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The energy loss in a plasma target was measured for different heavy-ion species, ranging from

Ca to "U at an energy of 1.4 MeV/u. A discharge tube was used to generate a hydrogen plasma
with a high degree of ionization and temperatures between 1 and 2 eV. An on-line diagnostic of the

plasma was performed to measure the free-electron density and the electron temperature. Com-

pared to neutral hydrogen of the same particle density, the plasma target shows an enhanced stop-

ping power due to the increased energy transfer to the free plasma electrons, and a higher effective

charge of the projectiles inside the plasma target. Theoretical predictions based on the Bethe-
Bohr-Bloch stopping theory are in good agreement with the experimental results.

I. INTRODUCTION

Intense heavy-ion beams have experienced a steadily
increasing attractiveness to deliver the high-power-
density deposition of energy on a fusion target, necessary
to achieve inertial confinement fusion (ICF), and compet-
ing with intense light-ion beams and high-power lasers
they offer an especially promising concept for a power
reactor. Heavy ions possess most favorable properties to
heat small samples of matter to reach regimens of high
temperature and density. Due to their high nuclear
charge Z they deposit the energy very effectively ( ~ Z )

and penetrate deep into the interior of the target, thus
constituting an efficient volume heating. Beam-target
coupling can then be optimized by choosing the proper
combination of ion species and ion energy. Even for
multi-terawatt pulses, heavy-ion beams can be transport-
ed ballistically and can be focused onto a small target.
The production of intense heavy-ion beams benefits from
an advanced state of accelerator technology that offers
high driver efficiency and high repetition rates.

The new accelerator facilities at GS1-Darmstadt, will
be completed in 1990, and high-energy, high-intensity
beams will be available for experiments. An experimental
program has therefore been launched' to utilize the
heavy-ion synchrotron [Schwer Ionen synchrotron (SIS)]
and the storage ring [Experimentier Speicher ring (ESR)]
for the production and focusing of high-power heavy-ion
beams. An important issue to assess the merits of intense
heavy-ion beams as a driver for ICF pellets is the precise
knowledge of energy deposition profiles in a plasma envi-
ronment, since the design of efficient high-gain targets de-
pends largely on the ability to model the energy-
deposition processes in the ablation layer. During the
heating process this target layer wi11 be converted to high

temperatures and constitute an environment of highly
ionized matter, where the interaction with bound and
free electrons will slow down the velocity of the incoming
projectile.

While the interaction of heavy ions with bound elec-
trons is sufficiently well understood experimentally as
well as theoretically, only a few preliminary experiments
have been reported until now that study the energy loss
of particles in a plasma target. ' In a joint collaboration
of laboratories in France and Germany we have set out to
investigate the energy loss of heavy ions in a plasma tar-
get. ' The hydrogen discharge plasma we used in our
experiment provides a plasma target that is well diag-
nosed, very reproducible, and offers a high degree of ion-
ization ()90%). Thus we are able to investigate the
energy-loss phenomena that are due to collisions with
free electrons. In this paper we report the results of our
measurements for a wide range of heavy ions, and com-
pare these results to theoretical models.

II. EXPERIMENTAL SETUP

The experiment was performed at the 1.4-MeV/u tar-
get station of the UNILAC at GS1. In Fig. 1 we present
the beamline configuration and a schematic outline of the
method of measurement. Important features of the setup
are the plasma target, a time-of-flight system to analyze
the ion energy, and the deflection of the beam by 15 to
enable on-line plasma diagnostic with lasers, collinear to
the ion beam.

A. The plasma target

The plasma target is designed as a linear discharge
plasma in z-pinch geometry, using hydrogen as target gas
to create a hydrogen discharge plasma. This gas is
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FIG. 1. Schematic setup of the experiment.

confined in a quartz tube of 4 cm in diameter and 36 cm
long. At both ends the tube is closed with metal elec-
trodes, which have beam entrance and exit apertures
(/=4 mm). Therefore the gas flow has to be pumped
differentially. Using entrance foils instead of pumping
the target differentially would destroy the charge state of
the incoming ions and increase the energy loss of the
ions. In addition to that, entrance foils are likely to be
destroyed with every plasma ignition.

The differential pumping system consists of two stages
on each side of the plasma, using a powerful roots pump
(500 1/min) in the first stage, and in the second using tur-
bomolecular pumps. With an operating pressure of 6
mbar in the target, the final pressure at the second stage
is 3 X 10 mbar.

