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Target dependence of effective projectile charge in stopping powers
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The theory of the effective ion charge, Zi e, in stopping powers is tested for ion velocities vi
near up=e2/f through measurements of relative stopping powers for He+ and D+ in foils of
Au(r, =1.49), C(1.66), Al(2. 12), and Cs(5.88), where t, is related to the conduction-electron

density, », , as t, =(3/4'», ap )' . One finds a strong materiil dependence of Zi. It can be ac-
counted for by referring to the rel ~tive ion-electron velocities, u„, which include the Fermi
velocity v&=1.919r, ' (a.u. ) of the target electrons. The results may-pertain to the stopping of
charged particles in materials at very high pressures and temperatures.

The effective charge theory of the stopping power
of solids for swift ions has become a powerful tool to
correlate comprehensively a large body of experimen-
tal dat'a. ' ' The rapidly growing interest, moreover,
in laser- and heavy-ion-induced inertial confinement
fusion raises important questions as to the depen-
dence of the effective charge of light and heavy ions
and, hence, their rate of kinetic-energy loss on the
properties of the medium under extreme conditions
of temperature and pressure. It is the purpose of this
letter to present experimental stopping-power data
that pertain to these questions.

The basic tenet of the effective-charge theory is

that ions of atomic number Zl, moving with velocity
ul )) uo= e'/f, interact with the electrons of the
medium with an effective charge Zl' = Z~f (u, )
where the function f (ul ) ~ 1 depends primarily on
vi and only weakly on the properties of the substance
in which the ions move. That is, one writes the stop-
ping power, S, as

S (Z, , Z, „u)) = [Z,' (u() ]'SO(Z2, u()

where Sp is the stopping power per unit ion charge of
the material composed of the clement with atomic
number Z2. If taken in the limit of vanishing ion
charge, Sp can be calculated exactly in the first Born
approximation. ' For real projectiles, Sp contains Zi-
dependent contributions from Bloch terms' and Z~'

terms' which are negligibly small for light ions and
largely cancel for heavy ions. ' Therefore, they are
neglected in the following.

As it stands, Eq. (1) has been demonstrated to ap-

ply on the average to stopping power data of solids at
velocities ei &) vp of ions with Z~ ranging from 1 to
92. There is growing interest in the stopping
powers of light ions such as IH, |H, |H (Z~ =1) and

2He, 2He (Z2= 2) at low velocities, where the effec-
tive charge analysis has given first indications that
protons have an effective ZH & 1 as v~ up. '
Theoretical treatments' have attacked the effective-

charge problem at very low velocities Ui (4 Up,

where Sp~ vi.
One may loosely interpret Z~' as the number of

electrons that, with regard to the stopping process,
are effectively stripped off the swift ion by the medi-
um. A stripping criterion is that the charge of the
moving nucleus is screened by a coterie of electrons
with orbital velocities higher than the ion velocity v~.
As v| approaches the mean velocity, v„of the
valence electrons of the medium, the atomic cores in

the medium can no longer be exited (inner-shell
corrections to stopping powers), and the electronic
stopping power, in particular of metals, is determined
by the conduction electrons. The effective charge
should then not merely depend on v& but, in fact, on
the relative velocity u, = u„(u„ul) between the pro-
jectiles and the conduction electrons, It is the pur-
pose of this investigation to test this new prediction
of the effective charge theory experimentally.

Our experimental results are shown in Fig. 1 ~ We
find a strong material dependence of the relative en-
ergy losses AEa, /AEo as measured in the same foil
at equal velocities, where AE = 10 keV and AE/E—0. 1 depending on the ion-target combination. The
target materials were chosen to vary v, as widely as
possible relative to our accessible velocity range
0.7vp & v~ & 1.5irp common to D+ and He+, corre-
sponding to energies ranging from 12.5 keV/nucleon
to 50 keV/nucleon. The temperature, T, of the met-
als in the laboratory, with conduction electrons of
density n, and Fermi energy FF, is always such that
0—= kT/EF ((1. The electron velocity, u„ is

then comparable to the Fermi velocity
ur = (2EF/m )'~' which can be expressed in terms of
the one-electron radius, r„ in the medium as
ez = 1.919r, 'vp, where

with ao=f2/me'=0. 529 A and uo=e2/f =2.18 x 108

cm/sec. As indicated in Fig. 1 through the respective
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r, values, the conduction-, electron velocities increase
by a factor 4 in the series Cs(r, =5.88), Al(2. 12),
C(1.66), and Au(1.49)."

