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The plasma physics department of GSI is responsible for
the operation at three experimental facilities on the GSI
campus, namely the Z6 experimental area at the UNI-
LAC, the High Energy cave HHT at the SIS18 and the
PHELIX laser facility. In addition, the department is
strongly involved in the preparation of the FAIR experi-
ments. Below is a summary of the highlights for 2017.

Highlights from the Plasma Physics Program

In 2017, the study of the interaction of short laser pulses
with matter was at the center of the research of the plasma
physics department because of the direct applications of
laser-driven diagnostics for FAIR.

In a series of experiments conducted with PHELIX, our
group has shown that optical diagnostics can be employed
to study the relativistic laser-plasma interaction at the
femtosecond time-scale when the part of the pulse reflect-
ed [1] or transmitted [2] through thin targets is analysed.
In particular, a method based on spectral interferometry
has been used for the first time for the characterization of
the relativistic laser-plasma interaction, showing evidence
of interaction in the relativistic transparency regime.

In a second laser-plasma experiment at the Ti:sapphire
laser JETI40 of the FSU Jena conducted by our group,
ultra-high energy density plasma states with a keV bulk
electron temperature, near-solid electron density and
GBar pressure were diagnosed using X-ray spectroscopy
tools. The generation of 150-nm thick plasma layers by
irradiation of metallic foils at high laser temporal contrast
and at the second harmonic laser frequency was explained
by the collisional mechanism of the laser pulse absorption
in a thin skin layer of plasma with a step-like electron
density profile, followed by the electron heat transport.
This scenario is opposite to the usually considered volu-
metric heating by supra-thermal electrons, which produc-
tion was strongly suppressed [3].

In laser-plasma interaction, one of the central issues is the
coupling efficiency of the laser energy into secondary
particle or radiation. Using foam targets developing into
plasmas at near critical plasma density is a way toward
higher conversion efficiency of the laser energy into MeV
electron beams. Such an experiment has been performed
at the PHELIX, where preliminary results show dramatic
increase of the supra-thermal electron energy far beyond
ponderomotive one (16 MeV compared to 2 MeV) and
strong increase of the total number of electrons with ener-
gies above 10 MeV (tens of nC). This was confirmed by
measuring the gamma dose caused by bremsstrahlung.
Both energetic electrons and gamma-rays are excellent
candidates for radiographic applications in HED experi-
ments [4].
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Another route to enhance the yield of secondary radiation
produced by intense laser pulses is the use of structured
target surfaces. Thin metal foil targets covered with dense
arrays of aligned high aspect ratio nano- and micro-wires
have been produced at GSI in collaboration with the ma-
terial science department and subjected to high-energy
laser pulses from the PHELIX facility. Significant en-
hancement in both x-ray emission and proton acceleration
has been demonstrated [5]. Irradiation of such delicate
targets with the high-energy picosecond laser pulses has
become feasible at the PHELIX facility due to the signifi-
cant improvement of the laser pulse contrast over the past
years.

Backlighting of mm-scale high-Z targets as foreseen in
the FAIR plasma physics program will require hard x-ray
radiation with photon energies above 100 keV, which can
be produced by high-energy short-pulse laser systems. An
experiment to extensively characterize the emission char-
acteristics of such sources (conversion efficiency, angular
and spectral distribution) over a wide range of laser pa-
rameters has been carried out at PHELIX [6], which pro-
vides important data towards the requirements for a future
"Helmholtz beamline at FAIR". Also in this experiment,
X-ray emission source sizes down to 5 pm could be
achieved using thin tungsten wires as generation target.
Such small source sizes provide the necessary spatial co-
herence to realize x-ray phase contrast radiography. This
was demonstrated in a subsequent campaign, where x-ray
phase contrast imaging was used to diagnose laser-driven
shock waves [7].

The LIGHT (Laser lon Generation, Handling and
Transport) experiments concerns the capture of laser ac-
celerated ions by a conventional solenoid, their phase
rotation in a rf-cavity, followed by their transport over
longer distances before being refocused again for applica-
tions. Here, the focus of the investigations in 2017 was set
to prepare the ion beam for an energy loss experiment in
plasma [8]. In two experimental campaigns done at the Z6
target area, the proton beam at the end of the LIGHT
beamline was further characterized, after the 6-m-long
beam transport that includes a time-compression stage of
the ion pulse and its spatial focusing with a pulse sole-
noid. At a proton energy of 8.1 MeV, the beam was fo-
cused down to 1.3 x 2 mm? with a peak current of 121
mA and a pulse duration of 500 ps, which is an improve-
ment compared to the results obtained previously.

As the stopping power of protons is small, heavier ions
would be preferable to employ the LIGHT beamline for
heavy-ion energy-loss measurement experiments. There-
fore, some time was dedicated to the generation and char-
acterization of TNSA-driven carbon ions by heating tung-
sten foils evaporated with carbon to temperatures of
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above 1000°C to remove the protons. The experiments
showed that above an energy of 0.5 MeV/u C 4+ is domi-
nating the spectrum and can be transported efficiently
over longer distances by conventional accelerator compo-
nents. The results are very promising when regarding
these short (<500 ps) pulses as probe for energy loss ex-
periments of heavy ions in laser generated plasma.

Operation and Improvements of PHELIX

PHELIX has continuously delivered beam time to the
international user community for the last nine years. In
2017, its operation profile was, as in previous years, dis-
tributed between maintenance and upgrade phases and
beam-time operation (52%) as shown in Figure 1. The
operation plan has been impacted in summer when a
mandatory fire-safety-relevant building rehabilitation had
to be made. During this time however, a long-standing
survey and upgrade of the control system has taken place
such that the shut-down time could be as efficiently used
as possible.

Development
Beamtime
13%

Figure 1: Operation profile of PHELIX in 2017.

In total 10 experiments have been conducted at PHELIX,
which can be separated in 150 shifts dedicated to external
users and 46 shifts used for the internal program of the
LIGHT experiment at the Z6 experimental place [8]. The
topics of the experiments vary from the first demonstra-
tion of x-ray phase-contrast imaging with the small spa-
tially limited keV secondary sources generated by our
group to the test of new liquid-crystal targets. Again, la-
ser-driven acceleration has been at the topic of many of
the experiments. PHELIX has been during this time, as in
the past, very reliable with less than 5% of the shots as
failed shots registered, thereof only 1.7% of the shots
failed because of hardware-related issues.

Improvements to the facility have been performed on
many of its sub-systems in 2017. A major on-going pro-
ject is the upgrade of the PHELIX pre-amplifier to an
architecture allowing for a 10-fold increase of its repeti-
tion rate. In 2017, the upgrade of the amplifier was com-
pleted during one of the maintenance phase early in the
year, such that all the short-comings found during the
commissioning done in 2016 could be fixed. Together
with work done on the beam quality control, PHELIX
could deliver in 2017 the nominal beam size of 28 cm as
standard aperture which corresponds to an energy of 200 J
at the end of the amplifier chain for short pulse experi-
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ments and 300 J for nanosecond pulses used at the Z6
experimental area before frequency conversion. Note that
this energy is limited right now for the short-pulse option
by the diffraction gratings of the compressor that show
some sign of ageing and are therefore run at a maximum
laser fluence of 0.85 J/cm®.

Another major on-going project for the facility is the de-
velopment of a VISAR system at the Z6 experimental
place that turns the existing preliminary device developed
in collaboration with the Technical University of Darm-
stadt to a reliable and versatile system that can be offered
as a standard diagnostics tool to the users community, as
recommended by the PHELIX committee. In 2017, the
system has undergone the necessary upgrade that includes
work on the laser source (better temporal coherence) and
its interferometer (improved setup stability). Already in
2018, users will employ this diagnostic tool as their main
diagnostic.

Developments on optical temporal diagnostics went on.
Here the detection system of the short-pulse 3w-cross-
correlator named EICHEL[9] was improved further to
make it more insensitive to pulse-to-pulse energy fluctua-
tions. First tests were conducted at the Polaris laser at HI
Jena. In addition, EICHEL was used to characterize the
temporal contrast of PHELIX when its linear regenerative
amplifier is by-passed, showing an important reduction of
the number of pre-pulses in the -1 to -.2 ns time window
before the peak of the pulse. An upgrade of PHELIX to
include this by-pass should happen in the next months to
exploit this new finding.

PHELIX Committee 12, 2017

In spring 2017, a call for proposals synchronized to the
general call for proposals of the GSI accelerator was
made. This call is embedded in the strategy of GSI to of-
fer beam time to the FAIR collaborations at GSl's facili-
ties during the build-up phase of the new accelerator: the
so-called phase 0 program. The PHELIX committee met
during the summer and granted 11 laser-only proposals
with beam time plus one combined laser-ion experiment.
At the HHT and Z6 caves, 4 additional experiments have
been granted access to the ion facility. In total, this
amounts to a 42% success rate for applicants. The high
demand on GSI's plasma physics facilities illustrates the
vitality of the field and their attractiveness

Progress on the FAIR lon Facility for Plasma
Physics

During the workshop on high-energy-density physics in
Hirschegg, the community has decided to found a new
collaboration called HED@FAIR, which aims at overtak-
ing the responsibilities of the two previous collaborations
involved in the FAIR project. One of the consequences of
this move has been to raise interest in the planned exper-
iments from further groups, e.g. the Chinese community
that increased its contacts with our group. Negotiations to
give Chinese groups a leading role in the plasma physics
program at FAIR took place along the year, for instance
during the EMMI workshop at GSI and the 1% Workshop
for International Collaboration on High Energy Density
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Science at FAIR and HIAF. The latter was held with
about 70 participants from China and Germany in Xi'An,
China. Participants from the Institute of Physics (Beijing),
Peking University (Beijing), Laser Fusion Research Cen-
ter (Mianyang), Xi’an Jiaotang University (Xi’an) and
Shanghai Jiaotong University (Shanghai) showed interest
to be part of the collaborative effort. The workshop re-
sulted finally in a memorandum of understanding between
the University of Xi'An and GSlI.

The preparation for the FAIR phase 0 program, that will
be conducted from 2018 on at the existing plasma physics
experimental areas at GSI is well ongoing. Four experi-
mental proposals dealing with the proton microscopy set
up PRIOR have been submitted and all of them granted
with beam time. To gather experience on proton micros-
copy technology and get a head-start with experiments,
the proton microscope will be set up at HHT using part of
the GSI contribution to FAIR. The in-kind contract with
FAIR for financing the magnets and power supplies has
been signed and the detailed specification written, so that
the magnets can be ordered in 2018. Later on, the PRIOR
system will be transferred to the FAIR building for
HED@FAIR experiments, called APPA cave, where the
plasma physics experiments at FAIR will be performed.

A second experiment platform to be made available at
GSI for the phase-0 period is a target chamber for the
HIHEX (Heavy lon Heating and Expansion) scheme. This
target chamber should be complemented with an arm of
the PHELIX laser sent to HHT to volumetrically diagnose
the samples generated by the ion beam already during the
upcoming years. For this purpose, preliminary conceptual
work has been performed and discussions on the various
possible experiments took place during the EMMI work-
shop on plasma physics at FAIR that took place in the
summer of 2017 at GSI. In particular, this target station
could exploit the 10™ Ni ions per bunch at an energy of
200-400 MeV/u available from the SIS-18 for the HIHEX
scheme. With the existing HHT-focusing system, one can
reach a Ni-beam specific energy deposition in to Al - Pb
from 4 up to 16 kJ/g (cooled ion beam), which should be
enough to start the scientific program of the plasma phys-
ics community at FAIR.

The planning of the APPA cave is progressing well and
should be finalized in 2018. Concerning the experimental
equipment in the APPA cave the last Technical Design
Report relevant for the day-1 experiments is approved and
the technical board of HED@FAIR is now concentrating
more and more to the definition of the detailed specifica-
tions and ordering of the components, while the final fo-
cussing system, consisting of 4 super conduction large
aperture quadrupoles, has been contracted with the Insti-
tute of High Energy Physics in Protvinov, Russia, and is
now in the final design phase.

