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Introduction 
 

For the last three years, the Helmholtz Institute Jena (HI-Jena) located at the Campus of the 

Friedrich-Schiller University of Jena is well recognized for its competence in accelerator, laser 

and x-ray technology for the exploration of extreme states of matter. Emphasis is on fundamental 

and applied research at the interface of particle accelerators and lasers to exploit synergies with 

large discovery potential. For this purpose, the focus is placed on the development of high-power 

laser systems, x-ray spectroscopy and novel concepts for x-ray generation and particle 

acceleration. In addition, these experimental efforts are accompanied by theoretical investigations 

on strong-field quantum electrodynamics, correlated many-body dynamics as well as the physics 

of hot dense plasmas. 

 

The Helmholtz Institute Jena also has established an important bridge between the Helmholtz 

Centers in Darmstadt, Dresden and Hamburg, for which it provides and transfers experience at 

the border between conventional particle-acceleration schemes and the rapidly evolving field of 

laser-induced particle acceleration. It benefits considerably from the strong involvement of the 

research groups at the Friedrich-Schiller University Jena working in the fields of high-power 

laser systems, x-ray spectroscopy techniques and on experiments in the realm of extreme 

electromagnetic fields. In particular, the HI Jena has been found very valuable for planning and 

developing research at the two large-scale accelerator projects for electrons and ions, the 

European XFEL and the International FAIR facilities.  

 

The Scientific Report 2012 presented here demonstrates substantial progress along the various 

research lines of the institute. As examples we like to mention the work on existing high-power 

laser systems with peak outputs in the order of petawatts which has been continued successfully, 

including PHELIX at GSI Darmstadt and the POLARIS laser in Jena. Novel fiber laser systems 

with high MHz repetition rates will support the seeding of free-electron lasers in the future, such 

as FLASH at DESY. Today, concepts for the applications of such laser systems for future 

experiments at the heavy ion storage ring (HESR) of FAIR can be anticipated and are under 

preparation. Moreover, as a powerful additional tool for future research with heavy ions, an 

electron beam ion trap has been provided by the Stockholm University and will enable 

experiments with ions at highest charge states interacting with intense photon fields.  

9



Apart from the progress in experimental research and developments, a further important 

milestone in the build-up phase of the institute has been achieved by the recruitment of Professor 

Stephan Fritzsche as head of the theory group. His activities will further strengthen the visibility 

of the theory on strong-field physics and, especially, on the dynamics of correlated quantum 

systems and strong-field induced states of matter - in close cooperation with theory groups at the 

FSU associated with the institute. To enhance the visibility of the theoretical research at the 

institute, a dedicated theory section has been added to the current Scientific Report. 

 

The Research School for Advanced Photon Science (RS-APS) of the Helmholtz Institute was 

ceremonially opened on June 28th, 2012 to provide young researchers with a structured PhD 

program adapted to the scientific goals of the Helmholtz Institute Jena. In this school, PhD 

students receive a broadly-based, high-level education that is realized together with the partners 

of the RS-APS: Helmholtz Graduate School HIRe for FAIR (HGS-HIRe) as well as the partners 

on the campus of the University Jena, namely the Abbe School of Photonics, the Graduate 

Academy and DFG Training Group „Quantum and Gravitational Fields“. 

The education program for the next generation of scientists in strong-field physics supports also 

the final planning and preparation phase of the international research projects FAIR and XFEL 

and is, hence, ground-laying for further progress in this field. 
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POLARIS – the high-intensity fully diode pumped laser system  
commences experimental operation  

M. Hornung1, S. Keppler2, R. Bödefeld1, A. Kessler1, H. Liebetrau2, M. Hellwing2, F. Schorcht1, J. 
Körner2, O. Jäckel1, A. Sävert2, J. Polz2, A. K. Arunachalam2, J. Hein2, M.C. Kaluza1,2. 

1 Helmholtz Institute Jena; 2 Institute of Optics and Quantum Electronics, Jena, Germany. 
 

Over the last decade the POLARIS project has been aim-
ing at the development of the required technology and the 
realization of a fully diode-pumped high-power femtosec-
ond laser system well-suited for triggering laser matter in-
teractions at high intensities. Here, we report on recently 
achieved improvements of the POLARIS performance pa-
rameters which have enabled us to conduct the first suc-
cessful experimental campaigns with POLARIS in 2012. 

