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Charge State of Fast Heavy Ions in a Hydrogen Plasma
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We report the first charge-state measurements of fast heavy ions passing through a plasma target.
The projectiles were ~Ar ions at an energy of 4.8 MeU/amu and '29Xe ions at an energy of 5.9
MeU/amu. The target was a 20-cm-long Z pinch discharge which provided fully ionized hydrogen plas-
ma with free electron densities up to 1.5 x 10' cm . The measured charge-state distributions are in ex-
cellent agreement with theoretical calculations. For Xe ions an increase of the ion charge state in plas-
ma over the charge state in cold gas was observed.

PACS numbers: 34.50.Bw, 52.20.Hv, 52.40.Mj

Ion-beam-induced inertial confinement fusion (ICF) is

today regarded as an attractive alternative to magnetic
confinement fusion (MCF) schemes. A detailed model-

ing of the beam energy coupling to the ablator regime of
a fusion pellet depends strongly on the precise knowledge
of the energy deposition process of heavy ions in ionized
matter. Since the energy deposition process is strongly
dependent on the charge state of the projectiles, the
charge state of fast heavy ions in a plasma is a key issue
when intense heavy-ion beams are used to heat small

samples of matter to high temperatures [1].
In a standard model approach [2] the energy loss

dE/dx of fast heavy ions in fully ionized plasma is calcu-
lated in terms of a modified Bethe formula,

dF. Zen'e 2mv

where n„Z,ae, m, and v are free electron density,
effective ion charge, electron rest mass, and ion velocity.
Compared to the usual Bethe formula for cold matter the
mean ionization potential of the target (commonly denot-
ed at I) is replaced by the excitation energy of a plasma
wave hto~ in the logarithm (so-called Coulomb loga-
rithm). Typically @top is much smaller than I (compare
hen~=0. 083 eV at n, =5X10's cm ' to I 19 eV for
molecular hydrogen). Thus the Coulomb logarithm in

plasma is larger than in cold rnatter, leading to a higher
plasma stopping power. As Eq. (1) illustrates, the energy
loss of a fast heavy ion depends quadratically on its
effective charge and a precise modeling of the ion charge
in plasma is crucial for a correct calculation of the energy
deposition.

Whereas for cold targets the problem of the charge
state of heavy ions passing through matter has been stud-
ied for many decades theoretically as well as experimen-
tally [3,4), for plasma targets up to now the work has
been restricted to theory only. The first stimulating cal-
culations were carried out by Nardi and Zinamon [5],
who predicted an increase of the effective charge in fully
ionized plasma compared to cold gas. The reason is that
for a fast heavy ion the cross section for the capture of a
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free electron is much smaller than for the capture of a
bound electron. As a result, the equilibrium ion charge
state in plasma, which is determined by the balance of
electron loss and electron capture processes, can exceed
the cold-gas value considerably.

The results of Ref. [5] were corroborated by calcula-
tions of Peter, Arnold, and Meyer-ter-Vehn [61 who par-
ticularly emphasized the importance of dielectronic
recombination (DR). It was predicted that due to its res-
onant character DR in many cases is the dominant elec-
tron capture process in plasma and thus determines the
equilibrium projectile charge. An excellent comprehen-
sive treatment of the theory of energy loss and charge
state of fast heavy ions has been published recently [7,8].

The experiments investigating the interaction of fast
ions with plasma so far were limited to measurements of
the ion energy loss. An enhanced stopping power of a
plasma for fast ions was first observed for deuterons and

protons [9,10]. Later, systematic energy-loss measure-
ments of heavy ions in hydrogen plasmas created in gas
discharges showed an enhancement of the plasma stop-
ping power of factors 2 to 2.5 compared to cold hydrogen
gas [2,11,12]. This effect was mainly attributed to the
higher Coulomb logarithm in plasma. Recently, energy-
loss measurements in a Z pinch plasma showed enhance-
ment factors up to 3 [13,14], which gave the first evi-

dence for an increase of the ion charge state in plasma.
However, the separation of the two effects of higher
Coulomb logarithm and higher charge state from
energy-loss data alone always bears some ambiguity.

