GSI-2016-2
REPORT
June 2016

News and Reports from

High Energy Density
J€nerated by

Heavy IOn and Laser Beams

HEDgeHOB Collaboration at FAIR - Report 2015



The cover picture shows the set-up of a plasma window for FAIR built at the Goethe University in
Frankfurt, while its scheme is depicted in the small picture in the right lower corner.

The plasma window is a membraneless vacuum-atmosphere-interface. One possible application is to
use it between the accelerator vacuum and the gas stripper system. It is supposed to work more
effective and is less space-consuming than a conventional differential pumping system. In addition it
can be used at various experimental areas where a metal membrane is used to separate the beam
line from the high pressure part of the experiments, especially for the high beam intensities in the
SIS-100 where conventional metal foils as interface may be destroyed.

A closer description of the plasma window and its detailed working principle are found in the
contribution on page 5 in this report.

(Pictures by B. Bohlender, J. Wiechula; Text: M. Iberler, J. Wiechula, K. Weyrich)
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Editorial

Dear Colleagues,

this report is aimed to be available for the July 11-13, 2016 EMMI workshop on High Energy
Density Plasma Physics at FAIR/GSI. During this workshop many scientists interested in
High Energy Density Plasma Physics will convene to discuss the possibilities of intense
heavy ion beams for this field.

This report starts with an overview on facilities worldwide that are engaged in High Energy
Density Physics and where at the same time there is interest to collaborate in this field with
FAIR/GSI. These facilities include LLNL (Livermore), LMJ/Petal (Bordeaux), NICA
(Dubna), NDCXII (Berkeley), KUMGANG Laser and Large scale accelerator facilities
(Korea) and the planned high intensity accelerator facility (HIAF) in China, just to name a
few. The report continues with the traditional topic of Beam-Plasma Interaction Physics and
diagnostic methods for High Energy Density Matter. Accelerator issues and theoretical issues
complete this report. It may be interesting to have a look at the list of contributing institutes.
Most of them are already member of a plasma physics collaboration at FAIR.

Scientific committees of FAIR and GSI have monitored the scientific program of the FAIR
collaborations for many years. Most of the collaborations have adapted their scientific
program towards the FAIR modified start version. In addition, the plasma physics
collaborations have continuously adapted their programs towards the modifications of the
FAIR project. However, we still have a long way to go. The proposal of a FAIR phase 0,
which is aimed to prepare for the start of the FAIR facility during the years 2018-2022, is a
new challenge for our collaboration. The task ahead of us, namely to secure the necessary
resources and to formulate an excellent scientific program for plasma physics at FAIR,
requires the consistent and unified action of the whole plasma physics community. During
this workshop we also have to discuss our priority for experiments during the coming years as
well as for the day one experiments. The envisioned procedure is that collaborations submit a
priority list of experimental programs. A scientific committee of FAIR/GSI will then evaluate
this suggestion and the available beam time will be distributed with respect to the assigned
scientific priority. We therefore have to act as a unified collaboration and we call upon you to
start the founding procedures for a “Plasma Physics Collaboration at FAIR” during the EMMI
workshop at FAIR/GSI in July. Finalizing this procedure may take some time, but we have to
give a strong signal to the FAIR/GSI management as well as to the respective funding
agencies.

With kind regards,
Dieter H. H. Hoffmann

June 2016
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1 New Facilities for HED/WDM Research
and special FAIR related Issues






First Experiments at FAIR: HIHEX - Heavy Ion Heating and EXpansion

V.B. Mintsev', V.V. Kim', I.V. Lomonosov', D.N. Nikolaev', A.V. Ostrik', N.S. Shilkin', A.V. Shutov',
V.Ya. Ternovoi', D.S. Yuriev', V.E. Fortov', A.A. Golubev?, A.V. Kantsyrevz, D.V. Varentsov?, and
D.H.H. Hoffimann*

PCP RAS, Chernogolovka, Russia; 2ITEP, Moscow, Russia; >GSI, Darmstadt, Germany; 4TUD, Darmstadt, Germany

Early experiments at FAIR in 2018-2022 suggested by
the HEDgeHOB collaboration in the field of non-ideal
plasma physics are discussed. Specific energies of 5—
10kJ/g, pressures of 1-2 GPa and temperatures of 1-2 eV
are expected to be reached in the substance at the first ex-
periments with a U?* beam with the energy of 0.2 AGeV
and maximal intensity 3-10'° per impulse. It will provide
the possibility to investigate the two phase region including
the critical point of several metals in HIHEX (Heavy Ion
Heating and EXpansion) experiments with the plane and
cylindrical geometry, realizing regimes of quasi-isochoric
heating, isentropic expansion and compression when the
flow strikes the target. Analysis of thermal radiation trans-
fer will give information on the vaporization dynamics.
Measurements of electrical conductivity and optical prop-
erties on the supercritical adiabat will disclose information
on the insulator to metal transition under these conditions.

We propose to use the HIHEX experimental setup to
study thermophysical and transport properties of matter
heated by intense beams of heavy ions and expanded adia-
batically. Our goals are the determination of critical points
(CP) for a number of elements, investigation of material
properties and the metal-nonmetal transition in the near-
CP region, including hot liquids and nonideal plasmas and
the domain of high-pressure high-temperature vaporization
along with kinetic effects in the two-phase liquid-gas re-
gion.

Comprehensive numerical modeling of HIHEX setups
corresponding to ion-beam parameters for FAIR 1st-day
experiments has been carried out employing a novel 3d
gas-dynamic code [1] accounting for realistic properties
of matter and energy deposition by intense beam of ions.
The setup corresponds to heating of the cylindrical metal-
lic wire with a diameter of 0.6 mm along the axe.

According to the evaluations of the critical point param-
eters based on the multi-phase equation of state for met-
als [2], in a HED experiment with the highest energy de-
position for super-critical states for Pb with complete va-
porization in the expansion isentrope will be accessed on
the phase diagram. In the case of Cu and Ni, sub-critical
states of liquid will be accessed while the expansion isen-
trope corresponds to the partial vaporization and is close
to the critical point. These results are illustrated in Fig-
ure 1 for lead. The earlier evaluations [3] are also plotted
in this figure. We may conclude that the project’s goals can
be successfully achieved because with the use of beam pa-

rameters from the table we will have high values of energy
and entropy in the target.
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Figure 1: Pressure—density diagram for lead.

In future HIHEX experiments we propose to use the
previously developed setups, diagnostic tools and intense
beams of uranium ions providing for the highest energy
deposition. The preferred beam parameters are: U?* ions,
0.2 AGeV, 4-10'9 jons/bunch, the time duration 100 ns. The
materials for study should be Pb and other elements. We
expect to access and to detect the critical point, and to in-
vestigate the near-critical-point electrical properties in this
domain of the phase plane. This information on the electri-
cal properties of expanded substance is important for un-
derstanding the effect of metal-nonmetal transition. We
also plan to use this setup for studying dielectric materials.
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High energy density experiments at FAIR*

S. Neff' and D.H.H. Hoffmann?
I'FAIR, Darmstadt, Germany; 2TU Darmstadt, Germany

The Facility for Antiproton and Ion Research (FAIR)
will offer unique research opportunities in the fields of
compressed baryonic matter, hadron physics, nuclear struc-
ture, atomic physics, materials research, biophysics and
plasma physics. In the field of plasma physics, the focus
of the research program will be the study of high energy
density matter generated with heavy ion beams.

The equation of state of high energy density matter is im-
portant for many scientific fields, ranging from studying the
interior structure of giant gas planets and the metallization
of hydrogen to the dynamics of laser-driven capsules for
inertial confinement fusion. To better understand the rele-
vant processes, a knowledge of the equation of state, that
is pressure as a function of density and temperature, and
of the relevant transport coefficients, for example thermal
conductivity and opacity, of warm dense matter (WDM,
samples close to solid density with electronvolt tempera-
tures) is essential.

Static measurements using laser-heated diamond anvil
cells can only access pressures of up to about 3 Mbar and
temperatures of up to about 1500 K and therefore cover
only a small part of the states relevant for warm dense mat-
ter. In order to overcome this limitations, dynamic mea-
surements, using for example shock compression or laser
heating of small samples, are necessary.

For FAIR, dynamic measurements that use high en-
ergy heavy ion beams to generate warm dense matter are
planned. Two main approaches will be used. In the
first approach, the energy deposition of the heavy ions is
used to isochorically heat macroscopic (mm-sized) sam-
ples and turn them into warm dense matter, for example
in the HIHEX[1] (Heavy-Ion Heating and EXpansion) ex-
periment. Heavy ion beams with up to 5 x 10U ions
with 2AGeV in a 50ns bunchs allow to heat the samples
to temperatures of several electronvolts. In a second ap-
proach, which will be used in the LAPLAS[2] (LAboratry
PLAnetory Science) experiment, the heavy ion beams are
used to indirectly compress cryogenic samples. By using
an annular beam profile to heat a payload, it is possible
to quasi-isentropically compress hydrogen to a pressure of
5 Mbar at a temperature of only 3000 K.

In addition to these experiments, it is also planned to
use high-energy protons available at FAIR (10GeV in en-
ergy with up to 2.5-10'3 protons per bunch) to diagnose
dense samples using a proton microscope with a resolution
of 10 um. This can be used to either study high-energy
density matter generated with secondary drivers (e.g. a
laser or a gas gun) or for other applications such as imaging
biological samples for the PANTERA project.

* For the HEDgeHOB collaboration.

A delay in the civil construction work for FAIR has re-
sulted in a delay of the construction and commissioning
of the facility. After a review by an external expert panel,
a new timeline has been determined with the experiments
of the Modularized Start Version (MSV) scheduled to start
in 2022. Currently several phases are planned for experi-
ments: ‘Phase 0°, which covers the time up to the start of
the MSV; ‘Phase-1’, which refers to initial experiments at
FAIR which do not require the full beam intensity; ‘Phase
2’, which refers to experiments using the full design inten-
sity of FAIR; and ‘Phase 3, which refers to experiments
beyond the MSV which require further upgrades.

The interim science program (‘Phase 0’) at GSI (using
PHELIX, UNILAC and SIS-18) and at other facilities is
essential for further R&D work, and to keep up with tech-
nological and scientific progress until the start of FAIR in
2022. Our activities in this phase will focus on further de-
velopment of PRIOR and further work on diagnostics, such
as laser particle acceleration.

Experiments at FAIR will take place in the so-called
APPA cave, with a dedicated beamline for high energy den-
sity experiments. This beamline will be used for experi-
ments with protons as well as with heavy ions. Originally,
a dedicated second proton beamline directly from SIS-18
was also planned. To reduce costs, this second beamline
was not included in the MSV. However, there is an option
to add this beamline later on. In addition to the beamline,
a diagnostic laser system (100 J, 0.1-20 ns, 532 nm) will
be available to drive laser diagnostics (e.g. x-ray backlight-
ing) and as a secondary driver for PRIOR experiments. The
initial experiments at FAIR (‘Phase 1°) will concentrate on
HIHEX and PRIOR, since these experiments can already
start with beam intensities well below the design specifica-
tions of the SIS-100 accelerator. Once the accelerator is op-
erating close to its design specifications (‘Phase 2’), it will
be possible to start the LAPLAS experiment, which needs
high beam intensities in order to compress the cryogenic
sample to megabar pressures. The main possible upgrade
options for our experimental setup are to add the second
dedicated proton beamline and to add a high energy laser
to the setup. Coupling this laser with the intense ion beams
from FAIR would open new fields of high energy density
physics and provide new research opportunities.
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Design of a 5 GeV Proton Microscope for FAIR*
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The PRIOR-I (Proton Microscope for FAIR) proto-
type facility has recently been commissioned at GSI with
3.6 GeV proton beams delivered by the SIS-18 heavy ion
synchrotron [1]. The design of this microscope is based on
compact high-gradient (120 T/m) NdFeB permanent mag-
net quadrupole (PMQ) lenses which can facilitate imaging
with protons up to 4.5 GeV. This system is capable of pro-
viding a magnified image of a dense object and correct-
ing the most significant terms of the chromatic aberrations,
which led to the achievement of micrometer-level spatial
and nanosecond-scale temporal resolution with a remark-
able density sensitivity during the beam time commission-
ing. Despite the success of the first experiments, a contin-
uous degradation of the image quality and spatial resolu-
tion due to a severe radiation damage of the PMQ lenses
has been observed. [1, 2]. It was concluded that PMQ
lenses are not an appropriate choice for a radiographic fa-
cility with high-energy and high-intensity proton beams.
Therefore the final design of the PRIOR proton microscope
(PRIOR-II) will employ small but strong and radiation-
resistant normal conducting electromagnets in order to as-
sure high imaging quality for future experiments at GSI and
FAIR.

Since the PRIOR-II microscope has to fulfill a lot of
different requirements which will mainly be determined
by the future experiments, new simulation tools were de-
veloped to estimate the performance of the new system
[3]. The respective ion optical simulations were based on
COSY Infinity 9.1 taking into account high order image
aberration effects which determine the image quality of a
radiographic setup. By the observation of the geometri-
cal moments of a point spread function an entirely new ap-
proach to the calculation of the spatial resolution perfor-
mance of radiographic facilities was introduced [3].
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Figure 1: Geometrical layout of the PRIOR-II setup.

The PRIOR-II setup was optimized regarding the length

*Work supported by BMBEF, grant agreement ID 05K13RDB. This re-
port is also submitted to the ‘GSI Scientific Report 2015°.
T m.schanz@gsi.de

of the individual magnets QL; - QL4 as well as the dis-
tances between the magnets L - L4 (see Fig. 1) in order to
obtain a compromise between the resolution and the con-
straints of the construction process. The shape of the yoke
was chosen to guarantee an overall field deviation AG/G
of less than 4 - 10~* and to suppress higher multipole or-
ders (B,,/By < 4 -107%), especially n = 6,10, 14, be-
tween 80% and 90% load. The two layered coil with just
14 turns per pole will provide high field gradients up to
G= 43.3 T/m (30 mm pole tip radius) while being driven
by 1.7 kA current [4].

When PRIOR-II will be installed at FAIR utilizing
5 GeV protons, a magnification of 7.98 with a micrometer-
level spatial resolution (CR, = 7.26 ym, CR,, = 3.83 jum)
and the maximum field of view of 26.9 x 21.5 mm? can be
provided (see Fig. 2).
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Figure 2: Ion optical layout of PRIOR-II.
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It is foreseen that during the construction of FAIR,
PRIOR-II will be installed first at the HHT cave at GSI
and provide a magnification of 2.5 (CR, = 9.67 pum,
CR, = 6.51 ym).

The design of PRIOR-II will offer simultaneously a vari-
able geometry and a variable field gradient, enabling a wide
range of proton energies to be used for various investiga-
tions on high energy density states in matter as well as on
medical applications with an impressive image quality.
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Short-pulse laser-driven x-ray radiography for FAIR
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In the context of HEDP experiments planned at FAIR
x-ray radiography is an important diagnostic to character-
ize matter at extreme conditions. It allows for example
measuring precisely mass densities or characterising the
temporal evolution of hydrodynamic instabilities. Laser
driven x-ray sources can deliver short high-flux x-ray
pulses well adapted to this task. The simplest configura-
tion is the point-projection geometry. We studied new
experimental configurations to optimize this diagnostic.

Former experiments [1] have shown that high-quality
radiographies require a close to normal incidence of the
laser on the x-ray source target. Due to the size of the
backlighter laser and HEDP driver beams their geometry
has many constrains, often limiting the possibilities of
incident angle. To overcome this limitation, we have cho-
sen a radiography axis perpendicular to laser and drive
beam. This approach is technically challenging as this
axis is used for the target manipulator and laser beam path
in many large laser facilities.

The experiments have been performed at the LULI2000
laser facility. The short pulse laser delivered up to 50 J in
1.5 ps at 1053 nm wavelength or 25 J in 1.5 ps at 527 nm
(frequency doubled). While we used the laser at best fo-
cus (~10 pm) for the frequency doubled shots, it was de-
focussed to 50 um diameter at the fundamental wave-
length to reduce noise produced by hard x-rays.

Targets were Vanadium, Copper, Tungsten and Molyb-
denum wires of 10-20 um diameter. To estimate the spa-
tial resolution we used a 400 Ipi gold grid as test sample.

Figure 1: Radiography using a 20 um Vanadium wire as
x-ray source with a frequency doubled laser beam, the
resolution is estimated to be better than 25 pm.

X-ray signals were recorded with an imaging plate (IP)
type “MS” with a x24 magnification. To block light and
low energy x-rays, a 13 um Al foil was placed in front of
the IP. Step wedge targets of different materials were
placed onto the detector to appreciate the dynamic resolu-
tion.

Figure 1 shows a typical radiography obtained using the
frequency doubled beam. The grid is well resolved and
comparing the contrast (see fig. 2) with a MTF indicates a
spatial resolution of less than 25 pum. The plastic step
wedge at the bottom of the image is clearly resolved, in-
dicating the majority of the signal originating from V K-
shell radiation.

Radiographs using frequency doubled laser compared
to the fundamental wavelength exhibit less background
and stronger signal. However, even at the fundamental
wavelength, we obtain similar spatial and dynamic resolu-
tion.
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Figure 2: Lineout of the signal in the grid region

In conclusion, by using a vertical radiography axis, we
were able to obtain high quality radiographies, as the laser
incident angle could be optimized independently of the
laser beam axis.
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For many different applications at GSI and for the new
FAIR project, it is important and necessary to extract the
ion beam from the high vacuum of the accelerator into a
gas filled target chamber. In order to prevent the gas inside
the chamber from flooding the accelerator section, usually
thin metal membranes or differential pumping systems are
used. In order to improve these systems, concerning the
lifetime and the length respectively, a plasma window, sim-
ilar to A. Hershcovitch’s [1] design, is being built and in-
vestigated for the requirements at FAIR. Especially for the
transition to the gas stripper system, where the pressure is
significantly higher than inside the accelerator section the
plasma window would be a benefit as a sealed off system
between vacuum and high pressure. In regard to the adap-
tion of a plasma stripper system [2] the plasma window is
also thought as an improvement and alternative concept to
conventional differential pumping systems. Moreover a
plasma window is requested at FAIR because of the high
ion beam intensities where a metal membrane as vacuum-
atmosphere interface bears the risk of being destroyed.

Experimental setup and working principle

The plasma window mainly consists of a certain number
of cathode tips, an anode plate and several free floating
electrode plates. Similar systems are well known since the
mid-50s as wall-stabilized cascade arc discharges [3]. The
plasma arc is initialized between the negative cathode tips
and the grounded anode plate. For first investigations, the
diameter of the channel between the cathode and the anode
is d=2.5 mm, the effective discharge length is about 1=63
mm. Stepwise the diameter will be adapted to the require-
ments of FAIR. The high dissipation of heat is encountered
with a water cooling system (fig.1).

Cooling Plates Cathode

AN

Figure 1: Schematic view of the plasma window.
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According to Hershkovitch two main effects are domi-
nant as working principle for a plasma window as a vac-
uum-atmosphere interface. The main effect is due to pres-
sure equalization between arc discharge and atmosphere.
In pressure equilibrium the density is reduced when the
temperature is enhanced. To match atmospheric pressure at
room temperature, the arc plasma and gas density needs to
be a certain factor of the room temperature gas density.
This factor is given by the ratio between room temperature
in the low pressure part and arc discharge temperature.
Therefore, a reduction in the vacuum chamber pressure by
this factor is expected. The second effect is due to the fact
that the viscosity in a plasma is increased at higher temper-
atures. Thus, a backflow of the gas from the high pressure
cell into the low pressure cell is reduced. In addition the
plasma window may act as a plasma lens due the Lorentz
force [1].

Figure 2: Present status of the plasma window.

Status and outlook

The present setup is shown in fig. 2. First investigations
are directed to estimate the breakdown voltage as well as a
stable burning voltage as function of the gas pressure. Next
tests will include an estimation of the U-I-characteristic,
the determination of the pressure gradient as well as an op-
tical analysis for the plasma parameters density and tem-
perature. In addition the influence of the number of cathode
tips will be studied. The long term goal is the implementa-
tion of the plasma window into an accelerator section at
GSI and FAIR.
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Cylindrical cryogenic targets for the LAPLAS experiments at FAIR
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The subject of the joint research is development on a
specialized setup for fabricating and delivering multi-
layered cylindrical cryogenic targets. Such targets are
required for the LAPLAS (Laboratory Planetary Scienc-
es) low-entropy compression experiment that will be con-
structed and run by the HEDgeHOB (High Energy Densi-
ty Generatedby Intense Heavy Ion Beams) Collaboration
at FAIR [1]. The targets are hydrogen or deuterium ice
which is enclosed in a cylindrical shell of a high-Z mate-
rial like gold or lead.

The Lebedev Physical Institute (LPI), as a member of
the HEDgeHOB collaboration, considers different ap-
proaches for preparation of cylindrical cryogenic targets
for the LAPLAS experiments (Fig.1) [2-4]. Main direc-
tions of the LPI research are: (1) target fabrication, (2)
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Fig.1. Cryogenic target for the
LAPLAS experiment

target manipulation, (3) target survival. The key results of
this research are as follows:

* Target shell made at LPI from Pb is shown in Fig. 2.
Softness, plasticity and malleability is the features of Pb,
therefore a key moment is the shell surface survival dur-
ing target transport to the experimental chamber.

Side view

Top view

Fig. 2. Target shell made from Pb by
mold pressing

The LPI expertise has shown that a tube from stainless
steel (SS) can be successfully used for Pb-shell surface
protection. In addition, at the stage of Pb-shell formation

“elena koresheva@gmail.com

the SS-tube play a role of forming element. We also ad-
vice to use capsule from magneto-active material for tar-
get protection because at the stage of target electro-
magnetic delivery this element play a role of the driving
body.

* A target fuel core bibliography analysis has shown that
parameters combination related to fuel core in the
LAPLAS targets (i.e. length to diameter ratio in the range
of 5.0-t0-6.25) was never realized before. Two methods
of the cryogenic core formation are promising: in-sutu
method and extrusion one. The specifics features of the
in-situ method are: (1) short time of target fabrication —
15 min, (2) simple mechanic and electric control — there
are almost no movable parts, (3) possibility to make a
cryogenic core with faces of the required shape. The ex-
trusion method features are: (1) short time of target fabri-
cation — 1-2 s, (2) ability to supply cryogenic targets in
real time, (3) minimal consumption of the liquid helium
as cryogenic targets do not need a long-term storage, (4)
prospects for a rep-rated target production.

* Module for cryogenic target fabrication and assembly
(FAM) based on the extrusion method is shown in Fig. 3.
The physical layout is as follows:

1. Pb-shell loading under gravity (Fig.3, pos. 2),

2. Solid D, core extrusion into Pb-shell (pos. 3),

3. Cutting off the upper & the lower parts of D, core us-
ing tungsten wire (pos. 3),

4. D, core face formation (pos. 4),

5. Target characterization (pos. 5),

6. In accordance with characterization results, the target is
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Fig.3. Draft design of the FAM

moved to the delivery module (pos. 6), or to the collector
of the rejected targets (pos. 7),



7. Target loading under gravity to the corresponding unit
(pos. 6 or 7),

8. High quality target delivery to the experimental cham-
ber.

¢ Our calculations have shown that using the cryogenic
holder for target positioning inside experimental chamber
one can protect the target from the thermal radiation of
the chamber wall and fix target temperature in the re-
quired ranges (T < Ty, where Ty, is a triple point tempera-
ture of a fuel) [2,3].

* We have considered two options for target delivery
from the FAM to experimental chamber: gravitational and
electromagnetic. It is important that for both of these ap-
proaches the contamination of the experimental chamber
with foreign gas is impossible. Gravitational injector
seems as the most economical delivery means which re-
quires small delivery time (1-2 s). To protect the outer
target surface from the mechanical destruction due to fric-
tion we have proposed to apply a stainless steel tube [2].
Using an effect of quantum levitation of high temperature
superconductors (HTSC) is another protection means,

Fig.4. LAPLAS target with protecting
HTSC shroud

Fig.5. Target motion under gravity over
the PMG: there is no contact between the
target & the guiding tube

which has been proposed and examined at LPI [3,5]. To
realize this approach one must use a special HTSC shroud
outside of a LAPLAS target and a guiding tube with the
permanent magnets guideway (PMG) for non-friction
target delivery (see Fig.4, Fig.5, and Fig.6). HTSC quan-
tum levitation effect allows shell surface protection from
the scratches and fuel protection from the heat load. In
addition, a target declination inside the guiding tube is
excluded. This effect can be used for both gravitational
and electromagnetic injectors.

On the basis of the performed research, the technical re-
quirements to the corresponding specialized cryogenic

SmCo
magnet

Fig.6. HTSC sample aligns inside the
PMG with the line of minimal magnetic
induction. The HTSC samples have been
made at LPI from YBa,Cu;0 ceramics

(Te ~91 K, Hec ~5.7T at 0 K)

system (SCS) were defined. The SCS conception was
proposed aiming the potential risks minimization during
the system designing and functioning [2-4].

In conclusion, we would like to emphasize some open
questions, which have to be solved at the next stage of the
development, namely:

1. First of all: Is it possible for the LAPLAS to use the
target enclosed into the protective element (SS-tube,
HTSC-shroud, etc.) ?

2. Concerning the quality requirements to the cryogenic
core:

— What is the permissible size of a structure inhomogenei-
ty?

— What is the permissible roughness of the faces?

3. Another urgent question: whether the cryogenic core
faces degrade before completion of target positioning?

If yes, is it necessary to perform a special face shaping
in the stage of the core formation? In this connection, the
problem of thermal degradation of the cryogenic core
faces requires a thorough analysis at the next stage of
development.

4. The LPI proposes to discuss once again the require-
ments to the rate of the target delivery:

— If the delivery rate is more than 1 target per day, one
must work with free-standing targets: application of FAM,
delivery by gravitation or electromagnetic injector are
required.

— If the delivery rate is less than 1 target per day one can
consider a traditional method of target fabrication and
delivery: in situ method using Pb-shell pre-mounted on
the holder.
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In the quest to demonstrate Inertial Con-
finement Fusion (ICF) ignition of deuterium-
tritium (DT) filled capsules and propagating
thermonuclear burn with net energy gain (fusion
energy/laser energy >1), recent experiments on
the National Ignition Facility (NIF) (Fig.la)
have shown progress towards increasing cap-
sule hot spot temperature (Tion>5 keV) and fu-
sion neutron yield (~10'%), while achieving ~2x
yield amplification by alpha particle deposition.
At the same time a performance cliff was
reached, resulting in lower fusion yields than
expected as the implosion velocity was in-
creased. Ongoing studies of the hohlraum and
capsule physics are attempting to disseminate
possible causes for this performance ceiling.

Experiments to understand the effect and
mitigate potential sources of fuel preheat while
improving the radiation symmetry in hohlraums
are ongoing. Recent results show that higher
energy preheat x-rays (hv>2 keV) are reduced
in alternative hohlraum materials to pure Au
such as uranium or by applying mid-Z liners to
the inner wall surface. Furthermore, lower den-
sities or near vacuum hohlraum fills have
demonstrated a strong reduction in the amount
of preheat hot electrons generated by laser-
plasma instabilities. These experiments have
also shown that the laser energy coupling into
x-rays is improved by ~20% by reducing laser
backscattering from the target.

High resolution 3D simulations, validated by
inflight capsule radiography data, have also
shown that the tent holding the capsule and low
mode radiation asymmetries have strong nega-
tive impacts on implosions by the hydrodynam-
ic instabilities they cause at stagnation (Fig. 1b).
The relative importance of these factors de-

Contact E-mail: dewald3@]lInl.gov

pends on the ICF design, i.e. capsule ablator

(CH, HDC, Be) and laser pulse (High Foot,

Low Foot, adiabat shaped-AS, Fig. 1a). Studies

to mitigate low-mode asymmetries and investi-

gate alternatives to the tent mount are ongoing.
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Figure 1. a) Lawson criteria Pt of NIF DT fuel implo-
sions vs hot spot temperature (Tion) for various abla-
tors (plastic-CH, diamond-HDC and Be) and hohlraum
fills (1.6 mg/cc for High Foot-HF and 3-Shock HDC,
0.96 mg/cc for Low Foot-LF and 0.03 mg/cc for near
vacuum hohlraums-VAC). b) The tent holding the cap-
sule inside the hohlram and low mode radiation flux
asymmetries are potential culprits of performance lim-
its; they are observed at peak implosion velocity
(R=0.3 mm capsule radius) and are simulated to have a
negative impact on hot spot stagnation (R=0.05 mm).

In upcoming ICF experiments with CH, HDC
or Be capsules low mode asymmetries and hy-
dro-instabilities will be mitigated by optimizing
the hohlraums and laser pulses to reach nearly
1-D implosions that are well understood. These
more robust designs will be then subjected to
higher implosion velocities required to ap-
proach ignition.

*This work was performed under the auspices of the

U.S. Department of Energy by LLNL under Contract DE-
AC52-07NA27344.
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A new laser facility is under construction at the
CEA/CESTA  (Centre d’Etudes Scientifiques et
Techniques d’Aquitaine) site in Le Barp, near Bordeaux.
This will couple the Laser Megajoule (LMJ) and the
short-pulse high-intensity system PETAL (PETawatt
Aquitaine Laser). The combination of long ns-pulses and
short high-intensity pulses will provide a unique facility
at the European and also at the world scale (the only other
similar facility being NIF in the US). LMJ/PETAL will be
open to the European researchers for academic scientific
experiments starting in 2017. Several subjects will be
studied on LMJ/PETAL including in particular the direct
drive approach to Inertial Confinement Fusion for the
production of energy [1]. In parallel, the scientific
community is working on the construction of advanced
diagnostics for the facility, so-called PETAL+ project,
which includes the study of induced radiation (and
activation issues) and of the generation of giant EMP
(Electromagnetic pulses) once PETAL is fired on target
inside the LMJ interaction chamber.

1. The PETAL laser system: PETAL is funded by the
Region Aquitaine, the French Ministry of Research and
the European Union. The Region is the contracting owner
of PETAL, the CEA is the manager and the prime
contractor of the project, and the scientific assistance is
provided by the ILP (Institut Lasers et Plasmas). Also,
PETAL is part of the opening policy of the French
Commissariat a 1’Energie Atomique et aux Energies
Alternatives (CEA). PETAL is a short-pulse (500 fs to 10
ps) high-energy beam (3.5 kJ compressed energy), which
will be coupled to LMJ. LMJ, developed by CEA, and
under construction at the CEA/CESTA site, will have 176
beams and deliver 1.3 MJ at 0.35 pm on target. LMJ is
designed to provide capabilities to study High Energy
Density Physics (HEDP), and the physics of ignition.
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Figure 1: Implementation of PETAL in the LMJ Facil-

ity. The PETAL beam is in the equatorial plane of the

target chamber.
PETAL design is based on the chirped pulse amplification
(CPA) technique combined with optical parametric ampli-
fication (OPA) [2]. Furthermore, it takes the benefits of
the laser developments made for the high-energy LMJ
facility allowing it to reach the kilojoules level. Fig. 1
shows the implementation of PETAL in the LMJ Facility.

2. PETAL+ Diagnostics: PETAL+ is a specific project

to develop diagnostics [3] adapted to the characterization

of the interaction of the PETAL laser with target, mainly
used as backlighter for X-ray or proton radiography of the

LM]J plasmas. Also PETAL+ diagnostics must enable the

measurements of the fast electron transport through

plasma targets in experiments in connection with fast-
ignition and shock-ignition.

The charged-particle diagnostics [4] include:

- A box installed close to the LMJ chamber center,
which will contain a stack of RCF films to provide
plasma radiography (CRACC);

- A two-channel electron, ion and proton spectrometer
called SEPAGE, corresponding to low- and high-
energy ranges (0.1-20 and 10-150 MeV), based on
Thomson parabolas for ions/protons discrimination
and energy spectra measurements with detectors for
ions, protons and electrons;

- A set of two identical magnetic spectrometers called
SESAME attached to the LMJ chamber wall to detect
electrons above 4-5 MeV, one at 0° and one at 40°
with respect to the PETAL axis.

The hard photon spectrometer SPECTIX is intended to be

complementary with spectrometers that will be working

for the first LMJ shots. SPECTIX is based on the
transmission Cauchois-type optics [5, 6] and uses the
combination of a cylindrical crystal used in transmission/
diffraction and a mechanical collimator. The spectrometer

has been designed to measure the energy range 6 to ~ 100

keV with a signal dynamics from 10'° to 10" photons/sr.

Special care in the design has been devoted to reducing

the noise on the detector [7].

All diagnostics will use passive detectors, essentially

Imaging Plates (IP), in order to ensure a good protection

against the effect of the giant electromagnetic pulse

(EMP) launched by the interaction of the PETAL beam

with its target. A systematic effort has been undertaken to

calibrate such detectors with respect to X-rays [8],

protons, electrons [9].



3. Radiation and Activation issues: Shooting the
PETAL laser pulse on targets will generate large radiation
fluxes. In turn, these may produce radionuclides in the
LMJ chamber, i.e. activate the materials of the diagnostics
and the chamber itself. These effects must be considered
for radioprotection and nuclear safety and for correct
operation of diagnostics. Activation originates from the
interaction with matter of 1) X bremsstrahlung photons, ii)
protons originating directly from laser interaction, and iii)
secondary particles generated after the interaction.

2D Particle-In-Cell simulations were performed using the
code PICLS [10] to describe the electron and proton
sources from the interaction of a PETAL pulse with a
solid target. Laser energy on target was varied from 0.2 to
3.5 kJ corresponding to laser intensities of 1.4 x 10"
W/em® to 2.5 x 10 W/em®.

