (15 keV/u & Et, /M & 46 MeV/u) over four de-
cades of stopping power and total electron-yield values
[2). The electron yields scale with the stopping power of
the ions, even for relativistic heavy ions (Ar) at the
heavy-ion synchrotron (GSI-SIS) of the Gesellschaft fiir
Schwerionenforschung at Darmstadt (up to 1.65 GeV/u)
[3).

In this context, experiments on electron emission from
thin solid foils provide us with very detailed information,
because a considerable proportion of the projectile-
energy loss leads to the creation of high-energy electrons,
which are predominantly ejected in the forward direc-
tion. In particular, the target-thickness dependence of
electron emission is strongly related to the equilibration
of the ionic charge states and thus yields unique informa-
tion on the preequilibrium of charge-exchange and
projectile-excitation processes [2,4—6].

Since the first investigation of electron emission from
thin foils in 1931 [7], some papers have been published
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concerning measurements of the total electron yield,
yT=ytt+yF [8—10]. Other authors have studied the
emission of electrons from the entrance and the exit sur-
faces of thin foils separately [2,5, 11—18]. This allows us
to study the "Meckbach factor, " i.e., the ratio of the for-
ward to the backward yield, R =yF /y~, which was in-

troduced in 1975 by Meckbach, Braunstein, and Arista
[11]. Although ion-induced electron emission strongly
depends on surface properties [1,2,9,19,20], only two
groups have been able to perform experiments with thin
foils in ultrahigh vacuum under controlled surface condi-
tions [1,2,9,17—20].

It is the aim of this paper to demonstrate that the pro-
portionality of electron yields y and stopping power S,
[Eq. (1)] holds —not only for proton-bombardment, but
even for heavy-ion bombardment of solids if the pree-
quilibrium evolution of the charge state of the ions is tak-
en into account properly. The preequilibrium near-
surface stopping power S,*-q* is proportional to the
square of the depth (x) dependent effective ion charge

q "(x) and thus deviates from tabulated bulk energy-loss
values. This concept can be used to describe the
electron-yield dependence on the projectile atomic num-
ber Z~ as well as the dependence of electron yields on the
charge state q; of the incoming ions.

II. THEORY: EQUATIONS
FOR HEAVY-ION-INDUCED ELECTRON YIELDS

Rothard et al. reported a dependence of the ratios A*

of electron yields to the (electronic) stopping power on
the projectile atomic number (Zp ) of ions with incoming
charge q;=1 [2],

A" (H) & A*(He) & A'(Ne) . (3)

The experiments were performed with sputter-cleaned
foils of C, Al, Ti, Ni, and Cu at projectile energies around
E /M =60—600 keV/u, and the relation (3) was found

to hold both for the backward yields y~ and the forward

yield yF. The energy-loss values were calculated follow-

ing Ziegler, Biersack, and Littmark (ZBL) [21] to obtain
the ratios Az =yet /SZBL and Ap=yp/SZBL according to

Eq. (2). At this point, it should be noted that we have

used ZBL stopping-power tables throughout this paper,
since these tabulations are the only existing ones for all

possible beam-target combinations.
The results of Ref. [2] were discussed within a simple

extension of Schou's transport theory for electron emis-

sion by charged particles [22] as caused by a deviation of
the effective near-surface stopping power S* in compar-
ison to the ZBL values. S takes into account that the
major part of the electrons originate from a depth within
about 10 A below the surface of the solid, where the
effective charge of the ions, determining their energy 1oss,

may significantly differ from the charge-equilibrium ZBL
values.

As an important result of the transport theory [1,22],
the electron yields per proton are given by

In the particular case of proton impact at sufficiently high
velocities (vp & 50—100 keV/u) where

S~ (Zp = 1)=Sp (Zp = 1)=SzB„(Zp= 1) (5)

1 pp=pt—i=p . (7)

The value of p can be obtained by measuring the Meck-
bach factor, i.e., forward- to backward-electron yield ra-
tio R for fast protons,

R =yp/ys =/3p/P~ =(1 P)//3 . —

It is of common interest to use universal material param-
eters

A(Zp, q;, vp, ) =const= f(ZT )

not only for proton impact, but also for heauy-ion impact.
Therefore, it is convenient to extend the yield equations
(4) of the transport theory by introducing projectile-
dependent (Zp) and charge-state-dependent (q; ) factors

CF and Cs [2] to

yp =A(ZT )(1—P)Cp(Zp )S, ,

ys =A(ZT )PCii(Zp q )S

The factors

(10)

Cq =Aii(Zp, q, )/Ati(Zp = 1)=Sf(Zp, q, )/SzBL(Zp),
(11)

