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Energy loss of 6 MeV /u 5Fe ions in a partially ionized helium plasma
has been for the first time measured as a function of incident charge state
ranging from 21+ to 25+. Enhancement of the energy loss of the ions in
the discharge plasma has been observed over that in cold helium gas. The
enhanced stopping of 190 ions with energies of ~ 0.2 MeV /u in laser ablated
LiH plasma has been also observed over that in cold matter. Theoretical
calculation proposed by Sigmund reproduces the energy dependence of the
experimental stopping power of the 10 ions in the plasma.

PACS numbers: 34.50.Bw, 52.20.Hv, 52.40.Mj, 52.50.Jm

1. Introduction

Stopping power of heavy ions in dense plasmas plays an important role
in heavy ion inertial fusion where energy of driver beam is converted to
X-ray energy in indirect irradiation targets. In this scenario, it is important
to study ion stopping near the Bragg peak in range distribution where the
energy dependence of stopping power also exhibits a peak. We focus our
interest on experiments with heavy ions having energies near the peak in
the stopping power curve. Many experiments of heavy-ion stopping in the
completely ionized hydrogen plasmas formed by Z-pinch discharge have been
carried out by GSI [1-6] and Orsay [7,8] groups. They observed the enhanced
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stopping of ions in the plasmas compared with that in the cold matter.
Jacoby et al. have observed the largest enhancement factor of 35 for 45 keV /u
krypton ions [5]. On the other hand, no plasma effect was obvious in the
partially ionized argon plasma of low degree of ionization [9] which contained
many bound electrons. We have studied stopping power of 6 MeV /u iron
ions in a partially ionized plasma of helium which includes the bound and
free electrons with nearly equal weight. The stopping power of fast heavy
ions in plasma is expressed by the following Bethe type equation [10-12].
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where m is the electron mass, Z.g and v are, respectively, the effective
charge and the velocity of the projectile ion, Ny, and Ny are, respectively,
the number densities of bound electron and free electron, and I,, and wy, are,
respectively, the average ionization energy of target atom and the plasma
frequency. The charge equilibration of the projectile ions plays an important
role in the stopping process. So we measure the energy loss of the iron ions
as a function of projectile charge state.

On the other hand, Sigmund has proposed an equation extended from
the Bohr type equation to analyze the stopping power of low-energy ions
with velocity near or below the Bohr velocity [13]. The Sigmund equation
can be modified for the plasma as below.
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where w is the resonance frequency of bound electron and L is the stopping
number given by Sigmund.

It is interesting to test the Sigmund equation. So we investigate the
stopping power as a function of projectile energy in the energy region near
and/or below the Bragg peak. For this measurement we use target plasmas
formed by laser irradiation to prevent the projectile-beam deflection from
the magnetic field.

2. Experiments

2.1. High-energy ions in helium discharge plasma

The experiments for heavy-ion beams with energy higher than the Bragg
peak were carried out at HIMAC (Heavy Ion Medical Accelerator at Chiba)
of NIRS (National Institute of Radiological Sciences). To ensure the enough
interaction length, the target plasma was formed by the Z-pinch discharge
of helium gas in a quartz discharge tube of 165 mm in length and 27 mm
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in inner diameter [14,15]. The plasma target was differentially pumped to
maintain the vacuum of accelerator beam line. A pair of apertures of 2 mm in
diameter were placed on both ends of the discharge tube to define the beam-
plasma interaction area. The Z-pinch discharge was driven with a capacitor
of 4 uF at voltage of 18 kV. The discharge current rose to a peak of 60 kA
at ¢ = 2 us. The helium gas pressure was adjusted to 120 and 200 Pa. The
electron density was deduced from the Stark broadening of He II n = 4 to
n = 3 line at 468.6 nm [16]. The electron temperature was deduced from the
line-intensity ratio of I(He IT 468.6 nm)/I(He I 587.6 nm) [17]. The general
behavior of the helium plasma was simulated with the MULTI-Z code [14]
which was extended by one of the authors, T. Aoki, from the original 1D
hydrodynamics code of MULTT [18] to include the MHD components.

