
       
   
 

 
 

16th International Symposium on Heavy Ion 
Inertial Fusion 

 
The 16th International Symposium on Heavy Ion Inertial Fusion will be 
held on the "Palais du Grand Large" in Saint-Malo, France from July 9-14, 
2006.  
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Since HIF04, we report new results in longitudinal beam compression, beam-target 

interaction, high-brightness transport, beam production, a new Pulse-Line Ion Accelerator 
(PLIA), and advances in theory and simulations. 

Longitudinal Beam Compression The Neutralized Drift Compression Experiment 
(NDCX) applied a linear head-to-tail velocity tilt to a high perveance ion beam, resulting in 
longitudinal compression of the beam by a factor of 50 as the beam drifted through a meter-
long neutralizing plasma. Good agreement was found between measurements and 3-D 
simulations using the hybrid PIC code LSP. A three-dimensional kinetic model was also 
developed to describe the longitudinal compression. 

Beam Target Interaction We have explored how ion beams can be used to study warm 
dense matter (WDM) by entering the targets at energies just above the peak of dE/dx. We 
have identified promising accelerator, beam, and target configurations, as well as candidate 
experiments to study WDM target properties. Hydrodynamic simulations show uniform 
conditions (<5% temperature variation) can be achieved.   

High Brightness Transport We have studied electron accumulation in quadrupole and 
solenoid beam transport systems originating from beam-background gas ionization, beam-
tubes struck by ions near grazing incidence, and end-walls struck by ions near normal 
incidence. We will show similarities of measurements and 3-D WARP simulations (see 
below) of beam phase space distortions when electrons from end walls are introduced.  

Beam Production The merging-beamlet injector experiment merged one hundred and 
nineteen argon ion beamlets into an electrostatic quadrupole channel to form a single beam of 
70 mA. Measured un-normalized emittance of the merged beam of 200-250 mm-mrad, 
sufficient brightness for future needs, was in good agreement with WARP3D simulations.  

Beam Acceleration We have first experimental tests of a new accelerator concept 
based on a traveling wave structure for acceleration, the Pulse Line Ion Accelerator (PLIA). 
The PLIA potentially offers a lower cost accelerator for WDM drivers. Measured energy gain, 
longitudinal phase space, and beam bunching are in good agreement with WARP3D 
simulations. 

Advances in theory and simulation models We have developed and implemented into 
the WARP3D particle-in-cell code Adaptive Mesh Refinement, new large-time step 
advancement of electron orbits, and a comprehensive suite of models for electrons, gas, and 
wall interactions. The Beam Equilibrium Stability and Transport code (BEST) was optimized 
for massively parallel computers and applied to studies of the collective effects of 3D 
bunched beams and the temperature-anisotropy instability. Space-charge-dominated beam 
physics experiments relevant to long-path accelerators were carried out on the recently 
completed University of Maryland Electron Ring, and on the Paul Trap Simulator Experiment 
at PPPL. 
 
*This work was performed under the auspices of the U.S. Department of Energy by the University of California, Lawrence 
Berkeley and Lawrence Livermore National Laboratories under Contract Numbers DE-AC02-05CH11231 and W-7405-Eng-
48, and by the Princeton Plasma Physics Laboratory under Contract Number DE-AC02-76CH03073. The HIFS-VNL 
performs coordinated heavy ion beam research by the Lawrence Berkeley National Laboratory, Lawrence Livermore 
National Laboratory, and Princeton Plasma Physics Laboratory, USA. 
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With the approval of a new accelerator project at GSI a new incentive has been 
achieved to explore interaction phenomena of intense ion- and laser radiation with 
matter with relevance to inertial fusion physics. This facility will allow to study 
fundamental properties of high energy density states using the accelerator facilities of 
GSI. Investigations include precise measurements of equation of state properties and 
transport properties of various materials in exotic states. With the already existing 
intense beams first experimental and theoretical results have been achieved and will be 
discussed in the presentation. 



Overview of Russian HIF Program 
 

B.Sharkov, M.Basko, M.Churazov, V.Imsennik, D.Koshkarev,  
ITEP-Moscow, B.Cheremushk.25, 117259 Moscow, Russia. 
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Institute for High Energy Densities, RAS, Izhorskaya 13/19, 125412 Moscow, Russia 

Yu.Orlov, V.Subbotin,V.Suslin, A.Zabrodin  
 Keldych Institute for Applied Mathematics, 

RAS,  Miusskaya 4, 125047 Moscow,   Russia 
 

This talk gives an update on the progress in Heavy Ion Beam IFE experimental and 
theoretical activities conducted  under the auspices of the Federal Agency of Atomic Energy 
under contract No. 6.25.19.19.05/996. 

Studies of heavy ion driven inertial fusion aiming at energy production have been 
pursued with increasing activities in Russian HIF community. The emphasis of the related 
studies on Heavy Ion Fusion Energy were centered on the 
• fusion targets design, 
• experimental and theoretical study of heavy ion beam-plasma interaction, 
• theoretical and experimental investigations of the state of matter under extreme 

conditions,  
• critical issues of the physics and technology of intense heavy ion accelerators-drivers, 
• critical issues of the heavy ion driven power plant concept. 

The considerations of heavy ion fusion power plant concept are based on the fast ignition 
principle for fusion targets [1]. The cylindrical target is irradiated subsequently by a hollow 
beam in compression phase and by powerful ignition beam for initiation of the burning phase.  

The first wall of the reactor chamber employs “liquid wall” approach, particularly the 
wetted porous design. The lithium-lead eutectic is used as a coolant, with initial surface 
temperature of 550oC. Computation of neutronics results in blanket energy deposition with 
maximum density of the order of 108 J/m3. The heat conversion system consisting of three 
coolant loops provides the net efficiency of the power plant of ~35%. 

The Heavy Ion IFE experimental program is focused on a major upgrade of the ITEP 
accelerator complex for acceleration and accumulation of high current beams - the TeraWatt 
Accumulator project (ITEP-TWAC). Current experiment efforts are aiming at measurements 
of ionization degree, charge state distribution, conductivity, plasma pressure, ion and electron 
plasma temperatures, and density with temporal resolution on the order of 10–100 ns.  
The results of the joint activities of numerous institutes of Russia are presented. 
 
 
[1]. S.Medin et al. NIM A 544 (2005), pp 300-309. 
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In this paper Japanese research activities are summarized and presented in heavy ion fusion 
(HIF) and high energy density physics (HEDP). Heavy ion beam (HIB) is a prominent tool to 
study HEDP and HIF, and HIBs may be a promising inertial fusion driver. HIB accelerators 
have been studied intensively for a long time; a HIB pulse profile, a particle energy and a HIB 
quality are controllable. A HIB energy deposition profile is also well-defined, and a HIB 
energy is deposited inside a material. By focusing and using the HIB excellent properties, 
Japanese HIF and HEDP activities have covered a wide variety of subjects ranging from new 
accelerators to future HIF studies: laser-initiated ion source, new inductive accelerator, beam 
physics, beam bunching, beam instabilities, HIB interactions with gas or materials, laser ion 
acceleration, HIB transport, HIB-based warm dense (WD) state generation, new measurement 
of HED or WD matters, HIB stopping power, atomic physics, multi-HIBs illumination on a 
target, HIF target implosion, impact ignition scheme, HIB-radiation conversion, radiation 
confinement and transport in HED matter or in HIF, and so on.. 
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The Institute of Lasers and Plasmas (ILP) has been created by a partnership between the CEA, 
CNRS, Bordeaux University I and Ecole Polytechnique.with the mission to organize, 
coordinate and develop the scientific and technical activities related to laser-produced hot and 
dense plasma physics. They focus on applications on large scale lasers in France, particularly 
the Ligne d'Intégration Laser (LIL), the test facility of the Laser Megajoule (LMJ), and the 
high energy petawatt laser PETAL, coupled to LIL. The LMJ and LIL, which belong to CEA, 
and the civilian facility PETAL, are open to academic research for the international 
community, through ILP.  Its scientific programme includes all sciences related to inertial 
fusion and its applications.  
High power lasers enable the physics of matter at extreme densities and temperatures to be 
studied in the laboratory, with applications ranging from fundamental science (atomic and 
nuclear physics, relativistic plasmas), to new scientific opportunities (compact particle 
accelerators and laboratory based astrophysics) and high impact industrial exploitation 
(inertial fusion energy). We will present some results from the coordinated ILP program. 
Thermal transport studies have been recently carried out with the LIL laser in the multi 
kilojoule regime, to test numerical simulations and improve the physics included in the codes. 
In laboratory based astrophysics, a comprehensive program related to strong radiative shock 
structure studies, relevant to stellar and interstellar environments, is conducted with the LULI, 
PALS and LIL lasers The set up for future nuclear physics experiments involving high lasers 
fields is currently explored. 
The ILP presently most important project, PETAL, is based on a high energy multi-petawatt 
laser which will be coupled with the high power laser LIL. Fast ignition physics is the 
principal objective, but all high intensity, short pulse studies coordinated within the 
international community will benefit from this installation. 



Recent Progress in the NIF Ignition Program 
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The National Ignition Campaign (NIC) Team is preparing for the first experimental campaign 
for ignition, planned for 2010 after NIF is completed. We are working to refine the ignition 
target design, experimentally test key physics and experimental methods, and fabricate and 
test cryogenic targets. This paper will review current progress and the plans for the NIF 
indirect drive ignition campaign.  
Recent technical progress includes advances in target design, experiments, and target 
fabrication. Current target designs have significantly improved efficiency (Capsule absorbed 
energy/absorbed laser energy) through the use of high-Z material mixtures for the hohlraum 
wall (“Cocktails”) and Laser Entrance Hole Shields. The hydrodynamic stability of the 
capsule is significantly improved over first generation NIF target designs through the use of 
radially varying Cu dopant in the Be ablator. Diamond is under study as candidate ablator 
material. Our final point design selection will be make based on full 3-D simulations to model 
both radiation asymmetry and capsule surface roughness.  
In the area of experiments, we are testing specific features of the point design, including high-
Z “cocktails” wall materials, the implosion performance of Be capsules, and the 
hydrodynamic perturbation resulting from a fuel “fill-tube”. 
Advances in ignition target fabrication include development of capsules (CH, Be, diamond) 
and cryogenic DT layers inside of NIF-scale targets. Phase-contrast x-ray radiography has 
been developed to diagnose the DT layer quality inside opaque capsule (beryllium and 
diamond). Methods for fielding cryogenic ignition targets using micro-fill-tubes have been 
demonstrated.  
The first experimental campaign for ignition, beginning in 2010 after NIF completion, will 
include experiments to measure and optimize key laser and target conditions necessary for 
ignition. These “Tuning Campaigns” are focused on Energetics, Symmetry, Shock timing, 
and Capsule Hydrodynamics. Detailed planning and simulations are currently underway, to 
design these experiments in detail and establish the requirements for the targets, diagnostics, 
and laser configuration. Tuning and diagnostic methods are being developed and tested on 
present facilities, including the Omega laser at the Laboratory for Energetics (LLE), the Z 
facility at Sandia National Laboratories (SNL), and the Trident laser at Los Alamos National 
Laboratory (LANL). 
 
This work was performed under the auspices of the U.S. Department of Energy by Lawrence 
Livermore National Laboratory under Contract No. W-7405-Eng-4 



Magnetic Fusion Energy Studies in Japan 
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 Major research activities of Magnetic Fusion Energy (MFE) in Japan are based on JT-60 at 
Japan Atomic Energy Agency (JAEA) and Large Helical Device (LHD) at National Institute for 
Fusion Science (NIFS) collaborating with more than 20 universities.  
 The primary facility for MFE study in Japan is JT-60 (JAEA Tokamak, Btoroidal=4 T, Iplasma=3 
MA, Rplasma=3.4 m, rplasma=1.1 m, Vplasma=90 m3, tpulse=65 s) commissioned in 1985. The DD plasma is 
heated up to Te>10 keV with NBI (40MW) and RF (15MW) powers. One of the noteworthy results is 
the normalized b� of 2.3 maintained for 22 s. The JT-60 team has discovered Internal Transport Barrier 
(ITB) followed by the H-mode with ETB (Edge Transport Barrier). The operation forming the ITB 
improves the plasma confinement. The NBI system has successfully supplied the time-integrated 
injection energy of 340 MJ. These high performances are to be fed back to ITER. The JT-60 will be 
up-graded by mounting superconducting magnets for extending MFE studies to the future research at 
ITER.  
 NIFS operates LHD (Dexternal=13.5 m, Rplasma=3.4 to 4.1 m, rplasma=0.6 m, Vplasma=30 m3) as the 
second major MFE facility in Japan. The LHD produced the first plasma in 1998. The world-largest 
superconducting coil system generates helical magnetic field of 3 T where the stored magnetic energy 
amounts to 1 GJ. Unfortunately NIFS must refrain from the DD plasma experiments because NIFS has 
accepted the very nervous requirement of tritium-free experiments from the site citizens. So the 
measurements are limited to hydrogen plasmas. A steady-state plasma was achieved for a period of 
3900 s by injecting ECH power of 120 kW. An ICH unit of 1 MW-CW could sustain a plasma for 
1900 s. The maximum electron density achieved is 2.2X1020 m-3 with Te0=0.5 keV.  
 Another interesting device at NIFS from the viewpoint of heavy-ion beam is Compact 
Helical System (CHS). Two identical 200 kV accelerators were installed in CHS to inject Cs+ beams to 
the plasma. The analysis of charge exchanged Cs++ ions reveals the plasma parameters such as 
electrostatic potential, electron density fluctuations and magnetic fluctuations.  



Heavy Ion Fusion in the U.S. and International Fusion Program 
 

Edmund J. Synakowski 
Lawrence Livermore National Laboratory 

 
 
While the U.S Heavy Ion Fusion (HIF) program is focused on High Energy Density Physics 
(HEDP) and developing the tools to explore the regime of Warm Dense Matter, it has an 
opportunity to respond to events beyond this science so as to advance as an energy program. Indeed, 
a union of scientific and external events can lift heavy ion fusion research to an important new level 
worldwide. With respect to the science, there has been important progress in the identification of 
critical physics issues pertaining to the physics of the targets, enabling the physics of warm, dense 
matter to emerge as an exciting new discipline. This field thus has the promise of advancing both 
laboratory astrophysics and fusion energy while answering basic scientific questions of an 
unexplored state of matter. Second, in driver physics and technology, there has been major progress 
in developing the techniques to optimize pulse length and beam optics. The progress has at its heart 
exciting developments in neutralization and compression, some of which are grounded in 
computational efforts that feature a promising interplay between inertial fusion energy and magnetic 
fusion energy research. These scientific and technical advances are occurring at an opportune time, 
one where major external forces are acting that will reshape the fusion energy research landscape. 
In particular, the commissioning of NIF and Megajoule, and the accompanying prospect of ignition, 
creates an imperative for heavy ion fusion researchers. This prospect demands that the HIF 
community prepare to offer its technology and science as a viable candidate for advancing inertial 
fusion energy beyond ignition. The scientific and technical basis for heavy ion fusion that is being 
established in the U.S. and internationally has the promise of answering this call. 
 
