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(1) a range of science using NDCX-II  
(2) a renewed Heavy Ion Fusion (HIF) program 

•  Neutralized Drift Compression Experiment (NDCX-II) enables 
studies of warm dense matter (WDM), materials science, and 
heavy-ion fusion. 
–  NDCX-II operational status 
–  Presently used to explore defect dynamics in solids 
–  Complementing other HEDP research: Uniform heating of matter. 

•  HIF remains an attractive approach to IFE. 
•  The NRC report endorses HIF as a promising IFE approach 

and outlines elements of a balanced IFE program. 
•  A renewed HIF / IFE program should include innovative 

research from source to target. 

summary 
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We are hopeful that a seed Heavy Ion Fusion program will be restored. 
This would preserve the knowledge and capabilities built up by the 
Heavy Ion Fusion Virtual National Laboratory and its collaborators in 
anticipation of a future program in IFE.    



NDCX-II is a facility designed to study both intense beam 
compression and Warm Dense Matter (WDM) 

 A scientific question for heavy ion beams identified in the National HEDP Task 
Force Report and in the April 2005 FESAC Fusion Priorities Report:   
How can heavy ion beams be compressed to the high intensities required 
for creating high energy density matter and fusion ignition condition? 

Constructed 2009-12, commissioning in 2012-13.   
Heavy Ion Fusion Sciences Virtual National Lab, 
LBNL, LLNL, PPPL 

. 
Ion	  beam	  driven	  shock	  waves.	  	  	  	  	  	  	  	  	  	  	  
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	  	  	  	  Now	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  With	  modest	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  investment	  

Ion	  species	   Li+	  (A=7)	  	  
(also	  K+,	  in	  preparation)	  

Total	  charge	  /	  pulse	  (nC)	  
#	  ions	  /	  pulse	  

	  	  	  	  	  	  30	  ,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  50	  	  
2x1011	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3x1011	  	  

Ion	  kinetic	  energy	  (MeV)	   0.3	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1.2,	  	  	  	  3	  

Focal	  radius	  (50%	  of	  beam)	   ~10	  mm	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.6	  mm	  

Pulse	  duration	  (FWHM,	  ns)	   20	  -‐	  ~600	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.6	  -‐	  ~600	  	  

Peak	  current	  (A)	   0.8	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  38	  	  

Peak	  Yluence	  (time	  integrated)	   ~10	  m	  J/cm2	  	  	  	  	  	  	  	  	  	  	  	  5-‐10	  J/cm2	  

Dose	  rate	  (ions/cm2/s)	   ~1018	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ~5x1022	  	  
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7 refereed papers on accelerator design and science possible with NDCX-II in 
Proc. 19th Int’l. Symp. on Heavy Ion Inertial Fusion, NIM A V733 (2013). 

NDCX-II: Constructed 2009-12, commissioning 
and first experiments 2012-13 

Control dose rate over six orders of magnitude through control of charge/
pulse, pulse length and spot size. 

There is no FES support for NDCX-II or heavy ion fusion research since 2012. 



Sub-‐ns	  ion	  beam	  pulses	  
(“pump”)	  

High	  intensity:	  
Warm	  Dense	  
MaBer	  

Lower	  intensity:	  
defect	  dynamics	  in	  materials.	  
These	  experiments	  on	  NDCX-‐
II	  are	  presently	  supported	  by	  
an	  internal	  LBNL	  LDRD	  	  
(T.	  Schenkel,	  PI).	  

Pump-‐Probe	  experiments	  with	  ion	  beams	  
give	  us	  access	  to	  defect	  dynamics	  in	  solids	  

5 

isolated 
cascades 

overlapping 
cascades 

amorphization 
and melting 

warm (>1 eV),  
dense matter 

50 nC, 1-3 MeV Li+,  
1 mm2, 1 ns 

• 1 to 30 nC (~1010 to 1011 ions), 
0.3 MeV, 10 mm2, 20 ns 

We will seek leveraged support from BES, HEP, NE, 
where there is an overlapping scientific mission. 



