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The figure on  the cover shows a schematic picture of the cross-section of one of  the four super-

conducting quadrupoles of the plasma physics beamline in the APPA-cave at FAIR.  Shown are details like 

the vacuum and helium vessel, the iron yoke and the sc-coil. The four super-conducting quadrupoles 

form the final focusing system (FFS), which transports  the beam, which is  prepared in the beam 

matching section (BMS) to the necessary conditions for  the different experimental scenarios (HIHEX, 

PRIOR, LAPLAS)  into the target chamber to the focal point.  The FFS is  located in the beamline directly in 

front of the target chamber. These  sc-quadrupoles are an essential   part of the beamline.  Their 

function, design   and construction are described in the first contribution of chapter 2, page  13. 
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Editorial 

Dear Colleagues, 

right in time for the next meeting of the high energy density physics collaboration at FAIR - 

now called HED@FAIR- we were again able to complete a report on recent news and 

developments of our collaboration. Again not only collaboration members contribute but also 

groups and individual scientist interested in the progress of High Energy Density Physics. 

A new idea is that from this issue on the first chapter of the report will be dedicated to a 

choosen special topic, which is of importance, up-to-dateness or interest in this report period. 

This time we choose ‘Diagnostics’ with respect to the main topic of the collaboration meeting 

in Spain in October, because progress of the research field is strongly interconnected to the 

development of new diagnostic methods. Among all those excellent contributions in this 

chapter  attention should be paid to the X-ray Thomson scattering experiment performed by a 

group from Lawrence Berkeley Lab and LLE-Rochester. This contribution is represented by 

Alison Saunders (Berkeley) as first author, who was awarded the ‘Laser and Particle Beam 

Prize 2018’. Based on this work she will also give an invited talk at the European Conference 

on ‘Laser Interaction with Matter’. 

Since the collaboration is responsible and has to launch the preparations for the upcoming 

experiments at FAIR the second chapter of the report addresses FAIR related issues and 

related facilities for HED research. The construction of the superconducting quadrupoles for 

the final focusing system of the PP-beamline at FAIR is an important milestone and therefore 

the cover picture of this report shows a drawn scheme of one of these devices, while the 

contribution of IHEP, Protvino in chapter 2 describes details of it and the status of the 

construction. 

The collaboration keeps close contact to the development at the large laser facilities. This is 

expressed by the contribution of the National Ignition Facility at LLNL and the experiments 

at the Kumgang Laser Facility in Korea. 

The following chapter is about the interaction of ion- and laser beams with matter. In addition 

to contributions from Germany and Europe, Russia and USA one finds a striking number of 

contributions from China. At the annual collaboration meeting in Hirschegg, China presented 

the strongest foreign group. 

The chapter ‘Radiation- Particle and Plasma Sources’ deals also with laser-plasma issues 

relevant for High Energy Density Physics. The chapter on accelerator and beam physics is 

rather short, but this indicates that our accelerator physicists are busy with the construction of 

the FAIR facility. 

Theoretical work on all aspects of the topics concludes the chapters with the contributions of 

research in 2017. Finally we decided to include the report on the EMMI workshop on ‘Plasma 

Physics at FAIR’ (June 2017) here, which served as a frame for the collaboration meeting 

2017 and included the important topic, that the plasma physics collaborations HEDgeHOB 



and WDM were renewed in the collaboration now called HED@FAIR founded during the 

EMMI workshop, where also Alexander Golubev from ITEP was elected  spokesperson of 

this new collaboration. Also as a conclusion of this workshop the participants decided to 

further develop FAIR Plasma Physics and during the FAIR phase 0  provide the experimental 

infrastructure to be prepared with the initial conditions for the ‘first day experiments”. 

With kind regards, 

Dieter H.H. Hoffmann and Karin Weyrich 

July 2018 
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1 New Diagnostic Methods and Diagnostic Tools





Modernized diagnostic system for shock processes investigation in matter under 

the influence of intense laser pulses 

A. Mikhaylyuk1, K. Gubskiy1, A. Kuznetsov1, A. Golubev1,2

1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, Russia 
2 

SSC RF  Institute forTheoreticaland Experimental Physics of National Research Centre „Kurchatov Institute“, 

Moscow, Russia
For laser-driven EOS experiments a diagnostic system 

consisting of VISAR-based vernier velocimeter, target 
luminescence registration system and target illumination 
system was developed [1]. The system was modernized to 
achieve wider field of view. To assess the spatial resolu-
tion of the system test measurements were carried out.  

The system designed for study of shock-wave processes 
occurring in the interaction of intense laser light with mat-
ter. It based on a line imaging VISAR and allows to 
measure shock wave velocity in the range of  5—50 km/s. 
The system shown in figure 1 consists of:  

• Laser light source with adjustable power (probe laser
at a wavelength of 660nm); 

• Light transportation system (40m Ø1mm  core fiber,
collimators, adjust laser) 

• Active channel. Two vernier nonequal arm Mach--
Zehnder interferometers for measuring shock wave veloc-
ity; 

• Passive channel. SOP for measuring temperature by
self-luminous; 

• Adjustment and control system based on motorized
mechanical elements that provide adjustment of the opti-
cal scheme. The angular and spatial position of the beam 
in the measuring system is monitored using digital camer-
as with a PC output; 

• Registration system, based on three streak cameras,
that records images, including interferometric, with a 
temporal resolution 10ps. 

Optical layout was recalculated in ZEMAX, which 
made it possible to reduce aberration and to obtain dif-
fraction-limited image of 1 mm size target. Maximum 
field of view of the imaging system is 1.6 mm in the tar-
get plane now. The overall magnification of the optical 
system is 13.6–27.3 for the target sizes of 1.0–0.3 mm. 
Resolution in the target plane raise from 10 to 3 µm. The 
depth of field on the cameras is estimated to be ∼100 mm, 
which does not create obstacles to the focus and does not 
reduce the resolution of the system. 

To assess the spatial resolution of the system, test 
measurements were carried out. Target was replaced by 
the USAF-51 test target (see figure 2).  

Behind the test target was placed a red LED at a wave-
length of 660~nm with a power of 1W. Beam configura-
tion completely corresponds to the scattered light ob-
tained during the experiments. The location of the test 
target is shown in figure 3. The images of test bars of an 
optical system corresponding of 0.3 to 1.0 mm target sizes 
were obtained. One of this test images is shown in fig-
ure 3. It is clearly seen that allows to resolve the 4th ele-
ment of the 7th group of strokes, which corresponds to a 
resolution of 3µm (200 stroke/mm). 

All components of the diagnostic system have the po-
tential for modification and can be adapted for various 
HED setups. 

References 

[1] A. Mikhaylyuk, D. Koshkin K. Gubskii, A. Kuz-
netsov, A. Golubev, "Line-imaging velocimeter in
Laser-Driven EOS Experiments", HEDgeHOB 2015
GSI Report (2016) p.36

Figure 1:   Vernier line-imaging  VISAR layout. M – 
mirrors,  BS – beam splitters,  L – lenses,  D – dia-
phragms 

Figure 2: Position of opti-
cal elements for resolu-
tion tests 

Figure 3: Test target 
image of 0.6 mm target 
size configuration 
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Application of a TLD-based ten channel system for the spectrometry of brems-

strahlung generated by laser-matter interaction*
N. Zahn1, O. Rosmej1,2, F. Horst2, S. Zähter1, A. Sokolov2, N. Borisenko3, L. Borisenko3,

N. Pimenov4 and J. Jacoby1

1Goethe University, Frankfurt, Germany; 2GSI, Darmstadt, Germany; 3P. N. Lebedev Physical Institute (RAS), Mos-
cow, Russia ; 4Zelinsky Institute of Organic Chemistry (RAS), Moscow, Russia

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 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]. 

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 (7LiF: Mg, Ti) and TLD 700H 
(7LiF: 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
19

 W/cm
2
 intensity with different foil-targets (Ti, 

Cu, Ta) of 5-20 µm thickness and with low density foams. 

Additionally, foil-targets were combined with the CHO 
foam layer (2mg/cm3 Triacetate-Cellulose C12H16O8) with
thickness of 300 and 500 µm. 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 (ne=10
21
�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 near critical density. 

Figure 2: Preliminary results for five different shots. 

Shots 14, 15 and 42:  contrast 10
-10

, no prepulse, target –

25 µm Cu-foil. Shots 38 and 44: contrast 10
-10

,  prepulse

– 1 J, t = 1.5 ns, dt = 5 ns, target – CHO-Foam 500 µm

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. 

References 
[1] L. P. Pugachev et al., NIM A 829 (2016) 88-93
[2] S. C. Wilks et al., Phys. Rev. Lett. 69 (1992) 1383
[3] F. Horst et al., NIM A 782 (2015)  p. 69-76
[4] http://www.fluka.org.

 ___________________________________________  

* This report is also submitted to the GSI Scientific Report 2017 
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Spectroscopy-based femto-clock for the electron kinetics in swift heavy ion 

tracks 

N. Medvedev
1,#

, A.E. Volkov
2,3,4 

1
Institute of Physics and Institute of Plasma Physics, Czech Academy of Sciences, Prague, Czechia;

2
National Research Center ‘Kurchatov Institute’, Moscow, Russia; 

3
Joint Institute for Nuclear Research, Dubna, 

Russia; 
4
Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia. 
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The details of femtosecond kinetics of the excited elec-

tronic system of targets around the trajectories of swift 

heavy ions (SHI, E>1 MeV/amu) still remain poorly un-

derstood. Indeed, by the time of sub-100 fs, an essential 

part of the electron kinetics is already finished. But con-

temporary state-of-the-art experimental techniques in ion-

beam research have ~0.5 ps resolution [1], insufficient to 

monitor this femtosecond dynamics. As a result, there is a 

variety of theoretical models of electronic behavior in 

SHI tracks that could not have yet been validated by ex-

periments: ranging from the two-temperature model, to 

Coulomb explosion, to point defects accumulation, and 

nonthermal melting, see e.g. [2,3]. 

We proposed an idea for developing a technique for 

monitoring of transient states of the electronic system in 

materials irradiated with swift heavy ions [4]. It is based 

on spectroscopic measurements of photon emission due to 

radiative decays of holes from different inner shells of 

ionized target atoms. Since a hole in each shell of each 

element decays with its own characteristic time, it poten-

tially allows extracting femtosecond time-resolved infor-

mation about the excited electronic system in the valence 

and the conduction band of a target. 

Using our Monte Carlo code TREKIS [5], we simulated 

evolution of the state of the electronic system of Al target 

in tracks of 2187 MeV Au ions. From that, we construct-

ed emitted photon spectra from different shells decaying 

at different times after the ion impact and thus carrying 

information about different transient electronic tempera-

tures, Fig. 1 [4]. 

It is also demonstrated that shifts of the inner-shell ion-

ization potentials in atoms multiply-ionized by a direct 

SHI impact should allow to distinguish the track core 

within a few angstroms around the ion trajectory from the 

track periphery [4]. The angstrom-size track core produc-

es shifted peaks, in comparison to the single-ionized 

peaks from the periphery. Both calculated spectra are 

shown in Fig. 1. Thus, we demonstrated that sorting of 

peaks in the measured spectra can, theoretically, provide 

an access to a number of time points in the electron kinet-

ics.  

Additionally to using natural atomic shells of elements 

constituting the target, we propose also to apply a prior 

ion implantation into the target, utilizing selected ions 

with desirable characteristic times of inner-shell holes 

decays. Appropriate choice of implanted ions should al-

low to make a well-defined time grid [4]. 

The same ideology of extracting time-grid from the en-

ergy-resolved spectra can, in principle, be applied for 

Auger-electron spectra [6]. However, transport of charged 

particles through matter differs from the photon transport: 

electrons are sensitive to electro-magnetic fields created 

by excited electrons and holes after an SHI impact. This 

effect allows one to address development of the charge 

neutralization [6]. However, interaction and deceleration 

of electrons precludes from precise temperature evalua-

tion, for which the use of X-ray photons is more favora-

ble. Thus, these two techniques may be considered as 

complementary to each other [4]. 
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Figure 1: Calculated spectra of photons emitted during 

decays of K-shell (upper raw) and L-shell holes (bottom 

raw) filled by electrons from the conduction band in Al 

irradiated with Au ion (2187 MeV); reproduced from [4]. 
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Fundamental Studies for the Development of Optical Beam Profile Monitors 

A. Ulrich1, R. Hampf1, A. Himpsl1, J. Wieser2

1TU-München, Germany,
 2Excitech GmbH, Schortens, Germany

Optical beam diagnostic is planned for intense ion 
beams which would destroy conventional beam diagnos-
tic devices. The concept is to measure beam induced light 
from a gas target space-resolved and to deduce beam pro-
files from these data. A more detailed description of the 
concept is given in [1] and references therein. 

In 2017 we continued model experiments at the Munich 
Tandem accelerator using a DC-beam of 87 MeV 32S 
ions (2.72 MeV/u) exciting various gases over a wide 
pressure range. Low pressure is relevant for beam 
transport sections and high pressure at fixed target sta-
tions. Both spectroscopic studies and preliminary profile 
measurements have been made. The spectroscopic studies 
are used to identify appropriate optical transitions. Based 
on the results transmission filters were used to take pic-
tures of the beam in various wavelength regions.  

Gas purification was improved with respect to data in 
[1] and differential pumping installed at the beam en-
trance for pressures below 1mbar. A f = 30 cm vacuum
monochromator (McPherson model 218) was used to rec-
ord beam induced spectra of Ne, Ar, Kr, Xe, and N2.
Overview spectra were recorded at medium gas pressures
to identify the emission lines. An example of a short sec-
tion of such a spectrum is shown in fig. 1. It shows main-
ly lines of singly ionized gas (ArII). Atomic lines (ArI)
are found at longer wavelengths. This is the structure for
all rare gases (RG): ionic lines in the ultraviolet - atomic
lines in the visible and near infrared.

Figure 1: Expanded region of an ion beam induced 
emission spectrum of argon at 300 mbar. It shows that the 
lines can be clearly assigned with 0.15 nm resolution. Ion 
lines are marked in blue. 

Spectra around stronger RGI and RGII lines were rec-
orded for a wide pressure range of the rare gases in par-
ticular towards low pressures (fig. 2). Two interesting 
aspects were discovered: Ion lines are more intense at low 
pressure than atomic lines. Atomic lines increase with a 
steeper slope, an effect which may be due to recombina-
tion processes. The fact that ionic lines are intense at low 
pressure is helpful for profile measurements at a low 
beam-line pressure since they represent the beam profile 
better than the atomic lines (see next section). 

Beam profile measurements were performed with a 
sensitive and cooled CCD camera (ATIK 383L+) com-
bined with a f = 6 cm broadband (315 to 1100 nm) apo-
chromatic lens. Appropriate filters were used to select 
various RGI and II lines. The RGII lines represent the 
1mm diameter beam very well. RGI lines show the ex-
pected ([1]) “wings” due to secondary electrons emitted 
from the ion tracks (fig. 3). 

Fig. 2: Intensity of selected beam induced lines versus 
target gas pressure. ArII lines are more intense at low 
pressure than ArI lines. Collisional quenching becomes 
visible at higher pressures for the ArII lines (blue). 

Fig. 3: Beam profiles deduced from ionic and atomic 
lines, respectively for 0.1 mbar gas pressure. The atomic 
lines show pronounced wings due to excitation by sec-
ondary electrons (red). This effect disappears for both 
significantly higher and lower pressure because of very 
short and very long ranges of the electrons, respectively.  
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X-Ray Thomson Scattering from Shock-Compressed Diamond Spheres on the

OMEGA Laser 

Alison M. Saunders 1*, Michael MacDonald1, Ryan Nora2, Amy Lazicki2, Otto Landen2, Damian 

Swift2, Joe Nilsen2, Wolfgang Theobald3, Roger W. Falcone1, and Tilo Döppner 2 
1University of California Berkeley, USA, 2Lawrence Livermore National Laboratory, USA, 

3Laboratory for Laser Energetics, USA 

X-ray Thomson scattering (XRTS) is an experimental 

technique that directly probes the complex physics of warm and 

dense matter. The Compton-shifted profile of 

inelastically-scattered x-rays reflects the electron velocity 

distribution and can yield temperature and density measurements 

[1]. The ratio of elastically versus inelastically scattered x-rays is 

related to the number of tightly bound versus free electrons, and 

thus reflects the ionization state of the sample [1]. Recent 

experiments have highlighted uncertainties in the ionization 

models often used to describe warm dense matter [2-4]. 

Therefore, experimental validation of these models using XRTS 

is valuable.  

We performed an experiment on the OMEGA laser in which 

a combination of XRTS and x-ray radiography were used to 

measure plasma conditions in a spherical implosion. Fifty-two 

beams were used to compress a 1 mm diamond sphere with a 1 

ns square pulse. Six beams heated a Zn backlighter foil to 

generate Zn He-α x-rays. A spectrometer collected scattered Zn 

x-rays at a scattering angle of 135˚. X-rays that propagated 

through the sphere were collected by an x-ray framing camera. A 

sequence of time-resolved radiographs will allow us to confirm 

that the rad-hydro simulations correctly predict shock speed and 

density. To first order, XRTS provides a mass weighted average 

of the plasma conditions [5]. The rad hydro simulations predict 

an average mass density of � = 4.2 g cm-3 and average electron 

temperature of Te = 6 eV. We generate theoretical scattering 

spectra and vary the electron density, shown in Figure 1. The 

spectra show reasonable sensitivity to electron density, which 

will allow us to benchmark the average ionization state in these 

warm dense matter conditions.   

____________________________ 

*E-mail: saunders@berkeley.edu
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Figure 1: Simulated XRTS spectra from shock-compressed 

diamond spheres that vary electron density. All simulations 

assume the mass averaged mass density and electron 

temperature as predicted by a radiation hydrodynamics code. 

The spectra show reasonable sensitivity to electron density. 
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X-rays diagnostics of the hot electron energy distribution in the intense laser

interaction with metal targets∗

O. F. Kostenko† 1, N. E. Andreev1, and O. N. Rosmej2

1JIHT RAS, Moscow, Russia; 2GSI, Darmstadt, Germany

In the experiment, performed at the PHELIX laser facil-

ity, the hot electron energy distribution has been inferred

from measurements of bremsstrahlung and Kα emissions

from a massive silver cylinder irradiated by a subpicosec-

ond s-polarized laser pulse with a peak intensity of about

2 × 10
19 W/cm2. The bremsstrahlung emission has been

measured by the radiation attenuation and half-shade meth-

ods. To deduce parameters of the hot electron spectrum,

we have developed semi-analytic models of generation and

measurement of the x-rays under given experimental con-

ditions. The models are based on analytical expressions

and tabulated data on electron stopping power as well as

cross-sections of generation and absorption of the x-rays.

The Kα emission from thin silver foils deposited on low-Z

substrates has been used to verify developed models and

obtained hot electron spectrum.

It is shown that a two-temperature hot electron energy

distribution is in better agreement with the bremsstrahlung

emission measurements (Figs. 1 and 2) than a single-

temperature one. The Kα yield calculated using obtained

distribution function is in good agreement with measured

Kα yields from silver foils of 10 µm thickness deposited on

aluminum or plexiglass substrates (Fig. 3). Obtained tem-

peratures of the colder and hotter electron components are

in agreement with the values predicted by kinetic simula-

tions of the cone-guided approach to fast ignition [1]. The

temperature of the high-energy component is described by

the ponderomotive scaling. The temperature of the low-

energy component is well below the ponderomotive scal-

ing and the Beg�s law. We have obtained relatively low

conversion ef ciency of laser energy into the energy of hot

electrons propagating through the solid target of about 2%.

The assumption about single-temperature hot electron en-

ergy distribution with temperature described by the pon-

deromotive scaling relationship [2], without detailed analy-

sis of the hot electron spectrum [3], strongly overestimates

the laser-to-electron energy-conversion ef ciency.
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retical (thick line), calculated using a two-temperature hot

electron energy distribution, as functions of the imaging
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The X-ray radiography of detonation nanodiamonds after heat treatment 

V.P. Efremov, E.I. Zakatilova*
JIHT RAS, Moscow, Russia

Introduction 

Carbon nanoparticles with a diamond crystal lattice 
(detonation nanodiamonds) are detected in the products of 
the explosives detonation. These particles have heteroge-
neous structure. They consist of diamond core and impu-
rity shell. This shell contains nondiamond carbon, metal 
impurity and there are radical groups: C-H, C-N, C-O on 
the surface shell. This structure influences on properties 
of nanoparticle and powder of detonation nanodiamond 
(DND). Published properties of DND are ambiguous and 
contradictory. Then temperature of graphitization begin-
ning is in the wide range from 670˚C [1] to 980˚C [2]. A 
more detailed study of the behavior of nanodiamond un-
der various heat impacts will expand its applicability.     

The purpose of this article is the experimental inves-
tigation of the thermal stability of detonation nanodia-
monds. 

Thermal stability  

In our works, the analysis of the behavior of detonation 
nanodiamond under growth of temperature has carried 
out. The thermal loading was carried out by synchronous 
thermal analysis in the range from room temperature to 
1500˚C at the rate 2 and 10˚C/min in a dynamic argon 
atmosphere. 

Initial data of powders from nano and micro diamonds 
obtained at explosion of the mixture TNT/RDX (50/50) in 
the different environment are given in work [3]. After the 
thermal treatment, the saved sample is investigated by the 
x-ray diffraction analysis and by the electron microscope.

The grains of detonation nanodiamond have heteroge-
neous structure. They consists of the surface shell, when 
includes the non-diamond carbon, gas and metal admix-
tures and a surface radicals C-H, C-O, C-N, and the dia-
mond core. 

The removal of radical groups with surface was taken 
place with the rise of temperature. This process in our 
conditions leads to decreasing of sample mass about 10-
20% [4]. The mass loss of the nanodiamond sample is 
16% at the heat to 1500˚C at rate 10˚C/min. From the 
literature data it was established that the graphitization of 
nanodiamond begins at a temperature of about 600˚C [3]. 
From the results of the X-ray diffraction analysis of the 
detonation nanodiamond powder, it follows that the dia-
mond phase in the sample after treatment to 600˚C some-
what decreased only [5]. The formation of phase sp2 did 
not occur. Therefore energy released at 600˚C does not 
correspond to the graphitization process. 

The exothermal peak near 600˚C may be connected 
with the removal of lacton groups from the surface of 
nano-diamond grains. This process goes with release of a 
certain amount of heat and production of CO2 [2]. 

The X-ray analysis of the stored samples before and af-
ter the heat treatment is shown in figure 3.  From the ratio 
of the integral intensities from base plane (111) at 2θ=44° 
in the x-ray line is seen that the content of diamond phase 
is decreased with increased the thermal treatment (figure 
1, lines 2 - 5). 
From figure 3 is seen that the graphite peak in the x-ray 
line from base plane (002) 2θ = 26° is not increased with 
the increase of temperature. This could mean that the ini-
tial grains of detonation nanodiamond are destroyed. 
They transit to amorphous phase which the mount is im-
possible identified by the x-ray method. The crystalline 
ordered graphite structure with sp2-bonds is not observed. 
However, there is halo at the temperature 1500˚C in the x-
ray line near the Bragg angles 2θ=20 – 32° which it corre-
sponds graphite-like structure (figure 3, lines 4, 5). This 
carbon structure consists of sp2 bonds as and in graphite, 
but the interplanar distance (0.3707 nm) is larger than in 
graphite. This structure is stable and at further heating, it 
will not turn in the ordered graphite. In addition to the x-
ray amorphous graphite-like structure, the crystal struc-
ture of diamond at the Bragg angle 2θ=44° was found in 
the treated sample (figure 3, lines 4 and 5).  

Figure 3. The XRD pattern of the powder detonation 
nanodiamond before and after the heat treatment: 1 – the 
initial powder, 2 – after to 600˚C at the rate 10˚C/min, 3 – 
after to 1000˚C at the rate 10˚C /min, 4 – after to 1500˚C 
at the rate 10˚C/min, 5 – after to 1500˚C at the rate 
2˚C/min. 

Figure 4. The diffractograms of the initial nanodiamond 
poweders and anneling products at temperatures of 940 – 
1600˚C [2]. 
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a)                                          b)                                           c) 
Figure 5. The microstructure of the nanodiamond powder: a) before the heat treatment, b) after the heat treatment to 
temperature 1500˚C at heating rate 10◦C/min and c) after the heat treatment to temperature 1500˚C at heating rate 
2˚C/min.  

From the ratio of the integral intensities from base 
plane (111) in x-ray line of diamond, it was determined 
that content of diamond phase was about 10%. 

Our data are agreed with results of work [2]. In figure 
4, the diffractogram of nanodiamond samples before and 
after the heating [2] is shown. The decreased of the inte-
gral intensity of the x-ray peak from diamond base plane 
(111) begins with 1000˚C. This indicates on the decrease
of diamond phase in the sample. Just like in our experi-
ments, the certain amount of diamond is saved up to
1500˚C. But halo is seen already at the temperature
1000˚C [2] in the near Bragg angels 2θ=20 – 32°. It is
indicated on the presence of graphite-like phase in the
sample. This phase is only seen at the heat treatment up to
1500˚C in our experiments [6].

Also the investigations of thermal stability of detona-
tion microdiamonds were carried out [6]. Detonation mi-
crodiamonds were got by the explosion of mixture 
TNT/RDX (50/50) in the water environment. The investi-
gation of the heat treatment is shown that microdiamond 
is stable up to 1500˚C (a mass loss was about 2% at the 
heat). The x-ray peak from base plane of diamond (111) 
for the microdiamond samples before and after treatment 
is practically identical. This means that microdiamond is 
stable at the heat to 1500˚C. The comparison of the x-ray 
peak width of nano and microdiamond shown that the 
width of diamond peak in the x-ray line of the nanodia-
mond sample is large than width of peak for microdia-
mond [6]. This difference is connected with the small size 
and the defect structure of nanograins. With the decrease 
of their size, the part of the surface atoms increases. This 
leads to the increase of mean square distance of the atoms 
and the symmetry violation of the lattice atoms in the 
space. Thus, the grains of diamond microcrystal have 
more perfect structure and their properties close to bulk 
diamond. 

The investigation of the microphotographs of the 
nanodiamond sample before and after the heat treatment 
was shown the effect of heating rate on the parameters of 
powder grains. The initial matter of the powder nanodia-
mond consists of nanograins the size 6 – 8 nm (figure 3a). 
After the heating of the nanodiamond sample at the rate 
10˚C/min to 1500˚C, the grains agglomeration taken on 
the spherical form the size 30 – 40 nm (figure 3b) [3]. I. e 
the average size of powder grains is increased with the 

temperature increase. May be the conglutination 
nanograins with each other occur (figure 3b). At the heat-
ing with the rate 2˚C/min, the size of the spherical grains 
was less 10 nm and the planar formations are appeared 
(figure 3c). The nature and origin this planar formation 
requires the future investigation. 

The main process of graphitization of DND occurs at 
temperatures above 800°C. Thermal stability of detona-
tion nanodiamond is 1500°C and not depends on the heat-
ing rate. It was found that the heating rate effects on the 
shape and size of particles (agglomerates).  As a result of 
the study, it was found that the data obtained for the 
thermal stability of the nanodiamond grains can be useful 
for development on their base a new composite materials 
and the optimization of ion-plasma hardening of steel 
parts surfaces. 
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Study of Shock Wave Compressibility of Epoxy Resin for experiments at 

PRIOR* 

V. Mochalova1,2,#, A. Utkin1, M. Endres3, and D.H.H. Hoffmann3 
1Institute of Problems of Chemical Physics RAS, Chernogolovka, Russia; 
 2FSBI �SSC RF ITEP� of NRC �Kurchatov Institute�, Moscow, Russia; 

 3Technical University Darmstadt, Darmstadt, Germany.

The experimental study of the shock wave structure, spall 

strength and determination of Hugoniot parameters for 

epoxy resin were conducted. Epoxy resin is a common 

binder for some anisotropic materials, which were studied 

by the authors earlier (carbon fiber, fiberglass, textolite) 

[1], and it largely determines the properties of these mate-

rials, in particular, their response on the shock wave action. 

The density of the samples from epoxy resin is !0 = 1.2 

g/cm3, the measured sound speed is C = 2.63 km/s. The 

shock wave profiles were recorded by laser interferometer 

VISAR with a nanosecond time resolution. The shock-

wave compressibility of epoxy resin was studied in the ex-

periments with high explosive generators. Pressure of 

shock compression varied by change in the thickness and 

the velocity of flyer plates from 700 m/s to 2500 m/s. The 

goal of this study is development of targets for experiments 

at a novel diagnostic system proton microscope (PRIOR). 

Shock waves will be produced by a two stage light gas gun, 

which is developing at the TU Darmstadt. 

In the experiments on investigation of the shock waves 

structure of epoxy resin, after the shock jump the particle 

velocity is almost constant until the arrival of a rarefaction 

wave from the flyer plate. As a result of the processing of 

the experimental data the Hugoniot of epoxy resin was 

plotted in the coordinates of the shock wave velocity D - 

particle velocity u (see fig.1). The filled circles represent 

experimental data, the solid line is their linear approxima-

tion: D = 2.6 + 1.18*u, km/s. And the first coefficient of 

this dependence is in the good agreement with the sound 

speed measured at atmospheric pressure. 

Figure 1: Hugoniot parameters of epoxy resin. 