The plasma is created by discharging the energy stored
in a capacitor bank into the gas volume. This capacitor
bank consists of four capacitors (16.4 pF each). Using
discharge voltages of 10 to 12 kV, the stored energy
ranged between 3.1 and 4.5 kJ. A spark gap is used as a
fast switch to release the energy into the gas volume. The
reproducibility of the plasma parameters was controlled
by monitoring the light output from the plasma, especial-

ly the emission of the H& line. The transient light signal
was detected with a photdiode and displayed on a storage
oscilloscope. During the initial phase of the discharge
(up to 20 ps) intensity and shape of the light output
varied by more than 10%, but was very stable and repro-
ducible between 20 and 80 ps after ignition of the plasma
discharge. Since the intensity of the light emission is pro-
portional to the square of the free-electron density n„ it
thus constitutes a suitable signal to monitor the plasma
conditions described by the plasma parameters free-
electron density n, and electron temperature T, .

It was necessary to place the plasma target in a Fara-
day cave to shield the particle detector and the diagnostic
equipment from the rf noise of the discharge.

B. Time-of-flight energy analysis

The energy loss of the heavy ions was measured with a
time-of-flight (TOF) system, and the rf microstructure of
the ion beam (one beam bunch every 37 ns) was used as a
clock. At intervals of 2 min the plasma was fired au-
tomatically synchronized with the rnacrostructure of the
beam pulses, which last for approximately 5 ms and have
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a repetition frequency of 50 Hz. The 2 min intervals be-
tween single shots were used to recharge the capacitors
and to allow for time to cool off the plasma quartz tube.

In order to initiate a start pulse for the time-of-flight
measurement a signal was derived from the beginning of
plasma light emission and brought to coincidence with
the pulses from the 27-MHz microstructure of the ion
beam in a fast-coincidence unit. Thus the first beam
bunch arriving at the detector after the start of the plas-
ma light emission was used to define time zero for the
energy-loss measurement. By means of an adjustable de-
lay between the plasma light signal and the 27-MHz sig-
nal the start of the time-of-flight measurement could be
chosen accordingly.

At the end of the 778-cm-long flight path the stop
detector was positioned. Its main component is a thin
carbon foil mounted above a stack of two microchannel
plates (MCP). Electrons emitted from the carbon foil
during the passage of the ion beam are electrostatically
deflected onto the MCP's, creating stop signals with a
rise time of about 1 ns and an amplitude between 500 mV
and 1 V.

The timing signals were sent to a special time-to-
digital-converter (TDC), which registered 255 stop pulses
following one start pulse. ' The maximum time resolu-
tion for our electronic system was about 1 ns, to be com-
pared with the typical width of the beam bunches of 2 ns.
The dead time of the electronic system including the

TDC is 30 ns, and therefore 255 beam bunches arriving
at the stop detector in 37-ns intervals give rise to a stop
signal. This also means that one measurement covered
about 8 ps, which is approximately one-tenth of the plas-
ma lifetime. One run typically consisted of 100 plasma
ignitions. The results were sampled to provide sufficient
statistical significance in the time-of-flight spectra.

The actual measurement was performed in three steps
as demonstrated in Fig. 2, showing time spectra obtained
from the rnicrostructure of the ion beam. The first step is
to provide a reference measurement, which we refer to as
the vacuum calibration, where the ions have the nominal
energy of 1.4 MeV/u. In this case the plasma light signal
is simulated. The second step is to fill the quartz tube
with the operating pressure of hydrogen gas (6 mbar),
and to perform the same measurement. As can be seen
from Fig. 2, the TOF spectrum in this case shows a shift
of a few ns corresponding to the energy loss of ions in
cold hydrogen. Finally, in the third step the plasma is
fired and further shift of the time spectrum is observed,
due to the enhanced energy loss of heavy ions in ionized
matter. The method described here provides a measure-
ment of the energy loss relative to the vacuum calibration
spectrum. The reliability of this method can be evaluated
by a comparison of our energy-loss data for cold hydro-
gen gas to tabulated data, and we find an excellent
agreement.