Unlike electrons, the proton angular distribution is strong-
ly collimated. The emission angle decreases with the in-
crease in proton energy and is not very sensitive to the
laser energy in the conditions studied here. The energy
distribution can be approximated by an exponential func-
tion characterized by a certain temperature with a sharp
cut-off. These results allow using the proton characteris-
tics directly for activation calculations and the electron
characteristics for photon conversion calculations.
Simulations of the electron transport and interaction with
a Tungsten target were performed using the Monte Carlo
code GEANT4 [11]. The electrons produced with the PI-
CLS simulations are used as source for the bremsstrah-
lung calculations. As the process of photon production is
linear in the electron number, the input parameters of the
GEANT4 simulations are the energy and angular distribu-
tion of the electrons. The large number of simulated parti-
cles (= 10%) was chosen to obtain the photon spectrum
with a sufficiently low level of fluctuations.

The goal of this study was to study the activation induced
by PETAL experiments in its early phase of operation. A
complete calculation sequence consists in the simulation
of the interaction of the PETAL laser with solid targets,
leading to the production of energetic particles, for two
types of generic experiments — TSI for X-ray generation
through bremsstrahlung conversion of electrons in a mas-
sive target and TS2 for generation of energetic protons
using a thin solid foil as target. This sequence takes into
account the transport and the conversion of particles and
radiation, and then estimates the global activities of the
experiment system to determine regulatory levels. The
irradiation conditions, the focal spot and the target struc-
ture, ensure that the obtained results constitute indeed a
worst-case and that the real activity will be smaller than
the calculated one.

The calculation results, performed for four different levels
of irradiation from 0.2 to 3.5 kJ identify two regulatory
thresholds that depend on the type of experiment envi-
sioned: a threshold of 1 kJ for TS1 experiments and 300 J
for TS2 experiments. In the energy range considered the
laser pulse duration only has a small influence. Although
the calculations are performed specifically for the LMJ-
PETAL installation, the methodology is rather general

10

and may be applied for design of experiments with other
high power laser systems.

4. EMP Generation: The generation of strong
electromagnetic pulses (EMP) when the PETAL is fired
on target is critical. Comparison and extrapolation of
other high-intensity facilities indicate expected in-
chamber electric field exceeding MV/m, which can affect
diagnostics behavior or even clearly break dedicated
electronics. Hence, in the initial phase of the PETAL+
project, we did choose to rely on passive diagnostics (IP,
films, etc.). Nevertheless understanding EMP generation
and its impact remains a fundamental task.

Two major sources of the EMP are the bunch of energetic
electrons ejected from the target during the laser pulse
and the discharge current through the target support. In
this context, a series of specially designed experiments
was performed on the Eclipse laser at CELIA to provide
direct measurements of the target polarization and the
discharge current, the objective being to validate and en-
hance the accuracy of an analytical model of ejected
charge [11, 12]. According to measurements, the charge
and the maximum current depend essentially on the laser
energy and much less on the laser intensity (no influence
of laser pulse duration in the considered range).

A suite of numerical code integrating PIC code (CAL-
DER) for source term and transports code of particle
(MCNP) and field (SOPHIE) was used to simulate the
experiment.

Conclusion: A large effort is undergoing in France to
install the short-pulse high-energy laser PETAL as a high-
intensity companion to LMJ. In parallel diagnostics are
being developed within the PETAL+ project. The
LMIJ/PETAL facility will be open to academic access of
European researchers starting in 2017.
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Status of the NICA project at JINR, Dubna

G.Trubnikov
JINR, Dubna, 141980, J.Curie, 6, Russia

Introduction

The NICA (Nuclotron-based Ion Collider fAcility) is an
accelerator and experimental complex (Fig. 1) under real-
ization at the Joint Institute for Nuclear Research (JINR)
in Dubna. The main goals of the project are study of hot
and dense baryonic matter at the extremeconditions in
heavy ion collisions, and investigation of nucleon spin
structure in the collisions of polarized p and d. The NICA
includes an existing facility (an injector comprising set of
particle sources (PS) and linac LU-20, Nuclotron super-
conducting (SC) proton synchrotron providing accelera-
tion of completely stripped 197Au79+ ions up to the en-
ergy of 4.5 GeV/u and protons up to the energy of 12.6
GeV, and area for fixed target experiments) and those to
be constructed (new injector consisting of ESIS-type ion
source providing 197Au31+ ions, and heavy ion linac
(HILACc) accelerating ions at A/q >8 up to the energy of 3
MeV/u, Booster-synchrotron housed inside the Synchro-
phasotron yoke accelerating 197Au31+ ions up to the
energy of 600 MeV/u, and two SC collider rings provid-
ing gold-gold collisions at the energy range VsNN =4 -11
GeV and p x peollisions at the energy up to VsNN = 27
GeV. The NICA collider will provide average luminosity
L=10"27 em"-2s*-1 and 10732 cm”™-2s”-1 for gold-gold
and proton-proton collisions, respectively.

NUCLOTRONS,
0.0-4.5 GaVlu

Fig. 1. The NICA complex: existing facility (blue) and
to be constructed one (red) The complex comprises 2 col-
lider experiments, MultiPurpose Detector (MPD) (Fig. 2
up) for heavy ion collisions, and Spin Physics Detector
(SPD) (under design) to study collisons of polarized p and
d, and a fixed target experiment — Baryonic Matter at Nu-
clotron (BM@N) (Fig. 2, bottom).
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Fig. 2. The MPD experimental set-up (up) and BM@N
experimental set-up (bottom)

Experimental goals

The physic program in heavy ion collisions is aimed to
explore the QCD phase diagram. The NICA energy covers
the region of maximum baryonic density in phase transi-
tion. The strategy is to perform energy and system size
scan with an emphasis to the production of hadrons and
dileptons, event-by-event fluctuations and correlations.
The spin physics program is under development. It is
aimed to study nucleon spin structure exploring the Drell-
Yan mechanism with 8 parton distribution functions
(PDFs) at leading twist. More detailed information on the
NICA  experimental program is available at
http://nica.jinr.ru.

The MPD experiment is designed as a 47 spectrometer
detecting charged hadrons, electrons and photons in
heavy-ion collisions. The setup provides a precise 3D
tracking and a high performance particle identification.
The event rate of minimum bias interactions is ~ 7 kHz,
and charged particle multiplicity exceed 1000 in central

AutAu collisions at ‘/sNN =11 GeV. The setup includes
Central Detector (CD) covering interval |n|<2 and two
forward spectrometers (FSA, B) for 2 < n|< 3 (optional).
The CD is 9 m long and 6.6 m in diameter and will be
constructed in two stages. At the first stage (2019) MPD
will comprise a superconducting solenoid, Time- Projec-
tion Chamber (TPC), barrel Time-Of-Flight system
(TOF), Electromagnetic Calorimeter (ECal), Zero-Degree
Calorimeter (ZDC) and Fast Forward Detector (FFD).
Feasibility study was performed using the MPDRoot
comprising interfaces to event generators, Geant, detector
response simulation and reconstruction algorithms.

The BM@N set-up combines high precision track
measurements (12 planes of GEMs, 2 drift chambers and
4 planes of silicon strip detectors at the second stage) with
time-of-flight information (two sets of RPC’s) for particle
identification and total energy measurements (ZDC) for
the centrality definition. The TO detector will provide a
start signal for the RPC’s and trigger. The Xe beam will
be available in 2017 while the Au beam with intensity of
1077 per second in planned in 2019. The first technical



run of the BM@N was performed with deuteron and car-
bon beams in 2015.

The project status

Design and construction of the the new facility at the
JINR is in progress. The NICA will provide competitive
reasearch program complementary to the BNL, CERN
and planned at FAIR.

For low-mass lepton-pairs, which are critical to address
medium modifications of hadrons and questions of chiral
symmetry, and open charm and J/psi production, moder-
ately significant measurements will be possible, comple-
menting the much higher statistics experiments possible at
CERN and FAIR. Also foreseen are applied physics, biol-
ogy, material science and energy generation studies.

NICA project has a special status in Russian Federation
and had been included to list of megascience projects.
This is one of two from the list, which is already support-
ed by State and is under active realization. JINR has made
important efforts to reach beyond its traditional communi-
ty. The construction of NICA and the FAIR/GSI accelera-
tors is in fact tightly linked via a strong collaboration be-
tween GSI and JINR on the FAIR project and there is
potential for a similar close detector collaboration
(MPD/SPD/BM@NICA). The synergy and complementa-
rity of the NICA and of the ESFRI Landmark FAIR and to
some extent of the ESFRI Landmark SPIRAL2 make it
very desirable to develop a joint coordinated effort for
identifying a strong programme and for offering the best
opportunities to international nuclear experimental phys-
ics. To this end ESFRI encourages these Ris both to work
closely together and to pay special attention to developing
NICA as a Global Research Infrastructure concept.

Now 16 institutions from Russia and 79 institutions
from 24 foreign countries officially participate in the NI-
CA project. In December 2015 China joined the project
with signing protocol of understanding with JINR con-
cerning China participation in NICA. During last 2 years,
the following milestones had been achieved while NICA
construction:

- in September 2015 JINR signed a general Contract for
NICA civil construction with Strabag company from Eu-
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rope. Civil construction works began in October 2015, the
schedule is planned to commission the complex in mid.
2019;

- New unique ion sources had been designed, constrcued
and commissioned with beam at Nuclotron: supercon-
ducting heavy ion source (ESIS type) had been achieved
5x108 Au ions per pulse at 50 Hz rate. Source for polar-
ized atoms had been constructed and commissioned with
1010 polirized deuterons per pulse;

- New linear accelerator (RFQ type) for light ions had
been commissioned as foreinjector for LU-20 linac. Per-
formed in cooperation with ITEP and MEPhI. Required
beam parameters had been achieved (10 mA, 170 keV);

- New heavy ion injector (2x10"9 Au ions, 3.2 MeV/u) in
collaboration with IAP and Bevatech from Frankfurt had
been constructed, Commissioning phase is in final stage.

- dedicated large-scale facility for assembly and cold 4K)
tests of cuperconduting magnets for NICA booster and
collider and also for SIS100 (FAIR) quadrupole units had
been commissioned. Serial production of all types of
magnets had been started in 2016. Construction of vacu-
um chambers, thermal shields, cryostats, pick-up station
and other diagnostics is in active phase;

- NICA cryogenic plant is under commissioning it had
been modernized from cooling power 4kW@4K up to 8
kW@4K to produce 2000 1He I/h.

- JINR signed the contract for design and production of
the MPD superconducting solenoid and its cold mass
(whole assembly) with European producer. Parameters of
the solenoid are very challenging: 0.66 Tesla field on
4.5m diameter at 5x10”7-4 field homogeneity;

- Dedicated clean rooms and high-tech facility construct-
ed and commissioned for serial production of: microstrip
detectors (silicon detectors for Inner Tracker of MPD),
time-of-flight detectors and time-projection chambers.
Prototyping had been completed. Construction of detec-
tors had been started;

- BM@N setup is under commissioning, dedicated beam
line and diagnostics had been constructed. 3 new beam
lines and dedicated research facilities for innovative tasks
are under design and construction.
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Recent Results with Short-Pulse, Compressed Ion Beams at the
Neutralized Drift Compression Experiment*
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Intense ion pulses in the MeV range enable new studies
of the properties of matter ranging from low intensity
(negligible heating, but active collective effects due to
proximate ion trajectories in time and space), to high in-
tensity where the target may be heated to the few-eV
range. By choosing the ion mass and kinetic energy to be
near the Bragg peak, dE/dx is maximized and a thin target
may be heated with high uniformity [1], thus enabling
high-energy density physics (HEDP) experiments in the
warm dense matter (WDM) regime. The Neutralized
Drift Compression Experiment (NDCX-II), an induction
accelerator with plasma neutralization at the exit to coun-
teract the high space charge, was designed with this moti-
vation [2,3]. Intense ion beams from induction accelera-
tors have complementary advantages (e.g., benign radia-
tion environment and low energy spread) compared to
beams derived from laser-plasma acceleration [4].

The first target experiments used beam pulses of Li"
accelerated to 1.2 MeV and focused to a beam radius, r =
Imm and duration of 2 ns FWHM (peak current ~18
A/em?). These conditions were used, for example, to
characterize dose rate effects on the ionoluminescence of
yttrium aluminium perovskite (YAP). These and other
results are described in Refs. [5,6].

Since last year’s report, we have installed and used a
new multicusp, multiple-aperture plasma ion source [7,8].
The source can generate high purity ion beams of, for
example, protons, helium, neon and argon. To date, we
have used it solely for the generation of He" ions, where
the source injects significantly greater charge than did the
lithium ion source. Furthermore, helium at about 1 MeV
is nearly ideal for highly uniform volumetric energy dep-
osition, because particles enter thin targets slightly above
the Bragg peak energy and exit below it, leading to energy
loss in the target that is uniform within several percent.

In Fig. 1 the He" beam distribution is peaked with 80%
of the integrated charge within a radius of 1.2 mm. Warp
PIC simulations indicate that the focused charge is ex-
pected to ultimately reach over 30 nC per pulse while
maintaining a small focal spot size and a nanosecond
bunch duration, since much more charge is now available
from the new helium source. Toward that goal, we have to
date measured 15 nC (9x10" ions/pulse) in a few-mm
focal spot with the He™ beam, in a pulse duration of =50
ns and 3 ns (FWHM) pulses with 2 nC. By model-
derived tuning of the acceleration and bunching wave-

* This work was supported by the Office of Science of the US Depart-
ment of Energy under contract no. DE-AC02-05CH11231.
"PASeidl@lbl.gov

forms and the solenoid field strengths, our near-term ob-
jective is to achieve a pulse duration of 1-2 ns with higher
corresponding dose rates of >10 nC/ns/mm’.

Presently, we are carrying out radiation effects experi-
ments and are probing aspects of intense beam and beam-
plasma physics. We are also exploring opportunities for
materials processing with intense, pulsed ion beams. Two
examples areas are color center formation in diamond and
tailoring of the spin properties of doped silicon [9, 10].
Here, conventional thermal annealing of specially pre-
pared materials usually occurs on a timescale of milli-
seconds to minutes. With NDCX-II, we see an opportuni-
ty to excite materials with intense ion pulses on a nano-
second timescale followed by rapid quenching in order to
stabilize novel phases or to optimize spin properties.

Figure 1: The transverse (X, y) distribution of the He"
beam is shown with a color calibration bar indicating the
relative intensity. With the new helium source, NDCX-II
can provide 1-MeV helium ion beams with an energy
deposition greater than 0.7 joules/cm? (~40 A/cm?).
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Recent Progress of the Kumgang Laser :
a High-Power, High-Repetition Rate Beam Combination Laser*
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In this article we report the current status of the
Kumgang laser: 4 kW coherent beam combination la-
ser combining four 1 kW beams using self-phase con-
trolled stimulated Brillouin scattering phase conjugate
mirrors (SC-SBS-PCM).

A coherent beam combining is one of the most promising
techniques to achieve a high energy and a high repetition
rate laser. It has been demonstrated experimentally that the
coherent beam combination using self-phase-controlled
SBS-PCMs (SC-SBS-PCM) is the simplest coherent beam
combination method [1-2]. For an average output power of
a kW range, the experimental verification of coherent beam
combination is now underway by the Kumgang laser [3-4].
The Kumgang laser system is a coherent four beam combi-
nation laser of 1 kW modules using SC-SBS-PCM.
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Figure 1: the schematic diagram of the Kumgang laser.

Figure 1 shows the schematic diagram of the Kumgang
laser system. The front end (FE) consists of a CW laser-
diode master oscillator, an acousto-optic modulator (AOM)
for 10 kHz pulse generation, Yb doped fiber-based ampli-
fiers, and a regenerative amplifier. The FE produces a sin-
gle-frequency seed beam of 1064 nm at a repetition rate 10
kHz. The average output power of the FE is 11 W
(1.1mJ@10kHz/8.5ns), and the M? of the output beam of
the FE is 1.31.

The seed laser beam from the FE is amplified by the di-
ode pumped Nd:YAG rod amplifiers in the pre-amplifier
(PA) from 11 W (1.1mJ@10kHz/8.5ns) to 128 W (12.8mJ
@10kHz/8.5ns), and the M? of the output beam of the PA
is 1.8.

After the double pass amplification process by the PA,
the laser beam will be divided into four sub-beams by a
coherent beam divider/combiner for its main amplification

* Work supported by Republic of Korea, Agency for Defense “Dual-
Use Technology Program” (UM12012RD1)
*hjkong@kaist.ac kr

process. The wave-front distortion of each sub-beam can
be compensated for by SBS-PCMs.
The main amplifier stage is composed of a diode-
pumped Nd:YAG rod amplifier chain and an SBS-PCM.
self-phase-controlled SBS-PCM

Concave Mirror

Rotating Wedge

Figure 2: The rotating wedge self-phase-controlled SBS-
PCM.

For high average power operation of the SBS-PCM,
thermal effect at a focus point should be released to keep
high reflectivity [5]. In Kumgang laser, the rotating wedge
is used to reduce the thermal effect at its focal point. Figure
2 shows the schematic diagram of the rotating wedge self-
phase-controlled SBS-PCM (RW-SC-SBS-PCM). The in-
put laser beam is refracted by the rotating wedge, and re-
flected by the self-phase-controlled SBS-PCM.

After the reflection at the SBS-PCM and after passing
through the main amplifier module (MA) again, the sub-
beams will be combined by the coherent beam di-
vider/combiner. The MA module can amplifies the laser
beam from 128 W (12.8mJ@10kHz/8.5ns) to 640 W (64mJ
@10 kHz/8.5ns) for single-pass amplification. In this case,
the M? of the output beam is 1.9. The reflectivity of the
SBS-PCM is 56.9% at the input power of 500 W (50
mJ@10kHz/8.5ns). The coherent beam divider/combiner
and main amplifier stage will be completed in this year.
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Status and prospects of large-scale accelerator projects and high-energy
density physics program in Korea *
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Status of Accelerator Projects in Korea

Several large-scale accelerator facilities are operational
or under construction in Korea, such as Korea Multi-
purpose Accelerator Complex (KOMAC) in Gyeongju
area, Synchrotron Light Source (PLS-II) and X-ray Free
Electron Laser (PAL-XFEL) in Pohang area, Rare Isotope
Science Project (RISP) in Daejeon area, and Korea Heavy
Ton Medical Accelerator (KHIMA) in Gijang area. These
accelerator projects open up new opportunities in basic sci-
ence researches in Korea, and can also provide excellent
platforms for various accelerator R&D activities.

The KOMAC project [1] started in 2002 and completed
the linac commissioning in 2013. The KOMAC linac con-
sists of a 50-keV proton injector, a 3-MeV four-vane RFQ,
and a 100-MeV drift tube linac (DTL). The RF frequency
is 350 MHz and the maximum beam pulse current is 20
mA. So far, two beamlines are available for users. One is
located at the end of the 20 MeV DTL and the other at the
end of the 100 MeV DTL.

The PAL-XFEL project [2] started in 2011 and is ex-
pected to be operational in 2016. The PAL- XFEL will
have a dog-leg branch line at 3-GeV point of the linac for
two soft X-ray undulator lines, and three hard X-ray un-
dulator lines at the end of 10-GeV linac. A 1.6-cell type
photocathode RF gun is used to inject 0.2 nC of electron
beam pulse with 120 Hz repetition rate. The main acceler-
ating structure is S-band normal conducting linac.

The RISP project [3] will be composed of a 70 kW pro-
ton cyclotron as a low-power ISOL driver, an 18 MeV/u
linac for ISOL post-accelerator, and a 200 MeV/u main
linac for high-power ISOL and IFF driver. The main driver
linac named RAON will accelerate all masses up to Ura-
nium with beam power up to 400 kW. To maximize the
average currents of the primary beam on target, continuous
wave (CW) operation is preferred, and therefore supercon-
ducting RF (SCRF) technology has been adopted for the
linac design.

High-Energy Density Physics Program

No concrete high-energy density physics (HEDP) pro-
gram has been established within the scope of those ac-
celerator projects yet. However, several long-term accel-
erator R&D programs revelent to the HEDP can be read-
ily pursued. For example, the KOMAC linac can be used
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Figure 1: Large scale accelerator projects in Korea.

to study beam halo dynamics and its diagnostics, which
are critical for future high-intensity accelerators. Using the
intense short-pulse X-ray available from the PAL-XFEL,
warm dense matter (WDM) physics relevant to astrophys-
ical phenomena can be investigated. For the RISP, ba-
sic studies on the beam-gas-plasma interactions will play
key roles in many beam-line components, such as ECR
ion source, electron beam ion source, RF cooler, and gas
catcher.

For the laser-based HEDP researches, several university-
based programs are underway. The Korea Advanced Insti-
tute of Science and Technology (KAIST) group is develop-
ing coherent beam combination technology, which would
enable a laser system with both high-repetition rate and
high power. The Handong Global University (HGU) group
is developing a concept for the fusion-fission hybrid reactor
utilizing high-power and high-repetition rate lasers. The
Gwangju Institute of Science and Technology (GIST) re-
cently hosted IBS center for relativistic laser science [4].
Relativistic laser-matter interactions will be explored using
petawatt lasers.

In the Ulsan National Institute of Science and Technol-
ogy (UNIST), a laboratory astrophysics group has been re-
cently formed to investigate the matter in extreme condi-
tions using accelerator and laser facilities in Korea. High
energy astrophysical phenomena in clusters of galaxies,
particularly those involving shock waves, turbulence, mag-
netic fields, and cosmic rays in high temperature and low
beta plasma will be studied.
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A large scale scientific research platform, named the
High Intensity heavy-ion Accelerator Facility (HIAF),
was proposed in light of the trend and development in
nuclear physics and the associated high energy heavy ion
research fields. HIAF is one of the 16 approved national
projects for basic sciences and technologies as the 12"
five-year-plan in China; it will be a laboratory open to the
outside world, similar to CSR which was built as the 9™
five-year-plan in China [1]. The HIAF complex, as shown
in Fig. 1, includes a SECR (Superconductive Electronic
Cyclotron Resonance) ion source, an ion linear accelera-
tor (i-Linac), a Booster Ring (BRing), a Spectrometer
Ring (SRing), a Compression Ring (CRing) and about 8
experimental terminals.

Two HEDP terminals:
T1: Crossing Terminal
T2: Colliding Terminal

Figure 1: Layout of the HIAF complex and the two termi-
nals for HEDP research

Since both BRing and CRing can produce high-energy
and high-intensity ion beams (please see Fig. 2), two
terminals for HEDP (High energy density physics) re-
search were proposed at HIAF, one for crossing (T1) and
the other for colliding (T2) of the beams from BRing and
CRing at the target area.
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Figure 2, the temperature and energy density cuold be
achieved with the beam from diffferenct accelerators.

However, mainly due to the budget limitation and tech-
nique challenges, CRing will NOT be included in the first
stage of the HIAF project.

The key parameters related to HEDP research at HIAF
and other advance heavy ion drivers is listed in Table 1,

where Ey, N, Eii, Sy t and Ep is the particle energy, the

beam intensity (unit, ppp), the total beam energy per
pulse, FWHM of the beam spot, the pulse duration and
energy density in a lead target (J/m’), respectively.

Table 1. Key parameters related to HEDP research at
HIAF and other heavy ion drivers (for uranium beam).

SIS-18  FAIR(Ph-I) HIAF (Ph-I)"
E, 0.4GeV/u 1 GeV/u 1.1 GeV/u
N 4x10° 4x10" 1-3x10"
Eqm 0.06 kJ 15kJ 4-12kJ
St ~1 mm ~1 mm 1 mm
t 130 ns 50 ns 130-400 ns
E 2x10" 2.4x10" 6-18x10"

p

*The upper limit may rely on the budgets of HIAF, and
Ph-I means that we take the beam parameters of
BRing.
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Energy Deposition and Excitation of Wakefield in Case of 100keV/u
Ion Beam Passing through a Plasma Target
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Recently our team investigated the energy
deposition and excitation of wakefield in case of
hundreds keV proton/helium ion beams passing
a gas-discharged plasma target. The plasma
target was produced by igniting an electric
discharge of hydrogen gas in two-collinear
quartz tubes, each of 5mm in diameter and
78mm in length, the electrical current even up to
kA will flow in two opposite directions in either
of the two quartz tubes. This device could
produce the hydrogen plasma with the
line-integrated free electron density of up to
10" /em?, and with the temperature of around
2eV when the discharge current was reaching the

maximum, as shown in figurel.

Differential Quartz [)ipe(L=78mm, &5mm) Differeritial
pumping \ Y H pumping
Beam axis. ( >

-Plasma- [] region

Diaphragm
1 mm

Start pulse

Figure 1 the scheme of the plasma target
The experiments were performed at the
HV-ECR platform at IMP (see details in ref [1,
2)).

As an example. figure 1 shows the measured
beam after 100keV proton beam penetrating the
hydrogen plasma target (with initial gas pressure
of 3mbar, and discharging high-Voltage of 3kV)
in terms of time after discharging. Enhanced
energy loss comparing to that for neutral gases
has been observed. Moreover, we found that the
proton beam was strongly focused while energy
of the focused beams is uniform. We carried out
some PIC simulations, which suggests that the
wake-field

could form a self-modulated,

periodic(pulsed), focusing, collision-less tunnel.

More details will be reported later [3,4].

N +E

Figure 1 the measured beam after 100keV proton

beam penetrating the hydrogen plasma target.
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Development of experimental setup for energy loss measurements in gas-
discharge plasma on TIPr accelerator in ITEP
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Introduction

The energy losses of ion beam in plasmas remains
a key question for high energy density physics

One shot - o i WG 100keV 1.2mbar 3kV

during the last several decades. To investigate this T
problem in the low energy range of projectile heavy “ i
ions (40- 500 keV/n) a gas-discharge plasma target, A AN
which can be integrated into high vacuum system of .;’j ,"' ““J&“_ :
beam lines, was developed [1] and diagnosed [2] in 3 :L——'—A-—%
ITEP (see fig. 1) ’!‘l_._A_
Experimental setup at IMP 19 S

L TS

The first experements were performed on linear o
§ IR

Beam position shift

accelerator in collaboration with Institute of
Modern Physics (IMP CAS, Lanzhou, China).

Fig. 3. Example of beam shots integration method.

a new experimental setup (see fig. 4) on a beam line
of the linear accelerator TIPr at ITEP is under
construction now. It will provide measurement of
, energy loses of heavy ions (Al Cu™,Cu” Ag"™)
..... - with energies 100kev/n in the gas-discharge plasma

current, kA

Discharge

IR T TR T T N T
Plasma target current and linear electron density in 3mbar, 3 kv

(a) (b) target. The time of flight (TOF) method will be

used for such experiments. The FC detector, fast
Fig.1 (a) Gas-discharge plasma target, (b) Current and scintillator with PMT and FCT detectors will be
linear electron density curve example. used to measure the micro-bunch structure of the

beam (27 MHz). TOF method may provide better
quality of energy loss measurement. In addition a
bending magnet with scintillator and CCD camera
is planned to use for the measurements of charge
state of particles after its interaction with plasma.

The scheme of experimental setup at IMP presented
in fig. 2. The measurements of energy losses were
carried out using bending magnet and MCP+CCD
detector. Energy losses of projectile ions H',
He+1,He+2, O+4,O+5 with energies 100-500 keV/q in
cold gas and plasma were obtained [3]. (a) SO Scinilaor + ast 550

camera detector
s
ﬂ i_ Differential oumping e
S tof" e =
chamber BT + fast scintllator

detector

" “p o
Diagnostic chamber Differential puniping Bending magnet

E: %,ﬁa_ﬁ T l
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Fig. 2 Experimental setup scheme.

Fig.4 (a) Scheme of experimental setup at TIPr

Since the beam current after passing through accelerator; (b) Modeling of experimental setup; (c)
plasma target is quite low (about several nA) it is Beam dynamics calculation.
difficult to achieve high precision. The long time
intergation method with several beam shots was References
used to achieve reasonable accuracy. The sample of [1] G.E.Belyaev et al. Phys. Rev. E 1996, v.53, N3,
experimental results are shown in fig.3. pp.2701-2707
[2] A.P.Kuznetsov et al. Plasma Physics Reports

New experimental setup at TIPr accelerator 03/2013; 39(3)
To increase the accuracy of the energy loss [3] Rui Cheng et al. Journal of Physics Conference
measureents and to use more heavy ions as Series 04/2014;488(5):092005.
projectiles
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X-ray Imaging of Shock Waves Generated by Intense Pulsed Ion Beams*

G. E. Remnevl#, D. H. H. Hoffmanz, A. V. Stepanovl, S.K. Pavlovl, M. V. Zhuravlev'
ITPU, Tomsk, Russia; “MEPhI, Moscow, Russia.

In the report, we present the concept of the experiments
for research of the shock wave generation and propagati-
on processes in solids under the impact of intense pulsed
ion beams.X-ray radiographic measurments are used for
diagnosis of shock waves.

Introduction

Design of the intense pulsed ion beams (IPIB) sources
was initiated by researches in the inertial confinement
fusion direction[1]. In succeeding years, IPIB have been
further developed for material modification [2,3]. For
these purposes, IPIB with the following parameters are
used: 100-500 keV ion energy, 50-500 ns pulse duration,
5-500 A/cm’current density. Such impact of a concentrat-
ed flow of energy on the surface of solid causes the for-
mation of thermomechanical compression waves, and at
an energy density above the ablation threshold - the for-
mation of the recoil pulse propagating deeper into the
target material and, under certain conditions, forming a
shock wave [4]. The study of the impact of these process-
es on phase transformations and mass transfer in the tar-
get at the IPIB processing is important for the further de-
velopment of this treatment method.

The experimental setup

The experimental setup shown in Fig. 1lis supposed to
be used to study the shock wave generation by IPIB.
Shock-wave compression of the sample is carried out by
the IPIB generated by TEMP accelerator [5, 6] with the
following parameters: accelerating voltage - up to 250 kV,
pulse duration - 100 ns (at half-height accelerating volt-
age), beam composition - carbon ions (C*, C"") 85% and
protons 15%, energy density at the sample surface - up to
5 J/em®. The density of matter is determined by transmis-
sion X-ray radiography [7]. X-ray source is an electron
gun with a tungsten anode (target) generating bremsstrah-
lung spectrum. The parameters of the electron gun: 300
kV accelerating voltage, 10 ns pulse duration (at half-
height accelerating voltage). Timing unit is used for the
synchronization of the pulse generation by ion and elec-
tron accelerators with a certain pause (jitter is 10 ns). This
approach enables to obtain the image of the distribution of
the density of matter in the sample at different times with
a spatial distribution ~ 20-30 um (depending of the mate-
rial of sample).

*Work supported by Russian Science Foundation, Grant 14-19-00439.
"remnev@hvd.tpu.ru
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Figure 1. The experimental setup.

Thus, the dynamics of the formation and propagation of
shock wave in the solid will be studied. Subsequently, this
technique is supposed to be used for the study of the pa-
rameters of plasma formed on the surface of solid by
IPIB.
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Warm Dense Matter Created by a Plasma-Filled Rod-Pinch Diode *
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High energy-density plasma (HEDP) is created using a
plasma-filled rod pinch diode (PFRP) [1] on the Gamble
II pulsed-power generator. HEDP is produced by a 1-2
MeV, 500 kA electron beam that deposits energy at the
end of a tapered tungsten rod. The plasma pressure is
estimated to reach 16 Mb in about 5 ns, before rapid ex-
pansion decreases the energy density.

Recent measurements [2] show that the temperature
peaks at about 30 eV at the time of maximum energy den-
sity, and that the time-averaged ionization is about +17,
similar to MHD model predictions [3]. The plasma mass
distribution is inferred from x-ray distribution measure-
ments. The time-dependent mass distribution is used to
calculate the plasma pressure. These measurements indi-
cate the HEDP is strongly coupled (I' = 35) with peak
pressure (16 Mb) about 7 times greater than n.kT.

+ MV
Cathode

Tmmg@
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G

B
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1

Figure 1: Plasma-Filled Rod Pinch setup.

Figure 1 illustrates the PFRP technique. An injected
plasma (blue in Fig. 1) connects the grounded cathode to
the tungsten rod anode prior to firing the generator. The
generator current increases to 500 kA while the plasma is
distorted and displaced toward the rod tip. As the current
increases further, a 2 MeV electron beam forms that
bombards the tip of the tapered rod (green arrows in Fig.
1). The strong self-magnetic field confines the electrons
to the tip region, rapidly heating the tungsten and creating
warm dense matter conditions.

The plasma pressure is inferred from time-dependent
measurements of the x-ray distribution in the vertical and
axial directions. These distributions are fit by Gaussians
functions with 1/e widths a, and a.. The mass per unit

* Work supported by the US Office of Naval Research and the US
DOE Office of Science.

length, |, is determined from the initial rod tip shape and
a,. Newton’s second law is formulated for a radially-
expanding Gaussian with time dependent mass, giving:

dzay +d_ﬂday . 12(,4)
e’ dt dt | 2007’

where P, is the pressure on axis. Figure 2 shows that the
magnetic pressure term is negligible compared with the
d(mv)/dt terms.
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Figure 2: Plasma pressure inferred from mass-density
dynamics.

This approach will be used to explore WDM parame-
ters that can be obtained with this technique. The creation
of WDM by electron beams is complementary to future
research using heavy ion beams as part of Plasma Physics
at FAIR (GSI).
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X-ray emission induced by highly charged heavy ions
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The investigation of the X-ray emission is useful method
to study the mechanism of ion—solid collisions. Accurate
measurement of the inner-shell ionization cross section is
essential for the development of ion-atom collision mod-
els and moreover significant to complete atomic data li-
brary for science research.