Concerning the science program for plasma physics at
FAIR, hydrodynamical simulations using the code BIG2
have shown that the ion parameters expected at FAIR in
the APPA cave, namely uranium ion intensities from 10"
to 5x10*" ions/pulses, are very appropriate to realize low-
temperature compression of iron using the LAPLAS (LA-
boratory PLAnetray Science) scheme to conditions rele-
vant to earth and super-earth core conditions [10]. In this
proposed experiment, an annular ion beam quickly heats a
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tungsten temper that compresses a cold iron inner core.
The maximum pressure accessible using FAIR by varying
the number of ions in the pulse is in the range of 2 to 7
Mbar. In addition, the temperature of the iron pay load is
independently tuned by changing the amount of ions leak-
ing on axis. In such conditions, the temperature achieva-
ble during compression can be as low as 0.1 eV (no ions
on axis) and continuously increased to 2 eV when the ion
density on axis reaches 20% of the ring density. All-in-all,
these parameters cover the range of pressures and temper-
atures necessary to study earth core and super-earth core
conditions in the laboratory. This type of experiments
could extend the current data obtained by diamond anvil
cells on iron to the WDM region relevant to planetary
science.
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X-ray Phase-Contrast Imaging (XPCI) is a technique
where the phase-shift induced by a density gradient is
used to enhance a diffraction pattern in an X-ray image.
This well-known technique is normally applied in biology
and medicine because it is ideal to make visible any inter-
face where a change of density is present. In high energy
density science experiments the sensitivity to density
gradients is ideal to probe hydrodynamic instabilities as
well as shock front degradation [1,2] which could be
caused by the presence of hot electrons which could cause
a non-uniform target temperature.

In our experiment at GSI we used the laser PHELIX to
generate X-ray pulses with a limited source size. The aim
of our experiment was to demonstrate the feasibility of
single-shot XPCI using short-pulse (picosecond) laser-
driven X-ray bremsstrahlung emission sources. The ne-
cessary small source size if achieved using tungsten wires
with a diameter of 5 um as targets to produce the x-ray
source [3], which were developed in a previous beamtime
at the PHELIX laser. We used this X-ray flash to obtain
XPCI of static objects as well as to probe a laser-induced
shock-wave propagating in a polystyrene cylinder irradi-
ated with long-pulse (nanosecond) beam.

Figure 1 shows experimental XPCI images obtained in
the experiment. Nylon wires with a range of diameters
were used as static test objects. The presence of phase
contrast enhancement in these images is clearly visible
where interface surface are located. Because we are using
an incoherent broadband spectrum light source the phase
contrast is given by the so called lateral coherence defined
as:

where Ry is the source-target distance, A the incidence X-
ray wavelength and s the source size. In our case an aver-
age value of the lateral coherence was 10 pm which guar-
antees the possibility to probe steep density gradient in
our target. Using the double-pulse option of the PHELIX

Figure 1: XPCI images taken with the laser-generated x-
ray source of (left) Nylon wires and (right) a laser-driven
shock propagating into a cylindrical target.
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laser we have also demonstrated XPCI in a pump-probe
scheme, using one of the laser pulses to drive a strong
shock into a sample (Fig. 1, right). The radiographic im-
age shows the shock-front at a time of 6 ns after the end
of the drive laser pulse. The presence of phase contrast is
evident at the target-vacuum interface, as well as at the
shock-front. In addition, we observe phase contrast in the
central part of the shock-wave. This is attributed to the
rarefaction wave propagating inside the shock lowering
the pressure.

This first proof-of-principle experiment shows how this
technique can provide a deeper insight in the shock phys-
ics underline details which would not be present with a
conventional X-ray absorption radiography. Moreover,
this experiment validate the feasibility of the technique on
intermediate-scale laser facilities, but can also be applied
on larger scale facility like OMEGA or NIF.

What is required is the capability to control the source
dimension and this can be successfully achieved using
mass limited target or pin-hole.

XPCI due to its intrinsically sensibility to density gradi-
ent is the ideal diagnostic to probe hydrodynamic instabil-
ity as well as shock front degradation which could be
caused by the presence of hot electron which could cause
a non-uniform target temperature.
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Optical-based magnetic field generation is a convenient
tool for applications, including particle guiding, laborato-
ry based astrophysical-related studies and studies of mat-
ter behaviour in magnetic fields. The goal of this experi-
mental campaign was a detailed study of a novel recently
proposed scheme of such generation, in which a relativ-
istic laser pulse interacts with a cylindrically shaped tar-
get [1], performing multiple reflections along the internal
target surface (see Fig.1). In these conditions, the laser
pulse generates relativistic electrons, propagating along
the surface, and, consequently, return currents in the tar-
get bulk, which are responsible for the magnetic field
generation.

Snail Target CCW

Figure 1: Principal experimental setup for generation of
magnetic fields in snail-shaped target. Proton deflectome-
try diagnostic is shown; optical (polarimetry and interfer-
ometry) and Ka diagnostics are not shown.

In the experimental campaign, the PHELIX laser beam
was splitted in two, one used as a target driver (CP1), and
another (CP2) as a TNSA proton generator when interact-
ing with a gold foil with 4 um thickness. Besides the main
target and the foil, a fine mesh was aligned on the way of
TNSA protons for better resolution of proton deflection in
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the diagnosed fields. Optical diagnostics (polarimetry and
interferometry) was also performed.

About twenty successful shots gave the information
about the generated field structure, its time-dependence,
and strength. A sample RCF image with a preliminary
analysis is presented in Fig. 2. The observed shape of
detected diagnostic protons is in a good agreement with
the test-particle modelling of deflected TNSA protons,
assuming a ~500T magnetic field in the target generated
by solenoidal-like currents. Preliminary analysis of the
experimental data for different time delays between CP1
and CP2 shows that the magnetostatic structure is stable
for ~ 80 ps, which is of the hydrodynamic scale of the
target expansion.

The obtained experimental data are being processed
yet, but already we can state several important results: the
snail-shaped targets are efficient quasi-static magnetic
field generators with the time-of-life of the magnetized
structures being of the hydrodynamic time scale. The ex-
perimental study opens new perspectives for optical-
based magnetic field generation and applications.

RCF stack
‘n

TNSA

(A) proton 1))
beam

simulated RCF image
assuming B-field

Figure 2: (A) a sketch of the principal experimental setup,
(B) an example RCF image (from preliminary experi-
mental results), (C) test-particle modelling of proton de-
flectometry image, assuming a solenoidal generated mag-
netic field of ~500T in the target.

interaction scheme  sample RCF image
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The interaction of short laser pulses of the highest in-
tensities with thin sub-micrometer foils has received lots
of attention in the last years because of its potential appli-
cations to laser-driven particle acceleration and the gener-
ation of hard x-rays that could be prime diagnostics for
the FAIR facility for instance. In the last years, these
studies were made possible by the ever-increasing tem-
poral qualities of short laser pulses delivered by the most
modern laser systems. While thin sub-micrometer foils
used to be fully blown off many 10's of picosecond before
the interaction with the main part of the pulse had begun,
the latest generation of lasers with ultra-high temporal
contrast like PHELIX enables such an interaction to hap-
pen. Yet, the exact status of the foil at the time of the in-
teraction remains unclear and should be studied in details.
Here, we have shown that the use of a second pulse that
interrogates the plasma after the interaction with the first
one is possible using standard spectroscopic methods [1].
It is possible to analyse the signal S(w) by Fourier trans-
formation with a technique known as Fourier-transform
spectral interferometry (FTSI) that was proposed and
demonstrated more than 20 years ago [2]. To understand
the underlying mathematics, let us define the electric field
of laser pulse as:

E(t) = A(t)e'@ot 1)

where A is the complex amplitude of the field and o, the
carrier angular frequency of the pulse. After propagation
through the plasma, the field is modulated by a complex
function T(t) whose modulus describes the time-
dependent transmission through the foil and its argument
temporal phase effects, like relativistic self-phase modula-
tion or electron blow-out. When two pulses delayed by T,
of fields E; and E,, cross a plasma and their amplitude is
modulated by T, and T,, the total field after the plasma
can be described as:

E(t) = A (DT, ()it + A,(O)T,(t)ei@ot? (2)

A spectrometer that analyses the resulting pulses shows a
signal S exhibiting an interference that is given by:

S(w) = |E(w)? @)
= |FT (4, ()T, (£)e'0") + FT (A, ()T, () e ®ot)e~iwoT|
= |E; () |? + |E;(w)|? + 2cos(wT + Ap) |E; (w)E, (w)|

where E;,(w) is the complex spectral amplitude of the

pulses after transmission through the plasma and Ao the
spectral phase difference between both pulses with:

Ey(w) = FT(Al,z(f)TLz(f)eiwot) 4
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In eq. 3, the information about the amplitude |E(w)| and
spectral phase difference A¢ is somehow entangled.
However, when t is chosen such that the fringes are still
resolved by the spectrometer but fine enough so that the
interference resolves the spectrum modulations, an analy-
sis in the Fourier domains yields three peaks that can be
numerically isolated and inverse Fourier-transformed to
yield |E;(w)|, |E2(w)| and Ag at once.

The experimental demonstration was done during the
beamtime P126 granted at the PHELIX facility with the
setup shown in fig. 1. More details can be found in [1].

spectrometer
Target

Figure 1: Experimental setup of experiment P126 that
enables measuring the spectral interference for FTSI.

In our implementation the second pulse has an intensity
ratio of a few percent to the main pulse and it was gener-
ated in the front end of PHELIX. Our analysis has shown
that one can easily retrieve the difference in transit delay
through the plasma, showing that for the thinnest targets,
the plasma is relativistically transparent [1]. In addition,
coupled to a FROG [3], the full temporal structure of the
pulses E4(t) and E,(t) after the interaction can be recon-
structed.

Further experiments could be planned in the near future
to study the plasma dynamics by varying the delay t for
instance.
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In this report we present the results of the investigation
of the relativistic mid-infrared laser pulses with silicon
targets. The novelty of this regime lies in the scaling of
the interaction parameters such as plasma critical density
and normalized vector potential with the wavelength [1].
It also means that for mid-IR pulses the ionization hap-
pens in the tunnel regime, which in contrast to
one/multiphoton ionization allows sharp plasma density
gradients. These new features strongly influence the pa-
rameters of created plasmas, thus, generated X-ray emis-
sion. The use of nanostructured targets may additionally
enhance the effect due to the high laser energy absorption
shown in earlier works [2-4]. In order to investigate the
possibility to generate extreme plasma states we compare
the line emission spectra and bremsstrahlung emission
generated from different targets, and apply PIC simula-
tions together with Kinetic FLYCHK code to match our
experimental findings and the theoretical predictions.

Experiment & Results

The p-polarized idler beam of OPCPA laser system
(TU Vienna) with energy of 25 mJ is focused under 45°
onto the samples resulting in the peak intensity of nearly
10" W/cm? with a pulse duration of 90 fs. The generated
X-ray emission is then detected with the crystal spec-
trometer and the Timepix detector in a single shot. It is
shown, that the intensity of the K-shell emission from
neutral atoms as well as the hard X-ray bremsstrahlung
are comparable for polished and nanowire (NW) targets.
However, the efficiency of the line emission from highly
charged ion states differs dramatically. In case of the pol-
ished sample there is essentially no emission from the
transitions in He- and H-like Si observed (Fig. 1). This
means that the electron density and bulk electron tem-
perature are higher for the NW target.