C. Energy-loss measurements
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of highly ionized heavy ions. A total of six different ion
species was used in the experiment, including Ca'
74Q 18+ 84K 18+ 110Pd26+ 208Pb30+ and 238U33+

7

As a typical example we present in Fig. 3 the energy
loss of krypton ions in a hydrogen plasma together with
the Hp emission of the plasma as a function of time.
Both curves show a similar oscillating behavior which is
due to the oscillating current in the discharge circuit.
Since the light output is proportional to square of the
free-electron density (n, j the oscillations also reflect the
corresponding oscillations of the free-electron density.

Figure 4 shows the energy loss for three different ion
species, ranging from U to Ca, i.e., from the heavy
ion with the lowest mass number to the most heavy one
used in our experiments. The energy-loss curves display
a similar structure for all ions. Three maxima can be dis-
tinguished, with the first one being the most pronounced
in all cases. The dashed lines in this figure always
represent the energy loss of the respective ion species in
cold hydrogen gas at a pressure of 6 mbar at room tem-
perature, which are the initial conditions before a plasma
shot.

During the first 10—15 ps after the plasma starts to
emit light it is not accessible for measurements, since no
beam pulses penetrate to the stop detector. For some of
the ion species the same effect occurs in the region be-
tween 20 and 30 ps. From our diagnostic measurements
we know that a pinch is formed during the first few mi-
croseconds and a very turbulent plasma is formed due to
the instabilities arising from the pinch collapse. Parasitic
magnetic fields induced by these phenomena deflect the

beam off axis, and prevent it from passing through the
exit aperture of the plasma column. At other times we
also observe an enhanced transmission through the plas-
ma tube, which may also be explained by the focusing
properties of high-current plasma discharges in z-pinch
geometry.

After 70 ps the measured energy loss drops below the
value in the cold gas. The firing of the plasma causes a
rarefaction wave, which reaches the axis by this time, and
hence the density is lower than the initial one.

Comparing the maximum measured energy loss in the
plasma to the value in neutral hydrogen, we find that the
energy-loss enhancement varies between a factor of 2 and
2.6 from calcium to uranium. Finally, for a comparison
of the experimental results with theoretical models, it is
necessary to know the density of the target material as
well as the energy loss.

D. Plasma diagnostics

The plasma parameter most relevant to the energy-loss
measurement is the density of free electrons (n, ), whereas
the variation of the electron temperature T, is of minor
influence as long as the ion velocity is large compared to
the thermal velocity of the electrons. For the assessment
of energy-loss contributions of free electrons relative to
the stopping power of bound electrons, which are still
present in nonionized hydrogen molecules and atoms, it
is necessary to know the degree of ionization. Asssuming
local thermal equilibrium (LTE) in our plasma these
three quantities are, however, strongly related to each
other through the Saha equation. Thus with two of these
parameters determined experimentally the third one can
be calculated.

We used two different methods for plasma diagnostics:
spectroscopy in a side-on spectroscopy and laser absorp-
tion measurements along the beam-plasma interaction
axis. The plasma is optically thick along the axis for the
H& emission; therefore spectroscopic measurements had
to be performed side on. With a system of a spectrometer
coupled to a streak camera, we measured the light emis-
sion from the plasma resolved in wavelength and in time.
The free-electron density n, is determined from the half-
width of the Stark-broadened 8&-line. From intensity ra-
tios of the line radiation to the emission from the contin-
uum the free-electron temperature T, can be derived. '

The maximum values observed in our experiment are
n, =3X10' cm and T, =2 eV and occur at the same
time when the maximum energy loss is measured. Evalu-
ation of the Saha equation for these plasma parameters
yields an almost fully ionized plasma.

A laser-absorption measurement provided a second in-
dependent method to diagnose the plasma parameters.
The diagnostic measurement in this case was performed
along the axis of the plasma column, collinear with the
zone of interaction with the ion beam. The laser-
absorption method to determine density and temperature
of the plasma at the same time was first described in 1973
by Billman and Stallcop. " The transmitted fraction of
the initial intensity I0 depends strongly on the frequency
of the laser light and on the plasma parameters n, and T,
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and can be written as