The experiment was partly performed at the cancer thera-
py terminal, which was specially designed for the heavy
ion tumor therapy, at the national laboratory of Heavy lon
Research Facility in Lanzhou (HIRFL). The highly
charged C6+ ions, produced and extracted from the elec-
tron cyclotron resonance (ECR) ion source, were acceler-
ated by the main cooling storage ring (CSRm) with ener-
gy 0f 292.7, 343.3 and 423.9 MeV/u, and the beam quali-
ty was improved by the new generation electron cooler.
The C6+ ion beam pulses impacted on Au taget surface,
the La and L[J X spectra of Au atom were measured[1].
Results showed that the production cross section of La
was larger than that of LI]. The production cross sections
increase with the kinetic energies of the projectiles.

of Ma of Au, but 129Xe26+ with kinetic energies from
1.8 to 3.9 MeV can excite the characteristic X-ray spectra
of M(, My, Md and Ma.. The characteristic X-ray intensity
probably increased with increasing projectile energy. X-
ray yield was not related with the ion kinetic energy. The
kinetic energy threshold of L X-ray of Xe emitted by
Xe26+is 3.0 MeV.

The X-ray spectra produced by the impact of Xeq+ (q =
10, 15, 20, 26) with 2.4 MeV kinetic energy on Au sur-
face was also measured[2]. Results showed that there was
different broadening of Au M X-ray owing to multiply
ionized effect in the collision with heavy ions, the degree
of ionization mainly depend on the distribution of the
electronic states in the ions’ outer shell. The yield of X-
ray was calculated and compared with BEA. The BEA
model can give a better prediction of the experimental
results after taking into account the effective of multiple
ionization on the fluorescence yield as shown in Fig 1.

Tablel. Target atomic L-shell X-ray production cross sections induced by C".

C%energy/Mev/u Lo Ls
PWBA ECPSSR Exp PWBA ECPSSR Exp
292.7 3.75E+03 3.81E+03 3.30 E+02 1.17E+03 1.18E+03 1.91 E+02
3433 3.33E+03 3.39E+03 3.69 E+02 1.04E+03 1.05E+03 2.47 E+02
4239 2.84E+03 2.88E+03 4.26 E+02 8.82E+02 8.91E+02 2.59 E+02
The PWBA and ECPSSR theoretical models were com- L ee = *

pared with the experimental results as was shown in table
1.
Results showed that theory calculation was small one
order of magnitude than experimental results. The signifi-
cant difference between experimental data and theoretical
models was studied. It can be seen from the analysis that
the relativistic effect made the 2p electron renormaliza
tion process be delayed and the L2 & L3 subshell ioniza-
tion effect became very small. Moreover gamma ray radi-
ation is an important way of the projectile energy transfer
in high energy region.
Another experiment was performed at the 320 kV high
voltage experimental platform at the institute of modern
physics, Chinese academy of science in Lanzhou. The
characteristic X-ray spectra produced by the impact of
129Xe26+ with kinetic energies from 350 to 600 keV and
from 1.8 to 3.9 MeV on Au surface was measured. It was
found that 129Xe26+ with kinetic energies from 350 to
600 keV can excite only the characteristic X-ray spectra

*zhangxiaoan2000@126.com
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Fig. 1. X-ray yields are shown for both experimental and
theoretical results.

References

[1] Zhang X A, et al, Acta Phys. Sin. 62 173401(2013) (in
Chinese)
[2]Liang C H et. al, Acta Phys. Sin. 64, 053201 (2015) (in
Chinese



22

Multiscale description of the laser plasma interaction, application to
the physics of Shock-Ignition in Inertial Confinement Fusion
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The state-of-the-art description of laser propagation on large
scales relies on reduced approaches compatible with the
performances of modern computers. The most common one
is the Ray-Tracing model [1], that describes laser beams by
bundles of needle-like rays following the Geometrical
Optics (GO) propagation laws and characterized by a power
density. In situations where collective effects and nonlinear
couplings are unimportant (IN* s 5x10" Wum?*cm?), GO-
based models are sufficiently precise and computationally
efficient. They describe the laser refraction and plasma
heating due to collisional energy absorption. Conversely,
modelling of the Laser-Plasma Interaction (LPI) at higher
interaction parameters requires knowledge of quantities
such as the electric field amplitude and direction of the
wavefront, which are not readily described by GO.

The physics of linear and nonlinear LPIs at these
hydrodynamic scales is wusually addressed by using
limitations of the maximum electron thermal flux or by
adjusting the energy deposition of laser beams so as to
reproduce experimental results. Such approaches hinder the
understanding of the physical processes at play and limit the
predictive capability of existing numerical tools. This is a
strong motivation for the development of alternative models
to study and design experiments at high laser intensities on
the nanosecond timescales.

1. A novel laser propagation model The description of
nonlinear LPIs relies on the knowledge of the laser
intensity distribution in plasma. In order to access this
quantity at the large scales of hydrodynamics codes, we
have adapted the method of Paraxial Complex Geometrical
Optics (PCGO) to the case of plasmas. The resulting wave
front equation includes information on the radius and
intensity of a wave field described as a fundamental
Gaussian mode in the paraxial approximation, which
propagation axis is a Geometrical Optics ray. Our
formulation includes the effects of collisional absorption in
the under-dense corona and at the critical density on the
skin-depth length. Furthermore, by pseudo-randomly
focusing PCGO beamlets in a region of the beam focus
where the speckle radius varies slowly, we are able to
reproduce the main features of the intensity distribution of
a beam transformed by a Phase Plate. The model
performance was confirmed using theoretical models and
standard paraxial wave solvers. This model, specially
formulated for the framework of a Lagrangian code, was
implemented in the radiative-hydrodynamic code CHIC
[2,3] of the CELIA.

2. Large-Scale description of nonlinear LPIs  Building
on the novel formulation of the laser propagation, we have
proposed several models to account for the nonlinear LPI.

The physical processes that were considered are: (i) the
nonlinear energy transfer between crossed laser beams,
arising from the light diffraction on density fluctuations
excited by the ponderomotive beating of the waves, and (ii)
the nonlinear coupling of the wavefield with EPWs that
generate hot electron populations.

2.1 Cross-Beam Energy Transfer Our formulation of
Cross-Beam Energy Transfer (CBET) relies on the
discretization of the interaction region by many elementary
energy exchanges between Gaussian PCGO rays. Each
exchange is assumed to occur within a plasma with locally
constant parameters. The set of elementary energy transfers
is resolved chronologically in order to be consistent. This
inline model based on PCGO and implemented in CHIC has
been validated against a time-dependent conventional
paraxial propagation of smoothed laser beams coupled to a
hydrodynamics code. Both approaches were compared in a
well-defined plasma configuration, with density- and
velocity- profiles corresponding to an inhomogeneous
plasma, including a resonance zone in which the matching
conditions for a resonant coupling between the two laser
beams are fulfilled. A very good agreement was found
between the PCGO simulations and the fully time-
dependent paraxial-type simulations carried out with the
code HARMONY [4]. The comparison showed that the
code based on the PCGO approach correctly describes the
CBET in situations where a resonant energy exchange
occurs, past a transient period on the picosecond time scale.
The PCGO-based CBET model was applied to the
hydrodynamic simulation of a CBET experiment. The
results are in overall good agreement with the experimental
data. Based on these results, the PCGO approach for CBET
has proven to be a reliable method to be implemented in
hydro codes for mm-scale modelling.

2.2 Hot Electrons generated by nonlinear Laser-Plasma
Interactions  The description of electrons heated to supra-
thermal temperatures by nonlinear LPIs has been included
into the PCGO framework. This inline model has two
components. First, it describes the transport and energy
deposition of high energy electrons in the plasma. Electron
beams are modelled in the Angular Scattering
Approximation, derived from the kinetic Vlasov-Fokker-
Planck equation by considering the diffusion of electrons on
a background of electrons and ions. This formulation is
adapted to two-dimensional, transversally Gaussian, multi-
group HE beams of arbitrary angular distribution. Secondly,
this transport model is interfaced with HE sources computed
from the laser optical module (PCGO). Considering the case
of Hot Electrons accelerated by EPWs excited by Resonant
Absorption at the critical density, Stimulated Raman
Scattering (SRS) and Two Plasmon Decay (TPD) at the




quarter critical density, we proposed various formulations
for computing the hot electron fluxes, temperatures and
angular distribution with respect to the pump wave. These
formulations are based on theoretical models and analysis of
the most unstable modes, experimental observation of the
scattering angles and competition between processes,
experimental scaling laws and Particle-In-Cell simulations.
Additionally, backward propagating electrons from the TPD
and backward scattered light from SRS are accounted for in
the energy balance. Results obtained with this model are in
good agreement with various experimental in different
interaction geometries and across different intensity regimes
[5,6,7].

3. Applications to the physics of Shock Ignition ICF
Shock Ignition (SI) in Inertial Confinement Fusion is an
alternative ignition scheme where the compression and
ignition phases are separated: the target compression is
conducted at a low velocity using lasers of moderate energy
and the ignition is achieved at the end of the compression
phase with a dedicated intense laser pulse. While the
compression phase is less sensible to nonlinear LPIs
compared to the standard hotspot ignition, the laser spike
employed for the generation of the strong shock lies in a
strongly nonlinear interaction regime. Considering typical
spike durations of 500 ps at peak intensity, nonlinear LPIs
have ample time to develop and (i) drive copious amounts
of high energy supra-thermal electrons, notably via the
excitation of EPWs from the SRS and TPD instabilities, and
(ii) significantly reduce the laser-target coupling for the
strong shock generation through CBET.

First, we have studied the CBET in the context of direct-
drive ICF for a laser beam configuration corresponding to
that of the OMEGA laser facility [8]. We conducted
simulations of a capsule implosion in which certain beams
are allowed to interact through CBET, following the co-
planar beam angles of the OMEGA chamber. It was found
that (i) Deuterium-Tritium ablators are more prone to
CBET-induced deformations than plastic ablators, (ii) the
CBET decreases the laser-target coupling by displacing
intensity maxima away from the critical density, thus
decreasing the target convergence ratio by up to 25%, (iii)
the CBET causes significant low-mode deformations of the
target.

The effects of Hot Electrons (HE) generated by the
nonlinear LPI on the properties of shocks in plasma [9,5]
and on the dynamics of shock ignition targets has been
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investigated [10,11]. Two targets were considered: the pure-
DT HiPER target and a CH-DT design with baseline spike
powers of the order of 200-300 TW. In both cases,
accounting for the LPI-generated HEs leads to non-igniting
targets when using the baseline spike powers. While HEs
were found to increase the ignitor shock pressure, they also
preheat the bulk of the imploding shell, notably causing its
expansion and the contamination of the hotspot with the
dense shell material before the time of shock convergence.
The associated increase in hotspot mass (i) increases the
ignitor shock pressure required to ignite the fusion reactions
and (ii) significantly increases the power losses through
Bremsstrahlung X-ray radiation, thus rapidly cooling the
hotspot. These effects are less prominent for the CH-DT
target where the plastic ablator shields the lower energy
LPI-HE spectrum. Simulations using higher laser spike
powers of 500 TW suggested that the CH-DT capsule
marginally ignites, with an ignition window width
significantly smaller than without LPI-HEs, and with a half
of the baseline target yield. The latter effect arises from the
relation between the shock launching time and the shell
areal density, which becomes relevant in presence of a LPI-
HE preheating.

4. Conclusion A significant effort has been made in
including the basic features of the nonlinear LPI in the
context of a large scale hydrodynamics code. This physical
model has allowed to identify key mechanisms in
experiments conducted in the context of SI at high
interaction parameters. These mechanisms have been shown
to be of great importance in the understanding and design of
SI experiments.
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INTRODUCTION

As a continuation of the experiment P090, we
investigate the optimization of highly collimated target
surface electron (TSE) beams with high electron energy
and monoenergetic property from the interaction of a Cu
bulk target irradiated by an ultra-intense laser at PHELIX,
which could make it possible to generate high-energy
Gamma rays for backlighting of HIHEX (up to 300 pm
Pb).

EXPERIMENT

The experiments in Jun. 2015 were carried out by
working at the fundamental wavelength of 1053 nm with
a peak power of around 40 TW. The s—polarized laser
beam with a duration of 7o = 500 fs was focused by an 40
off-axis paraboloidal mirror at a grazing incidence angle
onto a Cu bulk target with the focus diameter of 5 um. An
additional prepulse with adjustable intensity from 1 x 10
to 1 x 10® was applied 3ns-5ns in advance of the main
pulse. A schematic picture of the experimental setup is
shown in Figure 1. Also, 1% leakage of the main beam
was frequency-doubled and applied as a probe beam to
monitor the preplasma scale and density by using the M-Z

Fiber
spectrometer

o

b IP+RCF+ES

0

Shadow

L!-graph —H_‘ Focus monitor

MZ interferometry CCD

Figure 1: Experiment setup.

We investigated the prepulse dependence on the TSE
generation, including the prepulse intensity ratio and the
delay time. According to our previous experimental
results [1], an optimized intensity ratio of the prepulse is
essential to achieve an effective underdense preplasma. In
the experiment, we found that when the laser power is
lower, the required preplasma density is correspondingly

lower. The phenomena are supported by numerical
simulations [2]. In detail, both the intensity ratio of the
prepulse and the delay time between the prepulse and the
main beam were controlled, while the consequent
preplasma density and scale were simultaneously
monitored. At the optimized intensity ratio between
prepulse and main pulse of around 5 x 107, well
concentrated and intense TSE electron jets with low
divergence were observed at a laser incident angle of 720,
as shown in Figure 2(a). The divergence of the TSE
electron jet was measured to be around 3° (FWHM). And
the corresponding electron spectrum is detected, as shown
in Figure2(b). Compared to the last experiment, the
electron energy becomes lower. It might suggests that the
generated TSE beam quality depends more on the laser
power, than the laser intensity.

(a)

Target
surface

Size: 25cm X 20 cm
(b)
o

_

3.6 MeV

19.7MeV oo Positive particles 0

Figure 2(a): Spatial angular distribution of the TSE beam
in the case with the prepulse intensity ratio of 5x 107
Figure 2(b): Corresponding electron spectrum. The hole is
in a diameter of 5 mm.

PROSPECT
In the next step, we will continue the experiments
above and to deepen our understanding of surface
electron acceleration.

References

[17 J. 'Y, Mao, L. M. Chen, K. Huang et al., Appl. Phys.
Lett. 106, 2015, p.131105.

[2] W. M. Wang, L. M. Chen, J. Y. Mao et al., High
Energy Density Physics 9, 2013, p. 578.



25

Spatially resolved temperature diagnostic of a thin Ti-wire heated by
laser-accelerated relativistic electrons* |

A. Schoenlein', G. Boutoux?, S. Pikuz®, L. Antonelli®, D. Batani®, A. Debayle*, L. Giuffrida®, J.
Honrubia®, J. Jacoby', D. Khaghani®, P. Neumayer®, O. Rosmej'®, J. J. Santos®, and A. Sauteray?

'Goethe University, Frankfurt, Germany; 2Univ. Bordeaux, CNRS, CEA, CELIA; JIHT, Moscow, Russia; *CEA
DAM DIF, Bruyres-le-Chatel, France; *ETSI Aeronauticos, Universidad Politcnica de Madrid, Madrid, Spain; °GSI,
Darmstadt, Germany

In the reported experiment, warm dense matter (WDM)
was generated by irradiating a wire target with a high in-
tensity PHELIX-laser pulse. The wire geometry lead to a
confinement of relativistic electron currents which are gen-
erated during the laser-matter interaction. Due to this con-
finement, the process of volumetric heating by the relativis-
tic electrons is maintained in large target depths.

The experiment was carried out at the PHELIX-laserbay.
Ti-wires with a diameter of 50 pm and a length of 3—4 mm
were irradiated. The laser was focused on the tip of the
wires to intensities up to 102! W/cm?, with a contrast of
10~10,

High spatial resolution K-shell X-ray spectroscopy was
used to measure the isochoric heating process induced
by the laser-accelerated relativistic electrons propagating
along the Ti-wire. Radiation of highly charged He- and
H-like Ti-ions and Ka-satellites have been measured with
high spectral resolution (2 m.A) using a focusing spectrom-
eter with spatial resolution (FSSR). The FSSR consists of a
spherically bend quartz crystal as a dispersive element and
X-ray films as detectors.

The energy of photons emitted due to K-shell tranistions
depends on the charge state of the atom. Inside the matter
rather a charge state distribution than a single charge state
is present. This leads to a broadening of the observed Ka-
line (fig. 1).
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Figure 1: Comparison of modelled and measured Ko
broadening.
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The observed line is a superposition of all lines emitted by
atoms of different charge states, which appear at a corre-
sponding temperature of plasma bulk electrons. The broad-
ening of the Ka-line is modelled by superposition of every
charge state transistion energy, weighted with a charge state
distribution. The charge state distribution for different tem-
peratures is calculated using FLYCHK]J1]. Figure 1 shows
a comparion of the modelled and the measured broadening
of the Ka-line. It is shown that the measured broadening
can be modelled very satisfactorily by variing the charge
state distribution by means of temperature.

The comparison of modelled and measured broadening can
be used to determine the temperature of the heated target
along the wire axis. The results are presented in figure 2.
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Figure 2: Temperature profile of warm dense matter heated
by relativistic electrons.

It is observed, that the wire is heated to WDM temperatures
of 10 — 70 eV into a depth of 500 pm. We conclude, that
using a wire geometry of high aspect ratio in laser-matter
experiments, gives the possibility to generate WDM with
volumetric character.

Our results are compared to simulations [2] that highlight
both the role of electron confinement inside the wire and
the importance of resistive stopping powers in warm dense
matter.
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Ultrahigh intensity laser interactions with dense targets
stand out as an effective way to produce high-current
relativistic electron beams (REB). In this context, it is
important to understand the REB transport, at high
electron current densities and through warm dense and
highly resistive plasmas. To investigate this topic, we
studied the interaction of the PHELIX laser (E;=120 J on
target, tp=500 fs, A=1064 nm) with a free-standing mass-
limited Ti-wire (experiment P-077). In this report, we
consider a laser shot with a ns-contrast up to 10™'° and
with a focal spot size down to 6 pum, leading to a laser
intensity on target of I;=7.10%" W/cm®. The REB, acceler-
ated during interaction between relativistic laser pulse and
short scale length preplasma, penetrate the wire and de-
posit energy therein. In [1,2], we have already discussed
how isochoric heating due to laser-accelerated electrons
can generate Warm Dense Matter (WDM) in depth and
how we can diagnose this extreme state of matter. In this
report, we focus on hot electrons and how they lose ener-
gy in WDM. When electrons propagate the wire, they
ionize it and subsequent K-shell and Bremsstrahlung
emission occurs, making the electrons propagation exper-
imentally traceable. To characterize their energy distribu-
tion as well as their transport, we used two main diagnos-
tics and a comprehensive set of simulations. First, a
“Bremsstrahlung cannon” acted as a hard X-ray spec-
trometer. It was made of a stack of image plates (IP) and
differential filtering at the front and rear sides. Monte-
Carlo modelling of the Bremsstrahlung dosimetry was
then used to infer the internal hot electron energy distribu-
tion. Both experimental data from this diagnostic and
from dedicated “Particle-In-Cell” calculations (using the
code PICLS-2D [3]) demonstrate that hot electrons with
temperature of about 2 MeV were generated. Secondly, a
Focusing Spectrometer with Spatial Resolution (FSSR)
enabled highly spatially and spectrally resolved X-ray
spectroscopy. In particular, the Ko emission intensity
profile along the wire gives rather direct information on
the REB propagation. The Ka signal was surprisingly
found to decrease exponentially up to ~0.8 mm deep,
though a stopping range of 1.8 mm was expected in cold
Ti, see Fig. 1(a). Energy losses of an electron beam prop-
agating within a material are commonly associated with
inelastic collisions with bound and free electrons in the
matter. However, this process is insufficient at the ex-
tremely high current density j, achieved in relativistic
laser-plasma experiments, where resistive losses induced
by the neutralizing return current, of density j,, become
important. Indeed, while the rate of collisional energy loss
by the electron beam per unit volume is proportional to

p.Jjr, With p the material density, by assuming a perfect
current neutralization j,=-j,, the rate for the resistive ener-
gy loss is around 1.j,”, with 1) the material resistivity. This
last process has been recently experimentally evidenced
in the warm dense matter regime [4]. To quantify the re-
sistive losses, we performed hybrid PIC simulations [5].
Our simulations are able to reproduce the Ko emission
intensity profile along the wire, see Fig.1(a). The predict-
ed electron current density inside the wire is up to 10"
A.cm™ (time-averaged), which is higher than in [4]. Re-
sistive effects are found to be dominant in the first 200
um of the target, where the electron current density is
important. In total, resistive losses exceed collisional
losses by a factor 2.35, hence justifying the observed re-
duction of the electron stopping range. Fig. 1(b) illustrates
the competition between collisional and resistive losses as
a function of the wire depth. As expected, the resistive
losses, proportional to the square of the current density,
are dominant near the laser-plasma interaction region.
Yet, in comparison to experiments on foils, e.g. [4], the
collective effects remain dominant over a relatively larger
distance.
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Figure 1: (a) Experimental Ko emission intensity profile along
the wire using the FSSR compared to hybrid PIC simulations
and a standard Monte-Carlo simulation in cold matter. (b) Resis-
tive and collisional density of deposited energy as a function of
wire depth predicted by the hybrid PIC code.
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Prompted by the fast development of laser techniques,
light-matter interaction has entered the regime of relativ-
istic laser-plasma interaction. How to observe the orbital
angular momentum (OAM) in laser-plasma interaction
and how the appearance of OAM would essentially affect
the process are of special interests. Circularly polarized

light carries a spin angular momentum of 7 per photon;
however, the total OAM of a normal Gaussian pulse,
commonly found in the current chirped pulse amplifica-
tion technology, is zero. Therefore, observation of the
torque and OAM in relativistic laser-plasma interaction is
rare.

We propose a simple and effective method for generat-
ing a relativistic twisted laser pulse and showing the
OAM effect. It is called “Light Fan™: a relativistic laser
pulse (with very high photon density) impinges on a spiral
foil (the fan); hence, both the fan and the reflected pulse
achieve a net large OAM [1]. The proposed scheme is
verified by the following three-dimensional (3D) particle-
in-cell (PIC) simulations. The set-up is sketched in Figure
1. A relativistic laser pulse normally incidents on the foil
from the left, interacts with the matter and is then reflect-
ed. If we see the rotator as a protons disk with » =3 pum ,
h = 0.8 um and p = 100m,n., the angular velocity
corresponding to L = 2.0x10" kg m* s is about & =
7x10% rad s™. It can be one order higher than man-made
rotational speed record 6x10” rad s, which is also laser-
induced. In our case, the OAM density of relativistic
twisted light, defined with OAM over volume, can be as
high as u = L,/ ¥V =0.56 kg m™ 5. Considering that high
energy density is an important concept, this high OAM
density may bring some new effects.

(a) Planar wavefronts

(¢) Light Fan

(b) Helical wavefront

Figure 1: (a) the normally incident laser pulse has planar
wavefronts. (b) The reflected laser pulse gets a helical
wavefront. (¢) The foil used in the simulation has eight
parts, with the same step height Ah = 1/16 to mimic a & =
A2 spiral phase plate. The maximum thickness of the foil
is set as 0.8 um to ensure that laser pulse is not transmit-
ted. The colors represent different phase changes when a
laser pulse incidents normally and the foil act as a mirror.

(1]

When an intense linearly polarized driving vortex beam
with low-order mode impinges on a solid target, both the
reflected and transmitted light include high-order harmon-
ics, the phase of which scales with the harmonic order [2].
In this nonlinear process, OAM carried by the driving
helical light is readily transferred to the harmonics. More-
over, plasma as the nonlinear medium shows superiority
in the damage threshold compared with the optical com-
ponent. Also the PIC simulations show that the Laguerre-
Gaussian (LG) pulse can drill into the plasma like a screw
[3]. The well-confined acceleration of externally injected
protons in the wakefield driven by LG laser pulse is also
studied by using 3D PIC simulations [4]. It is found that,
different from the regular bubble induced by a Gaussian
laser pulse, a special bubble with an electron pillar on the
axis will be formed when a LG laser pulse irradiates in
underdense plasma. This structure provides an efficient
and strong focusing force for protons in the transverse
direction; thus, protons can be accelerated continuously
for a long time.

As an important character, relativistic laser has strong
torque. This strong torque can lead to strong OAM when
the laser interacts with structured matter (like Light Fan in
our case) or when twisted light (like the reflected light in
our case) interact with uniform matter. Like strong pon-
deromotive force of relativistic laser can produce a finite
linear momentum in many applications (for example
LWFA), such a strong torque should also be expected to
produce a finite OAM in many potential applications.
Also a relativistic twisted laser has an ultra-high OAM
density accompanying ultra-high energy density.
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The radiation properties of high energy density plasma
are under increasing scrutiny in recent years due to their
importance to our understanding of stellar interiors, the
cores of giant planets, and the properties of hot plasma in
inertial confinement fusion devices. Recently, it was
demonstrated [1-4] that conventional optical lasers with
pulse duration of 40 — 1000 fs and laser intensity (0.3-
1.0)x10*' W/em?® irradiating Al foils could generate very
bright X-ray radiation with intensities exceeded 10'
W/em? and efficiently produce exotic states of matter (so
called Hollow ions), which are very far from equilibrium
(See Fig.1).
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Figure 1: Schematic diagram of the Si hollow ions

New set of measurements of high spectrally resolved K-
shell emission of Si foils irradiated by sub picosecond
laser pulses of Vulcan laser facility was provided [5] (see
Fig.2).

Focused laser beam

Front-2

Focusing Spectrometers with Spatial Resolution (FSSR)

Figure 2: Experimental set up [5].

Comparison of experimental and modelled by Atomic
code Si spectra is presented in Fig.3 and clear demon-
strated that the measured bulk electron temperature of
Hollow ions is reached 180 eV with ionization up to Li-
like. Our investigations asserts that exotic Hollow ions
states can be probed not only by X-ray radiation of XFEL
lasers, but also upon using optical laser technology. In the
latter case the generated X-ray radiation is polychromatic
with its energy and intensity (~10"® W/cm®) comparable
or even exceeding that of current XFELs and comple-
ments the recent observations of such exotic states using
XFELs. The results reported here suggest that Hollow
ions spectral diagnostics provide a unique opportunity to
characterize warm dense plasma and particular powefull
X-ray radiation of laboratory and astrophysical plasmas.
Additionally it follows that radiation dominated atomic
physics processes could be efficiently studied at high op-
tical laser intensities.
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Figure 3: Comparison of measured Si spectra and ATOM-
IC calculations [5].
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When magnetized plasmas with different densities in-
teract with each other, various hydromagnetic waves are
launched including magnetized collisionless shocks. As
the galactic cosmic rays are believed to arise in the shock,
the importance of its study has already been emphasized,
however, many questions still remain open. A well-scaled
laboratory experiment helps study the microphysics of
shocks and complement in situ spacecraft measurements
of shocks in the Earth’s magnetosphere. This work pre-
sents the result of the recent experimental campaign [1]
where a kJ-laser from the Phoenix Laser Facility [2] at the
University of California, Los Angeles, irradiates a poly-
ethylene target which is embedded in a pre-formed mag-
netized plasma created in the Large Plasma Device [3]. A
diamagnetic cavity launches a magnetized collisionless
super-Alfvénic pulse (~1.2v, with v,=B/(pon;)"?) which
has the potential to become a shock if the shock formation
requirements are met [4]. Here, the focus is on the flute-
like instability feature at the diamagnetic cavity edge ob-
served in the electric as well as in the magnetic field.

The free energy for instability originates from the relative
ion and electron drift at the cavity edge and gives rise to
dissipative wave-particle interactions [S]. Large fluctua-
tions in the electromagnetic field as shown in Figure la)
display instability features detected by the measuring
probe before the cavity (blue dip) reaches the probe loca-
tion. The electric field (black and red) and the magnetic
field (blue dotted) oscillations show that the fluctuation
lies in the frequency range around 8 MHz and moves with
the same velocity as the cavity edge expansion velocity
indicating that these fluctuations are triggered at the front
cavity edge. The outcome corresponds to the observation
of the flute patterns from the fast photography on the ion
dynamics. The possible candidates for instability struc-
tures are the lower-hybrid-drift (LHDI) [6] and the
modified two-streaming instability (MTSI) [7]. However,
with their characteristic frequencies of fiyp~46.3MHz
and fyrs~41.7MHz with the corresponding experimental
parameters, none of the frequency of the proposed insta-
bilities matches the measurement. The discrepancy from
the theory can be explained by the frequency modes of
longer- wavelength structures becoming dominant over
time as the instability progresses and the unstable density
profile disruption which could influence the instability

*This work was supported in part by the Deutsche Forschungsgemein-
schaft within the framework of the Excellence Initiative, Darmstadt
Graduate School of Energy Science and Engineering under Grant
GSC1070 and in part by the U.S. Department of Energy.
*boramlee@skmail.ikp.physik.tu-darmstadt.de

structure [8]. The excitation of the instabilities at the cav-
ity edge could be one cause for the short cavity lifetime
compared to the classical diffusion time, thus the energy
dissipation.
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Figure 1: a) Temporal evolution of the radial electric field
27cm (black) and 32cm (red) away from the target across
the magnetic field, compared to the magnetic field (blue
dotted) at Ej,s,~160J and B=1420G. b) The auto-spectrum
of the electric field fluctuation shows that the high
frequency mode is around 8MHz consistent with the
magnetic field oscillations in the same frequency range
(not shown).
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3 New Diagnostic Methods, Particle - and
Plasma Sources and Target Design
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Neutrons can be used in a wide field of applications to
probe and alter materials. Laser-driven neutron sources
have the potential to complement common accelerator-
based spallation sources because of their compact design
and the possibility of easy impelementation in other facili-
ties.

The principle of laser-driven neutron sources has already
been demonstrated at different laser systems like, amongst
others, the Trident laser facility at Los Alamos National
Laboratory, New Mexico, USA [1] or the VULCAN laser
at Rutherford Appleton Laboratory, Harwell Oxford, UK
(2].

These neutron sources are based on laser-ion accelera-
tion and their subsequent convertion into neutrons. The
acceleration of deuterons in the transparency regime is of
particular interest for the generation of neutrons, because
of the so-called deuteron break-up reaction. Therefore such
sources require a high energy short pulse laser with inten-
sities above 10'® W/cm? and high temporal contrast. The
improvement of the PHELIX laser during the last years,
especially with respect to temporal contrast [3], made it
possible to perform a first neutron experiment at GSI.

Neutron generation at PHELIX

Using the PHELIX short pulse beam with an energy of
20017 and intensities between 102° and 10%! W/cm? within
a pulse length of 0.5 ps, protons and deuterons were ac-
celerated from thin deuterated plastic foils in the thick-
ness range of a few hundred nanometers and characterized
with Thomson parabolas and RadioChromic Films (RCF).
The ions were driven into a beryllium catcher that was
built out of several beryllium disks of various thicknesses
and layers of RCF inbetween. The sandwich type catcher
was wrapped in tungsten foil with an overall thickness of
1 cm to reduce the number of neutrons scattered out of the
catcher.

Neutrons are produced via nuclear reactions of the ac-
celerated ions in the catcher material. (p,n) or (d,n) reac-
tions generate a homogeneous angular neutron distribution,
whereas pre-equilibrium emissions or the deuteron break-
up result in a more forward directed emission with higher
energies. This results in an angular neutron distribution
with a 47t component and an overlapping forward directed
neutron beam.

*Work supported by GSI(PHELIX) /HIC4FAIR
T This report is also submitted to the GSI Scientific Report 2015
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Figure 1: Angular neutron distribution with respect to the
laser forward direction (0°).

The energy spectrum of the neutrons, their flux, and an-
gular distribution were measured with three neutron time of
flight detectors, using liquid scintillators coupled to photo-
multiplier tubes, and BD-PND Bubble Detectors. Both de-
tector types were set up in different angles around the target
chamber.

Especially the simultaneous measurement with up to 30
Bubble Detectors per shot allowed a detailed analysis of
the angular neutron distribution. An example of such a dis-
tribution can be seen in Figure 1 showing neutron number
per steradian over angle with respect to the laser forward
direction defined as 0°. The laser incident angle on tar-
get was -10°. The data clearly reflects the forward directed
characteristics of neutron emission from non-equilibrium
reactions.

The maximum dose measured in the laser forward direc-
tion scaled to a distance of 1 m to the center of the beryl-
lium catcher was about 43 mrem, which is the highest neu-
tron flux measured at a laser-driven neutron source so far.
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The LIGHT collaboration, consisting of several
Helmholtz institutes and universites, has been founded
for the purpose of Laser Ion Generation, Handling and
Transport. For this a test beam line has been established at
the Z6 experimental area at GSI [1]. The laser ion gener-
ation is based on the Target Normal Sheath Acceleration
(TNSA) mechanism and driven by the PHELIX 100 TW
beam line. A pulsed solenoid captures and collimates a
part of the divergent ion beam with a continous energy
spectrum by means of achromatic focusing [2]. The
resulting collimated beam with a much narrower energy
spread can then be compressed in phase or energy in a
radiofrequency cavity, which is situated two meters behind
the ion source. Two quadrupole doublets transport the ion
beam to a second target chamber. The resulting ion beam
is then diagnosed with a diamond detector for a temporal
depiction of the achieved phase focus or with a stack of
radiochromatic films for an energy spectrum.

