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A fast ion passing through a metal target drives electrons out of its path by means of Coulomb
scattering. Some of these electrons escape the target and are denoted as secondary electrons. The
rapid displacement of electrons from the ion's path produces a charge separation in the metal,
which gives rise to an electric field in the wake of the ion. For z & 1 ions, the wake fields can be so
strong that they retard the movement of electrons away from the ion's path, which reduces the
number of secondary electrons that escape the target. The time-dependent electric fields behind fast
ions in metals are modeled and the motion of Coulomb-scattered electrons in these fields is exam-
ined. The fraction of the electrons that are trapped by the wake is estimated and from this the
reduction in the yield of secondary electrons is quantified. The results are in agreement with mea-
surements of secondary-electron emission by fast, high-z ions hitting metal targets.

I. INTRODUCTION

When a high-velocity ion (where E is greater than or
equal to a few MeV/amu) passes into a solid target, elec-
trons are knocked out of the target. These knocked-out
electrons are denoted as secondary electrons. Three basic
processes occur in the ejection of electrons: (i) electrons
in the target are energized by means of Coulomb scatter-
ing, (ii) the electrons are transported to the target surface,
and (iii) electrons cross the surface into vacuum.

There are two types of theoretical models for the emis-
sion of secondary electrons when a fast projectile en-
counters a target: single-particle models and cascade
models. In the single-particle models' each electron
that escapes from the target is assumed to have been
directly ionized from the target lattice by the fast ion. In
the cascade models some of the electrons that escape
from the target are assumed to have been ionized from
the target lattice by secondary and tertiary collisions with
other electrons. Both models treat the transport of elec-
trons away from the ion's path without accounting for
the collective electric fields that arise from the removal of
negative charge from the vicinity of the ion's path. Both
types of models predict that the yield of secondary elec-
trons Y ( Y is the number of electrons ejected from the
target per incident ion) is linearly proportional to the
electronic stopping power dE/dx of the target material
to the fast ion; i.e., more energy deposited produces
more secondaries. In the model of Sternglass, ' the
secondary-electron yield is given by

Pd, dE
Y =

E~ dx

where d, is the mean depth from which secondary elec-
trons originate, E~ is the average amount of kinetic ener-

gy deposited by the ion into the target per ionization pro-
duced in the target, and P= —,

' is the probability for an
ionization electron to have a net motion toward the sur-
face of the target. A subscript "0" is added to 7 to

denote an uncorrected value. The work function of the
surface can be accounted for in P. In the theoretical
models, the combination Pd, /E, is a constant for each
type of target: Pd, /E, is independent of the type of in-
cident ion and of the ion velocity. Typically Pd, /E, is of

0

the order 1 A/eV. If cascade processes are occurring,
Eq. (l) basically still holds, but the physical interpreta-
tion of P and E~ may change.

When the secondary-electron yield is high, this picture
of secondary-electron emission needs to be modified.
There is evidence for this in the secondary-electron-
emission measurements of Refs. 7 and 8, where the mea-
sured yields are less than the predicted yields. The need-
ed modification to the picture is the following. When a
fast ion travels through the target, it transfers kinetic en-
ergy to electrons along its path by means of Coulomb
scattering. These electrons move outwards in a swarm
away from the ion's path leaving a region of positive
charge in the wake of the ion (see Fig. l). Within the
metal target, the electric field of this space-charge separa-
tion acts to retard the outward motion of the electrons.
If the number of outward-moving electrons is large
enough, then the electric fields will be strong enough to
recapture electrons in the swarm and these electrons will
no longer contribute to the secondary-electron yield.
Hence the collective electric fields lessen the yield and
therefore need to be accounted for in the theoretical mod-
els. This modeling will be somewhat complicated because
conduction-band electrons in the metal will respond and
shield out the space-charge separation on a time scale
comparable to the time scale for the electron swarm to
move away from the ion's path.