 Also a study of spall strength for epoxy resin was con-

ducted. The measured particle velocity profiles of free sur-

face of epoxy resin are shown in fig.2. In the experiments 

1 and 3, the aluminum flyer plate impacted directly the 

sample, and in experiment 2 the shock wave was initiated 

by a plane wave explosive generator, which was separated 

from the sample by a steel plate. 

Figure 2: Spall strength of epoxy resin. 

The exit of the shock wave on the free surface causes a 

sharp increase in the velocity of the surface up to the max-

imum value W0. A centered rarefaction wave propagates 

inside the sample, which, interacting with the incident un-

loading wave, results in an internal fracture - a spall. In the 

process of failure, the tensile stress reaches zero, forming 

a compression wave that exits on the free surface as a spall 

pulse. The noted features are observed on the velocity pro-

files shown in Fig.2. The spall strength s, which character-

izes the maximum tensile stress in the sample, was deter-

mined by the equation: s=0.5 �0 0 DW, where DW - the 

velocity difference between its maximum (W0) and value 

at the moment of arrival of spall pulse ,  0 � the sound 

speed at zero pressure, �0 � the initial density of the sample. 

It was found that the spall strength values for epoxy resin 

varied from 286 MPa (profile 2, fig.2) to 360 MPa (profile 

1, fig.2). The most distinctive feature is the significant de-

crease in spall strength on the profile 2. This result agrees 

with the general idea of the dependence of s on the strain 

rate of the sample under tension - the value of strain rate in 

the experiment 2 is approximately 5 times less than that in 

the experiments 1 and 3, which is responsible for the de-

crease in spall strength. 
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Investigation of the current distribution and compression of

Magnetized-Plasma
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We investigate fundamental phenomena occurring when

magnetic-field flux and magnetized-plasma are compressed

by applied azimuthal magnetic fields. This subject is rele-

vant to numerous studies in laboratory and space plasmas.

Recently, it has gained particular interest due to the ad-

vances in producing plasmas of high temperature and den-

sity in experiments based on the approach of magnetized

plasma compression [1,2] for achieving controlled nuclear

fusion. To advance this approach, it is essential to study ex-

perimentally the governing physical mechanisms that take

place during the compression.

In our experiment (see Fig. 1), we employ a cylindri-

cal (z-pinch) configuration, in which a current (300 kA,

rise time 1.6 µs) driven through a cylindrical plasma (19

mm initial radius) that is preembedded in an axial magnetic

field, Bz0 (up to 0.4 T).

Here, for the first time in the research of magnetized

plasma compression, Zeeman effect is used to measure

the evolution and spatial distribution of the axial (Bz) and

azimuthal magnetic fields (Bθ) during the implosion and

stagnation stages. The two fields are measured simulta-

neously, which is important due to the irreproducibility

that characterizes such experiments of high-current pulses.

The B-fields measurements were performed using spec-

troscopic techniques based on the polarization properties

of Zeeman effect, combined with a laser generated doping

technique that provided a mm-scale spatial resolution (see

Fig. 1). The Bz determination is based on the line-width

comparison of the π and σ Zeeman components emitted

from an aluminum dopant transition (see upper part of Fig.

1). The Bθ determination is based on the relative shift be-

tween the σ+ and σ
− Zeeman components of light emitted

from the imploding argon plasma shell (see lower part of

Fig. 1).

Systematic measurements are performed for different

initial conditions of Bz0 and gas loads. The simultaneously

measured Bz and Bθ, together with the plasma parameters,

plasma radius, and the discharge current, are used to study

the effects of Bz on the current distribution in the plasma,

the pressure and energy balance during the implosion and

stagnation, the effects of the electrodes on Bz compression,

and the diffusion mechanism of Bz . For example, we mea-

sure at stagnation Bz ∼ 15×Bz0. This compression factor,

together with the observed plasma radius allows for the es-

timation of Bz confinement efficiency, which is found to

be ∼ 50%. Another phenomenon observed is an axial gra-

dient of Bz in which its magnitude increases by a factor

of 2 from the anode (low Bz) to the middle of the plasma

column (z ∼ 5 mm, high Bz). This measurement demon-

strates the existence of a transition region from the uncom-

pressed Bz = Bz0 inside the electrodes to the compressed

Bz farther away from the electrode surface.

In addition, 2D images of the plasma self-emission and

interferometric images are used to study the dependence

of instabilities on different initial conditions. The mea-

surements show clearly the mitigation effect of Bz on the

magneto-Rayleigh-Taylor instabilities [3].
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Figure 1: Experimental and diagnostics setups. L - lens,

M - mirror, PBS - polarizing beam splitter, λ/4 - quarter

wave-plate, OL - objective lens
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Physical properties of Warm Dense Matter (WDM) 

are of great interest in various branches of physics and 

numerous practical applications. Comprehensive 

description of such states is far from completion due to 

difficulties of both a theoretical and an experimental 

character. WDM is often generated by shock or isentropic 

compression with help of powerful drivers on a short 

period of time. The density of matter in these experiments 

is usually defined by x-ray pulse radiography or derived 

from conservation laws through a discontinuity surface by 

the measured kinematic parameters of gas-dynamic flow. 

High-energy proton radiography with special magnetic 

optics provided much better accuracy of density 

measurements in a dynamic experiment. This method was 

developed recently [1] and now it is available at PRIOR 

microscope [2] at GSI Darmstadt facility.  

Existing proton radiography facilities at LANL (USA) 

and IHEP (Russia) are equipped with chambers where 

explosive related phenomena are investigated. An 

explosive chamber for charges with mass up to 150 grams 

was transferred to GSI from IPCP (Russia) earlier and it 

has been already used for joint investigations of stopping 

power of ions in shock-compressed non-ideal plasma. 

This chamber could be employed with proton microscope, 

than PRIOR will be the third functional high-energy 

proton radiography setup in the world suitable for 

investigation of explosive driven states of matter. The 

expected accuracy of areal density measurements in high 

explosive experiments at PRIOR is about percent and it 

exceeds accuracy of other techniques about an order of 

magnitude. 

The field of view of the PRIOR microscope is about 

15 mm therefore the external diameter of an explosive 

generator should be restricted by 25 mm to ensure 

registering at least half of cross-section of the symmetric 

explosive setup. The proton microscope PUMA [3] at 

ITEP had approximately the same field of view and it was 

equipped with similar explosive chamber for small 

charges. So compact explosive generators earlier 

developed for the PUMA microscope could be used or 

adapted for the PRIOR [4]. Short description of several 

types of proposed experiments with compact explosive 

generators is presented below. 

Equation of state of non-ideal plasma 

Linear explosive generators are one of standard tools 

for producing non-ideal gas plasma, i.e. energy of 

interparticle interaction greater than kinetic energy. 

Plasma is formed by compression of a gas behind the 

shock wave front arising at the expansion of products of 

detonation in it. Different theoretical approaches are used 

for description of equation of state of plasma with strong 

interparticle interaction. Direct measurements of density 

could strongly support the theory. Earlier developed 

linear explosive generators for PUMA contained 20–40 

grams of high explosive to produce single compressed 

plasma of xenon or argon with pressures of several kbars, 

temperatures of 2–3 eV and Coulomb parameter of non-

ideality up to 3.  

Phase transitions in compressed planetary liquids 

There is a number of theoretical predictions of phase 

transitions in liquid molecular gases at pressures about 

50–200 GP� and low temperatures. Such states will be 

generated by multiple shock compression of liquids in 

front-collision generators (FCG). A prototype of the 

compact FCG for the research of shock-compressed 

liquids at cryogenic temperatures has been developed and 

tested at the PUMA facility. It consisted of two explosive 

devices symmetrically placed relative to cryogenic 

capsule with the studied liquid. Each device contained 30 

g of high explosive and accelerated the steel plate of 2–3 

mm thick to the speeds of 1.0–1.6 km/s. Proton 

radiography could be used for confirmation of new phases 

in planetary liquids compressed in FCG. 

Plane shock-wave generator 

Compact plane shock-wave generator  for accelerating 

aluminium impactors was developed for experiments at 

the PUMA [5]. It was designed according to the classical 

scheme: a conical explosive lens formed a flat detonation 

wave that was transferred to an active charge of a high 

explosive. An impactor was pressed in a steel ring. An air 

gap between the charge and the impactor was used for 

adjustment of velocity of the impactor. The total mass of 

explosives in the generator was within 20 g, and it 

accelerated Al plates of 20 mm in diameter and of 2 mm 

thickness to a velocity about 3 km/s. 

Conclusion 

Explosive generators of high pressures could be used 

at PRIOR for experiments in the following branches of 

physics: warm dense matter, non-ideal plasmas, phase 

transitions in condensed matter, extreme states of matter, 

chemical physics, shock wave synthesis of high pressure 

phases, physics of detonation, dynamic strength of 

materials and others. 
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Introduction 

Novel experiments to study fundamental properties 
of high-energy-density states in matter generated by in-
tense heavy ion beams will be carried out by the 
HED@FAIR [1], [2] at FAIR [3]. For strong transverse 
focusing, a special final focus system (FFS) has to be in-
stalled at the end of the HED@FAIR beam line. In order 
to provide a focal spot of the order of 1 mm, a large focal 
angle is needed and consequently, large-aperture high-
gradient quadrupole magnets have to be used in a FFS. 
The proposed focusing system will have a length of 40 m. 
“Specification for the Design, Construction and Testing 
of a Superconducting Wide-Aperture Quadrupole Mag-
nets for Plasma Experiments within the FAIR Project” [4] 
examines the main characteristics of four large-aperture 
high-gradient quadrupole magnets to be used in the 
HED@FAIR FFS. On the basis of the Specification re-
quirements, calculations of the design of the quadrupole 
magnets have been performed, the results of which are 
presented in this report. 

Requirements to Quadrupole 

The main requirements to the quadrupole are: DC oper-
ating mode; the coil inner diameter is 260 mm; the mini-
mal distance between quadrupole centres of two nearby 
magnets is 2.5 m; the integral of field gradient is 66 T. 

For geometry optimization the following criteria have 
been chosen: the radius of the good field quality is 110 
mm; the field multipole |b6|, are less than 2×10-4; the inte-
gral multipole |bn

int| n = 6, 10, 14 is less than 2×10-4; the
temperature margin is about 1 K. , The integral multipoles 
are suppressed by changing the central field multipoles. 
Note that in a real magnet the radius of a good field will 
be 95 mm and a spread of the above multipoles will be 
allowed no more 2×10-3

.
 Design studies have shown the

maximum length of the magnet coil should not exceed 
1.89 m. 

Quadrupole Magnet Design 

The cross section of the quadrupole magnet with its 
main parts is shown in fig. 1. The two-layer coil is wound 
from a Rutherford type superconducting cable with 28 
strands. The strands were made from  NbTi alloy compo-
site superconducting wire consisting 8910 filaments of 6 
�m diameter with 2.4 kA/mm2 the critical current density 
at 5 T, 4.2 K [5]. The insulation of the cable is composed 
of a dry polyimide tape and an epoxidized glass fiber tape 
to bond adjacent coil turns together. During the operation 
of the magnet the coils are subjected to significant forces. 
These forces are compensated by installing the plate col-
lars around the windings. The iron yoke has a layer struc-

ture and consists of plates made of soft magnetic steel. 
The grade of 2081 steel properties (saturation magnetiza-
tion is 2.19 T) were used for the calculation of the iron 
yoke dimensions [6]. Nitronic 40 as well as 316LN stain-
less steels are quite suitable for collars production [7]. 

Fig. 1: General view of the quadrupole cross section 

The yoke together with the coil block are placed into 
the helium vessel. The thermal shield is placed between 
the helium vessel and the vacuum vessel. Thermal shield 
is cooled with 50 K helium stream flows. The cold mass 
and the thermal shield are fixed to the vacuum vessel us-
ing the suspension system. The coils are powered through 
current leads.  

Manufacture of Cable Samples for FFS SC 

Quadrupole  

Modernization of equipment for the production and in-

sulation of superconducting cable samples was carried out 

for development of the production technology of the cable 

for FFS SC Quadrupole. The conducted studies of me-

chanical characteristics of cable samples with the equilat-

eral and rectangular trapezium cross-section showed the 

identity of these characteristics (fig. 2).  

For technological reasons, the cable with the equilateral 

trapezium cross-section is more preferable. Dimensions of 

the cable without insulation is equal to: on the middle line 

of the trapeze 1.54 mm, height 12.35 mm and dimensions 

of the cable with insulation is equal to: on the middle line 

of the trapeze 1.71 mm, height 12.70 mm at 100 MPa 

pressure. 
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Fig. 2: Dependence of Young's modulus of cable samples 

on the applied pressure 

 

The study of the electrical strength of the cable insula-

tion showed that the sample does not have turn-to-turn 

fault at the voltage up to 5 kV at the pressure of 100 MPa 

in air at room temperature. On the basis of these results, 

additional calculations are made for final optimization of 

the quadrupole geometry.  

���������	
������
 

A geometry optimization was done, using the comput-
er codes HARM-3D [8] and MULTIC [9].  

The involute of the end parts of the optimized geome-
try is shown in fig. 3.  

 

 
 
Fig. 3: Involute of end parts of the optimized geometry; 
left - the inner layer, right – the outer layer. 

 

The main geometric parameters of the cross section 
for the geometry are presented in table I, where � and � 
are the angles of the coil block, rin and a are the inner 
radius and the width of the layer with an insulation. The 
basic magnetic parameters such as the lower multipoles 
bn, stored energy E and magnetic forces F are shown in 
table II. The index 0 in the forces corresponds to the cen-
tral cross section, the index e presents the forces in the 
end parts. The rest notations in the Table are: S - the 

spacer thickness of  in the end parts Bmax0 and Bmaxe – 
maximal field in the central cross section and in the end 
parts; G0 – the central gradient; Lef – the effective length 
of the magnet; Iop – the operating current; TC – the critical 
temperature of the quadrupole; �LFe – shortening of the 
iron yoke. 

3D model and engineering drawings of the FFS SC 
quadrupole were developed on basis of the optimised ge-
ometry and mechanical analysis.  

  

Table I: Main geometric parameters of the cross section 

N �, grad. �, grad. rin, mm a, mm Turn  

1 0.1890 18.8829 130.00 12.79 26  
2 25.8220 33.7237 130.00 12.79 11  
3 0.2488 30.9983 143.29 12.79 47  

 
 

Table II: Basic magnetic parameters of the optimized ge-
ometry 

Parameter Value 

S, mm 27.628 
�LFe, mm 170 
Bmax0, T 5.910 
Bmaxe, T 5.902 
G0, T/m 37.482 
Lef, m 1.761 
Iop, kA 5.760 
TC, K 5.913 
b6, 10-4 0 
b10, 10-4 8.85 
b14, 10-4 7.92 
b6

int, 10-4 0 
b10

int, 10-4 0 
b14

int, 10-4 0 
E, kJ/m 592 
Fx0, kN/m/octant 991 
Fy0, kN/m/octant -989 
Fr0, kN/m/octant 642 
F�0, kN/m/octant -1211 
|F0|, kN/m/octant 1400 
Fxe, kN/octant 30.63 
Fye, kN/octant -48.01 
Fze, kN/octant 59.89 
|Fe|, kN/octant 82.68 

 

���������� 

Superconducting quadrupole for the special beam 
strong final focusing system of the HED@FAIR beam 
line in the FAIR project has been developed. The quadru-
pole has 37.5 T/m central gradient, 260 mm supercon-
ducting coil inner diameter and 1.89 m geometric length 
with the effective length of 1.76 m, so the integral gradi-
ent is 66 T. The temperature margin of the magnets is 
equal to 1 K at 4.85 K outlet temperature of liquid helium 
in the quadrupoles chain. The radius of a good field of the 
quadrupoles is 95 mm and spreads of the required both 
lower central field and integral field multipoles are less 
than 1.2×10-3

. Superconducting cable samples were manu-
factured for development of the production technology of 
the cable for the magnet. 3D model and working drawings 
of the FFS SC quadrupole were developed. 
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The Plasma window is a membrane free beam transi-

tion 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 15 min 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 5 h.  
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The data presented herein has been collected with a re-

sidual gas composed of Ar with 2% H2. Currents between 

40 A and 60 A have been used, while the pressure on the 

high pressure side ranges from 280 mbar to 450 mbar, on 

the low pressure side from 4 mbar to 7 mbar. The aperture 

of the discharge channel is 3.3 mm.  

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. 

������������	
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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 year’s data, the electron temperature increased signif-

icantly from around 0.5 eV to 1.2 eV, this is mainly due 

to the improved cathode construction where now less en-

ergy is being deposited into the melting of the material.  

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 ne vary from 0.2�10
16 

cm
-3

 up to 4*10
16

cm
-3

. 
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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. 
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Compared to the quotient measured when no plasma is 

burning, it’s plain to see that the plasma increases the 

quotient by a factor around 10, resulting in the same pos-

sible reduction in length over a differential pumping sys-

tem. 

�������	�������������� 

The plasma window is operational for well over 5 h 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. 
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The development of laser based intense and well directed 

beams of MeV electrons and Gamma-rays for backlighting 

states of matter with high areal density is of great im-

portance 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 density. A signifi-

cant increase of the electron number at tens of MeV energy 

makes such type of laser-based electron source very pro-

spective for the diagnostic of high areal density high en-

ergy density states. Simulations demonstrate that the inter-

action of relativistic laser pulses ( )

with a near critical plasma layer ( ) 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 ponderomotive scaling for the inci-

dent laser amplitude [1]. Electrons accelerated from the by 

a ns-prepulse preionised low density foam target (tri-

acetatecellulose, ) with a thickness of 500 µm

and  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 experi-

ments on the characterization of MeV electron beams gen-

erated by the interaction of the PHELIX-laser pulse with 

low density CHO-foams (P138, October 2017). 

Electron spectra up to 100 MeV were measured by the ap-

plication 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 imag-

ing plates were used as detectors. The response function of 

the imaging plates is known for photons, electrons and sev-

eral types of heavier particles [2]. The schematic of this 

electron spectrometer is shown in igure 1.

Figure 1: Schematic view of the electron spectrometer. 

Data shown in false colour images. Image by �. Zähter. 

The interaction of the high power laser pulse of relativistic 

intensities with different target materials allow for the gen-

eration of MeV electrons. The Ponderomotive law predicts 

an electron temperature of 2.1 MeV for the used laser in-

tensity. In the mentioned experiments with near critical 

plasmas the production of intense MeV electron beams is 

demonstrated. Figure 2 shows the cummulative 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 com-

parison the interaction of relativistic laser pulses with pre-

ionized low density plasmas of near critical density leads 

to a strong increase of the number of electrons with ener-

gies above 10 MeV (green solid line, shot 44). 

Figure 2: Cummulative number of electrons above energy 

threshold. Image by �. Zähter. 

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 chan-

nel TLD-spectrometer [3]. The radiation 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 propagation. The experi-

ments have demonstrated the stability of the effect.
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Investigation of Proton induced Demagnetisation Effects in Permanent Magnet

Quadrupoles∗

M. Endres2 and M. Schanz1,2

1GSI, Darmstadt, Germany; 2TU Darmstadt

The PRIOR-I (Proton Microscope for FAIR) proton mi-

croscope at the GSI experimental area HHT employs a sys-

tem of permanent magnet quadrupoles (PMQs) for imag-

ing using protons from the SIS-18 accelerator [1]. After

the first tests with this particular prototype, the demagneti-

sation of these PMQs due to primary and secondary radia-

tion 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 irradiated

material, samples were cut out of the single wedges. The

measurement itself was carried out with a pulsed field mag-

netometer (Metis HyMPulse)1 where the magnetization di-

rection of the outer applied field of the magnetometer has

to be parallel to the internal field of the sample. This means

the surface of the cut sample and the direction of the mag-

netization have to be parallel. A misalignment could lead

to a steep inclination in the flat top region of the loop. The

first measurements showed exactly this behaviour. To im-

prove the results, a method for the determination of was

developed. A measurement was set up to determine the in-

clination of the magnetic field at the surface of the wedges.

The wedges were scanned with a 1D Hall sensor by the

magnet 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.

∗Work supported by BMBF (05K13RDB). This report is also submit-

ted to ”GSI Scientific Report 2017”.
1Measurements by K. Löwe (Group Functional Materials, TU Darm-

stadt)

This data was compared to simulations [3] of the field

of the wedges for different directions of the magnetisation.

A fitting r outine s elected t he b est fi tting pa ttern of incli-

nations. With this procedure the magnetisation direction

could be determined. For example the magnetization an-

gle of wedge 10 (see igure 1) was found to be 82.5. Ac-

cording to the specification it should be 7 5. The measured

direction differed approximately 7.5 degrees from the spec-

ified 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 degra-

dation of the material due to radiation leads to a decreased

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 recorded

with Gafchromic films for different segments [4]

The analysis of the hysteresis loops for different wedges

revealed that wedges containing a higher internal demagne-

tization field (type 75) showed a significantly larger degra-

dation of the HD5 value than the wedges from regions with

a lower internal demagnetization field (type 15), shown in

igure 2. These results and further investigations on the

origin of the observed damage were already published [4].
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As contribution to FAIR, PHELIX, in cooperation with

the Technical University of Darmstadt and funded by the

Bundesministerium für 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

systems to enable more elaborate experimental campaigns

[1].

Building  on  the  simulations  discussed  in  [2],  the

temperature  distribution  in  the  glass  discs  can  be

exported. Considering the temperature induced change in

refractive  index  and  expansion  of  the  glass,  these

temperatures  can  be  converted  into  a  2D  map  of  the

optical path length. From this map the deformation 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.

Simulated wave front behind the amplifier after

a cooling time of 300 seconds.

Extensive  research  was  conducted  to  find  a  suitable

cooling liquid for our amplifier. During this research the

refractive  index,  absorption  coefficient  viscosity  and

chemical compatibility were identified as key parameters

of the potential  coolant.  The heat capacity is  negligible

due to the low thermal conductivity of the glass.  Since

data on absorption coefficients is scarce for many liquids,

help  was  acquired  from  the  department  of  Surface

chemistry and spectroscopy at the Technical University of

Darmstadt.  Their  Photo-Spectrometer  was  used  to

measure the absorption coefficients for several potential

cooling liquids.  This was done to assess the viability a

perfluorinated  hydrocarbons  (F2  PP-series).  The  results

are shown in Fig. 2.

Figure  :  Absorption  coefficients  of  several  potential

cooling  liquids.  Measurements  conducted  at  TU

Darmstadt, Workgroup Prof. Dr. Hess. Data for Cargille

IL-S1050 extracted from data sheet for reference.

The  concept  calls  for  a  modular  design  for  various

prototype configurations, compatibility with the PHELIX

infrastructure  for  potential  Phase-0  use,  no  contact

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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Indirect Drive ICF Studies on the National Ignition Facility* 
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Current Inertial Confinement Fusion (ICF) 

implosions of high neutron yield using cryogen-
ically layered deuterium-tritium (DT) filled cap-

sules, are focused on low hohlraum He fill (0.3 

mg/cc) targets employing mainly carbon based 
(high density C Ð HDC or ÒdiamondÓ, plastic - 

CH) ablators. These provide low energy losses 

by laser-plasma instabilities (backscattering) and 
symmetric implosions that are required to max-

imize the conversion of implosion kinetic energy 

into pdV work on the DT fuel and hot-spot, re-

cover 1D implosion scalings, and minimizing the 
capsule absorbed energy needed to ignite. 

During 2017, HDC DT implosions in uranium 

hohlraums have employed 1 mm radius capsules 
(8% increase over 2016 experiments) and an ex-

tended laser pulse to reduce coasting time (dura-

tion between the end of the laser pulse and cap-
sule stagnation time) from 1.4 to ~ 0.6 ns. At sim-

ilar peak implosion velocities, reduced coasting 

time up to ~ 0.5 ns results in increased ablation 

pressure and thus hot spot pressure, for similar 
hot spot volume and temperature. In these im-

proved implosions we continued assessing the 

effects of capsule fill tube size, required to insert 
the DT fuel. Experiments  have shown 70% neu-

tron yield increase for 5 !m diameter tubes over 

10 !m, hence all high yield implosions going for-

ward on the National Ignition Facility (NIF) em-
ploy 5 !m tubes.  

These improvements have resulted in new 

records of fusion neutron yield (2x1016 neu-
trons), fusion energy (56 kJ) and stagnation hot 

spot pressures (360 GBar), reached simultane-

ously in ICF implosions on the NIF using up to 
1.7 MJ laser energy. Figure 1 shows a summary 

plot of measured hot spot Brysk temperature 

(DD ion temperature, same as hot spot electron 

temperature) vs inferred areal density from data, 

for all NIF ICF implosions between 2010 and 
2017. As shown here, 2017 improved capsule 

implosions with reduced coasting and smaller 5 

!m capsule fill tubes are only ~15% below the 
modeled 1D static condition required for igni-

tion, that results from balancing the energy gains 

and losses in the hot spot. The modeled ignition 
condition has some uncertainty due to hot spot 

conditions during stagnation that include sym-

metry and fuel areal density perforations. 

Figure 1 Summary hot spot temperature vs areal 

density for all ICF DT implosions on the NIF, including 

1D ignition static condition. Recent implosions using 

HDC ablators (bright red and green) and 5 !m capsule 

fill tubes are very close to the modeled 1D static ignition 

condition. 

Future implosions, based on current designs 

will strive to continue to improve performance 

by increasing target size to take full advantage of 

2.1 MJ NIF maximum energy, while keeping im-

plosion symmetry under control. Effects of fur-

ther fill tube size reduction and lowering adiabat 

(increasing implosion compressibility) on implo-

sions will be also studied. 

*This work was performed under the auspices of the U.S.

Department of Energy by LLNL under Contract DE-

AC52-07NA27344.
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Future perspectives on Beam Plasma Interaction at Xi’An Jiaotong University 

Yongtao Zhao, Jieru Ren  Dieter H H  Hoffmann and Fuli Li
Xi’An Jiaotong University, School of Science, Dept. Laser and particle Beams, Xi’An 710049, Shaanxi, P.R. China

In March 2017 ground-braking for a new science city 

took place. Within this project Xi’An Jiaotong university 

(XJTU) will have a new research campus. In November 

2017 the bare brickwork was completed. Figure 1 shows 

the project during construction, when 20000 workers 

were busy day and night, rain or shine to keep the project 

on schedule. 

The Science and Technology Centre, is a national pro-

ject by Ministry of Education and Shaanxi Government. It 

is a new and important platform established by Shaanxi 

Government and Xi’an Jiaotong University (abbr. XJTU).  

Moreover it is part of the central government’s en-

dorsement to build up greater Xi’An into an “international 

metropolis. Just some numbers to compare to other sci-

ence projects worldwide. The science city covers an area 

of about 3km
2
. The total budget cost are roughly 2 billion 

Euro (15 billion RMB). Completion of the project is 

scheduled for October 2018 and at the moment everything 

is on time and budget. The school of science of XJTU 

will have research facilities at this new campus (see fig, 

2) and we plan to set up the low energy beam transport

that is planned for the High Intensity Accelerator facility

(HIAF), which is a new accelerator complex similar to the

FAIR project at GSI. Similar to the FAIR project HIAF

will make high beam intensity available for experiments

and High Energy Density Physics is one of the key re-

search topics [1, 2].

At XJTU we plan to have an intense low energy ion 

beam with an experimental area for beam plasma interac-

tion experiments and atomic physics issues. The design of 

the low energy beamline as it is shown in fig. 3 was done 

by the colleagues from the accelerator department of the 

Institute of Modern Physics, CAS at Lanzhou. We will 

equip this with a MEVVA ion source and accelerate 

heavy ions up to approximately 1 MeV/u. The target sta-

tion will have a high power laser for beam plasma interac-

tion experiments. 
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Fig. 1: Construction site of the New Xi’An Jiaotong Re-

search Campus 

Fig. 2: Layout of the science city. Highlighted (purple) 

is the research campus and to the right of it the educa-

tion area. 

Fig. 3: planned setup u of the low energy beam transport 

beamline at XJTU. Design by IMP Lanzhou accelerator 

department  
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So far, most of the simulation programs related to 

warm dense matter are hydrodynamics, such as the three-

dimensional HYDR primarily for ICF and the one-

dimensional DPC [1]. We are currently using one of the 

one-dimensional hydrodynamic programs named as ME-

DUSA, which could be used in the research of heavy ion 

beams driven warm dense matter [2]. In this program, the 

electrons and the ions are separated into different subsys-

tems and the parameters of pressure, temperature, initial 

energy, and specific heat rate are considered. The two 

systems transmit energy through electron-ion or electron-

atom collisions. Through the calculation of the de-

posited energy in the solid target when intense heavy-ion 

beams impact, the evolutions of temperature, pressure, 

and other parameters in phase transition are obtained. 

Meantime, the initial power is calculated by sum of the 

ions energy losses in the target.  

The figure 1 shows an example of the calculated evolu-

tion of temperature and pressure respectively of the lead 

target, when Xe
20+

 ion beams bombard with energy about 

0.5 MeV/u, intensity about 2 mA and beam size about 0.6 

mm @ LEAF facility at IMP. The result is clear that the 

heavy ion beams can produce the solid target phase transi-

tion. When we increase the intensity, energy and focus the 

beam size to a critical value, the solid even can be heated 

to very hot to be a plasma state. If the beam pulse is 

shorter than the target expansion time, a high-pressure, 

high-temperature, solid-density, which so-called warm 

dense matter state may be generated in lab. This is the 

theoretical basis for ion beam driven high energy density 

physics at future HIAF project. 