Cp = Ap(Zp )/Ap(Zp = 1)=Sp (Zp )/SzBL(Zp )

describe the deviation of the nonequilibrium near-surface

stopping power S* from the tabulated bulk energy-loss
values SzBL

S~ C~SzBL ~

SF CFSzB

can be assumed, Eq. (1) is fulfilled strictly. Thus the pa-
rameters A* obtained from Eq. (2) for protons can be re-
garded as the true "material parameters"

A(ZT) =Ap/(1 /3) =—Ae /p=AT

which depend on target properties (such as ionization
cross sections, the low-energy electron stopping power,
transport lengths, and the height of the surface potential
barrier) only. Such material parameters A(ZT ) from pro-
ton bombardment of thin foils have been measured by
Clouvas et al. [9] and Rothard et al. [17] for 11 different
target materials. Furthermore, material parameters
Aii(ZT) for a large number (27) of elemental massive
solid samples are available from the work of Hasselkamp
et al. [23].

The difference in the forward and backward emission is

due to energy transport by recoiling electrons away from
the region near the entrance surface or into the region
near the exit surface. This can be specified quantitatively

by the dimensionless factors

ye =A*PS,

y„=A*(1—P)S .
(4)

which can be caused by several physica1 mechanisms
such as, e.g. , charge exchange, screening effects, projec-
tile excitation or projectile ionization, or even molecular-
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orbital excitation [2,10]. It should be noted that strong
forward effects concerning the dependence of electron
yields on the charge state q; of the ions can only be ex-
pected if the thickness d of the foil is smaller than (or
comparable to) the charge-equilibration depth A,, and the
range offast electrons from binary collisions or from pro-
jectile ionization. In the following, we will discuss results
obtained with foils thick enough to ensure charge equili-
bration.

From Eqs. (10)—(12) we see that the Meckbach factor
for heavy-ion impact is given by

~) s'/s' . (13)
p

F B

If the effective stopping power near the entrance surface,
S~, is approximately equal to the effective stopping
power near the exit surface, SF', Eq. (8) is also valid for
heavy-ion impact, see below, Eq. (16).

~ =yF/ya=

III. EXPERIMENT: PROJECTILE-
AND CHARGE-STATE DEPENDENCE

OF ELECTRON YIELDS

In the following, we present a summary of results on
the projectile (Zt, ) dependence and charge-state (q;)
dependence of ion-induced electron em. ission. All the
data have been obtained with "thin" foil targets thick
enough to allow charge equilibration of the ions.

Recently, Clouvas et al. published values for the pa-
rameters Az(Zp, Zr=6) obtained with different ions
(Z~=1,3, 6, 7, 8, 9, 13, 16, 17,26) [10] from measurements
of the total electron yield yz. from carbon foils in a stan-
dard high vacuum (HV) of 10 Torr. The factors

Cz.(Zt, ) =Ar(Zp)/A=Ar(Zt, )/Ar(Zp =1) (14)

with C(Zt, = 1)= 1 are shown in Fig. 1 as a function of
the projectile atomic number Zt, (open circles). Also
shown are C~ values obtained from singly-charged-ion
bombardment (Z~=1,2, 6, 8, 10) of sputter-cleaned car-
bon foils in ultrahigh vacuum (UHV) of 10 Torr taken
from Refs. [2] and [17]. The UHV results of Refs. [2] and
[17] were obtained with the same experimental setup.
Note: from Eqs. (2) and (11) it follows that CrWCs+CF.

Both data sets show a decrease of Cz with Z~. The
HV data reach an equilibrium value of
Cr (Zp )6)=0.57 for Zt, )6 corresponding to a value
of Az. =(0.4+0. 1) A/eV [10]. It is worth noting that the
value of the parameter Cr(Z~ =6)=0.61 calculated from
results published by Kroneberger et al. [5] and Koschar
et al. [6], which were obtained with an identical experi-
rnental setup in HV, is in good agreement with the recent
results of Clouvas et al. [10]. Also, the UHV data sug-
gest that the Cr(Zt, ) values converge against a value of
C"" (Z»6)=0.4.

Probably, the difference in the absolute value of
CP (Zp )6) and CP (Z& ))6) can be explained by the
strong dependence of electron emission on surface con-
tamination and structure. The electron yield from a
sputter-cleaned surface in ultrahigh vacuum is lower than
the yield from a contaminated, untreated surface. The
sputtering process both cleans and smooths the surfaces

II~ 1.0

yl—

0.5—

I I I

TARGET: C

Cy (Zp=1j=1

'ii. - Os.—y-$ —q-- ——CHtv(zp & 6)=0.57

—LUHv(Z &&6) () t,

0 CLOUVAS ef al. [10j
~ ROTHARD et al.[2, l7]

I I
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PROJECTILE ATOMIC NUMBER Zp

