Lawrence Berkeley National Laboratory
Recent Work

Title

lon Beam Drift Compression Technology for NDCX Phase Il Final Report Grant No. DE--FG02-
-04ER86184 CRADA No. LB05-002203

Permalink

https://escholarship.org/uc/item/925432sn

Authors

Seidl, Peter
Lidia, Steven
Waldron, William

Publication Date
2011-06-02

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/925432sn
https://escholarship.org
http://www.cdlib.org/

HIFAN 1832

Ion Beam Drift Compression Technology for NDCX Phase 11
Final Report
Grant No. DE---FG02---04ER86184
CRADA No. LB05-002203

Prepared for:

Gaile A. Higashi Dr. Francis Thio

U.S. Department of Energy U.S. Department of Energy
Office of Acquisition and Assistance SC-24.2/Germantown Building
9800 S. Cass Ave. 1000 Independence Ave., SW.
Argonne, IL 60439 Washington, DC 20585-1290
Prepared by:

First Point Scientific, Inc.
5330 Derry Ave., Suite ]
Agoura Hills, CA 91301

Date
October 2010

This work was supported by the Director, Office of Science, Office of Fusion Energy Sciences, of the U.S.
Department of Energy under Contract No. DE-AC02-05CH11231.



This document was prepared as an account of work sponsored by the United
States Government. While this document is believed to contain correct information,
neither the United States Government nor any agency thereof, nor The Regents of the
University of California, nor any of their employees, makes any warranty, express or
implied, or assumes any legal responsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process disclosed, or represents that its use
would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by its trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof, or The Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or The Regents of
the University of California.

This work was supported by the Director, Office of Science, Office of Fusion Energy Sciences, of the U.S.
Department of Energy under Contract No. DE-AC02-05CH11231.



Title: lon Beam Drift Compression Technology for NDCX
Phase |l Final Report

Grant No. DE-FG02-04ER86184

October, 2010

Prepared for:
GaleA. Higashi Dr. Francis Thio
U.S. Department of Energy U.S. Department of Energy
Office of Acquistion and Assstance SC-24.2/Germantown Building
9800 S. Cass Ave. 1000 Independence Ave., SW.
Argonne, IL 60439 Washington, DC 20585-1290
Prepared by:

Firgt Point Scientific, Inc.
5330 Derry Ave, Suite J
Agoura Hills, CA 91301

These SBIR data are furnished with SBIR rights under Grant DE-FG02-04ER86184. For a
period of 4 years after the acceptance of dl items to be ddivered under this grant, the
Government agrees to use these data for Government purposes only, and they shdl not be
disclosed outsde the Government (including disclosure for procurement purposes) during such
period without permisson of the grantee, except that, subject to the foregoing use and disclosure
prohibitions, such data may be disclosed for use by support contractors. After the aforesaid 4
year period the Government has roydty-free license to use, and to authorize others to use on its
behdf, these data for Government purposes, but is relieved of dl disclosure prohibitions and
assumes no liability for authorized use of these data by third parties. This notice shdl be affixed
to any reproduction of these data, in whole or in part.



Table of Contents

U 010 TR SRPR 3
FZA 1 11 o 11 oX i o o S PROSPRSP 4
BaCKGrOUNG ...t 4
I g g L0z AN o] 0= o o [ 7
PrOjECt ODJECLIVES .....oecvieciie ettt ettt e e sae e e nr e e naeesane e 9
3. Task 1- Design, Construct and TeSt the FASM ... 11
Basic Modulator Development and TESHING ......cooerererireniniee e 11
Sdection of the Ferrite Core Materid for the Modulator Mother Boards ................... 18
Design and Testing of the Mother Board/daughter Board Concept .........cccceeveeeenee. 18
Assembly and Testing Of the FASM ... 29
4. Task 2 - Design, Construct and Test the FIEC Induction Acceleration Module .................. 33
DESION DISCUSSION ....viiiiieiee e ciee sttt e stee et s b e e st e et esse e et e ssteebeesnaeenseeenseenreeannas 33
FgTo (0o o g I @0 B = S 38
5. Task 3- Construct and Test the FASMs for the FIEC ..o iievieeciceeceee e 44
6. Task 4 - Demonstrate the FIEC onthe NDCX  ......oviiiiiiiececece e 45
LBNL Waveform Requirements ESHIMELES .........cccooeiirineninieeieeiesesee s 45
FPSI DElIVENESTO LBNL ...t 48
LBNL TESING ..outitiieiiesiisiesice ettt st e et et st sbesnessenneeneas 48
A 0 11 o 0SSR 50
Y= 1 1SR 51



1. Summary

The overdl objective of this STTR program (Phases | and 11) was to develop and demondtrate
the efficacy of the Fast Inductive Energy Corrector (FIEC) for the correction of the longitudina
energy didribution of the Neutrdized Drift Compresson eXperiments (NDCX) ion beam at
Lawrence Berkdey Nationa Laboratory (LBNL). The god is to regulate the ion energy with
aufficient accuracy to dlow the beam to be compressed axidly by a factor of 100 during
neutralized drift. The Phase | effort established the basic feaghbility of the Fast Inductive Energy
Corrector (FIEC) by developing the prdiminary desgn for this sysem. The feashility
demondtration was extended in Phase Il by developing, condructing, and testing much of the
FIEC sysem. The Phase Il objectives were to: (1) the design, congtruct and test a Fast Agile
Solid-state Modulator (FASM) to drive the FIEC with a 20 kV output voltage into a 25 W load in
pulses that were 50 ns long with pulse rise and fdl times of about 15 ns, (2) design, congtruct,
and test the induction accelerator module for the FIEC; (3) construct and test a 10-module FASM
assembly to drive the induction accderator module; and (4) demondrate the FIEC with the
NDCX at LBNL. Tasks corresponding to objectives 1 and 2 and part of 3 were completed. The
results achieved under objective 4 were limited to prdiminary experiments and modding by
LBNL to optimize the utility of the FIEC concept. The equipment developed under objectives
1- 3wasddiveredto LBNL for further evauation at the conclusion of the project.



2. Introduction

Background

The heavy ion beams produced by modest energy accelerators can be a useful tool for creating
grongly coupled plasmas. To achieve the energy densty required to drive a sample to the
desred plasma dae, these beams must be initidly formed a high line-charge dendity and then
further compressed both longitudindly and radidly to near the emittance limit of the beam. The
longitudind energy didribution of the ion beam must be precisdy regulated to achieve these
beam compresson gods. Since it is not feasble to maintain the required degree of ion energy
control throughout the length of the accderator, it will be necessary to correct the ion energy
prior to the start of the find beam compression. This project focuses on the development of an
advanced accelerator module to apply the required energy correction to the ion beam.

The Warm Dense Matter (WDM) regime of High Energy Dengaity Physics (HEDP) [1,2,3]
encompasses a class of plasmas with high density and pressure and moderate temperature KT),
in which the Coulomb interaction energy between plasma particles exceeds KT. This regime is
rich with potentid for important scientific discoveries. Many astrophysicd systems (eg., brown
dwarfs, and giant planets) and inetid confinement fuson plasmas in the beginning dages of
compresson fdl into this regime. However, these drongly coupled plasmas are difficult to study
andyticdly or by numericd dmulaion and there exids a large parameter space of temperature
and dengty where dataiis currently limited or non-existent.

Fecilities in which WDM can be created and its properties accurately measured would provide
an opportunity to improve our underganding and develop modds of this regime. Numerous
types of energy depostion devices are cgpable of producing WDM conditions a various
temperatures, pressures, and sample sizes. The chdlenge is not how to create these conditions,
but to create them 0 that their fundamentd properties can be best studied. Towards this end, it
will be important to maintain precise control and uniformity of energy depodtion in the sample.
It will dso be criticd for the WDM sample sze to be large compared to diagnostic resolution
volumes.