The role of the wake electric field in recapturing elec-
trons within the target was suggested in Ref. 8. It differs
from the role that Koyama et al. suggested, which was
the recapturing of the secondary electrons by the electric
field outside of the metal target, a process that would
have to occur long after plasmon shielding acted on the
electric fields. The wake considered here is caused by the
displacement of electrons from the path of an ion by
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FIG. 1. Cross section of the path of the ion showing the
outward-moving swarm of electrons and the positive charge left
behind.

two-body scattering. A more commonly studied wake is
the Quid reaction of the conduction-band electron gas to
the moving charge of the ion, which leads to the Ceren-
kov emission of plasmons. Typically, the plasmon wake
is studied by a linear dielectric response to the moving
charge, ' as is done for the Langmuir-wave wake in
Maxwellian plasmas ' and the density-wave wake in
Maxwellian gases of stars. ' ' In plasmas, computer-
simulation techniques are now being used to determine
the nonlinear wake of plasma waves for fast-moving
charges. ' ' The need for a nonlinear treatment of the
conduction-band wake has been pointed out in Ref. 19.
The wake caused by the two-body scattering of electrons
out of the path of an ion has been treated by adding
a term in the dielectric response function that has a
group velocity equal to the speed of an electron receiving
a Coulomb kick with impact parameter b =2~/k, with k
being the wave number. This simulates a burst of elec-
trons moving out from the path of the ion. However, this
treatment requires the wake to be of small amplitude.
The dual wake (fiuid reaction giving plasmons and two-
body reactions giving electron bursts) launched by the
moving ion is similar to the dual launching of plasma
waves (Iiuid reactions) and pseudowaves (particle bursts)
from a charged object in a Maxwellian plasma. ' One
other type of wake considered for fast particles moving
through targets arises from the polarization of atomic or-
bitals owing to the electric field of the moving parti-
cle 25, 26

In this paper the effects of the dual wake (two-body
electron motion plus Iiuid electron motion) on the trans-
port of electrons in metal targets and on the production
of secondary electrons will be estimated. First the time-
dependent charge separation in the ion wake is estimated
from Coulomb-scattering statistics and electron binding-
energy arguments. Then Gauss's law is solved to get the
electric field produced by the charge separation. The
motion of Coulomb-scattered electrons in the collective
electric field is determined by computationally solving the

As a fast ion travels within a metal target, conduction-
band electrons and valence electrons of the metal are en-
ergized by means of Coulomb scattering. The velocity
vectors of the electrons after the Coulomb scattering are
oriented at approximately 90' to the ion's path, so the
passage of the ion produces a swarm of electrons moving
radially outward from the path. For a collision with im-
pact parameter b, an electron will obtain an energy kick
AE given by

2 4
AE =2 1I U b +z e /rn U"

(2)

where Uo is the velocity of the fast ion and z is the charge
state of the ion. For a uniform density of electrons in the
metal, the distribution of impact parameters b between
the ion's path and the electrons of the metal is
f (b)db =2~bdb (see Ref. 27). Requiring f (bE)dbE=f (b)db and obtaining db /d bE from Eq. (2), the distri-
bution of energy kicks is found to be

2 4f (bE)=-
hE mU

The number of electrons receiving energy kicks from the
ion is proportional to f o

'"f (b)db, where b,„ is a cutoff
impact parameter that will be set by a minimum AE
value in Eq. (2). This can be written as

max maxf 0
'"f(b)db = —f ~F '"f(bE)dbE. The maximum en-

ergy kick bE,„occurs for b =0; Eq. (2) yields
AE „=2m,Uo. The minimum energy kick AE;„ is re-
lated to the ionization energy of the metal atoms: if AE
is below the ionization energy of the electron, then the
electron will not be freed by the ion so that the energy
kick is not counted. As an average to the lower limit of
integration AE;„, the mean ionization energy I of the
metal atoms is taken, so AE;„=I. If collective electric-
field effects are ignored, then, whether or not cascade
processes are important, the yield of secondary electrons
( Y is the number of electrons escaping the metal per ion
impact) will be linearly proportional to the number of

maxelectrons freed —f &z
'"f (bE)dbE, with a constant of

min

proportionality that depends on electron-transport pro-
cesses, cascade efficiencies, etc. Using the above values
for AE, and hE;„, the secondary-electron yield takes
the form

