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Motivation for Workst

A Tri-Laboratory meeting was held on February 8, 1994, in Livermore, California, for the
purpose of considering the possibility of a “Common Ion Driver.” This was an informal
discussion with the following persons in attendance:

LLNL (Grant Logan, Mike Campbell, John Lindl, Alex Friedman)

LBL (Roger Bangerter, Ed Lee, Andy Faltens)

SNL (Don Cook, Jeff Quintenz, Craig Olson, Keith Matzen)
The intent of the meeting was to consider the possibility of a middle-weight ion driver that could
be used for a combined Laboratory Microfusion Facility (LMF)/Engineering Test Facility (ETF),
and to ultimately advise both DOE Defense Programs (DP) and DOE Energy Research (ER) of
this possibility. A result of this meeting was the recommendation that working groups be formed
_ in the areas of ion beam transport, accelerator concepts, and targets. The transport group,
consisting of

SNL (Craig Olson)

LBL (Ed Lee)

LLNL (Bruce Langdon)
was commissioned to begin, since it was felt that the greatest commonality between Light Ion
Fusion (LIF) and Heavy Ion Fusion (HIF) appeared to be in the area of ion beam transport.
Results of the February 8, 1994 Tri-Lab meeting were reported in a Tri-Lab letter to

DOE DP (Marshall Sluyter)

DOE ER (David Crandall)
on February 11, 1994 (copy included in this Report).

The Transport Working Group met at LBL on June 5, 1994 and decided that a useful
method for assessing ion beam transport would be to hold an informal workshop. This Workshop

on JIon Beam Transport for a Common Ion Driver resulted.



Purpose of Workshop

Ion Beam drivers for Inertial Confinement Fusion (ICF) have been under development
since the mid-1970’s in two primary areas -- LIF drivers and HIF drivers. The LIF drivers are
based on pulsed power driven 1- or 2-stage diodes, and typically use low atomic number ions
(A = 10). The HIF drivers are based on conventional multi-gap accelerator technology (induction
linacs in the US; RF accelerators/storage rings in Europe), and typically use high atomic number

ions (A 2 50). Interest in middle-weight ions, and the concept of a multi-gap accelerator with
neutralization between gaps, has arisen occ‘asiona.lly, but there has been no strong development of
this area to date. Ion beam transport methods for both LIF and HIF have been examined during
the same time period.

Following demonstration of ICF ignition using a glass laser in the National Ignition
Facility (NIF), there are presently two future development options - LMF and ETE, The LMFis a
high-yield, single-shot facility, for which an LIF driver is a prime candidate. The ETF is a lower-
yield, rep-rated facility, for which an HIF driver is the prime candidate. Following LMF and ETF,
the long-range goal is energy production, for which a single Demonstration Facility is envisioned.
It is possible that a middle-weight ion, multi-gap accelerator might be conceived that could
combine the LMF and ETF goals into a single facility. It appears prudent to at least consider the
possibility of such a facility at this time.

The purpose of this workshop was to assess the physics of ion beam transport for this
Common Jon Driver. Transport for LIF and HIF were to be discussed, but the emphasis was to be
on encouraging comments and discussion on the possible advantages of a middle weight ion.
Therefore, the scope of the workshop was to include:

1.  all forms of final transport and focusing for LIF, HIF, and a middle-weight ion

2. neutralization between gaps in a multi-gap accelerator )

3.  all supporting areas for the above; including experiments, code development, and atomic
physics

Neutralization between gaps was considered to be a transport issue, since the physics of this

neutralization can be similar to some of the neutralization schemes for final transport.



The Workshop

The Workshop on Ion Beam Transport for a Common Ion Driver was held at Sandia
National Laboratories in Albuquerque, New Mexico on September 20-21, 1994. A total of 32
people attended, with representatives from SNL, LBL, LLNL, NRL, MRC, U. Wisconsin, UNM,
and DOE (see attendance list). The Workshop was organized into the following sessions:

motivation for common ion driver

multi-gap ion acceleration

neutralization with electrons

neutralization with gas

self-pinched transport

HIF and LIF transport and relevance to Common Ion Driver

LIF and HIF reactor concepts and relevance to Common Ion Driver

atomics physics for common ion driver

© 0 N A os W N e

code capabilities and needed development

[y
e

working discussion

There were no pre-determined conclusions for this Workshop. It was expected that several
transport modes, and especially self-pinched transport, would be of interest for all ions.
Advantages and disadvantages of each concept were to be discussed, and discussion of relevance

toward a common ion was encouraged.




Summary of Workshop Sessions
In the following we briefly summarize the main results of each session.

t

1) Motivation for a common ion driver

e Although LIF typically has ions with A < 10, and HIF typically uses A 2 50, there was
virtually no consensus to assume 10 S A < 50 represents a middle-weight ion. The basic

tendency of some HIF supporters was to assume that low A’s could be used with the present HIF

approach. However, during talk number 17 it was noted that the HIF approach for A < 50
becomes impractical due to the cost of the low energy end. So it stands that a reasonable

exploratory space for a middle-weight ion is 10 < A < 50, at least for the purposes of this study.
o It was emphasized that this Workshop is on transport, but that transport parameters will
depend on the accelerator concept and target concept (which will be the subjects of two other
working groups).
¢ An argument was made that a common ion driver will require multi-gap acceleration
with neutralization between the gaps. This is a consequence of the small value of the Maschke
current limit for space-charge dominated beams using vacuum quadrupole transport.

(2) Multi-gap ion acceleration

¢ The PULSELAC concept of multi-gap acceleration with neutralization between gaps

was tested in initial experiments over a decade ago with ion beams from various sources (C*; N*
from gas puff source; proton/C from flashover source) with ion energies in the range of
100-300 keV. The best results for PULSELAC C-U for a 50 cm transport length to gap 2 show
25% transport with or without plasma wall sources, and 90% transport with a gas-puff. Since a
common ion driver would have many such transport sections, the transport efficiency would have
to be very close to 100% in each section for a practical accelerator. Although the present results
are not very encouraging, more work could clearly be done in this area to complete a definitive
assessment of this concept. This issue should also be addressed in the accelerator working group.
¢ In addition to efficiency of transport, a fundamental issue raised for the PULSELAC was
beam emittance growth associated with field aberrations around the magnet supports. Since
solenoids are interior to an annular beam in PULSELAC, this appears to be an unavoidable

phenomena.




Neutralization with electrons
¢ 1-D and 2-D numerical simulations of electron neutralization of ion beams have been
performed at SNL over the past 15 years. Results for transverse electron neutralization for no
external magnetic field (B, = 0) show poor neutralization (~ 60%) unless dissipative processes

can occur. A tilted B, # 0 improves neutralization considerably. Results for axial neutralization
show that the net potentials are not reduced to zero, but to ed = 0/(1/2 m,V;2) where V; is the initial

ion beam velocity and 1 < a < 4. These results occur for a wide variety of phenomena (including
the Pierce instability saturation, and the miéro charge non-neutrality problem). Sizeable
microdivergence values can result.

¢ Modeling at LLNL concentrates on the low-density, near-ballistic regime (chamber

vapor density ~ 10'3 molecules/cc), and seeks to extend the boundaries of that mode of operation.
The BICrz code has been used to model processes by which an unneutralized ion beam from the
accelerator becomes partially neutralized, by entraining electrons from a pre-formed plasma cloud
and from collisionally-ionized chamber vapor. We strive to establish that charge neutralization
can reduce space charge sufficiently that intensity-dependent beamlet aiming/focusing, and
stripping, are not an important complication at chamber conditions desired by reactor designers.
We calculate that neutralization fractions > 80% are readily achievable if a means is found to form
the plasma cloud. The remaining electric field, however is quite nonlinear, as we predicted. Thus
far this has prevented us from focusing lighter ions onto the same focal spot as A =200 ions. As

predicted by Olson, the entraining electrons have energy 2 25 keV; as predicted by Lemons and
Jones, the neutralization by these electrons decreases as the beam approaches the target and the
entrained electrons are compressed to higher temperatures. With a plasma column extending all
the way to the target, simulations show spot sizes smaller than predicted by the vacuum envelope
equation. .

Ionization of chamber vapor (by collisions with beam ions, photoionization...) is helpful to
neutralization. Ionization of beam ions, by collisions with vapor (‘stripping’) and photoionization
by thermal x-rays emitted by the heated target, leads to emittance growth in residual electric
fields. The ratio of beam ionization to vapor ionization, by collisions, is an ingredient in modeling
of low density chambers. Initial neutralization by a pre-formed plasma reduces the damage done
to the focal spot by stripping.




¢ For transverse electron neutralization, QUICKSILVER simulations show electrons
remain tied to magnetic field lines despite development of fluctuations. ALIAS ion beam
experiments will be used to assess these predictions.
(4) Gas neutralization

* Gas neutralization is used in many transport schemes for LIF and HIF, including ballistic
transport and self-pinched transport. For LIF ballistic transport excellent current neutralization is

needed (2 99.9%). For LIF and HIF self-pinched transport, lesser current neutralization is needed
(~ 90-98%). The key to obtaining the desired current neutralization is to fully understand the
physics of gas breakdown.

* Fast electrons must be included to model gas breakdown correctly. In the “-1 Torr
regime,” fast electrons have Z.mfp of the order of the beam radius and cause non-local breakdown
effects. Fast electrons result from ion impact ionization, knock-on collisions, and runaway
electrons during avalanching.

® The IPROP 3-D EM hybrid code is the first ion beam/gas breakdown code to correctly
include fast electrons. IPROP has ion PIC, electron PIC for electron energies above some Eg
(typically 100 eV), and an electron fluid for energies below Ej,.

* Gas breakdown experiments on GAMBLE II at NRL for helium and argon show good
agreement with net currents as predicted by IPROP. The results indicate that fast electrons create a
conducting channel outside the beam. This is very important since a significant portion of the
return current can flow in the halo region.

o The effects of a transverse B on the gas breakdown and net current have been studied
theoretically for beam injection into a preformed plasma.

(3) Self-pinched transport

* Self-pinched transport for HIF starts with a quadrupole or plasma lens focussing system
located either just outside the fusion chamber or at the end of the accelerator system located
several hundred meters from the chamber. In both cases the beam is rapidly stripped to a very high
charge state at small radius and subsequently propagates in low pressure gas to the fusion target in
an electrically neutralized, magnetically pinched condition. The available stripped beam electrical
current is typically 40 kA or more; this implies current neutralization fractions of ~ 98% or lower
are needed to confine the transverse pressure of the emittance. Although the physics of this




transport mode is more complicated and uncertain than the standard final focus in vacuum, there
are very substantial beneficial features for the fusion chamber and final focus configurations, and
possibly a relaxation of requirements on accelerator wave form control. The main issues, now
under study at LBL, are (1) the effectiveness of formation of the pinch, (2) stability of the beam
against hose, sausage and two-stream modes, and (3) possible beam Ioss processes involving
scattering and channel expansion. The PIC/Fluid Code IPROP, developed at MRC to study self-
pinched transport for light ion beams, may be suitable for the heavy jon parameters. LBL
computations now employ a PIC (, z, t) model for beam and plasma under the assumption that

electrons will be hot (2 1.0 keV) in the low pressure ranges considered.
o Self-pinched transport for LIF includes (1) ballistic focusing to a channel entrance;

(2) self-pinched propagation in a guide tube for 2 1 meter to establish equilibrium, a propagation
axis for aiming, and some phase mixing; and (3) self-pinched propagation in the reactor chamber
for many meters to a target. Present IPROP simulations suggest pressures of ~1 Torr for region
(1) and = 0.1 Torr for regions (2) and (3). This transport scheme should be ideal for all ions (LIF,
common ion, HIF), and for all power plant schemes. IPROP simulations have been performed for
anumber of self-pinched schemes (including annular plasma transport), and they demonstrate that
substantial net currents are possible.

¢ Early simulations of self-pinched transport at NRL using a collisionless preionized
plasma channel showed strong pinching. Further simulation studies and analytical results predict
weak pinching for beam injection into a dense plasma channel. Note that time-dependent gas
breakdown with non-local breakdown effects was not addressed in this work.

e Experiments to demonstrate self-pinched transport have been proposed for SABRE or -
GAMBLE IL All of the basic features should be demonstrable including ballistic focusing to a
channel entrance, self-pinched transport in a guide tube, and self-pinched transport in a large
radius chamber. The results would be of considerable importance to LIE, HIF, and a common ion
driver.