Simulations & Discussions

To estimate the achieved plasma parameters we at-
tempted to fit the experimental X-ray spectra with the
synthesized ones using the temporal evolution of the pa-
rameters predicted by the PIC code. In case of NWs, the
bulk electron temperature reaches its maximum value in
the keV range by the end of the laser pulse, while the
electron density exceeds solid density in the whole vol-
ume of nanowires. Corresponding X-ray line emission
spectrum matches well to the hot part of the experimental
spectra (Si***-Si***). The PIC simulations for the polished
target are more troublesome requiring an inclusion of the
spatial distribution of the laser intensity and higher reso-
lution. However, assuming similar time scale for plasma
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cooling and its recombination and introducing a two-
parameter search over the maximum bulk electron tem-
perature and density we achieve a good agreement be-
tween the simulations and the experimental results for the
maximum electron density about 102 cm™ and the bulk
temperature of several hundred eV. The severe difference
may arise from the larger penetration depth and higher
absorption of the laser pulse within the NWs. Remarka-
bly, the predicted electron density exceeds the critical
density calculated for the used mid-infrared pump by 3
orders of magnitude.
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Figure 1: K-shell emission spectra for the polished (black
dashed) and the NW (blue solid) Si targets. Inset: SEM
image of the NW array.

Our studies demonstrate that relativistically intense ul-
trashort laser pulses in mid-IR spectral range are capable
to generate solid density and keV-temperature plasmas
and using NW targets may significantly increase the effi-
ciency of the impact ionization and plasma heating.
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Introduction

We report on an experiment which aimed to investigate
the sensitivity of X-ray radiation generation to the degree
of laser channelling occurring in overdense plasma.
Channelling is driven by the processes of relativistic self-
induced transparency (RSIT) [1] and radiation pressure
hole boring (HB) [2] and enables the laser to interact with
the target plasma volumetrically. X-rays are produced by
electron acceleration in the fields generated, or via
Bremsstrahlung due to interaction with the fields of the
target atoms, and provide a useful diagnostic due to their
penetration through the dense target, enabling the chan-
nelling dynamics to be probed. Investigation of laser hole-
boring and channelling physics in dense plasma at the
upper limits of intensities achievable today (~10** Wcm?)
benchmarks models used to design future experiments at
multi-petawatt lasers, for which radiation pressure driven
effects will dominate the physics.

Experiment

The experiment was conducted using the PHELIX la-
ser. This system is one of few capable of routinely
achieving peak intensities up to mid-10" Wcm, which
are required to probe radiation pressure-driven phenome-
na. This system can deliver 200 J pulses (~155 J on-
target) with a duration of 700 fs (FWHM). The high tem-
poral intensity contrast delivered (~10™ [3]) is also criti-
cal for experimentation using ultra-thin (nanometre scale)
and low density foam type targets, to prevent significant
target expansion prior to the arrival of the peak laser en-
ergy.

To investigate X-ray generation, a complementary
suite of diagnostics were implemented to characterise
both the spectral and spatial distributions, and source size.
These included a crystal spectrometer operating in the
range 17-200 keV, a scintillator-based array diagnostic,
which provides low resolution spatial and spectral meas-
urements extending to the hard X-ray range, and a high
resolution (um) penumbral imaging system to quantify
the X-ray source size.

Additionally, a curved stacked detector [4], consist-
ing of image plate and steel filters, was placed around the
interaction region. This provides a high resolution angular
and low resolution energy measurement of the distribu-
tion of electrons which 'escape’ the target foil. Further-
more, the degree of laser light both reflected from and
transmitted through the target was measured. This not
only enables the plasma absorption dynamics to be
probed, but additionally enables the conditions for the
onset of transparency to be determined. Pictures of the
experimental set-up in the PHELIX target chamber are
shown in Fig. 1.

DOI:10.15120/GR-2018-1

Figure 1: (a) and (b) Photographs of the experimental set-
up, where the labels identify the main components as fol-
lows; 1. off-axis parabola, 2. target, 3. curved stacked
detector, 4. penumbral imager, 5. scintillator array, 6.
laser transmission screen, 7. electron spectrometer and 8.
X-ray crystal spectrometer.

The targets selected for exploring X-ray generation
were relatively thin (40-1000 nm) foils (Al, Au and CH)
and low density plastic based foam targets
(25-500 mg/cm®), in order to investigate the transition
from surface-dominated physics to volumetric interaction
induced by HB and RSIT.

Analysis of the data measured on the experiment is cur-
rently underway, and results will be reported in future
publications.
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Conceptual technique for warm dense matter
creation and characterization

Warm Dense Matter (WDM) is a scientifically interest-
ing thermodynamic state falling in between the descrip-
tions of condensed matter and plasma. WDM samples can
be produced, for example, by rapid isochoric heating by
an intense proton beam driven by a short pulse laser. We
used the double short pulse beam capability of the PHE-
LIX facility (<=100 J, >=0.5 picosecond) to begin devel-
oping a pump/probe method.

The main split of the laser (35 J, 1x10719 W/cm”2)
was delivered to curved 10 pm thick diamond-like carbon
foils to generate protons through the target normal sheath
acceleration mechanism [1]. The protons heated a tamped
sheet of Cu edge-on. The second split of the laser (20 J,
6x10718 W/cm”2) was delivered to a backlighter target
using an independent parabolic mirror and delay stage.
This produced a broadband x-ray strobe, face-on to the
Cu foil, allowing x-ray absorption spectroscopy through
the thin dimension (100 nm). The conceptual configura-
tion is shown in Figure 1.

2541, 500 s
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ma,
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Figure 1: Conceptual setup with a Cu foam target varia-
tion. The baseline target used an upright solid Cu foil with
plastic tamp walls and built-in aperture in place of the Cu
foam (inset shows a real target as seen from the laser).

The probing technique was a variant of x-ray absorp-
tion near edge spectroscopy (XANES) as in [2] but using
the laser-driven backlighter. As the sample is heated, a
range of increasing charge states evolves. According to
Non-LTE calculations with the PrismSPECT code, the
simple L-edge of Cu turns into a multi-step edge when
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heated to 10 eV, and new bound-bound absorption fea-
tures appear; both feature types are temperature-sensitive.

Demonstration of a proton-heated WDM sample and
measurement of its temperature history would represent a
major step in our ability to create characterized WDM
samples for future experiments such as ion stopping
measurements with FAIR ion beams.

Results

Proton source

The proton spectrum from the main pulse, shown in
Figure 2, was measured with a Thomson parabola ion
spectrometer and found to extend with a broad distribu-
tion typical of TNSA extending up to 7 MeV, correspond-
ing to a range of 350 um in solid Cu.
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1 3 4 5 & 7

2
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Figure 2: proton spectrum generated by the main split.

XANES (VSG grating spectrometer)

The spectrometer was calibrated and absorption meas-
urements were made around the Cu L edge and Al K edge
at a few delays.

K-shell emission (HOPG spectrometer)

Ni K-a and K-B were observed on all backlighter shots
as a monitor. Cu K-o. was observed in pump-only and
pump + probe shots, while Cu K- was not observed. Fur-
ther analysis is necessary to derive a temperature mini-
mum value from this fact.
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Motivation

During the interaction of an ultra-intense laser pulse
with sub-micrometer thin foils, complex effects on the
femtosecond timescale take place. During this interaction,
a part of the laser pulse is transmitted via hole bor-
ing/relativistic transparency and another is reflected back
at the position of the critical plasma density. Both the
reflected and transmitted pulse are spectrally modulated
due to effects like relativistic self-phase-modulation,
while the spectrum of the reflected pulse is additionally
Doppler-shifted by the moving critical plasma density
happening during hole boring. To study these effects and
timescales a diagnostic for back-reflected light based on
frequency resolved optical gating (FROG) [1] has been
developed and implemented at the PHELIX facility [2].
The FROG consists of a single-shot autocorrelator and an
imaging spectrometer which spectrally and temporally
resolves the incoming laser pulse. To achieve more relia-
ble results the existing diagnostics has been upgraded.

Upgrade

One part of the upgrade is the change of the spectrome-
ter setup. To keep the device as small as possible, a
crossed Czerny-Turner-spectrometer was used in the first
setup. Short focal-length mirrors and large reflection an-
gles inside the spectrometer lead to strong aberrations,
mostly astigmatism, that strongly influence the spectral
resolution and spatial homogeneity of the two-
dimensional spectrometer. To reduce the aberrations the
focal length of the mirrors has been doubled, from 100
mm to 200 mm and the reflection angles could be reduced
from 25 and 20 degree to roughly 16 and 12 degrees. The
result of this change can be seen in figure 1. which shows
the spectral lines of a calibration lamp.
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Figure 1: Spectrum of a calibration lamp and the corre-
sponding sum over the complete image in yellow for the
old (a) and new (b) spectrometer setup.
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The corresponding sum of the spectrum in yellow, for
the previous (a) and new (b) configuration, shows nar-
rower lines. This changes the resolution from roughly 1
nm to below 0.5 nm with a much more homogeneous res-
olution over the whole image.

A further problem, detected during the commissioning
of the device, was a slightly asymmetric FROG-trace in
the delay axis, shown in figure 2 a), which was due to the
misalignment of the autocorrelator and a beamsplitter
with a non-equal transmission and reflection ratio. After
changing the beamsplitter and realigning the autocorrela-
tor the FROG-trace symmetry in the delay axis could be
improved, as shown in figure 2b).
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Figure 2: FROG-trace before (a) and after (b) the change
of the beamsplitter and realignment of the autocorrelator.
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This symmetry improvement increases the accuracy of
the pulse-reconstruction algorithm [3] which therefore
leads to more reliable measurements.

Conclusion

The upgrade of the back-reflection diagnostic lead to a
more symmetric and spectrally better resolved FROG-
trace which will produce more reliable data in upcoming
experiments.
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The LIGHT collaboration has been founded to provide
a testbed for Laser lon Generation, Handling and
Transport [1]. The laser ion generation is based on the
Target Normal Sheath Acceleration (TNSA) mechanism
and is driven by the PHELIX 100 TW beam line at GSI.
A pulsed solenoid captures and collimates a divergent ion
beam coming from the TNSA-driven ion source. By
means of chromatic focusing one can cut out a part of the
exponentially decaying energy spectrum. The resulting
collimated beam can be compressed in phase or energy in
a radiofrequency (rf) cavity which is situated two meters
behind the ion source. The resulting ion beam is then di-
agnosed with a diamond detector for a temporal analysis
of the achieved phase focus at a distance of six metres
from the target.
After a successful first demonstration of the generation,
handling and transport of fluorine ions in 2015 [2] and a
subsequent campaign in 2016 [3] with small optimiza-
tions for the resulting ion beam, two campaigns in 2017
were dedicated to the generation and characterization of a
TNSA-driven carbon ion source and the transport and
bunching of the resulting ion beam. Figure 1 depicts the
energy spectrum of the central part of the carbon ion
beam, measured with a Thomson Parabola 0.6 m behind
the target.
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Figure 1: Energy spectrum of TNSA-driven carbon ion
source. C4+ dominates the spectrum from 0.5 MeV/u on.
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By heating the target up to around 1000 °C one suc-
cessfully removed most of the hydrogen contaminations
on the target surface and enabled efficient acceleration of
heavy ions. In the process carbon ions of all charge states,
barring 6+, were accelerated together with the remaining
hydrogen. From figure 1 it is obvious, that carbon ions
with charge state 4+ dominated the beam, from 0.2
MeV/u up to the cut-off energy at around 3.5 MeV/u.

Collimation and transport of the carbon ion beam was
achieved with a pulsed solenoid, capable of delivering up
to 10 T. From the thin lens approximation in equation (1)
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one can derive, that all generated charge states are trans-
ported through the beamline at varying energies. With
future applications such as energy loss measurements of
heavy ions in hot and dense plasmas in mind, the
transport energy was set to around 1.2 MeV/u. For this
purpose the solenoid was pulsed with 8.92 kA, leading to
a maximum magnetic field on axis of 6.72 T.
2
S R - B2dz @)

f m24;/2 2

The ion beam was diagnosed with a fast diamond de-
tector. The result is shown in figure 2, where the Time-of-
Flight (ToF) data was converted to kinetic energy and the
signal has been rescaled due to the related change of bin
widths. This also causes a significant rise of the noise
level at low ion energies. Simulations with TraceWin,
taking space charge into account, show that mainly C4+
was transported with the previously described solenoid
configuration and beamline setup. In the simulations the
solenoid was modelled as a current-carrying coil. The
good agreement of TraceWin simulations with ToF data
serves as benchmark for future simulations.