Modest energy accelerator-produced heavy ion beams offer the potentid for producing large
samples of very unifoom WDM. Multi-dage accelerators with agile voltage waveform control
can be used to precisely talor the longitudind energy didribution of ion beams, and therefore
manipulate the energy depodtion and pressure profiles in targets. Recent research in the Heavy
lon Fuson (HIF) program has defined how the use of heavy ion beams with energies just above
the Bragg pesk in dE/dx (ion energy loss per unit range) can maximize heavy ion depostion
power densty and uniformity Smultaneocudy [4]. “Typicdly, ion focd ot radii of
agoproximately 1 mm are expected, which is large enough that the beam heating can be uniform
radidly within a few hundred microns of the axis where loca target properties can be measured”
[5]. At modest energy, the ion range in solid target foils would limit the sample thickness to a
few microns and would require an ion pulse bngth ~100 ps to limit the effects of hydrodynamic
expanson during the measurements. However, thicker targets composed of low average density



foam or wire-array targets, can be 10 to 100 times thicker for the same ion range and pulse
energy, with correspondingly longer hydro-expanson times. “Use of low-dengty foam targets

would provide the opportunity to begin warm dense matter research with pulses initidly as low
as 1 Jand then upgrade the accelerator pulse energy in steps up to about 100 J'[5].

The Heavy lon Fusion Virtud Nationd Laboratory (HIF-VNL) has a program underway at
Lawrence Berkedley Nationd Laboratory (LBNL) that is designed to exploit the unique
capabilities of accelerator-produced heavy ion beams for driving matter into the WDM regime.
This sequence of three accderator and beam compresson experiments based on induction
technology, cdled the Neutrdized Drift Compresson eXperiments (NDCX series) is shown in
Figure 1. This program dats by examining the underlying physics of the three criticad beam
manipulations, neutrdized drift compresson, transverse confinement, and high line-charge
dengty injection, usng exiging NTX facilities in the fird phass, NDCX-1. The second phase,
NDCX-II, will be a unified ion beam compresson and focusng experiment, but a parameters
scded from the user facility that would be congtructed in NDCX-11l.  The work described in this
SBIR/STTR project is intended to support both NDCX-1 and NDCX-Il1. NDCX-III will be a user
fadlity employing a high repetition raie ion accderator, ~1 Hz, supplying compressed ion
bunches to multiple experimentd chambers, which will be avalable to researchers in a number
of disciplines, for HEDP experiments.

NDCX-I (FYO06) First experiments using
existing NTX equipment:

«drift compression (la),

*solenoid transport (Ib)

-accel-decel injection(lc).

NDCX-lla (FY09) First integrated compression

‘ :[ﬁj i DTZ“J—H‘T and focusing experiment with a $4M upgrade

| ememE., = of NDCX-l, designed to reach 500 MW, 1 MeV
psessc 1ERR I-T—ﬂ* in 1 ns, (1 eV Te) to apply/test target
< diagnostics. NDCX-IIb (FY10) Upgrade to 2-5
. . GW (2to 5 J)

=t

NDCX-Ill (FY15) An 50 M$ class HEDP-user
facility capable of 10eV targets with 30-60 GW,
1 ns beams at 30 MeV Neon Bragg peak.

Figure 1. The NDCX sequence of neutralized drift compresson experiments with increesing
capability for WDM experiments that are underway a LBNL [5].



The god of NDCX-II is to depodt ~1 J of ion beam energy in 1 ns into an ~1 mm diameter
goot.  Although the specific parameters of NDCX-11 have not yet been findized, pending the
results of NDCX-1 experiments, the generd fegiures of the sysem are illusrated in Figure 2. A
beam of ions (He" is shown in the illustration, but Li* is now considered a preferred species),
with a totd current of ~1 A and a pulse length of ~1 ns, will be formed and accelerated to a
nomind energy just above the peak of the Bragg curve (244 MeV for Li*). During acceleration,
the addition of energy tilt (increasing the energy of the tall of the beam more than the beam head)
will cause the beam to bunch. In combination with the increased ion veocity, the beam duration
will be reduced to 100 ns. Solenoidd focusing will be used to maintain transverse confinement
of the beam during injection and accderation.  The beam will then be neutralized and dlowed to
drift, during which time the energy tilt will cause the pulse length to contract to 1 ns. A find
focus will radidly compress the beam to 1 mm.

Fast Induction

Marx Generator (-300 kV) Energy Corrector Final Focus
(Adiabatic Plasma Lens

or Solenoid Lens)

lon Source (+30 kV)

Meutralized Drift
Compression

Load-and-Fire Solenoid Transport
Injector with

with Solenoid Induction Acc. Cells

(Strong Tilt Voltage)

B R R

("accel’) ("decel”) (ramped)
or
T +200 KV
fire pulse
He*
R 1A 10 A 1000 A
1us 1us 100 ns <1 ns
h=025uC/m ) =0.8 uCim L =17 uC/m 10" Jim?
(@ 330 keV) (@ 30 keV) (@ 750 keV) Target Heating to 1eV
0754

Energy is Ramped (because of longitudinal bunching)
500 keV (bunch front)
1000 keV (bunch end)

Figure 2. Illugration of the NDCX-I1 (courtesy of Matthaeus Leitner, LBNL).

With the neutrdization of the gpace-charge forces, the longitudinad compresson of the beam is
controlled by the digtribution of ion axid energy. Theided ion energy didtribution as afunction

of time, E(t), isgiven by:
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where, E, is the energy at the center of the beam, t, is the totad beam length, and h is the totdl
velocity tilt (the difference between the tall and head velocity divided by the beam center
veocity). This ided didribution would produce infinite compresson, the beam would be
reduced axidly to a point, baring coupling from transverse emittance. More redidticdly, the
beam compresson limits will be dominated by the beam emittance and fidd erors in the
transverse and longitudind compression forces.
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Of paticular concern are accderation fidd erors that will cause the longitudind energy
digribution to deviate from the idea form given by the above eguation. Severa sources for
these erors will exig in the NDCX. These include errors in acceleration voltage waveforms,
timing errors, and coupling of transverse emittance into longitudinal emittance.

A certain amount of error in the energy distribution can be tolerated. Expressed as momentum
spread, dp/p, the maximum alowable error for 100X compression is fp/p| < 1% [7]. However,
to dlow for unanticipated beam perturbations during the neutrdized drift, it should be reduced to
less than this value prior to the start of drift compresson. A vaue of dp/p| < 0.5% is reasonable,
this corresponds to an energy error, HE/E| < 1%. Note that this error is evauated relative to the
ided a a soecific point in the beam. With veocity tilt in the beam for compression, the beam
head energy is less than the tal energy; therefore, a smaler absolute energy error can be
tolerated in the beam head than tail.

As an example, consider the NDCX-11 point design; Li*, Eye= 2.44 MeV, |Eiit/Eavel£20%. The
ideal energy at the beam head is 1.95 MeV and at the tail it is 293 MeV. Hence, the energy
errors should be kept to lessthan £19.5 keV at the head and £29.3 keV at the tall.

Technical Approach

It should be possble to prevent erors in the longitudind energy didribution by carefully
regulaing esch manipulaion of the ion beam from formaion to the entrance to the drift
compression region. However, the NDCX program has adopted an dternative gpproach that will
provide the same regulation of the fina beam energy & alower cogt.

