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Abstract

The interaction process between fast heavy ions and dense plasma was experimentally investigated. We injected
4.3-MeV0u or 6.0-MeV0u iron ions into az-pinch-discharge helium plasma and measured the energy loss of the ions by
the time of flight method. The energy loss of 4.3-MeV0u ions fairly agreed with theoretical prediction when the electron
density of the target was on the order of 1018 cm23. With increasing electron density beyond 1019 cm23, the difference
between the experiment and the theory became remarkable; the experimental energy loss was 15% larger than the
theoretical value at the peak density. For 6.0-MeV0u ions, the deviation from the theory appeared even at densities below
1019 cm23. These discrepancies indicated that density effects such as ladderlike ionization caused the enhancement of
the projectile mean charge in the target.
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1. INTRODUCTION

The stopping power of dense plasma for heavy ions is
an important topic in heavy ion fusion research because it
determines beam energy deposition in a fuel target. Beam–
plasma interaction experiments have revealed the enhance-
ment of the stopping power due to plasma effects~Young
et al., 1982; Hoffmannet al., 1990; Couillaudet al., 1994;
Jacobyet al., 1995!. Most of the experiments used discharge
plasma targets because they were superior in uniformity,
line density, and lifetime to the other plasma targets such as
laser-produced plasmas. However, the strong magnetic field
induced by large discharge current often prevented the beams
from penetrating the target effectively, which resulted in
unwanted beam signal attenuation~plasma-lens effect!. This
trade-off between the beam signal and the discharge current
has limited the plasma density to 1017–1018 cm23. Although
the capillary discharge has the potential to produce plasmas
with an electron density over 1019 cm23 under relatively

low discharge current, the diagnostics is very difficult be-
cause of the complex plasma composition.

We have so far measured the energy loss of 6.0-MeV0u
ions in az-pinch helium plasma under electron densities on
the order of 1018 cm23 ~Hasegawaet al., 2001!. To examine
the beam interaction processes in denser plasmas, we opti-
mized both the discharge conditions and the beam transport
with the help of numerical calculations. As a result, we
succeeded in increasing the plasma density and observing
the energy loss of the ions even at lower injection energy.
This report presents experimental results on the energy loss
of 4.3-MeV0u or 6.0-MeV0u iron ions in a helium plasma
with electron densities above 1019 cm23. We also discuss the
dependence of the energy loss on the beam velocity and the
plasma density.

2. EXPERIMENT

Figure 1 illustrates the experimental setup for measurement
of the energy loss of heavy ions in az-pinch plasma target. A
30-mm-inner-diameter quartz tube initially contained he-
lium gas of 300 Pa. While charging a capacitor, a high-
voltage power source also preionized the helium gas with
glow discharge, which guaranteed the uniformity of the suc-
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ceeding main discharge. The main discharge current had a
sinusoidal waveform of 70 kA in amplitude and 4ms in half
period. A dense plasma column of about 16 cm long formed
on the beam axis 1ms after the discharge ignition.

We determined the electron density of the plasma target
from the Stark broadening of HeII Pa line ~468.6 nm! using
an empirical scaling given by Büscheret al. ~1996!. The
uncertainty of the scaling is about610%. The electron tem-
perature was determined from the line intensity ratio of HeII

Pa and HeI 1s2p-1s3d ~567.7 nm! under a LTE assumption
~Griem, 1997!. The time evolution of these two lines was
simultaneously recorded using a combination of a spectro-
scope and a streak camera. By moving the observation point
along the beam axis, we observed also the axial distributions
of the plasma parameters.

For interaction experiments, we used56Fe beams with an
injection energy of 4.3 MeV0u or 6.0 MeV0u supplied from
RF linacs of HIMAC at the National Institute of Radiolog-
ical Sciences. The projectile ions entered the target through
a 1-mm-diameter aperture on the discharge anode and then
interacted with the plasma column. After exiting from the
target, the ions were focused by a quadrupole doublet onto a
10-mm-thick gold foil at 3.7 m downstream.Amicro-channel-
plate~MCP! assembly detected secondary electrons emerg-
ing from the foil and amplified the signals. From a delay in
the arrival time of each beam bunch at the detector, we
extracted the energy loss of the ions in the target.

3. NUMERICAL ANALYSIS

To support the plasma diagnostics, we also performed
numerical calculations of az-pinch plasma using a one-
dimensional MHD simulation code~Aoki et al., 1995!. We

did not consider the coupling between the plasma load and
the external circuit because it had little influence on the
current waveform in our circuit-parameter range. The sim-
ulation results were not only compared with the results of
the plasma spectroscopy, but also used to optimize the beam
transport from the plasma target to the MCP detector.

