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We	  have	  formed	  ~16	  ns	  long	  pulses	  
with	  peak	  currents	  up	  to	  1	  A,	  (r	  ≈	  5	  
mm)	  with	  Lithium	  ions,	  and	  have	  
begun	  experiments	  with	  K+	  ions.	  	  
	  
We	  are	  preparing	  shorter	  pulses	  (~1	  
ns)	  and	  smaller	  focal	  spots	  30-‐nC	  
bunches.	  
	  
Such	  pulses	  can	  give	  access	  to	  defect	  
dynamics	  on	  a	  1	  to	  600	  ns	  Lmes	  scale.	  	   

Current	  trace	  for	  a	  single	  ion	  pulse	  compressed	  to	  16	  ns	  (FWHM)	  
(Li+,	  280	  keV,	  25	  nC),	  T.	  Schenkel,	  et	  al.,	  Nucl.	  Instr.	  Meth	  B	  315,	  
350	  (2013)	  
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NDCX-II is a unique facility for discovery science with intense, 
pulsed ion beams 

Our goals:  
•  Short, intense ion pulses for isochoric heating of solids to Warm Dense Matter states 
•  Access to defect dynamics in pump-probe type experiments with ion beam as pump 
•  With NDCX-II we can access to the physics of very intense ion beams and non-neutral 

plasmas.  Relevant to accelerator physics and fusion research 
NDCX-‐II,	  the	  Neutralized	  Dri1	  
Compression	  Experiment,	  a	  short	  
pulse	  ion	  accelerator	  at	  Berkeley	  Lab	  

Beam	  parameters	  
•  Pulse	  length	  0.6	  ns	  (currently	  ~20	  ns)	  with	  2	  shots/min.	  	  
•  ~10	  to	  50	  nC	  (3x1011	  ions/pulse)	  
•  Beam	  spot	  r	  ~1	  mm	  (currently	  ~5	  mm)	  
•  1.2	  -‐	  3	  MeV	  (currently	  0.3	  MeV)	  
•  Ions:	  Li,	  K…	  	  (He,	  other	  noble	  gases	  in	  progress)	  

Current	  trace	  for	  a	  single	  ion	  pulse	  compressed	  to	  16	  ns	  (FWHM)	  (Li+,	  
280	  keV,	  25	  nC),	  T.	  Schenkel,	  et	  al.,	  Nucl.	  Instr.	  Meth	  B	  315,	  350	  (2013)	  
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Nano-‐second	  ion	  pulses	  
(“pump”)	  

Lower	  intensiYes:	  
defect	  dynamics	  in	  materials	  	  

NDCX-‐II	  provides	  uniquely	  intense,	  short	  ion	  pulses	  with	  high	  
reproducibility	  and	  tunability	  

isolated 
cascades 

overlapping 
cascades 

amorphization 
and melting 

warm (~1 eV),  
dense matter 

~40 nC, 1.2 MeV, ~1 mm2, ~1 ns 

1-30 nC, 0.3 MeV, ~10 mm2, ~20 ns 

Ions deposit energy via elastic and inelastic collisions with target electrons and nuclei 
Ions can couple to atoms directly via elastic collisions, complementary to laser heating  

A. Friedman, Warp 

Higher	  intensiYes:	  
Warm	  Dense	  Ma^er,	  
isochoric	  heaYng	  	  
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With ion pump-probe experiments we can access the dynamics of 
radiation induced damage in materials from ps to second time 

scales and nm to ~µm length scales 

Understanding the multi-scale dynamics of radiation induced defects is of fundamental 
interest and it is important to benchmark simulations codes and to engineer fusion 
materials for the burning plasma era 

Graph from Peter Pappano, DOE, OFES,  
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NDCX-II has 27 cells (7 powered now, 12 soon), a neutralized drift 
section, a final focus lens, and a target chamber 

modified ATA 
induction cells 
with pulsed  
2.5 T solenoids 

Li+ K+ 
ion 
injector 

final focus solenoid 
and target chamber 

•  neutralized drift 
compression line 

•  plasma sources 
(for space-charge 
neutralization) 

ATA Blumlein 
voltage sources 

oil-filled ATA 
transmission lines 

long-pulse 
voltage sources 

12	  acYve	  cells	  

5 



The ion source and injector supplies a ~ 1 µs beam to the 
front end of the accelerator   

6 

Extraction from a hot-plate (thermionic) 11-cm diameter emitter at 
1000-1250C.    
Eg:  50 mA Li+, 40 mA K+ at 135 kV. 

charging power supply and a snubber network across the output
to limit the amplitude of voltage transients during thyristor
recovery at the end of the current pulse [22]. For 2.5 T operation,
a charge voltage of 3 kV is required to produce a 2.4 ms half-
sinusoid current waveformwith a peak of 7 kA. Because of the low

repetition rate, there is no energy recovery. At the end of the
current pulse, the reverse voltage on the capacitor is dissipated in
a resistor array.