Certan classes of errors that will affect the beam energy are random in nature, eg. timing
jitter.  Random errors occurring repestedly, for example passng the beam through severd
accderdtion modules, will cancd on average. Therefore, the maximum eror in the longitudina
beam energy digtribution due to random errors will be, on average, smdler at the entrance to the
neutrdized drift compresson region than a the individud accderaion modules a which the
errors occurred.



In genera, the cost to reduce energy errors, i.e. reduce timing jitter or improve acceerator
voltage waveform regulation, scdes inversdy with the magnitude of the error & a rate much
fagter than linear. For example, the cost to reduce an error by 1%, from 2% to 1%, will dmost
certainly be much higher than to reduce it aby 1%, from 10% to 9%.

In recognition of the foregoing, the gpproach that LBNL has adopted for NDCX is to apply
modest regulation to each acceeration waveform and accumulate errors in the beam energy
dong the length of the accderator. Then just upstream from the neutrdized drift compresson
region, apply an energy correction to cancd the resdua erors that were induced during
accderation of the beam. By maintaining modest energy regulation in the preceding acceleration
dages, the maximum error tha must be offsst by this energy correction can be kept to a
minimum.  This will minimize the cog for the energy correction sysem. By applying the highly
regulated correction & a single location, the cost of al other modulators can be minimized as
well.

The Fast Inductive Energy Corrector (FIEC) is being developed under this project to apply the
required energy correction to the NDCX ion beam. The FIEC is based on an induction
accelerator topology. This adlows the correction waveform voltage to be superimposed on the
beam energy, adding or subtracting the exact energy of the correction, regardless of the initid
beam energy.

To correct the erors in the NDCX beam, the FIEC must fulfill four requirements, the
meximum energy must exceed the maximum energy eror in the beam, the energy resolution
must be better than the maximum dlowable energy error in the NDCX beam, the “bandwidth”
must be sufficiently high to dlow the correction to accuratdy reproduce the time dependent
error, and the correction waveform must be agile so that it can be changed to maich changes in
the errors of the NDCX beam when experiment parameters are atered.

The maximum energy error that must be corrected in the NDCX beam is not precisely known.
However, a reasondble etimate can be made. The maximum beam energy for the Li* point
design for NDCX-1I, 293 MeV, might practicdly be achieved in six accderation stages of ~0.5
MeV each. It is redigtic to expect each acceeration stage to maintain +10% accuracy, 50 keV.
Allowing that some of the energy errors may be additive between stages, the FIEC should be
able to correct a somewhat larger error, 100 keV is areasonable vaue.

To achieve effective compression of the beam, the energy errors should be reduced to JE/E| <
1%. Insarting the values for the Li* point design for the NDCX-1l suggests that the FIEC must
be able to regulate ion energy errors to less than +19.5 keV. Therefore, the energy resolution of
the FIEC should be better than this, £10 keV isa practicd value.

The energy errors that accumulate on the beam are characterized not only by voltage, but aso
by their time-dependence. Clearly, the correction applied by the FIEC must be able to dew in
voltage to gpproximate this time dependence.  The beam will be 1 nsinitidly and reduced to 100
ns a the FIEC through a combination of increased average velocity and compresson. Thus, the
time dependence of the acceeraing voltages, and their errors, can be characterized by times in
the range of 10's to 100's of ns. It can be concluded that the FIEC correction voltage should be



able to dew subgtantidly on ns time scdes to effectively correct potentid energy errors in the
NDCX beam, ~10 kV/ns should be effective.

The time dependence of the ion energy errors in the NDCX beam will not be known until the
time dependent beam energy is messured.  Further, it is anticipated that the time dependent
energy erors will vary with changes in the sysem parameters. Therefore, the FIEC must
possess the waveform agility to generate a wide range of time dependent energy corrections.
The FIEC must agpproximate a high voltage abitray waveform generator that can be
programmed to create a precisely controlled, complex waveform at the output that can be applied
to correct the beam energy digtribution.

During Phase | of this STTR an gpproach to meet the foregoing requirements was identified by
FPSl. This system conssts of an induction acceeration module that contains ten independent
primary assemblies each of which is powered by an advanced solid-gtate pulse modulator. The
modulators employ a FPS paented technology. The preiminary desgn for the induction
acceleration module and the pulse modulators was completed in Phase | of this STTR project.
This provided the foundation for development and demondtration of the technology in Phase 1.

Project Objectives

The overdl objective of the Phase | and Il projects was to develop and demondrate the
efficacy of the Fast Inductive Energy Corrector (FIEC) for the correction of the longitudind
energy digribution of the Neutrdized Drift Compresson eXperiments (NDCX) ion beam. The
god is to regulate the ion energy with sufficient accuracy to dlow the beam to be compressed
axidly by a factor of 100 during neutrdlized drift. The Phase | effort established the basic
feashility of the Fast Inductive Energy Corrector (FIEC) by developing the preliminary design
for this sysem. The god of the Phase Il project was to complete the demondration of this
technology by congructing the FIEC and tedting it on the NDCX a LBNL. The specific
technica objectives of the Phase Il wereto:

1. Desgn, condruct and test the Fast Agile Solid-state Modulator (FASM). The god of this
objective is to develop the advanced pulse modulator that will be used in the FIEC on the
NDCX. The god parameters for this device are; 20 kV output voltage, 15 ns voltage rise and fall
times, and an agile programmable pulse width ranging from 15 ns to 50 ns (fwhm), into a 25 W
load. The preliminary design for this modulator was developed under the Phase | effort.

2. Dedgn, congruct and test the FIEC induction acceleration module for the NDCX. The
god of this objective is to develop an induction accderation module that can regulate the
longitudind energy digtribution of the NDCX ion beam with sufficient accuracy to achieve 100X
axid drift compresson. The performance target for this device is to goply an optimadly shaped
correction waveform within the energy range of +£100 kV during the 100 ns duration of the beam.
The preliminary design for this induction module was developed under the Phase | effort.



3. Congruct and test the FASMSs for the FIEC. The goa of this objective is to produce the
agile waveform control modulators thet will power the FIEC induction module. The prdiminary
FIEC design, developed under the Phase | effort, requires 10 modulators.

4. Demondrate the FIEC on the NDCX. The god of this objective is to use the FIEC to
regulate the longitudind energy didribution of the NDCX ion beam. The objective is to
experimentaly demondraie the regulaion of the NDCX ion beam longitudind energy
digribution to the accuracy required to reduce the axid length of the beam by 100X during
neutraized drift compression.
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3. Task 1- Design, Construct and Test the FASM

The basic schematic circuit diagram for the FASM is shown in Figure 3. It is formed from
20 series modules, each module generates a 1 kV output that is controlled by a 1200 V
MOSFET. A dngle-turn transformer on esch module joins the modules. The transformer
secondary, referred to as the stak due to the physical arrangement, of each module is joined in
series with the next to produce the 20 kV output. There are 12 pardle switch dements in each

module to provide the required current capability, 20kV/25W = 800 A.

Figure 3. The schematic diagram of the FASM.

The stlepsin the development of the FASM design consisted of:

Basic Modulator Development and Testing

A prdiminary design for the FET driver circuit for the modulator board was developed and
bench tested. The circuit employed 12, 1.2 kV power MOSFETs from Advanced Power
Technologies as the power switches. A fiber optic circuit for triggering the board was developed
and bench tested. Based on the results from these tests a prototype modulator PC board with 12
FETs was designed. This board was intended to test the FET driver and trigger circuits and
employed aresgtive load ingtead of aferrite core for smplicity.
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Three prototype boards were fabricated by Sierra Proto Express. The boards were stuffed by
JP. Sysems. In order to facilitate testing, the 12 power MOSFETS were initidly omitted.
These components were added individudly during testing. The completed board with dl
MOSFETS inddled is shown in Figure 4.