(6) HIF and LIF transport and relevance to a Common Ion Driver

¢ HIF mainline transport consists of a moderate number (N = 4-24) of vacuum beam lines
comprised of magnetic quadrupole and bends and culminating in 4-6 large aperture final focus
quadrupoles on each line. Focal spot size is limited by the momentum spread, transverse phase




space area, various aberrations, and space charge. Each of these limitations is fairly well
understood, provided the transport in the chamber can be assumed to be equivalent to vacuum.

However this is not the case for most power reactor configurations since a residual pressure of

10-10"2 Torr FLIBE or other vapor is present. Stripping and ionization will significantly effect
beam dynamics in the chamber by altering the electrodynamics in ways that are only partially
understood at present. A program of simulation study has begun at LBL and LLNL to scope such
phenomena and address issues. This has proven to be a difficult task due to the complexity of the
system, lack of good cross sections for some important atomic processes, and the short time scales
dictated by the high plasma frequency in some scenarios. An additional related area of high value
research is the interface between the chamber and final focus beam lines. Design must treat
significant fluxes of neutron, gas and x-rays into the vacuum system.

o LIF mainline transport (for LMF and LIBRA-LiTE) is an achromatic lens system that
consists of the high current extraction diode (which acts as a self-field lens) and a solenoidal lens.
The beam is transported ballistically in gas from the lens to the target over a distance L, is focused
by the lens, and then transported ballistically in gas from the lens to the target over a distance E
For LMF, L = 300 cm, and F = 100 cm. The gas is assumed to provide charge and current
neutralization. The diode lens and solenoidal lens act together to form a system that is achromatic
to lowest order in the diode voltage ramp variations. The basic elements of this system (diode lens
effect, gas neutralization, and solenoidal lens effect) are all routinely observed on PBFA II,
although a complete extracted beam, achromatic system has not been demonstrated. Key issues
(which are all being addressed) include gas breakdown and current neutralization in the presence
of transverse B fields, total system transport efficiencies, and the possibility of the filamentation
instability.

e Channel transport and wire-guided transpoi't are back-up transport methods for LIF (and
they could also be used for HIF). For either “channel-like” scheme, the beam from the diode is
first focused down to a small radius (< 1 cm) and then transported at small radius over several
meters to the target. For LIF LMF parameters, all channel-like schemes require a channel current
of ~ 50 kA. The current can be from a preformed discharge (well-confined transport) or a wire
(wire-guided transport). Both channel transport and wire-guided transport have been thoroughly .
demonstrated at low energy (1 MeV p) and are expected to work at LMF energies (35 MeV Li),

but require some transport apparatus (low mass tubes or wires) inside the containment chamber.




These schemes could be used for LMF (but not ETF or IFE).
o Channel issues affect all ion schemes (LIF, HIF, common ion) and should be addressed.
Free-standing (laser-created) channels have high voltage breakdown as an unresolved issue.

Channel expansion problems indicate small radius (< 0.5 cm) channels will not work; larger

radius channels (2 0.5 cm) will work. This issue is important because it implies, e.g., that HIF

{

can use channels only for large spot radii targets.
(7) LIF and HIF reactor concepts and relev'@ce to a Common Ion Driver

e LIF reactor concepts include three versions of the LIBRA concept. The original LIBRA
used free-standing laser created channels. LIBRA-LiTE used ballistic transport with solenoidal
lens focusing. LIBRA-SP, currently under study, uses self-pinched propagation. A common ion
would easily apply to the chamber concept used in LIBRA-SP, and work on this scheme should be
encouraged.

o HIF reactor concepts may be essentially classified according to the way x-rays are
stopped (the “first wall””) and the type and temperature of the coolant or breeding blanket. Three
features have a profound effect on the final transport physics since they determine the gas
environment of the beam and the gas load into the final transport beamlines. Most recently, the
HYLIFE II design employs jets of FLIBE (Li-Be-F) to simultaneously perform all the first wall/
coolant/blanket functions. Compared with pure Li, this has reduced the standoff distance to the
final magnet by several meters and increased the cross sections for stripping and ionization. Other

recent design concepts are several forms of “wetted” walls using porous tubes for the breeding

. coolant. Examples are HIBALL II using Li-Pb, and Osiris using FLIBE. Much lower gas

pressures are realized in this way, but at the cost of introducing fabricated components into the
direct neutron flux from the microexplosions. Altematives are Prometheus-H using Li-Pb in SiC
channels and Cascade, using solid granules for the first wall/breader/coolant; pressures are similar
to HYLIFE II but the gas type includes carbon and other species. From the point of view of final
transport, any proposed reactor generates a beam environment which must be carefully
considered for issues such as stripping effects, etc. In addition, the interface to the Final Focus
system must be designed to take account of the gas load.




(8) Atomic physics needs for a common ion driver

o There is clearly a need for accurate cross sections for ion impact ionization, stripping,
charge exchange, etc. In the presentations, the need was clear for both HIF and LIF, and certainly
accurate cross sections will be needed for a common ion.

¢ A number of atomic physics modeling capabilities exists at the University of Wisconsin.
These could be used to the benefit of LIF, HIF, and a common ion.

(9) Code capabilities and needed development

e IPROP is a quasi-3D code with full electromagnetic fields; it uses arbitrary orthogonal
coordinates with the ihird dimension Fourier analyzed into an arbitrary number of modes. IPROP
has micro-particle and thermal-fluid components for the electrons. Typically electrons with
energies < 100 eV constitute a tensor conductivity; electrons at higher energies are followed as
particles, and ions are followed as particles. Simple atomic physics models are included in IPROP.
IPROP is ideal for many problems such as gas breakdown and current neutralization with non-
local effects.

¢ BIC (beam-in-chamber) code models propagation of a particle beam from the wall of the
target chamber to the target. BIC has two parts; both are particle-in-cell (PIC) models with a
tapered field mesh that concentrates resolution near the target. BICxy follows a cross-sectional
slice of the beam or a bundle of beamlets. In the moving frame of the slice, the fields are
dominantly electrostatic. It has been used to assess the importance of photoionization of beam
ions by thermal x-rays from the heated target, interaction of beamlets as they merge and overlap at
the target, and other topics. BICrz is an r-z axisymmetric model with full electromagnetic fields;
the mesh is stationary in the laboratory frame. Given cross-sections for beam stripping by the
chamber vapor, and for collisional ionization of the vapor by the beam, BICrz models the effect of
these processes on the beam propagation and deposition pattern. Normally the electrons are PIC
modeled, although there is a fluid electron model under development that has promise for
modeling electrons dense enough to charge-neutralize very well. BICrz needs cross-sections with
higher credibility than those we have now. A number of refinements are in progress regarding
boundary conditions. Photoionization of beam ions and of chamber vapor will be modeled. In the
future, a description of the ion beam should be linked from WARP, and the beam deposition
linked to the target modeling code.

10




¢ WARP is a multidimensional discrete-particle beam simulation program being
developed and used at LLNL in collaboration with NRL and LBL. It is being designed and
optimized for heavy ion fusion accelerator physics studies. At present it incorporates a 3-D
description, an axisymmetric (r,z) description, and a simple envelope model used primarily to
obtain a well-matched initial state. The code is built atop the BASIS development and run-time
system, which affords a flexible and powerful interpretive user interface, and a means for splitting
a code into “physics packages,” which can be developed (almost) independently. The WARP code
combines the particle-in-cell (PIC) technique commonly used for plasma modeling with a
description of the accelerator “lattice” of elements. A fully general set of finite-length accelerator
elements can be specified, including quadrupole focusing, dipole bending, accelerator, and more
general elements specified via their axially dependent multipolar composition. Another set of h
elements in the 3-D model specifies the locations and curvatures of bends. These are not physical
elements, but are the appropriate coordinate transformations needed to follow the beam around
the bends. The calculation of the self-consistent fields is also altered to include the curvature of
this “warped” space.

WARP has been used for a wide variety of applications. Both the 3-D and axisymmetric
models have been used to study long time behavior of beams, beam confinement, and
compression. The longitudinal microwave instability has been studied using the axisymmetric
model. The 3-D model was used in the analysis of results of the LBL MBE-4 experiment, and in
the analysis and design of the electrostatic quadrupole injector for the ILSE program. It has also
been used to understand emittance growth processes associated with changing curvature. Most
recently, the 3-D model has been used in the study of LLNL’s small recirculator experiments.
Eventually we expect to use WARP to follow HIF beams from the source through all
manipulations up to and including the final focusing lens.

¢ QUICKSILVER is a 3D, time domain, finite-difference PIC code used for the simulation
of complex structures. QUICKSILVER simulates electromagnetics and also, with the inclusion of
charged particles, high-current, high-voltage plasma physics. The code can model geometrically
complex systems of conductors and dielectrics, and a wide range of boundary conditions are
available. The QUICKSILVER suite of codes has successfully been used on many problems,
including: LIF diode diocotron and ion mode instabilities, PBFA vacuum voltage adder, post hole

convolutes, extraction diodes, etc.

1




. BUCKSHOT is a 3-D “gridless” particle code for end-to-end, high-current particle
accelerator research. In BUCKSHOT, particles are spheres or cylindrical filaments that interact
magnetostatically. Particles feel their neighbors charge and currents, and particles move self-
consistently with self and applied forces. Multi-species particles with realistic charge/mass ratios
are used, which allows study of background plasmas, channels, and charge neutralization. Gaps,
bends, boundaries, and laser or beam-driven ionization can be included. BUCKSHOT is easy to
use, and is 10-1000 times faster than 3-D EM PIC. BUCKSHOT has been used for many
problems, including: IFR relativistic electron beam transport; recirculating and spiral line
accelerator end-to-end design; SSC H-injector, LEBT, and RFQ; and electron and ion beam
lithography.

(10) Working discussion

An open discussion session was held to discuss (1) a common set of ion parameters,
(2) transport issues, and (3) recommendations for future work. General results are as follows:

¢ No consensus was reached as to a common set of ICF ion beam parameters, such as
atomic number, spot-size radius, etc. It appears that it is premature at this time to force a fixed
range of parameters on the ion fusion community. Both LIF and HIF are evolving, and the new
awareness of a middle-weight ion regime should help guide current research.

e Several transport issues and areas were itemized for future research, including:

self-pinched transport: small radius equilibrium
adequate net current
efficiency of trapping
stability
target charge-up?
beam overlai) at target
aiming and tracking
charge-neutralized transport: ballistic focus
neutralization between gaps
channel issues: small radius limit
free-standing channel HV breakdown
HIF lens: aberrations

realistic lenses

12




LIF lens:

ICF system sensitivity study

current neutralization in B

demonstration

systematic evaluation of a common ion for transport

interface region - accelerator/final transport

diagnostics - I, electrical conductivity, etc.

e Several recommendations for future work were made, including:

experiments:

code development:

self;pinched transport on SABRE

ILSE neutralization experiment

LIF machine neutralization experiment
pre-formed channels

stripping, etc. for A > 1

IPROP: self-pinch for LIF, HIF, common ion
WARP 3D: multi-gap with neutralization?
BICrz: ballistic with plasma (HIF, LIF)
QUICKSILVER: beam overlap problem (HIE, LIF)
BUCKSHOT: delta ray for HIF stripping
Z-Discharge codes

equilibrium and stability theory: first look for trouble

atomic physics:

ion impact cross sections
stripping cross sections
diagnostic signatures

relevant gas chemistry

13




Conclusions

e There is an excellent commonality in the physics of transport for LIF and HIF. Workers
in both HIF and LIF have already worked together, and they share a vision of increased
cooperation. A synergy between HIF and LIF exists and it should continue to be nurtured.

e Certain LIF and HIF transport schemes will be useful for all ions. In particular, self-
pinched transport looks very attractive for LIF, HIF, and a common ion. It should be noted that no
resonance was detected for any particular middle-weight ion or any particular middle-weight ion
transport scheme.