 
This work was performed under the auspices of the U.S. Department of Energy by University of 
California, Lawrence Livermore National Laboratory under Contract W-7405-Eng-48, in 
conjunction with Heavy Ion Fusion Science Virtual National Laboratory. 
 



Overview of Theory and Simulations in the HIFS-VNL*

Alex Friedman, LLNL, for the Heavy Ion Fusion Science Virtual National Laboratory 

Progress on the use of intense ion beams as drivers for studies of matter at extreme conditions, and 
ultimately for electricity production, depends upon coordinated application of experiments, theory, 
and simulations. This talk summarizes recent advances in model development and application. Other 
talks at this Symposium expand on aspects of the work presented here. 

Adaptive mesh refinement (AMR): Further development of WARP’s AMR - particle-in-cell (PIC) 
simulation capabilities has led to a mature capability that is used routinely in both 3-D and 
axisymmetric (r,z) geometries. This has led to large speedups and affordable numerically-converged 
results.  
Electron cloud and gas physics: A comprehensive set of models governing the interaction of 
positively-charged beams with stray electron “clouds” (e-clouds) and gas was developed and 
implemented in WARP. Secondary electron emission from walls, charge exchange, neutral emission, 
and other processes are included. A method was developed for calculation of the charge-changing 
cross sections of ions or atoms by fast ions The TxPhysics package (Tech-X Corp.) encapsulates 
several important plasma-wall interaction physics effects. These models were applied to study electron 
accumulation and its impacts on ion beams, and compare well with experiments. 
Large time-step particle advance: For self-consistent simulations including electron motion, a 
“mover” that interpolates between full particle dynamics and drift motion was developed. It enables 
time-steps much larger than the electron gyro-period, reducing run times dramatically. 
Code optimization: Improved algorithms were developed for use in LSP (Voss Scientific) for implicit 
solution of the electromagnetic field equations. BEST was optimized for massively parallel computers 
and applied to collective effects of 3D bunched beams and the temperature-anisotropy instability. 
Improved beam initializations were added to WARP, in collaboration with a Japanese colleague. 
Neutralized drift compression and focusing: Simulations using LSP provided essential guidance to 
the NDCX experiments. A carefully developed “tilt” waveform yielded sixty-fold compression, in 
excellent agreement with predictions. Further optimization simulations are underway, including 
studies of combined longitudinal and transverse focusing. Models describing plasma neutralization 
and longitudinal compression were developed. Analytic models for the detailed fields of solenoids 
were derived. Studies of time-dependent focusing to correct for energy “tilt” were carried out.  
Beam transport limits, and instabilities: Recent extensive particle-in-cell simulations and core-
particle models have clarified the parametric dependence of the space-charge limit and identified the 
processes responsible. Studies of Harris-like and Weibel-like modes employed both analysis and 
simulation. 
Advanced injectors and novel accelerating systems: Simulations provided essential guidance to the 
merging-beamlet experiments on the STS facility. Circuit based models of the pulse-line ion 
accelerator were developed, implemented in WARP, and used to understand beam capture and 
acceleration; an improved model was formulated. 
Warm Dense Matter modeling: We have begun using a state-of-the-art hydrodynamics code, 
HYDRA, for simulations of ion-heated target behavior in the warm dense matter (WDM) regime; 
simulations show that Bragg-peak heating can lead to uniform conditions. Other work is developing 
improved models for the equation of state and other characteristics of WDM. 
Other experiments: WARP was used to aid interpretation of experiments on the Paul Trap Simulator 
Experiment, and the University of Maryland Electron Ring.  
* This work was performed under the auspices of the U.S Department of Energy by the University of 
California, Lawrence Livermore and Lawrence Berkeley National Laboratories under Contract Nos. 
W-7405-Eng-48 and DE-AC03-76SF00098, and by the Princeton Plasma Physics Laboratory under 
Contract No. DE-AC02-76CH03073. 



Quantitative electron and gas cloud experiments* 
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Electrons can accumulate in and degrade the quality of positively charged beams. 
This is a well-known problem in proton storage rings. Heavy-ion rings are more 
frequently limited by gas pressure-rise effects. Both effects may limit how closely the 
beam radius can approach the beam-tube radius in a heavy-ion linac. We study beams 
of 1 MeV K+ with currents of up to 180 mA in the High-Current Experiment (HCX), 
and compare our work with simulations [1]. The simulation results are discussed in a 
companion paper [2]. 

We have developed the first diagnostics that quantitatively measure the 
accumulation of electrons in a beam [3]. This is compared with separate 
measurements of the three sources of electrons in a linac: ionization of gas, emission 
from walls surrounding the beam, and emission from an end wall coupled with 
electron drifts upstream through quadrupole magnets. These will enable the particle 
balance to be measured for each source, and electron-trapping efficiencies 
determined. We, along with colleagues from GSI and CERN, have also measured the 
scaling of gas desorption with beam energy and dE/dx [4]. 

Experiments where the heavy-ion beam is transported with solenoid magnetic 
fields, rather than with quadrupole magnetic or electrostatic fields, are being initiated. 
We will discuss initial results from experiments using electrode sets (in the middle 
and at the ends of magnets) to either expel or to trap electrons within the magnets. 

We observe electron oscillations in the last quadrupole magnet when we flood the 
beam with electrons from an end wall. These oscillations, of order 10 MHz, are 
observed to grow from the center of the magnet while drifting upstream against the 
beam, in good agreement with simulations.  
 

* This work performed under the auspices of the U.S Department of Energy by 
University of California, Lawrence Livermore and Lawrence Berkeley National 
Laboratories under contracts No. W-7405-Eng-48 and DE-AC02-05CH11231. 
 
 
[1] J-L. Vay, Proc. of the 2005 Particle Accelerator Conference. 
 
[2] J-L. Vay, this conference. 
 
[3] M. Kireeff Covo, et al., to be submitted to Phys. Rev. Lett. 
 
[4] A. W. Molvik, et al, to be submitted to Phys. Rev. Lett. 
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For self-consistent ion-beam simulations including electron motion, it is desirable to be able 
to follow electron dynamics accurately without being constrained by the electron timescale. 
To this end, we have developed a particle-advance that interpolates between full particle 
dynamics and drift motion [l]. By making a proper choice of interpolation parameter, 
simulation particles experience physically correct parallel dynamics, drift motion, and 
gyroradius when the timestep is large compared to the cyclotron period, though the effective 
gyro frequency is artificially low; in the opposite timestep limit, the method approaches a 
conventional Boris particle push. By combining this scheme with a Poisson solver that 
includes an interpolated form of the polarization drift in the dielectric response, the mover's 
utility can be extended to higher-density problems where the plasma frequency of the species 
being advanced exceeds its cyclotron frequency. We describe a series of tests of the mover 
and its application to simulation of electron clouds in heavy-ion accelerators.  
 
[1] R. H. Cohen, A. Friedman, M. Kireeff Covo, S. M. Lund, A. W. Molvik, F. M. Bieniosek, 
P. A. Seidl, J.-L. Vay, P. Stoltz, and S. Veitzer, Phys. Plasmas 12, 056708 (2005).  
 
* This work was performed under the auspices of the U.S Department of Energy by the 
University of California, Lawrence Livermore and Lawrence Berkeley National Laboratories 
under Contract Nos. W-7405-Eng-48 and DE-AC03-76SFOO098.  



Design and Modeling of the Multibeamlet Injector* 
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For both HIF and ion driven HEDP experiments, the beams a driver produces must have both 
high brightness and high current. The US HIF program has had extensive experience and 
success working with single, monolithic ion sources for accelerator experiments with 
moderate injector current requirements. Such sources produce up to hundreds of milliAmps 
with normalized emittances less than 1 π-mm-mrad. However, with a need for higher current 
sources, up to and over 1 A, monolithic sources begin to suffer from the poor scaling of 
source area to current. That is, by combining the limits of space-charge limited emission, 
voltage breakdown, and good optics, the source area is seen to scale as a high power of the 
current, A~I8/3. A means of bypassing the scaling, leading to a much more compact injector, is 
use of multiple beamlets, each of which can have a much higher current density than a larger 
monolithic beam. The beamlets are merged near the end of the injector. A major challenge is 
the inherent emittance growth that occurs as the beamlets merge. In this paper, the design of 
such an injector will be presented along with simulations used to study and validate the 
design. This design offers other advantages, and some disadvantages, that will be described. 
Finally, comparisons will be made to experimental results from the merging beamlet 
experimental campaign on STS-100 and STS-500. 
 
*This work was performed under the auspices of the U.S Department of Energy by the 
University of California, Lawrence Livermore and Lawrence Berkeley National Laboratories 
under Contract Nos. W 7405-Eng-48 and DE-AC02-05CH11231. 
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Electron-clouds and rising desorbed gas pressure limit the performance of many existing 
accelerators and, potentially, that of future accelerators including heavy-ion warm-dense 
matter and fusion drivers. For the latter, self-consistent simulation of the interaction of the 
heavy-ion beam(s) with the electron-cloud is necessary. To this end, we have merged the two 
codes WARP (HIF accelerator code) and POSINST (high-energy e-cloud code), and added 
modules for neutral gas molecule generation, gas ionization, and electron tracking algorithms 
in magnetic fields with large time steps. The new tool is being benchmarked against the High-
Current Experiment (HCX) and good agreement has been achieved. The simulations have also 
aided diagnostic interpretation and have identified unanticipated physical processes. We will 
present the “roadmap” describing the different modules and their interconnections, along with 
detailed comparisons with HCX experimental results. 
 
This work was performed under the auspices of the U.S Department of Energy by the 
University of California, Lawrence Livermore and Lawrence Berkeley National Laboratories 
under Contract Nos. W-7405-Eng-48 and DE-AC02-05CH11231 
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This paper presents a survey of the present theoretical understanding of collective interactions 
in intense heavy ion beams for high energy density physics and fusion applications. Particular 
emphasis is placed on identifying operating regimes that minimize the deleterious effects of 
collective instabilities on beam transport and focusing to a small spot size, In the beam 
transport region, the topics covered include: the electrostatic Harris instability and the 
transverse electromagnetic Weibel instability driven by strong temperature anisotropy in a 
nonneutral ion beam; and the electron-ion two-stream (electron cloud) instability driven by an 
unwanted component of background electrons. In the neutralized drift compression and target 
chamber regions, the collective interaction processes associated with intense ion beam 
propagating through a dense, charge-neutralizing background plasma are discussed, including 
the multispecies electromagnetic Weibel instability, and the electrostatic two-stream 
instability with and without longitudinal velocity tilt in the beam ions. Finally, a class of 
exact, kinetic, dynamically-compressing (both transversely and longitudinally) beam 
equilibria are presented for the case of an intense, stable ion beam propagating through a 
background plasma that provides complete charge neutralization in a solenoidal focusing 
magnetic field. 
 
* Research supported by the U.S. Department of Energy under the auspices of the Heavy Ion 
Fusion Science Virtual National Laboratory. 
 
** E-mail: rdavidson@pppl.gov 



Dynamic Stabilization of the Two-Stream Instability during Longitudinal 
Compression of Intense Charged Particle Beam Propagation through 

Background Plasma* 

Edward A. Startsev**, Ronald C. Davidson, Plasma Physics Laboratory,  
Princeton University, Princeton, NJ 08536, USA 

 

To achieve the high focal spot intensities necessary for high energy density physics and heavy 
ion fusion applications, the ion beam pulse must be compressed longitudinally by factors of 
tell to one hundred before it is focused onto the target. The longitudinal compression is 
achieved by imposing an initial velocity profile tilt on the drifting beam in vacuum. To 
achieve maximum longitudinal compression, the space charge of the beam is neutralized by 
propagation through a dense neutralizing background plasma. If the space charge is fully 
neutralized by the plasma, the final compression is limited only by the initial longitudinal 
temperature of the beam ions and possible collective processes (such as the two-stream 
instability) which prevent full neutralization. The beam's longitudinal thermal spread which 
could stabilize the instability also inhibits full longitudinal compression. Therefore, in this 
paper, we make use of macroscopic fluid model to investigate both analytically and 
numerically the electrostatic two-stream instability for a cold, longitudinally-compressing 
charged particle beam propagating through a background plasma. It is found that the 
longitudinal beam compression atone strongly modifies the space-time development of the 
two-stream instability. In particular, it is found that the dynamic compression leads to a 
significant reduction in the growth rate of the two-stream instability compared to the case 
without an initial velocity tilt.  

*Research supported by the U. S. Department of Energy under the auspices of the Heavy Ion 
Fusion Science Virtual National Laboratory.  

**E- Mail: estarts@pppl.gov.  



Nonlinear Perturbative Simulation Studies of Collective Processes in 3D Finite-
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The collective processes in 3D finite-length charge bunches at high space-charge 
intensities are described self-consistently by the nonlinear Vlasov-Maxwell equations. 
The nonlinear delta-f method, a particle simulation method for solving the nonlinear 
Vlasov-Maxwell equations, is being used to study collective effects in high-intensity 
bunched beams. The delta-f method, as a nonlinear perturbative scheme, splits the 
distribution function into equilibrium and perturbed parts. The perturbed distribution 
function is represented as a weighted summation over discrete particles, where the 
particle orbits are advanced by the equations of motion in the applied focusing field 
and self-generated fields, and the particle weights are advanced by the coupling 
between the perturbed fields and the zero-order distribution function. The nonlinear 
delta-f method exhibits minimal noise and accuracy problems in comparison with 
standard particle-in-cell simulations. For bunched beams, the equilibrium and 
collective excitation properties are qualitatively different from those for coasting 
beams. Due to the coupling between the transverse and longitudinal dynamics induced 
by the 2D nonlinear space-charge field, there exists no exact kinetic equilibrium 
which has anisotropic temperature in the transverse and longitudinal directions. Even 
in a thermal equilibrium with isotropic temperature, the particles' trajectories on 
constant energy surfaces are non-integrable, which implies that it is not possible to 
perform an integration along unperturbed orbits to analytically calculate the linear 
eigenmodes. An approximate self-consistent kinetic equilibrium is first established for 
bunched beams with anisotropic temperature. Then, the collective excitations about 
the equilibrium are systematically investigated using the delta-f method implemented 
in the Beam Equilibrium Stability and Transport (BEST) code. 
 
* Research supported by the U.S. Department of Energy under the auspices of the 
Heavy Ion Fusion Science Virtual National Laboratory. 
 
** E-mail: hongqin@pppl.gov 
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Dynamics of the high current heavy ion beam during the final beam bunching in HIF driver 

system is investigated by using numerical simulations. Due to the beam transport with 

longitudinal compression, the heavy ion beam becomes the space-charge-dominated state. 