The boards were tested using the setup shown in Figure 5. A trigger pulse was generated by
an Agilent 33250A waveform generator, and was coupled fiber-opticdly to the test board. The
output waveforms were measured using a Tektronix TDS220 digitd storage oscilloscope and
downloaded to alaptop computer over an RS232 interface for analysis.

cl

Figure 4. Completed FIEC prototype modulator board with all MOSFETS installed.
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Figure 5. Layout for the testing of the FIEC prototype modulator board.

Typica input and output waveforms for the driver are shown in Fgure 6. The input trigger is
shown in Figure 6(a) and the input to the FET driver is shown in Figure 6(b). The ~22 ns dday
between these pulses is caused by the fiber optic coupling circuit. Figure 6 (c) shows the output
from the FET driver without a FET connected. This component is biased for bipolar operation
between —15V and +20V to improve the FET switching characteristics. The ~30 ns ddlay is due
to the switch on time of the driver. The rise time of the FET driver output is ~4 ns (10% to 90%)
without aload.

Figures 6(d) and (e) show the output from an APT 1201R4SFLL power FET driven by the
output shown in (c). The rise time from Fig 6(d), which was measured usng a 100x Tektronix
scope probe) is 8.4 ns (10 to 90%), while the rise time in Fg. 6(€) (which was measured using a
1000x Tektronix scope probe) is 10.1 ns. The fdl times are 15.7 and 17.0 ns (10 to 90%),
respectively.  Once dl the output FETs were connected, the rise and fdl times improved
ggnificantly as shown in Figure 7. | this case the rise time was reduced to 5.0 ns and the fdl
timeto55ns.

Timing measurements were made to determine jitter in the system. Two types of timing
erors were invedigated: (1) shot to shot jitter (one channd) and (2) timing discrepancies
between channels. Figures 8(@) and (b) show histograms of the trigger times for the firg 12
channels. The data in 8(a) were measured at the input to the FET driver and the data in (b) were
taken a the output (no load). The centroids and standard deviations for these data are plotted in
Figures 9(@ and (b) respectivdly. The shot to shot jitter for any given channd is roughly the
same for dl channds, ~75 to 85 ps, both a the input and the output of the FET drivers. For the
input sgnds, channg-to-channe variances are roughly of the order of the single channd jitter.
However, for the output, variations are much larger (~1 ns) presumably reflecting chip-to-chip
variations introduced during manufacturing.
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Figure 6. Waveform timing. (a) Input to the fiber optic driver; (b) input to the FET driver on
the prototype board; (c) output from the FET driver (no FET connected); (d) circuit output into
30 ohmswith 1 kV supply, measured using a 100x Tektronix probe; (€) circuit output measured
using a 1000x Tektronix probe.
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Figure 7. High voltage output waveform with 12 output FETS connected.

The measured rise and fal times are wel within the 15 ns design specificaion. The ariva
times of the trigger pulses a the FET drivers ae wdl within the specified 0.5 ns disperson
window. However, there appears to be a chip-to-chip variation of ~1 ns in the switch-on time of
the IXDN404 FET driver. If each FET and its driver were mounted on a separate daughter
board, it should be possble to correct for this delay by characterizing it during testing, and
mounting daughter boards with smilar ddays on the same motherboard. The rdative offset for
each motherboard can be compensated for ether in the fiber optic driver, or adjusing the
reference voltage to the comparator in the fiber optic receiver on each motherboard. This
reference voltage is provided by a trimpot; tests with the current test board show that severd
nanoseconds of timing adjusment can be obtained in this way. Based on these consderations,
redesign to incorporate the daughter board concept was undertaken.

In conclusion, the basic circuit for the FIEC modulator board has been successfully tested.
Rise and fdl times for the high voltage output pulse are sgnificantly better than specifications.
Timing jitter is estimated to be around 1 ns which is somewhat larger than the specified vaue of
05 ns. This will lead to an increase in rise and fdl times of around 1 ns. However, the
measured rise and fdl times are dgnificantly less than the specified vaues. Also, consderation
of switch-on delays resulted in redesign to mount each MOSFET and its driver on a separate
daughter board. This dedgn aso hes the advantage that falled components can be easly
replaced.
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driver, and (b) the output of the FET driver.
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Sdlection of the Ferrite Core Material for the Modulator M other Boards

Isodtaticaly pressed and fired CN20 (a NiZn Ferrite) from Ceramic Magnetics was chosen for
use in the FASMs because of its favorable mechanicd and electrica properties, as well as cost
factors. FPSl consdered vaious options for fabricating the primary trandormer winding, a
gngle turn winding encirdling the core.  The modt dtractive gpproach involved copper plating
the cores on three sides.

The technique for attachment of the ferrite cores to the motherboard was developed in which
they were directly soldered to the motherboard. In order to test this approach, 5 cores were
copper plated to a thickness of 0.003". A custom heater that clamps the core to the board has
been devdoped. Solder paste was applied before mounting the ferrite.  The only problem that
was encountered during the tests was ddlamination of the copper plating on the inner surface of
the core. Thiswill be avoided by increasing the plating thicknessto 0.010” on this surface.

Each ferrite core requires a copper-plated jacket with a ggp on one face. A technique for
producing the required pattern by masking the cores prior to plating was developed in
collaboration with ArtCraft Plating in Burbank, CA.

Each modulator conssts of 20 boards with one ferrite core per board. These boards are
assembled by stacking them in series. Each core must be éectricaly connected to the adjacent
board. Previous FPSl desgns have made these connections using a planar contact assembly that
required considerable force to assemble the entire stack of boards. For the current design, a
sampler and more robust solution was developed in which each board has a ring-shaped spring
asembly made of a standard beryllium-copper finger sock from Bd Sed. A dmple jig was
designed to permit the finger stock to be soldered to each board in a smple and quick procedure
while maintaining the required tolerances. This spring fits over the ferrite core of the adjacent
board so that no axid forceis required to hold the assembled boardsin place.

Design and Testing of the M other Boar d/daughter Board Concept

As discussed in A, based on the experience with the first prototype board, the decison was
made to redesign the board on a modular basis. For this modular design, each FET together with
its driver is mounted on a separate daughter board. The daughter boards are plugged into a
motherboard on which the Ferite core is mounted, together with the timing didribution circuit.
This gpproach facilitates achievement of better pulse shapes, smplified assembly and
troubleshooting, and will permit faulty components to be readily replaced. The design of the
daughter board was completed (Figure 10), together with a small test board to verify operation of
the new board (Figure 11).
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Figure 12 shows the completed daughter board, and Figure 13 shows the daughter board
mounted on the test board.

Figure 12. Detailed view of the daughter board.

Figure 13. Test board with daughter board in place.

Pulse testing was carried out using the setup shown in Figure 14. Input pulses were generated
by a HP 33250A arbitrary waveform generator operated as a pulse generator. Pulses of 0 to 5
volts with a pulse width of 50 ns and a rise time of less than 5 ns were fed to the input of the
daughter board mounted on the test board. The output of the daughter board was detected by a
100x high voltage probe and recorded on a Tektronix TDS 210 digital storage oscilloscope
triggered on the waveform generator. A typicd output waveform is shown in Figure 15. From
this figure, it can be seen that the rise and fdl times are less than 8 ns (10 to 90%), which are
wel within the required gpedifications.  Further improvements are likdy once the daughter
boards are mounted in pardld on the motherboard.
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Figure 14. Tet circuit for the daughter board.
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Figure 15. Typicd output waveform from the daughter board showing rise and fdl times

of <8 ns.