Energy losses hE were measured by standard
transmission techniques. " Details and the measured
stopping powers will be published elsewhere. The
preparation of Cs foils posed special problems. "
After many trials, we settled on the- evaporation in

situ under ultra vacuum conditions (10 '0 Torr) of
approximately 30 p, g/cm' of Cs on a cooled Au foil
for which the energy loss had been measured before-
hand. The Cs increased the energy loss ip the com-
posite foil typically by a factor of 2. The energy
losses and bEH, and EEp were determined from the
centroid shifts of the distributions with and without
foil. %e estimate the combined uncertainties in hE
to be smaller than +5% for the C, Al, and Au foils,
and +7% for the Cs films on Au substrates.

To test whether Z~' (v„) can account for the pro-
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FIG. 1. Ratios of energy-loss data for He+ ions AEH,
and D+ ions AEp, measured in transmission at the same ion
velocities v&, or ion energies F

&
per nucleon, under other-

wise identical conditions on foils of Au(r, = 1.49), C(1.66),
Al(2. 12), and Cs(5.88). The uncertainties in the data are in-
dicated.
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nounced material dependence displayed in Fig. 1, we
have replotted the data in the form (Zo = 1; Z„,=2)

' 1/2
ZHe Zp AEHe

ZH, ZH, AEp
(2)

vs v, (v~, v, ). The effective deuteron charge, Zo, at
different v& was taken to be equal to the empirical
values of ZH given in Ref. 5. %'e calculated v, by

averaging over the difference between the electron
velocity v, and the ion velocity v~ assuming an iso-
tropic distribution of the conduction-electron veloci-
ties, and found that

v, (v, /v, +1)'—)v, /v, —1)'
6 v&/vg

(3)
Averaging over the Fermi sphere, 0 ~ v, ~ vF, yields
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FIG. 2. Effective stopping-power. charge of He projectiles,

Z& =ZH„relative to Z~ = ZH, =2, as a function of the rela-

tive velocities between the ions and the electrons in the
medium in atomic units, v, /vo. The data presented in Fig. 1

are plotted as given in Eq, (2). The relative velocities are
calculated in terms of v~ and r, according to Eq. (4). Within

the uncertainties indicated, the data agree in this representa-
tion with each other. The theoretical curve represents
Z

~
( v, )/Z

~
evaluated for the Lenz-Jensen statistical model

of the atom (Refs. 4 and 5). The strong material depen-
dence displayed in Fig. 1 is manifest only in its effect of the
conduction-electron velocities on v„=v, (v, (r, ), v&).

(v )/vr + 1)' —)v, /v, —1)'+4(v)/v, )'+ e(v, /vr —1) t —', v )/vr —4(v)/vr )'+ 3(v)/vr )' ——, (v)/vF)')
~r= 4

10 »/vr

where vr/v0=1. 919r, ' and H(x) =
2

(1 —x/~x~)

denotes the step function. Equation (4) has the
proper limit for v~ (( vF. In the range of the validi-
ty of Eq. (1) for v~ & vr Eq. (3) agrees with Eq. (4)
to (1% if we insert v, = ( —)' 'vr in Eq. (3) corre-
sponding to the mean kinetic energy in the electron

I

g ' 2 5
EF'2 3

The results are shown in Fig. 2 and compared with
the effective charge theory given in Ref. 4, calculated
for the Lenz-jensen model of the atom. ''4 The large
material dependence displayed in Fig. 1 has been
resolved by attributing it to the change of v, with r,
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through the relative ion-valence electron velocities.
Whether there is a small residual trend in the data
with r„just within our present experimental uncer-
tainties, requires further study.

We conclude that effective charge theory describes
the stopping power' of metals for atomic projectiles
even when vl —uF, provided that the stripping cri-
terion is applied to the relative velocities between the
projectiles and the conduction-plasma electrons.
Although demonstrated here for He ions, we expect
this conclusion to hold for heavier ions as well.
Based on these conclusions one may expect that the
stopping power of materials at very high pressures
and temperatures such that 0 —1 can be predicted by
calculating Z; (u, ). The stripping criterion is applied

to v, as given by Eq. (3), where now

l(2

v, = —( —'
, &F + —'

, k T ) = ( —', ) ' 'vF ( l + —'
, 0) ' ' (5)

in

interpolates between the degenerate (0 « l ) and
the nondegenerate (0 » l) state of the plasma.
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