‘ ! ! . UCRL-PROC-207967

LAWRENCE
LIVERMORE
NATIONAL

womronr | SNOrt-PuUlse Laser-Matter
Computational Workshop
Proceedings

Richard Town, Max Tabak

November 2, 2004

Short-Pulse Laser-Matter Computational Workshop
Pleasanton, CA, United States
August 25, 2004 through August 27, 2004




Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process
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States Government or 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 the University of California,
and shall not be used for advertising or product endorsement purposes.

This work was performed under the auspices of the U.S. Department of Energy by the University of California, Lawrence
Livermore National Laboratory under Contract No. W-7405-Eng-48.
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Introduction

For three days at the end of August 2004 55 plasma scientists met at the Four
Points by Sheraton in Pleasanton to discuss some of the critical issues
associated with the computational aspects of the interaction of short-pulse high-
intensity lasers with matter. The workshop was organized around the following
six key areas:

* Laser propagation / interaction through various density plasmas: micro
scale.

Anomalous electron transport effects: From micro to meso scale.
Electron transport through plasmas: From meso to macro scale.

lon beam generation, transport, and focusing.

“Atomic-scale” electron and proton stopping powers.

Ko diagnostics.

Each area had a coordinator who drew up a list of questions, moderated
discussions, and has written a brief summary of their working groups.

This CD contains the agenda, the workshop questions, the presentations made,
and this workshop summary. Please do not reproduce any figures, or
presentations without first contacting the first author of the work.

The workshop was made possible by the generous financial support of the
Institute for Laser Science and Applications and the Institute for Scientific
Computing Research at the Lawrence Livermore National Laboratory.

Laser propagation / interaction through various density plasmas: micro
scale — Chuang Ren (University of Rochester).

Many important problems in fast ignition are related to laser-plasma interactions.
These include:

* laser propagation in the underdense corona plasma;

* laser hole-boring in the overdense plasma;

* laser absorption and energetic electron production at the critical
surface; and

* electron transport in the mildly-dense plasma region.

The best-understood and most detailed model for laser-plasma interactions is the
explicit particle-in-cell (PIC) model, which is based on the relativistic Newton’s
equation and Maxwell’'s equations and resolves the smallest relevant space and
time scales. There is a consensus among the PIC community that different PIC
codes should give statistically equivalent results when simulating the same
problem using the same simulation parameters (such as resolution and number
of particle/cell.) However, the PIC model is computationally intensive. Currently it



is not feasible to simulate a three-dimensional fast ignition pellet in its entirety.
We have to study scaled-down (smaller size and/or two-dimensional) systems.
Therefore, it is important to understand how simulation conditions such as
system size, dimensionality, and boundary conditions affect simulation results. In
the future, devoted experiments with comparable laser and plasma parameters
can be done to check the validity of the results from these scaled-down
simulations.

Proposed benchmarks:

For all of the following 3 runs, the plasma is at 40 n. with sharp edges and at an
electron temperature of 7 keV. The particle boundary conditions are periodic in
the transverse directions and in contact with a thermal bath (maintained at the
initial plasma temperature) in the longitudinal direction. The laser wavelength is 1
micron at an intensity of 10 W/cm? with a fwhm of 6 micron, and lasts for 1 ps.
The field boundary conditions are periodic in the transverse directions and
absorbing in the longitudinal direction.

Run 1 (2D): simulation box: 50 micron long and 20 micron wide; plasma: 30
micron long and 20 micron wide.

Run 2 (2D): simulation box: 50 micron long and 40 micron wide; plasma: 30
micron long and 20 micron wide.

Run 3 (3D): simulation box: 40 micron long and 30 micron wide; plasma: 30
micron long and 20 micron wide.

The participants should run these calculations using their standard resolution.

Anomalous electron transport effects: From micro to meso scale — Hartmut
Ruhl (University of Nevada, Reno).

Electron transport through plasmas: From meso to macro scale — Roger
Evans (AWE/Imperial College London) and Dale Welch (Mission Research
Corporation).

The mesa through macro electron transport group focused primarily on the
correct method of initiating the electron beam. Several phenomenological
techniques were discussed such as injection at a plane in free space, promotion
of ambient electrons, and the use of a ponderomotive force. It was generally
agreed that the boundary conditions in the laser-plasma interaction (LPI) region
were critical to the problem set up. A two region approach, in which the LPI is
simulated in the blow off plasma and hybrid methods are used in the solid density
material, being explored with LSP in 3D cylindrical coordinates might be a
reasonable intermediate step.



The behavior of the resisitive filamentation instability in very dense collisional
plasmas was thought to be important as it may affect the collision frequencies
and energy loss rates used in the meso-scale calculations. This might be
approached analytically or via a very small scale PIC model.

The experiments described at the session showed a trend for there to be less
energy deposited into the bulk of the targets than was expected from the
extrapolation of earlier experiments. Inhibition of the electron beam by electric
and magnetic fields near the critical density region were one possible explanation
and show the need for a self-consistent treatment of the LPI region in the larger
scale models. The lack of electron penetration is observed to be accompanied
by rapid lateral transport as seen in old CO, laser experiments, the role of cones
around the laser beam in directing this lateral transport into more useful
deposition is of continuing interest. Experimental data remains inconclusive and
modeling may help to elucidate the underlying physics.

Results of explicit and hybrid PIC, as well as Vlasov simulation methods, were
presented. It was agreed upon that high resolution PIC and Vlasov codes should
be used as a check of hybrid PIC models. Sub-grid models for dealing with
micro-scale phenomena, such as the Weibel instability, should also be
investigated. The implementation of more complex atomic physics, possibly non-
LTE, was also identified as an area for future work.

Proposed benchmarks:

We have defined some beam injection conditions for the LSP / hybrid / FP
models. Two target materials, say Carbon and Aluminum since they appear to
behave quite differently in LSP, and two 'irradiances’ say 10'® W/cm? and 10%°
W/cm?. Since most codes do not have a laser deposition package it is necessary
to choose the beam parameters. For simplicity the following mono-energetic
injection is suggested: 500 keV and 4 x 10" amp cm™ for 10'"® W/cm? with 20%
efficiency with a transverse temperature of 50keV; and 5 MeV and 4 x 10" for
10%°W/cm? with a transverse temperature of 500keV. The injected electron beam
should have a spot size of 10 microns Gaussian (FWHM). The temporal pulse
shape should be a1ps square with the beam energy constant in time. Treatment
of resistivity and EoS is up to the application but we could have Spitzer and
perfect gas as a standard comparator.

lon beam generation, transport, and focusing — Scott Wilks (Lawrence
Livermore National Laboratory)

The following topics were discussed during the ion beam generation sessions:
. What are the proton generation mechanisms?

Five mechanisms were identified:

1) Filamentation in the under-dense plasma.

2) Light pressure / snowplow.



3) “Bulk” ion heating.

4) Target normal sheath acceleration (TNSA) on the back surface.

5) Self-similar on front surface.

What are their efficiencies?

Experimentally it was noted that the efficiency scales with laser energy.
Sentoku presented PIC calculations on proton production efficiencies. His
simulations showed higher efficiency for shorter pulse lengths for rear-
surface acceleration, but the converse for front-surface acceleration.

Emax (MeV) AE (%) Ner (%)
Pondermotive | ~vZ,m; ~100 (?) ?
filamenation
Snowplow ~vZpm; fion fion
TNSA 10<AE<100 | ~1-20
Self-similar ~c%m; ~100
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How sensitive to resolution are the answers?

What codes can be used?
A first-cut assessment of code capabilities was undertaken (v'- can be
used; X — cannot be used; ? unclear):
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Pondermotive | v/ X

Snowplow v Y v Y X

Bulk lon X v X

TNSA v v v ?

Self-similar v v v ?

Proton v v

transport

Proton X X v

heating

How does electron flow affect proton generation?

How can we control the generation and focusing of the protons?

What is the optimum proton energy for radiography?

What are the qualities that set ions using these mechanisms apart from
“standard” ion beams?



. What governs ion flux?
. What is the optimal distance of the “proton lens” from the target?

“Atomic-scale” electron and proton stopping powers — Claude Deutsch
(Université Paris XI)

The following topics were discussed during the “Atomic-scale” stopping powers
session:

* The stopping power of relativistic electron beams (REB) with energies
of 1 to10 MeV stopping in pre-compressed DT targets with electron
number densities (N¢) greater than 10?2 cm™;

* The stopping power of non-relativistic (NR) protons with energies of 1
to 100 MeV stopping in similar targets as above;

* Multiple scattering of REB on target ions;

* Multiple scattering of NR protons in thin foils of high Z materials
disposed in front of laser proton sources (LPS) (c.f..M.Barriga-
Carrasco and G.Maynard in Phys Rev E (to be published));

» Effective Charge Zeff encapsulating dynamical and in-flight correlation
effects for REB stopping (cf. C. Thomas at Stanford University); and

* REB and NR proton stopping in strongly magnetized fast ignition
targets with magnetic fields of the order of 1 to10 GigaGauss.

These topics were all felt to be of particular relevance to the fast ignition
approach to achieving fusion energy.

The working group vigorously discussed these topics and reached the following
consensus:

* The target temperature and corresponding electron partial degeneracy
have only a small impact (<20%) on REB stopping performances as
long as Ne< 10?” cm™ (K. Starikov and C. Deutsch Phys Rev E to be
published);

* NR proton stopping requires a careful examination of its dependence
on target temperature (H. Ruhl et al, U. Nevada, Reno); and

» Effective Zeff(vb) simulated using the LSP code seems to confirm the
analytically-predicted enhanced correlated stopping in fast ignition
targets (C. Thomas, Stanford University)

However, two issues remain outstanding:

The relative estimates of effective penetration depths (EPD) for REB in terms of
their overall ranges was questioned by C K Li from M | T on the basis of his new
calculations (to appear in Physics of Plasmas) involving simultaneous estimates
of energy loss (mostly on target electron) and angular diffusion through multiple
scattering on target ions. Earlier estimates based on separate evaluations of
these two mechanisms could be relevant only for very thin targets. Further



inquiries are obviously needed to settle this issue on a fundamental science
basis. Nonetheless, it should be recalled that those two approaches are not
expected to produce EPD differing by more than a factor of two, because the
new approach is likely to result in a larger EPD relative to its shorter range when
compared to outputs of the previous method. As a result the FIS ignition
conditions elaborated by S. Atzeni (PoP Aug 1999) are not expected to be
substantially modified.

It was felt that the fast ignition approach based on intense proton beams (cf
M.Roth et al PRL jan.01) may have to be seriously modified to prevent too much
proton-beam dispersion from multiple scattering in the high Z foil screening the
laser-generated proton source. It is recommended to include that foil within the
hohlraum to prevent 90 % of the protons miss DT target (M. Barriga-Carrasco
and G. Maynard, Phys Rev E, to appear)

Proposed benchmarks:
* REB (Ex,=1-50 MeV) effective penetration depths in fast ignition targets
with N> 1022 cm™ and temperatures in the keV range.

* NR proton (Ex=1-100 MeV) ranges in the same fast ignition targets.

* NR proton (E,=1-100 MeV) multiple scattering on thin foils (20-100 nm)
of materials with 6 < Z < 92.

Ko diagnostics — Mark Foord (Lawrence Livermore National Laboratory)

The purpose of the K-a diagnostic sessions was to discuss some of the progress
being made in modeling K-a emission in short pulse Petawatt laser experiments
and to discuss with experimentalist some of their latest results. Hyun-Kyung
Chung presented her non-LTE calculations of Cu, which indicated that except in
extreme conditions, the ionization balance was typically determined by thermal
electron conditions. At electron temperatures between 10-100 eV, which
generate only slightly shifted K-o. emission spectra, the equilibration times were
found to be sub-picosecond and the plasmas reached near LTE ionization
values. At kilovolt temperatures, Cu ionized to its He-like ion stage, producing
shifted He-q spectra. The ionization times to produce the He-o emission are
nearly a picosecond, which seemed consistent with the emission spectra and
time-scales of recent RAL experiments.

Hye-Sook Park presented interesting data from a number of her experiments. An
important issue for K-a backlighter development is how to maximize the
backlighter efficiency on the track towards using higher Z materials needed for
producing deeply penetrating high-energy photons. This relates the hot electron
energy production generated by the Petawatt laser, the hot electron penetration
depth, the degree of ionization of the material, and the self-absorption of the
resulting K-a emission. How the overall efficiencies scale with photon energy is



not well understood, and will require a strong coupling of experimental and
modeling efforts. An interesting result discussed was the efficiency of K-
o emission in a silver foil, which varied little with increasing foil thickness. One
possibility given was that the insensitivity due to foil thickness may be due to a
relatively small (10s of um) self-absorption depth due to L-shell electrons, and
thus the brightness would be determined at least partly due to this fixed self-
absorption depth.

Steve Moon discussed interesting Lasnex simulations, which seemed to indicate
fast hot thermal conduction on the picosecond timescale, in contrast to
experimental results. Mark Foord, Hyun-Kyung Chung, and Mau Chen discussed
progress being made in integrating their non-LTE calculations of ionization,
fluorescence yields and radiation transport into the PIC-Hybrid simulation code
LSP. Using fast tabular look-up routines that are coupled to LSP, the group
hopes to be able to model the K-oemission in complex two- and three-
dimensional geometries. This work should allow a better understanding of
electron transport in solids as well as provide a useful tool for improving the
backlighter efficiency in Petawatt laser produced targets.
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Welcome to the Short-Pulse Laser Matter
Computational Workshop!

This workshop concentrates on the computational and
theoretical aspects of short-pulse laser plasma
interactions and will focus on the following six themes:

o Laser propagation / interaction through various
density plasmas: micro scale.

« Anomalous electron transport effects: From micro
to meso scale.

e Electron transport through plasmas: From meso to
macro scale.

e lon beam generation, transport, and focusing.

e “Atomic-scale” electron and proton stopping

powers.

Ka diagnostics.

UCRL-BR-20553

Each topic has a coordinator who has drawn up a list of
guestions that the participants will work on during the
next three days.

We would like to thank the Institute for Laser Science and
Applications and the Institute for Scientific Computing
Research at the Lawrence Livermore National Laboratory
for their generous financial support of this workshop.

The level of interest in the workshop has greatly
exceeded our expectations. This research area is rapidly
evolving and offers many challenging and exciting
opportunities. We hope that you will enjoy this workshop
and that many long-term collaborations will develop.

Max Tabak and Richard Town
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General Information:

Meeting Venue:

The workshop will use the San Ramon (A-D) and
Livermore (A-B) meeting rooms at the Four Points by
Sheraton in Pleasanton. The hotel address is:

Four Points by Sheraton Pleasanton
5115 Hopyard Road

Pleasanton, CA 94588

(925) 460-8800

Messages:

Workshop attendees can be reached by telephone at
either the workshop registration desk at (925) 519-2099,
or at the reception desk of the Four Points by Sheraton at
(925) 460-8800.

Proceedings:

The workshop proceedings will be distributed by CD. In
order to produce the proceedings in a timely manner,
participants should provide an electronic copy of their
presentations on a CD at the registration desk.

Workshop Contacts:

Christine Ynzunza

Lawrence Livermore National Laboratory
P.O. Box 808, L-015

Livermore, CA 94550

Phone: (925) 423-1848

Fax: (925) 422-5102

Email: ynzunzal@linl.gov

Colleen Camacho

Lawrence Livermore National Laboratory
P.O. Box 808, L-038

Livermore, CA 94550

Phone: (925) 423-6878

Fax: (925) 422-8040

Email: camachol@linl.gov
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Agenda

Time Wednesday Thursday Friday
8/25 8/26 8/27
ISR RO Registration & Breakfast Registration & Breakfast Registration & Breakfast
Applications Anomalous transport | Ko diagnostic | Anomalous Ka diagnostic Il
transport Il
8:30 - 10:30
San Ramon A-D San Ramon A-C Livermore A-B San Ramon A-C Livermore A-B
10:30 — 11:00 gJEEELS Break Break
Modeling Status Laser propagation |l lon Beam Electron transport | Anomalous
generation |l through plasmas Ill | transport IlI
11:00 - 12:30 San Ramon A-D San Ramon A-C Livermore A-B San Ramon A-C Livermore A-B
12:30 - 1:30 NIy Lunch Lunch
Laser “Atomic-scale” | Electron transport “Atomic-scale” Joint Discussions
propagation | stopping | through plasmas Il stopping Il
1:30 - 3:00
San Ramon A-C Livermore A-B San Ramon A-C Livermore A-B San Ramon A-D
3:00 — 3:30 HEILEELS Break Break
Electron transport | lon Beam Laser propagation Il lon Beam Joint Discussions
through plasmas | | generation | generation lll
3:30 - 5:30
San Ramon A-C Livermore A-B San Ramon A-C Livermore A-B San Ramon A-D
6:00 — 8:00 Working Dinner




Introductions and Applications

Session chair: Warren Mori (UCLA)

Welcome Address:
Laura Gilliom
University Relations Program
Lawrence Livermore National Laboratory

Presentations:
1. Fast Ignition — Max Tabak (LLNL)

2. Radiography — Hye-Sook Park (LLNL)
3. Laboratory Astrophysics — Scott Wilks (LLNL)

Modeling Status

Session chair: Max Tabak (LLNL)

Presentations:

1. PIC Calculations — Chuang Ren (University of Rochester)
2. Hybrid PIC Calculations — Dale Welch (Mission Research Corp.)

3. Atomic Physics Modeling — Steve Libby (LLNL)

San Ramon A-D: Wed. 8:30 — 10:30

San Ramon A-D: Wed. 11:00 —12:30



Laser propagation / interaction through various density plasmas: micro scale
San Ramon A-C: Wed. 1:30 — 3:00; Thur. 11:00 — 12:30; 3:30 — 5:30
Coordinator: Chuang Ren (University of Rochester)

Questions: Presentations:

e Assess amount of laser beam spray and Bedros Afeyan (Polymath Research Inc.)
electron distribution function for different PIC Eric Esarey (LBNL)
codes / parameters. Barbara Lasinski (LLNL)

e How sensitive to resolution are the answers? Jason Myatt (LLE)

e What is the effect of background plasma and Chuang Ren (University of Rochester)
return currents on laser absorption and Dave Rose (Mission Research Corp.)
electron transport? Hitoshi Sakagami (UniverSity of HyOgO)

Yasuhiko Sentoku (Nevada Terawatt
Facility)

9. Bert Still (LLNL)

10.Jean-Luc Vay (LBNL)

11.Andrew Charman (UC Berkeley and LBNL)
12.Peter Messemer (Tech-X Corporation)
13.Claude Deutsch (Université Paris Xl)
14.Richard Town (LLNL)
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Anomalous electron transport effects: From micro to meso scale

San Ramon A-C: Thur. 8:30 — 10:30; Fri. 8:30 — 10:30; Livermore A-B: Fri. 11:00 — 12:30

Coordinator: Hartmut Ruhl (University of Nevada, Reno)

Questions: Presentations:
e What are the dominant electron beam 1. Roger Evans (AWE / Imperial College)
instabilities? 2. Andreas Kemp (University of Nevada, Reno)
e How do the instabilities vary with beam-to- 3. Jason Myatt (Laboratory for Laser Energetics)
background density ratio? 4. Claude Deutsch (Université Paris Xl)

How do the instabilities vary with the
longitudinal and transverse energy spread of
the beam?

What resolution is needed to model them?
What are the effects of collisions?

What are the saturation levels?

What is the energy partition between the
various components of the plasma?

Can we derive simple formulae for inclusion in
hybrid-PIC codes?



Coordinator: Roger Evans (AWE/Imperial College) and Dale Welch (Mission Research Corp.)

Questions:
How does electron transport depend on:

(0]

(0]

(0]

o
o

the electron beam density and
distribution;

longitudinal and transverse energy
spread,;

the background plasma density;
presence of interfaces; and

variations in resistivity and EOS models.

How sensitive to resolution are the answers?
How does the sensitivity vary with different
models (hybrid PIC; Fokker-Planck; AMR PIC)?
Compare and contrast various computational
methods.

Define test problems.

Presentations:

CoNokrwWNE

Larissa Cottrill (LLNL)

Roger Evans (AWE / Imperial College)
Tomoyuki Johzaki (Osaka University)
Andreas Kemp (University of Nevada, Reno)
Rodney Mason (LANL)

Jason Myatt (LLE)

Hartmut Ruhl (University of Nevada)
Richard Town (LLNL)

Dale Welch (Mission Research Corp.)



lon beam generation, transport, and focusing

Coordinator: Scott Wilks (LLNL)

Questions:

What are the ion beam generation
mechanisms?

What are the ion beam generation mechanism
efficiencies?

How does the physics change with intensity?
How sensitive to resolution are the answers?
Can hybrid PIC be used?

How does electron flow affect proton
generation?

How can we control the generation and
focusing of the protons?

Livermore A-B: Wed. 3:30 — 5:30; Thur. 11:00 — 12:30; 3:30 — 5:30

Presentations:

CoNorwNhE

Tony Bell (Imperial College)

Michael Cuneo (Sandia National Laboratory)
Andreas Kemp (University of Nevada, Reno)
Peter Messmer (Tech-X)

Koichi Noguchi (Rice University)

Hartmut Ruhl (University of Nevada)
Richard Town (LLNL)

Scott Wilks (LLNL)

Julien Fuchs (University of Nevada, Reno)



"Atomic-scale" electron and proton stopping powers

Coordinator: Claude Deutsch (Université Paris XI)

Questions:

What are realistic stopping powers / scattering
for intense electron / proton beams in dense
plasmas?

Relativistic electron stopping in partially
degenerate targets. Inference of intrabeam
correlations. Multiple scattering contributions
to the depth penetration. Collective
vs.collisional stopping. Triggering of
instabilities.

Non-relativistic proton and ion stopping: in-
flight binary correlations, effect of multiple
scattering (proton) on hohlraum design.
What are the coherent effects?

Livermore A-B: Wed. 1:30 — 3:00; Thur. 1:30 — 3:00

Presentations:

ok wNE

Chikang Li (MIT)

Peter Stoltz (Tech-X)

Max Tabak (LLNL)

Claude Deutsch (Université Paris Xl)

Cliff Thomas (LLNL)

Julien Fuchs (University of Nevada, Reno)



Ka diagnostics

Livermore A-B: Thur. 8:30 — 10:30; Fri. 8:30 — 10:30

Coordinator: Mark Foord (LLNL)

Questions: Presentations:
e How is the atomic physics altered in these Larissa Cottrill (LLNL)
extreme states of matter? Stephen Libby (LLNL)

e How does the atomic physics alter their use as Hyun Chung (LLNL)
a diagnostic? Cliff Thomas (LLNL)

e Is trapping important? Claude Deutsch (Université Paris XI)

agrwnE



Joint Discussions

San Ramon A-D: Fri. 1:30-3:00; 3:30-5:30

Moderator: Max Tabak (LLNL)

Summary of working group sessions:

Laser propagation / interaction through various density plasmas: micro scale: Chuang Ren (University
of Rochester)

Anomalous electron transport effects: From micro to meso scale: Hartmut Ruhl (UN-Reno)

Electron transport through plasmas: From meso to macro scale: Dale Welch (MRC)

lon beam generation, transport, and focusing: Scott Wilks (LLNL)

"Atomic-scale" electron and proton stopping powers: Claude Deutsch (Université Paris XI)

Ka diagnostics: Mark Foord (LLNL)



Electron transport at high laser
Intensities

Tony Bell, Robert Kingham, Alex Robinson, Mark Sherlock
+ antecedents

Imperial College



Snort Pulse Laser -- Solid Lnteractions

Solid target

high energy
protons
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E has a curl

=> Magnetic field

Cold plasma

E=0 B B
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Equation for B

curl(B)=uolnotleola) ~ +— j, ., & joyg don’t exactly cancel
oB/dt=-curl(E)

E:njcold
0B/dt = curl(m]y,oy) - curl( (n/ uy) curl(B) )
source diffusion of B
_ cold e B
W 77,

cold e return over slightly larger radius



Hybrid code: magnetic field
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Davies et al, PRE 59, 61032 (1999)



Other geometries

Magnetic field wherever curl(nj,;) non-zero

curl(jpo) = grad(m) X jiot M curl(jpo.)

gradient in resistivity curl in hot current (as in beam)
- e-
— e —
laser \~\‘ laser
- -
different Z & n hot corona, different n

Bell et al, PRE 58, 2471 (1998)



Kinetic

KALOS code aLaser—plasma

0
Simulation

Expand velocity dist" in spherical harmonics

f(x.yv.0,0.0) = 2 f,(xy.v.t) P, m(cos6) elmo
N

?

velocity coordinates in 3D

* Any degree of anisotropy by expanding to any order

Equations very simple — efficient despite small explicit timestep
Without collisions operates as Vlasov code (efficiently)
Collisions and B easily included

Can follow oscillation in laser beam

Easily parallelised
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Advection in momentum due to electric field
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Spatial advection
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Rotation by magnetic field: @ =eB/ym
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Collisions

_n(n+1)v
ot 2

(3 m
1 fnm + ! a (D || afn + Efnm)
V® oV ov

Assumes Rosenbluth potentials dominated by f,

D , & E are integrals over fy in velocity space
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FIG. 1. Spatial plots (close to the axis) of temperature (a)—{(c)
and (g)—(i) for parameters given in Table L (d)—(f), respec-
tively. plot the magnetic field for cases (a)—(c). The temperature
contour levels are 350, 400, 600, 800, 1000, 1200, 1400, 1800,
2200, and 2600 eV. The magnetic field contour levels are +/ —
0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 MG.

TABLE I.  Parameters for Fig. 1. Power is the average absorbed power up to that time. T,
and B, are calculated by KALOS. B, and F are given by the approximate analytic model
with Tinit = 1.5 keV.

Time Power T B B
Figure Run fsec TW keV MG MG r Conditions
(a).(d) A 200 2.1 1.4 0.4 0.5 0.8 Standard
(b).(e) A 400 1.9 1.3 0.8 0.9 1.6 Standard
(c).(f) A 800 1.5 28 24 1.7 29 Standard
(g) B 1200 1.3 1.4 1.5 2.2 1.5 D = 33°
(h) C 2500 0.8 1.5 1.8 2.9 1.1 D p = 45°
(i) D 1500 1.2 2.0 0.9 0.7 0.9 Vary Tip- Z. 11




KALOS code solves the relativistic VFP equation with Maxwell’'s equations. It includes electron-
electron and electron-ion collisions, field ionization, and collisional ionization.

Not include ion motion or laser absorption. Fast electrons are generated in a “source” region.

We produce fast electrons for 100fs, with a power input of 1TW. The fast electron temperature is
280keV. The fast electron density is controlled via the parameter d_ .. (baseline is 15_m). The
simulations were run for 250fs.

22 micron of unionized carbon

i i -3
2 5 micron source regionat diamond density(3500kgm™)

. <—>l L]
3 micron pre-ionized < >

50eV .
25 microns of vacuum



p/mc

p?f, plot at 180fsec

This is the electron density in the |p|-x phase space.
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vp?f, plot at 180 fsec

This is the electron flux in the |p|-x phase space.

p/mc
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lon populations in target at 200fs for baseline run.

7=0 lonization:

7=1 *Pre-ionized

7=9 targets give
different results.

7=4 *Due to cold
electrons escaping
into vacuum.
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Variation of the max. potential with fast electron density (left) and (right)

Max. field depends on Vn, (n, proportional to d .. 2)
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Population kinetics modeling provides charge state
distributions as well as level populations

Energy levels of an atom

Continuum A

.................. i
................. XA— B,

A'A

A A of ion Z+1

Ay

pr¢

\VAVATAYAYS

N N N e~

A,

A\ AA 4 \ A 4

Ground state of ion Z

Ground state

-

Equation of state (EOS),
Conductivity, Opacity, Emissivity,
Collisional frequency .....

* When LTE (Local thermodynamic
equilibrium) use , for example,
— Boltzmann distributions for bound
states

— Saha equation for ionization
distributions

« When Non-LTE
— level populations are determined by
considering all possible atomic
processes



Developing population kinetics modeling tools:
three capabilities for design and analysis of experiments

|Design |

FLYCHK

—| Ct27

New simplified ionization balance model that is fast,
accurate and easy-to-use for experimental planning

Detailed K-shell model (FLY) for H through Fe plasma

New model to self-consistently treat populations
and velocity distributions

FLYCHK

HULK

K-shell spectroscopy for H through Fe plasma
measured data analysis

HULLAC-based population Kinetics code: Revised
detailed kinetics modeling tool




Simple but generalized population kinetics codes :
FLYCHK-Ct27

* Built-in atomic data sets (Hydrogenic model)

» Detailed population distributions considering collisional and radiative
processes (Non-LTE solutions)

» Steady-state, time-dependent, and LTE solutions

« Arbitrary electron enerqgy distribution functions with_ multiple Te option

« Atomic model includes the ground state, valence-shell excited levels, and
inner shell levels for all ion stages from neutral through fully-stripped

 Easy and user-friendly interface

(with an option of detailed K-shell modeling)
e Accurate built-in atomic data for H, He and Li ions up to Z=26
e Spectral intensities and line shapes




Construction of Hydrogenic models:
simple but complete

» Screened hydrogenic model with relativistic

corrections to compute energy levels

c -] 2]
n’ n n+1 4

Q, = Z - 0.5a(n,n)max(0,P, —1)— > o(n,m)P,

m<n

* Hydrogenic oscillator strengths, f

« f,, to compute collisional excitation rates
 Hydrogenic photoionization cross-sections (Kramer)
« Semi-empirical cross-sections for collisional ionization (Lotz)

 Hydrogenic dielectronic recombination rates (Burgess-Mertz) or
detailed counting of autoionization and electron capture



FLYCHK: generate a robust, rapid predictor for all Zs

Predictive capabillity of charge state distribution (CSD)

* Simple, fool-proof tool needed to help experimentalist design
diagnostics

» General tool applied to any atom under any condition

« Compact module for inclusion in macroscopic codes :
Hydrodynamics, PIC (Particle-in-cell) and radiation transport...

e [nitial accurate estimate of ionization distributions necessary for
building more sophisticated kinetics model



New method to include EA and DR processes:
1st Essential element for FLYCHK

« Excitation following by Autoionization (EA) and its reverse process
Dielectronic Recombination (DR) are critical in many kinetics problems

» Burgess-Mertz formalism is only

: |
valid for coronal lower Z plasmas ———— AN=3
——
- An=2
« EA/DR processes should be in
detailed balance for collision-
dominated plasmas I

« EA/DR processes via autoionizing
states are modeled within a
hydrogenic formalism

An=1
g

round state

Bound states of recombining ion

T Bound Autoionizing (Ai) states

ecombined ion



Inner-shell (IS) processes for many-electron ions:
2"d Essential element for FLYCHK

Low Z atom

High Z atom

A promotion of IS electrons leads
to states far from continuum limit
and rarely matters in CSD

i EEEER | oz

1s2214-131"nl” —
A
Bnd — L-shell lon
152214
L-shell lon
1522|Z+1

A promotion of IS electrons can lead to
states near the continuum limit and
hence EA process is critical in CSD

— 3I174]7n|

311641z*1nin’I’

........ 1S
........ A -
- —
—_— N-shell lon
Bound — 3'184'2
N-shell lon

3|18 4]z+1




Charge state distributions look extremely promising!

Comparison of FLYCHK with measurements and numerous
other codes shows excellent agreement for high and low Z

Xenon Au
N. = 4.75 x 1018 cm3T, = 415 eV n,= 10%2cm= T, =750, 1500, 2500 eV
60~ ' T ' T
_§ 0.5__ Exp FIT | 0 55'_ From the 39 Non-LTE workshop a2
L 04 »  50F
= FLYCHK 0o T ____—=
e 0.3 %c: 45_&_-_:,_.,2----"""
-}
§ 0.2 % 40_— _
o 35- ]
E 0.1 _ 3: | |
30 I | | | ! | !
96 27 28 29 30 1000 1500 2000 2500
lon stage Te[eV]

Cases tested include C, Al, Ar, Ge, Ti, Kr, Xe, Au
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Investigation of ionization processes
of short-pulse laser-produced plasmas

1) PIC simulations predict that the electron distributions should be
described by multi-temperature Maxwellian.

2) Predicted high-energy electrons induce the inner-shell ionization
of K-shell electrons which can be observed in K-o spectra while
the laser is on.

3) K- a spectra exhibits shifts and broadening of cold K- o, which
gives charge state distributions (CSD) of a plasma.

4) Charge-state distributions are dominated by thermal electron
collisions unless hot electrons are predominant.

5) TD-CSD can reach to a steady-state within 1 ps.

6) A relativistic treatment of electron collisions is essential.



1D-PIC simulations show that electron energy distributions
are represented by 2 hot electron temperatures

4 - 5
- | | © o am— -
| Ponderomotive heating* - — -
12— — — Forward SRS in underdense =
3 e - 2s0= - -
kT, = 1+ ——— |-1|x511keV ~ 2.9MeV __ —
10— " Thot I:\/( 2.8><1018j } 5 =
B _ " Ponderomotive heating —
~~ B — -
w4 - 150 =
p . enk -
c 5 < -
= B -7 100= =
i - -
7] - 0—4 PRI . .
h - o i P -

I:l_ 1 I 1 I 1 | | I 1 | 1 I | I Illl;ﬁ“lM 1 | 1 | | I | | | | | | | I | | | | |:| .| I | | 1 | 1 | | I |

a ald 100 140 00 400  wBOO 800 1000 1200
E (in MeV) X (Cley)

*kTo Scaling from S. C. Wilks and W. L. Kruer,
“Absorption of ultrashort, ultra-intense laser light by Solids and Plasmas”, IEEE J. Quant. Elec., 33 1997.)



Charge state distributions of thermal plasmas with
up to 10% of hot electrons of 3MeV remain similar

» CSD is most sensitive to thermal temperatures: 1 keV is required for He-like ion production

e Hot electrons did not make substantial differences :
— relativistic cross-sections make a difference?

» Time-dependent calculations show that the plasma will reach at its steady-state & LTE
values within 1 ps (N,.=1023cm-3)

r SS — 10% | 7 r TD 1 keV
— 1%
- 0.1%

bt
o
]

1 keV

o
B
T
N
o
T T

100 eV
10eV

lon fractions
e
w

<
no

|
Average charge state
o o

| | | 2 | | | | | L 1 "
10 15 20
# of bound electrons




Relativistic ionization ¢.x [barn]

Mau'’s relativistic ionization
cross-sections of cupper ions

\_\ 34512

le+03 &

\ 3d312

3p32

---------

e W1243pl2
e“m #
L, 2pl242p312 e

1000 = N . ———_———TT _
g 2102
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100 "ttt |
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Electron kinetic energy [MeV]

Relativistic 1onization cross-sections can lead to a
significant increase in ionization processes and K-«lines

Functional formula of Relativistic
ijonization cross-sections

oo« B2|AlIn(B% 1L- g?))- B2+ C]

J.Scofield, PRA 18,963 (1978)
U.Fano PR 95,1198 (1954)
U.Fano Ann.Rev.Nucl.Sci. 13,1(1963)

Rates(cm?3/s)




Tonization c.x [barn]

Fitting the Mau’s data to give an empirical expression of
relativistic ionization cross-sections

K-shell (AE=9000 eV) L-shell (AE=1000 eV)
lU’OU_ T T TTTTTI T T TTTTT | T T TTTTT lﬂ+{]5: T T T TITI00 T T T TTII00 T T T T TTIT
— Rel.Cx. N - — Rel. Cx.
— Lotz - r = Lotz
Fit to data 4 r : Fit to data
— Empirical | L — Empirical
— data = data
4 = 10000 F
a
=
><_
100 - = 8
C g
g
~ 1000
10 0.01 S ll : S l(l}[] e 100 | Lornn | L Ml | Loin

Electot e gy INEV] Electron kinetic energy [MeV]

» A careful study of Mau’s relativistic cross-sections of K-, L- and M-shell
led to an empirical relationship between AE and the fit parameters

« For Xand Y, two conditions are used:
— At 0.35MeV, the LN portion of c.x is the same as Lotz value
— At IP, the LN portion is 1e5/AE barns.



Relativistic cross-sections can make differences in
lonization when relativistic electrons are predominant

Comparisons between non-relativistic (A) and relativistic (B) cases
at N,.=1022 cm-3 for three different hot electron fractions at T, ,=3MeV

0.7 T T T T T T T T T T T T | T T T | T T T 0.6 T T T | T T T T T T T T T | T T T | T T T
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S c04r 108V | |
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Relativistic cross-sections can make substantial
differences in estimating K-« yields

Charge state distributions

K-o spectra
T.=1keV and p=0.01 p.;4

Te=1keV and p=0.01 p_, 4

0.4
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I 2
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% 8 § | H
# of bound electrons 5 p” )
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A. Relativistic c.x + 3 MeV (1%) Energy [eV]
B. Non-relativistic ¢c.x + 3 MeV(1%)
C. Non-relativistic c.x



T.-dependent charge state distributions lead to
shifts and broadening of K- emission

Charge state distributions:
Relativistic cross-sections with
1% of 3 MeV hot electrons

K-o. spectra for p=0.01 p 4
T.: 50, 100, 500, 700 eV, 1keV
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Investigation of K-« production:
non-thermal electron diagnostic??

If thermal T, is sufficiently low, K-a. emission is solely dependent on
non-thermal electron ionization processes.

T.=100 eV and 0.1pgg T,=500 eV and 0.1p.,q T.=1 keV and 0.1pg4
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Investigation of K-« production:
opacity effects and radiation trapping???

» K-a lines become opacity-broadened with a plasma size of 1 — 100 p.
* The self-absorption becomes non-negligible in population/CSD distributions.
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Investigation of K-« production:

opacity effects and radiation trapping???

» K-a lines become optically thick with a plasma size of

1—-100 p.

« When ions are in M-shell, the K-a optical depths are much smaller than L- or

K-shell ions by orders of magnitude.

T,=100 eV and 0.1p.,q T,=500 eV and 0.1pig

T,=1 keV and 0.1p 4
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lonization processes of
ultra-short-pulse laser-produced plasmas

1) USP lasers with a fs pulse length will be operational in the near
future.

2) Initially electrons are expected to be highly transient and highly
non-equilibrium as well as population distributions.

3) Both electron and ion population distributions need to be solved
self-consistently taking an account of all the elastic and inelastic
collisions in the plasmas.

4) This approach will provide a tool to study the relaxation processes
of non-equilibrium electron and ion population distributions



Ct27: Non-LTE kinetics code integrated with Boltzmann Eqn. Solver
a new capability for highly non-equilibrium fs timescale sources

an,(e) | an.(e) N an, (&) N an, (&) | 2n.(e) N an, (&)
ﬁt é’t Elastic é’t Inelastic é’t SOUrces é’t Sinks é’t Electron—

& Superelastic Electron

n,(9=N,2f(e) and | def(9d’?=1

— Elastic losses to phonon (deformation potential) scattering
— Excitation and de-excitation of bound states

— Sources such as photo- and Auger electrons
— Sinks such as 3-body, dielectronic, and radiative recombination

— Electron thermalization due to collisions with other electrons



Ct27 tested for transients generated by short-pulse source

200 eV-200 fs pulse with AE/E~0.003

XFEL test problem 102 photons on solid Al 40u spot

lonization distributions

10— I Assumptions

1) No initial solid-state structure
2) No plasma motion

Electron energy distributions
Relaxation time scales

1. Interaction of the high-energy photons with the initially solid density matter proceeds
predominantly by the creation of inner shell ionization and photoelectrons will be
produced at 105 eV.

2. This is followed by Auger decay and then by interaction of lower energy electrons
with the atoms.

3. Electrons thermalize in a few fs due to inelastic e-ion collisions

At 5 attoseconds: N, ~ 10'cm=--- T_ ~65eV --- N, ~ 6 x10%2cm-3
e-e elastic v, : Coulomb ~1.4x10° s

e-i inelastic v : excitation ~ 5x10%¢ s --- jonization ~ 2x10%¢ s



Ct27 : Relaxation of initially generated photo-electrons
can be studied

» The electron energy distribution function quickly establishes Maxwellian.
« T, initially drops and increases to the equilibrium value

10 0
10 fs
1 1fs I
g [\ Ct27
% 0.14
~— =
) 3 =
&) ] A0
~ L'}
0.0 i —_
o 3 Forced equilibrium
Y
0.00
5 attoseconds
0'000 IIII I I I IIIIII I I I IIIIII I 1 W] | ||| |

1 10 100 1016 1015 1014 1013

Electron energy [eV]
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Spectral modeling of
short-pulse laser-produced plasmas

1) Spectral modeling of laser-produced plasmas requires a
comprehensive understanding of ionization processes

2) While a complete set of atomic data is essential to build a
physically realistic population kinetics model, reasonably accurate
atomic data is required for spectral analysis of observed spectra.

3) Combining FLYCHK population distribution and HULLAC atomic
data, one can construct a realistic spectral model for data analysis.

4) When the radiation transport is important for inhomogeneous
plasmas, the HULLAC—-based model can be transported to a 3-D
radiation transport code CRETIN



HULK: Detailed kinetics models consistent
from low to high density created

e HULLAC (Hebrew University Lawrence Livermore Atomic Code) can be used to
generate a complete set of detailed atomic data
—Developed by A. Bar-Shalom, M. Klapisch, J. Oreg, W. Goldstein

« HULK constructs a single kinetics model valid from very low
density (coronal limit) to high density (fully collisional)

—Low density plasmas IS
* Dielectronic Recombination and Excitation Autoionization
* High-lying Rydberg states

1s1214 1"

—
il

1s2212131°nl”
—High density plasmas _
» Approach to equilibrium : detailed balance Al
 Continuum lowering Bound L-shell lon
L-shell lon 152212

1322|Z+l



flux [arb.]