In addition to pulse shape measurements, the board-to-board jitter was aso measured for the 4
boards that were fabricated. A typicd set of timing hisograms is shown in Figure 16 for each of
the 4 daughter boards. This figure shown that the shot to shot jitter for each board is less than
400 ps, while the board-to-board scatter contributes an additional 200ps. These figures are well
with the required specifications.

Based on these reaults, the efficacy of the daughter board/mother board was demonstrated.
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The print for the mother boards is shown in Figure 17.
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Following findization of modulator mother board and daughter board designs, construction of
the firs FASM was undertaken. The first batch of boards (25 motherboards and 260 daughter
boards) were fabricated by Serra Proto, and stuffed by JP Systems. Figures 18 and 19 show a
completed mother board with 12 daughter boards attached. Tedting of the board was then
performed.

The assembly design for the FASM is shown in Figure 20. The 20 modulator boards are
mounted on an duminum base plate. The assembly is enclosed in an duminum baich can that
provides a seded environment within which an atmosphere of sulfur hexafluoride is maintained.
All dectrica, gas and fiber optic connections are made through the base plate so that the cover
can be easily removed for servicing the assembly.

Figure 18. Completed modulator board. Lower side showing ferrite in center and semirigid
coax cablesfor sgnd didribution.
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Figure 19. Completed modulator board. Upper side showing the 12 daughter boards, each
mounting one FET, and the fingerstock ring used to connect to the adjacent board.
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Figure 21 shows the test setup for single boards. The output load consisted of twelve 30 ohm
Caddock resstors connected in pardld to form and effective 2.5 ohm load resstor.  The output
was measured across the load resstor or across the FET output usng a x100 high voltage
Tektronix probe. The input waveform was produced by a HP33250A waveform generator and
was opticaly coupled to the motherboard.

5v. 50ns TEST BOARD
JL FIBER OPTIC
HP33250A N
WAVEFORM DRIVER
GENERATOR
100X PROBE

CH2

CH1

DS 210 —
OSCILLOSCOPE

SYNCH

Figure 21. Schematic for testing single boards for the FIEC modulator

Figure 22(a) shows typica output waveforms (FET output) for various vaues of input voltage.
As can be seen from these waveforms, there is dgnificant ringing on the trailing edge of the
pulse waveform as the FET supply voltage is increased due to increasing core saturation. For
supply voltages above 850V, FET falure occurs reproducibly. The incluson of a snubber circuit
on the FET output was not able to mitigate this problem. This was resolved by implementing a
gmple DC rest, as shown in Fig. 21. This congsted of an additiond circuit to drive a DC
current through the secondary in series with a 100nH inductance. The resulting output waveform
for a supply voltage of 1000V (as measured at the load) is shown in Fig. 22(b). FET supply
voltages up to 1100 V were tested without asingle FET failure.
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Figure 22. (a) Output waveforms without core reset as measured at the FET output for various
vadues of FET supply voltage showing ringing on the tralling edge of the pulse. (b) Output
waveform with reset as messured at the load with DC reset of 8A.

Assembly and Testing of the FASM

Congtruction of the first modulator has been completed. Figure 23 shows the completed stack of
20 motherboards mounted on the base plate. Figure 24 shows the shows the complete modul ator
together with the enclosure for containing the sulfur hexafluoride insulating ges,
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Figure 23. Assemble board stack for the first FASM.

Figure 24. modulator with enclosure for sulfur hexafluoride insulating aimosphere.

:I'eﬂs of the assembled stack were performed using the setup shown in Fig. 25. This is
essentidly the same configuration as shown in Fig. 22 except that the load resstance was
increased to 50 ohm. To limit risk of damage to the FETSs prior to ddivery to the customer, the
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sydem was not tested a full voltage and only limited tets usng resst were peformed.
Preliminary tests were conducted with 10 boards with FET supply voltages up to 500V (i.e. 50%
of the design voltage). Subsequent tests were performed with adl 20 boards with FET supply
voltages up to 300V.

5V, 30ns TEST STACK

L FIBER OPTIC
HP33250A L
WAVEFORM DRIVER
GENERATOR
100X PROBE
CH1 CH2 2.5 0HM§
DS 210

SYNCH OSCILLOSCOPE

Figure 25. Test setup for the full stack of 20 modulator boards.

For output voltages up to 2 kV, the Tektronix 100x probe was used to measure the output. For
voltages above this, a HP 1000x probe was used. Some problems were experienced with the
1000x probe. The output waveforms showed dggnificant transents and the waveforms were
found to be drongly dependent on placement of the leads. For this reason the waveforms
measured using the 1000x probe are conddered to be of less vaue in accurately representing the
shape of the waveform, athough the amplitude is likely to be correct. Figure 26(a) shows typica
output waveforms, as measured at the load

For operation a higher voltages, the 1000x probe was used. Typica waveforms for FET supply
voltages up to 300V are shown in Fig 26(b). The data show rise and fdl times of 5 to 6ns which
iswell with the required specification.

31



0.5 T T T T . T T .

(a)
0.0 M*AA

0.5 F

output signal (kV)
o

—— 1000x probe
—— 100x probe

20t HJ

_2_5 i L L i I A 1 I
0 20 40 60 80 100 120 140 160 180

output signal {kV)

-8 L i i L i i i i
0 20 40 60 80 100 120 140 180 18O

time (ns)

Figure 26. Output waveforms for the full stack of 20 modulator boards () output waveforms for
a FET supply voltage of 100 V as measured using two different oscilloscope probes. (b) output
waveformsfor three values of FET supply voltage measured using the 1000x probe.
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4. Task 2 - Design, Construct and Test the FIEC Induction Acceleration
Module

Design Discussion

The layout drawing of the FIEC induction accderation module is shown in Figure 27. An
inductive adder approach has been employed, which incorporates ten independent Induction Cell
Primary Assemblies (ICPAs). The correction applied to the ion beam at the acceleration gap is
the sum of the corrections generated by each ICPA. Resultantly, the maximum modulator
voltage swing is reduced from 200 kV *100 kV) to 20 kV. Neutraization of the ion beam can
be applied immediatedly downstream of the accderation gap. Therefore, transverse confinement
fields only need to extend up into the acceleration module, not through its length.

The use of the inductive adder configuration for the FIEC gregtly smplifies the requirements
for the modulators to power the accderator and adso adds subgtantid flexibility to the waveform
corrections that can be applied to the ion beam by the accelerator. The preliminary desgn cdls
for five of the 10 ICPAs to be powered by +20 kV modulators and five to be powered by —20 kV
modulators, providing the capability to generate a correction voltage in the range of +100 kV.
However, the FIEC could be reconfigured if NDCX requirements change, for example, +20 kV
modulators could be applied to al 10 ICPAs and provide energy correction in the range of O to
+200 kV.

The complex waveforms to correct energy errors in the NDCX ion beam will be generated by
adding the contributions of each ICPA. Each of the cells will be capable of generating a pulse,
or pulses, of fixed amplitude, 20 kV, but variable duration during the passage of the NDCX ion
beam. By varying the duration of each ICPA pulse and the rddive timing between ICPAS, a
step-wise gpproximation to dmost any waveform between +100 kV could be generated.
However, as the rise and fdl time of ICPA pulse will be ~15 ns, the step feature of many of the
waveform trangtions will be diminated, further improving the accuracy of the correction. With
the capability of ramping each ICPA to 20 kV in 15 ns, the FIEC will be capable of dewing at up
to 13 kV/ns.
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Figure 27. Sectiond drawing (r-z plane) of the FIEC induction module.

A further improvement in the energy resolution of the FIEC could be achieved by applying a
voltage lower than 20 kV to one or more of the ICPA. However, this would reduce the
maximum energy correction that could be generated. The energy resolution required for the
NDCX-Il Li* point designis +19.5 keV. Given tha a resolution of +10 keV or better can be
achieved with the application of 20 kV, such an approach would not be required for that
configuration. However, it isapossble option if requirements change.

