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How can heavy ion beams be compressed to the high intensities 
required to create high energy density matter and fusion conditions? 

How are intense charged-particle beams transported in, and how 
does their energy couple to, high energy density plasmas?  
 
Creating a high energy and high intensity ion pulse: 
Source of ions à acceleration, compression and focusing  à target sample 
 
Leads to interesting non-neutral and neutral plasma physics questions.   
E.g.:   
 
1.  Two-stream instability of an ion beam propagating in background plasma  
2.  Strong collective focusing of an ion beam in a plasma and a weak 

magnetic field  
3.  Explore the limits of the longitudinal compression of a high intensity beam 

pulse with and without neutralization 

Reproducibility, repetition rate, sensitive diagnostics 
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1. Two-stream instability of an ion beam propagating in 
background plasma predicted  

•  In high energy accelerators: two-stream or electron cloud effects arise from stray 
(unwanted) electrons. à  Reduce/eliminate! 

•  For new high-intensity ion beam systems, plasma is introduced to cancel the defocusing 
space charge force. 

Defocusing when Δv/v is small.  
Goal: observe transverse defocusing and longitudinal self-bunching of 

beam 

Beam 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).  
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NDCX-II beam parameters  
rb=1 mm.  
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2. Strong collective focusing of an ion beam in a plasma 
and a weak magnetic field  

Particle-in-cell (LSP) simulation of the NDCX-II experiment using the collective focusing 
effect to focus the high intensity beam using a weak magnetic field and a plasma. 

Most pronounced when the beam radius is small compared to the collisionless 
plasma electron skin depth rb < c/ωpe  
Applied B can be reduced by a factor (me/mi)1/2 ~10 Teslaà ~102 Gauss 
Can this be used to great advantage in high intensity ion beams?  

(Dorf, et al, 2012).  
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Non-neutral compression of a long pulse can create a high 
current bunch with very little energy spread 

Focusing with low chromatic 
aberrations 
Diagnostic: E.g.: energy 
analyzer 

enables pulse shaping, double bunches 

Waveform errors can launch 
space charge waves, and 
degrade the final energy 
spread and may cause 
particle loss. Detailed initial 
conditions must be included 
in simulations. 

 

vz 

z 

~10x compression 

pump-probe  
for materials  

studies 

ideal 

More realistic 

J. W-K. Mark, et al. 

simulated 
line-charge 
profile 

Double pulsing  
 

beam centroids were aimed closer to the hohlraum wall. In
particular, the beam centroids hit the end of the hohlraum at
a radius of 2.8 mm—roughly where regions e and g intersect
in Fig. 1. To accommodate the beam entrance angles !6° in
the foot and 12° in the main pulse", the radius of the hohl-
raum at the capsule waist was increased. If the radius of the
hohlraum near the capsule waist was not increased, too much
of the beam energy was deposited in the hohlraum wall caus-
ing symmetry problems.

B. Symmetry issues
To analyze the time-dependent asymmetry of the target,

we monitor the time-integrated pressure #$0
t P(t!)dt!% near

the ablation front as a function of time. We then calculate the
Legendre coefficients of this pressure, a2 , a4 , etc. and com-
pare these values to a0 . The odd moments, a1 , a3 , etc., are
assumed to be zero due to left–right symmetry.

Our initial calculations of the close-coupled target used
the same hohlraum length-to-radius ratio as the conventional
distributed radiator targets and had problems with a P4
asymmetry. In this type of target, the ratio of the hohlraum
length to radius controls the P4 symmetry since it controls
where the converters are in relation to the zeros of P4 . To
correct this, the hohlraum length was increased by 10%.

The time-dependent asymmetry is shown in Fig. 3. As in
the conventional distributed radiator target, the ion kinetic
energy was changed to overcome range shortening. In this
case, the ion energy was increased from 2.2 to 3.5 GeV at 24
ns; the change in ion energy is seen in the asymmetry as the
P2 component changes slope around 24 ns.

C. Target performance
The target shown in Fig. 1 produced 436 MJ of yield

from 3.27 MJ of ion beam energy in two-dimensional !2D"
integrated Lasnex calculations. This represents a gain of 133.
Figure 4 shows the beam current used to drive the target as
function of time. In the foot, 0.49 MJ of 2.2 GeV Pb! ions
were used, while the main pulse was made up of 2.78 MJ of
3.5 GeV Pb! ions. This corresponds to a peak power of 470

TW. Our conventional distributed radiator design !5.9 MJ
target" had a peak power of 650 TW; the peak power in the
close-coupled target did not drop as much as would be ex-
pected by the energy decrease because of the pulse shape
used. Future calculations will explore pulse shapes that result
in lower peak power and that are easier for the accelerator to
produce.

The hohlraum temperature driving the capsule is shown
in Fig. 5. The peak temperature is about 10 eV lower than
the temperature used to drive our previous calculations. We
believe the lower temperature is adequate; the ignition mar-
gin !defined as the fraction of the incoming kinetic energy of
the the fuel left at ignition" is 30%–40% when driven at the
240 eV. This is comparable to NIF 300 eV targets.

