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Equilibrium Charge States of Br and I Ions in Solids and Gases
in the Energy Range 10-180 MeV*
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Monoenergetic bromine and iodine ions from the Oak Ridge tandem accelerator and an MP tandem
accelerator have been used to investigate the variations of ionic charge states with various gaseous and
solid target materials. In these measurements, beams containing a single charge state and energy were
obtained by magnetic analysis and passed through solid targets or windowless gas targets before passing
through an electrostatic analyzer. The electrostatic analyzer was fitted with a position-sensitive silicon
surface-barrier detector. The most probable charge states are compared with the general relationships
given by Dmitriev and Nikolaev. Strongly non-Gaussian distributions have been found at certain energies;
most of these irregularities have been associated with ionic shell effects and with multiple ionization.

INTRODUCTION

r IHE availability of heavy ion beams of accurately..known energy and mass (or nuclear charge) has
brought about renewed interest in the interaction of
these heavy ions with matter. Of particular interest is
the dependence of the ionic charge states on the state
of condensation of the material, and how the degree of
ionization influences the energy losses by heavy ions.
Bohr's original theory on heavy-ion stopping power'
predicts that the stopping power for ions at a given
velocity depends quadratically on the mean charge
carried by the ion. The more recent theory of Lindhard
ef a/. ' yields a dependence on the nuclear charge alone
and not on the state of ionization.

Matters of practical interest such as accelerator
design, beam intensity measurement, and direct nu-
clear-electrical energy conversion require a knowledge
of the ionic charge states as a function of ion energy.
Most of the previous experimental work has been done
using heavy ions that are less massive than Ar. Some
of the work dealing with solid media is described in
Refs. 3—8. Some of the Grst charge-state work done
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with ions as heavy as fission fragments was reported
by Lassen, 9 I Almqvist et al. " and Litherland et ul."
report some charge-state data for 'Sr and "'I in carbon
foils.

Lassen has shown that differences exist between the
average charge states of heavy ions emerging from
gases and solids and that, for gases, the average charge
increases with density. " This density e6ect has been
attributed to the increase in ionization probability
from excited states with decrease in time between
collisions. " The eBect of ionic shell structure upon
equilibrium charge distributions has been reported. '~'~
Small deviations from Gaussian-shaped charge dis-
tributions have been shown to be due to multiple
electron-loss events. "

EXPERIMENTAL PROCEDURE

The experimental arrangement is shown in Fig. i.
Single component beams of ~9Br and 127I were obtained
from the Oak Ridge tandem accelerator and an MP
tandem accelerator. " Ions with a specific value of
MZ/q' were se1ected by the 90' analyzer magnet and
transmitted to the experimental equipment. Spectra
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Pro. 1. Experimental arrangement for charge-state measure-
ments with solid or gaseous targets.

were taken with solid and gas targets. Foils of various
solid materials were mounted on a foil-wheel arrange-
ment so that targets could be selected without opening
the vacuum system. A windowless differentially pumped
gas cell was used. The cell consisted of four 1-mm-diam
apertures; the spacing between the inner pair of aper-
tures was 50 cm. The differentially pumped regions
were made short to eliminate end effects. Cell pressures
were measured with a differential manometer, " and
pressures up to 1.1 Torr were used. The electrostatic
analyzer spread the beam until the various emerging
charge-state components were spatially separated. A
position-sensitive detector of the silicon surface-barrier
type" was used to detect particles in the separated
beam. The operation of the position-sensitive detector
is illustrated in Fig. 1. Two pulses, one proportional to
Ex (where x is the fractional distance from one end
of the detector) and the other proportional to E, the
particle energy, were processed in a quotient circuit"
which yields a pulse which is proportional only to the
position x. The position pulse was then fed into a
conventional multichannel analyzing system. Using a
detector 2 cm in length, position resolution of 0.2 mm
was obtained. Simultaneous recording of all charge
states eliminated normalization problems. With as
many as 17 charge states being recorded in one spec-
trum, typical peak-to-valley ratios of the dominant
charge groups were & 1000. Typical spectra contained
~15 000 counts, so that statistical errors in all charge
fractions normally were (0.0037. The width of each
charge group, given by the over-all experimental
resolution as well as the energy spread in the beam
was generally much smaller than the spacing between
adjacent groups. In some experiments, a magnetic
analyzer was used instead of the electrostatic analyzer.
It reduced the positional dispersion due to the energy
spread AE in the beam thus increasing the resolution.
The charge state of the beam coming from the ac-
celerator was always several charges smaller than the

most probable charge of an ion which has made many
collisions with the target atoms.