¢ Experiments to demonstrate self-pinched transport should be performed on SABRE or
GAMBLE 1L The results shou}d be of great importance for LIF, HIF, and a common ion driver.

e Charge-neutralized transport is important for HIF, common ion driver schemes, and
possibly LIE. Research should continue in all of these areas, and neutralized transport experiments
should be performed on ILSE énd LIF machines.

e Code development (IPROP, WARP 3D, BICrz, QUICKSILVER, BUCKSHOT, etc.) and
cross utilization of codes (LIF codes for HIF problems, and vice-versa) should be encouraged.

e Channel issues should be resolved so that an allowed range of channel radii for HIF and
LIF can be justified.

e Accurate atomic physics cross sections (impact ionization, stripping, recombination,
etc.) are needed for all ions.

¢ A common ion target might involve concepts somewhere between the traditional HIF
two spot irradiator targets and LIF spherical targets. No consensus could be reached for a target
spot-size parameter range because of the variety of possibilities. This issue should be of prime
concern for the target working group.

e A common ion accelerator might presumably involve a new technology somewhere
between present accelerator concepts for LIF and HIE. However, no consensus was reached as to
what middle-weight ion parameters might be (20 < A <50 ?), or if a multi-gap accelerator with
charge neutralization is required. This issue should be of prime concern for the accelerator

concepts working group.
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September 20-21, 1994
Sandia National Laboratories
Albuquerque, New Mexico
Area IV, Building 962, Room 1402

Chairmen: C. Olson (SNL), E. Lee (LBL), B. Langdon (LLNL)

Juesdayv, September 20,1994

8:30 am. | Welcome C. Olson 5 min.
8:35 Purpose of Workshop C. Olson, E. Lee, B. Langdon | 15 min.
8:50 National Ion Program J. Quintenz 10 min.
9:00 Tri-Lab Interest in Common Ion G. Logan 10 min.

Driver for LMF/ETF
9:10 Common Ion Driver needs for muld- | C. Olson 20 min.

gap acceleration, neutralization, and

transport

Multi-Gap Ion Acceleration (Experiments)
9:30 Pulselac S. Humphries, T. Lockner 45 min.
10:15 BREAK
Neutralization with Electrons (Theory)

10:30 Simulations in 1D, 2D J. Poukey 30 min.
11:00 Plasma neutralization B. Langdon, D. Callahan 45 min.
11:45 Neutralization simulations S. Slutz 30 min.
12:15 p.m. | LUNCH
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Gas Neutralizati

1:00 p.m. | NRL experiments J. Neri 30 min.
1:30 IPROP simulations D. Welch 30 min.
2:00 | Transverse B effects B. Oliver 30 min.
2:30 BREAK
Self-Pinched Transport
2:45 HIF Concept E. Lee, K. Hahn 45 min.
3:30 LIF Concept C. Olson, D. Welch 45 min.
4:15 NRL Concept R. Hubbard 30 min.
4:45 SM@Gmble II possible C. Olson 15 min.
experiment
5:00 Tour: SABRE/Hermes 111 M. Cuneo, D. Hanson 60 min.
6:00 ADJOURN
7:30 DINNER
Wednesday, September 21, 1994
HIF and LIF Transport, and Relevance to Common Jon Driver
8:30 am. | HIF mainline transport (ballistic/near | E. Lee 30 min.
vacuum + quadrupole triplet focus)
9:00 LIF mainline transport (ballistic/gas + | C. Olson, P. Ottinger 30 min.
solenoid focus)
9:30 Channel transport and wire-guided P. Ottinger 30 min.
transport
10:00 Channel issues C. Olson 15 min.
10:15 BREAK
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JE an r Con lev jv
10:30 a.m. | LIF Reactors R. Peterson 30 min.
11:00 HIF Reactors R. Moir 30 min.
T nl jv
11:30 U. Wisc. atomic modeling capabilities | J. MacFarlane 30 min.
12:00 p.m. { LUNCH
Code Capabilities and Needed Development
1:00 IPROP, IVORY D. Welch 15 min.
1:15 WARP (Recirc) A. Friedman 15 min.
1:30 BICRZ B. Langdon 15 min.
1:45 QUICKSILVER, TWOQUICK D. Seidel 15 min.
2:00 BUCKSHOT (RLA) J. Wagner 15 min.
2:15 BREAK
Workshop Working Discussion

2:30 Common set of parameters (LIF, HIF, | E. Lee, B. Langdon, C. Olson | 90 min.

Common Ion for LMF, ETF, Power)

Transport Issues

Pro’s, Con’s of Common Ion

Recommendations for: Experiments,

Code development, Cross sections,

Stability theory, ...
4:00 Concluding Comments B. Langdon, C. Olson, E. Lee | 25 min.
4:25 Workshp Close C. Olson 5 min.
4:30 ADJOURN
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Lawrence Livermore National Laboratory

February 11, 1994

Marshall Sluyter, Acting Director

Office of Research and Inertial Confinement Fusion
U.S. Department of Energy, DP-28

19901 Germantown Road

Germantown, MD 20874

David Crandall, Director
Division of Advanced

Physics and Technology

Office of Fusion Energy
Office of Energy Research
U.S. Department of Energy
Washington, DC 20585

Dear Marshall and Dave,

Recognizing the resource limitations that the DOE and U.S. Government will
be facing for the foreseeable future, we believe that it is necessary to evaluate the
possibility of structuring long range strategic research activities for the widest
possible benefit to multiple DOE missions. Following suggestions made at the
joint DP/ER workshop in Washington last summer, we have begun informal
discussions to assess the technical feasibility of a combined LMF/ETF facility
with multiple target chambers sharing a common ion driver. We believe that ion.
drivers currently have great potential for providing the durability, efficiency, and

~ rep rate required for energy. Most system studies for energy indicate that the

optimum target yield is a few hundred megajoules. This matches the desired .
LMF yield for defense programs applications. - '
The goal of these discussions is to identify a research program that would

provide the more demanding driver requirements for energy production, ata -
reasonably small incremental cost compared to the cost for the LMF's single shot
needs. If such a driver could be identified, DOE would then be able to satisfy the
needs of two of its major missions, advanced energy technology for fusion and
nuclear defense, with a single facility. With the significant declassification of ICF,
it should even be possible for this facility to play a major role in an internatioral

program.

&
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So far, we have identified chamber transport as a critical issue for both the
defense program and energy application of ions, and we have established a
technical working group to assess ways in which we could coordinate our
research activities. We anticipate that other working groups addressing the
issues of ion driven targets and novel acceleration concepts would also be of
benefit to the national ion program. When we have a more definite proposal for
coordinated activities, we will contact your offices to schedule formal
discussions.

Sincerely,
John Lind! / Jeff Quintenz Roger Bangerter
Acting ICF Program Light Ion Program Manager Program Head, Fusion Energy

Leader, LLNL SNL ‘ Research Program, LBL

cC
M. Campbell, LLNL
L. Cook, SNL, ALBQ

E.
D.

. G. Logan, LLNL
A.

Friedman, LLNL
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“National Ion Program”
J. Quintenz

On February 8, 1994, representatives from LBL, LLNL, and SNL met to discuss issues of
common interest to the light and heavy ion ICF programs. The discussion was prompted
as a result of the new interest in looking at the possibility of a combined LMF/ETF using
an ion driver. An ion driver is the leading candidate for such a combined facility because
of the potential for lower cost, higher efficiency and repetitive pulse operation. Itis the
opinion of the participants that there would be great advantage to a common facility if it
could be built at small incremental cost to either facility being built separately. At this
meeting the term *“National Ion Program” was coined to describe the collaborative
research activities that could be performed that would benefit both the light and heavy ion
ICF programs. Several areas were suggested as possibilities for this collaborative
research, including: ion beam transport, ion driven targets and alternative acceleration
concepts. At this meeting we also asked that the ion beam transport group be formed and
begin to look at ways that the light and heavy ion programs could collaborate in
investigating various transport scenarios. This workshop is the result of that initiative.

In summary, the purpose of the effort to look at the light ion and heavy ion ICF programs
in a common setting is several fold:

o Identify those areas of research common to both concepts that would benefit from a
coordinated research plan

o Describe computer codes that might be of use to both communities

e Begin to explore the possibility of defining an optimum ion driver or ion charge/mass
for a combined LMF/ETF

My expectations for this workshop are that there be a very interactive flow of information

and that proposals for collaboration in theory, calculations, and experiments be developed. ‘

1 do not expect solutions or answers from this workshop but rather a better feel for the
questions. ’

Finally, the Program Managers have agreed not to force an early down selection of drivers
so emphasis at this workshop should be on science, not politics.

10
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FIG. 2. Electrons in 2-D particle simulation of xonbumneumhuuon
Electrons move from left to right, and electron-absorbing conducting walls
are located at 2= 0 and 60 cm. (s) Injected current 250 A, less than the
threshold current for instability (I, /7, = 1). (b} Injected current § kA, well
above the threshold for instability (I, /J, = 20). These parameters corre-
spond to the attempted neutralization of a'$7-MeV proton beam with co-
movmgelm(r,-mcm.r.-zoun.kcwan).

V\M'La+ IS l+7 A $+4Hd):9

Ld“j)uuw‘ wave ln 54"-wm+¢<{
5+a'}’e/ or anelectron ,w;hchj

35




7‘9 Cocp Stmiladisns 1 2=D (1973
M/Se ?lg;uke—yw)—#duaphﬁ‘e,s}) ) “%70“5 _

117 B FIELD o.1180 ELECTRONS
’

|

k i R
| 1Ak AR VK
o (ionlend) giliiivs

¢ .

]
f \ 270000x16"%8 00140
¢

O. z(m) ' 0l ‘f’ Figure 63. Electron Map Corresponding to Figure 62 at t = 27 ns.

Figure 61. Geometry of Simulated Pulselac Gap and Applied B.

Total z-length of system is 1.4 cm; radial coordinate rruns from 5 to 011 POTENTIALS
115 em.
0.1180 g
ésv
ImeY 10kA Wt
. _ \
V=200kY _ few kY
O-o/
huMemca/
: accurqey heve
N1y acenracy
hat 15 d‘"F(:lcul‘fo.om
Fi . ] . V)ﬂoklem /
o5 gure 64. Equipotentials Corresponding to Figures 62 and 63.
. 20 . 00140

Figure 62. Ion Map for Strong-Applied B Case. The 10-kA, 1-MeV
fon beam is accelerated from left to right through 200 kV. .

QQSL{H’,‘ For "H}); caSc/ 300& Meﬂ(‘ra/)‘zcan(m :(m afm‘-ﬁ'- 7‘7,(}1@
(/}C'{qu\ly/ 5/‘5&2"/}1 MM&’QY‘”QM’*’TZ{I;?@A Eewuse g‘qp be%ween W4}[

. d s —
and v beam edge containg electrons, and we use E=o
Lo .
bounlay condibim on  emiHin 5MY'€’accg> Case W,‘-}-}, wWeaker— 36

Blapplied) GHIl 91351”[))/ >4 y[eldeé( poorer Meutval)zahon @hrgerdiv,)




ﬁ/ﬁé/dc G’d}ﬂ S/mq/ﬂ‘}’;oMS (/73'171.)
(-ﬁ”/je “Q C }/”““‘eﬁ”ﬁ) (Lockner, Qulmtenzfvt)ﬂu/:e?’)