FIG. 1. The parameters Cz(Zp ) =Ay(Zp ) /A
=A~(Zp ) /Az(Zp = 1) obtained with different ions
(Zp =1,3,6,7, 8, 9, 13, 16, 17,26) from measurements of the total
electron yield y & from carbon foils in a standard high vacuum
(HV) of 10 ' Torr [10] (open circles) as a function of the projec-
tile atomic number Zt [normalized to C(Zt =1)=1]. Also
shown are Cz values obtained from singly-charged-ion bom-
bardment (Zp=1, 2, 6, 8, 10} of sputter-cleaned carbon foils in
ultrahigh vacuum (UHV) of 10 Torr taken from Refs. [2] and
[17].

by preferential sputtering. The following arguments ex-
plain the electron-yield reduction for a cleaned surface:
A layer of adsorbates on a clean metal surface can lead to
a reduction of the electron work function 4 [1,20] caus-
ing an enhanced surface-transmission probability. Layers
of oxides or insulating adsorbates lead to a larger
electron-escape depth A. and thus to a higher yield. Also,
the change of the composition (i.e., the target material
Zr) of the near-surface layers affects the stopping power
S, and thus the production of electrons. Furthermore, it
can be shown that a rough, uncleaned surface is associat-
ed with an enhanced electron-escape probability com-
pared to a smooth, planar surface. More details on the
dependence of electron emission on surface properties
can be found in Refs. [1,9,19,20].

Recently, a pronounced increase of R(Z~) with Zp
from sputter-cleaned foil surfaces was reported [2]. Fig-
ure 2 presents the data taken from Ref. [2] enriched with

2.0 TARGET: C
Ne Kr

Xe

1.5—
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1.0.—
T I I I I I I T
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PROJECTILE ATOMI C NUMBER Z p

FIG. 2. The Meckbach factors R Z ()=t/ yFy[t2t, 17] for
Zp=1, 2, 6, 8, 10, 18,36, 54 (q; =1) and carbon targets. It is im-
portant to note that the results for R(Zp) shown in Fig. 2 have
not been obtained for the same projectile velocity, but for the
same absolute projectile energy of Ep=1.2 MeV for Zp &10
and Ep =2.4 MeV for Zp ~ 10.
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FIG. 3. The parameter C~(q, ) =A~(q;)/A&(q, =qf )
q. +=y&(q;)/y&(q; =qf ) as a function of the charge state q; of C '

ions (1 MeV/u) [5,6] (bottom). Also shown are the Meckbach
factors R (q, ) =yF /y~(q; ) (top).

further data from Ref. [17] for carbon targets and

ZB = 1,2, 6, 8, 10, 18,36, 54 (q, = 1). R is clearly increasing
with increasing projectile atomic number ZB (see Sec.
IV A). It is important to note that the results for R (Z~ )

shown in Fig. 2 have not been obtained for the same pro-
jectile velocity, but for the same absolute projectile ener-

gy of Ep=1.2 MeV for Zp &10 and Ep=2. 4 MeV for
Zp ~ 10. The dependence of backward-electron yields on
the charge state of the incoming ions is demonstrated by
Fig. 3. This figure shows the parameter

(15)CB(q, )=AB(q, )/AB(q; =qf ) =yB(q; )/yB(q; =qf )

q,. +as a function of the charge state q; of C ' ions (1
MeV/u) [5,6]. Since we expect the effective stopping
power of the ions to be approximately equal at both the
entrance and the exit surfaces if the charge state q; of the
incoming ions is equal to the final charge qf, we define

CB(q; =qf )=1
qf( q ff) SF SB R( ) (1 p)/pO'I. =9'f

IV. THE CONCEPT OF THE PREEQUILIBRIUM
NEAR-SURFACE STOPPING POWER

The interaction of ions with matter leads to the libera-
tion of electrons ("primary ionization, " PI). The energy
and angular distribution of these primarily liberated elec-
trons can in principle be obtained from ion-atom collision
experiments under single-collision conditions. These
"primaries" may ionize further target atoms in con-
densed matter and thus create a cascade of secondary
electrons ("cascade multiplication, "CM).

(16)

In the case of C (1 MeV/u), qf =5.0 [24] and thus

CB(q, =5)=1. Also shown are the Meckbach factors
R(q;)=yF/yB(q, ). According to (16), the value of the
transport factor P can be obtained by comparing heavy-
ion-induced electron yields yB ( q; =qf ) and y F from Eq.
(8).