Figure 2 shows two representative equilibrium charge
distributions obtained by passing a 110-MeV ~ I ion
beam through 30 Torr cm of H2 t'Fig. 2 (a) j or through
a carbon foil of 4'7 pg/cm' thickness LFig. 2(b) ].The
abscissa in Fig. 2 gives the deRection of each charge
component in the analyzing field; higher charge states
appear at higher channel numbers. In the two cases
shown, there is a difference of eight charge units be-
tween the distribution for a solid and that for a gas. The
difference is presumed to be caused by the fact that in
dense media, ionic excited states have insufficient time
to de-excite before the next collision, whereas in gaseous
media ionization must proceed largely from ground
states.

RESULTS

For practical applications, it is necessary to know
the accurate fraction of ions in a particular charge state
after passing the beam through a solid or gaseous
stripper. Because of asymmetries in the shapes of the
distributions, it is often desirable to use a type of plot
which was first introduced by Almqvist et al."at Chalk
River. The fraction of ions F, in a particular charge
state q is plotted against the energy of the emergent
ion; a measured charge distribution appears as a vertical
slice through the curves at a constant energy value.
Figure 3 shows as an example the energy-dependent
equilibrium charge states of r'Br ions in (a) Ar gas, and

(b) carbon foils. These and similar data for ~9Br in
Ne, Ar, Kr, N2, 02, SF6, Be, C, Ni, and UF4 and for
"7I in He, Ne, Ar, Kr, N2, C, and UF4 will be made
available in the form of tables and full page figures in a
forthcoming ORNL report. " Data for other target
materials not covering the entire energy range will be
included.

In order to compare these data with theoretical
predictions of the mo'st probable charge of an ion in a
medium, we have expressed the measured most probable
charges q as fractions of the nuclear charge s. These
fractions are plotted versus ion velocity v in Figs. 4
and 5. In most cases the charge-state distributions were
suKciently symmetrical to give a clear indication of
the most probable charge. For gases, particularly with
I ions, the distributions were often complex (cf. Fig. 6)
with the result that the definition of most probable
charge is vague. In such cases, vertical bars have been
inserted in the 6gures to indicate uncertainty in defining
the most probable charge. The curves were obtained
through the use of semiempirical relationships given by
Dmitriev and Nikolaev. '4 The solid portions of the
curves have the form

~ MES Instruments, Inc., Burlington, Mass,
2' Nuclear Diodes, Inc. , Prairie View, Ill.
22 M. G. Strauss and R. , Brenner, Rev. Sci. Instr. M, No. 12

(1965).
23 S. Datz, C. D. Moak, H. O. Lutz, L. C. NorthclMe, and L. B.

Bridwell, forthcoming Oak Ridge National Laboratory report.
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upon the mass of the target atoms (the values used
here are those given for Ar) . The range of applicability
of Eq. (1) is taken to be 0.3&q/s&0. 9 and below
q/s=0. 3, it is assumed to vary linearly with velocity
(see Fig. 5).

where cr, m, e, and P are empirical constants. None of
the constants appears to depend upon the mass or
nuclear charge of the ion. The constants n and P depend
only upon the form of the medium (solid "or gas); the
constants m and e depend rather insensitively (&30%)
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In the process of data evaluation, one often wishes
to extract one or two parameters which fully describe
an entire equilibrium charge-state distribution. In
many cases, a Gaussian fit to the distribution is not
satisfactory, even in energy regions where the resulting
charge-state d.istributions do not come close to q=o
or q =s (the nuclear charge of the ion) . Figure 6 shows
some equilibrium distributions obtained with Br ions