The potential energy carried by highly charged ions 

will be deposited along with the kinetic energy. This 

additional energy could be huge with beam intensity in-

crease. We take the potential energy deposition into ac-

count and the phase transition of lead target is shown in 

figure 2. 

Even it seems that the potential energy could induce 

a more obvious increase of temperature and pressure 

than the kinetic energy case. However, the potential 

energy is thought to be only deposited into the sub-

surface area and just around the ion tracks through the 

strong electric interaction. Thus the volume related to 

potential energy is quite small and it may be hard to be 

identified in experiment. 
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Figure 1: Temperature and pressure change over time 

when Xe ion beams bombard on lead target 
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Figure 2: Temperature and pressure change over time 

when the potential energy deposition is considered of 

Xe
20+

 ions impact on lead 

The theoretical study, as one of the important aspects of 

high energy density physics research, will be developed to 

the 2D and 3D simulation programs in next step. The 

energy loss process of ion beams in matter, as well as 

potential energy deposition process, will be considered in 

detail to simulate the whole ion beam driven high energy 

density matter process in future HIAF project.  
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Recent status of the development of the SBS-PCM for high power coherent 

beam combination laser*

H. J. Kong# and Seongwoo Cha

Department of Physics, KAIST, Daejeon, Korea

Introduction

The highly energetic laser operating at high repetition 

rate can be applied in various applications, such as laser 

inertial fusion driver [1] and so on. 

However, it is difficult to achieve both a high repetition 

rate and high output energy in a solid state laser system, 

because of the thermal effects and the parasitic oscillation 

in the laser gain medium. One of the most promising tech-

niques to construct a high energetic laser operating at high 

repetition rate is coherent beam combining (CBC) using 

stimulated Brillouin scattering phase conjugate mirror [1]. 

This method combines the available low power laser 

beams coherently and it becomes possible to achieve the 

desired output power with CBC. Kong et al. demonstrated 

coherent 4 beam combination using SBS-PCMs at the W 

class low average power laser operating at 10 Hz [2].

However, at the high average power of kW class with 

the high repetition rate over 1 kHz, the thermal load of the 

SBS liquid medium becomes a serious problem [3]. With 

high input power and a high repetition rate, the absorbed 

laser beam changes the refractive index of the SBS 

medium and defocuses the laser beam at its focal point 

[4]. This ef-fect reduces the focal spot intensity of the 

input laser beam and degrades the SBS reflectivity. We 

report here the re-cent progress of SPC-SBS-PCM for 

high average power laser using purified HT-110 as an 

SBS medium. 

And also we have demonstrated a pre-pulse technique 

to preserve the SBS waveform that is distorted by the SBS 

process.  

Experimental Result

Figure 1: SBS .input energy vs. SBS reflectivity for repetition 

rates of 1 kHz, 2.5 kHz, 5 kHz, and 10 kHz. 

To develop SPC-SBS-PCM, purified HT-110 was used 

as an SBS medium. Kumgang laser [5] was used to meas-

ure the SBS reflectivity and the temporal pulse shape of the 

SBS reflected beam.  Figure 1 shows the experimental re-

sults, and the maximum SBS reflectivity was 64% at the 

input power of 90 W (90 mJ @ 1 kHz. 

 For the input energy of 10 mJ, the reflectivity at the 1 

kHz, 2.5 kHz, 5 kHz, and 10 kHz repetition rate were 49%,

4%, 1%, and 0 %, respectively as shown in the Figure 2.  

A pre-pulse technique is applied to preserve the tem-

poral pulse shape for protection of the following optical 

components. Figure 2 shows the temporal waveforms of 

the input pulse and the reflected pulses without pre-pulse 

and with pre-pulse. 

Figure 2: Temporal waveforms of the SBS input and the 

SBS reflected pulse without and with pre-pulse. 

As shown in the figure 2, the pre-pulse relaxes the pulse 

shortening. When the pre-pulse energy is 5 mJ, the tem-

poral pulse waveform is very similar to the SBS input pulse. 

However, there remains a jiggling effect in the SBS re-

flected beam pattern. The jiggling effect in the SBS re-

flected beam becomes an obstacle for the coherent beam 

combining. If the jiggling problem is resolved, the dream 

laser will be realized. Now we are trying to remove the jig-

gling effect of the SBS reflected wave. 
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Destruction of nanodiamonds under irradiation 

V.P. Efremov, E.I. Zakatilova*
JIHT RAS, Moscow, Russia

Introduction 

The nanodiamonds formation is existing at extreme ac-
tions on the carbon-containing targets. The nanodiamonds 
distribution on the sizes is function of these actions. In 
nature the conditions for the formation of diamonds are 
on the planets giants. At depth about 10000 km from the 
surface of ice giants (Uranus and Neptune), nanodiamond 
grains are formed with the diameter about 4 nm [1]. De-
velopment of new intense irradiation resources let use 
new possibilities for obtaining nanodiamonds. So under 
laser-drive two-stage compression of polystyrene, the 
pressure is arising up to 150 GPa and the temperature up 
to 6000 K  [1]. In this case, nanodiamonds were found in 
the sample. In the laboratory conditions at the explosion 
of TNT/RDX mixture, the nanodiamond grains with the 
size about 10 nm are detected in the detonation products 
[2]. These nanodiamonds have unique properties: the high 
hardness, the high strength, the high thermal conductivity, 
the high thermal capacity and so on. This substance can 
be the good filler for composite materials. But, today, 
there are no valid thermodynamic data for this matter. 

The purpose of this article is the data analysis of the 
radiation damages of the diamond structure. 

Radiation stability 

Irradiation of single-crystal diamond shows that the 
formation of graphite phase can form in the ion track [3]. 
The irradiation by Si+ ions with energy 1 MeV, at a dose 
1*1015 Si+/см2, at the room temperature, the point defects 
are observed in the of diamond. Under irradiation of dia-
mond by Si+ ions with energy 1 MeV, at a dose 7*1015 
Si+/см2 the amorphous carbon is formed in the ion track. 
At the annealing of irradiation sample up to 1350˚C dur-
ing 24 hours, the transition of amorphous phase to graph-
ite has occurred.  

The irradiation of nanodiamond grains by heavy ions 
creates the amorphous track less density than grains initial 
density. The calculated densities   of irradiation sample 
demonstrate the radial damages in the range 1 – 4 nm, [4]. 
In this range the change of density (figure 1a) and of hy-
bridisation of carbon atoms (figure 1b) are observed. The 
appearance of amorphous phase sp2 changes electrical 
conductivity of nanograin and this will allow create grain 
with unique properties. It was also shown [5] that the 
character of the damages depends on the grain size. 
Sp3 diamond phase contains essential energy. However, it 
is very difficult to release it under the normal heating 
condition. Since diamond is unstable phase, then under 
external thermal action it passes into graphite with a small 
amount of energy released. The samples of diamond were 
irradiated with an integral neutron flux of 3.04*1012 
n/cm−2 s−1. About 42.4% of the flux was composed of 

thermal neutrons with E≤ 0.55 eV, 34.2% epithermal neu-
trons with 0.55 eV< E≤100 keV and 23.4% fast neutrons 
with E>100 keV. The accumulation of the point defects 
occurs [5]. After annealing of the irradiatiated sample in 
the range of temperatures 230 – 400˚C, significant 
amount of heat is released. Nanodiamonds exposed by 
neutrons during 1 hour released 358 J/g , after 2 hours - 
387 J/g and finely, the nanodiamond sample exposed dur-
ing 3 hour -  402 J/g (figure 2) [5]. 
 Thus the analysis of literature data on the irradiation of 
the diamond phase showed that nanodiamond matter can 
be a good detector in the targets for identification of pro-
cesses occurring in the samples under irradiated. 

The conditions of structural-phase conversion depend 
on the types of the action on the substance. Experimental-
ly established, that irradiation can significantly change the 
conditions of phase conversion (induce a new phase). It 
affects on the operational characteristics and application 
of nanodiamonds. The change of the substance structure 
is one of the important consequences of the irradiation. 
The irradiation changes the volume characteristics influ-
encing on the phase equilibrium and phase transitions. 
Before experimental investigation of radiation stability of 
detonation nanodiamond, the investigations of thermal 
stability of this matter have carried out. 

Figure 1: Analysis of the last MD simulation frame for 
d=7 nm. Top: relative density. Bottom: sp3/sp2 fraction. ρ 
and ρa are the local and average densities, respectively 
[4]. 

Figure 2: DSC traces of pristine nanodiamond (top, blue, 
lines), neutron bombarded nanodiamond 1 hour (second 
trace from top, black lines), 2 hours (third trace from top, 
red lines), 3 hours (third trace from top, green lines) [5].  
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Conclusion 

Solid-state transition sp3 to sp2 and corresponding 
changes in the diffraction pattern is perspective for exper-
imental diagnostics. The combination of diamond struc-
ture and nanosize with porosity  makes it easier for  the 
radiation to exit  from the diagnosed area [6]. Such targets 
with the known thermophysical transition conditions can 
be used for diagnostic WDM (Warm Dense Matter). The 
authors thank Dr. Paul Neumayer for the fruitful discus-
sion. 
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Energy penetration of relativistic laser energy into aligned nanowire arrays

C. Bargsten1, R. Hollinger1, M. G. Capeluto2, V. Kaymak3, A. Pukhov3, S. Wang1, A. Rockwood4, Y.

Wang1, D. Keiss4, R. Tommasini5, R. London5, J. Park5, M. Busquet6, M. Klapisch6, V. N.

Shlyaptsev1, and J. J. Rocca1,4

1Department of Electrical Computer Engineering, Colorado State University, Fort Collins, Colorado 80523, USA;
2Departemento de Fisica, Universidad de Buenos Aires, Buenos Aires, Argentina; 3Institut für Theoretische Physik,

Heinrich-Heine-Universität Düsseldorf, 40225 Düsseldorf, Germany; 4Department of Physics, Colorado State

University, Fort Collins, Colorado 80513, USA; 5Lawrence Livermore National Laboratory, Livermore, CA 94551,

USA; 6ARTEP Inc., Ellicott City, MD 21042, USA

The creation of ultra-high energy density (UHED,

> 1 × 10
8 J/cm3) plasmas in compact laboratory setups

enables studies of matter under extreme conditions and can

be used for the efficient generation of intense x-ray and

neutron pulses. An accessible way to achieve the UHED

regime is the irradiation of vertically aligned high-aspect-

ratio nanowire arrays with relativistic femtosecond laser

pulses. These targets have shown to facilitate near total

absorption of laser light several micrometers deep into

near-solid-density material. We investigate the depth of

the volumetric heating [1].

Figure 1: A. Sketch, B. scanning electron microscopy

image and C. emission spectrum of a dual composition

nanowire array made of nickel and cobalt [1].

Using composite nanowires made of nickel at the tip and

cobalt at the bottom, one can monitor the emission of He-

and Li-like lines in both these segments in the spectrum

(Fig. 1). The length of the cobalt base is 3 µm, and

the length of the tip was kept variable. As long as the tip

is short enough to let the laser energy heat flow down to

the cobalt segment, there will be a He-like signal from

both parts. Lengthening the nickel tip, a decrease of the

cobalt signal is expected. The heat depth can be found at

the transition at which the signal of the tracer material Co

vanishes. The experimental results (Fig. 2) show that this

happens at a nickel tip length between 4 µm and 5 µm,

revealing that the heat penetration depth is at least 4 µm.

Figure 2: Experimental emission spectra of the dual com-

position Ni-Co nanowire array for different lengths of the

nickel tip (indicated in the upper right corner) [1].

Synthetical emission spectra generated by using PIC

simulations are in a good agreement with the experimen-

tal spectra [1].
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Acceleration of plasma-propelled flyer plates* 

S. Sander1, J.H. Hanten1, M.M. Basko2, An. Tauschwitz3, G. Schaumann1, D. Schumacher4,

A. Blazevic4
 and M. Roth1

1Technische Universität Darmstadt, Institut für Kernphysik, Darmstadt, Germany; 2Keldysh Institute of Applied Mathe-

matics RAS, Moscow, Russia; 3Goethe Universität, Frankfurt, Germany; 4GSI Helmholtzzentrum für Schwerionen-

forschung GmbH, Darmstadt, Germany

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 up-

wards. 

background image is subtracted from image (a) to

increase 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 

fur-ther study the target. These simulations with a laser 

energy of 2 J 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 

corresponds to the tensile strength of tungsten, 

explaining previous failures of the tar-gets driven with 

higher intensities.
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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 ve-

locity impacts (v > 10 km/s) of tungsten balls with a pre-

sumed momentum transfer factor of ~10-15 are proposed 

to slow down space debris [2]. Thereby, it will decrease in 

orbit und burn up in the atmosphere sooner.  

Experiment

For preliminary experiments in this area of high velocity 

impacts, a special target design has been developed as seen 

in figure 1. The objective is the acceleration of a high ve-

locity, solid state tungsten flyer plate for future impact ex-

periments.  

Previous experiments, using different target designs, failed 

to show an acceleration of the flyer but suggested an evap-

oration of the tungsten disk. Therefore, a target design 

which allows for a completely free flyer is developed. The 

target consists of three layers. The bottom layer is a 270 �m

thick polyethylene (PE) sample. A steel spacer of 200 �m

thickness and with a 500 �m diameter hole is glued on top 

of the PE. The hole is covered with a tungsten disk with a

diameter of 600 �m and 25 �m thickness. In this setup, the to 

be accelerated dis  is completely 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 ac-

celerate the tungsten to high velocities, while retaining its 

solid stat. 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 accelerated disk. 

The targets rear side is observed with two DICAM Pro in 

a side view configuration with a relative angle of 90° be-

tween 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 ob-

served 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 different 

images and the time delay a velocity of about 110 ± 4 m/s 

is deduced. With a streak camera the disk movement is ob-

served over a time window of 1000 ns around the expected 

time of acceleration. The movement speed was determined 

inear approximation to 100 ± 30 m/s.

* This report is also submitted to �GSI scientific report 2017�
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Strong Terahertz radiation generated in intense laser-foil interactions 

Yutong Li1,2#, Guoqian Liao1,3, Weimin Wang1, Zhengming Sheng3,4 and Jie Zhang3 
1Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 

100190, China 
2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100190, China 

3Key Laboratory for Laser Plasmas (MoE) and Department of Physics and Astronomy, Shanghai Jiao Tong University, 
Shanghai 200240, China 

4SUPA, Department of Physics, University of Strathclyde, Glasgow G4 0NG, United Kingdom

Over the last decades relativistic electron beams from 
conventional accelerators have been applied to generate 
strong THz radiation through transition radiation [1], free 
electron lasers, synchrotron radiation and the Smith Pur-
cel effect. Relativistic electron beams can also be generat-
ed in the interactions of intense laser pulses with low-
density gas or high-density solid targets. With the ener-
getic electron beam accelerated by wakefields in gas tar-
get, Leemans et al. have observed a ~0.3 �J THz pulse 
through transition radiation [2].Compared with the gas 
targets, electron beams from solid targets have much 
higher charge, up to nC-�C. For a foil target, fast elec-
trons transport forward through the target and will induce 
transition radiation when crossing the rear surface-
vacuum boundary. Usually the bunch length of the fast 
electrons driven by a laser pulse in tens of femtosecond 
duration is of the order of ~10 �m, which is smaller than 
the wavelength of THz radiation. This will lead to the 
coherent transition radiation (CTR) [3]. One can expect 
that the THz radiation energy will be high due to the high 
charge and short bunch duration of the fast electron beam 
as well as the steep foil-vacuum boundary. 

To verify this idea, we have carried out laser-foil exper-
iments using a multi-TW femtosecond laser system at 
Shanghai Jiao-Tong University and the Vulcan PW laser 
system at the Rutherford Appleton Laboratory. For fs 
experiment, a p-polarized laser pulse in 30 fs and 2 J was 
incident onto solid targets at an incidence angle of 54° 
with a peak intensity of ~1.5×1019 W/cm2. The laser pre-
pulse contrast in the ns range is ~10-5. Different types of 
targets were used in the experiment, including mass-
limited metal targets with different sizes, polyethylene 
(PE)-metal double-layered targets and single PE targets.  

In our experiment we demonstrated intense THz transi-
tion radiation of the laser-accelerated relativistic electron 
beams crossing the solid rear surface (see fig. 1). The 
total THz energy from the rear of metal foils is estimated 
to be ~400 �J/pulse for the fs experiment, comparable to 
the energy level of the conventional accelerator based 
THz sources [4]. The corresponding energy conversion 
efficiency from the laser pulse energy on targets to THz 
radiation is ~2×10-4. It can be well explained by the mod-
el of CTR considering the effects of diffraction radiation 
and formation zones [5].  

In the experiments with the Vulcan ps laser system, we 
have much enhanced the THz pulse energy. According to 

the experimental measurements and calculated spatial 
distribution of THz radiation, the total energy of THz 
pulses emitted from the target rear, at a pump laser energy 
of ~60 J, is determined to be ~55 mJ within 3 THz. This 
corresponds to a peak power of ~36 GW and a laser-THz 
energy conversion efficiency of ~0.1%. To our 
knowledge, this is the highest THz pulse energy and peak 
power reported so far.  

Fig.1 Comparison of currently available high-peak-power THz 
sources. The data are from previously reported typical results 
based on conventional accelerators (black square), optical recti-
fication from crystals (blue circle) like lithium niobate (LN) and 
organic crystals, and gas/solid-density plasmas (green triangle). 
The red star represents the data presented in this paper. 

The laser-plasma-based THz transition radiation pre-
sented could be a promising compact strong-field THz 
source. Moreover, it may provide us a new tool to diag-
nose forward fast electrons in laser-plasma interactions. 
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Heavy ion acceleration using short pulse lasers* 
G. M. Petrov and T. A. Mehlhorn

Naval Research Laboratory, Washington, DC, USA 

Heavy ion beams are of interest for many applications 
such as nuclear reactions, production of super-heavy 
elements, exotic isomers and isotopes for biomedical use, 
fast ignition fusion, radiation effects in materials, medical 
applications and studies of exotic phenomena such as 
systems relevant to the interior of stars. Traditionally, 
heavy ion beams are produced by particle accelerators, 
which are enormous in size and expensive ($billions). In 
recent years, short pulse lasers emerged as an alternative 
to conventional accelerators, being more compact and 
significantly less expensive ($million), affordable  for 
Universities and small organizations. It is based on the 
fact that short pulse lasers (fs-ps) at relativistic intensities 
(>1018 W/cm2) become particle accelerators. We present a 
theoretical study of heavy ion acceleration from ultrathin 
(20-500 nm) gold foils irradiated by high-intensity sub-
picosecond lasers. Two-dimensional particle-in-cell 
simulations are used to model the interaction between 
laser pulse and target response in a self-consistent way. 
We explored different ion acceleration mechanisms 
ranging from the conventional Target Normal Sheath 
Acceleration (TNSA) to the more advanced acceleration 
schemes such as radiation pressure acceleration (RPA) 
and relativistic induced transparency (RIT) to unravel the 
fundamental physics of heavy ion acceleration and 
quantify the properties of the ion beam [1,2]. Sample 
results are shown in Figures 1 and 2 for peak laser 
intensity 3×1021 W/cm2, pulse duration 32 fs and laser 
energy 27 J. The target is a 20 nm Au foil. 

0 40 80 120 160
0

5

10

15

20

25

I(t)

E
max

/M

(a)

(E
/M

) m
a

x
 (

M
e

V
/n

u
c
le

o
n

)

t (fs)

I=3x10
21

 W/cm
2

D
FWHM

=5 µm

τ
FWHM

=32 fs

E
laser

=27 J

0 40 80 120 160
0

2

4

6

8

10

I(t)

η

c
o

n
v
e

rs
io

n
 e

ff
ic

ie
n

c
y
 (

%
)

t (fs)

(b)

Figure 1: Maximum energy (a) and conversion efficiency 
into gold ions (b) vs. time. The yellow shaded area is the 
laser pulse profile.  

We focus on the most important ion beam characteristics, 
specifically maximum ion energy, conversion efficiency, 
ion charge distribution and flux in the forward direction. 

*Work supported by the AFOSR

The conversion efficiency into Au ions is 8 % (Figure 1). 
The charge distribution of Au ions, shown in Figure 2, 
indicates highly charge ions with "q" of up to ~70. This is 
because the pulse can both ionize the material to these 
high charges due to optical field ionization and accelerate 
the ions simultaneously. The maximum and average 
charge-to-mass ratios for Au ions are 0.3 and 0.25, 
respectively.  The Au ion spectrum is shown in Figure 2, 
right. Ions with energy of up to 5 GeV are generated, 
which corresponds to reduced energy of E/M=25 
MeV/nucleon. 
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Figure 2: Charge distribution of >100 MeV gold ions 
(left) and ion flux in the forward direction (right) for ions 
within 10 degrees from target normal. 

In conclusion, short pulse lasers can indeed be used 
for generation of energetic and directed heavy ion beams 
from high-Z materials such as Au and Ag. By 
systematically studying the physics of laser-target 
interactions at various laser and target parameters, we 
established that but there are also some limitations 
specific to heavy ion acceleration. By far the most 
important one is the available laser energy: for successful 
outcome the laser energy on target must be at least 20 J.  
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Short, Intense Ion Pulses using NDCX-II and BELLA-i* 
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possible, making BELLA-i a versatile platform to study a 

wide range of topics with precision, including novel laser-

plasma ion acceleration mechanisms [9], plasma science, 

materials science, radiation biology, and high energy den-

sity physics.   
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Study on a dense and high ionized plasma for ion beam stripping∗†
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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 devel-

oped and built for future research [3].

Figure 1 shows a first spectroscopic diagnostic on this re-

vised design illustrating a time-averaged peak electron den-

sity of about 1.8·1016 cm−3 at 60Pa and 20 kV, from which

a maximum momentary electron density of 1 · 10
17 cm−3

is inferable. To gain an even higher electron density, the
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Figure 1: Time-averaged electron density at different pres-

sures and load voltages. Image by L. Manganelli.

load voltage will be increased up to 35 kV. According to a

linear behaviour of the maximum electron density and the

discharge energy [4], a maximum momentary electron den-

sity of approximately 5 · 10
17 cm−3 and an advance of the

electron temperature from 1 eV up to 4 eV is expected from

the increased discharge energy.

Furthermore, the spiral shape of the new coil enhances

the ion beam transmission due to a more symmetrical mag-

netic field and the axial plasma exhalation displaces unde-

sired residual gas extending the plasma ion beam interac-

tion zone. The new design has been tested for its service-

ability 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 ITEP, Moscow, IMP, Lanzhou and IUAC, New Delhi,

who are studying on the same topic.

For a better understanding of the plasma processes, mul-

tiple time-resolved spectroscopic diagnostics as well as a

laser interferometry are intended. The interferometric di-

agnostic will be based on previous investigations stated in

[5]. Since a high electron density of the order 1017 cm−3

is expected and to limit the influence of beam refraction,

short wavelengths in the visible range are favoured.

∗This report is also submitted to the GSI Scientific Report 2017.
† Work supported by BMBF, HIC4FAIR, HGS-HIRe.

During interferometric test measurements on a small-

scale z-pinch, a suspected disturbing influence of electro-

magnetic noise has occurred. Consequently, a sufficient

metallic shielding of the interferometer and its vulnerable

electric components in a separate set-up as well as an im-

provement of the signal-to-noise ratio are designated. To

carry the laser beam, a fibre connection will be investi-

gated. Figure 2 shows a first draft of the interferometer

for future time-resolved measurements of the electron den-

sity. A novel combination of an acousto-optic heterodyne

He/Ne-Laser 

632.8 nm

Laserdiode

405 nm

sin 1

cos
1

I/Q -

demodulator 2

I/Q -

demodulator 1

sin
2
cos 2

AOTF

U0
37.5 µF

Thyratron switch

Turbo 1 Turbo 2

Gas feed

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

age by P. Christ.

technique and a two-colour vibration compensation with

wide separated wavelengths is illustrated. An acousto-optic

tuneable filter (AOTF) is intended for maintaining the re-

quired collinearity of the wavelengths. In case of a negligi-

ble vibrational contribution compared to the plasma contri-

bution, the second wavelength could be utilized to estimate

the ionization degree, offering the opportunity for a high

precision electron temperature measurement.
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Ion beam is an import tool to understand some proper-

ties of plasma itself. Ion-plasma interaction as a very 

import topic in atomic physics, astrophysics and initial 

confinement fusion related sciences has been investigat-

ing for decades.   enhanced energy loss and the higher

charge state distribution of ions in plasma tha  in

cold matter ha  been reported [1-2]

Our collaborators from DUT have simulated the wake 

filed generation by the ion beam passing through a plasma 

and figured out the circular beam could be modified to a 

hollow beam, as well as the continue beam to the pulsed 

structure.   

Figure 1 shows the 2D PIC simulated results of the 

longitudinal distribution of plasma electrons and the cor-

responding distribution of beam ions, where the effect of 

two-stream instability between ions and plasma electrons 

are taken into account [3]. 

Figure 1: Longitudinal distribution of plasma electrons 

and the corresponding beam ions 

Figure 2: The temporal density evolution of a proton 

beam which has the radius of rb =12c/ �pe in a plasma 

Moreover, the ring structure can be formed due to the 

transverse focusing magnetic field induced by the unneu-

tralized beam current in the beam edge region. Even a 

second ring structure appears in the case of ion beams 

with a radius much larger than the plasma skin depth, due 

to the polarity change in the transverse magnetic field in 

the central regions compared with the outer, 

focusing field [4], see figure 2.  

In order to experimentally investigate the modification 

effect of plasma wake field on ion beam, the ion-plasma 

interaction platform at IMP is upgraded. A  m long

RF plasma device is installed, which can produce the 

plasma of temperature about 4-6 eV and free electron 

density about 10
13

cm
-3

A 4x4 mm
2
 SC

dia mond detector is placed at the end of beam line and

the time resolution for ion is about1.2- 1.8 ns. A large 

position-sensitive detector is developed to measure the 

beam spot and a 1.2 Tm bending magnet is employed 

to analyze the energy loss and charge state of ion beams. 

Figure 3: The  m long RF plasma device, a SC dia

mond detector, a large position-sensitive detector, and 

a new bending magnet are installed at ion-plasma 

interaction platform at IMP 

The new Theta-pinch plasma and ps-laser induced 

plasma are developing too and soon the interaction 

process between the low- and middle energy heavy ion 

beams and the different kinds of plasmas can be exper-

imentally investigated.   
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Introduction 

Investigation of ion stopping in an ionized matter is 

important for obtaining new knowledge in high energy 

density in matter and plasma physics. Especially 

interesting is the investigation of the interaction of 

heavy ions with low energy range from 40 to 500 keV/u 

with strongly ionized low-temperature hydrogen plasma 

[1,2]. The experimental setup was developed at ITEP on 

heavy ion RFQ linac (HIP-1), an ion energy is 101 

keV/u [3]. 

Plasma target 

Plasma target (PT) was developed at ITEP [4], plasma 

in PT ignited by electrical discharge in two coaxial 

quartz tubes. The capacitor bank with charging voltage 

range from 2 to 5 kV produces the discharge of 

hydrogen with maximal current up to 3 kA. The initial 

pressure of hydrogen is from 1 to 10 mbar. 
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Fig.1:  (a)  Example of PT current form (1) and plasma 

luminosity (2), (b)  PT principal scheme 

As laser interferometry measurement [5] showed the 

linear free electron density of plasma is in the range 

from 3,3*10
17

 to 1,3*10
18

 cm
-2

. For the plasma 

temperature measurement will be applied spectrometry 

method. PT diagnostic planned in the near future. 

Experimental setup 

PT was installed at HIP-1 beamline (fig.2). As projectile 

ions were used Fe
+2

, value of beam current after RFQ 

section  was up to 4 mA, with pulse duration 450 �s. 

Beam microstructure (microbunch) presented on fig.3b 

is caused by 27,7 MHz frequency. Hydrogen pressure in 

PT was from 0,5 to 4,5 mbar, depends on differential 

pumping system parameters. Beam current was from 4 

to 30 �A. For current measurement was used Faraday 

cup. Time of flight method (TOF) was applied for 

energy loss measurement. Detector system consists of a 

fast Al2O3 based scintillator and Photomultiplier 

Hamamatsu R760. The time resolution of registration 

system 0,8 ns. 

Experimental data processing and analysis

The Fourier analysis [6] and filtering was used to 

obtained of  useful signal  (fig.3a,b).  The  processing
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Fig.2 Experiment scheme. FC1,2 - Faraday cups, D1-4 

diaphragms of differential pumping system d = 1-3mm, 

CVM - gas independent vacuum-meter 

procedure provides calculates of ions time delaying dT 

(temporal shift of peak of microbunches in relation to 

accelerator radiofrequency signal (RF). The data 

processing also includes correction of microbunches 

peak value positions in local regions of signal with 

insufficient signal-to-noise ratio and curve fitting of dT 

distribution in plasma discharge area. Example of data 

processing results is represented at fig.3c. 

Fig.3 (a,b) 1 - raw photomultiplier signal, 2 – 

accelerator RF signal, 3 - Fourier correction of row 

signal. (c) – plasma current(left) and microbunch shift 

dT(right) compared in time 

At the present time, the experimental data are being 

processed and analyzed. 
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Introduction

The accurate understanding of heavy ion stopping process 

in wide range plasma is essential in field of DT-alpha 

transportation, heavy ion inertial confinement fusion, and 

ion-driven fast ignition. In last decades, amount of exper-

iments about the ion stopping has been done in high ener-

gy region, and the experimental data agrees quite well 

with theories. However, in low energy region especially 

when the ion velocity is comparable to the average ther-

mal electron velocity of plasma, namely near Bragg peak, 

the experimental studies are very limited [1-3], and dif-

ferent theories shows great deviation, which are in high 

demand to be benchmarked. In this report, we presented 

our preliminary experimental results about the energy 

deposition of MeV ions in dense plasma.  

