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2TARGET CHAMBER AND FINAL FOCUS MAGNET
WILL BE ADDED TO NDCX-1 IN SPRING 2007

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory

BUNCHING
MODULE

HV GAP

8 TESLA FINAL
FOCUS SOLENOID

TARGETION BEAM

Before summer 2007, NDCX-1 will be upgraded with
1. an improved bunching module
2. a newly built target chamber, and
3. target diagnostics.

NEUTRALIZING
PLASMA CHANNEL

DIAGNOSTICS
AROUND CHAMBER

F. Bieniosek:
“Warm Dense Matter Experiments in HIFS-VNL”
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Beam compression in neutralizing plasma and a 8 Tesla final focus 
solenoid can produce sub-mm spot sizes at ns pulse lengths.

(LSP simulation by A. Sefkow)

NDCX-1 will demonstrate that low-energy, space-charge neutralized,
short-pulse ion beams can be utilized for first WDM relevant target 

experiments in the US Heavy Ion Fusion Program (400 keV K+ beam).

BUT acceleration is still missing to reach 1 eV “Bragg-Heating”!
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LITHIUM ION BEAM BUNCH

Final Beam Energy: 2.8 MeV
Final Spot Size : <1 mm diameter
Final Bunch Length: <1 ns (≅ <1 cm)

Total Charge Delivered: 0.03 micro-Coulomb (~ 2x1011 particles or Imax ~ 42 A)

Normalized Emittance: 0.4 pi-mm-mrad

ALUMINUM TARGET FOIL

Thickness (for <5% ΔT):

~3 micron, solid density foil

~25 micron, 10% solid density foam

4NDCX-2 TARGET POINT DESIGN AND
DRIVER REQUIREMENTS FOR >1 eV TARGET HEATING 
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Exiting Ion Beam Available
for dE/dx Measurement
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EXISTING NDCX-1

400 kV Marx Generator
&

K+ Ion Source

Solenoid
Transport

Bunching
Module

Neutralized
Drift Compression

Target
Chamber

2.8 MeV NDCX-2

Extend up to 6 MeV

Li+  Ion Source
Accel-Decel Injector

Matching
Solenoids

Bunching
Sections

Accelerator
(Solenoid Transport)

Bunching
Module

Neutralized
Drift Compression

Final
Focus

Solenoid

NDCX-2 is built parallel to the 
existing NDCX-1 experiment, and can 
be extended up to 6 MeV final energy 
within the current building envelope.

Pulsed 
Power

5NDCX-2 BUILDING LAYOUT
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FIRST INDUCTION CELL
WITH VACUUM HARDWARE

PULSED POWER SYSTEMS
SUPPORT FRAME

STATUS 1/24/2007

6NDCX-2 TESTSTAND IS CURRENTLY UNDER CONSTRUCTION
TO VERIFY CELL PERFORMANCE AND TO TEST HIGH FIELD SOLENOID



7NDCX-2 SCHEDULE
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Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

ndcx-1 compression improvement campaign
ndcx-1 target experiments
ndcx-1 time dependent focusing experiments
ndcx-1 plasma source improvement
ndcx-1 hydro expansion and target temperature measurements

CONCEPTUAL DESIGN
INJECTOR
INJECTOR SOLENOIDS
PRE-BUNCHING SECTION
ACCELERATOR
DRIFT BUNCHING MODULE (EXISTING)
DRIFT COMPRESSION
TARGET CHAMBER INCL MAGNET (EXISTING)
CONTROLS
SUPPORT HARDWARE
DOUBLE PULSING HARDWARE
SUPERCONDUCTING FF SOLENOID

FY'07 FY'08 FY'09 FY'10

Placeholder, correct schedule, not formatted, yet

Experimental cost: NDCX-2 target shots in FY09 would require
approx. 400-500 k$/year in procurements (~10% of LBNL budget)
See attached project plan.
[note: main NDCX-1 costs have already been accrued in FY06 and FY07]

Timely begin of NDCX-2 construction would be required to continue with the
successful line of neutralized drift compression experiments in the future.
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9BRAGG HEATING ALLOWS UNIFORM TARGET HEATING
FOR WARM DENSE MATTER EXPERIMENTS

A National Research Council Report and an Interagency Task Force
Report have recognized ion beam driven warm dense matter 
experiments as a major US research thrust in. (Ron Davidson, chair)