Since the space-charge-dominated beam causes the collective behavior, the mechanism of the 

space charge effect induced emittance growth should be investigated for the effective target 

illumination. In this study, the multi-particle simulations are carried out with the longitudinal 

compression model. The influence due to the off-center of the axes between the beam and the 

focusing magnetic field can be included in the calculation conditions. Also the effect of the 

focusing field error is considered for the emittance growth during the final beam bunching. 
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Multiple intra-beam scattering (IBS) appears due to Coulomb scattering of charged particles 
inside the beam. It results in re-distribution of the energy between the longitudinal and 
transverse degrees of freedom, growth of six-dimensional emittance and sometimes to the 
particles losses. For standard hadron beam parameters this effect is comparatively slow and 
therefore as a rule it is important only for storage rings characterized by long particle life-
time. Traditional method of IBS analysis is based on “Gaussian model”, which is assumed 
that distribution functions are Gaussian ones for all degrees of freedom. Strictly speaking, IBS 
kinetic studies need solution of the Fokker-Planck equation (FPE) or application of the 
equivalent instruments. It is written FPE in coordinate-momentum space (6 variables) with 
account of the multiple IBS. Here we consider three methods of kinetic approach developed at 
the last time: 1) analysis of the longitudinal FPE derived by use of “semi-Gaussian model”, 
which assumes that distributions on the transverse degrees of freedom are Gaussian ones;  
2) approximate numerical solution of the three-dimensional FPE using Langevin equations;  
3) simulation of three-dimensional using “the binary collision map” (BCM). Basic equations 
and examples of application are given for all three methods.  
 
Alternative approach to the IBS analysis is connected with so named “molecular dynamics”, 
i. e. with straight-forward integration of the particle trajectories with account of their 
electromagnetic fields. This approach is more fruitful in a case of the small density beams, for 
example, of the “crystalline beams”. The problems of the molecular dynamics and results of 
its application to IBS analysis are shortly discussed. 
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The Paul Trap Simulator Experiment (PTSX) is a compact laboratory Paul trap that simulates 
a long, thin charged-particle bunch coasting through a kilometers-long magnetic alternating-
gradient (AG) transport system by putting the physicist in the frame-of-reference of the beam. 
The transverse dynamics of particles in both systems are described by the same sets of 
equations - including all nonlinear space-charge effects. The time-dependent quadrupolar 
voltages applied to the PTSX confinement electrodes correspond to the axially-dependent 
magnetic fields applied in the AG system. This paper presents the results of experiments in 
which the amplitude and frequency of the applied confining voltage are changed over the 
course of the experiment in order to transversely compress a beam with an initial depressed-
tune ν/ν0 ~ 0.9. Both instantaneous and smooth changes are considered. Particular emphasis is 
placed on determining the conditions that minimize the emittance growth and, generally, the 
number of particles that are found at large radius (so-called halo particles) after the beam 
compression. The experimental data are also compared with the results of PIC simulations 
performed with the WARP code. Progress towards the implementation of a laser-induced 
fluorescence diagnostic will also be discussed. 
 
* Research supported by the U.S. Department of Energy. 
 
** E-mail: egilson@pppl.gov 
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The University of Maryland Electron Ring (UMER) and the Long Solenoid 
Experiment (LSE) are two electron machines that were designed explicitly to study 
the physics of space-charge-dominated beams. The operating parameters of these 
machines can be varied by choice of apertures and gun operating conditions to access 
a large range of parameters that reproduce, on a scaled basis, the full nonlinear time-
dependent physics that is expected in much costlier ion systems. Early operation of 
these machines has demonstrated the importance of the details of beam initial 
conditions in determining the downstream evolution. These machines have also been 
a convenient testbed for benchmarking simulation codes such as WARP, and for 
development of several novel diagnostic techniques.   
 
We will present our recent experience with multi-turn operation as well as recent 
longitudinal and transverse physics experiments and comparisons to simulation 
results. Development of novel diagnostic techniques such as time-dependent imaging 
using optical transition radiation and tomographic beam reconstruction will also be 
described. 
 
 
*Work supported by the U.S. Department of Energy under contracts DE-FG02-02ER54672, DE-FG02-92ER5178, 
and DE-FG02-94ER40855 
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High intensity hadron beam accelerators have been recently proposed and developed either 
for the production of high intensity secondary beams for Nuclear and Particle Physics 
research (EURISOL, SPIRAL2, FAIR), or Applied Physics in the field of Accelerator Driven 
System and waste transmutation (EUROTRANS). For these applications, high power Linear 
Accelerator (LINAC) are planned to produce and accelerate hadron beams up to 1 GeV. 
Both commissioning and operation of these accelerators require dedicated beam 
instrumentation able to monitor and characterize on line as completely as possible the 
produced beams having a power in the range of 1 MW. Beam current, transverse beam 
centroïd position and profiles and beam energy are the most important characteristics that 
have to be measured. 
Due to the high average power of the beam, non destructive or at least minimally intercepting 
beam sensors are required. Beam instrumentation for I.P.H.I. (C.E.A. / D.S.M. and C.N.R.S. / 
I.N.2.P.3. collaboration) which is a high intensity proton (3 MeV, 100 mA, CW operation) 
injector initially designed to be a possible front end for this kind of LINAC is under 
realization. Beam diagnostics already under operation, developments in progress will be 
described and will introduce a more general description of high power beam instrumentation. 
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To provide a compact high-brightness heavy-ion beam source for HIF accelerators, 
we have been experimenting with merging multi-beamlets in an injector which uses 
an RF plasma source. In an 80-kV 20-microsecond experiment, the RF plasma source 
has produced up to 5 mA of Ar+ in a single beamlet. An extraction current density of 
100 mA/cm2 was achieved, and the thermal temperature of the ions was below 1 eV. 
We have tested at full voltage gradient the first 4 gaps of an injector design. Einzel 
lens were used to focus the beamlets while reducing the beamlet to beamlet space 
charge interaction. We were able to reach greater than 100 kV/cm in the first four 
gaps. We also performed experiments on a converging 119 multi-beamlet source. 
Although the source has the same optics as a full 1.6 MV injector system, these test 
were carried out at 400 kV due to the test stand HV limit.  Our goal is to confirm the 
emittance growth and to demonstrate the technical feasibility of building a driver-
scale HIF injector.  
 
 
*This work has been performed under the auspices of the US DOE by UC-LBNL under contract DE-
AC03-76SF00098 and by UC-LLNL under contract W-7405-ENG-48, for the Heavy Ion Fusion 
Virtual National Laboratory. 
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It has been empirically observed in both experiments and particle-in-cell simulations that rms 
matched space-charge-dominated ion beams suffer strong emittance growth and particle 
losses in alternating gradient quadrupole transport channels when the undepressed phase 
advance  increases beyond about 85 degrees per lattice period. Recently, a large series of 
self-consistent particle in cell simulations and core-particle simulations has been carried out to 
explore physical processes leading to these space-charge related transport limits

0σ

1.  It is found 
that classes of halo resonances external to the core of the beam closely approach the core and 
become stronger and overlap when the applied focusing strength (driving increased matched 
envelope flutter) and space-charge forces are sufficiently large. This effect results in a strong 
chaotic region approaching the beam core which allows particles just outside the rms edge of 
the beam to rapidly increase in oscillation amplitude. Due to a finite beam edge and/or 
perturbations (which can arise from non-equilibrium beam core conditions in periodic 
focusing), this mechanism can result in significant increases in the statistical phase-space area 
of the beam (rms emittance growth) and lost particles (which can act as e-cloud precursors). 
core-particle model based stability criterion is developed that reproduces observed stability 
boundaries.  Extensive series of self-consistent particle in cell simulations are carried out with 
the WARP code to better quantify the transport limits and test core-particle model 
predictions.   
 

1. S.M. Lund and S.R. Chawla, Nuc. Instr. and Methods A, to appear 2006, 
http://arxiv.org/abs/physics/0602177 
 
 
* E-mail: smlund@llnl.gov 
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Gesellschaft für Schwerionenforschung (GSI), Darmstadt has a long tradition of accelerating 
intense, bunched beams of energetic heavy ions including uranium. Currently, the existing 
heavy ion synchrotron, SIS18, can deliver 4 × 109 uranium ions in a single bunch that is a few 
hundred ns long. The beam can be focussed to a spot that has a diameter of 0.5 - 1.0 mm. 
Numerical simulations have shown that a beam with these parameters will induce about 1 kJ/g 
specific energy in solid lead which is sufficient to achieve near critical states of lead. The 
German Government has recently approved construction of a new accelerator facility named 
FAIR (Facility for Antiprotons and Ion Research) at Darmstadt that will involve construction 
of a much more powerful synchrotron, SIS100. The design parameters of the SIS100 beam 
include a beam intensity of 2 × 1012 uranium ions and a bunch length of the order of 50 ns. 
Numerical simulations have shown that the SIS100 beam will deposit a few hundred kJ/g 
specific energy in matter that will allow one to carry out novel and unique experiments in the 
field of high-energy-density (HED) matter.  
 
Theoretical studies have shown SIS100 beam will be an ideal tool to study thermophysical 
properties HED matter using different experimental schemes. In one scheme named HIHEX, 
a piece of material is isochorically heated and then allowed to expand isentropically passing 
through very interesting physical states of HED matter which are either very difficult to 
access or are even unaccessible using traditional methods of shock compression. The second 
method named LAPLAS (LAboratory PLAnetary Sciences) involves low entropy 
compression of a sample material like hydrogen that is enclosed in a shell of heavy material 
like gold and the target is imploded by a hollow beam that has an annular focal spot. 
Calculations show that one can achieve physical conditions that are expected to exist in the 
interiors of the giant planets. This work has been done within the framework of HEDgeHOB. 
Collaboration that stands for High Energy Density Matter Generated by Heavy Ion Beams. 
 
 
Corresponding Author: Dr. N.A.Tahir [e-mail: n.tahir@gsi.de]  
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Rayleigh - Taylor (RT) instability is a possible issue of concern in the LAPLAS (Laboratory 
of Planetary Sciences) experiment that will be performed in the future FAIR (Facility for 
Antiproton and Ion Research) facility to be constructed at GSI (Gesellschaft für 
Schwerionenforschung) Darmstadt. In fact, this experiment consists in a cylindrical implosion 
driven by an intense heavy ion beam in which the annular region heated by the ions pushes 
the solid layer surrounding a test material placed in the axial region of a cylindrical target. 
The liquid absorption region accelerating the higher density solid pusher towards the axis is 
the typical situation for the onset of the RT instability. However, since the pusher remains in 
solid state, it retains the elastic and plastic properties that determine the evolution of the 
hydrodynamic instabilities.  
Standard approach based in normal modes analysis is not suitable for the treatment of RT 
instability in solids because it can only yield the behavior in the asymptotic regime [1]. 
Methods based in Laplace transforms can instead describe the initial transient phase but it 
seems to be difficult to include the physics of the transition from the elastic to the plastic 
regime and other complex physical effects [2]. Simple analytical models are certainly more 
convenient for the analysis of complicated situations but so far such models have not reached 
the accuracy necessary for the design and interpretation of real or numerical experiments [3].  
We have developed a new analytical model for the RT instability that allows for the 
description of the initial transient phase as well as the asymptotic regime. It is very general, 
physically appealing and very accurate. We have applied it to the instability analysis in 
situations of interest for the LAPLAS experiment, that is, elastic solid in contact with a 
viscous fluid and with another elastic solid in a uniform gravitational field [4], including the 
effect of the solid plate thickness. The results show the importance of the initial transient 
phase in the later evolution of the instability up to such an extent that the asymptotic regime 
may never be achieved. In fact, transition to plastic regime or non-linear growth could be 
reached earlier.  
The model can be applied to any situation in which RT instability is present and when is 
applied to situations involving viscous fluids, surface tension, ablation fronts, etc, the results 
well known in the literature are retrieved.  
 
[1] G. Terrones, Phys. Rev. E 71, 036306 (2005).  
[2] B. J. Plohr and D. H. Sharp, ZAMP 49, 786 (1998).  
[3] A. C. Robinson and J. W. Swegle, J. App1. Phys. 66, 2859 (1989).  
[4] A. R. Piriz, J. J. Lopez Cela, O. D. Cortazar, N. A. Tahir and D. H. H. Hoffmann, Phys. 
Rev. E. 72, 056313 (2005).  
e- mail: roberto.piriz@uclm.es  
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The high intensity heavy ion beams provided by the accelerator facilities of the Gesellschaft 
für Schwerionenforschung (GSI) Darmstadt are an excellent tool to produce large volumes of 
high energy density (HED) matter. Thermophysical and transport properties of HED matter 
states are of interest for fundamental as well as for applied research. During the last few years 
development of new diagnostic techniques allowed for a series of measurements of the 
electrical resistivity of heavy ion beam generated HED matter. These experiments provide us 
with the basis for future measurements in the frame of the HEDgeHOB collaboration. 
In this report we present the most recent results and future perspectives on electrical 
resistivity of HED matter at GSI. The experiments on which we report were performed with 
targets consisting of aluminium wires and lead foils respectively. Uranium beam pulses with 
durations of a few hundred ns, intensities of about 2·109particles/bunch and an initial ion 
energy of 350 AMeV have been used as a driver. An energy density deposition of about 1 
kJ/g has been achieved by focussing the ion beam to less than 1 mm (FWHM) focal spot size. 
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In this paper we discuss physical and technical issues of high-energy-density physics (HEDP) 
experiments with intense heavy ions beams that are being performed at GSI and will be 
carried out at the FAIR facility by the HEDgeHOB collaboration. A special attention is given 
to the recent HEDP/WDM experiments performed at GSI with an emphasis on development 
of beam and target diagnostic instruments and methods which are also essential for the 
experiments at FAIR. New experimental results on thermophysical properties and 
hydrodynamic response of different metals heated by intense ion beams are presented as well. 
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 Negative halogen ions have  been proposed as an alternative to positive ions for heavy 
ion fusion drivers in inertial confinement fusion, because electron accumulation would be 
prevented in negative ion beams, and if desired, the beams could be photodetached to 
neutrals.  This paper describes an experiment comparing the current density and beam 
emittance of Cl + and Cl – extracted from substantially ion-ion plasmas with that of Ar+ 

extracted from an ordinary electron-ion plasma, all using the same source, extractor, and 
emittance scanner.  At similar discharge conditions,  the Cl- current was typically 85 – 90% of 
the positive chlorine current, with an e-/Cl- ratio as low as seven without grid magnets.  The 
Cl- current was as high as 76% of the Ar+ current from a discharge with the same RF drive.  
The minimum normalized beam emittance and inferred effective beam ion temperatures of 
Cl+, Cl-, and Ar+ were similar, so the current density and optical quality of Cl – appear to be as 
suitable for heavy ion fusion applications as a positive noble gas ion of similar mass.  Since F, 
I, and Br should all behave similarly in an ion source, they should also be suitable as driver 
beams.  A logical extension of the Cl-/Cl++ Cl2

+ plasmas produced in the extractor plane 
during these experiments would be to attempt to produce ion – ion plasmas in the Warm 
Dense Matter regime by heating thin bromine or iodine foils with brief intense energy bursts, 
such as from positive or negative ions at an energy near the dE/dX peak. 
 