2 2

Y =CJ dbE, (4)

equation of motion and analytically fitting the solution.
The plasma-frequency response of conduction-band elec-
trons to the charge separation is accounted for and the
collective electric field is switched off after a fraction of a
plasma period. In this manner, the fraction of the
Coulomb-scattered electrons that are electrostatically
trapped in the ion wake is determined and the reduction
of the secondary-electron yield owed to this trapping is
calculated.

II. THE METHOD USED
TO DETERMINE THE REDUCED YIELD
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where the subscript 0 indicates that the collective
electric-field effects are not accounted for and where C is
a constant. Performing the integration results in

1 1Yp=C
2meUp

According to the secondary-electron-emission model of
Sternglass, ' the secondary-electron yield is given by Eq.
(1). Combining relations (5) and (1) obtains the constant
C.

Y„„,/P electrons are removed from a length of ion path
d, long to produce the secondary-electron yield Y„„,.
This is generalized to include cascade processes by
defining F„„to be the fraction of the secondary electrons
that are directly produced by Coulomb scattering and not
by cascade processes. Then 1/F„„ is the multiplicative
factor for Coulomb-scattered electrons to drive a cascade
of free electrons. With cascade processes operating, the
charge per unit length of the positive channel is
Q/L =eF„„Y,„„,/Pd, . For simplicity the charge densi-
ty in the cylindrical channel is taken to be uniform; hence

Pd. dE
E dx I 2me Up

2 (6) n = ( eF„„Y„„,/Pd, ) /~r, h,

The effect of the collective electric field of the space-
charge separation is to raise the lower limit of integration
on the distribution f (AE) in Eq. (4). Because the elec-
trons must climb out of the potential well to escape, an
electron needs b,E;„+eh,P„,„ofenergy to escape rather
than b,E;„ofenergy, where AP„, is the depth of the po-
tential well that traps electrons (which is estimated
below). Making the replacement of the lower limit of in-
tegration in expression (4), using expression (6) for C, and
using AE „=2m, Up and AE;„=Iobtains an exPression
for the true number of secondaries

Ytrue
Pd. dE 1

E dx I 2me Up
2

x ' +I +eh, P„, 2mevp2

Note that the trapping potential b,P,„, will be a function
of the yield Ytrue'

As the distribution of Coulomb-scattered electrons
moves radially outward from the path of the ion, velocity
dispersion will spread out the electron swarm, with the
faster electrons obtaining greater r values than the slower
electrons. Inside this electron swarm there will be an
outward-moving interface that separates electrons with
sufhcient kinetic energy to escape the ion's wake from
electrons without sufficient kinetic energy (see Fig. 1).
This interface travels with the velocity of an electron that
is turned around by the charge-separation electric field at
the instant that the charge-separation field is turned off.
Electrons faster than this interface escape to produce
secondary electrons and electrons slower than this inter-
face are trapped in the wake. Gauss's law V A'=4mnq for.
a cylindrically symmetric charge distribution n yields
the electric field

=2
r L interior

where (Q/L), „„„,„ is the charge per unit length interior
to radius r. The charge distribution near the ion's path is
depicted in Fig. 1. Behind the ion there will be a posi-
tively charged channel with a radius r,h from which elec-
trons have been expelled by Coulomb scattering. If cas-
cade processes are not occurring, then the charge per unit
length of the positive channel is Q/L =eY„„,/Pd„since

where r,h is the channel radius, which is expressed in
terms of a typical impact parameter for electron displace-
ment. Setting b =r,h in expression (2), the channel ra-
dius is expressed as

r 2
ch

2z2e4 +1

me U() Ech 22m, Up
(10)

where AE,h is an energy kick that defines the channel
width. Outside of the channel, the positive charge densi-
ty is zero. Whether or not the trapped electrons are out-
side of the channel, their charge density interior to the in-
terface is accounted for since F„„Y„u, rather than
F„„Yp was used for the positive charge density of the
channel. The charge density per unit length interior to
the interface when the interface is at r is J On 2~r dr,
which gives

eFcasc Ytrue

Pd, rch

'2
for r r,h (1 la)