The compression pulsers which drive the first seven active
induction cells are custom spark gap switched lumped element
circuits which are tuned to produce the required cell voltage
waveforms. The tuning of these waveforms is also performed by
changing circuit components in the compensation boxes where
the high voltage feed comes into the induction cell. The ideal
waveforms from the physics design, shown in Fig. 9, were derived
using the 0.0175 V-second limit of the TDK PE11B ferrite in the ATA
induction cell via detailed simulations [9,20,23]. There are active
reset circuits to maximize the available magnetic flux swing from
the ferrite cores. With the exception of the first pulser which is
optionally used at very low voltage to equalize the beam energy
out of the injector, the usable peak voltage range is 30–90 kV and
the ramp duration range is 300–700 ns. Initial cell voltage wave-
forms produced by the compression pulsers for active cells 1–7 are
shown in Fig. 10.

The Blumleins from ATA which drive the last 5 active induction
cells of the baseline configuration were cleaned and some
damaged cast epoxy insulators were replaced with Rexolite 1422.
The only modification to the system was changing the thyratron
switched charging chassis so that it could be charged from a DC
power supply instead of the ATA command-resonant-charging
system. The timing jitter of the compression pulsers and the
Blumleins is 2–3 ns (rms). Measured Blumlein output voltage
waveforms are shown in Fig. 11. These waveforms were used
directly in the physics simulations. The flattop waveform with
70 ns FWHM duration is generated by matching the load impe-
dance to the 12 Ω impedance of the Blumlein while the ramped
voltage waveform is produced by capacitively loading the Blumlein
at the compensation box where the high voltage feed comes into
the induction cell [24].

6. Diagnostic cells

There are six dedicated diagnostic cells which also serve as
vacuum pumping stations. Each diagnostic cell contains a
transport solenoid, a pair of dipole steering magnets, and a set
of four capacitively-coupled beam position monitors (Fig. 12).
The beam position monitors are actually attached to the accel-
erator cell just upstream of the diagnostic cell and the signal
cables are routed through dedicated ports on the diagnostic cell.
The solenoids and their pulsers are the same as the ones used
for the accelerator cells except that the solenoid is housed in a
vacuum tight stainless steel enclosure. The dipole steering
magnets are driven with an electrolytic capacitor bank and an
H-bridge configuration of insulated gate bipolar transistors
(IGBT's) so that the polarity of the output current can be
remotely switched. The maximum peak dipole field is approxi-
mately 300 G. A diagnostic cell upgrade plan has been devel-
oped to implement the retraction of the solenoid assembly in
order to allow the insertion of intercepting beam diagnostics at
any of the diagnostic cell locations along the beamline. The
concept is that the solenoid assembly is pressed against kine-
matic mounts and is supported by a motor driven actuator
which can move the solenoid assembly axially off of the
kinematic mounts, and then move the assembly vertically out
of the beam's path, making room for an intercepting beam
diagnostic without breaking vacuum. A vacuum gate valve
operates in a similar fashion. The prototyping phase of this
upgrade activity will have to demonstrate sufficient accuracy
and repeatability. To monitor the beam current longitudinal
profile along the accelerator, the inactive induction cells are

Fig. 3. Ion source assembly (top image) and filament assembly (bottom image).

Fig. 4. Injector components and beam extraction geometry for the NDCX-II
injector. The simulated beam envelope is illustrated in black.