Fig. 1 compares the measured and simulated electron densities for the
gas pressure of 120 and 200 Pa. The measured electron density ranges from
1x10"t0 2x10'"® cm ™2 and from 2x10'® to 4x10'® cm ™2 for the gas pressure
of 120 and 200 Pa, respectively, during the first pinch around ¢ = 1 us. On
the other hand, the electron temperature does not so fluctuate as the electron
density and varies between 4 and 5 eV. The complete LTE (Local Thermal
Equilibrium) condition for helium plasma gives an electron density of ne >
1x10® ¢cm™3 at T, = 4 eV with a time scale of 7 = 0.1 us [17]. So the
present helium plasma fulfills almost the LTE condition. However, it should
be noted that the discharge plasma is applicable as a target only around
t = 1 ps. This is because the uniform plasma was observed with a streak
camera only between t= 0.9 and 1.3 us when the gas pressure was set to
120 Pa. The spatial distribution of the electron density was calculated with
the MULTI-Z code to examine the uniformity of the discharge plasma target.
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Fig. 1. Time evolution of electron densities measured and calculated with MULTI-Z
code, (a) for 120 Pa and (b) for 200 Pa.
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The calculation provided the spatial non-uniformity of the plasma as + 20 %
within a radius of 1 mm for the gas pressure of 200 Pa. The non-uniformity
for the case of 120 Pa was + 10 %. The MULTI-Z calculation indicated that
the present plasma target was uniform enough for the in-beam experiments
with the beam radius defined as 1 mm.

The energy loss experiments were performed with an 56Fe beam of
6 MeV/u energy at HIMAC. The pulsed iron beam had a time spacing
of 10 ns. The %Fe ions with selected charge states ranging from 21+ to
25+ were injected to the target plasma. The energy loss of the ions having
passed through the plasma was measured with the time of flight method.
The flight distance was 3.8 m. The outgoing ions were detected with an
assembly of a gold foil and a micro channel plate (MCP). The MCP placed
at the angle of 45 degrees to the ion beam detected the secondary electrons
generated at the gold foil. The MCP was shielded from the plasma light.
Fast digital oscilloscopes recorded the signals of MCP, RF, beam pickup
and discharge current. The measurements were repeated for various timings
after discharge ignition.

In order to convert the measured energy loss to the stopping power, the
mass thickness dX of the target plasma was evaluated as dX = MyeLn,/(Z),
where Mye, L, ne, (Z) are the mass of helium atom, the plasma length, the
electron density and the mean charge of helium plasma, respectively. The
experimental mean charge was evaluated by inserting the measured elec-
tron density and temperature into the Saha’s equation [19]. The MULTI-Z
code also gave the mean charge (Z). Fig. 2 compares the experimental
mean charge and the simulated one. We adopted the experimental values
to calculate the plasma mass thickness although the discrepancy between
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Fig.2. Time evolution of electron temperature measured and calculated with
MULTI-Z code, (a) for 120 Pa and (b) for 200 Pa.
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the experimental and simulated ones, in particular, for the case of 200 Pa is
obvious. For example, the electron density of n, = 1 x 10'® cm™3 and the
mean charge of (Z) = 1 give the mass thickness of dX = 55 pugem 2 for the
plasma column of 165 mm in length. The equilibrium thickness X of the
carbon foil was obtained by Baron [20] as X = 5.9 +22.4W — 1.13W? where
the thickness X and the ion energy W are in ugem 2 and MeV /A, respec-
tively. This empirical formula gives the thickness of 100 pugem ™2 which was
almost fulfilled by the helium plasma with the gas pressure of 200 Pa at the
first pinch around ¢t = 1 ps.

