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Measurement of the Average Equilibrium Charge of Fast Heavy Ions
in a Solid by H + Emission at the Exit Surface
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The H+ secondary-ion yield from the surface of solid targets of Au, C, and nitrocellulose has been
used to measure mean charges of energetic ions of Kr and Ar (at 1.16 MeV/u) at the beam-exit sur-
face. Values for Kr ions were found to be 1.6 to 3 electronic charges (e) less than those found 70 ns

later, after Auger decay. No such difference was observed for Ar ions of the same velocity.

PACS numbers: 34.50.Fa, 32.80.Hd, 34.70.+e

The behavior of the charge states of energetic ions
passing through matter is a complex problem of consid-
erable theoretical interest. ' It also has important practi-
cal applications in heavy-ion physics, especially in ac-
celerators. In solids, collisions which may change the
charge state take place at time intervals of about 10
s. So far the only source of information on the charge
states inside the solid is x-ray emission from projectiles
having vacancies in electronic orbitals. These experi-
ments, however, give only numbers of vacancies in inner
shells. In the following, a new method is presented to
determine the charge state of a projectile at the instant
this projectile leaves a solid surface. For Kr ions this
charge state is found to be smaller than the one reached
after Auger decays in a vacuum; this is in qualitative
agreement with the multiple-excitation model. This
method uses the influence of charge states on yields of
secondary H+ ions ejected from the surface when a fast
ion intersects the surface.

The ejection of secondary ions from a solid by bom-
bardment with heavy ions of 0.5-5 MeV/u is very sensi-
tive to the charge state q of the primary projectile.
Yields of molecular ions from the target exhibit a fairly
complex behavior; they depend on the atomic number of
the bombarding ion as well as its charge. This has been
explained in terms of the charge-exchange processes tak-
ing place at a depth of about 100-200 A with the as-
sumption that the yields depend on the integrated energy
loss within that region. ' On the other hand, yields V
of light atomic ions, particularly H+ or C+, follow a
very simple pattern; for a given projectile velocity they
are independent of the bombarding ion —and therefore
of the total energy lost in the foil—but depend only on
its charge q when it crosses the surface. ' In contrast
to most molecular ions, the H+ emission is related to the
high-energy density deposition in the vicinity of the pro-
jectile before energy dissipation. This energy is locally

dependent on the instantaneous charge state of the pro-
jectile. 1 (H+)~q" with n —3 (see below). This sug-
gests the use of the H+ yield as a sensitive probe of the
projectile charge state at the surface.

Relatively large energy distributions of H+ ions emit-
ted from a surface under MeV ion bombardment have
been measured recently. ' ' These results also lead to
the conclusion that the H+ ion is "probing the internal
environment of the ion track in the beginning of its evo-
lution. "' In these later experiments H+ ions were ob-
served from both the entrance and exit surface of the
targets. The interaction distance between MeV primary
ion and secondary ions is larger for molecular ions or
atomic clusters than for H+ and C+ ions but it is gen-
erally believed that in both cases direct atomic or molec-
ular collisions with the projectile are not involved in the
mechanism of desorption.

The experimental setup has been described completely
elsewhere. ' A beam from the Orsay heavy-ion linear
accelerator passes through a thin C foil to produce a dis-
tribution of charge states. The charge state desired is
selected by a magnet, and the resulting low-intensity ion
beam ( —100 ions/s) is collimated to 1 mm diameter be-
fore striking the target. Figure 1 shows a schematic dia-
gram of the experimental geometry. After passing
through the target, the energy of each ion is measured in

a Si detector; an event is accepted only if the primary ion
has the full energy expected. ' A vacuum of about 10
Torr is maintained in the system by a cryopump.