Results

Experimental Setup: The experiment was carried out at 

Laser Fusion Research Center, Mianyang. The experi-

mental setup was shown in figure 1. Here, ps laser with 

energy of 119 J was used to generate heavy ions such as 

protons and carbon ions. The ns laser with energy of 

127.3 J was used to drive hohlraum radiation to uniformly 

heat CH foam, forming foam plasma. The detailed struc-

ture about the hohlraum and the foam could be found in 

[4]. The density of CH foam is 2 mg/cm
3
, which is suppo-

sed to be nearly constant in 10ns after the ns laser shot [4]. 

The thickness of the foam is 1 mm, The hohlraum has a 

diameter of 1 mm. The height of the hohlraum is 1.8mm, 

and the diameter of the hole on the hohlraum wall for the 

laser shot is 0.7 mm. The energies of laser-accelerated 

ions passing through foam plasma were measured with 

Thomson Parabola. The energies of ions passing through 

vacuum were measured simutaneouly for energy loss ana-

lysis. Transmission grating spectrometer and flat-field 

grating spectrometer were used respectively for the hohl-

raum and foam plasma temperature diagnostic. X-ray 

diodes with and without filter were used to moniter the 

hard and soft X-ray flux. The XRD signal indicates that 

the effective heating time for the foam target is 6 ns after 

the ns laser beam shot. Therefore, in the experiment, the 

delay time for the ps and ns laser is set as 5ns. The radia-

tion 

Experimental Results: The hohlraum radiation showed 

perfect Planckian distribution. The wavelength at maxi-

mum intensity (λm ~ 12.91 nm) corresponded to the tem-

perature of 19 eV according to Wien displacement law. 

Besides, the transitional lines of C
4+,5+,6+

 from foam plas-

ma were observed with the flat-field spectrometer. This 

would give hints for the foam temperature, which is just 

under analysing.   

The laser-accelerated ions were deflected by electric 

and magnetic field in the Thomson Parabola.  The deflec-

tion image was shown in the left of figure 2.  Through 

analysing the electric deflection, the energy distribution 

of the laser-accelerated ion passing through vacuum and 

foam plasma was shown in the right of figure 2. It can be 

seen that the energy loss was surprisingly large, which is 

far above the Bethe-Bloch predictions. The influence of 

electric and magnetic field in plasma will be considered 

for the disagreement.  

Figure 1: Experimental Setup 

Figure 2: Energy distribution of laser-accelerated ion 

passing through vacuum and foam plasma  
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X-ray emission, an important consequential result from

such collisions, involves several inner-shell processes, 

from primary ionization by the incoming ions, up to the 

subsequent vacancy decay, including intra-shell transition. 

Thus, the detailed knowledge of x-ray emission provides 

important information to understand the complex ioniza-

tion mechanism and test relevant theories. Furthermore, 

accurate values of x-ray production cross section are 

needed for the applications of Particle Induced x-ray 

Emission (PIXE) technique in the trace element analysis. 

Multiple ionization may occur during ion-atom colli-

sions by concurrent or subsequent effect, accompanying 

with the single ionization of inner-shell electrons. That 

can reduces the screening of nuclear charge and affects 

the radiative transition rate due to the presence of some 

outer-shell vacancies. As a result, it will causes energy 

shift of the corresponding x ray and change of the relative 

intensity of sub-shell x rays. Several authors have investi-

gated this effect when heavier projectiles are used, and 

the similar phenomenon has been discussed in our previ-

ous work. However, the case of proton is still largely 

unexplored. In fact, it is possible as observed in the pre-

sent work and the studies of Cipolla et al and Miranda, et 

al  and so on.   

Here, special attention will be devoted to Nd L-subshell 

x-ray emission by the measurements at the 320 kV high

voltage experimental platform at Institute of Modern

Physics, Chinese Academy of Sciences (IMP, CAS) in

Lanzhou. ission of the neodymium Lγ2 x ray is

discussed by the multiple ionization effect. L-subshell x-

ray production cross sections of Nd are measured and

compared with various theoretical calculations along with

different atomic parameter databases.

 In fig.1 the typical x-ray emission spectrum of Nd 

produced by 200 keV proton impact is presented and well 

fitted using a Gaussian fitting program, and compared with 

that induced by photon.  lthough the spectrum for

different kind of incident particle is similar, there is an 

obvious enhancement of the Lγ2 x-ray emission induced by

proton, compared to that for photon radiation. 

Such abnormal emission of Lγ2 can be interpreted by

the multiple ionization.  When it occurs,  since  the transi- 

 

 

tion probability of the Auger transition and CK transition 

are affected due to the absence of some outer-shell elec-

trons, the fluorescence yield could be altered. Conse-

quently, the relative intensity ratio of sub-shell x ray will 

be changed.  
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Fig. 1: Characteristic L x-ray spectra of neodymium for 

proton and photon impacting 

In addition to relative intensity change of subshell x 

rays, line shift of the characteristic x ray is another possi-

ble result of multiple ionization. When it occurs, the 

screening of the nuclear is reduced as the absence of out-

er-shell electrons. Binding energy of the remaining orbital 

electrons is increased. This leads to the measured x ray 

shifting toward the high energy side. It is found that ener-

gy of the Six L-subshell x ray for Nd induced by proton 

are all larger than the values of the singly ionized atom 

and the experimental data of photon which is nearly the 

same as theoretical calculation apart from Lγ1. That pro-

vides an authentic evidence for the multiple ionization of 

Nd by proton and supports the explanation for abnormal 

emission of Lg2 x ray. 
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Tomographic reconstruction target at a proton radiography experiments 
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Algebraic tomography methods [1] allow reconstruct-
ing of internal structure of an object from proton-
radiographic images made at several angles of rotation of 
an object relative to a beam axis. Tomographic recon-
struction methods can be applied at radiobiological pro-
ton-radiographic experiment (PaNTERA experiment) at 
PRIOR facility [2]. 

Algebraic reconstruction technique (ART) [1] was 
chosen for reconstructing target structure. As a test object 
for ART was chosen Shepp-Logan phantom Fig.1 (large 
dynamic range of variation of the density and the pres-
ence of areas with large and small differences of density). 

Fig.1: Shepp-Logan phantom (left), sinogram (right) 
The reconstruction error depends on the number of pro-
jections (for test object with 60 projections – 4.2%, for 90 
– 3%, for 180 – 1%)
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Fig. 2. Drawing of the target 
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The reconstructed images of the transverse sections in 
Fig. 4. These result shows that for a given energy (247 
MeV), the contrast is sufficient to discriminate objects 
when difference in areal density is about 5%. 

1) 2) 

3) 
Fig. 4: Result of tomographic reconstruction of target 
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4 Radiation-, Particle- and Plasma Sources
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Cone Compression of a Pulsed Plasma Sheath∗

T. Manegold1, S. Faik1, C. Benzing1, P. Tavana1, J. Wiechula1, M. Iberler1, and J. Jacoby1

1Goethe University of Frankfurt, Frankfurt am Main, Germany

Introduction

Coaxial plasma accelerators (CPA’s) have been investi-

gated in the past in different experimental configurations,

with several applications, such as space propulsion [1] or

as a high voltage switch [2]. The purpose of the pre-

sented project is the application as an intense UV/VUV

back lighter source. The wavelength spectrum of the emit-

ted light depends on the excited states, whereas the inten-

sity is in correlation to the electron density. The plasma

sheath of the utilized CPA has been characterized in [3].

To increase electron density and to extend the emitted spec-

trum to lower wavelengths, the plasma is compressed by a

glass cone after acceleration phase.

Experiment and Results

The experiment is driven by a CPA, whose pulse form-

ing network has a total capacitance of 27µF with a max-

imum voltage of 10 kV. Due to the high current of up to

150 kA, the Lorentz force accelerates the plasma to velo-

cities in the 10 km

s
range. The electron density determina-

tion of the uncompressed plasma has been performed time

and spatially integrated by the common method of linear

Stark-broadening of the Hβ 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

479.40 nm was applied. It was possible to cross calibrate

this line with the Hβ line. Doing so, we obtain

ne

[

cm−3
]

= (3.07± 0.475) · 1018 ·∆λS [nm] (1)

In a first cone, which is characterized by an opening at the

tip of 5mm and a tapering angle of 26.5◦, the electron den-

sity could be increased from initially several 1015 cm−3 in

the uncompressed plasma cloud to about 1018 cm−3 at the

tip of the cone at a charging voltage of 9 kV and a Helium

gas pressure of 15mbar.

Two-dimensional hydrodynamic simulations of the com-

pression have been performed with the RALEF-2D code.

According to these simulations (Fig. 1), the electron den-

sity 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 density values between simulation

and experiment is assumed to be unobserved by the highly

time dependant changes and radiation losses, not taken into

account in the code. The experimental results of the elec-

tron density at U = 5 kV and p = 5mbar are depicted in

∗This report is also submitted to the GSI Scientific Report 2017
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Figure 1: Simulation of electron density at the time of max-

imum value in first cone (top) and optimized cone (bottom).
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Figure 2: Electron densities in the optimized cone

Fig. 2 in dependence of the position z. As can be seen, al-

though voltage and gas pressure are reduced, an optimized

cone compressed the plasma to electron densities compa-

rable to the values of the first cone at 9 kV and 15mbar.

Compared to the uncompressed values, the compression in-

creases the electron density by about a factor of 630.

Additionally, the observed emitted wavelength has

expanded at higher densities from wavelengths above

97.25 nm to a wavelength range starting already at approx-

imately 53.70 nm. Our next step is to replace the fragile

glass by a different material to be able to perform the com-

pression at higher voltages and pressures to increase elec-

tron density even more. According to the RALEF-2D sim-

ulations, this could increase the compressed density by a

further order of magnitude.
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The LIGHT collaboration has been founded to provide 
a testbed for Laser Ion 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. 

Figure 1: Energy spectrum of TNSA-driven carbon ion 
source. C4+ dominates the spectrum from 0.5 MeV/u on. 
 

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) 

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. 

�⋅= dzB
vm

q

f

2
224

1

2

21

γ

 (1) 

The ion beam was diagnosed with a fast diamond detec-
tor. 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. 

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 proper-

ties (high particle numbers, low emittance) and have been

intensely investigated in the past two decades. These

sources deliver a 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 technology. A

prototype beamline has been realized at the Z6 experimen-

tal area at GSI [1]. The target normal sheath acceleration

source is driven by the Petawatt High-Energy Laser for

Heavy Ion Experiments (PHELIX) 100 TW beam and

delivers an exponential spectrum up to several tens of MeV.

In the next step, a high-pulsed solenoid selects protons of

(8±1) MeV via chromatic focussing directly 10 cm behind

the thin target foil. In 2 m distance, the protons pass a

radiofrequency cavity and are phase-rotated. Through the

phase rotation the proton bunch can be energy-compressed

to ∆E/E0 = (2.7±1.7) % or time-compressed into the

subnanosecond regime [2]. Behind the cavity, a transport

line leads the collimated proton beam to a second target

chamber where diagnostics and applications can be placed.

Inside this second chamber, a new final focussing system

has been installed (6 m behind the target) for steep

focussing. This part is necessary to prepare 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 f ocusing s ystem a

second high-field solenoid was placed in the second target

chamber and operated at 7 T. As a detector a radiochromic

film s tack ( RCF) w as p laced 1 0 c m b ehind t he solenoid,

shown in figure 1 . The protons penetrate deeper into the

RCF stack, if they have a higher energy according to their

characteristic Bragg peak behaviour. The protons deposit

their energy inside the RCF films l eading t o a c hange in

their colour which is analysed. The solenoid parameters

haven been chosen in this way that 8.3 MeV protons are

focussed in a 460 ps bunch length, shown in the 4th RCF

film. T he f ocal s pot s ize i s 1 .3 x 2 m m2 w ith 3 x 108

protons resulting in a current of 7.5 x 108 1/ns ∼ 121 mA.

The focus profile i s s hown i n fi gure 2. In 20 15, we

measured a focal spot size of 2.3 x 2.3 mm2 [3]. In the next

experimental campaign in 2018, these focussed proton

bunches will be used for first application studies.

∗This report is also published in GSI Scientific Report 2017.

Figure 1: RCF stack detecting the final p roton focus:

The Bragg peak energy is shown. The 3rd and 4th RCF

films a re o f t he t ype H D-V2, t he o thers a re t ype EBT3.

The solenoids setting focusses 8.3 MeV protons which is

clearly seen in the 4th RCF film. On the other RCF films,

the particular energies are diverge.

Figure 2: Proton beam profile measured with the 4th 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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Ultra-high magnetic field generation in curved targets: A novel approach to la-

boratory astrophysics and laser-based applications*
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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. 

 

 

�#+$��� 
<�Principal experimental setup for generation of 

magnetic fields in snail-shaped target. Proton deflectome-

try diagnostic is shown; optical (polarimetry and interfer-

ometry) and Kα diagnostics are not shown� 

 

 

In the experimental campaign, the PHELIX laser beam 

was splitted in two, one used as a target driver (CP1), and 

the other (CP2) as a TNSA proton generator when inter-

acting with a gold foil with 4 µm thickness. Besides the 

main target and the foil, a fine mesh was aligned on the 

way of TNSA protons for better resolution of proton de-

flection in the diagnosed fields. Optical diagnostics (po-

larimetry 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. 

 

 
 

Figure 1: (A) sketch of the principal experimental set-

up, (B) example of 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. 
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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.

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.

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,�) reactions. The emitted  �-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.

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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5 Accelerator and Beam Physics 





Accelerator Driven High Energy Density Science - 

 Activation of structural components of high intensity accelerators 

Peter Katrík1, Dieter H.H. Hoffmann2,3, Edil Mustafin1, Ivan Strašík1
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2Xi’An Jiaotong University, School of Science, Xi’An, China 

3National Research Nuclear University MEPhI, Moscow, Russia 

High intensity accelerators are under construction for 
High Energy Density Physics experiments, Accelera-
tor Driven Advanced Nuclear Energy Systems and 
nuclear waste incineration and other applications. 
They all have in common to require high intensity 
pulsed or continuous particle beams. We report on 
our investigations of activation processes of heavy 
ion accelerators due to beam loss during operation. 
This a crucial prerequisite to optimize the choice of 
construction materials and maintenance procedures 
[1]. Significant optimization of the operation sched-
ule can be achieved if the accumulated residual ac-
tivity is properly controlled and predicted. Radiation 
may cause detrimental changes of the functional 
properties of the structural components and materials, 
which will possibly lead to a significant shortening of 
their lifetime. Replacing activated accelerator com-
ponents is regulated by dose-rate restrictions for the 
“hands-on” maintenance. Handling and final disposal 
of the accelerator parts after several years of usage is 
also an important issue directly related to the activa-
tion. We report results of Monte Carlo codes calcula-
tions simulating situations with various levels of acti-
vation and different induced nuclides. In order to test 
the reliability of the method, we carried out activation 
experiments to verify and benchmark the simulation 
codes and improved the widely used FLUKA code by 
supplying additional data. The target was subdivided 
into a stack of separated foils. This rendered the pos-
sibility to determine the radioactivity induced by the 
produced nuclides at a certain position of the target 
by measuring the gamma activity of each foil respec-
tively. In all of our experiments we assembled the 
foils (disk shaped) into the so-called stacked-foil ge-
ometry. The total thickness of the targets as well as 
the number of the foils the target consisted of, varied 
according to the expected range of the primary parti-
cles in the bulk of the target material. The targets 
were designed in order to locate the end of the range 
position approximately into the middle of the target 
body. Since the highest depth resolution is necessary 
at the end of the penetration range, the thinnest foils 
were ordered along whole length of the target with 
the increasing density around the centre position. The 
thickness of individual foils varied between 0.1 mm 
and 1.0 mm. In some cases a grouping of a few thin 
foils into a measurement sample was applied in areas 
downstream and upstream of the range area, where a 
high depth-resolution was not necessary. The targets 
T1 and T2 were irradiated by 238U with the initial en-

ergy of 200 MeV/u and 125 MeV/u, respectively. The 
third target T3 was irradiated by a 124Xe beam with
the initial energy of 300 MeV/u. The synchrotron 
accelerator SIS-18 was operated in the fast-extraction 
regime with the beam pulse repetition rate from 
2 up to 3 seconds. Information about provided irra-
diation is collected in the Table 1. 

Table  1: The parameters of the aluminium targets 
and the irradiation conditions 

The experiments presented here were supported by sever-
al preliminary calculations in order to achieve a most pre-
cise prediction of the range area of the primary particles. 
Three different codes were used: FLUKA 2011, SRIM-
2013, ATIMA. SRIM and ATIMA codes are less com-
plex with relative low CPU demand. Therefore it is fre-
quently chosen for calculating the physical quantities re-
lated to the interaction of the ions with the matter, such as 
stopping power, energy loss, and range and an ener-
gy-loss or an angular straggling. Figure 1 shows the dis-
tribution of the beam energy deposition in the bulk of the 
target material, calculated by FLUKA. Due to nuclear 
reactions, fragmentation occurs and this is clearly ob-
served by a smeared out Bragg-Peak region [2]. 
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Fig. 1: An example of the stopping power distribution in 
the horizontal plane calculated by FLUKA for the case of 
238U ions with the nominal energy of 200 MeV/u pene-
trating through the air gap and the aluminium target 
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The International System of Units (SI) uses the tran-

sition of two hyperfine levels of the ground state of 

the caesium atom to define the time standard of 1s. 

Atomic clocks based on this electronic transition can 

keep the time as precise as 1 second within the cur-

rent age of the universes, which is approximately 13 

billion years. Can this precision be improved? Since 

the characteristics of atomic transitions are subject to 

the environment like electromagnetic fields particle 

density, plasma environment, the precision can ob-

viously be improved when the time standard is based 

on a nuclear transition. Due to technical reasons 

such a level must be within reach of available lasers 

to set up a frequency comb. At the moment the only 

nuclear level known and predicted by theory is the 

M1 nuclear transition between the low-energy iso-

meric state and the ground state in the 
229

Th nucleus. 

The energetic position of this level at approximately 

7.6 eV is known  from spectroscopy experiments 

[1], however with an uncertainty which is many or-

ders of magnitude higher than the line width. Thus 

more knowledge about this level is necessary. We 

propose a broad band excitation using virtual pho-

tons to excite this level. 

We do envision - as shown in fig. 1- a beam of 
229

Th 

circulating in a storage ring with a 
12

C Target insert-

ed. Due to the relativistic velocity of the fast charge 

particles an intense electromagnetic pulse is generat-

ed, when the particles pass each other.  This elec-

tromagnetic pulse can be described by an equivalent 

spectrum of virtual photons. The resulting spectrum 

as an example is shown in fig. 2 giving the number 

of photons as a function of the photon energy in the 

low frequency limit. 
 

From fig. 2 it is obvious that there is a high number 

of low energy photons. Since outer shell electrons 

are removed, these photons are not available to ex-

cite electronic transitions. In the de-excitation pro-

cess the emitted photons are subject to Doppler shift. 

This allows to shift the observed transition energy 

into a range of optimum detector efficiency and low 

background. 

The major problem of the proposed experiment is 

the intensity of stored 
229

Th in a storage ring. It is in 

principle possible to start with a 
229Th ion source. Cur-

rently radiation safety issues make this possibility unlike-

ly and we are in the process of simulating the experiment 

with  10
4
 stored particles. 
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Fig. 1: A 
229

Th ion moving towards a solid 
12

C target in 

the laboratory frame and the rest frame of the projectile 

Fig. 2: Virtual photon spectrum of 
229

 ����� at 50MeV/u
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6 Theory for HED/WDM in Plasma -, 

Laser - and Atomic Physics 
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n WDM (ND/T = 5.64× 1023/cc, T = 1.75eV ) FIS(ND/T = 1026/cc)

100 eV 1 keV

1 5.847 ×1017 3.17 ×1016 3.17 ×1014

2 3.647 ×1016 1.98 ×1015 1.98 ×1013

3 7.204 ×1015 3.91 ×1014 3.91 ×1012

4 2.270 ×1015

5 9.336 ×1014

6 4.502 ×1014
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Two-body diagnostics mesonic bound states in ultradense plasmas of fusion

catalysis concern
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Introduction 

Warm Dense Matter (WDM) exists in the interior of 

planets and determines planetary characteristics, and is 

the intermediate state of matter in inertial confinement 

fusion. Therefore, it is important to investigate Warm 

Dense Matter with as many methods as possible, for rea-

sons of basic science, novel applications and to enhance 

the perspectives of inertial confinement fusion (ICF). 

Heavy ion beams are regarded as an attractive comple-

mentary driver to generate WDM states. Due to their spe-

cific characteristics, e.g., the precise control of beam-

energy deposition, the large sample size, the potential to 

heat any target material, and last but not least the high 

repetition rate of beam pulses from accelerators. In China, 

the High Intensity heavy ion Accelerator Facility (HIAF) 

will be built in Huizhou and generate highly energetic and 

highly bunched heavy ion beams focusing on heavy ion 

applications [1]. In this study, the compression perfor-

mance of a LAPLAS type target, where the inner cylinder 

of the multilayered target consists of iron, has been stud-

ied theoretically by using the code MEDUSA. We com-

prehensively conducted simulations with a variety of con-

ditions. Different outer-shell materials, e.g., gold, lead 

and platinum were assumed, the radial position of the 

annular beam center was varied and we studied the result 

on compression of iron sample. 

Simulation Model 

The simulation is done based on MEDUSA, which was 

initially developed for laser plasma interaction and laser 

fusion. Later the code was modified to allow the treat-

ment of energy deposition of ion beams into matter. the 

target is of cylindrical geometry, consisting of two layers. 

Iron constituting the inner core is enclosed by the either 

of three different outer shell high-Z materials, namely 

gold, lead and platinum. The ion beam with an annular 

focal spot irradiates the target from its right face. The 

radius of inner core iron (Ri) is 0.2 mm and the radius of 

outer shell material (R0) is 3.0 mm. In this study, the 

beam parameters are based on the performance of the 

HIAF booster ring. The assumption is, that this ring will 

deliver a uranium beam of Gaussian distribution with the 

intensity, (�� � ��� � ��		
�at an energy of 800 MeV/u.

The full width at half-maximum (FWHM) is 1 mm and 

the beam duration is 150 ns. 

Results 

Figure 1(a)-(c) shows the variations of the pressure, 

temperature, and density of the whole target with respect 

to the radius R, respectively. The black-solid, red-dashed 

and blue-dotted curves show the results of the outer shell 

material of gold, lead and platinum at the maximal com-

pression of the inner iron. It can be seen that when the 

outer shell material is platinum, the iron pressure is high-

er, which reaches about 8 Mbar and the density is higher, 

up to around 100 g/cm
3
, while the temperature is as low 

as 1.8 eV. From these equations it is clearly seen that the 

pressure of ions and electrons is determined by the tem-

perature of ions and electrons, density and mass number. 

Therefor the reason for the pressure of the outer shell is 

attributed to its ratio of density and mass number. Overall, 

the outer shell material has a larger the ratio of density 

and mass, allowing for higher compression of the inner 

iron. 

Figure 1: the variations of the pressure, temperature, and 

density of the iron target with respect to the radius R, re-

spectively. The black-solid, red dashed and blue-dotted 

curves show the results of the outer shell material of gold, 

lead and platinum at the maximal compression of the in-

ner iron, respectively. 
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Introduction

In recent decades, it has been needed to construct much

powerful accelerators to challenge the new physics in the

energy frontiers. To save the cost and reduce the foot-

print of such accelerator projects, novel acceleration mech-

anisms have been proposed. For example, plasma wake-

field acceleration can be realized by injecting a high inten-

sity laser pulse or charged particle beam into the plasmas.

This method guarantees a much higher acceleration gradi-

ent than any conventional acceleration structures, however

it has several problems such as substantial energy spread,

inconsistent loading efficiency, instabilities of the drivers,

limited amount of energy delivered to the witness beam

from the driver beam (for the beam-driven plasma wake-

field, BD-PWFA), and not long enough Rayleigh length

(for the laser-driven plasma wakefield, LWFA). In this pa-

per, we introduce two topics that have been actively inves-

tigated recently to solve the above problems using particle-

in-cell (PIC) code WARP [1]. The WARP is an extensively

developed open-source PIC Python package designed for

simulation of plasmas and high current particle beams in a

wide range of applications.

Self-Modulation Instability

The greater the energy of the driver beam, the greater

the expected energy gain of the witness beam. High energy

proton beams from hundreds of GeV to tens of TeV are al-

ready available at CERN, but the bunch length is too long.

Therefore, the self-modulation instability (SMI), which oc-

curs when the driver beam length is much longer than the

plasma wavelength (λp ≪ Lb), has been intensively stud-

ied to harness the beams (∼10 cm) from the Super Pro-

ton Synchrotron (SPS) of CERN after the first theoretical

modeling work was published [2]. Of the studies for SMI,

seeding the instability should be the first problem to be in-

vestigated. One of the methods is to use the sharply rising

head of a flat top beam which is made by stacking several

short, Gaussian pulses as in Fig. 1.

Trojan Horse Scheme

It is not easy to control the size and emittance of the

witness beam inside the plasma wakefield. In 2012, an

idea was reported to create a witness beam by ionizing

∗Work supported by the National Research Foundation of Korea

(NRF) Grant (No. 2015R1D1A1A01061074).
† mchung@unist.ac.kr

Figure 1: Simulations of a flat top electron beam (a) be-

fore and (b) after the propagation in the plasma, and (c) the

evolution of the longitudinal wakefields.

the residual gas using a very small and weak laser pulse

in the blow-out region of the wakefield generated by an

electron beam [3]. The radial size and emittance of the

witness beam caused by a laser depend on the focal waist

and power of the laser, and the plasma density. Assuming

that the driver beam does not evolve inside the plasma, the

physics of the driver and witness beam can be decoupled

in the system (see Fig. 2). Possible oscillations and insta-

bilities of the witness beam, which occur when the beam

radius is not matched to the system, should be studied for

consistent beam loading.

Figure 2: Simulation of (a) the driving electron beam with a

laser pulse ionizing residual Helium gas. (b) Zoomed view

of the witness beam ionized from the laser pulse.
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The stopping of ions in plasma is the key process in 

fusion science, such as DT-alpha heating, ion-driven iner-

tial confinement fusion and fast ignition. In particular, it 

is of great significance to study the energy loss of alpha 

particles with 3.54 MeV in hot plasma of deuterium and 

tritium (D-T) mixture, where the relativistic effect of free 

electron’s thermal motion probably shouldn’t be ignored. 

We theoretically calculated the stopping power of MeV 

alpha particles in hot plasma (~ 200 keV). The relativistic 

Vlasov equation [1] is applied to investigate the stopping 

power due to the collective response of the plasma. The 

stopping power depends on the dielectric function 	(
, k) 

and can be expressed as: 
2

2

1
Im[ ]

( , k)

kv

kv

dE Z dk
d

dx kv
ω ω

ε ωπ −

− = � �
where Z and v represent the charge and velocity of inci-

dent particle respectively, k means the wave number and 


 means plasma frequency. 

The real and imaginary parts of dielectric function 

were plotted in figure 1 for relativistic and non-relativistic 

velocity distribution of free electrons. Obvious difference 

was observed, which indicates the importance of relativ-

istic effect in the stopping process of alpha particles with 

plasma electrons.  

Figure 1:  Real and imaginary part of the dielectric func-

tion when considering relativistic effect or not in elec-

tron's velocity distribution, where the plasma temperature 

is 200keV. 

The stopping power due to the electron component 

with included (R) relativistic effect and not (NR), and the 

ion component in plasmas are shown in table I respective-

ly, when the energy of the incident alpha particles varies 

from 0.05 MeV to 3.54 MeV. The total results of the two 

components are also calculated with relativistic effect 

included or not, which are denoted by Total(R) and To-

tal(NR), respectively. The plasma temperature Te is still 

200keV, and the electron density ne is 10
26

/cm
3
. In the

table the stopping power is in the unit of MeV/cm. From 

Table I, it can be seen that, the stopping power due to the 

interaction with plasma ion is around 8 times larger than 

that due to the interaction with plasma electrons. Namely, 

the stopping process of 0.05-3.54 MeV alpha particles in 

DT plasma is dominated by the interaction of alpha parti-

cles with plasma ions.  