At its current stage, the system generates pulses with 4 J 
pulse energy on target at a central wavelength of 1030 nm. 
These pulses have a FWHM pulse duration of 164 fs and a 
repetition rate of 1/40 Hz. POLARIS uses the principle of 
chirped-pulse amplification with currently five amplifica-
tion stages (A1-A4 and A 2.5). All amplifiers are using 
Yb3+-doped fluoride phosphate glass as the active material, 
which is pumped at 940 nm. Between the first and second 
amplifier a grating stretcher increases the pulse duration to 
2.5 ns. An ultra-fast Pockels cell with a rise time of Trise = 
200 ps located before the stretcher and two Pockels cells 
(with Trise = 6 ns) after the second regenerative amplifier 
A2 have been installed to suppress amplified spontaneous 
emission (ASE) and short pre-pulses arriving on a ns-time 
scale, respectively. The subsequent multi-pass amplifiers 
A2.5, A3, and A4 increase the pulse energy to the multi-
Joule level. After the last amplifier the pulses having peak 
energies of 6.5 J are recompressed to minimal pulse dura-
tion of 164 fs over the full beam profile [2]. Taking into 
account the compressor transmission of 63%, pulses deliv-
ering 4 J onto the target are routinely available for experi-
ments. Pulses of the multi-10-J level will be available after 
the commissioning of the final amplification stage A5.  

To reproducibly deliver laser pulses with POLARIS, 
which are suitable for high-intensity experiments, the per-
formance of the laser system was optimized, especially re-
garding the overall laser stability, the temporal intensity 
contrast and the quality of the focal spot. The temporal in-
tensity contrast was enhanced using a synchronization 
technique for the regenerative front-end amplifiers as well 
as a post-pulse suppression technique inside the amplifier 
chain. Due to the efficient suppression of post-pulses by 
avoiding transmissive optics in the laser chain as often as 
possible the nonlinear generation of pre-pulses was signif-
icantly reduced. This passive contrast enhancement tech-
niques helped us to achieve a temporal intensity contrast of 
<108 at t ≤ -30 ps before the main pulse. Measurements of 
the temporal intensity contrast of the fully amplified laser 
pulses are given in [2,3].    

In order to improve the energy content and at the same 
time to reduce the size of the laser focal spot a closed-loop 
adaptive optics system has been implemented into the laser 

system in the end of 2011 [2]. For this purpose a 48-actua-
tor adaptive mirror was installed behind the pulse compres-
sor in combination with a wavefront-sensor. To quantify 
the quality of the focussed laser pulses the FWHM focal 
spot area (i.e. the area where the intensity is higher than 
50% of the peak intensity) and the fraction of the total pulse 
energy included in this area (given by the q-factor) were 
measured with a high-dynamic CCD camera. With a f/3 fo-
cussing we currently achieve a focal spot size of 8.7 µm2 
(FWHM) with a q-factor of 0.43. Using this currently 
available parameters POLARIS is able to generate focused 
peak intensities in excess of 2x1020 W/cm2. To our 
knowledge, this is the highest peak intensity reported so far 
which has been achieved with a fully diode-pumped solid-
state laser system [1].  

As a benchmark experiment for the laser performance 
the acceleration of protons from thin metal foils via the 
TNSA-mechanism has been studied. During this campaign 
more than 1500 high-energy laser shots were delivered 
onto targets of different materials (Cu, Al, Ag, Ta, Ti) and 
thicknesses (400 nm - 50 µm). A 2 µm thick tantalum foil 
leads to a cut-off energy of 17.7 MeV which was reached 
with 2.3 J pulse energy only [1]. During 2012, a total of 
more than 7000 high energy shots where delivered into the 
target area to be used for high-intensity laser matter inter-
action experiments.      

In conclusion, we have significantly improved the per-
formance parameters of the fully diode pumped POLARIS 
laser system. It now routinely delivers high-contrast, high-
intensity laser pulses well suited for experimental applica-
tions. 

References 
 [1] M. Hornung, S. Keppler, R. Bödefeld, A. Kessler, M. 

Hellwing, F. Schorcht, J.   Hein, and M. C. Kaluza, 
“High intensity, high contrast laser pulses generated 
from the fully diode-pumped Yb:glass laser system 
POLARIS “ Optics Letters, Vol. 38, Issue 5, pp. 718-
720 (2013) 

[2] M. Hornung, R. Bödefeld, S. Keppler, A. Kessler, A. 
Sävert, M. Hellwing, F. Schorcht, J. Hein, M.C. Ka-
luza, “A closed-loop Adaptive Optics System for PO-
LARIS”, GSI annual report, 2011. 