2.2. Low-energy ions in laser plasma

Experiments with the low-energy ions were conducted to study the stop-
ping process for the ion energy lower than the Bragg peak. The 'O beams
with energy ranging from 2.4 to 5.6 MeV are generated with the 1.7 MV
tandem at Tokyo Institute of Technology. A proton beam with the same
velocity as the oxygen beam is also used to extract the Coulomb logarithm
terms in the stopping power equation. Two types of plasma targets are in-
stalled on the beam line. One is based on a Nd-glass laser of 3 J energy
and 30 ns pulse width [21-23]. A LiH pellet of about 60 ym in diameter
is irradiated by the laser. The spherically expanding plasma was observed
with a fast framing camera. The electron density was diagnosed by the
Mach—Zehnder interferometry. Fig. 3 indicates radial distributions of the
electron density observed at 60, 80 and 100 ns after start of the laser irradi-
ation. The LiH plasma with the electron density of 1x10'® cm™3 at t = 60
ns is appropriate to an incident beam with a radius of 0.5 mm. The optical
spectroscopy of the continuum emission gave the electron temperature of 10
to 20 eV. The ratios of singly ionized atom to neutral atom were evaluated
for hydrogen and lithium using the Saha’s equation [19]. The ratios of the
number densities were n(Lit)/n(Li) > 1000 and n(H*) = 390. The ratio
of Li%* to LiT was n(Li?*)/(Li*) = 0.1 even for the minimum density for
the LTE condition, i.e., 10%° cm™3. Consequently the LiH plasma consisted
of mainly of Li*™ and HT and the neutral component was negligible. The
mass thickness of the LiH plasma was evaluated as AX = 1.4 ugem™2 at
t = 60 ns. The energy loss of the ions in the LiH plasma was measured
with the time-of-flight method where the DC beam from the tandem was
pulsed by a 100 MHz chopper. The ions having passed through the plasma
were detected with an assembly consisting of a carbon foil and a MCP. The
secondary ions emitted from the carbon foil were bent by 180 degrees with a
permanent magnet and then detected by the MCP. This detector geometry
was adopted to shield the MCP from the plasma light.
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Fig.3. Radial distributions of electron density of LiH plasma observed at 60, 80
and 100 ns after the laser irradiation.

2.8. Solid hydrogen target for laser plasma

Another plasma target is formed by irradiating a plate with a COq laser
of 6 J per pulse. The laser is line-focused to suppress the density gradient
along the incident ion trajectory. We replace the previous polyethylene
target with a solid hydrogen target to improve the degree of ionization of
the plasma. Fig. 4 shows a schematic view of the solid hydrogen target for
the ion-plasma interaction experiment. We use a GM refrigerator with the
refrigerating power of 1 W at temperature of 4 K. The hydrogen gas is fed to
an ice forming cell covered with an acrylic case after a copper bed is cooled
down to 7 K from the room temperature in 60 min. It takes 10 min to grow
a transparent hydrogen ice of 8 mm x 3 mm X 4 mm in thickness. This size
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2nd Stage (4K)
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Fig.4. A schematic view of solid hydrogen formation for ion-plasma interaction.
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of the ice is adjusted to the line-focused COs laser spot. The hydrogen ice
can be formed every 10 min without breaking the vacuum. The hydrogen
plasma was diagnosed by the optical spectroscopy. The plasma emission at
a distance between 0 and 3 mm from the hydrogen surface was collected
with an optical fibre connected to a polychromator. The electron density
was deduced from the Stark broadening of the Hg lines and the electron
temperature from the intensity ratio of the H, to the Hg line [17]. Fig. 5
shows the time evolution of the electron density, the electron temperature
and the COs laser. The present electron density of 0.5 ~ 2 x10'7 cm™3 is
lower by a factor of two than the electron density measured previously with
the polyethylene plasma. This discrepancy is probably due to the larger
objective area than the previous one which was defined to a distance of 0.5
to 1.5 mm.
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Fig.5. Time profiles of electron density and electron temperature of hydrogen
plasma, and CO, laser.

3. Results

3.1. High-energy ions in helium discharge plasma

Fig. 6 shows the measured stopping power of *Fe ions in the helium
plasma formed with the gas pressure of 120 Pa where the errors of 4+ 30 to
60 % are not indicated for simplicity. The charge states of the incident iron
ions ranges from 21+ to 25+ where the first pinch is around 1 us after the
ignition. In this case the stopping power depends on the charge state be-
cause the plasma thickness was less than the equilibrium thickness of about
100 pgem 2. The stopping power observed in the plasma around 1.1 us is
enhanced by a factor of two to three than the stopping power for the cold
helium gas [24] as indicated in Fig. 6 with a dotted line. The theoretical
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Fig.6. Stopping power of 6 MeV /u 3%Fe ions in helium plasma measured for gas
pressure of 120 Pa as a function of incident charge state. A dotted line indicates
stopping power for cold helium gas and a solid line depicts theoretical stopping
power of *°Fe ions with charge state of 25 in helium plasma.