As the FIEC is an induction accderaor, there will be a maximum volt-seconds, (‘V xdt |, that

can be applied to each ICPA before the magnetic core saturates. Since the intent of the FIEC is
only to correct errors, not make a net addition or subtraction to the tota beam energy, on average
the time integra of the correction should be about zero. This implies that an integrated pulse
length of 50 ns in ather the podtive or negative polarity should be sufficient to correct the 100
ns beam.

Each ICPA houses a high permeghility ferrite core to inductively couple the primary voltage to

the acceleration gap. The cores are 35.6-cmOD X 20.3-cm-ID X 2.54-cmHT and made of
TDK PE-11BL materid. This is the same core used in the ETA-Il acceerator at Lawrence
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Livermore National Laboratory where it was extensvely characterized. The characterization of
these coresin ETA-I11 provided a sound basis on which to estimate the performance of the ICPA.

The ETA-II induction cells contained 8 cores, to which a 125 kV pulse of 45 ns duration was
applied, producing dB/dt = 8 X 10° T/sand DB = 0.36 T. Under these conditions the circuit
response of the cores is very well modeled by a resistance of 200 W. The core in the ICPA will
operate under smilar conditions. At the maximum voltage, 20 kV, and pulse width, 50 ns, the
flux swing will be, DB = 051 T and the rate of flux change, dB/dt = 1 X 10’ T/s. The most
ggnificant change from the ETA-II parameters is the increased flux swing, which is gill much
less than the maximum for the materid, DB = 0.65 T. Further, because the shape of the FIEC
waveform is expected to be much more complex than a “square’ 20 kV by 50 ns pulse, under
most conditions both dB/dt and DB will be less than the maximum vaues cdculated above and
closer the ETA-11 values.

The geomeric variation in ferrite impedance is effectivdy modded by Zp A./1,[8]. In
reducing the load from the eight cores in the ETA-II cdl to the single core in the ICPA, the core
area, A, is reduced by a factor of 8 while the mean magnetic path length, |, stays the same.
Therefore, the estimated impedance of the ICPA was 200/8 = 25 W (tests performed in this
project actudly indicated that 50 W provides a better match).

The ICPA core is encased in the primary winding. This provides severa benefits as compared
to a srap-type winding often employed in induction accderators.  Firdt, it provides the
mechanical support for the core. The winding is condructed of 304 dainless sted to provide
mechanica drength. The skin resgance is sufficiently low, <1 mW, that it will not disort the
goplied waveform.  Second, this provides a minimum inductance configuration for the primary
winding. The inductance of the primary lead is a leskage inductance in series with the primary
inductance of the ICPA that will degrade the waveform and hence, should be minimized.
Additiondly, the primary winding desgn minimizes dectric fidd enhancements, by diminaing
winding “edges’ that could cause dectrica breskdown in the module. The only edge in the
primary winding design is a the outer perimeter where the high voltage leads atach and this is
terminated in a corona ring. Ladly, this desgn dlows for multiple waveform inputs on the

primary.

One high voltage input is used to power each ICPA. the inputs of adjacent ICPAs are rotated
by 180° to maximize mechanicd dearances. The high voltage feedthroughs that connect the
drive cables to the ICPA ae a proven design. They were developed for use on DARHT a
LBNL and have been used subsequently on other projectsat LBNL and FPS].

The ICPAs are enclosed in a common pressure vessdl.  The housing is designed to operate with
up to 5 am of a SFs/N» (30%/70%) gas mixture to provide high voltage insulaion between
adjacent ICPAs and between the primaries and the inner module housing (experimentdly it was
found thet air at STP was acceptable).

All of the pressure vesse and vacuum chamber components are fabricated from 304 dainless

ded. This materid has aufficient srength for the mechanicd loading that would result from up
to 5 am gas load and has excdlent properties for use in vacuum. Sedls between dl demountable
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joints will be made by dastomeric o-rings To mantan dignment throughout the assembly, al
of the chamber components will be digned via concentric steps machined into adjacent parts
rather than relying on assembly bolts.

The interface between the ICPA pressure vessdl and the accderation gap vacuum chamber is
provided by a Rexdlite insulator. This materiad was selected based on a number of favorable
mechanicd and dectricd propeties. It offers high dielectric and mechanicd drength.  The
rdaively low didectric condat hdps to minimize dectric fidd perturbations a the
vacuunvdidectric interface, which smplifies the dectrostatic desgn. Rexolite dso has very low
out-gassing rates, which helps to minimize contamination of the vacuum system.

The dectric fidds in the module were examined usng a numericd fidd solver. The results of
these cdculations are illudrated in Figure 28, an equipotentid plot in the criticd arees. The
fidlds were caculated for a voltage of 200 kV, rather than 100 kV, to assure a substantial safety
factor.

The maximum dectric fiedd in the vacuum region, 122 kV/cm, occurs on the high voltage
electrode near the vacuum acceleration ggp. The estimated eectric field to induce breskdown is
300 kV/cm, s0 this desgn includes a substantid safety margin.  In the SR region, the maximum
fidd, 115 kV/cm, is dso on the high voltage dectrode, near the high voltage insulator. The
breakdown limit in the proposed gas mix is 260 kVdc/cm. For short pulse, <100ns, operation
this limit will be higher, but quantitative rdationships are not avalable.  Suffice it to sy, the
design is very consarvative.

The fidd limitation on the high voltage insulator depends on multiple factors.  Perhgps most
criticd are the fidds a the triple points, locations where conductor, insulator and vacuum/gas
meet. Small gaps between conductor and insulator can produce large eectric fields in the gaps
that can dimulate dectron fidd emisson from the conductor or initiste eectrical breskdown in
the gas in the gap. The re-entrant eectrode desgn near the triple points is incorporated to
minimize the fields at these criticad locations. Near the inner diameter of the insulator, the triple
point fields are 15 kV/cm and near the outer, 6 kV/cm. Both vaues are acceptable for short
pulse conditions. With the triple points properly accounted for, the maximum dectric field that
can be supported dong the insulator is much higher than predicted by semi-empirica formulas
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Figure 28. Equipotentia plot in the critica high voltage areas of the FIEC induction module for
an induced voltage of 200 kV.

that do not specify the triple point conditions. In both vacuum and SFs the insulator can easly
support 100 kV/cm without breskdown under these short pulse conditions. The maximum
cdculated fidd in vacuum is 58 kV/em and in the SFs it is 56 kV/cm. As in dl of the other
caculated fidds, this provides alarge safety margin from the breakdown limiting fields.

The capacitances within the induction module can didort the voltage induced at the
accderdion gep reative to the ICPA input waveforms. Using the numericd fiedd solver, the
capacitance across the accderation gap (including the area around the Rexolite insulator) was
found to be 21 pF. The capacitance between individua ICPAs and the stdk is 3.3 pF. Between
any two ICPAs, the capacitance is 80 pF. The manner in which these capacitances affect the
output varies between ICPA. If a voltage is gpplied to ICPA #1, it will induce a field between
the stdk and the other 9 ICPAs that must charge a capacitance of (9)(3.3 pF), plus the 21 pF of
the acceleration gap and the 80 pF between the ICPA and the chamber wall, a total of 131 pF.
The capacitance is a little lower for ICPA #10, the application of a voltage to that cell does rot
induce a fidd between the stdk and any of the other ICPASs, and so the total capacitance is
101pF. However, in each case, the ICPA will be driven by a 50 W impedance and so the
characteridtic response time, given by RC, will be 6.6 ns or less, much fagter than the rise or fdl
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time of the pulses that will be applied. Therefore, the cgpacitances in the prdiminary design will
have a negligible impact on the performance of the FIEC.