 [3] S. Keppler, M. Hornung, R. Bödefeld, A. Kessler, M. 
Hellwing, M. Kahle, F. Schorcht, J. Hein1 and M.C. 
Kaluza, “POLARIS contrast improvement by post-
pulse suppression”, GSI annual report, 2011. 
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Current Status of the POLARIS Amplifier A5
A. Kessler1, S. Keppler2, M. Hornung1, H. Liebetrau1, F. Schorcht1, M. Hellwing2, 

J. Körner1, J. Hein,1,2 and M. C. Kaluza1,2

1Helmholtz-Institut-Jena, 2Friedrich-Schiller-Universität-Jena, Germany

The POLARIS project [1] has the goal to reach laser 
output energies of 100 J and pulse durations of 150 fs. For 
this reason the output energy of the POLARIS amplifier 
A4 (10J) has to be increased at least by a factor of 10. 
This will be achieved with an additional multipass ampli-
fier named A5, as the last one in the chain. So far, the 
pump system and the fully motorized beam line have been 
installed.  We have  tested  and  optimized  a  Yb3+-doped 
CaF2 crystal  as the amplification medium. Furthermore, 
A5 was integrated into the existing laser chain between 
A4 and the vacuum compressor.

Integration of A5 into POLARIS
The setup of A5 is described in more detail in [2]. Cur-

rently all nine passes of the multi-pass configuration have 
been installed. After the amplifier A4 the laser beam dia-
meter is 20 mm (FWHM). To match the beam size to the 
diameter  of  the  pump  region  in  A5  (currently  35mm 
FWHM) and to fine tune the beam divergence a vacuum 
telescope  has  been  installed  between  A4  and  A5.  The 
second vacuum telescope between A5 and the compressor 
(Fig. 1) further increases the beam diameter by a factor of 
4 to be able to use the complete free aperture of the com-
pressor (140 mm).

Figure  1:  beamline  at  compressor  entrance  a)  250mm 
vacuum telescope tube from A5 b) 5m lens as  vacuum 
window c) motorized mirror for switch between A4 and 
A5 beamline.

Homogenization of pump profile
To form a homogeneous, super-Gaussian distribution of 

the pump light,  the spots from the 120 individually fo-
cused  laser  diode  stacks  have  to  be  carefully  arranged 
[2,3].  For  this  purpose  we  developed  a  new  algorithm 
based on in [3] described camera setup. In a first step it 
generates a pump profile image distribution by summariz-
ing all recorded single pump spots and calculates a gradi-
ent image by applying a Sobel operator. In a second step 
it creates a mask for a pump spot and calculates the aver-

age gradient for the masked region of the pump profile. 
Finally it moves each individual pump spot in the direc-
tion of the averaged gradient. This procedure is repeated 
for each individual pump spot. After moving the spots to 

their projected positions the maximum relative intensity 
deviation from the target function inside its FWHM re-
gion is finally less than 4% (Fig.2)

Figure 2. a) A5 pump profile b) comparison of the 
horizontal lineout and the target function

Laser material and gain measurement
For the last amplifier of POLARIS, we use a 1.7 mol% 

Yb3+-doped 30 mm thick CaF2-crystal with a diameter of 
65 mm. With nine passes in A5 we have achieved a gain 

factor of eight in a first gain test using a low energy seed 
pulse  (130mJ)  from the  amplifier  A4.  The  preliminary 
beam profile is shown in Fig.3.

Figure 3: A5 output beam profile seeded with 130mJ 

[1] M. Hornung et al., Optics Letters 38, 718 (2013).
[2] A. Kessler et al., HI-Jena annual report 2011
[3] S. Keppler  et al., HI-Jena annual report 2011.
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Amplifier development with cryogenically cooled Yb:CaF2 

J. Körner
 1,2

, J. Hein
1,2

, D. Klöpfel 
2
, R. Seifert 

1
, M. C. Kaluza

 1,2
 

1
Helmholtz-Institute Jena, Fröbelstieg 3, 07743 Jena 

2 
Institute of Optics and Quantum Electronics, Max - Wien - Platz 1, 07743 Jena

Major limitations for the energy scaling of diode 

pumped high peak power laser systems are heat load 

within the active medium as well as cost and feasibility of 

the large scale diode pump engines. Recently, laser sys-

tems using Yb:YAG close to liquid nitrogen temperature 

have demonstrated [1] that the efficiency can be increased 

significantly in such regimes. The higher efficiency fur-

ther reduces the thermal load and the complexity of the 

pump engines for unaltered output parameters. 

This arises from the thermal population of the lower la-

ser levels at room temperature in Yb
3+

 doped gain media, 

which results in a quasi three level operation. At cryogen-

ic temperatures real four level operation is possible, the 

laser threshold is reduced, and the small signal gain is 

increased. 