We have therefore performed a first experiment to
measure directly the charge-state distribution of heavy
ions after passing through a plasma target. The experi-
mental setup as installed at the UNILAC accelerator at
GSI is displayed in Fig. 1. The projectiles were Ar at
4.8 MeV/amu and ' Xe at 5.9 MeV/amu. Stripper foils
of different thicknesses allowed us to vary the projectile
charge state before the projectile entered the plasma tar-
get.

We developed a Monte Carlo code to simulate energy-
loss and charge-exchange processes of heavy ions in-
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FIG. 1. Experimental setup.
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teracting with ionized matter. This code is entirely based
on Ref. [7] for the modeling of charge-exchange cross
sections. This calculation predicts a diA'erent eA'ect for
the two projectiles. For Ar at 4.8 MeV/amu the eff'ective

charge observed under the conditions of our plasma tar-
get should be equal to that in cold gas of equal density.
For Xe at 5.9 MeV/amu the eff'ective charge in the plas-
ma target should exceed the cold-gas value. We point out
already here that exactly this behavior was found in the
experiment.

The key element of the setup is the plasma target, a Z
pinch device, which has been developed especially for the
purpose of our beam-plasma experiments [15,16]. In

eight capacitors with a total capacity of 4 pF, an energy
of 2. 1 kJ is stored at a typical voltage of 32.5 kV. The
discharge vessel consists of a cylindrical quartz tube with

a length of 20 cm and an inner diameter of 10.4 cm and

copper electrodes at both ends. It is filled with hydrogen

gas at a typical pressure of 2.5 mbar. The target is in-

tegrated into the vacuum system of the beam line using a
diff'erential pumping system. The beam passes through
the target on the axis of symmetry through small aper-
tures 3 mm in diameter and 40 mm in length in the elec-
trodes. Tests with diA'erent gas pressures have proven
that the diff'erential pumping system is powerful enough
to avoid charge-exchange processes of the ions by col-
lisions with residual gas outside the tube. A rough esti-
mate for the end zones (p =1.25 mbar, I =40 mm) yields
an integrated electron density of 2.5x10' crn and a

capture cross section of o0, = 1.3 & 10 cm for bound

electrons to be compared to 3 X 10 cm - for the free-
electron line density and a capture cross section 0.;,
=4.6X10 cm for free electrons. The ratio n, a{},l{}/

n, o;,I; is approximately 0.02 and therefore end-zone
eA'ects changing the charge state due to bound electron
capture can be neglected. Moreover, spectroscopic inves-

tigations of the end zones show that they are filled with

plasma rather than cold gas during the pinch phase. The
Z pinch device together with the diA'erential pumping
system is placed inside a Faraday cage to shield detectors
and cameras against the high level of electromagnetic
noise associated with the discharge.

The Z pinch plasma exhibits a strongly dynamical be-
havior. In the compression phase the azimuthal magnetic
field accelerates the plasma cylinder onto the axis where
after 1.2 ps a hot and dense pinched plasma column is

formed. The kinetic pressure then exceeds the magnetic
pressure and the column expands again. The resulting
temporal evolution of the plasma density on the beam
3624
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FIG. 2. Plasma density on the beam axis vs time (top) and
streak image of the charge-state distribution of Ar ions after
passing through the plasma target (false color image, bottom).

axis is displayed in the upper part of Fig. 2. It has been
determined by on-axis interferometry [16] for n, ~ 3
&10's cm and by the measured heavy-ion energy loss

for the higher densities. The density rises steeply when

the shock front reaches the axis and then gradually de-

creases as the plasma expands again. Side-on framing
images have proven a very good stability and reproduci-
bility of the whole compression and expansion process.
The maximum density is n, =(1.5+'0.2) x10' cm
which is more than 100 times the initial gas density.