I =I0

exp[ir�(
A, n. „T,)I],

where I is the length of the absorbing layer and v the ab-
sorption coeScient. Hence, when the absorption
coefBcients of two different wavelengths are known, the
parameters n, and T, can be determined. The two most
intense lines of the argon-ion laser, used in this experi-
ment, are A, , =488 nm (blue) and A,2=514 nm (green) and
coincide nearly with the 0&-line and transitions in the
continuum, respectively. The experimental setup to mea-
sure the absorption is shown in Fig. 5 with the emphasis
on the diagnostic elements. We used an air-cooled
argon-ion laser with an adjustable power output between
4 and 400 mW. After the passage through the plasma the
beam was split in two components and each particular
beam was passed through a wavelength filter of 488 and
514 nm, respectively. Lenses focused the beam com-
ponents onto optical fibers to transmit the light to photo-
diodes which were especially sensitive in this wavelength
regime. The photodiode signals were registered on a
storage oscilloscope. With this method the transmitted
laser-beam intensity was measured with high time resolu-
tion for both wavelengths during one single plasma igni-
tion.

In Fig. 6 the development of the electron density n,
and temperature T, as a function of the time after plasma
ignition are shown. Again the oscillating behavior al-
ready observed in the light emission and the energy-loss
curves can be notices. The first maximum coincides with
the moment of maximum energy loss. A temperature of
2 eV and a free-electron density of n, =3X 10' cm is
measured. According to the Saha equation this corre-
sponds to an ionization degree of 95% and the plasma
can be regarded as fully ionized at this time.

The values for free-electron density and temperature
shown in Fig. 6 indicate that the plasma is in LTE dur-
ing the time interval relevant for the energy-loss measure-
ment and therefore the degree of ionization can be deter-
mined from the Saha equation. In our evaluation we used
tabulated values for the Saha equation. ' The results for
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the degree of ionization were used to correct the mea-
sured energy loss in the plasma for the energy loss due to
the amount of residual neutral hydrogen gas.

III. HEAVY ION STOPPING
IN HOT IONIZED MATTER

The theoretical description of the energy loss of
charged particles in cold, nonionized matter, is well es-
tablished, well understood, and corroborated by a
plethora of experimental data during a number of de-
cades. This is, however, not the case for hot ionized
matter and existing theories have not yet been verified by
a large extent of experimental data.

When the ion velocity U is much larger than the
thermal velocity of the free plasma electrons, an increase
in stopping power is generally predicted, ' ' since the
minimum energy transfer in a collision is no longer given
by the average ionization potential I but by the potential
energy of the electrons in the Debye sphere. At high
plasma temperatures, however, when the thermal elec-
tron velocity exceeds the projectile velocity, even a de-
crease of the stopping power combined with a large in-
crease in range straggling is predicted. '
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FIG. 5. Setup for the on-line plasma diagnostic.

A. Enhanced stopping of ions in plasmas

In the energy regime considered in this experiment (1.4
MeV/u) the well-known Bethe formula without polariza-
tion correction and shell correction term describes the
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energy loss of nonrelativistic charged particles in a hy-

drogen plasma (Z2 = 1) in the following form:

dF. =(Z,ffeco/U) lnA,
Jx

where Z,z is the effective charge of the ion while it tra-
verses the target, e is the electronic charge, and cu the
plasma frequency, determined by the density of particles.
For a cold target, where only bound electrons are
present, the argument of the Coulomb logarithm A is
given by

~bound 2m v /I (2)

This can be extended in a straightforward way to fully
ionized material with free electrons using binary collision
theory. ' The Coulomb logarithm in this case reads

A&„„=0.764U /b

The minimum impact parameter b;„depends on the ve-

locity of the ion. Since the electronic mass m is negligible
compared to the heavy-ion mass, the impact parameter is
given by

b;„=max(e Z,ff/mv;fi/2mu) . (4)

For the conditions of experiment (U =7.49ac = 1.64 X 10
cm/s) b;„ is always given by

b;„=e Z,&/mv

due to the high charge state Z,& of the incident ions, and
thus we have

~fI'ee 0.764mv /Zeff

For comparison we list the Coulomb logarithm lnAb, „„d
and lnAf„, for cold and ionized hydrogen in columns 2
and 3 of Table I. The third column displays the ratio
(1nA,„„/lnAb, „„~), which is a factor of about 2, thus the
enhancement in stopping power of a hydrogen plasma as
compared to cold hydrogen gas is also of the order of a
factor of 2, for all heavy ions.