The disadvantage of Yb:YAG to realize a high peak 

power laser is the low bandwidth, which prohibits the 

direct amplification of ultra short pulses, like for instance 

in the POLARIS laser system. A promising laser material 

candidate to achieve direct amplification of femtosecond 

pulses within an CPA scheme is Yb:CaF2, which main-

tains its band width also at 80 K [2]. 

We are developing a laser system producing femtosec-

ond pulses within burst mode, as a test bed for future am-

plifiers based on cryogenically cooled Yb:CaF2. In this 

operation mode a burst of pulses is amplified within one 

laser diode pump pulse. This allows a high extraction flu-

ence together with a low risk for damaging optics.  

Furthermore such kind of operation allows for the gen-

eration of high peak power pulses at a very high repetition 

rate, which would not be manageable in a classical opera-

tion scheme due to the generated heat load. Such lasers 

are interesting for a large number of applications such as 

experiments for laser particle interaction or combustion 

diagnostics. The technological development of these am-

plifiers also improves single pulse amplifiers as PO-

LARIS. 

The system under investigation consists of a frontend 

and two cryogenically cooled multi pass Yb:CaF2 ampli-

fiers. The frontend generates pulse trains of 1 ms duration 

at 10 Hz containing up to 1000 pulses, where each pulse 

is a 300 fs pulse subsequently stretched to 50 ps.  

The mJ level bursts are then amplified to up to 500 mJ 

in total for a case of 1000 pulses per burst by the first am-

plifier S1. S1 can be operated from single shot to 10 Hz. 

As it is shown in figure 1 the single pulse energy can be 

increased up to 7.5 mJ by reducing the number of pulses 

per burst. 

The final amplifier of the system is designed to deliver 

up to 5J per burst or 300 mJ single pulse energy within 

one burst. This corresponds to a peak power of 1TW for 

the compressed pulses. This amplifier stage is still under 

development. Nevertheless, energies as high as 2.5 J per 

burst have been achieved in first tests. 

 
Figure 1: Performance of the first amplifier stage at full 

power operation (110A diode current for 1.8ms) as a func-

tion of the number of pulses within a 1ms seed burst. The 

inset shows the output beam profile 

To get a constant energy for every pulse within the 

burst the current for the pump diodes is modulated during 

the pump time. This ensures a constant gain over the burst 

length as displayed in figure 2. For a burst of 1000 pulses 

in 1ms this method results in less than 5% pulse to pulse 

energy variation. 

 

Figure 2: Time resolved gain of the amplifier measured 

with a cw seed for different step amplitudes of the diode 

current. 

References 

[1] S. Banerjee, K. Ertel, P. D. Mason, P. J. Phillips, M. 

Siebold, M. Loeser, C. Hernandez-Gomez, and J. L. 

Collier, "High-efficiency 10 J diode pumped cryo-

genic gas cooled Yb:YAG multislab amplifier," Opt. 

Lett. 37, 2175-2177 (2012). 
[2] S. Ricaud, D. N. Papadopoulos, P. Camy, J. L. 

Doualan, R. Moncorge, A. Courjaud, E. Mottay, P. 

Georges, and F. Druon, "Highly efficient, high-

power, broadly tunable, cryogenically cooled and di-

ode-pumped Yb:CaF2," Opt Lett 35, 3757-3759 

(2010). 

15



GSITemplate2007  

Cross section measurements for Yb
3+

-doped gain media 

J. Körner
 1,2

, J. Hein
1,2

, D. Klöpfel 
2
, R. Seifert 

1
, M.C. Kaluza

 1,2
 

1
Helmholtz Institute Jena, Fröbelstieg 3, 07743 Jena 

2 
Institute of Optics  and Quantum Electronics, Max - Wien - Platz 1, 07743 Jena

For  the development and construction of  large scale 

laser facilities accurate simulations are crucial in order to 

achieve the desired parameters. Since these simulations 

strongly depend on the parameters of the laser material, 

especially the cross sections and the lifetime, the exact 

knowledge of such parameters is fundamental to ensure 

correct results of the simulations. 

Values found in the literature often vary considerably. 

In particular, this is the case for the temperature depend-

ence of emission and absorption cross sections, where 

typically only very few data are available [1,2].  

To overcome this lack we developed a setup for highly 

accurate measurement of cross sections and lifetime. The 

test samples can be mounted either in a heated mount or a 

cryostat, enabling us to determine the spectral characteris-

tics of the material at temperatures between 77 K and 

more than 450 K.  

The absorption cross sections are retrieved from the 

raw data by Lambert-Beer’s law. For the emission cross 

section a combination of the McCumber (MC) relation 

and the Fuchtbauer Ladenburg (FL) equation is applied. 