/ Vun;% KE’ f 7‘.-')(' /: V:.‘_. 0. EMV. . / ﬂ.lg,u{z Ko /-/ /nx =

S —

%7
\
|

o} - —

o ———— — —— - §,

Np -

—
L]

S—

<
A
>

2 ..5 y —
Chn .. oo LE . )

%ni{an_ﬂL'/f fone s ' f/ Gl"-\ P 'lo»t

Z(%) ps

')Eé}/‘ "éllls oase VL, —-—ZOlle’z ﬂej/!;ﬂl\b/& em;s;,‘ak €V$M :
ancde SIJ.e o‘e g 76’{‘ Somewhat be%ew}’lcw‘rm/ ‘saton

Wl’H’l Pm;—}—e toh }eam V)SéJLtme Mewf'm}lau*mh ot 3)’@4-{-
(Mi/@f&e = Q_) Mov)nj A- qu)” wiHk FeS}VeL+ to E’/mes
I/Iad D”/)‘ 5"’4// 6'€‘€e¢7t Fr Joad eCJLVU57L7L/c ‘QCL{S/Cmocfe 53’110;9]@? :




Charje F/uCﬂLMCL‘[‘/‘MS ¥ MIC_V‘D J(\ve)fye%ce
(Olson + foukey, 1971

CHARGE FLUCTUATIONS TRAVELING MINIMUM VALUES OF FLUCTUATION
WITH ION BEAM HAVE émin POTENTIALS PREDICT A
SET BY ELECTRON TRAPPING . FUNDAMENTAL&%%BODWERGENCE
in perturbation frame:
for aach apacies
V(O
¢ (-]
| o¢uin= alme B262 (a 29)
e{e:- DYY‘ 2. Kone .m.'
T v/ KE= :ﬂ;. . fons see potentialin L direction

! deal
i::%:'—e)eci ) 9,,=J'E,Ia’—-:§- ZtIs lon charge state during transport
wel
i1 pleersagy

o in " 1/2 '“o"ozl

Ed.; consider one non-protonic species + protons
’ < eé“.‘x: ,;‘Wr\ ! each species has s own iy
. Typically ¢ = a¢um 1caka e/ec, P " Y non-protonic spacies ’“".é’nm of protons,

J. Poukey, SNL Report SAND80-2545 (1920).

J. Poukey, J. Quintenz, C. Olson, J. AppL Phys.E2, Mg
3016 (1981). 6= JG_JnE g Zq = charge state Indlode
8. Humphries, Jr., Nucl. Fusion 20, 1549 (1980). c

R. Sudan, Cornell U. Report LPS 280 (1980).
C. Olson, J. Fusion Energy 1, (1682).

surfeces olsctron trejecteriss

Ml

€2 107 ou?
rey] Flem) — Pypw 10 2 ou”?

—\\—_/j/f\/asc//o
1. m . | ==

[-] R (com) [-¥) e ¥ (cow) L4

" .
n, 10" e

vacuum equipotent isis ' finel squipetentisls
D,05 o.05
AT ]
Hom) e e
. (~
o! °s “"’T"T"’"
50 Y ey
3 .
'i' Ion de"}HT ‘Wuc.—)'ua'l‘lo’ns are F)*dducecl
. , b}’ noise or source non-unifrymities,
%6 032 04 65 o3 9

o They lead +o divergence which scales

Fig 4 MAGIC simchtion showing growth

. of mnevre oy momeaium pred like J%E_, KelquWl’ ay )ﬁlSeIGC ?38




ﬁl’l geam OQu.SZYlj S)ﬂ'ce Q}}mge, Llwm‘}‘.
Ggukey + Mende| y /7‘7?)

ion trojectories ion trojectories

()
rim

el Mmﬁ”“v 79 XA LI boarn injeced jaw 15 cavlong meml con filled hl‘lhhlh'llﬂ..&.’]h Y.
Sack growad tlacoce sech et f @ 3,8, w 0.93 8 10 pomcs. (1) lew wmjacames, than, geomarically. Sos v 3, Table L
an,“-u rmpit bes). O
Gz guSMY) Sessm b TbisL

ic, consing bamm % fosus aly

7.
Metal 5
B jon

“Two wodels €& the fiva) Boeus oF

MEREEEEsmmeeme 4 hgh-cuvrent Lit beams 4o
’FI‘ xed neu+ra[ l\-z?a')l)‘om ot all yo}mLs
#7)904‘11&5‘!‘5 : H’?fldﬁ bEﬂ}M/ bo#om g/ec:?-rpns

B¢ il emitted trom |eft wall,
Div > ) Ve 32 ossn st Resul- for [affer case! g =42mrad

m. e ‘
M#%_, 7€ = Gumd LoV _ opkeY )
2onrtgy frrn Edfalasti,\ \| P




$661 ‘xoumby reuwmniny
doysyiop uoryededolg requieyn)
spof

RIULIOJI[€)) JO A}ISIOATUN)
A10)0I0q%RT [RUOIRN SIOULIOATT 9OUSIMRT
ueyeje) 'y eagqa pue uop3ueT a0nug 'y

J0%0eaJ 9} ul |
suwreaq uol pazifexjnau-Arerjred jo uorjeSedoag

GCA

40




XL p661 Joquivydeg z1ng uopSuen

"WwISAS JIH oy ozrumdo 01 Suropowr puo-03-pus ut pejrojdxe aq 03
ST us1Isop 1981e) pue uorededord roquieyd UT pareAOOUN ST JBY) ANJIQIXSY AUV

‘uorjededoad
JUNNOBA, PIZIJernauun JoJ 1S9Ised I ayew jey) sidjowered ‘A9D (] 18 SUOI
nwe ()07 . PozZIuoI-A13Urs asn ued 9seD B YONs yuiyl [ ‘191eq Op 1,Ued om JI

*Aunnios reonijod o1 10 1ed1sAyd 01 10 SurresuISus 0] S[qeISUNA JoU
ST Jet]) PAIUSWNOOP OLIBUADS 1931B)/I9qUIBYD/SNO0J-[BUL QUO ISDI] IV PISU M

AN UOLIRATIOIA]

Ansuap Jodea mof 1e odsuen) quiey)

41




X4, €661 39quieydag

Anowood uresaq
sweoq Jo sroquinu
d1e1 uonnedal
wnnoeA

YI3uaIs su9[
Q0UBISIP JJjopue)s
sed Joquieyd Jo uonisodwod pue Aysuap
adeys osind

d/dg

QOURNIW

SSew UOl

A319u9 o110ULy UL
A310U0 weoq
Tomod

yISu9r asind

9z1s j0ds [800J

:so[qerreA Suimorro] oy3 Suowre sdiysuone[ol 9Y) puRISIOPUN 0] PIJU A\ "UOP
9q jouuRd puB UBD JeyMm puelsiopun o3 juenrodwr Affeontro st i ‘uorurdo Awr uy

Q)

ired ur ‘pres rojoSueg Jo30Y

wodsuen) raquieyd pue ‘3ursnoo] ‘uorssarduwod [eur

o~
~




vopeBedosd |

LN

\
1
weaq jo
Bujssnoojep swos -
uopsz|RINaU
Biled

WNNoBA "' -

(0.) oquid jo eunjesadwey
00L

waeq snoojep
seplssy] swseid
pue Buidduis

llll‘ LI}

oq|id ndt

-
O
pe =
i

’lllll 11

oL

LUopRuewR|y
‘uopsBedosd
aisiied

-1

2 3¢ 1°/s
m.,\ 7) \.Q.i eunio} youid fim
‘uopieBedosd
leuusyd

40 payould

¢Wd/ seindefow 4 jo Aysueq

R-LoRIrteaL

RN

)
~
sved A
o/ v
Y
.\:;N... ..\ L/.% »A\.
cp e A

Q)

Hodsues) jsuueyo 1o Aysuep Moj :suoibau

Ayisuap om) uj s|qissod aq Aew uonebedoid wesg:




XL ve61 toquardog ziD1g uopduer]

"WAISAS JIH 2y 9ztwmndo 03 Furjepowr pus-031-pus ul pajrodxa 2q 0}
st ud1sop 30318} pue uonededoid roquieyd Ul paroAodUN ST JBY) ANJIqIXAY AUy

"wreoq oY) yorew 03 Apiqedes ysowr SurSroAuod e sey yomym ‘esodind
ST} J10J podo[oAdp ‘Z2IDIE 9p0d DIJ ONPUSBWIOIIN] Y} JuIisn oIe oM\

*SIQUIISOp
10J08aI AQ POIISOp SUONIPUOD Joquieyo Je uoneorjduioo juenodwl Ue J0U oIe
‘Surddins pue ‘Gursnooj/Surwire jo[weeq juspuadop-ANSUAUL Y} A[IUSAIOYINS

o3reyo ooeds o0onpal ued UONRZI[EIINAU 93IBYD 1Byl YSI[QBISO 0] QALNIS 9M

"uornerodo Jo
opoul Jey) JO SOLIEPUNOQ dU) PUSIXS 0] J99s pue ‘(39/SS[nos[ow ;0T ~ AJNSuap
Jodea Joquieyo) owiigal onsI[eq-Ieou ‘AJISUSP-MO] oY) U0 SJBIIU0UO0D M

g JI0M JU.LINd JO UOTIOxII(J

roqureyo 1o81e) ur uoneSedord pazijennau-A[enIed

44




XL v661 1queaydag z1n]g uopSuer

sdals 1xoN

uoneziuorojoyd ‘Surdding

"UoNBZITEINSU JeUOnIppe juonbasqng

ewserd co.zcohoa AQ uoTBZI[EIINAU JO SUOHIRINWIS D[] OLIOWWASIXY
"uorjezIfennau o@mso 10} suondQ

"1Iodsuer) winnoeA paziennouun YIrm Sw[qoi]

"'uo1ldo SATIBAIOSUOD B PAISPISUOD Uaq SeY wnnoeA-Ieau y3noxy) uonededoid

Q uIIng

45




Xa1, £661 @quanlog ziD1g uopSuery

‘uonededoid wnnovA pozIeapI 0} SALIR[SI
douepIwe asearoul Aew ng swoqoxd asay) sdjoy uonezijennau 231eyd [eilIed

(3urwre juspuadep awiy,
weaq ULIOJIUNUOU Je] ‘1I0US B 9YI[ 1BYymawos Sjoe Idsny)
 (eoser]) JosIoy ‘OSSe] ‘UUBWJOE]
$3091J9 YISu9[-ouy pue 9ouspuadop-AJISUIUL 1SN B UI SJo[weeq Jo Surwry

(s101042]200V 2101140 ) I9QRH PUR [[epuel) ‘OH
snooj juapuadop-AIIsusiuy

"u3ISop I03oBAI UO JUIensuod o[qerrsopun ue st Jurddins
pue UOIBZIUOI [BUOISI[[OD PIOAE 0] Y3noud mo] dunssaid roqureyo Surdooy]

(398re} 03 QouRISIp ‘IoquInu- [) SUOTJRIIUII] QOUBIAIS]

Al Jodsuer) wnnoeA pIzZijernauun Jo suoneddwo)

46




Q)

UOol}03S SSOID
weaq uol

9

uolo9s ss040
weaq uol}o9|a

...\Q .n......::..\\\\..\m \*\\k‘\

weaq ayy Jo abieyd aapsod j8u
3y} aonpal Jou op weaq ay) uiyum
uoleziuol Aq paonpoid suoljoa|l

Ajelpes

10 Ajjeixe paujesjua moyawos aq
Su0.}199]9 ey} 1o ‘suoj ewseld jo
uoisindxa saiinbal uonezijennau
‘uonebedosd weaq uol 104

uonezijelinau apiaoid

0} punoJibyoeq uol ue Bujaes]
‘pajjodxa Ajipeal ale seb ay} jo
uoneziuol Aq paonpoad suoujo9|ad
‘uoijebedotd weaq uol}oala Jo4

wieaq uo0.4}09]d Ue JO uolezijelinau uey}

pajeaijdwo9 aiow S| Weaq uol ue jo uoljezijedinaN

47




AL 1661 A2jy 2114 uopSue]

‘uIfopow o1joULy JuBLiEM O] Y3INOud
o1jo8Iouo0 9q I[IM Suomod9Le ‘a3o[dwod a)nb ST uoneZI[RHINAU SSU() -
SUOISI[[00 pue uoneziuoiojoyd £q pajeard SUOIIJ [[QO-UI-J[onIR] e

"10818) 9} JBOU :POPISU ST I AISYM UOHNJOSDI AISUAAXD $9JBIIUIDIUOD -
ysow [eIojejuipenb IeouI[IAINO [BUOSOYIID e

(st sopiaoxd os[e [opowr urmIe()

SP[ey oneuSew puR ‘OLIJO9[9 SAIIONPUI ‘OIIBISOIIO[

JUQISISUOD-J[OS YIIM [opowl 2 ‘4 juopuadop-owin) B 1S8O[ I8 PN -
SUOI [[o0-ur-oponed ‘Sp[oy O1oUIeUWIOIIS[ e