Two campaigns in 2015 examined the acceleration of flu-
orine ions with TNSA and the handling and transport of
the resulting ion beams. The first campaign focused on the
generation of fluorine ions. For this purpose a 13 ym tung-
sten foil with a submicrometer coating of CaF, on the rear
side was heated to 1100 degrees celsius in order to get rid
of hdyrogen and hydrocarbon pollution. By removing these
pollutions an efficient acceleration of fluorine ions of vary-
ing charge states was achieved. In figure 1 an extrapolation
of the energy spectrum of the observed fluorine ions and
their charge states can be found. It was measured with a
Thomson parabola, which was set up at 0.12 m behind the
target. Since the pinhole of the Thomson parabola covers
only a very small solid angle of 1.1 mrad in the centre of
the beam, the spectrum of the whole beam can only be ex-
traced by extrapolating the measured part of the beam. This
was done by assuming a two dimensional gaussian beam
distribution with an energy dependent standard deviation.
The divergence of the fluorine ion beams as a function of
their energy was taken to be the same as the divergence of
TNSA proton beams [3]. In addition to that the photo stim-
ulated luminescence values from the image plates had to be
converted to particle numbers by means of energy loss cal-
culations with GEANT and fitting to existing models [4].

In the second campaign the transport and phase focus-
ing of a part of the fluorine ion spectrum in the LIGHT
beamline was approached. Six metres behind the target a
diamant detector recorded time of flight (TOF) data. Fig-

*also published in *GSI Scientific Report 2015’
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Figure 1: Energy spectrum of TNSA fluorine ions

ure 2 shows the comparison of TOF data of a phase fo-
cused fluorine ion and proton beam, converted to energy
per nucleon. The central energy of the transported fluo-
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Figure 2: Diamond detector signal of phase focused ions

rine ion bunch was 0.85 MeV/u with an energy spread of
£0.3 MeV. The relative energy spread of the fluorine ion
bunch is much bigger than that of the proton bunch. There-
fore the fluorine ion beam is longitudinaly much longer at
the entrance of the rf cavity than the proton beam and ex-
ceeds the cycle duration of the rf cavity. This leads to the
formation of multiple phase focused ion bunches. Simula-
tions with TraceWin suggest, that the fluorine ion tof data
in figure 2 stem from F’* and F®* only, because the particle
numbers of the other accelerated charge states are strongly
suppressed at the selected energy range.
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Within the Laser Ion Generation Handling and Transport
(LIGHT) project at GSI laser-driven ion acceleration and,
especially, ion beam shaping with conventional accelerator
technology are investigated using the worldwide unique
LIGHT test beamline in the Z6 experimental area [1]. The
project is based on a Target Normal Sheath Acceleration
(TNSA) source driven by the Petawatt High-Energy Laser
for Heavy lon EXperiments (PHELIX) 100 TW beam
resulting in a continuous proton energy spectrum up to
a maximum energy of 28.4 MeV. The ions of the TNSA
source are captured by a high-field solenoid for energy se-
lection of protons in a range of 8 to 10 MeV via chromatic
focusing. In 2 m distance to the source, an implemented
radiofrequency (rf) double spiral resonator operating at
-90 degrees synchronous phase is used for phase rotation
of the accelerated single bunch. This way, the bunch can
be energy-compressed or longitudinally phase-focused
down to a subnanosecond pulse [2]. Behind the resonator,
the beam is transported through two permanent quadrupole
doublets (50 mm, 25 T/m) into a second target chamber.
In this second target chamber at 6 m distance, a second
high-field solenoid system was installed for steep focusing
to access highest peak intensities. Behind this solenoid,
the diagnostic instruments are placed.

The LIGHT project dealing with proton acceleration
follows two main objectives: The longitudinal phase
focusing should be improved and the focal spot size
should be minimized. For the first objective, a newly
developed fast diamond detector based on a 5 — 7 pum
thin membrane with a time resolution up to (65 + 5.5)
ps and a field gradient of 5 V/um was positioned at 6 m
distance from the source. With this device a new optimum
in phase focusing was reached: The shortest measured
proton bunch lasted (209 + 18) ps (FWHM) with a proton
energy of 8 MeV. For comparison, a bunch duration of
(462 £+ 40) ps (FWHM) was measured in 2014. Figure
1 shows the temporal bunch profile. For the second
objective, the second solenoid was installed at 6 m distance
for steep focusing: A focal spot size of 2.3 mm x 2.3 mm
with 2.5x 108 protons was achieved resulting in a current
of 1.2x10° 1/ns ~ 190 mA and an intensity of 2.3x10°
1/(s cm?). In the next experimental campaign in 2016, the
beam homogeneity will be improved. After this crucial
step, this beam can be applied for proton imaging.

*This report is also published in GSI Scientific Report 2015.

1.2

——deconvoluted signal
1r —— measurement

0.8

06 r

04

0.2 r

normalized signal intensity

0 0.5 1 15 2
rel. time [ns]

Figure 1: Measured temporal profile of the shortest proton
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The Laser Ion Generation, Handling and Transport
(LIGHT) project at the Z6 experimental area investigates
the possibility of beam transport and shaping of laser- ac-
celerated protons and heavier ions with conventional accel-
erator technology [1]. In the past experiments, ultra-short
bunches with an energy of 8§ MeV were generated and mea-
sured for protons [2], and the transport of flourine and car-
bon ions along the 6 m long beamline was shown. During
the experiments in October 2015, first emittance measure-
ments were performed for protons to characterize the beam
quality and transverse beam dynamics. Since the TNSA
particle bunches are only provided in single-shot mode, the
pepperpot measurement method was suited the best.

The measurement was realized with a conventional beam
diagnostics pepperpot device which was placed directly be-
hind the first solenoid in the beamline, which is used to
collect and focus the diverging particles directly behind the
source. Since this is the main transverse focusing element,
its influence on the emittance was of major interest. A ra-
diochromatic film (RCF) stack was used 60 cm behind the
pepperpot as screen.

To measure the emittance of the TNSA source (based on a
0.01 mm gold target), the solenoid first stayed turned off
during the shot. The pattern on the RCF screen showed
a magnified image of the pinholes with the magnification
corresponding to the geometrical distances of the setup.
The TNSA source can therefore be seen as an almost ideal
point source. The evaluation of the phase space was per-
formed in the radial dimension (r - r’) and confirmed this
result (fig. 1), but since the obtained numerical value of
€ = 2.7 mm mrad was already the resolution limit of the
experimental setup, the measured value yields only an up-
per limit for the source emittance. The real source emit-
tance might be much lower, like [3] indicates.

The second measurement was carried out with the solenoid
turned on during the shot, which is the operation mode for
the 6 m long transport along the beamline. Since there is no
energy selection in front of the solenoid, the protons enter
it with their full energy spectrum and get separated radi-
ally due to the solenoid chromaticity. On the screen, the
image of the pinholes therefore becomes radially streaked.
The radial positions within one streak can be assigned to
the corresponding proton energies (fig. 2), which allows
an energy-resolved emittance analysis. In practice, due to
small signals, it was difficult to analyze the RCF images
for the solenoid emittance measurement. It could be seen

* This report is also published in GSI Scientific Report 2015

qualitatively, that the solenoid field distorts the symmetry
of the pattern on the screen (fig. 2).This explains the mea-
sured emittance blow-up of a factor around 10 compared
to the upper limit of the source emittance. Further investi-
gations on this effect will be performed following the aim
to maintain the small source emittance along the beamline.
Additionally, the resolution of the source emittance mea-
surement setup will be improved.
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Figure 1: Radial phase space diagram of the TNSA proton
source with rms emittance ellipse.

Figure 2: Section of the RCF image from the measurement
with the solenoid turned on (left). The grid shows the cal-
ibration of the setup. Some streaks are shifted away from
their original position in a non-radial way, which disturbs
the symmetry. On the right, the energy selection within one
streak is illustrated.
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With the advent of new high power laser-systems, like
the National Ignition Facility (NIF), the concept of Iner-
tial Confinement Fusion (ICF) is now accessible experi-
mentally. One of the major problems in ICF are based
on an asymmetric implosion due to plasma instabilities
and fuel mixing inside the hot spot. At this point, the
concept of Fast Ignition (FI) is a promising scheme to
overcome these problems and to pave the way for fu-
ture ignition campaigns at NIF.

In the FI scheme the compression and ignition of
the fuel capsule are decoupled, leading to moder-
ate pressures which minimize potential instabilities.
Proton-driven Fast Ignition (pFI) makes use of laser-driven
protons which are dumped into the hot spot to ignite a burn
wave. The upcoming ARC laser-system at NIF will be a
short-pulse, petawatt, 10kJ class diagnostic laser which al-
lows for the first time the realization of a combined ICF
and pFI scenario. In order to scale the laser-driven proton
acceleration concept, the key mechanism of pFI, detailed
laser-parameter studies on realistic pFI target geometries
need to be carried out at high class petawatt laser-systems
worldwide. First steps have been made by an experi-
mental campaign in 2015 at the PHELIX laser-system at
the Helmholtzzentrum fiir Schwerionenforschung GmbH -
GSI at Darmstadt. During this campaign several impor-
tant pFI parameters, e.g. the focusing behavior of the laser-
driven proton beam, the influence of the laser-pulse length
onto the conversion efficiency as well as the spatial and an-
gular proton beam profile have been studied in detail.

Experimental and Diagnostic Setup

A PHELIX short pulse laser beam with varying pulse
length and energy for constant intensities of the order
of 10! W/cm? was used to primarily accelerate protons
from the surface of a complex cone-guided hemispheri-
cal target geometry (Fig. 1, left) by the Target Normal
Sheath Acceleration (TNSA) mechanism. The target con-
sists of a hemispherical part which produces a focusing
proton beam and a cone part to transport it through the
outlet port. In a typical pFI scenario the fuel capsule
would be attached close to this outlet port. The targets
been investigated additionally modify the angular distri-
bution of the guided proton beam due to the interaction
with strong electric (~TV/m) as well as azimuthal mag-
netic fields (~kT) inside the geometry, thus allowing to
produce an annular shaped proton beam which is pro-
posed to be more efficient to ignite the pre-compressed
hot spot. To diagnose the emerging ion beam three Thom-
son Parabola spectrometers, a newly developed Ion Wide-

*This report is also published in GSI Scientific Report 2015.
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Angle SPectrometer (iWASP) as well as Radiochromic
film Imaging Spectroscopy (RIS) and Nuclear Activation
based Imaging Spectroscopy (NAIS) were applied. The in-

‘ 9.9 MeV
Figure 1: Dedicated target design for pFI (left); Annular
proton beam measured by the RIS method (right).

teraction of the proton beam with the electric and magnetic
fields inside the cone produces an annular proton beam
for higher (> 9MeV) and a typical TNSA beam profile
for lower proton energies (Fig. 1, right). Additionally, a
complementary spectral measurement with a newly devel-
oped iWASP allows for angular and energy resolved pro-
ton beam characterization from a larger solid angle to de-
termine more precisely the proton conversion efficiency.
Fig. 2 shows the energy resolved angular distribution for
proton energies between 3.3-28 MeV for the half emission
cone of the beam. The annular structure can be clearly seen
for energies > 9 MeV due to the hole of the distribution

for small emission angles left hand side. The time-stamps
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Figure 2: Angular and energy resolved proton distribution
with ToF marks for passing the target outlet port.

10 15

shown in Fig. 2 corresponds to a time-of-flight (ToF) dis-
tance of 1 mm behind the outlet port where the compressed
fuel capsule would be placed. In the first 14-24 ps the high
energy part of the proton beam will deposit its energy cir-
cular around the hot spot to drive a shock wave to further
compress the core. Between 24-40 ps the low energy, but
high intensity part of the spectrum then will be used to ul-
timately ignite the hot spot. Such a scenario is proposed to
reduce the total required ignition energy by almost a fac-
tor of two. The preliminary results presented show the first
time the experimental realization of this promising concept.
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The paper presents diagnostic system for velocity
measurements in laser-driven EOS experiments. The
system includes two vernier Mach-Zehnder VISAR
interferometers designed to measure velocity in the
interval of 5 to 50 km/s. A passive channel records lu-
minescence in the shock wave front. Spatial resolution
of the optical layout is about 10 pm.

One of the main methods that allows getting infor-
mation about the passage of powerful shock waves
through matter in high energy physics is Doppler interfer-
ometry. This method is non-contact and provides infor-
mation about the object with high spatial and temporal
resolution.

Diagnostic method and measuring system based on
line-imaging Doppler interferometry has been developed
for the experimental study of shock-wave processes oc-
curring in the interaction of intense laser radiation with
matter. The system allows for remote non-contact meas-
urement of the shock wave velocity in the range of 5 - 50
km/s with a spatial resolution of about 10 microns.

The principle of continuous velocity measurements is
based on the Doppler frequency shift analysis of a probe
monochromatic wave reflected by the moving surface of
the sample. This system is based on two vernier Mach-
Zehnder unequal path interferometers of VISAR-type
(Velocity Interferometer System for Any Reflector) [1].

Optical scheme of the system was implemented in ZE-
MAX for getting proper spatial resolution of the target
image on streak cameras (Figure 1). Functions of the op-
tical layout include: target illumination by the probe laser
beam, collecting and collimating reflected light and pass-
ing it through the interferometers, followed by the target
imaging on the streak cameras with a predetermined
magnification. Interferometers impose interference fring-
es on the target image. Displacement of fringes in every
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Figure 1. Vernier line-imaging VISAR layout. M -
mirrors, BS — beam splitters, L — lenses

point of the image corresponds to the Doppler shifts of
the light reflected from corresponding point of the target.
Optical layout conditionally divided into several sections,
limited by intermediate images. This solution makes it
possible to adjust parts of the optical path independently.
Using the zoom lenses in optical layout enables to change
the magnification and make experiments with different-
size field of view on target (in range of 0.3-0.6 mm). Time
resolution is limited 10 ps by the streak-cameras.

Additional optical path with streak camera is used to
realise SOP measurements of target surface luminescence
with the same spatial and time resolution as VISAR data.

Figure 2 shows 3D view of vernier line-imaging
VISAR setup in conjunction with target chamber.

Probe light source is a pulsed Nd laser at a wavelength

Figure 2. Vernier line-imaging VISAR work area

of 660 nm. Chosen wavelength is outside the wavelengths
of the main laser harmonics (1064 and 532 nm), that al-
lows us to separate probe and main light simply. Probe
laser consists of semiconductor master oscillator and re-
generative amplifier. This scheme allows obtaining the
pulse with energy of 30 mJ, time duration ~100 ns with
the frequency of 10 Hz. Several light sources are used for
adjusting the system, including a continuous Nd laser at a
wavelength of 660 nm and white light source. Probe and
adjusting lasers are mounted on the separate table and
connected to measuring system by 40 meters of 1-mm
core fiber.
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Utilization of nanostructured targets for laser-produced
plasma sources allows one to overcome the limited absorp-
tion of laser energy [1, 2] and to archive simultaneously
very hot and dense plasma by volumetric heating [3]. Gen-
eration of such plasmas is of particular interest for both
astronomical studies and table-top hard X-ray laser devel-
opment. In this contribution we present the results of exper-
imental investigation of hard X-ray generation from nanos-
tructured solid targets irradiated by relativistically intense
ultrashort laser pulses. The targets are made of zinc oxide,
a dielectric, trasparent in the visible and NIR/MID range.

Experiment

The experiment was carried out at the Ti:Sapphire laser
system in Jena (JETi-40). Ultra-short (45 fs) 130-mJ laser
pulses at 400 nm wavelength are focused close to the nor-
mal incidence on a nanostructured target providing the
peak intensity of 2.7x10' W/cm?. To minimize pre-
plasma formation and ablation of nanostructures before the
arrival of the main pulse, it is essential to have a high pulse
contrast, which is about 10719 on 1-ps scale in our case.
The main diagnostics of X-ray emission from the plasma is
a bent crystal spectrometer, based on LiF 220 crystal with
a CCD camera. The samples have morphology of a disor-
dered array of single crystalline nanowires (‘“‘grass-like”)
with diameters of 100-400 nm and a length of 1-5 pum
(Fig. 1). For investigating the influence of the morphology
on the X-ray yield, we have also measured X-ray spectra
emitted from polished single crystalline ZnO.

Figure 1: SEM image of “grass-like” nanostructured ZnO
sample.

Results and discussions

The observed characteristic lines in the spectral en-
ergy region 8.7-9.0 keV demonstrate generation of highly

*This report is also submitted to the GSI Scientific Report 2015
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Figure 2: Calibrated spectra of X-ray emission obtained
from “grass-like” (red solid line) and polished (black
dashed line) ZnO targets.

charged states of Zn up to He-like Zn from both, nanostruc-
tured and polished sample (Fig. 2). However, in compar-
ison with a polished sample, the obtained flux of photons
at the Ko transitions in He-like Zn is more than 2.5 times
higher for nanostructured targets. Remarkably, the inten-
sity of observed K, emission from Zn?®* generated in
nanostructured target is almost equivalent to the intensity of
the K,, emission from neutral Zn, pointing on the possibil-
ity to achieve very high density of highly charged plasma.
Measurements with samples having different length and di-
ameter of nanowires have shown that the longer and the
thinner wires are advantageous for the production of hot
and dense plasma. To investigate the temporal evolution
of generated plasma, we are currently working on simu-
lations of experimental spectra using FLYCHK code with
time-dependent electron density and temperature.
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Proton acceleration and its applications are carried out
on the self-developed ultra-short ultra-high laser system
in State Key Laboratory of High Field Laser Physics,
Shanghai Institute of Optics and Fine Mechanics, Chinese
Academy of Sciences. 14.3-MeV proton beam is obtained
in the TNSA experiments. The effects of laser intensity,
prepulse, and focal spot on the qualities of the proton
beams (maximum proton energy and divergence) have
been experimentally proved by the PW laser system [1-3].

High contrast is an important factor influencing the gen-

eration of high-energy proton beam in TNSA experi-
ments. The maximum proton energy is usually achieved at
the optimum foil thickness d, for a laser with certain in-
tensities of pulse and prepulse. According to the scaling
law, higher laser intensity has been used to increase the
maximum proton energy. However, the intensity of the
prepulse also increases for laser systems with a similar
contrast. Thus, the optimum foil thickness changes. The
scaling laws between the optimum foil thickness and laser
intensity should be given to guide efficient TNSA exper-
iments.
A simple scaling law between laser intensity and d, is
proposed for our high-contrast laser system considering
the prepulse effects on the expending foil[3]. d, scaled by
dyo<~I"* can be obtained, which is similar to the scaling
law (dyoc~I") derived in our experiments (see Figure 1).
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Figure 1: Variations in optimum foil thickness d,, (trian-
gle) and maximum proton energy £, (square) as a func-
tion of laser intensity [3]
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An image of dragonfly with many details is obtained by
the fundamental property of such high-energy proton
source on a femtosecond petawatt laser system[4]. Equal
imaging of the dragonfly (~5 c¢m) and high spatial resolu-
tion (~5um) on the micrometer scale are simultaneously
obtained. The head, wing, leg, tail, and even the internal
tissue structures are clearly mapped in detail by the proton
beam (see Figure 3). Experiments show that image blur-
ring caused by multiple Coulomb scattering can be re-
duced to a certain extent and the spatial resolution can be
increased by attaching the dragonfly to the RCFs.

tail

will

Figure 3: Structures of dragonfly (a) leg, (b) tail, (c) head,
and (d) wing on RCF [4]
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Relativistic electron-positron pairs are ubiquitous in
some of the most energetic objects in the Universe, such
as black holes and pulsars. Meanwhile, relativistic
positron source has many important applications, such as
positron emission tomography (PET) for the cancer
diagnosis and positron annihilation spectroscopy (PAS)
for materials science as a nondestructive probe. The
high-intensity laser offers a novel approach to generating
positron beams prompted by the fast development of
laser techniques. Shen ef al. has made a theoretical
research of the electron-positron production by using the
intense laser as early as 2001, where electron-positron
production is investigated for a very thin foil target [1].
In the following we introduce the experimental
generation of ultrashort MeV positron beams in our
laboratory [2].

A femtosecond petawatt laser system at Shanghai
Institute of Optics and Fine Mechanics (SIOM), Chinese
Academy of Sciences (CAS) was employed in our
experiments. It delivered laser beams with a central
wavelength of A, = 0.8um, a duration of 45fs, a focal
spot of 12um and a peak intensity of 3.5 x 10" W/em®. A
supersonic argon gas jet offers an electron density of
n=3.8 x 10*° cm™. The experimental setup is shown in
Figure 1. A huge number of relativistic electrons were
produced during the laser-gas interaction. Then the
electrons irradiated on the high-Z materials, and high
intensity gamma rays were generated through
bremsstrahlung process, which in turn interacted with
nuclei and produced electron-positron pairs. A magnetic
positron spectrometer is well-designed and vastly
reduces the gamma rays noise. Positrons are recorded
experimentally in the image plates (IPs) in single-shot
working mode due to the different dispersion
characteristics.

The relativistic electrons produced during the laser-gas

interaction has a spectrum shown in Figure 2(a). The
electron beam with an energy exceeding 1.2 MeV
contains 7.7 x 10° electrons, corresponding to the charge
of 1.23nC, which is more relevant to positron generation.
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Figure 1: Schematic of the experimental setup.[2]

The spectrum of positrons generated with a 2-mm-thick
lead target is shown in Figure 2(b), which is confirmed
by the Geant4 simulations. Analysis shows that a
maximum positron yield of 3.5 x 10® is obtained with a
temporal duration of 7, < 45f5, and the density of the
positron beam is 7, = 3 x 10 cm *. The ultrashort MeV

positron beams are inspiring for the study of laboratory

astrophysics and have great potential for PAS
applications.
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Figure 2: (a) Spectrum of the electron beam. (b)

Experimental and simulated positron spectra. [2]
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Demagnetization of PRIOR Permanent Magnet Quadrupoles™
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The PRIOR-I Proton Microscope was commissioned at
GSI in 2014. [?] The setup consists of four Permanent
Magnet Quadruople (PMQ) Lenses, each one assembled
from several Halbach-Style arrays (PMQ modules). The
PMQ modules itself consist of 48 single NdFeB wedges
arranged in two (inner and outer) circles with 24 segments
each (see fig. 1). During the beam time with 4.5 GeV pro-
tons the lenses were hit and therefore damaged by radia-
tion, resulting in a decreased quality of the magnetic field
and a worse image quality. Measurements of the magnetic
field after the first experiments showed a degradation of the
field gradient by 10—13%, in addition an increase of higher
multipole components was observed. Following those in-
vestigations, various NdFeB magnetic material was delib-
erately irradiated and analyzed.

X in mm

Figure 1: Geometry of the PRIOR PMQ Modules. The
colour shows the internal Field H.

At first single wedges were irradiated with protons with
different doses. The irradiated ones and one non-irradiated
wedge were cut into small samples to scan the magnetic
properties. Here a correlation between the absorbed dose
and degradation was already visible. [?] To investigate
the influence of the H-Field inside an assembled module a
PMQ module was deliberately irradiated. The module was
irradiated with approximately 8.3-10!! protons at 3.6 GeV.
The Dose for each Wedge was measured with radiochro-
matic films (RCF). The field gradient was measured on the

*Work supported by BMBE. This report is also submitted to GSI Sci-
entific Report 2015
T m.endres @ gsi.de

x” and y’ axes each on five points (see figure 1).

The RCF showed that wedge 23 and 24 from the inner
ring had absorbed the highest dose while wedge 11 and
12 from the inner ring were barely affected by radiation.
These wedges were replaced with non-irradiated ones. The
“repaired” module was scanned again. No increase of the
field gradient in comparison with the measurement directly
after the irradiation was visible. The disassembled wedges
were individually scanned for their magnetic properties.
No correlation between the dose and the observed degra-
dation could be proved. This led to the conclusion that —
assembled in an array — the wedges which absorbed the
highest dose are not the most damaged ones.
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Figure 2: Gradient before (solid), after irradiation (dashed)
and after exchange of segments with highest dose (points).

The replaced and analyzed wedges were located in re-
gions which are the magnetic poles of the quadrupole. This
are regions with a low H-Field. It secems possible that the
influence of the this field is higher than the the influence of
the dose. To proof this hypothesis, more wedges have been
disassembled and will be analyzed.

To overcome the issue of demagnetization, a new mir-
coscope facility (PRIOR-II) — based on electromagnetic
quadrupoles — has been developed at GSI in 2015. [?]
Simultaneously a setup for the remagnetization of the
PRIOR-I facility is assembled at the collaborating institute
ITEP.
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Control units for HV generators

High energy proton microscopy facility PRIOR (Proton
Microscope for FAIR) has been designed, constructed,
and successfully commissioned at GSI [1]. For dynamic
comissioning of PRIOR was developed dynamic target
based on underwater electrical wire explosion UEWEJ1].
The pulsed power generator for UEWE (10 pF, up to
50 kV charging voltage and 12.5 kJ stored energy) con-
sists of four modules and can drive currents of about
200 kA in amplitude and 1.8 ps rise time through a load at
charging voltage of 35-40 kV. Main capacitor set and
capacitors of trigger generator (Marx 75 kV) are charged
by two high-voltage (HV) generators TDK-Lambda 402-
50 with output voltage up to 50 kV.

To effectively control (in frame of data acquisition sys-
tem (DAQ) of HHT and PRIOR facility [2]) of HV gener-
ators were developed two independent automated units.
Each unit are based on ICPDAS pPac7186 microcontrol-
ler with IO modules: 17021 (DAC), 17017 (ADC), i7063D
(discrete 1/0), 17520 (communication) and TPD280U
touchpad. Fig. 1 shows a photo of developed units. One
of the units, equipped with input voltage divider with ra-
tio of 67.5kV/V, is used for measure of charge voltage
level of capacitors, another unit used to control of trigger
HV generator. Software for pPac7186 microcontroller
was written in the Borland C ++ V5 in frame of MiniOS7
Studio V1.07 software environment. Communication be-
tween the microcontroller and touch panel carried through
Modbus RTU protocol via the RS232, RS485 interfaces
with conversions by 17520 module. Data transfer between
uPac7186 and modules 17021, 17017, i7063D occurs via
DCON protocol and RS485 interface.

Developed units are provides: automatically charging
of external capacitors with control and stabilizing of
charging voltage level, control of emergencies (self-
discharge of capacitors, lack of charging capacitors,
shortcut in the capacitors), synchronization with the beam
extraction system and PRIOR DAQ system, controlling of
main functions and settings through touchpanel.

Figure 1: Two units for control of HV generators of
UEWE dynamic target for PRIOR.

Tests of units were performed in the first experiments
with UEWE target at PRIOR facility at GSI.

* Work supported by FRRC Contract No. 29-11/13-17.
" kantsyrev@itep.ru

Synchronization scheme for PRIOR and HHT

In frame of experiments at PRIOR and HHT facility is
required to ensure accurate synchronization of beam shot
pulse with the start of experimental equipment such as
oscilloscopes, CCD imaging system, dynamic target (e.g.
UEWE). The minimum duration of the bunch beam in
experiments at the PRIOR proton microscope at GSI is
about 40 ns, which requires the accuracy of timing at the
level of ~1 ns. Existing synchronization scheme, had syn-
chronization error (jitter) at ~20 ns, due to using of syn-
chro pulse from kicker extraction magnet. To improve the
accuracy of timing was developed new synchronization
scheme (fig. 2). It is provides synchronization of such
events: beam request, triggering of kicker magnet, high
frequency of accelerator and operation of the virtual ac-
celerator machines of SIS-18. The output trigger signal is
formed with accurate timing relative to a high frequency
of accelerator. Controlling of scheme provided by Ape-
man[2] software client of existing DAQ system or manu-
ally from front panel.

L S e

Figure 2: The photos of the front panel (left) and elec-
tronic board of new synchronization scheme.

The scheme is based on two RS-D-T flip-flops 7474
chips with a set of logic circuits. Communication and
control between new synchronization scheme and DAQ
provided by ICPDAS 17055D module and MOXA
NPORT 5450 interfaces converter RS485-Ethernet.
Transmission is produced in frame of TCP/IP Sockets and
DCON data transfer protocols.
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Underwater electrical explosion of wires can be
used for research of extreme state of matter.
Indeed, formation of the parasitic plasma
channel along exploding wire typical for wire
explosion in gas of vacuum is prevented due to
high (300 kV/cm) threshold of water breakdown
and water small compressibility prevents fast
wire radial expansion. Thus, almost 90% of the
energy initially stored in capacitor banks can to
be transferred into the wire keeping high energy
density deposition rate. Also, due to ~24%
efficiency of the energy transfer to the water by
expanding wire, one obtains generation of strong
shock waves (SW). In the case of either
cylindrical or spherical wire array underwater
electric explosion, extreme state of water with
pressure up to 10'* Pa, compression up to factor
10 and temperature of several eV can be
obtained in the vicinity of implosion axis or
origin.

Research of single wire explosion was carried
out in 107 — 10 time-scale. It was found that
in a microsecond timescale, good agreement was
attained between the results of experiments and
the results of  magnetohydrodynamic
calculations coupled with equations of state
(EOS) and modern conductivity models.
Conversely, in a nanosecond timescale wire
explosion, the wire resistance and the EOS were
modified in order to fit experimental data. Thus,
it was shown that this approach can be
successfully used for studies of EOS and
transport parameters of different metals in a
broad range of temperature, pressure, density,
and internal energy. The results obtained
indicate that in the case of extremely fast energy
density deposition, which is typical of
nanosecond and submicrosecond timescales of
explosion, additional research is strongly
required in order to explain the difference
between the experimental data and existing EOS
database and conductivity models.'*”

Experiments ~ with  underwater electrical
explosion of cylindrical and spherical wire
arrays (see Fig. 1) were carried out using high-
current pulse generators with stored energy of a
several kJ only. An extreme state of water in the
vicinity of the implosion of converging SWs was
generated by either cylindrical (see Fig. 1) or
spherical wire array explosions.

Multframe SW image (b)
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Fig. 1. (a) Sequence of four shadow images of
the converging SSW indicated by 1-4, in which
each frame duration is 5 ns and the time delay
between the frames is 300 ns. (b)
Experimentally obtained and simulated SW
propagation with respect to the current
beginning. Underwater electrical explosion of
30-Cu wire array of 10-mm diameter and 50-mm
length. Each wire was 0.114 mm in diameter.
The generator charging voltage was 80 kV. The
maximal amplitude of the discharge current was
~380 kA with a rise time of ~270 ns. The
energy deposited into the wire array was 4.3 kJ.

The results of HD simulations based on TOF of
the SW and deposited energy into the water flow
showed that in the case of a spherical SW
implosion (see Fig. 2), one can expect to obtain
the pressure, density, temperature of water
plasma at the distance <10 um from the origin of
implosion, <6 TPa, <17 eV, and <8,
respectively.”® In addition, iln order to increase
the pressure in the vicinity of the SW implosion,
experiments with convergence of SW in super-
spherical geometry was carried out. The results
of this preliminary research’ showed that indeed
this geometry allows one to achieve larger



values of pressure, density, and temperature of
water in the vicinity of the axis of convergence.

! ?J:WIF;;:FM 1 “ , :
Fig. 2. (a) Experimental sétup for s:pherical wire
array explosion. (b) External view of 40-Cu-wire

array of 30-mm diameter, each wire being 114
um in diameter.

Another interesting results were obtained in
experiments with X-configuration of underwater
exploding wires. It was shown that the collision
of the exploding wires generated by underwater
electrical explosion in the X-pinch configuration
creates fast-moving (2.5x10° cm/s) cumulative
jets (see Fig. 3) similar to those generated by the
collision of metal slabs, accelerated by the
chemical explosion. The properties of these jets
are determined by the parameters of the
explosion and their interaction with the water,
compressed by the SW generated by the
exploded wires. This method of generation of
cumulative jets is significantly simpler than
common methods, and allows the application of
optical diagnostics for the observation of the
dynamics of the jets.'” Using conical wire array
underwater electrical explosion, a fast water jets
were generated with velocities up 2 km/s."'

4 mm

Fig. 3. Shadow image of X-configuration wires
explosion. 1.Undisturbed water. 2. SW front. 3.
Exploding wire. 4. Fast copper jet.

Finally, the generation of strong magnetic fields
(=50 T) wusing single- or multi-turn coils
immersed in water was studied (see Fig. 4). A
pulse generator with stored energy of ~3.6 kJ,
discharge current amplitude of ~220 kA, and

rise time of ~1.5 us was used in these
experiments.
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Fig. 4. Calculated magnetic fields at the center
of a single-turn coil (1) and three-turn coil (2).

Using the advantage of water that it has a large
Verdet constant, the magnetic field was
measured using the non-disturbing method of
Faraday rotation of a polarized collimated laser
beam. In addition, it was shown that this
approach can be used successfully to investigate
the interesting phenomenon of magnetic field
enhanced diffusion into a conductor.'
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Investigation of Porous Materials for Shock-Wave Experiments at PRIOR*
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Research on shock-wave processes provides infor-
mation on thermodynamic and rheological properties of
materials in a wide range of pressures and temperatures
under conditions of high strain rates. Investigation of
shock compression features of porous materials is of par-
ticular interest, since the experimental study of the same
material at different densities can significantly expand the
area of thermodynamic states accessible by pulse loading
[1-3].

Experimental setups were developed to obtain low
pressures for studies of the threshold and mechanism of
pore collapse under shock-wave action. Parameters of
loading conditions, which are realized in this work, corre-
spond to those assumed in the experiments on the light-
gas gun at the PRIOR facility.