2 T
C3 simulated
= = = C4 simulated
15 e CS5 simulated |
ToF data

Intensity [a.u.]

1 15 2 2.5
Energy [MeV/u]
Figure 2: ToF data of diamond detector converted to en-
ergy spectrum of transported carbon beam at a solenoid
current of 8.92 kA. For decreasing energy the noise per
bin increases.

In two successful beam times in 2017, we were able to
characterize an efficient TNSA-driven carbon ion source
and demonstrate transport and energy collimation of car-
bon ions in our LIGHT beamline.
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Laser-driven ion sources offer excellent beam properties
(high particle numbers, low emittance) and have been in-
tensely investigated in the past two decades. These
sources deliver an exponentially decaying spectrum with
a <30 deg divergence. As many applications require a
monoenergetic, collimated beam the LIGHT collaboration
was founded to combine the advantages of laser-driven
ion acceleration with conventional acceleration techno-
logy. A prototype beamline has been realized at the Z6 ex-
perimental area at GSI [1]. The target normal sheath ac-
celeration source is driven by the Petawatt High-Energy
Laser for Heavy lon Experiments (PHELIX) 100 TW
beam and delivers an exponential spectrum up to several
tens of MeV. In the next step, a high-pulsed solenoid se-
lects protons of (8+1) MeV via chromatic focussing dir-
ectly 10 cm behind the thin target foil. In 2 m distance,
the protons pass a radiofrequency cavity and are phase-ro-
tated. Through the phase rotation the proton bunch can be
energy-compressed to AE/Eq = (2.7£1.7) % or time-com-
pressed into the subnanosecond regime [2]. Behind the
cavity, a transport line leads the collimated proton beam
to a second target chamber where diagnostics and applica-
tions can be placed. Inside this second chamber, a new fi-
nal focussing system has been installed (6 m behind the
target) for steep focussing. This part is necessary to pre-
pare the beam for applications requiring a high intensity
beam, e.g. for energy-loss measurements inside plasmas
or to study fast processes inside materials. As a final fo-
cusing system a second high-field solenoid was placed in
the second target chamber and operated at 7 T. As a de-
tector a radiochromic film stack (RCF) was placed 10 cm
behind the solenoid. The protons penetrate deeper into the
RCEF stack, if they have a higher energy according to their
characteristic Bragg peak behaviour. The protons deposit
their energy inside the RCF films leading to a change in
their colour which is analysed. The RCF films of the fo-
cus are shown in figure 1. The solenoid parameters haven
been chosen in this way that 8.3 MeV protons are fo-
cussed in a 460 ps bunch length, shown in the 4™ RCF
film (figure 1). The focal spot size is 1.3 mm x 2 mm with
3x10® protons resulting in a current of 7.5 x 10® 1/ns ~
121 mA. The focus profile is shown in figure 2. In 2015,
we measured a focal spot size of 2.3 mm x 2.3 mm [3].
In the next experimental campaign in 2018, these fo-
cussed proton bunches will be used for first application
studies, e.g. precise energy loss measurements in plasma.

* This report is also published in News and Reports from
High Energy Density generated by Heavy iOn and Laser
Beams 2017.
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8.3 MeV

Figure 1: RCF stack detecting the final proton focus: The
Bragg peak energy is shown. The 3" and 4" RCF films
are of the type HD-V2, the others are type EBT3. The
solenoid’s setting focusses 8.3 MeV protons which is
clearly seen in the 4™ RCF film. On the other RCF films,
the particular particle trajectories at the specific energies
are shown.

x10*

0 12

N

IS

o
©

©

o
o
particle numbers

IS

transverse beam axis vertical [mm]
N

IS
N

o

0 2 4 6 8 10° > 4. = (5
transverse beam axis horizontal [mm]

Figure 2: Proton beam profile measured with the 4™ RCF
film: The focal spot size is 1.3 mm x 2 mm at an energy
of 8.3 MeV. The deposited energy is converted into
particle numbers per pixel and shown.
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The laser-driven LIGHT (Laser Ion Generation,
Handling and Transport) beamline at the Z6 experimental
area is build to shape ion beams based on the TNSA-
source which delivers an exponential spectrum [3]. The
ion beam is captured with a solenoid. The solenoid
focuses the beam chromatically. The collimated energy is
7.8 MeV with an energy spread of 1.7 MeV. A following
rf-cavity enables a phase rotation of the incoming particle
beam. The resulting particle pulse length of the particle
bunch is 462 ps + 40 ps [1].

Accordingly, the emittance is the central value for the
focusablity and the divergence of the beam [2]. The used
method to measure the emittance is the pepperpot method
because it allows the transverse emittance measurement
with only one single shot. The pepperpot plate is placed
42.5 cm behind the solenoid. To image the beam behind
the pepperpot device radiochromatic ms (RCF) are used
to image the transported particles which allows to analyze
the r-r’ transverse phase space [3]. To analyze the diferent
energies of the particles, the RCF layers are stacked so
that the particles with diferent energies are stopped in
diferent layers of the stack.

In September 2017, latest emittance measurement of a
proton beam were performed. First, the solenoid was
turned of to measure the emittance of the TNSA-source
(fg. 1). Figure 1 shows the RCF image of the TNSA-
source at a energy of 3.8 MeV. The picture has the typical
pepperpot symmetry. The protons are clustered at specifc
areas at regular intervals in a two-dimensional array
which is seen at the regular dark dots. The transverse
emittance of the 3.8 MeV domain is in the x-direction 2.7
mm mrad and in the y-direction 1.5 mm mrad. Fgure 2
shows the tranverse phase space of the x-direction. The
phase space is calculated out of the measured image of
fgure 1. The tranverse phase space of the y-direction is
analogous to the phase space of the x-direction.

The next step was to measure the emittance of the
focused beam. The solenoid was turned on at di erent
voltages so that the in uence of the solenoid voltage on
the emittance was measured and will be evaluated in the
future.
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Figure 1: RCF layer at 3.8 MeV showing the TNSA-
source emittance. The protons have the beamlet symmetry
of the pepperpot, which allows the calculation of each
transverse direction of the emittance.
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Figure 2: The tranverse phase space of the x-direction of
the 3.8 MeV domain. The phase space is calculated out of
the beamlets in fgure 1. The width of the horizontal lines
are the angle-distributions of the columns.
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Laser-based ion acceleration is an area of significant in-
terest due wide-ranging applications from laboratory astro-
physics to radiography to hadron cancer therapy [1]. Sev-
eral mechanisms have been studied that enable 10s of
MeV/nucleon accelerated energies, but the optimization of
these depends strongly on both laser parameters (contrast,
energy, pulse duration) and target conditions (thickness,
density, geometry), requiring multiple campaigns prefera-
bly with identical targets.

Experimental setup

An experimental campaign (Fig. 1) was carried out on
the PHELIX laser (180 J, 500 fs, focused intensity > 1x10%°
W/cm?) to observe changes in accelerated protons due to
target thickness variations, achieved with liquid crystal
films tunable from 10 nm to over 50 um [2] (inset in Fig.
1). A confocal positioner was used to align the films with
um-scale accuracy, and proton energy was recorded using
a stack of RadioChromic Film (RCF). Transmitted light
was observed using a Frequency Resolved Optical Gating
(FROG) autocorrelator and scatter screen, where enhanced
transparency indicates the onset of volumetric acceleration

mechanisms.

i Confocal .
positioner i ; -
To FROG =8

Figure 1: Experimental schematic including target for-
mation device (detail in inset) and several alignment/exper-
imental diagnostics.

Scatter
screen

Results and discussion

Though laser fluctuations can significantly impact proton
acceleration, the highest RCF dose was observed near 400
nm target thickness for a range of pulse energies (Fig. 2),
with a decrease in dose consistently observed for thinner
targets. This indicates the onset of laser pre-pulse affecting
film morphology prior to main pulse arrival. This data
completes a series of liquid crystal ion acceleration exper-
iments [3] taken across 4 facilities with a wide range of

DOI:10.15120/GR-2018-1

laser energies (1-200 J), pulse durations (30-500 fs), and
intensity contrasts, and is the first to be done over this range
of parameters using one target material for the full scan.
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Figure 2: Proton energy observed for changing target thick-
nesses at different incident laser energies, showing maxi-
mum acceleration around 400 nm (error bars £3 MeV).

Properly identifying RCF signal as high energy protons
or low energy electrons/x-rays requires a sophisticated
stack unfold analysis that is ongoing using data from the
set of campaigns. Additionally, 2D Particle-in-cell (PIC)
simulations are underway to further understand the intra-
target physics inherent to thin target ion acceleration and
corroborate the experimental ion data. Figure 3 shows the
accelerated proton spectrum from two different intensities
on a 250 nm liquid crystal target (implicit solver, energy
conserving interpolation, fully ionized target, 12 x 96 nm
cell size).
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Figure 3: 2D PIC simulation showing proton energy distri-
bution for two different intensities. These simulated spec-
tra can be compared to RCF data to validate proton signal.
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lon acceleration using a flattop laser beam
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Laser ion acceleration [1] is of particular interest for
Helmholtz Association and for applications driven by
upcoming FAIR facilities specifically for warm dense
matter studies.

The most widely accepted mechanism for the laser ion
acceleration is Target Normal Sheath Acceleration
(TNSA) [2]. According to the TNSA maodel, the shape of
the accelerated ions strongly depends on the structure of
the hot electron cloud in the backside of the target which
itself follows the laser beam profile. Accordingly, a
Gaussian laser beam produces a Gaussian hot electron
sheath which accelerates ions non-uniformly in all direc-
tions. Such high angular distribution is not suitable for
most applications due to severe energy loss after passing
few micrometers.

In a novel approach we propose a scheme using a
phase plate to generate a uniform laser beam which gen-
erates a concentrated ion beam with much lower angular
divergence. In the following, we present the results of
EPOCH [3] simulation for two different laser profiles:
first a Gaussian laser profile and second a flattop laser
profile to check the differences.

Gaussian laser profile

To benchmark our simulation, we considered a Gaussian
laser profile and simulated its interaction with a 10 um
plastic layer. The laser beam propagates in the x direction
and has a peak intensity 1 = 1 x 10! W/cm?, its wave-
length equals 1.053 pm and its temporal and spatial
lengths equal 575 fs and 8 pm (FWHM) respectively.

Sheath
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60 B0
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Fig.1: Electrostatic field strength distribution due to the
interaction of a Gaussian laser beam with 10 um plastic.

The interaction of the Gaussian laser profile with the plas-
tic layer creates a Gaussian like sheath, as it is shown in
Fig.1 att=1100 fs. Such sheath is resulting from not only
the laser intensity distribution but also the electron dy-
namics at the rear side of the target. For these simulation
parameters, the angular distribution of the protons found
to be a typical TNSA angular distribution with a diver-
gence angle with the FWHM of 50°.
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Flattop laser profile

The novel idea of this study is to work with a distribution
of the laser focus that is spatially top hat. A way to come
around this difficulty is to employ a random phase plate
(RPP) that creates a speckle pattern of high spatial fre-
quency over the desired spot size. The laser propagates in
the x direction and has peak intensity | = 1x 10" W/cm?,
wavelength equals to A= 1.053 um with temporal and
spatial lengths equal to 1000 fs and 104 um (FWHM)
respectively. The electric field distribution at the input of
the simulation box is calculated using Matlab such as to
obtain the desired intensity distribution at x = 0 and fed as
numerical input into EPOCH. Using the same laser pa-
rameters, energy and duration, as for the Gaussian beam
yields reduced electrostatic field strength, as it can be
seen in Fig.2, but the resulting electric field distribution is
much more favourable. Indeed, the interaction of the flat-
top laser profile with the 10 um plastic target creates a
smooth and uniform flattop sheath which propagates in
the direction normal to the target. The most important
result is that the angular distribution of ions now is much
more peaked around the target normal direction. At this
instant, the particles are propagating in a total divergence
angle of 12° with the FWHM of 2°.