Induction Cell Tests

Ealy in the project a sngle ETA-II ferite core test setup was designed and assembled.
Simple eectricd tests were performed on one core to assess the basic core characteristics. It was
found that the core impedance varied from 160 Ohms to 25 Ohms during a 50 ns pulse. This is
more variation than expected as it was origindly thought that the impedance would be reaively
condant a approximately 25 Ohms. However, this does not include the affects of cell geometry
and gap capacitance. However, these tests provided the foundation for proceeding to design and
tet a Cdl Primay Assembly (ICPA), a sngle 20 kV induction cdl that included dl aspects of
the cdl desgn indicaed in Figure 1. The experiment assembled to assess the eectricd
characteristics of the ICPA is shown in Figure 29.

Figure 29. Experimentd assembly for evaluation of the dectricd characterigtics of the 20 kV
induction cdl primary assembly of the FIEC induction accderation module.  The chamber
contains the cal assembly. The eectronics rack contains te charging power supply for the reset
crcuit which is located in the yelow plasic box. The gas tank is used to pressurize the high
voltage spark switch in the 20 kV, 50 ns pulser which is located under the bench. The pulser is
charged from the power supply located on the bench next to the chamber.

Tests were performed using a one and two 50 W PFLs switched using a spark gap switch.
The messurements included measurement of the |-V characteristics of the cdl for various vaues
of accderation gap width (these tests indicated that the design width of 0.375 inches is best —
sndler gaps result in more capacitive overshoot and large gaps increase the assembly length).
The core was fully reset between pulses usng both a low-voltage 1-ms pulssr and a dc reset
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circuit (in ether case resdting to more than 1.2 Oe offered no benefit). Although provison was
made to operate the cdl in a pressurized insulting gas (30% SFs, 70% N3) in order to avoid
electrica breakdown of the gap, it was determined thet the cell can be operated in room air a up
to approximately 25 kV without breakdown.

The voltage waveform of the driver operating with each cable connected to a50 W resdive
load is shown in Figure 30. Figure 31 shows the current and voltage waveforms for the ICPA
containing ferrite core 621-B (one of the ETA-II cores provided by LBNL) when driven by two
cables at diametrically opposed locations. The voltage pulse width a 80% of the pesk voltage
was measured as a function of both pulsed and dc reset currents. It was found to saturate at
goproximately 30 ns (corresponding to 41 ns fwhm). The integrated VT measured with the cdll
was 0.89 mV-s.
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Figure 30. Voltage waveform of the driver operating into 50 W load at 4.63 kV/div.
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Figure 31. Channd 1 is the cdl voltage at 4.63 kV/div measured with a 1:1000 Tektronix HV
probe. Channd 2 is the current flowing in one drive cable a 100 A/div as measured with a 0.05

WCVR.

A second ferrite (6-16-A) was tested as part of the ICPS with the results shown in Figure 32
for two PFLs and drive cables, and Figure 33 for one PFL and one drive cable. This core
performed dightly better than the firs. The results are summarized beow (Z is the totd cdl

impedance).

tns)  1(2 cables A)V(kV)/Z(W)
10 420/17/40

20 380/20/53

30 390/20/51

40 400/18/45

50 660/11/17

60 1000/4/4

V pulse length (@80% pegk V), ns
V pulse length (fwhm)

V risgtime (10-90%), ns

Integrd Vxdt, mV-s

[(1 cable, A)V(KV)IZ(W)

2 Cables
47

12
0.93

40

440/17/39
340/20 /59
320/20/63
360/17/47
520/9/17
650/3/5

1 Cable
30
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Figure 32. Data with two PFLs and drive cables. Channd 1 is the cdl voltage a 4.63 kV/div
measured with a 1:1000 Tektronix HV probe. Channd 2 is the current flowing in one drive

cable at 100 A/div as measured with a0.05 W CVR.

Tek Run: 2GS/s
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Figure 33. Data with one PFL and drive cable. Channd 1 is the cdl voltage at 4.63 kV/div
measured with a 1:1000 Tektronix HV probe. Channe 2 is the current flowing in one drive

cable at 100 A/div as measured with a0.05 W CVR.
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The conclusions of the ICPA tests were:

1. There are smal differences between cores. However, the first core was glued into the cell

which may have resulted in stresses that changed the B-H characteristics dightly. The second

one was not glued.

2. Better driver-cdl matching is achieved usng asingle 50 W driver and drive cable with small
pendtiesinV pulse length and rise time as would be expected. Thisis the preferred approach.

3. The god parameters for Fast Agile Solid-state Modulator (FASM) are: 20 kV output voltage,
15 ns voltage rise and fdl times, and an agile programmable pulse width ranging from 15 ns to
50 ns (fwhm) (corresponding to a maximum VT = 1 mV-9), into a resstive load impedance
comparable to the induction cdl impedance (thought to be 25 W at the time the proposd was
written). The cell desgn has been demondrated to be compatible with this god to within
gpproximately 10%.

Based on these results the final piece part fabrication drawings for the FIEC induction module
were prepared.

Bids were obtained from three vendors (Huntington Mechanical Labortories, Nor-Ca, and
Kurt J Leker Co.) for congruction of the mgor components of the FIEC. Huntington was
selected based on price; we dso had good experience with them in previous projects. We note
that the price was $19,645, about 4 times greater than what was origindly proposed. The
increese was due to the very large inflation in the cost of danless ded as wdl as in
manufacturing costs since our proposa was submitted in April, 2005.

Photographs of the parts are shown in Figures 34 and 35. The completed FIEC & shown in
Figure 36.

-

Figure 34. Induction cell components.
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Figure 35. Induction cell Components.

Figure 36. Completed FIEC induction module.
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5. Task 3 - Construct and Test the FASMs for the FIEC

The objective of this task was to congtruct and test the ten FASMs for the FIEC. The status of
thistask at the conclusion of this project is summarized as follows.

1. One complete FASM has been completed and tested into aresistive load.

2. All mgor dectronic components required to construct 10 FASMs have been ordered and
received.

3. The daughter boards and mother boards required to assemble 3 additiond FASM modules
have been ordered and received.
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6. Task 4 - Demonstratethe FIEC on the NDCX

The objective of this task was to demongrate the FIEC on the NDCX with the god of using the
FIEC to regulate the longitudind energy didribution of the NDCX ion beam to the accuracy
required to reduce the axia length of the beam by 100X during neutrdized drift compression.