From the above results, it could be concluded that 

for 3.54 MeV alpha particles moving in 200keV DT 

plasma, although the relativistic effect is important in the 

interaction of alpha particles with electrons, the interac-

tion with plasma ions plays the dominant role in the stop-

ping process. Namely, the electron’s relativistic effect 

could be ignored when calculating the slowing down of 

3.54 MeV alpha particles in such hot plasmas. 

Ep 

/MeV 

Elec-

tron(R) 

Elec-

tron(NR

Ion Total 

(R) 

Total 

(NR) 

0.05 8.14 7.17 675.69 683.83 682.86 

0.1 11.57 10.20 887.22 898.79 897.42 

0.5 26.82 23.64 1108.90 1135.72 1132.54 

1.0 38.56 33.99 836.99 875.55 870.98 

1.5 47.32 41.70 623.01 670.33 664.71 

2.0 54.55 48.08 486.56 541.11 534.64 

2.5 60.87 53.64 397.61 458.48 451.25 

3.0 66.55 58.65 336.29 402.84 394.94 

3.54 72.18 63.61 288.67 360.85 352.28 

Table I: Stopping power for alpha particles in DT plasmas 

when Te = 200keV and ne =10
26

/cm
3
. Here R and NR

mean the relativistic velocity distribution of electrons
considered or not, respectively. Electron and Ion denote 

the compo-nent of the stopping power due to the 

electron and ion, respectively. 
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Stopping power of warm dense electron plasmas* 

I.M. Tkachenko1,#, Yu.V. Arkhipov2, A.B. Ashikbayeva2, A. Askaruly2, 
A.E. Davletov2, D.Yu. Dubovtsev2, S.A. Syzganbayeva2 

1
Universitat Politècnica de València, Valencia, Spain; 

 2Al-Farabi Kazakh National University, Almaty, Kazakhstan

Phenomena related to the interaction between beams of 
charged particles with condensed matter and plasmas 
have been widely studied using different methods of di-
agnostics. In addition, beams of heavy fast ions are con-
sidered as a perspective driver for the inertial fusion.  

The plasma polarizational stopping power of heavy 
ions projectiles is described by the Lindhard formula [1]: 
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whose high-velocity asymptotic form was found by Bohr, 
Bethe, and Larkin [2-4]: 
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The plasma inverse dielectric function (IDF), �����, ��, 
was determined in [5] within the moment approach [6] 
complemented by some physical observations which 
permitted to express it in terms of only two characteristic 
frequencies, which are the ratios of the frequency power 
moments of the IDF imaginary part: 
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The frequencies �� and �	 in (3) can be calculated rigor-
ously as soon as we know the static structure factor (SSF) 
of the system [5, 6]. Here we employ the following inter-
polation expressions [7,8]: 
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The interpolation and fitting parameters introduced here 
are the following: 
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and �
�� is the Debye radius, Г = 
�	/�, ��� = 12��/�� 
	�� = �/�� , � and �� 	are the Wigner-Seitz and Bohr ra-

dii,		
 = 1/���, ��	is the Boltzmann constant, and � is 
the temperature. Under the thermodynamic conditions we 
deal with here, the system is practically a classical plasma 
so that all magnitudes can be expressed in terms of the 
plasma coupling parameter Г, and we may use for the 
average electron thermal velocity the Vlasov classical 

form: 〈��	〉 = 3���/ � . 
We have compared the polarizational losses of heavy 

projectiles in electron gas calculated within the simplified 
interpolation version of the modified method of moments 
[5] to the results of the latter and to the PIC simulation 
data [9] in classical systems, see the Figures 1-4. 

 

 
Figure 1: The electron gas stopping power (-dE/dx) as a 
function of the projectile velocity	v normalized to the 

thermal velocity v#$ = %���/ �	 for a positively 

charged ion and different coupling strengths ZГ'/	 ; the 

circles display the simulation data, the solid line 
represents the asymptotic form (2), the dash-dotted line 
stands for the results of the interpolation model, while the 
triangles correspond to the complete method-of-moments 
results with the SSF determined in the hyper-netted chain 
approximation. The plasma conditions and charge state Z 

are: ��� = 10	eV, + = 10	�	cm�', . = 2	 for .Г'/		= 
0.23.  
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Figure 2: As in Fig. 1 but for k0T = 20	eV, n =
2.1 ∙ 10	'	cm�', Z = 2	 and ZГ'/	= 1.1 

 

 
Figure 3: As in Fig. 1 but for k0T = 10	eV, n =
10	�	cm�', Z = 1	 and ZГ'/	= 0.11 

 

 
 

Figure 4: As in Fig. 1 but for k0T = 20	eV, n =
2.1 ∙ 10	'	cm�', Z = 8	 and ZГ'/	= 4.6 

 
Under the above conditions the interaction contribution 

|U(q)| to the frequency �	 is at least an order of 
magnitude smaller than the kinetic one, K(q), so that the 
simplified random-phase interpolation form for the 
frequency ���5� is perfectly applicable [10].  

 
 
We observe that the suggested simplified interpolation 

approach based on the modified method of moments is 
capable of describing the energy losses of a charged 
particle in warm dense effectively classical electron 
plasmas with a fairly good precision. Notice that no 
adjustable parameters were used, and the interpolation-
model calculation is practically algebraic. Last year the 
same interpolation approach was applied to describe the 
stopping power of two-component plasmas, and we are 
planning to carry out a comparative study. Our results 
imply the physical applicability both of the interpolation 
and the complete modified moment approach. 
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Interaction of Intense Laser Pulses with Quantum Plasma 

Punit Kumar, Shiv Singh and Nafees Ahmad 
Department of Physics, University of Lucknow, Lucknow, Lucknow-226007, India

The growing interest in investigating new aspects of 

high density (quantum) plasmas is motivated by its poten-

tial applications in modern technology e.g., quantum well 

and quantum dots, quantum plasma echoes, metallic 

nanostructures, microelectronics devices, thin metal films, 

metal clusters, nano-plasmonic devices, quantum x-ray 

free electron lasers, in high intensity laser produced plas-

mas, in nonlinear quantum optics, in metallic nanostruc-

tures, in super dense astrophysical environment (e.g. in 

the interior of Jupiter, white dwarfs, and neutron stars), in 

dusty plasmas and in next generation of laser based plas-

ma compression experiment (LBPC), etc. The studies 

involving interaction of intense laser beams with quantum 

plasma were carried out by the quantum plasma group. 

The interaction models were developed on the recently 

developed quantum hydrodynamic (QHD) model which 

consists of a set of equations dealing with transport of 

charge, momentum and energy in a plasma. The effects of 

quantum Bohm potential, the Fermi statistical pressure 

and the electron spin were incorporated.  

 

Studies using QHD Model 

 

Harmonic Generation by Whistler Pulse in 

Magnetized Quantum Plasma 
Study of second harmonic generation resulting from 

propagation of whistler pulse in homogeneous high den-

sity quantum plasma immersed in an externally applied 

magnetic field was carried out. The oscillatory electron 

velocities, perturbed density and non-linear current densi-

ty for the propagation of whistler in high density plasma 

were setup. The field amplitude of second harmonic of 

the whistler with respect to fundamental wave and the 

conversion efficiency for phase-mismatch was analyzed 

and higher conversion efficiency was observed in degen-

erate plasma for lower values of static magnetic field as 

compared to classical plasma. 

 

Acceleration of Electrons in Quantum Dusty 

Magnetoplasma 
A detailed study of ponderomotive acceleration of 

electrons in magnetized quantum dusty plasma was per-

formed. A simple energy exchange solution in electron 

acceleration was established. It is noticed that the electron 

acceleration by circularly polarized laser pulse is signifi-

cantly affected by presence of magnetic field, laser field 

amplitude and dust charge grains. It is found that an elec-

tron gains energy during rising part and losses energy 

during trailing part of laser pulse and presence of dust 

grains increase the growth of ponderomotive acceleration 

in quantum dusty plasma as compare to quantum plasma. 

All the prevalent models considered electrons as a 

single fluid of macroscopically averaged spin-1/2 plasma. 

The earlier papers did not show a full picture and didn’t 

took spin-up and spin-down interaction force into ac-

count. Very recently, a modified separate spin evolution 

(SSE) treatment of electrons in accordance with Pauli 

equation has been developed. 

 

Studies using SSE-QHD Model 

 

Two Stream Instability in Magnetized Quantum 

Plasma 
The two-stream instability for a circularly polarized 

electromagnetic wave propagating through a high density 

magnetized quantum plasma using the modified SSE-

QHD model was studied. The dielectric constant tensor 

using which the dispersion relation of two-stream as well 

as the beam-plasma instability was obtained. The results 

indicate that quantum effects and thermal effects play 

important roles along with the spin polarization produced 

by the spin interaction of spin-up and down species of the 

electron.  The critical wave number for beam-plasma in-

stability in magnetized quantum plasmas has also been 

evaluated and effect of spin polarization has been ana-

lyzed.  

 

Parametric Decay of X-mode Radiation in 

Quantum Magnetoplasma 
The study of parametric decay of an X-mode pump in-

to a short wavelength electron Bernstein wave and a lo-

wer-hybrid wave while propagating through magnetized 

quantum plasma by using modified SSE-QHD model has 

been analysed. Spin-up and spin-down electrons have 

been taken to be separate species of particles and spin-

spin interaction picture has been developed. The kinetic 

theory has been used to obtain the response of magnetized 

electrons. The parametric coupling has been studied and 

growth rate has been evaluated. The effects of spin polar-

ization and other quantum effects have been analyzed and 

the results have been compared with earlier studies. 

 

Laser induced Electron Acceleration 
The electron acceleration by intense laser pulse is sig-

nificantly affected by presence of spin polarization, densi-

ty perturbation and magnetic field. It is noticed that the 

electron energy rises with increase in the magnetic field 

strength as well as the normalized frequency increases 

and energy gain is large for large spin polarization. The 

electron gains more energy in polarized than in unpolar-

ized quantum plasma. It is also noticed that as well as 
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plasma density increases electron energy gain reduces due 

to quantum diffraction effects. 

Surface Plasma Wave in Semiconductor Quan-

tum Plasma 
A scheme of stimulated SPW excitation in magnetized 

quantum plasma via stimulated electron-hole recombina-

tion in the proximity of the guiding surface was proposed. 

The dispersion and pointing flux of the surface plasma 

wave in quantum magnetized plasma was evaluated. It 

was found that the dispersion and pointing flux properties 

differ slightly in spin-polarized and unpolarized plasmas. 

The electron-hole instability of semiconductor in quantum 

plasma with the spin-polarization can be a problem of 

interest but we left for a future work. This result may be 

important for the ultra small electronic devices like travel-

ling wave amplifier and solid density plasmas. 

Filamentation of a Short Laser Pulse 
Filamentation of a short laser pulse in a magnetized 

quantum plasma was studied. The direction of the exter-

nal field has been taken to be along the direction of elec-

tron beam propagation in the first case and oblique in the 

second case. The dispersion for both the cases have been 

obtained and growth rate evaluated. The numerical analy-

sis for growth rate has been carried out. The results of 

both the cases have been compared and analysed. Com-

parison has also been done with earlier studies and the 

difference is critically analysed and interpreted. The Fil-

amentation instability of a short pulse laser in magnetized 

quantum plasma is significantly enhanced by the ambient 

magnetic field. The growth rate is increase with spin po-

larization in case of longitudinal wave, but in case of 

oblique the growth rate is reduced with the increase angle. 

The growth rate increase with magnetic field strength and 

the laser intensity. The growth rate in fully polarized 

plasma is about 18-24% more than that in unpolarized 

quantum plasmas.  

Oblique Propagation of E.M. wave 
We have briefly described dispersion and growth rate 

of the e.m wave at oblique propagation. The spin-

polarization modifies the dispersion and growth rate de-

pendencies due to the Fermi pressure. The dispersion and 

growth rate is reduce as the enhance the angle )2/0( π→  at 

spin polarization for various value, but the dispersion and 

growth rate increase with both the spin-polarization and 

angle. In quantum plasma the dispersion and growth rate 

is about 17% and14% respectively more than that in clas-

sical at )4/( πθ = , and the quit distinctive in spin-

polarized and non-polarized plasmas. The present study 

may be important for linear case of small perturbation 

amplitude, astrophysical bodies, non-linear phenomena 

and instabilities of the electromagnetic waves. 

Simulation studies 

QED cascade structure in the field of a standing line-

arly polarized wave was studied in collaboration with 

Prof. A. V. Kim and A. Bashinov from Institute of Ap-

plied Physics, Nizhny Novgorod, Russia. Plasma struc-

tures formed as a result of a QED cascade development in 

the field of linearly polarized standing wave are consid-

ered. In view of the inhomogeneous spatiotemporal cas-

cade dynamics and complex particle motion it is proposed 

to analyze integral structures, which are spatial plasma 

structures averaged over half-period of the wave. Based 

on the study of integral structures with and without allow-

ance for a QED cascade as well as on particle trajectories, 

different plasma structures and their amplitude thresholds 

are revealed. It is shown that the integral structures max-

ima can arise not only at the electric field nodes or anti-

nodes, like in a circularly-polarized field, but also be-

tween them. 
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Analysis of the probability of intranuclear transitions in the nucleus of 
186

Re in 

the laser plasma of the laser facility “Iskra-5” 

M.A. Kulikov, D.E. Larin, G.V. Tachaev, A.A. Yes‘man
FSUE “All-Russia Research Institute of Experimental Physics – Russian Federal Nuclear Center”, Sarov, Russia 

This work is a follow-up of a joint research effort [1] of 

the Radium Institute and VNIIEF, in which formation of a 

nuclear isomer substance of hot plasma driven by a high-

power laser pulse is used to cause nuclear de-excitation. 

The main idea of the experiment is to observe the 

disturbance of the radioactive equilibrium between the 

metastable state of the isomer
186m

Re (half-life 2�10
5
 years) 

and the unstable ground state of the same isotope (half-

life 90.64 hr) in response to a high-intensity laser pulse of 

“Iskra-5” [2]. 

For ten months, from March 2016 through January 

2017, the irradiated target with 
186m

Re was subject to 

spectrometry studies, and the effect has been observed. To 

explain the effect, we suggest the following model: 

– the nucleus of 
186

Re has an unknown energy level

(above the known excited one), to which part of nuclei of 

the excited state go over during their interaction with laser 

plasma in the “Iskra-5” laser beam; 

– the life-time of a nucleus at this hypothesized level is

longer than in the ground state, which disturbs the 

radioactive equilibrium in the absence of replenishment of 

the short-lived ground state by the known excited state. 

By solving the simple system of equations we obtain: 
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where x, y, z are the relative numbers of nuclei occupying 

the ground, the excited and the hypothesized levels, 

respectively; 

� is the decay constant of a nucleus at a respective level

the x0-to-y0 ratio is determined from the secular

equilibrium condition x0��x = y0��y, so the system has two

free parameters: the fraction of laser-driven nuclei

jumping to the hypothesized level, z0, and the decay

constant of this level, �z.

Fitting the free parameters for the best match between 

experiment and theory gave the following estimates: 

z0 = 0.1, �z = 10
–6

 s
–1

, which corresponds to a half-life of

400 hours. 

Data comparison plots are shown in figure 1. 

Uncertainties are given for the 1� level. 

Using single-nucleon model, one can estimate the 

following parameters of the hypothesized level: spin-

parity is 7
+
 and energy is 3.2 keV. 

Fig. 1: Line intensity of the ground state as a function of 

time 

The intensity of x-ray emission that is supposed to 

stimulate gamma-decay of isomer was assessed by a one-

dimensional Monte-Carlo calculation of the problem [3]; 

the calculation shows that the intensity is too low to 

accelerate the decay. However, in the atom of rhenium the 

electron binding energy on the M1-shell is 2.932 keV, 

which is very close to our estimates of intranuclear 

transition energies in 
186

Re. Thus, the electron conversion 

factor can reach a value of the order 10
20

. 

In any case, the mechanism of energy transition 

stimulation in atomic nuclei remains unclear for the time 

being. So, one of the evident ways to make the 

hypothesized effects more measurable is to enrich the 

preparation in the isomer in further experiments to 

improve the statistical confidence of the measurements. 
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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 persists 
hundreds of picoseconds, influence the pre-plasma condi-
tions the most. Several publications in the past conclude 
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, simulating 
stretcher geometry with the possibility to generate noise 
at the optics of the stretcher. In this report, we present the 
status quo of this ray tracing simulation. 
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Up to the present day, all short-pulse high-intensity laser 
systems have one issue in common: the need to improve 
and understand their temporal contrast, which is defined 
as the ratio of the maximum intensity to the intensity of 
the pulse at a certain time before the maximum. Especial-
ly, the rise time at the leading edge of the main peak, 

which is depicted in igure 1, is much longer than a Fou-
rier-transform limited pulse dictates. 

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 in the stretcher.  
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To investigate this topic, we created a MATLAB based 
ray tracing code and simulated the propagation of a beam 

through a stretcher- compressor setup ( ig. 2), resulting in
zero dispersion after propagation through the whole sys-
tem. 

Figure 2: Visualization of a simulated beam path, gener-
ated with a self-written ray tracing code. Different colours 
represent beams with different wavelength. Rays start at 
the screen, propagating to the right, following the indicat-
ed grey arrows. After hitting the 0° mirror, they propagate 
back on the same path, passing the screen and entering 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 investi-
gate the influence of different distortions at different op-
tics, followed by experimental verification.  
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Transient band occupation in laser-excited gold
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Over many decades, several theoretical studies have

been carried out in order to better understand how matter

reacts in presence of laser light. Yet, some questions still

remain; especially with respect to changes of the optical

properties such as reflectivity and transmission. The laser

pulse drives the material out of equilibrium, due to absorp-

tion of photons by the electrons. Then, excited electrons

redistribute their energy among themselves and, later, also

transfer it to the initially cold lattice [1, 2]. During excita-

tion and relaxation, several kinetic processes are involved

which happen on different timescales. To trace optical

properties, several analytical models have been proposed

such as Lindhard and Mermin dielectric function [3, 4].

The latter require the full distribution as input parameter.

Under nonequilibrium, Boltzmann collisions integrals

seem to be suitable to obtain the electron and phonon dis-

tributions [1, 2]. However, such calculations are extremely

complicated and time consuming. In addition, the knowl-

edge of the distributions is not of major importance on

a timescale of a hundred of femtoseconds. Both Lind-

hard and Mermin functions, which are wavevector and fre-

quency dependent, converge in the optical limit (q → 0) to

the well known Drude dielectric function,

ε
L

r
(0, ωL) = 1−

4πe2

ωL

2

∑

ℓ,ℓ
′

|〈k + q, ℓ′| exp(iq.r) |kℓ〉|
2

×

∫

dEkℓ
f(Ekℓ

)D(Ekℓ
)
∂
2
Ekℓ

∂k2

ℓ

,

(1)

where we sum over all wave numbers in all bands. f(Ekl)
denotes the electron distribution function, D(Ekl) is the

density of states and the second energy derivative repre-

sents the effective mass. The knowledge of the bands oc-

cupation should be sufficient to calculate the optical prop-

erties. However one should keep in mind that terms ac-

counting for interband transitions are needed.

For metals excited with optical photons, we may trace

the transient band occupation by solving rate equations. In

our model, we consider two active bands: sp and d, cor-

responding to conduction and valence bands, respectively.

We assume a joint electronic temperature for both bands.

Then the equations for the occupation and energy read

dnsp

dt
=

αinter

~ωL

IL −
1

τrelax

(

nsp − n
eq

sp
(Te, µ(Te)

)

, (2a)

(Csp + Cd)
∂Te

∂t
= (αintra + αinter)IL. (2b)

The laser mostly excites electrons from d to sp shells.

The dynamics of sp electrons is described in Eq. (2a).

There, excitation of electrons is determined by the en-

ergy absorbed from the laser. This is governed by in-

terband absorption coefficient αinter and photon energy

~ωL. Later, the system relaxes to an equilibrium density

n
eq

sp
(Te, µ(Te)) =

∫

dE f(E, Te, µ(Te))Dsp(E). We as-

sume that the system relaxes to that density with a relax-

ation time τrelax. The electrons’ temperature Te is traced in

Eq. (2b) with Csp and Cd being the heat capacity of sp and

d electrons, respectively. Fig. 1 illustrates time-dependent

sp density in gold. One may attribute the density increase

to the contribution of interband transitions and its decay to

the relaxation process.

5.85

5.9

5.95

6.0

6.05

6.1

6.15

6.2

6.25

6.3

s
p
-d
en
si
ty

[×
1
0
2
8
m
−
3
]

0 100 200 300 400 500 600 700

Time [fs]

τrelax = 10 fs

τrelax = 100 fs

Figure 1: Transient sp-density in gold for different absorp-

tion parameters and relaxation times. d-band electrons are

excited to states above the Fermi level with a 50 fs laser

pulse centered a three times the pulse duration and with a

maximum intensity of Imax = 6.8×1014 W/m2 and photon

energy ~ωL = 1.5 eV. Then, electrons relax to an equilib-

rium density with a relaxation time τrelax. Solid and dashed

lines stand for, αinter being 10% and 50% of total absorption

coefficient.

Advances in laser technologies provide diverse light

sources such as VUV or X-ray pulses. With these radia-

tions, excitation of deeper bands is possible. That involves

more kinetic processes and also more than two bands are

required to properly describe such systems.
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Magnetic mirror simulation to boost electron beam heated HED 
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The properties of warm dense matter and high energy 
density matter (HED) are important in planetary science, 
astrophysics and for inertial fusion science. The effective 
heating of a dense target to high temperatures is a major 
challenge here. It has been shown that intense laser pulses 
can produce high-current relativistic electrons with signif-
icant efficiency [1, 2]. Shortcomings for an effective heat-
ing with intense electron beams are a big initial emission 
angle and a large energy spread of the emitted relativistic 
electrons. With an imposed axial magnetic field it should 
be possible to channel electron beams into the target. Re-
cently, a magnetic field of 600 T was produced by laser 
driven coils to compress and guide these electron beams 
[1]. Electron beam heated cone targets with magnetic 
guidance achieve core temperatures of about 1.7 keV [2], 
where about 5 keV are required to initiate burning in a 
pellet. To improve the heating, it has been suggested [3] 
to use magnetic mirrors to enhance the temperature in a 
dense target. 
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A magnetic mirror reflects any charged particle beam 
entering an increasing magnetic field, if the emission an-
gle at beginning is big enough (1). The physical reason 
for this reflection is basically angular momentum conser-
vation of the beam particles. 

��
�� � ����	

��
� � 
 (1) 

E.g. for an emission angle of �=45° the reflection con-
dition Bmin < Bmax/2 is derived. This reflection is not ener-
gy dependent. 

Figure 1: The magnetic field distribution of a single 
coil with R= 250  m at the axis of this coil. 

The magnetic field of a single coil with the radius 
R=250  m was simulated with currents of 250-300 kA 
using CST particle studio (Fig. 1). The obtained trajecto-
ries of the simulation are shown in Fig. 2. The beam tra-
jectories are cut off shortly after reflection. The source of 
the electrons was assumed to have an emission angle of 
�=35° to the axis with a 10  m surface diameter and at a
distance of 250 µm to the coil center. The distance be-
tween the reflection and the coil center remains about
65µm. The resulting gyro-diameter at the mirror-point is
about 30 µm for the assumed 2 MeV electron beam. En-
ergy and emission angle are simulated without spread.
Also not considered are space charge effects of the emit-
ted electrons and a possible pinching of the beam due to
high currents even if this in principle could be included
with CST particle studio.

Figure 2: A projection of the trajectory of the 2 MeV 
electron beam moving towards the coil centre. The beam 
trajectories are cut off shortly after reflection. 

�	�����	��

The achieved temperature heated by a particle beam 
depends from the deposited energy in the target which for 
high energies is proportional to the path length in the me-
dium. If we assume that the reflected beam performs two 
turns at a short distance instead of just passing through 
then the deposited energy and in turn the temperature 

should be enhanced by about a factor 2 π. This might be 
just the missing factor to boost a pellet towards ignition. 
The field strength and the shape of the reflecting field will 
of course be influenced by the dynamic compression of 
the hot pellet shell, which however may even allow en-
hancing the magnetic field by factors higher than directly 
produced by a laser driven coil. This may further mini-
mize the heated area and enhance the temperature by re-
ducing the gyro-diameter at reflection. 
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Twisted light modes and their influence on relativistic electron dynamics
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Introduction

Allen et al. discovered in 1992 that Laguerre-Gaussian

(LG) laser beams carry a well-defined orbital angular mo-

mentum (OAM) [1]. These laser modes have helical phase

fronts (see, for instance, Fig. 1) and are often referred to as

twisted light modes. According to a wide range of possible

applications, studies about twisted light-matter interaction

are currently conducted extensively (see [2] and references

therein). In the present work, it is therefore discussed how

electrons behave when they are subjected to twisted light

pulses of relativistic intensities.

Figure 1: The phase front of a LG mode, characterized by

the mode indices p = 0 and m =−1, is shown. The reader

can find more information about LG modes in [3].

Results

The results are obtained by performing three-

dimensional particle-in-cell (PIC) simulations with

the code VLPL [4]. A series of four simulations has been

conducted in which a circularly polarized LG laser pulse

of relativistic intensity (I = 2.47×1021 Wcm−2) irradiates

a cylindrical plasma target (L = 30 µm and R = 10 µm)

at normal incidence. The several runs differ by the used

twisted light mode (m = −1,−2) and the chosen helicity

(s = ±1) of the laser. The p-index of the LG mode is

always set to 0. The laser has a Gaussian temporal profile

with a FWHM duration of roughly 25 fs and a beam waist

of w0 = 8 µm. The initial electron density of the target is

much less than the critical density.

Figure 2 finally shows the three-dimensional electron

distribution at a fixed moment in time. It can be seen that

the electron dynamic strongly depends on both the twisted

light mode itself and on the helicity of the laser pulse. In

the first case (m+ s = 0), one generates ultra-short (∼ 200

∗ Christoph.Baumann@tp1.uni-duesseldorf.de

as) disk-like electron bunches that are separated in the lon-

gitudinal direction by the laser wavelength. In all other

cases (m+s 6= 0), electrons are distributed on |m+s| spiral-

shaped orbits.

Figure 2: The electron distribution of four different runs is

shown. The parameters are as follows: m+ s = 0, m+ s =

−1, m+ s = −2 and m+ s = −3. The propagation axis of

the laser coincides with the symmetry axis of each subplot.
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A new version [1] of the Monte-Carlo code TREKIS 

[2,3] is used to investigate an effect of a target tempera-

ture on lattice excitation by the relaxing electron ensem-

ble in a swift heavy ion (SHI) track.  

Collective responses of the electronic and ionic systems 

to their subpicosecond excitations in SHI tracks are taken 

into account without unnecessary macroscopic assump-

tions and fitting parameters. The cross sections applied in 

TREKIS are constructed within the dynamic structure 

factor (S( ,q), DSF) and complex dielectric function 

(!( ,q), CDF) formalism:  
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Here Ze(v) is the effective charge of a projectile as a 

function of the velocity v; e is the electron charge; " #and#

"q#are the transferred energy and momentum respectively; 

kB is the Boltzmann constant, and T is the temperature of 

the sample; nsc is the spatial density of scattering centers. 

The DSF of a lattice is modelled via molecular dynamic 

simulations which enables taking into account: (a) all 

modes of lattice collective response; (b) dependence of 

this response on the initial lattice temperature [1]. 

The exponential term in Eq.(1) appears due to the 

asymmetry of the lattice DSF dependence on the tempera-

ture,#Tlattice 

( ) ( ), exp ,
B lattice

S S
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In order to demonstrate the effect of such an asymme-

try, excitation of the alumina lattice by an SHI is investi-

gated for two different irradiation temperatures: at 80 K, 

which is lower than the energies of most acoustic phonons 

(kBTlattice#<< "< acc>#= 0.11 eV), and at 300 K (kBTlattice#~ 

"< acc>#).  

A considerable increase of the elastic mean free paths 

of electrons and valence holes in alumina at 80 K in com-

parison to those at 300 K is detected, since less intensive 

scattering of electrons and holes on phonons [1].  

Electrons can not only transfer energy to the atoms, but 

also receive it from the lattice. An especially significant 

difference in the phonon emission mean free paths is ob-

served [1] at 80K vs. 300K due to the asymmetry of DSF. 

At 80 K the lattice receives energy much more often than 

returns it back to scattering electrons and valence holes. 

This leads to higher levels of lattice excitation occurring 

in the vicinity of SHI trajectories in crystals irradiated at 

80 K in comparison to that at 300 K ( ig.1).  

The excess energy of lattice atoms is shown in terms of 

the temperature in ig.1 in order to compare the excita-

tion level with the initial lattice state, whereas in fact the 

lattice is not thermalized during such ultrashort times [1]. 

Figure 1  Spatial and temporal dependencies of the ex-

cess lattice energy in tracks of Xe 167 MeV ions in Al2O3 

irradiated at 80 K and 300 K. Shaded areas indicate sig-

nificant energy increase at which evolution of the cross 

sections need to be included.  

It should be noted that the used initial lattice DSF is 

valid only at times before the energy deposited into the 

lattice overcomes the initial temperature. At longer times 

evolution of the cross sections needs to be included. In the 

shaded areas in Fig. 1, more sophisticated effects can be 

expected, such as fast changes of the momentum distribu-

tion function of lattice atoms frozen in their positions, as 

well as nonequilibium processes in the lattice.  
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Structural changes, formation threshold and overlap-

ping of swift heavy ion (SHI) tracks in Al2O3 are studied 

using a combined start-to-end numerical model. The as-

ymptotic trajectory Monte Carlo code TREKIS (Time-

Resolved Electron Kinetics in SHI Irradiated Solids) [1] 

is used to determine the initial parameters characterizing 

an excited state of the ensemble of electrons as well as 

energies transferred to lattice atoms via electron lattice 

coupling in an ion track. The model is based on the dy-

namic structure factor - complex dielectric function for-

malism which takes into account collective responses of 

the target lattice and electronic ensemble to excitation by 

a projectile and fast electrons generated in a track.

TREKIS simulates: (a) penetration of an SHI resulting 

in ionization of a target and appearance of primary elec-

- -electrons 

on lattice atoms and target electrons as well as the kinet-

ics of all secondary generations of electrons arising dur-

ing relaxation of the electron subsystem; (c) Auger decays 

of core holes, also resulting in production of secondary 

electrons; (d) radiative decays of core holes, following 

photon transport and photoabsorption exciting new elec-

trons and holes; (e) valence holes mobility and their inter-

action with target atoms.