Samples of different porosity with the use of matrices
from materials with different compressibility were select-
ed and prepared for studies of shock waves properties and
spall strength. Silicone rubber and epoxy resin were used
as matrices. Glass microspheres with an average size of
about 80 microns were used as a filler.

The volume ratio of silicone rubber and glass micro-
spheres in the investigated samples was equal to 100/39
which corresponds to the density of 0.55 g/cc. The thick-
ness of samples in all experiments was the same and
equal to 4 mm. The diameter of samples was 40 mm.

In the samples of epoxy resin and glass microspheres
the volume ratio of components was equal to 100/52. The
density of the samples was 0.56 g/cc. The thickness of the
samples varied in the range of 6.5 to 7.5 mm.

Typical particle velocity profiles obtained by VISAR
laser interferometer are shown in Figure 1 and Figure 2.
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Figure 1: particle velocity profiles at the sample — water
window boundary for porous rubber.

Velocity profiles for two investigated materials are sim-
ilar. A difference between them is of purely quantitative
nature, due to differences in shock-wave properties of
matrix materials. The complicated structure of the shock
wave front was observed for both materials.

First, the precursor wave propagates ahead of the shock

* Work supported by FAIR-Russia Research Center
"zan@ficp.ac.ru

wave, i.e. the two-wave configuration is formed which is
most clearly expressed at low pressures. The speed of the
second wave increases sharply with increasing pressure,
while the velocity of the first wave is practically constant.
This leads to the disappearance of the two-wave configu-
ration in the porous rubber at the pressure of 1 GPa and in
the porous epoxy resin at the pressure above 2 GPa.
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Figure 2: particle velocity profiles at the sample — water
window boundary for porous epoxy resin.

Second, the heterogeneous structure of the investigated
samples leads to significant oscillations on velocity pro-
files behind the shock jump. Since oscillations are not
smoothed by the passage of the shock wave through the
7-micron aluminum foil which is used to reflect the probe
laser beam, it means that the spatial size of inhomogenei-
ties is greater than the thickness of a foil, i.e. not less than
10 microns. This estimate correlates with the size of glass
microspheres which determines the characteristic size of
inhomogeneities.

Third, the wave profiles have a feature that is associat-
ed with the registration technique. In all experiments, an
additional velocity jump is recorded after 1 microsecond
after the second wave comes to the water window border.
It is due to the fact that the shock compressibility of sam-
ples is higher than that in water. Therefore, after a shock
wave comes to the border with water, it is reflected back
into the sample, after which it is again reflected by the
shield plate and returns to the water border as a shock
wave. The circulation time decreases with the increase of
pressure.
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Carbon fibers are composite materials, which consist of
fibers from carbon with a diameter of 5-10 microns,
bonded with epoxy resin. Main feature of these materials
is strongly expressed anisotropy of properties. The aim of
this work was to investigate the shock compressibility of
carbon fiber with different fibers orientation relatively to
the direction of shock waves propagation. The average
density of the samples was 1.55 g/cm®. The sound speed
transversally to the fibers is equal to 3.0 km/s, and
parallel is about 10 km/s.

Shock wave profiles were recorded by a laser
interferometer VISAR. Probing radiation was reflected
from the aluminum foil, placed between the end of the
charge and the water window. Experimental data are the
velocity of movement of the foil surface at the boundary
with water, and show all the details of the structure of
compression pulse. In each experiment the structure of
compression pulse and the shock wave velocity of carbon
fiber were obtained. Pressure of shock compression was
varied by changing of the thickness and the velocity of
projectiles.

Hugoniots of carbon fiber were obtained for two
orientations of the fibers in the coordinates of the shock
wave velocity D - particle velocity u. In the investigated
range of pressures at the transverse orientation of the
fibers experimental data are approximated by a linear
dependence of D = 1.70 + 2.3*u, km/s (see fig.1). And the
first factor Co = 1.70 km/s differs significantly from the
sound speed, measured at zero pressure. Such situation is
often observed for porous samples. In this case the
Hugoniot is non-linear at low pressures. The coefficient
Co, which is result of extrapolation, not only may
significantly differ from the sound speed under normal
conditions, but often doesn’t have any physical meaning.
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Figure 1: Hugoniot of the sample for transverse
orientation of the fibers.
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The Hugoniot for the parallel orientation is satisfactorily
approximated by the dependence D = 2.3 + 2.0*u, km/s
(see fig.2). Unlike the transverse orientation, in this case a
complex structure of the shock wave is observed. Almost
in the entire pressure range two-wave configuration is
recorded which is most clearly expressed at low
pressures. In this case the two-wave configuration is due
to anisotropic structure of the sample. The velocity of
propagation of disturbances along the carbon fibers is in
several times higher than the velocity of the shock wave,
that results in the formation of a precursor. Since the
amplitude of the running ahead perturbations decays, the
front of the first wave degenerates into a sound pulse, so
the velocity of its propagation is close to the sound speed
C=10 km/s, which was measured by ultrasonic method.

Thus, it was found that Hugoniots were different for two
orientations of fibers. There is a tendency to their
convergence with the pressure increasing.
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Figure 2: Hugoniot of the sample for parallel orientation
of the fibers.

Also a study of spall strength for carbon fiber was
conducted. It was shown that for a given material the
character of spall fracture was rather complicated. For
unambiguous definition of spall strength, together with
recording of the free surface velocity, an additional
recording of particle velocity was made. The value of
spall strength along the fibers is about four times higher
than the spall strength for the transverse direction. For
longitudinal direction of the fibers it is equal to 175 MPa,
for transverse direction — is about 40 MPa.

Thus, from the results obtained in this work it can be
concluded that the correct description of the dynamic
deformation of carbon fiber is possible only within the
framework of the two-component model considering the
real motion of the fibers and their interaction with the
matrix.
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Introduction

Man-made space debris is exponentially increasing in
the low earth orbit, posing a big threat on current and fu-
ture space missions [1]. To remove this space debris, high
velocity impacts (v > 10kms~1) of tungsten balls with a
presumed momentum transfer of ~ 10 — 15 are proposed
to slow down space debris [2]. Thereby, it will decrease in
orbit and burn up in the atmosphere earlier.

Experiment

The first objective is to reach a high velocity with a
tungsten flyer plate that remains in a solid state. For
preliminary experiments, a special target design has been
developed as seen in figure 1.

The first layer is a 270 um thick polyethylene (PE) sample.
A tungsten thumbtack construction with a 50 um thick
and 600 um long stalk and a head diameter of 600 um and
25 um thickness is glued on the PE rear side. In this setup,
the accelerated head is free and not glued to any structure
other than the PE itself.

The experiments are performed at the target area Z6 at
GSI, where the nhelix laser system is used to drive a shock
wave into the PE. After the shock breakout, the expanding
material hits the disk of the thumbtack. This is supposed to
accelerate the thumbtack to high velocities, while retaining
the solid state of the disk.

With a streak camera the shock breakout on the rear side
of the PE is determined to calculate the shock velocity in
the PE. This information is used to benchmark future sim-
ulations. The temporal behaviour of the plate is measured
with two DICAM Pro in a side view configuration (see
figure 1). Over several shots, a time evolution of the flyer
plates reaction has been obtained (see figure 2).

In figure 2a, the tungsten disk can be seen undisturbed.
100ns after the nhelix impact, the expanding material
reaches the flyer plate (2b). In figure 2c, at t = 150ns,
the flyer plate starts to expand and eventually breaks
apart as seen in figure 2d. Over multiple shots an average
expansion velocity of the PE was estimated to ~ 1kms™!.
A rough estimate of the expansion of the tungsten in figure
2¢ and d results in Vexpansion ~ 7km s~1. A movement of
the flyer plate prior to break up could not be confirmed.
This phenomenon is currently under investigation. Pos-
sible explanations are a pre heat of the flyer plate due to
radiation from the nhelix-PE interaction or a generation of
a strong shock wave in the tungsten.

This report is also submitted to the GSI Scientific Report 2015.

tungsten flyer plate
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< expansion field of view
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Figure 1: Schematic setup of experiment: The shock wave
is driven with the nhelix laser (with 23J, 532nm, 10ns,
spotsize 400 um and intensity homogenized flat top) into
270 pm thick PE samples. A streak camera determines the
shock breakout on the PE rear side. The flyer plate is ob-
served with two DICAM Pro in a side view configuration.

Figure 2: DICAM Pro measurements show the temporal
development of the impacting plasma expansion on the
flyer plate and the reaction of the plate.

Simulation

Simultaneously, hydrodynamic fluid simulations are pre-
pared to further study possible target designs. In a first
step, the FEOS code has been analysed and is now used to
produce the equations of state (EOS) for tungsten and PE
which are required for the simulations. These simulations
will be benchmarked with the already received experimen-
tal results.
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A Beam Induced Fluorescence (BIF) monitor is a diag-
nostic tool, based on the detection of photons emitted from
residual gas excited by the ion beam [1]. To apply this
method to the FAIR facilities, the influence of different pa-
rameters such as gas pressure, beam energies, etc. has to be
investigated. Imaging spectroscopy has been performed in
a gas cell with a titanium entrance foil at the Munich Tan-
dem van de Graaff accelerator with a continuous 200 nA
S8+ beam at 3.75 MeV/u. Experiments were performed
for nitrogen in a gas pressure range from 0.001 to 30 mbar.
A detailed description of the experimental set-up can be
found in [2].
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Figure 1: Nitrogen spectra obtained at different gas pres-
sures with labeled dominant molecular transitions.

Nitrogen spectra obtained at different pressures are pre-
sented in Fig. 1. Two emission bands were investigated
in detail: the 337 nm band corresponding to neutral nitro-
gen (C?IL, (v = 0) — B3I (v” = 0)), and the 391 nm
band corresponding to ionized nitrogen (B?Xf (v/ = 0) —
X5} (v" = 0)) [3]. Profiles of the imaged beam based on
these transitions are shown in Fig. 2. The imaged beam
profile width of the neutral No C — B(0 — 0) transition
shows a strong dependence on pressure, while the width
of N;f B — X (0 — 0) transition remains almost constant
[2]. This behavior can be interpreted by different excita-
tion mechanisms of these two molecular transitions. The
391 nm band, which represents the correct transverse pro-
file of the imaged beam in the entire measurement range,
is caused only by collisions of the beam projectiles and

*Work supported by BMBF project No. 05P12RDRBN and Graduate
School of Excellence ESE TU- Darmstadt.

Ty.shutko@gsi.de

£ Work supported by LOEWE-HIC for FAIR

gas molecules which lead to ionization of the nitrogen and
secondary electron emission. These electrons excite Ng
molecules to the electronic state C3II, and transition to
B3I, levels are observed at the 337 nm band. The mean
free path of the secondary electrons emitted from the beam
path depends on the gas pressure. This fact in combina-
tion with larger excitation cross section of secondary elec-
trons for neutral molecules effects on an correct transverse
profile of the imaged beam representation, see Fig. 3. A
detailed discussion is given in [4].

Neutral transition at 337 nm lonic transition at 391 nm__

3 40 ] |

5 — 0001 mbar|| 3

8 —tt| & oy

> 08 i 2 0.8 \ | —0Ambar |]

-3” 1 mbar = \ *

= \ |=——10 mbar c | 1 mbar

g 064 | B\ 9 06 | | 10 mbar

£ R\ £ |

T 04 [\ T 04 ‘

A AN |4

£ 02y (7 g 0.2 r

S ¥ W <} —— S

Z oMl el 20,04 -
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Profile width (mm) Profile width (mm)

Figure 2: Profiles of the imaged beam measured for dif-
ferent pressures using the neutral (337 nm) and ionic (391
nm) nitrogen emission bands.
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Figure 3: Profile width of the imaged beam, characterized
by FWHM, of the neutral (337 nm) and ionic (391 nm)
nitrogen emission bands.
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Introduction

Beam induced gas desorption is a key process that drives
beam intensity limiting ionization losses in heavy ion syn-
chrotrons in general and in the upcoming SIS100 in par-
ticular. Measuring the beam impact induced desorption
yield of (cryogenic) collimator materials behind from a
synchrotron presents a challenge in itself, since the well es-
tablished continuous bombardment method [1] cannot be
used. Instead, a technique suitable for repetition rates in
the mHz-regime is needed. The key task is to find a way to
compute the number of desorbed particles from the mea-
sured pressure pulse. The gas dynamics simulations pre-
sented here are used to gain a better understanding of the
influence of adsorption/redesorption processes, the experi-
ment’s geometry and temperature on the shape of the pres-
sure pulse and to improve the accuracy of the data analysis.

Current Method

An important component of a typical single shot des-
orption experiment is its diagnostic volume V', which also
contains the target. Gas desorbed from the target after beam
impact disperses in this region, giving rise to a character-
istic pressure pulse, called “desorption peak”. Using the
ideal gas law, the number ob desorbed particles AN is then
calculated as
ApV
kgT’

where Ap is the desorption peak’s height and 7 is the gas
temperature. This method assumes a uniform gas temper-
ature and the coincidence of the desorption peak’s maxi-
mum with a homogenous distribution of all desorbed gas in
the diagnostic volume. Furthermore, this spreading is sup-
posed to take place on a faster timescale than pumping, so
that gas escaping from V' before a homogenuous distribu-
tion is reached can be neglected. Comparing measurements
with different geometries [2, 3] shows significant devia-
tions in the time structure of the desorption peak. There-
fore, a deeper understanding of the dynamics involved is
needed to facilitate a more accurate analysis.

AN = ey

Gas Dynamic Simulations

A gas dynamic simulation code, such as Molflow+, pro-
vides a means to model the desorption peak’s formation [4].
It tracks gas particles in a given geometry and can compute

*This report is also submitted to the GSI Scientific Report 2015
T C.Maurer@gsi.de

pressure profiles from the results. The latest version is ca-
pable to simulate time dependent pressure evolutions with
regard to adjustable sojourn times ¢ between adsorption on
and redesorption from the chamber walls. First simula-
tions show the influence of sojourn times on the peak height
(Fig. 1), pointing out the need for an improved analysis.
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Figure 1: A Measurement and simulated desorption peaks
with different sojourn times ¢ for the geometry in [2].

Outlook

Gas dynamics simulation with Molflow+ promise a sig-
nificant gain in accuracy for high energy desorption mea-
surements. Improving future desorption experiments as
well as reevaluation of already existing data will boost our
understanding of the desorption process, improve the pre-
diction by simulations, and might to better solutions re-
garding beam loss due to dynamic vacuum effects.
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At the present time gas and solid foils are mainly used as The charge state of the ion beam was increased. In ex-
stripper in accelerator facilities like GSI to achieve an in-  periment on Z6 Area during beam time 2014, the initial
crease in the charge state of the ions. As an alternative to  state of the ion beam Au® was increased to the final state
these methods a dense pinch plasma is proposed as stripper ~ of Au!. The measurements made with the spherical Theta-
medium. Compared to a gas stripper, which shows much  pinch during the beam time showed, however, a negative
less effectiveness, and a foil stripper, which has a shorter  impact in the beam optic due to distortion of the magnetic
life time, a plasma stripper has both higher efficiency and  field at the ends of the coil. The reason is an asymmetrical
longer lifetime. As a consequence, this novel stripper is  current flow at the connecting elements of the coil. There-
recommended for the requirements at FAIR. fore a maximum ion transmission of about 58% was

The effect of a plasma for the increase of the equilibrium  achieved. A modified form of the Theta-pinch is being de-
charge states has been already proved in experiments with ~ veloped to increase the electron density and the transmis-
a Z-pinch [1]. However, a disadvantage of the Z-pinch is  sion.
the erosion of the electrodes, which has a negative impact A new stripper cell with cylindrical coil and symmetrical
in the lifetime of the systems. Apart from that, the high  power connection was designed, in order to eliminate
magnetic fields have an adverse effect in the beam optic.  asymmetric magnetic fields. Through the diamagnetism of
In contrary to the Z-pinch a Theta-pinch has no erosion and  the plasma along the entire z-axis, the ion beam will be suf-
the magnetic field of the coil is mainly in the center of the  ficiently protected from the influence of asymmetric mag-
coil. The magnetic field distribution is mainly parallel to  netic fields.
the beam and has therefore no influence to the beam dy- Because of the cylindrical design of the coil, the effi-
namics [2] [3] [4]. For the ignition of a dense plasma, a  ciency of the energy transfer will be decreased from 85%
spherical Theta-pinch was developed and successfully  to a maximum of 50%. Due to the new coil design the en-
tested at a beam time at GSI. A major feature of the Theta-  ergy storage system has been increased from 3.6 kJ to 49
pinch is the use of a large spherical discharge vessel sur-  kJ. Thus, the energy deposition into the plasma is expected
rounded by a multi-turn induction coil, which is connected  to be increased by a factor of 8. Within this configuration
to a capacitor bank via low inductance transmission line,  the expected plasma densities are of 3x10%*m-3.
thus forming a resonant circuit. The stored energy in the
capacitors was 3.6 kJ. As switch a high power thyristor

stack was used. During the pinch a maximum electron den- References
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Detailed simulation of the beam transport has been per-
formed to get a most realistic estimation of the beam
quality in the volume of the experimental target. The par-
ticular interest was the observing of distortions in the op-
tic system including superconducting quadrupoles and the
radio-frequency deflector described in the technical de-
sign report (TDR) of the LAPLAS experiment[1]. Differ-
ent system detailing levels starting from linear optics to
numerical system with use of particle dynamics in realis-
tic 3D electromagnetic fields were used to get values for
the final beam quality. Due to functional limitations of
programs GICOSY and SIMON, used for TDR, it was
necessary to develop a new beam transport analysis code.
This code is based on proved algorithms of the matrix
algebra, multidimensional interpolation algorithms, ODE
solvers etc. presented in MATLAB. It includes a possibil-
ity to import time-dependent 3D electromagnetic field
distributions from commercial solvers like CST studio or
COMSOL.
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Figure 1: The beam profile and the snapshot of the 3D
particles density distribution for the monochromatic
beam.

As a result, the program could produce varied in time
3D beam density distribution, similar to one shown on
Fig. 1.
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Figure 2: A one-percent uniformity area of the single
cell of the RF deflector.

It is important to investigate particular contributions of
various effects on the final beam quality. With developed
code it is possible to switch off all except one distortion
mechanisms to get a specific value. Figure 2 shows the
quality area chart comes from beam transport 3D simula-
tions performed for a single RF deflector cell. Figure 3
presents another result of simulation made for mono-
chrome beam. Only high order non-linear effects in quad-
rupoles are “switched” on.
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Figure 3: Beam spot distortions caused by nonlinear ef-
fects in superconducting lenses.
The table below presents the refined specific ring width
for different effects applied to monochrome beam with
ring radius of 2.5 mm.

c
Chromatic effect 140 um
Wobbler 40 um
Lenses nonlinearity 13 um
Lens production error. 14 um
Target depth effect 9 um

One can see the most significant contribution of chro-
matic aberrations. Those effects define the minimal
achievable spot size sigma in the range of hundred mi-
crometers. The density distribution of a such spot, formed
purely by chromatic aberrations and the system nonlinear-
ities is far from Gaussian, which leads to some azimuthal
symmetry violation during the spot rotation. This may
constrain the lowest usable beam spot size sigma to 200
um. At the same time even a thoroughly modeling shows
no perceptible azimuthal variation for the case of the
beam spot size used in the TDR( about 500um).
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Activation of high-energy heavy-ion accelerators due to
beam losses is a serious issue for some accelerator com-
ponents. Knowledge about accumulated nuclides inside
the activated accelerator components is important for their
handling, treatment, storage, transportation and final dis-
posal [1].

The beam losses below 1 W/m are considered as toler-
able for “hands-on” maintenance on proton machines [2].
In our previous studies, a scaling law has been established
to expand the existing proton beam-loss tolerance to
heavy-ion beams using the FLUKA 2008 code [3]. Cross-
checking of two Monte Carlo code versions was triggered
by the release of the FLUKA 2011 with the new feature
for nucleus-nucleus interactions calculated below
100 MeV/u [4].

Simulations

A bulky target has been chosen to represent compact
structures like magnet yokes or coils. The cylindrical
bulky target was 60 cm long and had a diameter of 20 cm.
The target material was high-purity (better than 99.9%)
copper (density of 8.92 g/cm’). Irradiation was simulated
using a continuous ***U ion beam normalized to the beam
power of 1 W during 100 days, and 20 years, respectively.
Different beam energies ranging between 25 MeV/u and
1 GeV/u have been chosen. The produced nuclides, their
activities and effective dose-rates were scored at several
defined time-points: immediately at the end of irradiation,
1 day, 100 days, 1 year and 20 years after the end of irra-
diation. This paper presents a selection of the obtained
data.

Results and Discussion

The new feature in the FLUKA 2011 does show an im-
pact on the induced activity resulting in stricter beam-loss
criteria compared to older versions (see Table 1, the 1%
and the 2™ column). The simulation shows that there is an
accumulation of the long-living nuclides at irradiation
lasting 20 years. That is why the beam-loss criteria are
even decreasing compared to the ones for 100 days of

irradiation (see Table 1, the 3™ column). The scaling law
based on proton losses cannot be applied for heavy-ion
beams at energies below 150 MeV/u, because one of the
main assumptions — the same population of produced nu-
clides — is not valid anymore below this energy [3]. For
the same reason, the effective dose-rate becomes the key-
stone instead of induced activity (see Table 2).

Table 1: The beam-loss criteria for **U beams with dif-
ferent energies calculated by previous and recent FLUKA
versions at the end of irradiation.

Beam-loss criteria [W/m]
Irradiation time: 100 days 100 days 20 years
2 1 GeV/u 5 5 4
2 500 MeV/u 12 12 9
£ 200MeV/u 60 40 30
2 150 MeV/u 52 39
FLUKA 2008.3.6 FLUKA 2011.2b.5

The list of the nuclides with dominant contribution to
the effective dose-rate from proton and uranium accelera-
tors after 20 years of operation and 20 years of cooling is
shown in Table 2. The production of the nuclides depends
on the ion species and the beam energy. Comparison with-
in the same beam species shows that pole positions for
1 GeV/u and 200 MeV/u is engaged by target fragments
and projectile fragments, respectively.
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Table 2: Effective dose-rates (EDR) of nuclides produced by proton and uranium beams with different energies after
20 years of irradiation of Cu target followed by 20 years of cooling simulated by FLUKA 2011.2b.5.

Effective dose-rates [mSv/h] Effective dose-rates [mSv/h] Effective dose-rates [mSv/h]
Beam: 'H with E=1 GeV/u ¥ with E = 1 GeV/u %0 with E = 200 MeV/u
Sc-44 1.0x10T = 8x107T Sc-44 1.2x10TT = 3x10™ Bi-207 2.0x107 £ 5x107™
Ti-44 5.7x10"" + 4x107™"? Ti-44 7.1x10"% £ 2x107 TI-208 6.1x10™"% +2x107"
Co-60 1.7x10"" +3x107™ Co-60 3.7x10"% £ 3x107"* Co-60 4.9x107 + 1x10™"°
K-42 6.6x10"% +3x10"? Bi-207 3.1x10"% £ 2x107 Bi-210 3.3x107"% + 8x107"*
Na-22 5.4x10"% + 1x10™" K-42 1.2x107"% + 8x107"° Sc-44 2.2x107"% £ 7x107
Ar-39 2.3x1013 £ 1x10™ TI1-208 7.5%x10"% £ 9x107° Pm-145 1.5x107"% £ 3x107"°
Fe-55 2.6x10"% £ 4x1077 Na-22 7.5%x107"% £ 3x107"° K-42 1.4x10™"% + 6x107"°
Al-26 1.7x107™* + 3x107'° Bi-210 4.7x107"% £ 4x107° Ba-133 1.4x107"% + 3x107"°
Ni-59 4.8x107" + 6x10"® Bi-212 1.4x107" £ 2x107"° Ti-44 1.3x107"% + 4x107"°
Mn-54 3.5x10"% + 7x107'® Pb-212 1.3x107"% + 2x107"° Bi-212 1.1x107"% + 3x107"°
SUM: 1.9x10™+ 9x10" 3.0x10 "+ 4x10™ 43x107+ 6x10"°
* Work supported by HGS-HIRe. b katrik@gsi.de

This report is also submitted to the GSI Scientific Report 2015
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The present investigation on the design of the Figure-8
high current storage ring (F8SR) [1] focus on the beam
injection part and diagnostics. The research and develop-
ment include particle tracking simulations as well as an
experimental investigation of the beam dynamics and
beam manipulation in a scaled down version of the injec-
tion channel.

An optimized adiabatic magnetic channel, starting from
a moderate magnetic field up to a maximum of 6 Tesla
(main field level in a storage ring), with a realistic field
model of the toroidal coils was proposed and investigated
for the superconducting F8SR under full space charge
condition (Fig. 1).

electrodes
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Figure 1: Beam tracking simulation through the proposed
adiabatic injection channel and ExB kicker [2].

Toroid 2
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Injector 2: Injection Beam

Printed Circuit
Board

Collimaling

Figure 2: Further development of the non-destructive op-
tical beam diagnostics.

An optical detector (Fig. 2) with photodiodes and pho-
totransistors was developed and successfully tested in-situ
with beam and at magnetic field levels up to 0.6T.

In parallel, a scaled down experimental set-up (Fig. 3)
was built and first investigations with beam are planned
this year. The upcoming tasks are the evaluation of the
diagnostics system, the ion species filtering, beam injec-
tion and the comparison between beam dynamic simula-
tions and experiments.
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Heat capacity of warm dense matter at constant volume *
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Abstract

To calculate the heat transport in the target material hit-
ten by heavy ion beams, one may apply the inelastic ther-
mal spike model. In this model, the heat capacity of the
electrons and ions occurs. But, for the heat capacities of
the electrons, up to now, only some rough approximations
are available, and for the ions of the target materials, exper-
imental data have to be used. Therefore, here a method is
presented which may help to calculate the heat capacity at
constant volume up to the density order 5/2.

Heat capacity at constant volume

Expressions for the density of the free energy f and the
pressure p of charged particles in warm dense matter, as
function of volume and particle densities, are available as
virial expansions in density order up to 5/2 [1-6]. From
there, the heat capacity at constant volume V' and constant
particle densities n, may be calculated using the formula
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K, is the quantum virial function [3-5]. x describes the
inverse Debye radius, and 8 = 1/(kgT). kp is the Boltz-
mann constant. ¢, is the charge of the particle of type a,
Aab - the de Broglie wavelength of a particle with reduced
mass Map = MaMyp/ (Mg + myp). Eup describes the Born
interaction parameter. a; = 10.134 and ay = 9.8227 [6].

o
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Dynamical properties of dense plasma in inertial confinement fusion*
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Recently, considerable attention of researchers has
been paid to the study of matter with high energy densi-
ties and, as a consequence, with high pressures and tem-
peratures. The research in the field of inertial confinement
fusion (ICF) on heavy ion beams takes a special place
among the works on various aspects of this problem [1-3].
One of the most important parameters used to describe the
interaction of ions with matter is the energy of projectiles.
The stopping power is a parameter characterizing the rate
of loss of the average energy of fast electrons or ions in
plasma [4-5]. The Coulomb logarithm based on the effec-
tive interaction potential of the particles is determined by
the scattering angle of the pair Coulomb collisions [6-8].
In this work the dense plasma is considered for which
quantum effects must be taken into account at short dis-
tances. Further, the effective interaction potential includ-
ing both charge screening at large distances and quantum
effects at short distances will be used [9-10].

In the present work the stopping time, the mean de-
flection angle, the depth of penetration and the effective
range of particles with different energies generated in the
DT plasma have been studied.
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Figure 1: The penetration depth of the proton in DT

plasma at different values of density and temperature.

Fig. 1 illustrates the dependence of the range and the
penetration depth px[11] of protons with different ener-
gies on the density and temperature of the target. The re-
sults show that at a lower target temperature of
T =5kel , the target protons may conserve their energy

inside the target if pR<1.2g/ cm?. However, when the
target is hotter 7 =10 kel , the required initial energy of
the proton is reduced to £ <2 Mel , in order to meet the

required optimal deposition depth.

The relaxation time of the temperature in the plasma
were calculated for different density values on the basis of
the Coulomb logarithm using the effective potential. Fig.
2 shows the comparison of the temperature relaxation

* Work supported by MES RK, Grants No. 3083/GF4, 3086/GF4, 2016.
“isanova_moldir@mail.ru

time obtained on the basis of the effective potential with
the results of MD aty, =1, T, =10eV. It is seen that the

relaxation time increases with increasing temperature.
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Figure 2:The relaxation time in units of plasma frequency.

The stopping time depends on the values of initial
energy, density and temperature of the fuel. The results
obtained for the Coulomb logarithm and temperature re-
laxation times for different plasma parameters are con-
sistent with the results of other authors.
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The radiation hydrodynamics code MULTI [1] has been
extensively used in the analysis and design of experiments
and in studies of Inertial Confinement Fusion (ICF). The
2D version [2] has been applied to the study of heavy ion
irradiated ICF targets [3, 4]. In general, ion beam irradiated
configurations are geometrically complex. For example,
the target proposed in [5] and displayed in Fig. 1, involves
four different materials submitted to three ion pulses with
different cross sections and timming. Looking to the fig-
ure, it becomes apparent that the hydrodynamics of such
targets is extremely complex. To resolve and understand
the details, a fine grid is required (722 x 1200 for the simu-
lation in Fig. 1). The code MULTT is based on Lagrangian
hydrodynamics (numerical grid fixed to the fluid). This de-
scription is appropriate only in absence of large distortions.
To solve complex flows, frequent remapping of fluid vari-
ables from a distorted grid into a regular one is required.
If this process is performed after each time step (“‘continu-
ous remapping”), the code operates in Arbitrary Eulerian-
Lagrangian (ALE) mode. The first order remapping algo-
rithm, included in the standard version of MULTI-2D [2],
proves to be too diffusive, smoothing artificially the flow
structure, resulting in a substantial degradation of the spa-
cial resolution. By this reason, a new second order conser-
vative algorithm for unstructured (an arbitrary arrangement
of triangular and quadrangular cells) and staggered (some
variables defined at nodes and others defined at cell cen-
ters) is being developed. Some preliminary results are dis-
played in Fig. 1. Several hydrodynamic phenomena can
be observed: shock wave fronts (SW), interaction between
shock waves (SI), Kelvin-Helmholtz instabilities at inter-
faces with a jump in tangential velocity (KH), Rayleigh-
Taylor instability at places with opposed pressure and den-
sity gradients (RT). Eventually all these structures mix to-
gether losing their identity and giving place to turbulence.
Another improvement in course is the implementation of
a magnetohydrodynamics package. A 1D version will be
presented at [6]. A 2D version including either By mag-
netic field component (typical of Z-pinch configurations)
or B, and B, components (typical of magnetized targets)
are now under development.
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In warm dense matter, the transport coefficients of plas-
mas are strongly influenced by the ion distributions, i.e. by
the ion-ion structure factor .S [1-4]. The larger the ratio of
the ion-ion potential energy to the ion kinetic energy I', the
stronger the effect. On the other hand, it is believed that
the hypernetted chain (HNC) approximation and the mean
spherical (MS) approximation for S are applicable for sys-
tems with large I'. Thus, in the present work, force-force
correlation functions of ions and electrons in warm dense
matter are calculated within Born approximation neglect-
ing the ion-ion structure factor and considering it. In doing
so, for S values are taken into account, which were ob-
served in experiments or are calculated using HNC or MS
approximations. It is found that the values of the correla-
tion functions vary up to 20 percent in the special region of
wave numbers 1 < ga < 4.5, where a is the mean ion dis-
tance (see Fig. 1). The here obtained correlation functions
may be used to calculate transport coefficients.

Numerical calculation

In Born approximation, i.e. in second order with respect
to the interaction potential of the charged particles, one
finds for the electron-ion force-force correlation functions
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I'"(q) = ¢*S(9)|Vei (@)Y (),

where V,;(q) is the Fourier transform of the Debye poten-
tial screened by the electrons [4]. M0 are forces due to
the particle current, and M2 - forces because of the heat
current. The function Y™"(¢?) is given in [3] (Y2 has an
additional summand —2z).

Figures 1 shows the function 7??(¢) in dependence on
the normalized wave number aq. The calculations are per-
formed for aluminum at 1323.15 K and electron densities
of 5.07 - 10%® m~2. For the ion-ion structure factor S(q),
experimental data are used [5]. The chemical potential is
estimated using the interpolation formula derived by Zim-
mermann [6]. In the work [7], the applicability of the Zim-
mermann formula was shown for electron gases at 12000 K
and densities of 1024-103° m~3. The full line in Figure 1
represent results taking the ion-ion structure factor into ac-
count and the dotted line shows results neglecting the struc-
ture factor.
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Transport properties in solids and fluids, that will be con-
sidered in the present and future FAIR experiments, are
strongly determined by the spatial distribution of the atoms,
molecules, ions and electrons in the material. The distribu-
tion of the charged particles may be theoretically expressed
by their structure factors. Indeed, in the expressions for the
transport coefficients, squares of the absolute values of the
Fourier transform of the interaction potential of an electron
with all ions |V,;(¢)|> occur. Having N ions in the plasma,
|Vei (q)|? can be decomposed into the single ion scattering
part |v.; (¢)|? and an ion distribution factor §(§), so that

| el(dﬂ = NS(®|UEZ(@|

Averaging 3 (¢) over the ion positions R; and ﬁj, one ob-
tains the structure factor Sy;(¢) = (5()) which is related
to the pair distribution function of the ions f;;(r) (r is the
ion distance). In the thermodynamic limit of a classical
plasma with an ion number N — oo, one has

Sii(q) =1+ nl/ dr fii(r) exp (iqr),

or Si(q) = Sii(q) + (27T)3ni5(67)7

Sii(q) =1+ nl/ dr [fi:(r) — 1] exp (iqr).

n; designates the ion particle density. As in mathematical
expressions for transport coefficients, the ion structure fac-
tor is always multiplied by a power function of the transfer
momentum hq (h - Planck constant), the term with the delta
function §(¢) may be neglected.

