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LBNL is advancing these topics for fusion energy sciences 

1.  High dose-rate irradiation of materials with pulsed ion 
beams at NDCX-II  (LLNL, PPPL, SNL, TU-Darmstadt, 
Lanzhou U., U. Washington)   
 

2.  High intensity laser-generated ion beams with Bella-i 
for materials research and warm, dense matter / 
HEDP 
 

3.  MEMS-based accelerators for plasma heating 
(Cornell) 
 

4.  High Tc superconducting magnets for high-field 
tokamaks (U. Houston, Tufts, 
Advanced Conductor Technologies) 
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Intense, short ion pulses for materials studies and fusion 
science 

Lower intensities: 
defect dynamics in materials 

! fusion materials  

isolated 
cascades 

overlapping 
cascades 

amorphization 
and melting 

warm (~1 eV),  
dense matter 

1-30 nC, 0.3 -1.2 MeV, few mm2, ~1-30 ns 

Higher intensities: 
extreme chemistry and warm dense matter 
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NDCX  ---    Bella-i  



 
 

NDCX and Bella-i advance intense beams, beam-plasma 
physics, materials, warm dense matter science 

•  At NDCX, we have generated ns ion pulses with peak dose rates of >1020 ions/cm2/s with high 
reproducibility.  Repetition rate is <1/minute.  Beam r = 1mm, t = 2 ns  

•  We have achieved 2 A peak currents for ns pulses of 1 MeV He+ ions, focused to 0.1 J/cm2.  
•  We are measuring ion energy loss in heated foils 
•  Radiation effects on semiconductor transistors. 
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2 mm 

Synergy: NDCX & Bella-i laser generated ion beams  

NDCX  
He+ beam 



 
 

1. NDCX: Exploring the dynamics of the disruptions due to rapid 
heating using the 3D multi-physics, multi-material code ALE-

AMR* 
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Opportunity to understand materials dynamics through a solid-
liquid phase transition with rapid, uniform heating. 

•  Work in progress, adding surface tension model to the 
simulation *LIU, KONIGES, GOTT, et. al, Computers and  Fluids (2017)  

…with impurity Pure Sn foil 

preliminary 

1 mm 



 
 

NDCX: Radiation Effects Studies with Intense Pulses of 
Helium Ions on transistors 
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We have explored the effects of high ion flux, short pulse irradiation on the 
Messenger-Spratt damage factor using Microsemi 2N2907 pnp transistors. 
We have applied an ion flux of 1018 – 1019 ions/cm2/s  per ~10 ns long helium 
ion pulse (1 MeV). 
We have measured late-time gain degradation as a function of ion fluence for a 
series of shots up to  2.5x1011 ions/cm2. 

Ion pulses simulate pulsed 
neutron irradiation*.  
NDCX delivers dose equivalent 
104X n/cm2/s vs IBL @ SNL.  
End-of-range ion energy loss at 
the base-emitter junction, 
where damage leads to gain 
degradation.   

* Aguirre, et al., IEEE Trans. Nucl. Sci. (2017) 

Example of a measured Messenger-Spratt 
curve to determine the damage constant  

E. Bielecek, SNL 

Schenkel, et al., J. Rad. Effects, Res. Eng. (2017) 
Ludewigt, et al., JRERE, submitted (2017)  
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•  (ultra)-relativistic plasma science at 1 Hz 
•  fundamentals of laser ion acceleration  
•  laser based ion beams and neutron pulses as 

a tool for discovery plasma science and 
applications 

•  collaborative research facility 

2. BELLA-i can have transformative impact in High Energy Density 
Physics due to the 1 Hz rep rate and superb laser quality 

Q. Ji                     S. Bulanov       S. Steinke 

J. Bin                   J. Park 
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We have commenced ion acceleration experiments at BELLA-i 