The results of Monte-Carlo simulations (radial distribu-

tion of the energy transferred into the lattice) are then 

used as input data for classical molecular dynamics simu-

lating subsequent lattice response and structure transfor-

mations near the ion trajectory.

Application of this model demonstrated a good agree-

ment with experiments. For example, simulations of Xe 

167 MeV ion impacts showed that relaxation of an excess 

lattice energy results in formation of a cylindrical discon-

tinuous disordered region of about 2 nm in diameter. The 

threshold of an SHI track formation was estimated to be 

~6.1 keV/nm (Fig. 1a). Recent transmission electron mi-

croscopy observations confirmed these predictions [2]. 

Calculated X-ray diffraction patterns of irradiated materi-

al demonstrated more pronounced damage of the Al at-

oms sublattice near SHI trajectories [3]. 

Qualitatively different effects of overlapping of tracks 

of Xe 167 MeV (Se=25 keV/nm) vs Bi 700 MeV (Se=42 

keV/nm) ions were revealed in alumina. The subsequent 

Xe ion induced recovery of the first track when the 

second track is within a radius of 6.5 nm. This thermal-

like annealing seems to be the mechanism of the 

saturation of the number of tracks observed in the 

experiments. For the higher stopping power (Bi ion), both 

simulations and experiment demonstrated an effect of 

formation of a damaged region connecting Bi ion tracks

(Fig. 1b). Only at higher fluences of Bi ions (shorter 

distances between ions trajectories) partial recovery of 

tracks starts [3].
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Figure 1: a) Dependence of the track diameter on the energy loss of an ion (dE/dx) in alumina; b) Results of a 

simulation of two subsequent impacts of Bi 700 MeV ion in Al2O3.
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Our recently developed hybrid code XTANT (X-ray-

induced Thermal And Nonthermal Transitions [1�4]) 

describes transitions win solids and molecules under X-

ray free-electron-laser (FEL) irradiation. It combines a 

few different approaches, interconnected and executed in 

parallel: 

(a) Monte Carlo module tracing X-ray photon

absorption, high-energy electrons kinetics, and core holes 

decay;  

(b) module describing evolution of the low-energy

electrons, using rate equations and a thermodynamic 

approach; 

(c) the Boltzmann collision integral module following

nonadiabatic electron-ion energy exchange; 

(d) transferable tight binding module for calculations of

the transient electronic band structure and atomic 

potential energy surface; 

(e) molecular dynamics module to trace atomic motion.

In order to make direct comparison with experimental

results, XTANT provides transient optical coefficients of 

the irradiated target [5], as well as the corresponding 

diffraction patterns. 

With this approach, we studied various damage 

mechanisms and temporal evolution of X-ray irradiated 

silicon  [3], diamond [1,5], amorphous carbon [4], C60 

crystal [4], and GaAs [6] under high energy density 

deposition by an FEL pulse. We examined the irradiation 

conditions leading to thermal melting of targets as a result 

of electron-lattice energy exchange [3,4]; nonthermal 

phase transitions due to modification of the interatomic 

potential [1]; Coulomb explosion due to accumulated net 

charge in finite-size systems [4]; spallation or ablation at 

higher fluences due to a detachment of sample 

fragments [4].  

Comparisons with the experimental data, whenever 

available, confirmed the predictivity and accuracy of our 

combined approach. For example, in Refs. [1,5] we 

described an ultrafast phase transition of diamond into an 

overdense graphite state within 150-200 fs, in a perfect 

agreement with the experiment [5]. The atomic snapshots 

from the simulation are shown in Fig. 1. 

We demonstrated that such nonthermal graphitization 

of diamond proceeds via multiple steps [5]. The initial 

electronic excitation occurs during the FEL pulse, after 

which photoelectrons relax to the bottom of the conduc-

tion band via collisional processes and the resulting elec-

tron cascading. Electronic excitation triggers a band gap 

collapse [1]. This occurs within ~50 fs after the pulse 

maximum of the FEL pulse, at the time instant when the 

density of conduction band electrons overcomes the 

threshold value of ~1.5% [1]. It is followed by the atomic 

relocation towards new positions corresponding to graph-

ite (occurring at ~150-200 fs). Simultaneously, electronic 

density in the conduction band increases further, leading 

to an irreversible phase transition [1,5].

The success of the hybrid code XTANT applied up to 

now to various FEL-irradiated materials confirms the va-

lidity of the underlying physical models and, in general, 

demonstrates the predictive power of hybrid approaches. 

Figure 1: Atomic snapshots of nonthermal graphitization 

of diamond irradiated with 10 fs FEL pulse (92 eV photon 

energy, 0.85 eV/atom dose); reproduced from [7]. 

References 

[1] N. Medvedev, H. O. Jeschke, B. Ziaja, New J. Phys.

15, 15016 (2013).

[2] N. Medvedev, A. E. Volkov, B. Ziaja, Nucl. Instrum.

Meth. B 365, 437 (2015).

[3] N. Medvedev, Z. Li, V. Tkachenko, B. Ziaja, Phys.

Rev. B 95, 14309 (2017).

[4] M. Toufarová et al., Phys. Rev. B 96, 214101 (2017).

[5] F. Tavella et al., High En. Dens. Phys. 24, 22 (2017).

[6] V. Tkachenko, N. Medvedev, V. Lipp, B. Ziaja, High

En. Dens. Phys. 24, 15 (2017).

[7] N. Medvedev, V. Tkachenko, B. Ziaja, Contrib.

Plasms Phys. 55, 12 (2015).
___________________________________________

# nikita.medvedev@fzu.cz

64



Ab-initio modeling of Al2O3 lattice instability under extreme excitation 

of the electronic system

R.A. Voronkov1,#, N. Medvedev2,3, R.A. Rymzhanov4, A.E. Volkov1,4,5

1Lebedev Physical Institute of the Russian Academy of Sciences, Leninskij prospekt, 53,119991 Moscow, 
Russia; 2Institute of Physics, Czech Academy of Sciences, Na Slovance 2, 182 21 Prague 8, Czech Republic; 

3Institute of Plasma Physics, Czech Academy of Sciences, Za Slovankou 3, 182 00 Prague 8, Czech Republic; 4Joint

Institute for Nuclear Research, Joliot-Curie 6, 141980 Dubna, Moscow Region, Russia; 5National Research Center 

�Kurchatov Institute�, Kurchatov Sq. 1, 123182 Moscow, Russia

Figure 1 Atomic snapshots of an Al2O3 supercell at

the initial instant (top panel) and after 1 ps (bottom 

panel) at the electronic temperature Te = 4 eV. Large 

grey balls show aluminum atoms; small red balls are 

the oxygen atoms. Interatomic bonds are colored 

correspondingly [7]. 
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Swift heavy ions (SHI) or free-electron laser beams 

interacting with solids excite primarily the electronic 

system of a target within a few tens of femtoseconds. 

The electronic temperature under conditions of such 

irradiations reaches several electron-volts and above 

[1,2]. Apart from exchanging energy with the lattice 

via electron-ion coupling, such high electronic 

temperatures modify the interatomic potential of the 

solid that can induce lattice instability. It may result in 

unusual phase changes via nonthermal structure 

transformations (e.g., nonthermal melting) [3,4]. 

Realization of the nonthermal effect depends on a 

material and an excitation level of the electronic 

system. Thus, a dedicated analysis is required to 

determine how the electronic excitation affects the 

interatomic forces in a particular material of interest. 

We applied Quantum Espresso simulation package 

[5], based on the density functional Car-Parrinello 

molecular dynamics [6], to study an effect of the 

elevated electronic temperature on nonthermal 

structure instability in Al2O3 � a candidate material for 

inert matrices for the nuclear fuel.  

We demonstrated that nonthermal structure 

transformations due to modification of the interatomic 

potential by electronic excitation may start in an Al2O3

crystal for the electronic temperature above ~2.5 eV 

[7]. It is shown that for the electronic temperatures 

higher than Te = 4 eV, nonthermal damage of alumina 

occurs within ~ 0.5�1 ps, i.e. a typical timescale for X-

ray free-electron laser spots. An example of the 

simulated atomic snapshots is shown in igure 1. This

damage manifests itself as order-order phase transition 

of the lattice into the final state resembling a 

coexistence of alpha and gamma alumina [7]. These 

levels of excitation are realistic for FELs, thus 

nonthermal phase transitions can be expected in 

experiments.  

At the temporal scale of ~50-100 fs, relevant for 

SHI tracks, the electronic temperature at least above Te

~ 6-10 eV is required during these times to trigger 

nonthermal phase transition. At such electronic 

temperatures, the damage proceeds as amorphization 

of an Al2O3 crystal. However, such levels of excitation 

are not expected to persist in SHI tracks for the 

necessary time lapse [1,2]. Thus, we concluded that 

nonthermal melting is not expected to play a major 

role in damage induced by swift heavy ion irradiation 

of alumina [7]. 
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When a ferromagnetic film is excited by an ultrafast laser

pulse it experiences a partial demagnetization within the

first hundreds of femtoseconds (fs) followed by a remagne-

tization on a larger time scale. During laser excitation the

photons primarily excite electrons, bringing the system out

of equilibrium. Afterwards, these excited electrons will un-

dergo changes on their spin-angular momenta causing the

de- and remagnetization [1, 2]. Many possible scattering

mechanisms [3, 4, 5] , as well as superdiffusive transport

[6] are under discussion to explain the origin of ultrafast

magnetization dynamics.

Magnetization can be calculated from the difference of

electron population between two bands of spin-up and spin-

down electrons, respectively. In non-equilibrium, not only

the change of the spin-dependent population due to the dy-

namic two bands contributes to the demagnetization, but

also the spin-flip scattering (sf) of electrons to quasiparti-

cles, a mechanism related to the transfer of angular mo-

mentum from the electronic system to another. Here we

will use an ad hoc parameter to describe this spin-flip prob-

ability.

We use a particle-based Monte Carlo technique [7] to

study the non-equilibrium dynamics. The simulation will

have three well defined stages. The first stage occurs dur-

ing laser excitation. An electron is randomly selected based

on the population of the bands. The more populated the

area within an energy range of the filled bands, the more

probable is an electron to be excited. The second stage

takes places immediately after the electron is excited by

the laser pulse. We assign for each interaction a probability

distribution function and randomly decide which interac-

tion is more probable to occur. For our simulation we have

two possibilities, either the excited electron excites another

electron by electron impact ionization or it remains unper-

turbed. We trace all electrons individually with spin reso-

lution, as well as those newly excited. The third stage is

related to the convergence of the model. The Monte Carlo

technique requires repetition to achieve small relative un-

certainty, this means that the process must be repeated sev-

eral times.

The demagnetization from the equilibrium magnetiza-

tion, for different values of spin-flip probabilities within the

first femtoseconds, is shown in Fig. 1. Remagnetization is

not observed since the electron-phonon interaction is yet to

be implemented.

∗briones@physik.uni-kl.de
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Figure 1: Demagnetization of Nickel for different spin flip

probabilities (sf).
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Over the past few decades there has been unprecedented

development in the speeds at which machines can perform

calculations and process data. Unfortunately the technolo-

gies for storing and reading the information are yet to catch

up. This creates the urgent need for faster data storage

devices. Very promising direction appears to be from an

experiment performed by Beaurepaire et al. in 1996. They

discovered the manipulation of the magnetization of a thin

nickel film on a picosecond timescale when excited with an

ultrashort laser pulse [1]. This opened up the possibilities

for ultrafast magnetic data storage devices.

Promising models for ultrafast demagnetization dy-

namics include Elliott-Yafet spin flip process and super

diffusive transport. In reality both the processes contribute

to the observed ultrafast demagnetization dynamics. Due

to the complexity of the phenomenon, various temperature

based models such as Three-Temperature model [2] and

Microscopic-Three-Temperature models [3] have been

proposed. Those models assume spin and charge seper-

ation, which seems questionable for itinerant ferromagnets.

Kinetic calculations have shown that the driving

force behind ultrafast demagnetization dynamics is

the nonequlibrium between of the chemical potentials of

up and down electrons [4]. On that basis, a µT-modelhas

been proposed [5] which traces the dynamics of tempera-

tures and chemical potentials of the up- and down-electron

subsystems simultaneously. In addition, the temperature

of the lattice and the magnetization are taken into account

as transient variables. The equations can be simplified

into a general matrix formulation of a time- and space-

dependent coupled transport equation:

C

d ~X

dt
= ∇K∇

~X + G
~X + ~S, (1)

where ~X is a vector of up- and down- electron tempera-

tures T
↑,↓

e
, lattice temperature Tp chemical potentials of

the up- and down-electron subsystems µ
↑,↓ and magne-

tization m. C is the matrix of capacities, K is the matrix

of transport coefficients and G is the matrix of coupling

between various subsystems. ~S denotes the energy input

due to laser pulse. For a thin ferromagnetic film of nickel

(where heat and charge transport can be neglected) the

demagnetization dynamics was obtained in [4].

∗ ashok@physik.uni-kl.de

For a thick ferromagnetic film, eq. (1) was solved

without (Fig. 1) and with (Fig. 2) considering the heat and

charge transport. We were able to obtain magnetization

profiles as shown in the figures below.

Figure 1: Demagnetization dynamics of nickel film, ne-

glecting transport of heat and charge. λ being the penetra-

tion depth of the laser.

Figure 2: Demagnetization dynamics in nickel film consid-

ering transport coefficients from [6]

For thicker films, the de- and re-magnetization at the sur-

face is considerably weaker when heat and charge transport

is considered than in the case of neglected heat and charge

transport. Also, the remagnetization is faster when trans-

port effects are present. Both of the results can be under-

stood by observing that the electrons that travel into bulk of

the material transport energy in addition to energy carried

by lattice modes, leading to faster thermalization.
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FIG. 1. Poincaré-Cartan integral invariant. The vectors
(ṗ, q̇, 1) define a bundle of orbits emanating from a closed
loop L0 in the plain t = t0 into the extended phase space
{p,q, t}. By their projection onto the plane t = t1 loop L0 is
mapped onto loop L1 of the same area. In the case of a Hamil-
tonian H(p,q, t;λ) strictly periodic in time T = t1 − t0 at λ

held constant the fluxes of vortex lines through L0 and L1 are
identical. In addition, an∮ arbitrary cut across the flux tube
generates the same flux (pdq − Hdt) through the surface
encircled by L2. Under λ varying adiabatically within T the
orbits deviate only by a small amount from strict periodicity
and L1 nearly reproduces L0.

variation of

λ(t);

(ii) the variation of λ is such that the orbits are nearly

closed, i.e., an oscillation/gyration center exists;

(iii) the variation of λ over several cycles is smooth.

Under these conditions holds

F =

∮

(pdq−Hdt) = consta (1)

If N is the number of cycles and ∆F is the variation

of F over one cycle adiabatic conservation, indicated by

”consta, is secured if ∆F = o(1/N) [2]. The meaning of

o is ”at higher than first order in 1/N”. All we have to

show now is dF/dt = 0 in first order.

Proof. For the difference F (t0 + δt)− F (t0) of the peri-

odic orbits starting from t0 and t0 + δt holds

F (t0 + δt)− F (t0) ≡ F (t0 + δt, λ0 + δλ)− F (t0, λ0) =

[F (t0+δt, λ0+δλ)−F (t0+δt, λ0)]+[F (t0+δt, λ0)−F (t0, λ0)]

The second square bracket is zero because PCI applies. The

Jacobian jt0+δt(λ0, λ0+ δλ) maps the first onto the

Adiabatic invariants are of considerable importance in

all fields of physics: charged particle motion in slowly

changing magnetic fields, in nonlinear optics in inho-

mogeneous media, as WKB approximation for instance,

parametric instabilities in the laser field, like resonantly

driven Brillouin and Raman excitations, in fluid dynam-

ics and in thermodynamics. There, they are entropy

conserving. Finally, all ponderomotively grounded phe-

nomena are reducible to the adiabatic conservation of

action. In a time dependent Hamiltonian energy is no

longer conserved owing to dH/dt = ∂H/∂t 6= 0. Histor-ical

examples of adiabatic invariances are the Einstein-Bohr

pendulum of slowly varying length, conservation of the

magnetic moment and the ball bouncing between two

parallel plates changing their relative distance l(t) from

each other. In all cases energy × cycle time T is con-

served. From the bouncing ball for example follows that

the Fermi energy of the ideal gas is proportional to the

density to power 2/3.

In the nearly periodic particle motion there are two

classes of phenomena: libration, if the orbit is nearly

closed in phace space like Galilei’s pendulum, and ro-

tation, if the orbit is quasi periodic and open like the

overturned pendulum rotating around its horizontal axis.

Other examples of the two modes are particles trapped in

a wave and detrapped particles. There
∮

exist more or less

convincing proofs for libration following pdq = const in

phase space of momentum p = mv and position q = x,
however the law governing rotation does not seem to be

common knowledge. We give a compact proof of both

modi of operation based on the fudamental Poincaré-

Cartan invariant (PCI) [1].

Motion in the extended phase space {p, q, t} can be

visualized by the directions ṗ= −∂H/∂q, q̇= ∂H/∂p and

direction 1 along t. They determine uniquely the orbits

p(t), q(t), see Fig. 1. The PCI tells that the phase flow

through an arbitrary cross section of a bundle of orbits

emanating from L0 is constant. Assume now that H =

H(p, q, t; λ(t)) with λ slowly changing in time. We

formulate the adiabatic theorem in 7 dimensionsional

phase space:

∗ peter.mulser@physik.tu-darmstadt.de.

68



L3

L2

L0

L'2

(p
,q,1)

L1

q

p

t

p

q

OC

OC

FIG. 2. The true particle orbits, here one in the rotation mode
and another closed orbit indicating the separatrix towards
trapping (libration mode), wind around the bundle of associ-
ated oscillation/gyration center trajectories. OC - OC marks
the oscillation/gyration center. The libration mode consists of
the forward loop L2 and the backward loop L3, each of them of
periodicity T . Rotation mode: open loop L2 ending at = t0

+T . If it is closed by L′
2 along (p = const, q = const) the flux

through L2+L′
2 equals half the flux through the libra-tion loop

L2+L3 and L0, here separatrix with const′a = consta and
peaked edges.

F (t0+ δt, λ0+ δλ)− F (t0+ δt, λ0)

=

∮

{[jt0+δt(λ0, λ0 + δλ)− 1](pdq−H(p,q, λ0)dt}

The unit Jacobian j = 1 stands for jt+δt(λ0, λ0). In first

order the Jacobian greatly simplifies, jt+δt(λ0+δλ)−1 =

∇ż δt = 0, ż taken at t = t0 + δt, λ = λ0 + δλ. Thus

j(t0, t0+δt)−1 = j(t0, t0+[∂λ/∂t] (δt)−1 =∇
∂ż

∂λ

∂λ

∂t
(δt)

2

⇒

dF (t0)

dt
= lim

δt→0

1

δt

∮

∇

∂ż

∂λ

∂λ

∂t
(δt)

2
(p0dq0 −Hdt) = 0

Cycle averaging H(p,q, t;λ = const) with the de-

composition p = p0 + mw, x = x0t + ξ(t), W =

T
−1
∫

w
2
dt/2 goes over into the slowly varying oscil-

lation/gyration Hamiltonian H0(p
2
0/2m + Z(x0);λ(t)).

Specializing to a lonngitudinal electron plasma wave of

potential V (x
′

) = V̂ cos kx
′

in the wave frame x
′

=

(x− ω/k)t follows
∮

H
′

dt = H0(v0, x
′

)T = (
1

2
v
2

0 +W + V )T = ET,

E = const, T =

∫

dx

v(x)
, v0 =

λ

T
, V =

∫

V (x)

v(x)
dx (2)

Libration and rotation are determined from the two loops

sketched in Fig. 2. Under λ = const the straight orbits

emanating from L0 are all identical and coincide with

the motion of the invariant oscillation center OC(t0) →

OC(t0 + T ) positioned at the virtual ”center of mass”.

The true orbits of
∮

v0dt = 0 over period 2T are closed

and wind around the bundle of straight orbits forth and

back. The flux F =
∮

pdq through them equals the area

of the loop L0. The open loops of the rotation mode

wind around the same bundle L0 of straight orbits and

yield
∫

(pdq −Hdt) over the period T and can be closed

by the trajectory (p, q = const) along −[(t0 + T ) − t0].

With E0 = v
2
0/2 the two adiabatic invariants follow

libration :

∮

L0

pdq = 4T (E0 +W ) = 2consta; v0 = 0(3)

rotation :

∫

T

pdq−Hdt = T (E0 +W − V ) = const
′

a(4)

Explicit evaluation of V (x
′

) = V̂ cos kx
′

in terms of the

elliptic integrals of the first and second kind K(α),E(α),

and of (2) and (4),

v0 = π

(

V̂

α

)1/2

K
−1

(α), E0 =
π
2
V̂

2α
K
−2

(α); α =
2κ

1 + κ

κ =
2V̂

v
′2
i

, E0 +W =
2V̂ E(α)

αK(α)
, V =

1

2
v
′2

i

(

1−
2κ

α

E(α)

K(α)

)

(5)

yield the most general ponderomotive force and ”poten-

tial” (which in reality is not a potential) through

2κ

α
E(α) = K(α) (6)

including uphill acceleration, and particle trapping at

v0 = 0. It follows further that energy change of a particle

crossing an electron plasma wave or reflected from it is

only accomplished by temporarily trapping. The cycle

averaged potential V dominates in the neighbourhood of

trapping; only its presence makes trapping possible. In

the opposite case of v0 far from reducing to zero V be-

comes insignificant and the difference of polarization of

the wave, transverse or longitudinal vanishes.

The adiabatic invariant (4) applies equally well to the

transverse monochromatic laser wave in the relativistic

domain, with the same result as obtained
∫

from the invari-

ant averaging of the Lagrangian L = pdq − H(p, q, t)

over a full cycle T in [3]. V is absent.
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Analytical Calculations for the Transfer of Ultrarelativistic Protons 
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This paper describes the designed method of analytical 

computations for the transfer of protons with the energies 

of about dozens of GeV through the matter and the 

focusing magneto-optic system (MOS) comprising a 

quartette of quadrupole lenses. 

Using Borelian function theorem from two random 

values we can get the following expressions [1]: 

      ,
x y x y

dth t f g








  

 


      ,
x+ y x y

h t f t g d





     

      
  1

1 ,xy g x

d g t
h t f g t

dt






 

where f, g, h are the densities of the distribution of 

random values specified in the index of the function. 

When passing through the layer of the matter with 

thickness L an ultra-relativistic proton undergoes multiple 

Coulomb scattering (MCS) at a random angle θ, the 

distribution of which has the following view [2] 

 
0

gauss( , ),    
0

14,1
[mrad] ,

[GeV]
rad

E
L L 

where E is the proton energy; Lrad is the radiation length 

of the matter. 

Besides the angular dispersion the proton undergoes 

radial throw Δr in the layer of the matter that is related to 

angle θ0 [3], so the distribution of the protons due to MCS 

has the following view: 

 0
( ) gauss , 3 .

coul
F r r L 

Besides MCS the protons in transfer also undergo 

dispersion due to the hadron interaction with nuclei of the 

surrounding matter. As it comes from Born theory, when 

the wavelengths of the particles are much less than the 

instantaneous radius, the particles undergo elastic 

(diffraction) scattering forward in a narrow cone with 1
st
-

order Bessel angular distribution. Then the proton 

scattering due to the contribution of the hadron interaction 

is 

 
 

2

2

0

2

13
,

8

el

Lt
L

had

el

r t
F r e t dt

r

J



 

   



where the exponent is the probability density along the 

thickness of the object to probe hadron interaction with a 

proton; the term L/2 indicates that in most practical cases 

the object being irradiated with protons is located as a 

center in the focusing plane of the MOS; J1 is Bessel 

function of the first order; the characteristic scattering 

angle is [4] 

 2
1
2

4 ,
a tot el

c E N A   

where λ is the total or elastic thickness of attenuation; A is 

the molar mass of matter. 

The transformation of the radial coordinate in MOS, 

related to angle aberration of the proton ϕ, is for “thin 

lense” [5] 

,r r D E E      

where D is the length of the quartette; ∆E is the losses of 

the proton energy. 

Energy loss distribution of the charges relativistic 

particles in the not thick layer of the matter is called 

Landau distribution [6]: 

 
 

, ,
Land

L E
L

 
  

 
  ln 1 ,

E L
E C

L

  
     

  

 
 
 

where C is the Euler’s constant; ξ and εˊ are the 

parameters from the quantum-relativistic Bethe – Bloch 

formula; φ(λ) is a universal dimensionless function. 

Extremely bulky probability calculation formulas will 

give us the desired convolution – the resulting distribution 

of a thin proton beam. To simulate the density distribution 

for the proton flux across the beam we need to integrate 

the thin beam distribution by the MOS aperture with the 

account for the loss of protons from the beam because of 

the inelastic interactions with the nuclei of the matter and 

a possible cut of the angular distribution of the beam with 

collimators installed in the Fourier plane of the magneto-

optic system. 

References 

[1] Borovkov A.A. Theory of Probabilities. – Moscow:

Nauka, 1986. – 432 p. 

[2] Flash Radiography with 24 GeV/c protons. C.L.

Morris, E. Ables and oths. Journal of Applied Physics, 

109, 104905. 2011. 

[3] Physical Review D. Particles and Fields. Pt.1,

vol.66, n.1-I. The American Physical Society. 

[4] Mukhin K.N. Experimental Nuclear Physics. Book

2. Particle Physics.  – Moscow: Energoatomizdat, 1993. –

408 p.

[5] K. Steffen. Optics of High-Energy Beams. –

Moscow: Mir, 1969. – 224 p. 

[6] Landau L.D. Collection of Works, Vol. 1. –

Moscow: Nauka, 1969. – pp. 482-490. 

70



* Work supported by grant of FAIR-Russia Research Center� and RFBR grant 18-38-00708 
# kantsyrev@itep.ru�

The full-scale Monte-Carlo simulation of shock-wave experiments  

at PRIOR-II facility
*
�

A.V. Kantsyrev
1�

, A.V Skobliakov
1
, A.V. Bogdanov

1
, A.A. Golubev

1
, D.S. Kolesnikov

1
, 

V.A. Panyushkin
1
, A.N. Zubareva

2
, N.S. Shilkin

2
, D.S. Yuriev

2
,V.B. Mintsev

2
, D.V. Varentsov

3
�

1
Institute for Theoretical and Experimental Physics, National Research Center «Kurchatov Institute», Moscow, Russia�

2
Institute of Problems of Chemical Physics of the Russian Academy of Sciences, Chernogolovka, Russia 

3
GSI Helmholtzzentrum fur Schwerionenforschung, Darmstadt, Germany 

 
It is expected that upgraded proton microscope 

PRIOR-II will be used at HHT for experiments of 

Phase “0” FAIR project. Electromagnetic quadrupole 

lenses will be installed in the imaging section of PRIOR-

II for achievement of the best facility parameters. �
The design (Fig.1) of ion-optic scheme of PRIOR-II 

has been already developed and described in [1]. It 
consists of 9 quadrupole magnetic lenses and two dipoles. 

�

�
Fig. 1: The ion-optic scheme of PRIOR-II at GSI [1].�

QT21, QT22, QT31, QT32, QT33 –lenses of matching 

system; MQ1-MQ4 – new electromagnetic quadrupole 

lenses of imaging section; MU3, MU4 – dipoles 

 

The virtual model [2] of PRIOR-II facility was developed 

in Geant4 toolkit to perform a full-scale Monte-Carlo 
simulation of future experiments. The matching of the 

ion-optic scheme was performed by COSY infinity code 
(Fig. 2.). Five lenses of the matching section (QT21-

QT33) provide optimal parameters of the proton beam in 

the object plane: the size and angular distribution of the 

proton beam. The MQ1-MQ4 lenses presented the 

imaging section with magnification factor of 3.5. A so-

called Fourier plane is formed between MQ2 and MQ3 in 
the center of the imaging section.�

�
Fig. 2 The envelope of the proton beam.�

 
Fig. 3. Calculated proton-radiographic image (left) and 

vertical profile (right) of PMMA stepped wedges. 

The full-scale numerical simulation was performed for a 

4 GeV proton beam with energy spread �E/E = 10
–3

 and 

5*10
8 

protons in the beam. Results of modeling of step 

wedges of copper and PMMA (organic glass) plates with 

different thickness are shown in Fig 3,4. The collimator 

with an angular capture of 1 mrad was used for PMMA 

object and 3.5 mrad for copper object. The spatial 

resolution along the yellow selections in Fig. 3 and Fig. 4 

is 6 �m for the PMMA and 8 �m for copper wedges. 

 
Fig. 4. Calculated proton-radiographic image (left) and 

vertical profile (right) of copper stepped wedges 

It was earlier proposed to investigate anomalous 

compressibility of shock-compressed cerium [3] by 

proton radiography. The results of modeling this 

experiment at PRIOR-II are presented in Fig.5.�

 
Fig. 5. Proton-radiographic image (left) and vertical 

profile (right) of cerium 

The Cerium target was taken as a cylinder with a radius 

of 5 mm, divided into two parts. The right part represents 

shock-compressed cerium with a density 10% above 

cerium at normal density (left part of Fig.5). A 2.2 mrad 

collimator was chosen for this object. The spatial 

resolution is about 8–10 �m at the boundary of density 

change and transmission difference about 13%. 