94 [opow uonjededoid I0J UASOYD SaINIBIJ 9PO))

2101d

48

PR s o




YL 1661 A1eniqay 21D1g uop3uun

*1981e) o) Jeou uoIRISIIUT oW ) 9[oAoqns sdeyiod
‘uonisodap 109j3e 0}
108Ie] 913 0] 9SO[0 00) a1k Jey]} SOIsAyd jo syrejep Surepowr jJoU UO JUNOD

*1081e) JROU UONIN[OSAT SJRIIUSOUOD ‘QI0JOIY],

‘(yred weaq s[oym IoAo [eonoeiduir) 10816 Jeou ww g ~ ¢y oﬁw 5]
(a1q1ssod aqAew— sdols oW QOO‘00T = Su Qf) sd €0 ~ 2V $15983ns s1y,

ww eT'0 = m&3\EmoaD wul FHQ = m&3\0 Eumoﬁ urys
“_008;0T X 4 = 2%m uay], ‘dug = *u ssoddng
‘WO, 0T X § = U Asuop Weaq UOI SUBSW
‘9¢'() 18 SurAOW SUOT A9 (] JO ‘snipel wix ¢ Jo jods & ol M.T, 00T

:10818) 9} 1Y

AN **SIoQUINU QWIOS
§o[eos owr) pue 2oedg

49




X4L, 1661 A1eniqey s101g uopdusr

"PIOPISUO0D 9q URD SP[OY UIMIB(] IO ONQUFBRWIONIS[S [[NJ IO

INAN AV 959%8
QIOUWI ST UOTIIPUOD JUBINOD) o:mcmeobooE oul 1Y) PUY oM VY Q'gT = 9
pue ‘¢'0 = 9 ‘g0 = (4Vv/2Vv2) ‘T'0 = (V™) ym ‘opdurexe 104

A U v VILTY  (4v/1v0)
v/

Ty NGQ 2dm)
Uy,

‘pazijennou a5reyod st pue 0% = 90 paads 18 97 JUSLIND [BOLIIOS[O SILLIED

‘94 STIpRI JO UOIO9S SSOIO B UI WLojiun AJIsuop sey wreaq uor oy asoddng

12y 2%m pue 4y /179 eredwo)

*IeTIWIS oIk ‘Aouonboiy vwise[d uono9[e 03 pue
JURINO)) ONQUIBWONO[ 0} anp ‘do)S QW) U0 SUOTIRIIWI ]

SO[ROS oW} pue aoedg

50




AL, £661 Joquisydag 21D]g uop3uer]

wo 71 JO () snIpel Jouul

wo ()9 YISu ‘wd ()¢ snipel 1IN0
[_SU QT ~ %m

snjnuue pue JopurjAo ewsed

wd Q] snipel [eniut

SpIel J[os Jeaul] <= Ajsuop wiojrun. ‘odeys reprosdiye
(o—0T X ¥ ~ 9oueoa1ad) ¥ 891 JUSLINO WINWIXEW!
su ¢ = 4 uopemp ‘(2)J oroqered

¢'0 = 99 ‘yoes so[nol 0T x g g A310U9 TRI0)

OB SQUIO[NOd ¢ (T X §'Z 981eyd [e101

syo[uIeaq

:s10jowrered jojweaqg
suone[nwIs zIDIg

51




XL £661 tequiardeg z1D1g uop3ueq]

({281eyosIp [eo1no9[e Aq sdeyrad)
sirod resu yed wreaq aprsino odea Iequieyo Jo uopeziuoraxd syopour

snnuue ewse[d

(;e81eyostp oaemoiotw Aq sdeyrad)
syod jorwreeq reou yred uresaq ur Jodea requieyd Jo uoreziuoraxd sfopowd

IopuIjAo ewise[]

*SUISTURYOSW UOTIBZI[ENNAU ISYI0 JOJ Suniem JNOYIM- ‘PIpeIdop ST 90UBNIW
weaq 210Joq ‘A[ySnoroy; pue Apdwoxd o8reyo jou aonpar 03 St osoding

Q euwise[d
powirooxd woiy dnyord uoxd9[e Aq uonezZiennau weag

52




2

Pw

X41, €661 A2 21019 uopBuer]

‘0406 ~ f so1BOIpUI SIU) ‘SIojowreled Ino 10

‘Sururquio)
03,09 = mAmowv USJILIM 9q URD JNSal -0 paywi-o81eyo-aoeds oy,

0 (f = 1) = & 1o “N(f — 1) = g

£q uoAIS 9oBJINS WEq 9Y) 8 P[oY OLIoSe Ue im p ded v $SOIoR Snnuue dy)
JO 90RJINS JOUUL oY) WOIJ 747 = 909¢ = JUALIND UOIIOJ U MBIP 0] PISN

9

snnuue ewse[d WOIJ JUALIND [RIPRI PAIIWI[-93I8Yd-20RdS

snnuue ewise[d AQ UOIBZI[BINSU [BIIIU]

53




XL, v661 Arenaqoy za)]g] uopdue)

*SINDD0 90UBYIIWD JO uonepeIZop 2wos urede ng ‘soden

roqueyd poaziuor woyy dnyord uoIos[e Aq uoneZIfENNAU %06 — 08 ~ PUL IM
*SUOI}O[

Surzirennou Teuonippe sopraoid Jodea requieyo SU) JO UONBZIUOL [BUOISI[[OD

o/ 49 Jo sj01d UI 9[qISIA YIMOIT Q0UBNIW PUB SP[AY [BIPRI dluoulieyue
0] SpBJ[ ‘SUOIIOR[ paurenue oy} Jo ainjersdwe) ySry .oy} pue 1099 SIYT,

*STXR Q) Jeau AJISUSp JIOY) SOUBYUS UYOIyM ‘WNJUSWOW
Ie[ngSue o[NI] 9ABY SUOIIO[Q Y} ‘9p0d 2 ‘4 oY) JO ANSWWAS JO 9sneody

(‘09 ~ % /7%m pue ‘eS1eyo uor wesq [e10] X (¢ = 95IBYD UONIS[S [BI0} YIIM)

-snjnuue ewse[d oy) Yiim UOHRZI[RIINAU 95()] INOQR pue
‘TopurjAo vwiserd oy} PIM UOTIBZI[RIINOU 9,CQ INOQR IAAYIY

Q SU0I309re Surzijennau Jo dnyjoid uo sjnsal zIDIg

ewse[d poutoyord £q uonezifennoN

54




XAL €661 daqwaidag uopsue]

Waap [ Jatwl

ara 9da ap [ 2977

09w

(SSIN)  ((6g9n —*q) melmﬂ

\

¢

pue ‘weaq A © J0J ouelIwe 93po 9y} SI

ANAL ’ .-v - AN\LVAm&vv V=
ANA\&&V - Am\&VAm&vv 9T = 42

‘Weaq WIoJIuN B X0J snipel agpa oy St (y4)g /N = » aeym
D D VA
g4 _ 2*P
3 NG VP
il | ) uonenba

odofoAauo A 9Y} 01 puodsorioo 0} PIZI[BULIOU SO[(BLIBA LM

uonenba adofoaus SINY

55




YO, £661 quipdag uopduer|

‘UOTRZI[RIINSU JO 92130p JO QInseaw B se 37 01 paredwod oq Aew

09wt .
(Cgo—g) §* 50— = T

‘reaq pazipelnau Aqenied e 104

‘ssouTNJosn S SHWI[ 3 JO
UOTBLIEA O} JoASMOY W] [erxered ou) Ul 9JeIndde st uorenbe adofoaus SIy],

ooueoAalad oy ‘Y

q q
e oL 0513

2972 1
GA&AL QQQEM\P

) gy = 0

JUQLIND JO UOTINGINSIP [RIPBI 9 JO Juspuadopul

‘sSUol weaq JY} Jo 181 ST 98Ieyo ATUO o JI

ﬂ o) o3reyo ords Jy) Jo uonenjeAy

uonjenbo adojaAus SIAY

56




XL €661 42N z1D]g uopSuer]

0661 ‘Ao1ipA ‘serayduwmy g ¢ swesd o[d13aed pasieyD,, ‘P 11 UOIPDG 4

9861

‘JIv ‘winisodwAg ATH 986T 243 Jo sSurpasdoad ur ‘ssuop *5] ‘N pue suowd] g ([ ‘ Stuesqg
uoy pazifeIsnopN Jo SUISNO0,] UO s309Yf 2Inssald U0I3dS]y pue o81ey)) 20edg ‘eoureyyrwuy -, - |

*SU0J109[0 SUIZITeNNaU JO S90INOS
rejuoworddns ore Jodea requieyo jo uoneziuorojoyd pue UOIIBZIUOI [RUOISITIO)

«+parredu
ST UOHBZI[ENNSU ‘SNIPeI Wedq 9y} PIBMO] SISBaIoul YISUus| 94qa( Yl SV

. "SU0N109]9 o) Juneay
‘Krerpes sossaxdwoo i1 ‘308183 o soyoeordde weaq oy} SY

"¢~ 21 )0y aIe SUOIOJ[S paurenue YL,

ﬂﬂ 19310}

oty 0 yoeoxdde U0 $9SBAIOP SUOIVI[S JUIMOP-00 AQ SUIPAIYS

ewseld pauniojord £q uoneziennaN




XAL 661 sepy 23D1 vopuerg

'S[opOW SNOLIBA JO S)[nsor o1edwiod 03 yorym yum
sadroar o[qrsnerd 1se9[ 18 IO ‘GJog UO UOIRUWLIOJUI SOISAYd Oruoje pasu op

((Surddins weaq)/(uoneziuor Jodea) onel oyl apeisop ¢Jod [IIM

'CJog Jo Apurew s3sisuoo Jodea oyl ‘ogIq Suisn s3deouod I1010Bal JUS0I U]

‘surddins weaq sns.24 UOIIRZIUOL
[BUOISI[[0D JO Siyauaq pamoys fodea I Sutwnsse (TRET ~) SINsal 9pod OJJIH

"AJISUSD (JIa 9SBAIOUT S1091J9 Ylog

"YIMOIS SOUBNIWD
0} SUIPe9] ‘SP[oy [eIper 01 asuodsal IIay) Sasearoul SUol wesq Jo surdding

"uonezIfennau surd[ay ‘weoq
OY) Ul paurenua 9q 0} suoajosle Ajddns sdjey 1odea Joquieyo JO UOTIRZIUO]

Bl Surddins wreeq snssoa s0dea TOQqUIBYD JO UOLJBZIUOL [BUOISI[[0D)
a.

