
Hong Qin

For U.S. Heavy Ion Fusion Science Virtual National Laboratory (HIFS-VNL)*

B. G. Logan, R.C. Davidson, J. J. Barnard, F.M. Bieniosek,  R. J. Briggs, C. M. Celata, R. 
H. Cohen, J. E.Coleman, C.S. Debonnel, A. Friedman, M. Kireeff Covo1,  D. P. Grote1, P. 
C. Efthimion, S. Eylon, L. Grisham, E. P. Gilson,  E. Henestroza,  I. D. Kaganovich, J. W. 
Kwan, E. P. Lee, M. Leitner, S.M. Lund, R. More,  A.W. Molvik, G.E.Penn, P. K. Roy, D. 
V. Rose, P.A. Seidl,  A. Sefkow, W.M. Sharp, E. A. Startsev, M. Tabak, C. Thoma, J-L Vay, 
W. L. Waldron, D.R. Welch,  G. Westenskow,  J.S. Wurtele, and S. S. Yu 

ICFA-HB2006
May 27 – June 2, 2006
KEK, Tsukuba, Japan

Progress in Accelerator R&D for High Energy Density 
Physics and Warm Dense Matter Applications

Supported by U.S. Department of Energy under contract 
W-7405-ENG-48 at LLNL, DE-AC03-76SF00098 at LBNL, 
and DEFG0295ER40919 at PPPL.

*HIFS-VNL: A collaboration between Lawrence Berkeley National Laboratory, Lawrence 
Livermore National Laboratory, and Princeton Plasma Physics Laboratory.



The Heavy Ion Fusion Science Virtual National Laboratory

Heavy Ion Beam Science for HEDP and Fusion

The research objective of the US HIFS-VNL is to address the top-level 
scientific question central to both High Energy Density Physics (HEDP) 
and fusion*:

T7: How can heavy ion beams be compressed to the high intensities 
required for creating high energy density matter and fusion?

Principal science thrust areas:

– High brightness beam transport
– Focusing onto targets
– Longitudinal beam compression
– Beam-target interaction
– Advanced theory and simulation tools

* From FESAC Priorities Panel Report (April, 2005). 
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Map of the High Energy Density Physics Universe

Some of the most interesting physics is in this 
E>kT region accessible to heavy-ion beams
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Maximum dE/dx and uniform heating 
at Bragg peak require short (< few ns) 
pulses to minimize hydro motion.  
[L. R. Grisham, PoP, (2004)].

Te > 10 eV @ 20J, 20 MeV
(Future US accelerator for HEDP)

x

Ion energy loss rate in targets

dE/dx

3 μm

3 mm

GSI: 40 GeV heavy Ions thick 
targets Te ~ 1 eV per kJ

Alum inum

Dense, strongly coupled plasmas 10-2 to 
10-1 below solid density are potentially 
productive areas to test EOS models
(Numbers are % disagreement in EOS 
models where there is little or no data)

(Courtesy of Dick Lee, LLNL)

Unique Approach to Ion-Driven HEDP with Short Pulses
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Neutralized Transport Experiment (NTX) 
– physics of neutralized focusing.
– achieved 200 fold transverse compression.

Neutralized drift compression experiment (NDCX)
– achieved 50 fold longitudinal compression.
– plasma source development.

Pulse Line Ion Accelerator (PLIA) for HEDP and IFE. 

The High Current Experiment (HCX) 
– beam transport limits.
– electron cloud effects. 

Advanced theory and simulation play an important role.
– WARP simulation of electron cloud effects.
– perturbative particle simulation of collective excitations and instabilities. 

Presentation outline
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cm

Ramped 220-390 keV K+ ion beam 
injected into a 1.4-m -long plasma 
column:

•Axial compression 120 X.

•Radial compression to 1/e  focal spot 
radius < 1 mm.

•Beam intensity on target increases by 
50,000 X.

3.9T solenoid focuses beam

Background 
plasma @ 10x 
beam density

Initial 
bunch length

(Welch, Sefkow, et al 2004-2006)

Theory and LSP simulations demonstrate the possibility of large compression 
and focusing of charge neutralized ion beams inside a plasma column

A three-dimensional kinetic model for longitudinal compression in charge-
neutralizing background plasma was developed [Davidson & Qin, 2005]. 