The electron-yield equations can be written as a prod-
uct [compare with Eq. (4)] of (1) the (effective) stopping
power S,' which accounts for the production of pri-
maries, (2) the "transport factor" P, and (3) the target-
material-dependent parameter A which accounts for the
cascade multiplication (depending on the low-energy elec-
tron stopping and the surface-transmission probability)
only if the contribution of cascade electrons to the total
yield is dominant. If this assumption is valid, the low-
energy electron distribution should be similar for all
charged projectiles. Indeed, the low-energy electron
spectrum does not show a strong dependence on the type
of projectile, i.e., it is quite similar for (fast) electron, pro-
ton, and heavy-ion impact [1,2].

Furthermore, the major part of the energy lost by the
ions causes the production of electrons with energies
much higher than the mean electron energy (=20—30
eV) [1,6]. It is conceivable that these electrons are likely
to contribute strongly to CM. The basic property of met-
als is that the outer-shell electrons are nonlocalized and
behave as nearly free electrons. This means that also
low-energy primary or secondary electrons with energies
below the mean electron energy can easily transfer energy
to the conduction electrons and significantly contribute
to CM. This is not the case in insulators, where a
minimum energy is required for the ionizing particle to li-
berate the target electrons.

The extension [2] of the yield equations (4)—(8) of
Schou's transport theory Eqs. (4)—(8) [22] to Eqs.
(9)—(13) is based on several other assumptions on the
transport factor P, the contribution of cascade multiplica-
tion, and the spectrum of primarily ionized electrons.
The starting point for our analysis is the discussion of the
transport factor P in Sec. IV A. The energy spectrum of
primarily ejected electrons ("primary spectrum" ) will be
discussed in Sec. IVB and the evolution of the ionic
charge state in connection to the concept of the preequili-
brium stopping power in Sec. IVC. In particular, the
question of target- and projectile-excitation (TE and PE,
respectively) processes which may contribute to a reduc-
tion of electron yields by "taking away" some of the elec-
tronic energy loss without creating electrons (which has
so far been disregarded) will be addressed.

A. The transport factor P

The parameter P in Eqs. (4)—(13) accounts for energy
transport by high-energy electrons, compare the discus-
sion in Refs. [22] and [2], and was assumed to be indepen-
dent of the projectile-target combination, i.e., p does not
depend on the projectile nuclear charge Zp ~ In particu-
lar, P(ZP ) =const means that the primary spectrum
should be similar for heavy- and light-ion impact at high
primary energies above the mean secondary or cascade
electron energy (i.e., E &)20—30 eV). Such high-energy
electrons largely contribute to CM. As will be shown
below (Sec. IV B), the primary spectrum scales approxi-
mately with Zp for high primary energies. Thus the en-

ergy transport away from the backward-surface or into
the forward-surface region is similar for different Zp, i.e.,
P(Z~)= const. Also, convoy-electron production and
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even projectile electron loss in the forward direction
represent only a very small fraction (some percent) of all
charge exchange events [4] and should not lead to major
differences in energy transport by fast electrons.

As we have pointed out in Sec. III, Eq. (16), measure-
ments of R(ZP) with ions of a charged state q; close to
the final charge state qf may possibly be used to obtain
the dependence of the transport parameter P on the pro-
jectile nuclear charge A. s R(v~) was found to increase
with the projectile velocity for Et, /Mt, & 200 keV/u, only
R values obtained with ions of su%ciently high velocities
(Ep/Mp ) 150 keV/u) have to be taken into account. In
Table I we present a compilation of the available experi-
mental results on the dependence of R on Zz. We have
included results which approximately satisfy the condi-
tion Eq. (16), i.e., q, =qf, by arbitrarily including data
with

~ q;
—

qf ~

& 1 or 0.65 & q, /qf & 1.4 only.
The results belong to four different classes: (1) carbon

targets, high vacuum, (2) carbon targets, ultrahigh vacu-
um, (3) aluminum targets, and (4) gold targets. The re-
sults of classes (1) and (2) yield values of 0.39 &P&0.46
for Zt, =l, P=0.39 for Z =2, and 0.32 P&0.38 for
5 & Z~ & 8. Thus these results suggest a weak dependence
of P on Zp, i.e., P=0.35 for Zp )2, P=O. 39 for Z&=2,
and P=0.43 for Zp= l. In contrast, the results obtained
by Koyama et al. [12] with gold targets (4) at high pro-
jectile velocities ( =6.2 MeV/u) with bare incident ions
(2 & Zt, & 8) do not show a Zt, dependence, i.e.,
P(Zp)=const=0. 4. The data from (oxidized) aluminum
(3) for Zt, =1,2 scatter around a value of P=0.43.

In conclusion, the value of the transport factor P may

slightly depend on the projectile atomic number Zz, how-
ever, we find a mean value of P=0.40+0.06. Thus the
possible Zp-dependent deviation of P(Zr ) from this value
is less than 15%. This finding is strongly supported by
theoretical calculations within the transport theory.
Such calculations show that P can be expected to be con-
stant within +15% for different projectile-target com-
binations [22] at sufficiently high velocities
(Er /M~ ) 150 keV/u).