Exploring multi-scale dynamics of materials far from 
equilibrium with pulsed ion beams at NDCX-II  

Now With modest 
investment  

Ion kinetic energy (MeV)  0.23 - 0.3 1.2 - 3 

Beam spot (mm2) 5 to 10 1 

Pulse length (ns) 15 to 600 0.6 to 600 

Time resolved 
diagnostics 

Ion 
channeling 

Electron beam 
diffraction  

With support, NDCX-II could: 
•  deliver materials physics results on defect evolution from 

sub-ps to seconds for a range of excitation regimes from 
isolated collision cascades to melting and warm dense matter. 

•  Data will benchmark simulation codes, which currently “fly 
blind”, with no connection to data on short time scales. 

•  Gain fundamental understanding of damage evolution in 
natural radiation processes, inform materials and process 
development for applications (e. g. detectors, nuclear, bio-
rad, …) 

•  Complementary to ion pulses from laser-plasma acceleration, 
NDCX-II delivers highly reproducible, tunable ion beams 

Time resolved detection of lithium 
ion transmission through a silicon 
membrane (red) reveals lattice 
damage built up during the 40 ns 
pulse, causing de-channeling of ions 
and profile broadening as compared 
to the pulse profile without the 
membrane (blue).   

6 T.	  Schenkel,	  et	  al.,	  Nucl.	  Instr.	  Meth.	  B	  315,	  350,	  (2013).	  



Possible target coupling experiments with NDCX-II: Conductivity 
in heated matter, Ion-beam stopping in heated material; 

Hydrodynamic experiments on volumetrically heated targets 
 

~5 µ	


This experiment will be carried out at low 
ion intensities, so that the material is 
below the vaporization temperature 

Pyrometer/ 
Streak camera 

Ion 
 
Beam 

Tamper 

Schematic for "stepped target" conductivity measurements. Ion beam heats tamper 
and rest of target nearly uniformly. Thermal wave from higher temperature tamped 
region 'breaks out" at times depending on depth of grooves and heated material 
conductivity. 
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Eg: Thermal conductivity can be 
measured by determining time for 
heat to reach various depths in 
foils thicker than range of ions 

These are examples from 5 proposals submitted to DOE. 



… Conductivity of heated material may be determined 
using measurement of magnetic diffusion time 

Transparent glass 
slide with hole for 
beam (~ 2 mm thick) 

Glass fiber for measurement of 
Magnetic field using Faraday effect 

Aluminum foil (5 -10 µ thick) 

Fine wires (10 - 20 µ thick) 

A voltage is rapidly pulsed across the fine wires. Ion beam heats foil and magnetic field diffuses 
through foil, depending on resistivity of heated foil. Magnetic field is measured using Faraday 
effect through the optical fiber. 8 



Physics of intense beams: We can explore the transverse 
defocusing of the beam due to the two-stream instability. 
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Beamlet Density Contour 
at t = 100 ns (1 m of 
propagation). 

E. Tokluoglu (PPPL), et al (2013) 

Beam Density Contour at t 
= 300 ns (3 m of 
propagation).  

NDCX-II beam parameters for apertured beam rb=1 mm. Δv/v small,  
…but the defocusing effect is absent with a velocity spread ≈ few %. 

Z(cm) 
Z(cm) 

x(
cm

) 



HIF-relevant beam experiments on NDCX-II can study 
… 

•  How well can space charge  
“stagnate” the compression  
to produce a “mono-energetic” 
beam at the final focus? 

 
•  How well can we pulse-shape  

a beam during drift 
compression  
(vs. “building blocks”)?  

 
 
Dimensionless parameters 
(perveance, “tune depression,” 
compression ratio) will be similar to 
those in a driver. 