Sheath lel?

150
0.9

100
0.8
0.7
0.6
0.5
0.4

=50
0.3
0.2

=100
0.1
=150 0.0

0 20 40 60 80 100

x{ um)
Fig.2: Electrostatic field strength distribution due to the
interaction of a flattop laser beam with 10 pm plastic.
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Progress on the development of an actively cooled glass amplifier at PHELIX
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As contribution to FAIR, PHELIX, in cooperation with
the Technical University of Darmstadt and funded by the
Bundesministerium fiir Bildung und Forschung (BMBF),
is developing an actively cooled glass amplifier for a
PHELIX-like laser system planned as a diagnostic tool at
the APPA Cave at FAIR. This new amplifier design seeks
to improve on the repetition rate of glass disc laser sys-
tems to enable more elaborate experimental campaigns

[1].

Simulated wave front deformation

Building on the simulations discussed in [2], a mesh
containing the temperature distribution in the glass discs
can be exported. Taking into account the temperature in-
duced change in refractive index and expansion of the
glass this temperature mesh can be converted into a 2D
map of the optical path length. From this map the deform-
ation of a plane wave transmitted through the amplifier
glass can be calculated (Fig. 1). The simulation results
show very low phase deformations after 300 s of cooling.
This further encourages development of the concept.

016
012
0.08
0.04

phase (radian)

Figure 1: Simulated wave front behind the amplifier after
a cooling time of 300 seconds.

Cooling liquids

Extensive research was conducted to find a suitable
cooling liquid for our amplifier. During this research sev-
eral key parameters of the potential coolants have been
identified. Refractive index, absorption coefficient, vis-
cosity and chemical compatibility are the most important
factors to be taken into account. The heat capacity is neg-
ligible due to the low thermal conductivity of the glass.
Since the absorption coefficient for liquids at certain

DOI:10.15120/GR-2018-1

wavelengths is not readily available for many liquids,
help was acquired from the department of Surface chem-
istry and spectroscopy at the Technical University of
Darmstadt. Their Photo-Spectrometer was used to meas-
ure the absorption coefficients for several potential cool-
ing liquids. This was done to assess the viability a perflu-
orinated hydrocarbons (F2 PP-series). The results are
shown in Fig. 2.
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Figure 2: Absorption coefficients of several potential
cooling liquids as function of their wavelength (laser
wavelength as red vertical line). Measurements conducted
at TU Darmstadt, Workgroup Prof. Dr. Hess. Data for
Cargille IL-S1050 extracted from data sheet for reference.

Concept Design

Parallel to the search for a suitable cooling liquid the
design phase for a concept of the amplifier prototype was
started. The concept calls for a modular design for various
configurations of the prototype, compatibility with the
PHELIX infrastructure for potential Phase-0 use, no con-
tact between glass and metal parts to avoid damaging the
glass and no bending forces on the glass especially in the
direction of the laser beam to avoid additional distortions
of the wave front.
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Stretcher simulation for temporal laser pulse profile optimization
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The temporal pulse profile of a high-intensity laser
pulse is very relevant for laser-plasma experiments. Parts
of the pulse interacting with a target are already intense
enough to create a pre-plasma prior to the arrival of the
main peak. The rising slope of the laser pulse, which per-
sists hundreds of picoseconds, influence the pre-plasma
conditions the most. Several publications in the past con-
clude noise in the CPA-systems stretcher as the prime
reason for this slow rising slope. For further investigation,
we developed a MATLAB based ray tracing code, simu-
lating stretcher geometry with the possibility to generate
noise at the optics of the stretcher. In this report, we pre-
sent the status quo of this ray tracing simulation.

Temporal pulse contrast

Up to the present day, all short-pulse high-intensity la-
ser systems have one issue in common: the need to im-
prove and understand their temporal contrast, which is
defined as the ratio of the maximum intensity to the inten-
sity of the pulse at a certain time before the maximum.
Especially, the rise time at the leading edge of the main
peak, which is depicted in Figure 1, is much longer than a
Fourier-transform limited pulse dictates.
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Figure 1: Temporal pulse profile of the PHELIX laser,
measured with a specially designed detector [1,2]. The
detection limit is shown in green and the leading edge,
which will be improved with the development presented
in this report, is highlighted in black.

Almost all high-intensity short-pulse laser systems are
based on the chirped pulse amplification (CPA), where
the pulse is temporally stretched, amplified and after-
wards recompressed. Stretching and compression are
done by the arrangement of dispersive optics, e.g. grat-
ings, whereby a wavelength dependent optical path is
achieved. Today's conventional wisdom expects the main
reason for the shape of the leading slope in amplitude and
phase modulations, occuring in the stretcher.

240

Ray tracing CPA system analysis

To investigate this topic, we created a MATLAB based
ray tracing code and simulated the propagation of a beam
through a stretcher- compressor setup (Fig. 2), resulting in
zero dispersion after propagation through the whole sys-
tem.
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Figure 2: Visualization of a simulated beam path, gener-
ated with a self-written ray tracing code. Different colours
represent beams with different wavelength. Positions of
simulated optics and for calculation needed planes
(Screen and Fourier plane) are shown in black. Rays start
at the screen, propagating to the right, following the indi-
cated grey arrows. After hitting the 0° mirror, they propa-
gate back on the same path, passing the screen and enter-
ing the compressor. For clarity reasons, no arrows are
shown for the second pass (back) in the stretcher and the
passes in the compressor.

Randomly distributed scattering objects, with densities
corresponding to clean room definitions, are defined on
the gratings and the Fourier plane. When hit, such an ob-
ject will attenuate the intensity of an incoming ray and
apply an additional phase. At a defined screen the spec-
trum and spectral phase of the resulting pulse after propa-
gation through the system is determined. This allows the
calculation of the resulting temporal pulse profile.

Parameter studies will be carried out this year to inves-
tigate the influence of different distortions at different
optics, followed by experimental verification.

References

[1] V.A. Schanz et al., “Noise reduction in third order
cross-correlation by angle optimization of the inter-
acting beams”, Opt. Express 25, 9252-9261 (2017)

[2] V.A. Schanz et al. EP 16 188 142.0, EPO, patent
pending

Strategic university co-operation with: Darmstadt

DOI:10.15120/GR-2018-1



GSI-FAIR SCIENTIFIC REPORT 2017

RESEARCH-APPA-PP-16

Characterization of hard X-ray sources for radiographic purposes at the
PHELIX laser

B. Borm', J. Hornung’, D. Khaghani*®, P. Neumayer*

'Goethe-Universitit Frankfurt, Germany; “Helmholtz-Institut Jena, Germany; *Friedrich-Schiller-Universitit Jena,
Germany; *GSI, Darmstadt, Germany

High-energy high-intensity lasers — like the Petawatt
Laser for Heavy Ion Experiemnts (PHELIX) at GSI — are
a formidable tool to create hard X-ray sources with ex-
traordinary properties. These are mainly the short emis-
sion duration, which is in the same order of magnitude as
the laser pulse duration, the small source size, which is
defined by both the target geometry and the laser focus
size, and the spectral distribution which extends into the
several 100 keV range [1]. All of these properties make
laser-based hard X-ray sources very suitable for radio-
graphy of hydrodynamically evolving high-Z high-density
plasmas, like they will be produced in the future plasma
physics experiments at FAIR (e.g. LAPLAS). Since the
emitted X-ray spectrum depends on a variety of experi-
mental parameters, particularly the laser intensity and the
target geometry, a full characterization of the source prop-
erties is an appropriate step to reliably predict radio-
graphic imaging performance.

We have performed an experiment at the PHELIX laser
with the goal to determine the emission characteristics of
bremsstrahlung X-ray sources regarding spectral and an-
gular distribution, depending on the laser intensity and
contrast and on the target geometry. Furthermore, the
source sizes were measured. The laser intensity was var-
ied between 4.1x10% and 1.1x10%° W/cm?, the contrast
between the “low” of 10° and the high of <10, Two tar-
get types were used: gold foils of 5 pm thickness and
tungsten wires of 5 pm diameter. Bremsstrahlung was de-
tected by a set of 12 hard x-ray spectrometers, placed in
the horizontal and vertical around the target (white tubes
in Fig. 1). Using imaging plate detectors and a set of tan-
talum filters, the spectrometer working range is 20-400
keV. The attenuated signal was fitted by a Maxwellian en-
ergy distribution with two effective temperatures to re-
trieve conversion efficiencies (CEs) from laser energy to

o s i E 1 : A - .; %
Figure 1: Hard x-ray spectrometer array to determine the
emission distributrion of the laser-driven x-ray source.
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Figure 2: Angular dependency of the CE

x-ray emission into the 70-200 keV range. Source sizes
were determined using a gold knife-edge imaging setup
with 1 pm spatial resolution.

We find that bremsstrahlung up to 400 keV is emitted
isotropically, independent of laser intensity and contrast
(see Fig. 2) and target type. The CE however rises
between the lower two intensities used, then drops again
for the highest by a factor of around 2. The CE is system-
atically higher for the low contrast laser pulses by up to a
factor of 2. On average, we determined a CE into the 70-
200 keV interval of (1.5+0.2)x10* at 0.9x10"° W/cm? and
high contrast using gold foil targets.

The source sizes measured in the thin direction of the
foil targets varied between 3.7-12.0 pm. On average, wire
targets at high contrast showed 5 pm source size, exactly
their diameter. In a follow-up experiment, this laser-gen-
erated x-ray source has enabled x-ray phase contrast ima-
ging of laser-driven shock waves.
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The interaction of relativistically intense laser pulses
produced by the PHELIX-system with near critical plas-
mas has been investigated in order to optimize the energy
and the total charge of the laser-accelerated electron
bunch for FAIR-relevant applications. The enormous
increase of total charge and energy of the laser-
accelerated electrons was predicted by the theory [1], that
is much higher than defined by Wilks law [2]. In de-
scribed experiments, electrons were accelerated in plasma
of near critical density. The electron energy distribution
was directly analysed by applying a static magnetic field
and indirectly by measuring the bremsstrahlung radiation
produced when MeV electrons were passing through the
17 mm-thick steel flange placed 87 c¢cm distant from the
target in the laser propagation direction. For measure-
ments of the gamma bremsstrahlung spectra 10 channels
TLD detector-based thermoluminescence dosimetry
method was applied.

The schematic drawing of the ten channel spectrometer
is shown in Fig. 1. The TLD-spectrometer has a cylindri-
cal shape with a default incident direction of the radiation.
Ten TLD-cards are placed between absorbers of different
material and thickness inside a shielding from lower to
higher Z materials with a collimator window in the front.
The incident x-rays penetrate the TLD’s. The absorbers
cause a different response of every TLD, which can be
used as information about the spectrum of the incident x-
rays. The spectrometer is designed for an energy range
from 30 keV to 100 MeV [3].

TLD-card

Incldent

15.5¢em
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Figure 1: Schematic view of the TLD-spectrometer [3].

The materials of the TLD cards used in these measure-
ments are pieces of doped lithium fluoride in two varia-
tions - Harshaw TLD 700 ('LiF: Mg, Ti) and TLD 700H
('LiF: Mg, Cu, P). TLDs absorb radiation and emit pho-
tons proportionally to the deposited dose when heated to a
few hundred degrees Celsius.