HULK: Ne-like lines and their satellites for 75 < Te < 150 eV
expected for RAL Cu Can experiments (R. Shepherd)

Spectral calculation at Te=100 eV and Ne=1021cm- shows that the
measured spectra can be explained by Na-like and Mg-like satellites
as well as Ne-like resonance lines

FLYCHK calculations
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CRETIN: A 3-D radiative transport code can be used to
understand inhomogeneous plasmas

Spectral calculation at Te=962.5 eV and Ne=10%cm-3
Ar-filled D2 Spherical target of 200 um radius

3x10' HULLAC based CRETIN result |
3 ~
= 0x10'[ .
e
& I Z-PINCH Ar implosion data
k=
L =
1x10
0 | I | et “"J

3 3.2 34 3.6 3.8
wavelength[A]



Summary: the next generation of population kinetics
modeling tools will be available for SPL research

FLYCHK: New simplified ionization balance model that is fast,
accurate and easy-to-use for experimental planning with an option
of detailed K-shell model

Ct27: New model to self-consistently treat populations and velocity
distributions

HULK: Revised detailed kinetics and spectral modeling tool
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Abstract: The possibility of easing the strict demands on
indirect drive fusion by fast ignition has made a greater
understanding of relativistic beam / plasma interactions
imperative. As an approach to studying this phenomena, the
suitability of LSP for modeling atomic-scale electron transport
was investigated, and LSP was validated for calculating the
plasma stopping power of a single electron. Current studies are
considering the stopping power of multi-electron clusters — and
enhanced stopping power is observed.

Outline
« Theoretical plasma stopping power for a single electron
- The Fermi approach allows for a multi-body approximation to stopping power
- The semi-classical solution (Bethe (1930)) is found through a simplification of Fermi solution
- Multi-electron theory
« LSP’s advantages over theory
+Of LSP, a single electron, and energy conservation
- Energy conservation issues in LSP, self-loss common to PIC EM codes

- 3 Games for ameliorating anomalous energy loss

« Validation of theory using LSP
- Examples of LSP calculations versus theory

« Preliminary multi-electron results [1 ]

- Enhanced plasma stopping power

Theoretical Plasma Stopping Power

» Fermi approach includes multi-body approximation through a fluid formulation

- Dielectric constant of form:

(W+ivg )

- Reduces to semi-classical solution at B->0 (same solution as Rutherford scattering + Bethe QM (1930))
- Significant effects (multi-body coherency) at B> 1 — this is important to dE/dx scaling at high B
- At B>1 (see Jackson, 3™ edition, Ch13):

2Fa
) 2Fs
33 A o 47N (Ze)?

me

[E) _(eefw; | (1123
dX Jy.a & aw,

P

» Extends to multi-electron clusters (Deutsch et al, etc.)

« Can't resolve r<a, can't plasma il , and can't capture beam instabilities, etc.

« Doesn't include dynamical effects (it is a steady-state solution). [2]

LSP’s Advantages

« Full multi-body approach (scattering treated for all impact parameters)
- No floating constants (consider the consequences of ‘a’ in Fermi theoretical approach)
- Reference frame approximations dropped
- Trivial to extend to particle clusters and beams

» Dynamic acceleration treated naturally

« Easy to interrogate energy transfers to plasma, modes of energy transfer, instabilities, and more...

FIG [1] - |E| wake behind 1MeV electron in n = 1027 cm plasma. Fundamental electric
charge = 10e. [3]

Of LSP, a single electron, and the problem of energy conservation

« Poor individual energy conservation (particles self-communicate in single At despite constant velocity)
- Energy conservation = (3,7, Ax, At)
- Two competing requirements on Ax, |self-effect|~Ax2 and resolution~Ax

+ 3 Games for improving energy conservation
(1) Minimize required resolution (usually means Ax %D), or alter plasma parameters so the stopping
power overwhelms the self-effect
(2) Choose optimum At

If Exgocyon ~ 1MeV, Ax < Ay,

At = Atgrag , T,=5000eV, n,=102 cm?3... oulomb potential

self-effect >> plasma stopping power !!!

If Eelectron ~ 1MeV, Ax < Ap,

At = Atgpr , T,=5000eV, n,=10% cm™...
ct as

topping power !1!

self-effe

FIG [2]

(3) Subtract instantaneous self-fields to first order (there shouldn't be any instantaneous self-effect)
- Run 2 tests, 1 in vacuum and 1 in plasma with the initial position and velocity duplicated
- Only run the tests over a time period where the 2 trajectories nearly match
- Take the difference. The result is the proper field causing deceleration + error estimation terms

Field on bal > electron Self-effect field contribution

ping power

T qQ
[i]  Efsmasparice

[ii] , Eg

vacuum+ particle
T W
[”I Evacuum+parl|cle

i q %9)—Eda
[iv] Ep\asma-parllc\e(x Evacuum-namcls(

f(x%,%),90)+0@) +...

5
_.M
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[41

Mentor: Max Tabak, AX Division
Lawrence Livermore National Laboratory

Results for single electron tests (COLD PLASMA)

EX[1] Egecion = TMeV, Ax = 5x10-2m, At = 9.5x10?' s, ne = 10%¥ m?, Z, = 1

Error = +25%

dE/dxy = -3.74x10°® J/m = -233.43 keV/um
dE/dx; = -3.00x10°8 J/m = -187.25 keV/um

EX[2] Egiectron = 1MV, Ax = 5x102m, At = 9.5x10?'s, ne =102m?,Z,=10 Error = +14.3%

dE/dxXN = -2.32x107 J/m = -1448.03 keV/um
dE/dXT = -2.03x107 J/m = -1267.03 keV/um
EX[3] Egecton = TMeV, Ax = 5x102m, At = 9.5x102's,n, = 102m?,Z,=1  Error = +2%

dE/dxy = -3.85x10°% J/m = -24.03 keV/um
dE/dx; = -3.91x10° J/m = -24.40 keV/um

FIG [3] - Energy for EX[3]. FIG [4] — Fields for EX[3]. [5]

A preliminary multi-electron test (COLD PLASMA)

02 6
E'7 = 1MeV, Ax = 5x10-2 m
At= 9.5x10?' s, n, = 1032 m3

L ~5n -1/3

7

« Expectation 1 (if particle spacing is > correlation length) (dij: mi“(djj‘
dE/dx1= -2.74x10® J/m = -170.83 keV/pm dx )" 5 UdX

« Expectation 2 (if particle spacing is < correlation length) (Ej P [E) q= Zq ,m= Zm
dE/dx,= -1.53x107 J/m = -954.95 keV/um >a T T

FIG [5] . . FIG [6]

« dE/dx\= -1.33x107 J/m = -839.47 keV/um (In the middle of the 2 expectations!)

« The plasma wake works to disrupt the organization of the cluster, and self-fields and plasma fields on the
cluster tend to pull it apart. Should continue until inter-cluster distance > correlation length.

« Demonstrates potential to calculate dE/dx and rms deviation of particle in beam [6]
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Summary

Given LSP’s wide range of uses as a modeling tool, we @

are exploring some of its less understood parameters

* LSP is currently being used for a number of short-pulse
applications, such as

— Effects of the initial electron distribution for fast ignition
relevant experiments

— Ka optimization for 1-D and 2-D x-ray backlighting
* Given the expanded role LSP is expected to have as a modeling

tool for laser-plasma interactions in the future, a full understanding
of the code’s parameters is critical

* Over the course of its use, we have observed several interesting
phenomena by varying a number of LSP parameters:
— “fluid-streaming factor”

— “discrete numbers” (particles per cell)

UCRL-POST-206307-2



The “fluid-streaming factor” is a parameter within @

LSP whose attributes are not well understood

* The LSP manual defines the “fluid streaming factor” as a diffusion
parameter used in the electron fluid model for a dense plasma such
that

— “small values (of order 0.1) reduce numerical diffusion of
momentum”

— “larger values have a stabilizing effect”

* For most of the simulations that have been performed using LSP,
the fluid streaming factor has been set to a default value of 0.001
for closest agreement with experimental observations

* However, the effects of this parameter are not well understood and
should be investigated further

UCRL-POST-206307-3



We have modeled a generic Al target using Eﬁ

various fluid streaming factors

* At early times in the simulation, variations in the fluid streaming
factor appear to have little effect

* This can be seen by plotting the hot electron beam density at
approximately 0.25 ps into the simulation

FSF=0.001 FSF=0.01 FSF=0.1
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Later times in the simulation reveal an interesting r—

structure within the hot electron beam

At later times, the hot electron beam appears to become more
filamented as you increase the fluid streaming factor

This can be seen by plotting the hot electron beam density at
approximately 0.50 ps into the simulation
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A more quantitative comparison can be seen from
line-outs within the filamentation region

* By taking a radial average of the hot electron beam density
between the 38-42um region, the filamentation region can be
better characterized

e The line-outs also confirm increased filamentation for later times

t=0.25ps t=0.50ps
_|||||||| an ovorbooortoooebvoortoon bovoc oo vt oo b bovor oo b boo Lo be
20 = 1e—
j0+20 = - 10+21 —
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b 1o 20 a0 40 0 1o 20 30 40

€
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The effects of the “discrete number” parameter @

are also not well understood

* The LSP manual allows the user to specify a discrete number, or number
of particles per cell, for each direction of injection

* We have performed simulations in which the number of particles per cell
is varied in the radial direction for 2-D geometries

* By increasing the number of particles per cell in the radial direction, the
hot electron beam appears to become more filamented and the filaments

begin to spread radially
PPC=2 PPC=5

PPC=10

r1.98864e+21

ro.4276e+149

Ry
S

[}
=
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1.47.395e+1¢
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10— =
00273e+1E

IIH4SIIIIIII i 10 20 30 40 i 10 il 30 a0
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Summary

The LSP and ITS codes have been used to

model recent Ka backlighting experiments

* X-ray radiography will be an important diagnostic for NIF and one
of the first uses of its short-pulse capability will be for backlighting

* Maximizing the production efficiency of Ka photons is essential for
backlighting NIF targets
* 1-D and 2-D Ka backlighting geometries have been modeled
— 40 keV edge on Sm foil (1-D)
— 8 keV Au cone/Cu fiber target (2-D)

* Ka emission yields were compared using LSP and ITS to study the
effects of how each code handles electromagnetic fields

— ITS ignores the effects of fields on particles
— LSP self-consistently calculates the field interactions

UCRL-PRES-206093 2



X-ray backlighting is a standard techniqgue used for

diagnosing the evolution of laser-driven experiments =

* Backlighting, or “radiography,” is an effective way to image
the transient nature of hydrodynamic phenomena in high-
density material interactions (i.e., x-ray or laser ablation)

* “Point projection” backlighting is a technique currently being
explored in both 1D and 2D spatial resolution

* This technique consists of a backlighter “source” designed to
provide a sufficient number and energy spectrum of x-ray
photons to produce a high-quality image

* Previous backlighter sources have been “thermal,” producing
x-rays of only a few keV that cast a shadow of the sample on
the detector

Detector Imaging

Sample Backlighter

target

UCRL-PRES-206093 3




NIF experiments will require higher. energy baCk"ghterl_._

sources than thermal sources can provide LA

Point Backlighters (thermal vs K-o)
* Previous experiments using

low-Z, low-mass targets
allowed the use of low-energy
(a few keV), thermal
backlighters

* Experiments on NIF will use
high-Z, relatively high-mass
targets, requiring high energy
photons for sufficient
brightness

~
WNIF3TW
N

-
(=)
=

L 1 1 LNy
10 30 100
X-ray energy (keV)

Brightness (J/cm?/sr/100 ps)

Remington, B.A.

The Solution: Use K-alpha x-ray sources driven by short-pulse,
high intensity lasers to produce 20-100 keV x-ray sources

UCRL-PRES-206093 4



Concepts have been developed to produce !

suitable Ka backlighting sources

1-D Radiography 2-D Radiography
_ _ 2-D imaging
1-D imaging Au cone sample

sample Attached
Sm foil / | \ /Cu wire

* Backlighter source consists of a * Backlighter source consists of a
disk positioned edge on cone coupled to a fiber

* Edge-on geometry has * Cone-fiber geometry may
produced reasonably good increase laser-coupling and
radiography images at 40keV for reduce divergence, allowing for
samarium disk backlighters small, bright point sources

UCRL-PRES-206093 5



We have performed ITS and LSP calculations of

several proposed Ka radiography experiments [‘5_‘

* The primary objective was to model experimental targets in LSP to
characterize the Ka production efficiency and energy spectrum

* The ITS code has been the primary modeling tool for validating the
experimental Ka conversion efficiencies to date; however, ITS

— Ignores the effect of electromagnetic fields on the particles, and
— Injects an ad-hoc electron beam into the target

* The LSP code self-consistently calculates the effect of the
electromagnetic fields on the electrons, but still requires an
electron beam source to be specified

UCRL-PRES-206093 6



ITS calculations were performed to model a

recent Vulcan experiment

VACUUM

* The target geometry modeled
was based on a 1-D radiography
experiment using a Sm foil
backlighter Laser

Parameters:

300J, 8pym
spot size,
1ps pulse

~50um 100pm Z

In order to capture the electron refluxing within the target, we
imposed external radial and axial electric fields within the code

300
2.7 Eradial
200 0.9 5
T S E
"3 o axial
x =
100 -0.9 X
{11]
2.7
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To better understand the effects of the fields, Ka n

yields were calculated for a range of target sizes

* Simulations were performed for two cases:
— radial and axial electric fields included within the vacuum region
— axial fields only within the vacuum region

* Our results show that including the radial fields increases the Ka yield due
to the trapping of the electrons

* Larger targets give an increased Ka yield

Normalized Total Ka Yield vs.
Target Radius

c
O 0.16 4
s
g 0.14 —
T g1z | /— radial + axial fields
__ :
[+}) 0.1 -
S
O 0.08 -
=
S 0.06 -
X 0.04 -
s axial fields only
O 0.02 4
|_
0 T T T T T T 1
0 100 200 300 400 500 600 700
Electrons reflect from the Target Radius (um)

target edges due to the
imposed E fields UCRL-PRES-206093 8




LSP' is a hybrid particle code used extensively @

in the ion beam community

Simulations can be performed using:
— 2-D in cylindrical geometry; and
— 3-D in cartesian geometry.

* Employs a “direct implicit” energy conserving electromagnetic
algorithm.

* Hybrid fluid-kinetic descriptions for electrons with dynamic
reallocation.

* Scattering between the beam and background plasma included.
* Xgen cross-sections for Ko photon generation will be included

* Beam created by two methods:
— Injection at target boundary;
— Promotion from the background plasma.

1D. R. Welch, et al, Nucl. Inst. Meth. Phys. Res. A 242, 134 (2001). UCRL-PRES-206093 9



The source of electrons is based on experimental %

data and scaling laws

Hot electron Hot electron
conversion efficiency temperature
The efficiency at a particular intensity
—— is based on experimental data The temperature of the hot electrons is
Q g\;, 102 ) based on Beg’s experimental scaling’
m ‘
© 5 N
@0 1 . -
c8 10 Tpoc (k€V) =100 (122)13
B =
o C
g0 10
O C
o= 107 10" 1021 A. R. Bell, J. R. Davies & S. M. Guerin, Phys. Rev. E 58, 2471 (1998).
Intensity (W/cm?) A
Intensity Distribution Hot electron input
20 <
10 Apply 900 g
£ Scalings =
= o
E 1018 ‘ 3
©
2 450
) Q.
§ 1016 QE,
£ [
. 0
0 50 100 0 50 100

Distance (um) UCRL-PRES-206093 10
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Until recently, an object had to be placed in the o

plasma to generate photons &

« Objects are a way of representing material structures, they are:
— Perfect conductors.
— Electrons can pass through the object; ions cannot.
— Electrons are not affected by fields in the object.

 Plasmas are the usual way to represent the target. Unlike objects,
the plasma representation:

— Allows electrons and ions to pass through.
— Electrons are affected by fields.
— Uses Spitzer conductivity.

* The code has been modified such that an object can be placed in
the target without effecting the particle transport

UCRL-PRES-206093 11



R(microns)

* Previously, we modeled targets based VACUUM
on experiments performed on the

LULI and Vulcan lasers, but were Hot electron
constrained to use a conducting Cu beam

fluor layer

H 20pm 20pm 20
* The presence of the conducting um 204m 20(m

object causes a significant reduction
in beam density in the rear layer of Al

Copper represented as Average radial distribution
Copper represented as a plasma conducting object of hot electron density in Al

—— Cu as plasma
— Cu as conducting object
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Ne
(cm?)

0.5
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B e

1
u] 20 40 G0

0 o 40 80
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LSP was recently modified to remove the constraint __

of conducting object for photon production ’_Zéi

* Although the fluor layer must still be represented as an object, the
conducting option can now be turned off such that the object is

non-invasive

* Simulations of the multi-layer Al/Cu/Al target were redone using a
non-conducting Cu object and do not appear to affect the electron

transport
Copper represented as a Copper represented as non- Average radial distriblftion
plasma condUCting ObjeCt L |cl)f| |h|<|)'lt |e|I|e|<I:.|tT?|nI |d||e|nlsllltx Lo

300
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Cu as non-conducting
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The Sm backlighter 1-D radiography experiment .

Laser

Parameters:

300J, 8um
spot size,
1ps pulse

Sum

VACCUUM

50um

was also modeled in LSP to compare with ITS

LSP self-consistently calculates the electric fields which are
responsible for the refluxing, or “trapping,” of the electrons

120 rd. 12761e+07

100
~.7518e+07

[ma]
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Rimicrons)

40
1.28162e+07

B3816e+06
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1
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Ko Images were generated at various times

throughout the simulations

* Using LSP, we were able to calculate the birth positions of the photons

* A line-out was also extracted from each image to obtain a more
quantitative comparison at each point in time

* A significant asymmetry was detected when taking similar line-outs in the
horizontal direction, but it is currently under investigation

Normalized contour of Time history of vertical

photons created t < 1 ps line-outs of photon birth
1.1, Positjons

10 R

— Photons created at:
t<0.5ps
t<1.0ps
t<1.5ps

T
-10 -5 0 s X
[

0.01 0.05 0.09 0.13
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R(microns)

A cone-fiber target based on a recent Vulcan 2-D

radiography experiment is being modeled in LSP [\5_‘

120

100

O T e e

o

Excitation
Hot electrons were created by an _— Au cone

region \
“excitation” mechanism in LSP in which \
fluid electrons were promoted from the (60°
background plasma

A time history of the hot electron number S
density shows the expected transit of oV
electrons down the cone

t = 0.05ps t=0.15 ps t=0.25 ps
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Several different cone materials are also being

explored

t~0.35ps

Au Cone Carbon Cone

120 120

Hot electron beam 55977 2e+227

100 density

Hot electron beam

100 density Hot
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Summary/Conclusions

LSP has shown promising results for 1-D and n

2-D Ka radiography modeling

* Maximizing the production efficiency of Ka photons is essential for
backlighting NIF targets

* 1-D and 2-D backlighting geometries have been modeled in both
LSP and ITS
— 40 keV edge on Sm foil (1-D)
— 8 keV Au cone/Cu fiber target (2-D)

* LSP has proven to be a more accurate tool for capturing the effects
of electron refluxing than ITS

* Further calculations of the cone-fiber geometry are currently in
progress

— Analysis of the coupling efficiency of the laser light to Cu wire
— Alternative laser/hot electron beam orientations

UCRL-PRES-206093 18
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« Atomic-scale » : Electron
and proton stopping powers

e Relativistic electron stopping in partially degenerate
targets. Intrabeam correlations. Multiple scattering
contribution to REB depth penetration

e Collective (instabilities) VS. Collisional stopping
triggering of instabilities

e Non relativistic proton and ion stopping. Inflight
binary correlation effects. Multiple scattering in
Hohlraum design

Shovt Pulse Laser-Matter wmputat’uomt Workshop
Pleasanton, CA ® August 25-27F 2004



REB STOPPING IN ICF TARGET



REB PARAMETERS

«3kJ B =0.94 y=2.99

* 10" sec peak laser illumination
[ ) o 0 [
* Cylinder radius a = rE O = core radius

*1 MeV

e 3x10°% A

o L —6.1x1083A/cm? G =50 um
Ta =

* n,(r)= n,(0)e °°, core density

*n, =663x107 x——xplem™
nia

o ~1.3%x10%2cm3



PRECOMPRESSED DT

300 g/cc 5 keV

Ap >> Ke >> AL

525107 cem 3.9x1070cm  2.88x107 em

4 3 1/3 0
Ay = (? n,(cm )) =1.34x10"" cm

I'S =0.25 at T — O
2 .
——% _0.0055 Fe _0.074
o= Eﬂ =6.4
EF

DENSE ELECTRON PLASMA
MOSTLY CLASSICAL



TARGET DIELECTRIC FUNCTION

2

()
m gw)=1- . ,
(D((D +1 Vcoll)

Drude suitable for high velocity REB

3.8%x10%n_(cm*®

)
I (eV)3 > /n A

Veoll =

/mA = /n|9n, 7\3)] =6.305 for

T = 5 keV and ne= 1026 ¢-cm-3



N efold — 0 1

max ~stop

Egl'ch
.
1+ Eb2
1 m,c dE,,
i 172
2 2 dx
J [\mgc” i mec” +2
Egun
= m—0x10_4 cm X 1
4 B,c cm/sec

=10""3 sec for 1 MeV REB




BASIC MECHANISMS

OMOLLER formula adapted to a classical plasma

4 T a
dJg 2™ E 11 ( ) @+l
___(i_—: I; 2)( €n2 +—8-X ———"1 —'( 36112-1—1——51’12
X T . \ T+
meBbC ; min (v+ 1) .
}—e‘ T v —1 T
?\’D
cf E.Nardi-Zinamon, Phys. Rev. Al8, 1246 (1978)
and V.V. Val'chuck et al, Plasma Phys. Rpts 21, 159 (1995)
. : - 2
OLangmuir modes |
4
dE 27N € V
== P x/n b

'sf D.Bohm, D. Pines , Phys. Rev. 85,338 (1952)



Electron Stopping in Dense Plasma
*Non rectilinear trajectories
*Multiple and Quasi-Elastic Scattering
*50% of projectile kinetic energy may be transfered
in one collision to a target electron
*Bethe formula turned relativistic with

| 2m, V2> m,VZand V=c
*For 1 MeV electron prOJectlles, pair production
and bremsstrahlung are negligible

E, = 800MeV

Z+12 "’

*Mutiple Diffusion worked out in a Gaussian
approximation (small deflection angles)
Excitation of collective Langmuir mode (o= ®p)

here Z =1 , Brems # stopping




RANGE CALCULATION

Now, we consider the effective' range

min=Fo/ 10=0.1MeV dE
R= [
_=E,= 1MeV dE/dx

; 1)

which is not an a priori rectilinear quantity (B=v/c).

The stopping power is then taken as the sum of

dEzz’“‘g [ étmln+‘(1+1) (21$1)€n2+1 €n2]

dx me|3

where T, = h(projectile) , Ap (target electrons)

I'IE'

t=7y-1, and

4 | 2
—((11E: 21t:nge - Kn( Vv )
X 3 1/2
mef“c oprp(3)

Eq. (1) thus becomes (V = f?) with E = (y - 1) mec2,

e -

(mec?)? ("5 ayy ”
4rn, e* . 372" D =35pm
p 03025 1-v)” (v)

R=

with _
D(v)=¢n(68.53v)+(n(68.026v"' * }+

2
¢ IV (9 4v-1)+1-fn2




ANGULAR DEFLECTIONS

Now, we look for an "effective slab thickness" featuring along the
initial REB axis, the region where the range R is mostly located in.
For that purpose, we equate R 10 a wiggly but continuously deflected
electron projectile trajectory given as

1 7 107
R={ +—4,>+-—
o 2 T A 232
in terms of
-1 = Mean value of square average deflection per path length (in cml)

- \ .

=8T{ < ] XZ(Z“)x(l—sz - +en(1.76)—(1+%;] np(cm—3)

m ¢ AB’ 1/3( 2)”2
Z 1=
° L\ b))

see : cf : R.H. Ritchie et al, Phys. Rev. 135, A759 (1964) and B.P. Nigam et al, Phys. Rev. 115, 491 (1959)




Nonrelativistic expression

47t n X 0
—1 2 max
MO 2V2V2 < 0 min
T

Relativistic Coulomb logarithm? = _ 3 or 5
2
9 — Q1 ¢’ Z(Z T 1)(1 _ B2 )X I
N m,c’ A B*

Ion scatterers

denst | 2 R
i I=/n 137p = +4nl.76 — 1+—B—— _
21/3(1_32)1 4 )

Cf : R.H. Ritchie et al, Phys. Rev. 135, A759 (1964) and B.P. Nigam et al, Phys. Rev. 115, 491 (1959)
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(b) Corresponding stopping time fsop.



REB Stopping in Partially

Degenerate Electron Fluid



So, we consider first the standard Fermi expression ~ for the

relativistic stopping of a single electron projectile \’)Q — WP\

S 2.2
dE ¢
b_2 2p dxxIm{KQ(k)(l“Bz)J ’
T v %

dz v

A
—COK—D(I-B 8)1/2 evaluated through a Drudelike

?

with ==t )=

dielectric expression

P . C_LASS|CAL

OO +1Veg)

suitable for high-velocity REBs with a collision frequency

38x107%ng(em” )]
‘[Te (’6V)]3/ 2




Relativistic electron beam stopping

Ceneral expression for the stopping power in relativistic case
(according to Landau)

dE - . 1 — Y%e
- 2/0 dkk /Jr: ° dwwlm E%s(k;w) ,
dz TV o e(k,w) (kQ — %2‘8(]47,&7))

Quantum dielectric function
e(Q,2) =
ol -+-9)
7:047‘59 " (1 + exp (77 = g ('fj - Q>2>)
@ irew(n-3(a+9)))
where Q = k/2kp, z = hw/AEp, o = (4/97r)1/3 and
p(z) = 5§° dyyIn |25/ (1 + exp (%2 - n)) -

Asymptotic expression for stopping power of the ultrarelativistic
particles (according to Fermi and Landau)

_dE _ e*w; " (CQkfmx)

dz 2c? wg

where kgp = Mo/



F(k)

-0.06

kv
F&=-k [ doow Im
0

2

I—Ls(k,a)
02 )

2
e(k,co)[k2 -2 e(k,0)
Cc

|



Stopping REB Eb=1 MeV

in partially degenerate electron fluid
104

trrrmm

—6— Tp/TF=0.2
— - Tp/TE=1
--$ - Tp/TF=2
---%--- Tp/TF=5

1000
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100
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Stopping REB Eb=50 MeV
in partially degenerate electron fluid

100 E
1000 E —O— TpTF=0.2
- — - Tp/TF=1
a B -4 - Tp/TF=2
§ 100 ¢ - Tp/TF=5
E -
>
g 10 c
b -
3 :
0
? 1 E
0.1 &
0.01 B L L P 1LRlll L 1 b 111kt L1 1t reenit L L 1 1 LLiEE L 1 E1Liy
103 10%# 10 26 10%7 1028

25
Np (cm-3)10
Tg (eV)="7.85 36.42 169.05 784.67 3642.1 16905.1
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~ -dE/dx [MeV/cm]

0,56 |-

0,54

Se
-
S
.-
-
~~-

Stopping power of electron in glasm_g__ with

=102 cm™ and 6=5.

10 ' “';oo
Electron energy in MeV

. Numerical calculation

tric function

Numerical calculation

function

with guantum 'cl:ielec-

Asymptotic formula

with classical dielectric

-dE/dx [MeV/cm]

--------------------------

Electron energy in MeV

Stopping power of electron in plasma with
n=10% cm™ and 0=5.
1. Numerical calculation
 fric function
2.  Numerical calculation
function
3. Asymptotic formula -

‘with quantum_dielec-

with classical dielectric




Range R and Penetration Depths L and Lg

T (MeV)
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NonRelativistic

Proton

Stopping
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REB STOPPING

2-Correlated projectiles
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Enhanced and Correlated stopping of
femto produced Relativistic Electron
Beams may significantly improves their
penetration capabilities in the outer layers
of the precompressed DT core with

np ~ 10 Ilb 0 nb ~ 1022 Cm-3 |



Two electron projectiles in close
vicinity (RERIZ_&Y;) of each other
may combine their separate
stopping through target polarization

Output: mostly positively enhanced

energy loss

Extension to relativistic velocities of
the low velocity enhanced correlated
stopping

N-clﬁsters taken as linear super-
position of 2-clusters dynamically

correlated



e Stopping 2-cluster calculation for
the excitation of langmuir modes

(collective contribution)

* Bohr impact parameter approach
for single particle stopping
adaptated by D.W. Rule/M.H. Cha
Phys. Rev. A24, 55 (1981) to 2-

cluster projectiles

* Supercompressed DT fuel mimiked

by drude dielectric function

e 2-cluster — N-cluster corrections

to MeV Rgs stopping in dense DT
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Correlated Stopping/charge
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Proton beams may miss
the target through

multiple scattering



Even for a protecting foil close to the targeft,
the dispersion is large, when considering
a broad energy distribution

D=0.5 mm, 30 um gold foil, energy distribution of present LULI source

120
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. @ energy
ot L & € per proton
= S, SR sES (keV) in the
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40
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M. BARRIGA-CARRASCO, G. MAYNARD
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Deposited energy in the core (%)
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Efficiency of energy deposition can be estimated ’rhr'ough =
a simple formula for the width of the distribution in thé
transverse plane
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Ignition Through Particles

Stopping



Corona Plasma

Petawatt L.aser Beam

Critical Plasma
Density Surface



a) b) :
DT, density p pure deuterium

D8 OT20 seed

B0y

parﬂtjglexbe‘am particlé beam

F ig'ure 1. DT (a), and DT-seeded deuterium target (b): initial conditions and irradiation schem ¢
For uniform density, e.g. at t =0, L = R/p.



-~ guide

— proton
releasing target

MJJ - fusion capsule

b)

fast protons
compressed fuel

ultraintense laser




t (ps) b (ps)

- vs pulse duration, for DT fuel at p = 300 g/cna_x,
and different values of the beam radius r, (see labels on the curves) and of the penetration depth
R of the fast particles; a) R = 0.3 glcm®; b) R = 0.6 g/cm®; ¢) R = 1.2 g/cm’®. Results for R'=
0.15 g/cm? (not shown) and small focal spot are close to those for R = 0.3 glem®. )

Minimum pulse energy for ignition,



Eig - 140 [100

W, = 2.6%10%

g =24x107
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CONCLUSION

e HOT SPOT IGNITION SEEMS FEASIBLE

e HIGHER TARGET DENSITIES (p=600-800 G/CC)

LOOK PROMISING

e MORE STUDIES ARE NEEDED ON THE
ELECTRONS-BEAM PLASMA INTERACTION
NUMERICAL SIMULATION OF STOPPING AND
MULTIPLE SCATTERING SHOULD BE HIGHLY

RECOMMENDED

e REB STOPPING WITH AXIAL B COULD BE ALSO

HELPFUL.



31st EPS Conference on Plasma Physics

Rapid Heating of Solid Density Material by the VULCAN
Petawatt Laser*

R G Evansl, E L Clark!, R Clarke?, R T Eagleton,
A M Dunnel, R D Edwards?, W J Garbett?, T J Goldsack!,
S Jamesli, D Neely?, C Smithl, B R Thomas?!, S J Rosel?

1 AWE plc, Aldermaston, Reading RG7 4PR, UK
2 Central Laser Facility, CCLRC Rutherford Appleton Laboratory

3 Clarendon Laboratory, University of Oxford

* Experiment funded by the UK MoD



Motivation

Understand electron energy transport in high irradiance CPA
experiments

Prepare samples of hot dense material

Relevant to fast ignitor physics



To X-ray
spectrometer &
streak camera

At ~ 14ps, AL ~ .02A

400J, 1psec

To X-ray

imaging

detector CH- Al - CH
foil target

Buried layer heating experiment on VULCAN Petawatt
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Flux
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The 'KK' spectral feature

|dentified as a double K-shell vacancy (‘hollow atom’
transition) eg 2s%2p? - 1s2s22p from Dirac-Fock
calculations

Probably produced directly by the enormous flux of
relativistic electrons - F ~ 3 x 103! electrons cm-2 sec!

Potentially a diagnostic of the fast electron flux from the
KK/ K-a ratio

Shorter duration than thermal emission



Spectral Analysis Using FLY?Y

FLY calculates atomic populations based on time
dependent rate equations and opacity of a planar slab of
material.

Includes many di-electronic satellite lines

Post process for observed spectrum including line shapes
and opacity of homogeneous planar slab

Single material (aluminium)
Single temperature

Density and temperature allowed to vary in time

1) RW Lee and J T Larsen, Journal Quant Spect Rad Trans 56, 535 (1996).



Spectral Analysis Using FLY

FLY shows that at solid density
the populations are transient
for <1 psec

2200

Experiment shows spectra are
steady for 20-40 psec

2000

18040

Use FLY to deduce T, after the
laser pulse when most of the
hot electrons have thermalised

16040




Density and Temperature from FLY

Simultaneously fit:
He-ao and Ly-a shapes including satellite lines
Ly-a / He-a intensity; He-3 width
Always consistent with p ~0.5- 3.0 gm cm3

Not consistent with p~0.1(decompressed) or p
~8 (shock compressed)

He-[3 always too weak by factor of 3 - 5. Implies
hot core or residual effect of non-thermal tall



Depth Density(g cm™) Temp(eV) | Comment

(micron)

4 <1.0 > 600 Affected by laser pre-pulse ?

8.2 1.0-3.0 600 - 750 Over and under-exposed data, density from one,
temperature from the other

12.1 1.0-3.0 450 - 550 He-a overexposed

17.1 1.0-3.0 400 - 550 Data from two shots

29 - 250 Estimated threshold of detectable emission




LSP1 Simulations of Electron beam heating

Implicit (D1) or Explicit PIC, PIC species may be collisional

Optional fluid species with perfect gas EOS and Spitzer transport
coefficients

Laser generated hot electrons are PIC species, target electrons
and ions are fluid species

Compile Options:

-DMULTI_PROCESS -DCAR_X_Y -DUNITS_MKS
-DMAX_SPECIES=4 -DCOLLISIONAL_PLASMA -DDIRECT_IMPLICIT
-DFLUID_PHYSICS -DFRICTIONAL_EFFECTS

Modify particle injection to mimic distribution of relativistic
electrons from laser focus

1) D R Welch, D V Rose, B V Oliver, and R E Clark, Nucl. Instrum. Methods Phys. Res.
A 464, 134 (2001).



LSP Simulations - schematic

Electron Beam
2 x 1019 Wcm-2

T,2.5MeV
T, 300keV

100pum x 100pum
800 x 800 cells

'‘Open' boundaries
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Electron Transport in thin tracer layer

T (eV)
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« 5 micron
- 0.5 micron

LSP uses flux-limited thermal
conduction for fluid species

Full Fokker Planck treatment
would be valuable

Electrons with E ~ 1.5 - 2.0keV
have range equal to thickness
of Al layer. Approximate
equilibrium with CH substrate



Electron Inhibition due to pre-plasma

First described by Bond, Hares and KilkennyV
Spitzer resistivity n Is approximately independent of p.

If material is expanded to lower density same current |
produces same electric field E but over larger distance
so larger potential drop

'Insulation’ of lower energy hot electrons

D J Bond, J D Hares, and J D Kilkenny, Plasma Physics and Controlled
Fusion 24, 91 (1982).



Buried 5 um Al layer: without prepulse
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Best estimate of Pre-pulse effects faais

Laser pre-pulse level is estimated at 10/
pre-pulse irradiance 1013 Wcm-

2D hydro modelling shows equilibrium with critical
density ~ 5 um from ablation surface

In LSP add a 5 um density ramp with electrons
Injected mid-way between n_ and solid.

Linear or two slope density ramp
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Density Effects in beam propagation

When resistive heating is dominant, E.| is largely independent of
p but heat capacity is proportional to p.

Material heats more slowly and is resistive for longer
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LSP_020608 Time = 9.435E-13 -

107%

Change in behaviour depends only on
background plasma density
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Note reduced heating at higher
densities (E.j independent of density but
heat capacity p density)

Difficult to resistively heat high density
plasmas for fast ignition
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Conclusions

Can heat material at solid density to > 500eV
uncertain influence of hot electrons on pressure

Electron energy transport is sensitive to laser pre-pulse
need hole boring to high density

LSP is a valuable modelling tool
can we tackle the whole CPA problem self-consistently?

Electron beam dynamics are density dependent via resistivity

probably need better resistivity models
propagation in (highly) compressed solids still an open issue
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Grid size comparison - beam density and target
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The way forward ??

* Hybrid is not very satisfactory
— separate injection of electrons
— poor description of return current near critical
— parametrisation of resitivity
e Can implicit PIC (with collisions) do the whole problem ?
WAt << 1 (resolve laser); ®,At>>1in solid (implicit required)

— will need Ax >> A in solid - energy conservation ??
 will strong collisions help ?

— or can we reduce o, in solid but maintain v, ?
 How can we validate any of this ?



PIC Simulations of the Welbel Instability

Roger G Evans

Plasma Physics Division AWE Aldermaston
and Imperial College

Work performed while William Penney Fellow
Physics Department, University of York

roger.evans@awe.co.uk or r.g.evans@physics.org



Osilris

2 1/2 D or full 3D PIC, multi-species
Momentum conserving

Strictly maintains divk = 4rp

Periodic and Lindman boundary conditions

MPI parallel, running on small Linux cluster
(2 - 3 days per run)

Grateful thanks to Warren Mori et al at UCLA



Schematic of Weibel Growth

P,

Initial uniform p, p_j, j.
perturb p, (and so J,)
Induced B,

Electron deflection in B,
accentuates p,

p_ has opposite sign

]+ J. reinforce to enhance |



Previous work

PIC simulations from 1970 - first 2D e-m codes

Observed in PIC simulations of CPA interactions
by Lasinski et al

Linear theory including transverse temperature
and collisional damping, Califano et al, Pegoraro
et al; Sentoku et al

detailed PIC simulations by Honda et al, Sentoku
et al, Pukhov et al, Silva et al



Quick Summary

Linear growth rate ~ w,;
Wavenumber ~ c/o,,

Current filaments carrying ~ 1 Alfven
current, surrounded by magnetic fields

Opposite polarity fields re-connect and
filaments merge, k decreases

Magnetic field deflection and longitudinal
momentum spread give rise to increased
transverse momentum spread - stabilisation



Basic 2-1/2D Simulation

Laser




Baseline Simulation as Sentoku 1998

Step 2736 Time = 150.5 b3—field (tims averags) 1019 W Cm-z
56 x 56 C/(Dp
512 x 512 cells

64 electrons (& 1ons)
per cell

20 n, slab

time average fields
over 2 laser periods




Sensitive to number of simulation
particles

25 electrons & ions / cell 64 electrons & ions / cell
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OSIRIS

Weibel modes saturate due to the growth of transverse

electron temperature T, as electrons of different p, are
deflected in the magnetic field.

Stabilisation by the transverse pressure is described by
Silva et al

Magnetic energy and increased T, are at the expense of
P -



LSP

Physics is somewhat different - return current is
resistive and described by fluid equations

Magnetic field grows to similar amplitude
Filaments are very persistent

Energy used to create magnetic field is significant
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Questions ...

e How do the two instabilities interact ?
— low density seeds collisional mode
— return current filamentation seeds collisionless mode

« What physics model will cover both ?
— hybrid is inadequate near critical - return current drift ~c/4
— PIC cannot (?) resolve A in solid
— can implicit or Darwin PIC be energy conserving for AX > A,
— can strong collisions in the solid hide lack of resolution ?
— how to describe collisions in this limit ?



Modelling Collisions

Do we need to keep n and o, in high density ?

— eg scale o, as in some Fokker-Planck models

* if we scale o, does anything else go wrong ?
eg energy into small scale magnetic fields

Can collisions be a sub-grid process
— parametrise through n, T, T;, Vi ---
* how to generate the database
How important are non-Coulomb collisions ?
— nip® ~ 1 in warm solid

Consistency of particle and fluid collisions for hybrid
models



High-Energy Ka Radiography with
High-Intensity Short-Pulse Lasers

L

Short-Pulse Laser Matter
Computational Workshop

Aug. 25, 2004
UCRL-PRES-206222

Hye-Sook Park (LLNL)
on behalf of LLNL/NIF high energy radiography team




Introduction

NIF

The National Ignition Facility

 Most of current Omega and planned NIF experiments utilizes 3-6 keV
backlighters for imaging imploding objects

* NIF targets are bigger and made with denser material

 NIF is planning to install a Petawatt laser as an efficient source of high
energy x-rays

« We want to develop hard Ka X-ray (20-100 keV) and broad-band
Bremsstrahlung (MeV) sources as backlighters to image various stages
of implosions and planar drive high Z materials

 Experiments to characterize Ka sources as function of laser parameters
were performed using the LLNL’s JanUSP and Vulan lasers

O. L. Landen et al., RSI (2001)
D. K. Bradley et a., Opt. Lett (2002)



X-ray backlighting radiography is one of the most
commonly used diagnostics for laser experiments

NIF

The National Ignition Facility

Imploding capsules 3R3iREAaEABRARARER

t=5.7ns, 4.7 keV, CH(Ge)

Glendinning et al., Phys.