1um Ti 

5um Ti 
0.8 PW 

Charge states up to 
Ti11+, C5+, O6+ 

5 shots averaged 

•  Ti tape drive target for extended 1 Hz operation 
•  Low ion pulse divergence, high ion number, 

publication in preparation, S. Steinke, Q. Ji, J. Bin, S. 
Bulanov, and BELLA team 

Thomson parabola 



 
 

Transport	of	1012	ions	at	5-10	MeV	to	EMP-free		environment	
possible	with	plasma	lens	

Ac>ve	plasma	lens	to	focus	an	ion	beam	to	a	500µm	spot	1m	downstream	of	plasma	lens:	

Charge	distribu>on	at	WDM	target:	

0.5mm 

0.5mm 

0.5mm 

discharge current: 1012 ions in 
3ns, 0.25mm2 

van Tilborg et al., PRL 184802 (2015);
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HYDRA,	
Temperature	



 
 

3. In the first two years we have developed the first 
MEMS based multi-beam accelerator 
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A. Persaud, Q. Ji, E. Feinberg, P. A. Seidl, W. L. Waldron, 
T. Schenkel, A. Lal, K. B. Vinayakumar, S. Ardanuc, D. A. 
Hammer, Rev. Sci. Instr. 88, 063304 (2017),  
http://dx.doi.org/10.1063/1.4984969, cover, June 2017 

10 cm 

Funded by the ARPA-e 
alpha program 



 
 

We demonstrated electrostatic quadrupoles (ESQ) to re-focus the 
ion beams for efficient transport both in PCboard and silicon 
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laser cut PC board                                                   Silicon wafer 
 ESQ field  
distribution  



 
 

We now operate a multi-beam accelerator formed from a stack of PC boards  
•  Next step is scaling to higher beam current (from 50 µA to >1 mA) and higher 

beam energy (10 keV to >100 keV) 
•  This will be highly competitive/disruptive for mass spectrometry, neutron-

generators, surface treatment, ion implantation, plasma diagnostics, … 
•  Scaling to ~1 MeV/m and >1 A for plasma heating will follow  

•  e.g., Neutral beam injectors for MFE, where electrostatic MV holdoff is 
challenging. 

Outlook: building a 300 keV compact accelerator 
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1:1 model of a  
300 keV accelerator 
for argon ions  
at 20 MHz 

50 cm 



 
 

4. LBNL magnet development for high field tokamaks: quench 
protection, electromechanical performance, and feedback to 

industrial manufacturers 
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Tapes ! fusion scale cables: A curvature-
based method for cable and magnet 
designs based on CORC® cable &stacked 
tapes 

•  , X. Wang et al., IEEE Trans. Appl. 
Supercond., 
https://doi.org/10.1109/TASC.
2017.2766132 

•  F. Pierro et al, presentation at MT25, 
September 2017, 
https://indico.cern.ch/event/445667/
contributions/2564508/ 

Instrumented U-
spring sample 
holder made of 
Aluminum-Bronze 

•  First results on the Ic-strain dependence on 
the latest 2-mm wide, 30 µm thick 
substrate commercial REBCO samples. 

•  Observed 8% reduction in Ic with 0.46% 
tensile strain (data shown is reversible) 

Characterize the electro-
mechanical performance of 
REBCO conductors 

Collaborate with the community 
to characterize the transport 
performance of advanced REBCO 
tapes and cable prototypes  

Wire Je ~ 300 A/mm2 at 15 T, 4.2 K 

Leverage the HEP programs to develop and 
evaluate advanced concepts for quench 
detection  

•  M. Marchevsky et al.,EUCAS, 2017 
•  M. Marchevsky S. A. Gourlay, doi:10.1063/1.4973466 

Thermo-
acoustic 
quench 
detection 

Bending<-> performance 



 
 

LBNL is advancing these topics for fusion energy sciences 

1.  High dose-rate irradiation of materials with 
pulsed ion beams at NDCX-II  
(LLNL, PPPL, SNL, TU-Darmstadt, Lanzhou 
U., U. Washington)  
 