L6 (a) j and I ions L6(b) ]in Ar. The Br ion distributions
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FIG. 8. A discontinuity in the fraction ratio where a shell in the
gectronjc structure of the ion js crosseQ,
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FIG. 9. Fraction-ratio discontinuities due to shell-eGects and
multiple-electron-loss eGects in the "'I ion.

are only slightly asymmetric toward higher population
of higher charge states. In the case of I ions the skew-
ness is much more pronounced and at the highest
energies (160 MeV) the top of the distribution is flat
over four charge states. Figure 7 illustrates another
kind of asymmetry which was found for 140-MeV Br
ions in solids. The distribution exhibits an eGect at
charge 25 which is due to the transition from M-shell
to L-shell electron removal.

If the logarithm of the ratio of two adjacent charge-
state fractions, In( F, +~ /F, ), is plotted versus the
charge q, the dependence is linear for Gaussian dis-
tributions. '8 This type of plot is a sensitive indicator
of deviations from Gaussian shape. Assuming only
single-electron loss and pickup, a plot of In(o, ,+t/o;+~, e)
versus q should also result in a straight line, since at
equilibrium F,+~/F, =o, ,+t/oe+t, Here, ~e,+~ is the
single-electron-loss cross section at charge q, and
0 q+$, q the single-electron-capture cross section at charge
q+1. A linear dependence of In( o, ,+q /o, +t,) on q is
obtained for certain functional shapes of the cross
sections, e.g., if the capture and loss cross sections in
the charge region of the equilibrium distribution can be
approximated by exponentials (e' and e ', respectively) .
Figure 8 shows a plot of In(F, ~/+F, ) versus q for 100-
and 140-MeV Br ions passing through C and Ni foils.
The discontinuity due to the L-M shell transition is
shown more clearly with this type of plot than with that
of Fig. 7.

Figure 9 shows a similar plot for I ions in Kr, He,
and H~ at 110, and Kr, Ar, and He at 162 MeV. At
both energies, with Ar, the slope expected for a Gaussian
distribution changes abruptly at charge 18+and remains
flat to charge 25+ where it breaks again in a downward
direction (i.e., the population in charge states 18 to
25, corresponding to 3p and 3s subshells, are higher
than anticipated from a simple picture of charge-
changing processes). The same types of distributions
were obtained with all target gases except H2 and He,
where the distributions obtained were more symmetric.
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An explanation of these effects may be found in the
relatively high probability for multiple-electron loss. '4

In many cases, we have measured nonequilibrium
charge distributions for gases to suKciently low target
densities to extract single-colhsion cross sections (to be
published elsewhere) .Figure 10 shows measured charge-
change cross sections from charge 12+ for 110-MeV
I ions in Ar, He, and Hs and from charge 17+ for
162-MeV I ions in 02. As many as 12 electrons are
frequently removed in a single collision for the case of
Ar, and the sum of the multiple-loss cross sections is
larger than the single-loss cross section. At a closed
shell (q= 25), the multiple-electron-loss cross section
decreases sharply due to a shell transition. This de-
crease may account for the break in the In(F,+t/F, )
curves at q=25, Fig. 9.

Less understandable is the break at q=18 and the
relatively slow decline of the cross-section curve in the
region of q=18 to q=25 (3p and 3s subshells). The
cross section for removal of 12 electrons from 110-MeV
P'+ in Ar is only a factor of 5 lower than the cross
section for removal of six electrons. This behavior is
responsible for the rather flat portion of the In(F,+,/Fe)
curve of Fig. 9. For the light gases, He and H~, the
data of Fig. 10 indicate comparatively small multiple-
loss cross sections and this is rejected in the fact that
the 1 (nF+~ /F) curves for He and H2 (Fig. 9) show
a much smaller Rat portion in the range q&18. %e
infer from these data that multiple-electron loss must
require that the target atom have large atomic number.