Plasmas 7, 2033 (2000) EOSter,BFl?OSGQr,a\;VLi(lde, Plasmas 7, 1999 (2000)
erry, Blue, :

private commun. (2004)

EEEREEEN nn i Rlppled fO|IS
: t=21.5ns, 4.3 KeV, Al

l«— 600 pm —»

Kalantar et al., Phys.

Until now this “conventional” radiography uses thermally driven x-
rays at a few keV
This method worked well for the low-Z and thin targets




High energy backlighters allow us to diagnose a
broader class of HED experiments

NIF
National Ignitic

Current NIF limits A=1pm

20 keV = 50-um Fe samples 101819 W/ecm?2
10-um Au samples

NIF HEPW

70 keV = 3-mm Fe samples
0.3-mm Au samples

High-Z sample heated
with NIF beams

1272



Planned NIF/HEDES experiments require 1-D & 2-D

radiography with <10 um resolution at 20-100 keV

N: ition Fa

Material Strength

Sample Reservoir

PW Heat shield
Tamper

« Strength at high
pressure

 NIF milestone in FY0S8
and FY10

e 40-100 keV, 10:1 S/N, 1
mm FOV

HED Implosion

I
PW

Mid- to high-Z capsule
NIF milestone in FY09
20-35 keV, 4 mm FOV

Multi-view

Ignition Double Shell

- ,CHfoam
X (0.01 g/cc)

Au/Cu
/1
Cu doped DT gas
Be Shell (0.13 g/cc)

Tamper

« Non-cryo ignition target

* Very high pR during
implosion phase

1 MeV broadband
radiography, 1 mm FOV

The complete list, including EOS and Opacity experiments, has been
compiled by the Petawatt Laser Users Group (PLUG)




Ka emission by high-intensity short-pulse lasers is very
promising way to produce bright 20-100 keV sources

Point Backlighters (thermal vs Ka)

- :
S 104 o @ ................................................................................................ | Ka yields,
d i scaled to
% T S G 5kJ, 5 ps
b= NIF focused
O 2 B to 150 pum
5 10 i spot
N (estimated)
PW Laser o - 3
S 100 MIE.2.TW 1 Thermal
K-a ref _ &5 ¢ T He-ayields
-a references: , L , L N (measured)
Jiang, Phys. Plas.2 (1995) 1702. 10 30 100

Rousse, PRE 50 (1994) 2200. X-ray energy (keV)
Wharton, PRL 81 (1998) 822.

Beg, Phys. Plas. 4 (1997) 447. )
Guo, RSI 72 (2001) 41. Thermal bklirs:
Stephens, PRE 69 (2004) 066414.  Back, PRL 87, 275003 (2001): PoP 10, 2047 (2003).

Thermal backlighters cannot generate bright enough
sources of 20-100 keV x-rays




We performed laser experiments to understand the

characteristics of Ka sources

t
JanUSP Vulcan TAW Vulcan PW NIF ARC 12
deployment
E e @ TC 5J 50-70J 100-300J 800J
Spot size (FWHM) 4 um 5-10 um 10 um 20-40 um
Pulse duration 0.1 ps 1ps 1ps 10 ps
Max Intensity 1020 W/cm? 1020 W/cm? 102 W/cm? 101° W/cm?

We utilized JanUSP, Vulcan TAW, Vulcan PW to measure 22-40 KeV Ka
source sizes, yields, dependence on laser parameters




JanUSP experiments utilize a single photon counting detector
and a Csl/CCD imaging detector

A0 NIF

. The National Ignition Facility
bi -

JanUSP Laser Parameters
E=5J; spot size=4 um; pulse
duration=100 fs; up to
3x10%° watt/cm?
Implemented 2 cameras
- Hard X-ray Imaging
camera with a CsI(Tl)
A filEer scintillator fiber optic

Ag foil
(100 pm thick)™»

TirA
coupled to a 4096 x
4096 9 um CCD
- Single photon counting
camera with a back-
Jox MK EEY thinned 1340 x 1300 20
ccp; 20¥ um pixel CCD to
ge —¥ A/ %\ﬁfm\nned? AR measure X-ray source

windoW coated spectrum




Vulcan PW experiments utilized single photon counting detector
and Csl imaging detector w/ pinhole array

NIF

The National Ignition Facility

HXR imaging camera

lucite window

Hle 11

LR

pinhole array

o/ ¢ - _ | |Single Photon
|Ag target S| == =l ~——{ Counting
oy .., s K - | CCD camera




We measure Ka source size bigger than laser splot size

NIF .
22 keV Ka+Brem Source Image
Vulcan PW (11/25/03) Horizontal lineout
S . 2 .
5 &
-3 Al
: ;
2-4 H 64 um
82

0 20 40 60 80 100

MPK model predicts

= e = 64 um Ka size
° Pixel (um) (Snavely)
40 keV Ka+Brem Source Image
JanUSP (2/12/04)  We used RAL Vulcan petawatt lasers to

vertical lineout characterize the high energy Ka sources

« The measured Ka source size is ~60 um
FWHM much larger than the laser spot sizes
of 10 um

® W W W W = |« Electron transport effects determine the spot
7 pxls= 60 um size for thin foil targets




Absolute 22 keV Ag Ka yield is measured using single
photon Counting Camera

NIF
lational Ignitiol

JanUSP Laser Shot

Laser parameters:
-E=5.07,
- Spot size = defocused
(8 um dia FWHM)
- Pulse duration =1 ps
- Pre-pulsed
- Intensity = 1.3 x 101° W/cm?

021025 shot 65

- Each hit is well
separated to be counted
as a single photon
Eg;[)itr;enCSCD hit by X-ray - Special algorithm was
needed to find ‘blobs’

and calculate sum
counts for each blob

100x100 pxl zoomed view of
central region




The absolute Ka conversion efficiency is 104

NIF

The National Ignition Facility

« Absolute Ka photon yields have been measured using a single photon counting
technique

°

« Error on measurement is large due to uncertainty in laser parameters and
detector efficiencies

« Conversion efficiency of ~10 require higher energy laser to produce enough
photons for high S/N experiment

S e 1072
o't J J
i O o J/anUSP data
Ag Ko 22 keV o "4
=3 v © 103
) ~ 8=
2 Ag KB 24.9 keV | L +
I = c +
Y= (@)
° / B 10+ % ' +
3 ) %
c >
> o c
Z At E 8 ® \Julcan Nov Data
5 10°
V4
(@)]
<
—E. . T _— L 10 18
20 20 1017 10 1010 1020 102
Laser Intensity (W/cm?)
E (keV)

Optimization required to maximize source brightness but minimize background




22 keV Ka conversion efficiencies are nearly constant over a wide
range of target thicknesses

NIF
2 T T T T T T T T T T T T T T T T T T DB DD R
Electrons reflect from
potential barriers at surfaces:
= Refluxing
O
= 1.5
b
< . i 1
= : ]
g L i J
= i u ]
=z 3 m
[ | 1
= | " -
O i L 1
IE - ;
[
£ 05
[
=
=
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Foil Thickness (microns)

« Ka conversion efficiencies do not degrade for targets substantially thinner than
the x-ray attenuation depth of ~ 70 um

— This may be due to reflux-enhancement model of Ka emission
— This may be due to the hot electrons are generated only on the surface

— When we use thinner target for the purpose of restricting source size, the x-
ray photon yield will not be affected




Many ways to model Ka emission: a simple method is a
combination of analytic assumptions and MC transport

The National Ignition Facility

Determine hot electron 101726 | 0.287233
' ici HoteEff(l) := 10" :
conversion efﬂ_mency dbased oteEff(1) ( 8 W W v astike's [Rev. Sdi. Instrum,
on laser intensity 10 R 72, 1236 (2001)]
\ o)
2 .
C. Reich [PRL 84, 4846
L Laserl(Thot) := 1017-( Thot \ W [
: 130-keV/ o (2000)]
Determine electron \ ) cm
temperature (Thot) based on
laser intensity Thot (keV) = 100 (Ix?)** Bell [PRE, 58, 1998]
L Source spectrum from ITS MC simulation
Generate Boltzman electron for a 60 J, 1 O laser interaction with a 12
distribution of temperature _um thick Sm foil.
Thot 10
>
S |
L : 1010
m r/ﬂ\lL
[
S
ITS MC code for electron 2 o0
transport and Ko photon pu SESS=
emission spectrum < \
2 108 \,\/\
(T. Phillips) 107

10 100 1000
E (keV)



The ~40 keV Sm K-a source is being characterized for brightness
and spectrum by radiographing an Au step wedge

The National Ignition Facility

Thick Au 105

1000

15 um steps, . |
Predicted (ITS) —{
iy (Ts)

W E 5oy widih &
{ WM Wi | NN

]

P

{
e

/=

Measured

Row

& - - W S
1400 : e T e B L T S

1600

Intensity

970 1080

Column

ITS simul’d Sm spectrum

(600 keV Te)

10° -+ Csl response 1040. B NI
T Mlllal”l“

©

C

o f _

%) / Au thickness (um)

™,

w ] AN
10 102 E (keV)

* This integral measurement suggests more high energy x-rays than predicted
e Spectrum for Sm K-a source at these conditions needs to be measured




Application to radiography: different Radiography techniques
have different requirements for the x-ray source

NIF

Point Projection
Source has to be smaller than the desired spatial resolution

1-D: edge-on foil 2-D with cone shape source

[
1-10 {7 foi i I @
detector

e.g. 40 keV photons/resolution element (10 Physics issue whether we can ‘control
um) for strength expt is 10,000 photons hot electron spatial distribution

Area backlighter
Need hard X-ray imaging optics

Contact 2-D imaging 2-D imaging w/
radiography w/ pinhole zone plates

Ty o] e

Can a close proximity Large solid angle thru
iImaging screen work on large aperture possible;
NIF? difficulty in fabrication

Not enough photons for
required S/N imaging



We have developed a concept for 1D radiography at 40 keV

NIF

The National Ignition Facility

 We have attempted at Vulcan to Laser
demonstrate diagnosis of a NIF materials 1g° offset
science radiography experiment from \}I 100x100x 14
— Edge-on Sm foil backlighter normal um Sm foil
— “Rippled” Ta sample
— Data taken onto Csl|-CCD array

ITS output x Csl response x 250 um Sm filter \

A
101 12 wm thick Ta
Ripples

3cm

Signal

33cm

™,

/
/ Y \ 4
/

107 AN
10 102 103 Csl/CCD camera
E (keV)




We have successfully demonstrated 1D radiography at 40 keV (6/04)

NIF

The National Ignition Facility

Using the Sm Ka backlighter at ~40 keV, we
have shown on Vulcan (75J, 1.6 x 108 W/cm?)

that reasonable radiography images through
~40um of Ta are possible.

; MTF=0.1, 0.4, 0.5
3.310° | .

53 3.2 10 A=40pum _| A = 80um
. A =20um x ¢

‘, -E:' 3.110 \ e

F e e
e Q

E:: E 2910° "NW‘ #

:f 2.810* \“"\“.)'J v U

:."f 2.710*

4 200 400 600 800 1000
1A Column

Better resolution is needed: MTF > 0.5 at 20 um



Cone-fiber target may be a promising way to generate a
localized bright source for 2-D radiography

We have tested an Au cone-
fiber target at Vulcan

Cu fiber
200 um long
10 wm diameter

row

500 550 600 650 700 750

XUV image of wire (200umx10um Cu) and yield of Ka both give estimates of the
energy coupling efficiency and resulting isochoric heating

 Radiography source brightness is given by Ka yield (Data being analyzed)

Do we understand laser coupling and electron guiding?




Contact radiography doesn’t depend on small source size but
require high resolution detector

CCD
Camera

i

Microscope
Objective

/ X-ray beam s

LSO or YAG:Ce crystal

prism assembly i
- &

e
L]
il

» A similar system will be constructed as the main beam diagnostics for the LCLS FEL
laser at SLAC (LLNL/PAT I-Div)

 We will evaluate this technology option for NIF experiments




Modeling of K-a emission with a high-energy high-intensity
short-pulse laser is new and challenging

Return
current

s

—5 Suprathermal electron density
—>

l:.‘\_,E~109V/cm fluor T
B Au cone t=2ps =
B~10’gauss IforwardmlOgA I B = |
Laser- Self Radiation physics =
plasma consistent = |
interaction || electron Bremsstrahlung B
transport
Prepulse K-a
Line position
Light Fluor efficiency
scatter
Photon transport
Hot
electron _ _
generation  Example LSP simulation

7x1020

1x102°

2x101°

Source confinement and radiation generation are determined by
a complex set of physics phenomena




Simulation of real experiments will use LLNL’s state-of-the-art
modeling capabilities

NIF
Input Transport output
LASNEX for LSP for electron
prepulse transport

calculations and
raytrace

Design optimized
collector geometry

ZOHAR-3D for
laser plasma
interactions

calculations
I—

>.

LSP for temperature of
radiator and photon
emission

DCHK for NLTE atomic
physics

CRETIN for line
transport

We will predict
output intensity,
direction and
spectrum



MeV radiography was demonstrated on the Nova PW

Relative Activation

NIF .
X-rays
400J, 0.8 ps PW Laser Measured Source Parameters
Zv * 11 J of bremsstrahlung > 0.5 MeV
T e Temperature: 5 MeV
A  Source size: approx 500 um

» Solid FWHM angle: 2 str

1.0 o N 1
0.9[ A
0.8[
0.7} &
0.6[ ‘-
0.5 =P
0.4]
0.3[ .'/5‘
0.2[ ©wst

0.1f

@ Data average
| I T T | I T TR N I

© Average rads at 1m

=

0.0
-120-80 -40,_ 0_ 40 80 120 O 200 400
(6- 80) Laser energy (J) 10 cm

Angular pattern of MeV
photons is broad Sample radiograph of a massive
WI/AI/CH cylinder test object

Hatchett, PoP 7, 2076 (2000)



Some HED experiments require 2-D MeV radiography

We will develop an MeV cone-fiber target for point projection

Plasma mirror Low-Z target CCD or
Imaging
1023 photons @ 1 MeV in 2 str plate

Focused PW beam

5um Au fiber
coupled to a Imploding
conical double
low-Z cone shell core Crystal
PW fiber
array

 Initial estimate gives ~1000 detected photons/5 um resolution element
« BUT this estimate is uncertain due to very complex physics




An optimized imaging system will be developed for Ka radiography

NIF g
_ CdTe camera _ _
Csl/ backthinned CCD Multilayer mirror for
TEC + monochromator
CsI(TI) Cooling Block
¥
Coolant
3mm \EEV42-40
fiber optic Backthinned
faceplate ~ ©CD « Multilayer mirror can
handle diverging beam

 WI/SIC bilayers; d=2 nm
*  >90% reflectivity

Wickersham, RSI, 2004
Imaging plates

Interface PCB

Schnopper, SPIE, 2001
windt, JAP, 2000

We require a camera with enhanced sensitivity, higher
resolution, and reduced noise




Summary

NIF

The National Ignition Facility

Ka radiography using the proposed NIF HEPW facility is a promising
diagnostic for HEDS and ICF experiments

Significant effort must be applied to characterizing and optimizing high-
energy Ka sources

Significant effort must be applied to development of imaging systems and
detectors for high-energy Ka x-rays

We measured the spectrum Ka and Kf's from Ag foil hit by a short pulse
JanUSP laser at LLNL and Vulcan Petawatt laser at RAL

Measured Ka conversion efficiency was within a factor of 2 compared to
the MC simulation

More quantitative and qualitative modeling for Ka radiography is needed to
optimize target geometry and to understand and reduce background
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Analysis of Core Plasma Heating
IN Fast Ignition

T. Johzaki, H. Sakagami”®, H. Ruhl®, H. Nagatomo,

K.Mima, Y. Nakao®
|LE, Osaka Univ.,
Hyogo Univ.A,
Univ. of Nevada, RENO B,
Kyushu Univ.©

First Ignition Integrated Simulations

* |ntroduction of FI2 Project

|mploded Core Plasma Profiles of Cone-Guided Tar gets

Fast Electron Profiles Generated by Ultla-I ntense L aser-Plasma I nteractions
| mploded Core Plasma Heating

Summary
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ILE Osaka

FI3 Project

Implosion Laser

Fast Ignition Integrated Interconnecting code Project

Ignition Implosion
Laser L aser Ignition
L aser
@I Ponderomotive @
Pressure term ]
W ALE Hydro Collective PIC
Au-Cone (| mp|OS| On) w aser-PIasma
\ plasma Interaction
: rofiles
Density ALE Hydro(implosion) Ener Bulk P
- 100ng; - deposit?gn plasma  Return current
Collective PIC A cte profiles (cold electron
(LPI) Fokker-Planck flow)
~2000n ¢, (deposition) Hot electron
distribution
ignition laser j implosion laser FOkker—PIaan A function
Qj> (Energy Deposition)

Radius




Implosion Simulation with “PINOCQO” g.LEOs,aka

(2D ALE-CIP Radiation-Hydro code, H. Nagatomo, ILE)

Implosion Laser condition Compressed Core Porifle
Wavelength 0.53mMm
Energy (on target) 3.5kJ

Ray-trace : 1-D (radial direction)

Yoy

250mm

Shell Target CH 8mm

Gold cone

30° (Full angle)

J — axial symmetr
|

computational grids 280 i- direction) 280 j - direction




Simulation time: 1000 [fs]
Dt = 0.0056 [fs] (0.0016w, ), ~ 177,000 steps
Spatial size: 308 [nm]
Dz = 4.73e-3mm, (0.0045! | ), ~ 65,000 meshes
Total Number of Particle: ~ 3,574,000
200 particles/ mesh (n > 2n)
lons: immobile

L aser Pulse
Gaussian Pulse, tpyuv = 150fs
Wavelength, | =1.06mMm
Peak Intensity, I max = 3x 101
or 1 x 10% [W/cm?]
1 \ :
) 150fs
501
0.01

0 100 _ 200 300 400
t [fs]

1-D Collective PIC Simulations @

H. Sakagami, Hyogo Univ!-E ©s3ka

I nitial plasma configur ation

* Pre-plasma, scale length = 5 [mm]
* Peak density, Ng ey = 100N, width = 10 [nm]
*Rear Plasma, ng o, = 100N, or 2n,, width = 50 [nm]
 VVacuum region: front 153 [mm], rear 60 [mm]
> Fast electrons are observed at 5 [rm] behind
of 100n, region.

1000 e

" ! Observation
100N,  point
100 .
c 10t N2 pep -
CCD
1k 4

0 50 100 150 200 250 300
z [micron]



2-D Collisional PIC Simulation @.LEOSaka

H. Ruhl, University of Nevada, Reno
;000,000 (electrons)

Electrons & lons ( p(z=1) & Au(z=15) ) : Mobile
Simulation time: 520fs (Dt = 0.04762fs)
Simulation box:100mm x 100nmm(3000 x 3000grids, Dx = 0.033nm)

Compressed p (Z=1) R
N€,ea = 6.7X102Y/cC i

Au(Z=15)

— 23 z . ey
nen. = 10°/cc

20

Laser: || = 10%W/cm?

Temporal profile: Flat after 21 | Gaussian ramping
Spatial profile: Gaussian (FWHM = 10nmm)

| =1mm



Estimation of Fast Electron Profile@

- ILE Osaka
Around the Cone Tip
Z-direction (Parallel to the laser)
-> divided into 3 zones e
zone 1. Insideconetip  (z= 33~ 36nm)
zone 2: Ahead of conetip (z= 36 ~ 40mm) *I
zone 3: Near densecore (z=40 ~43nmm) aol
Y- direction (Perpendicular to laser) "
-> 1 region (45.5mMm <y < 55.5nm)
45.5mm I 55.5mm ol ne 2
oot
.E‘ HE '
g
‘E“ T : Zonel

y [micron] Angular distribution



Adjustment of Fast Electron Profiles @

ILE Osaka

PIC sim.
Pulselength is shorter than PW Geometry effects (e.g. Cone-guiding for
condition (750fs). L aser and electrons) were not included
(1D) or underestimated (2D).

1) Electron Beam Pulse Length was extended.  2) |ntensity was adjusted so that the irradiated
Laser energy is 300kJ.

A ] (Cone-guiding effects)
[ 1D PIC results 3

_ 1.0 [ Laser duration

NE [ FWHM = 150fs

S 05}

2, |

aolo.l.:.l.:.l.l

‘0 [

c [

g 1.0}

-_ [ x5

c [

g 0.5¢

3 ; adjusted

Ll 0oL v v o T



Adjustment of Fast Electron Profiles (Cont.)gme Osaka

3, 1-DPIC 2-D PIC, I =1E19W/cm?
—_ — | =3E19W/cm*  —— Zone 2
S - = = | =1E20W/cm?

O

= 2-

HC)

A

=

5 1-

=

_|CI_.‘J

£

O -
0

500 1000 1500 2000 2500
Time [fs]

REB Energy (After Adjust.)
1-D PIC 1 =3E19W/cm? 58.2 [J] (h_ .= 19.4%)
I, =1E20W/cm? 64.8 [J] (h_ .= 21.6%0)
2-D PIC 1, =1E19W/cm?

zone 2

81.7 [J] (h, . =27.1%)




Electron Angular Distribution ( f (p,.p,) ) @
~ Time-integrated —

ILE Osaka

2.0 PIC zone1 10°W/cm?
3 - -in Conetip
Ly

Y ﬁ"" -"4_ :

2DPiCzone2 1019W/cm?2 2DPICzone3 101°W/cm?2
[ - Near-thecore

40~

L aser
propagation
direction

N

<>

Polarization




Fokker-Planck Simulation Model 3.LEOsaka

—_——

!

a Fast Electron Transport )
Fast Electron Profiles e
> | Relativistic Fokker-Planck transport
PIC Code -
Electromagnetic Fields
. | (x,y) —CIP (80x160 mesh)
Fast electrons were injected at inner (p) — Discontinuous Linear FEM (30 groups)
or outer surface of a gold cone. _ _ _
(m f ) — 2D Discrete Ordinate Sn method (144 dir ections)

J

wr

30
5 |
E a0k-| .~ ,1°D2nc_rear and

f_' _J 2-D Zone-2 sources
1 j | Radiation-Hydrodynamics [ )

il

70

r, T Energy deposition rate

" Bulk Plasma

1-fluid 2-temp. CIP code

40
Z [micron]

Imploded Core ProfileT——>| Radiation
ALE Rad-Hydro Code Flux-limited diffusion
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Electron Propagation and Heating rate ILE Osaka

at t = 1300fs

1D PIC source 2D PIC source
(1,=3x101%W/cm? & n =2n,) (I,=1x10%°W/cm? & zone 2)

e,rear

4T 3ERT
2E427 2E42T
Vet 1E42T
g 0




(a) Core heating rate

22
10  —1DPIC, 3x10™Wicm? n
[ =0=1-D PIC, 1x10°W/cm?, n

erear 2n c

erear 2n c

m— 2-D PIC, 1x10**W/cm?, zone 2

1020 Y M A I BT PR A VR PR
00 05 1.0 15 20 25 3.0 35 4.0
Time [ps]

I, [W/cm?] ATe~ATi

1D PIC 3e19 0.20keV
1D PIC 1e20 0.17keV
2D PIC 1e19 0.18keV

(b

Temporal evolution of Core heating rate and
ion temperature in dense-core region (r > 50g/cc) ¢

) lon temperature

0.6 —

o
ol

©
~

Temperature [keV]

0.3

ceee T

:2DIL:1e19 L /e
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(4

i
/4 4

Te

1D I, =3el9W/cm?

~
1D I, =1e20

00

1.0

20 30 40 50
Time [ps]

Eheat/Esource Eheat/E_
31.7%
25.0%
20.0%

6.1%0
5.4%0
5.5%0
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Summary of Core Heating Analysis ILE Osaka

The implosion and fast electron generation processes were considered.
Imploded core profiles <- ALE Rad.- Hydro. Code “ PINOCO”

Fast electron profiles  <- 1-D Collective PIC & 2-D Collisional PIC
Electron beam intensities were adjusted so that the total input energy corresponds
to the PW experiments condition.

Results
Fast electron profiles:
 Energy coupling from Laser to Fast electrons : 1-D PIC (~20%) < 2-D PIC (27%)
 Averaged fast electron energy: :1-DPIC (~1 MeV) ~ 2-D PIC(~1MeV)
« Angular spread of the fast electrons :1-D PIC (Beam) < 2-D PIC(60~90deg.)
Core heating properties:
« Energy coupling from Fast electrons to Core  : 1-D PIC (25~30%) > 2-D PIC (20%)

-= Energy coupling from Laser to Core :1-DPIC (~5%) ~ 2-DPIC (~5%)

The dense core is heated up to ~ 0.5keV, which is still lower than the reported PW
experiment results (~0.8keV).



Multispecies lon Acceleration off Short
Pulse-Irradiated Targets

Andreas J. Kemp and H. Ruhl
University off Nevada, Reno, USA

In collaboration with

M.Schnurer, S. Ter-Avetisyan, P.V. Nickles
Max-Born-Institut, Berlin, EU

LLNL Computational Workshop, August 2004




We have investigated ion acceleration off water droplets
that are irradiated with intense, ultra-short laser pulses

>

>

lon Acceleration via electrostatic field —
Target Normal Sheath Acceleration ( TNSA ) Mechanism
Most groups use microfabricated foil targets:
o Accelerate surface deposits, ie CH, on metal targets
o Plane or micro-machined surface with controllable structure
o Iypically long" laser pulses, ~0.1 — 1ps
Droplets versus foil targets:
o Geometry: can treat droplet surface as plane as long as d<<R
o Clean composition of target, no deposits on surface
o Defined target volume
o Charge-neutral: electrically insulated
New: extremely short laser pulse ~40fs

New: small volume, but larger than cluster (no explosive-type
interaction)




Outline

Experimental Setup and Conditions
Isothermal Expansion of a Plasma with two Electron Temperatures
iInto vacuum ( TNSA-type model )
Multispecies Plasma Expansion
o Adiabatic vs. Isothermal Expansion
o 1D and 2D Particle-in-Cell Simulations
Beam Properties:
o Laminarity
o Symmetry
o lon Composition
Towards a predictive model of multispecies ion accleration.




l. We study laser-ion acceleration experiments
at Max-Born Institut Berlin with water droplets

MBI Ti::Sapphire Laser: 800nm, 1019 W/cm2, 750mJ, 40fs pulse
rep rate 10Hz, 10mu focus diameter

Targets: Water droplets [H20 / D20], 10mum radius, from nozzle

Relevant diagnostic: MCP/CR39 + Thompson parabola
to distinguish various charge/mass ratio ions

Single-shot or time-integrated

>

N
Laser <:>
:>/\

Magnetic deflection

uoIj98|8p 211L)S0.}109|3




Proton spectra from short-pulse laser-irradiated
water droplets show strong modulations

=

> Strong dip in 10-30% of all shots
> Position between 200-400 keV

> Weaker, but similar effect found
in LLNL experiment at higher
energy
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energy (VeV)
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(per 5 keV in 256 nsr)
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Allen et al, Phys. Plasmas (2003)




Il. A classical isothermal 2T-plasma expansion
model predicts dip in ion spectrum

Two electron temperature Plasma

Separation of ion populations
leads to spatial/energy gap

Gap determined by two Long Laser pulse
parameters: d
o Hot-cold density ratio: position

in Energy

o Hot-cold temperature ratio >
9.9: depth

Origin is x/t-dependence of ion
sound velocity (in 1T model,
sound velocity is constant )

For Th/Tc>9.9, quasi-neutrality is
violated locally, solution becomes
triple-valued, ie. unphysical

'_ { Self-Similar Model

BN ~exp[-VEINE

) dN /dE

|[_14|"1’—‘u0110

Wickens, Allen, Rumsby, PRL (1979)
Gurevich et al, JETP (1966)




We use 1d-PIC kinetic simulations to verify the
self-similar 2T expansion model

> Particle-in-Cell simulation (LPIC) of 2Te-expanding plasma w/o laser:
o« NO laser
M(ion)=100 me, Tc=51.1eV,
Th/Tc=30, nc/nh=10.
Box and slab size sufficiently large
Use similarity variables for time, space

Resolve plasma Debye length,
good statistics —1 Mio particles

> EXxpect at ion separation point:
o large Ex-field
o Jump in ion density
> Want to check physics response:
o Electron temperature ratio
o Shape of electron distribution

Schematic view of simulation




Our PIC results agree with self-similar 2T plasma expansion
model — but only for unrealistic electron distributions

>  Simulation reproduces WA model to reasonable degree:
o Dipinion spectrum
o Position of gap in terms of x/t variable
o« More realistic electric field at gap
> Use smooth electron distribution dip and electric field vanish

Interpretation of MBI experiment in terms of isothermal 2T plasma
expansion model by Wickens+Allen is not justified




lll. Laser-driven multi-species plasma expansion
shows modulation in proton spectrum

1d Particle-in-Cell simulation of pre-ionized plasma slab,
1mu thick: deuterium and oxygen ions O+4

Laser: 800nm, 1019W/cm2, 40fs sin2
Spectrum and plasma behind target
o dip in deuterium spectrum
o Ccut-off in oxygen spectrum

lon acceleration lasts much longer
than 40fs laser pulse (ion kinetic energy):

lon Energy / a.u.

time/TL




The spectral modulation is a multi-species effect:
w/o oxygen ions, no dip in p-spectrum

> W/0 oxygen ions:
e nNodip
o larger maximum ion energy

> Evolution of electron distribution
not isothermal'!

CW laser pulse:

« Similar dip as for short pulse > 10 ST T

o Mmuch larger max. ion energies E [keV]

—_ b e = L O

lon Energy / a.u.

=

' )
0 50 100 150 200 250 3U{£_i
time / T




IV.a Beam properties: laser destroys isotropy on
front side for protons, less for oxygen ions

> 2d PIC Simulation (PSC) of water droplet irradiated with
1019W/em2, 40fs pulse with central irradiation

> Assume droplet to be ionized to protons and O+4
> Acceleration:

o essentially 1D close to target surface, but:
o Later in time beam the expands radially symmetric

Protons and Oxygen +4

0 10 20 30 40
x/A x/A




2d PIC simulations predict asymmetric beam expansion,
but trends do not immediately agree with experiment

> Single-shot experiment predicts largest energy ions from 135 degrees

> Simulations of centrally irradiated targets:
» predict paraxial ion fastest, 90deg slowest
» Strong dip only in laser-irradiated side of target

o Simulated energies larger than in experiment:
charge states, ionization

deuterons ((5 keV sr)'1)

78 7AS7///AS AT 7AVA N
300 400 500
energy (keV)

Exp: Single shot d-spectra, two-directional Sim: Directional p-spectra axial irraiation




135-asymmetry of ion acceleration can be
explained with off-axial irradiation scenario

Laser width similar to droplet diameter sensitive to exact position
Simulation with non-central beam yields enhanced asymmetry

Likely fluctuations in beam focus position during experiment
can lead to observed asymmetry

only Proton:

10 20 30 40 50 60 -0.06-0.04-0.020.00 0.02 0.04 0.06
x/A p,/mc




IV. b Laminarity of protons is destroyed by
heavy Ion species

Longitudinal momentum space analysis in 2d PIC simulations:
Joop’ in proton trace [analogous to 1d results]

Velocity at loop In proton spectrum coincides with
oxygen front velocity

Front-side gap Is due to laser ponderomotive pressure

s

-"“onl}r Protons —U - only Oxygen +4

15 20 25 30 35 40 15 20 25 30 35 40
x/A x/A




IV. c lonization dynamics can be studied in
PIC-MCC simulations with collisional and field
ionization

> Field ionization via tunnel-process:
o ADK, or Barrier Suppression lonization
o Electron born at rest

o lonization current j||E, such that
JE=lonization Energy

_
2 <L
= .

onization Rate [1/s]

> Collisional lonization:
Use tabulated x-sections or Lotz formula.
New electron born at rest

lonization energy. is taken from impact
electron.

Work withi maximum event rate, then
distinguishi processes randomly
(“Null collision® methoed )




lonization dynamics predicted by PIC-MCC agrees with
max observed charge states found in experiment

neutral D20 slab, 1mu thick
Laser: 800nm, 1019W/cm2, 40fs

full' ionization dynamics:
o field-,

o collisional ionization,
» binary collisions

Dip In deuterium spectrum
@ oxygen+6 expansion front

O+6 on back by field ionization,

| ater collisional ionization in we g
target T,

Binary collisions do not matter 30




Summary. / Outlook:

Ultra-short pulse interaction with water droplets explained in terms of
adiabatic multispecies expansion, in contrast to >300fs quasi-
iIsothermal ion acceleration experiments

Isothermal 2Te-model ruled out for ultra-short pulse ion acceleration,
but useful for low-energy ions in long-pulse experiments

Heavy ions leave imprint on proton spectra: laminarity, potential of
protons as diagnostics [ only small amount of heavy ions |

Symmetry: in short pulses highest energy protons from 135deg

High Charge states generation mechanism
Droplets are clean and cheap targets for ion acceleration, but:

» Ultra-short pulses do not accelerate ions to maximum energies

o Small targets, ASE large fluctuation in interaction conditions
Requirements for predictive model:

o precise understanding of field evolution for single-species

o earlier models [Gurevich, Wickens+Allen] rely on isothermal condition




RADIATIVE EFFECT ON PARTICLE
ACCELERATION VIA
RELATIVISTIC
ELECTROMAGNETIC EXPANSION

Koichi Noguchi, Rice University

Collaborators: E. Liang, Rice; K. Nishimura, LANL, S. Wilks, LLNL

eI ntroduction: y-ray bursts and the acceleration mechanism

eRadiation Force
Simulation Results; w/ or w/o Radiation

eSUMmary

UCRL-PRES-206187




| ntroduction: Gamma Ray Bursts

Temparature : Few keV~100 M eV
Duration . 2~200s
Frequency : 800>year
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Schaefer et al., ApJS 92,285(1994)

Highly Non-Thermal Sample BATSE GRB light curves
=PIC Simulation Extreme Time Profile Diversity

Our simulation regenerates unigue signatures of GRBs including
time profiles, spectra and spectral evolution




|ntroduction: Diamagnetic Relativistic
Pulse Accelerator (DRPA)

DRPA may be relevant to prompt GRB emission and
other impulsive high energy phenomena
DRPA may be testable in the laboratory

with ultra-intense lasers

Slow Particles

Ordinary Acceleration DPRA
v~ (©2Jw,e)* for e+e- plasma VY>> (QJw,)* for fast particles




Non-radiative case | :
Slab Geometry

Liang et al., Phys. Rev. L (2003)

Fireball, By,p= const.
Z

—>

AstheEM pulse
trailing plasma,
It continuesto shed
slow tail particlesand
focusits acceleration
on fewer and fewer
fast particles.
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Radiation Force

Non-radiative Case: Energy isdistributed
only to field and particles

* - & oggog. N i D - X

Decoupllng Absor ption

Radiative Case: Energy istransferred to
field, particles and e

* Iy 09809./‘}/ G { m

Simulation Timescale




Radiation Force(ll)

(Landau & Lifshitz, P. 213)

Equation of Motion @=E E+Xx5+f]
d m C

Assumption: f <<E+Vv/cxB Ponderomotive Force

Acceleration

+i(E><B+£Bx(B><V)+}E(V- E))
mcC C C

CZ

2
€ V{(E+VXB) _ 1 (E.V)z} Compton scattering

T mc?1- v?/c? C
Normalization Constant for Overall Radiation
RS
C

k ¢ =1.64 x10™° B[gauss]

We choose k=103 in simulations




Comparison between Laser and GRB sources

= -

TW L aser M agnetar

Electron

' Classical Electron Radius

Typical Wave Length
Zhidkov, PRL 2002




on-radiative casel | :
Cylindrical
Geometry

z Fireball, By, p =const.

By, 12 _=4000
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Icle Acceleration
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Radiative Case: Energy Conversion

Non-radiative: Dipole Formula

2¢’
———(F7+7°F})
3m © Radiation{Estimated)

Radiative: Landau-Lifshitz
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Summary

 Thesudden expansion of magnetic-dominated e*e
plasmas |eadsto robust particle acceleration
Radiation forceis self-consistently solved, which irradiate

most of energy in the direction perpendicular to
the wave front.

e DRPA isstill robust even with radiation.




Generation and Transport of Energetic Particles in

Short-Pulse High-Intensity Laser Plasma
Interactions.

Presented to:

34th Annual Anomalous Absorption Conference
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AX Division, Lawrence Livermore National Laboratory
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Modeling with our MPP PIC code, Z3, provides

electron source functions and contact with
short-pulse experiments at high laser intensit

® Current work centers on role of preformed plasma in simulations
Including both underdense and overdense plasma.

— Density profiles come from LASNEX simulations of the laser
prepulse onto the target.

— One product of Z3 simulations is electron source functions
for transport modeling with the implicit code LSP (D. R.
Welch et al, Nucl. Inst. Meth. Phys. Res. A242, 134 (2001) ).
Closer linking of Z3 and LSP is in progress.

e Z3 simulations at oblique angles of incidence which more closely
match experimental conditions are underway.

* New diagnostics for monitoring heated electrons and optical
emissions are now in use.

* This plan requires 3D and large 2D simulations which are
enabled by access to the most powerful MPP computers. (Z3
sometimes serves as a computer testbed).

AXDiv-BFL et al-2



In LSP simulations of generic electron transport

experiments, hot electron beam parameters are Egi
the biggest uncertaint =

® This target is based on the experiments performed by Martinolli et alt
on the LULI and VuIcaF laser.

VACUUM ' 20um

e 27J of hot electrons in a 1ps pulse with Beg scaling [T, (MeV)
=0.1(I122/(101"W/cm2um?2))13] and a thermal spread of 300 keV injected into
a 100um Al3* plasma.

1E. Martinolli, et al., Laser & Part. Beams 20, 171 (2002).
AXDiv-BFL et al-3



experiments is successful.

LSP modeling of generic electron transport @

* The temperature was obtained by post-processing the LSP energy data at
the rear surface with a realistic equation of state.

* The LSP calculation matches the measured T, pattern at the rear surface
of the target.

40

- LSP modeling
— XUV data

30

20

10

-300 -100 100 300

Linking of Z3 and LSP is underway to provide PIC

based source functions for transport modeling.

AXDiv-BFL et al-4



Here report on 3 simulations using Z3 at

incident intensity 101° W/cm<#for 1 um light:

Z3 simulation geometry:

Moat Plasma Moat
Laser Beam y

Z = laser propagation direction

e Boundary conditions are “open” in z and periodic in the transverse dimensions.

e These simulations are 2D in the (x,z) plane. 3D simulations are presented in
C. H. Still et al, “Modeling of Short Pulse High Intensity Laser-Plasma
Interactions in 3D Simulations,” this conference.

e Three cases: CH target, Au target, and oblique incidence onto an overdense
plasma. All laser pulses have a 150 fs rise time and are linearly polarized in the
simulation plane (E,, B,). Simulations have 2 species: electrons and ions.

AXDiv-BFL et al-5



Density profiles for Z3 simulations are obtained ’_—

from LASNEX modeling of the prepulse onto the

target.
Case 1: CH target
Density contours after 10 mJ Lineout along the z axis
absorbed by CH target: provides density profile
for Z3:
0.020- le+22 100,011t Lioaibanns Lovistven L
0.015- = -~ :
— Be+21 —
g O 010' - _> Eo 1_03; -
— CCD E
0.005- pesa 0_1_:_‘ ~
O OOO-I 0.01;|«r'|""|f'“|”-‘|""\'”'1"-'\""‘F
0.0000.0050.0100.0150.020°*" o 20 40 6 &
z(cm) z(um)

Simulation box is 768 x 2560 cells with 300 x 1086 particles per species.

AXDiv-BFL et al-6



Beam focuses and undergoes deflection in the

underdense plasma.

Case 1: CH target

As part of the Z3 diagnostics suite, we apply a low pass temporal filter to fields
and fluxes to highlight the low frequency component. These filtered quantities
have the subscript s. Here we plot the filtered Poynting flux.
(P,)s Vs (X,z) at t=0.3ps (P,)s Vs (X,z) at t=1.0ps
80J.|.|.||I.|.|.|||.|.|.||I.|_ 80 6 80 2

60‘: 60 60

§- - 40 40

z(um)

20- :' 20 20

O'.|'|-|-|||'|-|-|||-|u|.|,|.,.-
001 01 10 100

N./N, X(pm)




There is significant hot electron production in

the underdense plasma

Case 1: CH target

Plot the (x,z) positions of electrons with u, > 0 and energies > 10 MeV

t=0.5 ps t=0.75 ps
80_] ot cranat crannl g
) ) Electron bursts in the
: : underdense region
60- : are once per plasma
= ' period.
ey .
N Particle trajectories
20.' ) are consistent with
: the beam deflection.
09 rmp g g o e

001 01 1.0 100
n./n, X(um) X(um)

AXDiv-BFL et al-8



As expected, there is less underdense plasma

from a gold target.