W.L. Waldron et al. / Nuclear Instruments and Methods in Physics Research A 733 (2014) 226–232 229

Seidl et al., Phys. Rev. ST Accel. Beams 15, 040101  
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voltage pulse across the gap. The induction core presents a high
impedance to prevent the pulser from seeing a short circuit
(Fig. 2). The gap geometry establishes the accelerating electric
field along the beamline. The field distribution is analogous to a
sequence of DC voltage gaps, with the difference that the voltage
along the beamline is not cumulative. If the magnetization current
in the core is low, and the beam current is high, the acceleration of
the beam ions can have very high electrical efficiency.
The development and first implementation of induction linacs was
for the electron beam in the ASTRON magnetic confinement fusion
experiment [17]. Since then, many induction linear accelerators have
been built in the US, Japan, France, Russia and China for applications
such as x-ray FELs, flash radiography, the simulation of weapons
effects and inertial fusion. Except for the inertial fusion application,
most instances are electron linacs. Ref. [18] is a helpful review of the
principles and applications of induction accelerators.

In Fig. 2, the beam focusing elements are inside ri, the inner
radius of the induction core.

The voltage across the accelerating gap and the voltage pulse
duration are related to the magnetic flux swing in the core
material and the cross sectional area via Faraday's law of induction.
The relationship is often simplified to

ΔBA¼ΔVΔt ð1Þ

The voltage must also be sustained across the insulator, which
is a critical design component and is often angled and out of the
line of sight of the acceleration gap and the beam to minimize the
probability of initiating an electrical breakdown. Since the drive
current pulse is significant, the induction cores may be driven
from multiple coaxial drive lines around the circumference to
symmetrize the stray fields from the current pulses that would
steer the beam transversely. This is more of a concern for induc-
tion modules for acceleration of electrons (vs. ions) due to the
lower rigidity of the electrons. The cross sectional area per meter
of the toroidal induction core is proportional to the difference in of
the outer and inner radius, ðro−riÞ, while the mass of the induction
core is proportional to ðro2−ri2Þ. Due to the cost of the induction
core material, there is an economic incentive to keep the inner
radius small.

Fig. 3 shows a lumped circuit model of the induction accelera-
tion cell and pulser. The efficiency, as measured by the ratio of Ib to
Ip is greatest for high beam current. Typical drive currents for an
induction core are on the order of a kiloampere, thus similarly
high beam currents can result in electrical efficiency of 50% or
higher.

High efficiency has been demonstrated in various electron
induction accelerators, and some examples are given in Table 1.
Including other power consumption, estimates of total accelerator
efficiency in existing accelerators (for which efficiency has not
been a major concern) tend to be much lower because of the
power consumed by room temperature magnets, vacuum pumps,
and other components. However, a noteworthy example is Astron,
which could generate 300 ns pulses at 60 Hz (but more typically
ran at ≈5 Hz), with an average beam power of 86 kW. Because the
project goals did not require higher efficiency, the overall wall-
plug efficiency was greatly impacted by the power requirements of
the room-temperature focusing solenoids, and aspects of the
pulsed power technology. Nevertheless, the overall efficiency
was still ≈10%, a notable accomplishment at the time.

For a heavy-ion driver using superconducting focusing magnets
and modern pulsed-power technology operating at ≥5 Hz, the core
loss (eddy current losses in the laminations of the magnetic
material) in induction acceleration modules is the most important
factor in overall wall-plug efficiency. Within the HIF acceleration
modules, additional contributions to driver efficiency are the
pulser efficiency (≈85%) and energy expended in the acceleration
waveforms before and after the passage of the pulse (waveform
rise time and fall time). Average losses of 1 W/lattice period in the
magnet leads of each array module, and 1 W/m2 within the
superconducting magnets beam tubes result in relatively little
power required of the focusing magnet refrigeration system.

2.1. Pulsers

An IFE power plant operating at ≈10 Hz would generate 3$108

pulses per year and perhaps 1010 pulses over the lifetime of the
driver. This is the motivation for developing long lifetime
components.

The beam pulse specifications determine the pulser voltage and
accuracy requirements. At the low energy end of the driver, the
pulse duration starts at 410 μs, but is compressed to o1 μs as
quickly as the beam dynamics allow. The compression amplifies
the beam current and in turn increases the electrical efficiency and

Fig. 2. Cross sectional view of an induction cell. Transverse focusing elements are
either within the inner diameter of the induction core, or located in the space
between adjacent induction cores.

Fig. 3. Equivalent circuit model of an induction cell and pulser. Vp and Zp are the
pulser voltage and associated impedance. ZL is a compensation load chosen to
linearize the overall load seen by the pulser. Cg is the induction cell gap and
structure capacitance, Zc and Ic is the impedance of the core and the associated
current, and Ib is the beam current.