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory

ISOCHORIC HEATING USING
SHORT PULSE (t < thydro)

HEAVY ION BEAMS

LOW RANGE ION APPROACH
(BRAGG HEATING)

PURSUED BY THE U.S. HIF-VNL

• maximizes heating uniformity and 
the efficient use of beam energy by 
placing center of foil at Bragg peak

• low energy (~MeV)

• allows smaller accelerators

HOWEVER:

• low energy requires neutralized 
drift compression to focus high 
space charge beams

• requires short pulses to limit 
hydro motion (1 ns)

• requires thin targets
(micro-meter), or foams

HIGH RANGE
ION APPROACH

PURSUED BY
e.g. GSI

• requires synchrotron, 
storage ring

• 40 to 100 GeV heavy 
ions, 50 - 100 ns

• large targets
(several mm)



10EXISTING NEUTRALIZED DRIFT COMPRESSION EXPERIMENT (NDCX-1)
CAN PROVIDE SHORT ION PULSES FOR FIRST WDM EXPERIMENTS
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11EXISTING NEUTRALIZED DRIFT COMPRESSION EXPERIMENT (NDCX-1)
CAN PROVIDE SHORT ION PULSES FOR FIRST WDM EXPERIMENTS
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un-neutralized
FWHM: 2.71 cm

neutralized
FWHM: 2.14 mm

TRANSVERSE COMPRESSION

LONGITUDINAL COMPRESSION

up to 60 times compression
FWHM: 2.5 ns
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Beam compression in neutralizing plasma and a 8 Tesla final focus 
solenoid can produce sub-mm spot sizes at ns pulse lengths.

(LSP simulation by A. Sefkow)

NDCX-1 will demonstrate that low-energy, space-charge neutralized,
short-pulse ion beams can be utilized for first WDM relevant target 

experiments in the US Heavy Ion Fusion Program (400 keV K+ beam).

BUT acceleration is still missing to reach 1 eV “Bragg-Heating”!



14NDCX-2 WILL REQUIRE AN ACCELERATION SECTION
AND THEREFORE A SHORT-PULSE INJECTOR

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory

NEED ACCELERATION
WHICH REQUIRES 

SHORT-PULSE INJECTOR
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GOALS FOR NDCX-2: • Integrated compression, acceleration, and 
focusing sufficient to reach 1 eV in targets

• Incorporate short-pulse injector to
minimize accelerator cost

• Diagnostics, target, and target chamber 
development for the HEDP user facility
to be constructed after NDCX-2

TARGET POINT DESIGN: Lithium Ions on Aluminum

Bragg Peak: 1.8 MeV

dE/dx at Bragg Peak: 2 MeV cm2 / mg

Ion Range: ~5 micron

Required Fluence for
> 1 eV Heating: >29 J/cm2

15NDCX-2 IS THE NEXT STEP TOWARDS
AN ION DRIVEN HEDP USER FACILITY

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory

J. Barnard:
“Hydrodynamic Simulations of Ion Beam Driven
Warm Dense Matter Targets”
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LITHIUM ION BEAM BUNCH

Final Beam Energy: 2.8 MeV
Final Spot Size : <1 mm diameter
Final Bunch Length: <1 ns (≅ <1 cm)

Total Charge Delivered: 0.03 micro-Coulomb (~ 2x1011 particles or Imax ~ 42 A)

Normalized Emittance: 0.4 pi-mm-mrad

ALUMINUM TARGET FOIL

Thickness (for <5% ΔT):

~3 micron, solid density foil

~25 micron, 10% solid density foam

16NDCX-2 TARGET POINT DESIGN AND
DRIVER REQUIREMENTS FOR >1 eV TARGET HEATING 

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory

Exiting Ion Beam Available
for dE/dx Measurement
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OFFICE BUILDING

MACHINE SHOP

EXPERIMENTAL
FACILITIES

17HIFS-VNL FACILITIES
AT LBNL
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OFFICE BUILDING

MACHINE SHOP

EXPERIMENTAL
FACILITIES

18HIFS-VNL FACILITIES
AT LBNL

EXISTING
NDCX-1

PLANNED
NDCX-2
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EXISTING NDCX-1

400 kV Marx Generator
&

K+ Ion Source

Solenoid
Transport

Bunching
Module

Neutralized
Drift Compression

Target
Chamber

2.8 MeV NDCX-2

Extend up to 6 MeV

Li+  Ion Source
Accel-Decel Injector

Matching
Solenoids

Bunching
Sections

Accelerator
(Solenoid Transport)

Bunching
Module

Neutralized
Drift Compression

Final
Focus

Solenoid

NDCX-2 is built parallel to the 
existing NDCX-1 experiment, and can 
be extended up to 6 MeV final energy 
within the current building envelope.