Case 2: Au target

Density contours after 10 mJ

. o
absorbed by Au target: Z3 density profile is

steeper than in CH case.

0.0207 i 1<% 10.0:4. """"" i s Fppras '_
0.015-5 S
—_ 3 - k ;
§ 0.010—; - . 1.0E
0.005—; . e 0.1; _
0'008-:'0666'6050'61'66'61';50 020119 -. --------- S -

| z(cm) | 0 z(pm‘?o 40

Simulation box is 768 x1664 cells with 300 x106 particles per species.

AXDiv-BFL et al-9



Again, beam focuses and undergoes deflection

In this smaller underdense plasma.

Case 2: Au target

Plots of the filtered Poynting flux vs (x,z). Note the complicated
interaction at the relativistic critical surface.

(P,)s Vs (X,2) (P,)s Vs (X,2)
at t=0.25ps at t=0.725ps
.l.I-l-IIl.I-I-IIl.I-l-lIl.t 4
: : ’
40': ' )
E 1
1 ]
S 0
20': . 1
: -2
: : -3
0 R REI U R T o
-4

0.01 0.1 1.0 10.0
N./N,

-L et al-10



A channel forms in the underdense plasma.

Case 2: Au target

Plot of ion density (with Plot of (By)s vs (x,z) at
maximum suppressed) vs t=0.250 ps
(x,z) at t=0.250 ps

Electrons in the
underdense plasma
are going forward.
Also find expected
Weibel-like
structure at the
relativistic critical
surface.

AXDiv-BFL et al-11



Energetic electron production is very complex.

Case 2: Au target

(x,z) positions of (x,z) positions of
electrons with u, >0 electrons with u, >0
and energy > 5 MeV and energy > 15 MeV
att=0.25ps att=0.4 ps

40+ -

z(um)

0 '| R U R TR R U] l'

001 0.1 1.0 10.0
N./N,

X(um)

AXDiv-BFL et al-12



At oblique incidence, the reflected light

distribution broadens in time.

Case 3: 30° angle of incidence

(P,)s Vs (X,2) . (P,)s Vs (X,2) )
at t=0.3 ps at t=0.6 ps
1.5
50+ 1
R 05
£ '-1 :
=
< o -0.5
Om - -1
0 50 15

X(um)

X(pm)

-2

White lines indicate original position of 16 n_ plasma slab; there is no
underdense plasma here.

Simulation box is 3072 x1640 cells with 720 x10° particles per species.

AXDiv-BFL et al-13



Histories of outgoing light at probe positions in @

the incident plane illustrate the broadening of
the reflected light distribution.

Case 3: 30° angle of incidence

Probe at 35 A, in x Probe at 25 A, in x Probe at 12.5 ), in X
at z=0 at z=0 at z=0

10:] ......... lonananans l.|.|: 10:] ......... | IR R R l.-.q:

0.5 -

Spectral analysis of the reflected light is presented by A. B. Langdon
et al, “Spectra of Scattered and Emitted Light in Modeling of High
Intensity Laser Plasma Interactions,” this conference.

AXDiv-BFL et al-14



Bursts of energetic electrons move away from

the interaction region at very oblique angles

Case 3: 30° angle of incidence

(x,z) positions of electrons with (x,z) positions of electrons with
u, >0 and energy > 5 MeV at u, >0 and energy > 5 MeV at
t=0.3 ps. t=0.5 ps.

0 50

X(um)

Our aim is to abstract the essential elements of

hot electron production from Z3 simulations for
input into LSP

AXDiv-BFL et al-15



Modeling with our MPP PIC code, Z3, provides

electron source functions and contact with
short-pulse experiments at high laser intensit

® Current work centers on role of preformed plasma in simulations
Including both underdense and overdense plasma.

— Density profiles come from LASNEX simulations of the laser
prepulse onto the target.

— One product of Z3 modeling is electron source functions for
transport modeling with the implicit code LSP (D. R. Welch et
al, Nucl. Inst. Meth. Phys. Res. A242, 134 (2001) ). Closer
linking of Z3 and LSP is in progress.

e Z3 simulations at oblique angles of incidence which more closely
match experimental conditions are underway.

* New diagnostics for monitoring heated electrons and optical
emissions are now in use.

* This plan requires 3D and large 2D simulations which are
enabled by access to the most powerful MPP computers. (Z3
sometimes serves as a computer testbed).

AXDiv-BFL et al-16



Stopping of Directed Energetic Electrons in
High-Temperature Hydrogenic Plasmas

R
dE dE dE
ds _ 7
dE dx ds
e RAN dx .
S PNIBYA WA 5
_4 x
\\

Plasma

C. K. Li and R. D. Petrasso MIT
Accepted and to be published in Phys. Rev. E



Linear-energy transfer is of relevance to

the fast-ignition scheme in ICF

Relativistic
electron beam

High-intensity,
shot pulse laser

—

Critical
surface

n,/n,~ 10°




An analytical model is developed for relativistic
electrons interacting with both plasma ions and
electrons

 Electron-electron scattering is comparable to
electron-ion scattering

A simplified Mgller (e->e) cross section is
obtained for the analytic calculation

« Electron linear energy transfer in a plasma is
enhanced by multiple scattering

 Electron penetration in a plasma is reduced by
multiple scattering

* This theory will be tested by Monte Carlo
calculation and by electron scattering experiments
with H, (D,) ice



Electron angular distribution due to multiple scattering
is obtained by solving a diffusion equation

A\

\X/ V/ > Zerv Vf = Nj X,V S) f(x,v,s)]o-q —

A= vli-eosd $0.025

$0.020 +

f(0,s) = Z (20 4+1)P,(cos ) exp[ j (s')ds'} E $0.010

7T =0 0

E/E, ~50%

probability

»
o
o
—
o

< ' E/E, ~10%
£ $0.005 |

o

= $0.000 f vy N T




As a result of multiple scattering, a mean angular
deflection <cos0> is obtained:

< cos O >= j £(8, )P, (cos 0)dQ
= exp(—j;al (S')dS'] = exp| — jal (E{ﬁzj dE

Where the diffusion cross section (elastic scattering) and
stopping power (inelastic scattering) are

r o,(E)= ZﬂNj( Qj(l—cos ¢)sin 0d 6

2 2 _ 1\?
| dE _ 2770%2(: nZ 21{@ 1)/10j+1+1(y_1j (2}/ 1)1 5 oor] 11236
ds B 41y 8\ ¥ y 2kT [ myc?




For electron scattering off plasma electrons,
Mgaller’s cross section is simplified with a small-angle

approximation

1.E+12

Moaller’s cross section in the CMC:
1.E+08 -

* 45in@* -1)°
do(0 ):27ze sin@*2(y +1) :1 B 3 +(7 i) (1+ j j 1.E+04 -
do* m*y*v? sin @* sin”0* 4y sin” 6*

1.E+00
1.E+12

Small-angle approximation, and transformed
to Lab. Coordinates (LC):

1.E+08 -

1.E+04 -

2 +
INEN NN =3
d<) 7/182 (2\/(7”)/2 )4 sin® g 1.E+08 - v=10

1.E+04 . Mgller

1.E+00 f f
0.1 1.0 10.0 100.0

Scattering angle (degree)



For hydrogenic plasmas when y <10, the electron
scattering component is comparable to the ion

component

do
d Q)

T

1.5

0.0

1.0 1

051




For hydrogenic plasmas when y <10, the
electron scattering component is
comparable to the ion component

1.5

(dﬂjee |
p_LdQ o)

(dajei R05-5 .
dQ |

0.0




Multiple scattering enhances electron linear-energy

transfer in plasmas

b T —<cosf>T 2 b

dx ds

dE/d(pR) (MeV g! cm?)

10

scattering
by ions &
electrons

scattering
by ions

continuous "

- slowing-down

0

0.4 0.8
Electron energy (MeV)

p =300 g/cm3; T, =5 keV

1.2



As a result of multiple scattering, the energy transfer
increases notably near the end of the penetration, and
the penetration is reduced

Distance (um)

0 5 10 15 20
A1000_||||=|I|||I||||=IIII
N =
e -

° I scattering

‘TCD 100 _g by ions & E
> - electrons | scattering ]
o by ions
= 10 E

o N

= 1% continuous
E - slowing-down
L -

© 0.1 L e e L1

0 0.2 0.4 0.6

pR (g/cm?)

p =300 g/lcm3; T, =5 keV



We plan to develop experiments at MIT for directly
measuring electron stopping in cryogenic D,

@
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Source Collimator Cryogenic D, SBD Detectors



For these experiments we plan to use a Bi-207 source
that produces electrons up to ~1MeV

Bi-207
976 keV internal

6.E+04 - / conversion electrons
o 4E+04 -
c
o
O 2.E+04 -
0E+00 T T T T T T T T T T [ T T T T
0 0.5 1 1.5

Energy (MeV)



An analytical model is developed for relativistic
electrons interacting with both plasma ions and
electrons

 Electron-electron scattering is comparable to
electron-ion scattering

A simplified Mgller (e->e) cross section is
obtained for the analytic calculation

« Electron linear energy transfer in a plasma is
enhanced by multiple scattering

 Electron penetration in a plasma is reduced by
multiple scattering

* This theory will be tested by Monte Carlo
calculation and by electron scattering experiments
with H, (D,) ice



Atomic Physics in Short Pulse Laser Experiments*

Short Pulse Laser Matter Computational Workshop
Pleasanton, California
August 25, 2004

Stephen B. Libby
Physics and Advanced Technologies
Lawrence Livermore National Laboratory
University of California

Atomic physics contributors: M. Chen, H.-K. Chung, M. E. Foord, R.
W. Lee, S. Moon, J. Scofield, J. Albritton, R. M. More, M. Desjarlais,
H. Yoneda

e )\~
* UCRL-PRES-206280. Work Performed under the auspices of the US Department of Energy by LLNL under
contract No. W-7405-ENG-48 Short Pulse 8/25/04



Atomic Physics Issues Enter Short Pulse

Experiments both as Microscopic Quantities and iIn
Integrative Modeling

Outline (idiosyncratic selection from many possible topics):

— K, experiments serve both a fast electron velocity distribution
diagnostic and for the development of petawatt driven hard x-ray
backlighters. Interpretation of experiments highlight important
atomic physics issues.

» Detailed relativistic energy shifts and electron impact cross
sections are required to get an accurate picture of the
emission spectra and fluorescent yield.

« The problem of the relaxation of a non-Maxwellian electron
distribution in the presence of NLTE atomic physics is
analogous to that of NLTE radiation transfer.

e Radiation trapping?

— The equation of state and electrical conductivity of cool plasmas

requires consideration of negative ions and transport effects
beyond an average atom, Drude picture.

Physics & Advanced
Short Pulse 8/25/04 yTechnoIogies _AVAVAVAY=S



Integrated Simulations will Require Hydro, PIC/LSP,

and NLTE Kinetics (M. Foord, H-K Chung, S. Moon)

Determines charge state

Provides estimate of Feedback? RO
preplasma to PIC \ distribution
Experimental l PIC = —
Laser/Target (== | Hydro Code NLTEC;K(I:InetICS
conditions ) ode
== LSP
PIC sends back l

hot electron

estimates to Hydro. MCDF energy

shifts and yields

Rad. Transport

Hydro provides estimate of l
background electron :
temperature to NLTE-kinetics Predicted
codes SpeCtrum

Physics & Advanced .‘J\N\ /\ S

Short Pulse 8/25/04 Technologies



Shifted Ka lines from
partially ionized region

K line from
nﬁml rmimm

Ko emission depends on
e- transport and atomic
processes over

a wide temperature
range

Short Pulse 8/25/04

0.43 0.44 0.45

CI-CH 50 mJ 10 W/cm? (Nichimura ‘02)

Cl Ko

i

0.46 0.47 0.48
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Ag 192 J Vulcan 2x10* W/cm? (H-S Park ‘03)
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Ko Energy Shifts are Calculated from the MCDF ‘No-

Pair’ Relativistic Hamiltonian (M. Chen)

gt K X-ray Energy Shift of Copper lons
Hy oo = 3 b+ A (He + HyA,, e
- 300 — .
Atomic eigenstate function seo |
= . > 200 s ]
W(IM) =Y c,d(JM) <
i w % 1s0 [ b
g = i
HY =EW¥ 5 :
3 100 | .
Variational MCDF equation E o [ ]
D (H;—A8,)c; =0 of ]
i .
-50 1 - 1 L. - .
« Positive-energy projection operators A,, ° ° it 2

* Eigenenergy A and eigenvector {ci} are obtained
by diagonalizing the Hamiltonian matrix Hij

* Accuracy 1.5 eV out of a few keV - sufficient for
shifted Ka emission of M-shell Cu ions (4eV).

Physics & Advanced .
Short Pulse 8/25/04 yTechno{ogies .J\N\/\H



X-Ray fluorescence Yields Depend on lonization and [

Must Correctly Include Selection Rules (M. Chen)

2{21 +1)(28 + Da(LS)

W =

E{ELH}(ZSH) 10 T T a7

Average K-shell fluorescence yield for Fe ions

K-shell y|eId w(K)=0.46 °*—% T T T T u i
E(Kal1l)=8047.4 eV) i N Fe ions with KL™ configurations :_j |
E(Ka2)=8027.3 eV o7l & weAptacowace) =

Natural line width £ ' =

G(Kal)=2.1eV : |

G(Ka2)=2.5eV & 3 4
Lifetimes : ol 5 [ =
--K- hole =4.3x10%¥ s & J S o
--L,- hole =1.2x10%5 s L = ,fj + Expt
Competing processes: i
Radiative decay The U B 8 c N o F omne 10—l
Auger decay } comparable " z

Collisional processes - 3B, DX smaller

Physics & Advanced
Technologies

Short Pulse 8/25/04



Synthetic K Shell Spectra Including lonization

Effects (Shifts and Branching Ratios) (M. Chen)

Calculations assume thermal ion distribution and use 8 eV instrumental width

Cu Ka spectrum with Z"=8.33 Cu Ka spectrum with Z*=22.71

1.0 LI N e HEaL L j 14 L . e T T T TTT | L T T
[ ] I 6
35 i { hig |- -
L 4 = 5 E
= : oo |- ]
E 20 18-23 ] f i |
= L =
£ _-  ooe [ 7|
= 15 _' § |
'§ 1 £ 0.6 |
£ 1 £
0.0 4 —
05 ! - 4
gz L i -
[ B
5 1 . 4
00 L= b Lk { .|- PRI [N T TR T (T Lkl .00 adl]| .g..'- _..-I.|-.|::..-\_I.|.|.I.|__|_
Ll Bt 5L PReklIa 8300 PR B30 L Taan WO LRE aann Aznan BAND AN A& M
E‘IE-';H Iﬂ'-':- Wiy N
2p spin-orbit splitting dominates in M-shell Multiplet splitting dominates in L-shell

Measuring L-shell shifts (~40 eV per charge state) should be feasible

Physics & Advanced .
Short Pulse 8/25/04 yTechno{ogies .J\N\/\H




Relativistic Electron lonizationCross Sections Scale

Asymptotically like the Mgller Cross Section (1)

* Non-relativistic approximations include
Thomson weak coupling and Lotz fit.
e via angular analysis vs energy of
Rutherford, cross section at energy
g, to transfer energy Ac is:
do=(rte/e)(d Ae/(Ae)?)
* The cross section for transfer

exceeding ionization energy E is:
o=(me*/e)(1/E - 1/¢)

s (barn)

 Relativistic cross sections (J. Scofield,
Phys. Rev. A 18, 963, 1978)
* Born Diagram (neglect exchange -
should be good for disparate
electron energies)
* relativistic plane waves for
incident and scattered high energy
electron, distorted waves &
relativistic Hartree-Slater for ejected
electron

Short Pulse 8/25/04

3000
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L 500
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500

L-shell ionization

Relativistic cross-section

Lotz: log(E)/E

Lotz+log(E)-

B,

E(MeV)
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Relativistic Electron lonizationCross Sections Scale

Asymptotically like the Mgller Cross Section (2)

» Mgller (electron-electron) Scattering including exchange (Ahkiezer &
Berestetskii, Quantum Electrodynamics):

o BT 4 3 Ig)-1t
4v = sin*9 smﬁ K—)]] sin’ 9

m

*V, g, and 0 are respectively the incident velocity, energy and

scattering angle in the cm system.
* Energy Loss is conveniently expressed in terms of A=(g,—¢,)(/e,-m) =

1/2 (1-cos(0))

27 dA

V2(x —1) A*(1 - A) )A(l‘A)}

7{1-R —) A(L-A)+ (=

* Note log behavior as well as small A behavior (recovering
Rutherford for for energy loss (x=¢,/m)

Physics & Advanced
Short Pulse 8/25/04 yTechnoIogies ‘J\N\ oz



NLTE Kinetics Code System with Boltzmann f.(E)
Relaxation: FLYCHK/CT27 (H-K Chung, R.W. Lee, W. L.

Morgan)

*Built-in atomic data sets (Hydrogenic model)

*Detailed population distributions considering collisional and radiative
processes (Non-LTE solutions)

*Steady-state, time-dependent, and LTE solutions

sArbitrary electron energy distribution functions with multiple Te option

s/Atomic model includes the ground state, valence-shell excited levels, and
inner shell levels for all ion stages from neutral through fully-stripped

Easy and user-friendly interface

(with an option of detailed K-shell modeling)
eAccurate built-in atomic data for H, He and Li ions up to Z=26
Spectral intensities and line shapes

Physics & Advanced .
Short Pulse 8/25/04 yTechnoIogies .J\N\/\H



Steady State and Time Dependent Effects on

Charge State Distribution for High Background
Temperature (H-K Chung)

*For High T, CSD is most sensitive
to LTE thermal effects: e.g. 1 keV

is required for He-like ion I Thav
production

M
th
]

*Hot electrons did not make
substantial differences when temp
high :

)
—T

Average charge stale
o
|

100 ey
—Here relativistic cross-sections ' et
relevant to fluorescence. 10 =
*Time-dependent calculf";ltlons 5- NLTE | LTET
show that the plasma will reach at [ o]
. |:| - Toiii il i Ll il - i il a,I iiiiii
its steady-state & LTE values w? w® 0" 10" 10° w® ot

within 1 ps (N,=10%cm-3) time [¢]

Physics & Advanced it
Technologies ’J\N\/\H

Short Pulse 8/25/04




The Effect of Relativistic Cross Sections Depends on the Hot

Electron Fraction and Background Temperature (H-K Chung)

Comparisons between non-relativistic (A) and relativistic (B) cases
at N,.=10%2 cm-3 for three different hot electron fractions at T, ,=3MeV

ﬂ.? T T T T T T T T T T T D_E T T 1 I T 1 T T T 1 T T 1 T 1 T 1 T T I T T |I
[ — 0% )] — 10% |
06- A — % B 05- B — 1% [ -
L 1 kel 01% ] { keV — 0.1% '
mﬂﬁ" - 0 |
E T 10ev | 1 ch4 eV |
%1}4_ 100 &V _ _E: i I T
0.3F -
@ £
: e
E on2
QA1
LA A ’ R Uil_l._n_l S i
10 15 a0 of a0 i 2 10 15 21 25 )

# of bound electrons # of bound elecirons

Physics & Advanced S
Technologies "JV\/\\ f

Short Pulse 8/25/04



Low Temperature and Density Anomalous Effects in g

the Equation of State and Electrical Conductivity*

B Lee-More model is a
Drude type model with
multiple mechanisms for
n,and tin o=n,e?t/m
(including Mott minimum
metallic conductivity).

m
7

SESAME
i Rinker Modeal

Modified
Lea-More

Desjarlais’s modified Lee-
More model (blended
Saha, pressure ionization,
phenomenological e -
neutral cross section -
Contrib. Plasma Phys. 41,

2001, 267).

Need to add negative ions, as well as possible multi-center non average atom scattering.
*R. M. More, T. Kato, I. Murakami, M. Goto, H. Yoneda, G. Faussurier, M. Desjarlais, S. B.
Libby to be publisheda.

Physics & Advanced .
Short Pulse 8/25/04 yTechno{ogies .J\N\/\H
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Consequences of Au- for ionization balance at low

temperature and density - compensated semiconductor [ i
analog

. A’ 926V simplified
ot T pee g, ST Saha
' 1 o ,-ﬁ= &lhﬂm&ﬁ argument
n ' e - —= —n,
e i A= G,(T)
-. Tl o = 1
E . T ' Nen, -
wgm I ‘..—4_ 4"-—- : _e_kT
e At XUl
' “A T n_+n,=n,
’§ ferk r "15 o . o ' $ 8amkT 3 -
: .- ,f nidy i i nez( 2 )2e !
"ﬁnuuuuuuuus""'"m+uuuuuwuu1- h
' = m-ﬂ Tememeee s} -

| Au Au+ Au and e- p vs. Tas predlcted by the Saha equation ( R. M. More)

for densities of .01 and .1 gr/cc revealing the relative importance of the
negative ion Au- vs. free electrons. o will depend on degree of

‘compensation,’ neutral scattering cross section, and non-average atom

effects. Analogous results for Cu (affinity ~ 1.23 eV and | ~ 7.73 eV).
Short Pulse 8/25/04 Phy%cghmgg;’iaegced"j\/\/\ 72z



Enhanced implicit hybrid modeling
of laser-matter interactions

R. J. Mason
E.S. Dodd and B.J. Albright
L os Alamos National L aboratory

Short-Pulse Laser Matter
Computational Workshop
Pleasanton, CA
August 25-27, 2004
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The Implicit Moment system Is very
straightforward (in 1-D, for B=0)

R relativisticy
F o _ame(Zni -ni) Iy * a=h
E=—ne( nv.-nVv,); v =uly_, nv,=XYnVv; a=hc
/massscaled momentum nlimitedtoncrit ey intensity
ﬁ R /
_ _ W 1.
m, 9nY, _ -VeP -en (E+ Yo X B) -— N Mo VI-Cy mn (V -V)
0t C 2Cmwy,, n,

/ weighted particles
P=Ywuv: v.=u/y:; =M1+ (U2 +us.)/c*]"
h Yivis Vi =UilYy 7 px T ijir

J
Uy = ijuj’ My = EWJ cold e afluid
J J
ions: fluids or particles

Plasma Physics Group h?gq;e!gmsg

Applied Physics Division

Ideas That Change the World



The implicit differencing suppresses
plasma wave instability at high densities

Heuristic for the B=0 limit EglEElng eellis e
EMDY = E™ 4+ 47e(n vi™ + n vi™Y — ZnviMY)AL

* includes ponder omotive acceleration

1 « — e
Vr(]m-i-l) w( (m) Ve PhAt nl— E(m+l)At); Ve and V; from
Yn menh m, fluids or particles
EM _ 475 S"B e LG op A
2 e a
E (M) _ Ya MmN,

e B e st

EM = —4ne[f (™ +n{™ —Zn{™)At] «— providesafield correction
0
Plasma Physics Group for 2D: see JCP ‘87 ref. Los Alamos
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Significant considerations

* New time step controllers can help to keep
accelerations small under action of the PMF

Au (eE|+ | fom DAt o3
C mcC

* Hot electrons are presently emitted in arelativistic
Maxwellian by the Wilks rule -

L JW em?) 2 (um)° 4, T _(ry =Dme?
1.37x10% f, ’ " 3Ky,

Yn=[

(with f, = 2.0 for linear and 1.0 for circularly polarized
light --if T, istoolow n,>>n_,)

» Small spot emission can be “choked” by

n, x(source area) = n.c(2ur)

Plasma Physics Group
Applied Physics Division

Los Alamos

NATIONAL LABORATORY
Ideas That Change the World



To start: we consider a semi-infinite slab hit by a
3 um FWHM 1.3 x 10®*W/cm?2 1.06 um pulse

1026

n

1018 '

1026

1018

()]

5x 102cm-3

E—
1fs/

laser |

245 fs

0 X(pum)

Plasma Physics Group

Applied Physics Division

S

6

Los Alamos

NATIONAL LABORATORY
Ideas That Change the World



Note: Weibel instability on hot flow was seen in some
early test runs, backside reflections can destroy this

22 3
/5 x 10% e/cm

‘T 7.9%

t=281 fs Los Alamos

Plgsma PhYSiCS_G_I’C_)Up NATIONAL LABORATORY
Applied Physics Division Ideas That Change the World




Correspondingly, the hot electrons evolve to
fill up the phase space in the foil region

t=0.1 ps t=0.34 ps
4000 . : p. : : : — P :
relativistic }
- Maxwellian
u emission =
(cm/sh) ¢=300
e cm/sh
-4000
4000 t=0.62 ps
u
-4000 ik ' e £
0 X (um) 100 0 X (um) 100
Plasma Physics Group reC|rcuIat|on h?&ﬁ!gmsg

Applied Physics Division Ideas That Change the World



Artificial e emission from a central point
shows the long time presence of a peak

Hol Electron Density
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The same effect is evident with particle
hot electrons, albeit more diffusive

57 fs
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Small spots (-6 um) geometrically retain
high electron densities near their source
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Similar but more diffused results are
obtained using particle hot electrons

Hol Blectran Liensity
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Wide thin foils show spreading of the back-
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Hot e~ and foil evolution: 100 x solid H, foll
(5000 x critical) @ 2 x102° W/cm? illumination

t=89 fs 229 fs uniform 779 fs
— —Afill
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Corresponding E and B-field evolution

t=89 fs

229 fs 747 fs
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The B-field amplitudes approach 200 MG
and fluxes run at ~200 (um/ps) x 10%te-/cm?

t=89 fs 229 fs 779fs
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Component fluxes, laser beam, and
hot electron phase space (at 779 fs)
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Higher resolution and hot e particles

replicates PIC code Welbel instability
Full-PIC (Dodd) ANTHEM PIC/Hybrid

PO ——

10

Welbd filaments

actual
ANTHEM Wilks/Dodd ion emission study
scale i J 1=2x10®W/cm?42fs_sinepulse
thinner foil
Plasma Physics Group h?&ﬁ!gmsg
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Observations

e Our implicit approach requires mesh conver gence studies
and comparisons with more expensive explicit PIC runs

 For thefuture-- implicit calculation of the E x B light
transport and absor ption are feasible

 Relativistic fluid descriptions have been retained as options
for both the hot and cold electron components

 Particleions are available (although with less density dynamic
range, and no collisional shocks) for fast ion blow-off studies

Plasma Physics Group h?&ﬁ!ﬂmr?ﬁ

Applied Physics Division

Ideas That Change the World



Conclusions

» Implicit models such as ANTHEM can provide new insights concerning
short-pulse laser-matter interactions.

* Realistic, full-up short pulselaser target systems can be studied with
limited computer resources

* The outgoing hot electron stream seems principally influenced by the
sour ce geometry plus vacuum reflections to maintain quasi-neutrality

e Ponderomotive influences strongly in evidence above 5 x 10° W/cm?

* No particular transport limitations evident from B-fields or instabilities

 In H, at 100-fold compression, no resistive effects appear significant

» The emission sour ce needs car eful study with traditional explicit PIC

Plasma Physics Group h?&ﬁ!gmsg

Applied Physics Division

Ideas That Change the World
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lon Effects
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Qutline

= Motivation
= VORPAL
= Mode Setup

= Particle acceleration
= Low-frequency Waves
= Conclusion/Future work
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Motivation

Understand emission of THz from solids

s Hamster et a (PRL, 71, 17, 1993) via laser-plasmainteraction at
high densities

. Mode (fluid based)

s Explains emission at plasma frequency
s  Does not account for low frequency emission

« Only electrons included
s lonsmay be important (e.g. ion plasma frequency is5-10THz)

=> Fully kinetic model required

TBCH
X lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004



VORPAL: Overview

Plasma simulation code/framework
— PIC, Huid, hybrid model
Origina design: Wakefield acceleration

Nieter & Cary, JCP, 2004, 196(2), p448, 2004

Multi-Dimensional (N=1,2,3) 10000
Fully parallel 1000 |
— Scaling for > 4000 PEs

—  Flexible domain decomp Z  q0p !
—  Dynamic load balancing !

— C++ 10t

Output format: HDF5
Postprocessing/Viz: IDL, OpenDX,
GnuPlot

http://www-beams.color ado.edu/vor pal/

10 160 1000 10600

No. Processors

VORPAL speedup (C. Nieter)

TBCH
X lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004



VORPAL: Features

B Variety of particle emitters
— Space Charge limited
m Paralel ES solver

— Based on Aztec (Sandia)

— Variety of solvers, preconditioners
« Krylov solvers, alg. Multigrid

B DSMC

m |onization

— Fiedionization

— Impact ionization under devel opment
B Direct Coulomb interaction

— Hermite integrator

TBCH
X lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004



VORPAL: Applications

»  Wakefield acceleration

« Electron cooling for RHIC

= High-power microwave breakdown
« Photonic bandgap structures

. Debris propagation in IFE chambers [B
»  Dusty plasmas
«  Gammaray bursts

Figure : Time evolution of the ion density in a 2D

n M agne“ C reconnecn on VORPAL simulation, including debrisions, debris
electrons, background ions and background
electrons.

... and Laser-Overdense interaction

TBCH
X lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004 p. 6



Original Setup

Oblique incidence

L&

P

Electron temperature
With pulse
Without pulse
e => Strong num. heating
MI Electron temperature => Look at smaller system
lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004 p.7



Model Setup (1)

Foil:

» Het (6.681027kg), C* (2 -10-2%kg), pre-ionized
« Thickness: 1.5 um

» Density: p =2.810% cm3

L aser:

« 800 nm (375 THz), 120fs, half-sine

« Normalized amplitude:
s 8=eE/mcw=03-16
s Field24—-65TV/m

TBCH
X lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004



Model Setup (11)

« High density challenging
s Resolve Debye length -> dx = 10°m
s Courant condition: dt < dx / ¢ => dt = 10-18s => 10°-10" timesteps

« Simulation setup:
s Pseudo-1D, 2D, 1D
s Want to seeion dyamics
s Grid sizes: 3000x5 — 100’ 000x5, 4000x800
s Transmission or reflection setup
s Mainly interested in transmission setup

TBCH
X lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004



Overal Scenario

L aser pulse propagation

»
»
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Overview: Shock acceleration of lons

Shock accelerated ions

4
— Foill — /
3 5
’ Upstream ions
© Shock 1
>~
-
S
= 0
}H R
—1
9 / Sheath accelerated ions
Downstream ions
— 3 |
0 1 2 3

x [pm] |
Phase Space structure indicates deceleration of shock!

TXH
) lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004 p. 11



lon Acceleration inside the Foil

AF ]

v Z?.E;._

x|

TXH
he lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004 p. 12



Detectable Particle Spectrum

« Place virtual detector behind folil
» Particle spectrum at different times
« Characteristic two-hump spectrum, sharp cut-offs

1.000 F ! _ 3

—

TBCH
X lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004 p. 13



Shock propagation in 2D

t=0.65ps

t=1.95ps °

t=3.25ps

TBCH
X lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004 p. 14



Shock decelerated in foil

«  Strong deceleration of shock speed
» Also seen inion phase space
«  Determinesion energy

E, 8,=0.6

Shock Mach Number

60

0.010

0008 INitial ion velocity X

0.006 ¥

v0 /¢

0.004

__I == = .. -
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0.000
0.2 0.4 0.6 0.8 1.0 1.2

%

TBCH
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L ongitudinal Wavesin Foil

« Wavesin front of shock:
s Phase velocity consistent with sound velocity
s cutoff at ion-plasma frequency

= => |on-acoustic waves

= Wavesin THz range
s Candidatesfor emisson =

«  Questions:
s How do they radiate?

» Concentrate on shock accelerated ions |

TBCH
X lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004



E-field Spectrum Inside Foll

e FFT intime at fixed location

» After laser pulse has left 0y = 9.6 THz
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Transverse B Field Behind Foll

1 x10'0 g - Harmonics

/ THz oscillations
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Arrival of accelerated ions
—1x1070
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L ow frequency waves

Dispersion relation behind foll
Shows two branches with different phase velocities
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Intensity Dependence of Spectrum

K-integrated spectrum behind foil
Dependency of spectrum peak on intensity!

i'.- I

Peak intensity
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What causes transverse motion?

Transverse oscillations inside foll
lons get transverse kick at shock

1x10°
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Conclusions

» See: Transverse THz oscillations behind foll

= Dueto transverse ion velocities
s Origin: lons at shock front get transverse kick

= Other shock properties
s Observable energy spectrum

= Future work:
s Extended 2D region
s Seelf other effects present
s 3D (?)

TBCH
X lon Acceleration by Laser-Foil Interaction Short-Pulse Laser Matter Workshop, August 25-27, 2004 p. 22



Hybrid Particle-in-Cell Simulations of
MeV Electron Transport in Fast-Ignition Targets

UR
LLE
Compressed shell
Ng = 10\2*5 cm3
N=NgXN1|xX"Ns
Simulation—
volume
Beam-source PW Laser
region
g ~ ao
J. Myatt, A. V. Maximov, R. W. Short, Short-Pulse Laser—Matter
J. A. Delettrez, and C. Stoeckl Computational Workshop
Laboratory for Laser Energetics Pleasanton, CA

University of Rochester 23-27 August 2004



Summary

Three-dimensional LSP1 simulations of MeV electron
transport predict a = 10% efficiency for a 20 um
radius core at a propagation distance of 40 um

UR *
LLE

- The efficiency n1 = (energy reaching core/energy in fast electrons)

and does not include stopping.

- From the beginning of fast ignition, it has been recognized that the

transport distance needs to be made as small as possible leading
to the concepts of hole boring and cone-focused implosions.

- Transport efficiency has been investigated using OMEGA profiles

for two propagation distances.

- A standoff of 40 um implies either hole boring or cone focused

implosion.

- If electrons are generated near the critical surface the efficiency is

reduced to ~ 1%.

- The efficiency is observed to be a weak function of the source

TC6507a

temperature for the electrons.

1D. R. Welch et al., Nucl. Instrum. Methods Phys. Res. A 464, 134 (2001).



The simulations take into account the self-generated
EM fields and the charge/current neutralization by the

background plasma -

LLE

- MeV “beam” electrons are treated as kinetic particles.

— generated by “promotion from background” in a prescribed
source region for a duration of 10 ps.

— The electron beam is given a directed momentum ~ 1 MeV/c
and a thermal spread (beam temperature) that is varied
(either 10 keV or 200 keV).

+ Fluid response for the background plasma (both electrons and ions)
— provides charge and magnetic neutralization (return current)
— corresponds to OMEGA cryo implosion.

« Full Maxwell equations are solved.

TC6508



The MeV electrons are either generated in the near
critical density region or closer to the core as is

appropriate for cone-focused ignition

UuR

np ~ 1020 cm=3, Iy, ~2 MA, rg = 10 um

Case 1:

{l 0 N o,

TC6509

&> 1024L Electrons » -

LLE

Plasma profiles
1025 | |




The fractional energy flux through the core is
investigated as a function of initial beam temperature
for a fixed beam current

UR
LLE
- From geometric considerations, a cold beam is better.
- Simulations show the opposite.
200 g | I
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Snapshots of the 10 keV beam show that the poor
efficiency is due to the rapid onset of beam spraying
UR

LLE
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Emittance growth is connected with the filamentation
of current for the 10 keV beam and with beam

focusing for the 200 keV case UR
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Small scale filamentation is suppressed
if the beam temperature is large enough

UR
LLE
Low temperature High temperature
Tp =10 keV Tp = 200 keV
2001
— @ @
S ! I
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N - .
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Halving the propagation distance has a
large impact on the transport efficiency

UuR

LLE

« The cold beam sees an order of magnitude improvement in efficiency.

« Geometric losses are smaller.

+ The beam is weaker, (nb/np) smaller.
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Homogeneous simulations show that beam

filamentation depends on the plasma density

Moderate density

.
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Summary/Conclusions

Three-dimensional LSP1 simulations of MeV electron
transport predict a = 10% efficiency for a 20 um
radius core at a propagation distance of 40 um

UR *
LLE

- The efficiency n1 = (energy reaching core/energy in fast electrons)

and does not include stopping.

- From the beginning of fast ignition, it has been recognized that the

transport distance needs to be made as small as possible leading
to the concepts of hole boring and cone-focused implosions.

- Transport efficiency has been investigated using OMEGA profiles

for two propagation distances.

- A standoff of 40 um implies either hole boring or cone focused

implosion.

- If electrons are generated near the critical surface the efficiency is

reduced to ~ 1%.

- The efficiency is observed to be a weak function of the source

TC6507a

temperature for the electrons.

1D. R. Welch et al., Nucl. Instrum. Methods Phys. Res. A 464, 134 (2001).



PIC Simulation of Laser-Plasma Interaction
in Fast Ignition

Chuang Ren
UCLA / University of Rochester




Outline

Computational challenge in PIC modeling of Fl target
Collisions in PIC model

Some recent PIC results for Fl
— Laser-plasma coupling

— Fast electron characteristics

— Current filament instability

Summary



Model of compressed target in Fl

* Model target: a plasma ball Compressed Pellet
with a steeply rising
density profile

— Detail has to come from
experiments & hydro
simulations

— The dense core region
(n~102>25/cc) may not be
plasma




FI simulations requires tremendous
computational resources

* For explicit PIC 3D simulations,
— Total memory scales as L3n%?
— Total particle-step scales as L3Tn?

« To simulate a (50um)3 plasma with n=100n, for 10ps
requires ~6x102 TB memory (1073 particles) and 10°
processor-hour (on Seaborg)

« State-of-art large PIC runs at Livermore used 7.2
x10° particles

« Explicit PIC is to simulate model problems to
understand the physics



Key issues in FI

« Energetic particle production (PIC simulation)

— Laser-underdense plasma interaction

« Channeling

» Laser stability, e.g. hose/filament
— Laser-plasma interface & vicinity (n<102 n_)

« Hole-boring

* Fast e production

» Fast e transport: current filament/magnetic field generation
— Laser-solid material interaction

» Energetic proton production/focusing

» Laser-gold cone interaction for coned target

» Energetic particle transport/energy deposition in dense plasma
(hybrid simulation)

— Particle description for energetic components + fluid description for
dense plasma (n~10%-10 n,)

— Need to incorporate proper model for resistivity/collisionality



Particle-in-Cell Code Scheme

Charge and current density deposition: el sl
Calculate (p,j) from particle
positions and velocities (X, V)

> Calculate (E,B) from (p.j)

using Maxwell’s equations

Particle push:
Diagnostic and processor exchange
etc. ¢ Update (x, v) using
Newton’s equation (relativistic)

e best-understood model



Understanding collisions in PIC models
and real plasmas is important

« Collisions are important to transport of energetic e-beam
— Resistivity and return current

* PIC models are not collisionless
— Analysis & measurements have been done for electrostatic codes
(e.g., Langdon, Dawson, Hockney)
» Difference between PIC models and real plasmas
— Finite size particles: reducing collision rate

— Less particles: increasing collision rate
— Finite Ax and At



PIC simulation can match collisionality
of real plasma in relevant range

beam slow-down from OSIRIS

We can directly measure collisional 200
effects in PIC simulations
. 1.98E-01 \
Results can be compared with N
theory (e.g. Krall & Trivelpiece) oo \‘\\
— s=(172m)InA/(nuclo )f(ulv,) s N
— 8=7x10% (for n=n,) T L a b & h % w w
. S~ n 1 /2 tomega_p/138

We can match s by choosing

_ _ 2D, T =7 keV, 400 ppc
simulation parameters

Cold beam, p,/mc=0.2
s=(dP/dt)/ (mcu)p):3 x 10



An example of 2D PIC simulations

2D 1/4-size model
Linealy ramped-up
Vacuum region between target and density

boundary to reduce boundary
effects

12032x12032 grids
— 2.4 x108 particles and 6x104 steps
— 256 nodes x 120 hr
— 24 M particles’ information saved

1um-laser, 1=102%-21 w/cm?, spot

size 7.5 um, 1 ps long, s-&p-
polarized.




Electron Density Movie (S)
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Laser-Plasma Interface Detail (S)

Phasespace x2x]
Time= 000[1/e_ ]
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Laser-Plasma Interface Detail (P)
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Density Ripples Caused By Laser Filaments

2 n
E, |

|e2-field {average) |? Phasespace x2x1
Time = 648.00[1/w,] Time = 648.00 [ 1/, ]

100.0

i
[=

Charge Density [e ¢ w,"]

e Laser filament instability (Kaw et al., 1973)
e Seeding current filament



Laser absorption efficiency changes
dynamically

—
- 04 prpolTo 'w,'cm/ o
% 0.35 ///‘E{-ﬁscm
* Absorption increases as critical w03 7
surface ripples £ 7
«  Absorption rate does not o0 w0 a0 dso aseds o soo

change significantly as intensity

in Creases |e2-field (average)|”

Time = 6480071/ \J‘J‘.J




Higher laser intensity leads to higher fraction
of super-hot electrons

Electron energy composition at t=510 fs

At 1020 W/cm?, 45% of
absorbed energy is carried
by MeV electrons.