Table 1
Accelerator core efficiency, expressed as the ratio of beam current to drive current,
for several high-current induction accelerators. Many other examples of induction
accelerators are summarized in Ref. [18].

Accelerator Drive current
(kA)

Beam current
(kA)

Repetition Rate
(Hz)

Efficiency
(%)

Astron 2 0.8 60 40
ATA 20 10 5 50
ETA II 5 3 2 60
DARHT II 10 2 o1 20

P.A. Seidl et al. / Nuclear Instruments and Methods in Physics Research A ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 3

Please cite this article as: P.A. Seidl, et al., Nuclear Instruments & Methods in Physics Research A (2013), http://dx.doi.org/10.1016/j.
nima.2013.05.070i

Induction accelerator: A non-resonant (low-Q) 
structure in which the acceleration field is established 
by a high voltage pulse across the gap. The induction 
core presents a high impedance to prevent the pulser 
from seeing a short circuit. Have high (>20%) 
electrical efficiency at high Ibeam (>100 A) 
•  Gap voltage and the pulse duration are related to 

the magnetic flux swing via Faraday’s law:  
 ΔB•A = ΔV•Δt. 

•  NDCX-II cells: “Compression cells” are shaped 
30–90 kV and the ramp duration is 300–700 ns. 
Followed by 200 kV, 70 ns Blumlein driven cells. 

Focusing: Bsolenoid = 3T, Leff = 19 cm, Rap ≈ 4 cm, pulsed, 2/min,d Ic = 7.7 kA.    

Fig. 5. Simplified schematic of the injector pulser.

Fig. 6. NDCX-II injector.

Fig. 7. NDCX-II induction cell.

Fig. 8. 2.5 T pulsed solenoid assembly enclosed by a copper cylinder in the upper
image to keep the magnetic field from entering the ferrite and an induction cell in
the lower image showing the solenoid position before welding into place.

W.L. Waldron et al. / Nuclear Instruments and Methods in Physics Research A 733 (2014) 226–232230



A variety of acceleration waveforms accelerate and bunch the 
beam 

200 kV “tilt” 

“shaped” to equalize beam 
energy after injection 

“shaped” for initial bunch 
compression (800 ns to ≈70 ns) 

250 kV “flat-top” 

40g.002-‐12	  

inject apply 
tilt drift accelerate apply 

tilt 
neutral-
ized drift target 

 (i) ‘Pre-bunching’ 

(ii) Boost energy 

(iii) Final buncher 

Tailored waveforms in our models use measured shapes for both long-
pulse (moderate-voltage) or short-pulse (high-voltage Blumleins) 8 



Beam compression from ~600 ns to 100, 50, and 16 ns 
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Beam diagnostics: 
•  Faraday cups 
•  Inductive current monitors (inactive 

acceleration cells) 
•  Capacitive beam position monitors 
•  Scintillator and II-CCD camera (~ns) 

single	  ion	  pulse	  compressed	  to	  16	  ns	  (FWHM)	  	  

(Li+,	  280	  keV,	  25	  nC)	   

9 



The ion beam is reproducible in time and space 
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Transverse jitter: σx < 0.1 mm 
Intensity jitter < 5% 

Repeated 
pulses 

Beam c.m., 
fwhm 



	  	  	  	  Now	   Goal	  	  
(y1)	  

Goal	  
(y2+)	  

Ion	  species	   Li+	  (A=7)	  ,	  new:	  K+	  (space	  charge	  
limited)	  	  also	  exploring	  Na+,…	  

Total	  charge	  /	  pulse	  (nC)	  
#	  ions	  /	  pulse	  

	  	  	  	  	  	  25	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2x1011	  

30	  
2x1011	  	  

50	  

Ion	  kinetic	  energy	  	  	  (MeV)	   0.3	   1.2	   1.2	  

Focal	  radius	  (50%	  of	  beam)	  
(mm)	  

~10	   ~2	   <1	  

Pulse	  duration	  (FWHM,	  ns)	   20	  -‐	  ~600	   2	  -‐	  ~600	  	   <1	  

Peak	  current	  (A)	   0.8	   15	  	   45	  

Peak	  ]luence	  (time	  
integrated)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (J/cm2	  )	  

~0.01	   0.5	  -‐	  1	   5-‐10	  

7 papers on design and science with NDCX-II, Proc. 19th Int’l. Symp. on Heavy Ion Inertial Fusion, 
NIM A V733 (2014). 