If an equilibrium charge-state distribution is required,
an absorber can be inserted into the beam about 100 cm
upstream from the target. In the experiments reported
here, the absorber was always a foil of the same material
and thickness as the target. The primary ions take about
70 ns to travel between the absorber and the target, so
any excited states of short lifetime will have decayed by
the time the ions strike the target.
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FIG. 2. H+ yields as a function of the charge state of the
incident ion. (a) Nitrocellulose: A, 100 A. , front; B, 100 A,
back; C, 580 A, back. (b) Carbon: D, 500 A, front; E, 60 A,
back; F, 500 A, back. The H+ yields for the different
thicknesses 100 and 580 A (nitrocellulose) and 500 and 60 A
(carbon) have been normalized from measurements of H+
emitted from the front at a given charge state. (The q depen-
dence of the H+ yield is similar for different thicknesses when
bombarded from the front. )

FIG. 1. Schematic diagram of the experimental arrange-
ment showing the primary-ion beam (Pl) and the ejected
secondary ions (SI) observed in a microchannel plate detector
(MCP). Secondary ions may be observed from the front as in

(a), or from the back, as in (b).

Secondary ions emitted from the target are observed
in a microchannel plate (MCP) detector. Their masses
are measured by time of flight (the time interval be-
tween the Si detector "start" pulse and the MCP detec-
tor "stop" pulse) over a flight path of 15 cm. The target
and the MCP detector are mounted on the same plat-
forrn. It can be rotated from outside the chamber to
change the angle of incidence of the primary beam. It
can also be rotated through 180 to observe the secon-
dary ions ejected either from the entrance or from the
exit side of the target (i.e. , before or after the primary
beam passes through the target material), as shown in

Figs. 1(a) and 1 (b). Since the target and the detector
move together, the secondary ions observed always origi-
nate from the same target surface, and the detector
geometry is exactly the same for the two cases.

Thin foils of C, Au, and nitrocellulose (CI2HI7N3OI6)
served as targets. The thicknesses of the nitrocellulose
foils were measured by infrared absorption. The targets
were bombarded by Ar or Kr ions of constant velocity
(energy/nucleon=1. 16 MeV/u) and of charge state 7+
to 15+ for Ar, and 12+ to 25+ for Kr. High yields
of H+ were observed in each case, so background was
not a serious problem. Yields measured for a given tar-
get were found to be reproducible within 5% over a 24-h
period. The projectile velocity dependence of the H+
yield has been measured around 1.16 MeV/u (v —1.1

cm/ns). ' The foil thicknesses are such that the relative
variations of ion velocities are around 1% for 1000 A

gold foil and smaller than 0.2% for 500-A carbon foil.
The corresponding yield and stopping power (dE/dx)
variations are negligible.

Figure 2(a) shows the H+ yields from a nitrocellulose
target bombarded by Kr ions as a function of the Kr
charge state. Curve 4 gives the results observed from
the front, i.e., for the geometry of Fig. 1(a). As men-

tioned above, the yield varies as q" with n —3. The other
two curves illustrate yields observed from the back, i.e. ,

for the geometry of Fig. 1(b). For the 580-A target the
measured yields (curve C) are independent of the initial
charge state, indicating that this target is thick enough
to produce charge equilibrium. The constant H+ yield
from curve C is thus a measure of the average equilibri-
um charge state q when the projectiles leaves the target.
The measured value of this quantity is slightly larger
than the real value because of the width of the charge-
state distribution and of the rapid increase of V(H+)
v ith q. However, this effect is calculated to give an er-
ror of only a few percent. Since the projectiles have a
velocity larger than 10' A/s and since the yield curves

suggest that the H+ yield measures the charge state
within a distance much smaller than 100 A from the sur-

face, it is clear that the charge state is measured before
any appreciable number of Auger decays (lifetime
10 —10 ' s) have occurred.