III. ROBUSTNESS OF THE CLOSE-COUPLED TARGET
A. Changes in ion stopping model

Since the distributed radiator targets !both conventional
and close-coupled" achieve symmetry by controlling where
the ion beam energy is deposited, we were concerned that the
target might be sensitive to the ion beam stopping model
used. Theory and experiments on ion stopping in hot plasmas
are ongoing. However, current experiments are not in the

FIG. 3. The time-dependent asymmetry is monitored by measuring the time-
integrated pressure at the ablation front #$0

t P(t!)dt!% and calculating the
Legendre coefficients. The change in slope of P2 at 24 ns is due to the
change in ion kinetic energy between the foot and main pulse beams.

FIG. 4. The beam current as a function of time used in the 2D integrated
Lasnex calculations assuming a total of 16 beams in the foot !8 per side" and
32 beams in the main pulse !16 per side".

FIG. 5. The hohlraum temperature as a function of time from the 2D inte-
grated calculation of the close-coupled target.
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Explore driver final pulse shaping  
Callahan, Tabak, 
Phys Plasmas 
(2000) 

is neared. Thus, one might adjust the plate spacing
so that the two forces cancelled for beams at or
near the edge of the array, but global cancellation
may not be achievable.

5. Plans and discussion

The process by which a machine design is
developed and simulated requires at present multi-
ple steps, some of which involve manual input see
Fig. 8(a). One goal is to streamline this process,
leading to a sequence similar to the one shown in
Fig. 8(b). The ‘‘afterburner’’ referred to is coding
which takes as input the overall systems design
produced by the IBEAM systems code, and yields
a discrete design with, e.g., an integer number of
beams and the locations and strengths of the
individual quadrupole magnets. At this writing,
the integration of CIRCE physics into WARP is
partially complete.

Our long-term goal is integrated source-to-
target simulation of the beams in an IRE and
driver; see Fig. 9. This will require linking particle
and field data from the driver simulations, into the
chamber propagation simulations, and ultimately
as beam-cluster data into the radiation-hydrody-
namics calculations used for target design. In
addition, linkages to other codes (using a variety
of models, as discussed in this paper) will be
implemented. These will be used for detailed
simulations of sections of the machine; the

linkages will ensure consistent initial conditions
for simulations that begin with an evolved beam.

Considerable work is planned in the general
area of multi-beam and module impedance effects.
By increasing the number of beams, it is possible
to reach a regime where gnet50. We plan to
explore that regime in the near future. We also
plan to implement the transverse forces described
in Section 4 into WARP, and to study beam
deflections. One can conceive of carrying out a set
of CIRCE calculations for all beams, using
emittance data from a single beam, to accurately
compute deflections (the CIRCE model would
need to be extended to handle self-inductive
effects, as described below) [12]. In addition, it is
possible to extend the field model in WARP3D to
account for a variety of physics effects from nearly
first principles. One can combine a detailed
simulation of a single beam (in electrostatic or
Darwin approximation) with field solutions over a
larger multi-beam domain (assuming the beams
behave similarly), relaxing the approximation of
closely-spaced plates made in Section 4. A
formalism for carrying this out has been developed
[13].

Finally, as noted above, the Darwin model may
prove useful in several contexts. That description
omits electromagnetic radiation and retardation
effects, but is valid for low- to moderate-frequency
behavior in an HIF driver. Straightforward time-
differencing of the Darwin equations, unstable in

Fig. 7. Longitudinal phase space after 19.5492ms (977.5m): (a) no inductive self-forces or ears correction; (b) with inductive self-forces
and ears correction. Vertical lines are fiducials.

A. Friedman et al. / Nuclear Instruments and Methods in Physics Research A 464 (2001) 653–661 659

X. ACCELERATORS AND ION SOURCES

Friedman et al, NIM A (2001) 
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NDCX-II 
•  beam spots size with radius r < 1 mm within 2 ns FWHM and approximately 1010 ions/pulse.  
•  0.02 A à 0.1 mA à 0.6 A 

Approaches: Neutralized drift compression (NDCX-II), 
electron beams (Umd), Paul traps (PPPL, HU), FAIR (Germany).  

Ion source and 
injector, 500ns

TargetLinac custom waveforms for 
rapid beam compression

Neutralized drift 
compression 
and final focus

1.2 MeV Li+ 
1.3 mm FWHM 

Z=10 m 
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Other approaches: High intensity beam physics in unexplored 
regimes using scaled devices 

Can an extreme space charge beam be transported and accelerated over 
long distances? 
–            UMER         –  Paul traps 

Also, at PPPL: Paul Trap Simulator 
Experiment to Model Intense-Beam 
Propagation in Alternating-Gradient 
Transport Systems, Gilson, et al, Phys. Rev. 
Lett. 92, 155002 (2004). 

Longitudinal confinement and matching of 
an intense electron beam,  
Beaudoin, et al., UMd., Phys. Plasmas 18, 
013104 (2011) 

induction cell located at RC4 using current profiles from
RC10, an assumption of the erosion rate between chambers
is made. Head and tail durations measured at RC10 are
!head, 0.41 ns; tail, 0.46 ns" smaller at RC4. The initial ap-
plied focusing field is matched to the beam head/tail so that
the 10.1 ns applied head focusing field is positioned at turn 3
and the 5.4 ns tail field at turn 2.