Plasma temperature measurements by spectroscopy of
the emitted plasma light yield maximum temperatures of
more than 6 eV and a degree of ionization of more than
99%. Ionization remains higher than 99% during the first
microsecond of the expansion process while the plasma
density decreases by 2 orders of magnitude. Full target
ionization is a necessary prerequisite for this experiment.
All presented charge-state data were taken under these
conditions in the phase of plasma expansion and in a den-

sity region below 10' cm
After passing through the plasma target the energy loss

and the charge-state distribution of the ion beam are
measured by two diAerent techniques.

A 12-m-long straight beam line is used for a time-of-

Aight measurement of the ion energy loss. The procedure
is the same as described in [12] and a detailed presenta-
tion of the results will be published in a forthcoming pa-

per.
The charge-state distribution is analyzed by means of a

novel detector system consisting of a magnetic dipole, a

scintillator screen, and a fast streak camera. In the di-
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pole the ions of different charge states are separated and
deflected onto a sheet of plastic scintillator where each
charge state produces a luminous beam spot. With a sys-
tem consisting of a streak camera and a charge-coupled-
device (CCD) camera we record the pattern on the scin-
tillator while the plasma target is fired. By this means we

are able to detect a time-resolved charge-state distribu-
tion of the heavy ions that have traversed the plasma tar-
get.

In order to illustrate the principle of the measurement
one typical streak image is displayed in the lower part of
Fig. 2. It shows part of the charge-state distribution of
Ar ions after passing through the discharge tube. The
setting of the dipole field for this image was such that the
recording range of the detector covered charge state 13 to
17. Before ignition of the discharge the charge-state dis-

tribution of the Ar ions with initial charge state 10 is

determined by the 2.5 mbar of hydrogen gas in the tube.
It has its maximum at charge state 12 (as recorded with

a higher dipole field) with some fraction of the ions in

charge state 13 and 14. This is still below the equilibri-
um value of about 16 which is reached at a much higher
hydrogen pressure. Shortly after triggering the discharge
the beam vanishes from the scintillator, an unwanted side
effect which will be explained below. In the period after
the pinch phase the signal appears again on the detector
and one can follow the evolution of the charge-state dis-

tribution of heavy ions that have passed through the plas-
ma as the plasma column expands. The center of the
charge-state distribution is initially at charge state 16 and
then moves to lower charge states with decreasing plasma
density. Also the effect of the energy loss is clearly visi-

ble on the streak image. In the phase of high plasma
density and corresponding high-energy loss the position of
the beam spots are shifted upwards corresponding to a
stronger deflection in the dipole magnet. One advantage
of the chosen experimental setup is that the streak images
can directly be compared to the results of the energy-loss
measurement by the time-of-flight method. The dashed
lines superposed on the streak image in Fig. 2 indicate the
expected deflection of the ion beam as calculated from
the measured energy loss. The results of the two types of
measurements are in perfect agreement.

The reason for the disappearance of the beam from the
detector during certain phases of the discharge is the az-
imuthal magnetic field caused by the high electrical
current in the plasma. In a recent experiment a strong
focusing of heavy-ion beams by this Z pinch device has
been observed, with a minimum focal length of some 20
cm [17,18]. As a result of this feature a Z pinch repre-
sents an attractive alternative to conventional quadrupole
lenses whenever pulsed focusing is required. For the
charge-state measurements, ho~ever, the eAect was nega-
tive because the high divergence angle of the strongly fo-
cused beam could not be accepted by the conventional
beam transport system and therefore the beam vanished
from the scintillator located several meters behind the

plasma target.
Further analysis of the streak images is straightfor-

ward. For different time steps an effective mean charge
Z,Ir=g;h;Z; is determined from the measured charge-
state distribution spectrum. Correlation of this value
with the plasma density at the same time yields the ef-
fective charge as a function of plasma density.