Using these two methods allows to calculate the emission 

cross sections in two independent ways, where the MC – 

method has the higher confidence in high absorbing spec-

tral regions, while the FL – method is more reliable in 

spectral regions with low re-absorption. The combination 

of both methods ensures an accurate calculation for the 

whole  spectral region of interest and to cross check the 

validity of the assumptions made for both approaches. 

Measurements where performed on several Yb
3+

 doped 

gain media, especially Yb:YAG, Yb:LuAG, Yb:CaF2 and 

Yb:glasses. Exemplary results for Yb:YAG which were 

acquired in a high temperature campaign (between room 

temperature and 200°C) published in [3], are shown in 

figures 1 and 2. Measurements were performed in 20 K 

steps, though only steps of 60K are displayed for the sake 

of simplicity. 

The results from this campaign made clear that even 

small changes in temperature can have a significant im-

pact on the performance of a laser material. First tests 

with cross sections from our measurements in simulations 

have produced results close to real laser amplifier ex-

periments, so that we are confident that the measured val-

ues are reliable. 

 
Figure 1: temperature dependent absorption cross sec-

tions for Yb:YAG.  

 

Figure 2: temperature dependent emission cross sections 

for Yb:YAG. 
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The challenging requirements motivated by laser-

plasma experiments carried out at POLARIS regarding its 

energy, pulse duration, focusability and, most important, 

temporal intensity contrast demand a further progress in 

the development of laser technology [1]. Moreover, the 

growing complexity of both the experimental setups and 

the measurement systems, require an improved stability 

and accuracy of the diagnostics for the laser pulses.  

The principle of relay-imaging and state-of-the-art 

pump profile homogenization methods are very promising 

to improve the overall performance of the POLARIS sys-

tem. Based on these techniques, we have developed a new 

Joule-level amplifier with a rotationally symmetrical ar-

rangement of the several passes (cf. Fig. 1). The relay 

imaging of a plane at the amplifying medium to an end 

mirror was realized by employing curved folding mirrors. 

Since the successive isometric imaging requires focal 

spots between subsequent amplifier passes, the amplifier 

needs to be operated in vacuum. Astigmatism as a result 

of the slightly tilted curved mirrors is compensated by the 

innovative three dimensional folding arrangement. Since 

the tilt angle varies in steps of 30 degrees the astigmatism 

becomes a defocus with a value of         (PV), which 

can easily be compensated. For an improved efficiency 

and a sufficient total gain, the amplifier provides 10 glass 

passages. Additionally, the number of passes is doubled 

by using polarization rotation and a polarizing beam split-

ter. These 20 passes result in a total gain factor of 100 and 

a designed output energy of 1.5J. 

A major part of the amplifier development is devoted to 

compensating thermal effects. A small fraction of the en-

ergy, introduced to the amplifying medium during the 

pumping, is transferred to heat. This leads to a lensing 

effect and a depolarization of the abaxial edge regions of 

the laser pulse.  To be able to compensate for the thermal 

lens, the end mirror is equipped with a ring-shaped piston 

and a piezo actuator [2]. This allows for a well-controlled 

spherical deformation of the mirror, which compensates 

the thermal lens directly after every double-pass and leads 

to a flat wavefront as shown in Fig. 1. Furthermore, the 

depolarization is compensated by introducing a quarter 

waveplate placed close to the end-mirror and aligned with 

its fast (or slow) axis in the preferred polarization plane 

defined by the thin film polarizer in front of the amplifier 

[3]. Due to the orientation of the crystal axes, the on-axis 

portion of the laser beam that is not influenced by the 

birefringence experiences no change in polarization state 

during the transmission. However, the depolarized abaxial 

edge regions of the laser pulse experience a phase shift by 

passing the quarter waveplate that counteracts the ther-

mally induced birefringence.  

A key issue of the new Joule-level amplifier is the 

pump source. Here, two pump modules from LASTRON-

ICS GmbH, each delivering a pump power of 19.2kW, 

provide the pump light at  Pump         in a 2.5ms 

long rectangular pulse. The beam profile of each module 

is homogenized by a microlens array to a rectangular flat-

top profile which is imaged with a telescope into the am-

plifying medium. The good homogeneity and the high 

edge steepness ensure a smooth beam profile, cf. Fig1.  

The two pump modules were coupled into a single beam 

by rotating the polarization of one module and combining 

the two beams with a thin film polarizer.  

Figure 1: Schematic drawing of the new joule-level am-

plifier design (top chart) and current results: top-hat 

shaped pump profile (a) and beam profile (b) as well as 

the measured wavefront (c) of the amplified laser pulse. 