*Research supported by the U.S. Department of Energy under the auspices of the Heavy Ion 
Fusion Science Virtual National Laboratory. 
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We present simulations and analysis of heating of warm dense matter foils by ion beams with 
ion energy less than one MeV per nucleon to target temperatures of order one eV.  
Simulations were carried out using the multi-physics radiation hydrodynamics code 
HYDRA** and comparisons are made with analysis and other codes. We simulate possible 
targets for a near-term experiment at LBNL (the so-called Neutralized Drift Compression 
Experiment, NDCX) and possible later experiments on a proposed facility (NDCX-II) for 
studies of warm dense matter. We calculate temperature uniformity and maximum 
temperature expected. We also compare the dynamics of ideally heated targets, under several 
assumed equation of states, exploring dynamics in the two-phase (fluid-vapor) regime. 
Various target materials (including solids and foams) will be presented. Investigations of 
Rayleigh Taylor instabilities induced in accelerated solid hydrogen by ion beam deposition 
will also be presented. 
 
**M. M. Marinak, G. D. Kerbel, N. A. Gentile, O. Jones, D. Munro, S. Pollaine, T. R. 
Dittrich, and S. W. Haan, Phys. Plasmas 8, 2275 (2001). 
 
*Work performed under the auspices of  the U.S. Department of Energy under University of 
California contract W-7405-ENG-48 at LLNL,  and University of California contract DE-
AC03-76SF00098 at LBNL  and contract DEFG0295ER40919 at PPPL 
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We are assessing possible near term heavy-ion beam-driven warm dense matter experiments. 
The experiments are at low beam velocity, below the Bragg peak (NDCX-1), increasing 
toward the Bragg peak in subsequent versions of the accelerator (NDCX-2). The WDM 
conditions are envisioned to be achieved by combined longitudinal and transverse neutralized 
drift compression to provide a hot spot on the target with a beam spot size of about 1 mm, and 
pulse length about 2 ns. The range of the beams in solid matter targets is about 1 micron, 
which can be lengthened by using metallic foams at reduced density. 
 
Initial candidate experiments include a transient darkening experiment to study the “black 
glass” phenomenon in WDM regime; and a thin target dE/dx experiment to study beam 
energy and charge state distribution in a heated target. Further experiments will explore target 
temperature and other properties such as electrical conductivity to investigate conditions such 
as phase transitions in targets of interest. 
 
Initial diagnostics will be relatively simple or extensions of existing capabilities.  These 
include electrical resistivity and optical absorption measurements to provide information on 
target temperature and phase transitions.  Beam energy and charge state after passing through 
thin targets can be measured using time of flight and the existing electrostatic energy 
analyzer. Ion beam current and profile diagnostics will be improved to diagnose the small spot 
sizes to be achieved in these experiments. Other diagnostics of interest monitor optical 
emission (e.g. fast optical pyrometer, streak cameras), utilize laser reflectometry and 
polarimetry, or flash x-ray (that could be driven by laser, x-pinch or electron beam) 
shadowgraphy. 

 

*  This work performed under the auspices of the U.S Department of Energy by University of 
California, Lawrence Livermore and Lawrence Berkeley National Laboratories under 
contracts No. W-7405-Eng-48 and DE-AC03-76SF00098. 
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Intense, space-charge-dominated ion beam pulses for warm dense matter and heavy ion fusion 
applications must undergo simultaneous transverse and longitudinal bunch compression in 
order to meet the requisite beam intensities desired at the target. The Neutralized Drift 
Compression Experiment-1A (NDCX-1A) at Lawrence Berkeley National Laboratory has 
measured the 60-fold longitudinal compression in current of an intense ion beam with pulse 
duration of a few nanoseconds, in agreement with simulations. The longitudinal compression 
of an ion bunch is achieved by imposing an initial longitudinal velocity tilt on the drifting 
beam with a single-gap linear induction accelerator and subsequently neutralizing its space-
charge in a drift region filled with high-density plasma. A strong solenoid is used near the end 
of the drift region in order to transversely focus the beam to a sub-millimeter spot coincident 
with the longitudinal focal plane. Theoretical techniques used to investigate the dynamic 
evolution of a compressing charge bunch propagating through plasma include 2-D warm-
fluid, Vlasov, and LSP particle-in-cell models. The models show very good agreement with 
experimental data and provide physical insights into imperfections such as non-ideal velocity 
tilts, partial beam neutralization and space-charge effects, consequences of finite acceleration 
gap size, and longitudinal and transverse beam temperature effects which give rise to 
increased pulse widths at focus and focal plane smearing. The charge neutralization provided 
by the background plasma is critical in determining the total achievable compression of the 
beam pulse.  Long-time-scale, large-space-scale simulations have also been carried out to 
study plasma evolution in a ferroelectric plasma source as well as injection methods to fill a 
high-field solenoid with an adequate amount of plasma. For example, numerical simulations 
show that the current density of an NDCX-1A ion beam can be compressed over a few meters 
by factors greater than 105 and the peak beam density associated with such compression is 
predicted to exceed 1014 cm-3, which sets the minimum density requirement for the 
neutralizing plasma near the focal plane since simulations suggest that the beam compression 
will stagnate due to defocusing space-charge forces when nbeam > nplasma. Beam-plasma 
interactions and the formation of nonlinear plasma waves can also have deleterious effects on 
the compression physics. Simulations that optimize designs for simultaneous focusing of an 
NDCX-1A ion beam and expected target temperatures from hydrodynamic simulations for 
warm dense matter experiments are presented. 
 
* Research supported by the U.S. Department of Energy under the auspices of the Heavy Ion 
Fusion Science Virtual National Laboratory. 
 
** E-mail: asefkow@pppl.gov 
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The acceleration of ions by ultra-intense lasers has attracted great attention due to the unique 
properties and the unmatched intensities of the ions beams. Already in the early days the 
prospects for applications were studied and first experiments have identified some of the areas 
where laser accelerated ions can contribute to the ongoing ICF research. In addition to the 
idea of laser driven proton fast ignition and the use as a novel diagnostic tool for radiography 
the strong dependence on the electron transport in the target can help investigating the energy 
transport by electrons in fast ignitor scenarios. More recently an additional idea has been 
presented to use laser accelerated ion beams as the next generation ion sources and taking 
advantage of the luminosity of the beams to develop a test bed for heavy ion beam driven 
inertial confinement fusion physics. We will summarize some of the experimental results with 
respect to ICF research and present the first ion acceleration experiments at the GSI/PHELIX 
laser system. 
We like to thank the teams of the Trident and PHELIX laser for their expertise and help. This 
work was supported by the Virtual Institute VIPBUL. 
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Proton-driven fast ignition (FI) has been proposed as an alternate FI-scheme shortly after the 
discovery of high-current, high-energy laser-accelerated protons from the LLNL PW laser 
[1.2]. The demonstration of several other laser-accelerated ion species [2], especially the 
acceleration of mono-energetic light ions, has considerably increased the available parameter 
space in the search of the optimal FI-driver. The greatest disadvantage of any ion driver over 
the electron driver is the lower conversion efficiency of laser energy into beam particle 
energy. This disadvantage may however be offset by more favourable stopping and transport 
characteristics, tipping the ratio of laser energy to deposited energy in the fuel in favour of ion 
fast ignition. Also the spectral shaping of the ion pulse can greatly reduce the overall power 
requirements. Until recently, laser-induced ion acceleration has been poorly controlled. At 
LANL, we demonstrated for the first time the acceleration of a monoenergetic ion pulse by a 
laser [1]. On the basis of our theoretical models, both analytical and numerical [2], we were 
than able to control the spectral shape of the accelerated particles within the parameter space 
set up by the standard maxwellian distribution on the one side and our monoenergetic peak on 
the other. The key lies in understanding and utilizing target surface chemistry.  
In this talk we will review the important parameters for light ion driven fast ignition, taking 
into account the latest results in laser-accelerated ions, target considerations and ion stopping 
in dense plasmas. We discuss how further progress can be made in this concept to exploit the 
advantages over electron fast ignition, such as increased stopping and stiffer beam 
characteristics. 
 

[1] M. Roth et al., PRL 86 (2001) 436 
[2] Temporal et al., Phys. Plasmas 9 (2002) 3098 
[3] Hegelich et al., Nature 439 (7075), 441-444, 26 Jan. 2006 
[4] Albright, Yin, Hegelich, submitted to PRL (2005) 
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This paper presents plans for neutralized drift compression experiments, precursors to future 
target heating experiments. The target-physics objective is to study warm dense matter 
(WDM) using short-duration (~ 1 ns) ion beams that enter the targets at energies just above 
the dE/dx peak.  High intensity on target is achieved by a combination of longitudinal 
compression and transverse focusing. This work will build upon recent success in longitudinal 
compression, where the ion beam was compressed lengthwise by a factor of more than 50 by 
first applying a linear head-to-tail velocity tilt to the beam, and then allowing the beam to drift 
through a dense neutralizing background plasma. In separate experiments, transverse beam-
density enhancement by a factor of ~102 was demonstrated when a converging, space-charge-
dominated ion beam was neutralized by a plasma source. It is planned to demonstrate 
simultaneous transverse focusing and longitudinal compression in a series of future 
experiments, thereby achieving conditions suitable for future WDM target experiments. 
 
Future experiments may use solenoids for transverse confinement of un-neutralized ion beams 
during acceleration. Recent results are reported in the transport of a high-perveance heavy-ion 
beam in a solenoid transport channel. The principal objectives of this solenoid transport 
experiment are to match and transport a space-charge dominated ion beam, and to study 
associated electron-cloud and gas effects that may limit the beam quality or beam control in a 
solenoid transport system. Ideally, the beam would establish a Brillouin-flow condition 
(rotation at one-half the cyclotron frequency). Other mechanisms that would degrade beam 
quality are being studied, such as focusing-field aberrations, beam halo, and separation of 
lattice focusing elements. 
 
*This work was performed under the auspices of the U.S. Department of Energy by the University of California, Lawrence 
Berkeley and Lawrence Livermore National Laboratories under Contract Numbers DE-AC02-05CH11231 and W-7405-Eng-
48, and by the Princeton Plasma Physics Laboratory under Contract Number DE-AC02-76CH03073. 
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To create high energy density matter and fusion conditions, high-power 
drivers, such as lasers, ion beams, and x-ray drivers, are employed to heat targets with 
pulses short compared to hydro-motion. Both high energy density physics and ion-
driven inertial fusion require the simultaneous transverse and longitudinal 
compression of an ion beam to achieve high intensities. We have previously studied 
the effects of plasma neutralization for transverse beam compression. The scaled 
experiment, the Neutralized Transport Experiment (NTX), demonstrated that an 
initially un-neutralized beam can be compressed transversely to ~1 mm radius when 
charge neutralization by background plasma electrons is provided. Here we report 
longitudinal compression of a velocity-tailored, intense, neutralized K+ beam at 300 
keV, 25 mA. The compression takes place in a 1-2 m drift section filled with plasma 
to provide space-charge neutralization. An induction cell produces a head-to-tail 
velocity tilt that longitudinally compresses the neutralized beam, enhancing the beam 
peak current by a factor of 50 and produces a pulse duration of about 3 ns. 
Experimental procedure, diagnostics and results of the compression experiments are 
presented. 
 
 
*This Research was supported by the U.S. Department of Energy under Contract No. 
DE-AC02-05CH11231 with the Lawrence Berkeley National Laboratory, Contract 
No. DE-AC02-76CH03073 with Princeton Plasma Physics Laboratory, and Contract 
No. DE-W-7405-Eng-48 with Lawrence Livermore National Laboratory for Heavy 
Ion Fusion Science (HIFS)-Virtual National Laboratory (VNL). We thank the HIFS-
VNL staff for useful discussions, comments and technical assistance. 
 
#E-mail: PKRoy@lbl.gov 
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Longitudinal compression in excess of 50 of a K+ 300 keV, 20 milliamp beam has been 
demonstrated in  the Neutralized Drift Compression Experiment in agreement with LSP 
simulations using the experimental tilt voltage waveform.[P. K. Roy, et al., Phys. Rev. Lett., 
95, 234801 (2005)] Here, plasma provides beam neutralization for a 1-2 meter drift length. To 
achieve both transverse and longitudinal compression simultaneously, we must understand 
and account for the impact of the applied velocity tilt on the transverse phase space of the 
beam. Of equal importance to achieving Warm Dense Matter (WDM) and Heavy Ion Fusion 
conditions, is quantifying the effect of beam plasma interactions, including stability and 
neutralization, on the beam transport throughout the entire drift section up to the target. 
Critical new issues relate to transverse focusing of the axially compressing ion beam in a high 
field (3-15 Tesla) solenoid that is filled with plasma. Related issues are providing an adequate 
source of plasma within the solenoid and target pre-heat from early time uncompressed beam. 
Integrated LSP simulations, that include modeling of the tilt core gap, plasma neutralized 
transport, solenoidal focusing and beam target interaction, are assisting in the design of a 
near-term WDM experiment. In this paper, we discuss the simulation algorithms and present 
calculations of designs for such an experiment that will heat an aluminum target up to roughly 
1-eV temperature and access WDM conditions.  
 
* Research supported by the U.S. Department of Energy under the auspices of the Heavy Ion 
Fusion Science Virtual National Laboratory. 
 
** E-mail: dalew@vosssci.com 
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This paper presents a survey of the present theoretical understanding of plasma 

neutralization of intense heavy ion beams. Particular emphasis is placed on determining the 
degree of charge and current neutralization. We previously developed a reduced analytical 
model of beam charge and current neutralization for an ion beam pulse propagating in a cold 
background plasma. The model made use of the conservation of generalized fluid vorticity. 
The prediction of the analytical model agrees very well with numerical simulation results. The 
model predicts very good charge neutralization during quasi-steady-state propagation, 
provided the beam pulse duration is much longer than the electron plasma period. In the 
opposite limit, the beam pulse excites large-amplitude plasma waves. If the beam density is 
larger than the background plasma density, the plasma waves break, which leads to electron 
heating. The proposed reduced fluid description can provide an important benchmark for 
numerical codes and yield scaling relations for different beam and plasma parameters. This 
model has been extended to include the additional effects of solenoidal magnetic field, the gas 
ionization and transition regions during beam pulse entry and exit from the plasma. Analytical 
studies show that a sufficiently large solenoidal magnetic field can increase the degree of the 
current neutralization of the ion beam current. However, simulations also show that the self-
magnetic field structure of the ion beam pulse in a plasma can be complex and non-stationary. 
Plasma waves generated by the beam head are greatly modified, and whistler waves 
propagating ahead of the beam pulse are excited during beam entry into the plasma. The 
combination of ion beam pulse and plasma behaves as a paramagnetic medium, i.e., it 
amplifies the applied solenoidal magnetic field. This is in contrast to the usual diamagnetic 
behavior of the plasma without an ion beam. The application of an external solenoidal 
magnetic field clearly leads to a variety of interesting collective beam-plasma interaction 
processes; and many simulation results remain to be explained by analytical theory. 
Accounting for plasma production by gas ionization yields much larger self-magnetic field of 
the ion beam compared with the case without ionization. Movies produced by visualization of 
the numerical simulation data show complex collective phenomena during beam entry and 
exit from the plasma. Holes in the electron density tend to form at the plasma boundary and 
lag behind the beam. The neutralizing stream of electrons may develop hose instabilities.  
 