2.  High intensity laser-generated ion beams 
with Bella-i for materials research and 
warm, dense matter / HEDP 
 

3.  MEMS-based accelerators for plasma 
heating (Cornell) 
 
 

4.  High Tc superconducting magnets for high-
field tokamaks (Houston, Tufts, ACT) 
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The team 
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J. Bin, I. Breinyn, S. Bulanov, S. de Leon, K. Gott, Q. Ji, A. Koniges,  
M. Marchevsky, J. Park, A. Persaud, S. Prestemon, W.L. Waldron,  
D. Raftrey, P. Seidl, S. Steinke, T. Schenkel, LBNL 
A. Lal, D. Ni, K.B. Vinayakumar, Cornell University 
J.J. Barnard, A. Friedman, D.P. Grote, LLNL 
E.P. Gilson, I.D. Kaganovich, PPPL 
A. Stepanov, U. Washington 
F. Treffert, TU Darmstadt, Germany 
E. B. Bielejec, B. Vaandrager, Sandia Nat Lab. 
X. Kong, Lanzhou University, China 
Univ. of Houston 
Tufts Univ. 



 
 

Thank you! 
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We envision that the compact RF accelerators fit in the 
footprint of the DEMO NBI system 

P. Sonato et al

3

(work package on tritium fuelling and vacuum), is repre-
sented by the mercury diffusion pumps [15].

2. Definition of DEMO NBI requirements
The envisaged requirements of the DEMO NBI, agreed within 
the EUROfusion working group on heating and current drive 
after several discussions, are reported in table 1, where a com-
parison with the ITER NBI ones is also reported.

These requirements refer to the case ‘advanced DEMO NBI’, 
while the requirements for an ‘ITER-like DEMO NBI’ are close 
to those of ITER, except for the duration of the beam on time 
(two hours instead of one). In fact, in this last case the DEMO 
NBI would be an improved version of the ITER NBI, taking into 
account the DEMO operating scenario and an energy recovery 
system for the residual ions. It can be noted that the requirements 
of the advanced DEMO NBI are similar, but not identical to the 
ones of the ITER NBI. Namely, it can be observed that:

 • A value of 800 keV has been chosen for the present con-
ceptual design of the DEMO NBI. This value is slightly 
decreased compared to the ITER one (1 MeV) to improve 

the overall reliability of the NBI system integrated into 
the reactor [16]. In fact, there is currently no official beam 
energy value specified in the DEMO requirements. On 
the other hand, the voltage holding of 1 MV DC potential 
in presence of magnetic fields can be obtained only with 
optimal conditions of the electrode surfaces, in terms of 
smoothness and vacuum conditions.

 • The maximum ion source filling pressure has been 
decreased from 0.3 to 0.2 Pa, to increase efficiency. In 
fact, the beam losses in the accelerator are strictly linked 
to the gas density in the accelerator, that in turn is propor-
tional to the pressure in the ion source.

 • The maximum divergence of the beamlets must be very 
small (less than 7 mrad for each beamlet) in both cases, 
allowing a large fraction of the particles to reach the 
plasma inside the main chamber.

 • The required total accelerated current has been decreased 
by about 15%, to increase availability of the NBI. In fact, 
high values of accelerated currents are currently obtain-
able only in the case of a perfect set up of the ion source, 
that is likely to be obtained only in particularly optimized 

Figure 2. Overview of the DEMO NBI with the main components and a sketch of the grids of the modular extraction acceleration system.

Nucl. Fusion 57 (2017) 056026
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Nucl. Fusion 57 (2017) 056026 P. Sonato et al. 

modular: 
2x10 RF 

sources and 
injectors 



 
 

Assume 60 Amps total current, 1 MeV D-, 3 NBI ports on 
tokamak.  Each NBI has: 

•  46 accelerators, two rows per injector system  
•  Accelerator components:  

o  6-inch square wafers, 2 cm border on wafer. 
o  1080 beamlets/wafer,  total current 0.43 A. 