The developed model of PRIOR-II facility will be used 

for simulation of future dynamic experiments such as 

shock compressed porous materials or Xe gas. 

�
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Several classes of models of wet chemical etching 

(WCE) of swift heavy ion tracks (SHI, M>20 a.m.u., 

E>1MeV/nucleon) can be mentioned, but all of them, in

fact, based on a number of calibration parameters from

results of SHI-irradiation and etching experiments, e.g.

track shape or lengthwise etching rate.

An approach [1] which is free from such fittings is 

presented. It consists of (a) Monte Carlo model TREKIS 

of SHI passage and secondary electron cascading [2]; (b) 

MD code simulating structure transformations during 

relaxation of the excited lattice in a track; (c) a module 

calculating the material-etchant reaction rates around the 

SHI trajectory, based on a transition state theory; (d) a 

model of WCE describing reaction-controlled and 

diffusion-controlled etching as well as transition between 

these two regimes when necessary.  

In a framework of the transition state theory the ratio 

between material-etchant reaction rates for a damaged and 

an undamaged region (the relative reaction rate) can be 

written in this case as [3]: 

expTrack

Bulk

K G

K RT

Dæ ö
= -ç ÷

è ø
, (1) 

where  G=GBulk�GTrack is difference between the Gibbs 

energies of the damaged (GTrack) and undamaged (GBulk) 

regions.  

The multiscale model of SHI track formation [3] was 

used to calculate a change of free Gibbs energy of an oli-

vine  target. In the nanometric vicinity of the ion trajecto-

ry where structure transformations occur, !G was calcu-

lated as 

!G"="!(U+PV-TS), (2) 

Figure 1: Scheme of SHI track etching in olivine 

Figure 2 demonstrates the dependence of the 

lengthwise etching rate of olivine on the residual path 

length determined from the simulations of etching of 

tracks of 2,1 GeV Au ion (fixed losses) vs. the values got 

from  the experiments [1]. 

Figure 2: Lengthwise etching rates as functions of the 

residual ranges in olivine. Dashed line is the extrapolation 

of the experimental data for Au ions. Results of calcula-

tions are presented by triangles. 

We supposed that tracks start to be visible by optical 

microscopy when their diameters overcome 0.4 µm. In 

this case the estimated lengthwise etching rate (33"m·h-

1) is in a reasonable agreement with that detected in the

experiments (24"m·h-1).
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where U, P, V, T and S are subsequently the internal en-

ergy, the pressure, the volume, the temperature and the 

entropy of the atomic subsystem. These values were ex-

tracted from MD simulations of structure transformations 

in a track (see details in [3]). The Gibbs energy of Fe
+
 

vacancies was taken when calculating the reaction rate 

increase resulted from Fe
+
 cation reduction stimulated by 

spreading electrons up to the micrometric distances from 

the ion trajectory [3]. 

These calculations demonstrated that diffusion-
controlled etching is realized in the area of strong struc-
ture transformations [1], while the reaction rates [1] con-
trol etching of a part of the region of Fe

+
 cation reduction 

as well as surrounding undamaged bulk olivine, see Fig-
ure 1.  
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EMMI Workshop Report: Plasma 

Physics at FAIR   

An update to the Scientific  Case for Plasma Physics at FAIR  

Editors:  K. Schoenberg and V. Bagnoud

Contributors: P. Neumayer, O. Rosmej,  A. Blazevic,  S. Neff,  D. Varentsov ,

T. Kuehl and A. Golubev

The plasma physics department of GSI organized a workshop on plasma physics at FAIR 
on June 21th-23th 2017. The Extreme Matter Institute (EMMI) sponsored the workshop. 
Participation from the international plasma physics community was solicited to discuss 
topics in plasma physics and high energy density science with a view to planning the 
plasma physics science program for phase "0" at FAIR.  A summary of the main topics of 
the meeting follows. 
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1 Workshop Summary and Recommended Actions  

High Energy Density Physics (HEDP), the study of matter under extreme conditions 
of temperature and density, is a developing multidisciplinary field that is expanding 
the frontiers of many scientific disciplines.  HEDP cuts across many traditional fields 
of physical science, including astrophysics, cosmology, nuclear physics, plasma 
physics, laser science, and material science.  It is a scientific enterprise where theory 
and experiment intersect to extend our conceptual framework of the universe.   
Potential applications range from improving our understanding of planetary 
structure, to creating new material states of matter, to fusion energy. 

HEDP, along with atomic physics, biophysics and materials research, forms one of 
the 4 major scientific pillars for the Facility for Antiproton and Ion Research (FAIR) 
presently under construction at the GSI site in Darmstadt.  These pillars will utilize 
the unique capabilities of FAIR to grow and develop forefront scientific 
understanding through the first half of this century.  With these perspectives in mind, 
a workshop on HEDP and Plasma Physics at FAIR was held at GSI Darmstadt on June 
21th-23th, 2017. The principal purpose was to assess the status of high energy 
density (HED) research worldwide with a view to identifying HED and plasma 
physics themes at FAIR.  That is, areas of HED and plasma physics research where 
FAIR can provide unique capabilities to advance scientific understanding. The 
workshop was attended by 120 scientists representing a broad range of 
international HED research from 12 nations.  The meeting was organized to provide 
an overview of international HED research with a view to building a collaboration of 
future FAIR scientific users.   

The identified themes for FAIR HEDP and Plasma Physics research fall into the 
following areas: 

· Properties of materials driven to extreme conditions of pressure and 
temperatures relevant to planetary science (earth and super-earth like 
planets, giant gaseous planets, brown dwarfs) by the FAIR heavy ion beams. 

· Shocked matter and material equation of state (EOS) studies driven with 
FAIR heavy ion beams, laser drivers, gas-guns, electromagnetic drivers and 
explosive drivers, using advanced radiographic tools, in particular PRIOR. 

· Basic properties of strongly-coupled plasma (energy/particle transport, 
radiation properties, particle stopping properties, etc.) created with heavy 
ion beams (e.g. HIHEX and LAPLAS) and lasers. 

· Nuclear Photonics: excitation of nuclear processes in plasmas, laser-driven 
particle acceleration and neutron production, and neutron-based diagnostics 
with application to understanding FAIR-produced HED matter. 

Prominent scientists were invited to give overviews of these scientific themes along 
with their views on where FAIR-based research can make unique contributions to 
HED physics in the future.  A thematic synopsis of these talks follows. 

Summary of Recommended Workshop Actions   

· Developing FAIR Plasma Physics Collaboration 
· Phase-0 Scientific Program 
· FAIR commissioning and first experiments 

  

74



EMMI Workshop on Plasma Physics at FAIR 

3 

Properties of materials driven to extreme conditions relevant to planetary 

science  

David Riley summarized several outstanding HEDP questions in planetary science. For 
example, the postulated existence of diamond layers in large planets like Uranus [1], the 
generation of magnetic fields in large planets [2], and the metallization of hydrogen 
under extreme conditions of pressure and temperature. The motivation was to provide 
planetary science with the experimental data necessary for computational model 
development and validation and improve present theories to predict large-planet 
properties. The strong coupling between particles, the degeneracy of the plasma, and its 
partial ionization challenges the warm dense matter theory that underpins the models 
used to calculate planetary properties. Validation of computational models will require 
experimental data under the HED conditions present in large planet interiors.   

Accessing warm dense matter 
conditions in the laboratory 
presently utilizes a variety of 
techniques including shock 
drivers that are laser-driven, 
Z-pinch-driven or explosive-
driven.  These techniques 
reach pressures in the range of 
1-10 Mbars and are well 
established. As an alternative, 
volumetric heating from 
highly penetrating photon (x-
ray) sources and particle 
beams (electrons, ions) 
provide several advantages. 
This generates, for example, 
warm dense matter in local 
thermodynamical equilibrium 
and with samples large 

enough such that these systems are relatively uniform and evolve on the nanosecond to 
microsecond time-scale. These conditions enable accurate EOS determination and 
provide enough time for processes like superheating [3] to develop and become visible. 
Here, the use of heavy-ion beams at FAIR for creating WDM states offers a unique and 
complementary approach to the other WDM drivers , as shown in Figure 1. 

Ronald Redmer focused on the specific topic of matter under planetary conditions. 
Warm dense matter, found in the interior of large planets or in man-made plasma like 
those of the National Ignition Facility (NIF) in the USA, share the same need for 
Equations of State in the 1 to 100 eV range, pressures in the megabar to gigabar range, 
and densities between 1 and 10 times solid-state density. Giant planets are relatively 
large astronomical objects with masses up to 10 000 times the mass of the earth and 
mass to density scaling laws that are dependent on their chemical composition. These 
giant planets are presently understood as complex systems where material behavior 
including conductivity, equation of state (EOS), and mass-flow are used to explain the 
generation of magnetic fields (dynamo effect).  The materials found in large planets 

1 Ross et al., Nature 292,  435 (1981) 

2 Stevenson et al., Rep. Prog. Phys. 46, 555 (1983) 

3 Luo and Ahrens. Physics of the Earth and Planetary Interiors 143, 369-386 (2004) 

Figure 1: density-temperature diagram showing HED states 

achievable at FAIR, their relevance to planetary physics 

applications and complementarity with other drivers. The 

HIHEX and LAPLAS refer to two experimental schemes that 

will be developed at FAIR.  
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include H, He, C, N, O, Fe, Si along with molecular combinations of these elements. The 
simulation of the microscopic and mesoscopic properties of these materials, under 
planetary conditions, requires sophisticated simulation codes, like molecular dynamics 
(MD) codes, based on distribution function theory (MD-DFT), that predict parameters 
like viscosity, thermal and electrical conductivity etc.. These codes are essential to build 
planetary models but require experimental validation.  Again, use of heavy-ion beams at 
FAIR offers a unique and complementary approach to the other WDM drivers to access 
these WDM conditions.  

Shocked matter and material equation of state 

Igor Lomonosov stressed that studying the equation of state of energetic materials has 
many applications in applied science and technology.  Examples discussed included 
fission and fusion power plants, space debris mitigation, and meteoroid impact 
prediction and modelling. Dynamic experiments enable studying the temperature of 
materials in the eV range as a function of pressures in the 10-100 Mbar range, reaching 
the melting point or evaporation point conditions for these materials. Depending on the 
scheme used for dynamic compression, equations of state on the isentrope or isobar can 
be created and measured. 

As discussed by Ronald Redmer, diamond anvil cells (DAC) can access modest 
pressures and temperatures (up to 2 Mbar) for material structure and EOS studies. For 
some cases, dynamic compression can reach up to 10 Mbar. Fourth-generation light 
sources employing free electron lasers (FELs) use coherent x-rays to probe the 
compressed DAC matter and provide data to benchmark molecular dynamics codes. The 
DAC technique, however, cannot access the WDM state.  

 Igor Lomonosov also presented the data range available through static DAC 
measurements and their relevance to WDM studies for conditions moderate in 
comparison to the other drivers. Dynamic compression using nuclear explosives have 
proven to be very effective in reaching ultra-high pressures above one gigabar in the 
second half of the nineteenth century. Nevertheless, creating and probing matter in the 
HED state remains an international scientific priority.  

The FAIR facility will be able to generate the world’s highest heavy-ion beam current.  As 
such, this capability enables the creation of unique warm dense matter states for 
scientific investigation.   The “Heavy Ion Heating and Expansion” (HIHEX) scheme, 

where matter is isochorically and uniformly heated by an intense heavy ion beam, is one 
FAIR-based technique for WDM EOS studies. This experimental scheme has already 
been tested at the GSI-HHT cave, although with lower beam intensities. Many groups in 
Russia and Germany have experience and interest in this technique for EOS studies, 
specifically utilizing the improved beam parameters at FAIR. Another use of the FAIR 
beams is to launch shock waves as reported by David Riley, where the ion beam is 
stopped in a high-Z material and the expansion creates a shock (compression) in a probe 
located at the side. This scheme, originally proposed by the HEDgeHOB collaboration, 
remains another potential shock-driver technique.  

Given FAIR heavy ion beams will be used to create WDM or other extreme states of 
matter, a complete set of probes and diagnostics will also be required.  FAIR HED and 
plasma physics experiments must operate in a “pump-probe” configuration and this will 

require a powerful backlighter source. As presently envisaged, the “Helmholtz 

Beamline”, will provide the high-energy laser for backlighting and other probing.  The 
Helmholtz Beamline is on the roadmap of infrastructure of the Helmholtz society but 
remains in the planning stage.  Without a powerful laser backlighter, the HED research 
at APPA will be significantly impacted.  
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Basic properties of strongly-coupled plasma 

Research on dense plasmas at FAIR will also, and particularly, allow addressing the 
fascinating fundamental aspects of correlated many-body quantum systems. Plasmas at 
warm-dense matter conditions pose a formidable challenge to theory. Due to strong 
coupling of the ion system the statistical framework of traditional plasma physics is no 
longer applicable and perturbative methods fail. In addition, partial degeneracy of the 
electron component requires a quantum mechanical treatment. Concomitantly, strong 
coupling and electron degeneracy give rise to the rich and exotic behaviour of these 
matter states, such as phase transitions and metallization. As example, Ronald Redmer 
elaborated on the still outstanding issue of the metallization of hydrogen. Recent 
experiments in shock-compressed D2 suggested an insulator-metal transition at 
pressures significantly higher than predicted by DFT-MD calculations. The latter showed 
a strong sensitivity to the choice of the exchange-correlation functional. Accurate 
experimental data in the warm-dense matter regime thus help elucidate the role of 
assumptions in modern state-of-the-art dense matter theory. Siegfried Glenzer 
presented measurements of plasmon scattering from aluminium samples, rapidly 
heated by intense x-ray pulses. Plasmon shift and width are only poorly described by the 
usual Born-Mermin-approach and indicate a non-linear damping component and a non-
Drude-like conductivity. Also here, the advanced HSE-functional provided a significantly 
enhanced agreement between theory and measurement. Victor Mintsev showed early 
measurements of electrical conductivity of noble gases in the WDM regime, where the 
classical Spitzer-theory fails, and now modern ab-initio methods are employed. He also 
presented one of the experimental proposals within the FAIR plasma physics 
collaboration, to study molecular fluids (such as H2 and N2) at Mbar pressures, where 
they are predicted to undergo phase transitions to various exotic (high-conductive, 
metallic, polymeric) phases. Igor Lomonosov reminded in his talk the problem of 
measuring the critical points of many metals. Theoretical predictions vary widely and 
experimental measurements are very difficult. Furthermore, the prediction of non-
congruent phase transitions in composites is a topic of fundamental thermophysical 
interest. 

The topic of the ionization potential depression (IPD) in strongly-coupled plasmas was 
addressed in the talk by Tilo Döppner. This topic has attained significant attention and 
motivated strong theoretical activities after experiments at isochorically heated 
aluminium samples at the first free electron laser LCLS at Stanford had shown 
significant discrepancies with the widely used IPD model. T. Döppner presented results 
from a campaign in the Discovery Science Program at the National Ignition Facility, 
measuring the ionization balance at ultra-high densities, exceeding 30 g/cc by spherical 
compression in a laser-driven hohlraum. Measuring the ionization balance by x-ray 
scattering indicates a significantly higher ionization than predicted by standard theories 
of IPD. This clearly shows the need for an improved understanding and treatment of 
atomic physics in such strongly coupled systems. Such strongly coupled degenerate 
plasmas, although at lower density, can be produced with very high quality 
(homogeneity, equilibrium conditions) by heavy-ion heating of tamped foils. Dimitri 

Khaghani showed on-going activities to prepare high-resolution x-ray transmission 
spectroscopy to measure continuum lowering in such plasmas in the FAIR phase-0 
program. 

Nuclear Photonics 

Nuclear Photonics encompasses a rapidly evolving field of research enabled by high-
power, short-pulse laser facilities together with targets designed for the production of 
intense particle or photon beams.  The application of these intense beams promises 
significant advantages for the diagnosis of FAIR-generated matter at extreme conditions. 
For example, laser-generated protons, neutrons, and X-rays can be directly employed for 
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radiographic imaging.  Intense laser-generated and moderated neutron beams can also 
be employed for measuring temperature of shocked or isochorically-heated matter 
using neutron resonance spectroscopy.   Nuclear Photonics is an important area for 
collaboration with other facilities researching extreme matter worldwide.  Several 
applications and opportunities for FAIR were discussed in the talks summarized below.  

2 HED at GSI/FAIR 

2.1 Status of the plasma physics collaboration 

The collaboration for High-Energy-Density 
Science at FAIR (HED@FAIR) was founded 
on February 3rd 2017 during the 37th 
international workshop on Physics of High 
Energy Density in Matter in Hirschegg 
Austria.  

The HED@FAIR collaboration that focuses 
on the experimental program that will be 
conducted at the dedicated plasma physics 
beamline in the APPA cave of FAIR, is basing 
its program on the preliminary work of the 
HEDgeHOB and WDM collaborations and 
seeks to unify the effort of both groups into a single goal. The collaboration is organized 
around a collaboration board that is the steering body of the collaboration and an 
executive board, which is responsible for the representation towards the outside and 
the daily business of the collaboration. The collaboration board, chaired by V. Bagnoud, 
elected during the workshop Alexander Golubev as chair of the executive board and 
collaboration spokesperson.  

The collaboration is open to any scientist that is interested in participating in the 
definition, development and realization of the HED program at FAIR. In addition, the 
collaboration HED@FAIR aims to play an ever growing role in the interim science 
program (the so-called phase 0) that breaches the gap between the present and the 
startup of FAIR in 2024. In this view, the collaboration will use the existing GSI facilities 
(PHELIX, the Z6 target station at the UNILAC, and the high-energy cave HHT at the SIS-
18) to prepare the scientific program of the APPA cave. 

2.2 FAIR facilities  

The sessions of the workshop addressing the FAIR facilities covered the progress in the 
FAIR project as well as R&D contributions from collaborating universities around GSI 
and theoretical support from JIHT in Moscow.  

At first, P. Giubellino, the scientific director of GSI and FAIR, reported on the status and 
current development at GSI/FAIR. The FAIR project is on track, as best illustrated by the 
ground breaking ceremony for the synchrotron tunnel on July 4th this year and the 
integrated project management plan, that includes planning for the FAIR buildings, the 
accelerator, as well as the detectors for experiments. According to this plan, the HED 
collaboration expects to start bringing first components in 2021 into the cave and do the 
commissioning without beam in late summer 2024. P. Giubellino emphasized the 
importance and uniqueness of synergistically exploiting ion and laser beams for dense 
plasma research. Plasma physics is about pump-probe experiments, hence the GSI SIS18 
and the upcoming FAIR SIS100 synchrotron, in combination with bunch compression 
capabilities to produce intense, short (<70 ns) beam pulses, are ideal plasma physics 

 

Figure 2: 178 members from 11 countries 

have joined the HED@FAIR collaboration as of 

August 2017 
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drivers matched to the current and future needs of the community.  High-energy lasers, 
like PHELIX at GSI or the envisaged Helmholtz Laser Beamline at FAIR, offer powerful 
diagnostic tools for HED research. Therefore merging laser and accelerator technology is 
a highly strategic research direction for FAIR and also for Helmholtz. 

Particular attention was paid to the upcoming beam time 2018/19, with the restart of 
the intensity-upgraded UNILAC/SIS18 facility including storage ring ESR and the newly 
installed CRYRING. PHELIX operation will continue on the present level. From 2018 till 
the start of commissioning of SIS100 synchrotron 2021, there will be about 3 months of 
beam time per year for the FAIR Phase 0 program. 

Peter Spiller, leader of the subproject SIS100/SIS18 at FAIR, reported on the status of 
the accelerator, especially on the upgrade of the existing SIS18 and the progress in the 
realization of SIS100. The SIS18 upgrade program, as originally defined, will be 
completed beginning of 2018. Further upgrade measures to stabilize the dynamic 
vacuum in a 3 Hz operation mode have been proposed and need to be implemented. 
Additional effort has been taken to improve the operation for the user program in FAIR 
phase 0, e.g. a high harmonic micro-spill smoothing cavity will be tested in 2018. Civil 
construction for the „Link existing facility” is running and progressing well.  Concerning 
the SIS100, contracts for major system components have been placed. The delivery and 
testing of accelerator components is underway. 

Figure 3: A 3-D model of the planned plasma physics beamline in the APPA cave at 

FAIR. A: beam-matching section and diagnostics; B: wobbler; C: focussing magnets; 

D: target chamber. 

S. Neff, the resource coordinator of the HED@FAIR collaboration, presented the status
of the facility for the HED experiments at FAIR. This facility is designed to exploit the
world-wide unique capabilities for HED experiments at FAIR. The baseline design of a
flexible ion beam line, as shown in Figure 3, is finished and approved by FAIR. This beam
line will allow for a wide variety of experiments using uranium (HIHEX, LAPLAS) to
protons (PRIOR) in the first phase of FAIR. All technical design reports, except for the
matching beam section, are approved. The construction of the superconducting final
focusing system has started at IHEP.  Beyond the modular start version of FAIR,
achieving the full performance of the experimental capabilities will, however, require
additional funding.

To illustrate the foreseen experiments at FAIR in the APPA cave with annular beams, 
Naeem Tahir presented in his talk new theoretical results on generation of earth-like 
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planetary interior conditions at FAIR4. Simulations have been made for 75-100 ns, 1 
GeV/u U-beam that will be available on Day 1 (5×1010 ions/bunch) and in the FAIR full 
operation mode (1011 -5. 1011).   These calculations show that the LAPLAS-scheme using 
hollow beams creates highly-compressed solid and liquid iron states. Measurement of 
transport properties like thermal and electrical conductivities, and viscosity of the iron 
samples under extreme conditions will be possible.  In the frame of future experiments, 
studies of Richtmyer-Meskov and Rayleigh-Taylor hydrodynamic instabilities are also 
proposed. 

M. Roth gave an overview about the R&D activities of the German universities within
the frame of BMBF-Verbundforschung and concerning first-day experiment diagnostics
at FAIR. His talk covered new development of photon and particle diagnostics. For
PRIOR, high-performance scintillators and cameras and have identified and these
components should be tested at HHT. The key questions will be temporal and spatial
resolution, efficiency, radiation damage and EMP resistance. For the laser driven X-ray
diagnostics, TU Darmstadt is working on two subjects: the development of an actively
cooled main amplifier with a sandwich design, where a thin coolant layer flows between
two glass slabs enabling an increase in the laser repetition rate to one shot every 10
minutes; and optimizing narrow band X-ray yield for XRTS by using micro-structured
targets like needles, pillars or grooves. Experiments at different laser facilities have
shown reduced reflected laser energy and enhanced Ka- emission from this class of
targets.

N. Andreev gave an overview about the theoretical support of FAIR relevant
experiments at the Joint Institute for High Temperature (JIHT) in Moscow. He presented
a wide range of models starting with laser interaction with matter, laser electron
acceleration for backlighting WDM, and the generation of Ka X-rays in foils at PHELIX.
JIHT, in support of the HED research community, has developed a wide range of models
for laser iteration with matter that can be used to better understand laser-plasma
production, e.g. at PHELIX. For example, hot electron generation in low-density targets
has been investigated as a high current source of accelerated electrons. Laser electron
acceleration, where a short and intense laser pulse is at grazing incidence to a solid
target, provides a bright source of fast electrons in a hundred MeV energy range.  Models
of electron temperature and Kα photon generation by hot electrons, produced by a sub-
picosecond relativistic intense laser pulse, are in a good agreement with measurements.

Finally A. Schönlein from the Goethe-University Frankfurt presented some of the 
envisioned applications of high resolution X-ray fluorescence spectroscopy for HIHEX-
experiments at FAIR. For the investigation of fundamental properties of matter under 
extreme conditions within the HIHEX scheme, the energy density distribution in the 
target, deposited by a heavy ion beam, is a key parameter for numerical simulations of 
hydrodynamic target response. Therefore they presented the development of a 
scintillator and fiber-based X-ray fluorescence detector for FAIR to measure the target 
expansion, the ion beam intensity distribution on the target as well as the number of 
interacting projectiles. First experiments at the UNILAC showed the applicability of the 
scheme, where the dependence of the X-ray fluorescence yield on the number of 
interacting projectiles and target material has been successfully investigated. 

4 N. Tahir et al., The Astrophysical Journal Supplement Series 232 (2017) 
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2.3 Phase 0 research at GSI 

In 2018, GSI will complete the upgrade of the SIS-18 accelerator ring necessary for 
seeding FAIR. After this shut-down period, the SIS-18 will gradually be driven to higher 
and higher intensities. FAIR and GSI have decided to drive a limited research program 
during this start-up phase to exploit the improved capabilities of SIS-18 and test the 
necessary equipment from the FAIR collaborations. This period is called “Phase 0”. For 
HED@FAIR, the phase 0 means running experiments at GSI’s existing facilities: PHELIX, 

the Z6 target station of the UNILAC, and the high-energy cave at the SIS-18 – HHT.  

Stefan Götte reported about the experimental capabilities of the PHELIX facility. Since 
its commissioning in 2008, PHELIX has developed into a well-established user- facility 
making a significant contribution to the field of plasma and atomic physics. He discussed 
the latest evolution of the laser parameters, the procedure of the experimental project 
application and the user support. For phase 0, in addition to user operation, parameters 
like the laser focus quality, the repetition rate operation, and the commissioning of a 
VISAR system at Z6 experimental area, for laser-driven shock experiments, will be 
improved. In the future, the construction of the beam lines to the HHT experimental 
areas, an upgrade of the facility at Z6, and the support to develop the nanosecond 100-J 
laser at FAIR are planned. 
In addition to PHELIX, GSI plans to restart its experimental program at the HHT cave.. 
The GSI accelerator will provide beam time for the user community in limited amounts 
of about 3 months per year during phase 0. The HED@FAIR collaboration will use this 
opportunity to commission the second PRIOR prototype (PRIOR II), which is based on 
electromagnets (see section 0 of this document: 
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Proton microscopy, PRIOR, and the round table discussion). This
technical implementation of the proton microscope is more robust against radiation 
than the one based on permanent magnets and therefore should perform for a longer 
time in the APPA cave environment without significant maintenance costs.    

Finally, it is expected that ion intensities above 1010 ions/bunch will be obtained in the 
near future at SIS-18 and will be available at HHT. Such intensities will be sufficient to 
achieve quasi-isochoric heating of a dense target and isentropic expansion (HIHEX). This 
will enable the measurement of EOS and transport properties for non-ideal plasma and 
warm dense matter (WDM).. However, this requires volumetric diagnostics as discussed 
in details in section 5: Round table discussion: PHELIX at HHT. 

3 Reports on HED research worldwide and its applications 

Plasma physics research is being conducted at many facilities worldwide. Researchers 
active in the field came to the workshop to present the current activities and capabilities 
of these facilities, underlining the complementarity of approaches between theirs and 
FAIR.  

3.1 Plasma Physics Research at other facilities 

HEDP studies span a range of science that is highly interdisciplinary.  As such, this 
requires numerous interconnections to existing and developing major facilities; no 
single facility can fully serve the HEDP broad research agenda.   Creating and probing 
matter under extreme conditions, across many orders of magnitude in density, 
temperature, and temporal extent, necessitates tailoring said research to the specific 
capabilities of a given facility.  So will be the case for FAIR, where the unique pump-
probe characteristics of APPA will support a range of HED experiments.   

The workshop session on plasma physics research at other HED facilities gave 
important input onto the relevance of the HED program at FAIR and its possible links to 
the international efforts at other laboratories.  While it is beyond the scope of this report 
to fully assess international HED capabilities, the facilities represented herein provide a 
reasonable survey.  Major facilities represented included the National Ignition Facility 
(NIF)-USA, the Linac Coherent Light Source (LCLS)-USA, Laser Megajoule (LMJ-PETAL)-
France,  NCDX-II and Bella-USA, HIAF-China, PALS-Czech Republic, ELI-Czech Republic, 
Titan-USA, PHELIX-Germany, LANSCE-USA, and MaRIE-USA.  These facilities are shown 
on the world map of Figure 4.  
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Figure 4: HED facilities worldwide that offer a complementary approach to FAIR and that were 

represented at the workshop 

The presentation by Thomas Schenkel from LBL Berkeley gave an account to present 
and planned activities at the NDCX-II induction linac and the Bella-i laser facility. 
Complimentary to the high-energy heavy-ion beams at FAIR the NDCX-II linac 
concentrates on low-energy but very intense beams on light ions (e.g. He+). Offering a 
pulse length of 2.5 ns and a peak current of ~2 A, a main emphasis is presently on the 
effects of high-flux, short ion pulses on solid state structures, and also energy loss under 
high-flux conditions. In the future, when higher intensities are reached, phase 
transitions and warm-dense mater will be in reach. Exciting perspectives also exist in 
the study of the synthesis of novel materials at the on-set of the warm dense matter 
regime. The Bella-I laser facility represents at present the highest repetition rate 
Petawatt laser. Operating at up to 49 J in 33 fs at 1 Hz, the laser can provide the most 
intense source of laser accelerated electrons (above 1 GeV) and ions. It will also deliver 
unprecedented intensities of Betatron x-rays for diagnostics. At present a phase 1 of 
experiments on ion acceleration is running. Combined with focusing devices it will 
provide a powerful tool for the preparation of warm dense matter. Once a beamline with 
short focal length will be commissioned intensities around 1022Watts per cm2 will be 
reached. This can open a new regime of laser acceleration as well as it can give the 
chance to see QED effects. 