Pulsed 
Power

19NDCX-2 BUILDING LAYOUT
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Bunching Section Compresses Beam for Further 
Transport in Short Pulse (70 ns) Induction Cells

AT INJECTOR: AFTER BUNCHING: 1.4 inch Ø  Li+ Source
100 mA (10 mA/cm2)

Source Pulse: ~500ns with 160 ns Rise Time
Total Charge: 0.03 micro-Coulomb

20CONSTRUCTION STEP 1:
NDCX-2 INJECTOR AND BUNCHING SECTION

Simulations by E. Henestroza



21

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory

SIMULATIONS ARE IN PROGRESS:

EXISTING INDUCTION CELLS
FROM THE LLNL ATA FACILITY
CAN BE USED FOR THE
NDCX-2 BUNCHING AND 
ACCELERATION SECTIONS.

Accelerator

21CONSTRUCTION STEP 2:
NDCX-2 ACCELERATOR
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Final Beam Energy: 2.8 MeV

Final Spot Size : <1 mm diameter

Final Bunch Length: <1 ns (≅ <1 cm)

Total Charge Delivered: 0.03 micro-Coulomb
(Imax = 42 A)

Normalized Emittance: 0.4 pi-mm-mrad

NDCX-2 TARGET
POINT DESIGN

For >1 eV HEATING

Li-Beam

Al Foil

REQUIRED HARDWARE SIMILAR TO NDCX-1

Target
Chamber

Bunching
Module

Neutralized
Drift Compression

Final
Focus

Solenoid

22CONSTRUCTION STEP 3:
NDCX-2 NEUTRALIZED DRIFT COMPRESSION AND FINAL FOCUS



23SHORT PULSE INDUCTION CELLS (250 kV, 70 ns)
ARE AVAILABLE FROM SHUT DOWN LLNL ATA FACILITY

Induction Cells

Transmission Cables

To Pulsed Power Building

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory
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DC Focusing Solenoid

Electron Beam

ATA INDUCTION CELLS HAVE TO BE REFURBISHED
WITH STRONGER SOLENOID FOCUSING MAGNETS

Ferrite Torroids

Porcelain
Oil/Vacuum Interface

Acceleration Gap

70 ns, 250 kV input
(2 drive points per cell)

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory
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Focusing Solenoid
Pulsed, 1.5-3 Tesla

ATA INDUCTION CELLS HAVE TO BE REFURBISHED
WITH STRONGER SOLENOID FOCUSING MAGNETS

Ferrite Torroids

Porcelain
Oil/Vacuum Interface

Acceleration Gap

70 ns, 250 kV input
(2 drive points per cell)

Ion Beam

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory

solenoid transport scales 
favorably for low-energy, 
high-current ion beam 
transport



26NDCX-2 TESTSTAND IS CURRENTLY UNDER CONSTRUCTION
TO VERIFY CELL PERFORMANCE AND TO TEST HIGH FIELD SOLENOID
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30 Induction Cells Transformer & Blumleins

• We have shipped hardware for 
30 induction cells to LBNL.

• We are building a high-field 
pulsed solenoid to fit into the 
induction cell.

• Hardware for two cell units has 
been refurbished to be installed 
at a teststand at LBNL.