L interior eFcasc Ytrue

Pd,
fOr r ~r,h . (1 lb)

Using this in expression (8), the collective electric field is

eFcasc Ytrue r
2

2
for r —I hPd, r 2h

eFcasc Ytrue 1
2 — fOr r ~r,h .

Pd, r

(12a)

(12b)

The total potential drop b,P„, that an electron traveling
with the interface experiences is obtained by integrating
the electric field of expression (12) from r =0 to r
where r „is the position of the interface when the elec-
tric field is switched off. The value of r „will be ob-
tained by computationally solving the equations of
motion for an electron moving with the interface.

The position of the interface is obtained by solving

0 I

at2

for the electric fields of Eqs. (12). An analytic solution of
this would require dealing with probability integrals. In-
stead of using this approach, the position of the interface
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r,„/vot =(5/2~)[(e F„„Y„„,/Pd, )/ED]'~2

Multiplying this expression by vpt and using
vo=(2EO/m, )', the turnaround distance is

1/22
+case true

Pd, m,
5r „=t2' (14)

for r ) r,h. Note that the initial kinetic energy of the ion
Eo has dropped out of expression (14) for r,„. The efFect
of conduction-band electrons in the metal will be to
shield out the electric field that is produced by the charge
separation in the ion's wake. Particle-in-cell computer
simulations have shown that the shielding of a cylindri-
cal charge perturbation of arbitrarily large amplitude in a
collisionless plasma occurs in a time that is always less
than ~ /3, where ~ =2~/~ is the plasma period. For

is determined by means of test-particle computer simula-
tions of electrons moving in the electric fields of equation
(12). For electrons moving radially outward from r =0
with initial velocities vo=(2EO/m, )' (where Eo is the
initial kinetic energy of an electron), Fig. 2 contains plots
of the positions r,„of the electrons when they turn
around, with r „normalized to the position vpt that
each electron would have had if there had been no elec-
tric field. The break points in the curves occur when the
turnaround distance equals the channel radius, r „=r,h,
which occurs when Ep =e F„„Y„„,/Pd, . For r „r,h

the electron behaves as a harmonic oscillator and
r „/vpt =2/~ exactly. For r „)r,h the curves of Fig.
2 are approximated by

(15)

Integrating the electric-field expressions (12a) and (12b)
from r =0 to r,„,and using expression (15) for r,„nad
expression (10) for r,h gives the potential drop of the in-
terface at time ~p /3:

. 1+in
S

2
25 ~pFcasc Ytrue v 0

36~ e z Pd

2m, v p
2

large-amplitude perturbations the electric field is reduced
with time according to 6'-cos(2~t/r ). The shielding of
a time-dependent charge separation such as the one de-
picted in Fig. 1 will occur more slowly than ~ /3 because
the conduction electrons of the metal do not begin to
respond until the leading edge of the electron expansion
passes over them. Additionally, the response of the
conduction-band electrons could be greatly impeded by
scattering o8' the metal lattice, since the acceleration of a
conduction-band electron will substantially change its de
Broglie wavelength. The electric field will be assumed to
have full strength for t (~p /3 and then it will be abruptly
switched off at t =~ /3. The interface in the electron ex-

p
pansion corresponds to an electron that turns around at
the time when the electric field switches off (at time
t =rp/3). Thus, from expression (14), the turnaround
position of the interface is

2 1/2
+p case true

~max
=

6~ Pd, m,

1.0

0.8

I I I IIII I I I I IIII I I I I IIII I I I I IIII

Pd, = 5.0x10 cm

r,„=2.0x10 cm

Equations (7) and (16) form two equations for the two un-
knowns Y„„,and b,P„,„.