Initial vz profile Final  
line-charge 
profile 

J. W-K. Mark, et al., 
AIP Conf. Proc 152, 
227 (1986) 
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  Meier 2 

 Two beneficial side effects came from this 

requirement.  First, the shallow angle foot beams can 

have a 30% larger beam spot size than the large angle 

main pulse beams (2.3 mm vs. 1.8 mm).  This is helpful 

for beam focusing since the foot beams do not benefit 

from the extra neutralizing plasma near the target created 

by photoionization.  Second, the difference in the ion 

kinetic energy between foot and main pulse beams was 

reduced (3.3 GeV foot and 4 GeV main vs 3 GeV foot 

and 4 GeV main) due to the longer path length in the 

converters for the main pulse beams.   

 

 The target requires a specific temporal pulse shape 

to launch the series of four shocks that compress and heat 

the capsule.  The final focus configuration, in contrast, is 

most straightforwardly designed using pulses that have a 

nearly flattop current profile. To accomplish this, a new 

pulse shape, made up of five  “lego blocks” appropriately 

stacked and timed, was designed (see Fig. 2). 

 

 

Fig. 2.  Pulse shape delivered to the target is made up of 

five separate blocks with different powers and durations. 

 

To meet the pulse shaping requirements, the present 

design uses 48 foot-pulse beams with ion kinetic energy 

of 3.3 GeV (1.76 MJ total) and 72 main-pulse beams with 

ion energy of 4.0 GeV (5.25 MJ total). Key parameters 

for the foot and main pulse beams at the target are shown 

in Table I. Each block uses a minimum of 16 beams (8 

from each side) to provide azimuthally symmetric target 

heating, as shown in Fig. 9 of Ref. [3]. Based on 

integrated two-dimensional Lasnex calculations for the 

large angle DRT and allowances for effects of this new 

pulse shape configuration (which was developed with 1D 

modeling), we estimate a target yield of 400 MJ  with a 

total beam energy of 7.0 MJ for a target gain of 57. 

Table I.  Beam and Pulse Shape Requirements 

 
III. DRIVER 
 

 As indicated above, the target requirements are met 

with a 120-beam accelerator providing a total of 7.0 MJ to 

the target. The basic accelerator parameters are obtained 

from the systems code IBEAM [9,10], which calculates a 

self-consistent model of a multi-beam induction 

accelerator. Fig. 8 of Ref. [3] illustrates the accelerator 

beam configuration. The code calculates a model of the 

source and injector, assuming space-charge limited 

injection from a Bismuth ion source based on an arc 

discharge in a hot Bismuth vapor [11]. Beam transport 

equations are used to calculate the properties of the 

multiple-beam superconducting magnet arrays. The array 

of beam lines thread a sequence of induction cores which 

provide the energy increments to the beam, until the full 

energy of the foot beams are met. At that point, the foot 

beams no longer thread the induction cores, whereas the 

main pulse beams continue to pass through induction 

cores until their full energy is obtained.  Both sets of 

beams are transported in drift compression sections, after 

which they pass through the set of final focus magnets, 

and are finally transported through the fusion chamber to 

reach the target with the required timing. The detail of the 

drift compression section layout has yet to be worked out. 

The driver efficiency at 6 Hz is 38%, and the total length 

is 2.9 km. Other key driver design parameters are 

summarized in Table II at three different locations: exit 

from injector, where the foot pulse beams reach their final 

energy of 3.3 GeV and where the main pulse beams reach 

their final energy of 4.0 GeV. 

 

Previous driver systems studies held the charge per 

beam equal so that all beams were identical at any 

location inside the induction accelerator. The present 

concept, however, varies the charge per beam (within a 

factor of two) in order to meet the target pulse shape 

requirements with a sequence of different power beams.  