(s
¢ ) e

58




X4L, €661 1oquaidag uopduer]

03180 UMO S3I 03 [enba 98r1eyd VOIS
reuonippe $oonpold AJ[RUOISI[[0D UOT Wieaq B Yorym I9A0 ySuer yred oy st oy

By
— T '?h?
9H 9z mw N

ST UOIJBZIUOI [BUOISI[[00 Aq Pojea1d 9318y U009 [B10] Yl snyf,

'T AQ PIUQWIAIOAP
ST 9N/ pue ‘pejuswaIoul S1 AJsuop 281eyd UOI punoidyoeq paxy oy} ‘Uol
oy) Jo uonisod Sy JB PoleaId SI U009 PIod B ‘T < N UIIM UOT [OBD IO

"paBaID

U0JJO9e Yoed Jo o98reyod oyj ST *°b pue ‘sdfreyo uol weaq poyySom (S[qeriea)

13 wm,«
oy are 9 oroym —
b 170

"(140) ur JoquInU WOPURI B 0} PazZI[eniul ‘4\/ ‘IOJR[NUNOOE U Sey UOT (oey

AQ pojuswaIoul SI 9A7 ‘eOUBApR WIBQq YOBS 1Y

;un)roge
OTISTUTULIOJOP-TeaU B Aq Inq $s9001d uossiod & se pajuawadwr jou St SiyJ,

A JodeA Ioquieyo oyj JO UOIIRZIUOI [RUOISI[[0D IOJ [SPOIA

59




AL £661 Sejy 21y wopsuv

*osynd 9ALID
o) JO UONas [euy (earsuadxe ‘ASIeus ySiy) oy Jyeusq ySrur sse00xd SIYT,

. e rped weeq 9yl Ul Jou II JO Isow —
oS1eyo Weaq < 951eyo uoxoafaoioyd sonpold pinod uoneziuoroloyd 1ey
$15988NS ‘o 0T ~ ANSUSp pue ,Wdg; (T ~ UONJIS $SOIO UOKBZIUOL Ue Sunyel,

"1 =098 o,0T ~ ojel ® Je peonpoid suojoyd A9 Q0§ ~ 01 spuodsariod STyJ,

).mEom.o ~ JO ®BaIB UB USnoIy) NEO\BMHOH ~
SIS 11 ‘AD Q[ ~ Soyoeal 195Ie] SU) JO 9PISINO A1 UO 10dS [820] Sy} USYM

dﬁimwow{ 1 H Q“V~ \c\-\.d;wa)b\.—)\ lvu.v .wﬁ&..-\_pﬂé.u._«\\\
JoM Juo ¢ rtédw V»o rambaé;\\:ou aw,?\oﬂw

mﬂ | 1odea Joquueyo 9y} 9zruorojoyd
10818) palBay QU] WOIJ SARI-Y [RWISY],

\

60




XL 661 Arenaqay 21))g] uopSuen

‘S[opow
snotreA Jo synsal areduwrod o3 yorym yim sadroar o[qisnerd 1sea] je pasu op

ULIEMS UOIIO9[9 AQ UOTIBZIUOL
(1T SnSIoA FIT Ul Surddins 01 uorgezruor todea Jo oner g-9)
Iodea roqueyo JO UONBZIUOI [RUOISI[[OD
suor weaq Jo urddins
2¢°'(0) ~ Spoads Je UOIBZIUOI [RUOISI[[0D

‘A9 T > 1Yy “)o81e)
PoIesy WOJJ UOIIBIpel [BULISY] 0) dnp 9l ] JOJ SUOI09S SSOI0 UOHRZIUOIOI0Y]

-Jodea requieyo ozruoraid
0] SuBSW 9[qeAIAINs-Ioquieyd ‘deayo e puy d[oy 01 popasu SI elep ISASIBYM

B :SBOIR [BIOAQS UI PIpaou SI Blep SoIsAyd orwoly

61




X4L $661 1098 ueye{[e)

.vma ‘ST ‘A3o10uo3], uotsny | “1odox Teuy-udisop juerd
Tomod A31ous uoIsSNy TErISUT e USjow V II-JHAH,, “Te 10 “HOIA Y 99§

L]
L. weeq uoj Axsely
) ui.t;..o.ou-/ /
Wb g \

. dopnuene

MRS

"IOqUIBYD Jojow ¢ 9y ur ofSue oo13op
[ & yiiM 9310AU0D PUB WO 7°C JO SNIPEI Weaq € (Iim IOQUIBYD Y} JOJUS SWIeag

g : pasn aIem s1ojourered uSisop I0joeal TT-HITAH oYL

62




L

d maintains radial resolution as the beam radius decreases

from 5.2 cm to a few millimeters.

The converging gri
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Every 10th z-cell is shown. The grid extends well beyond this plot in the

radial direction.

Callahan Sept 1994 TwX
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Wall electrons can provide up to 95% charge

neutralization -

S.A.S. Workshop Sept. 1994
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S.A.S. Workshop Sept. 1994

The electrons remain tied to magnetic field lines
despite the development of fluctuations
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WAVEFORMS IN DIODE AND TRANSPORT REGIONS
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len energy measurements indicate

energy loss at the head of the beam

Stacked-Foil Intensity (10'3/foil)

Two Independent lon Energy Measurements

e Proton Spectrum
. - stacked-foil carbon activation.
e Deuteron Energy
- d(d,n) neutron time-of-flight.

Proton Number Spectra

T T
0.93 MeV
Avg. Energies

: V' 1.04 MeV
<___
=

—=_|]

‘m‘

0.4

0.6 0.8 1.0 1.2 14

Proton Energy (MeV)

1.6

[-V Intensity (10'¢/100 keV)
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Peak Net Current (A)

Net-Current Fraction (%)

PEAK NET CURRENTS
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Transport-Region Pressure (Torr)
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PEAK ELECTRON DENSITIES
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NET-CURRENT COMPARISONS WITH THEORY

. Net Current (kA)

Net Current (kA)
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DENSITY COMPARISONS WITH THEORY
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Annular Plasma Transport - APT

. |Annular plasma with density comparable to beam

NN

/

L ~ S0kA,45MeV,
1.5-cm proton beam

______D

Electron Orbits

l\\
K

|a net pinch force

IPlasma provides partial charge and current transport with
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Breakdown Time Depends on Ion Energy and Charge for
a Given Gas Pressure (Nitrogen)

log'of neutralization time

Proton
Energy
(MeV)

_

Pressure (mtorr)
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Fig. 1. Plots of the plasma current density profile ¥(r), from Eqs. (21), for cases with
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Fig. 2. Plot of the effective pinch cumrent I, normalized to the beam current I, as a function
of c/wpab, from Eq. (25).
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Charged Particle Accelerators for Inertial Fusion Energy

Stanley Humphries, Jr.
Department of Electrical and Computer Engineering
University of New Mexico
Albuquergue, New Mexico 87131

The long history of successful commercial applications
of charged-particle accelerators is largely a result of initi-
atives by private industry. The Department of Energy
views accelerators mainly as support equipment for parti-
cle physicists rather than components of an energy
generation program. In FY 91, the DOE spent over 850
MS$ on building and supporting accelerators for physics
research versus 5 M$ on induction accelerators for fusion
cncrgyl. I believe this emphasis is skewed. We must
address problems of long-term energy sources to pre-
serve the possibility of basic research by future genera-
tions. In this paper, I shall review the rationale for accel-
erators as inertial fusion drivers, emphasizing that these
devices provide a viable path to fusion energy from
viewpoints of both physics and engineering.

In the conference talk, I covered the full range of
accelerator fusion applications. Because of space limita-
tions, this paper concentrates on induction linacs for ICF,
an approach singled out in recent reports by the National
Academy of Sciences? and the Fusion Policy Advisory
Committee” as a promising path to long-term fusion
power production. Review papers by Cook, Lcung,
Franzke, Hofmann and Reiser in thesc proceedings give
details on light ion fusion and RF accelerator studies.

Fig. 1a illustrates the recently declassified concept of
indirect-drive ICF targets. The idea is to convert the
energy of a beam into an intense flux of soft X-rays inside
a hohlraum, a closed chamber of high-Z material. With
proper design of the low-density foam that fills the
chamber, the beam can generate a symmetric X-ray flux
with optimal time variation Lo provide strong compres-
sion of a high-gain target. In the ion beam target of Fig.
1a, two beams pass through the thin chamber shell and
heat the foam to about 300 eV. Ideally, the ions sh%uld
have a normalized range of about 20-30 mg/cm“ to
penetrate the shell and to deposit high energy density in
the foam. Longer range jons can be used at the expense
of a more complex target with reduced gain (Fig. 1b). It
is necessary to extend the conversion region and decrease
the focal spot size to achieve the required energy density.

Many physics issues of indirect-drive targets have al-
ready been resolved. Quoting from Ref. 2, "Experiments
(Centurion/Halide) using a tiny fraction us the energy
from a fission bomb underground have allowed demon-
stration of excellent performance, putting to rest funda-
mental questions about basic feasibility of attaining high

0-7803-0135-8/91501.00 @IEEE

Pas. /531 £AC
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Jon beam

Converter

ZConverter

Fig 1. Principle of indircct-drive inertial fusion targets.  a)
Sxmple target design with optimum-range ions (20
mg/cm ) b) Modified target for long-range ions (100
mg/cm®).

gain." The drawback is that indirect targets require extra
drive energy to compensate for the inefficiency of the X-
ray conversion process. The estimated ¢:m:rgy4 for ion-
driven targets is about 5 MJ for gain in the range 40-100.
Although the net energy is modest, the physics challenge
is to dceliver the energy to small arcas in short times (10
ns) at high power levels (5 x 10t W) The focal spot
radius requirement varies from 2 mm for high-energy
ions to 1 cm for short-range ions. The beams must
propagate a long distance to the focal point. With a
target yield in the range 1 GJ, the reactor chamber has a
radius of 5-10 m to prevent wall damage.

The power density at the converter must exceed 1014
W/cm®. This precludes the direct application of conven-
tional electromagnetic energy. The Poynting flux in an
EM wave with E = 20 MV/m is only 108 W/cmz. Elec-
trodes cannot sustain higher fields in a repetitively-
onrrated system. ICF demands an intermediate stage of
power conditioning such as a charged particle accelera-

. Accelerators convert electrical energy to stored beam
cnergy that can transform to thermal energy in a material
194
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in a small area and short time. For example, focusing a
low-cmittance beam gives power compression in the
transverse direction, High-compression is also possible in
the axial direction. In an accelerator, the conversion of
electrical to beam energy occurs over an extended dis-
tance. Non-relativistic ions can be axially bunched by a
velocity tilt during or after acceleration. Finally, charged
particles striking a solid material yield their energy in a

short range.
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Fig. 2 Normalized ranges for ions in inertial fusion targets.
Shaded area: optimum range. Dashed line: range for
existing Heavy Ion Fusion studies.

Jons are more attractive than electrons for ICF because
of their high stopping power. The variation of range with
ion species gives scveral options for ion accclerator
technology. Figure 2 shows that variation of normalized
range with kinetic energy and ion specics - the range
corresponds to 10 MeV He, 100 McV Ne, or 1500 McV
U. Higher encrgics are possible with advanced target
designs (Fig. 1b). The corresponding beam currents to
carry 500 TW are 50 MA for 10 McV He, 5 MA for 100
MeV Ne, and 50 kA for 10 GeV U. Although thesc
currents arc beyond present capability, the dramatic
advances in beam physics and accclerator technology in
the past decade give cause for optimism.

ICF reactors with ion beam drivers have compelling
advantages. In contrast to magnetic fusion devices like
the Tokomak, the ICF reactor chamber is physically
separate from the power source (driver) that creates the
thermonuclear plasma. As a result, the engincering of the
reactor is simplified. Ion accelcrators have several de-
sirable features compared with lasers. Accclerators are
reliable, achieve good encrgy efficicncy, and opcrate at
adequate repetition rates (1-10 Hz). Ion beams can be
compressed in space and time and focused into the
reactor by magnctic lenses with no exposcd physical
surfaces. Most important, the encrgy deposition process
of ions in matter is predictable. Ref. 3 recognizes these
features: "We strongly urge augmenting the [incrtial
fusion] program for developing a driver of suitable effi-

U -

ciency and reliability to be useful for energy production,
with emphasis on heavy ions....”

We can represent the ICF process with an ion beam
driver by three stages of power compression (Fig. 3). In
the first, electrical energy is stored over an extended
period and then converted to beam energy by the accel-
erator in a time ranging from 20 ns to several ms. Beam
manipulations amplify the power. The final st..gze involves
conversion to soft X-rays. We can classify present ap-
proaches by their emphasis on electrical versus kinetic
energy compression and the power levels for the transfer
operations. Fig. 3 shows four current programs. The
Kurchatov Institute is the leading laboratory for the study
of imploding Z-pinches for fusion™. In this process, a
large pulsed power generator drives current through an
annular foil creating an imploding plasma. The system

Hectrical § Khsilc & Seft -
energy S - mnergy &  X-roy [
storage S storoge g {hohiroum) 53

- [ v

= R R O

Impioding liners

Light fon dlodes

induction Inacs

RF linoc/storage ring

Fig. 3. Schematic view of power compression sequence for
ion beam drivers and indirect-drive targets. Four present
approaches to ion bearn fusion with relative emphasis on
electrical versus kinetic energy compression.

produces an intense burst of soft X-rays when the pinch
stagnates on axis. In a sense, the plasma is a high-
emittance, neutralized ion beam that gives modest power
compression in space and time. This method places
almost total reliance on electric power amplification. The
other three approaches use higher quality beams. The
main centers for light-ion fusion are Sandia National
Laboratories® and the Kernforschungszentrum Karls-
ruhe’. These programs emphasize electrical energy
compression, seeking only 2 factor of about 100 power
amplification from beam manipulations. The accelerator
electrodes must sustain fields exceeding 200 MV/m to
create the necessary high ion current densities. This
limits the technology to single shots. Nonetheless, LIF
programs can make valuable contributions to energy
applications in the areas of beam-target interactions at

195




high intensity, target diagnostics and advanced methods
for beam transport.