* Research supported by the U.S. Department of Energy under the auspices of the Heavy Ion 
Fusion Science Virtual National Laboratory. 
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In order to comply with a recent reorientation of the US heavy ion fusion program, we intend 
to investigate the stopping specificities involved in the heating of thin foils irradiated by 
intense ion beams in the (0.3 - 3 MeV) / amu energy range and in close vicinity of the Bragg 
peak as well. 
Considering a swiftly ionized target to eV temperatures before expansion while retaining solid 
state density, a typical warm dense matter (WDM) situation, we contrast ion stopping due to 
free and excited target electron (electron stopping) in a low projectile Vp approximation to 
that arising from target ions taken in a high Vp approximation. Critical Vp value so that both 
contributions are equal is given a special attention. Low Vp stopping is evaluated through ion 
diffusion in the given target plasma. 
This allows to include the case of a strongly magnetized target of relevance to magnetized fast 
ignition and magnetized target fusion (MTF) as well, in a guiding center approximation 
through an analytic formulation.  
A simple model is also proposed for low Vp stopping by free and also bound and highly 
excited electrons in target by retaining the electron plasma frequency and the beam ionization 
energy as basic parameters.  
We also demonstrate that the ion projectile penetration depth in target is significantly affected 
by multiple scattering on target ions .The given plasma target is taken weakly coupled with 
Maxwell electrons either with no magnetic field (B = 0) or strongly magnetized (B ≠ 0 and 
electron cyclotron radius < electron Debye radius). Dynamical coupling between ion 
projectiles energy losses and projectiles charge state will also be addressed.  
In-flight intrabeam scattering will be demonstrated negligible w.r.t. single ion-target 
scattering, in the given experimental US program. 
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The collision between two energetic heavy ions and the interaction of a femtosecond laser 
beam with an atom at high intensity are similar problems. In both cases one has to describe 
the dynamics of one or several atomic electrons interacting with a time dependent field of 
strength comparable or higher than the average atomic field one. We have considered such 
problems when the perturbative approach is no more valid. 
Due to the increase in the computer performances, direct numerical integration of the time 
dependent Schrödinger equation (TDSE) becomes feasible even for complex problems. On 
the numerical point of view, the complexity of the problem can be defined as the number of 
parameters requires to get the solution at a given level of accuracy. For a given problem, the 
number of parameters can be reduced by optimizing the way the wave function is represented. 
For relatively weak perturbation fields, the atomic potential is dominant; therefore it seems 
natural to express the wave function in term of the unperturbed atomic states. It leads to the 
well documented coupled-channels calculations. When going to stronger perturbation fields, 
the atomic states can be inappropriate. Several methods have been proposed for representing 
the wave function, which can be appropriate in case of strong perturbation, for example to use 
Cartesian grids in real or Fourier spaces or also B-Spline functions. 
Looking to the limit of very strong perturbations, the eigenstates of the perturbation field can 
provide an adapted basis for projecting the time dependent wave function, in particular semi-
classical approximations can be used when the gradient of the field is not too large. 
In the present work we have focussed our attention to the domain of strong perturbation with 
relatively small gradient: The perturbation field has no high frequency component but can be 
larger than the atomic one. For atomic collision it concerns the interaction of a highly ionised 
ion with an atom at impact parameters larger than the atomic radius, while for laser-atom 
interaction it is the wavelength of the laser field that has to be larger than the atomic radius. 
In our approach, the electron wave function is projected on a set of Hermite-Gaussian Wave 
Packet (HGWP). Different types of HGWP have been tested: 

• Pure Gaussian Wave Packet (GWP) following the work of the Erlangen group [1] 
• HGWP with fixed width, having specific symmetry properties (HGWP-FWS) 
• HGWP with time dependent width, having specific symmetry properties (HGWP-

DWS) 
An interesting property of the HGWP is that the number of Hermite functions that have to be 
introduced is directly connected to the contribution of the high order derivative of the 
potential. Results obtained within the three models (GWP, HGWP-FWS, HGWP-DWS) will 
be presented at the conference using the laser-atom interaction as a benchmark problem. 
These results will be compared to the ones obtained by solving the TDSE on a radial grid 
using the Q-PROP code [2]. 

 
[1] D. Klakow, C. Toeppfer, P.G. Reinhard, J. Chem. Phys. 101, 10766 (1994); M. Knaup et al., Comp. Phys. 
Communications 147, 1554 (2002) 
[2] D. Bauer and P. Koval, Comp. Phys. Communications 174, 396 (2006) 



Adaptive Two-dimensional Vlasov Simulation of Heavy Ion Beams 
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In order to address the noise problems occuring in Particle-In-Cell (PIC) simulations of intense particle beams, 
we have been investigating numerical methods based on the solution of the Vlasov equation on a grid of phase-
space. However, especially for high intensity beam simulations in periodic or alternating gradient focusing 
fields, where particles are localized in phase space, adaptive strategies are required to get computationally 
efficient codes based on this method. To this aim, we have been developing fully adaptive techniques based on 
interpolating wavelets where the computational grid is changed at each time step according to the variations of 
the distribution function of the particles. Up to now we only had an adaptive axisymmetric code. In this talk, we 
are going to present a new adaptive code solving the paraxial Vlasov equation on the full 4D transverse phase 
space, which can handle real two-dimensional problems like alternating gradient focusing. In order to develop 
this code efficiently, we introduce a hierarchical sparse data structure, which enabled us not only to reduce 
considerably the computation time but also the required memory. All computations and diagnostics are 
performed on the sparse data structure so that the complexity becomes proportional to the number of points 
needed to describe the particle distribution function. 
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A concept of the induction synchrotron, which was proposed by Takayama and Kishiro in 
2000, has been demonstrated by using the KEK PS since 2004. A proton bunch trapped in the 
RF bucket was accelerated with the induction acceleration devices from 500 MeV to 8 GeV 
[1], which was energized with the newly developed switching power supply. This form of the 
KEK PS is something like a hybrid synchrotron. In addition, the injected proton bunch was 
confined by the step barrier-voltages at the injection energy of 500MeV [2], which were 
generated with the same induction acceleration device. Then a concept of the induction 
synchrotron that a proton bunch was captured by the barrier bucket and accelerated with the 
induction voltage has been fully demonstrated in this February. Their details will be presented 
at the conference. A unique aspect of the hybrid synchrotron, where RF devices and induction 
devices are utilized for capture and acceleration, respectively, will be discussed. The quasi-
adiabatic non-focusing transition crossing that has been demonstrated recently [3] is a typical 
example. At last, all-ion accelerators capable of accelerating all species of ion with their 
possible charge-state [4], which employ the induction acceleration system driven by switching 
power supplies, will be introduced as a new trend of the induction synchrotron. 
 
 
[1] K.Takayama et al., “Observation of the Acceleration of a Single Bunch by Using the 
Induction Device in the KEK Proton Synchrotron”, Phys. Rev. Lett., 94, 144801(2005). 
[2] K.Torikai et al., “Acceleration and Confinement of a Proton Bunch with the Induction 
Acceleration System in the KEK Proton Synchrotron”, submitted to Phys. Rev. ST-AB 
(2005), KEK-Preprint 2005-80 A December 2005. 
[3] Y.Shimosaki, K.Takayama, K.Torikai, “Quasi-adiabatic Non-focusing Transition 
Crossing”, printed in Phys. Rev. Letts. 
[4] K.Takayama et al., PATENT 2005-129387 (2005). 
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Relativistic beam-plasma electromagnetic instabilities are a central issue in the so called Fast 
Ignition Scenario for thermonuclear nuclear fusion. Indeed, this scenario imparts a very 
important role to a petawatt laser generated relativistic electron beam which is supposed to 
makes its way to the pre-compressed pellet core and ignite de Deuterium Tritium fuel. 
 
Electromagnetic instabilities suffered by the hot electron beam are numerous, and modes 
propagating obliquely may be the fastest growing ones in the relativistic regime. The theory 
of such modes is exposed and we present results on two-dimensional electron beam-plasma 
instabilities, showing that they are the fastest growing ones. In particular, we display cases 
where an oblique instability develops whereas the purely transverse filamentation instability 
is suppressed. 
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We present recent developments in the concept of fast ignition by jet impact, where the high 
intensity laser used to produce fast electrons or ions is subtituted by a high speed jet generated 
by collapsing a conical liner. This design was proposed initially for laser driven targets [1], 
but soon it was clear that a similar idea could be applied to heavy ion fusion targets [2]. The 
main advantage of this concept is that the jet can be produced by the same energy source used 
for driving the target. We present here the new results in jet production, solving the 
discrepancies that we found between theory and numerical simulations. Now we can explain 
theoretically the production of hypervelocity jets at any angle of the cone liner. Another issue 
addressed here is the utilization of low Z material for the jet, improving the interaction of the 
jet with the compressed target. The efficiency of the jet production is studied on several 
configurations, as well as the effect of geometry and material composition of the liner. 
 
 
*This work has been supported by Spanish Ministerio de Ciencia y Tecnologia, with project 
number ENE2005-02064/FTN 
 
[1] P. Velarde et al, Target Ignition by Jet Interaction, 88-91, IFSA 2003, ANS (2004)  
[2] P. Velarde et al, Nucl. Inst. and Meth. A, 544, 329-332 (2005) 
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The polarization of DT molecules would increase their reactivity when used as fuel in HIIF 
processes. According to Kulsrud [1], the full polarization of D and T nuclei should increase 
the reactivity of the DT fuel by 50%. At IPN Orsay, we have developed the static polarization 
of HD samples using "brute force". It has been demonstrated [2], that the ageing technique or 
the double distillation allow to get nuclear relaxation times larger than one hour at 1.5 K and 1 
T. Proton polarization in excess of 60% and deuteron vector polarization higher than 14% 
have been achieved by this "brute force" methode. It is advocated that we are also close to 
achieve by RF the conventional Dynamic Nuclear Polarization (DNP) of the proton and the 
deuteron contained in the HD molecule, using HD samples distilled at Orsay [3] and suitably 
irradiated at Bochum. The persitence after irradiation of the long nuclear relaxation times 
resulting from the double distillation has already been demonstrated. If feasible, the DNP of 
HD would open the possibility to polarize DT, which has the same magnetic structure as HD 
and is the ideal fuel for Inertial HIF. 
 
 
1. R. M. Kulsrud, H. P. Furth, E. J. Valeo and M. Goldhaber, Phys. Rev. Lett. 49 (1982) 

1248 
2. Bouchigny et al., Proceedings of the 15th International Symposium on Heavy Ion Inertial 

Fusion, Princeton, NJ, USA, June 2004, Nucl. Inst. and Meth. in Phys. Res. A 544 (2005) 
417. 

3. S. Bouchigny et al., "Distillation and Polarization of HD", Proceedings of the XIth 
International Workshop on Polarized Sources and Targets, Tokyo, Japan, November 
2005, to be published. 
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Fast ignition by laser-generated ions could be an alternative to conventional fusion scenarios, but 
depends strongly on a well-designed energy transfer from the beam to the plasma. A theoretical 
description of ion stopping in fusion plasmas designed for fast ignition is a particularly difficult task 
since the target parameters range from highly degenerate over strongly coupled to hot, classical 
plasmas.  
First a stopping approach that simultaneously considers degeneracy and strong beam-plasma coupling 
is presented. The applicability of this approach in different limits is demonstrated and the limitations 
of conventional schemes are discussed. In particular, a strongly reduced energy loss is found for the 
highly degenerate plasmas in the begin of the heating process resulting in a larger interaction volume 
and lower specific energy deposition. Due to their higher charge, heavier ions might be advantageous. 
However, strong beam-plasma interactions modify the energy transfer for these ions much more than 
for protons. Again, the effect is a lower energy transfer than standard energy loss models predict 
which is particularly pronounced during the transition from degenerate to classical plasmas. The 
consequences of these findings are finally discussed. 
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For the new high-power accelerators currently being designed, activation of the accelerator 
structure has become an important issue. An understanding of the production of radionuclides 
can help reduce personnel exposures through the selection of more appropriate machine 
component materials and the optimization of decay (“cool-down”) times recommended after 
the beam has been turned off. 
We present the results of the residual radioactivity measurements for copper target after the 
uranium beam irradiation. Irradiations were performed with and 500 MeV/u 238U ion beams 
delivered from SIS-18 (GSI, Darmstadt). The natural Cu target was assembled from disks of 
different thickness and 0.5 millimeter foils inserted between the disks. The target diameter 
was 50 mm. The thickness of the target was 11.9 mm that is about 1.9 times larger than the 
preliminary estimated range of uranium ions. Thus the primary beam and heavy fragments are 
completely stopped in the target. The beam diameter during the irradiation was not larger then 
8 mm. Dose rate 5.32 μSv/h was measured 10 min after the end of irradiation at a distance of 
25 cm from the target. 
Precise gamma-spectrometry measurements for element identification were carried out with a 
Canberra HpGe detector by coupling with the 8192 multi-channel analyzer (resolution of 
1.8 keV for the 1332 keV 60Co γ line). In total, around 75 spectra were measured during three 
month after the end of the irradiation. From the irradiation experiments we identified the 
residual nuclei in activation foils and obtained the spatial distribution of their activation rates 
in the copper targets along the ion range. Several long-lived isotopes with half-life larger than 
50 days, notably 22Na, 54Mn, 57Co, 46Sc, 56Co, 58Co and 7Be were found. The target 
construction allows us experimentally observe the evident physical fact that the gamma-lines 
from the “projectile fragments” are registered only in activation foils situated after the range 
of uranium ions. 
The financial support of this work from the from the GSI – INTAS grant 03-54-3588 and 
CRDF BRHE program (REC-011-Y2-P-11-04 Fellowship), is gratefully acknowledged 
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Plasmas driven by intense ion beams and pulse power devices are of interests, concerning 
researches on high energy density (HED) physics. Dense plasmas are produced using pulse-
power driven exploding wire discharges in water. Experimental results show that the wire 
plasma is tamped and stabilized by the surrounding water and it evolves through a strongly 
coupled plasma state. Shock-wave-heated high temperature plasmas are produced in a 
compact pulse power device. The shock Mach number reached 250 at low initial pressure 
condition of Xe. With properly moderated ion beams, a well-defined HED state can be also 
produced. In particular, induction synchrotron is advantageous to make the HED states over a 
wide range of densities and temperatures. A brief discussion of small pulse power devices and 
ion accelerators as the tools for HED physics is given, together with a comparative comment 
on the attainable parameter ranges and advantages of them. 
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Producing neutral beams at velocities lower than the Bohr velocity is relatively simple, as 
positive projectiles present huge electron capture cross sections at these velocities. Therefore, 
a neutral beam can be efficiently created through neutralization of positive ions going through 
a simple gaseous target. A rather distinct picture arises at intermediate and high velocities, 
since capture cross sections decrease very sharply with projectile velocity. Thus, alternative 
strategies must be used. The photoionization of high-velocity negative ions was proposed as 
an option to produce neutralized beams for Heavy Ion Fusion [1]. We recently presented 
destruction cross section data for negative ions obtained with a technique that uses the gas 
stripper of a Tandem accelerator as the studied collision target [2]. In this work, we develop 
an extension of that technique to measure destruction cross sections for neutral projectiles, 
important parameters to estimate the beam attenuation in HIF applications. 
 