First amplification tests conducted in air delivered very 

promising results. A total gain factor of 100 and an output 

energy of 150mJ were achieved in a top-hat shaped output 

beam profile as depicted in Fig 1. Operation in vacuum 

will finally provide an energy of 1.5J. The shot-to-shot 

energy stability was ±3% (RMS) which is equivalent to 

the energy stability of the seed pulse. Currently, a com-

plete automization as well as a variable motorized intra-

cavity spatial filtering unit for profile cleaning and con-

trast enhancements are under construction.  
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Introduction
The  temporal  contrast  has  recently  become  a  very 

critical  parameter  of  high-power  short-pulse  laser 
systems.  With  intensities  exceeding  1020 W/cm2 the 
pedestal  which  is  typically  6  to  8  orders  below  the 
maximum and ranges over a few ns can already ionize the 
target  resulting  in  very  uncontrollable  experimental 
conditions.  Morover  for  many  lately  proposed 
experiments  such  as  new  mechanisms  for  laser  ion 
acceleration  like  BOA  or  RPA  a  high  contrast  is 
mandatory. 

The  pedestal  originating  from amplified  spontaneous 
emission (ASE) in a chirped-pulse amplification system 
(CPA) can be decreased by increasing the seeding energy 
of  the  amplifiers.  This  can  be  accomplished  with  an 
ultrafast  optical  parametric  amplifier  (uOPA)  [1].  The 
only  source  of  noise  in  the  OPA  is  parametric 
fluorescence that is confined to the pump pulse duration. 
Therefore we use a 1 ps pump-laser in our realization [2] 
to ensure a temporally clean signal-pulse up to 1 ps before 
the peak as required for many laser-plasma experiments. 

Implementation of the contrast-boosting 
module at PHELIX

The uOPA has been developed for the PHELIX short-
pulse laser system. It is located directly behind the short-
pulse  oscillator  (see  Fig.  1).  Both  pump  as  well  as 
seeding  pulse  originate  from  the  same  oscillator.  The 
uOPA pump-laser  is  a  very  compact  home-build  CPA 
system using a single chirped-volume Bragg grating for 
stretching and recompression of the pulses. Amplification 
is done in two stages with a fiber amplifier and a diode-
pumped regenerative ring cavity [3]. Both amplifiers use 
Ytterbium-doped KGW as an active medium because its 
bandwidth  is  large  enough to  support  pulses  with  sub-
picosecond duration. The pump-pulse is overlapped with 
the  signal  in  a  BBO  crystal  dimensioned  to  provide 
amplification factors in excess of 105.

Figure 1: The contrast-boosting module at the PHELIX short-
pulse system.

The amplified pulses  are sent to the grating stretcher 
and  the  following  two  regenerative  amplifiers  of  the 

PHELIX  short-pulse  frontend.  Because  of  the  higher 
seeding energy the gain in the regenerative amplifiers can 
be  reduced  to  achieve  the same energy  output  level  of 
20 mJ. 

Contrast improvement
To measure the contrast  improvement,  the beam after 

the regenerative amplifier of the frontend was sent to a 
local compressor. The measurement was performed using 
a  scanning  high  dynamic  range  third-order  cross-
correlator (Sequoia, Amplitude Technologies). In figure 2 
the resulting contrast is shown for different gain levels in 
the  uOPA.  The  measurement  confirms  that  the  ASE 
contrast in a CPA system linearly depends on the seeding 
energy. For a gain of 2*104 the ASE-contrast reaches the 
detection limit of the cross-correlator which is 10 orders 
of magnitude below the maximum.  

Figure 2: Contrast improvement for different gain levels in the 
uOPA 

Conclusion and Outlook
The new developed module  enables  an ASE contrast 

better than 10 orders of magnitude paving the way for nu-
merous new kinds of experiments at PHELIX. The remai-
ning prepulses which are not addressed by the uOPA have 
been  identified  and  will  be  removed  within  the  next 
month. 
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An OPCPA system is developed for applications at the 

FLASH free-electron laser (FEL) in Hamburg. This am-

plifier is designed for a 10 Hz burst repetition rate of 0.1-

1 MHz (FLASH repetition rate with an 800 ms long 

burst). The first application is FEL seeding. A replica of 

this amplifier will be used as a pump probe laser for 

FLASH-2. First experimental demonstration of a milli-

joule level burst mode three-stage OPCPA is demon-

strated with the available pump amplifier system (500 W 

Innoslab) at a reduced repetition rate. Further scaling of 

the average burst power of the pump amplifier system has 

been demonstrated with both thin-disk and Innoslab am-

plifier technologies. The amplifier system and the FEL 

seed source are developed in a joint collaboration be-

tween Helmholtz-Institute Jena groups and the laser de-

velopment group at DESY Hamburg. 