The other two accelerator options use multi-stage
devices to generate lower current beams of heavy ions at
higher kinetic energy (heavy ion fusion). High-energy
accelerators extend the time and distance for conversion
from electrical to kinetic energy; as a result, they can
operate reliably at high-repetition-rate. The program at
the GSI Darmstadt® is based on 2 conventional RF linac
feeding a series of storage rings for beam compression.
This approach uses kinetic energy storage and compres-
sion exclusively - the electric energy transfer occurs at
low power density. The main physical problem of the RF
accelerator option is the confinement of intense ion
beams in storage rings at a low enough energy to be of
interest for ICF. Evcg with the application of laser
induced beam stacking” for phase space compression in
rings, the ability to meet the focal spot requirement is
marginal. Furthermore, there is no latitude to reduce the
beam energy below 10 GeV. The main engineering
problem is the cost and complexity of kinetic energy
storage. Contaimglcnt of 1 kJ heavy ion beam in a ring
costs roughly 10- times as much as storing the same
electrical energy in a low-inductance capacitor. Clearly,
the imperative is to minimize kinetic energy storage in a
practical system. Although there is no definitive answer,
studies of the storage ring approach to date imply costly
and complex systems.

The main center for the induction linac approach is the
Lawrence Berkeley Laboratory1 with assistance from
Lawrence Livermore Laboratory. Induction linacs seek a
balance between electric and kinetic energy storage for
high average power at relatively low cost. The accelera-
tors incorporate acceleration gaps with ferromagnetic
isolation cores™". Each stage consists of an electrostatic
acceleration gap driven directly by a pulsed power gener-

ator. The isolation chokes allow series gap stacking to

achieve high beam kinetic energy. An advantage of the
induction linac is that it can drive pulsed currents in the
multi-kA range. The drawback is that the ferromagnctic
core cost is high in the low gradient machines.

The induction linac HIF driver is a straight-through
device to generate a single beam pulse at moderate repe-
tition rate (<10 Hz). Shaped gap voltage pulses induce a
velocity tilt in the non-relativistic ions to compress the
beam as it moves through the system. The pulselength
varies from several microseconds to about 100 ns. Final
bunching to 10 ns occurs in drift transport lines near the
reactor. To pass the maximum current, beams propagate
near the space-charge limit in a parallel array of quadru-
pole lens channels. Experiments at LBL have demon-
strated the transport of low emittance beams at high flux
levels in a quadrupole array with almost a perfect balance
between space-charge and focusing forces“. The main

physics problem is longitudirllgl control of beam pulses in
a heavily loaded accelerator™ - the papers by Fessenden
and Smith in these proceedings discuss this topic. Refer-
ence 14 summarizes system studies of power plant drivers
carried out by LBL and other groups. Design studies to
date use high-vacuum ballistic transport in the rcactor as
a baseline, limiting the beam kinetic energy to high
values. Because induction linacs.have low average gradi-
ent (<1 MV/m), the cost of cores and other equipment
in a 10 GeV exceeds 1 BS.

The main engineering challenge for induction linac
drivers is reduction of the driver cost. Two possible solu-
tions are 1) to modify the accelerator technology and 2)
to relax the beam requirements. Regarding accelerator
technology, papers by Hewett, Yu and Newton in these
proceedings report studies of recirculating geometries. A
recirculating induction accclerator makes more effective
use of isolation cores at expense of a complex accelera-
tion process. In this paper, I will concentrate on second
option, lowering requirements on beam quality and kinet-
ic energy through alternative transport techniques in the
reactor. Propagation of heavy ion beams through a
plasma environment aroused considerable interest a
decade agols, but lack of funds and a prevailing conser-
vatism in driver design impeded further work. The
parameters of conceptual heavy ion drivers to date are
set largely by the limitations of ballistic beam propaga-
tion in high-vacuum. It is important 1o note that attrac-
tive plasma transport modes exist that can lead to dra-
matic reductions in the cost of accelerators.

Ballistic transport of a beam to a fusion target in high-
vacuum has several drawbacks. The process demands low
beam emittance and small energy spread. For example,
to focus a 10 GeV U beam over 2 10 m span with a
compression from 10 cm to 2 mm implies a normalized
emittance € < 6 x 10"°m-m-r. In vacuum, space-charge
expansion limits beams to high kinetic energy and low
current. Design studies™ postulate a large number (20)
of parallel beams to circumvent current limitations. Each
beam must have its own transport line, final focusing lens
array, and reactor entrance port. Transverse space-
charge forces and electrostatic target charging preclude
reduced beam energy or the acceleration of multiply-
charged ions. Finally, it is doubtful that a high-vacuum
environment is consistent with a practical reactor design.

One alternative is to improve ballistic focusing with
clectron neutralization to reduce space charge forces.
Although a low emittance is still necessary, there is
considerably more latitude to choose beam energy, ion
charge state, and the number of reactor entrance ports.
In this case, constraints derive mainly from beam trans-
port in the accelerator rather than space-charge forces in
the reactor. It may be possible to reduce the beam kinetic
energy - although the emittance will be higher, the re-
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. quired focal spot is larger. Also, the use of multiply-
" charged ions reduces the accelerator length for a given

Kinctic encrgy.

An attractive neutralization option is to direct the beam
through a preformed plasma cloud at the reactor en-
trance and then to allow it to propagate through a diffuse
reactor plasma generated by the ionization of a low-
density background gas. Acceleration of electrons from
the plasma cloud by the beam space-charge potential
gives effective neutralization. Elcctr~n conduction in the
diffuse reactor plasma avoids electron heating as the

focused ion beam compresses. With this process, it may

be possible to transport the full encrgy beam current
from an HIF driver with as few as two beams. Early
studies™’ suggested that stable plasma propagation may
be limited to a "1 torr window" in analogy with pinched
electron beam experiments. Here, the upper limit on
background gas pressure is set by beam stripping and the
filamentation instability, while the plasma electron-ion
two-stream instability sets a lower limit on pressure. The
present beliefl® is that the consequences of the two-
stream instability are small and that there is no lower
limit on background gas pressure. The instability induces
negligible beam energy loss through plasma heating and
may allow a small fractional imbalance of beam and
background electron currents.

An altcmaéivc plasma transport mode, self-pinched
pmpagation1 , could dramatically impact the cost of an
induction linac ICF driver. The idea is to focus a high-
current beam to small spot outside the reactor shicld
with a short focal length lens. When the beam enters the
chamber, a plasma provides complete cancellation of
electric fields. In some circumstances, the plasma return
current may occupy a larger area than the beam current,
leaving enough beam-generated magnetic field to contain
the ions in a constant radius pinch. This process does not
violate conservation of emittance - it involves only a
translation of a preexisting focus. The success of experi-
ments at the Naval stscarch Laboratory on pinched
electron beams in gas“” and intense_ion beam propaga-
tion in preformed plasma channels“® demonstrate the
successful control of hose and filamentation instabilities.

Reactor wall
Gas sheet
Final lens

~

bu |

Low~-density plosma

Fig. 4. Injection of a self-pinched beam into a plasma-
filled inertial fusion reactor.

Previous work on heavy-ion beam self-pinches concen-
trated on a homogeneous high-density plasma with beam
stripping extended along the propagation path™. Be-
cause of high predicted plasma conductivity, the residual
magnetic field was low. In these studies, self-pinching was
marginal. Figure 4 illustrates a better approach. Ion
stripping occurs in a dense gas sheet at the external focal
point. The highly-charged ions pass.into a low-density
plasma in the reactor. Simple scaling calculations show
that conditions for a pinched beam equilibrium are easy
to attain. Ion beams of proper range for ICF optimally
have velocitics of about 0.2¢. This figure corresponds to a
beam pulse length of 0.6 m, much shorter than the
propagation distance. To avoid charge buildup, the
plasma electrons in any cross section of the isolated
beam slug must carry a negative current exactly equal to
jon current. Suppose the ion current is given by Z I,
where I_ is the particle current and Z is the ion charge

‘state. A focusing magnetic field exists within the beam

volume if the electron current occupies a larger arca than
the ion current. Inductance in the plasma column is
minimized if the areas of the ion beam (A}) and electron
beam (A,) are equal - the column resistance is lowest
when the electrons occupy the maximum area. If A, is
slightly larger than Ay, then the net current inside beam
volume is I ., = Z I f, where £ = (AgAp)/A, The
paraxial cnvciopc equation implies the foilowing condi-
tion for a beam equilibrium,

%
« eIofmﬂ’]
€ & Zr —_— |, (1)
n [=] 3
2MTE m,C
o i
where ¢_ is the normalized emittance. For a 4 GeV

uranium beam (B= 0.2), vacuum ballistic focysing to a 5
mm radius target requires a value € = 10~ g-m-r. To
see the implications of Eq. 1, consider a value 5 times
higher. Two pinched beams with 1, = 50 kA irradiate the
target - the uranium ions entering the reactor have
charge state Z = 40 entering the reactor. For ry = 5
mm, Eq. 1 implies that f | = 0.023. Because of the high
value of Z , a pinched equilibrium requires a net current
of only 47 kA. Fig. 5 shows the approximate radial
variation of field in the beam. The corresponding field
energy per meter is

U = [-‘2’—} (x z7¢ ). (2]
m o’ m
lem
For the example discussed, the energy is only 55 J/m.
Alternatively, any resistive process that transfers more
than 55 J/m from the beam to the plasma electrons will
give sufficient magnetic field for a pinched equilibrium.
Three resistive process that can account for the energy
transfer are ionization of the background gas to create

e N ORee

o




Fr——1%

the plasma, heating of drifting electrons by the electron-
jon two-stream instability, and acceleration of electrons
to achieve approximate current neutralization of the
beam. In fact, it is unlikely that a high intensity ion beam
could propagate through a plasma without loosing at
Jeast 50 J/m. Higher energy loss would create stronger
magnetic fields and a more tightly-pinched beam. I feel
that a self-pinched equilibrium is a high-probability state
for any stripped low-cmittance ion beam. Similar opti-
mistic predictions can be made for beams of light ions at
reduced energy.

o) - Plasmo electron current

e lon beam current

Beom slug

Plosma electron
current

o

)

B (r)!

To

Fig. 5. Physics of the self-pinched heavy ion beam. a)
Longitudinal section. b) Radial section- c) Radial variation
of azimuthal magnetic freld.