The pair of equations (7) and (16) are iteratively solved
for Y„„, and b, hatt„, on a computer and the results are
displayed in Figs. 3—7. In solving the equations, the elec-
tronic stopping power dE/dx of the metal target to the
ion was approximated by

"max

Vp t

0.6

0.4 Ytrue =10

2
Ytrue = ~0

Y„„e=1

0.2—

0 I I I I III

10
I I I IIII

10

E (
Mev~

I I I I I III I I I I I III

10 10

FICx. 2. Position r,„of an electron when it turns around
(normalized to Upt) is plotted as a function of the initial kinetic
energy of the electron. The points are obtained by numerically
solving Eqs. (13) and {12).

4~ne4z, '
ln

dx

2m, vp
2

(17)

where z is the charge state of the ion, v p is the velocity of
the ion, n is the lattice density of the metal, and the sub-
script t is the atomic number of the metal. Expression
(17) contains only the leading term in a stopping-number
expansion; it does not contain the relativistic correc-
tion, shell corrections, the Barkas correction, or the
Block correction. The parameters taken for generating
Figs. 3 —7 are typical of metals, but specific to gold: the
lattice density n =5.9 X 10 cm, the atomic number is
equal to 79, the plasma period ~ =4.7X10 ' sec, and
the mean ionization potential I =770 eV. ' The parame-
ter Pd, /E~ is measured to be Pd, /E = 1.14X 10
cm/eV. ' To evaluate Eq. (16), it is necessary to obtain
a value for Pd, from the measured value of Pd, /E, .
This can be done by attaining a value for E, . The quan-
tity E is the average kinetic energy lost by the fast ion
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per ionization produced in the target. In radiation phys-
ics, this quantity is known as the 8' parameter. For
metals, E~ has not been measured, so E~ =25 eV will be
taken, as suggested by Sternglass, ' which gives
Pd, =2.85X10 cm. The choice of AE,h, which deter-
mines the radius r,h of the positive-charge channel, will
be taken to be AE,„=I/2. Taking EE,h larger would re-
sult in a smaller value of r,„;however, a channel that is
much smaller than atomic diameters will very rapidly
spread owing to the orbital motions of electrons.

III. RESULTS

as a function of the ion charge z for four different ion ve-
locities in Fig. 4. The points are the results of solving ex-
pressions (7) and (16) ( Y„„,) and the solid lines are the
values of the uncorrected secondary-electron yields Yp,
obtained from Eqs. (1) and (17). Note that Yo~z . Be-
sides the trend that Y„„,decreases as Ep increases, two
trends are seen. The first is that Y„„, is closer to Yp
when Ep is larger. This indicates that the reduction in Y

The numerical solutions to the pair of equations (7) and
(16) are displayed in Figs. 3 —7.

In Fig. 3, the trapping potential b,P„, [see Eq. (16)] is
plotted as a function of the ion's kinetic energy per nu-
cleon for various z values of the ion. Two trends are
clearly seen: b,P„,~ increases as z increases and b,P„,~ de-
creases as Ep increases. Both of these trends originate
from the fact that hP„, increases as the stopping power
to the ion increases [see expression (17)]; i.e., more elec-
trons are driven from the ion's wake when dE/dx is
greater. For ion kinetic energies of 10 MeV/amu, poten-
tial drops of 20—900 V are predicted for fast ions from
z =1 to 10.

The corrected secondary-electron yield Y„„,is plotted
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FIG. 3. Trapping potential b.P„,~ is plotted as a function of
the ion kinetic energy Eo for various z values.