 
References: 
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[2] – M. M. Sant’Anna et al., Plasma Phys. Control. Fusion 46, 1009 (2004). 
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Heavy ion beams are a powerful driver for the production and investigation of high 

energy density in matter. With the future project FAIR at GSI the presently available 
beam intensities will increase by several orders of magnitude. Heavy ion beam pumped 
laser experiments are key experiments for the understanding of beam parameter and the 
subsequently induced matter properties. 

A bunch compressed 238U+73 beam with up to 2.5·109 particles and an energy of 
250 MeV/u (110 ns FWHM) was focused into 1,3 m long gas target at a pressure 
between 1,2 – 2 bar of Ar/Kr/F2. 

As a main result of the experiment the first heavy ion beam pumped ultraviolet laser 
has been demonstrated. The laser threshold for this specific cavity was obtained at about 
109 particles per pulse. The laser effect of the 248 nm KrF* excimer emission has been 
tested with the time structure difference between spontaneous and laser emission, 
spectral narrowing of the laser line and the exponential intensity growth with increasing 
pumping power, as well as with the spatial propagation of the laser light. In summary we 
have demonstrated that the pumping power of the heavy ion beams at GSI is now 
sufficient to pump short wavelength excimer lasers. Further experiments are scheduled 
to extend the laser wavelength into the VUV range at λ< 200nm. 
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We propose a systematic study of the instabilities in a symmetric periodic focusing channel of 
identical FODO cells in the case of space charge dominated beams. The stability criteria we 
adopt are based on the maximum amplitude of oscillations and on the frequency dependence 
from the initial conditions. We compare the results obtained for a particle core model and a 
collisional 2D microscopic model. The dynamics at the boundaries of the stability region is 
carefully explored and the overall effect of a small mismatch is outlined.  
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This work is devoted to the numerical simulation of the Vlasov equation using a phase space 
grid. In contrast with Particle In Cell (PIC) methods which are known to be noisy, we propose 
a semi-Lagrangian type method to discretize the Vlasov equation in the four dimensional 
phase space. As this kind of method requires a huge computational effort, one has to carry out 
the simulations on parallel machines. To this purpose, we are going to present a method using 
patches decomposing the velocity and space domains, each patch being devoted to a 
processor. Some Hermite boundary conditions allow to reconstruct a good approximation of 
the global solution. Moreover, this kind of strategy allows to avoid a time consuming part 
which is the transposition step. The investigations we are going to talk about concern 
simulations from a code solving the paraxial Vlasov equation on the 4D transverse phase 
space. These applications are applied to the study of a high intensity beam in periodic or 
alternating gradient focusing fields. 
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A Retarding Field Analyzer (RFA) was designed and inserted in a drift region of a magnetic 
transport section of the High Current Experiment (HCX). It measures ions or electrons resulting 
from the beam interaction with the background gas and walls. The ions are expelled during the 
beam by the space-charge beam potential, and the electrons are expelled mainly at the end of the 
beam, when the beam potential decays. The measured electrons have a Maxwellian energy 
distribution and the measured ions have an energy distribution that brings the information of the 
beam profile, details will be presented and discussed. 
 
* This work performed under the auspices of the U.S Department of Energy by University 
of California, Lawrence Livermore and Lawrence Berkeley National Laboratories under contracts 
No. W-7405-Eng-48 and DE-AC03-76SF00098. 
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Contamination from electrons is a concern for the solenoid-focused ion accelerators being 
developed for experiments in high-energy-density physics (HEDP). These electrons, produced 
directly by beam ions hitting the accelerator wall or indirectly by ionization of desorbed 
neutral gas, can potentially alter the beam dynamics, leading to beam deflection, increased 
emittance, halo, and possibly electron-ion instabilities. Modeling stray electrons is 
challenging, due mainly to the large variations in gyrofrequency and gyroradius as electrons 
pass through solenoids. To simulate the electron physics efficiently, a recently developed 
particle-advance scheme is employed that can follow electrons through regions of weak and 
strong magnetic field, recovering the physically correct gyroradius, drifts, and parallel 
dynamics of magnetized electrons without being constrained by the electron time scale. This 
algorithm is being used in the electrostatic particle-in-cell code WARP to simulate electron-
cloud studies on the solenoid-transport experiment (STX) at Lawrence Berkeley National 
Laboratory. We are planning self-consistent simulations of these experiments to show the 
evolution of the electron and ion-beam distributions first in idealized 2-D solenoid fields and 
then in the 3-D field values obtained from probes. Comparisons will be made with cases that 
artificially suppress electrons and with simulations of electron contamination in a quadrupole 
lattice.  

* This work was performed under the auspices of the US Department of Energy by the 
University of California Lawrence Livermore and Lawrence Berkeley National Laboratories 
under contracts W-7405-Eng-48 and DE-AC03-76SF00098. 
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Since the early 1990s, the series of simulation code known as TSUNAMI has been the main 
tool employed to explore gas dynamics phenomena in thick-liquid protected inertial fusion 
target chambers. The applicability and user-friendliness of the code was recently extended 
through a set of MATLAB pre- and post-processing tools and a new core was written in 
Fortran 95. The code, Visual Tsunami 1.0, was documented in Ref. 1.  The latest version of 
the code, Visual Tsunami 2.0, introduces a novel MATLAB core and makes use of the user-
friendly pre- and post-processing tools developed for Visual Tsunami 1.0. An overview of the 
code models will be presented along with a few examples of its capabilities and applications. 
 
 
[1] C.S. Debonnel et al, Fusion Science and Technology, 47-4, pp 1165-1169, May 2005. 
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Various aspects of the thermal-hydraulics of fusion power plants could benefit from future 
fission systems. For instance, advanced multiple-reheat helium Brayton cycle and ceramic 
heat exchangers are currently designed for fission power applications and could be used in 
fusion power plants as well. The Advanced High Temperature Reactor (AHTR) is a fission 
power plant currently under design that would make use of a molten fluoride-based salt 
coolant. Molten salts are also leading candidates for the thick-liquid structures envisioned to 
protect the target chamber of heavy-ion and Z-pinch inertial fusion power plants. Future 
studies of the AHTR could then help create the knowledge base and necessary experience to 
finalize various features of thick-liquid protected fusion power plants. 
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A high brightness heavy ion accelerator for creating powerful beams to study warm dense matter 
is being designed at LBNL. The components include an injector that delivers a lithium ion beam, 
and an accelerator that boosts the energy to 2.8 MeV. Further beam manipulations will compress 
the beam to a final spot radius of less than 1 mm and a pulse length of 1 ns. In order to reach 
those final parameters, it is required to extract a high brightness beam and minimize the 
transverse and longitudinal emittance growth along the accelerator. We have considered several 
scenarios with different amounts of beam charge deposited on the target. In the case of a 
conservative approach, the injector requirements can be met by using an ion source that provides 
2 A of Li+, for 200 ns and a normalized emittance ~ 1 π-mm-mr. The injector is based on the 
Accel-Decel concept which enables the extraction of a high line charge density beam from the 
ion source at 100 kV above ground potential, and the accelerator is based on either a standard 
switched electrostatic accelerator column or a Pulse Line Ion Accelerator that uses a slow-wave 
structure based on a helical winding. We will present the physics design and the numerical 
simulations of the beam dynamics for this system. 
 
 
This Research was supported by the U.S. Department of Energy under Contract No. DE-AC02-
05CH11231. 
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Several applications of solenoids to transport and focus high intensity ion beams are currently 
under consideration by the USA-HIFS-VNL. These include beam transport in high current 
injectors that use either a standard switched electrostatic accelerator column or a Pulse Line Ion 
Accelerator, transport in induction linacs, and transport in neutralized drift compression and final 
focus systems. The USA-HIFS-VNL has designed and is operating the Solenoid Transport 
Experiment (STX) to test the equilibrium and stability and to benchmark the numerical 
simulations of high intensity ion beam manipulations in solenoids. The beam line consists of a K+ 
ion gun that can operate between 200—400 kV to deliver 15—40 mA of a high brightness beam. 
This beam is injected into a four-solenoid lattice which is designed to transport the beam in a 
state as close as possible to a Brillouin flow, i.e. cold in the transverse plane and spinning at the 
Larmor frequency. The same lattice can be operated to final focus the ion beam to be used in the 
NDCX series of experiments where the beam will be focused transversely as well as 
longitudinally. We will present the physics design of the STX experiment as well as numerical 
simulations of the beam dynamics for transport and final focusing of high intensity ion beams. 
 
This Research was supported by the U.S. Department of Energy under Contract No. DE-AC02-
05CH11231. 
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A new accelerator concept called the Pulse-Line Ion Accelerator (PLIA) has been developed. The 
PLIA is operated by pulsed power sources generating a ramped traveling wave voltage on a 
helical coil. The helix is surrounded by an oil dielectric that slows the traveling wave speed to 1% 
of the speed of light nearly matching the ion bunch speed. The axial wavelength is large 
compared to the helix radius making it possible to model the PLIA as a transmission line. The 
PLIA is expected to accelerate ion bunches to energies much greater than the peak applied 
voltage and over distances much larger than the ramp length. Low voltage beam experiments 
ranging from 20-50 kV on the 1-m PLIA test section have demonstrated the ability to accelerate 
ion bunches with initial energy of 350 keV, hundreds of nanoseconds long, to 500 keV. Charging 
the helix to its full potential is limited by a vacuum surface flashover. Discharge issues have been 
addressed and evaluated for possible solutions. A numerical model has been generated to 
investigate the breakdown phenomena. Different acceleration scenarios will be examined relative 
to the axial focusing requirements. Experimental results and possible solutions for the elimination 
of the discharge will be described. 
 
(This work was supported by the Director, Office of Science, Office of Fusion Energy Sciences, 
of the U.S. Department of Energy under Contract No. DE-AC02-05H11231) 
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Plasmas are a source of unbound electrons for charge neutralizing intense heavy ion beams to 
allow them to focus to a small spot size and compress their pulse length. The plasma source 
should operate at low neutral pressures and without strong external electric or magnetic fields. To 
produce one-meter-long plasma, sources based upon ferroelectric ceramics with large dielectric 
coefficients are being developed. The source utilizes the ferroelectric ceramic BaTiO3 to form 
metal plasma. The drift tube inner surface of the Neutralized Drift Compression Experiment 
(NDCX) will be covered with ceramics, and high voltage (~ 7 kV) will be applied between the 
drift tube and the front surface of the ceramics. A prototype ferroelectric source 20 cm in length 
has produced plasma densities of 5x1011 cm-3. It was integrated into the previous Neutralized 
Transport Experiment (NTX), and successfully charge neutralized the K+ ion beam. A one-meter-
long source comprised of five 20-cm-long sources is being tested. Simply connecting the five 
sources in parallel to a single pulse forming network power supply yielded non-uniform 
performance due to the time-dependent nature of the load that each of the five plasma sources. 
Other circuit combinations are being considered including powering each source by its own 
supply. The one-meter-long source will be characterized and integrated into NDCX for charge 
neutralization experiments.  
 
*Research supported by the US Department of Energy.  
 



Measurement and Simulation of the Time-Dependent Behavior  

of the UMER Source* 
 

I. Haber, D. Feldman, R. Fiorito, R. A. Kishek, B. Quinn, M. Reiser, J. Rodgers, P. G. O’Shea, 

K. Tian, M. Walter 

Institute for Research in Electronics and Applied Physics 

University of Maryland, College Park MD 20742-3511 

A Friedman, D. P. Grote, J.-L. Vay 

Heavy Ion Fusion Science – Virtual National Laboratory 

Lawrence Berkeley National Laboratory, Berkeley CA 97420 

 
 
Control of the time-dependent characteristics of the beam pulse, beginning when it is born from 
the source, is important to obtaining adequate beam intensity on a target. Recent experimental 
measurements combined with the new mesh-refinement capability in WARP have improved the 
understanding of time-dependent beam characteristics beginning at the source, as well as the 
predictive ability of the simulation codes. The University of Maryland Electron Ring (UMER), 
because of its ease of operation and flexible diagnostics has proved particularly useful for 
benchmarking WARP by comparing simulation to measurement. 
 
One source of significant agreement has been in the ability of three-dimensional WARP 
simulations to predict the onset of virtual cathode oscillations in the vicinity of the cathode grid 
in the UMER gun, and the subsequent measurement of the predicted oscillations. Good 
agreement has also been obtained in comparisons between measurement and simulation of the 
downstream evolution of a perturbation of the initial beam pulse shape.  
 
Results of these and other comparisons between simulation and experiment will be discussed, as 
well as some of the more sophisticated measurement techniques being developed, such as the use 
of optical transition radiation for time dependent beam diagnostics. 
 
 
 
*Work supported by the U.S. Department of Energy under contract DE-FG02-02ER54672 at the University of Maryland and 

contracts DE-AC03-76SF00098 and W-7405-Eng-48 at Lawrence Berkeley and Lawrence Livermore National Laboratories.  
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We are developing modules for heavy ion simulation codes that implement  physics algorithms 
for effects such as secondary electron emission, ion-induced electron emission, and ion range and 
stopping. These modules borrow where possible from well-established routines used in the heavy 
ion simulation community, and we work to make them available in multiple languages (including 
C, C++, Fortran, and Python) and on mutiple computing platforms (including Linux, OS X, and 
Windows). We show application of these routines to simulation of electron cloud generation and 
dynamics in the High Current Experiment and to ion beam stopping and heating in aluminum. 
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For the FAIR project the existing GSI accelerator complex is foreseen to serve as an 

injector for up to 1012 U28+particles/s. Presently the GSI facility consists of the heavy ion high 
current linac UNILAC and the synchrotron SIS 18. Different hardware measures and careful 
fine tuning in all sections of the UNILAC during the last years resulted in an increase of the 
beam intensity up to a factor of seven. To meet the FAIR requirements a further improvement 
of the beam brilliance at the synchrotron entrance of about a factor of five is necessary. 
Several upgrade measures are planned and partially are on the realization stage. 
Simultaneously experimental and numerical studies of the UNILAC are going on and directed 
to the optimization of the machine and investigation of the influence of the upgrade measures 
to the performance of the whole accelerator.  
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The presented contribution addresses the problem of getting a clear signature of the individual 
contribution of the non-linear correction terms and of the cloud of electrons bound to the 
projectile in the interaction of swift heavy ions with matter. The experiments done at the 
Orsay Tandem accelerator of a 1.5 MeV/u Cl13+ beam interacting with a window-less H2 gas 
target allows to extract the energy lost by the beam for several outgoing charge states. By 
comparing these results with those obtained with recently developed theoretical models, we 
show that a good agreement is reached, provided one takes full account of the projectile form 
factor and of the high order correction. 
 