This can be achieved by maintaining the same quad 

focusing strength for all channels within a given array but 

allowing fill factors to vary with the beam charge. Thus, 

in our system model of the driver, the quads are sized to 

handle the beams with the highest line charge density 

 

Block 

No. of 

Beams 

Power, 

TW 

Pulse 

width, ns 

Energy, 

MJ 

A (foot) 16 70 6.5 0.46 

B (foot) 16 20 38.3 0.77 

C (foot) 16 53 10.1 0.54 

D (main) 24 120 13.7 1.64 

E (main) 48 388 9.3 3.61 

Pulse shape 
delivered to the 
fusion target 
comprised of 
five separate 
blocks with 
different powers 
and durations.  

Yu, et al., 2003 



Heavy ion driven inertial fusion energy research 
•  NRC report (2013) is 

optimistic about NIF, and 
supportive of the HIF 
approach to IFE.  

•  Other issues: 
–  DOE FES is waiting for NIF 

ignition 
–  US commitment to ITER 
–  Presently no support for Heavy 

Ion Fusion in OFES. 
–  Major repercussions for future 

IFE research. 

11 from The National Academies Press:
http://www.nap.edu/catalog.php?record_id=18289 
 



Roadmap for Heavy Ion Fusion (NRC report on Prospects for IFE, p. A-61) 

Laboratory-scale ignition on NIF or elsewhere …convincingly connected via computer 
simulations and existing ion target data, to high gain (G > 30) ion-driven targets. 

Target 
validation 

Physics and 
technology 
R&D à IRE 

Integrated 
Research 

Experiment 

Demonstration 
driver and 

reactor 

Decision: If success above [including cost considerations]: construct a 10 kJ to 100 kJ 
accelerator, initial step of a fusion test facility. Validate the performance of scaled 
hohlraums and/or adequate hydrodynamic stability for directly driven ion targets.… 
demonstrate efficiency•gain,  ηG > 10.  

Decision: Construct a full-scale accelerator driver. Demonstrate an ηG > 10. 

Show that NDCX-II accelerator meets its designs goals… Performance matches theory 
and simulation…Validation of the accelerator and beam physics codes at increasing 
intensity. 

By restarting and upgrading HCX: Transport of driver-scale beam charge density in 
magnetic quadrupoles without serious degradation of beam quality must be 
demonstrated and provide further validation for beam transport codes.  

Technology and cost: Ion sources, magnetic quadrupole arrays, high-gradient insulators, 
high-voltage pulsers, must be further developed to demonstrate adequate cost, reliability, 
durability, voltage gradient, and efficiency. 10 Hz, 109 shots. 

Produce a complete design of a final focusing system that rigorously meets all known 
requirements associated with beam physics and shielding.  

12 



Induction linear accelerator driver for HIF: 
Schematic and energy flow  
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Research on key components of induction 
linacs for HIF are needed to reduce risk  

1st Reading

September 18, 2013 15:0 WSPC/253-RAST : SPI-J100 00077

26 R. O. Bangerter, A. Faltens & P. A. Seidl

(a) (b)

Fig. 7. (a) Schematic of one-half of a lattice period. (b) Schematic cross-section of a 60-beam quadrupole array for an induction
linac. The large outer circle represents the inside of a circular induction core. Each small square represents a cell containing a
quadrupole. The small filled ellipses represent the beams. Note the alternating polarity of the quadrupoles. This arrangement
maximizes magnetic flux sharing among the quadrupoles and minimizes the needed conductor. It is helpful to think of the entire
array as a single, multiaperture focusing element.

proportional to the magnet size — as is beam cur-
rent. In this approximation, the amount of needed
conductor, for fixed beam current and beam veloc-
ity, is independent of the number of beams. For these
reasons, it is perhaps more reasonable to think of a
quadrupole array as a single, multiaperture focus-
ing element rather than an array of independent
beams. Indeed, by placing the individual bores close
together, there is significant flux sharing among the
neighboring quadrupoles, leading to a reduction in
needed conductor (by a factor of 2 in the limit
of a large number of closely spaced beams). This
proportionality between beam current and conduc-
tor current means that the challenge for these mul-
tiaperture focusing limits is to develop automated
fabrication techniques so that the cost of fabrication
is not large compared to the cost of conductor. (For
a power plant, superconductor is necessary to get the
required efficiency.)