Fraction of absorbed laser energy

 MeV e- energy fraction is
relatively independent of eneray fracton carred oy eV siectrons
critical surface features. — —

fraction of absorhed laser enrgy
o
|
i
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}
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1
l
m
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Current Filament Structure in
Overdense Plasma

220 230 240

electron density (n_) b3-field (100 MG)



Current Filament / Weibel Instability

+ 1~ 30 MA >> Alfven current limit (100 kA) < Ve Fi
— Drives return current so that I+ =0 B
« Unstable to Welibel instability
— Magnetic pinch > thermal pressure E,, V4

— Hot forward electrons vs cold return electrons
« Space charge effect

2v72 2 2 2 2 2 252
Ea)ijdj IV, >k“c™ + Ea)pj +(Ea)ijdj/kth)
* lons play important role in neutralizing space charge

— Instability grows on ion time scale in the shock region




Meshed forward/backward electrons
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lons Filament Too
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No Global Filaments Coalesce Seen
with Large Simulation Box

B3 plots t=330 fs =660 fs

Pukhov ‘970

b3-fisld (average)

Time = 648.00[ 1 Tima = 1286.00

-1

zoomed

Lil

u.
E
v
@



summary

Full-size explicit PIC modeling for FI requires
tremendous computational resources

Interesting physics, including collisions, can be
modeled in Fl-relevant regime
— PIC model is an important part of integrated simulations

Effects of simulation limitations must be understood
— dimensionality, size, and boundary conditions



Consensus from group discussion

« PIC model is a well-understood model. Different codes
should give the ‘same’ answer to a problem with the same
simulation parameters.

 Difficulties come when the full problem can not be
simulated and scaled-down models must be used.

* We begin to address effects such as dimensionality, system
size, boundary conditions, etc.

— Need to use a realistic laser profile

* Experiments with preformed plasmas (<100 n,) could
provide clean comparison to PIC results.



Summary of presentations

 Fast electron distribution functions under various simulation conditions

— Heating due to forward / return currents 2-stream instability in a
discontinuous density profile (Sakagami, 1D PIC)

— 2D vs. 3D; realistic pre-plasma profile (Lasinski and Still, in progress)
— Effects of system size and boundary conditions (Ren, in progress)

— Kinetic electrostatic electron non-linear wave observed in simulations and
experiments (Afeyan)

» New numerical schemes for better and more efficient simulations

— Split-wave scheme to improve numerical dispersion relation along grid
lines (Sentoku)

— Perfect-Matched-Layer boundary condition and Adaptive-Mesh-
Refinement (Vay)

e Non-fast ignition applications
— Atom cluster explosion driven by short pulse laser (Rose)
— Pulse amplification by Raman back scattering (Charman)



Simulations of proton beams produced by the irradiation
of thin foils with sub-picosecond laser pulses

H. Ruhl, T Cowan, J. Fuchs, and J. Fernandez
NTF, 5625 Fox Ave, Reno, NV 89506

Short Pulse Laser Matter Workshop
August 24 - 27, 2004

,, o
(t/ﬂ iy /ﬁ% Alamos

NATIONAL LABORATORY



Outline

*Mechanisms of |aser acceleration of ions
*The generation of markersin the beam
*RCF-stack detectors

*Experimental results of proton acceleration
*The PSC ssimulation code

Direct simulations

Effective smulations

eConclusions



Mechanisms of laser-acceleration of ions

Laser:

few J in less thanl ps
A2 >1018 W cm=2 um

Bulk Target (Al)

. = H+/other ions
i =
Incident

%,
‘llllllllllllll..-' -§+ f%
laser M ‘

I. ambipolar Il. Front surface
expansion

acceleration
S.J. Gitomer et al.,

Y. Sentoku et al.,
Phys. Fluids 29, Phys. Plasmas 10,
2679 (1986)

2009 (2003)

Surface contaminant (H,O)
o

I11. sheath field
acceleration

if target is heated =» efficient acceleration of heavy ions

R. Snavely et al., Phys. Rev. Lett. 85,
2945 (2000).

M. Hegelich et al., Phys. Rev. Lett. 89, 085002 (2002).



The generation of markers in the accelerated beam

substrate

micro—fiducials

protons

RCF-stack

*Micro-grooves machined into the
back surface produce fiducialsin
the accelerated beam as indicated
inthe figure.

*The fiducias can be used to measure
the beam emittance and rear surface
properties of the foil.

*RCF-stack detectors are frequently
used in this context.



RCF-stack detectors

Experimental setup

¢ Agsumption of force free proton motion for zg g > z; (1)

e xpcF and ygF represent location of protons at zg o

RCF-
target CF—detector ® O, ~ px/pz and &, = py/pz.

\ spectrometer e RCF-stacks record the angle distibution of proton flow.
protons !

.

e|aser hits the target.

*Electrons are heated.

*Protons are accel erated.

*Divergence angles at a particular energy are recorded.
*The energy spectrum is recorded.

laser

xi(t) = xi(to) +ve (6 —10)
yilt) = yilto) +vyi(ti — o)
zrer = zilto) + vy (ti— o)

xper = Xilto) + O ZreF
yrer = Yilto) + Oy zrer



Py P

Experimental results
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e Experimental RCF-radiograph is shown in plot (a).

e Effective simulation is shown in plot (b).

e Incident laser has Gaussian intensity distribution.

e Focal spot diameter at FWHM is 10.0um.

e Foil is Al with thickness 60.0 gym.

e Micro-grooves on target have 3.6 yum wavelength.,

e 0x and oy in degrees.

e Measured proton source size =z S6um for Ep > 8MeV.
e Projected proton source size ~ 10um for Ep > 8MeV.

e Simulated proton source size ~ 140um for £p > 3MeV,



Experimental results

Experiment: T. Cowan, J. Fuchs, N. LeGaloudec
J. Fernandez et al.

Thereisaring at SMeV. Grooves become denser
closer to the edge of the ring. The second picture from
the top shows the magnified sector surrounded by a
white rectangle in the top figure. The bottom figure
shows an RCF-image at 8MeV.




Code topology, method and costs of asimulation

Plasma-Simulation-Code (PSC)

CODE TOPOLOGY

X

n X m partitions
n x m compute nodes
parallel algorithm
e code is cartesian and 3D
o laser irradiation along z
¢ beam injection along z
e open boundaries along z
o periodic boundaries along xy
e particle- and field exchange in xy
¢ dynamic load balancing
e code is portable with MPI, F90, C++
e code has field and impact ionization
o code has arbitrary binary collisions
o code has elementary nuclear reactions

o COMMERCIAL VERSION AVAILABLE

PSC is a Particle-In-Cell (PIC) code

Ortsgitter

l Quasiteilchen zu t=n
{ I .
:‘ Quasiteilchen zu t=n+1

Br+v-dy+gE-3) f=0

f(xap) = ZS<X7XZ) 83(P_Pl)
l

a !
dp;

=2 — JE
dt 9

¢ 3D space grid, no momentum grid

Details of focusing simulation

Step sizes

S 1 ad AL Ap s L
o time: min of At < 5, Ar = mp,At~ =
e space: min of Ai € A, Ai = Ap, where i = x,y,z

RN | 1 1 1
e condition: @y > W+ F + oF
Simulation parameters

o density: ng=1.0-10% cm™3

o temperature: T, =T; = 100 eV

wavelength: A =0.85 um
o box: 0.1um x 100um X 100um
o duration: 2200 fs
Simulation costs
o platform: Intel P4 cluster

time: Ar=5.0-10"17s

space: Av=Ay=A,=3.0-10"%m

cells: 4 x 3000 x 3000 = 36000000

particles: 15000000

e RAM: 30.0 GByte

e nodes: 20

o duration: 200 x 20 = 2000 CPU-hours
o data: 400.0 GByte



The PSC ssimulation code

The radiation module

i i i i Atomic excitation ard de<excitation
Opacities and radiation transport

Effective simulations

CPT project
Effective transport
Effective boundaries

Plasma Technology

Reactive plasmas
Plasma-wall interaction
Reactive boundaries

ad Visualization facility

oad ' balancing

Automatic parallel data processing
Manual data processing




Equations solved in the Vlasov-Boltzmann part of the PSC code

(ar+vka*+Qk [E + Vi X B] ) Jr

f &’ py vy / dQ\pG fkfl fkfl) Vlasov-Boltzmann equations

I=n,e,i

= P 1 — —
Vg = \/(Vk - Vz)z - C—z (Vk X VJ)Z

o,B % X E
dp = V- ;

o — 4 f Ppofo+a f Lpif

B Charge and current densities
= a|&pifira [ Lo



Details of the collision operator

Two angles need to be generated to determine the
post-collision vector g from the pre-collision vector
p in the center of mass frame.

n - P
p|
s = (P1+P2)2
1 2 2y 2 2.2 4n\1/2
‘p‘ — 2\/5 ([S_(ml‘l_mz)c } —4m1m2c )
1 1/2
q] = NG ([s— (m3+m5)?| — 4mimg c*)
q = gcosyYn-+gsinysiny Ak + g sinyfcosVv (ner)Xn
n X e |(mxe,)xn|



Details of the collision operator

*Normal components of the scattered momenta are
are assumed to have a Gaussian distribution.

*Uniform angle distribution assumed for large
scattering angles.

1 2n 1)
— f do f dss sins = P(wy)
0

4T Jo

1_
6—210, %‘W’:P, 0<P<1, 0<Q<l

1 27 tan% 52
d dsse & — P
— f 0 f sse 7T — P(y)

ran(y/2)
0=2n0, l—e v =P, 0<P<1, 0<Q0<1
InA i

22
_H4" m vg = |v1 — V3
ATegmi vy ’ my+my’

27




The NTF-cluster computer

*96 compute nodes Ni with 2 GB RAM each.

*23 TB hard drive capacity.

*MPICH, PBS, C++, FOO0, IDL.

*2 separate interconnects for file system (1) and computation (11).
*Peak performance 0.2TFlop.

'

][] [] [ ] [




The setup of the simulation

substrate e 3000 x 3000 cells.

RCF-stack e np=10%cm3.

o [p=10"Wem—2.

e 300 particles per cell.

/ o 7, =100eV.
' / micro—fiducials o 7;=100¢eV.

e Substrate mass mg = 100m,,.

e Film mass mye=mp.

e Film thickness dy = 0.1 um.

e Simulation is collisional.

protons

e Simulation extends over 2 ps.



. phase space

Simulation results
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imulation results. configuration space
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Initial momentum modulation embedded in flow expansion translates
In proton dose modulation
[I[I:> direct imaging of the accelerating sheath

Phase I: virtual cathode

K X'=p,/p,
Al
target -V;
_>
& . ) X
N
laser >

Phase II: sheath expansion

envelope
X of the ion front

a4 NN X’:px/ P,
target \\/\V A
' . N
) -
laser // A
/

H. Ruhl, T. Cowan and J. Fuchs, Phys. Plasmas 11, L17 (2004).
T. Cowan, J. Fuchs. H. Ruhl et al., Phys. Rev. Lett. 92, 204801 (2004).



PSC simulation of flow envelope and image formation

=P
9.00

25.67

£.80

—-0.00
—0.2 0.0 0.2
PP,

Plots (a,b) show the zpy- and zpz-planes of the
proton phase space at { = 300fs (red), r = 454fs
(green), and r = 613 fs (black). Plot (a) shows mic-
ro-perturbations embedded into an expanding be-
am envelope due to the grooves at the rear tar-
get surface. The blue lines in plot (b) represent
pz/mpc = (z—zqg)/c(t —tp) for the above times,
where zg = 2.5pm and fg = 170fs. The parame-
ter zg is the location of the rear target surface and
t the time when the first protons accelerate. Plots
(c,d) show the divergence angles cx and oy in co-
lor scales at 300fs, where 0.06 << pz/mpc < 0.07
and 613fs, where 0.08 < pz/mpc < 0.09. Both
plots are generated by the same particles. Care-
ful analysis shows that they follow a logarithmic
flow envelope. For illustration the dashed lines
in plots (a,b) indicate the proton populations bet-
ween pz = 0.065mpc and pz = 0.085mpc.

<: divergence angles



Effective smulations

_1 .
M= (y 2—yo) Ay sin(ky) | (1)
1 _L Py 1
yr =y 2+Arm—;, P =GN (y”“—yo),
0 _1
pz = SZ (Z Z_ZO)a (2)
N
ZIH‘% — Zﬂ—%_I_AtlZ_Z, pZ‘H:plzl_l_CzAt
P

From the simulation data we find for the parameters in the
model Sy ~ 6.5-10~*mpc/pm, Cy ~ 510 mpc/umfs, $7 ~
2.5-1072 mpe/um, Cz ~4.2-10 mpe/fs, Ay % 0.003 mpc, yy =
20pm, 7 = 2.5um, and ky = 2.51/um. The parameter yy is the
location of the laser focus and z) of the rear target surface. We
have ! = nAt + 15, where f = 300£s is the time when the effec-
tive particle simulation starts. We restrict the range of 772 such
that we have 0.06 < py /mpc < 0.07 for all protons at 3001s.
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Effective ssmulations. more complexity

— b. 4 2
fp(x,p,0) = Npnp(x)exp (_ [gm;iT)j )

np(x) = ngexp { _Lzhz:;) }

x +y?
(x,y) X o

R
z < 20t Lh(x,y) In—2,
fp

Ax mpe sin (kxx)
Ay mpe sin (kyy)

Py
By
P, Az mpc (2—20)

[T

pi(t) = g[Xi(f)]JrSP[i‘i(O)]
() — x(0)+— f dopi(c)
my Jo

op[xi(0)] = pi(0) —g[xi(0)]

2,2
x(Z—2zo X +y
8x = C,mpc% exp{— 5 }

0 o
2, .2
yiz—2p X +y
8 — C,mpc% exp{— 2 }
0 0
lnzi
8z — szpc_o

In¥
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Distribution function for protons

Initial perturbations

Equations of motion

Transfer function



Application of the method: Effective ssmulation

®) *Plot (a) showsrings at 2MeV.

} *Plot (b) showsrings at 5SMeV.
*Plot (c) shows grooves at 8MeV.
*Plot (d) shows grooves at 11MeV.

260.46 0.2

130.23 5 0.0
S

These results can now be used to

_ i ( predict the electro-magnetic fields

w02 e 0z in the flow viagx, gy, gz derived
earlier!

r0=50um
r1=140um
cr=0.11
cz=0.12
L1=0.5um
z0=3.0um
z1=120um
‘—0.2 0.0 0.2 Ax=0.0
PP Ay=0.0006
Az=210000

88.46 0.2

4423 L 00




Recent publications

*H. Ruhl, T. Cowan, and J. Fuchs, “ Characterization of |aser-accelerated proton flows with the
help of surface images embedded into the flow”, Phys. Plasmas 11, L17 (2004).

*H. Ruhl et a.,” Ring structures in laser-accelerated proton flows: Their interpretation and
Application”, submitted to PoP.

*T. Cowan et a., “Low emittance proton beams from laser irradiated metal foils”,

Phys. Rev. Lett. 92, 204801 (2004).

Conclusions

*Ultralow emittance beams (< 0.002 mm mrad for E>5 MeV).
*Beam generated on sub-pstime scales.

Electric field in the beam decays rapidly.

Electrons co-propagate with the beam.

Electrons can be removed without distorting the beam.
«10"12 protons per shot.



Fast Ignition Integrated Interconnecting
Code Project for Cone-guided Targets

H. Sakagami, H. Nagatomo*, T. Johzaki* and K. Mima*
Comp. Eng., University of Hyogo
*ILE, Osaka University




Cone-Guided Target for Fast Ignition

e Ignition laser directly interacts with dense Au
plasmas without propagating through
underdense coronal plasmas.

¢ Generated hot electrons can easily reach a
target core and deposit their energy. . .
5 P =) implosion

"N
s laser

1gnition laser



Difficulty and Discrepancy

¢ In Fast Ignition, physical quantities would vary
in a very wide range and their time and space
scales would be entirely different.

— It 1s impossible to simulate the whole extent of Fast
Ignition with a specific code.

¢ Simple conventional modeling for simulation
could not describe experimental results.

— Realistic modeling should be important.



FI? Project

¢ Fast Ignition Integrated Interconnecting code Project
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Integrated Simulation

Simulation Parameters of ALE Simulation Parameters of PIC
,Qf . Nagatomo
Laser condition @ ignition laser
iavei=hgHt - 0.00min — Gaussian with FWHM = 90 [um] (~ 750 [fsec] )
Energy (on target) : S:OKJ. . — 1041920} [W/sz_“.mz.]Q
Ray-trace : 1 - D ( radial direction)
@ plasma
~ \ l — exponentially fitted ALE profile
gold cone = / * length : 100 [pum], density : 0.1 ~ 100 n,,
- 3 0 degree 250um — flat top plasma ( 50 [um], 100 n,, )
[ / n — 200 particles per mesh (n>2n, )
Shell Target : CH  8um J'\—*I axial symmetry ¢ simulation time
computational grids : 280 (i- direction) x 280 (j - direction) | =0 =100 [f§§,§]» 22000 il SRS
— 200 hours with AthlonXP 2200+

Simulation Parameters of FP o

7 T, Johzaki
RFP Sim. Condition
space (x,y) — CIP (80 X160 meshes)
momentum (p) — Discontinuous Linear FEM (30 groups)
Direction (u, ¢ ) — 2D Discrete Ordinate Sp method (144 directions)

Injected Beam profiles
(a) Two PIC sources (I, = 10*" & 10" [W/cm?])
(b) Three Mono-energy Beams ( %..;.. = 300fs, I,  =3x10" [W/em?], E, =1, 2 and 5 M¢V)

max

Electron beam is
injected at inner
surface of a gold cone TE " e T
at maximum » : / :
compression




Heating Rate and Electron Temp. Protiles
Comparing with Mono Temp. Electrons

g T. Johzaki

= 1-MeV Mono
= 2-MeV Mono
== @ = §-MeV Mono
| — -~ PIC source | =10"W/em’

PIC source l;;*ﬂﬂmWﬁcmi

4.0~

: 100

% w1 1

Average density [g/cc]

1.0-

Average density [glcc]
Average electron temp [keV]
o = N
i T

Average Heating rate [W/m’]

=)
=)




Core 1s NOT heated up!

@ Main reason is that hot electrons are too hot!

¢ Multi dimensional effects with the cone ?

— Large scale 2,3-D PIC simulations are needed.

¢ Hot electrons lose energy during transport ?
— potential and/or instability ?

— Prof. Taguchi has pointed out hot electron beam
decay with his 3-D hybrid code simulations.

e Coupling with PIC and Hybrid 1s needed.
& Recoiling is important ? b

— FP should treat recoiling. e



1-D Collective PIC Simulations

Simulation time: 1000 [fs]

At =0.0056 [fs] (0.0016w, ), ~ 177,000 steps
Spatial size: 308 [um]

Az = 4.73e-3um, (0.00454,), ~ 65,000 meshes
Total Number of Particle: ~ 3,574,000

200 particles / mesh (n > 2n,)
X Tons: immobile

Laser Pulse

Gaussian Pulse,  Tpyy = 1501s

Wavelength, A =1.06um
Peak Intensity,  [; ., =1X10%°[W/cm?]
1 o
: 150fs
-] /
~0.1
~

\

0.01—L. - - - \

0 100 200 300 400
t [fs]

Initial plasma configuration

* Pre-plasma, scale length =5 [um]
* Peak density, n ., = 100n, width = 10 [pum]

e Rear Plasma, n

= 100n, or 2n,, width = 50 [um]

e,rear

e Vacuum region: front 153 [um], rear 60 [um]
» Fast electron profiles are observed at 5 [um]

behind of 100n , region.
1000
Observation
oint
100 s 100n,
®
=10
* n(x)=n_exp(x/5)
2n,
1
0.1
0 =0 100 150 200 250 300

x [micron]



Energy Distribution of Fast Electrons

E > 0: Forward-directed electrons

g T. Johzaki

— 20 2
IL,max =1X10 W/ cm E < 0: Backward-directed electrons
200fs 300fs 400fs
o'of — 100ng [ —100n¢ [
g - —_— 2nc - —_— 2ng§ -
10455. L L L ; | E‘g.l.l.l..l.l.l.
-1.0 10-20 15105 0 5 10 15 20-20-15-10 5 0 5 10 15 20
nergy [Me Energy [MeV] Energy [MeV]
500fs 600fs 700fs
Tl
104-550'-1'5'-1'0' 5 0 5 10 15 20-2:0 15105 0 5 10 15 20 3 2 1 0 12
Energy [MeV] Energy [MeV] Energy [MeV]
800fs 900fs 1000fs
Fov|
1045§r C L -5 — - : _% —
== 3 Energy [MeV] 2 3

1 0 12
Energy [MeV]

4 0 1. 2
Energy [MeV]



Contact Potential

¢ too small to stop hot electrons!

"1 e | B

Px Ji = nl}o ve Xdy q)

vp
o LV
Jo=n,[ve 2 dv
2 0

1%

Jro=n,[(v+ v¢)e_7dv
0

I.[] Ll L] T rrrrey L] LI BE L LR | L] T LENLEL LY |

——current conservation| ’
——Boltzmann

0.0001 0.001 0.01 0.1 1
nzf’nl




Bulk Return Currents

e All of bulk electrons must
run to cancel hot electron
current in case of 2n...

—J.~0.1(n,,, Vi) ~ 520V,

i20ns2 300,00 fsec

max

0.05 o

0,00 i

-0.05 - .

-0.10 .

0,15 o

x[micronl




Two-stream Instability

¢ This return current causes the two-stream
instability and bulk electrons are heated up.

— In 2-,3-D, the Weibel instability instead




Sloshing Electrons

e If J, . becames more than 2n_c, hot electrons are
reflected at boundary by potential ed/T_.~100.

— They are sloshing and continuously heating up bulk.




Fokker-Planck Simulation Model

r—[ Fast Electron Transport ]

Fast(ElIegtr%I:)gg))f”eS —> | Relativistic Fokker-Planck transport

Electromagnetic Fields

(x,y) — CIP (80 X160 mesh)
Fast electrons were injected at inner or Y 5 .
e S et (p) — Discontinuous Linear FEM (30 groups)

(u, ¢ ) — 2D Discrete Ordinate Sn method (144 directions)

\§

Source from1-D n, .= 100n;

p, T Energy deposition rate

urce from 1-D n—:

r [micron]

—] Radiation-Hydrodynamics [

il
il

Imploded Core Profiles
(ALE Rad-Hydro Code) — e

S PR Bulk Plasma
* 1-fluid 2-temp. CIP code




Adjustment of Fast Electron Profiles for Nature Experiment

Pulse length (150fs FWHM) is shorter 2D effects (e.g. Cone-guiding for electrons) were
than PW condition (750fs). not included. _

10 1100

1D PIC sim. 10 o
05F |
E
e N Lo
“0 100 200 300 400 500 0 20 40 ,f‘[’miﬁ‘,’on11°° 120 140

time [fs]

1) Electron Beam Pulse Length was extended.  2) Intensity was adjusted so that the integrated

B electron beam energy is 100kJ.

LE) 10k 1D PIC results - g9y E} py~500J
= 0 Laser duration (Cone-guiding effects)
“ : FWHM = 150fs
> 0.5F d N\
@ : \ ! r.>100um
3 0_0.—\ e e 7
C s !
- 10f X3 (/ |
e : :
S osf ’
Ll adjusted

0. 0 1.0 2.0 3.0 4.0 \4




Temporal Evolution of Core Heating
Rate and Electron, Ion Temperature

g T. Johzaki

— 20 2
I max = 1X10%°W/cm
T ——— 86 e e e :
ME - | =T, for 100n,
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Core 1s heated up more than 20% with 2an!J



Code Connection

¢ current method
— save data into files.
— transfer files between computers via FTP.
— read data from files.
¢ We need more convenient and integrated way
to exchange data. !
— communicate data between codes.

— use a specific protocol.



Interconnecting Protocol

¢ standard protocol is too heavy!
— Globus, CORBA, SOAP

— not easy to program

¢ TCP/IP based lightweight protocol
— 1ntra-site with LAN

— 1nter-site with dedicated line and/or the Internet

¢ Distributed Computing Collaboration Protocol

— simple and easy for computational scientists ;-

— procedure-free system



Design of DCCP

¢ Code (user’s simulation program)

— does not transfer data directly to another code

¢ Communicator
— receive data from sender code
— forward data between different sites

— send data to receiver code
@ Arbitrator

— manage information of codes

— control data communication



Implementation of DCCP

¢ dynamic negotiation for communication pair

— Code can be invoked at an arbitrary computer.

¢ asynchronous communication

— Data will be automatically saved/restored.

. . l s l
Cod CArbltratorDH Control Signa
gee H Data Communication
ttLAN HData Save/ Restore
£ Communicaisd -
Ej t tLAN v t t LAN{G

el Code Dedicated Line Code 10




Implementation of Relay System

¢ relay DCCP communication packets which are
prohibited by the firewall system

¢ Transponder

— transparently implemented using NAPT technique

Communicator .;:;;é.;:_—:-_.;:;.;:-_:;.;:;:;:;.;:;.;:;;:-:;:;.5.- _-:;.;:;:-:-_'.;.;:;:;.;._—:-:;.;._—:;:;;:_-:;:;.;:-:-_.;.;:;:;:;.;:;.;:;.;:2:;:;.'5:5:;:;:;:-:;.;:;:;:;.;:;:;:;.;:_—:_-:;:;:_-:-_:;;:;:-_:;:;é;;é.;. Communicator

11 it

Code Code

o

R

Fireall




Configuration Files of DCCP

e config file for Code
— IP address and port number of Communicator

e config file for Communicator
— [P address and port number of Arbitrator
— port number for listening
— IP addresses for access allowed Codes/Communicators

e config file for Transponder
— IP address and port number of Arbitrator

— port number for listening
— [P addresses of access allowed Communicators

¢ config file for Arbitrator j—

— port number for listening =
— IP addresses of access allowed Communicators/prﬁders



Fortran User Interface of DCCP

¢ Three level specification for transferred data
— CodeName : unique 1dentification of code
— RunName : different simulation parameters

— Tag : time dependent data

call DCCP_INITIALIZE ( CodeName, RunName, Cnd )
call DCCP_SEND ( DstCode, DstRun,
N, Type, Data, Tag, Cnd )

call DCCP _UPLOAD ( Ndst, DstCodes, DstRuns,

N, Type, Data, Tag, Expire, Cnd )
call DCCP _RECEIVE ( SrcCode, SrcRun, P o
N, Type, Data, Tag, Timeout, Cnd )
call DCCP _FINALIZE ( Cnd )



Current Status of DCCP

¢ DCCP subroutines were installed into Pseudo-
Hydro, RFP and PIC codes.

— o version was released in Mar., 2004
— P version was released in Jun, 2004

— version 1.0 was released in Aug., 2004

SX-6 EWS Linux r Linux

RFP

(Arbitrator)
ILE, Osaka Univ.

—

Univ. of Hyogo




Pointing Device of Collimate High
Density MeV Electrons

_ QuickTime: ¢
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- 2D-PIC Simulation -

Yasuhiko Sentoku
Nevada Terawatt Facility
University of Nevada, Reno
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Introduction

Using shaped target like hollow-cone, the laser light can be
focused into a micron-scale spot[1]. This will increase the laser
Intensity one-order magnitude higher and also improve the
coupling of laser energy to the fast electrons. The accelerated
electrons are guided along the cone-surface and concentrate
around the tip of cone.

Recent experiment with a hollow cone attached a fine wire
showed an extremely bright spot, which is also much narrower
than that from a plane target.

The purpose of this work is to make the guiding mechanism along

the wire clear and study the electron beam quality by 2d-PIC
simulations.

[1] Y. Sentoku et al., Phys. Plasmas 11, 3083 (2004).



Demonstration of guiding and collimation of
high-density MeV electrons

Laser: 300 TW, 180 J

No tilt 15deg. tilt _
20 PR Spot size from

a plane target

Cone: gold
angle=30 deg.
size of tip = 30um
Wire: carbon = |
diameter = 5um 20 0 0o 10 10 0 10
length = 1mm [deg.] [deg.]

Angle [deg.]
o

Spatial distribution of 3.5 MeV electrons
with an imaging plate

Coupling from the laser to the MeV electrons by a factor 2 as
compare with that in a simple plane target.



Summary of experiments

Divergence of electron beam

Cone+wire . 5deg.
Cone . 20-30 deg.
Plane . 30-40 deg.

The peak intensity of emission from the straight wire is enhanced
by a factor 10 as compared to that without wire.

The relative energy flux of the electrons in the cone+wire cloud be
significantly higher than that in a simple plane target by a factor
20 - 30.

_ QuickTimey G2



2d-PIC simulation: cone+wire

Initial target structure

15F | | =
Laser: o E \ E
a=3,300fs —> : _ I
Spot size = 20 um S E_ / Wire: diameter = 1um _E

0 . . . . . .

o) 10 20 30 40 20 60

Initially fully ionized deuteron, n, = 10%2cm-3



Magnetic field and radial electric field
propagate along the wire

%25
o3
e
Q83

Y [um]

Levels:
-0.6B, ~ 0.6B,,
(B, = 320 MG)

Levels:
-0.6E, ~ 0.6E,
(Ey = 9.6x10%2V/m)

0 10 20 30 40 50 X[Ltm]



MeV electrons guiding mechanism

Fields profile at X=40um

The fields are normalized by the incident
laser (E,=9.6x10%?V/m, B,=320MG)

The peak E, and B, are given
approximately by

E,=4zN,, B,=47eN(v,/c)

No: number of e expanding outside
the wire
V.. the hot electrons’ mean velocity

When v, ~ ¢, two forces ek, and
E(v./c)B, ~ eB, are balanced.

This fields balance results in the
collimation and confinement of e-.



Guiding and collimation of MeV electrons
along the wire

15 20 25 30 X [um]
Trace of the particles which escape from the top of wire

MeV electrons are pushed outside by Bz and come back into wire by Ez



Return current in the wire are pinched by
magnetic fields

QuickTimey G2
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Cone+wire target generates one-order
magnitude intense electron beam

8000

cone+wire

7000
6000 r
5000 r
4000 | Foil: 5um flat target
3000 r

2000 t

energy count [1/2deg.]

1000 |

0 - I 1 1 1 1 1 1 n T
-100 -80 -60 40 -20 O 20 40 60 80 100
angle [degree]

Angular distribution of forward escaping electrons
from the target



Electron loses its transverse energy through
propagation along wire

=@ DN

0 10 20 30 40 50 60
= 4 t=741
S (a)
= :
= 20
= i
B Sncecuane:
o .
~afew Tt mm mrad
e 5 (b)
o
E 40
5 10 15 20 25

Energy [MeV]

Beam emittance is improved through propagation along the wire.



Only the transverse energy drops

(b)

40 50 60

100

10

=
(o] 0.1
@]
0.01 ¢
0.001 |~v—‘ ‘ 1
0.0001 \ T il . ‘ ‘
0 5 10 15 20 25

Energy [MeV]

Energy spectrain x&y direction at two observation point



Total charge of MeV electrons is about nC
from a few hundred fs pulse.

100

—
—_ (e ]
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Q07 |

Electron [nC/100fs/10um]

0.001 -

0.0001 . ' ' : -
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Shorter pulse laser can make bunched
electron beam

Pulse length =70 fs ~ 20 um




Summary

e Cone+wire target generates highly collimated dense MeV electron
beam. This is demonstrated both by experiment and simulation.

e MeV electrons are guided by the field balance between the magnetic
fields and the sheath fields.

e Since MeV electrons have transverse energy, they come out from the
wire, as a result, they induce the electromagnetic fields. Through this
process, background ions and electrons are pinched and heated up
and then the MeV electrons lose their transverse energy. As a result,
the beam emittance is improved.

e By changing the pulse length, number of MeV electrons and also the
bunch length are tunable.



High Energy lon Acceleration In
Interaction of Short Laser Pulse
with Dense Plasma Target

- to find optimal laser parameters of ion acceleration -

Y. Sentoku,
J. Fuchs, T. Cowan, A. Kemp, H. Ruhl
University of Nevada, Reno
Nevada Terawatt Facility (NTF)



Motivation of This Study

High energy ion acceleration by ultra-short laser pulse has
attracted people’s attention, because of its possibility for various
applications, e.g. compact neutron source, keV-100 MeV range
lon source.

It iIs important to know the acceleration mechanism and the
characteristic of high energy ions to design the applications, to
Increase the ion energy and/or the conversion efficiency.

Basic Questions

® Where do these ions comes from, front side of target or rear ?

® \Which laser pulse length can produce more energetic ions,
longer or shorter ? (using the same laser energy)

® How do we get more energetic and better conversion efficiency ?



There are two origins of

the forward accelerated ions.

QOutline

Laser Pulse

s &

e
High energy e

sweeping
electron source e~ ;

;‘-.. ion

Target Plasma

Electron
fransport

e

Y

Front side
acceleration

(@laser pulse front

length, intensity, to find an optimum laser parameters.

4, Summary

Rear side

acceleration
by sheath field

Characterize the front side acceleration by sweeping potential.
Characterize the rear side acceleration by sheath potential.
Systematic study of ion energy with various laser conditions, e.g. pulse



Front Side Acceleration

At the pulse front, the ponderomotive potential sweeps some
electrons and piles them at the pulse front. At the equilibrium,
the ponderomotive potential balances with the electrostatic
potential, (sweeping potential).

The sweeping potential ¢ is given by

2
¢s = mcC (705 _1)
Ponderomotive potential

laser light

From the ion’s equation of motion in the

i Sweers 7 sweeping potential, the acceleration time 1, is
' given by
y)
EXT Tsw=,r dx _ [2M4, = | M .
. 0 Vi(X) eExO MY o

The sweeping length is the Debye length. And the maximum velocity

2 1/2
P 2nC _27C |y, N, _ 27C Ysw _ /2¢s _ |2m (1.,. 14 18} _1‘
D T, o, n, o, C M M 1.37x10

y. = h+ 2<a2> When the laser pulse 1 is v, = [ rL]. u.

shorter than time 7, T

SW



Coulomb Explosion Occurs at Overtake Point

When the faster ions overtake the slower ones, the ion density
increases and has a very sharp peak.

lon , , : , 4
density P |
151 n 13 Unshielded potential (= Explosion
ol | |,g Potential) ~ T, = mc2(y,.-1)*2
. Explosion 5 Thisis the same amount of energy as
.| 4——;@1‘_’% |1 % the sweeping potential.
Different from the conventional
VidC 006 | shock acceleration.
0.05 } \/ﬁ
0.04 | AV = 0. 5U
0.03 } 2 M
0.02 | Explosion Center ~ Averaged V,
0.01 }
° e
-0.01 | . Vmax ~ 1.5USW
-0.02 . . . ;
13 14 15 16 17

XIA



Deuteron Spectrum in Experiment is
Consistent with 2D-PIC

Deuteron phase plot veIOC|ty X-V.,/c

0.15

High Energy lons by
Explosion
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- Fast deuteron spectra calculated

from the neutron data.

N. Izumi, Y. Sentoku et al., PRE, 65, 036413 (2002)



The Anisotropic lon Acceleration in Preplasma
Hole-boring by 20 TW laser pulse - 3D-PIC -

Iso-surface of Laser E-Field
E=0.1



Rear Side Acceleration

- Recirculation enhances the sheath potential -

(1) |_>|_p/2 ID_uI:?e.Ieng_th 39 pm (~:1‘00 fs) 0.20
. 20l (8 + T
Foil (Plasma) 15 ! SO IRRA
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e— 1, l&— 1] ‘“‘g 05
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The hot electron density inside the target increases when the X/\

target thickness is less than half of pulse length. (L<L,/2)



The Maximum lon Energy Increases with a=L_/L
- test simulation by 1D-PIC -

=1 X5
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The final ion energy increases with a factor (L /L) due to
the recirculation effect.



Rear Side lon Energy Increases by the Electron

Peak proton energy (MeV)

Recirculation
25 I T T [N TN TN T SN TN SN TN NN U SN S N S S S N T
-8 L -
J® | Experiment:
1 20 2
20]'y Pulse length L, P .LL.NL, 0.8um, 100fs, 10°°W/cm
lobo ~30um (100fs) [ =lmulation: |
{o° . 2D-PIC with slab target
1517 I
1 - There are two distinct slopes present
1 - In both the simulations and the
104 o' o o L experiment data.
I oQ o o [ The slope is changing at 15~20 um by
1] [ te— . the hot electron recirculation.
o O Lower detection limit P i
0O 20 40 60 80 100 120
Target thickness L (microns)

(Aluminum)

A. J. Mackinnon, Y. Sentoku et al., Phys. Rev. Lett. 88, 215006 (2002).



Parameter Study to Find
Optimum Laser Pulse

40nc

/ """""""" SNe
: : > X umy

0 | 10 o5

Laser Pulse Target Plasma

 Length 10 ~ 500 fs e Full ionized hydrogen (M = 1840)
e Intensity: 1017~5x101° W/cm? « Maximum density : 40n,

e Pulse shape sin[z(t/t,)]? (O<t<t,)  * Thickness 2 7.5 um

+ preplasma : 7.5 um
(exponential profile)



Pulse Length Dependence of Maximum lon Energy

TSW

Intensity 1=101° W/cm?
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Front Side Field Prevents Hot Electrons
Flowing into Target

Inten5|ty 1I=101° W/cm?

-
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Pulse Length Dependence of Conversion Efficiency

To achieve high efficiency

Intensity I=10W/cm2 .
8 Ty T
1D-PIC 1 Rear side acceleration :
: Short pulses (7, <t,) has
_ or 71 Dbetter conversion efficiency.
&,
¢C>>‘ a4l —_— 1 Front side acceleration :
2 { Pulse must be sufficiently
i 1 longer than the sweeping
oL 4 time scale (t,>1,,) .
| /’\FRONT - -
ol el —
10 10 1000

Pulse Length [fs]

The conversion efficiency of the laser
energy to high energy protons (>100keV).

/ M
Sweeping time: Ty ~ 7 = 90fs
MY s




Intensity & Pulse Length Dependence

- Maximum Proton Energy from REAR side -

500 _
o | Energy Unit
c ' [MeV]
§’ 100
[ n ol
— kel Tsw
3
>
o
Dotted line =
10 N U 5mJ/um?
16 10° 10" 510" (500 mJ with
10um spot)

Intensity [W/cm?]

The short pulses, 10~20 fs, generate the highest energy in
the same laser energy.



The Longitudinal Velocity Distribution

and Angular Distribution

- 2D PIC -

P-pol laser, 101° Wcm?
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lons phase plot at 1ps (P-pol)
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Experimental evidence : 2 proton beams
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More energetic H* observed — rear ones
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SUMMARY

Front side sweeping acceleration (FSA)

« The sweeping acceleration time scale 1, is obtained.

« Thefinal ion velocity is given.

Rear side sheath acceleration (RSA)

« Therecirculation of the hot electrons is important in RSA.

« The maximum ion energy is close to the maximum electron
energy at the critical thickness, L. (when N; << N,)

« When the target is thinner than the L, the peak ion energy is
enhanced by a factor (L./L) in 1D world.

Pulse length dependence

e The short pulse (10~20fs) has the highest conversion
efficiency in the RSA. Using the thinner target, more higher
efficiency can be achieved.

« To make a application using FSA, like neutron source, the
pulse length should be the a several times longer than 1.



Long Pulse Pushes Surface and
Shifts up the Final Velocity

55 Simulation with a long pulse (500 fs)

a) t=265 fs (b) t=265 fs “
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Pulse Length Dependence of Maximum Energy
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Numerical Dispersion Free Maxwell Solver
for multi-dimensional PIC

Yasuhiko Sentoku
Nevada Terawatt Facility
University of Nevada, Reno
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Motivation

To improve the PIC performance, e.g. more faster, more larger scale,
more dense plasma, we want to reduce the number of grid per
wavelength.

But don’t want to increase the numerical dispersion.

In this paper, the directional splitting scheme to integrate the Maxwell
equations is first introduced to multi-dimensional PIC.

The performance of this scheme is studied and compared with the
FDTD scheme.



Finite Differential Time Domain method

(FDTD)
Maxwell equation
é =—CV xE
A
% =cVxB-47] j+1 ‘ ® 5
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.. . : : N =
Finite differential equations L S e S S
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Definition of fields on grid
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Both the space and time centered differences.



FDTD: Numerical dispersion

(sin wAt/Z)z ~ (sin K, AX /2)2 . [sin k,Ay /2}2
CAt AX Ay
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Map of phase velocity by FDTD



FDTD: Wave propagation

MAX=5, At=0.7At,
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DS: directional splitting

High frequency waves delay by FDTD.



Equation of wave propagation

Equation of wave with constant velocity ¢ (c>0)

ad A
—+Cc—=0
A X

Finite difference equation,

f (X +Ax,t +At)=f(x,t.)

If AX=CAt, the numerical solution of this equation is
very easy, just copy the grid value to the next grid.

Are the Maxwell equations rewritten as this form? YES!



Directional splitting (DS) method for PIC

Maxwell equation
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DS: Calculate the numerical dispersion

Stepl: x-direction
E; ™ = Eoexplk,x; + K,y —o(t, + At)]

B+ E S T S T S
Z%exp[kx(x —AX)+ Ky —o(t)] =53y _ !
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Step2: y-direction
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DS: Numerical dispersion

COSmAL = % (~1+ cosk,Ax cosk Ay + cosk,Ax +cosk Ay )

3 -
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Map of phase velocity by DS Map of phase velocity by FDTD



Test I. Single particle motion in a plane wave

0.7

(a) standard scheme

Laser: a=1 06 At=0.02, Ax=0.1 |

05

0.4
03

px/mc

. 0.2
In a plane wave, a particle

orbit in the momentum space
is described by p,=p,?/2.