Dimitry Batani from the “Centre Laser et Applications” at the University of Bordeaux 
was concentrating on the complementarity and possible synergy between the projects at 
GSI/FAIR and the LMJ-PETAL project at Bordeaux. Despite the completely different 
characteristics of the laser and the ion beam driven plasmas a similarity was seen in the 
concepts of laser driven diagnostics. Development of laser driven secondary sources and 
novel techniques like XANES, X-ray radiography, and X-ray phase contrast radiography 
will be useful for both drivers. Short pulse and isochoric heating will address different 
aspects of the plasma phase diagram. It was stated that, as a complementary scenario 
heavy-ion prepared plasma in combination with laser diagnostic, acceleration and the 
creation of magnetic fields should “… write a new chapter in the HED physics”  

Libor Juha from the PALS Research Center and the Institute of Plasma Physics of the 
Czech Academy  gave a wide overview over present and future dense plasma physics at 
PALS and the ELI Beamlines facilities. Many excellent experimental results from the 
PALS laser ( 1kJ pulses with 300 ps duration at 315 nm) were shown. The importance of 
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advanced diagnostics and secondary sources was emphasized. The status and an 
outlook on the ELI beamlines facilities and experimental areas were   given. With a suite 
of laser driven sources covering x-ray to THz, and a maximum power density exceeding 
1023 Watt/cm2, the facility is striving for ultra-high fields and new access to 
astrophysical problems as well as applications in technology and applied sciences.  

Rui Cheng from IMP CAS at Lanzhou gave an overview on the Warm Dense Matter 
oriented program at the planned HIAF facility in China. The key parameters of the 
accelerator complex are similar to the FAIR scope. As at FAIR, the scientific program is 
supporting different subjects, including nuclear physics and nuclear astrophysics as well 
as atomic und plasma physics. The time scale of the project is similar to FAIR. In the 
science program questions related to ICF, particular in context with the Chinese inertial 
fusion program at the SHENGUANG project, has a strong role. A wide research activity 
directed towards a study of the physics of WDM has already started. Very remarkable is 
the effort towards a High Energy Electron Radiography (HEER). Experiments have 
reached prove of principal with a high resolution and density resolution. In the planning 
a pulse duration of ~10 ps seems possible. The test platform is set up is under 
construction at the IMP at Lanzhou. Proton radiography and other diagnostic schemes 
are also under development. With the additional diagnostics HIAF will be highly 
competitive to FAIR. 

Kurt Schoenberg, from the GSI Extreme Matter Institute (EMMI) and Los Alamos 
National Laboratory, presented an overview of Neutron Resonance Spectroscopy (NRS). 
NRS is a promising technique for measuring temperature in shocked or high-energy-
density matter at the proposed Los Alamo MaRIE facility and at FAIR.   Time and 
spatially resolved measurements of bulk-temperature of experimental samples are a 
critical need in dynamic materials research. Specifically, a technique is sought with 
temporal resolution capabilities of order 1 ns (shock transit time over the dimension of 
a typical solid grain) and as small as ~ 10 mm, although lesser resolution would still be 
valuable given present alternatives. NRS utilizes a broad-energy-band neutron beam to 
excite a nuclear transition, typically of order 20 eV. The Doppler-dominated absorption-
line width in the transmitted neutron beam yields the sample temperature. The 
penetrating power of epithermal neutrons and the ability to localize a suitable dopant 
within the sample readily enables spatial and temporal resolution, provided the neutron 
fluence is sufficiently high.  

NRS has been demonstrated at the Los Alamos Neutron Science Center (LANSCE) using 
moderated neutrons from a ~ 1GeV proton-driven spallation source.5  However, 
spallation neutrons must be heavily moderated to be useful. This moderation process 
leads to neutron pulses with durations longer than desired, and assembly sizes that are 
very large and costly. Moreover, even for an instantaneous neutron pulse of finite 
energy spread, the ultimate time resolution is dictated by the spread in time of flight 
through the doped/resonant part of the dynamic sample for the neutrons with energies 
spanning the resonance width. This time spread is proportional to the flight time from 
the moderated (epithermal) neutron source. At LANSCE, the NRS targets must be placed 
³ 1 m away, which makes the time spread ~ 200 ns for the resonance line used (~ 20 
eV).  

An intense neutron-beam source driven by laser-produced intense deuterium (D) beams 
shows promise of greatly improving temporal resolution. For example, the Trident laser 
has produced a neutron beam with ~1010 neutrons in approximately 1 ns and in ~ 1 
steradian, with a quasi-Maxwellian energy distribution of » 2.7 MeV average energy. 
Neutron moderation from these lower energies can be done much faster than in 

                                                             

5 V. Yuan et. al., Phys. Rev. Lett. 94, 125504 (2005). 
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spallation sources with a much smaller moderator, providing a path to meeting NRS 
requirements. Nevertheless, significant development of the NRS technique remains in 
order to meet the neutron flux/fluence requirements and general experimental design 
for MaRIE-class dynamic experiments. These development activities provide a 
foundation for collaboration between MaRIE and FAIR shock-driven thermometry 
development.  Specific areas for collaboration include:  

· Developing compact, laser-driven neutron sources relevant for specific FAIR or
MaRIE experimental configurations.

· Modeling of the effects of thermodynamic states on the neutron resonance
profile, including proper inference of bulk temperature.

· Design of NRS first experiments, including achievable spatial and temporal
resolution.

3.2 Research on Ultrafast Plasma 

The session on ultra-fast plasma physics began with a presentation by A. Phukov (U. 
Düsseldorf) on nano-structured targets irradiated with ultra-short relativistic laser 
pulses. Advances in short-pulse laser technology have led to generation of high-contrast 
laser pulses with a laser pre-pulse level over 10 orders lower than the laser peak 
intensity. This allows irradiation of delicate high-aspect ratio nano-structures with 
intense laser pulses, preserving the target structure until the arrival of the laser-pulse. 
Highly computing intensive 3D particle-in-cell simulations show that this allows the 
laser light to penetrate into the interstitial space between the nano-structure, thus 
delivering laser energy at average densities far above the critical density. This results in 
a very efficient absorption (near 100%) of laser energy and the generation of extreme 
energy densities, corresponding to 100’s of Gbar pressures – conditions prevailing in the 
center of the sun, reached otherwise only in inertial fusion scenarios. These simulations 
also show that cooling of these extremely hot states is dominated by x-ray radiation, 
which could yield record high conversion efficiencies of laser energy to x-rays. First 
experiments have already shown significant enhancement of x-ray line emission from 
these targets. This shows a promising path towards ultra-bright x-ray sources, enabling 
many x-ray based applications. Furthermore, simulations of individual nano-wires 
irradiated by ultra-relativistic laser pulses show strong magnetic fields, generated by 
return currents drawn along the wire. These fields produce a strong inwards cylindrical 
compression and eventually lead to a nano-scale Z-pinch. 

A. Korzhimanov from the Institute of Applied Physics in Nizhny Novgorod talked about
the perspectives to generate matter at high energy density conditions by rapid isochoric
heating using laser-accelerated protons. Given the parameters of current (such as
PHELIX, Omega EP and others) and upcoming (e.g. ELI beamlines L4 or the XCELS
facility in Russia) high-energy short-pulse laser facilities worldwide, ranging from few
hundred joules of laser energy in picoseconds up to several kJ at pulse durations below
100 fs, already simple scaling relations indicate that matter states with keV
temperatures at Gbar pressures could be attainable by proton-heating. This offers a very
intriguing path towards efficiently generating homogenous samples of high-energy
density. More detailed calculations were presented, showing modifications due to non-
linear effects, which require a self-consistent treatment of the particle stopping and
material heating. At even higher particle beam flux density, calculations indicate that
non-linear beam-plasma-interaction may become a major effect. While this in itself is a
fascinating field at the crossing of accelerator and plasma physics, this needs to be taken
into account in the design HED experiments.

O. Rosmej presented results from experiments at the PHELIX and the Jeti40 (Jena) laser
systems, where thin metal foils had been irradiated with intense laser pulses at the
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highest available temporal contrast. Broadband spectroscopy was used to measure 
characteristic line emission of the entire K-shell spectrum, ranging from neutral K-alpha 
up to Ly-alpha, and further to the more energetic He-beta and He-gamma lines. The 
spectra indicate both heating to temperatures of order 1 keV, as well as high densities 
close to the density of solid. This heating can be explained by the interaction of energetic 
electrons, produced in the intense-laser matter interaction, while the target remains 
near solid density due to the high-contrast laser pulse. These findings were further 
corroborated by measurements of the escaping fast electrons by means of an electron 
spectrometer, and the emission bremsstrahlung radiation with hard x-ray 
spectrometers based on imaging plates, as well as on a highly-pixelated CdTe detector. 
The results are supported by particle-in-cell calculations, which show that besides hot 
electrons fractions at average energies of 10’s of keV and MeV, a significant amount of 

energy is converted to electrons at only 1-2 keV. These electrons carry about 2 orders of 
magnitude more charge than the more energetic ones, and they are responsible for 
depositing up to 10MJ/g in a 100nm thick layer of the target. 

S. Glenzer gave a broad overview of activities at the Linac Coherent Light Source (LCLS) 
x-ray free electron laser at SLAC. The FEL can be used both to generate matter at HED 
conditions by ultra-fast energy deposition by photoelectric absorption, and to probe 
dense plasmas, e.g. created by an optical laser, with x-ray techniques such as x-ray 
diffraction and scattering. A variety of recent experiments that have resulted in high-
impact publications was presented, such as accurate ion-ion structure factor 
measurements on strongly shocked aluminium, formation of lonsdaleite diamond in 
shocked graphite, or the phase separation in low-entropy shock-compressed CH-targets 
relevant to the conditions in giant ice planets. Developments towards high rep-rate 
targets based on liquid jets, and results from first experiments measuring equilibration 
rates showed the need for quantum kinetic theories to explain the electron-ion energy 
exchange observed in these experiments. Furthermore, high-resolution x-ray scattering 
spectra in the collective regime on x-ray laser heated aluminium foils revealed plasmon 
resonances significantly narrower than predicted by calculations in the Mermin-
approach, including collisions by means of the Born approximation. Also, ab-initio MD 
calculations using as exchange-correlation functional the widely used PBE-functional fail 
to reproduce, while the more sophisticated non-local HSE-functional achieves an almost 
perfect fit to the data. Finally, an outlook was given to upcoming experiments within the 
“Discovery Science”-program at the National Ignition Facility (NIF), where such x-ray 
scattering experiments will be performed at ultra-high densities, approaching 
conditions as found in brown dwarfs. 

3.3 Laser-based Plasma  

High-energy nanosecond lasers are used worldwide as plasma drivers because of the 
versatility of such drivers. One of the most prominent high-energy laser facilities is the 
National Ignition Facility (NIF) that allocates about 10% of its available beam time to a 
discovery science program that is dedicated to academic access. Thanks to the 
symmetric geometry of the NIF setup, spherical compression can be achieved to reach 
high pressures after illumination of a spherical sample with the laser. In a recent 
experiment aiming at reaching high-pressures, a group of researcher belonging in part 
to the HEDatFAIR collaboration led by P. Neumayer and R. Falcone, compressed CH and 
Be capsules to about 30 g/cm3 and reached electron densities of ~ 1025 cm-3 using the x-
rays generated by converting the NIF energy in a hohlraum. This experiment, reported 
by Tilo Doeppner at the workshop, employed x-ray Thomson scattering (XRTS) as a 
diagnostic to quantitatively measure the elastic and inelastic components of the x-ray 
spectrum, from which one can infer the ionization state of the sample. In the conditions 
accessible at the NIF, where the electron temperature is similar to the Fermi energy, the 
preliminary analysis of the data shows evidence that the carbon atoms have a much 
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higher K-shell ionization. This effect is called ionization potential depression and is still 
a challenging effect for theory as the most widely used codes fail to predict the NIF 
measurements. 

In his contribution, Peter Mulser reviewed the advantage of the x-ray radiation 
generated by laser-driven plasmas. In his view, plasmas generated by laser-intensities at 
or above 1022 W/vm2 and the current experimental and theoretical work being done 
worldwide have many advantages and make a case for a powerful high-intensity laser as 
follow-on to PHELIX. Effects based on the very strong ponderomotive force generated at 
this intensity and the fast electrons that result from the laser-plasma interaction must 
be exploited. In addition, the coupling of the laser energy into the plasma, limited by the 
reflection of the laser at the critical plasma density, can be mitigated by the use of 
structured targets that allow the electrons to achieve relativistic velocities (Relativistic 
Transparency6).  This technique provides another mechanism for generating high 
energy density plasmas.   

The contribution of Dimitri Khaghani dealt with X-ray imaging that finds a wide range 
of application for the plasma physics beamline at FAIR. From a machine stand-point, 
spatially resolved Ka and Lya emission measurement from rest gas in the target 
chamber will give a precise measurement of the high-energy ion beam used for the 
HEDatFAIR collaboration.   Bent crystals will image the target chamber center outside 
the target chamber through a thin window onto a CCD and significant signals are 
expected for ion intensities above 4 × 1010 ions/pulse with a spatial resolution of 100 
mm. A second application of x-ray spectrometers is XANES that can be employed at FAIR
and also at HHT in the phase-0 for thin low-Z targets heated by the ion beam. Equally
important will be the use of such detector in the keV energy range for opacity
measurements of warm dense matter. In these last cases, the detector relies on a
broadband source of photons that could be provided by a 100 J sub-nanosecond laser, as
it is planned for the modular start version of FAIR.

In plasmas generated at the NIF, many by-products of nuclear reactions can be collected 
after the compression and burn phase of the NIF capsules is over. This post-mortem 
analysis of the debris, particle and gaseous nuclear by-products provide indirect 
measurement on processes happening in HED plasmas, as described by Dieter 

Schneider in his contribution. For instance, neutron time of flight measurement after 
the implosion of a NIF target enables linking the neutron energy to the energy loss of 
alpha particles in the highly compressed plasma [7]. More advanced concepts exist that 
employ boron as a dopant in the capsule and detect the products of the 10B(p,a) 7Be 
reaction where the Be yield directly depends on the plasma temperature. In addition to 
ignition study relevant measurements, the NIF can be used for more basic nuclear 
physics process relevant to astrophysics [8]. These studies are relatively new and still in 
the conceptual and early realization phase, for which detectors are being developed and 
commissioned. The first results are very encouraging. 

3.4 Nanosecond Plasma 

Many HED physics experiments are dominated by shock waves driven by transient 
pressure pulses. The shock pressure ps(t) roughly follows the driving pressure during 
the growth phase but it reduces slowly when the pressure drops suddenly on the piston. 
In ideal media the process is known as “hydrodynamic SW attenuation”. Many models 

6 Relativistic Transparency reference 

7 D. Sayre et al., APS Division of Plasma Physics Meeting 2015 

8 D. L. Bleuel et al., Plasma and Fusion Research 11 3401075, 2016 
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do not provide the piston acceleration, which is of interest to study the early stage of the 
Rayleigh-Taylor instability, when a shock driven by a transient pressure is still running 
inside the slab and the interface acceleration is determined by the shock propagation. 
The group around Roberto Piriz has developed a relatively simple description of the 
hydrodynamic attenuation (growth and decay) of shock waves which can be obtained 
from the approximate integration of the conservation equations, and by introducing the 
“retarded” driving pressure as the boundary condition on the piston. The model serves 
to several purposes: 

· It allows for studying the Rayleigh-Taylor instability (RTI) at the early phase of 
evolution when the shock is still running into the medium. This phase takes 
place immediately after the Ritchmyer-Meshkov instability stage, and before the 
accelerated plate can move as a whole. 

· It can also be used for studying the entropy shaping generated by a decaying 
shock in the ablator layer of an ICF target. This is at present a current method for 
mitigating the RTI in the ablation front. 

· It can be easily extended to convergent spherical and cylindrical geometries for 
applications to shock waves generated in capsule and liner implosions. 

Yongtao Zhao from the Xi’an Jiaontong University in China presented some results 
covering the energy deposition and wakefield excitation in case an ion beam passes 
through a plasma target. Effect of the projectile’s initial kinetic energy, initial charge 

state, and nuclear charge Z for low energy ions were investigated. An enhanced energy 
loss has been observed in case of low energy (100 keV/u) ion beams interacting with 
hydrogen plasma generated in a discharging pinch. For proton projectiles, the 
experimental results fit well with the theoretical predictions. For Helium however, the 
theoretical calculations obviously overestimate the energy loss.  Further on wakefield 
self-modulation for proton beam passing a plasma was observed in experiments. 
Likewise strong focusing was observed while the energy of the focused beams is 
uniform. The PIC simulation therefore suggests that the wake-field could form a self-
modulated, periodic (pulsed), focusing, collision-less tunnel. 
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4 Proton microscopy, PRIOR, and the round table discussion  
Proton microscopy, the use of temporally-tailored proton beams and magneto-optics to image the 

properties and behaviour of 

materials under shocked or 

extreme conditions, is an 

important capability for 

FAIR experimental research.   

The PRIOR proton 

microscope is one of the 

main tools that will be 

available at FAIR for HED 

research. In the last years, a 

prototype of PRIOR, PRIOR I, 

based on permanent 

magnets, has been fielded at 

the high-energy cave of GSI 

HHT. There, it 

demonstrated a spatial 

resolution of 30 mm, in line 

with predictions, but an unexpected ageing of the permanent magnets under the harsh environment 

of the accelerator makes the use of permanent magnets unpractical. The technical design of PRIOR II, 

built around electromagnets, has been approved by FAIR and is planned to be operational for both 

FAIR Phase 0 and FAIR First experiments, as shown in 

 

Figure 5. During the workshop, a round-table discussion was facilitated to discuss both 
the status of PRIOR construction and research applications.  

V. Mintsev presented report on the possibilities of the proton radiography for equation 
of state measurements of shock compressed WDM. The key tasks of special interest for 
nonideal plasma physics are discussed: Plasma Phase Transition (H2, D2, N2, Noble 
Gases, etc.), Metal – Insulator Transition, Equation of State – Coulomb interaction, Two 
Phase Region (Liquid – Gas, including Critical Point), Transport Properties, Optical 
Properties. Methods of generation of such parameters by powerful shock waves with the 
aid of high explosives are considered. Compact and full sized explosively driven 
generators are described from the point of view of their using in the experiments in 
small “red” GSI chamber (on 150 g of TNT) and in large chamber on 4 kg of TNT, which 
is now under construction in Chernogolovka. The most attractive looks experiments 
with strongly coupled plasma of noble gases and plasma phase transitions in H2 and N2. 
Investigation of Shock Wave Compressibility of Carbon Fiber and Fiberglass for 
experiments at PRIOR with the help of light gas gun was discussed in the report of V. 

Mochalova. 

Frank Merrill’s presentation summarized the significant advances in 800 MeV Proton 

Radiography at Los Alamos over the past several years.  Also included was recent 
research into the potential for Transmission High Energy Electron Radiography.   
Significant effort at Los Alamos has been dedicated to the development of two models 
for optimizing 800 MeV Radiography.   One model is based on GEANT 4 and allows for 
the study of impact particles that have scattered substantially or that are generated in 

 

Figure 5: A view of the PRIOR setup at the APPA cave. The PRIOR 

magnets have a grey support. 
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the process of interacting with the object and imaging elements.  A second model has 
been developed to study the radiographic performance of lens systems as well as 
provide a platform for removing the aberrations introduced by the radiography system.  
Various permanent magnet lens systems have been investigated to improve the 
radiation resistance of the imaging system including electromagnets.    

5 Round table discussion: PHELIX at HHT  

During the 2017 EMMI workshop on Plasma Physics at FAIR an open round-table 
discussion session was held to discuss the scientific opportunities from bringing the 
PHELIX laser to the existing HHT-cave at GSI. While the session was open to all 
workshop attendants and GSI scientists, several experts in the field were invited to give 
their opinion on this proposal and to present ideas and suggestions what scientific areas 
could be addressed. The attendants were: Prof. Siegfried Glenzer (SLAC), Dr. Thomas 
Schenkel (LBNL), Prof. David Riley (U. Belfast), Dr. Thomas White (U. Oxford), Dr. 
Marilena Tomut (GSI, materials research department), Paul Neumayer (GSI, plasma 
physics department). Though they were not able to attend the discussion in person, 
further contributions were provided by I. Krasyik, Dr. O. Rosmej (GSI) and Prof. Dominik 
Kraus (HZDR). 

The discussion started with a short presentation by Udo Eisenbarth about the possible 
optical layout used to transport the beam over to the HHT cave, as shown in Figure 6.  
The layout is based on the previous project drawings that were made in 2006 with the 
significant change in requirements that the pulse should be only using the long-pulse 
(nanosecond) front end and can probably work with a reduced diameter in the APPA 
cave to save on space and cost. An interesting option that balances costs and 
performance is to limit the beam size to 150 mm in diameter while enabling an energy 
of 200 J at 2w in sub-nanosecond pulses.  

 
Figure 6: a view of the planned laser beamline (in green) on top of the FRS section of 

the ESR hall and the laser laboratory container located on top of the HHT cave. 

Following this, a round table with short presentations showed the interest of the various 
participants. This gives a glimpse that these capabilities would raise interest in the 
community, attract external groups, strengthen and enlarge the FAIR collaboration. 
These contributions are summarized below:  

M. Tomut reported on the need for novel materials and compounds to withstand high 
strain rates and thermal loads in high-radiation environments, to be used for 
components such as production targets, collimators or beam dumps at future high-
power accelerators (such as the FCC) or as first wall materials in fusion reactors. 
Modeling of material strength is usually based on known material properties near room 
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temperature, low strain rates and without the simultaneous presence of high radiation 
fluxes. Therefore, reliably predicting a material’s performance requires testing under 

similar conditions. Such experiments can be conducted at the HighRadMat facilities at 
CERN, however, the attainable energy deposition and strain rates are quite limited as 
only proton beams are available. Using uranium ions at HHT will allow significantly 
higher temperatures and strain rates, even in low-Z targets such as carbon with its many 
exotic novel forms (e.g. highly-oriented pyrolytic graphite, glassy carbon etc.). In 
contrast to a post-shot analysis, imaging with laser driven x-rays would enable an in-situ 
observation of the various hydrodynamic phenomena, such as cylindrical or reflected 
shock waves, explosion and spallation events, hydrodynamic tunneling, evaporation and 
plasma generation. Furthermore, x-ray diffraction would give access to microscopic 
properties such as changes in lattice constant, structural changes and melting.  

The contribution provided by D. Kraus presented an example experimental setup of a 
carbon sample being heated by the heavy-ion beam, and using a high-energy laser 
produced x-ray source as a probe. X-ray diffraction and scattering will provide 
information on the ionic structure. Such experiments had already been conducted very 
successfully using laser-shocked samples at the Z6 target area by Kraus et al., revealing 
the complex structure of dense liquid carbon. Near-isochoric heavy-ion heating of 
graphite samples with different initial densities will allow reaching new and unexplored 
parameter regimes. Another idea proposed is to used carbon samples doped with high-Z 
elements. These will feature absorption edges and laser-driven x-ray sources will enable 
x-ray absorption spectroscopy for dense matter diagnostic techniques such as XANES 
and EXAFS.  

Similar experiments had been proposed D. Gericke (not present) and P. Neumayer, 
studying rapidly heated graphite and diamond samples using x-ray diffraction. Graphite 
is expected to expand and melt first along the sp2-planes, which would be readily seen 
in the lattice parameter and diffraction strength across the planes. Diamond on the other 
hand will undergo graphitization. It is long known that at temperatures of several 
thousand degrees diamond will turn into graphite within several hours, while recent 
ultra-fast experiments using x-ray laser pulses showed non-thermal phase transition on 
the 100 fs time-scale. The experiments at GSI would access the wide parameter space in 
between and show transformation of diamond to highly compressed graphite on ns-
timescales. Another experiment proposed addresses the topic of ionization potential 
depression (IPD) in strongly-coupled plasmas. This topic has recently gained increased 
attention due to several experiments at new facilities (LCLS, Orion, AWE), indicating that 
the widely used standard models for IPD fail, and new theoretical approaches are 
required in the strongly-coupled regime. At GSI large homogenous samples of strongly-
coupled partly degenerate plasmas can be produced in a well-controlled manner and at 
LTE conditions – ideal for benchmarking of dense matter models – by heavy-ion heating 
and expansion. An intense broadband x-ray source, produced from a laser-generated 
high-Z plasma, would be used to perform absorption spectroscopy, probing the 
electronic excitation spectrum, and thus the continuum edge and the available bound 
states of such samples. 

T. White showed results from recent experiments at the Titan (LLNL) and PHELIX laser
facilities. In these experiments, carbon samples were rapidly (ps-timescale) heated by
laser-generated protons or supra-thermal electrons. A second laser pulse was used to
generate an intense short x-ray pulse used to probe the target, and heating of the ion
lattice could be inferred from the intensity reduction of the x-ray diffraction rings. The
experiments demonstrate the suitability of high-energy lasers to generate narrow-band
x-ray sources sufficiently intense to yield high-quality x-ray diffraction data from short-
lived samples like those produced by heavy-ion heating at HHT. This provides valuable
diagnostic information such as the lattice temperature below melting, the inter-ionic
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potential and lattice strength in high-temperature solids through the Debye-Waller 
factor, and a direct diagnostic signature for melting. 

Another experiment proposed by T. White addresses the role of radiation damage and 
dislocation kinetics on elastic precursor decay in materials under shock-loading, of 
importance for the development of physically-based strength models. In such an 
experiment, the heavy-ion beam would be used to induce strong radiation damage in a 
sample, while it is being subjected to a strong laser-driven shock. Performing rear-side 
velocity measurements with a VISAR system will then yield the elastic-plastic response 
and material strength parameters of the sample. 

S. Glenzer reported on the efforts at SLAC to study transformation of materials under 
extreme conditions. Employing laser-accelerated proton pulses to damage materials and 
the ultra-fast x-ray free electron laser LCLS to visualize the transformation on atomic 
scales via x-ray diffraction and scattering techniques. While ultra-short proton pulses 
can access the primary defect production as well as highly transient phenomena, they 
are strongly limited in the attainable projectile energy and charge. Here the high-energy 
heavy-ions from the GSI accelerator complement and significantly widen the range of 
possible radiation damage studies, which is also the reason why radiation biology 
groups and space agencies are strongly interested in experiments at FAIR. Although 
ultrafast time-scales cannot be accessed due to the 100 ns duration of the heavy-ion 
pulse, it was pointed out that a large spectrum of secondary processes (e.g. H/He-
generation, diffusion and trapping, defect clustering, cascade ageing,…) in the damage 

cascade happen on time-scales of sub-microseconds to milliseconds. Studying these 
processes in-situ will require the intense x-ray sources generated by a high-energy laser. 

D. Riley emphasized that x-ray scattering is the key diagnostic technique to probe static 
and dynamic structure of warm-dense matter. He recalled that nanosecond laser driven 
plasmas can reach of order 10-3 conversion of laser energy to x-ray line radiation, and 
his group is in fact the first to demonstrate elastic x-ray scattering on shock-compressed 
samples using such laser-driven x-ray sources. Currently his group is involved in 
establishing this technique on the latest generation x-ray free-electron laser LCLS.  

The value for dense matter theory of direct structure factor measurements was also 
stressed by C. Meister (audience). As was also pointed out by D. Riley and S. Glenzer, 
who had pioneered ion structure factor measurements on laser-generated warm-dense 
plasmas using x-ray scattering, these measurements directly probe the ion structure 
which allows for direct comparison with state-of-the-art dense matter modeling.  

O. Rosmej and I. Krasyik reported on experiments performed at the Z6 target area 
utilizing the PHELIX long pulse beam at energies up to 150 J to drive laser-driven shocks 
into mm-thick aluminum plates in order to induce spallation on the rear side. An electro-
acoustical probe was used to measure the time-of-flight of the spallation fragments, and 
thereby infer their velocity. In addition, the samples were analyzed “post-mortem” by 

microscopy to measure e.g. crater size and depth. This yields information on the 
mechanism of destruction of condensed matter at high tensile loads and receive 
information about of the matter microstructure and density distribution in dynamical 
stress caused by the laser shock. Performing such spallation experiments using the 
PHELIX laser beam at HHT would allow conducting in-situ imaging of the spallation 
event using the proton microscope PRIOR. The expected parameters of PRIOR in terms 
of temporal and spatial resolution should be ideally suited to the time and spatial scales 
involved in these scenarios. 

T. Schenkel reiterated the high interest in radiation damage studies as presented by T. 
White and S. Glenzer. More general, he stated the strong added potential and synergetic 
possibilities of complementing the heavy-ion heated warm-dense matter samples with a 
powerful x-ray backlighter (for radiography, diffraction, absorption, scattering 
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techniques), or providing an interesting driver for dynamic studies with the proton 
microscope PRIOR. Given the scientific potential and uniqueness of the combination of 
intense heavy-ion pulses with a high-energy laser, and in the context of other emerging 
facilities (XFEL, LCLS-II, Bella), T. Schenkel stressed that there is a clear window of 
opportunity if such a project were realized within the next three years. It would give 
first access to discovery science experiments. At the same time it would allow many of 
the diagnostic concepts and techniques to be developed and tested which will be 
required for the day-1 experiments when the FAIR facility will go into operation. And 
finally it could play a crucial role in the community development towards first 
experiments at FAIR. 

There was overall consensus among the participants that having combined laser-ion 
capability at HHT would provide a unique experimental setup which would significantly 
enhance the width of the plasma physics program at GSI by attracting new users and 
community fostering. 
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