In the experiment (P138, Oktober 2017) electrons were
accelerated in the interactions of the PHELIX-laser pulse
of 3:10%° Wicm? intensity with different foil-targets (Ti,
Cu, Ta) of 5-20 pm thickness and with low density foams.
Additionally, foil-targets were combined with the CHO
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foam layer (2mg/cc Triacetate-Cellulose C;,H160g) with
thickness of 300 and 500 pum. The laser energy was 100 J,
with pulse duration of 750+ 250 fs. Supplementary to the
shots with a single laser pulse, a double pulse configura-
tion was used where a 1.5 ns prepulse with a time delay
of 0.5-3 ns before the main pulse and energies of 1-3 J
was applied in order to drive a super-sonic ionization in
the low density CHO-foams and create a homogeneous
channel of near critical plasma. Using pre-ionized by the
ns-prepulse low-density CHO-plasma with a mean densi-
ty near to the PHELIX-laser critical density (nezlozl-cm'

3) it was possible to increase by 2-3 orders of magnitude
the fraction of 20-100 MeV electrons compared to the
case of the laser interaction with planar foils and thus to
gain 2-3 orders of magnitude increase of the gamma-rays.
Preliminary results for the spectrometer response to dif-
ferent laser shots are shown in Fig. 2. The experiments
have shown the effective generation of electrons with tens
of MeV-energy if the relativistic laser pulse interacts with
extended plasmas of the near critical density.
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Figure 2: Preliminary results for five different shots.
Shots 14, 15 and 42: contrast 10'10, no prepulse, target —

25 um Cu-foil. Shots 38 and 44: contrast 10'10, prepulse
—1J,t=1.5ns, dt =5 ns, target - CHO-Foam 500 pm.

The main mechanisms leading to extreme high electron
energies are the laser beam self-focusing in the pre-
plasma and a betatron mechanism of the electron acceler-
ation. TLD measurements of the radiation dose are con-
sistent with results of the electron spectrometers. Using
the Monte Carlo code FLUKA [4] the electron spectra
will be evaluated from the photon radiation doses meas-
ured by the TLDs.
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The development of laser based intense and well di-
rected beams of MeV electrons and Gamma-rays for
backlighting states of matter with high areal density is of
great importance for the planned experiments at FAIR. If
the laser parameters cannot be changed, one will be able
to optimise the properties of the secondary laser sources
using custom made structured targets of near critical den-
sity. A significant increase of the electron number at tens
of MeV energy makes such type of laser-based electron
source very prospective for the diagnostic of high areal
density high energy density states. Simulations demon-
strate that the interaction of relativistic laser pulses
(2 —4-10'° W/cm?) with a near critical plasma layer

(1021 cm™3) leads to an effective generation of highly
energetic electrons (>10-20 MeV), carrying a charge that
at least 2 orders of magnitude exceeds prediction by pon-
deromotive scaling for the incident laser amplitude [1].
Electrons accelerated from the by a ns-prepulse preion-
ised low density foam target (triacetatecellulose,
C;2H;60g) with a thickness of 500 um and 2 mg/cm?®
density have the highest energies and the highest charge
(ca. 25 nC for electrons with energies higher than 30
MeV). In this work we present first pilot experiments on
the characterization of MeV electron beams generated by
the interaction of the PHELIX-laser pulse with low densi-
ty CHO-foams (P138, October 2017).

Electron spectra up to 100 MeV were measured by the
application of dipole magnets as dispersive elements. The
electrons follow a certain path in the spectrometer accord-
ing to their Kinetic energy and the radius of gyration. That
leads to a calculated dispersion. FUJI Film BAS-TR im-
aging plates were used as detectors. The response func-
tion of the imaging plates is known for photons, electrons
and several types of heavier particles [2]. The schematic
of this electron spectrometer is shown in Figure 1.

electron signal
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Figure 1: Schematic view of the electron spectrometer.
Data shown in false colour images.

The interaction of the high power laser pulse of relativ-
istic intensities with different target materials allow for
the generation of MeV electrons. The Ponderomotive law
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predicts an electron temperature of 2.1 MeV for the used
laser intensity. In the mentioned experiments with near
critical plasmas the production of intense MeV electron
beams is demonstrated. Figure 2 shows the cumulative
number of electrons above an energy threshold up to 100
MeV. The usual way for laser-based particle acceleration
is to shoot onto Cu-foils (shot 30, black and red solid
lines). In comparison the interaction of relativistic laser
pulses with pre-ionized low density plasmas of near criti-
cal density leads to a strong increase of the number of

T T
(Cummulative number
of electrons over
energy threshold

Shot 30: ES 1 (kgT = 2.03)
—— Shot 30: ES 2 (k,T = 1.81)
Shot 44: ES 1 (kgT = 16.08)|
Shot 44: ES 2 (kT = 8.44)
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Electrons

10% b

10*

. . L .
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Energy / MeV

electrons with energies above 10 MeV (green solid line,
shot 44).

Figure 2: Cumulative number of electrons above energy
threshold.

Electrons are mostly accelerated in laser direction
reaching a mean energy/temperature of 16 MeV. Hot
MeV electrons interacted with a 17 mm thick Fe-flange
and created hard bremsstrahlung radiation measured by
means of a 10 channel TLD-spectrometer [3]. The radia-
tion dose on the TLD-cards showed the same result as the
electron spectrometers: 2-3 orders of magnitude increase
in the bremsstrahlung dose for the direction of laser prop-
agation. The experiments have demonstrated the stability
of the effect.
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The PRIOR-I (Proton Microscope for FAIR) proton mi-
croscope at the GSI experimental area HHT employs a
system of permanent magnet quadrupoles (PMQs) for
imaging using protons from the SIS-18 accelerator [1].
After the first tests with this particular prototype, the de-
magnetisation of these PMQs due to primary and second-
ary radiation was investigated. Therefore, a spare module
consisting of several magnetic wedges forming a Halbach
Array-type Quadrupole [2] was deliberately irradiated.

Measuring the magnetization direction

In order to measure the hysteresis loops of the irradi-
ated material, samples were cut out of the single wedges.
The measurement itself was carried out with a pulsed
field magnetometer (Metis HyMPulse)? where the mag-
netization direction of the outer applied field of the mag-
netometer has to be parallel to the internal field of the
sample. This means the surface of the cut sample and the
direction of the magnetization a have to be parallel. A
misalignment could lead to a steep inclination in the flat
top region of the loop. The first measurements showed ex-
actly this behaviour. To improve the results, a method for
the determination of o was developed.

A measurement was set up to determine the inclination
of the magnetic field at the surface of the wedges. The
wedges were scanned with a 1D Hall sensor by the mag-
net department of GSI. On a path of 30 mm first the Bx
component was measured then the sensor was turned by
90° to measure the By component. This was done on the
upper and the lower side of the Wedge.
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Figure 1: The inclination of the magnetic flux on the
lower (full) and upper (dashed) surface of wedge 10 with
the best fitting simulation.

This data was compared to simulations [3] of the field of
the wedges for different directions of the magnetisation. A
fitting routine selected the best fitting pattern of inclina-
tions. With this procedure the magnetisation direction
could be determined. For example the magnetization
angle of wedge 10 (see Figure 1) was found to be
a~82.5°. According to the specification it should be 75°.
The measured direction differed approximately 7.5 de-
grees from the specified angles.

Degradation of the HD5 value

Using the known deviations of the magnetization direc-
tions the hysteresis loops of different irradiated wedges
were measured again. The HD5 value was chosen as a
benchmark for the amount of demagnetization. It is given
by the intersection of the hysteresis loop itself with 90\%
of a straight line fitted to the flat top part of the loop. A
degradation of the material due to radiation leads to a de-
creased stability towards a demagnetizing field. This in
turn leads to a larger bending of the left section of the
loop which also results in a lower HD5 value.
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Figure 2: The HD5 values versus the applied dose recor-
ded with Gafchromic films for different segments [4]

The analysis of the hysteresis loops for different
wedges revealed that wedges containing a higher internal
demagnetization field (type 75°) showed a significantly
larger degradation of the HD5 value than the wedges from
regions with a lower internal demagnetization field (type
15°). These results and further investigations on the origin
of the observed damage were already published [4].
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Modern particle accelerators provide intense beams of
energetic charged particles which are able to create ex-
tended samples of matter at high energy density. The ex-
perimental area HHT at the SIS-18 heavy ion synchrotron
allows to use focused ion beams of moderate intensities
which means that a careful choice of beam-target configu-
ration is essential to obtain meaningful experimental data.
In the past it was proposed to heat isobarically a low den-
sity foam with energetic heavy ions to investigate the
phase diagram and critical point parameters of selected
materials [1]. Later on, the behaviour of a single foil heat-
ed initially at constant pressure and then undergoing a
transition to the liquid-gas equilibrium state was de-
scribed in [2].

In this second approach, shown schematically in Fig. 1,
the expansion starts at the point O at the cold curve and
follows the metastable EOS along an isobar. If the condi-
tion of quasi-static isobaric expansion is fulfilled, i.e. the
foil is thin enough for a given heating rate, then, to a good
accuracy, all thermodynamic quantities are constant in
space and the entire foil is represented by a point on the
phase plane. The expanding foil crosses the binodal in the
liquid state at point B, and, before approaching the spi-
nodal, undergoes a practically instantaneous transition
into a gas-liquid equilibrium: B, - B, . The exact mo-
ment of vaporization of the metastable liquid inside the
binodal curve is determined by the criteria of explosive
boiling [2]. For sufficient beam power deposition the ex-
pansion after the transition is no longer isobaric. The rea-
son for this is the lower sound speed in the liquid-gas
mixture compared to the pure liquid. Hence, the different
fluid elements follow different phase trajectories after the
transition. At figure 1 the lower curve starting at point B,
corresponds to the foils surface relaxing quickly to ambi-
ent pressure p, . The upper curve represents the foil cen-
ter and the middle one an element in between.

Provided the ion beam is still heating the foil after the
transition, its center stays very close to the binodal until
the rarefaction waves from the foil surface approach the
center. The reason for that is the discontinuity in the
sound speed on the liquid-vapour coexistence curve. This
extraordinary hydrodynamic situation offers a unique
possibility to investigate states of matter directly on the
binodal. In the calculations presented in[2] an energy
deposition of 10 kJ/g for a foil made of Si0, is assumed
which cannot be realized with ion beam at HHT. For
moderate  beam intensities high-Z  low-melting-
temperature targets would be preferable. According to the
simulations done with the EOS provided by the FEOS-
code [3], an energy deposition of 1 kJ/g would be enough
for e.g. a Bi target to perform an experiment. In first ex-
periments it is essential to verify the assumption of explo-
sive boiling, the nearly instantaneous transition from met-
astable liquid into the stable liquid-gas mixture. This can
be done by detection of the predicted jump in the expan-
sion  velocity due to transition to  the
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Figure 1: Temporal evolution of the thermodynamic state

of ion-beam heated matter (schematic view).

phase equilibrium accompanied by a rapid increase of
pressure po — p, [2].

The material properties of a metastable liquid before
the transition can be diagnosed without temporal resolu-
tion since all thermodynamic variables in the foil are dis-
tributed uniformly in the direction of beam propagation.
Furthermore, the knowledge of the beam parameters to-
gether with the energy deposition by the ions would im-
mediately provide the internal energy because the kinetic
energy for quasi-static isobaric expansion is negligible.
Once the transition to equilibrium took place, temporally
and spatially resolved measurements are necessary. Since
the center of the target remains virtually on the binodal as
long as release waves from the target surface don't arrive,
the knowledge of only two (and not three) thermodynam-
ic variables is sufficient to obtain a point on the binodal.
The calculations show that the beam-target configuration
can be optimized to ensure a low fraction of kinetic ener-
gy in the target center (below 3 %). Hence, to this accura-
cy, the energy deposited by the ion beam corresponds to
the internal energy on the binodal and it would be suffi-
cient to measure only one thermodynamic variable.
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In this contribution we present a summary of simulation

studies that were performed to explore the possibility of
employing intense uranium beam to be generated at FAIR
to produce planetary core conditions in the laboratory. A
dedicated experiment named LAPLAS (Laboratory Plane-
tary Sciences) has been proposed as part of the FAIR
High Energy Density (HED) physics program. The beam-
target geometry is shown in Figure 1.

lon Beam

High-Z Shell

Sample Material

Figure 1: Beam-target geometry of LAPLAS experiment.