The results of the experiments are summarized in Fig.
3. It shows the effective charge of Ar ions and Xe ions as
a function of plasma density. Data for two different ini-
tial charge states are displayed for each projectile.

In the case of Ar, 10+ and 15+ ions are ionized to
higher charge states with increasing plasma density. A
maximum is reached at Z,Ir=16.2 which is the equilibri-
um charge in plasma. We compare this result to the
respective value of the Betz formula for cold gas [3]
amounting to Z,'IIld =15.8 ~0.5 (dotted line in Fig. 3).
Martin and Northcliffe determined this value experimen-
tally [19] with a result of Z,'[Il =16.2 ~0.35, which is in

good agreement with the semiempirical formula of Betz.
Thus the value of the effective charge for Ar ions at 4.8
MeV/amu is equal in plasma and cold hydrogen gas.
This is due to the fact that an Ar ion at charge state 16 is
a very stable He-like configuration and the high binding
energy of the E-shell electrons prevents further ionization
in the gas and in the plasma case.
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FIG. 3. Effective charge of Ar ions and Xe ions after passing
through the plasma target, as function of plasma density. The
data (symbols) are compared to the equilibrium efl'ective
charge in cold gas (dotted lines) and to model calculations
(dashed lines).
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The situation is different for Xe ions at 5.9 MeV/amu.
Data for initial charge states 37 and 40 are displayed. In
the plasma the effective charge increases up to Z,g=43
which is five charge states higher than the corresponding
value for cold gas, which again has been calculated with
the Betz formula [4] which has a general accuracy of
better than one charge state. Our data are the first ex-
perimental evidence for an enhanced effective charge of
fast heavy ions in plasma.

The data are compared to the results of theoretical cal-
culations which were computed with a Monte Carlo code
developed at GSI. It is based on the work of Peter and
Meyer-ter-Vehn [7] and simulates energy loss and charge
exchange of arbitrary heavy ions in fully ionized hydro-

gen plasma. For a detailed discussion of the models for
the different charge-exchange processes we refer to Ref.
[7]. The processes included in our code are projectile ion-

ization by Coulomb collisions with target ions (CCI), and
ionization by free electrons (CCE), radiative electron
capture (REC), and dielectronic recombination (DR).
One essential point has been modified with respect to the
theory of Ref. [7]. The ionization cross sections for CCI
that are calculated in the binary encounter model (BEM)
of Gryzinski [20,21] turn out to be too small to represent
measured total electron-loss cross sections. A comparison
with experimental data for electron loss of heavy ions

with comparable energy in gases [22] showed that the
BEM cross sections have the correct energy and charge-
state dependence but on an average underestimate the
data by about a factor of 2.5. This can only partly be ex-

plained by collisions with electrons which also contribute
to the ionization cross section; furthermore, Auger cas-
cades following inner-shell ionization contribute to the to-
tal electron-loss cross section. Capture of projectile elec-
trons into protons of the hydrogen plasma is a negligible
process for our experimental conditions. The larger part
of the difference must be considered as a weakness of the
BEM. In our code therefore all BEM cross sections are
multiplied by a factor of 2.5 to simulate the total elec-
tron-loss cross section.

As can be seen, theory is in excellent agreement with

the data. Not only the equilibrium charge state but also
the evolution from the initial charge state to its equilibri-
um value are reproduced correctly, even though simple
atomic models are involved in the calculations. The pre-
dictions of Refs. [5-7] are completely confirmed by the

experiment.
In summary, we have measured the charge state of fast

heavy ions after passing through a plasma target. For the
first time an enhancement of the effective charge in plas-
ma was demonstrated. The effect is well described by
theory. It is important for the p1asma production with in-

tense heavy ion beams and may also be exploited for an
efficient plasma stripper in a linear heavy-ion accelerator
[8].
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