The value of q is determined by the intersection of
curves 2 and C, provided there is no intrinsic front-back
asymmetry like the one observed for a number of molec-
ular ions. ' In particular we have recently measured an
enhancement of 40% for the yield of molecular ions
emitted from the exit surface of a thin layer of
phenylalanine (1000 A evaporated on a 500-A carbon
foil). The incident Kr projectile was taken in its equilib-
rium charge state (18+, see later) but no difference be-
tween the exit and entrance surfaces has been observed
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for the H+ yield. Furthermore, if such an asymmetry
existed here for H+ ions, it would show up when the tar-
get thickness was reduced below the value needed to pro-
duce equilibrium; the point of intersection between curve

and curves measured from the back would change
with target thickness. Curve B in Fig. 2 shows the yields
measured for a 100-A target. Clearly, charge-state equi-
librium has not yet been reached for this target, but
curves 2, 8, and C all intersect at the same point, corre-
sponding to q —18. We conclude that q —18 is the aver-
age equilibrium charge state of the primary beam at the
exit surface of nitrocellulose. Similar arguments applied
to the data for carbon in Fig. 2(b) lead to a value

q —18.4 for the equilibrium charge state of the primary
beam as it leaves a carbon foil.

The curves for the 500-A carbon foil are plotted also
in Fig. 3(a) along with corresponding data measured
with an Ar beam. Also shown are the yields measured
from the front when a 500-4 carbon absorber intercept-
ed the beam at 100 cm upstream from the target. These
determine the average equilibrium charge state q at a
time 70 ns after the primary beam leaves the equilibrat-
ing foil. Our values agree with those measured by Baron
under similar conditions. ' For Ar bombardment the
value of q (q =12) measured while leaving the foil
agrees with the value measured 70 ns after leaving the
similar absorber. For Kr bombardment there is a con-
siderable difference, with hq —1.6e. Figure 3(b) shows
similar measurements for a Au foil. The equilibrium

TABLE I. Equilibrium charge state for the primary ions Kr
and Ar after Auger decay and at the exit surfa e.

Primary
Ion Target

Carbon foil
AU fOll

Nitrocellulose
foil

q,q after
Auger decay

20
19.7

q exit
surface

18
16.6

Ar Carbon foil
Au foil

12
1 1.3

12
1 1.3

charge state for Kr ions leaving the Au surface is 16.6,
but it is 19.7 when equilibrium is achieved in a gold foil
upstream; hq is thus —3e [see Fig. 3(b)]. For Ar pri-
mary ions the values of q (q =11.3) in the two cases are
again the same. The results are presented in Table I.

The observation that heavy-ion charge states were
larger after the ion had passed through a solid than they
were after passing through a gas was first explained by
Bohr and Lindhart. ' In their model the charge state in-

side the solid is equal to the mean charge state after
leaving the solid, so no difference in H+ emission be-
tween front and back measurements would be expected
for relatively thick target. More recently Betz and
Grodzins have proposed a multiple-excitation model '

which predicts Auger electron emission after the projec-
tile leaves the solid. In this model the projectile charge
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state reaches its final value only after one or more Auger
decays, so the charge state on leaving the solid is lower
than the charge state measured later. Our measure-
ments show clear evidence for this process in the case of
Kr. This result is in qualitative agreement with the inter-
pretation of gas-solid differences in stopping powers ob-
served by Geissel et a/. for uranium incident ions. ' F'or
low-Z ions like Ar, the difference between the mean
charge state in gases and solids is expected to be small at
I MeVju. This could explain that no difference in the
mean charge state was observed for Ar, suggesting that
multiple excitation is important only for projectiles of
higher Z. The projectile which intersects the exit surface
is in a highly electronic excited state compared to the en-
trance surface. The charge-state dependence on the H+
emission can thus be slightly different at the entrance
and exit surfaces. It was difficult under the present ex-
perimental conditions to investigate this second-order ef-
fect on the desorption yield. However, as pointed out by
Shima et a/. it is likely that the degree of the post-foil
increase depends on the excited electron states of the
projectile. Also the ion charge states which have been
measured in this work agree relatively well with the most
recent calculations from Maynard and Deutsch' who
give the variation of the ion charge state with the dis-
tance of penetration inside a solid. These values are
larger than the effective charge states which are the re-
sults of a parametrization (with use of an approximate
formula for dE/dx ) and which are deduced from
energy-loss determinations. We plan further measure-
ments with our technique to give more quantitative infor-
mation on the projectile charge state in the interior of a
solid.
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