B. The energy spectrum of primarily ejected electrons

Although energy and angular distributions of electrons
from light-ion collisions with atoms, i.e., with gas targets
under single-collision conditions, have been studied ex-
tensively both experimentally and theoretically, little was
known about the projectile dependence of electron spec-
tra from heavier-ion impact. In a recent review, Toburen
[25] presented angle-integrated electron spectra
dtJ(E, )IdE, for H+, He+, and C+ collisions with Ar (10
eV & E, & 1000 eV). These spectra, shown in Fig. 4, were
taken at the same ion velocity for the three ions
(vr =3.46va, corresponding to Er /Mr =300 keV/u,
vB=vo denotes the Bohr velocity). The cross sections
have been divided by the square of the projectile nuclear
charge, Zt, . Scaled in this way, ". . . the cross sections for
ejection of the high energy e-lectrons are in surprisingly
good agreement" [25].

At high energies, i.e., for electrons resulting from col-
lisions with small impact parameter (E & 200 eV), the pri-
mary spectrum is quite similar, and the absolute magni-

TABLE I. Compilation of the available experimental results on the dependence of R on Zp. Also shown are the charge states q; of
the incoming ions and the mean charge qf as calculated from Shima, Ishihara, and Mikumo [24]. We have included results which ap-
proximately satisfy the condition Eq. (6), i.e., ~q;

—
qf ~

1 or 0.65 &q;/qf & 1.4 only. As R(ur) was found to increase with the projec-
tile velocity for Ep/Mp & 200 keV/u, only R values obtained with ions of sufficiently high velocities (Ep/Mp & 150 keV/u) have been
included. Also shown are the values of transport parameters P calculated from Eq. (13) (see text).

Zp ZT Ep/Mp

1.2
0.3
1.0
0.26
0.2
0.2

(MeV/u)

1.0
3.25
5.0
4.47
4.27
4.27

1.15
2.16
1.63
2.00
2.11
2.05

0.46
0.32
0.38
0.33
0.32
0.33

Reference

Kroneberger et al. [5]
Dednam et al. [15]
Koschar et al. [6]
Shi et al. [13]
Dednam et al. [15]
Dednam et al. [15]

Remarks

HV
HV
HV
HV
HV
HV

0.25
1.2
0.6

0.87
1.0
1.81

1.55
1.2
1.55

0.39
0.45
0.39

Meckbach, Braunstein, and Arista [11]
Rothard et al. [17]
Rothard et al. [17]

UHV
UHV
UHV

13
13
13
13
13

2.0
0.25
0.5
0.5
1.2

1.0
1.73
1.73
1.73
1.0

1.4
1.8
1.3
1.3
1.1

0.42
0.36
0.44
0.44
0.48

da Silveira and Jeronymo [16]
da Silveira and Jeronymo [16]
da Silveira and Jeronymo [16]
da Silveira and Jeronymo [16]
Rothard et al. [17]

HV, A1203
HV, A1203
HV, A1203
HV, A1203
UHV

79
79
79

6.2
6.2
6.2

1.99
6.52
7.43

1.37
1.54
1.49

0.42
0.39
0.40

Koyama et al. [12]
Koyama et al. [12]
Koyama et al. [12]

10 Torr
10 Torr
10 Torr
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tained for the different energy ranges, we can obtain
(Table II) the total stopping power leading to electron
creation, SsE, and compare this quantity to the tabulated
values SzBL [21].

The results are summarized in Table II. Surprisingly,
we find r&E =SsE /SZBL 0.8 for H+ and He+, but

r+E =SsE/Szsr. =0.5 for C+. Thus approximately 20%
of the total energy lost leads to nonionizing excitation of
the target atoms (TE) in the case of light-ion impact on a
structured target. In the case of the heavier ion (C+},
even more energy is transferred to nonionizing processes.
In the case of ions carrying many electrons, projectile ex-
citation (PE) may also contribute to the deviation of Ssa
from SzBL

FIG. 4. Angle-integrated electron spectra der(E, )/dE, for
H+, He+, and C+ collisions with Ar (10~E ~ 1000 eV) taken
from the review article of Toburen [25]. The spectra were taken
at the same ion velocity for three ions (vp =3.46vB, correspond-
ing to Ep/Mp=300 keV/u). The cross sections have been di-

vided by the square of the projectile nuclear charge, Zp.

tude scales as the energy loss of bare, high-velocity ions
would, i.e., with Zz. At low electron energies and thus

larger impact parameters, the Z~ scaled spectra differ

significantly and the cross sections depend on the projec-
tile, i.e.,

do (H+ )/dE der(He+ )/dE der(C+ )/dE
1 4 36

(17)

This can be explained by a screening of the projectile
charge by the projectile electrons, a mechanism closely
related to the effective-charge concept.