OPCPA pump amplifier and results 

As FLASH operates at a high repetition rate (100 kHz 

to 1 MHz in a burst operation mode), a high average 

power amplifier is needed. Most applications also require 

millijoule-level pulse energies. This is particularly de-

manding on the OPCPA pump amplifier system, which 

has to deliver pulses with about 20 mJ pulse energy at the 

above stated operation parameters. Two different types of 

booster amplifiers are under development. The first type 

is an Yb:YAG Innoslab amplifier and the second is an 

Yb:YAG thin-disk amplifier. The thin-disk amplifier has 

already been tested and operates at the required parame-

ters. We have demonstrated the capabilities of amplifica-

tion to 2.5 kW of average power during the 100 kHz burst 

[1]. Further performance scaling towards powers exceed-

ing 10 kW is under investigation. Improvements are under 

investigation concerning the long term stability in terms 

of pointing, drift and temporal stability. Having addressed 

these points, the Innoslab amplifier technique is promis-

ing due to its very compact design. A 500 W Innoslab 

amplifier has been extensively tested as a pump amplifier 

for the OPCPA system. This Innoslab amplifier was oper-

ated at a repetition rate of 27.5 kHz, with output pulse 

energies of 18.3 mJ. With this amplifier, a three-stage 

non-collinear OPCPA system has been set up and tested. 

Frequency-doubled OPCPA pump pulses are used with a 

pulse duration of about 1 ps and a pulse energy of 7 mJ at 

a wavelength of 515 nm. The output energy of the OPCPA 

was 1.39 mJ, leading to conversion efficiency from the 

pump to the amplified pulses of 19.8%. The setup used 

for this experiment is shown in Figure 1. The amplified 

bandwidth of the OPCPA system supports compression of 

the pulses to the sub-7 fs regime. 

 

 

Figure 1: Schematic of the OPCPA system. 

To increase the repetition rate of the amplifier output to 

the demanded 100 kHz, an Innoslab booster system with 

two additional amplification stages is under development. 

Output powers of 1.75 kW during the burst could be at-

tained at 100 kHz repetition rate, corresponding to a pulse 

energy of 17.5 mJ. 

OPCPA numerical simulations 

 

A numerical code is being developed to study the criti-

cal OPCPA parameters, such as pulse energy, spectral 

phase and beam quality. Here the focus of the simulations 

is firstly, the optimisation and the efficient usage of the 

pump energy for a given spectral bandwidth, and sec-

ondly, to ensure sufficient spatial beam quality. In par-

ticular, for the generation of high harmonics for FEL 

seeding, the spatial beam quality not only in the near-field 

(just after the nonlinear crystal), but in the far-field (at 

focus) is high important. This model is based on the split-

step method and accounts for dispersion and spatial walk-

off effects. Furthermore, third-order nonlinear effects 

(self- and cross-phase modulation) are included, and for 
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high energy OPCPA stages, there are three potentially 

damaging effects if third order effect become to large: (i) 

spatially distorted beam profiles resulting in larger M
2
-

values, (ii) frequency modulation, which may cause prob-

lems in re-compressing the signal, and (iii) the phase 

matching condition becomes time and position dependent. 

This final effect can reduce the bandwidth and energy of 

the signal. Additionally, the code can be used to simulate 

the effects of time jitter and drift.  

In summary, it has been show that a three stage OPCPA 

system can achieve over 20% signal-to-pump with a spec-

tral gain bandwidth that can support a Fourier-limited 

pulse of 6 fs and with minimal effect on the beam spatial 

quality. The spatial beam quality is largely dependent on 

the quality of the pump intensity within the nonlinear 

crystal and not on the spatial phase of the pump. It now 

becomes interesting to analyse what happens to various 

pulse parameters if the time delay (t – the time between 

the pump and signal pulse) is allowed to vary about the 

optimal value of zero. This variation can be caused by a 

time jitter from pulse to pulse or a slow drift. Figure 2 

shows the dependence of pulse energy (red line) after the 

first stage on t. Clearly any time jitter or drift of the or-

der of ±0.2 ps will reduce to energy output by ~40%. In 

contrast, the bandwidth (black squares) would appear to 

be relatively constant over a delay of ±0.2 ps. Therefore 

pulse energy is more sensitive to time jitter or drift com-

pared to the spectral parameters that affect the pulse dura-

tion. These results are being prepared for publication.    