•  Room for pumping/conductance 
o  4 cm gap between accelerators 

•  Accelerators can be angled to achieve overall convergence 
to match port area at tokamak wall 

•  Assume injector J = 20 mA/cm2 
o  Beam-beam pitch = 3 mm 
o  2x margin for losses: Plasma source aperture  dia = 1 mm,  

inject 0.62 mA/beamlet (@ 20 mA/cm2), but need 0.32 mA/
beamlet 
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Accelerator array for NBI system is a converging group of 
beams injected into neutralization system.  1 MeV, 20 A 
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Neutralization 
section 

4.5 m 

2-4 m 

Residual ion dump 

Neutron-dump 

3.5 m 



 
 

Accelerator array for NBI system is a converging group of 
beams injected into neutralization system.  1 MeV, 20 A 
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2 rows,  
23 accelerators/row neutralization 

RID 
N-dump 

Tokamak 
beam port 



 
 

NDCX and Bella-i advance intense beams, beam-plasma 
physics, materials, warm dense matter science 

•  We have generated ns ion pulses with peak dose rates of >1020 ions/cm2/s with high reproducibility.  
Repetition rate is <1/minute.  Beam r = 1mm, t = 2 ns  

•  We have achieved 2 A peak currents for ns pulses of 1 MeV He+ ions, focused to 0.1 J/cm2.  
•  We are measuring ion energy loss in heated foils 
•  Based on new results, we will: 

•  Push the limits and testing the understanding  
of intense beam physics for inertial fusion and  
other applications. 

•  Dynamics of radiation effects and fusion  
materials science 

•  Radiation effects on semiconductor transistors. 
•  Workshop on Dynamics of Radiation Effects,  

Dec 15-16, 2016, Berkeley Lab 
•  Theory and simulations of the dynamics of  

radiation effects in materials; 
•  Excitation sources such as pulsed plasmas and pulsed ion beams paired with in situ probes such 

as Ultrafast Electron Diffraction, pulsed x-rays, optical and ion scattering techniques 
•  Synergistic: Bella-i laser generated ion beams  

21 
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First commissioning shots show narrow divergence beams 
at expected ion energies 
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2 cm 

12J on target, 5x1018 Wcm-2   
13um Aluminum   
Ion energies up to 4.5 MeV 
Divergence (FWHM) 150mrad 

Experiment Parameters 
1 MeV 4.7 MeV 

250 mrad 250 mrad 

RCF film 
stack 

13um Al target 



 
 

•  beam spots size with radius r < 1 mm within 2 ns FWHM and approximately 1010 ions/pulse.  
•  0.02 A ! 0.1 mA ! 0.6 A. 

The NDCX-II induction accelerator compresses beam  
to ns and mm bunches on target.  

Ion source and 
injector, 500ns

TargetLinac custom waveforms for 
rapid beam compression

Neutralized drift 
compression 
and final focus

Z=10 m 
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P.A. Seidl, et al., NIM A800 (2015)


For I >10 A: Q=2qI/(4πεoMv3) ~ 10-2 

Unique opportunity to study 
intense beam and beam plasma 
physics. 
•  Stepanov, et al., “Optimizing Rapidly 

Compressing Beams…” MRE (2017) 
submitted. 

affected by some large oscillations which are most likely caused by fast moving electrons. Extrapolating
the data backwards, it can be expected that around 70 (±10) nC are injected and reach the first CM.

Figure 4.5 CM profiles of the beam after switching to helium and to a 3 grid system. The beam
current remains constant around 100 mA after the injector and the charge is com-
pressed into an 270 mA beam with a FWHM of 70 ns. The first two CM profiles are
cut o� because of signal oscillations caused by fast electrons.