The above-quoted electron-emission cross sections are
given in absolute units and can thus be used to calculate
the fraction of the stopping power which has been
transferred to "secondary" electrons (Ssa ) by

Ef
(18)

with T=E+ V, V = 15.75 eV being the electron binding
energy for Ar. o (E) can be well approximated by an an-

satz do (E ) IdE =aE" with different parameters a and n

for the energy ranges 10 E ~30 eV, 30~E ~200 eV,
200 E 600 eV, 600~E 1000 eV. For E(10eV, the
most reasonable extrapolation was to assume
do(E)/dE=const=do(10 eV)/dE (compare also Fig. 8

of Ref. [25]). By summing up the stopping powers ob-

C. The evolution of the ionic charge state

In this section, we will compare the effective ion
charges at both the backward (qs ) and the forward (qF')
side of the foils to the values qzzz used in the stopping-
power tables of Ziegler, Biersack, and Littmark [21]. The
idea is illustrated by Fig. 5, which shows the dependence
of the effective ion charge q(x) inside a thin solid foil of
thickness d as a function of the penetration depth x ac-
cording to experimental results by Zaikov er al. [26]. A,,
denotes the charge-equilibration depth, i.e., at x=A, ,
the ionic charge is in equilibrium, the effective charge is

ff q '(x & A,,q ) =qzBL, and the stopping power is

SZBL (qzBL } '
2'

For simplicity, we restrict our discussion to carbon tar-
gets and projectile velocities of =0.2 —0.3 MeV/u. Since
the experimental results used in Figs. 1 and 2 have been
performed in the range 60 keV/u ~ E~ /Mp ~ 1.8 MeV/u,
and the mean-charge data to be used in the following
have been obtained at 200 eV/u —300 keV/u, this is a

compromise. Note that the mean Cz and Cz values from

[2] for C, Al, Ti, Ni and Cu are close to the ones obtained
with C. Also, because the effective-charge values for C
and N projectiles are quite similar (and not too different
from the values for Ne), we shall often compare in the
following the "heavy-ion" data for either C or N to the
heavy-ion (Ne) and the light-ion (H, He) data. This is
further justified by the finding that Cz (Z~) is constant
for Z~ & 6 by Clouvas et al. [10] (Fig. 1}.

The effective-charge values for q*(x ) A,,q) =qzBL
values have been calculated according to Ref. [21]. The
forward efFective-charge values qF have been calculated
from charge-state distributions [26,27] under the assump-

tion that the effective charge qF determining the stopping

TABLE II. The fraction of the stopping power which has been transferred to "secondary" electrons,

Sss (calculated from Fig. 4, see text) in comparison to the tabulated stopping-power values Szs„[21],
with 7'TE —SsE /SzBL

Proj.

H+
He+
c+

SSE
[eV/(10" atoms/cm )]

15.7
54.8

141

SZBL
[eV/(10" atoms/cm')]

19.6
70.3

291

~TE SSE/SZBL

0.80
0.78
0.49



45 PROJECTILE- AND CHARGE-STATE-DEPENDENT ELECTRON YIELDS. . . 1707

qadi

qeff q ZBL

q;-8

I

I

0 XgE

SOLIO

I g
I g
I

I ~

I

cI x
LJ
XgE

FIG. 5. The evolution of the effective ion charge q(x) inside

a thin solid foil of thickness d as a function of the penetration
depth x according to experimental results by Zaikov et al. [26].

q
denotes the charge-equilibration depth, i.e., at x =A,,„, the

ionic charge is in equilibrium, its effective charge is

q,&
=q(x & A,,q)

=qzBL, and the stopping power is

ZBL (qZBL ~ '

power at the forward surface is not very different from
the mean charge q=qf of the ions. The backward
effective charges qz were calculated by assuming that the
escape depth of low-energy SE is about A, =15 A [1,6].
From the target-thickness dependence of the mean
charge q of N + ions [26] one can —as a first
approach —assume that qs =q(d=15 A). However, be-
cause the initial charge state of the N ions was q; =+2
and the charge state of the ions used in the experiments
under investigation was q; =+1, this procedure may lead
to an overestimation of qz and thus to an underestima-
tion of possible deviations of S* to SzBL ~ In the case of
H+ and He+, the charge-state fractions have reached an
equilibrium around d =50 A. To obtain a first approxi-
mation for qs, a linear approximation of q(d) seemed to
be reasonable.