stopping power calculated with the Bethe type of Eq. (1) is also depicted
in the figure by assuming the effective charge of the %6Fe ions as 25+. The
theoretical curve overlaps with the highest stopping power observed at the
pinch timing although the theoretical evaluation does not reproduce the ob-
vious time dependence of the experimental data. However, it should be
noted that the conversion of the experimental energy loss to the stopping
power depends on the mean charge (Z) of the helium plasma. This discrep-
ancy might be removed by taking into account of the time evolution of the
effective charge and by the more detailed plasma diagnostics. The plasma
diagnostics with the higher spatial resolution could give the more reliable
estimation of the mean charge (Z) of the partially ionized helium plasma.

Fig. 7 shows the similar results for the case of 200 Pa. The measured
stopping power is independent of the initial charge state of the °°Fe ions
within the errors. This fact reflects that the charge state of the projectile
ions reached to the equilibrium distribution in the plasma and then the major
part of the stopping process was governed by the equilibrium charge state.
In this case the target plasma was thick enough to realize the charge-state
equilibrium. The enhanced stopping over the cold helium gas was clearly
observed for the 6 MeV /A 5Fe ions in the plasma.
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Fig. 7. Stopping power of 6 MeV /u 3%Fe ions in helium plasma measured for gas
pressure of 200 Pa as a function of incident charge state. A dotted line indicates
stopping power for cold helium gas and a solid line depicts theoretical stopping
power of *®Fe ions with fixed charge state of 25 in helium plasma.

3.2. Low-energy ions in laser plasma

Fig. 8 compares the stopping power measured as a function of the 60O
beam energy with the compiled values for the cold matter [25]. It is first
noted that the experimental values are larger by a factor of two to three than
the curve for the cold matter. The experimental stopping power increases
with the decrease of the beam energy. On the contrary, the stopping power
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Fig.8. Stopping power of 60 ions in LiH plasma measured as a function of beam
energy. A dotted line indicates stopping power tabulated for cold matter. A solid
line depicts theoretical stopping power based on the Sigmund’s work [13].



954 M. OGAWA ET AL.

curve for the cold matter decreases in the energy region of below 0.5 MeV /u.
This fact led us to use the Eq. (2) instead of the Bethe type Eq. (1) for the
theoretical calculation of the stopping power.

To calculate the theoretical stopping power of the ions in the plasma, we
estimated the charge-state fraction of the incident ions in the target plasma
by solving the rate equation [11]. As a typical case, the effective charge
was obtained to be 4.7 for the 3.6 MeV 60 ions in the LiH plasma with
the electron density of n, = 1x10'® cm™3 and the electron temperature of
T, = 15 eV. The Coulomb logarithm term in the Eq. (2) was taken from
the calculation by Sigmund [13]. The theoretical stopping power for the
plasma is indicated with a solid curve in Fig. 8. The calculation reproduced
the energy dependence and also the magnitude of the measured stopping
power. This calculation suggests the larger stopping power for the lower-
energy beam in a fully ionized plasma. In fact Jacoby et al. have observed
the large enhancement factor of 35 [5].

4. Summary

Stopping power of 6 MeV /u 56Fe ions in a partially ionized helium plasma,
produced by Z-pinch discharge has been for the first time measured as a
function of incident-beam charge state ranging from 21+ to 25+. We have
observed that the stopping power measured around the pinch timing at
t = 1.1 us is larger by a factor of two to three than the stopping power for
cold helium gas. However, further detailed study is necessary to analyze the
time evolution of the stopping process.

The stopping power of low-energy 60 ions in LiH plasma has been for
the first time observed as a function of beam energy. Enhancement factors
of the stopping power for the plasma over that for the cold matter are two
to three depending on the beam energy. Theoretical calculation based on
the work of Sigmund is in good agreement with the experimental energy
dependence of stopping power.
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