Figure 4.6 CM integrated charge. The first two charge points are lowered because the current
monitor profiles in Fig. 4.5 are cut o�, but are expected to be around 70 (±10) nC.
The total charge is reduced to 40 nC until CM 5 but remains constant until cm 8. The
total FWHM charge of CM 8 is around 23 nC and can be accelerated by the Blumleins.
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Extensive integration of PIC 
simulations:  Snapshot of the X-Z 
projection shows rms properties & 
halo particle loss… 

Applied accel and 
bunching V(t) from 

database




 
 

1.1 MeV He+, no target 

With a Thomson Parabola spectrometer we measure the 
transmitted particle energy distribution and species identification 
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" B field deflection 

He+ 

1.1 MeV He+ on 1 µm Si 

F. Treffert, TU-D, Masters thesis 

1.1 MeV He+ on 1 µm SiN 

ΔE ≈ 0.54 MeV  

0o   (channeling) 

ΔE ≈ 0.32 MeV  

Pixel resolution ∂E ≈10 keV 
Exploring intensity and dose rate effects 

He2+ 



 
 

Dose rate e↵ects on PVT scintillator damage with NDCX-II

Dose rate e↵ects on PVT scintillator damage with NDCX-II
M. Zimmer,

1
A.Persuad,

2
P.A. Seidel,

2
Q.Ji,

2
T. Schenkel,

2
and M.Roth

1

1)
Institute for Nuclear Physics, Technical University of Darmstadt,Darmstadt,

Germany

2)
Lawrence Berkeley National Laboratory, Berkeley, CA, US

(Dated: 4 September 2017)

Scintillators are used to detect sub atomic particles and ions with high energies. The light output is pro-
portional to the amount of received ions but especially polymer scintillators degrade over time and the light
output is decreased. In most of the cases, the dose rate dependency of this degradation is neglected and only
the total dose is taken into account. This paper will point out the the importance of the dose rate dependency
of scintillator damage at high dose rates using the antracene doped polyvinyltoluene scintillator RP-400 as an
example. The light output of the scintillator is observed after the absorption of He+ ions with di↵erent dose
rates. The ions are provided by the linear induction accelerator NDCX-II at the Lawrence Berkeley National
Laboratory. The decay of the light output shows significant dose rate dependencies.

Keywords: polyvinyltoluene, radiation damage, NDCX-II, scintillators

I. INTRODUCTION

Organic scintillators like polyvinyltoluene (PVT) are well
known to su↵er from radiation damage from ion irra-
diation. The main contributing factors to this damage
are dehydrogenization and carbonization1 of the poly-
mer that reduce the conversion from kinetic energy into
light on one side and the formation of color centers that
reduce the transparency on the other side2. Often in
larger detectors this loss of luminosity can not be di-
rectly measured and is estimated by the dose the scin-
tillator has received. With this estimation, the time
in which this dose is gained is neglected and it has al-
ready been demonstrated3 that dose rates can have an
impact on the decrease of luminosity of plastic scintil-
lators. These experiments have been conducted with
current densities at the order of nA/cm2. In contrast
to that, with the Neutralized Drift Compression eXper-
iment (NDCX-II) it is possible to use current densities
up to 9 orders of magnitude higher than previous exper-
iments which enables insights for scintillator damage at
much higher dose rates. Experiments by Torrisi1 have
shown that the damage dealt to the scintillator base ma-
terial is proportional to S4 with the stopping power S for
S smaller than 300 keV/µm and enters a regime of satu-
ration for higher stopping powers. If this saturation is a
result of the local dose rate in the scintillator caused by
the high energy deposition per volume, then several ions
with a lower stopping power irradiated on the same area
should have a similar e↵ect.