Vlasov equation possesses a class of exact solutions describing both transverse 
and longitudinal compression of the beam pulse.
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NDCX-I: A series of experiments towards HEDP (NDCX-II)

We have equipment in hand 
for all NDCX-1 experiments
except NDCX-1c

Interchangeable

Interchangeable

(First expts:
Neutralized focusing,

NTX)



Neutralized Transport Experiment (NTX) 
investigated physics of neutralized focusing

FWHM=6.6 mm FWHM=1.5 mm

Non-neutralized 

300 keV K+ ions 
at 25 mA
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NTX achieved smaller transverse spot size using volumetric plasma

Plasma plug. Plasma plug and 
volumetric plasma.

Neither plasma plug nor 
volumetric plasma.
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Neutralized drift compression experiment (NDCX)

Tiltcore
waveform

300 keV K+ ions at 25 mA



NDCX achieved 50 fold longitudinal current compression
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P.K. Roy et al, PRL, 95, 234801 (2005)
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LSP simulation

3D Kinetic model

Comparison with longitudinal compression in NDCX at peak compression

Fast Faraday cup



Lead-Zirconium-Titanate (PZT) and Barium Titanate ferroelectric plasma source

A 6~8 kV, 1 ms pulse applied across 
the inner and outer surfaces of a stack 
of high-dielectric cylinders produces, 
on the inner surface. A plasma then 
fills the interior volume. Neither plasma plug nor 

volumetric plasma
PZT plasma plug
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Whistler waves excited in a solenoidal magnetic field.

Perturb the plasma ahead of the beam pulse.

─ Plasma density np=1011cm-3; B= 1014 G; ωce=ωpe

─ 4.75 ns Beam at Vb=0.2c, I=48.0A, rb=2.85.

Solenoidal magnetic field reduces neutralization

I.D. Kaganovich, E. A. Startsev, R. C. Davidson and D. R. Welch, Nuclear 
Instruments and Methods in Physics Research A544, 383 (2005).
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• Pulse Line Ion Accelerator is based on slow-wave structures (helices) 
• Beam “surfs” on traveling pulse of Ez
• Ez (helix) >> Ez (space charge) Continuous purging of electrons!

Accel-decel
injector with 
“load-and-fire”
column

Pulsed 
resistive 
column

Broadband 
Pulse Line
Ion
Accelerator

Energy 
ramping

Neutralized 
Drift 
Compression

Vs(t) from Pulse Forming Network

Short ion pulse
CL

Insulator column

Resistively 
graded 
column

December 2005, demonstrated energy extraction from traveling wave

Solenoid provides transverse beam confinement

Dielectric-filled coax

vacuum

Traveling wave

ttt Vz(z,t)

Pulse Line Ion Accelerator (PLIA) for HEDP and IFE



The Heavy Ion Fusion Science Virtual National Laboratory

NDCX-II Accelerator Cell

Helical 
winding

Solenoid 
& cryostat

Compact transformer 
coupling (5:1 step-up)

Helix #1 Input and Stepped-up Helix Voltage at 4" Intervals
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*R.J. Briggs, et al. - LBNL Patent, Aug 2004

Accelerating fields are those of a “distributed transmission line”



2 MV INJECTOR MATCHING
SECTION ELECTROSTATIC

QUADRUPOLES MAGNETIC
QUADRUPOLES

Focus of Gas/Electron Experiments

K+ Beam Parameters
I = 0.2 (- 0.5) Amp
1 (- 1.7) MeV, 4.5 ms

In-bore diag.

Clearing electrodes

K+

beam

Suppressor

Intercepting 
diagnostics 
Also e- coeff.; 
gas desorption 
coeff. (GESD)

Intercepting 
diagnostics

The High Current Experiment (HCX) explores beam transport limits
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High-brightness beam transport - electron effects on intense ion beams
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Synchrotron radiation
Secondary emission from e- accelerated by 
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Beam halo scraping  ⇒ e- emission
Ionization of background gas
Expelled ions hitting vacuum wall

Ionization of desorbed gas

Goal: Advance understanding of the physical processes leading to the 
accumulation of electrons in magnetic quadrupoles in the HCX

beam
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A. Molvik, THAW02

e- motion in a 
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WARP simulation of electron/gas cloud effects for HCX

Slope ~1 mm/µs

Electron and gas cloud 
modeling critical to all high 
current accelerators.