The comparisons were done with the theoretical calculations using the CKLT and the UCA 
codes. They demonstrate that relatively simple models can, at least for low atomic number 
target atoms, adequately take into account the high order corrections terms of the stopping 
cross section by using a realistic atomic potential for the projectile. 
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The present work shows preliminary results on the theoretical study of the dynamical 
behaviour of many electrons wave functions interacting with strong fields, when perturbation 
theories are Dot relevant. The main applications of this study are:  
 

• The optimisation of soft X-ray laser (SXRL) in plasmas created by optical field 
ionisation (OFI). Recent experiments [1] allow for a precise and quantitative 
comparison between theory and experiment of the SXRL gain evolution in term of 
several parameters (pressure, target length, focal position). These experiments provide 
a unique opportunity to analyse the dynamical evolution of hot and dense plasmas in a 
highly non-equilibrium state.  

• The focussing of high current heavy ion beams in relation with Heavy Ion Inertial 
Fusion [2]. Using a classical calculation, it was found [2] that multi-ionisation 
processes should have a large effect in the beam dynamic. It is important to validate 
the classical results within a more exact quantum calculation.  

 
Our formalism is derived from the Wave Packet Molecular Dynamic (WPMD) model of 
Klakow et al. [3] used in dense plasmas. As in [3] the rime dependency of the parameters 
entering in the definition of one wave packet is determined through a variational method. 
Preliminary and encouraging results had already been obtained in the simplest case of one 
Gaussian wave packet per electron [4]. The model is DOW being improved by projecting 
each electron wave function over several Hermite-Gaussian (HG) functions. It allows, in 
particular, to describe more accurately the atomic states of many-electron atoms.  
 
At the conferences we will present results derived using different combinations of wave 
packet parameters and HG functions: by restricting the domain of the HG functions and/or of 
the Wave Packet parameters (fixed width) it is possible to improve significantly the one 
Gaussian model without increasing too much the required computer resources. As a 
benchmark check of the various models we have used the energy distribution function of a 
one atomic electron after interacting with a femto-second high intensity laser beam. The HG-
WPMD results have been compared with direct numerical solution of the rime dependent 
Schrödinger equation obtained with the QPROP code [5]  
 
[1] T. Mocek et al., Phys. Rev. A 71, 13804 (2005)  
[2] R.E. Olson, Nucl. Instrum. Meth. Phys. Res. A 464, 93 (2001)  
[3] D. Klakow, C. Toeppfer, P.G. Reinhard, J. Chem. Phys. 101, 10766 (1994);  
M. Knaup et al., Comp. Phys. Communications 147, 1554 (2002)  
[4] A Lenglet, G. Maynard, Eur. Conf. Abs. 28F, 4-71 (2004)  
[5] D Bauer and P Koval: see http://www.qprop.de  
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In December 2005 the first successful operation of an UV excimer laser pumped with heavy 
ion beam was demonstrated at GSI. Before the specific deposition power was not sufficient to 
overcome a laser threshold for UV and VUV excimer schemes. The well known KrF* 
excimer laser line at λ = 248 nm has been chosen for this experiment, because the wavelength 
is short, but it is still in the range of usual optical diagnostic tools and the emitted light can 
propagate in air without attenuation. 
A bunch compressed 238U+73 beam with a particle energy of 250 MeV/u and with about 110 ns 
pulse duration (FWHM) was used for this experiment. Single pulses of a beam intensity up to 
2.5•109 particles per bunch were focused into the laser cell along the cavity. High resolution 
spectrometers, high speed UV-photodiodes and fast CCD-cameras were used for diagnostics 
of spontaneous and stimulated excimer emission 
As a main result of the experiment the laser effect of the 248 nm KrF* excimer emission has 
been obtained and proved with the time structure difference between spontaneous and laser 
emission, spectral narrowing of the laser line and the exponential intensity growth with 
increasing pumping power, as well as with the spatial propagation of the laser light. 
In summary it could be shown that the pumping power of the heavy ion beam at GSI is 
sufficient now to pump short wavelength lasers. It is planned to extend laser experiments in 
near future to the VUV range of the spectrum (λ< 200nm). Also can be developed more 
suitable, from a principal point of view, schemes for Heavy Ion Beam pumping than Excimer 
Lasers. 
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Heavy ion beams are a powerful driver for the production and investigation of high 
energy density in matter. With the future project FAIR at GSI the presently available 
beam intensities will increase by several orders of magnitude. Heavy ion beam pumped 
laser experiments are key experiments for the understanding of beam parameter and the 
subsequently induced matter properties. 
A bunch compressed 238U+73 beam with up to 2.5·109 particles and an energy of 
250 MeV/u (110 ns FWHM) was focused into 1,3 m long gas target at a pressure 
between 1,2 – 2 bar of Ar/Kr/F2. 
As a main result of the experiment the first heavy ion beam pumped ultraviolet laser has 
been demonstrated. The laser threshold for this specific cavity was obtained at about 109 
particles per pulse. The laser effect of the 248 nm KrF* excimer emission has been 
tested with the time structure difference between spontaneous and laser emission, 
spectral narrowing of the laser line and the exponential intensity growth with increasing 
pumping power, as well as with the spatial propagation of the laser light. In summary we 
have demonstrated that the pumping power of the heavy ion beams at GSI is now 
sufficient to pump short wavelength excimer lasers. Further experiments are scheduled 
to extend the laser wavelength into the VUV range at λ< 200nm. 
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Producing neutral beams at velocities lower than the Bohr velocity is relatively simple, as 
positive projectiles present huge electron capture cross sections at these velocities. Therefore, 
a neutral beam can be efficiently created through neutralization of positive ions going through 
a simple gaseous target. A rather distinct picture arises at intermediate and high velocities, 
since capture cross sections decrease very sharply with projectile velocity. Thus, alternative 
strategies must be used. The photoionization of high-velocity negative ions was proposed as 
an option to produce neutralized beams for Heavy Ion Fusion [1]. We recently presented 
destruction cross section data for negative ions obtained with a technique that uses the gas 
stripper of a Tandem accelerator as the studied collision target [2]. In this work, we develop 
an extension of that technique to measure destruction cross sections for neutral projectiles, 
important parameters to estimate the beam attenuation in HIF applications. 
 
 
References: 
 
[1] – L. R. Grisham, Nucl. Instrum. Methods A 464, 315 (2001) 
[2] – M. M. Sant’Anna et al., Plasma Phys. Control. Fusion 46, 1009 (2004). 
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Ion-atom charge-changing cross sections are needed in many applications employing the 
propagation of fast ions through matter. A hybrid method has been developed for calculation 
of the charge-changing cross sections of ions or atoms by fast ions by combining the quasi-
classical approach and  the Born approximation of quantum mechanics in the regions of 
impact parameters in which they are valid, and summing the results to obtain the total cross 
section [1]. As a result, typical computations take only few minutes. This has been tested by 
comparison with available experimental data and full quantum mechanical calculations. A 
new scaling formula for the ionization and stripping cross sections of atoms and ions by fully 
stripped projectiles has also been developed [1].  
 
 
*Research supported by the U.S. Department of Energy under the auspices of the Heavy Ion 
Fusion Science Virtual National Laboratory. 
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Effects of Finite Pulse Length, Electron Temperature, Solenoidal Magnetic 
Field, and Gas Ionization on Ion Beam Pulse Neutralization  

by Background Plasma* 
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This paper presents a survey of the present theoretical understanding of plasma 

neutralization of intense heavy ion beams. Particular emphasis is placed on determining the 
degree of charge and current neutralization. We previously developed a reduced analytical 
model of beam charge and current neutralization for an ion beam pulse propagating in a cold 
background plasma. The model made use of the conservation of generalized fluid vorticity. 
The prediction of the analytical model agrees very well with numerical simulation results. The 
model predicts very good charge neutralization during quasi-steady-state propagation, 
provided the beam pulse duration is much longer than the electron plasma period. In the 
opposite limit, the beam pulse excites large-amplitude plasma waves. If the beam density is 
larger than the background plasma density, the plasma waves break, which leads to electron 
heating. The proposed reduced fluid description can provide an important benchmark for 
numerical codes and yield scaling relations for different beam and plasma parameters. This 
model has been extended to include the additional effects of solenoidal magnetic field, the gas 
ionization and transition regions during beam pulse entry and exit from the plasma. Analytical 
studies show that a sufficiently large solenoidal magnetic field can increase the degree of the 
current neutralization of the ion beam current. However, simulations also show that the self-
magnetic field structure of the ion beam pulse in a plasma can be complex and non-stationary. 
Plasma waves generated by the beam head are greatly modified, and whistler waves 
propagating ahead of the beam pulse are excited during beam entry into the plasma. The 
combination of ion beam pulse and plasma behaves as a paramagnetic medium, i.e., it 
amplifies the applied solenoidal magnetic field. This is in contrast to the usual diamagnetic 
behavior of the plasma without an ion beam. The application of an external solenoidal 
magnetic field clearly leads to a variety of interesting collective beam-plasma interaction 
processes; and many simulation results remain to be explained by analytical theory. 
Accounting for plasma production by gas ionization yields much larger self-magnetic field of 
the ion beam compared with the case without ionization. Movies produced by visualization of 
the numerical simulation data show complex collective phenomena during beam entry and 
exit from the plasma. Holes in the electron density tend to form at the plasma boundary and 
lag behind the beam. The neutralizing stream of electrons may develop hose instabilities.  
 
* Research supported by the U.S. Department of Energy under the auspices of the Heavy Ion 
Fusion Science Virtual National Laboratory. 
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Stopping power of alpha particles in a dense and  
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The energy loss and deposition of light ions in dense and magnetized plasma is a 
process of great interest in several areas of physics such as transport, heating and magnetic 
confinement of thermonuclear plasmas.  

In the context of inertial fusion, the energy loss process of light ions in dense and hot 
plasmas without magnetic field has been well studied [1]. In some particular cases, it appears 
that the presence of a strong external magnetic field enhances the stopping power of light 
ions, such as alpha particles [2]. But there is still much work to do concerning the energy loss 
in fusion plasma, especially on the effect of the alpha-plasma ions collisions and on the 
estimation of the part of energy loss due to these interactions.  

We can derive the energy loss of particles in a plasma with two complementary 
approaches : the dielectric theory in which the test particle is considered as an external 
perturbation of the medium, and the binary collision approximation in which the energy loss 
is the result of subsequent pairwise interactions with the electrons and ions. These two models 
are showing discrepancies, particularly at low ion velocity (here, vthi<vα<vthe for fusion alpha 
particles)[2,3]. Trying to reconnect them, our matter concerns the interactions between alpha 
particles and plasma ions. In this framework, analytical and numerical calculations are 
performed to estimate the influence of a strong external magnetic field on the energy loss in 
these interactions. Results are compared with classical Monte-Carlo code.  

 

 

[1] R.J. Goldston, P.H. Rutherford, Introduction to plasma physics and  
 S. Atzeni, J. Meyer-Ter-Vehn, The physics of inertial fusion 

[2] M. Walter, G. Zwicknagel, C. Toepffer, Eur. Phys. Journal. D, 35 (2005), 527 

[3] C. Deutsch, R. Popoff, Low velocity ion stopping of relevance to the US beam-
target program (to be published in L.P.B.), september 2006 
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The interaction of heavy ions with non-ideal plasmas, characterized by  Γ-parameters ≥ 1, is 
of interest for several fields of basic research. But yet no experimental data-base for the 
dependency of the energy loss of ions in non-ideal plasma of < Zeff

2 exists. 
At GSI non-ideal, strongly-coupled, shockwave-driven Ar-plasmas are investigated with the 
gap-target configuration. The energy-loss of ions in the MeV/u regime is measured for Ar-gas 
between mylar foils sealing the target-head (~ 28 mm), while the interaction-zone in the 
tentimes compressed plasma is a 4 mm gap between Al-tubes resulting in approximately the 
same line-density, leading to comparable signals from the TOF-measurement to determinine 
the energy loss. Here measurements for 5.9 MeV/u C-ions and the effect of the Ar-gas 
dynamics, while the gas expands by beam-heating through the gap reducing the line-density, 
are presented. This effect is very sensitive to the beam intensity. It was realized, that the gap-
target is optimized for the measurements in plasma, where the results are reproducible. For 
measurements in Ar-gas compared to plasma for detecting small non-idealty effects, the 
detector-sensivity has to be improved to keep the beam intensity below a threshold for gas 
dynamics during the ion-pulse-duration.  



Influence of Damping on Proton Stopping in Plasmas of all Degeneracies 
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The energy loss of proton beams in plasmas is an important quantity for the ICF. For protons 
moving in plasmas, its stopping is well understood based on various theoretical models, such as 
the linear Vlasov-Poisson theory, the binary collision theory, and the nonlinear Vlasov-Poisson 
theory. We have been shown that electron-electron collisions play an important role both in the 
isolated and the correlated proton stopping in classical plasmas [1]. Here we extend the 
calculations to plasmas of all degeneracies. 
 
The study of the influence of the damping produced by plasma electron-electron collisions on 
proton stopping is considered through the dielectric formalism. The dielectric formalism has 
become one of the most used methods to describe the interaction of swift ions and other charged 
particles with matter. A large number of calculations of electronic stopping forces of ions and 
electrons in plasmas, have been carried out using a classical description and a random phase 
approximation (RPA) in the dielectric formalism. To extend the description to the case of 
plasmas of any degeneracy we use a quantum-mechanical analysis also within the random phase 
approximation. 
 
However the classical or the quantum analysis predicts an infinite life for electron-electron 
collisions, whereas it is well known that in real materials these excitations are damped. Mermin 
[6] derived an expression for the dielectric function that took into account the finite lifetime of 
the plasmons. In this work we calculate the damping frequency for each degenerate plasma and 
we study the effects of damping on proton stopping. The final purpose of this work is to include 
the studies on electron-electron collisions in our numerical code, TAMIM (Transport of Atomic 
and Molecular Ions in Matter).  
 