Once the timing of the initial focusing fields is deter-
mined, a repeated application of the focusing can be used to
capture the beam for at least a thousand turns. This enables a
significant increase in our ability to observe the long term
evolution of a space-charge-dominated UMER bunch. Figure
6 displays the evolution of the beam length for over a thou-
sand turns at various values of the applied focusing gradi-
ents. The frequency of the applied fields was one application
every six turns !or 844.333 kHz". The beam length is mea-
sured from the head to tail using the points at which the
current was 10% of the peak bunch current.

The transients in beam length were significantly reduced

as the gradient was increased over the ranges indicated in the
legend, as shown in Fig. 6. The beam length also settled
down to a constant length despite the periodically applied
fields. Note that the plotted beam length does not account for
differences in current loss when the applied focusing fields
were varied, such that total charge is not conserved among
the traces.

The frequency of the applied fields was also varied for
each of the focusing gradients. In each case, the average
beam length and standard deviation calculated over a thou-
sand turns, is shown in Figs. 7!a" and 7!b".

The data shows that with higher focusing frequencies, a
smaller gradient is required in the cell to achieve beam
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FIG. 7. !Color online" !a" Average beam length and !b" standard deviation
for various focusing gradients at six different frequencies, calculated over a
thousand turns. The bottom horizontal axis is the head focusing gradient and
the top horizontal axis is the tail focusing gradient. The plotted beam length
and standard deviation does not account for current loss.

(a)

(b)

FIG. 8. !Color online" Three-dimensional view of the measured beam cur-
rent at RC10 as a function of turns.

FIG. 9. !Color online" Measured beam current profiles, displaying the waves
launched from imperfections in the applications of the confinement fields.
For clarity, starting from turn 30, each trace is shifted by 0.1 mA from the
previous.

013104-5 Longitudinal confinement and matching… Phys. Plasmas 18, 013104 !2011"

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
131.243.223.226 On: Sun, 02 Mar 2014 19:12:10
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Impact on plasma science and related disciplines 

Understand and control ion beams in novel intensity and space charge regimes  
•  advanced induction, RF  and laser-plasma accelerators  
•  probes of warm dense matter, for applications in materials science, and the 

development of fusion materials. 
Understand the limits of bunch compression  
•  has been used at lower intensities to increase current in a number of large ion 

accelerators (e.g.,GSI, KEK). Any application requiring high peak current will benefit 
from these studies.   

•  Beams passing through plasmas for, e.g.: 
•  beam focusing toward an inertial fusion target and  
•  bunch compression of an intense beam 

Astrophysical phenomena, collisionless shocks and streaming instabilities 
•  Experiments described above will not create collisionless shocks,  
•  ability to study the interaction between the charged ion beam and the neutral 

plasma in an accessible experimental and diagnostic setting  
•  The plasma density can be monitored and the influence of the plasma and 

magnetic field on the beam can be both be tracked experimentally. 
Contribute to precise control of beam conditions using future laser-plasma ion 
acceleration facilities, e.g., BELLA-i. 
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Questions asked by the Panel on July 31 

Can all of the proposed research be carried out with existing 
facilities? 

Yes, with minor modifications and in some cases minor 
fabrication costs.  The three examples given may be carried 
out on the Neutralized Drift Compression Experiment at LBNL 
in very close to its present configuration.  Diagnostics either 
exist or may be readily assembled.  By themselves the 
experiments would be significant and yield new results 
comparable to advanced simulations for which the 
computational tools (e.g., LSP, Warp) already exist.  
Furthermore the results would be enhanced by 
complementary and independent experiments at other 
facilities (eg, University of Maryland Electron Ring, Paul 
Traps at, e.g., PPPL and Hiroshima University). 
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Summary of the significance to plasma physics 

Significance: How are intense charged-particle beams transported in and how 
does their energy couple to high energy density plasmas?  This is tightly 
coupled to the FES strategic goals on high energy density plasma science and 
the fundamental understanding of a wide range of basic plasma science, 
including non-neutral plasmas. While creating new opportunities to study WDM, 
the beams are themselves an exciting platform for fundamental research. 

 This interplay between neutral plasmas and the high intensity (non-neutral) 
beams is, for example, subject to rich wave dynamics in unexplored parameter 
ranges. The unusually high current and brightness with MeV-and-above ion 
bunches entering and exiting neutral and relatively cool plasmas provide a 
venue to explore and control collective effects for new applications.  
Approach: All of the proposed research may be carried out with existing 
facilities with minor modifications.  The relevant advanced simulation tools are 
in hand.  For example, exploration of the two-stream instability, collective 
focusing and pushing the limits of longitudinal compression of an ion bunch 
may be carried out on the Neutralized Drift Compression Experiment at LBNL in 
very close to its present configuration.  Valuable complementary research, for 
example, using electrons to mimic ions (UMd) should also be supported. 