WARP-3D
T = 4.65μs
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External focusing field:
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Advanced Theory and Simulation

Nonlinear Vlasov-Maxwell equations for high intensity beams

Collective dynamics described by the Vlasov equation
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 δf particle simulation method reduces noise
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Beam Equilibrium Stability and Transport (BEST) Code 

Perturbative particle simulation method to reduce noise. 

Linear eigenmodes and nonlinear evolution. 

2D and 3D equilibrium structure.

Multi-species; electrons and ions; accommodate very large mass ratio.

Multi-time-scales, frequency span a factor of 105. 

3D nonlinear perturbation.

Message Passing Interface

Multiple-1D domain decompositon (OpenMP by users). 

Large-scale computing: particle x time-steps ~ 0.5 x 1012.

Scales linearly to 512 processors on IBM-SP3 at NERSC.

NetCDF, HDF5 parallel I/O diagnostics. 

Physics

Computation
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Strong Harris instability for beams with large temperature anisotropy

Moderate intensity largest threshold temperature anisotropy.
Nonlinear saturation by particle trapping tail formation.

01.0/|| =⊥bb TT

E. A. Startsev, et al., Nucl. Instr. and Methods in Physics Research A554, 125(2005).



Nonlinear space-charge 
effects reduce integrability
of orbits in 3D

Chaotic particle dynamics

3D anisotropic 
quasi-equilibrium

Collective excitation in 3D bunched beams
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Program vision for next 10 years (2006 update)

Challenge 1: (NDCX-I) Understand 
limits to compression of neutralized 
beams. Excellent progress (>50X 
longitudinal; > 200 transverse). 
Opportunities for many 
improvements

Challenge 2: Integrated 
compression, acceleration and 
focusing sufficient to reach 1 
eV in targets: Assessing 
backup induction 
approach with 2 MeV 
Lithium.

Challenge 3: Ion-HEDP user facility
CD-0 granted 12-1-05. CD-1
requires NDCX-II pre-requisite.

1 eV target heating
>0.1 μC of Na+ @ 24 MeV 
heating @ Bragg peak dE/dx
NDCX- 1C  + $5M hardware

1 eV target heating
>0.1 μC of Na+ @ 24 MeV 
heating @ Bragg peak dE/dx
NDCX- 1C  + $5M hardware

Short Pulse
Injector

Short Pulse
Injector

Solenoid
Focusing

Solenoid
Focusing

Helix
Acceleration

Helix
Acceleration

Neutralized
Compression
Neutralized

Compression
Final

Focus
Final

Focus
Add 

acceleration
(either PLIA 
or induction-

TBD)

Add chambers, 
targets, HEDP 

diagnostics
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NDCX-I NDCX-II to validate IB-HEDX (heavy-ion HEDP user facility)

1 eV target heating >0.1 mC of Na+ 

@24 MeV heating @ Bragg peak 
dE/dx NDCX-1C  + $5M hardware

1 eV target heating >0.1 mC of Na+ 

@24 MeV heating @ Bragg peak 
dE/dx NDCX-1C  + $5M hardware

Short Pulse
Injector

Short Pulse
Injector

Solenoid
Focusing

Solenoid
Focusing

Helix
Acceleration

Helix
Acceleration

Neutralized
Compression
Neutralized

Compression
Final

Focus
Final

Focus
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Many exciting scientific advances and discoveries that enable: 

– Demonstration of compression and focusing of ultra-short ion pulses in 
neutralizing plasma background. 

– Unique contributions to High Energy Density Physics and Heavy Ion 
Fusion.

– Contributions to cross-cutting areas of accelerator physics and 
technology, e.g., electron cloud effects, diagnostics, advanced simulation 
techniques, beam interaction targets.

Heavy ion research on neutralized drift compression and e-cloud effects is of 
fundamental importance to both HEDP in the near term and to fusion in the 
longer term.

Theory and modeling play a key role in guiding and interpreting 
experiments.

There are new tools and knowledge to update studies of heavy ion fusion. 

Conclusions