LBNL Waveform Requirements Estimates

The NDCX-1 beamline is shown in Figure 37. The injected K" beam energy of 280-350 keV is
established by a Marx generator with a nearly square shape. The corresponding space-charge-
limited beam current drikes a current limiting agperture plate, transmitting 20-35 mA beam
depending on the Marx voltage setting. Four matching solenoids are used to establish transverse
envelope requirements at the entrance to the induction bunching module (IBM). The axid
compression is achieved with the IBM insarted after the matching section. Operding the I1BM
with a voltage swing of +100 kV, a +12.5% velocity ramp is imparted to “0.5 ns subset of the
several-microsecond beam pulse. The beam then drifts through a neutrdizing plasma in a drift
compresson section a few meters in length (L=29 m). A fero-dectric plasma source [9]
establishes a neutrdizing plasma dong most of the length of the drift compresson section, and
cathodic arc plasma sources injected a high-densty (“10%%/cn?®) plasma near the focd plane
where the beam dengty is grestest. A short, high-field solenoid (B = 8 Teda, 10-cm cail length)
after the ferrodectric plasma source and before the target plane (Figure 38) imparts a steep
convergence angle on the beam before the foca plane. A current amplification of > 50 has been
demonstrated in NDCX experiments[10,11,12].
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Figure 37. Elevation view of the NDCX-1 beamline.
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Figure 38 shows an example of the IBM waveform, compared to the ideal waveform calculated
from an andytic modd [13] based on alinear velocity ramp to achieve an axia focus & a
distance L:

ul
-ud

[9)

u() =

L

where u, the velocity of the leading edge of the bunching beam, and the resulting voltage
waveformis

V() =§m(u2(t)- u?)

waveform comparisorfStandard Deviation 1.4 keV, 12ns moving avg
[data file: May 19,'09]

80000 1 -+ 4000
—IBM 5-19-09 best
60000 A = 270keV ideal =+ 3000
diff [ideal-exp]
40000 1 : —— : X diff (moving average) T 2000
¢ \ === |0west harmonic of error

20000 9 =+ 1000

0 o

-20000 1 =+ -1000

difference (volts)

-40000 1 + -2000

oo ‘\W -
-80000 4 L

k -4000
-100000 -5000
3.2 3.3 3.4 35 3.6 3.7 3.8 3.9 4 4.1 4.2
time
(18)

Figure 38. Comparison of IBM waveform (blue) to an ided waveform (red). The IBM voltage
scde is on the left, and the difference between ided and experimentd data is on the right. The
magenta curve is moving average (12 ns) of the difference (gray crosses). This average is
goproximately one-hdf the trangt time through the IBM gap, which would smooth the higher
frequency component. The pink curve is a best fit of a sine function to gpproximeate the lowest
harmonic in the error.
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This mode makes the reasonable assumption that the gap is very short compared to the beam
length and the drift compresson disance. (The gap length is 3 cm and the trangt time of 300
keV K+ ionsis "25 ns, while the bunched beam is initidly "0.5 usec, and the travel time from
the IBM gap to the target is 2.4 usec.)

Integrating the absolute value of the difference between ided and experimentd waveform
yidds 753 nVesec. This is less than the (20 kV) * (50 ns) = 1000 nVesec for an FIEC module
noted in the previous section, so there is adequate volt-seconds in the FIEC module to correct
waveform errors such asthese.

It would be possible to correct the lowest harmonic via a MHz-range ringing circuit (1.6 MHz
is the lowest harmonic in the example waveform of Figure 38 independent of the FIEC, since the
time response required to do o is not especidly demanding.  This would permit using the FIEC
to correct longer waveforms with higher fiddity, or enable corrections of waveforms cdling for
more opposite- polarity module combinations.

Whatever the waveform errors are, they change from shot to shot, as illustrated in Figure 39.
We suspect that this may be caused by jitter among the individud trigger pulse generators, or
vaiaions in the output voltage of individud induction core modules, and we will test this
hypothesis soon.  Once the cause has been isolated, we expect that these random errors can be
ggnificantly reduced via a combination of noise shiedding and trigger threshold adjustments. As
shown above, any resdud systematic errors are within the correction capability of the FIEC.

As a sde note, shot-to-shot waveform error differences could be corrected in afeed-forward
crrcuit with onboad waveform anayds, teking advantage of the rdatively low ion veocity
(b = vic = 4 x 10° on NDCX-1, and 2.5 x 10 on NDCX-I1). Note that feed forward is a concept
that may not be practicd on NDCX-I or NDCX-II due to their short length. However, it is of
interest in longer induction linacs which afford more time to feed te correction to a downstream
location.
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Figure 39. Four successve IBM shats illudrate the variation in waveform errors from shot to
ghot. The left scde is the IBM waveform voltage (blue curves). The right scde is the voltage
difference (red data points) between the idea waveform and the measured waveform. The black
curve is a 10-ns moving average of the raw difference. (The data were recorded in August 2009
with the new IBM and the firgt voltage monitor.)

FPSl Ddiveriesto LBNL

FPSI deivered the assembled induction cdl assembly (ETA cores and drive current
feedthroughs, beam tube, accderation gagp and insulator, provison for SF6 insulaion) dong
with one (of 10) assembled inductive adder modulators. Mogt of the long lead time and high
value components (PC boards, FETS, capacitors, FASM cores for dl remaining nine modules)
were also ddlivered.

LBNL Testing

A random subset of module components have been inspected a LBNL. Electrica tests of the
assembled inductive adder modulator were carried out at FPSl. LBNL plans to repest these electrical
tests, finish assembling the remaining 3 modulators for which boards have been supplied by FPS,
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finishing the remaining 6 modules for which dectricd components but no boards have been supplied,
and test the system with reditic correction waveforms.

Tegting the FIEC on NDCX-1 would require completing these tasks and addressing the following
issues. (1) assamble the remaining FIEC modulators with the FIEC induction module; and (2)
machine the mating flangesin order to mate with the NDCX- | beamline.

The limited bore diameter requires space-charge neutraization in the FIEC. However, the presence
of neutrdizing plasma is not compatible in the ~19 centimeter region in the vicinity of the acceleration
gap. Thus the beam will be somewhat defocused due to space charge, for which compensation would
be required in upstream focusing eements.  The tune window and envelope dynamics are dready
congdrained by the beam tube dimensons in the neutralized drift compresson section, so detailed
modeling will be required to derive a workable envelope solution which dlows clearance for beam
halo and beam centroid offsets.

Waveform correction will occur a a different axial location from the IBM gap. Thus the correction
waveform will not be a smple canceling of the errors in Figures 39 and 40, but modified by the drift
compression of the beam. Since the minimum axia displacement between the IBM gap and a
downstream corrector gap would be "1 m (axid extent of the IBM module), the beam will have
compressed by a factor 0.64, a modest change in beam length. Modding this, including the space-
charge waves induced by the waveform errors will be helpful.

Testing on NDCX-I will depend on scheduling the effort to be synergisic with the current
programmeétic goas.
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7. Conclusions

This project achieved many of its objectives. Great difficulty was encountered in
demondtrating a practicd and workable FASM design. This led to increased codts for the FPS
portion of the project. Attempts to obtain a modification to the STTR grant, in which part of the
funds origindly alocated to LBNL were expended a FPSl in order to compensate for the
increased cogts, took a great ded of time but, in the end, proved fruitless.

At the concluson of the project mgor components of the FIEC sysem were ddivered to
LBNL where they will be tested and incorporated in the NDCX experimentd system for
evauation in the future.

Based on the work performed in the Phase Il project it gppears that the subject technology is
technicaly and economicadly feasble  However, full demondration could not be achieved
within the funding and programmetic congraints of the program.

It is expected that the Fast, Agile, Solid-state Modulator (FASM) systems, when fully developed,
will greatly improve performance, reduce costs, and serve as enabling technology for numerous
commercid and Government pulse modulator gpplicationsin avariety of areas. Potentia
goplications for the FASM include:

1. Induction accderators including: HIF linear accderators, induction synchrotrons and
high power eectron accelerators for radiation processing.

2. Pulsad lasersincluding: CO,, excimer, copper vapor, nitrogen and YAG.

3. Low voltage ion accelerators and plasmaion implantation (PI1) sysemsfor ion
surface modifications and semiconductor ion implantation.

4. Pulsed neutron generators for radiography, activation anadyss and medical isotope
production.

5. Two-beam dectron acceerators for high-energy physics research.

6. Rf modulator driversfor radar and high-energy accelerators.

Many of the aforementioned agpplications will have uses in Government-sponsored research and
development programs as wel as in the commercid arena.  The combination of tight regulation
and low cogt envisoned for the FASM reative to other modulator desgns may enhance existing
processes and be enabling to new applications.
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