cesses finally determines the effective charge state Z,ff
which is one key parameter in Eq. (1), and it turns out to
be a function of the target thickness x, the ion velocity v,
and the temperature T of the target material'
[Z,ff Z ff(x, u, p]. For a complete evaluation of the
energy-loss equation (1), the x dependence of Z, ff has to
be analyzed. A detailed treatment of this problem is
found, e.g. , in Ref. 19. For our purpose we developed a
Monte Carlo code to track the development of the
heavy-ion effective charge state, as the projectile traverses
the plasma target, and used the results as an input to an
energy-loss calculation. In this code we treated ioniza-
tion processes due to collisions of the heavy-ion projectile
with bound and free target electrons, and target nuclei in
the framework of the binary encounter model of Gryzin-
ski. "

The dominant electron-capture process in our experi-
ment was recombination by capture of bound electrons,
and in the case of the fully ionized plasma target, radia-
tive electron capture (REC).

For highly charged ions such as U +, which we regard
as our standard example, electron-capture processes
occur to states with high principal quantum numbers,
which are di%cult to treat. The Oppenheimer-
Brinkmann-Kramers (OBK) approximation provides,
however, a simple method to describe these processes.
Since in this experiment we are dealing with a hydrogen
target, we used the Nilolaev formula ' for K-shell elec-
tron transfer to a projectile state with principal quantum
number n and performed a summation over all possible n

states up to the convergence limit. The resulting cross
sections are known to overestimate experimental data,
and we therefore applied the Chan-Eichler scaling factor
to the OBK cross section.

An empirical scaling rule for the electron-capture cross
section into highly charged ions described by Schlachter
and co-workers represents our data equally well and
due to its parametrization is especially suited to be used
in a computer code.

In Fig. 7 we present the development of the charge
state of uranium ions in a hydrogen target as a function

B. Model description of the heavy-ion efFective charge state

The charge state of heavy ions passing through matter
is Auctuating rapidly, due to ionization and electron-
capture processes. A dynamic equilibrium of these pro- N 80

U —& Hydrogen

n, = 10"/crn'

Ion

13+

18+

18+

Pd26+
pb30+
U33 +

lnAb, „„d

5.42
5.42
5.42
5.42
5.42
5.42

lnAt-„„

10.42
10.09
10.09
9.72
9.58
9.48

lnAf„, /1nAb, „„d

1.92
1.86
1.86
1.79
1.77
1.75

TABLE I. Coulomb logarithm in cold (Ab, „„d) and fully ion-
ized (Af„„) hydrogen with n, = 3 X 10' cm and
U =7.47ac =1.64X10 cm/s.

UJ

60—

U)

e oe0
o

e e

IO—

t

20" r
/

s/
0 & I

0 1

I I I I I

2 3 I 5 6

E (MeV/u}

cold gas
T =10 eV

7 8 9

FIG. 7. Effective charge of U ions vs energy.



42 ENERGY LOSS OF HEAVY IONS IN A PLASMA TARGET 2319

of the ion energy. The dotted curve is our calculation for
a fully ionized hydrogen plasma target at a temperature
of 10 eV. The dashed curve is the semiempirical Betz for-
mula which describes the equilibrium charge state of
ions in cold matter.

At very high ion energy both curves will approach the
charge state 92+ of completely stripped uranium. With
decreasing energy the charge state in cold hydrogen gas is
a smoothly varying function of ion energy, whereas in the
case of an ionized plasma target, the charge state tends to
stay at a high level over a large range of energy, and to
drop steeply at low energies. In the energy range be-
tween 1 and 2 MeV/u the difference in both cases is most
pronounced. Therefore we choose the energy of 1.4
MeV/u for this experiment to be most sensitive on charge
state effects for the slowing down of energetic, highly
charged ions in a plasma target.

The development of the ion charge state during the
passage of the target depends strongly on the target state.
In Fig. 8 the following scenario is considered. Uranium
ions of charge state 33+ impinge on the hydrogen gas
target at an energy of 1.4 MeV/u. This charge state is
well above the equilibrium charge state (28+). Therefore
electron-capture processes from bound target electrons
will decrease the ion charge state rapidly while it
traverses the cold hydrogen gas. In a plasma target, how-
ever, electron-capture processes are reduced, since only
free electrons are present. Ionization due to collisions
with target nuclei is the dominant ionization mechanism
and does not change significantly with a rise of tempera-
ture in the few-eV regime. Therefore ionization rates
prevail over electron-capture rates and the charge state
tends to even increase further while the ion moves
through the target. It is an important feature of this ex-
periment that the initial charge state of the ions was al-
ways chosen to be 10—15% above the equilibrium charge
state in cold gas. Therefore, even in a comparatively
low-density target (n, = 10' cm ) the effective charge of
the ions starts to develop in opposite directions, depend-
ing on whether the target is cold hydrogen gas or a fully
ionized plasma.