01 f

-0.1 . .
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04 r \\. /
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10 mesh/wavelength is enough to solve the particle motion with DS.



Test Il: Wake fields
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DS:
300x128 mesh

10 mesh is enough for one laser wavelength with the DS scheme.
The FDTD needs two times more meshes.



Merits of DS

e The DS has much less numerical dispersion than the FDTD
along the grids.

e Simulation can do with less computational cost.
e Very easy to make the wave escaping boundary.
e The DS is alocal solver, easily parallelized.

e Easy to extend to 3D configuration.
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Short-pulse high-intensity laser. plasma 'L_\S‘

interaction modeling in 3D PIC codes

* This presentation:
— Z3 massively parallel PIC simulations

— 3-D simulations with laser normally and obliquely incident onto
overdense plasma

— characteristics of reflected light and electron generation

* Also see:

— Generation and Transport of Energetic Particles in Short-Pulse
High-Intensity Laser Plasma Interactions, Lasinski et al. [This
session]

— Spectra of Scattered and Emitted Light in Modeling of High
Intensity Laser Plasma Interactions, Langdon et al. [Session 1p]

Still et al/ Anom04. 2



Computer performance increases enable ever

larger PIC simulations.

Computer Performance by Year
9.00
ASCI
Purple
8.00 - Z3 CR A%CI P
16y X 1624 X 502, C\ViQ'
7.00 underdense~__ e
Zohar on Y/MP A
- Blue SST
§ 5 00 | 240, X 240, X 261,
E 16 ncrit overdense
e} Blue TR
B 4.00 - Z3
4 25, X 25N, X 1534,
3.00 1 underdense
2.00 {1 Cray
Y/MP
1.00
0.00 ‘ ‘ : : : ‘ : : : : : :
1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
Year

Projections from runs on ASCI Purple prototype fall on this curve.
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Z3 is at the forefront of large, heroic, particle-in- @

cell (PIC) modeling.

* MPP code via explicit message passing using MPI
— Domain decomposition onto 3-D processor grid provides
flexibility.

* 3-D electromagnetic relativistic particle mover, field solve and
Poisson solve are parallel and optimized for cache efficiency

* Many diagnostics for code validity and problem analysis. A parallel
capability for interactive post-processing has been implemented.

* Enables 3-D simulations and large 2-D simulations

— E.g. on 24\, x 24\, x 26, grid with ion and electron species (3.6
G pt each) modeling short-pulse, high-intensity laser-plasma
interactions in a 16 n_,;, overdense plasma, could run 15000
steps in about 15 days (512 cpu of MCR, #7 on TOP500 list). For
comparison, this corresponds to ~49 Cray Y/M-P years.

Still et al/ Anom04. 4



Particle mover has been designed to operate @

efficiently in paraliel

* 3-space + 3-momenta relativistic electromagnetic particle mover
* Highly cache optimized by interleaving particles
* Particle load is distributed via spatial domain decomposition (3-D)

* The move/collect operation is efficient.

— E.g. total time (including communication) to move 2 species
with 3.6 G pt each on 768 x 768 x 840 cell grid using 512 cpus on
MCR is ~53 sec (ie., 3.8 usec for 512 pts on 512 cpu).

* Particle sorting is provided as a separate operation. (This further
improves cache performance.)

— Sort time for the above mentioned case is ~40 sec.

Still et al/ Anom04. 5



The E-B formulation of Maxwell’s equations is @

solved in parallel.

* Solution is by finite differences with one layer of guard cells.
* Interleaving field components provides high cache efficiency.
* A 3-D domain decomposition provides scalability.

* 2nd order accuracy is maintained by staggering the field
components.

* Boris’ correction to E ensures flux conservation (div(E) = p).
— Uses 2-D parallel FFT and parallel tridiagonal solve.

* Outgoing electromagnetic wave boundary conditions at z=0, z=L,
provide for the introduction of a laser electric field (typically,
simulations use periodic boundary conditions in x,y).

Still et al/ AnomO04. 6



Field'components are staggered to maintain 2nd

order accuracy and/conservation.

E,J
EZ’ JZ By zZ
®
£l 8
. EX’ J BX . . B --------------------
e 5
| - PE,Jdy _
........... .
E, Jy

T

Yy Uy
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Z3'Is built under the Yorick interpreter. [\5‘

* Allows coupling physics modules into “a code” for a specified
application.

* Additional physics routines can be rapidly prototyped in interpreter
code for evaluation, and then re-implemented in compiled code if
additional speed is needed.

* Time loop is in interpreted code and is readily customized.

* Input decks are actually interpreted programs which call the
compiled physics packages.

* Facilitates development of user-developed diagnostics, and aids in
debugging.

* Provides dump/restart files, history files, and graphics.
* Leverages other efforts (pF3d, Lip, Zohar).
* See ftp://ftp-ictf.linl.gov/pub/Yorick/doc/index.html

Still et al/ Anom04. 8



The 3-D simulations model a slab.

Simulation A: normal incidence

* n.=16 n_; 10 A, thick slab in a 24\, x 24\, x 26\, volume (7682 x 840 cells).
3.6 G ptcls each, ion & electron; T, =50 keV, Z T /T, = 10.

* 1=10"" W/cm? red laser (polarized E,) incident normal to the plasma in x,y.

—

laser

> Void

4

Still et al/ Anom04. 9



At early time, the light begins to reflect.

Simulation A: normal incidence

* Slices of the Poynting vector P, (scaled in [-2,2]) and current J, are shown
at time 0.3 ps.

(Pz)s(x,Ly/2,z) (Jz)s(x,Ly/2,z)

0368625

0 10 20 0 10 20 0135625

Still et al/ Anom04. 10



As time continues, the reflection increases, and

electron “fingers” form in the plasma.

Simulation A: normal incidence

* Slices of the Poynting vector Pz (scaled in [-2,2]) and current Jz are shown
at time 0.5 ps.

(Pz),(x,Ly/2,2) (Jz).(x,Ly/2,2)
i 1.6362
= 15
: 1
20 =
& 0.5
. 0
10 E" 0.5
. :
E 1.5
0 1.6362

0 10 20 0 10 20
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Later the light Is bottled up: the reflected light '—
€

spreads, and the fingers develop structure.

Simulation A: normal incidence

* Slices of the Poynting vector Pz (scaled in [-2,2]) and current Jz are shown
at time 0.7 ps.

(Pz).(x,Ly/2,z) (Jz).(x,Ly/2,2)

098577

0.98577

0 10 20 0 10 20

Still et al/ Anom04. 12



Energy plots confirm the light is “bottled™ up @

between bursts.

Simulation A: normal incidence

* Reflected light (black) is
superimposed on the incident
laser (cyan).

o
o
a1

o

o

o
AR R R R R R AR R R R

* There is a burst of reflected light
around 0.125 ps and another
around 0.7 ps, and not much in
between.

O
o
o

0.0 0.2 0.4 0.6
Time (ps)
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These images show the electrons above 2 MeV @

integrated through the Y-volume.

Simulation A: normal incidence

Particle plots with u>0.

ptn3202: t=.3ps elec(gam=>5) integrated in Y ptn3202: t=.7ps elec(gam=>5) integrated in Y

20

Still et al/ Anom04. 14



These images show the electrons above 2 MeV @

integrated through the X-volume.

Simulation A: normal incidence

Particle plots with u>0.

ptn3202: t=.3ps elec(gam=>5) integrated in X ptn3202: t=.7ps elec(gam=>5) integrated in X

0 10 20 0 10 20

\@l Contrast to oblique incidence... [ Still of al/ Anomod. 15



The 3-D simulations model a slab in 3-D.

Simulation B: oblique incidence

* ng, =16 ng;, 10), thick slab in a 24\, x 24\, x 417, volume (7682 x 1312 cells).
1.8 G ptcls each, ion & electron; T, =50 keV, ZT /T, = 10.

* 1=10"" W/cm? red laser (polarized E,) incident at 30° to the plasma in x, and
normal to the plasma in y.

—

laser
30°

Void

Still et al/ Anom04. 16



In the oblique direction, the reflected light

spreads significantly.

Simulation B: oblique incidence

* At early time,
reflected light
appears at the
specular angle,
and little
spreading is
evident

* At later time, the
reflected light
spreads so
significantly that
the light along
the specular
angle disappears.

* (Pz), is plotted
with range [-2,2].

Poynting vector (Pz) (x,Ly/2,z)

Time 0.7 ps

Time 0.3 ps

40

30

20

10

Jrrerp o prr o prrunng

TJroroa
()

10 20

0 10 20 0
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History plots at various probe positions in the

reflected light confirm the spreading.

Simulation B: oblique incidence

Probe at x =3.8A,, Probe at x =5.3A,, Streak at x = 5.3\,
y=Ly/2, z=0 y=Ly/2, z=0 z=0 vs y and time

| | |
0O 200 400 600 0 2|oo 400 600 0 10 20
time [fs] time [fs] Yy [
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Obligue incidence gives rise to very different

particle structure.

Simulation B: oblique incidence

* Simulation B: I i |

with u_>0, y>5,

oblique at 30° in 40- - 40
X, and normal in -
Y, time .3 ps -

* Particle positions 307 - 30

integrated in the
third dimension. Z 20

* Initially, electrons
are pushed in the 10-
direction of laser
propagation, and - -
some spreading O—||.||'.||||| 0'1|||||||||||
begins to

develop. 0 1 )(2 20 0 1 9 20

1IIII'IIII|IIII|IIII|

Frrn g
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Later in time, few electrons are traveling in the @

laser. propagation direction.

Simulation B: oblique incidence

* Simulation B:
oblique at 30° in
X, and normal in
Y, time .7 ps

* Particle positions
with u_>0, y>5,
integrated in the
third dimension.

* Later, the
electrons begin
to spread into
distinct jets.

O:I""I""I'

0 10 20
X

N
@)

T rr i rr e

N
[-)

W
-

Qoo prrrrprrrrpirnrruggj
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We are exploring 3-D visualization of the

structure of energetic electron flows.

Simulation B: oblique incidence

* Simulation B: oblique at
30° in X, and normal in vy,
time 1.0 ps

* (x,Yy, z) positions of
electrons with u_>0, y>9 (4
MeV)

* Note the harmonic
structure, even as the
electron “jets” form.

* Particles are mapped into
RGB true color by their
velocities. [ux=red,
uy=green, uz=blue]

* This plot was made with
yorgl (Steve Langer’s GL
extensions to yorick).

Still et al/ Anom04. 21



* Modeling Stopping and Scattering in Heavy lon Accelerators ¢

Peter Stoltz
Tech-X Corp.

ION STOPPING — PLEASANTON, AUG. 2004
PETER STOLTZ
TECH-X CORPORATION ¢ BOULDER CO




lon stopping and scattering are important in heavy ion
accelerators for fusion and HEDP applications

* Halo ions that strike the accelerator walls can scatter from the
wall, generate unwanted electrons and generate neutral gas.

* The rate of scattering and rate of production of electrons and
neutral gas depend on the stopping of the ions in the wall.

* SRIM is a standard code for modeling ion-solid interactions, but
SRIM runs only on Windows and the source is difficult to modify

* Tech-X is working to develop a code with capabilities similar to
SRIM but open source and cross platform.

) ION STOPPING — PLEASANTON, AUG. 2004
T}\.MJ PETER STOLTZ
= TECH-X CORPORATION ¢ BOULDER CO




Particles in a heavy-ion accelerator will interact with the wall

v

: ‘ ‘
/7
ION STOPPING — PLEASANTON, AUG. 2004

PETER STOLTZ
TECH-X CORPORATION ¢ BOULDER CO




SRIM is one way to estimate ion scattering in these applications

35 Incident

30 | ;%;A/ions

25 |
20 |
15 |
10

5 |

Percent Incident/Reflected lons

0 T e R — 4
0 10 20 30 40 50 60 70 80 90
angle (degrees)

ION STOPPING — PLEASANTON, AUG. 2004
'1%_1 PETER STOLTZ
Al TECH-X CORPORATION ® BOULDER CO




lon scattering also may explain grazing electron yields

140 N .
Simulations

with
scattering

120 |

100 |

80 |

60 |

40

Yield (e- per 1 MeV K+ ion)

20 |

76 78 80 82 84 8 88 90
Angle from normal (degrees)

ION STOPPING — PLEASANTON, AUG. 2004
PETER STOLTZ
TECH-X CORPORATION ¢ BOULDER CO




While SRIM is well known and well tested, it runs only on
Windows and is extremely difficult to modify

* The SRIM source code (written in BASIC) is difficult to modify to
add features or port to Unix/Linux or Mac OS.

* The CRANGE code from Berkeley has some of the same
functionality, and the source code is openly available

* We have begun to modify CRANGE to include extra functionality
and to benchmark CRANGE against SRIM

) ION STOPPING — PLEASANTON, AUG. 2004
T}\.MJ PETER STOLTZ
= TECH-X CORPORATION ¢ BOULDER CO




The CRANGE code compares well with SRIM in some regimes

dE/dx ((MeV/A)/(g/cm”2))

400 &
300 ¢

200

10

15 20 25
Energy (A MeV)

dE/dx v. E for 1.0 MeV K+ striking stainless steel

PETER STOLTZ

TECH-X CORPORATION ¢ BOULDER CO

ION STOPPING — PLEASANTON, AUG. 2004




CRANGE provides dE/dx, range and an approximate

ion-induced electron yield

Terminal vim S0x18

dipole.txcorp.com(3)% python -

Python 2.2.3 (#2, Sep 10 2003, 14:42:34)
[GCC 3.2.3] on linux?Z

Type "help", "copyright", "credits" or "license" for more information.
=== lmport crange

=pm0Z_p=1

=== a_p=1

== ke_p=1.

=== theta_p=88§.

=»= print crange.SEY(ke_p,theta_p,z_p,a_p, target_name="Cu")

4

e Z_p=19

=2 (_p=39

=== ke_p=10.

=== theta_p=0.

=== print crange.SEY(ke_p,theta_p,z_p,a_p,target_name="55-304")
33

ION STOPPING — PLEASANTON, AUG. 2004
T}XH PETER STOLTZ
TECH-X CORPORATION ¢ BOULDER CO

Z_.JI

SEY is based on model by Rothard, et. al., and is proportional to dE/dx




Dramatic progress in fast ignition was made in a

recent Japanese cone-focused experiment’

* A500TW ignitor beam gave:

— greater than 20% energy coupling (through electron transport) to
the CD fuel; and

— a 100-fold increase in DD neutron yield
— The coupling efficiency may degrade in full-scale targets.

ﬂ H E L e L 1 T & B 1

s What is laser-electron

E'-I:.-I.?l.l'l-qm'l:lln-llrhuu . coupling?

a6 / -

Does cone focus

¥ Cone Target
. energy to fuel?

e -

imiereihy e

X-ray Image
1

Do these results scale
to ignition conditions?

18 i1 o a0 5.0
Eneigs Pl

LDRD2004. 37
'R. Kodama et al, Nature 418, P933 (2002).



Introduction to Fast Ignition

High Intensity Computational Physics Workshop

Pleasanton,CA
August 25,27

Max Tabak

Lawrence Livermore National Laboratory

This work was performed under the auspices of the U.S. Department of Energy by the University of California
Lawrence Livermore National Laboratoryunder contract No. W-7405-Eng-48.
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Technology advances had made innovative concepts
possible: ultra-high brightness lasers may allow a
fundamentally nhew method of igniting inertial fusion capsules

50-00-0397-0426C
20MDR/Jco

Conventional ICF Fast Ignitor

Fast —r—
injection
TA 1o of heat i
TA | A
' P
|
- X I
Shock heated central spot ignites : ) L .
a high density cold shell Fast-e™ heated side spot ignites

Pys = P. = ocpc5’3 a lower density, larger uniform

fuel ball PII >> P,

* Tabak, Hammer, Glinsky, Kruer, Wilks, Woodworth,
Campbell, & Perry Phys. Plasmas 1, 1626 (1994).

: ** H. Azechi et al., Laser Part. Beams 9, 2 (1991).
Advantages of Fast Ignitor al., Laser Part. Beams 9,2 (

» Fast Ignitor implosions are less stressing: (mix, convergence, ...)
» Lower p = more mass to burn (E,~ o M_p2?) = Higher Gain

Significant R&D is required to explore potential of this concept

5/1/98



Conflicting heating and compression

requirements determine gain curves

Why is there a non-trivial energy requirement to achieve ignition and burn?

Little energy is required to
assemble enough fuel to
bootstrap and achieve high

heat bootstrap region
to ignition temperature

—gu EhOtSpOtOc (pR)H33 T/szS
Ecompoc M. p 23 Vanishes for p—>
Vanishes for for fixed pR
pc: psolid

Want to maximize ¢M(/E,,)

including both energies
¢ = pR /(pR +6)

What are possible relations between hotspot and mainfuel?
Isochoric => uniform density(and huge pressure jump)
Isobaric => uniform pressure( and low density hotspot)
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What is effect of ignition, dynamics on gain

curves

‘Is it legitimate to assume that both isochoric and isobaric models
have the same ignition criteria? No!!

Ignition means that hotspot reaches 30 keV where burn efficiency is
calculated.
-Lower temp OK because ov becomes quite large
-But need “ignition time” to bootstrap to burn temperature
-Include power loss from hydro&electron conduction

pressure radius Stagnation
time
isobaric Stagnation Main fuel 100’s of ps
pressure radius
isochoric Ignition Hotspot ~ 10 ps
pressure radius

-Atzeni has charted Fast Ignition requirements

A/XDiv-IDMARKING—-4



Atzeni,et.al., have found ignition windows and gain

curves including loss terms

TTTT] T T T TTTIT] T TTTTTT T T T T TTTTTT] T T T TTTI T I
50 1 - R
p =300 g/em? @41 . E 50 10000 |
100 ‘1% 1 J'"F w7 3
— = = — [T
= 1000 1 2 F o
-3 2 10 L
= 10 = E: p = 300 g/cm? / ? @
2 3000 g2 :
] EEE; 1 E 1000 =l
< - 3000 3
0.1 paiil Lot sl Lol 0.1 piael 11l g1 a sl i
1014 [{]15 ]D]ﬁ ]ﬂlg 102{} ][}21 1000 ‘—au
Power (W) Intensity (W/cm?)

fuel energy, E_(MJ)

Ignition criteria:
T=12 keV, pR=0.5 gm/cm?
E;;n(kJ)=140(100 gm/cc/p)’-8
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How do the gain curves depend'on the

minimum radius of the ignition spot?

No restriction
on ignition laser

Eign-aser < 100 kd

400 |

_ - 200 |
gaint ] - spot radius(u)
: ! _ 10,20,:0,40,50
200 |- 7 100 |

spot radius(u)

No solution for
i 10,2
- L |0|, |0 L1l 1 |5(|) L R > 10“’!
0 0
1 2 3 1 2 3
Elaser(MJ) Elaser(MJ)

Current experiments show e- spreading to 20u spot from

much smaller laser spot!



The system gain depends strongly coupling

efficiency from laser to ignition region

No restriction on ignition laser E iyn < 100kJ
T T T T T T T T T T T 400 -_I | I N I I BN N BN B N =
600 : ]
. 300 | :
gain 400 - i
' 200 F ’
Thgnitor I I .
0.5 | 200 : :
0.25 - 100 | .

O||||||||||||||- OF
1 2 3 1 2

Elaser(MJ) Elaser(MJ)

w



The system gain depends on the range of the

relativistic electrons

No restriction on ignition laser E iyn < 100kJ
r T, L L L L L L L
Range - -
multiplier 1 300} -
400 1.0 [ )
gain 2.0 3.0 - .
200 - 7
200 i Range :
1 100 multiplier [
2 1.0 .
I 2.0 3.0 i
0 W TN W [ TN NN TN MO NN TN M N 0 }

1 2 3 1 2 3

Iaser(MJ) Elaser(MJ)

Nominal range(gm/cm?) = 0.6 T(MeV)
T=(1/1.2*10"°W/cm? )12 o




What design and physics issues will determine

these gain curves?

‘How to assembile fuel
-Efficiently produce high density fuel without low density center

‘How to couple energy to fuel

-Laser transport(get energy close to fuel)
-Filamentation and hole boring(transport can spread and absorb
laser energy
-Cone focus geometries
-Asymmetric implosions
-Other ideas

-Laser plasma interaction and coupling efficiency(make hot e~ with
what phase space distribution)

-Electron transport(deliver energy from critical surface to fuel)
-Multiple scattering plasma instabilities

-Proton generation and transport(efficiency, brightness, shorting out,

multiple scattering, long pulse behavior)

A/XDiv-IDMARKING-9



Several schemes to shorten distance between

critical density and the ignition region were
lored
The compressed fuel is produced by an implosion

The critical surface has radius ~ initial radius ~ mm
How can we hit 30um spot from this distance?

Ponderomotive holeboring ,relativistic transparency and/or
cone focus geometry are possible routes to reduce this
distance

P=2l/c for mirror

ngl/ce) 0,015 s ‘

Intensity

: E+24

E+22

E+20)=

D= 0080555 n.uus( )u.u-m 5015
z(cm

A/XDiv-IDMARKING-10



As the sole technique to reduce the distance

between critical and high density, hole boring is
probably insufficient

Aberrated beams likely to filament Large channel aspect ratio will

fies18 lead to significant losses on walls
400
@ 300 o '
g & 0.98 |
2 200 98
E P
= s
N 100 é_jc%) 0.96 L:
n £5 094 |-
Ji.e+18 — -
EE 092 [
2% [
® O L
E g :Sé 0.9 t.
[T T =
il 3 -
~ 100 E’ 0.86 {;__
0 0 1 2 3 4 -

60 -30 0 30 600
y (microns)

No experiment has demonstrated propagation through mm’s of plasma with
good efficiency. Still possible for smaller plasmas.

Channel Width in Units of Spot Size w_



Energy spreads even in small prepulse plasmas

when driven hard

250

o
\\9\\\

Spot_Radius %m)
19)]
o

-
g O
°.°

[ |
4 " X-ray (Al)
: !.l ,4.-.-3‘,‘,";'",""‘"‘,!"'3_5:;{:!:!'-.‘._‘f' '
Fs Xuv
0 200 400

Thickness (um)

Laser spot is <10u
with broad wings

LDRD2004. 12



Cone focus designs provide access to

assembled core

A NIF-like scheme Hydro issues:
hohlraum -Entrainment of cone
material
Main er ‘Produce imploded core
beafms without central void and

good efficiency

Ignitor beam(s)
(short pulse)

Light coupling issues
Collect and focus light from
large area

‘How does light scatter from
cone?

‘How will light scatter in
prepulse plasma?

‘What is nature of hot
electrons produced?
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Z3 shows scattered electron and photon

distributions

* 2D simulations have 100
experiment scale size
and duration

* A 10" W/cm? laser E g
incident on a 16 n_ vi
plasma (shown by white
lines) at a 30° angle of
incidence. 0

* Reflected light will be 100
used in more complex
geometries

* (z,x) phase space plot of g 50
electrons with energies ;
>5 MeV.

What is behavior over 10’s of ps?

Reflection
becomes
more diffuse
with time

“Electrons
injected at

a significant
angle will lead

to larger spot

LDRD2004. 14




High intensity light can couple efficiently to

dense matter via collisionless mechanisms

Two mechanisms:

If E points into plasma,
oscillatory excursion > plasma scale height
Electron doesn’t feel decelerating field
‘Not-so-resonant resonant absorption”

If large E parallel to plasma
B field will rotate motion into plasma
Electron in vacuum would have figure 8
Absorption increases with intensity
“J x B heating”

Rippling of surface increases absorption

PIC simulations see absorption 40-50%
Sometimes 90% with holeboring at high |

Thot (keV)

s ® LLNL (1pm)

] L_lllll[

ool

»
I
J

\e

\
v

[l |

N

e '\
oL bl

.
™ Stanford
(0.8pm)

1 JIJJJJJI

] _I_lJlIiII

1018

1019

A2 (W-pm2/cm?)
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1
L)

Meutron enhancement (a.u.

Integrated results from ILE;Osaka are

encouraging

Au cone

\

200
41 4a
10 i 'E
i E
7
i =100 5
54 ,
;
- t .:"‘_
0 T T T T T - -0
200 100 200

100 0
1 .

Injection timing (ps)

225 235 245 @ 2!

Em‘:*gj EVC—U]

2.55 2

.? C )

1 30% y;
% § coupling 7
2
B1083
3 ] 15% |

3 coupling

-||:|i - T T TT7 T T
0.1
Heating laser power (PW)

Infer 15-25% coupling efficiency from laser to compressed fuel!
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Can cones concentrate short pulse energy for Fast

Ignition and radiography applications ?

Suprathermal electron
density

Au cone t=2ps
-4 893%+21

7. 27895e+20

1.08264e+20

1.61026e+19

‘Transport calculation in
dense collisional plasma

‘By concentrating electrons from a
large area, we can break the
correlation between electron intensity
and particle range

‘Need to include LPI,prepulse, laser
transport, effect of plasma instabilities,
and self consistent charge state(EOS,
conductivity and scattering)

‘This calculation only transports ~10%
of electron energy to end
‘Why is experiment so much
better?

LDRD2004. 17



The transport of electrons is controlled by

multiple scattering, effects of macroscopic E&B
fields and possibly by microinstabilities

Scattering affects range and angular distribution
dE/dx ~ Z .2 n_/p? *Log A => for relativistic e p(6x) ~E
Deutsch has suggested Z ;=1
Hots are so dense and fast that multiple electrons
can scatter before shielding electrons move
<0%> ~ Z..2p(dx) /L, 4p?

Charges and currents produced by the laser are so large that nothing can
move without significant neutralization

Power=1V or 10"W =1 MV * 10°A (Alfven current ~ 5*104A)

Curl B = j*u, => B=l p, /(2nr) or for r=30microns B=6.7 10'° gauss

Energy=QV  or 105J =1 MV * 0.1 Coulombs
Div E=p/e, =>E=Q/(¢,2nr?) or for r=30microns E=9 107 V/m

In some simulations microinstabilities(filamentation,2 stream) show stopping
Power ~104 classical, possibly not seen in normal density experiments
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Protons can be accelerated directly with

ponderomotive pressure or via a virtual cathode
at the rear surface

= |
- —> p Isothermal
expansion
e > driven by
—> p hot
= > electrons
e n ~1-25%
’ P Maybe 50%
. in old CO,
- exp
Pr=27/c e —r p
Pr
U = S
2p
uPr Amazingly bright source

< 3% @101°W/cm?2

’r]=
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Because protons are more massive than

electrons, ballistic focusing schemes are |_
considered |
Issues:
10 MeV p _ _
+e cloud Focusing when high

beam pressure

Efficiency

Compression leakage
shorts out foil?

Foil quality in long
pulse

pp~0.1
gm/cc

Source
foil
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Anomalous stopping due to micro-instabilities

has been investigated with PIC codes

Beam energy vs. time

AL e e e n o T on b Lad Brpd B n 1

i - __~ np/ni =50
1.0 Lol

. — nG/nb = 30
0.5 — No/Np = 10

Less energy is lost as
density ratio

fraction; normalized to initial beam K. E.

e 0 i R decreases
0 500 1000 Lasinski and Langdon
-1 ZOHAR

t(mﬁe) Also Pukhov,Sentoku..
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Analytic models show that microinstabilities are

suppressed by beam temperature and large
n./n,.(but by different amounts
Weibel instability threshold

1.E+03

1 3
1 MeVic CH 0.1 gcm
0.8 I 1.E+02 .;«?% "
2 MeVic B PN
)8! 4 MeVic & 1eor || AN
Pl § *. \""‘%ﬁ__»
} | E LN
0.4 g 1.E+00 N
0 2 35 ‘\\\ e,
) - 1.E-01

20 40 60 80 100 ico

-Il(KEV) 1.e-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E-

Wavelength micron

Fluid Temp 300keV
Fluid Temp 10 keV

- = = Vfl=Vth 300keV

- == Vfl=Vth 10 keV

Parks - Kinetic 300keV
e Parks - Kinetic  10keV

Uses waterbag distribution:
Fixed longitudinal momentum
with tophat transverse
distribution

122

o

Silva,et.al.




lon acceleration by sudden creation of hot electrons has

higher field and greater power in steeper initial gradients. -

SCl‘EmatiC 1-DI'I"IDI‘IE| a0 AR Anrnnnriann-

Nion ~ exp| Zf ion ) 15

ion= 0:

TULRITLIET LT |||||||r|||||

ine;rﬂ
into ions
Ne, cold

0.5
hot £ion= 20 fpepye, 0
il‘JI‘I 0.0 I|I|I|I|III'I|I|I|III|I|I|I|I|I‘l'l|I|IF-

i) 5 10 15 20
time
——— lon front -
—— where E = —h“L_
e J!r'II.'lla*I:nﬂe

lon charge sheet
Debye Sheath

where
fion(local) =fpepyellocal)

lon acceleration continues until hots are energetically depleted —
by dE/dx or by accelerating ions — in a few ps.

sph_APS99 jonscham




The energy and density of the hot electrons set the
scales of things in the physics.

1. Length: Debye length of hots

2. Velocity: ("sound" speed)

Thﬂt ~ 0.8 um ps 1 _Thﬂt \ _[hiﬂl"l Al

Mign 1MeV .- m, Y,
3. Time:

12 1/2
“0Mjon _Hhot '
T -1‘— =0.24 ps —3gV
Thot ? 101 -

4. Sheath Electric field:

Cs ..

- JThﬂt MegaVolts

elq microns

sph APS29 physscales



lon acceleration mechanism is a new variation on an
old theme: sheath field from hot electrons.

1. Laser suddenly creates large number of hot electrons:

(E¢) ~Thot ~U ponderomotive ~ few MeV at 12*> ~10%° W cm 2 ym

# hots ~JEaser _200J  overal <10
(E.) few MeV

2. Hots fly through “thin” (~1mm x 1mm x 100 ym) targets;
a small fraction escape, charging target to eVi,,get >\Ee

3. Hots circulate in and near target, set up sheath and sheath electrostatic
field (>> charge-up field): ie Colds sag inward isolating a + surface
charge of ions whose field contains the sheath of hots.

14
several 10 .
Ne. hot ~ ~ several 10'%em™

10%cm?®

4. Sheath field accelerates the ions.

sohAPS59_nawvar



After 10 years, there are stilllno showstoppers

apparent for Fast Ignition

-Coupling efficiency appears adequate at 15-25%
‘Lots of challenges remain
‘Improved implosion and ignition schemes
‘Reduce distance between critical high density
‘Improve efficiency of producing compressed core
-Optimal energy deposition profile for short pulse
‘Develop detailed understanding of electron transport
‘Focus ion beams to high intensity and produce them with good efficiency

‘Understand scaling to high energy and long pulses

‘Need reactor scenario utilizing Fast Ignition
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Early experiments showed that moderate

intensity beams could penetrate 100°s of u of n,
plasma with thermal filamentation

—Transmission fraction
- 15 2 100 T
lpeax=2 10 W/cm [ :
gaussian pulse - O 100 ps
N T -
= .
'— Target plane -
'-"I qmum }.- g p " | L]
1 | . , .., ﬁlf .
10 |
L L
o A ; ) 1 : o -
' o - - 20 o o B r
e i ) ] - . o o
Channeling ! - o . .
e . : asma forming 5 [ o . . -
S beam 10 20 30 40 50 60
Channel Incident energy (J)

n (peak)=0.3n,

Young,et.al.

But, coronal plasmas are have mm extent
Holeboring pulse took 100’s of ps even for 500 u plasma

Transmitted pulse may be filamented
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Are there any ideas to reduce the central low

density region in implosion?

Low density region halves pR
=¢ down 30% and ignition more difficult

Reduce central entropy by allowing mass to escape through aneurysm

N

Mass escape
should be early so
minimum work is
done on hotspot

Poison center to
produce radiative
collapse
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Omega capsules were roughly 1/5 ignition scale; o

all CH.

DT ice

Be+Cu

H Au cone

p=3.e-5gcm-

“«—2mm —»

Ignition scale

H Au cone

p=0

<« 400 um —»

Omega scale
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Backlit images (@8 keV) show convergence of

cone-focussed targets was very similar to
prediction — with perhaps a small time offset.

<4+ 225 ym —>»

Experiment

t=3.0ns 3.1 ns 3.2ns 3.3ns 3.4ns
Prediction (with pixelation, noise, and smoothing like exp. images)
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Appareni 2 ,(r)—arjman iz converysnce Of ¢ conz-
focussad argzis JJ ,)rJ.).ul/ muen l2ss inan —
inzir iruz convargzne u@

Prediction for 8 keV backlit images transparency

0.5

<4+ 225 ym —/»

&

€

»

‘ ‘ |
»

t=3.0ns 3.1 ns 3.2ns 3.3ns 3.4 ns

Prediction — with pixelation, noise, and smoothing like exp. images.



MHD models(Jim Hammer,Tony Bell) and hybrid

code calculations predict fields in 5-30MG range

and particles propagating as warm beams
MHD models treat hot and cold electrons as two fluids with stationary ion
background

Fluids characterized by:
n,c Particle densities
Ty ¢ fluid temperature
Py fluid pressures
Vyc fluid drift velocities
vye drag coefficient between hots and colds

Newton’s law for two species:

V (. V=
il =-VP,, —en LE+vHxB]—nHmHVHC<17H—\7C)

"oy —dar H ™ g|=T ¢

Assume hots are collisionless; net force on hots much less than individual
terms; there is a steady state
VP, - Vv, -
2 +E+-2LxB=0
en C

=
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MHD models i

Colds are also in steady state:

—

— V —
E+—<~xB=n._, Scattering of colds from ions only
C
Currents must approximately cancel or magnetic and electric fields get crazy
Jcold == ‘]hot

Magnetic force on colds << force on hots and maybe electric force on colds

E =NJ

hot

Hot force law becomes:

VP v, -
L-nJ, +—=xB=0
en C

=
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MHD models Il

Remaining hot equations:
ng+Ven,v, =0

.
—

B =-cV xE = ch(n]H)

Limiting cases:
Electric force on hots << magnetic force

VP V., =
= —12 L 2 «B=0
en,, C

In cylindrical geometry
cl,, on,

\% =

en,B or

dE. d nc'T, dn
or oJdr B or

Current conservation

Faraday’s law

Bennett pinch condition
but driven by Faraday’s law,

not VxB=4mx]/c
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MHD models IV

An ansatz for a solution

_2 Warm beam of constant radius
n, =n,exp - composed of a magnetized plasma
21,
0 5 Magnetic field grows as forward and
r —r currents diffusively separate
B =B0 —CXp (F) y sep
I 7, :
0 0 Drift velocity decreases as B increases
nT,, o2 1yt Effectively reduces practical range
B, = 2 ] ]
Fo Quiet about divergent flows

More detailed descriptions are provided by code calculations

Hybrid calculations are used to model kinetic particles
traversing dense collisional plasmas
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Hybrid codes have been used to'model electron

transport relevant to Fast Ignition

ANTHEM showed

propagation
as warm beam up
gradient to 10%¢

J, fast (en.c)at=506fsety=25"

radius(cm)

PARIS showed magnetic
guiding, the filamentation
Instability and annular
current

_ :Tﬁi ., !t _

- kO o -

J— ’l.,:... - .'-"'Il': o J—

St WP =

0.015— % R —

ST R ER -

A L -

R S U I i & -

_ . - L ks _

-, j ' ) :'—':..\?5}3‘..."-'.‘ o -

0.010— H ) ,1};;‘:.;-_4”-- - .- —

z st et b 210 degree slope

- ¥ s e SRR a -

T4 ne =

- -

0.005— —

Doooil [ | I| il |I [ I“I lI-I'| [ [ | | P | i I__
0.00 0.01 0.02 0.03 0.04

z(cm)

LSP showed beam
divergence and magnetic
breakup near jumps in
Conductivity. 3D code
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Dramatic progress in fast ignition was made in a

recent Japanese cone-focused experiment’

* A500TW ignitor beam gave:

— greater than 20% energy coupling (through electron transport) to
the CD fuel; and

— a 100-fold increase in DD neutron yield
— The coupling efficiency may degrade in full-scale targets.

ﬂ H E L e L 1 T & B 1

s What is laser-electron

E'-I:.-I.?l.l'l-qm'l:lln-llrhuu . coupling?

a6 / -

Does cone focus

¥ Cone Target
. energy to fuel?

e -

imiereihy e

X-ray Image
1

Do these results scale
to ignition conditions?

18 i1 o a0 5.0
Eneigs Pl

LDRD2004. 37
'R. Kodama et al, Nature 418, P933 (2002).



Stopping power calculations
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De/dx specific deposition;few energies
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Simulations of Electron Transport Experiments for
Fast Ignition using LSP
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The LSP code has been used to study fast ignition @

relevant transport experiments

A critical issue for Fast Ignition is understanding the transport of
the ignitor electrons to the fuel.

Experiments have shown arapid increase in beam width followed
by reasonable collimation with a 20° half angle.

* We have used the LSP code to:
— generate simulated Ko images;
— model XUV images; and
— model cone focus experiments.

The LSP code has been used to study the effect on beam transport
of:

— non-Spitzer conductivity; and
— the initial beam divergence.

UCRL-PRES-204413-2



The XUV image can be used to estimate the l:g‘

temperature of the rear surface

XUV image * A series of LASNEX calculations
of isochorically heated Al targets
establishes the relationship

o
o

Distance (um)
= N O
o
o

o between temperature and
00 intensity.
0 —~ 100¢
300  -100 100 300 = 107
Distance (um) N [
S 10- 1
1 > |
- [
s 40 7 10-2F 1
9 -
o 30¢ %
3 =10 3 s
s 20 1 100
7] Temperature (eV)
g- 10
2

0 . .
-300 -100 100 300
Distance (}lm) UCRL-PRES-204413-3



Experiments on MeV. electron transport have been E‘

performed by researchers around the world

E A
E 200 ]
= ]
7)) 150 7]
= .
'% ]
o 100 -
o ]
< > g 20
K, fluorescence
Laser spot , , , , , ,

|
0 200 400
Thickness (um)
* Experimental datal show:

— arapid increase in beam size in the first few microns; and

— a fairly collimated (20° half angle) beam in the bulk of the
material.

IM. H. Key, et al, 5th Workshop on Fast Ignition of Fusion Targets (2001). UCRL-PRES-204413-4



We have performed simulations of generic

electron transport experiments

* The targets are based on the experiments performed by Martinolli
et all on the LULI and Vulcan laser.

* The big uncertainty is the initial hot electron beam parameters.

R

T

VACUUM 20um

>« >
20pum 20um  20pm

E. Martinolli, et al., Laser & Part. Beams 20, 171 (2002). UCRL-PRES-204413-5



A significant “halo” surrounds the short-pulse E‘

high intensity spot

* Typical data from Nova * We have approximated the

Petawatt laser shows about 30 laser intensity pattern as two

to 40% of the laser energy in Gaussians.

the central spot.

106 Ltk
> & :
n 9 ' ' £ -
c EL 104 CCD image of Airy function é ]
29 Focal spot [} < :
> 5 l ) d
0 3 102 }\ | 2 ——
w ~ o) 2

| =" '

100 n!ﬂﬂﬁ{mn[\ . nnﬂﬁnﬂna '-| L LI TR T T T T TN R B I-'

0.0 40.0 80.0 120.0 0 20 40 60 80

Displacement (um) Distance (um)
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Determining the input electron distribution is l:g‘

based on experimental measurements

* The conversion efficiency into hot electrons has been measured by
many experimentalists over a wide range of intensities:

A100_-_I..l..l..l..l..l..l..q__

v

: n = 0.000175 I(W/cm?2)0.2661

Conversion efficiency (%
—
o
n

e eyt ey re ey

1014 101 1018 1020
Intensity (W/cm2)

UCRL-PRES-204413-7



There are two well-known scaling laws for hot l:g‘

electron temperature which we have used

* Pondermotive scaling:
T, o,:(MeV)= (IA2/(101°W/cm2um?))1/2

* Beg scaling:
Tho((MeV)=0.1(1A2/(10Y"W/cm?2um?2))¥/3

101__I-|.I.|.I.|.I.|.

> Pondermotive

'I'Ilr

—

o

o
1.1l
11

Beg

Hot electron
temperature (MeV)
o
| N | I-I‘
1l I|

—

o

N
o- -
-I'|||

20 40 60 80

Distance (um) UCRL-PRES-204413-8



The current density and energy distribution can E‘

now be defined in terms of laser intensity

* Using the new Python front end to LSP the injected beam energy
and current density can be calculated from:

— conversion efficiency; and
— hot temperature scaling law.

—
o
—
NN

* Athermal spread is also added.

-
o
—
w

rold =0.0
for i in range(400):
r = (i+0.5)*0.00002
intensity = Gaussian(r, 1.0e-3, 1.0e20, 0.0, 1.0e12)
+Gaussian(r, 1.0e-2, 1.0e17, 0.0, 1.0e12)
if intensity > 0.0:
thot = BegScaling( intensity )
ehot = 1.6022e-16*thot
area = pi*(r**2-rold**2)
Ipower = intensity*area
epower = Ipower*conversionEfficiency(intensity)
Density =1.6022e-19*epower/(area*ehot)
rold =r

Pondermotive

Beam current density
—
=
N

—
2
o
= N L R T IR IN LI RF R N LI

—
<
O -raanl ol sl ol

Distance (um)
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The LSP calculation matches the measured '- !

temperature pattern at the rear surface of the target

e 27J of hot electrons, in a 1-ps pulse, with Beg scaling and a thermal
spread of 300keV injected into a 100um Al3* plasma.