The energy-loss ratios rg =Sg /SzgL and

rF =SF /SzBL i.e., the ratios of the squares of the
effective near-surface charges qF and q~ to the squares of
qza„are shown in Table III. The quantities r~(TE) and

rF(TE) are a direct measure of the deviation of the near-
surface energy loss S* to the calculated ZBL energy loss

SzBg. A comparison to the C~ and C~ values from Fig. l
shows that the tendency of the Zz dependence of the C
values as well as their absolute magnitude are represented
within +40%%uo.

By taking into account that a fraction of the ion energy
loss may lead to either target (or projectile) excitation,
the Z& dependence of the C factors can be estimated even

more accurately: We introduce the estimates rTE ob-

tained in Sec. IVC by multiplying the "effective-charge
factors" r~ and rz with the "nonionizing target-
excitation factor" rTE from Table II. Furthermore, we

assume that only a small fraction ( & 10%) of the projec-
tiles are in an excited state when leaving the foil. Ac-
cording to the results of Zaikov et al. [26] this assump-
tion is justified and thus electron emission from excited
projectiles which decay via electron emission outside the
foil can be neglected. The final result for rTErz (compare
to CF) and rTErs (compare to Cs) are shown in Table III
(normalized to 1 for H). The Z~ dependence of the fac-
tors CF and Cz can be described within an error of less

than 30%, a surprisingly good result.
Thus the electron yields are a function of the effective

ion charges q* very close to the surface within a depth
comparable to low-energy electron-escape depths A,sE,

r -S',B(x ~SE) CF,BSZBL [qFB(x ~SE)] (19)

As we have shown above, this concept of an effective
near surface s-topping power can be used to describe the
electron-yield dependence on the projectile atomic num-

ber Z~. It can also be applied to describe the charge-
state dependence of electron yields as demonstrated in

Fig. 3 [1,6,28]. Recent calculations of the dependence of
the energy loss of ions on the charge state of the ions in-

side the solid performed by Arnau et ol. [29] strongly
support this approach. A similar concept has been suc-
cessfully applied to electron emission by slow (Ez & 16
keV) H, H, and H+ projectiles [30]. Furthermore, it
has been shown that the electronic energy loss depends
on both target thickness and the charge state of the ions
at vp »va [31]. It has often been proposed to perform
simultaneous measurements of y and S, . The discussion
above shows, however, that only simultaneous measure-
ments of y and S' may be meaningful.

TABLE III. The energy-loss ratios rg =Sg /SzBL and rF =SF /SzBL i.e., the ratios of the squares of
the effective near-surface charges qF and qz to the squares of qzB„and the "effective-charge factors" r&

and rF multiplied with the "nonionizing target-excitation factor" rTE from Table II (see text) in com-
parison to the factors C„and Cs (from Refs. [2] and [17])for different ions (Z~ = 1,2, 6, 7, 8, 10).

Proj.

H

Zp

1.00 1.00

rg rTE

1.00

CF

1.00

rF

1.00

rFrTE

1.00

He 0.60 0.45 0.44 0.65 0.82 0.80

C
0
N
Ne

6
8
7

10

0.40
0.36

0.32
0.47 0.30

0.60
0.58

0.49
0.67 0.42
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TABLE IV. The possible behavior of the C factors describing
the deviation of the near-surface stopping power (connected to
electron emission) to the tabulated values [Eqs. (11), (12), (19)]
for fast ions of Zr = 1 and Zr ~ 2, respectively, if the target is
thick enough to allow charge equilibration (see text).

Zp=1
Zp&1

Cz(q; (qf ) C~(q; ~qf) CF(qf =q*)

The C factors describe the deviation of the near-surface
stopping power (connected to electron emission) to the
tabulated values, see Eqs. (11), (12), and (19). The possi-
ble behavior of these factors taking into account Figs. 1

and 5 and Table III is summarized in Table IV. In the
case of (fast, i.e., qf =1) hydrogenic projectiles, CF and
Cz are (per definition) equal to one (C~: proton impact
only) if the target is thick enough to allow charge equili-
bration. In the case of H or H impact, Cz may be
larger than one at high velocities because the projectile
electrons can contribute to additional electron emission
[1,5, 18] either via kinetic secondary electron emission
[5,18] or as loss electrons [32]. At low velocities
( vp (2 —3vB ), however, C~ may be smaller than one be-
cause screening of the projectile nuclear charge occurs if
the velocity of the projectile electrons is comparable to or
lower than the projectile velocity [1,5, 18,30].

For heavier particles (Zt, ~ 2), Cz is lower than one if
the charge state q; of the incoming ions is lower than the
mean charge qf, and larger than one if q, )qf. This is
most clearly demonstrated in Fig. 3, but leads also to the
Zz dependence shown in Fig. 1 and, in particular, to the
Z~ dependence of the Meckbach factor R shown in Fig. 2
(compare the discussion in Ref. [2]). As long as the low-
energy electron-escape depth ksE is lower than the charge
equilibration depth keq7 ksE ((keq7 i.e., at high enough ve-
locities, C& can be expected to depend only weakly on the
projectile velocity. It is this situation which is sketched
in Fig. 5. Even for the impact of bare ions of very high
velocities E~/M~ & 5 MeV/u with qb =q,ff=qf on solids,
a reduction C~ & 1 has been reported [33].