The target is comprised of a sample enclosed in a high-Z
cylindrical shell. In the present calculations, Fe sample
and a W shell have been used. One face of the cylinder is
irradiated with a uranium beam with particle energy of
1.5 GeV/u having an annular focal spot that avoids direct
heating of the sample by the beam. A 2D hydrodynamic
code has been used to study the thermodynamic and the
hydrodynamic response of the target. It has been shown
that this configuration leads to a multiple shock reflection
scheme which generates a low-entropy compression. This
means the sample is imploded to ultra-high pressures,
super-solid densities but relatively low temperatures.
These simulations have shown that using the FAIR urani-
um beam, one can generate the Earth core conditions as
well as those of more massive extrasolar rocky planets,
the Super-Earths [1].

These calculations have been thoroughly extended by
systematically varying the beam and the target parame-
ters. It has been found that the results are rather insensi-
tive to these changes over a wide parameter range which
indicates the stability and robustness of the experimental
scheme.

In the present studies the cylinder length is 4 mm while
the sample radius is considered to be 0.2 mm and 0.3 mm,
respectively. The inner radius of the focal spot ring is
assumed to be 0.2 mm, 0.3 mm and 0.4 mm, respectively
in the former case. In the latter case, it is considered to be
0.3 mm, 0.4 mm and 0.5 mm, respectively. The width of
the focal spot ring is 1 mm.

It is to be noted that an annular focal spot will be generat-
ed by using an rf-wobbler that will rotate the beam with
high frequency. Since the natural transverse intensity dis-
tribution in the focal spot is Gaussian, there always will
be some intensity inside the ring that will preheat the
sample. To take into account this effect in our studies, we
include a linear intensity foot (0, 5, 10, 15 and 20 %) to-
gether with parabolic intensity profile in the ring.
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Figure 2 shows pressure vs temperature for a particular
set of parameters. It is seen that using an intensity of
2.5x10™ ions per bunch and a foot level of 5 %, one can
generate Earth core conditions with a temperature of 5000
K and a pressure of around 4 Mbar.

Assuming an intensity of 5x10™ ions per bunch, one can
generate a temperature of about 8000 K and a pressure of
8.5 Mbar, which represent the core conditions of Super-
Earth which is few times more massive than the Earth.

It is also seen that considering an intensity of 10*? ions
per bunch, a temperature of 10000 K and a pressure of 15
Mbar is generated which represents the core conditions of
a rocky planet 10 times more massive than the Earth. Fur-
ther details can be found in [2].

Sample Radius = 0.2 mm, Inner Radius of Focal Spot Ring = 0.3 mm

50000 rrrerrres e T e T T T T prrvrrrTy
% 1lell ions/bunch
o o 2.5ell ions/bunch
. | © Sellions/bunch @0%) 3
40000 o ¢ 1el2 ion/bunch A 3
g E o (15%) é
g 30000 - 3
< ©(10%)
. =
§ 20000 - 0 @0%) =
= E o (15%) ©6%)
E 0(10%) oM, E
10000 |~ o 0(5%) %)% 3
F % 0G%) E
% o
<*0
ok O(0) 3
0 2 4 6 8 10 12 14 16 18

Pressure (Mbar)

Figure 2: Pressure vs temperature in Fe for different in-
tensities and different foot level, sample radius = 0.2 mm,
inner radius of focal spot ring = 0.3 mm and bunch length
=75ns.
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Introduction

The demand for compact neutron sources is rapidly
growing in the last years. To meet this growing need,
laser-based neutron sources will play a major role in the
upcoming development. These sources can provide neut-
ron beams with maximum energies of several 10s of MeV
depending on laser intensity and energy. For many applic-
ations, like Neutron Resonance Spectroscopy (NRS) or
Neutron Resonance Imaging (NRI), the neutron energy
needs to be decreased into the regime of a few eV. This
can be done with multiple scattering inside a moderating
material. The moderator must be composed of elements
that have a low mass for rapid slowing down, while at the
same time must have a low neutron absorption cross sec-
tion. Hydrogen has the lowest mass, but a high absorption
cross section, carbon on the other hand has a high mass
but a low absorption. Therefore, a moderator out of High
Density PolyEthylene (HDPE) is used which consist of C
and H atoms in a ratio 1:2.

Experiment

To test the capabilities of a laser-based neutron source for
NRS and NRI, an experiment was designed and conduc-
ted at the PHELIX laser as a succession of a beamtime at
the Trident laser facility at the Los Alamos National
Laboratory, USA[1]. The intended goal was to test a new
moderator design and two new neutron detectors.

New moderator design

Fluka Monte Carlo simulations have shown that a new
moderator design could enable a gain of up to 30% more
epithermal neutrons into the direction of the detector. This
gain is achieved by two modifications to the previous
moderator design of earlier experiments [1]. The width of
the rear part in the direction of the detector, was decreased
by two centimetres to 5 cm as seen in Figure 1. This re-
duces absorption by hydrogen during moderation and
minimizes the neutron Time of Flight (ToF) pulse width
which is mainly limited by the time neutrons diffuse in-
side the moderator before they reach the HDPE surface.
The second modification is the addition of two HDPE
wings at the front of the moderator. These wings are able
to capture and moderate neutrons, that are emitted with an
angle between 90° and 146° towards the TNSA axis,
which otherwise would have been lost for experimental
purposes.

50

% Figure 1: New moderator design
with rear part reduced to 50 mm
width and including two wings at
the front side for moderating ad-

ditional neutrons.
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Testing of new neutron-
ToF detector

The ToF detector is made of two
100x100mm  borated = Multi
Channel Plates (MCP) in chev-
ron configuration and an anode. Boron has a high cross
section for (n,0) reactions. The emitted o-particles pro-
duce electrons in the MCP which are amplified and can be
detected as a current on the anode. With this detector it
was possible to distinguish between single neutron ab-
sorption events with a 10 ns temporal resolution. For
higher neutron fluxes, the current can be seen as propor-
tional to the amount of counted neutrons. Experiments
have shown, that a high amount of neutron shielding
around the detector is necessary to prevent scattered neut-
rons from the camber walls from interfering with the ToF
measurement.

Topg -

20 mm

NRI detector

In addition to the NRS detector, a NRI detector consist-
ing of a lithium glass scintillator and a fast gateable cam-
era system was tested. The detector was placed in a dis-
tance of 1.1 m from the moderator in 90° towards laser
forward direction. Scattered neutrons in this direction
were shielded by a collimator made out of borated HDPE.
In front of the scintillator several materials with high
neutron absorption cross sections and absorption reson-
ances were placed with the intent to distinguish between
different samples in the image. As a result of this beam-
time, it is possible to say that the detector can distinguish
between a blocked and a free neutron flight path but for
neutron resonance imaging, the signal to noise ratio has to
be advanced and the neutron flux improved. For instance
this can be done by using a larger light capturing system,
decreasing the distance between scintillator and camera or
by cooling the imaging system to reduce the camera
noise.
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Introduction

The interaction of neutrons with matter is highly differ-
ent from that of charged particles or electromagnetic
waves. Therefore, they are an interesting research and
diagnostic instrument for various applications. One of
these is Neutron Resonance Spectroscopy (NRS) which,
amongst other things, allows the identification of materi-
als and their elemental composition as well as material-
selective imaging of objects. The technique is based on
the resonance structure of neutron capture and scattering
reactions with matter, which is unique for every element
and isotope.

A laser-driven neutron source is based on a high-
intensity short-pulse laser irradiating a deuterated poly-
mer foil with a thickness in the range of several 100 nm.
The subsequently accelerated ions impinge a beryllium
converter (so-called catcher) and generate neutrons via
nuclear reactions. The resulting neutron spectrum shows
an exponential decay with cutoff energies of a few
10 MeV [1].

However, to apply laser-generated neutrons to NRS, a
moderating material has to be used, as a high number of
isotopes have pronounced resonances in the epithermal
energy range (0.1 eV to 100 keV). The material and ge-
ometry of the moderator are designed to maximize the
neutron yield in the desired energy range and at the same
time minimize the temporal spread of the neutron pulse
caused by the additional material.

Neutron moderation for NRS at Trident

During the experiment at the Trident laser facility at
Los Alamos National Laboratory, a polyethylene modera-
tor was used to slow down neutrons emitted by the beryl-
lium catcher. The Trident short-pulse laser had an energy
of 80 J and was focused on thin polystyrene foils via a
f/1.5 off-axis parabola leading to intensities above
102° W/cm? on target.

To maximize the emitted neutron yield, the cylindrical
beryllium catcher had a 15x15 mm hole drilled into it
facing the incoming ion beam. As can be seen in Figure 1,
the catcher was placed inside a high-density polyethylene
(HDPE) moderator with a length of 13.8 cm in laser-
forward direction and a width of 7 cm in line of sight to
the time of flight (ToF) detector, which was set up per-
pendicular to the laser axis. In addition, a collimator con-
sisting of steel disks and boronated polyethylene blocks
was placed in line of sight to the detector to limit the field
of view to the neutron source.

The neutrons were detected by a boron- and
gadolinium-doped microchannel plate (MCP) with a sen-
sitive area of 28 mm in diameter [2], which was placed
inside a metal box and surrounded by thick boronated
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polyethylene blocks to shield it from electromagnetic
pulses and scattered neutrons. The MCP was set up at a
distance of 1.67 m to the neutron source.

|front view side view: profile ‘
70 60
78
30

‘beryllium catcher HDPE moderator

Figure 1: Sketch of the catcher-moderator setup. The ac-
celerated ion beam is impinging the center of the hole.
Dimensions are given in mm.

The chosen material for the NRS measurement was in-
dium, which has a pronounced resonance at 1.46 eV.
Thus, the neutron yield had to be maximized around this
energy. A comparison of neutron energy spectra meas-
ured with and without a moderator is shown in Figure 2.
The energy range of the plot was chosen around the indi-
um resonance at 1.5 eV. At this specific energy, the mod-
erator causes an increased neutron yield of a factor 3. The
difference of both setups is even more pronounced for
smaller energies, resulting in an order of magnitude more
neutrons at the thermal energy of 25 meV.

These results enable the application of laser-driven neu-
trons to NRS measurements in the epithermal energy
range. During the experiment, the above given indium
resonance could successfully be measured [3].

25x10°
with moderator

— with moderator smoothed
no maderator

——no maderator smoothed

neutron number / 1/eV
—_—
=
=

15 25 3
energy / eV
Figure 2: Comparison of neutron spectra obtained from a
single laser shot with (red) and without (blue) a moderator
around the catcher.
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Construction, characterization and optimization of a plasma window for FAIR,
status update

B. F. Bohlender'®, A. Michel', M. Dehmer', M. Iberler’, J. Jacoby'
'IAP, Goethe University, Frankfurt, Germany

Introduction

The Plasma window is a membrane free beam trans-
ition between a region of higher pressure (e.g. Target
chamber, gas stripper) and the vacuum of an accelerator.
For details on the working principle, the reader is referred
to [1], [2], [3].

Constructional remarks

As described within the last report [1], the thermal
stress on all parts of the window, especially the stress on
the cathode, proved to be a real challenge. Nearly all parts
showed thermal caused damage, the cathode being nearly
completely devastated after 15min of operation.

New constructed Cooling plate design and the usage of
WIG-welding needles as cathode tips allow to increase
the lifetime of the window to at least 5h.

Experimental results

Spectrometry ports

bv
<< Imbar

PL
1...10mbar

iGas supply to Scroll I

Figure 1: Schematic Setup of pumping stage, the gray
turbo-stage has not yet been set up but is due this year.

The data presented herein has been collected with a re-
sidual gas composed of Ar with 2% H,. Currents between
40A and 60A have been used, while the pressure on the
high pressure side ranges from 280mbar to 450mbar, on
the low pressure side from 4mbar to 7mbar. The aperture
of the discharge channel is 3.3mm.

Figure 1 shows a schematic view of the setup including
a cross-section of the current window. High pressure side
is to the left, as is the cathode.