FICr. 4. Reduced secondary-electron yield Y„„,is plotted as
a function of the ionic charge z for various ion energies. The
solid lines are the nonreduced yield Yo obtained from Eqs. (1)
and (17).
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owed to collective electric-field effects is less for higher-
energy ions. This agrees with the trend shown in Fig. 3
that b,P„, decreases as Eo increases. The second trend
in Fig. 4 is that the deviation of Y;,„, from z is greater as
z becomes greater. Again, this is because the trapping
potential b,P„„ increases with z. The increasing devia-
tion with increasing z has implications for the next few
graphs: power-law fits of Y„„,versus z will be made and
the exponent of the fit will depend on the range of z
values selected for the fit.

The effects of the choices of E, and AE,h on the solu-
tion Y„„,can be seen in Fig. 5. Here, for each E and
EE,h value, Eqs. (7) and (16) are solved for z =1—11 and
then a power-law fit Y„„,=az' is performed on the 11
solutions and the resulting exponent s is plotted. The ion
kinetic energy is taken to be 5 Me v/amu and
Pd, /E, =1.14X10 cm/ev. As can be seen, the ex-
ponent s of the power-law fit is fairly insensitive to the
value of AE,h selected, so long as 0.1I ~ AE,h I, where
I =770 eV is the mean ionization potential of gold. This
is because the trapping potential b.P„, is a constant (the
potential drop within the positive channel) plus a term
that depends on the In(r, „/r,h), where AE,„sets r,h

through expression (10). Hence there is only a logarith-
mic dependence of b,P„, on b,E,h. Figure 5 shows, how-
ever, that there is a strong dependence of the exponent s
on the choice of E . By examining Eq. (16) it is seen that

for Pds/E„being fixed, b,P„,~ ~E„', which is a strong
dependence.

The effects of the cascade process on the reduction of
the secondary-electron yield can be seen in Fig. 6. Here,
the exponent s of a Y„„,~ Eo fit to the solutions of ex-
pressions (7) and (16) for z = 1 —8 is plotted as a function
of the ion kinetic energy E0 for three values of F„„.Re-
call that F„„is the fraction of the secondary electrons
that have been ionized from the target lattice directly by
two-body scattering with the ion, and that 1 —F„„is the
fraction of the secondary electrons that have been ionized
by other electrons. As E0 increases, s increases toward
the value s =2, as was seen in Fig. 4. As F„„decreases,
s again increases toward s =2. This is because when F„„
is small, most of the secondary electrons originate from
cascade processes away from the ion's path. Hence fewer
electrons are removed from the path and less of a charge
separation is created. This means b P,„,~ is lower and so a
smaller fraction of the electrons leaving the ion's wake
are trapped.

In the final plot (Fig. 7), it is demonstrated that the
reduction of the yield owed to collective electric-field
effects is a strong function of the yield itself. Here, for
three different ion velocities, the ratio of Y„„,/Yo is plot-
ted as a function of Yo, where Y„„, is the reduced
secondary-electron yield and Yo is the secondary-electron
yield predicted without accounting for collective electric

I ( I I I I ( I I I I I II

Y~ z' Gold
= 5meVamu
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FIG. 5. Exponent s to a power-law fit of Y„„,~z' is plotted
as a function of the parameter AE, h for various values of the pa-
rameter E~.

FIG. 6. Exponent s to a power-law fit of Y„„,~z' is plotted
as a function of the ion kinetic energy Eo for various values of
the cascade fraction I'„„.
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FIG. 7. Ratio Y„„,/Yo of the reduced yield to the nonreduced yield is plotted as a function of the nonreduced yield for various
values of the ion kinetic energy.

fields. Each point on the figure is for a di6'erent z value.
For smaller yields, the reduction in the yield is slight,
hence Y„„,/Yo-1; for larger yields, the reduction in the
yield is great, hence Y„„,/Yo «1. This simply rejects
the fact that when the yield is large, many electrons are
being removed from the ion's path and so the wake elec-
tric field is strong, and thus the trapping of an electron
becomes more probable. The Y„„,/Yo versus Yo curves
are seen to be nearly independent of the kinetic energy
per nucleon of the ion. Although it is not shown in the
figure, the curves are also nearly independent of the value
of AE,„. The curves are, however, strongly dependent on
the choice of E, .