* The temperature was obtained by post-processing the LSP energy
data at the rear surface with a realistic equation of state.

40

- LSP modeling
— XUV data

w
o

Temperature (eV)
s O

300 -100 100 300
Distance (um) UCRL-PRES-204413-10
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Proton Radiography of Electric and Magnetic Fields
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LSP has been used to postprocess LASNEX output to @

model proton deflectometry of electromagnetic fields

* LASNEX predicts the existence of large magnetic fields in NIF
ignition hohlraums.

* Proton deflectometry has been proposed as a means of measuring
these magnetic fields.

* Recent experiments have demonstrated proton deflectometry in
laser-solid interactions.

* The LSP code has been used to post-process the electric and
magnetic fields calculated by LASNEX in these experiments.

UCRL-PRES-203599-2



LASNEX predicts the generation of large

magnetic fields in NIF ignition hohlraums

* The magnetic field is generated at the hohlraum walls and then
convected into the gas fill.

-0.5 0.0 0.5
Z (cm)
____FRRRTEEL CENNNEEEEENEE
-2.0 -1.0 0.0 1.0 2.0

Magnetic Field (MG)

We are developing the experimental technique and the

theoretical understanding to use proton deflectometry to measure these fields

UCRL-PRES-203599-3



B

Transient E and B fields have been probed

experimentally using proton deflectometry? ’:\éi

* Recent experiments at LULI have generated proton deflectometry

images.
mesh 50um wire
100-fs laser _# v
L/
1V
AN
1|
A1 L1 Proton beam
// //
A\ W
) W1\
///4’
7

300-ps laser

1IA. J. Mackinnon et al, MO-1, IFSA-03 conference.
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Protons are tracked in 3D through the LASNEX

fields and then ballistically followed to the detector L

Protons injected

Protons tracked through
from virtual source |

electric and magnetic fields.

v* | Protons ballistically
tracked to detector.
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The electric field imparts additional transverse

momentum to the protons

2 Protons deflected
| outward

£
o ; ]
B R B g T S SR S

SEREREE,

e Uy s

]

-100 11

o

The virtual source moves Y

closer to the target:
a stronger negative lens 10




Magnetic fields of the order of 1MG have little

effect on side-on proton deflectometry

10 MeV protons at5.0cm

100

X(pm)
o

-100

-200 -150 -100 -50

05 10 25 40 55
Magnetic Field (MG) Proton density (x106 cm-2)

Run: mag182 pla4 11

-1.2 -04 0.4 1




Side-on deflectometry is not sensitive to the

torroidal magnetic fields

| Small displacement, but no net transverse velocity

ARSI

Protons deflected ="
to the left

100

Protons defleted

-100 to the right

-

= 54 52 50 -48 -46
2 Z(um)

-1.2 -04 0.4 1.
Magnetic Field (MG)
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Face-on deflectometry is sensitive to the torroidal

magnetic field

10

Y(pum)

200  -100
Z(wm)

12 -04 04 1.2 Z(um)
Magnetic Field (MG)
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The lowest energy protons yield the largest

deflections through electric and magnetic fields

20 MeV 0 106° 10 MeV: 0 211° 1 MeV: 2.038°

ni | I B |

0.0 -3.0 -2.0 -1.0 0.0
Z(mm)

-0.5 1.0 2.5 4.0 5.5
Proton density (x106 cm-2)

Run: pla2p 17



The deflection scales differently with proton

energy with electric and magnetic fields

® For a constant electric field the deflection scales as v-=.

®* For a constant magnetic field the deflection scales as v-'.

3_.|----|---.1-H.l....l....l....l-_
< '
E’E 2_Q :
© :ii Magnetic field:
® T i\ deflection~E12 *
L - O -
E 1= L o Electric field:
: 0 'o"*-o-...o deflection ~ E-1
0-|=---|----|=---|----|---Q-HII—
0 10 20 30

Energy (MeV)
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Some numerical techniques developed
In the Heavy-lon Fusion program

J.-L. Vay - Lawrence Berkeley National Laboratory

Collaborators:

= A. Friedman, D.P. Grote - Lawrence Livermore National Laboratory
= J.-C. Adam, A. Héron - CPHT, Ecole Polytechnique, France
= P. Colella, P. McCorquodale, D. Serafini - Lawrence Berkeley National Laboratory

The Heavy-lon Fusion program has developed, and continues to work on,
numerical techniques that have broad applicability:

> Absorbing Boundary Conditions (ABC)

> Adaptive Mesh Refinement (AMR) for Particle-In-Cell (PIC)

Short-Pulse Laser Matter Computational Workshop
Pleasanton, California - August 25-27, 2004
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Absorbing Boundary Condition: Extended PML
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Extended Perfectly Matched Layer

E H .
808 L Principles of PML.:
ot oy . . .
M I oE oL e Field vanishes in layer
axwell ., i surrounding domain.
oH, 0B, OE, e Layer medium impedance
P70 Tk oy Z matches vacuum’s Z,
Split Maxwell Berenger PML Extended PML
C
gOaEX _ OH, o, E, + ganx _ OH, o, E, + ganX _ aHZ—HEyHZ
ot oy ot oy ot oy | C
OE oE oE
£, — __ M, O'XEy+e:0—y=—aHZ o, E, + 5§ — =—aHZC—X+EXHZ
ot OX ot OX ot OX | C
oH ok, . oH ok . oH oE,lcc _.
X —_ Y H + X _ y H + X _— _ y x_|_ E
,Uo at 8X O-x X /uo 8’[ 8X O-x zX /uo 6’[ 8X C Gx y
oH OE . oH OE oH oE. |c.
zy X y X * A X %
Hy ot - ay O-szy+/u0 ot - ay O-szy+:u0 a'[y: ay Cy+O' Ex
If S _% with u=(x,y) If Z2-% % % andc,=c
g M & Hy & Hy
=> Z=Z,: no reflection. => Z=Z,: no reflection.
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Plane wave analysis of PML and Extended PML

—— 124

—o— 1=8

S —o—1=16
ko —o—1=32
~§ —o— 1=64
S —— =128
5 — % 1=056
Q
£ —%— 1=512
3 1=1024
1E-9¢ Berenger PML
1E-10 - ' : ' : ' !
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©1e-9}|| Extended PML f
1E-10 —_ '
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1=1024
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1E-10 —_—
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Angle of incidence ¢ (rad)
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0.1 —— Berenger PML-c matched
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Coefficient of reflection

1E-8 1=271/®w~205x/C

0.0 0.5 1.0 15
Angle of incidence o (rad)

 matching condition on coefficients in PML layer improves absorption
 Extended PML another overall improvement
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Extended PML implemented in EM PIC code Emi2d

— Extended PML

3
3.
2 1
1
1 [
4 2
2! 3. 4. 5. : 0.5 15 2. 2.5
gamma en fanction de xe o x1 Module du Poynting a t= 549.8 x10?
ye au temps t = 400.
10’ 102 10° 10* 10° 1072 107" 109 10’ 102
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Adaptive Mesh Refinement for Particle-In-Cell
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End-to-end modeling of a Heavy lon Fusion driver

; e ‘ o . Induction module
ecause length scales span a wide range: um to km(s)

challenging b

I [he Heavy lon Fusion Virtual National Laboratory
Vay 08/25/04




The Adaptive-Mesh-Refinement (AMR) method

e addresses the issue of wide range of space scales
* well established method in fluid calculations

3D AMR simulation of an explosion (microseconds after ignition)

AMR concentrates the resolution around the edge which contains the most interesting
scientific features.

» potential issues with PIC at interface
— spurious self-force on macro-particles
— violation of Gauss’ Law
— spurious reflection of short wavelengths with amplification

I The Heavy lon Fusion Virtual National Laboratory @ :ﬁil’l’l’l
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3D WARP simulation of High-Current Experiment (HCX)

Modeling of source is
critical since it
determines initial shape
of beam

WARP simulations show
that a fairly high
resolution is needed to
reach convergence

v

61'0 M —— Low res. —— Medium res.
® | . —— High res. —— Very High res.
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Example of AMR calculation with WARPrz: speedup ~10.5

=
o
-

7 mm.mrad)
o
oo
|

48N'35'S(o
N

Run
Low res.
Medium res.
High res.
Low res. + AMR

—— LOw res.

Grid size
56x640
112x1280
224x2560
56x640

—— Medium
, —— High res. —— Low res. + AMR
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Refinement of gradients: emitting area,
beam edge and front.




3D WARP simulation of HCX shows beam head scrapping

e Simulations show: head cleaner with shorter rise-time

e Question: what is the optimal rise-time?

—0.1 |

" W
’

Rise-time t = 800 ns
beam head particle loss < 0.1%

i !

00 | 0 5 20
z (m)

Rise-time t = 400 ns
zero beam head particle loss

‘\'\\
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1D time-dependent modeling of ion diode

Emitter 4. Collector
! Lampel-Tiefenback
<— Vvirtual surface 1.0 - 3
> VO _t, (tj
. — —| =
V32 o V. 31 T
I = X 12 ' g L
= AQ = IAt[™] S
< > 0.0 - ° ; >
VYV, d V=0 0.0 t/t 1.0 time
40 L T L —T 140 UL U UL LU —r—1 40 LI L | L L B B ™
“L-T” waveform | irregular patch in d, irregular patch in d, '
i 11 1 - +AMRfollowing front
30+ : lf/\/\/__sn- 30+ |
I | 17 7L ]
= | " N = 160 ! N, = 200 | AMR ratio = 16 -
~ 20 At = 1ns 20 5 {20 -
- 11 Xo/AX~107°! i
‘ d =0.4m 8%/ 0
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that d; too large by >10* | | of beam front '
=> irregular patch 1t => AMR patch i 1
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0.0 05 ) 1.0 15 . 2. 0.0 05 _1.0 1.5 . 2. 0.0 05 .1.0 15 . 20
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MR patch suppresses long wavelength oscillation - AMR patch suppresses front peak

E =PPPL
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Application to three dimensions

« Specialized 1-D patch implemented in 3-D injection routine (2-D array)

« Extension Lampel-Tiefenback technique to 3-D implemented in WARP
» predicts a voltage waveform which extracts a nearly flat current at emitter

STS500 experiment “Optimized” Voltage Current at Z=0.62m
— MR o
| I T i M NO MR(
4
1| | 6000 &"
E
J 4000 . 27
00 oz o4 s 0o o 4 & 8 002468
Z (nf) T (us) T (us)

* Run with MR predicts very sharp risetime (not square due to erosion)

o Without MR, WARP predicts overshoot

I The Heavy lon Fusion Virtual National Laboratory @ -\%FFFI.
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MR patch key in simulation of STS500 Experiment

+125 kVO H@J | ;I : :o
I - | ﬁ- !. d | = -;:O
N | :’ﬁr;é‘;'m[jg <17
Current history (Z:Q.62m) ICurrenlt history (Z:OI.62m)I .
| I_IExlperimelnt | ,-—- | —I Experiment | : * MeSh Reflnement
6 - 6 .
| =—— Theory | =—— Theory essentlal tO recover
E . E . experimental results
5 | ¢ MR on -
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New MR method implemented in EM PIC code Emi2d

Outside patch:

F= FM --,.. .....;...2........::,.
O Ll 2 Inside patch:
M coarse F = Fy-FotFe

Mesh refinement by substitution

Applied to Laser-plasma
Interaction in the context
of fast ignition

Vay 08/25/04

=28/k,
-

i

A=lum,  10n,, 10keV
102°W.cm
(Posc/M.C~8,83)
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lllustration of instability in 1-D EM tests
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Most MR schemes relying on interpolations are potentially unstable.
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Comparison patch on/off very encouraging

lons X-Y particle plot att = 260.013

lons X-Vx particle plot at t = 260.013 Bzatt-258.719
— 7T
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» same results except for small residual incident laser outside region of interest
* no instability nor spurious wave reflection observed at patch border



Effort to develop AMR library for PIC at LBNL

 Researchers from AFRD (PIC) and ANAG (AMR-Phil Colella’s
group) collaborate to provide a library of tools that will give AMR
capability to existing PIC codes (on serial and parallel computers)

« The base is the existing ANAG’s AMR library Chombo

« The way it works

................. PIC |--...

L.
P
e,
-y
1
N
L

Do other things N

Send particles

1

Receive forces

Advance particles !

-
e
ey
Tay
Teraa
“n .
L T I L L

-
2
.
.
"""""
ann®

| AMR

Setup grid

| " hierar chy

Gather forces

LTS
LR
.....
-
-
.
.
-
.

Deposit charge

+—— Solve fields

!

-
-
-
.......
- -
..........
.........
.....................

« WARP is test PIC code but library will be usable by any PIC code

I The Heavy lon Fusion Virtual National Laboratory
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Example of WARP-Chombo injector field calculation

N Phi (MV)
= 1.80
0 I
=N 1.55
L =]
= ; I 1.30
H S
H ‘iéxﬁﬁ;
ﬂ?%f; 1.05
< I
[
S LR I
0.80

%}!\ M\u
/\{\/ A

« Chombo can handle very complex grid hierarchy
» Electrostatic solver implemented, electromagnetic solver planned
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Some numerical techniques developed
In the Heavy-lon Fusion program

J.-L. Vay - Lawrence Berkeley National Laboratory

Collaborators:

= A. Friedman, D.P. Grote - Lawrence Livermore National Laboratory
= J.-C. Adam, A. Héron - CPHT, Ecole Polytechnique, France
= P. Colella, P. McCorquodale, D. Serafini - Lawrence Berkeley National Laboratory

The Heavy-lon Fusion program has developed, and continues to work on,
numerical techniques that have broad applicability:

> Absorbing Boundary Conditions (ABC)

> Adaptive Mesh Refinement (AMR) for Particle-In-Cell (PIC)

Short-Pulse Laser Matter Computational Workshop
Pleasanton, California - August 25-27, 2004

I The Heavy lon Fusion Virtual National Laboratory E %FFF[
Vay 08/25/04 —




Extended Perfectly Matched Layer

Principles of PML
» field vanishes in layer surrounding domain,
« layer medium impedance Z matches vacuum’s Z,,.

Berenger PML => Extended PML

ok OH . |C
o,E, He—" = “\—~+0o,H,
ot oy |cC
oE
6, +e ot =M l& =y
ot OX | C
) oH oE, ¢ _.
o H x=—- 2|22+ E
X ZX /uo 6t 6X C X y
oH OE. |c.
* y __ X —*
o, H,, +u, X oy ?y+0' E,

If o= %= gnd ¢, =c with u=(x,y), Z=Z, => no reflection.

9

& Hy & Hy

E =PPPL
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Extended PML implemented in EM PIC code Emi2d

== Fxtended PML

3
3.
2 = |
1. )
- 2
2. 3 4. ) 0. 0.5 & 1.5 Z, 2.5
gamma en fonction de xe et x10° Module du Poynting a t= 549.8 x102
ye au temps t = 400.
10’ 10? 10° 10* 10°
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The Adaptive-Mesh-Refinement (AMR) method

e addresses the issue of wide range of space scales
* well established method in fluid calculations

3D AMR simulation of an explosion (microseconds after ignition)

AMR concentrates the resolution around the edge which contains the most interesting
scientific features.

» potential issues with PIC at interface
— spurious self-force on macro-particles
— violation of Gauss’ Law
— spurious reflection of short wavelengths with amplification

I The Heavy lon Fusion Virtual National Laboratory @ "%FFPL
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3D WARP simulation of High-Current Experiment (HCX)

Modeling of source is
critical since it
determines initial shape
of beam

WARP simulations show
that a fairly high
resolution is needed to
reach convergence

v

61'0 M —— Low res. —— Medium res.
® | . —— High res. —— Very High res.
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n
§0-4 /\, ‘ Ly T TR RS TT MY High res. 224x2560 ~16M
L M .
< 0.2 Sl | . | . | Very High res. 448x5120 ~64M
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Example of AMR calculation with WARPrz: speedup ~10.5

=
o
-

7 mm.mrad)
o
oo
|

48N'35'S(o
N

Run
Low res.
Medium res.
High res.
Low res. + AMR

—— LOw res.

Grid size
56x640
112x1280
224x2560
56x640

—— Medium
, —— High res. —— Low res. + AMR
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0,06 006
E E
%5.04 05.04
|
0.02 0.02
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0.0 Z(m) 0.1 0.0 Z(m) 0.1

Refinement of gradients: emitting area,
beam edge and front.




MR patch key in simulation of STS500 Experiment
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New MR method implemented in EM PIC code Emi2d

Outside patch:

F= FM --,.. .....;...2........::,.
O Ll 2 Inside patch:
M coarse F = Fy-FotFe

Mesh refinement by substitution

Applied to Laser-plasma
Interaction in the context
of fast ignition

I The Heavy lon Fusion Virtual National Laboratory
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Comparison patch on/off very encouraging

lons X-Y particle plot att = 260.013

lons X-Vx particle plot at t = 260.013 Bzatt-258.719
— 7T
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» same results except for small residual incident laser outside region of interest
* no instability nor spurious wave reflection observed at patch border



Backup slides
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Goal: end-to-end modeling of a Heavy lon Fusion driver

————————— & 8 =
o X ey
g N

Pl

1 e

challenging because length scales span a wide range: um to km(s)

—_ F - - + S = PRl
= 8 ¥ =Tjr*

_
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Time and length scales in driver and chamber span a wide range
Time scales:

depressed
betatron betatron

b electron drift
t " ~ out of magnet
: ransi
In driver thru lattice

electron ) iod
fringe PEMNO b

cyclotron , | eam

in magnet 1elds putse residence

-12 -112 -10 9 8 -7 6 -5 4 -3 -2 -1 O
In chamber - pulse | poom Iog of timescale
P residence in seconds
’Cpb

Length scales:

 electron gyroradius in magnet ~10 um
¢ }”D,beam - 1 mm

* beam radius ~cm

« machine length ~km' s

I The Heavy lon Fusion Virtual National Laboratory
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lllustration of instability in 1-D EM tests

Boundary
grid 1 ‘ grid 2
X 0 X 0 X 0 X 0 X 0
j-5/2 2§32 -1 §-120 j+1/2 j+1 j+3/2 J+5/2
B S € ' o

10¢ 'jJump' space-time (n=3)

- 10k
16 e\ energy conserving (n=2)
i I N 'directional’ (n=2
0.01} 0.1 ",
e 153F x 001} T
1E-4 £ : e T
i 1E-3 e T
1E_5§- ...............
] 1E-4 ;_ Lo T
1E-6F Space only = Space+Time e
10 100 15° 10 100
271:C/(DSXfine grid (choarse grid:nSXfine grid) ZTCC/ (DSXﬁne grid (8Xcoarse grid:nSXfine grid)

Mostschemes, relying,on, inferpolations are potentiallygdnsiahip-
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3D WARP simulation of HCX shows beam head scrapping

e Simulations show: head cleaner with shorter rise-time

e Question: what is the optimal rise-time?

—0.1 |

" W
’

Rise-time t = 800 ns
beam head particle loss < 0.1%

i !

00 | 0 5 20
z (m)

Rise-time t = 400 ns
zero beam head particle loss

‘\'\\
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1D time-dependent modeling of ion diode

Emitter 4. Collector
! Lampel-Tiefenback
<— Vvirtual surface 1.0 - 3
> VO _t, (tj
. — —| =
V32 o V. 31 T
[=y—5 > g
= AQ = IAt[™] S
< > 0.0 - ° ; >
VYV, d V=0 0.0 t/t 1.0 time
40 L | L L B B —T 140 UL U UL LU —r—1 40 LI L | L L B B ™
“L-T” waveform | irregular patch ind, | irregular patch in d,
i 11 1 - +AMRfollowing front
_ N _

30: ||| :30: :30: I—- :
< | ‘N:lGO 11 Ng = 200 10 AMR ratio = 16 -
— 20 At = 1ns 20 5 20 :

- 11 Xo/AX~107°! i
— d =0.4m 8%/ 0
100 Careful analysis shows J1of- Insufficient resolution | 10 ]
that d; too large by >10* | | of beam front ' '
=> irregular patch 1t => AMR patch 1
D-—l—i—i—‘—l—lll--|lIII|--IIJ-D_—A—A—I—l—JI--|IIII|--II—_|D N R T T T  — ——
0.0 05 ) 1.0 15 . 2. 0.0 05 _1.0 1.5 . 2. 0.0 05 .1.0 15 . 20
Time (s) 1° Time (s) ™ Time(s) "

MR patch suppresses long wavelength oscillation
WE AP Ve MR BAtEH ST STEeTront peak® SPPPL




Application to three dimensions

« Specialized 1-D patch implemented in 3-D injection routine (2-D array)

« Extension Lampel-Tiefenback technique to 3-D implemented in WARP
» predicts a voltage waveform which extracts a nearly flat current at emitter

STS500 experiment “Optimized” Voltage Current at Z=0.62m
— MR o
| I T i M NO MR(
4
1| | 6000 &"
E
J 4000 . 27
00 oz o4 s 0o o 4 & 8 002468
Z (nf) T (us) T (us)

* Run with MR predicts very sharp risetime (not square due to erosion)

o Without MR, WARP predicts overshoot
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Effort to develop AMR library for PIC at LBNL

 Researchers from AFRD (PIC) and ANAG (AMR-Phil Colella’s
group) collaborate to provide a library of tools that will give AMR
capability to existing PIC codes (on serial and parallel computers)

 The base is the existing ANAG’s AMR library Chombo

« The way it works

................. PIC |--...

L.
P
e,
-y
1
N
L

Do other things N

Send particles

1

Receive forces

Advance particles !

-
e
ey
Tay
Teraa
“n .
L T I L L

-
2
.
.
"""""
ann®

| AMR

Setup grid

| " hierar chy

Gather forces

LTS
LR
.....
-
-
.
.
-
.

Deposit charge

+—— Solve fields

!

-
-
-
.......
- -
..........
.........
.....................

« WARP is test PIC code but library will be usable by any PIC code

I The Heavy lon Fusion Virtual National Laboratory
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Example of WARP-Chombo injector field calculation

N Phi (MV)
= 1.80
i I
=N 1.55
L =]
= ; I 1.30
B R
H ‘iéxﬁﬁ;
ﬂ?%f; 1.05
<R
[ peBH
S LR I
0.80

/é\” e

e« Chombo can handle very complex grid hierarchy
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Extended Perfectly Matched Layer

Principle of PML.:

Field vanishes in layer
surrounding domain.
Layer medium impedance

Z matches vacuum’s Z,

Maxwell

oE,  oH,
6‘0 =
ot oy
oE oH
80 y _ z
ot OX

oH, OB, ©oE
=— -

X

Hy ot

ox oy

Split Maxwell
0E,  oH,
80 =
ot oy
oE oH
g,— =——1
ot OX
oH, Ok,
Ho ™5t ox
oH,  oE,
Hy ot oy

Berenger PML

GE,  oH,
o, B+ & =
ot oy
oE
o, E, + & — __H,
ot OX
' oH oE
o H.  + x_-_
X' X IUO 8’[ 8X
* oH
o H, Huy—== °E,
ot oy
If Su_% with u=(x,y)

& Y

=> 7=7,. no reflection.

Extended PML

C
o, E, + ganx = 6HZ—y+EyHZ
ot oy | C
oE
o, E, + 5§ — :—aHZC—X+EXHZ
ot OX | C
: oH oE,lc. _.
o H, + L L, g
X° T IX /uo 6’[ 8X C X y
\ oH, c, _.
oH, +uy—== Eb 5 E,
ot oy |C
if S%_% % _% gandc, =c
& Hy & Ho

=> 7=7,. no reflection.
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Hybrid Particle-In-Cell

Simulation

heTl ot Th=0.0000; time C.O0EE
- S .

RhoT1 at Z=0.01000; tie 0.006000

"‘ 7 s

D. R. Welch (drwelch@mrcabg.com), T. P. Hughes, R. E. Clark,
D. V. Rose, B. V. Oliver, and C. Mostrom

ATK Mission Research
Albuquerque, NM 87110

August 25, 2004
Short-Pulse Laser-Matter Computational Workshop
Pleasanton, CA


mailto:drwelch@mrcabq.com

What the heck is hybrid?

* Hybrid can mean many things to many people
- there is no wrong answer
« Traditionally means plasma species are treated
with different equations of motion
— Kinetic, gyro-kinetic, fluid with and without inertia
— Implicit schemes to study low-frequency phenomena

« Usually involves the inclusion of collisions



Why hybrid? Standard explicit PIC
Is limited by several constraints

Resolution of Debye length
— Results in plasma heating until Ax =Ap

Resolution of electron plasma (w,) and
cyclotron (o) frequency

— Results in plasma phase space growth

Electromagnetic Courant Limit
— Results in exponential energy growth

Cell Aspect Ratio <4
— Phase space distortion



Hybrid codes can overcome many
of these constraints while neglecting or
damping high frequency waves

 |Implicit field, Darwin solvers can relax Courant,
aspect ratio limits

* Energy conserving schemes can remove Debye
length instability

« Implicit PIC, inertial and noninertial fluid
schemes integrate over particle orbits and relax
®,, O, constraints

* Energy conservation can be better accounted for
with hybrid fluid models, EOS



There have been three hybrid
approaches relevant to LPI

* |nertialess electron model — tensor
conductivity for electron EOM (Paris, IPROP,
SOLENS, ICEPIC)

 Implicit Fluid Moment model (ANTHEM,
DYNADE)

* Direct-Implicit fully-kinetic PIC descriptions
(AVANTI, LsP)

Each has advantages and disadvantages I

D. W. Hewett, J. Comp. Phys. 38, 378 (1980)
L. Gremillet, et al, Phys. Plasmas, 9, 941 (2002).

R. J. Mason, J. Comp. Phys. 41, 233 (1981)
J. Denavit, J. Comp. Phys. 342, 337 (1981)
J. R. Davies, Phys. Rev. E 68, 056404 (2003)

D. W. Hewett and A. B. Langdon, J. of Comp. Phys. 72, 121 (1987)
D. R. Welch, et al, Nucl. Instrum. Meth. Phys. Res. A 464, 134 (2001).




Inertialess Electron Model

« Make use of Ohm’s Law for electron EOM

Plasma electron current term

"
ﬁ—E:l(VXEJ—J—G-(E+VXB)
ot ¢ u
éé:—VxE
Ot

 Full fields, Darwin (no EM waves) or MHD (no
displacement current)

* Energetic beam particles, ions can be followed
as PIC particles



Ohm’s model used successfully for
transport in collisional matter

» Solutions do not have to be implicit and
are thus fast

 Net current, resistive instabilities well
modeled

— Plasma dielectric function can introduce
inertial effects

* LPI, sheath, collisionless physics are not
adequately modeled

— difficult to conserve charge



The Implicit Fluid Moment System’

—

oE L
? :_47Z€(anvz _neve); Va :ua /ya; neve :Znava; a:h’c
4
2
_ - )] :
m, @naua =—Ve Pa —enaE_ [ paz]hm Vi Vil MmN, (va _Vi)9
ot 2cary,

D : . 2 2 211/2
}’}l:ijujvj, VjZI/lj/}/j, 7/j:[1-|—(ujx+ujﬂ,)/c ]

J
uh:ZWjuj; nh:ij

J J

"Thanks to Rod Mason for slides



System is solved implicitly

neglecting collisions

E""'=E"+4rxe(n,v; "+ n v = Znv'T AL

C

* includes ponderomotive acceleration

; 1 - 1 — e
Vi = T ——(u, — VePAt——F +1At); v, and v; from
h m.n, m, fluids or particles
n At " 1 —
" 4gy dele (@) u" ——VeP Al
El’l+1 o m }’l

oy v ™~
Implicit noise 7

reduction from
denominator

X
E'= —47Z'e[j (nZ + n? — an.n )At] “— Poisson correction
0



Fluid Moment Method can be fast

Eulerian fluid treatment requires less computation than
particle, large density variation much easier

Hydro Courant Limit remains — similar to particle limit

Charge is not conserved requiring correction — can be
noisy, time consuming

Solution with B fields and multiple dimensions can be
complicated, requiring multiple iterations

Higher order moments can be important, unless fast
particles treated with particles



Example of ANTHEM electron transport

Hel Electron Dengity
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EM Direct Implicit PIC uses linear
response of current to predict new fields

Explicit algorithm uses a leap XTX/PX

frog method for momentum - 7
and position advance with EUUB

n-1 n-12 n ntl/2 ntl
time step

a" = g/m E"(x")
Pt = prt + At [a" +(1)”‘”2 +pr )/(27/” )qu"(x")/mc],

« Implicit algorithm pushes particle momentum p using
half of the old electric field and new
a" = Y2(a™" + g/m EM1(x"1))

* Need to know E at new position and time



Particles must be pushed twice

e
S E 1 B
p p’ pw §—=—£Vx—j—]—5.],
ot ¢ u
n n+1
time step

« First, push particle with E1(x"*1) = 0

 The EM fields are then pushed using linear correction
terms to predict the effect of E"1(x™1) on the
perturbed current §J = <S> ¢ E™1(x"*1) (<S> is the
susceptibility)

 Momentum and position are then corrected in final

push
See D. W. Hewitt and A. B. Langdon, J.
Comp. Phys. 72, 121-155 (1987).



Modified Field Equations

Particle <S> summed on grid

<S> _ . /?ﬁlfg (<T> _ 2yt )
Y

<T> is the magnetic rotation tensor, Q = At q B"/ (2ymc)

1+Q7  Q,0,+Q, Q,0,-0Q,
Q00,-Q, 1+Q5  0,0,+Q,],
0.0;+0Q, Q,0,-0, 1+0Q3

Field equations are modified to account for perturbed
current and centered at the n+1/2 step

n+1/2
En+1 —E" 1 B n+1/2 n+1

As 1n Fluid Moment System, <§> term reduces
charge fluctuations by 1+(w_ At)?

1
1+Q°7

(T) =




Direct Implicit retains most physics,
but most complex to solve

« Implicit field solution can be slow --- 2 step ADI method
is not iterative’

 More processor communication --- unavoidable

« More difficult to include collisions --- especially in highly
collisional regime

 Momentum conserving algorithms do not conserve
energy

*Zheng, IEEE Trans. Micro. Theory and Tech., 48, 1550, (2000)
Welch, in Comp. Phys. Comm. (2004)



Reasonable energy conservation
possible with refinements

Calculation of currents from particle motion satisfies
Gauss’s Law exactly, conserving charge

Currents calculated from susceptibilities and advance of
particle energy are first-order accurate

Particles obtain energy advance consistent with change
In potential energy

Energy conserving results in non-zero particle self forces
- Cloud-in-Cell reduces effect somewhat

Variable numerical damping’

0E,,L+(2-0)b,
m

(2-0)E

n+l

9. ob, |
m

6 = 0 undamped CO
0 = 1 full D1 damping

*Friedman, J. of Comp. Phys., 90, 292-312 , 1990.



Implicit PIC can conserve energy
over a wide range of parameters

eg. Expanding 2.8x10'3-cm-3 plasma blob in a 50-cm radius, 100- cm long tube
All species; time 20.01

505'

-
o

40

o
(NS

% Energy Error £ =2

o

200

Time
4: net enerav

Errors are small even for highly implicit time steps



Approach permits both fluid and
kKinetic PIC particles

Due to statistics, for very long, collisional simulations
energy conservation can be compromised with kinetic
particles

LSP mitigates this problem using a PIC fluid electron
description. Particles are pushed with ensemble velocity
and a pressure gradient term is added to the equation of
motion. The fluid electron has an internal energy

3 dT, TV v + Z 2m,n, (T T) VkVT 40, dE
~h,—/—=-n, V + K + — ,
2" di T e © dt
pdV thermalization conduction ohmic Inelastic
losses
du

e e == _Vpe _Vei]/emene(ve _vi)7
dt




If both fluid and kinetic particles are PIC,

a transition conserves momentum

 Need a criterion for transition

Runaway rate x.p. T
Phase space

e |InLSP

Fluid electrons transition to kinetic if X, P
mv2>3FT

Kinetic electrons transition to fluid if
m v2 < 3T and ®, At> 1

The transition conserves momentum exactly,
energy to within roughly 10% depending on F
(typically 0.1)

The scheme usually results in hot, low-density
electrons residing in the kinetic component and
thermal, dense electrons in the fluid



Solid density matter requires a
model for particle interaction

Typically Monte Carlo techniques are used assuming
Spitzer, LM (Lee & More, Phys. Fluids 27, 1273 (1984)) or LMD
(Desjarlais, et al, Phys. Rev. E 66, 025401 (2002))

— particle by particle within a cell (DSMC)

— moments summed on grid (drifting Maxwellian)
Atomic physics can be handled in several ways

— EOS

— Collisional Radiative Equilibrium or rate equations (very
expensive in multiple D)

— Post-process detailed CR using code such as SPECT-3D (J.
MacFarlane, Prism)

Easy to incorporate into fluid solutions
Corrections (applied fields and <S>) must be made for PIC in
highly collisional (vAt > 1) regime

— Momentum push can be separate from fields

— Can be noisy or require many particles



3D cyl LPI and proton generation simulation

LuLr

* 10-u Au foil shows
electron transport to
back surface, tight
proton beam

» Fluid electrons from
0-10 p, kinetic in LPI
region

LULI
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Hybrid simulation can provide
insight for larger/longer problems

Issues
« Parallel iterative field solvers are improving

« Algorithm may be stable, but
— numerical issues remain
— P vs E conservation
— PIC vs CIC
— key physics may not resolved

« Particle management
— How many particles do we need?
— Algorithms for splitting and combining

* Implementation of atomic physics — How much detail?
— EOS vs time-dependent CR

» Retaining all hybrid approaches (fluid and PIC) can allow
for simulations of LPI and fast particle transport from
vacuum to solid — goal is to have all approaches
available in toolkit



Limitations/advantages of models

Plasma Debye o, At o, At C At Use/Comments
model instability | constraint | constraint | constraint

Explicit yes! yes! yes! yes Micro simulations of LPI,
momentum sheath physics
conserving

Explicit yes yes yes Cell size relaxed

energy Lower T, n plasma
conserving

Direct lterative solvers

Implicit wiih Slowest, ideal for

VxB in <S> magnetized plasma
Direct yes Unconditionally stable
implicit, no Medium fast, high

vxB in <S> density plasma

Ohmic with Highly collsional plasma,
EM, Darwin, gas breakdown

MHD
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Gaussian Laser Beams in 3-D and 2-D Slab
Geometries*

? 2 3-D try with
E (r,z,t)=E, % Exp| — i - |cos| kz—awt —n(z)+ hr _ JeomeTy
w(z) w(z) 2R(z2) azimuthal symmetry

2

kx? 2-D slab geometr
E.(x,z,0)=E, e EXP(_ x jco{kz—a}t—n(Z)“L } : y

w(z2) i

w(z) 2 2R(z)| 0/09y=0
TWn
z, =—2 Rayleigh length Expressions valid in paraxial
A approximation:
, L.z _ Alz, <<1
w(z)  =w,| 1+ — (Begm walstt 0
z minimum at z =
0 B,=nE +0(A/z,)
2
z
R(z) = Z(l + Z_zj Radius of curvature All other field components O(4/z,)”
Assumes linear polarization. Some minor
Z modifications necessary to accommodate
n(z)= tan | — Phase angle circular polarization in 3D case.
z
0

Input: specify E,, A, and the laser spot w, at a 'z’ location
* See e.g. R. Guenther, “Modern Optics”, John Wiley & Sons, 1990



Two-sided illumination of plasma

» 4-cm wavelength light from left and right focused to 2 cm mid-cube
(20x20x20cm)

« Plasma density just above critical, 6x10'2 cm-3

By at Y=10.00; time 5.000 RhoN1 at Y=10.00; time 5.000
= R S T S
15[ ]
e E = J
S 10
> _ :
5 . :
. oL G i s oo s
0 = 10 15 20 0 = 10 15 20
Z (cm)  [Boundaries] Z (cm)
— outlet ; z =0 plane function2
Implicit field solvers from 0.0 0.0 0.0 type 19
best h_an(_jle large phase_velocity 1 4.0 - wave-lenath
angle incidence of drive_model LASER 20 spot sizeg
: reference_point 10.0 10.0 10.0 ; o —
waves at boundaries focal spot position :

components 100
phases 0 0 0
temporal_function 1
analytic_function 2



Modeling of the LULI proton
beam neutralization experiment

Dale R. Welch (drwelch@mrcabg.com)
ATK Mission Research
Michael Cuneo, Robert Campbell, Thomas Mehlhorn
Sandia National Laboratories

August 25-27, 2004
Short-Pulse Laser-Matter Computational Workshop
Pleasanton, CA

Work supported by SNL
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3D Luli Simulation

e 10-micron gold foil with very thin hydrogen layer
e 100-1000 monolayers of protons on surface

25 J of 1-um laser energy
focused on a 6-um FWHM
spot

— 1021 cm3 critical density

— 2x101% W/cm? intensity

— 350 fs duration

Laser propagated into a 3-eV
Au*? plasma with fixed ion
charge state

— 100 um radius, 10-um Au

— 10-micron blowoff Au plasma
101°-3x10%2 cm-3

Implicit cylindirical simulation
— Spatial resolution 0.1 um at

slab edges, cAt = 0.04 um
— 4 azimuthal spokes

— Kinetic electrons used in
blowoff plasma, fluid in slab

LULI
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Laser penetrates blowoff plasma

Vector Plot of E at Th=0.0000; time 9.994E -

it Ratuly Bt phq b §
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Vector Plot of E at Th=0.0000: time 0.0002¢
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O
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Fast electron,

e 10-micron Au foll

» electron transport
to back surface

e proton beam from
back surface

RhoTS at Z=0.003000; time 0.001.

0.005 |

0.000 |

Y (cm)

—0.005 0.000 0.005
X (em)

p* at z=30um, 1300fs

roton densit
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e ok electrons
i 0.002; 100 fS

-0.002  0.000 0.002 0.004 0.006
(em)

LULI 2 — 0.1 PW B micron spot 2x10019: ./lpidsp — Tue Mc
RhoT1 at Th=0.0000; time 0.0002999
Q1o 3

300 fs

0.

=0.002 0.000 0.002 0.004 0.006
Z {cm)

LULI 2 — 0.1 PW & micron spot 2x10019: .flpidsp — Tue Mc
at Th=0.0000; time 0.0006000

L

-0.002 0000 0002 0.004  0.006
(=m)

LULI 2 = 0.1 PW & micron spot 2x10~19: flpiisp = Tue Mc
R
.00

-0.002 0.000 0.002 0.004 0.006

Z (em)

B garas
25 0.008[
2o 0.006]
2015 i
et F
. D.004
., ooozf
837 g oool

y evolution

LULI 2 = 0.1 PW & micron spot 2x10+19: fIpilsp = Tue Me
RhoTS at Th=0.0000; time 9.994E-005
o ]

protons

-0.002  0.000 0.002 0.004 0.006
(em)

LULI 2 — 0.1 PW & micron spot 2x10019: ./flpilsp — Tue Me
RhoT5 at Th=0.0000; time 0.0002999
(o} 14 4

0.

= 0.004
0.002
o.000[ i
=0.002 0.000 0.002 0.004 0.006
Z (em)

LULI 2 — 0.1 PW & micron spot 2x10019: ./flpidsp — Tue Mc

RhoT5 at Th=0.0000; time 0.0006000
o.010C ]

=-0.002 0.000 0.002 Q.004 0.006
Z (ecm)

LULI 2 = 0.1 PW & micron spot 2x10+19: flpilsp = Tue Mc

RhoT5 ot Th=0.0000; time 0.001300
0.010

0.004|

0.002[
0.000
-0.002 0.000 0002 0004  0.006
Z (em)



Energetic Proton beam accelerated
from vacuum interface

* Roughly 0.2-2-pi-mm-mrad normalized emittance --- too hot?
 Roughly 15% conversion efficiency of laser to proton energy

LULI 2 — 0.1 PW 6 micron SpOt 2%10~19: /Ip|lsp — Tue Mc LULI £ — U. 1 FW O MICron sSpot ZX 11U 90 L /IPLISp — TUg M

Proton Density ; time 1.3 ps
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Attempting to capture electrons and protons at .0085 cm for
reinjection into longer simulation



Transport simulation to 4 cm

Electrons and protons striking z = 0.0085 cm
plane are stored and injected into a 2"d longer
simulation box

The new simulation is 2d and has a 1.5-cm outer
radius and a 4-cm extent

Assumption in simulation Is that the plasma is
Injected through a O potential surface that can
emit electrons — this avoids having to run LPI
simulation even longer to accumulate electrons

Particle statistics are getting stretched thin but
still ok at this distance



Density plots of species

LPI electrons promoted electrons protons
t = 140 ps
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Electron energies cool to 3000 eV
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Conclusions

 Integrated simulation of LPI and beam
transport in slab and vacuum are possible
given 3D cylindrical coordinates and blow-
off plasma.

« With roughly the observed current and
divergence, a low emittance proton beam
with a tail-to-head energy ramp is
produced
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The Questions we attempted to answer.

e Coordinator: Scott Wilks (LLNL)

* What are the proton generation mechanism efficiencies?
 How sensitive to resolution are the answers?

e Can hybrid PIC be used?

 How does electron flow affect proton generation?