NDCX-1 Beamline Solenoid Winding
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FIRST INDUCTION CELL
WITH VACUUM HARDWARE

PULSED POWER SYSTEMS
SUPPORT FRAME

STATUS 1/24/2007

27NDCX-2 TESTSTAND IS CURRENTLY UNDER CONSTRUCTION
TO VERIFY CELL PERFORMANCE AND TO TEST HIGH FIELD SOLENOID
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TO VERIFY CELL PERFORMANCE AND TO TEST HIGH FIELD SOLENOID
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10:1 Step Up Transformer
(oil filled)

250 kV, 1kHz Spark Gap
(SF6 filled)

70 ns Blumlein
(water filled)

24 Ohm Transmission Cables
(2 per cell, approx. 7 m long)

Switch Chassis
and

Power Supplies

70 ns, 250 kV
Induction Cells

Compensation Boxes
(2 per cell)

High Field Solenoid
(inside induction cell)

Beam Vacuum Tube
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• NDCX-2 will be able to provide 1 ns pulses at less than 1 mm spot radius
for >1 eV target heating.

• The first phase of NDCX-2 will consist of  a 2.8 MeV induction linac. Lithium ions 
hitting an aluminum foil or foam will be used for first WDM experiments.

• NDCX-2 will be a versatile and expandable WDM driver platform with plenty of 
future upgrade options. For instance, the NDCX-2 architecture allows the 
development of double-pulsing techniques for tailored target heating experiments 
or the development of time-dependent solenoid focusing correction for increased 
target heating.

• In later phases, the addition of more ATA induction cells will increase the NDCX-2 
final beam energy. Therefore, different ion and target material choices – including 
cryogenically cooled target layers - can be explored.

• In addition to its WDM mission, NDCX-2 constitutes an integrated accelerator 
experiment with compression, acceleration, and focusing of an intense ion beam. 
NDCX-2 will utilize a short-pulse injector and accelerator, high-field solenoid 
transport, neutralized drift compression, agile wave-form correction, and high-field 
final focus magnets. Therefore, NDCX-2 could have a strong synergistic effect on 
the development of future heavy ion fusion driver concepts for energy production 
as well.

SUMMARY

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory
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31DOE MISSION NEED DOCUMENT FOR A HEDP USER FACILITY
WOULD REQUIRE A PRECEDING R&D FACILITY (“NDCX-2”)

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory



3232NDCX-2 WILL REACH >1 eV TARGET HEATING
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2.8 MeV Lithium Ions on Aluminum

> 1 eV TARGET HEATING



3333NDCX-2 INJECTOR
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1.4 inch Ø  Li+ Source
100 mA (10 mA/cm2)

Source Pulse: ~500ns with 160 ns Rise Time
Total Charge: 0.03 micro-Coulomb

TO
BUNCHING
SECTION

Two Matching
Solenoids



3434NDCX-2 SOLENOID TRANSPORT AND ACCELERATOR
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SOLENOID TRANSPORT
UP TO 1.5 TESLA

PULSED SOLENOIDS
Solenoid transport scales favorably

for low-energy, high-current ion beams.

Two Matching Solenoids Avg. Field along Accelerator

z [m]

B z
[ 

T 
]
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Accelerator Cell

ATA Induction Linac
is Underground 24 Ohm Transmission Cables

(2 per cell, approx. 7 m long)

Blumlein

Spark Gap

TransformerSwitch Chassis
and
Power Supplies

PULSED POWER SYSTEM IS A SUBSTANTIAL
PART OF THE ACCELERATOR

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory



36PULSED POWER SYSTEM IS A SUBSTANTIAL
PART OF THE ACCELERATOR

10:1 Step Up Transformer
(oil filled)

250 kV, 1kHz Spark Gap
(SF6 filled)

70 ns Blumlein
(water filled)

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory



3730 ATA INDUCTION CELL UNITS HAVE BEEN SHIPPED TO LBNL

30 Induction Cells Transmission Cables Junction Boxes

Thyratron Switches 250 kV Spark Gap Transformer & Blumleins

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory



38ATA INDUCTION CELLS AVAILABLE

Transformer & Blumleins

Large insulators for oil/water interfaces
have been damaged over the years
and have been replaced.

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory



39ATA INDUCTION CELLS AVAILABLE

Coaxial transmission 
lines, which are 7 meters 
long, have been high 
pressure rinsed and dried 
with warm nitrogen gas.

Transmission Cables

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory



40ATA INDUCTION CELLS AVAILABLE

All cell components, incl. the 250 kV spark 
gaps, are in excellent condition. They have 
been cleaned at the LBNL cleaning facility for 
re-assembly.

Junction Boxes

250 kV Spark Gap

NDCX-2  ●  Heavy Ion Fusion Science - Virtual National Laboratory
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