The third result is also an important scaling
law. For fixed beam power on target, the required
beam current is inversely proportional to the kinetic
energy. But because β2γ2 in the Maschke limit is
larger at high kinetic energy, the amount of supercon-
ductor needed to deliver a given power decreases with
increasing kinetic energy. This means that decreasing
kinetic energy does not necessarily reduce cost.

The results that we have just discussed are
approximate. The overall problem of optimization

requires a systems code. LIACEP [71], the earliest
systems code for HIF induction linacs, was used to
address the multitude of design choices to find min-
imum cost solutions for HIF accelerators. Because
there are numerous possible solutions for injectors
and transport at the very lowest energies, the pro-
gram started after the low energy region of 50MeV
or so. Similarly, there are a multitude of special solu-
tions for delivering the beams around the chamber,
and they were also omitted. LIACEP varied beam
current, numbers of beams, acceleration rates, aper-
ture sizes, clearances, focusing half period lengths,
field strengths, and other similar variables. Con-
centrating only on the main body of the acceler-
ator, it was found that changing the charge state
or the ion mass made little difference. The cost
was most closely related to the total beam energy.
There was a decrease in the optimum number of
beams as energy increased, but this did not include
the need for a large number of beams to facili-
tate focusing at the end, so a choice of a number
of beams of the order of 100 may be the ultimate
optimum.

Although beam resonances and instabilities have
been studied extensively for RF machines, there has
been less work and less experience with ion induction
linacs.

The beam breakup instability is a well-
known instability for electron induction linacs. This
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Schematic of one-half of a lattice 
period in a multi-beam accelerator 

Schematic cross section of a 
60 beam quadrupole array 

Alternating polarity of quadrupoles maximizes the flux 
sharing and minimizes the needed conductor. 

Induction  
core 
boundary  

Beams in 
superconducting 
quadrupoles 

An integrated acceleration module has yet to be built. 



HCX	  at	  LBNL:	  InjecSon,	  matching,	  low-‐energy	  
transport	  at	  HIF	  driver	  scale	  
INJECTOR	  

MATCHING	  
SECTION	  

ELECTROSTATIC	  
QUADRUPOLES	  

MAGNETIC	  
QUADRUPOLES	  

Electron Cloud Experiments�
(2 m length) �

1 MeV K+, 0.18 A, t ≈ 5 µs, �
6x1012 K+/pulse"

(1.8 MeV, 0.44 A, 6x1012 K+/pulse)" 2 m�

high-‐current	  experiment	  	  HCX	  ESQ	  injector	  

10	  electrostaSc	  quads	  

4	  magneSc	  	  
quads	  

diagnosScs	   15 

Ions, e-, 
particle 
loss, 
desorption: 
vcloud ≈ 1.5 
mm/µs,  
mostly H2 

K+ , 1 MeV 
HCX 

Time à  

P
os

iti
on

 à
 

Metal plate 
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(1) a range of science using NDCX-II  
(2) a renewed Heavy Ion Fusion (HIF) program 

•  NDCX-II enables studies of warm dense matter (WDM), 
materials science, and HIF. 
–  NDCX-II operational status 
–  Presently used to explore defect dynamics in solids 
–  Complementing other HEDP research: Uniform heating of matter. 

•  HIF remains an attractive approach to IFE. 
•  The NRC report endorses HIF as a promising IFE approach 

and outlines elements of a balanced IFE program. 
•  A renewed HIF / IFE program should include innovative 

research from source to target. 

summary 
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We are hopeful that a seed Heavy Ion Fusion program will be restored. 
This would preserve the knowledge and capabilities built up by the 
Heavy Ion Fusion Virtual National Laboratory and its collaborators in 
anticipation of a future program in IFE.    