II. EXPERIMENT

The linear induction accelerator NDCX-II at the
Lawrence Berkeley National Laboratory can accelerate
Helium ions up to 1.2 MeV and creates with ramped ac-
celeration voltages an inverted velocity profile that leads

to short ion pulses down to 2 ns pulse duration with over
3 ·1010 ions per bunch. For this experiment the induc-
tion cells are turned o↵ and NDCX-II is operated with a
200 keV He+ beam with a 10 nC in 1µs. This equals a
current of 10mA with a radial beam profile of a double
Gaussian distribution:

I(r) = A · exp (r � µ1)2

2�2
1

+B · exp (r � µ2)2

2�2
2

(1)

This distribution is measured with the PVT based scin-
tillator RP-400 and the light output is collected with a
gated CCD camera. This image can be seen in figure 1
together with the applied fit function. Since the total
charge hitting the target is known from a fast Faraday
cup measurement and the total light output can be cal-
culated by an integration over the whole CCD camera
image, a conversion factor from image pixel intensity to
the amount of charge hitting that pixel area can be cal-
culated.

FIG. 1. Left: Scintillation image taken with a fast CCD cam-

era. Right: Beam profile and fit with the corresponding flu-

ence.

Scintillator luminescence shows dose effect from intense 
helium ion bunches 
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Fast CCD camera 

Streak camera 

Focused and defocused beam to explore dose rate effect. 
•  Lifetime loss from increased temperature  (ΔT ≈ 60 C).  
•  Bond breaking (C-H) ! color centers decrease transparency. 
•  Thermal annealing of color centers, restoring transparency. 
Zimmer, et al, “Dose rate effects ... PVT”, in preparation 

t 

λpolyvinyltoluene (PVT) 

loss of light emitted.

This is a highly counter intuitive result, so the data from Fig. 4.12 will be displayed in a different form
for a better understanding.

Figure 4.13 Red: The average light output after 20 shots for pixels with di�erent distances from
the center divided by the light output from the first shot for those pixels. It is sig-
nificant that the relative intensity is dropping for larger distances. Blue: Normalized
beam intensity profile corresponding to the distance to the center in pixel units. The
correspondence between the beam shape and the loss of intensity is clearly visible
until r = 19 px.

In Fig. 4.13 the relative intensity after the last shot is displayed according to the distance to the center
of the beam. Here the correspondence to the beam profile is clearly visible until r = 20 px, but after that
the behavior changes. The region with the lowest decay is around r =30 px and after that the decay is
increasing again. As the dose is steady decreasing for outer radii, this behavior can not be explained by
a single effect just depending on the stopping power of the ions.

To understand why the right part with the lower current density in Fig. 4.13 is not experiencing less
damage as the current decreases, the results of L. Torrisi [13] have to be considered. In Fig. 4.14 the
mass quadrupole spectrometer signal is proportional to the amount of C2H2 desorbed from PVT after

45

105 Gy/shot 



 
 

1.15	MeV He	on:
800	nm	Au
400	nm	Si
2000	nm		Al
120	nm	Pt
500	nm	Sn
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1.15 MeV He on Aluminum1.15	MeV He	on:
800	nm	Au
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2000	nm		Al
120	nm	Pt
500	nm	Sn
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1.15 MeV He on Aluminum

Helium pulses with 100 mJ/cm2/shot @ edge of tin 
melting plateau 

J. Barnard 

26 

 0.5 µm Sn 
experiment 



 
 

Fast Faraday cup 
Q = 4 nC, 6 ns FWHM  

Heating 0.3-µm foil Tin with a short-pulse helium beam 
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Peak fluence:  
0.035 – 0.045 J/cm2 

E = 0.8 MeV 

Scintillator image 

Foil under microscope 
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Inspection of 0.5 µm Sn foil after Qtot = 12-nC/beam pulse 
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  1 shot/target position  
>1 shot/target position 

Backlight view shows tiny holes 

2 mm 1 mm 



 
 

We measure the energy loss of transmitted ions in heated 
targets via TOF, Thomson Parabola spectrometer 
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12 nC  
He+ 

scintillator 

0.5 µm Sn 

FC-t 

FC-d 

Exploring 
dose rate 
dependence 

Opportunity to probe material response to short-
pulse ionizing radiation (t, λ), e.g., channeling of 
ions in crystals 