 How can we control the generation and focusing of the protons?
 What is the optimum proton energy for radiography?

 What are the qualities that set ions using these mechanisms apart from
“standard” ion beams?

« What governs ion flux?
* What is the optimal distance of “proton lens” from target?
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Progress we made on these questions...
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An attempt to classify which type of codes can study
what types of physics.
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Hybrid seemed a likely choice. What has been done to date?



Some notes concerning some recent hybrid PIC
simulations.
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The following few viewgraphs are a small subset of
experimental results on ion acceleration we used as starting
points for discussions of how to benchmark codes to
experiment. Also, they pointed to what type of code
development needs to be done in the future to model these
experiments.



lon Acceleration from M. Hegelich.
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FIG. 1 (color). (a) lon traces (on CR39) from an unheated
Al | C target and (b) corresponding spectra. The gap in the
proton signal is due to the CR-39 detector which is optimized
for heavier particles. The dotted line illustrates the H™ spectra as
obtained with the proton spectrometer. (¢) lon traces from a
heated Al| C target and (d) corresponding spectra. The ion
signals are strongly enhanced. The spot in the upper right corner
of (a).(c) is the pinhole image formed by neutral atoms.

M. Hegelich, S. Karsch, G. Pretzler, D. Habs, K. Witte, W. Guenther, M. Allen, A. Blazevic, J. Fuchs,
J. C. Gauthier, M. Geissel, P. Audebert, T.Cowan, and M. Roth, Phys. Rev. Lett. 89, 085002 (2002).



Prav Patel proton experiments December 2003
Science & Technology Review.

Using Proton Beams to
Create and Prohe Plasmas

Proton beams generated by ulirashort-pulse lasers

will help advance our understanding of plasmas.

(a) | Proton beam

i Ralativistic
elactron cloud

Laser pulse
]

Aluminum foil

(b)
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Proton source experiments have revealed the effect
of recirculating electrons on proton acceleration.
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4o Slowing of 24MeV protons
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! d.| MeV electron round trip
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.. Lower detection limit ]
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Round trip time = 6t

A.J.Mackinnon et al., Physical Review Letters 88, 215006-1
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Kaluza, Schreiber, Santala, Tsakiris, Eidmann, MTV
& Witte proton experiments.
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Influence of the Laser Prepulse on Proton Acceleration in Thin-Foil Experiments

M. Kaluea, J. Schreiber, M. L K. Santala, G [ Tsakins, K Eidmann, I Mever-ter-Yehn, and K 1. Wite

Max-Plamck-fnstivu fiir (uantenopgik, Hons-Kopfermann-Strofle I, 85748 Gooching, Germany
(Received 8 December 200%; published 20 July 2004

We investigate the influence of the laser prepulse due to amplified spontaneous emission on the
aceelerntion of protons in thin-fodl experiments, We show that changing the prepulse duration bas a
profound effect on the maximum proton energy, We ind an optimal valee for the target thickness, which
strongly depends on the prepulse duration. Al this optimal thickness, the rear side socclerntion process
leads b the highest protan energies, while this mechanism is rendered ineffective for thinner targels
due to 0 prepulse-induced plasmn formation of the rear side Im this case, the profons are primarily
sopelemnted by the Front side mechonism lenading to lower cotolf energies.
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FIG. | {eodorl, Proton omefl energies for differently thick  FIG. 2 (colorl.  Proton cutoff energics for differentdy thick
targets ond prepulse dursdions, Taee, of 05, 07, ond 25 ns,  fargets and different laser iMensities for a prepulse duration
respectively, b = L0 % 10" W/em®, For longer ragp, the  ©of Tasp = 2508 The cutoffl encrgics vary with the laser
maximum proton energics are achieved with thicker foils, The — Intensity, but the optimal aiget thickness depends o0 Tase
inset gives the optimal thickness, depanding on Tasp- oaly (cf. Fig. 11
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Selected experiments: Matt Allen Front and Back
acceleration.
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Matthew Allen, Pravesh K. Patel, Andrew Mackinnon, Dwight Price, Scott C. Wilks, and Edward Morse, “Experimental evidence of back-surface ion
acceleration from laser irradiated foils”, submitted to PRL (2004).
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Outline

1. Neutron Stars, Photon Bubbles, & Petawatt Lasers
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FORMATION OF A GAMMA-RAY BURST could begin
either with the merger of two neutron stars or
] with the collapse uiga massive star. Both these
i events create a black hole with a disk of material
NEUTRON STARS around it The hole-disk system, in turn, pumps
| out a jet of material at close to the speed of light.
o= Shock waves within this material give off radiation. | JET COLLIDES WITH
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Ultra-intense lasers can reach energies and densities
of some interesting astrophysical objects.
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Can we design laboratory experiments that create these extreme conditions?
This would allow us to shed light on phenomena happening light years away

From: “Frontiers in High Energy Density Physics: The X-Games of Contemporary Science” National Research Council of the National Academies.



The environment of an accreting x-ray pulsar involves extreme
physical conditions; generates photon bubbles.

Simulation of photon bubbles*
Velocity of matter in an acretion column
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*R. I. Klein , J. G. Jernigan , J. Arons , E. H. Morgan , and W. Zhang, “GRO J1744 28 and Scorpious X-1: First Evidence for Photon Bubble
Oscillations and Turbulence,” The Astrophysical Journal Letters, v469:L119, 1996 October.



Neutron Star atmospheric conditions possible in the
lab?

Neutron Star PetaWatt Laser
T, ~ 10 keV T.~1keV

Trad ~ 10 keV Trad ~ 1 keV

B~10 Eiga%auss . B ~ 100 Megagauss
@ n-~ 10*-10-° g/cm @ n ~ 10 g/cm3

Area of g
detail Fast ions

. The violent oscillation
of the bubble towers
generates a rhythmic
hum—in E and G flat.

Pulsars also blink

. The powerful gravity of a tiny, lsjfabrﬂl]jt;;tter:: {LE{F{ :f;l s

dense neutron star pulls gas from :

a nearby star to its poles. The gas E:ﬁ; to'and; from "1"" Electron
strikes with the power of a billion ' — Blow-off cloud
hydogen bombs every second in K-ray -

every square yard. bubbles plasma

3 N-ray —

pulses

.' Intense X-rays push back
against the falling gas, creating

mile-high towers of X-ray 4 ; f

“bubbles” that bob up b
and down thousands /‘ A &
of times a second. ‘

The minimal requirements for photon-bubble instability are difficult: B-field
requirement suggests investigating possibility of PetaWatt laser experiments.

S. Moon, S. Wilks, R. Klein, B. Remington, D. Ryutov, H. Chen, J. Kuba, A. Mackinnon, P. Patel, R. Shepherd, A. Spitkovsky, R. Town, and R. Heeter
“A Neutron Star Atmosphere in the Laboratory with Petawatt Lasers”, accepted for publication in Astrophysical and Space Sciences, (2004)




Long predicted to exist in USP exp’t’s, large (GigaGauss)
B fields have only recently been measured at RAL.
1992 PIC predicted Iarge B-field near surface*

1=5x10° Wem? s

FAAA
ultra-intense 5 | | f I A (I \
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New methods of modeling
solid, o needed for B-fields in solids

overdense

10: p210Lisp = Thu Apr 10 13:31:44 2003
Bthelo ut Th=0.0000; twrne 0.001668
T

i plasma LSP 2'D Hybrld

x(um) 0.0 x(itm) 6.0 B, (magnetic field) in space
*S. C. Wilks, W. L. Kruer, et.al. "Absorption of ultrashort, ultra-intense laser light”, (x and y)(single-sided illum.)
PRL, 33 1992.
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Experiments on Petawatt at RAL in the UK probe.

LLNL Experiment Set-Up on RAL (P.K. Patel) Laser Parameters: Target:

E=300J

s

Von Hamos

=1pS Copper foil
=6 um 10 um thick

Dspot -

Tp ulse

S1, S2 Windows housing:
2w Interferometry Line
532nm Optical Streak

crystal coupled to Von Hamos crystal
coupled to CCD camera

532nm Optical Imaging RAL Petawatt Experiment Crew - 2003
Onptical Spectrometer Re-entrant tube Prav Patel, Mike Key, Andy Mackinnon,
P P housing X-ray CCD Rich Snavely, Hye-Sook Park, Jeff Koch,

= Ronnie Shepherd, Hui Chen, Mark May,
f Jaroslav Kuba, Nobuhiko Izumi,

Scott Wilks, Roger Van Maren

Lawrence Livermore National Laboratory

1" XUV mirrors
(15cm target)

5-port N1 flange housing: Jim King, Bingbing Zhang,
b 1 Ag K-aCCD (LLNL) Kramer Akli, Rick Freeman
Cu K-a CCD (LLE) UC Davis, CA
PCD Array (LLE)
Soft X-ray Spectrometer (AWE) Richard Eagleton
T AWE, Aldermaston, U.K.
Electron spectrometer 2" Cu K-aimaging crystal Satya Kar, Lorenzo Romagnani, Marco
(~45cm from target) (20cm from target) Borghesi
9 i Queen's University, Belfast, U.K.

Pinhole array for X-ray CCD
(3cm from target) Christian Stoeckl, Wolfgang Theobald
- I' LLE, University of Rochester, NY

60 cm F/3 Parabola

Rich Stephens
General Atomics, San Deigo, CA

6-way cross off E1 port housing:
1 X-ray CCD camera (LLNL)
1 XUV CCD camera (LLNL)

Martin Tolley, Steve Hawkes,

1 XUV streak camera (RAL) Christina Henandez-Gomez, Colin Danson

1 = 7 Rutherford Appleton Laboratory, U.K.
PK Patel et. al., “Overview of the LLNL experimental campaign on the Vulcan Petawatt
laser, Rutherford Report (2004)

Rob Clarke, Rob Heathcote, David Neely,
Darren Neville, Pete Brummitt,

Modeling provides input to experiment design (i.e., targets) and post-experiment analysis.
What is the electron energy distribution to expect?



Fiber Array Compact Electron Spectrometer (FACES)
built by Hui Chen can look at energetic electrons. u

Slit Fiber-CCD interface
Permanent magnet -,:—I NREY

Spectrometer energy coverage:
- 10 keV -500 keV (100 Gauss)
- 100 keV - 60 MeV (1000 Gauss)

Scintillating fiber coupled to T -
a CCD camera - e L T
Fiber couple to CCD f o N

Detectors:
The FACES assembly

T=423 (+/-140) keV ® "107mjFes11’
*108mjFes1s'

B ‘108mjFe520’
A '108mjFe61s'
— “1OmjFelat
— "121mjFe145’

7.25"

CCD
A a
¥ : a . L] &
10 ™
Al housing * : s :
[ ]
Y
T T I I T I1
500 1000 1500 2000 2500 3000
Electron Energy (keV)

T, of escaping e- measured: 0.01-60 MeV.

1. “A Compact Electron Spectrometer for hot electron measurement in pulsed laser solid interaction”,
Hui Chen, P. K. Patel, D. F. Price, B. K. Young, P. T. Springer, R. Berry, R. Booth, C. Bruns, and D. Nelson,
Review of Scientific Instruments, 74, 1551 (2003).



For now, we must run codes in “serial” to interpret & design
experiments at these extreme temperatures and densities.

Interferogram of Cu Foil RAL laser transverse spot PIC electron phase space Cu L-shell x-ray streak camera raw and line out
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PIC Codes

3. PIC sends back
hot electron
estimates to Hydro.

1. Tries to match
experimentally
measured preplasma.

4. Hydro provides estimate of background
electron temperature to APC’s.



1st step: S. Moon runs prepulse with hydro code to get estimate
of preformed plasma to be used in PIC codes.

..DENSity profile

Temperature Contour _| I__
Time 8801027 ns ool 10423 : =
1U+22-§ -:—
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We take this density profile, and input it into a 1-D PIC code. We then run the ultra-
intense laser (I = 5x102° W/cm?) into it, as the EM coupling (which PIC does so well)
is dominant when | >> 1x1018 W/cmZ.



2"d Step: PIC simulations using hydro density profile:
we find 2 hot electron temperatures, in this case.

300—
= Heating in underdense plasma

_.
o
|

~ Ponderomotive heating

In f(E)

[n3]
=

I

]

=
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Low Energy Component consistent with Ponderomotive Heating*

2
KT =| |14 =% | 1|x511keV ~ 2.9Mev
2.8x10

*kT ot SCaling from S. C. Wilks, W. L. Kruer, et.al. “Absorption of ultrashort, ultra-intense laser light”, PRL., 33 1992.)



Simulation predictions compared favorably to electron spectra
taken by Hui Chen, Nov. 2003.

Hydro + PIC Simulation Results RAL 2003 Experimental Data
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H. Chen, S. C. Wilks, S. Moon, H. Chun, P. Patel, R. Shepard, et. al. “Experimental Observation of Enhanced Electron Heating
in Laser-Solid Interactions”, UCRL-JRNL-203377 (2004).



34 Step: Hyun-Kyung Chung now inputs these simulation
predictions into atomic physics codes. (T, and e- spectra)

Put T, ./s in hydro code:

Te(eV)

1.E+06 ¢
1.E+05 [
1.E+04 ¢ /\
1E+03 [
1.E+02 ¢

L —0.1 n_crit
1E+01 E —1n_crit

E —10 n_crit
1.E+00 —solid density
1.E-01 L

0 10 20 30 40 50

time (ps)

Started with:

~120 J of hot electrons (~ 10%°
cm3) with energy distribution
matching PIC (T, ~ 3 MeV),
inside 100 um? volume of
Copper target with various

background temperatures 1,10,

100, 1000 eV.

lonization balance for Cu, Te = 1keV,T, J F 3 MeV
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Ultimately, we will end up with spectra from Cu at various T_,and compare with experiment.



Switch Gears: This time, experimental results suggest
astrophysical application: Electron Positron Plasmas.

LLNL Petawatt experiments first to see positrons for laser-plasma interactions

Total photon cross section Pb, as a function of E Petawatt data Showing positron spectrum*
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*T. E.Cowan, A. W. Hunt, M. D. Perry, W. Patterson, D. Pennington, C. Brown, S. C. Wilks, S. Hatchett, T. W. Phillips, Y. Takahashi, W. Faountain, T. Parnell. J.
Johnson, “High Energy Electrons and Laser-assisted Nuclear in PW Laser-Solid Interactions”, Proceedings of INt'l Conf. On Lasers 1997, New Prleans (1997.)

Astrophysical applications experiment proposals quickly followed...

q . - - . - - .
9 Positron yield as funcltlon of target thickness Creatmg a Pair Fireball
0 F MeV pair plasma
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“Pair Production by Ultraintense Lasers”, Edison P. Liang, Scott C. Wilks, and Max Tabak, PRL 81, 4887 (1998).

“Electron-Positron Plasmas Created by Ultra-Intense Laser Pulses Interacting with Solid Targets”, S. C. Wilks, H. Chen, E. Liang, P. Patel, D. Price, B. Remington,
R. Shepherd, M. Tabak, W. Kruer, to be published, Astrophysics and Space Sciences, (2004).




How many pairs can we expect to produce with ultra-
Intense laser-solid interactions?

Temp. vs. Laser |
The characteristic kinetic energy of electrons HOEreS
generated by an ultra-intense laser interacting S 108404
- - . 1 %
with a foil is roughly | = E/(A*’Cp) 2 oo {oplous
| 42 — ;Ef . Pairs
kT, . ~m.c? \/1+—18 -1 2 Lomcz
2.8x10 E 1.0E+01
In the limit of low annihilation rates, pair ' 1‘OE+2(.)OE+16 10E+17 10E+18 10E+19 10E+20 1.0E+21
denSIty grOWS aS d Laser Intensity (W/cm”2)
. n. -
dn, ~ dn, 47 Are there enough positrons?
dt dt dt 0000 postronsloocnt.
Putting in the proper cross sections and integrating 100000
10000 | Petawatt (NIF) (2kJ) |
n+ = Zni [exp(Ft) _1]/ 2 § 1(1)22 / RAL (350.)
where the pair growth rate? is given by: ‘§ 10 ﬂ:"(“ﬂ 1)Mector"mit
8
r=2nc[dyo. f(1-y2)"? o e a0
B I ?/ ei 7/ ‘0.0E+00 2.0E+20 4.0E+20 6.0E+20 8.0E+20 1.0E+21
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So higher T, ., (~ f) means more electrons = more pairs High energy lasers produce plenty

Hotter electron temperatures mean positrons! =» More energy, intensity...

1. “Absorption of Ultraintense Laser Pulses”, S. C. Wilks, W. Kruer, M. Tabak, A. B. Langdon, PRL 69, 1383 (1992).
2. “Pair Production by Ultraintense Lasers”, Edison P. Liang, Scott C. Wilks, and Max Tabak, PRL 81, 4887 (1998).



Electron-Positron (Pair) Plasmas are thought to play a key role in
Gamma Ray Bursts, the most energetic objects in the Universe..

Gamma Ray Bursts (GRB'’s) Gamma Ray Burst Model

T T 84, NUMBER 17 PHYSICAL REVIEW LETTERS 24 Ap
Electron-Positron OQutflow from Black Holes
2 s0000f
; E
§  20000F o m G e
half-opening angle satisfies # = \/B./3B. The outflow proposed as input to GRB fireball models.
% PACS numbers: 97.60.Lf, 04 1nL'v.)
: -
8 toonf
f"_M 4000
D:Illlllllllllll
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el 0 Bipolar Jets :\ H:]e Ay
First detected 1967
1052 erg s'1seen (1 per day) 4000
Gravitational wave source | a
Many competing theories 4000 0 4000
Woosley & MacFadyen, x (km)
A&A. SUEEL 138, 499 (1999)

Creating this exotic plasma would shed light on physics of GRB’s.




If it is possible to create and characterize “mini-fireballs” of pure
pairs, we can start to examine the physics behind GRB'’s.

If it is possible to create and characterize “mini-fireballs” of pure pairs,

we can start to examine the physics behind GRB's.
Big Question is: How are the e+e- accelerated and how do they radiate?

Competing GRB Models: B or not B?

time

GRB spectr'é)getsemble smoothly broken power law with spectral
break energy E;, ~ few hundred keV. E , decays before intensity.

BURSTING OUT
| FORMATION OF A GAMMA-RAY BURST could begin |
gither with the merger of two neutron stars or

[} with the collapse of a massive star, Both these
events create a black hole with a disk of material

NEUTRON STARS arnund it. The hole-disk system, in turn, pumps
® ta]e'l of material at ¢ Iuser the speed of li ight.

A Sh within this material give off radiation. | JET COLLIDES WITH
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. stower  “ave) |

[external shock wave]
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Internal shocks:Hydrodynamic energy*

Colliding with another pair fireball can mimic the internal shock model of

GRB'’s, allowing us to study how expansion energy of the jet can be

converted into gamma rays.

*A. Bruce Langdon, Jonathan Arons, and Claire E. Max, “Structure of Relativistic Magnetosonic Shocks in Electron-Positron Plasmas”,PRL 61, 779 (1988).



Sample BATSE GRB light curves show extreme diversity: from
single smooth FRED pulse to complex, chaotic, multiple peaks.

The CGRO Mission
(1991 - 2000)

The Compton Gamma Ray Observatory was the second of NASA's Great
Observatories. Compton, at 17 tons, was the heaviest astrophysical payload
ever flown at the time of its launch on April 5, 1991 aboard the space shuttle
Atlantis. Compton was safely de-orbited and re-entered the Earth's
atmosphere on June 4, 2000.

Compton had four instruments that covered an unprecedented six decades of
the electromagnetic spectrum, from 30 keV to 30 GeV. In order of increasing
spectral energy coverage, these instruments were the Burst And Transient
Source Experiment (BATSE), the Oriented Scintillation Spectrometer
Experiment (OSSE), the Imaging Compton Telescope (COMPTEL), and the
Energetic Gamma Ray Experiment Telescope (EGRET). For each of the
instruments, an improvement in sensitivity of better than a factor of ten was
realized over previous missions.

2704 BATSE Gamma-Ray Bursts
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Example of attempting to simulate the actual conditions in
e*-e- outflow of a GRB. (E. Liang and K. Nishimura)

PIC simulations of strongly Measured X-ray energy time
magnetized ele_ctron-posnron Computer simulated pulse profile Histories measured by BATSE
plasma expansion of strongly magnetized electron-
positron plasma expansion (left, remotr A Aaaasnans sraaasnans
a S ' 020 from Liang & Nishimura PRL 92, e R
3 t2,=1000 = 175005 (2004)) compares
R Z favorably with gamma-ray burst R
TR e light curves from the BATSE & roner)
~000 s00 o catalog. Such e+e- expansion o
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laser experiments. o B e C
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Next step: Justify the jump
from density to x-rays
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More simulations results show “ characteristic fall-off at
shock front.
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Simulations by Anatoly Spitkovsky (Stanford University) show
Interesting electron-positron interactions.

0o:00:10

A. Spitkovsky and J. Arons, ApJ, 2004



Conclusions

Simulations can bridge the gap between laboratory and astrophysics.

Strong interplay between experiment and simulation strengthens both.



With Prav Patel: Can we use proton beams?
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PIC Simulations of laser-target interaction predict different properties
for ions accelerated from front and rear surfaces of a thin foil target

P01637-tec-u-015




Can we use lasers to make hot electrons that interact with

dense material to create pairs?

lonization-Acceleration-Bremsstrahluno

Pair Production

Total photon cross section in lead, as a function of energy.
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Summary of diagnostics

0 Cu K-a Single Hit CCD

Absolute yield of Cu K-a for variety of targets and laser irradiation
conditions (focal spot size and pulselength scans)

0 XUV Imaging CCD
Measured electron heating at rear surface of Cu foils
0 XUV Streak Camera

As above but time-resolved data (distinguishes prompt heating vs.
shock heating)

O Transimission Grating Spectrometer

Good time-resolved soft x-ray spectra from front of Cu foils and
Hohlraums - should give temperature/ionisation information

O PCD Array

Absolute time-resolved radiation temperature for Cu foils and
Hohlraums around 1 keV region

O Electron Spectrometer

MeV electron spectra obtained on all shots

O Cu L-shell X-ray Spectrometer

Cu L-shell spectra obtained on some shots

PK Patel



3-D PIC simulations of Weibel in electron-positron
plasmas by UCLA team.

FONSECA ef al: THREE-DIMENSIONAL PARTICLE-INACELL SIMULATIONS OF THE WEIBEL INSTABILITY IN ELECTRON-POSITRON PLASMAS i
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Diagnostics Fielded in Experiment ﬁrg

PK Patel
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Cu K-a imaging CCD
XUV imaging CCD
XUV streak camera

Cu L-shell x-ray spectrometer
Cu L-shell x-ray streak camera

Electron spectrometer
Optical spectrometer
Radiochromic Film Pack
Ag/Au K-a single photon
Cu K-a single photon CCD
Ag/Au K-a imaging CCD
2o interferometer

2o self-emission imaging
2m self-emission streaked
X-ray Pinhole camera
Transmission grating spec
Neutron detectors

PCD array

RF coils

8keV K-a x-ray emission, 2D (time-int)
68eV XUV emission, rear surf, 2D (time-int)
68eV XUV emission, rear surf (time-res)
9-10A x-ray spectra, front surf (time-int)
9-10A x-ray spectra, front surf (time-res)
Electrons

Specular laser light spectrum

Protons

22keV K-a x-ray flux (time-int)

8keV K-a x-ray flux (time-int)

22keV K-a x-rays imaged (time-int)
Pre-plasma scalelength (time-res)

2eV optical emission, rear surf

2eV optical emission, rear surf (time-res)
>1keV x-ray emission, front surf (time-int)
20-100A soft x-rays, front surf (time-res)
Neutrons

Abs. radiation field, front surf (time-res)
EMP from target interaction



Electron CDSA Range
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Fig. 3-3. Plot of the CSDA range, as a function of energy,
for gold and silicon and for polystyrene, (CgHj),,, with a
density of 1.05 g/cm3. The measured electron range in
collodion with a density of 1 g/cm? is also plotted.



Rossi XTE Satellite Detalls

The Rossi X-ray Timing Explorer, RXTE, was launched on December 30, 1995. RXTE is designed to facilitate the study of time

variability in the emission of X-ray sources with moderate spectral resolution. Time scales from microseconds to months are
covered in a broad spectral range from 2 to 250 keV. It is designed for a required lifetime of two years, with a goal of five years.

Mission Characteristics

\'-‘ Lifetime : 30 December 1995 to the present
\'-‘ Energy Range : 2 - 250 keV

\" Special Features : Very large collecting area and all-sky monitoring of bright sources
\" Payload :
*Proportional Counter Array (PCA)
2-60 keV energy range, 6500 sg cm, time resolution 1 microsec
*High Energy X-ray Timing Experiment (HEXTE)
15-250 keV energy range, 2 X 800 sq cm
*All-Sky Monitor (ASM)
2-10 keV energy range, 30 mCrab sensitivity
& Sscience Highlight:
*Discovery of kilohertz QPO's
*Discovery of spin periods in LMXRB
«Detection of X-ray afterglows from Gamma Ray Bursts
*Extensive observations of the soft state transition of Cyg X-1

*Observations of the Bursting Pulsar over a broad range of luminosities, providing stringent test of
accretion theories.



Details of photon bubble instability (abstract from R. Klein, et. al.
1996 ApJ article

We discuss our recent Rossi X-Ray Timing Explorer (RXTE) observations of GRO J1744-28,
which discovered quasi-periodic oscillations (QPOs) of the intensities in the energy band

3--12 keV during observations starting on 1996 January 18.77 UT. We have found that the

power spectrum in the frequency band 5--1000 Hz consists of two red-noise components that

can be characterized by two power laws, each with an index of -5/3 and a QPO peak centered

at 40 Hz. We suggest that the power peak is due to a newly discovered form of turbulence in

the accretion column of super-Eddington accretion-powered pulsars driven by photon bubble
Instabilities. These instabilities give rise to strong power peaks at frequencies characteristic of
photon diffusion and bubble coalescence in the highly nonlaminar accretion column resulting in
photon bubble oscillations (PBOs). The relationship between the rms amplitude of the PBOs and
the intensity is in qualitative agreement with observations. Our calculations also suggest that the
observed high-frequency red-noise component with a -5/3 power-law index from 40 to 600 Hz is
the first evidence of photon bubble turbulence in the accretion column of an X-ray pulsar. Recent
RXTE observations of Sco X-1 have found high-frequency QPOs at 1100 and 830 Hz. We show
that PBOs at these frequencies are a natural consequence of photon bubble instabilities. We also
show that the rms amplitudes of the calculated PBOs at these frequencies are consistent with the
observations. We predict that further RXTE observations of Sco X-1 should reveal additional PBOs
at 2000 and 2600 Hz as well as a broadband continuum spectrum with a -5/3 power law, extending
from 3000 to several times 104 Hz.



lon Acceleration UCRL-PRES-206186
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Acceleration Mechanisms
* Front — Simple Scaling Law
» Back — Simple Scaling Law
» Dependence on electrons T,/transport

Recent Experiments
» Matt Allen — Front vs. Back
* Hegelich — Heavy lons
* RAL —

Possible Applications
* Fast Ignition / EOS (Prav)
» Radiography (Andy)
» Medical Accelerators (Hartmut)

Future Directions
* Reduced Descriptions (Hartmut)
* Modeling Experiments (EOS) (Prav)



Proton generation, transport, and focusing
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Coordinator: Scott Wilks (LLNL)?

What are the proton generation mechanism efficiencies?

How sensitive to resolution are the answers?

Can hybrid PIC be used?

How does electron flow affect proton generation?

How can we control the generation and focusing of the protons?
What is the optimum proton energy for radiography?

What are the qualities that set ions using these mechanisms
apart from “standard” ion beams?



Full view of lon Acceleration
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Acceleration on back of target
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Picture @ t=0
(just after
ultraintense

Protons
t, = 100 Angstroms

laser pulse)

rIpro'[ =100 Ner
Eyoi=0

prot —

LnO

Hot electrons
ThOt -~ 1 MeV = fUpOﬂd
Efot ~ 70

excursion

Quasi-
neutrality

Hot electrons

Hot electrons lose energy by:

1.

2.
3.
4

lonization v ~ 1 fsec
Collisions v ~ 10 fsec
Radiation v ~ 10 fsec
lons v ~ 100 fsec

Assume that the interaction
Is over in 10 pSec.

1 psec * 3x101° cm/sec = 300 um



Directionality of lon Beams

E field Strength

t< tcrit
Where e" generated from
Prepulse or ASE cannot
disrupt back surface.
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lllustration of front vs. back acceleration showing proton

directionality.
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PIC Simulations of laser-target interaction predict different properties
for ions accelerated from front and rear surfaces of a thin foil target
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Monoenergetic protons from two electron-temperature, multi-
lon species plasma expansion is seen in PIC simulations

Proton Energy Spectrum Electric Field and lon Velocity
at 100 fs vs. Position
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Recent progress on understanding detailed multi-species effects was
only possible with the close interplay between experiment and theory

P01637-tec-u-010
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Original plasma lens simulation: how small can you really

focus? What are the limiting factors?

With initially uniform electron and ion density distributions,
plasma expansion from curved target foil exhibits ion focusing

y (clog)

40

O :
0 20 20 40 60 80 O 20 20 40 6
X (clwg)

Larger scale simulations are required to
assess feasibility of ion focusing for
potential applications

* jon injector for accelerator
* plasma jet source for lab astrophysics

¢ high energy density source for
ion- matter interaction experiments

P01637-tec-u-016
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lon Acceleration
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FIG. 1 (color). (a) lon traces (on CR39) from an unheated
Al | C target and (b) corresponding spectra. The gap in the
proton signal is due to the CR-39 detector which is optimized
for heavier particles. The dotted line illustrates the H™ spectra as
obtained with the proton spectrometer. (¢) lon traces from a
heated Al | C target and (d) corresponding spectra. The ion
signals are strongly enhanced. The spot in the upper right corner
of (a).(c) is the pinhole image formed by neutral atoms.

M. Hegelich, S. Karsch, G. Pretzler, D. Habs, K. Witte, W. Guenther, M. Allen, A. Blazevic, J. Fuchs,
J. C. Gauthier, M. Geissel, P. Audebert, T.Cowan, and M. Roth, Phys. Rev. Lett. 89, 085002 (2002).
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Experimental procedure for separating the front from
the back protons:Sputter Gun Experiment (Matt Allen)
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Matthew Allen, Pravesh K. Patel, Andrew Mackinnon, Dwight Price, Scott C. Wilks,

acceleration from laser irradiated foils”, submitted to PRL (2004).
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Proton source experiments have revealed the effect of
recirculating electrons on proton acceleration
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A.J.Mackinnon et al., Physical Review Letters 88, 215006-1
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Time [fs]

Time [fs]

In essence - for thin targets, larger fields accelerate protons
for longer times, resulting in higher peak energies
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For targets thicker than a single round

trip - acceleration begins only after the laser pulse
turns off - giving the plateau region in the peak
proton energy

scw 813012004 A 3 Mackinnon et al., Physical Review Letters 88, 215006-1




Andy Mackinnon “wish list”

scw 8/30/2004

Areas where we need simulations include realistic simulations of proton
focusing in real targets.

1) For proton fast ignition do we need things like protector foils to make sure
plasma,x-rays or scattered light do not perturb the proton foil. Can we
simulate the sort of environment that that proton foil will be in.

2) What do we know about the space integrated lower energy part of the
proton spectrum - from 5MeV down. This is difficult to measure and so we
typically extrapolate down to ~1MeV by assume the slope does not change
from a Boltzmann or maxellian at energies below 5MeV. This is maybe not a
good assumption in all cases. Can simulations help here? ( this is important
for fast ignition)



Simple model of protons through grid, then through B field.
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Kaluza, Schreiber, Santala, Tsakiris, Eidmann, MTV & Witte
proton experiments.

z 2 TTE vork end
i B Wi PHYSICAL REVIEW LETTERS ek endiug.

Influence of the Laser Prepulse on Proton Acceleration in Thin-Foil Experiments

M. Kaluza, 1. Schreiber, M. L K. Santala, G [ Tsakins, K Eidmann, 1. Mever-ter<Yehn, and K 1. Witle

Max-Plamck-Tnstinn fir (hantenoptik, Hans-Kopferrmann-Strofte I, [-F5748 Gooching, Germanry
(Received 8 December 200%; published 20 July 20041

We investigate the influence of the laser prepulse due to amplified spontaneous emission on the
aceeleration of protons in thin-fodl experiments, We show that changing the prepulse duration bas a
profound effect on the maximom proton energy, We find an optimnl valee for the target thickness, which
strongly depends on the prepulse duration. Al this optimal thickness, the rear gide sccelerntion process
leads by the highest proton energies, while this mechanism is rendered ineffective for thinner tnrgels
due fon pq'cr.vu!m-inducud P|E|.H11II formution at the rear side [n this case, the profons ane primuri]}'
amocelemnted by the Front side mechonism leading to lower cotoff enmergies.
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Prav experiments of proton focusing
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Prav Patel proton experiments December 2003 Science &
Technology Review.

Using Proton Beams to
Create and Prohe Plasmas

Proton beams generated by ultrashort-pulse lasers

will help advance our understanding of plasmas.
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Laser pulse elactron cloud

(b)

B4 H.5 1.2 116 14.0 142 .4 15.4 Ta3
Praton energy, megaslactranvolis (MaV)



Another example: Proton experiments for Matt Allen.

100 fSec
1020 w/cm?z  Electrons: 60 n,
1.4 um distayice 15 um plasma
—> Going fromy0 to 60 n, w/ Q/M = 0.000013

4 um vacuum

60 n

Bulk ions:

15 um plasma

w/ Q/M = 0.000013

60 n.,
0n, 1ng

60 n
Protons:

On 3N

cr

0.10 um protons 8 Angstroms of protons
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Nx = 500, dt = 0.05
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¢ Yorick 0

System|: 1 ( 117,8320,

0,0337)

[ I
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Nx = 1000, dt = 0.04

¥ Yorick 0 ¥ Yorick 0 ¥ Yorick 0
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Compare with 2 different mass ratios for heavy ions (Au).

gm = 0.0000138 gm = 0.000038
0.2_ T T T T T T T T T ,_ DED%M|I|I|I|||I|I|I|I|||I|I|I|I|||I|I|I|I|||I|I|I|
i / 1 o= /
01 _— —_ |:|.1|:|§
Vlon/ C E / E VicH}/Ié:é 'S‘F
00F / 4 w= [ f /
- 1 -00s= /
oal/ L 1 -0
T T T N R T T R T .: —III.15—:|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.
1] ] 100 150 200
0 108 (chw,) 290 X (/W)
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Vth/c = 0.1, n/ncr=1.0

t = 0.04*1000 t = 0.04*5000 t = 0.04*8000

¢ Yorick 0 BEE (R < Yoricko B=E W < Yoricko H=E
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matt21 @ t = 500 fSec

202 1 A T T T O A
Protons off the front: - - Protons off the back:

OMeV<E<4MeV 0i5= / ~  45MeV <E <10 MeV
>QD.DE§ / ;
000= p / =

———— Bulk (heavy) ions
Protons off the front: -
OMeV<E<4MeV - -
mt ) e R R R O R A R A R O B O B T O S O B AN AR O RO
1] =0 100 150 200 2a0

X (clwy)
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lon Acceleration Mechanisms in Ultra- u
Intense, Laser-Plasma Interactions

Fast ions

Electron
Blow-off cloud
plasma

Target

Scott C. Wilks, W. L. Kruer, T. Cowan, S. Hatchett, M. Key, B. Lasinski, A. B. Langdon,
A. MacKinnon P. Patel, T. Phillips, P. Springer, R. Snavely

Lawrence Livermore National Laboratory
University of California
Livermore, CA 94550
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For the American Physical Society, Division of Plasma Physics Meeting
Seattle, Washington
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Motivation: PetaWatt saw Copious '
Amounts of lons off the Back of the Target.

Experimental Set-Up

a
[

N

PetaWatt Radiochromic Film lon/Electron Spectrometer

Mictormeters

150 162 175 188 200
Mictameters

From these diagnostics, we determined that there were
approximately Ni;n=3x10"® protons® that come off the back in about
a 400 micron spot?, with energies up to about 50 MeV.

How can we explain these results?

1. R. Snavely, et. al. To be submitted PRL.
2. M. Roth, et. al. , to be submitted to PRL.

SCW 8/30/2004




First Obvious Place to Look: lons Created E
at Laser-Plasma Interface.

ION ACCELERATION MECHANISM #1

PetaWatt intensities could reach ~ 4 x 10*° W/cm?. This can
accelerate ions, via snowplow mechanism?, to a couple MeV.

Optimistic: IA°=10%" , n/n,=50, protons.

V 2
Vi _ [ N Zm, A | ~3Mev
C n M. 2.7x10

0.10
g
0.05 P
. "_-f’ ,f_l
,_)’
-0.05 ‘ ]
_ =200 w,™
05 10 20

X (C/mg)

IS THIS THE MECHANISM?

Possible contribution, but: energy is too small and the angular
divergence of the ion beam out the back is not consistent. Wedge

target results kill it.
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What was already known from Petawatt u
Experiments? Hot Electrons Produced.

Previous experimental work® on 100 Terawatt :hot electrons, agrees
with predicted energies and levels®.

2
T... ~mc’ \/1— 4

Electron spectrometer data from PetaWatt® showed that electron
energies produced can exceed even these estimates: (~ 7 MeV

effective Thos fOr 1IL*=10).

Possibility: 10’s of Joules of several MeV (~1-7 MeV) hot electrons
are generated in the laser-plasma interaction region, and a large
number are sent into and through the target.

IIIIIIIIIIIIIIII

60

1. K. Wharton, et. al. PRL, (1998).
2. S. C. Wilks, et. al. IEEE (1997).
3. T.Cowan, et. al., PRL (1999).
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target, and accelerate ions off back?

Can these hot electrons go through the E

Our model:

Fast ions

Electron
Blow-oft cloud
plasma

ions in real space

140 -

120

100 =

0 it - s i
0§ 10 15 20 X 30 3/ 40 4 EBD BE 4D

x(cfu:.o)
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What causes these energetic ions off the E
back of the target?

Consider this simplified situation at back of target:

protons

Vacuum

0 iy
eV 0 140 280
X (c/mg)
Similar to the much-studied, self-similar ion expansion solution,
except Ln << |, MeV elecs. At t=0, and Te NOT constant.

1.0f = Te = Te
oF, i eCt el
mcay ; EzOS\F Te

0'52 ncr eﬂ‘De

Note: T NOT constant
after laser shuts off.
Electrons quickly cool.

X (cla)
Protons accelerated off back, as long as hot electrons present.
Even for T,ot's of ~ 1 MeV, 5 MeV ions are observed.
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We find a strong dependence of Enax ON thu
scale length of the plasma.

III'r'u:mn’ll'-—'

i P I A O I ket T
o 1 20 0 A 0 D s A 9 00 110 14D

x(in /o) * (in c/ag)
""""" 1
Tt : -
10 o :
- ; (E) |
f(E) ™ : "

3l |I JI
.

1 O03E 0 OME 3 D:'ZE-.I:IJJIJI Lk

c?)

za Mo
ss_ssa_s_ss_s_sas_

Energy (in mhnczj

Energy (in m;

JI:II]

8 = iy Fig, 3[b)asp2? lon diserbunon fancuon, for shae density scalelength
Fig. (&b) usp2é @ wpt=210, long scale length case, Max B, = L6 MeW. Becou i gy e S e

Sharper gradients => Higher Fields: Back of target sharp density
profile. Not possible on front, due to prepulse.
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What about the spatial distribution of the E
high energy ions?

What about 2-D? We use a 50 fSec, 4x10%° W/cm?, r=2um laser
incident onto a 25 n/n., plasma. This generates the following hot
electrons:

ions in real space Hot Electrons

60}

% ;: 10 15 20 2% 30 3K ﬁEJE B0 85 &D 0 5 10 15 20 25
x(cltg) y (um)

lon phase space
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If we concentrate on

10

ns off the back :
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.05 T T T T T T T T T T T T T T T T T T T

L0d = -

NiE . .

-.02 F =

=03 -

“proton lens”, by shaping the target.

If this model is correct, one can imagine aE

electrons in real space

&0

40

20 30 410 50 B0 70

x(cfmn}
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ions in real space

100

n]

What are the limitations to this ion
acceleration mechanism?

Maximum ion energy directly dependent on the electron energies.

Accelerating field, at wOt=150
just across the ion front.

3.0f ]
eEx | ]
mcw, f 1
2.0F .
1.0F ‘ 1
0 ! i 1 L 1 L L n 1 i 1 i 1 L 1 M.
0 LY 10 15 20 25

y (um)
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Scaling Laws for the ion energy, and !
efficiency.
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Summary and Conclusions E

By studying previous work on ion acceleration mechanisms, thinking
about the hot electrons present, and doing ideal computer
simulations, we came up with a possible explanation for the ions
observed in the Petawatt experiments.

Properties of this ion acceleration mechanism:

1. Acceleration is normal to surface on back of target: typically
occurs over a few micron distance.
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2. Sharper density gradients give higher ion energies, for given
electron distribution.

3. Maximum energy and number depend on electron energy
distribution (total number, maximum energy.)

4. By shaping the back of the target, it may be possible to create an
intense spot of energetic (~50 MeV) ions: less than a %2 micron in
radius.
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