C. Comparison of experiment results and theory

With the development of the code mentioned in the
preceding section, which takes into account the impor-
tant features of charge-changing cross sections and
energy-loss mechanisms in cold and ionized matter, we
had the proper tools at hand to compare the model pre-
dictions with experimental data.

Figures 9 and 10 illustrate this comparison. In Fig. 9
the experimental results for the energy loss of U ions in
the hydrogen plasma and in neutral hydrogen gas as a
function of target density are shown together with four
theoretical predictions calculated by the code described
in Sec. III B.

The dashed lines were derived under the assumption
that the original charge state of the incident uranium ion
(33+ ) is preserved, which is valid as a first approach but
not very realistic. The solid lines, on the other hand,
were calculated considering the variation of the effective
charge state of the ions, which is a function of the target
thickness traversed by the heavy ion, as was shown al-
ready in Fig. 8.

For cold hydrogen gas (lower solid line) standard stop-
ping theory agrees quite well with the experimental re-
sults when the variation of Z,~ inside the target is taken
into account properly. Moreover, we like to emphasize
that the data point at the lowest target density is right on
top of the energy-loss predictions from Northcliffe and
Schilling data tables. The overall agreement with these
semiempirical predictions is within 10—15% for all our
measurements in cold hydrogen gas. At higher target
densities the experimental data tend to be above the
theoretical prediction. This behavior is due to the OBK
electron-capture cross section which has the tendency to
exceed experimental data that have been obtained at the
1.4-MeV/u experimental area at GS1 earlier.

Due to the difficult measurement of the plasma param-
eter along with the energy-loss measurement, and the
reproducibility of the plasma conditions from shot to
shot, the measured energy-loss data in the hydrogen plas-
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FIG. 9. Comparison of experimental data and stopping

theory for '"U ions.
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ma exhibit some statistical distribution around the calcu-
lated curves (upper dashed and solid lines in Fig. 9). The
differences in energy loss due to a variation of the charge
state in the ionized material are too small to be experi-
mentally distinguished from a constant-Z, & behavior, for
densities obtained in this experiment. But the enhanced
energy loss in fully ionized matter as compared to the en-

ergy loss in cold matter is clearly demonstrated beyond
experimental uncertainties.

In Fig. 10 we extend the comparison between experi-
ment and theory further to include all our measured data.
In this figure only those calculations are shown where the
variation of Z,z with increasing target thickness is con-
sidered. For all six ion species used in this experiment

the enhanced stopping power of ionized matter is ob-
served. The theoretical model is in good agreement with
the experimental results. The increase in stopping power
varies from a factor of 2 for the heavy ion with the small-
est mass number in our experiment ( Ca) to 2.6 for
uranium. It is tempting to attribute this increase to the
fact that a variation of the effective charge state Z,z is
more effective to influence the total energy loss for higher
atomic numbers of the projectile.

IV. CONCLUSIONS

With this experiment it has been possible for the first
time to measure the energy loss of a wide range of heavy
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ions in a plasma environment and confirm that ionized
matter has indeed a different stopping power than cold
matter. The experimental results are in good agreement
with the theoretical expectations and confirm the theoret-
ical models based on the Bethe-Bohr-Bloch stopping
theory.

In this experiment we were able to establish a stopping
power enhancement of a factor of 2 and higher. Indica-
tions for this behavior have been reported earlier for light
ions ' ' and for the case of uranium in the early phase
of our experiment. Furthermore from the survey of a
wide range of heavy-ion species, this experiment indicates
an increase of the projectile charge state Z,z while the

ion traverses the plasma. This effect adds to the effect of
an enhanced stopping power of ionized matter due to the
variation of the Coulomb logarithm.

The aim of the experimental research in this field is
now to extend the measurements into the regime of even
higher-density plasmas, and to probe the plasma with a
more energetic ion beam.
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