[1]   M. D. Barriga-Carrasco, Phys. Rev. E 73, 026401 (6), (2006). 
 M. D. Barriga-Carrasco and G. Maynard, LPB, accepted 
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We developed a thin-foil-discharge (TFD) plasma target for beam-plasma interaction 
experiments. A discharge current of ~30 kA rapidly heated and ionized a thin carbon foil of 0.5-2 
µg/cm2. The line density of the plasma target seen by projectiles was expected to keep its initial 
value during several hundred nanoseconds from the ignition of the discharge because the area of 
the thin foil was chosen to be much larger than the cross section of incident beams. Optical 
observation of the plasma thickness using a fast framing camera showed that the TFD plasma 
expanded one-dimensionally in the early stage of the discharge. We determined the plasma 
density and temperature from the observed plasma thickness and deposited electrical power with 
the help of SESAME equation of state library. One-dimensional hydrodynamic simulation was 
used to examine the plasma density and temperature distribution along the beam axis. We 
performed beam-plasma interaction experiments with fully stripped heavy ions of 4.3 MeV/u. 
The energy loss of oxygen, silicon, and iron ions were measured by the TOF method. 
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Low-energy heavy-ion stopping in warm mater was investigated by means of a Firsov model, 
in which the projectile energy loss was evaluated from the drag force due to the exchange of 
electrons between the projectile and the target. A finite-temperature Thomas-Fermi model 
was applied in order to calculate the phase-space distribution for electron gases around the 
nuclei of the projectile and the target. We have found that the stopping cross section of warm 
(kT < 10 eV) Ar gas targets for low-velocity (< 10 keV/u) 16O projectiles increases with the 
target temperature. This result can be explained by the increase of the spatial density as well 
as the velocity of electrons in outer regions of the projectile and the target atoms in warm 
environments. The observed velocity dependence of the stopping force was frictional, like in 
the case of cold targets. 
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TeraWatt Accumulator Project (TWAC-ITEP) opens possibility for investigations of matter 
on the extremes conditions in the heavy ion inertial confinement fusion field. The future beam 
and target diagnostic investigation plans are discussed for currently available beam 
parameters.  
The diagnostics of dense plasmas created by intense heavy ion beam is a very important issue. 
Due to the high density of the sample to be probed, the standard diagnostic tools of atomic 
and plasma physics may not be applicable.  
In preparations of the experimental campaign on TeraWatt Accumulator (ITEP-TWAC) 
facility special attention is paid to the development of special diagnostic methods required for 
investigation of thermodynamic properties of dense, strongly coupled plasma with high 
temporal resolution comparable with the hydrodynamic time scale for the expansion of the 
beam-heated target material.  



Deuterium thermonuclear wave in cylindrical channel with a U238 shell 
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Some complexes of the numerical estimations are considered for the thermonuclear wave 
spreading in the cylindrical deuterium channel with a uranium (U238) shell. 
There is a set of the old attempts but a not enough effective one to minimize a work parameter 
ρR (from ρR ∼ 10 g/cm2) for the real existence of the deuterium thermonuclear wave. But a 
progress of the acceleration technique admits to consider the bigger scale of the process 
(Eo>100 МДж), the creations of the conditions for the “cold compression” regime, the form 
of the «fast-ignition» in the ignition DT tablet. Some example of the thermonuclear wave was 
presented for HIF-2004 for the magnetized D0.85 T0.03 3He0.12 channel (NIMA- 544, p. 412-
416). 
In this work the possibility to remove the tritium from the ground composition of the fuel in 
the cylindrical channel with a uranium (U238) shell is investigated. In this process for the 
thermonuclear wave it is necessity to obtain the conformity for the various velocities of the 
hydrodynamic, radiations and neutron processes.  A new code MDMT-N may be employed in 
these investigations. 
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Porous media are used in ICF targets for fuel capsule symmetrization and radiation conversion. 
Pore collapse under intense energy fluxes (e.g. heavy ion beams) is the characteristic feature of 
porous media. Despite the constant macroscopic density, the hydrodynamic collapse phenomena 
in the pores can exhibit velocities and temperatures much higher than the average over the 
medium. This in turn could lead to more intense radiation and to the different thermodynamical 
and charge state. 
But the average time scale of the collapse is too small for the most of the media for the direct 
experimental investigation (e.g. ~1 ps for SiO2 aerogel). We propose the physical modeling of 
the pore collapse at considerable larger scale (1-10 mm) and time (100-500 ns). Pores of 
arbitrary shape are substituted with spaced thin foils collapse to simplify the investigation. This 
approach allows us to easily change the starting conditions for collapse (energy and matter 
density etc.) as well as to obtain the plasma with desired properties. 
The experiments were carried out using pulsed electron accelerator. Thin foils were irradiated 
with electron beam (energy 0.3 MeV, current 10-20 kA, duration 10-7 s) in vacuum. The foils 
exploded and produced flat plasma streams. The stream collision was investigated using streak 
and frame cameras. As we found, the plasma streams expand with velocities 10-15 km/s and 
produce bright flash with high temperature and radiation after collision. One-dimensional 
numerical simulation was carried out. Application of this technique for the ICF targets and high 
energy physics is discussed. 
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A target version with a disk-shaped converter exposed to radiation through it lateral side is 
studied. With the ion-beam energy less than 0.2 MJ, the temperature in cavity on the capsule 
surface is below 50 eV. The neutron flux possible under such conditions is evaluated. 
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The effects of 2D and 3D capsule irradiation asymmetry on thermonuclear mixture compression 
and ignition are compared using the model of concentrated shell with magnetic field. 
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Non-uniformity of heavy ion beam (HIB) illumination is one of key issues in HIB inertial 
confinement fusion (HIF): implosion symmetry should be less than a few percent in order to 
compress a fuel sufficiently and release fusion energy effectively. It is known that the HIB 
illumination non-uniformity and an implosion symmetry are sensitive to a little pellet 
displacement from a reactor chamber center. We present a new HIB illumination scheme 
which is robust against a displacement of a direct-driven fuel pellet in an HIF reactor. In 
conventional HIB illumination schemes a pellet displacement of 25-100µm was tolerable. The 
new robust HIB illumination scheme is examined by three-dimensional computer simulations. 
In the new HIB illumination scheme the tolerable pellet displacement is about 200-300µm [1].  
 
Reference: 
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122702 (2005) 
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In order to realize an effective implosion, beam illumination non-uniformity on a fuel target 
must be suppressed less than a few percent. In this study a direct-indirect mixture implosion 
mode is proposed and discussed in heavy ion beam (HIB) inertial confinement fusion (HIF) in 
order to release sufficient fusion energy in a robust manner. On the other hand, the HIB 
illumination non-uniformity depends strongly on a target displacement “dz” in a reactor. In a 
direct-driven implosion mode dz of ~ 20 µm was tolerance and in an indirect-implosion mode 
dz of ~ 100 µm was allowable [1-3]. In the direct-indirect mixture mode target, a low-density 
foam layer is inserted, and radiation energy is confined in the foam layer. In the foam layer 
the radiation transport is expected in the lateral direction for the HIB illumination non-
uniformity smoothing. Two-dimensional implosion simulations are performed, and show that 
the HIB illumination non-uniformity is well smoothed. Our simulation results present that a 
large pellet displacement of ~ 300 µm is allowed in order to obtain sufficient fusion energy in 
HIF.  
 
References 
[1] D.T.Goodin, et al., Nucl. Fus. 41, 527 (2001). 
[2] P.W.Petzoldt, et al., Fusion Sci.Tech. 44, 138 (2003). 
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A shock-driven plasma target was developed to examine non-linear interactions between low 
energy heavy ions and warm dense plasmas. MD calculations predicted that, to observe 
nonlinearity beam-plasma coupling constant γ > 0.1 must be achieved, which corresponds to 
the plasma coupling constant Γ > 0.2 for projectiles of  and q 4. One-
dimensional numerical estimations using SESAME equation of state showed that a shock 
wave propagating in 5-Torr H

projv 10 kEV/u

2 gas with 48 km/s must be produced to satisfy Γ > 0.2. 
Utilizing an electromagnetic shock-tube with a peak current of 50 kA and a rise time of 800 
ns, we achieved a shock speed of 47 km/s. Electron density distribution of the shock-produced 
plasma along the beam axis was measured by a Mach-Zehnder interferometer. From this 
measurement, we confirmed that the electron density was over 1018 cm-3, and the 
homogeneity was acceptable during several hundred nanoseconds. Electron temperature was 
also determined by spectroscopic measurement. The Coulomb coupling constant was 
evaluated using the measured electron density and temperature. 
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We developed an experimental apparatus for the study of non-linear stopping of low-energy 
heavy ions in non-ideal plasmas. The target plasma was produced by an electromagnetically 
driven shock tube. Two 50 μm-diameter beam apertures were attached to the shock tube wall. 
These apertures confined hydrogen gas of 5 Torr in the tube and sustained a pressure 
difference ≈ 105-106 between the tube and the beam line. Because the beam loss due to the 
apertures was very large, we used a semiconductor charged particle detector, which could 
measure the energy of single particles. To synchronize the plasma production in the shock 
tube and the injection of projectiles, a fast beam kicker was installed in fronts of the plasma 
target. Results of preliminary experiments using thin carbon foil targets showed that the 
energy loss of projectiles after passing through the target could be measured synchronizing 
with the beam kicker. The time resolution of the measurement was 100 ns. 
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Equation of state (EOS) and transport properties of warm dense state are important for 
understanding the behavior of inertial confinement fusion (ICF) pellet and the interior of 
giant planets. However, materials in this state are in a gray area where the state is neither 
solid, liquid, gas nor ideal plasma. Our study intends to make a semi-empirical scaling of 
EOS and transport coefficients of materials in a warm dense state.  
 
Warm dense states are produced by exploding wire discharges in water. The density and 
the temperature are estimated to be typically 0.01ρsolid and a few eV at 2 μs from beginning 
of discharges. Experimentally observed conductivities were 10 times of Spitzer's value, 
and their evolution can be grouped into two types; one is composed of aluminum and 
tungsten, and the other is made up with copper, silver, and gold. We have compared the 
behaviors of the expanding shock wave in water and the plasma boundary to a numerical 
estimation based on some models of EOS. Results show that the hydrodynamic behaviors 
are sensitive to the models of EOS and quantitative comparison should bring us a semi-
empirical scaling of EOS and the transport coefficients of materials in warm dense state. 
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Coulomb and exchange correlations are of great importance in strongly coupled plasmas. 
Indeed, the plasma properties such as the equation of state, the transport coefficients and the 
stopping power are considerably affected by these correlations. It is well known that these 
correlations are not taken into account in the framework of the random phases approximation. 
To go beyond this approximation, several authors used a model using local-field corrections. 
In this work we calculate numerically the local-field corrections for arbitrary two-component 
strongly coupled plasma. Our model is based on a set of two self-consistant coupled 
equations. The first one is given by the fluctuation-dissipation theorem and the second one, 
proposed by Singwi et al. [Phys. Rev. 176, 589 (1968)] gives the local-field corrections as a 
functional of the static structure factors. The numerical method used consists to split up the 
frequency into a low-frequency range corresponding to the ion response and a high-frequency 
range corresponding to the electron response. In addition, to solve these equations, an iterative 
numerical scheme was used. The results obtained are discussed and compared to similar 
results established in the literature. 
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Heavy ion converters are quickly turned into two-temperature plasmas since the beam energy 
is almost entirely transferred to the electrons. During the further heating process, the complex 
interplay of energy input from the driver, ionization kinetics, and energy transfer to the ions 
determines the electron temperature which, in turn, strongly affects the absorption of driver 
energy and the hydrodynamics.  
 
The presented results for the coupled relaxation of ionization kinetics and species 
temperatures demonstrate that in dense plasmas the first process is much faster than the 
second (the opposite is known for hot, dilute plasmas). This fact was used to derive a 
description with a quasi-stationary ionization degree. The energy transfer between the species 
is described within the Fermi-Golden-Rule approach which allows to include degeneracy, 
dynamic screening, and close collisions (via pseudo-potentials). A reduction of the energy 
transfer rates within an approach that considers coupled collective modes is discussed. The 
high densities considered demand also a consistent treatment of correlations, in particular ion-
ion correlation, since the potential energy can here be larger than the kinetic ion energy. We 
show that such a treatment results in a considerably slower relaxation and also affects the final 
plasma temperature.  



Virtual cathode for ions acceleration and nuclear synthesis at low 
energy nanosecond vacuum discharge 

 
Yu. K. Kurilenkov1, M. Skowronek2 

 and V.P.Tarakanov1  
 

1 Unified Institute for High Temperatures of Russian Academy of Sciences, 13/19 
Izhorskaya Str., 125412 Moscow, Russia  (ykur@online.ru) 

2Laboratoire des Plasmas Denses, Université Pierre et Marie. Curie, F-75252 Paris 
Cedex 05, France (maurice.skowronek@noos.fr) 

 
 
We analyze further the database on random interelectrode “dusty” media of high power 
density created at low energy nanosecond vacuum discharges [1,2]. Generation of energetic 
complex ions (~1 MeV), DD burning, trapping or release of fast ions and x-rays from 
interelectrode complex plasma ensembles are discussing [2]. The estimated value of the 
neutron yield from DD collisional micro fusion at interelectrode space is variable and 
amounts to ~ 105-107/4π per shot under ≈ 1 J of total energy stored to initiate all discharge 
processes (U = 70 keV, Imax = 1kA ). In a limiting case of total trapping of fast deuterium ions 
by the dense “dusty cloud” of clusters under partial hard x-rays diffusion and multiple fusion 
events inside, the pulsating neutrons yield has the maximum values (table-top complex 
plasma “microreactor”) [2] being two order of magnitude higher than for experiments on DD 
fusion driven by Coulomb explosion of laser irradiated deuterium clusters [3].  
The results of PIC simulation of experimental conditions [2] using fully electrodynamics code 
[4] for are presented.  The principal role of virtual cathode oscillator (vircator) [5] and 
correspondent potential wells formations at interelectrode space are discussed. In particular, 
space-time evolution of potential wells and electrostatic mechanism of ions acceleration at the 
regime of unstable current-carrying [6] are considered. The depth of calculated single or 
double potential well which plays the role of reactor chamber is about 50-60 keV. Deuterium 
ions being trapped by these wells are accelerating up to the same order of energies that 
provides efficient DD burning (calculated D+ distribution function has correspondent plateau 
“tail” up to 50-60 keV). Also, cylindrical virtual cathode immersed into complex anode 
plasma and potential well dynamics could be responsible for some pulsating regimes (~ 50-70 
MHz) of DD burning at interelectrode media and related intermittent pulsating neutron yields 
observed in experiments. In whole, PIC simulations are in a good agreement with 
observations, and allow clarifying the specifics of high fusion power density due to D+ head-
on collisions at interelectrode space of vacuum discharge [2]. 
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