The self-pinched mode can alter the bascline parame-
ters of HIF induction linacs for reduced size and cost.
Relaxation of reactor transport limits would allow the use
of lower beam kinetic energy and multiply charged ions,
reducing the accelerator length. The corresponding
smaller jon range would allow simple target designs and
larger focal spots. The combination of the large focal
spot and focusing external to the reactor would relax
requirements on beam emittance and energy spread. In
turn, a higher beam emittance would permit the use of
existing ion sources and shortened quadrupole lenses.
Because the limiting current in the accelerator scales
inversely as the square of the quadrupole length, the
machine can accommodate the higher currents associated
with reduced beam energy. The self-pinched transport
mode also widens the range of possibilities for reactor
design. The problem of beam stripping in the reactor is
no longer important and only a few small diameter
anertures are necessary for beam injection. In summary,
the already attractive option of induction linacs for ICF
-cactors can be enhanced through application of plasma
transport methods.
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SAMPLE ORBIT IN A WIRE-GUIDED TRANSPORT SYSTEM
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LIBRA-LiTE

Side View Reactor

Chamber Cutaway

(1) Shield

(2) Reflector / vacuum chamber

(3) INPORT units

(4) Final focus magnet
(5) Vacuum line

et

(6) Perforated plate

(7) IHX
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2.5 mm thi
thlc‘( ‘

D=72 c’m/§
20 mm thlick

Distribution of PERTs ( Perforated Rigid /
Tubes) units in the LIBRA-SP Blanket.
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The beam ports are protected from neutron damage

Side View

- .. gttenuator - -

\lj——nrst wallat3m
\ Fe or W shield
Heavy lon beam
- #1°
Top View
Rotating Shutter Firstwallat3m

"Focus magnets Fe or W shield

Top View

Vertical Liquid

B 2oawh o 6 ovare
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o o

ik L \— i
Tolerance + 3mm _Neutron attenuator
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Recent Work in Atomic Modeling at the
University of Wisconsin

J.J. MacFarlane and P. Wang

Fusion Technology Institute
University of Wisconsin—Madison

Presented at:

Workshop on Transport for a Common Ion Driver
Sandia National Laboratories
20-21 September 1994
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Overview of ICF Plasma Physics Work at UW

eOver the past 4-5 years, we have developed
computational tools to study the Tradiative and
atomic properties of non-LTE plasmas (LTE = local
thermodynamic equilibrium).

eThese tools have been applied to studies of:

—spectroscopic analyses of Ko line emission
measured in intense light ion beam-target
interaction experiments (SNL and KfK);

—emission spectra obtained from the PBFA-II
gas cell region (SNL);

—anode plasma investigations (KfK and SNL);

~IC. (pu-:i-explosion) target chamber plasmas
for high-gain ICF facilities;

—plasmas created during tokamak disruptions;
—astrophysical plasmas (stellar winds).
eThis work complements previous and ongoing efforts

at UW-FTI to simulate the radiation-hydrodynamic

properties of ICF-related plasmas.
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Goals of This Presentation

eSummarize atomic modeling capabilities at UW.

= How can .such, models effectively be
used to better understand ion beam

transport.

eShow as example: PBFA-II K, Spectral Analysis

—  TUtilizes beam-impact ionization cross
sections, as well as “usual” collisional-

radiative processes.
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Schematic Illustration of the
Transitions in a 3-Level Atom

) level 3
723 ‘ %1
Ya2 Bas
level 2 Bsz
A A
Cp| [Cy Bl By Cior
Yiz/ [Ya1 13
A
2 Bay
Y Y Y

level 1

Cy —> collisional excitation (i<j) or deexcitation (i>j)

A; ~> spontaneous emission

By -> photoexcitation (i<j) or stimulated emission (i>j)

73 --> collisional ionization (i<j) or recombination (i>j)

ay -> radiative recombinatioxi

opr —> dielectronic recombination

By —> photoionization (i<j) or stimulated recombination (i>j)

Also: inner-shell processes
ion beam-impact ionization and excitation
autoionization
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Major Features of Atomic Data Base Calculations

eA configuration interaction (CI) model with multi-
configuration Hartree-Fock wavefunctions is used
to compute E levels, oscillator strengths, and
photoionization cross sections.

eCollisional data (e -impact) are computed using a
combination of distorted wave, Coulomb-Born, and
semiclassical impact parameter models.

elon-impact ionization (inner-shell and outer-shell) and

excitation cross sections are computed using a plane-
wave Born approximation model with Hartree-Fock
wavefunctions; includes corrections for binding energy,
Coulomb deflection, and relativistic effects (MPWBA).

eMultiple ionization cross sections are computed using an
independent event model with MPWBA cross sections.

eAuger rates and fluorescence yields are computed for
each autoionization level.
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Major Features of Collisional-Radiative
Equilibrium Code

eAtomic level populations are determined by solving multilevel-
atomic rate equations self-consistently with the radiation field
and ion beam properties.

eAny state in the atomic model can be coupled to any other
state; thus, transitions between excited states of differing ions
can be considered, as can transitions between non-adjacent ions.

olon beam-induced multiple ionization effects are included as
direct transitions in the statistical equilibrium matrix equations.

oEmission and absorption spectra include contributions from
bound-bound (lines), bound-free (recombinations), and free-free
transitions (Bremsstrahlung).

eLine shapes include effects of natural, Doppler, Auger, and Stark
broadening.

eRadiation transport is modeled ﬁsing either:

(i) an angle- and frequency-averaged escape probability
method, or

(i) a multiangle, multifrequency model based on the
second-order form of the transfer equation.

eFor Al calculations, we consider a total of 1250 atomic levels
distributed over all 14 ionization stages. Roughly 60% are
autoionizing levels. 334




Detailed Atomic Models Are Used to Ana]jfze
the Complex Structure in Measured Spectra

Carbon
T=5¢eV, n=10”cm'3, L=5cm

S10° b i "@ff
L R v 9
& 12 Hii g ' i ]
NE 10 ] 3 JERA)
%)0 11 if i il A Fg: |
5100 £ bitdhiikes
» r,./'/
510" ¥ , ]
()

10° : ;

10" F |
=
o 2
o B -
g 10
T — S
g :

10 ]

107 b

10" 10’ 10" 10° 10°

Photon Energy (eV)

eSpectra are dominated by line emission.

eEven at moderate densities (n =~ 1017 cm3), plasmas with

cm-size dimensions are optically thick to the strongest lines.
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Produétion of K, and Kﬁ
Fluorescence Lines

1s12s22p3p

autoionization
(radiationless)

Ion beam impact
ionization

N-like

[ [/

/[
/ / 25 1s22s!2p®

/

/ /
//
/]
F-like

2p 1s22s522p°

K, and Kﬁ satellites provide
constraints on plasma T,p.
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Comparison of Calculated Ion Beam-Impact
Tonization Cross Sections with Experiment

Het? + Al = He™2 + AIfl
10—

15

10 |

ey
(2}

—
o|
1
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8."
\‘Qm / -

-l
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©o

[ §
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n
o

—i
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1

Cross section (cm

v
n
-

Y
o
1

b
o
]
T
0\“\
|

10 3 . ® experimental data 3

-24 el Y R
102 10" 10° 10’
lon beam energy (MeV)

10

eOuter-shell cross sections are much larger
— affect ionization, heating

eInner-shell cross sections are important for spectral diagnostics

analyses.
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Moultiple Ionization Processes in
Lithium Beam Experiments

oIn ion-atom collisions K-shell ionization is often

accompanied by multiple L-shell ionization.

process when

to consider this
ionization

olt is important
determining the plasma temperature and

state from K, emission sp ectra.

15225%9p" 1&5, 1519520p° Ko, 1522520p%

F-like: 9 15225%2p5 26, 1512522p% — 15225%2p°
1.<3“"32.922p5 de 1312312p —_ 1322312p

Y Vy

O-like: 1s*2s%2p* NNk
N-like: 1s?2s%2p® l Al \ -
I U

salessale 203 Y soas lasazlaoneqlassy 23]
7 T 131 >4 T

1.1
78
Wavelength (A)

for computing single

eWe have developed a model
and electron capture

ionization, multiple ionization,

cross sections for ion-atom collisions.
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Calculated Emission Spectrum for 2000 A-Thick
Al Target Heated by 9 MeV Li Beam

1017 i;' . N

10° | 3

. Wk mll

10 ; . "'! l g | K-shell "

A1014 g lines ]

= 3 :

QO Al3 1

K, 107 F E
g

£10° 3
@ 11

Q10 F E

X o ]

210° [ T=40eV

1 b n=6x10" ions/em’ il :

10° E — | :

Loy =02 pm J
10" F Voos
10° BE——— —
10" 10° 10°
Photon Energy (eV)

oK, satellites are emitted at 1.5 keV
(opacity effects from tampers are reduced).

e“Thermal” portion of spectrum is line-dominated.
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Comparison of Theory and Al K,
Absorption Sp ectrum

LLNL Laser-Produced Plasma (Perry et al. 1991)
T=58¢eV,p=.02g/lcm3

T L S B
1L ]
K i H w
0.8 [ Lh W
a

.S i He.a mn f{i { :
8 0.6 L He-like u b
E [ —— - e
1) L |— Experiment (LLNL)” ki .
g 0.4 |—calculation (UW) : ] i
| & ] /sl o
= - L, ) || PV 1
02 [ N .
- Li-like a -

0 i 1 1 (] 1 I 1 1 1 I 1 Bel-lil{le 1 I IB-li%{el

7.7 7.8 7.9 8
Wavelength (A)

eGood agreement is obtained with “high-resolution”

absorption spectrum.

eThis allows us to confidently ID lines in PBFA-II
emission sp ectra.
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Al K, Satellite Spectrum Observed in
PBFA-II Li Beam Experiments

Shot 5881 (Time-Integrated)

EEmIivinE

A
Y

5 4 3 2 1 {0

Intensity
u
o
L..____;
“i;‘
YLt es
\
"]

| I . | 1 L N B

78 79 8 81 82 83 84
Wavelength (A)

eSatellites are observed from F-like (cold) Al through
He-like Al

eConsiderable structure is seen within each of the ma jor

satellite features.
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Temperature Dependence of Al K, Satellite Sp ectrum

n = 1020 jons/cm3; L, = 2000 A

12 —r—rrrr-——r—-rTr-r—rr—r-rr— T T T

r L
i T=37 eV 1} T=43 eV |
sl I Li h
: A
g Be He i,al Be
A g
al y 1k M_ -
: . i B ; i 3, B
z . ! L\" A J | N
E [ '.ie fl‘! s I 1:\ i} ! t
=S S ‘ML, i AL oA A PM;L'-SA APUA
244 = g n ———— S ————— -
[4°]
:>.’ ' T=40 eV He Li T=46 eV
E 8t 1F i ]
:
P
Li Be {' {
s . i A :
- He : B . 1
: foo ’m T R
i [ i1 iy ]
o Lo j\ A } lf\ sV A ...-".\ﬁ‘m- “". } .\ Aad ‘1'& et
7.7 7.8 7.9 8 7.7 7.8 7.9 8 8.1
Wavelength (A)

oK, satellite spectrum shows good temperature sensitivity.

eIntensity ratios of Li-like satellites to Heq can be used to

determine plasma conditions.
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Dielectronic Recombination Cross Sections Are
Computed to Assess Influence on PBFA-II K, Spectra

=
(=]
@
o /oy
g o L r/ /' Libeam (3 TWiem2. 9 MeV) )
I 1,  impactionizaton rates
L !/
10° £ i 3
= ) ——if+re—>1s2s2p :
L o—o 15% 4+ & => 18'2p° ]
10° L ——- 1 +e~>15'2p'3 (l=spd) 3
10' | 3
10°

30 80 130 180 230
Electron Temperature (V)

eDR exceeds beam-impact ionization as dominant
populating mechanism for autoionization states at
T 22 60-80 eV.
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Ongoing and Future ICF Work at UW

oeTime-dependent collisional-radiative modeling of SNL gas
cell and anode plasmas (n, ~ 1017 em3, 7 ~ 1079 5).

eSpectral analysis of PBFA-II and KALIF beam-plasma
interaction experiments.

eContinued expansion of atomic data bases, including
high-Z opacities and high-p EOS.

sRad-hydro: 1-D with C-R modeling
2-D with MHD

'

eParallel and distributed computing.
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Why subgrid-scale placement of conductor boundaries

Conductor non-aligned with the computational mesh.

Conductor has curved boundary.
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WARP3d features used in ESQ simulation

ion

t

injec

« beam formulation by constant current

-

- four-fold transverse symmetry - model one quadrant

- subgrid-scale placement of electrode surfaces

dependence, At fields ~ 100 At particles

mesh 50x50x200-600, 70K-300K particles

limited time

Typical

le processor

, sing

Runtime: ~3-30 minutes on Cray C90
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What will_ the'sh1all recirculator look like?
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Perspective view of simulation geometry. Two MITL
power feeds are at far right. The inductive load is at far
left. The MITL feed from top models the effect of the
upper half of the Double Post-Hole Convolute.
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The magnetic null between the upstream edge of hole and
the upstream side of post from simulation. |B| is shown in
rz-plane through post axis.

-

iddle Anode 4

A i

#al ower Anode

The electron flow follows the magnetic null between the
upstream edge of hole and the upstream side of post from
simulation. 395
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The magnetic null between lower cathode and
underside of middle anode from simulation. Top view"
shows |B| in plane of underside of middle anode (r6).

Bottom view shows |B| in rz-plane midway between
_ posts.
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