NDCX-II enables studying WDM, material defects and 
fundamental driver beam questions. 

In 2014:  increasing the operating energy and focal spot intensity. 

11 

Control dose rate over six orders of magnitude through control of charge/pulse, pulse 
length and spot size. 
New results: defect dynamics in materials,   
Schenkel et al., NIM B 2014. 



A pump-probe experiment can be 
sensitive to these time constants. 

Xian-Ming Bai et al. Science 327, 1631 (2010)  

Motivation: Gain in-situ access to the relaxation dynamics  
of radiation induced defects  

Multi-scale problem -- picoseconds to years 
Most defects are created and self anneal within tens of picoseconds 
Important for better understanding of materials, e.g. verification of theoretical 
models and simulations  

12 
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“Radiation damage spans from the atomic (nanometer, picosecond) to the 
macroscopic (meter, year) length and time scales.  
 
Critical processes involving individual point-defect migration are 
difficult to observe experimentally.  
 
Molecular dynamics (MD) simulations are widely used for simulating defect 
production.” 

(Los Alamos group) 



Measurement of channeled ions 
allows using the ion beam pump as its own probe for in-situ, 

single shot experiments 

Channeled 
ion  

Channeled ion 

Crystalline target 

transmission 

Through a thin crystalline target 
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only 

Loss due to  
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build-up 
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Considerations for using channeling as a sensitive probe for 
overlapping damage cascades 

cu
rr
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t 

time 

Intensity of the beam needs to be high enough for 
overlapping damage cascades 
 
Good time resolution 
 
Beam properties need to be well understood 
(angular distribution, energy spread, ...) 
 
Only measure channeled ions 
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After bombarding with a few shots, ex-situ SIMS profiles show a 
dependence of the Li deposition range with the fluence 

SIMS profile 

SIMS profile, commercial implant 

Channeling 
Random 

Convoluted with beam properties, 
such as angular dependence over 
time of the beam pulse, n(θ, t) 

16 

5 mA/cm2, 600 ns 
 
40 mA/cm2  
50 ns pulse 
 
SRIM simulation 

“Coasting beam” – 135 keV, ~600 ns. 
“Bunched beam” – 250-300 keV, 16-50 ns. 



In-situ, channeling was apparent with the Li beam, but a change in 
the waveform shape was not detected 

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 
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Aperture 



A potassium (K+) beam is expected to create more damage due 
to higher nuclear stopping 

2014-05-22 
Observed channeling 
 
For the bunched beam 
we Q(0o)/Q(8o) ≈ 3  

Q
, c
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rg

e 
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.] 

Rotation, α  [degree] 

K+, 135 keV, Si 250 nm 

18 Data analysis ongoing 

2014-06-09 



Experiments recording luminescence using a fast camera and a 
streak camera are being prepared 

II-CCD camera with 2 ns exposure 
time directly images beam distribution  

Streak camera coupled to a spectrometer 
grating 
    à ps resolution 
 
Enables study of target materials with fast 
optical centers. 
 

19 

Streak cam. Grating Fiber optics 
coupling to vac. 

We are considering: 
•  Ionoluminescence 
•  X-ray probes 
•  electrons 



Double pulses with adjustable delay can be tailored for 
separating the pump and the probe.    

20 

0.65 µs 

We are beginning to explore this capability. 
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K+, ≈ 0.3 MeV 



We are adding components to extend to higher energy, smaller 
focal spots, shorter pulse duration 

Total charge/pulse:   30-50 nC 
Beam energy:          1.2 MeV 

Increase of ~400 in intensity 
Neutralized drift compression will give 
access to beam-plasma experiments. 
Higher intensity and energy will allow a 
wider range of defect dynamics studies and 
then to warm dense matter (1 eV) 
experiments. 21 

Pulse width:             1 ns 
Spot size:                 1-2 mm 
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Summary: 

Outlook: 

Unique high-intensity beam facility 
Allows access to defect dynamics using pump-probe type experiments 

Higher energy, shorter pulses, and smaller beam spots 
Wider range of target materials with new diagnostics 
 
 
 
 
 
 
 
 
 
 
 
 
We welcome collaborations.  Come visit us! 22 