To give theoretical predictions we calculated the energy
loss of the projectile using a stopping-power formula for
partially ionized plasma~Peter & Meyer-ter-Vehn, 1991!.
The calculation solved rate equations to obtain the projectile
mean charge in each time step, which self-consistently in-
cluded the changes of ionization and recombination cross
sections due to the decrease in projectile velocity. Here we
considered the following atomic processes for ground lev-
els: collisional ionization by plasma ions or free electrons,
bound electron capture, and radiative electron capture.

4. RESULTS AND DISCUSSIONS

Figure 2 summarizes the results of both the plasma spectros-
copy and the numerical analysis using a MHD code. The
electron density and temperature reached 1.23 1019 cm23

and 6.3 eV after about 1ms from the ignition, which was
almost consistent with the simulation results. The plasma
target length was determined to be 15.5 cm from the axial
profile of the electron density. Thus, the line density of the
target exceeded 1020 cm22. The self-consistent solution of
the Saha equations showed that the mean charge state of the
plasma ions was 1.5 at the peak density.

Figure 3 plots the energy losses of 4.3-MeV0u and 6.0-
MeV0u 56Fe ions as a function of time. Thanks to beam
transport optimization, we could observe the energy loss
over the pinch process without serious beam signal attenu-

Fig. 1. An experimental setup for energy loss measurement using az-pinch plasma target.

8 J. Hasegawa et al.

https://doi.org/10.1017/S0263034602211027 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034602211027


ation. Particularly at the peak density the observed energy
losses were much larger than those in a cold equivalent from
TRIM ~29.8 MeV for 4.3 MeV0u 56Fe, 25.3 MeV for 6.0
MeV0u 56Fe!. This large enhancement showed that although
the plasma target was not fully ionized, plasma free elec-

trons dominated the interaction processes. Note that the
energy loss was almost independent of the initial charge of
the projectile, meaning that the projectile experienced sim-
ilar evolution of the mean charge. The calculation of the
projectile mean charge also supported these results.

In Figure 4, we plot the energy loss of iron ions under a
target electron density of 1.23 1019 cm23 as a function of
injection energy. The figure also shows theoretical energy-
loss curves for Fe221 injection~upper solid line! and Fe231

injection~lower solid line!; the difference between the curves
is small enough to be neglected. We found that both exper-
imental values largely exceeded the theoretical predictions
by 15–20%.

The dependences of the energy loss of 4.3-MeV0u and
6.0-MeV0u 56Fe ions on the target electron density are shown
in Figure 5. Theoretical predictions of the energy loss are
also plotted as a function of electron density~solid lines!.
When the plasma density was in the order of 1018 cm23, the
theory could well reproduce the experimental energy loss of
4.3-MeV0u ions. As the electron density increases beyond
1019 cm23, the difference between the theory and the exper-
iment increased and reached 15% at the peak density. For
6.0-MeV0u ions, the discrepancy appeared remarkably even
at electron densities below 1019 cm23, where the energy
losses well agreed with the values calculated for fully stripped
ions~broken line!. These results indicate that the projectile
ions had higher mean charge than the predicted values, par-
ticularly for 6.0-MeV0u injection energy. Density effects
such as ladderlike excitation and ionization may explain this
remarkable increase in the mean charge. The difference in
the ionization rate coefficients between 4.3-MeV0u and
6-MeV0u ions, however, was too small to explain the differ-

Fig. 2. Electron densities and electron temperatures of target plasma esti-
mated by plasma spectroscopy and numerical analyses using a MHD code.

Fig. 3. Time evolution of energy loss of 4.3-MeV0u or 6.0-MeV0u 56Fe in az-pinch helium plasma. Error bars represent standard
deviation of shot-to-shot fluctuations.
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ence in the density dependence. Interaction experiments using
a proton beam planed in the near future will reveal the
projectile effective charge in the plasma target and give us
physical insights into this open question.

5. CONCLUSION

We successfully observed the energy loss of 4.3-MeV0u or
6.0-MeV0u 56Fe ions in a dense helium plasma with an
electron density above 1019 cm23 by optimizing thez-pinch-
discharge conditions and the beam transport. At relatively
low electron density, the observed energy loss of 4.3-MeV0u
ions well agreed with the theoretical predictions. We found
that the difference between the experiment and the theory
became remarkable with increasing electron density or pro-
jectile energy, which indicated the acceleration of the ion-
ization processes due to density effects.
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