A two-particle distribution function f,;(r) of particles
of kind a and b, as it occurs in the structure factor, may be
found from the Ornstein-Zernicke equation [1,2]

oo
—|—nc/cac (|7 —=71])
0

Here the total correlation function hap(r) = fap(r) — 11s
the sum of the direct correlation function c¢,; describing
the interaction between the two particles a and b, and an
indirect contribution caused by the interaction with all
other particles of kind c. In mean spherical approximation
(MSA) fop =0atr = |, — 7| < Ro + Rp, and cqp (1) =

fab( ) —-1= Cab cb(Fl) dFl
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NZCX iR i k) |

material crystal R; [pm] effective R; [pm]
APt 67.5 53.5

Fe2t (Is) 75 61

Fe3t (Is) 69 55

Fe2t (hs) 92 78

Fe3t (hs) 78.5 64.5

CsT 181 167

—vap(r)/(kgT) (kp - Boltzmann constant, R, and Ry -
hard core radius of the ions of kind @ and b, respectively).

Calculating the ion structure factor S;;(¢) in MSA, in
this work expressions by Palmer and Weeks (assuming that
the electrons form a neutralizing background) [2], given
using complex numbers, are rewritten in the following form
using real numbers (function A of [3] corrected)
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Numerical results for the structure factor S(¢q) in MSA
are presented in Figs. (1-4) for cesium, aluminum and fer-
rum. The crystallographic and effective ion radii used are
shown in Table 1 (Is - low spin, hs - high spin). The re-
sults are compared with data of numerical calculations pre-
sented in the Tohoku University database [4]. The MSA
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Figure 1: Structure factor of onefold ionized cesium at 7" =
473.15 K, n = 7.88 - 10%2” m—3. Full line - effective ion
radius, dash-dot line - crystallographic radius, dashed line
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Figure 2: Structure factor of aluminum at 7" = 1323,15 K
and n = 5.07 - 10?® m~3. Full line - threefold ionized alu-
minum, dash-dot line - onefold ionized aluminum, dashed
line - [4]. Calculations performed using the effective ion
radius.

results presented in [3] are now improved taking into ac-
count a corrected A-function. Besides, the calculations
in the limit of ¢ — 0 are improved on the basis of an
additional analytical analysis. It is found that, S;;(q) =
1-(2A+C)/(A+B+C) — oo at ¢ — 0 and finite val-
ues of 77, i.e. in nonideal plasmas with finite inverse ion
screening lengths ;.

The calculated structure factor values of onefold ionized
cesium agree very well with the data presented in the To-
hoku database [4]. But the values for threefold ionized alu-
minum and twofold as well as threefold ionized ferrum are
much larger than the data given in [4]. Assuming onefold
ionized aluminum and ferrum ions (and using the effective
ion radii of the threefold ionized atoms), the amplitudes of
the first maxima of the structure factor almost agree with
the data of [4]. Taking into account the dependence of the
effective ion radius on the spin in case of ferrum, it may
be concluded that with increasing value of the spin the first
maximum of the structure factor is shifted to lower values
of the transfer momentum hgq.

lon structure factor in mean spherical approximation: S:(q)
3.5 T T T T

3.0F

g-a
Ferrum at temperature T=2023.15 OK and density n=7.03-1 0% m™?

Figure 3: Structure factor of ferrum at 7' = 2023, 15 K and
n = 7.03 - 10%® m—3. Full line - twofold ionized ferrum
with low spin, dash-dot-dot line - onefold ionized ferrum,
dashed line - [4]. Calculations performed using the effec-
tive ion radius.

lon structure factor in mean spherical approximation: S:(q)
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Ferrum at temperature T=2023.15 OK and density n=7.03+1 0% m™?

Figure 4: Structure factor of ferrum at 7' = 2023, 1 K and
n = 7.03 - 10%® m—3. Full line - twofold ionized ferrum
with low spin, dashed line - twofold ionized ferrum with
high spin, dash-dot line - threefold ionized ferrum with low
spin, dash-dot-dot line - threefold ionized ferrum with high
spin. Calculations performed using the effective ion radius.
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To produce warm dense matter in laboratories, it is very
important to predict the maximum plasma densities and
pressures which might occur. Within the frame of the future
FAIR experiment, a plasma production by shock waves is
planned. In this connection, also the action of shock waves
under the influence of external magnetic fields has to be
known.

It is already well known that a magnetic field reduces the
strength of a perpendicular shock. This is the consequence
of the fact, that, besides of the heating of the plasma, part
of the kinetic energy of the up-stream plasma flow of a
shock may be converted into the energy of the magnetic
field. Moreover, mathematical formulae exist, which de-
scribe the change of the magnetic field during the shock [1,
2]. But, unfortunately, the derivation of these formulae is
unknown. So, it is unpossible to realize, which approxima-
tions were introduced deriving these formulae. Thus, here
a rather short derivation of formulae describing the varia-
tions of the density, pressure, velocity, and magnetic field
by a perpendicular shock is given. The expressions derived
coincide with formulae contained in [1].

To derive the formula for the density variation X
p2/p1 of an ideal plasma during a perpendicular colli-
sionless shock, let us start with the Hogoniot jump condi-
tions for the magnetohydrodynamic parameters of an ideal
plasma [1, 3]

{pu} =0, (1)
{pu2+p+£jo}—0, (2)
{%UQ e . 1)% 2fjp} - ¥
B

Here p, i, p, B , and ~y describe mass density, fluid velocity,
pressure, magnetic field and polytropic index of the plasma,
respectively. The sign { A} shows the jump of the plasma-
parameter A, {A} = Ay — A; from the up-stream region
of the shock (index 1, Ay) to its downstream region (index
2, As). Equation eq. (1) results from the fluid continuity
condition. Equation eq. (2) considers the momentum bal-
ance and eq. (3) describes the energy conservation of the
plasma. The freezing of the magnetic field into the plasma

*Work financially supported by the BMBF project 05K13RDB
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is taken into account in eq. (4). « and B are directed per-
pendicularly.

To solve the system of equations eqs. (1-4), it is useful
to introduce the Mach number M,

2
M? = ‘;7” (5)

and the plasma-£3,

_ P1
B/ (4po)

Then, from eqs. (1, 4) follows

B

By _p2_wm

= = =X. 7
By p1 ue (7)
Equation (2) gives
B2 B?
pP1—p2 = pw% - P1u% + 4:0 — 4;0-

Using eq. 4, one may write

(pi —p3) BY

pi o Ao

p1 — p2 = pauj — prui +

Dividing by p; and using the definitions of X and 3 (eq.

6), the expression may be transformed into

p1uf — pau3
b1

P2
p1

1-X
7

Further, applying the result of the transformations

(8)

2,,2 2,,2
p1ad — poud = pruf — 22 = pud - T (g)
P2 P2
2 2
uipy Yp1M*(p2 — p1)
= \P2—P1)=
5 (p2 — p1) p

one obtains finally from eq. (2)

P2
b1

YM2(X —1) X2-1
X g

Equation eq. (10) is rather useful to estimate the pressure
variations in a perpendicular shock. But, to do this, in ac-
cordance with eq. (7), one has to know the density, velocity
or magnetic field modifications. Thus, next, a relation will
be found for X taking also eq. (3) into account.

1+

(10)



Considering eq. (3) one has

ui v L{ﬂ@}+ Bf __B =0. (11)
2 2 y=1[p1 p2] 2pep1 2pop2
With B1p2 = ngl follows
uf — u3 v {1_ p2}+3?(p1—,02):0
2p1 (v=1) Lpr  pep1] 20 PIM
or
u? —u3 1 2(p1 — p2)
iU {__pz}jL pL—r2) _
2p1 y—11p  pamn Bpi

Substituting for ps/p; the formula eq. (10) and using eq.
(5) as well as

uf —u3  uipd —u3pd  uips — uip? (1)
2p1 2p1p3 2p1p3
— 1M2 <1 _ 1) ;
2 p1 p2X
one obtains
1 1 1 1
ZMQ(___>_|_ gl [___
2 pr pX)  (v=1lpr  p2
YM2(X — 1) X21}+2<1X>0
Xp2 Bp2 B\ p1

After multiplication with p; X2, the expression may be
written in the form (X = p2/p1)

Tar2iv2 v 2 2
EM(X 71)+(7_1)[X - X —yM*(X -1)
X 2 2 2 _
+E(X - 1)} + B(X —X3) =0.

This is equal to

(X —1) (%MQ(X +1)

(12)
+ ~(x+ 1)} - 2x

2 A ) -0

(y=1) B B '
Equation eq. (12) has two solutions. One is determined
by the first factor (X — 1). It corresponds to a lack of a
density jump across the perpendicular shock. The second
solution is defined by the expression in the brackets (...) of
the second factor. This expression may be presented in the

[X—'yMQ—&-

form
gl 2 M2y gl
((7—1)6_5>X2+< > "o-ny W
_r Tz 2 _
eI AR S TR

Bringing the sums in the brackets (...) on the main denom-
inator and multiplying the whole equation with 28(1 — ),
one has finally

(v =2)2X% = (M*y(y = 1)B+26y+27)X  (14)
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+y(14+~v)M?B = 0.

Equation eq. (14) is equivalent to the expression
aX?+bX —c=0, (15)

with
a=2(2-7), b=~028+(y-1)BM*+2), (16)

c=v(y+1)8M?,

given in [1]. Under the condition 1 < v < 2, the only
positive root of eqgs. (14, 15) is

X:2i [—b—i— \/b2+4ac}.
a

In case of vanishing magnetic field, 5 — oo, one obtains
the well-known relation [1]

(17)

2

ac” (v +1)M?

X T T s (e

~ g _ —0(1/B8). (18)

presented already in [4] for nonmagnetized plasmas and
large Mach numbers M.

In future, the here presented mathematical formulae will
be extended for nonideal plasmas with particle collisions.
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Experiments on measurements of reflectivity of shock
compressed noble gases [1] had attracted much attention
in view of their theoretical explanations. Previous stud-
ies attempted to explain experimentally measured reflectiv-
ities by final width of the shock wave front, but this width
in those works [2-5] was considerably higher than theo-
retical estimates [6]. Subsequent study by means of Ab
initio calculations using Kubo-Greenwood formalism and
density functional theory (DFT) approach had revealed the
importance of taking into account the contribution of tran-
sitions of electrons from bound shells [7] for explanation
of experimental data.

In our work we had shown, that in wide range of fre-
quencies of laser radiation experimental data on shock
compressed noble gases reflectivity can be explained by
means of much more simple, than Ab initio calculations,
approach, using theoretical model for plasma permittiv-
ity [6], based on quantum statistical approach to linear re-
sponse theory (LRT) for intraband part of permittivity ep,
and modified Drude-Lorentz model for interband contribu-
tion dey, to permittivity, see Fig. 1.

It can be shown, that at laser frequencies less than
characteristic frequencies of interband transitions, than the
imaginary part of ey, is close to zero, the real part can be
treated as independent of laser frequency w, and moreover,
using arguments of the papers [8,9], it can be approximated
as independent of density.
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Figure 1: Reflection coefficient R of shock compressed
Xenon plasmas with average ions charge Z = 1 and equal
ion and electron temperatures, 7' = T; ~ 30 kK, as func-
tion of the electrons density n.. Experimental data [1] are
shown by large separate markers: red squares for wave-
length A = 1.06 pm, green triangles for A = 0.694 pm,
blue circles for A = 0.532 pm. Marked lines (with the
same colors and marks for the same \) show the LRT two-
moment screened Born calculations with account for: ion
correlations, the restriction of the screening radius from be-
low by inter-atomic distance [6], with the use of a pseu-
dopotential according to Gericke et al. [10] model with
pseudopotential cut off at r.,y = 0.5 A, and with the ac-
count for nonzero constant value of ey, (w), Roey, (w) =
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Understanding the interactions of charged particles
with magnetized plasmas has been an interesting topic for
electron cooling of ion beams, inertial confinement fusion
(ICF) driven by ion beams and neutral beam injection
(NBI) in magnetically confined fusion plasmas. In the
presence of the magnetic field, electrons in plasmas are
restricted in the direction perpendicular to the magnetic
field, which strongly affects the wake field as well as
energy loss of the ion-beam.
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Fig. 1. A two-dimensional plasma slab model.

We used 2D3V Particle-In-Cell simulations to investi-
gate the process of an ion-beam pulse moving longitudi-
nal through hydrogen magnetized two-component plas-
mas. As shown in Fig. 1, the plasmas are composed of
electrons and H ions with uniform plasma density Mo =
No= 2.0d17 i’ and an initial plasma temperature 7.0 =
Tio = 10eV for electrons and ions, respectively. The beam
ions are chosen to be protons with different velocities and
densities in the simulations.
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Fig. 2. Stopping power per ion as a function of beam
velocity Vb when beam density Bo=1.0d17 i’ with differ-

ent magnetic fields. ¢ is the light speed.
In the previous work [1], we showed that for a beam
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pulse moving in the plasma with initial energy 3MeV, the
wakes spread and lose the typical V-shaped structures in
the presence of the magnetic field. At a sufficiently strong
magnetic field, the wakes exhibit conversed V-shaped
structures.
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Fig. 3. Contour plot of the electric field £ (d4 V/m) in the
wake-field region induced by the charged particles mov-
ing in the plasmas at the beam velocity /b = 0.025¢, beam
density Bo =1.0d17 m’. 2, is Debye length of the plas-
ma.

For ion beams with different energies [2], the stopping
power are shown in Fig. 2. For high-energy ion beams,
the stopping powers are inhibited compared with these in
isotropic plasmas. However, for low-velocity conditions,
the stopping power is greatly increased. Especially when
Vbo = 0.025c¢, the stopping power increases by one order
of magnitude. Fig. 3 gives the contour plot of the electric
field £ in the wake-field region induced by the ion beams
moving in the plasmas at the beam velocity /bo = 0.025c¢.
In the presence of the magnetic field, it can be seen in Fig.
3(b) that beside the conversed V-shape structures of the
wakes, the strong whistler waves are observed on both
sides of the beam trajectory. The corresponding stopping
power is enhanced due to the drag of these whistler waves.
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The modeling of the dynamics of an electron-ion plasma
is hampered by the large mass difference. We, therefeore,
apply a multi-scale approach. It is based on a previously
developed dynamical screening model that is extended to
quantum systems at any degeneracy [1]. The scheme al-
lows to accurately study the dynamics of strongly corre-
lated classical ions in the presence of quantum degenerate,
streaming electrons. In particular, this includes thermal and
non-equilibrium electronic effects such as quantum wake
effects, Friedel oscillations [2] and also electron magneti-
zation. In the recent contributions [3, 4] we presented first
results for the dynamically screened ion potential in lin-
ear response approximation in the presence of streaming
electrons on the basis of (i) RPA [5], and (ii) the Mermin
dielectric function where electronic collisions are included
self-consistently [6].

The dependence of the characteristic oscillatory wake
structure on the electron streaming velocity, electron de-
generacy (temperature), and density is investigated. In par-
ticular, the transition from high temperature regime to low
temperature regime is discussed. Strong deviations from
the static Yukawa potential [9] as well as the possibility
of an attraction between like-charged ions are shown. It
was shown under which conditions streaming of the plasma
background is giving rise to a dynamically screened charge
field with a negative trailing potential minimum behind the
ion, which may lead to the attraction between like-charged,
positive ions. This effect is similar to wakes behind an ob-
ject in a moving fluid, wakes in laser plasmas or in dusty
plasmas which all are able to accelerate particles — in this
case, a second ion. The physical mechanisms are similar in
all cases — it is the attraction between a heavy test particle
and the streaming light particles giving rise to a deflection
of the latter and, eventually, to an excess density behind the
test particle. This interpretation was directly confirmed by
computing the electron density perturbation which reveals
a clear enhancement behind the ion.

The depth of the first (main) potential minimum reaches
values of more than one Hartree, which may have a pro-
found effect on the structure of strongly correlated ions
in dense low-temperature plasmas. At the same time the
minimum is separated from the ion significantly more
than the mean interparticle distance. This will prevent a
large scale ordering of ions at such distances. Only at
small length scales and/or during nonequilibrium processes
where charge neutrality is violated and the electron density
exceeds the ion density this attraction may, eventually, play
arole in the plasma dynamics.

Additionally, we presented the results of a detailed study
of the anomalous behavior of the field distribution around

an ion with respect to the change in the degeneracy param-
eter and the electron collision frequency [7]. In particular,
this detailed study of the ion potential in the presence of
quantum electrons revealed two remarkable effects which
have not been studied so far. The first anomaly concerns
the amplification of the trailing potential minimum of the
wake field with increase of the electron collision frequency,
which is notably counterintuitive as collisions should have
an damping effect on the wake field. The second anomaly
is the observed increase of the wake field’s oscillation am-
plitude and that of the trailing potential minimum with in-
crease of temperature.

The cases of moderately and strongly coupled electrons
are beyond the relaxation time approximation and requests
construction of the improved dielectric function for elec-
trons. Such dielectric function can be obtained, for in-
stance, on the basis of the method of moments [10]. How-
ever, the collision frequency should be determined via nu-
merical simulation like molecular dynamics [11]. For self
consistent simulation of the many-component plasma with
large difference in the characteristic time scales of the com-
ponents, the formalism of the effective interaction poten-
tials can be used within a multi-scale approach [1].
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A general expression for the ponderomotive poten-

tial of the longitudinal electron plasma wave is found
which is valid for arbitrary electron velocities and time-
dependent wave amplitudes.
By definition the ponderomotive potential ®,, and force f,
are the secular, i.e., zero frequency components, resulting
from the high-frequency motion of the single electron in
an electromagnetic wave. With the wave amplitude E the
two quantities in their standard form are given by the well-
known expressions

¢p = E2EE*/(4mew?) | f, = =V, 1)

for both, the transverse electromagnetic and the longitudi-
nal electron plasma wave of frequency w. ®,, is the cycle-
averaged oscillation energy W of the electron in the wave,
W = ®,,. Closer inspection shows that the validity of (1)
is restricted (i) to electron translational velocities vg much
less than the phase velocity of the wave v, and (ii) to wave
amplitudes £ depending on space only, £ = E‘(aj) A
relativistic generalization of ®, and f,, under these restric-
tions has been given in [1]. There is a broad field of appli-
cations of ¢,: Parametric instabilities, radiation pressure
acceleration, etc. Secular forces cause particle trapping
and the “mystery” of Landau damping [2]. It is therefore
highly desirable to generalize ¢, to all translation veloc-
ities vy and to wave amplitudes depending on space and
time, £ = E(x,t).

Consider in a first step a longitudinal wave of the poten-
tial V(z,t) = V(z)cos(kx — wt). In a reference system
moving with phase velocity v, = w/k (wave frame) the

potential becomes static, V = V coska’, 2’ = x — v,t.

2

i

Figure 1: Square wave and sinusoidal wave. kK = 2V /v

Energy conservation applies to the cycle average, of a
square and a sinusoidal wave Fig.1(a),(b). In both cases

the cycle-averaged energy conservation in the wave frame
reads as follows:
2

S

va 4 2W + 2V; w; injection velocity, m, = e = 1

@)
Hence, the ponderomotive potential ®,, is the sum of two
terms and f), is their negative gradient,

) ()

v

3
In Fig.1(c), (d) the effect of the cycle averaged potential
V plays the dominant role over W at low injection veloc-
ities v;. It is responsible for particle trapping in the wave
and leads to a qualitatively different behaviour of f, (see
Fig.2): (i) f, becomes direction-dependent, thus produc-
ing a hysteresis in momentum space, and (ii) changes from
repulsion of the standard formula to attraction (uphill ac-
celeration). At injection velocities differing much from v,
i.e. in the lab frame |vjy| = |vo + vy| << vy, V shrinks
to zero and ®,, reduces to formula (1).
In the wave with explicitly time dependent amplitude V=
V(:z:, t) energy conservation (2) no longer holds, it is to be
replaced by an adiabatic invariant coupling together trans-
lational, quiver and averaged potential energies,

(v3 +2W +V — Ei;)T = const, 4)

const,, stands for const if the explicit dependence on time
of V(a:, t) undergoes slow (adiabatic) changes with respect
to 1/w only. Fig.2 shows that the hysteresis is reproduced
by eq.(4) in a stupendous manner (dotted green line).
Sumarizing, the ponderomotive force in a longitudinal
wave of time-dependent amplitude is governed by the adi-
abatic invariant eq. (4) for arbitrary injection velocity v;.
Particle trapping is a produced by the ponderomotive ac-
tion of V.

0.6 08 10

Figure 2: Dotted lines after eq.(4) coincide with exact nu-
merical result (green). f,, is attractive for 2@,/ v? < 0.6
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Mitigation of Rayleigh-Taylor Instability Growth in Heavy Ion Fusion
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! Utsunomiya University, Utsunomiya, Japan, > Varna Technical University, Varna, Bulgaria

The dynamic stabilization for the Rayleigh-Taylor in-
stability (RTI) has been studied for a uniform compres-
sion of a fusion fuel target in inertial confinement fusion
[1]: the oscillation amplitude of the driving acceleration
should be sufficiently large to stabilize RTI. In inertial
fusion, the fusion fuel compression is essentially im-
portant to reduce an input driver energy, and the implo-
sion uniformity is one of critical issues to release the fu-
sion energy stably.

The heavy ion accelerator could provide a beam axis
wobbling with a high frequency. The wobbling heavy ion
beams also define the perturbation phase. This means that
the perturbation phase is known, and so the perturbations
successively imposed are superposed in the plasma. The
heavy ion beams accelerate the fusion target fuel with a
large acceleration in inertial fusion. The wobbling heavy
ion beams would provide a small oscillating acceleration
perturbation in an inertial fusion fuel target during the
target implosion. So the RTI growth would be reduced by
the phase-controlled superposition of perturbations in
heavy ion inertial fusion [2].

Figure 1 shows an example simulation for RTL. In this
example, two stratified fluids are superposed under an
acceleration such as:

g=g+%&.g=ge"e” M
In this example case the wobbling frequency Q is y, the
amplitude of g is 0.1 g, , and the results shown in Figs.
1 are at # = 5y. The density jump ratio between the two
fluids is 10/3. The growth rate of the instability is y. In
Fig. 1(a) g is constant and drives the RTI as usual, and
in Fig. 1(b) the phase of gg is shifted or oscillated with
the frequency of Q) as stated above for the dynamic miti-
gation. The RTI growth mitigation ratio is 72.9% in Fig. 1
The growth mitigation ratio is defined by (Ho-Hmitigate)/Ho.
Here H is defined as shown in Fig. 1(a), Ho shows the in
Fig. 1(a) without the oscillation (Q=0), and Hmitigate

(a) Constant 5g

(b) Oscillating &g
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Figure 1: Example simulation results for the Rayleigh-
Taylor instability (RTI) mitigation.

presents the deviation for the other cases with the oscilla-

Contact E-mail: mt146615@cc.utsunomiya-u.ac.jp,
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tion (Q#0). The example simulation results support well
the effect of the dynamic mitigation mechanism.
In the case of Fig. 1(b), the amplitude g, and the wave

number k of gg are constant. In realistic situations the
parameter of g, k and Q would change in time and

space.

In Fig. 2(a) the wobbling amplitude g varies in
time: g,(t) = g,(1+AsinQ'r) in Eq. (1). In the simulations
we employ Q'=3Q, Q and Q/3. For A=0.1 and 0.3, and
for O'=3Q, Q and /3, the RTI growth reduction ratio
is 54.9~72.9% at =5/y. In Fig. 2(b) the wobbling wave
number k varies in time: k(f) = k(1+AsinQ't) in Eq. (1).
In the simulations we employ Q'=3Q, Q and Q/3. For
A=0.1 and 0.3, and for Q'=3Q, Q and Q/3, the RTI
growth reduction ratio is 68.8~93.3% at =5/y. Figure 2
shows an example simulation for RTI in A=0.3 and
Q'=Q[3].

(@) g,()=g,(1+AsinQ'7)
3
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(b) k(t) =k(1+AsinQ'7)
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Figure 2: Fluid simulation results for the RTI mitigation

for the time-dependent amplitude and wave number.

The wobbling or the modulation defines the imposed
perturbation phase and amplitude at each time. Conse-
quently the overall superposition of all the perturbations
mitigates its growth through the control of the wobbling
or modulating motion. The dynamic mitigation would
work for the mitigation of instabilities in which the im-
posed perturbation phase is controlled actively.
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Two-body and three-body mesonic bound states
in ultradense plasmas of fusion catalysis concern
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Atomic and molecular recombination of neg-
atively charged mesons in warm dense matter
(WDM) and fast ignition (FIS) ultradense plasmas,
on low lying bound states is demonstrated, as well
as a former conjecture about the negligibility of me-
son sticking on fusion produced a particles.

Mesonic catalysis of DT fusion reactions is then
shown possible in short lived FIS and WDM plasma
targets.

For several decades, since its inception in the
50’s [1] the field of muon catalyzed fusion has fea-
tured impressive achievements in basic theoreti-
cal understanding and experimental vindication, as
well [2]. Let us notice the detailed investigation of
catalysing uDT molecules [3], as well as the produc-
tion of about 150 fusions per muon. This tremen-
dous effort has nevertheless been kept to a rest,
essentially because of the negative muon getting
stuck to the He?" ion (a particle) resulting from
the fusion process. To circumvent this infortunate
occurence, several authors [4] proposed to replace
the usual cold and liquid deuterium target by a
fully ionized and low temperature plasma, in or-
der to secure an efficient p-desticking from the o/,
through collisions with plasma particles [5].

However, this challenging proposal has not yet
been granted the attention it is deserving, presum-
ably because of difficulties encountered in matching
a low energy meson beam with a target plasma.

In the mean time, novel and ultra dense experi-
mental facilities of useful relevance have appeared.

Let us first mention, an high energy extension
[6] of the fast ignitor scenario (FIS) [7, 8] in iner-
tial confinement fusion (ICF), highlighting in situ
production of negative pions out of DT fuel electro-
production with ultra relativistic electron beams
in the 100’s MeV range originating from PW-
lasers, and interacting with an ultra dense (N, =

10%%¢m=3) plasma with a few hundreds eV tem-
perature. When the pion is produced with only a
few MeV above threshold, its stopping time in this
target is then shorter than 1 psec [9], typical FIS
time scale. Another promising option is afforded
by meson stopping in a warm dense matter (WDM)
target plasma featuring N, = 5.64 x 1023 /cm? and
T = 1.75eV, deployed on the Linac Coherent Light
Source (LCLS) at Stanford with an interaction time
between 1 psec and 0.5 nsec.

Both approaches highlight strong collisions with
classical ions embedded in partially (FIS) a strongly
(WDM) degenerate electron fluid. Therefore a few
MeV meson will be mostly stopped on target ions,
within target dimensions (~ 100um for FIS and
~ 1mm for WDM).

To avoid unnecessary algebra, we shall qualify in
the sequel the DT target component as D/T with
ion mass (mp + mr)/2 = 4583.70m..

The very existence of mesonic exoatoms can be
probed through plasma Stark broadening of Ly«
and Ly0 lines evaluated within the standard impact
formalism applied to the usual electron-ion plasma
surrounding them, in the FIS option.

The binding process of concern for achieving p-
catalyzed fusion highlights a further D/T capture
by exoatom D/T — p. This can be obtained with
a Langevin-like superposition of the exoatom po-
larizability o with its asymmetric dipole contribu-
tion pp, so that the D/T capture rate constant
(in em?/sec and per exoatom) reads as (u, relative
mass)

K = (2mq/p!)[0"? + cpp(2/nksT)'?] (1)
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with [9]
n—1
1 3m? =+ 1]
o = n + 2 Z a, g——l) cm
=0
(2)
where

ant = %[zm 14+ 7000+ 1)]

4
nt —nt 2
=—Bn° -9+ 114+ ({41
T L
and dipole moment up = % o (3n% — 04 +

1) averaged over (n,/) levels through Holtsmark
Stark-mixing, with tuning parameter ¢ featuring
either a locked dipole (¢ = 1) or a rotating one

(c=0.1).
Table 1:  Three-body capture rates Np,rK
(psec™!) in terms of exoatom main quantum num-

ber n and amount of dipole contribution c.

a) WDM target
(T = 1.75eV, Np 7 = 5.64 x 1023 /cc)

n 1 2 3 4 5 6
c=0.1 1.34 571 1445 29 50.2 0644
c=1 10.55 39.5 189.2 161 256 375.5
b) FIS target (T = 1keV, Np,p = 10%6 /cc)
n 1 2 3 4
c=0.1 64.32 374.45 1153 2622.03
c=1 132.64 624.95 17954 3601.25

Corresponding capture rates Np /Tf(psecfl)
are tabuled in Table 1 for 1 < n <6 (WDM) and
1 < n < 4 (FIS). One witnesses a non negligible
contribution down to n = 1 with ¢ = 0.1 on 1 psec
time scale, FIS targets show up as the most effec-
tive ones. However, including the fact that WDM
targets could keep their parameters up to 0.5 nsec,
these latter appear as most promising for an exper-
imental vindication. These capture rates can easily
induce the production of hydrogenic molecular ions
uDT* on low lying bound levels, thus triggering a
significant DT thermonuclear reaction.

To conclude, a nearly instantaneous ionization of
the muon stuck on the a particle, through D/T col-

lisions, has been documented, altogether with col-
lisional stability of exoatom D/T-u in similar con-
ditions.

The two-body Oppenheimer recombination
mechanism has then been adapted to feature
a very swift exoatom production, which when
applied to a negative pion may easily supersede its
hadronic capture on low lying S levels.

Moreover, the Langevin procedure has been used
to demonstrate D/T ion attachment on exoatom
D/T-p.

Then, the present analysis is expected to under-
lie a plasma path to meson catalysis which is very
different from the usual one making use of cold
fuel target. In lieu of having the meson replacing
highly excited but bound electron (Auger process),
the present approach highlights Coulomb interac-
tions involving the lowest bound levels through a
dynamic process involving ionic collisions.

The very dense plasma targets herein envisaged
could lead to a fruitful meson catalysis on a time
scale much shorter than pion decay time (~ 28
nsec), so its direct electroproduction out of the D/T
nuclear fuel can very significantly lower the initial
cost of the catalyzing meson production.
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The corrected Bethe-Larkin formula applied*
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Abstract: The corrected Bethe-Larkin formula for the
non-ideal plasma stopping power asymptotic form is suc-
cessfully applied to recent experimental data.

In 1930, Bethe derived his seminal formula for the fast
projectile energy losses assuming that the atoms of the
medium behave as quantum-mechanical oscillators [1].
Thirty years later, Larkin [2] showed that when fast ions
transpire an electron gas, the same formula is applicable,
but with the mean atomic ionization potential / replaced
by the plasma frequency w,:

S - o) = (222)" pa in (M)

where Z,e, and v stand for the charge and velocity of a
projectile, 7%, a and m are the plasma temperature in
energy units, the electronic Wigner-Seitz radius and mass,
h is the Planck constant, and S(v) is the dimensionless
plasma stopping power. This formula is often employed to
determine experimentally the number density of electrons,
n,, in a charged particle system [3].

Leaving the ionization losses and other effects like the
Barkas [4] one aside, for calculating the stopping power
of a fast projectile passing through a Coulomb fluid we
adopted the polarizational picture [5]. Then the expression
for the stopping power can be simplified by applying the
Fermi golden rule [6 ]'

5(17) (Zpe) fokv
@)

where L(k,w) = - *(k,w)/w and e(k,w)are the
plasma loss and dielectric functions. Usually, the interac-
tion of target electrons with the plasma ions is neglected
in the stopping power. Nevertheless, the target plasma
electron-ion static structure factor S;(k) influences the
plasma polarizational stopping power. This effect was
taken into account in [7] using the canonical solution of
the Hamburger moment problem in the corrected Bethe-
Larkin formula:

va
)

2Ba foo dk
T "0 k

w?L(k, w)dw ,

Zpew
%M+@~Upﬁﬂ,w-m
Here Ilpr = how,N1+H =/ pé;;‘(:)zp and

n;=Zn, is the number density of ions of charge Ze in the
system. The previous result (3) contrasts with the case of
energy losses in one-component plasmas (OCPs), where
the Bethe-Larkin formula (1) is not modified by the elec-
tron-electron correlations [8]. The electron-ion correla-
tions should be accounted for along other effects like the
influence of core electrons [9] on the stopping power of
complex plasmas.