Plasma parameters

First tests of a radial spectrometry setup along the dis-
charge axis enabled the simultaneous determination of
(radial integrated) plasma parameters. In comparison to
last years data, the electron temperature increased signi-
ficantly from around 0.5eV to 1.2eV, this is mainly due to
the improved cathode construction where now less energy
is being deposited into the melting of the material.
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In addition, first measurements of the electron density
were carried out, showing a strong dependence on the
current, pressure and the position inside the discharge
channel. Values of n. vary from 0.2:10°cm® up to
4.10"cm>,

Pressure parameters

The pressure measurements were carried out while
holding the pressure on the low pressure side (i.e. pump-
ing side) constant, thus keeping a constant volume flow
through the experiment.

The measurements show that the pressure quotient, that
is the pressure on the high side divided by the pressure on
the low side, is clearly dependent on the discharge cur-
rent, and seems to depend on the volume flow. This quo-
tient ranges from almost 60 to over 70, see Fig. 2.

Compared to the quotient measured when no plasma is
burning, it’s plain to see that the plasma increases the

pressure quotient for 3.3 mm aperture

140 | —-=-— pressure quotient without plasma
~@- p. = 7mbar
1204 V- pL = 6mbar
<A+ p. = 5mbar
- =4mb
100 1 B p = dmber - -
<&
& 80
1l I W
Q )
< 60 o
i
40
20
o . ) s N il e 3 ASv k
40 45 50 55 60
Current /A

Figure 2: Pressure quotient for different p;, and currents.
Quotient without plasma is around 6-7

quotient by a factor around 10, resulting in the same pos-
sible reduction in length over a differential pumping sys-
tem.

Conclusion and outlook

The plasma window is operational for well over 5h now
and realizing an improvement in the pressure quotient by
a factor of 10 when compared to a differential pumping
system.

In the near future, the complete differential pumping
system, including the turbo-stage, will be build and tested.
Additional tests with a larger aperture will be performed.

[2] B. Bohlender et al GST HED report 2016
[3] A. Hershcovitch, J. Appl. Phys, 1995
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Study on a dense and high ionized plasma for ion beam stripping*

P. Christ', K. Cistakov', T. Ackermann®, A. Blazevic?, A. Fedjuschenko®, R. Gavrilin®, M. Iberler?,
T. Manegold*, L. Manganelli*, O. Rosmej?, S. Savin®, K. Weyrich?, G. Xu* and J. Jacoby*

'Goethe University, Frankfurt, Germany; °GSI, Darmstadt, Germany; ]I TEP, Moscow, Russia

After a positive "proof of concept" with the screw-
pinch and the spherical theta-pinch at a beam time at GSI
in 2014 [1,2], a revised version of the theta-pinch has
been developed and built for future research [3].

First spectroscopic diagnostics on this revised design
have shown a time-averaged peak electron density of
about 1.8-10" cm™ at 60 Pa and 20 kV (see fig. 1), from
which a maximum momentary electron density of 1-10"'
cmis inferable. To gain an even higher electron density,
the charging voltage will be increased up to 35 kV. Ac-
cording to a linear behaviour of the maximum electron
density and the discharge energy [4], a maximum momen-
tary electron density of approximately 5-10* cm™ and an
advance of the electron temperature from 1 eV up to 4 eV
is expected from the increased discharge energy.

2,0
P - H“x‘
— 1,51 e
= L /
o 1%
o 1,04 g
s 20KV
05- _ 18kV
e 16kV
e 14V
0,0 T T T T T T 1
10 20 30 40 50 60 70 80
p [Pa]

Figure 1: Time-averaged electron density at different
pressures and load voltages.

Additionally, the spiral cylindrical shape of the new
coil offers two basic advantages. On one hand, the ion
beam transmission through the plasma cell is enhanced
due to a more symmetrical magnetic field and on the oth-
er hand, the axial plasma exhalation displaces undesired
residual gas between the vessel and the differential pump-
ing system, extending the plasma ion beam interaction
zone. The new design has been tested for its serviceability
at GSI in 2016 and will be applied at a beam time at GSI
in 2018. Besides researchers form Goethe University,
Frankfurt, this beam time will be conducted by scientists
from other facilities such as ITEP, Moscow, IMP, Lan-
zhou and IUAC, New Delhi, who are studying on the
same topic.

For a better understanding of the internal plasma pro-
cesses, multiple time-resolved spectroscopic diagnostics
as well as a laser interferometry are intended. The inter-
ferometric diagnostic will be based on previous investiga-
tions, which have focused on finding a suitable basic
scheme and pre-setting main operation parameters such as
wavelength and time resolution [5]. Since a high electron
density of the order 10*" cm™ is expected, to restrict the all

* This report is also submitted to the report "News and Report from
High Energy Density generated by lon and Laser beams 2017".
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over phase shift to lower the standards for the scope, to
have a simpler alignment and to limit the influence of a
potentially existing density gradient, short wavelengths in
the visible range are favoured.

During interferometric test measurements on a small-
scale z-pinch, a suspected disturbing influence of elec-
tromagnetic noise has occurred. Consequently, a suffi-
cient metallic shielding of the interferometer and its vul-
nerable electric components in a separate set-up as well as
an improvement of the signal-to-noise ratio by a raised
laser power are designated. To transfer the laser beam
towards and back from the plasma experiment, a fibre
connection will be investigated.

Figure 2 shows a first draft of the interferometer for fu-
ture time-resolved measurements of the electron density.

Laserdiode
405 nm

HelNe-Laser
632.8 nm

sSinAQ Q-
cosAP ——  demodulator 1

Q-
demodulator 2

SiNAD, cosA, L

=TI

Figure 2: First draft of the future interferometer set-up.

A novel combination of an acousto-optic heterodyne
technique and a two-colour vibration compensation with
wide separated wavelengths is illustrated. If the vibration-
al contribution is negligible to the plasma contribution,
the second wavelength could be utilized to estimate the
ionization degree, which would lead to a precise meas-
urement of the electron temperature. In addition, an
acousto-optic tuneable filter (AOTF) will be tested as a
solution for maintaining the required collinearity of the
wavelengths.
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Cone compression of a pulsed plasma sheath
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Introduction

Coaxial plasma accelerators (CPA's) have been investi-
gated in different experimental configurations in the past,
with applications to space propulsion [1], plasma refuel-
ling for fusion reactors [2] and as a high voltage switch
[3]. The purpose of the presented project is the applica-
tion as an intense UV/VUV back lighter source. The
wavelength spectrum of the emitted light depends on the
excited states, whereas the intensity is in correlation to the
electron density. The plasma sheath of the utilized CPA
has been characterized in [4]. To increase electron density
and to extend the emitted spectrum to lower wavelengths,
the plasma is compressed by a glass cone after accelera-
tion phase.

Experiment and Results

The experiment is driven by a CPA, whose pulse form-
ing network has a total capacitance of 27pF with a maxi-
mum voltage of 10kV. Due to the high current of up to
150 KA, the Lorentz force accelerates the plasma to veloc-
ities in the 10 km/s range.

The electron density determination of the uncom-
pressed plasma has been performed time and spatially
integrated by the common method of linear Stark-
broadening of the Hg line. This method is however only
applicable at the beginning of the compression. Then, due
to the high electron densities, this line is broadened too
widely to be utilized. As an alternative, the broadening
according to the quadratic Stark-effect of a copper line at
479.40nm was applied. It was possible to cross calibrate
this line with the Hg line at lower densities. Doing so, we
obtain

ne[cm‘S]:C A J5[nm] )

with the calibration factor of C=(3.07+0.475)-10%,

In a first cone, which is characterized by an opening at the
end of 5mm and a tapering angle of 26.5°, the electron
density could be increased from initially several 10*°cm
in
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Figure 1: Simulation of the electron densities in different
cone shapes at the time of maximum value with first cone
(top) and optimized cone (bottom).

the uncompressed plasma cloud to about 10*%cm™ at the
tip of the cone at a charging voltage of 9kV and a Helium
gas pressure of 15mbar. Two-dimensional hydrodynamic
simulations of the compression have been performed with
the RALEF-2D code. According to these simulations
(Fig. 1), the electron density can even be increased by
changing the cone parameters to a tiny opening of 0.5mm
and a tapering angle of 12°. The discrepancy of the densi-
ty values between simulation and experiment is assumed
to be unobserved by the highly time dependant changes
and additional radiation losses, not taken into account in
the code.

The experimental results of the electron density at U=5kV
and p=5mbar are depicted in Fig. 2 in dependence of the
position z. As can be seen, although voltage and gas pres-
sure are reduced, an optimized cone compressed the
plasma to electron densities comparable to the values of
the first cone at 9kV and 15mbar. Compared to the un-
compressed values, the compression increases the elec-
tron density by about a factor of 630.
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Figure 2: Electron densities in the optimized cone

Additionally, the observed emitted wavelength has ex-
panded at higher densities from wavelengths above
97.25nm to a wavelength range starting already at approx-
imately 53.70nm. Our next step is to replace the fragile
glass by a different material to be able to perform the
compression at higher voltages and pressures to increase
electron density even more. According to the RALEF-2D
simulations, this could increase the compressed density
by a further order of magnitude.
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Introduction

Man-made space debris is exponentially increasing in
the low earth orbit, posting a big threat on current and
future space missions [1]. To remove this space debris,
high velocity impacts (v > 10 km/s) of tungsten balls with
a presumed momentum transfer factor of ~10-15 are pro-
posed to slow down space debris [2]. Thereby, it will de-
crease in orbit und burn up in the atmosphere sooner.

Experiment

For preliminary experiments in this area of high veloci-
ty impacts, a special target design has been developed as
seen in figure 1. The objective is the acceleration of a
high velocity, solid state tungsten flyer plate for future
impact experiments.

Previous experiments, using different target designs,
failed to show an acceleration of the flyer but suggested
an evaporation of the tungsten disk. Therefore, a target
design which allows for a completely free flyer is devel-
oped. The target consists of three layers. The bottom layer
is a 270 um thick polyethylene (PE) sample. A steel spac-
er of 200 pm thickness and with a 500 pm diameter hole
is glued on top of the PE. The hole is covered with a
tungsten disk with a diameter of 600 um and 25 um
thickness. In this setup, the to be accelerated disk is com-
pletely free and not glued to any structure.

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
material expands through the hole and hits the disk. This
is supposed to accelerate the tungsten to high velocities,
while retaining its solid state. As the target is driven from
below, a completely new beam path is put in place. The
beam is guided through the bottom flange and focused
with a lens and random phase plate onto the PE. A laser
energy of 2 J is used to ensure the integrity of the acceler-
ated disk.

The targets rear side is observed with two DICAM Pro
in a side view configuration with a relative angle of 90°
between them. In figure 2, the recorded images can be
seen. A background is subtracted to enhance the visibility
of the disk for one of the cameras (figure 2a). The disk is
observed in flight in both images. The disk clearly rotates,
which is thought to originate from a non-uniform plasma
expansion inside of the steel spacer. From the two differ-
ent images and the time delay a velocity of about
110 £4 m/s is deduced. With a streak camera the disk
movement is observed over a time window of 1000 ns
around the expected time of acceleration. The movement
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Figure 1: Schematic of the layered target design. A steel
spacer is glued on top of a polyethylene foil (PE). The
flyer is made of tungsten and placed without fixation. The
target is driven from below, accelerating the plasma and
flyer upwards.

t = 0.01 ms

Figure 2: Recorded images of the two DICAM Pro. A
background image is subtracted from image (a) to in-
crease visibility. The flyer is clearly seen in both images,
rotating rather than flying straight up.

Simulation

Simultaneously, hydrodynamic fluid simulations in two
dimensions are performed with the RALEF code [3,4], to
further study the target. These simulations with a laser
energy of 2J are in good agreement with the measured
velocities, calculating the flyer velocity to 101 m/s. In
addition, the simulations suggest a fluid pressure of
19 kbar inside the tungsten. This value closely corre-
sponds to the tensile strength of tungsten, explaining pre-
vious failures of the targets driven with higher intensities.
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