 
 

We welcome visitors and collaborations! 
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•  We are doing target experiments with >10 nC/pulse, 2-40 ns, r ≈ 1mm, >1/minute. 
•  We have developed a close coupling of particle-in-cell modeling to the experiment. 
•  These intense pulsed ion beams now open opportunities in the materials physics of 

radiation with in situ access to multi-scale defect dynamics, radiation effects in 
semiconductors, intense beam and bam-plasma physics 

•  Synergistic: Bella-i laser generated ion beams -- Park TP11.47, Steinke YP11.65 



 
 

We have achieved 2 A peak currents for ns pulses of  
1 MeV He+ ions 

•  1.1 MeV (He+), 12 nC (7.5x1010 ions)  ! 13 
mJ 

•  ~180 mJ/cm2 @ peak, 2 mm FWHM 
•  Uniform energy deposition into a 2 micron 

silicon foil with ~ 6x103 J/cm3 
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Highest fluence achieved 0.7 J/cm2 for longer pulse duration. 



 
 

Diagnostics include fiber-coupled streak spectrometer, II-CCD, 
Fast detectors for TOF, channeling and energy loss experiments. 
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Target chamber available diagnostics: 
•  Scintillator + CCD camera, Fast Faraday cup (FFC) 
•  Streaked optical spectrometry (10 ps) 

Induction Core 
Ferro-Electric Plasma Source 
Cathodic Arc Plasma Source  
Light Collection system  
Beam Position Monitor  
accel. Gap 

20 µs movie  
 
 
 
 
 
of FEPS plasma 

Scintillator beam  
image for  
solenoid tuning 

B= 8 T 

New: 
Thomson 
parabola 



 
 

NDCX advances intense beams, beam-plasma physics, 
materials science and radiation effects 

•  We have generated ns ion pulses with peak dose rates of >1020 ions/cm2/s with high 
reproducibility.  Repetition rate is >1/minute.  Beam r = 1mm, t ≈ 2 ns  

•  Injecting  ~100 mA of He+, we have achieved 2 A peak current for ns pulses of 1 MeV He+ 
ions, focused to 0.1 J/cm2.            
o  ( 0.7 J/cm2 for longer pulse) 
o  Next experiments with proton beam. 

•  We are measuring ion energy loss in heated foils, Sn, Si, SiN 
•  radiation dose and dose rate effects on transistors and diodes 
•  Based on new results, we will: 

•  Push the limits and testing the understanding of intense  
beam physics for inertial fusion and other applications. 

•  Radiation effects testing and fusion materials science 
•  Phase transitions and extreme chemistry and materials  

synthesis far from equilibrium  
(e.g. nitrogen vacancy centers, novel alloys, …) 
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2 mm 

Jitter: σx,y < 0.1 mm 



Routinely use particle-in-cell simulations to to validate our understanding of the 
high intensity beam physics and to help optimize the performance of the 

accelerator, compression and focusing for target experiments. 
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1. Beginning with model of 
plasma ion (He+) source 
injection, the experiment 
voltage waveforms are 
imported from DAQ 
database & applied to the 
2D Warp simulated 
beam… 
                    # 
 

-- V(t) from database 
-- Warp modeled beam 

3. Results are directly compared 
to the experiment beam            ! 
diagnostics.  From these, adjust 
focusing, waveforms, timing, then 
go to #1. 

-- Experiment diagnostic 
-- Warp modeled beam 

2. Snapshot of the X-Z 
projection shows rms 
properties & halo particle 
loss… # 

Applied accel and 
bunching V(t) from 

database


 ≈10 min/run/processor, we do ≈10 
parralel simulations, vs 1 shot/min in 
the experiment




 
 

To determine the kinetic energy distribution for each shot, 
we have simulated each shot with Warp PIC.   