We have carried out some calculations based on the re-
sults of the recent work [9] and a reasonable agreement

* Work supported by the Republic of Kazakhstan Ministry of Educa-
tion and Science grant No. 3120/GF4 and by the Spanish Ministerio de
Economia, Ciencia e Innovacion Project ESP2013-41078-R.
“imtk@mat.upv.es

has been found between the precalculated values of the
mean ionization potential in warm dense matter [9]:

[ €[38.9,48.8] eV
and our effective ionization potential. We have deter-
mined the effective number density of electrons corre-
sponding to the plasmon energy fiw,, of about 27 eV (see
Fig. 5b from [9], see below): n, =~ 5.3-10%% ¢m™3
(Z = 1.82), the temperature was assumed to belong to the
error interval [9], B~ € (17,47) eV and calculated the
coupling parameter H. The values of the latter turned out
to be H € [0.92,1.515] so that the effective potential
determined by the target ions, Il;r = hw,v1+H €
[37.4, 42.8] eV, overlaps with the data provided in Fig.
Sb of [9]. The H parameter was computed in the hyper-
netted chain approximation for the Deutsch potential.
More experimental studies are needed for further verifica-
tion of the presented results.
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Fig. 5(b) [9]. Mean ionization potential (I) inferred from

the stopping power data obtained for two different exper-
imental shots in the warm case compared to the ideal
plasma theory (fiwy,) and electronic structure theory.
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Influence of the Diagnostic Pulse Temporal Asymmetry on a Precision of the
Phase Shift Reconstruction using a Complex Interferometry Approach*
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Overview of the Principles

Interferometry belongs to the key active diagnostics of
optically transparent objects (e.g., laser produced plasma).
In its classical form by analyzing interferograms one can
obtain information about the phase shift between the sig-
nal and the reference part of the diagnostic beam. There
are various methods how to perform this analysis. The
most precise of all is based on the fast Fourier transform
(FFT). This particular method paved the way to a more
advanced interferogram usability, which allows recording
(intentional or even unintentional) and subsequent recon-
struction of up to three sets of independent data from just
one data object - a complex interferogram. Using this ap-
proach, not only the usual phase shift, but also the ampli-
tude and the fringe contrast can be recorded simultaneously
and subsequently analyzed. This technique became known
as the complex interferometry.

In its latest development it was shown that this advanced
CI approach provides even the way of characterizing an in-
fluence of the diagnostic beam temporal profile asymmetry
on the phase shift reconstruction, thus even further increas-
ing its accuracy. An algorithm for evaluation and removal
of this systematic error related to this effect was proposed
[1] and its basics will be summarized in this contribution.
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Figure 1: Example of a typical diagnostic beam temporal
profile featuring a hard-to-notice asymmetry (continuous)
and the same profile split into its symmetric (dashed) and
anti-symmetric (dotted) parts.

In case of using a typical FFT based approach (for both
the classical as well as the complex interferograms), the
resulting fotal reconstructed phase shift value viora1(y, 2)
consists of three contributions:

@total(yv Z) = Sap(yv Z) + cpderr(ya Z) + sterr(y7 Z) . (D

*Work supported by the Ministry of Education, Youth and Sports of
the Czech Republic project LD14089

Here ¢, (y, z) stands for the pure phase shift caused by the
object itself (this is the quantity we are looking for !!!);
@derr (Y, z) stands for the error caused by the diagnostic
system itself (interferometer setup and the diagnostic beam
wave front quality); @serr(y, 2) stands for the systematic
error caused by the degree of asymmetry of the diagnostic
pulse f(t) and goes to zero in case of its symmetry.

The second contribution, @4e.+(y, 2), can be completely
corrected when a reference interferogram would become
available (and the diagnostic system is reasonably stable
between shots). As by its analysis exactly this contribution
would be reconstructed. In this case one can still safely
remain in the classical interferometry area.

However, in order to deal with the third contribution,
©Yserr (Y, 2), a full CI approach needs to be employed, as
for this purpose the following quantity, the so called g-
Sfunction, would be required (for full details see Ref. [1]):

+oo
a(y,2) = / fOexplig! (. 2)dt. @)

Here ¢/ (y, z) stands for the phase shift time derivative in
the time ¢ = 0. This time needs to be determined from the
temporal profile of the diagnostic pulse f(t) such a way
that both the symmetric fs(t) as well as the anti-symmetric
fa(t) part would have it in common (while minimizing
the anti-symmetric part area). In fact, only the function
l¢(y, z)| can be reconstructed from complex interferograms
and not the full ¢(y, z). Due to the following inequalities:

where ¢, (y,z) and ¢;(y, z) represents the real and the
imaginary part of q(y, z), respectively, the absolute value
of this function, i.e., |q(y, z)|, can be regarded as a very
good approximation of its real part ¢,.(y, z). From |q(y, 2)|
the ¢'(y, 2) can be reconstructed (based on the obtained
fs(t) profile) and subsequently ¢;(y, z) can be determined:

“+o0
ai(y,2) = / fu®)sinle (v, )tlde. (@)

Finally, the @ge(y, 2) itself can be evaluated:

4y, 2) ) )

lq(y, )]

Yserr (Y, z) = arcsin ( 5)
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Bright X-Ray Source from a Laser-Driven Microplasma Waveguide*
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We have demonstrated, via 3D particle-in-cell (PIC)
simulations, when coupled with a readily available 1.8 J
laser, a microplasma waveguide (MPW) may serve as a
novel compact x-ray source [1]. Electrons are extracted
from the walls and form a dense helical bunch inside the
channel. These electrons are efficiently accelerated and
wiggled by the superluminal optical modes in the MPW,
results in a bright, well-collimated emission of synchro-
tron x rays in the range of 1 ~ 100 keV.

The sketch of our simulation setup is shown in Fig. 1(a).

A circularly polarized laser enters the MPW from the left
side, extracting the electrons from the skin layer. Elec-
trons with proper phase can be accelerated with a peak
acceleration gradient of 4 TV/m. The map of longitudinal
fields in the MPW [Figs. 1(b)-1(d)] shows an interference
between different optical modes excited in the MPW,
which overtake the accelerating electron bunches and
wiggle them efficiently. As a result, bright synchrotron
radiation is generated in forward direction [Fig. 1(e)]. The
waveguide modes slowly separate from each other owing
to the different group velocities, some pure high order
mode patterns are observed in the rear of the simulation
box behind the main laser pulse as shown in Fig. 1(d).
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Figure 1: (a) Sketch of x-ray production by laser interact-
ing with a MPW. (b-d) Longitudinal electric & magnetic
fields at different cross-sections, black dots in (b-c) de-
notes the position of electrons. (e) Typical radiation pat-
tern and divergence.

In general, the features of synchrotron radiation are
governed by (i) the gamma factor (y) of electrons and (ii)
transverse wiggling force. In the proposed scheme, the

* Work supported byEUCARD-2, Deutsche Forschungsgemeinschaft
SFB TR 18 and National Natural Science Foundation of China

(No. 11505262, No. 11125526, and No. 11335013).
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acceleration (i) is due to the transverse magnetic (TM)
modes in the channel, the maximum electron energy can
be reached before dephasing [2] is 300 MeV and the total
charge attained is 2.4 nC as shown in Fig. 2.
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Figure 2: The electron spectrum at different times.

Meanwhile, since part of the laser energy is coupled in-
to the longitudinal field, the transverse electric and mag-
netic fields become asymmetric. As a result, a net trans-
verse Lorentz force (ii) exerts on the ultra-relativistic
electrons, which can be estimated [3] to be one percent of
the laser electric force. X-rays are generated (Fig.3) by
synchrotron motion of the electrons with small divergence
owing to this relatively-small transverse force. Hence a
high brilliance can be achieved.
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Figure 3: (a) Angular dependence of the emitted photon
energy, and dependence of radiation intensity on (b) angle
and (c) photon energy. (d) Total photon yield and radia-
tion energy.
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Strong Ionization in carbon Nanowires*
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In this article [1] we investigate the ionization dynamics
of carbon nanowires by using full three dimensional PIC
simulations [2]. The wires have a diameter of 400nm, a
length of 5um and are irradiated by a A\g = 400nm laser
pulse of 60 fs duration at FWHM and a vector potential of
ap = 18. We analyze the influence of the polarization of
the laser beam on strength and structure of the ionization.
It turns out that the nanowires are fully ionized after about
30 laser cycles. Circular polarized light proves to cause a
slightly faster ionization of the nanorods than linear polar-
ized light.

Figures la and 1b present the averaged ionization state
Z of the carbon ions along the whole nanowire for a linear
and circular polarized laser pulse. Comparing both polar-
izations, it can be seen that the circular polarization ionizes
the material faster. This becomes obvious in the intervals
200 < T < YAg att = —41Tp, Thg < = < 12)g at
t = —33.5T) and 12Xy < = < 14.5)p att = —267p. In
both cases, the nanowire is almost fully ionized 26 lacer-
cycles before the peak of the laser pulse hits the tip of the
wire.

= —d85T) ——
t=—41T) ——
t=-335T) ——
t=-26T) ——

()

(b) T g

Figure 1: Averaged ionization state Z for a (a) linearly po-
larized and (b) circularly polarized laser pulse at four dif-
ferent times (measured with respect to the peak of the pulse
reaching the wire tip) [1].

Figures 2 and 3 show the averaged ionization state in the
y-z plane for linear polarization (in y-direction) and cir-
cular polarization, respectively. First field ionization takes
place at the surface of the nanowire. For linear polarization
(Fig. 2a), this is along the z = 0 line whereas for cir-
cular polarization the whole surface is involved (Fig. 3a).
The electrons that are ionized this way then carry out col-

*This work was funded by DFG TR18, EU FP7 EUCARD-2 and by
AFOSR award FA9560-14-10232.
T vural kaymak @tp1.uni-duesseldorf.de

lisional ionization within the wire core. The preferred di-
rection for linear polarization becomes apparent in the wire
along the z = 0 line through the wire center with values up
to Z ~ 5.6 (Fig. 2b) and Z ~ 6 (Fig. 2c).
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Figure 2: Averaged ionization state Z at (a) t = —41 T,
byt =-3351Tp, (c)t = —26 Ty and (d) t = —18.5 T}
(linear polarization) [1].
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Figure 3: Averaged ionization state Z at (a) t = —41 Ty,
(b)t = —-335Tp, (c)t = =26 Ty and (d) t = —18.5 T
(circular polarization) [1].

On the other hand, the circular polarization causes the
ionization distribution to be homogeneous along the whole
crosssection (Fig. 3b). Eventually, the nanowire expands
(Fig. 2d and 3d).
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Introduction

In this report, we present a new scheme of electron ac-
celeration in periodic structures. The design of the scheme
is shown in Fig. 1. Each period (1) consists of a shield-
ing structure (2) and two pairs of lasers (3) focused at the
centre of the gap. The other laser pairs at later time (4)
are delayed in time. The parameter detail of the shielding
structure is shown in Fig. 2. After being injected into the
structure, the momentum of an electron will remain con-
stant in the shielded region (5), but increase in the open
region (6). Since the acceleration is based on the direct in-
teraction between the particle and laser, it is also known as
direct laser acceleration [1].
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Figure 1: The schematic layout of the electron acceleration

in periodic structures.
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Figure 2: The parameter detail of the shielding structure.

Simulation

We have performed simulations in which an electron
beam is injected into the structure and will propagate
through twelve structure periods of silicon. The initial
Lorentz factor of the beam is assumed to be vy = 1000,
the laser normalised intensity ag = 2.5 with pulse dura-
tion 7p = 30 (fs) and wavelength \g = 800 (nm). For
each period, the structure has thickness w = 4\, length
Il = 7.5)\g, and hole diameter dy = 0.2)\g. The ionisa-
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tion process and the dielectric response are included in the
simulation.
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Figure 3: The phase space x/p, of the electron beam at
the end of the simulation, after propagating through twelve
structure periods.

Fig. 3 shows the phase space x/p, of the electron beam
at the end of the simulation. We observe that the phase
space distribution of the beam has evolved into resembling
the oscillation of the laser beam in gap in which the par-
ticles are concentrating around the extreme points. More-
over, the magnitude of each extreme point is different. In-
deed, the average energy of the second acceleration win-
dow (from left) is approximately 525.3 (MeV) (accelera-
tion gradient 167.85 (GeV/m)) and at the same time the
eighth window obtains 517.1 (MeV) average energy (ac-
celeration gradient 68.87 (GeV/m)). We also notice that the
first acceleration window achieves a lower average energy,
compared to the second window and are losing particles.
This indicates that the laser field in the gap for this window
and later on has become unstable and thus not suited for
acceleration.

Summary

We have presented the new scheme of electron acceler-
ation in periodic structures. The simulation result shows
that the scheme provides a high acceleration gradient. Fu-
ture efforts will revolve around how to improve the number
of trapped particles in the acceleration phases.
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Ultrafast radiation sources in the extreme ultraviolet
(XUV) range have become a major tool to study elec-
tronic structures and dynamics of atoms, molecules and
condensed matter. It is particularly important to have such
a light source with tunable polarization, as polarization is
a fundamental property of light and controls its interaction
with matter. The polarization control opens a wider range
of applications in investigate chiral molecules magnetic
materials. However, such light sources are still limited
to a few free electron laser facilities and very recently to
high-order harmonic generation (HHG) from noble gases.
Here we propose and numerically demonstrate a new laser-
plasma scheme to generate bright XUV pulses with fully
controlled polarization[1].

It was commonly assumed up to now that relativistically
oscillating mirror (ROM) mechanism fails for harmonic
generation from plasma surfaces with a circularly polarized
(CP) driving laser. However, this is true just for normal in-
cidence. For oblique incidence interactions, harmonics can
be efficiently generated even by CP laser pulses.

To verify this scheme, particle-in-cell simulations have
been carried out using the code VLPL[2]. In the 2D simula-
tions, we choose the laser and plasma parameters matching
the realistic experiments. The CP laser pulse has a duration
of 30 fs and a pulse energy of 1 J. The incidence angle is
40°. The plasma has a density of 200n. and an initial den-
sity scale length of 0.2Ar. Figure 1 shows the 3D recon-
structed waveform of the harmonics after spectral filtering
of selecting the 10?"-20" harmonic orders. It can be seen
that a train of attosecond helical XUV pulses with high el-
lipticity has been generated. The peak amplitude reaches
2 x 10'3V/m. We also checked the intensity scaling of the
harmonic spectrum, which is in excellent agreement with
the predicted I(n) oc n~8/3 from the ROM theory with n
the harmonic number. This suggests the radiation mecha-
nism here is within the ROM regime.

A series of 1D simulation results show the polarization
state of the harmonics can be well controlled, as can be seen
from Fig. 2, where laser normalized amplitude ay, = 5 and
plasma density n. = 200n.. With the increase of the inci-
dence angle, the harmonic polarization state changes con-
tinuously from quasi-circular, through elliptical and linear,
to elliptical of opposite helicity. This provides a practical
and straightforward way to control over the ellipticity of
the HHG pulses by simply adjusting the incidence angle of
the laser pulse.

Besides, CP harmonics can also be generated using el-
liptically polarized laser pulses at oblique incidence. We

*Work supported by CSC, DFG TR18, and by EU FP7 EUCARD?2.
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Figure 1: 2D simulation results of the attosecond helical
XUV pulses.
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Figure 2: The harmonic polarization state as a function of
the laser incidence angle.

also demonstrate that one single isolated attosecond he-
lical XUV pulse can be generated using few cycle laser
pulses with pulse duration of 5 fs (FWHM). In addition, by
switching the helicity of the incidence laser, the handedness
of the harmonics can be easily reversed. Moreover, para-
metric studies show that the present scheme works for a
wide range of laser and plasma parameters. The efficiency
is comparable to that using LP laser pulses.

In summary, we numerically demonstrate a promising
new procedure, which provides a straightforward and ef-
ficient way to obtain bright attosecond XUV source with
desirable ellipticities, and holds the potential of enabling
a very large avenue of research more accessible within a
number of laser laboratories worldwide.
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We investigate the interaction between a few cycle (1" =
10\ /¢) high-intensity (ag 10) laser pulse and an over
dense plasma with exponential density ramp using one di-
mensional version of PIC code VLPL [1]. Assuming that
the ions are at rest during the whole interaction process we
consider only the interaction between the electrons and the
incident wave.

We derive an analytic expression, which roughly de-
scribe the electron density profile at the intervals where the
sharp spikes appear. Describing the local phase space dis-
tribution as

fa(z,p) = Cd, (JC - apz) ,

where C is a normalization constant and J,, is defined as

ey

2

3 T
ga(]}) = @ (1 — 012>
5.(z) = ga(z) for 'x € [—a,a]’
0 otherwise

with the property lim, o d,(z) = §(x), we obtain the ex-
pression for local electron density profile

ne(z) =
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Na,Aw
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—l—ax(\/x—l—a—l—\/x—a)) for =z >a

for

r < —a,

2

which fits the simulated density quite well (Fig.1). Here is
Az the interval where the assumption (1) makes sense and
Ny, A, the number of electrons within this interval.

We are interested in high frequency spectrum of the re-
flected pulse mostly determined by the behavior of the elec-
tron nanobunch when it moves away from plasma with
maximal velocity. This moment corresponds to a stationary
phase point (SPP) (see [2]). The gamma factor of the bunch
exhibits a sharp spike in this time, it is called ~-spike [3].
Doing some simple assumption and using (2) we was able
to obtain an analytical expression of the transverse current
distribution in vicinity of SPP at the time where an attosec-
ond pulse is generated, as well as the radiated electric field
and its spectrum [2]. The corresponding results are shown
in Fig. 2. See [4] for more details.
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Figure 1: Electron density taken from the simulation
(blue) and calculated analytically via (2) (red). Simulation
parameters: initial density ny = 38.9n. (Laboratory
frame), Pulse amplitude ay = 10, p-polarized oblique
incidence at 57° angle, A = 820nm. Az = 0.0012);

a = 4.4-107° (simulation frame).
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Figure 2: Reflected radiation obtained from the simulation
((a) red) and from analytical current distribution ((a)
black), as well as the corresponding spectra in (b).
Simulation parameters: initial density ng = 100n,
(laboratory frame), Pulse amplitude ag = 10, p-polarized
oblique incidence at 60° angle.
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Introduction

For many years now, the interaction of laser pulses with
solid matter has been subject of both experimental as well
as theoretical research. Particularly ultrashort laser pulses
causing minimal collateral damage to the surrounding ma-
terial are of high interest for applications.

Modeling and Results

Here, we present results obtained with the density-
dependent two-temperature model (nTTM), a flexible and
comprehensive theoretical approach accounting for the
highly transient free carrier density in laser-excited semi-
conductors that is introduced in detail in Refs. [1, 2].
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Figure 1: Characteristic temperature and density evolution
at the surface of laser-irradiated silicon.

Figure 1 shows the evolution of both, free carrier density
and temperature, at the surface of a silicon sample irradi-
ated with an 800 nm Gaussian laser pulse of 100 fs duration
and a fluence of 130 mJ cm~2. It clearly demonstrates the
highly transient nature of the free carrier density that in-
creases over several orders of magnitude during pulse du-
ration. This has a huge influence on several modeling pa-
rameters and processes like reflectivity, free carrier absorp-
tion, transport and carrier-phonon coupling. As is shown
in Fig. 2, the carrier-phonon coupling parameter strongly
depends on the free carrier density and also increases by
several orders of magnitude during pulse duration.

With the nTTM, we estimated damage thresholds. Note
that for the fluences applied here, thermal melting is pre-
dominant. Thus, we assumed that the material is damaged
once lattice temperature exceeds melting temperature.

Figure 3 shows that the simulated damage thresholds are
in very good agreement with experimental data obtained

*Financial support by the Deutsche Forschungsgemeinschaft through
the Heisenberg Program (Grant No. 1141/15) is gratefully acknowledged.
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Figure 2: Evolution of the carrier-phonon coupling param-
eter at the surface of laser-irradiated silicon.
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Figure 3: Damage thresholds calculated with the n'TTM in
comparison to experimental data obtained in Refs. [3, 4].

by Allenspacher et al. [3] and Pronko et al. [4] over a wide
range of pulse durations ranging from 50 fs to 6 ps. We
have shown that the density-dependence of the optical pa-
rameters plays a crucial role in our simulations [2].

Conclusion

We demonstrated that the highly transient free carrier
density in laser-excited semiconductors has to be taken into
account in theoretical models as it strongly influences sev-
eral processes like carrier-phonon coupling and optical ab-
sorption.

References

[1] H. M. van Driel, Phys. Rev. B 35, 8166 (1987).

[2] A.Rémer et al., J. Appl. Phys. 116, 053508 (2014).
[3] P. Allenspacher et al., Proc. SPIE 4923, 358 (2003).
[4] P.P. Pronko et al., Phys. Rev. B 58, 2387 (1998).
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The irradiation of solids with an ultrashort laser pulse
leads to a hot electron system, while the lattice temperature
stays nearly unaffected. After laser excitation, the energy
absorbed by the electrons is distributed within the elec-
tron system and transferred to the phonons due to electron-
phonon collisions. Both processes have been described
by assuming a thermalized phonon distribution [1], how-
ever, mainly one phonon mode is able to absorb the en-
ergy of the electrons [2]. This leads to a thermodynamic
nonequilibrium within the phonon system. Such a nonequi-
librium can also be achieved by exciting different phonon
modes directly with an ultrashort terahertz laser pulse. We
describe the evolution of the phonon distribution function
with Boltzmann collision integrals

99

ot

The left side of the Boltzmann equation contains the
temporal derivative of the distribution function, changes
due to the different scattering processes can be found on
the right side. The term I',,_pn describes the thermal-
ization within the phononic system. In the following cal-
culations, only these phonon-phonon collisions are con-
sidered. In contrast to other collision integrals in our
Boltzmann approach, the phonon-phonon collision term is
direction-dependent, in order to distinguish between differ-
ent phonon modes. Phonon frequencies and polarization
vectors follow from the interatomic potential and the stuc-
ture of the unit cell of the chosen material. These quanti-
ties are material-specific and enter the phonon-phonon ma-
trix element. To calculate the matrix element, which is in-
cluded in the phonon-phonon collision term, a suitable in-
teratomic potential needs to be chosen. This has to be at
least a three-body potential, because a Taylor expansion up
to the third order is required. We apply a Stillinger-Weber
[3] potential, which is a well known analytical three-body
potential with a small cutoff, so for most materials only
nearest neighbors have to be considered. The Stillinger-
Weber potential was developed for silicon, however, we use
a copper-like testing system, because of its easier crystal
structure. The unit cell of copper contains only one atom,
so only acoustic phonons have to be considered. We as-
sume a nonequilibrium distribution function, shown in fig-
ure 1, which is a Bose function with an additional peak
at b x 109%. We consider the phonon wave vectors and
atomic movements in different crystal directions, namely,
(100), (110) and (111) and calculate the temporal derivative
of the distribution function for each direction. The results
are shown in figure 2. A trend of the distribution function
towards a Bose distribution can be noticed for all three cal-

= thfph + thfel + 1_‘absorb . (1)
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Figure 1: Nonequilibrium phonon distribution function in
comparison to a Bose distribution
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Figure 2: Temporal derivative of the phonon distribution
function (1) for wavevectors in different crystal directions

culations. We observe considerable differences for the rate
of change of the phonon distribution function (1) depend-
ing on the direction of the phonon wave vector. We at-
tribute these differences to different atomic forces for these
crystal directions. Note that these different forces generally
lead also to different dispersion relations [4].
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Acceleration of electrons by relativistic laser pulses
and their interaction with the matter in ultrashort space-
time scales have attracted broad interest over the last two
decades due to the continued progress in laser technology.
Laser-charged particle interaction is characterized by rela-
tivistic invariant dimensionless parameter ¢ - the work of
the wave electric field on a wavelength A in the units of
electron rest energy. Thus, available optical lasers provide
& up to 100, meanwhile with the next generation of laser
systems [1] the exploitation of photon beams at £ > 103
will be available. At the laser acceleration of electrons to
obtain ultrarelativistic net energies for the field-free elec-
trons one should bypass the limitations imposed by the
Lawson-Woodward theorem. The latter can be reached by
terminating the field, either by reflection, absorption, or
diffraction.

In the work [2] we propose an efficient mechanism for
creation of ultrarelativistic field-free electron bunches, ~y-
ray and positron beams of high fluxes by a single laser
pulse of ultrarelativistic intensities. The scheme is as fol-
lows: a laser beam of ultrarelativistic intensities is focused
onto the nanoscale-solid plasma-target with relatively low
Z. For concreteness we take a carbon target (£ = 6).
From this target under the action of ultrashort laser pulse
a superdense electron bunch is formed and accelerated up
to ultrarelativistic energies. Then we place a high-Z target
(tungsten or gold) at the distances where the electron bunch
gains maximum energy from the laser pulse. The purpose
of the second target is twofold. First, it acts as a reflector
for laser pulse. As a consequence we get field-free ultra-
relativistic electron bunch. Second, within this target with
sufficiently large thickness the generation of hard y-quanta
and positron fluxes take place due to the electron-ion colli-
sions.

The typical energy distribution in accelerated electron
layer at various Z is shown in Fig. 1 for linearly polar-
ized wave with waist 10\ and & = 30. The reflector-target
is located at 100\.

In the high-Z target due to the electron bunch—ion col-
lisions along with primary bunch one will have substantial
amounts of produced high energy photons and positrons. In
Fig. 2. in the logarithmic scale it is shown the energy dis-
tribution functions for primary accelerated electrons, pro-
duced ~y-quanta, and positrons for the target of thickness
Ly &~ 0.2L,,4 (Laq is the target radiation length).

As is seen from these figures, through two-target scheme
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Figure 1: Energy distribution in accelerated electron layer
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Figure 2: In the logarithmic scale it is shown the energy dis-
tribution functions for primary accelerated electrons, pro-
duced ~y-quanta and positrons for the setup of Fig. 1

one can produce dense electron/positron bunches and sub-
stantial amounts of y-quanta of energies up to 200 Mev
that may have applications in material science, medicine,
and nuclear physics.
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The recent remarkable progress in x-ray free electron
laser technology allows production of wave pulses with in-
tensity 1020 W /cm? [1] exceeding the peak brilliance of
conventional synchrotron sources by many orders of mag-
nitude. For such intensities the electron-radiation field
energy exchange over a x-ray wavelength is larger than
the photon energy, and the laser-matter interaction pro-
ceeds via essentially multiphoton channels. Thus, in re-
cent decade the wide research field is opened up where
common nonlinear effects are extended to high energy
transitions for various systems - from atoms, through
molecules, to plasma and solid samples. Among the fun-
damental processes of laser-plasma interaction the inverse
bremsstrahlung absorption (IBA) of an intense laser field in
plasma is one of the contemporary mechanisms that have
applications ranging from plasma diagnostics to thermonu-
clear reactions and generation of intense x-ray radiation.
Note that in the field of an intense x-ray laser, an electron
may gain considerable energies absorbing even of a few
quanta which makes it as an effective mechanism for laser
heating of plasma.

In the paper [2], we have presented the microscopic
relativistic quantum theory of multiphoton IBA of an in-
tense shortwave laser radiation in the classical and quantum
plasma. The Liouville-von Neumann equation for the den-
sity matrix has been solved analytically considering a laser
field exactly, while a scattering potential of the plasma ions
as a perturbation. With the help of this solution we de-
rived a relatively compact expression for the nonlinear IBA
rate when electrons are represented by the grand canoni-
cal ensemble. Numerical investigation of the obtained re-
sults for Maxwellian, as well as degenerate quantum plas-
mas at x-ray frequencies and large values of laser fields
has been performed. As a reference sample we take fully
ionized Aluminum and consider plasma of solid densities
n. = 10%%cm~3. In Fig. 1 and Fig. 2 the total x-ray
IBA rates are shown for Maxwellian and degenerate quan-
tum plasmas versus the interaction parameter Y - the ra-
tio of the amplitude of the momentum transferred by the
laser field to the momentum at one-photon absorption. As
is seen from these figures, for the pulse durations 0.1 fs one
can achieve 100 eV absorbed energy by a per electron.

The obtained results demonstrate that for the shortwave
radiation the IBA rate, being practically independent of
the plasma temperature, is saturated with the increase of
the wave intensity and in the x-ray domain of frequencies

*Work supported by SCS of RA.
T avetissian @ysu.am

-1
AN, /dt [fs”"]
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Maxwellian plasma versus the dimensionless parameter x o
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Figure 2: Total rate of IBA for circularly and linearly polar-
ized waves in degenerate plasma versus the parameter y
atep =11.7eV, Z, =13, and T, = 0.1¢p.

one can achieve an efficient absorption of powerful radia-
tion, specifically, in plasma of solid densities and reach the
plasma heating in excess of 10° kelvin by x-ray lasers with
the intensity 1022 W /cm?.
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Abstract: A simulation study for the generation of THz
radiation by the propagation of intense, linearly polarized
laser pulses in magnetized plasma, in the relativistic regime
has been presented using XOOPIC code [1]. The presence
of external magnetic field leads to the generation of slow
transverse currents. These slow currents further lead to the
generation of transverse electric and magnetic wakefields of
equal amplitudes. It is found that these transverse compo-
nent of wakefields can transmit into vacuum without energy
loss, leading to the generation of THz radiation that can
propagate out of plasma while the longitudinal electrostatic
wakefield tends to zero in vacuum.

INTRODUCTION

Interaction of intense short laser pulses with plas-
ma is an active area of research due to its potential applica-
tions such as laser wakefield accelerators [2], high harmon-
ic generation [3], advanced laser fusion schemes [4] and
terahertz (THz) radiation generation [5]. THz radiation
finds a number of applications including ultrafast spectros-
copy, terahertz imaging, health monitoring and explosive
detection [6,7]. Due to non-ionising nature and the ability to
penetrate several millimetres, terahertz radiation is suitable
for material characterization and diagnosis of cancerous
cells

FORMULATION

Consider a linearly polarized laser pulse, repre-
sented by 4, = pA(x,t)cos( kx — wt) , propagating through
plasma along the positive z-direction. The plasma, assumed
to be cold, homogeneous and underdense is embedded in a
static external magnetic field ByZ The fluid equations
governing the interaction of the laser pulse with plasma are
the Lorentz force, continuity and Poisson’s equations re-
spectively given by,

W) 5.9 )m)= £+ 205+ 50) (M
M, o

an; +V(n,v)=0, 2
V2 =—4nme(n, —n,) ()

where y is the relativistic factor, g and g

represent the fast (oscillating at laser frequency) as well as
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the slow (oscillating at plasma frequency) electric and mag-
netic fields.

The plasma electron velocities may be considered
to be a superposition of slow and fast components. The fast
components of the transverse and longitudinal, relativistic
plasma electron velocities are respectively obtained from
Eq. (1) as,

acyas

Vyyr =WCOS®C—UI) (4a),
acww (4b)

Vi = € sin(kx — ar)
xf (yzwz_ng

where « (= ed [me? ) is the amplitude of the normalized
vector potential of the laser pulse. The equations governing
the evolution of the transverse and longitudinal slow plasma
electron velocities may be obtained from Eq. (1) as,

3(7%) +r, B(Wys) vy B(Wyf ) _ {aayé v aays +foaayfj
& x Ta la To Ta

+@v,

TrXxs?

(5a)

. X
JWXS) v ans) +vxf dfo ) =£ %_ Vi &IXS +Vyf7yf —
o & 7 & max v v

It may be seen from Eqgs. (5a) and (5b), that force
arises due to the external magnetic field leads to the cou-
pling between axial and transverse slow velocities, pointing
towards the possibility of generating a slow transverse vor-
tex current .

The slow field generated behind the laser pulse is
given by the wave equation

2 1 92 ®, 3w, /c)

g -9 o —_p V7

3x2 C2 8t2 7 C2 af (6)
where e (= eE/mam,c) is the normalized amplitude of the
generated field behind the laser pulses.

SIMULATION STUDY THz GENERATION

In order to analyze the generation of the slow transverse
electromagnetic waves, we consider a laser pulse having a
sinusoidal profile of the form a = a sin (& /L), where
a gand L are the normalized peak amplitude and length of
the laser pulse respectively. The laser frequency is consid-
ered to be @ = 2.355x10" Hz, (A = 800 nm). The study

has been performed in the relativistic regime, with a, =1,
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which corresponds to a laser intensity of 7, =2.4x10"* W /cm?.

The ambient plasma electron density (7 and hence the
plasma frequency are 1.09x10"/cm® and 5.887x10"
Hz respectively. Since sinusoidal pulses propagating in
plasma generate maximum amplitude wakes when L =4,

the laser pulse length is assumed to be 31 um .

For the simulation process, a linearly polarized (along
the y-direction) laser pulse having sinusoidal profile was
launched (along the x-direction) in a homogeneous magnet-
ized plasma. The simulations were performed for a spot size
of 80 um. The size of the simulation domain was taken to
be 400 pum in the transverse direction and 160 gm in the
laser propagation direction. The longitudinal domain com-
prised of 80 um plasma length while the remaining was
considered to be vacuum. The domain was divided into
4096 x 512 meshes. The time step (satisfying the courant
condition) was 0.127 f5.
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Fig.1: Transverse electric field generated behind the laser
pulse obtained from XOOPIC code
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Fig. 2: 2-D plot of electric and magnetic field generated
behind the laser pulse obtained from XOOPIC code
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Fig. 3: Longitudinal electrostatic wakefield generated be-
hind the laser pulse

SUMMARY AND DISCUSSION

A simulation study for the generation of THz radiation by the
propagation of an intense, linearly polarized laser pulse in
magnetized plasma has been presented. Due to the presence of
external magnetic field the slow axial velocities couples with
the transverse slow velocities. This coupling set up a slow non
zero transverse vortex current in the wake of laser pulses. The
occurrence of slow vortex current leads to the generation of a
transverse electromagnetic wave behind the laser pulse. These
transverse fields are observed to be oscillating at the plasma
frequency, thereby leading to the generation of THz radiation
in the wake of laser pulses. It is seen that the transverse electric
and magnetic fields generated inside the plasma can transmit
into vacuum leading to the THz radiation generation, while the
longitudinal field being electrostatic in nature tends to zero in
vacuum.
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Abstract: The present work includes an analytical study
of the electrostatic wakefield generation due to the propa-
gation of a circularly polarized laser pulse in homogene-
ous plasma. Under appropriate conditions, an enhance-
ment in the peak amplitude of the wakes generated by
circularly polarized laser pulse, as compared to the linear-
ly polarized case, has been observed.