IV. COMPARISON WITH DATA

Four sets of published data ' ' ' for the yield of
secondary electrons from fast, z) 1 ions hitting metal
targets will be examined in light of the results of Sec. III.
Two sets will receive only a cursory examination and two
will be quantitatively compared with the results of Sec.
III.

The published data of Oda and Lyman contain mea-
surements of the sum of the forward and backward
(entering surface and exiting surface) yields for fast ions
passing through thin foils. Because the yield from the
entering surface cannot be separated from the summed
yield, the data will not be analyzed. The trend in the
data, however, clearly indicates that the secondary-

electron yield is lower than expected when the yield is
large (see Fig. 6 of Ref. 35). Borovsky and Barraclough
measured the secondary-electron yield for 1.5 —5.25
Mev/amu Li and ' C ions of various charge states hit-
ting gold and oxidized-aluminum targets. They reported
a clear trend that the secondary-electron yield was well
below theoretical predictions whenever the yield was
large.

Koyama et al. published secondary-electron yield
measurements for 6.2 —6.5 MeV/amu He +, C, N +,
and O + ions hitting aluminum, silver, and gold targets.
Fitting the z =2—8 data of Ref. 7 according to Y=az'
obtains s =1.72 for aluminum, s =1.66 for silver, and
s =1.68 for gold. Borovsky and Suszcynsky measured
the secondary electron yield for 1.5 —11 MeV/amu 'H'+,
H + He+ Be+ 'B+ 'C+ and '0+ i nshit-7 7 7

ting gold, oxidized-aluminum, and tantalum targets. Fit-
ting these data according to Y =az' obtains s = 1.71 for
gold, s =1.62 for A1203, and s =1.62 for tantalum. The
s values obtained for gold targets in Sec. III by modeling
the wake electric field and estimating the fraction of
Coulomb-scattered electrons trapped in the wake are very
similar to the s values for gold obtained from the Koya-
ma et al. data and the Borovsky and Suszcynsky data.
Looking at Fig. 6 in the Eo =6-Mev/amu range, the mea-
sured value of s =1.7 for gold (the average of the two
measured s values) corresponds to a case with
F„„=0.75, i.e., cascade processes not being dominant
and not being negligible in the production of secondary
electrons.
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V. SUGGESTED EXPERIMENTS

If higher-velocity ions are used to generate secondary
electrons from metal targets, then the scaling should be
closer to z than the scalings are in the present experi-
ment. According to the wake electric-field picture
presented in this paper, the scaling will improve because
the yield is lower for faster ions, hence the electric Aelds
are weaker. According to Fig. 6, the exponent s of the z'
scaling relation increases monotonically with ion kinetic
energy and at energies of 100 MeV/amu and higher the
scaling should be nearly z for z =1—8. To help confirm
the wake model, or to eliminate some free parameters in
the model, Bs/BE can be calculated and then compared
with measurements.

Examining the energy spectra of secondary electrons
produced by the various z ions can provide information
about the trapping of electrons in the ion wakes. The en-

ergy spectra of Coulomb-scattered electrons in the pres-
ence of the temporally changing wake electric Geld can be

predicted, and with the use of a cascade model (if needed)
and range estimates of slow electrons in metals (e.g. , Ref.
36) the spectra of electrons escaping from the metal tar-
gets can be predicted.

Experiments that would determine the values of E,
(the average kinetic energy lost per ionization produced)
for metals would be of general use to calculations of the
yield of secondary electrons from metal surfaces. As are
the predictions of other secondary-electron models, the
predictions of the wake electric-field model are sensitive
to the choice of E, . Measured values of E, for solid
semiconductors, gases, and noble-gas liquids range from 3
to 50 eV.
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