If q; (qzBL Or qf (qzBL, the dependence of C-q*' On

Z~ results in a depression of electron yields with increas-
ing Zp. Interestingly, such a suppression of low-energy
electrons under heavy-ion impact can be seen both for
primary ionization (single-collision conditions, see, e.g.
[25,35], and Fig. 4) and (cascade) electrons from solids
[36,37]. A variety of different mechanisms have been dis-
cussed in this context, but it is still unclear in what mag-
nitude each of them contributes to the low-energy elec-
tron suppression: The most important mechanisms are
probably the screening of the projectile nuclear charge by
projectile electrons [25,35] (even projectile shell effects
have been observed, compare [5,6]) and the screening of
the projectile charge by target electrons in metals [37].
Also, changes of the surface barrier height caused by a
charging up near the ion track [12,28], an interaction of
the ion's wake with the surface potential [1,18], or a
depression of the SE excitation probability due to a high

density of electron h-ole pairs (which then no longer
remain uncorrelated) have been mentioned [37], compare
Ref. [2] for a more detailed discussion.

If the mean equilibrium charge of the ions outside the
solid qf was larger than the mean effective charge q,z in-

side (Betz-Grodzins model [34]), electrons from the decay
of excited projectiles should lead to additional electron
emission at the exit side and thus possibly to enhanced
values Cz) 1. This is in contrast to the findings of
Zaikov et al. [26] and to the results shown in Table III
(compare also Fig. 5). Possibly, the capture of electrons
near the target exit surface into excited states may ex-
plain these findings [26].

However, the preequilibrium evolution of the effective
projectile charge q* near the entrance surface is the key
for an understanding of the dependence of the near-
surface stopping power S~ =C~(ZP)SzBL on the projec-
tile atomic number Zz and on the charge state of the ions

q, . Even at the exit surface, where a sudden change of the

projectile screening, deexcitation of the projectile having
been excited inside the solid or capture of electrons from
the target can take place, an effective stopping power
SF*=C~(Zp )Sz~„has to be considered. Consequently,
electron emission from solid surfaces as a function of the
projectile atomic number Zp and on the charge state of
the ions q, is related to the effective stopping power S~
and S~.

V. CONCLUSION

We have shown that the concept of the preequilibrium
near-surface stopping power S'=C(Z~, q, )SzB„can suc-
cessfully be applied to describe the dependence of ion-
induced electron yields y-pS* on the projectile atomic
number Zz and on the charge state q; of the incoming
ions. After having presented a summary of recent results
on the projectile- and charge-state dependence of
forward- and backward-electron yields yF and y~ and
the Meckbach factor R =yF/y~ we discuss the im-

plementation of this concept into Schou's transport
theory. For this aim, we propose a simple extension of
the yield equations and discuss several necessary assump-
tions, in particular concerning the transport factor P.

By using the energy spectrum of primarily ejected elec-
trons to estimate the energy-loss fraction leading to elec-
tron emission and, in particular, by estimating the
effective charges of ions from charge-state distributions,
we can even describe the Z~ dependence of the factors
CF and Cz quantitatively within an error of less than
30%%uo. This result strongly supports the near-surface
nonequilibrium stopping-power concept and thus the
conclusions of Koschar et al. [6], Rothard et al. [2], and
Clouvas et al. [10]. However, further investigations are
necessary to clarify which mechanisms contribute and in
what magnitude to the deviation of the near-surface stop-
ping powers to the tabulated charge-equilibrium
stopping-power values.

If this proportionality of electron yields and the stop-
ping power can be further confirmed, electron emission
may become a powerful tool to measure the energy loss of
charged particles and to test energy-loss models [1,2,38].
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In particular, the energy loss of molecules or clusters

[5,18,38] or the dependence of the energy loss on the
preequilibrium evolution of the charge state of the ions

[6] can be investigated. With sufficiently thin targets or
at sufficiently high ion velocities (which are accessible
with heavy-ion accelerators such as GANIL at Caen,
France or GSI-SIS) we are generally dealing with pree-
quilibrium conditions where stopping-power values can
significantly differ from equilibrium data and are neither
available in the literature nor easily accessible experimen-
tally.

Furthermore, ion-induced electron emission can serve

as a valuable test for theories [22], which can also be ap-
plied to such fields as scanning electron microscopy and
all kinds of surface analysis with Auger, photo-, or secon-
dary electrons [19,20].
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