INTRODUCTION

The propagation of intense laser pulses in underdense
plasma is relevant to a wide range of physical mecha-
nisms. This includes relativistic optical guiding [1], har-
monic generation [2], and excitation of large amplitude
plasma waves for particle acceleration [3]. The motion of
plasma electrons is largely influenced by the ponderomo-
tive force of a short laser pulse, which is responsible for
generating large amplitude electrostatic wakefields.

In this paper, analytical study of electrostatic
wakefield generation due to the propagation of circularly
polarized laser pulses through homogeneous, plasma has
been presented . A perturbative technique is used to ob-
tain the electric and magnetic wakefields generated be-
hind the laser pulse, in the mildly relativistic regime. Un¢3
der appropriate conditions, an enhancement in the peak
amplitude of the wakes generated by circularly polarized4)
laser pulse, as compared to the linearly polarized case, has
been observed.

FORMULATION

Consider a circularly polarized laser beam having electric
field vetor

E=ec, E,(r,z,1)cos(kyz —ayt) T ey Ey (1, z,t)sin(kyz — @,t)
where E, (r, z,t), k,, @, are the amplitude, wave num-

ber, and frequency of the laser pulse respectively, propa-
gateing along z direction through the homogeneous plas-

ma. Plasma electrons obey the fluid equations,

o N D g
gL +vxX(Vxv)==V(vw) (1
ot my 2

4
(2)
(

where y(=(1-v* / ¢?)™?) is the relativistic factor. In the

and 94 V(nv) = 0.
ot

mildly relativistic regime, a perturbative technique is used
to expand various parameters in orders of the laser

strength parameter @, (= eE, /mca, <<1).

Lucknow, Lucknow-226007, India

The zeroth order describes the equilibrium plasma state,
prior to the passage of the laser pulse, such that

v(®=0,n=n, and y(o)

velocity of the plasma electrons in the mildly relativistic
regime can be obtained from Eq. (1) and (2) as

v, = Xca,sin(kyz — wyt) v, = jea,cos(k,z — w,t)

=1. The first order quiver

and v = Qalso, nW = y(l) =0.

In order to study the generation of wakefields in
homogenious plasma, we use the quasi-static approxima-
tion (QSA) i.e. it is assumed that the laser pulse amplitude
does not evolve significantly as it transits a plasma elec-
tron . The plasma fluid equations are written in terms of
independent variables & =z—ct and 7 =¢.Under
QSA, the plasma electrons experience a static (independ-
ent of 7) laser field and therefore the field variations with
respect to 7 are neglected in the plasma fluid equations.
In order to obtain the generated electric and magnetic
wakefields, the time dependent Maxwell’s equations,

VxE=-198 3)
¢ ot
Vxp=3Tj, LoE *)
¢ ¢ ot
written in the transformed frame are given by,
dE, 9JE, 0B, (3a)
dy 9¢&  9¢
0E, 9E, _9B, (3b)
o0& dx o0&
aEy B JoE . _ dB. (3¢)
dx dy o0&
and
0B, JB, _4r o0E | (4a)
oy o& c  0of
9B, 0B, 4z, 9E, (4b)
o0& dx c 7 9
0B, _%_ 4z OE, (4c)
ox dy c - 0of

where, J | , and J , are the transverse and axial current

densities respectively. . The slow current densities driving
the wakefields are obtained with the help of the Lorentz
force equation (1) and continuity equation (2). The equa
similar (opposite) polarization directions. The peak values



tions governing the lowest (second) order slow compo-

nents of velocities are obtained with the help of Eq. (1) as
2

av» _ e () , ¢ 9ag (5a)
0¢& me ! 2 dx

v _ e gy, C da; (5b)
o0& me 7 2 Jx

v _ e Lo, c0a; (5¢)
o0& me 2 o0&

While deriving Egs. (5), the first order velocity compo-
nentshave been used.
For a sinusoidal laser pulse profile of the

a’> =a’sin®2E/L wherea’ (= al exp(=2r2/r})
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form

).

represents a Gaussian beam, the respective wakefields be-

hind ( Cf <0) the laser pulse are given
EY) =—7(x’)?d [f(cosk, (L—§)—fcoskp§—1+cos%§)] (6)
0

&,f :

EO =%(smkp(L—§)+s1nkp§) (7)
e(x,y) 27

B! Oy) = ;2 cos 7 )
BY =0 ©)

While the equation governing the longitudinal
wakefield for a linearly polarized laser pulse is given

by

E© Z%(Sin k,(L=&)+sink &) (10)
2 2 -

where £ =mc’a; e and f=(1-k2L* [477)".
It may be noted that the on-axis transverse wakefields as
well as plasma electron velocities, behind the laser pulse,
are zero.

In Fig. 1, dotted and solid curves represent re-
spectively the variation of normalized, longitudinal elec-

tric wakefields £, _(=eE./mcw,) with respect to

&/ L, generated behind (&/L = 0 to -4) the linearly and
circularly polarized laser pulse respectively, in homoge-
neous plasma. The laser and plasma parameters used are

a; =0.1 (which corresponds to laser intensity
_ 17 2 _ _
I1=213x10"W/cm"), L=24,=150um,

n,=4.958x10"cm™ and @, /w,=0.1. It is seen

that the peak amplitude of the net electric wakefield gen-
erated behind the circularly polarized laser pulse in ho-
mogeneous plasma is enhanced by 49.98 % in compari-
son to that generated by linearly polarized laser pulse .

by,

0.008
0.006
0.004 4
0.002 4
B2 o
0,002 { ]
-0.004

-0.006 -

-0.008

y

/L
Fig. 1: dotted and solid curves represent respectively the
variation of normalized, longitudinal electric wakefields

E,.(=eE. /mco,) with respectto &/ L.

SUMMARY AND CONCLUSION

Generation of electric and magnetic wakefields in homo-
geneous and underdense plasma, in the mildly relativistic
regime has been analyzed in detail. This study will be
significant for the enhancement of the generated wake-
field through laser- plasma interaction. The electric and
magnetic wakefields are derived for laser -plasma with
the help of time dependent Maxwell’s equations. The
source driving these equations is obtained with the help of
the Lorentz force and continuity equations. The quasi-
static approximation is used to study the evolution of the
slow plasma electron velocities and wakefields.
Comparing the amplitudes of the generated
wakes, it is seen that the amplitude of wakefield generat-
ed by the propagation of a circularly polarized laser pulse
is about 49.8% more in comparison to the amplitude of
the wakes generated by a linearly polarized laser pulse of
same intensity. This study will be useful for the genera-
tion of wakefields with enhanced amplitudes and hence
particle acceleration due to the propagation of circularly
polarised laser pulse through homogeneous plasma.
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Abstract- In this paper, nonlinear, nonparaxial propaga-
tion of intense, short, Gaussian laser pulses in a pre-
formed plasma channel having a parabolic radial density
profile has been set up. Taking into account the effect of
group velocity dispersion, the wave equation describing
the evolution of the laser field amplitude driven by rela-
tivistic nonlinearity has been set up. Chirping of the laser
pulse induced due propagation in plasma is analyzed and
a comparison of group velocity dispersion and self phase
modulation induced chirp is presented. Variation tech-
nique is used to obtain describing the simultaneous evolu-
tion of the laser spot-size and pulse length in the plasma
channel. It is seen that, an initially unchirped laser pulse
becomes chirped as it propagates in a plasma channel, due
to group velocity dispersion (GVD) as well as self- phase
modulation (SPM) .

INTRODUCTION

Nonlinear interaction of an intense laser pulse with plas-
ma is relevant to a wide range of applications including
laser driven acceleration [1], inertial confinement fusion
[2], and harmonic generation [3]. For all these applica-
tions the laser pulse is required to propagate beyond the
Rayleigh length without diffraction. A plasma channel
having a parabolic radial density variation [4] prevents
diffraction of the laser pulse. While propagating in a
plasma channel the laser spot undergoes betatron oscilla-
tions, which allow the pulse to remain confined close to
the channel axis. When the laser pulse length becomes
sufficiently short, finite pulse length can play an im-
portant role. Therefore it is important to study the simul-
taneous evolution of the laser spot size and pulse length
for most laser-plasma applications. The nonlinear effects
such as relativistic

EVOLUTION OF SPOT-SIZE AND
PULSE LENGTH

Consider the propagation of a linearly polarized laser
pulse in a pre-formed plasma channel having a para-
bolic density profile of the form
n(r)=n,+ (Anr Z/FC;) where n, the ambient

plasma density and An and r,, are the channel depth

and radius respectively. The vector potential of the
radiation field is given by,

A= i;(r,z,t)exp( ikyz —iw,t)+c.c (1)

where A(7,z,t), k, and @, are the amplitude, wave

number and frequency of the laser field respectively. The
transformed wave equation z, t to z,

E(=z- B, where B, =v, /c governing the evo-
lution of the vector potential of the radiation field is given

>

2 . 2 a)o 2
(V1 +2ik, % +(1- ,Bé ) e ( —ki - ])a(r, z,&)

Y 1 SR NI @)
= kp{4 B l|pa(r,z,&).

In order solve the wave equation (2), a trial function is

assumed as,

iﬂ(z)cfz Ez)r2 r’

a=f(z)exp|if(z)— ©
S (2) 1{ o(z) (z) LZ() ri(z) Vf(z)}

where [ r, L,6,p and o (: kor? /ZR(Z)) rep-
resent the laser amplitude , spot-size, pulse length, phase,

chirp and curvature respectively.The action integral
( = r(jj"; ldé& )dr ) yields the reduced Lagrangian densi-

ty,

V()L + a?)
232
zk )L { ae+1(aﬁ 2,88LJ+1(20(84 aaﬂ

[ =

242 0z 4l L o

+\f 22BN+ 4) ff (1= )1+5)
4\fZL 421
4 _, {\Ff (@)L Nzf (o) ALAn_\/;fz(z)rfLAn}

128 512n,r;, 82n,r2

The variation of reduced Lagrangian density
0,a,r,, B,and L gives respectively, the conservation

of energy of the laser pulse. Therefore,

f?r’L = f1'L, = constant = M 5)
kyr, or,
— ZLofs Pl 6
2 0z ©)
d°r, 4 P
3z%  kir {I_P__ r4} @
0"s c M

Where p/p, (: N2 fRr Lok} /64 L) represents the la-
ser power normalized by critical power for self- focusing.
Now evolution of the chirp parameters and pulse length
as,
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k,L L
B=—-—" 9L ()
2= p,) 0z
82L _ 4(1_ﬂg2)2 i_ \/E(l_ﬁj)k[z)M (1+ Anrsz )i (9)
0z’ ki L 16k, 7} dngry” I
GROUP VELOCITY DISPERSION AND SELF-

PHASE MODULATION INDUCED CHIRPING OF
SHORT LASER PULSES IN A PLASMA CHANNEL

Consider a matched (An = An,) laser beam propagating

in the plasma channel. The variation of frequency across
the laser pulse may be obtained by writing the resultant
phase of the laser pulse as,

52
¢=[o-5)

Frequency shift across the laser pulse (chirp) is given by

- (-30-(3)

Combining Egs. (10) and (11) and substituting

(10)

_99
dt

9098
o0& dt

(11

9 /ot = —v gives,

2/,
L2

ow

(12)

Eq. (12) indicates that if # > 0 (< 0) the laser pulse will

be positively (negatively) chirped i.e. the frequency in-
creases (decreases) from the front to the back of the pulse.

Further, substituting the value of £ ( Eq. (9)) into Eq.
(12) leads to

fvgk() a_L

S L(-p2)0z

ow (13)

Eq. (13) shows that the frequency chirp is a function of
propagation distance and varies with the laser pulse
length evolution. Since the pulse length evolves Eq. (9)
primarily on account of GVD and SPM, therefore GVD
as well as SPM are also responsible for inducing chirp
of the laser pulse. In fig. 1, solid curves (dotted curves)
a,band ¢ (d,eand f) show the variation of fre-

quency induced chirp due to SPM, GVD and combined
effect of both, respectively at the front (back) of the laser
pulse. Curve a (d) shows that due self-phase modulation
the frequency at the front (back) of the pulse decreases
(increases). Group velocity dispersion leads to a converse
frequency variation as seen in curves b and e. It may be
noted that when both effects are taken into account SPM
dominates over GVD since curve ¢ (f) follows curve a (d)
with a lesser magnitude. Therefore GVD effects tend to

reduce the chirp generated by self-phase modulation of
the laser pulse.
0.05 4

0.04 4

-0.04 4

-0.05 -

Fig.1 Variation of normalized frequency

(0o [ ;)
with propagation distance Solid (dotted) curve a (curve e) ,
curve b curve ¢ (curved) are due to SPM, GVD and com-
bined effectof SPM and GVD at front (back)

& =0.5(-0.5) of the pulse for £>=10.03, 1 =1um,

Ap =10 um ro =33 um,

7, =50um,An=An, =1.7 x10" cm™ .

SUMMARY AND DISCUSSION

The present paper is a significant contribution toward un-
derstanding the evolution dynamics of short laser pulse in
a plasma channel. The study shows that the evolution
characteristics of the laser pulses are affected by group
velocity dispersion as well as relativistic nonlinearity. It is
shown that, an initially unchirped laser pulse becomes
chirped as it propagates in a plasma channel, due to group
velocity dispersion (GVD) as well as self-phase modula-

tion (SPM). For a matched (rs =7,,An= Anc) laser

pulse the frequency at the front (back) of the pulse de-
creases (increases) due to SPM effect whereas it increases
(decreases) due to GVD effect. However, when both ef-
fects are taken into account SPM dominates over GVD
leading to an increase in frequency from front to back of
the pulse (positive chirping). Since SPM depends upon the
intensity of the laser pulse, a reduction in intensity causes
the GVD and SPM induced chirp to approximately cancel
each other so that the initially unchirped laser pulse re-
mains nearly unchirped.
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ABSTRACT

In the current study, generation of third harmonic radia-
tion due to propagation of an obliquely incident circularly
polarized laser beam through homogeneous plasma, in the
mildly relativistic regime, has been presented. The ampli-
tude of third harmonic radiation as well as its detuning
distance has been obtained and their variation with the
angle of incidence is analyzed. It is observed that the gen-
erated third harmonic radiation is elliptically polarized.
The ellipticity of the third harmonic radiation increases as
the angle of incidence is increased. The harmonic rada-
tion vanishes at normal incidence of the circularly polar-
ized laser beam.

INTRODUCTION

Interaction of intense laser pulses with plasma is rele-
vant to many nonlinear phenomenon including laser fu-
sion schemes, charged particle accelerators , and coherent
harmonic radiation sources [1]. The excitation of coherent
radiation at harmonics of the fundamental frequency of
the laser is of much practical importance due to its poten-
tial for producing x-ray lasers and coherent radiation
sources. Interaction of intense laser pulses with homoge-
neous plasma leads to the generation of odd harmonics of
the laser frequency [2]. Even harmonics of the laser fre-
quency can be generated by interaction of linearly polar-
ized laser pulses with inhomogeneous plasma [3] and also
in the presence of external fields [4]. Recently, generation
of second harmonic radiation via interaction of an
obliquely incident p-polarized laser beam with homoge-
neous plasma has been reported [5].

FORMULATION
Consider a circularly polarized laser beam obliquely
incident on a vacuum- plasma interface, at an angle ¢
with respect to the z axis. The plane of incidence is as-
sumed to be the ¥ — z plane. The vacuum electric fields
of the incident laser oscillating at the fundamental as well
as its harmonic frequencies are given by
L Y .
E, = 5 ;( ix+ycos 8- zsin H)on
expli(kjyy +hkoz— ja)t) +cc

(1)

where @ is the frequency while k, = ( Jjwsin 9)/c and
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ko= (jwcos @)/c are the propagation constants along

the yand Z directions, respectively. E,; represents the

amplitude of the fundamental and the harmonic frequen-
cies such that E,, << E, where j>1. The beam refracts

inside the homogeneous plasma, having ambient density

o; =tan” (sinH/ V& —sin’ 0), where

£ =1—a); / (/zaf ) is the dielectric constant and

n,, at angle

w, = (4 me’n, /m )1/ ? is the plasma frequency. Hence

the electric field transmitted inside the plasma are evalu-
ated to be

1

> jzzi—fciE/L +{y(1/5/ —sin? H/EJ—E(SinB/J;)}EJ@

(@)
is the propagation

E;

expli(kjyy +kz- ja)t)J+ cc

. 1/ 2
where k= (j*w’e, /c* —k2)
constant of the laser inside the plasma, along the Z direc-
tion while k ;» remains unchanged. The electric field am-

plitudes along directions perpendicular and parallel to the

plane of incidence are respectively given by
E, =2cos¢9E0]./(cos¢9+,l€j—sinzﬂ) and

E, :20085\/;—on/(€]_ cos6+m). It is seen

that the electric field of the obliquely incident circularly
polarized laser field inside the plasma is a superposition
of s and p polarized fields of unequal amplitude and a

phase difference of 77/2. Hence E . =E, and
Ey=£k,.
The wave equation governing the interaction of the laser
pulse with plasma is given by

1 0% )z _4maJ
V- — E, = —
( ¢’ ar? ] ‘ ot

where £ = E, + E, E , represents the space charge

2
C

3)

field and the plasma current density J = —-n,ev.

With the help of Lorentz force and electric field equation
(2), the plasma electron velocities along the X, j/ and
Z directions, upto the third order of the radiation field, are
obtained. Hence, by using Continuity and Poisson’s equa-
tions alongwith plasma electron velocities, the plasma

electron density upto the second order of the laser
frequency can be obtained.
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THIRD HARMONIC RADIATION GENERATION
The electric field components of the transmitted third
harmonic radiation along directions lying in, as well as
perpendicular to, the plane of incidence, are respectively
given as

2

4 2
9wpa]s (alp —dig

a3 (Z):

exp i(Ak.z/2)sin (Ak.z/2)

32w’ c’ ks Ake,
9ia)4,/£ a (a2 —az)
P 1%1p 1p s . .
a, (z)= expilAk.z/2)sin(Ak.z/2
3p( ) 320)202k32Ak£2 {gl p ( / ) ( / )
where Ak = 3k o=k, and the dispersion relation

cz(kfy +k;. ): 9@’ — @, has been used Since the value

of the field amplitude lying in the plane of incidence is
not equal to the field amplitude lying in the perpendicular
plane, it may be concluded that the third harmonic
radiation is elliptically polarized. The eccentricity and the
resultant amplitude of the third harmonic are respectively
given by

2

a
_ _ 1s
‘// - 1 2
alp
2

4 2 H 2 2
9a)p(a1p—alx ajs +ap,

as(z exp i(Ak.z/2)sin(Ak.z/2
3(2) 20k, Ak, (Ak.z/2)sin (Ak.z/2)
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Figure 1: Variation of normalized third harmonic

amplitude with normalized propagation distance

for A =1.0um 0, lw=02,0=70°,a, =03
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Figure 2: Variation of eccentricity for third harmonic

with angle of incidence
A=1.0um.o,/w=02and g, =03 .

for

The maximum normalized third harmonic amplitude
obtained after traversing a detuning distance /. =77/Ak is

4 2 2)/ 2 2
9a)p(a1p—als ajg +ay,

é}(max) -
3242a,0° ks, |Akle,
1.E-05
% 1.E-07
£
=
<€S 1.E-09
1.E-11 . . ; :
0 20 40 60 80

Figure 3: Variation of maximum third harmonic
normalized amplitude with angle of incidence for

A=1.0um,w,/w=02 and ¢, =03 .
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Figure 4: Variation of detuning distance for third
harmonic with  angle of  incidence for

A=1.0um,w,/w=02 and g =03 .

CONCLUSIONS
It is observed that the third harmonic amplitude
oscillates with normalized propagation distance. The
maximum amplitude and ellipticity of the harmonic in-
creases as the angle of incidence is increased, upto an
angle O nax (for which the propagation constant £,

of the fundamental frequency is real). However, the de-
tuning length considerably decreases as the angle of inci-
dence is increased. Hence an optimum value of incidence
angle can be chosen for which a reasonable third harmon-
ic is obtained without significant reduction in detuning
length. The generated third harmonic radiation is ellipti-
cally polarized. At & = 0° the eccentricity is zero, im-
plying that the radiation is circularly polarized and the
third harmonic amplitude vanishes.
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Simulation study of electron acceleration by wakes driven by super-Gaussian
laser pulses propagating in homogeneous plasma

Akanksha Saroch™ and Pallavi Jha
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Abstract: Evolution of longitudinal electrostatic wake-
fields, due to the propagation of a linearly polarized su-
per-Gaussian laser pulse through homogeneous plasma
has been presented via 2-D VORPAL simulations. The
wakes generated are compared with those generated by a
Gaussian laser pulse in the relativistic regime. Further,
one-dimensional numerical model has been used to plot
the separatrix curves to study the trapping and energy
gain of an externally injected test electron, due to the gen-
erated electrostatic wakefields. An enhancement in the
peak energy of an externally injected electron accelerated
by wakes generated by super-Gaussian pulse as compared
to Gaussian pulse case has been observed.

INTRODUCTION

The amplitude of the generated wakefields depends on the
shape of an ultrashort, intense laser pulse. Interaction of
highly relativistic short laser pulses with plasma and non-
linear wakefield generation by the laser pulses with realis-
tic shapes has been studied by Berezhiani et al/ [1]. Zeng
et al. [2] have theoretically predicted the dependence of
relativistic harmonic radiation on the pulse shape of
pumping laser. Considering super-Gaussian beam profile,
THz radiation generation [3] has also been shown.

In the present analysis, the excitation of longitudinal,
electrostatic wakefields produced by a linearly polarized
super-Gaussian laser pulse propagating through uniform
plasma has been studied using two-dimensional PIC
simulations. The study proceeds by considering plasma to
be cold as well as underdense. In order to validate the
results obtained via simulations, we have studied the gen-
eration of wakefields by one-dimensional numerical mod-
el. Further the trapping and acceleration of an externally
injected test electron, by the generated wakefields, has
been studied.

2-D VORPAL SIMULATION STUDY

In order to study the generation of longitudinal electro-
static wakefields via passage of super-Gaussian laser
pulse through cold, homogeneous and underdense plasma,
we have performed 2-D simulations using VORPAL
code. The temporal profile of the laser pulse is considered

to be of the form a=a,exp(—(&—&,)>" /L")

(wherem = 2,3, 4... for super-Gaussian while m =1

* Work supported by CSIR, Govt. of India vide Project file
No0.09/107(0372)/2015-EMR-L.

*akshusaroch@gmail.com

represents a Gaussian profile). Here, L and (;:0 are re-

spectively the pulse length and arbitrary pulse center of
the laser pulse. The full width at half maximum (FWHM)

pulse length Lz, (= +/21n2L ) was considered to be
14.2 im , corresponding to L =12.04m . The minimum

laser spot size of the two laser pulses (assumed to be
equal) is 50 tim . The size of the simulation domain is

78.9 tim (this includes 10 fm vacuum distance) in the
laser propagation direction ( X) and 366 (m in the trans-

verse directions () and z), respectively. The simulation

uses one particle per cell along x as well as y direction to
represent the plasma electrons. The time step satisfying

the Courant condition is considered to be 177.14 x107"®
seconds. In the present simulation study the plasma wave-

length is taken to bez 3 up (=27zc/a)p ,

Ny =1.09x10" /cm?* is the plasma electron density).

We have performed the simulations in the relativistic re-
gime of the laser pulse intensity 2.14x10' W/cm2 which

corresponds to 4 , =1.0.

a0 ZS0 Zeo 270 ZS0 Zeo Foo FIo
= T —e=>

Figure 1: Surface plot of the longitudinal electric wake-
field (£ ) generated by super-Gaussian laser pulses.

Figure 2: Surface plot of the longitudinal electric wake-
field (£ ) generated by Gaussian laser pulses.



Fig. 1 (2) represents the surface plot of the longitudinal
electric wakefield generated by super-Gaussian (Gaussi-
an) laser pulses. The peak values of the generated wakes

are respectively 4.6 X10'° V/m and 1.255 x10" V/m

forsuper-Gaussian and Gaussian laser pulses. Comparing
the amplitudes of the generated wakes, it is seen that the
amplitude of wakefield generated by super-Gaussian laser
is more in comparison to the amplitude of the wakes gen-
erated by Gaussian laser pulse.

1-D NUMERICAL MODEL FOR TEST ELECTRON
ACCELERATION

Consider a linearly polarized laser pulse represented by
the vector potential ‘;iLO = x4, (z,t)cos(kyz — w,t)
propagating through uniformly pre-ionized plasma having
ambient density 7, along the positive z-direction. Wake-

field generation due to the interaction of laser pulses with
cold and relativistic plasma is governed by basic nonline-
ar fluid equations: Lorentz force, continuity and Poisson’s
equations.

In order to study the generation of wakefields,
transverse quiver velocity the longitudinal velocity of the
plasma electrons is obtained to be,

W) 9(w.) _ e 90 A

ot oz mc’y oz
While writing Eq. (1), we have retained the terms which
oscillate at the plasma frequency and neglected the terms
comprising of oscillations at the second harmonics of the
laser field. Using quasistatic approximation the trans-
formed, normalized fluid equations governing the evolu-
tion of the longitudinal electrostatic wakefield are given

(1

+v

z

by,

ou_ _ 1 [ dp  a, da, ]_ZLz ay ()
A(k,8) Y. —p,) ok,&) 2ydk, )y k)
Lt 3)
a(k,&)’?

on n du, o)

ok,&)  (u,=pB,) k%)
Egs. (2-4) can be solved simultaneously using the fourth
order Runge-Kutta numerical technique. Using the same
parameters as used in the simulation study, the normal-
ized wake potential and hence the electrostatic longitudi-

nal wakefield (E,. = -V ¢) may be obtained.

Further, the acceleration mechanism of a test
electron injected behind the laser pulse is studied. With
the help of Hamiltonian dynamics the peak energy
() of the test electron as

.= 7,(0+7,A0) 7, B,[1+7,A0)° =1 (5)
Since, the external test electron is assumed to be driven
by the generated plasma wave, so the initial velocity of
the injected test electron is taken to be equal to the phase

velocity (V) of the plasma wave. The separatrix plots
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for the test electron being accelerated by the super-
Gaussian as well as Gaussian laser pulses are plotted by
simultaneously solving Eq.(5) along with transformed
plasma fluid equations using fourth order Runge-Kutta
algorithm.

ooooo
ooooo
ooooo

ooooo

2 a 6 A.& 8 10 1z 14

Figure 3: Separatrices plots for the test electro driven by-
wakes generated by super-Gaussian (curve a) and Gaussi-
an (curve b).

Plots a & b in Fig.3, depict the separatrix curves traced by
an externally injected test electron being driven by the
wakes generated by the super-Gaussian and Gaussian
laser pulses, respectively. The injection energies neces-
sary for trapping the test electron excited by the wakes
generated by super-Gaussian and Gaussian laser pulses is
same (=20.47 MeV), while the maximum energies at-
tained after acceleration are 2.46 GeV, and 2.08 GeV for
curves a and b respectively. Hence, a gain of 15.4% in the
maximum energy of the accelerated test electron is seen
for super-Gaussian pulse as compared to Gaussian pulse
case.
SUMMARY AND DISCUSSION

Generation of longitudinal electrostatic wakefields by the
interaction of super-Gaussian laser pulse with homogene-
ous plasma has been presented via two-dimensional
VORPAL simulations in the relativistic regime. It is ob-
served that the generated wake amplitude for super-
Gaussian driving laser pulse show a remarkable increase
as compared to the wakefield amplitude for a Gaussian
laser pulse. Further, the trapping and acceleration of an
externally injected test electron has been studied. The
peak energy attained by the test electron being accelerated
by the wakes generated by a super-Gaussian laser pulse is
evaluated and compared with the Gaussian pulse case.
Comparing the difference between the peak energies at-
tained by the test electron and injection energies for two
different pulse shapes, we see that the energy gain is ap-
preciably enhanced for test electron accelerated by wakes
generated by super-Gaussian pulse as compared to energy
gain for Gaussian pulse case of same intensity.

References

[1] V.IBerezhiani,. & I. G. Murusidze, Phys. Scripta 45,

(1992) 87
[2] G.Zeng, B Shen, W. Yu, & J. Xu, Phys. Plasmas 3,
(1996) 4220
[3] H. K. Malik, & A. K. Malik, Europhys. Lett. 100,
(2012) 45001



89

Spot-size evolution of two-color laser pulses in homogeneous plasma

Hemlata and Pallavi Jha
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Abstract: The evolution of two-color, sinusoidal laser
pulses in cold, underdense and homogeneous plasma has
been presented. The wave equations governing the evolu-
tion of the radiation fields are set up and a variational
technique is used to obtain the simultaneous equations
describing the evolution of the laser spot-size. Numerical
methods are used to graphically analyze the simultaneous
evolution of spot-size due to the combined effect of the
two-color laser pulses. Further, the spot-size is compared
with those obtained for a single laser pulse.

INTRODUCTION

The propagation of intense laser beams through
homogeneous plasma finds application in harmonic gen-
eration , X-ray laser sources , laser-plasma acceleration
and inertial confinement fusion. Recently, Jha et al have
shown the evolution of chirped laser pulses in a magnet-
ized plasma channel [1]. High order harmonic generation
via two color laser pulses has been reported [2]. Feng et al
have studied the generation of isolated attosecond pulses
due to two color chirped laser pulses [3].

FORMULATION

Consider the propagation of two linearly polar-
ized laser pulses of frequency @, and @, copropagating
along the positive z-direction in plasma. Both the laser
pulses are polarized along the x-direction. The vector po-
tential of the first and second laser pulse is given by

- A4, (r, z, Z)

1, =X exp i(k,,z — o ,t)+c.c.

(M

The subscripts 1 and 2 correspond to the parameters asso-
ciated with the first and second laser pulse respective-

ly. 4,,(r,z,t), k ,and@,, represent the amplitude,

wave number and angular frequency of the two laser
pulses. Transforming independent variables z,f to

z ,§(= z— ﬂgl,ZCt where :Bgl,z (= Ckl,z/a)l,z) is the

normalized group velocity of the two laser pulses). The
transformed wave equations describing the evolution of
the vector potential of two-color laser pulses propagating
in a plasma channel are given by

az
ag?

d 9’
—+2
dz  déoz

{Vi +2ik1,2 +(1_ﬂgzl,2)

) 2
+ aazz +(%_k12,2 _k;j a,,(r,z,)
ol fasa’
:—k,Z, alTZ—i—%Q a1,2(r’Z’§)'
(2)
where

_ cz(kl +k2)2 _ cz(kl _k2)2
(w1+w2)2 (wl_w2)2

0 l:: {3 }:I quantifies

1/2
the nonlinear effects, kp [2 (4704062 /mc? )/ J is the

plasma wave number and
a,(r,z, t){z (eAl’z/mcz) << 1} is the normalized
vector potential. Considering the limits

k,ro, >1k, Ly, >1 (where ry,and L, are re-

spectively the initial spot size and pulse length of the two
laser beams), the ponderomotive nonlinearity has been
neglected while deriving Eq.(2). Coulomb gauge

(VZ = 0) has been used.

Assuming that the laser pulses have a sinusoidal profile,
the trial function for the laser amplitude may be repre-

sented by
i, 2 [ & ]
B -3 sin
r12(2)  ra(2) Ly 2(2)

3)

a = f1,2 (2) exp[iﬁu (2)+

where f,(2).6,,(2),&,,(z)and r,,(z) are respec-

tively the amplitude, phase shift, curvature and spot size
N oo L

of the two pulses. Using [/ :J. rer. " 1d¢ yields the
0 0

reduced Lagrangian density
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tial amplitude of the two pulses.
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2 2
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(6)

NUMERICAL SOLUTIONS

The simultaneous evolution of the laser spot size
of the two color pulse system, can be obtained by numeri-
cally solving Egs. (6) using the fourth order Runge Kutta
method. In the present study we have assumed that at

z=0.0r,,/0z=0, =45um ,

,Lyp =19um and Ly =20um . The other laser and
plasma parameters are

f5=0.02, f, =0.04,
®, =1.88x10" Hz, ®, =1.253x10" Hz and

ny, = 1.1x10" ¢m™ . The figure shows the simultane-

T2 =12
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ous evolution of the normalized (by 7y, ,) spot-size with

respect to the propagation distance for the two color laser
pulse system. The solid curves a and b respectively depict

the evolution of the first (LO1 =19um) and second

(L02 = 20,um) laser pulses when the two pulses are

considered to be co-propagating, while the dashed curves
(a and b) represent the independent propagation of the
two laser pulses. It is observed that the spot sizes focus
for the two color system while they defocus when the two
pulses propagate individually. The focusing of the spot
size of the two color laser pulse system occurs due to a
significant decrease in critical power required for focus-
ing of the laser pulses. It may be noted that the critical
power of the laser pulses is reduced due to copropagation
of the second pulse.

1.25 4

1.2

0.2 0.25 0.3 0.35 0.4

z(cm)

SUMMARY AND DISCUSSION

In the present paper, nonlinear propagation of in-
tense, short, two-color laser pulses in homogeneous plas-
ma has been studied. The two-color laser pulses are polar-
ized along the x-direction. Using the variational tech-
nique, the simultaneous equations describing the evolu-
tion of laser spot size have been obtained for the two-
color pulsed laser system and compared with the results
obtained for a single pulse case. The initial spot size for
the two-color pulses is considered to be the same, while
pulse length is considered approximately the same. It is
seen that the spot size focuses significantly for the two-
color system as compared to individually propagating
pulses.
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