Low energy ions do not reach the sensitive layer. 
Analysis will separate range effects from possible dose rate effects. 

E = 1.07 MeV E = 0.90 MeV 
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Opportunity to probe material response to short-pulse  
ionizing radiation (t, λ), e.g., channeling of ions in crystals 
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T. Schenkel et al., Towards pump–probe experiments of defect dynamics with short ion beam pulses, NIM B 315 (2013)


Beam 

Target 
Faraday  
Cup 

α 

Time [µs]  

1 µm target   E0=287 keV 

F-cup 
+ target 

F-cup only 
x 0.1 

Li 135 keV  Si 250 nm 

C
ur

re
nt

 [m
A

] 

C
ur

re
nt

 [m
A

] 

Aperture 

Rotation, α  [degree] 

cu
rr

en
t 

Loss due to  
damage 
build-up 

time 



 
 

The neutralization of the beam space charge defocusing is 
essential for obtaining higher focused intensity 
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plasma no plasma 



 
 

With pulsed ion beams we can probe the radiation effects 
on materials and warm dense matter research 

Novel opportunities with short, intense 
pulses to probe material response to 
radiation in the time domain. 
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e.g., single shot ionoluminescence of YAP:Ce 
measured with a streaked optical spectrometer.  
P.A. Seidl, et al., NIM A800 (2015)
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Strong collective focusing of an ion beam in a plasma and 
a weak magnetic field 

•  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 Tesla! ~102 Gauss 

Can this be used to great advantage in high intensity ion beams?  
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Particle-in-cell (LSP) simulation using the collective focusing effect to focus the high 
intensity beam using a weak magnetic field and a plasma. 

Dorf, Davidson, Kaganovich, 
Startsev, Phys. Plasmas (2012)




 
 

Complementary aspects of intense, pulsed ion beams 
from accelerators 
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Fair NDCX-II (goal) 

Ions/pulse 
(total) 

~1010 - 1012 1010 (3x1011) 
 
 

Pulse length 40-100 ns 2 ns (~1 ns) 

Typical spot size ~1 mm2                        1 mm2                        

Ion species H, C, …, Au He (also H and 
higher Z) 

Ekin 0.4 – 1 GeV/u 0.12 - 1.2 MeV 

Energy spread low ~10% 

Repetition rate fast 2/min 

Target temp.  few eV, to ~100 eV <0.1 eV (~1 eV) 

Radiation 
environment at 
the target 

Intense, requires 
shielding 

Benign, no 
shielding 
required 

Heated volume > mm3 ~1 mm2 x 5µm 
=5x10-3 mm3 
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Two-stream instability of an ion beam propagating in 
background plasma


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

•  For new high-intensity ion beam systems, plasma is introduced to cancel the 
defocusing space charge force. 
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Beam density contour at t = 100 ns  
(1 m propagation). 

Tokluoglu, Kaganovich, PPPL, Phys. Plasmas (2015) 

Beam density contour at t = 300 ns  
(3 m of propagation).  

Z(cm) Z(cm) 

x(
cm

) 

NDCX-II beam parameters  
rb=1 mm.  

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

[Kaganovich, APS-DPP invited] 



 
 

Demonstrate removing a large velocity spread from a high space charge 
beam via drift compression.   
Reduces chromatic aberrations in the final focusing elements. 

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 

Pulse shaping: pump-probe  
for materials  

studies 

ideal 

More realistic 

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

J. W-K. Mark, et al. 

simulated 
line-charge 
profile 

Double pulsing  
@ NDCX-II 
(preliminary) 

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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We can probe the materials physics of radiation damage in 
situ on short time scales with pulsed ion  beams at NDCX-II 
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One intriguing possibility is the use of pulsed ion beams to enable a “pump” 

that could in principle be “probed” in the time scale of the modification. This 

tool could transform our understanding of ion induced damage in the 

context of the complex evolving, reconstituted materials under fusion 

reactor conditions. (P. 116) 