 
Figure 2: Effects of timing drift and jitter on parametric amplifi-
cation for a signal pulse: (i) the dependence of output pulse 

energy of the first OPCPA stage on time delay t, where the 
time delay is between signal and pump pulses (red curve); (ii) 
the dependence of bandwidth of the first OPCPA stage on time 

delay t. 
 

XUV seed source development 

 

A dual-gas high-harmonic generation (HHG) method 

developed for FLASH-2 was further tested. The HHG 

conversion efficiency at wavelengths around 10 nm could 

be enhanced via quasi-phase-matching (QPM) [2]. The 

principle of this HHG method is the enhancement of the 

XUV signal using hydrogen jets for phase tuning between 

multiple QPM HHG sources. A versatile XUV spectrome-

ter was specially designed for various applications. The 

HHG spatial beam properties were investigated using the 

SWORD-method. Theoretically, numerical simulations of 

dual-gas HHG indicate that the output in the cut-off spec-

tral region can be selectively enhanced without disturbing 

the single-atom gating mechanism [2]. Figure 3(a) shows 

the harmonic yield from a single-jet source (black) com-

pared to a dual-gas target. In this particular example, a 

Gaussian spectral region of 15 eV (FWHM) is filtered 

from the on-axis spectrum at ~160 eV. The Fourier trans-

form of the filtered component could potentially yield an 

isolated attosecond pulse of 137 as (FWHM); thus achiev-

ing a selective enhancement of ~2.5 at ~160 eV when 

using the dual-gas target (Figure 3(b)). These results con-

stitute a promising step towards more powerful table-top 

attosecond sources. 

  

 
Figure 3: (a) Simulated angularly integrated spectra for single 
neon jet (black) and the dual-gas target (red). (b) Attosecond 
pulse revealed from the on-axis spectrum at 160 eV with a win-
dow of 15 eV (FWHM).  

 

References 

[1] M. Schulz et al. Pulsed operation of a high average 

power Yb:YAG thin-disk multipass amplifier. Opt. 

Express 20: 5038-5043 (2012) 

[2] A. Willner et al. Coherent spectral enhancement of 

carrier-envelope-phase stable continua with dual-gas 

high harmonic generation. Opt. Letters 37: 3672-

3674 (2012) 

20



GSITemplate2007  

Dual-channel fiber amplifier for FEL seeding 

T. Gottschall
1,2

, T. Eidam
1,2

, M. Schulz
3,4

, R. Riedel
1,4

, M. J. Prandolini
1
, F. Tavella

1
, 

J. Limpert
1,2

, A. Tünnermann
1,2

 
1
Helmholtz Institute Jena, Germany; 

2
Institute of Applied Physics, Friedrich-Schiller-Universität Jena, Germany; 

3
DESY, Hamburg, Germany; 

4
University of Hamburg

In cooperation with the laser development group at 

DESY in Hamburg a long-term stable light source is de-

veloped at the HIJ Jena capable of producing energetic 

few-cycle pulses. In the near future, it is planned to em-

ploy the output of such a system converted to the XUV 

spectral region for seeding a free-electron laser (FEL) 

and, therewith, to improve the spectral and spatial proper-

ties of its emitted radiation [1]. 

The generation of the required energetic few-cycle 

pulses bases on optical-parametric chirped pulse amplifi-

cation (OPCPA [2]). The system (shown in Fig. 1 and 

Fig. 2) is designed for different modes of operation and 

possesses two input ports for different types of seed 

sources. Additionally, it consists of two amplification 

channels, the so-called burst amplifier and the white-light 

seeder, which are split behind a common pre-amplifier 

stage.  

 

Figure 1: Schematic setup of the fiber amplifier system. 

Titanium-sapphire seed source 

 

In a first mode of operation, only the burst amplifier is 

employed. Therefore, the long-wavelength tail of a 

broadband few-cycle titanium-sapphire oscillator is 

launched into the system. By using two acousto-optic 

modulators the pulse repetition frequency is reduced and, 

additionally, trains of an arbitrary number of pulses (i.e. 

bursts) are formed in order to adapt the laser pulses to the 

electron bursts of the FEL. In this amplification channel 

an Offner-type stretcher with a large dielectric reflection 

grating is used to stretch the pulses to 4 ns pulse duration. 

In the following two amplification stages the pulses are 

amplified to energies of up to 50 µJ employing rod-type 

large-pitch fibers [3] and finally compressed to pulse du-

rations <1 ps. Nevertheless, the large stretching in this 

channel basically allows for amplification and compres-

sion of much higher pulse energies in the multi-mJ range, 

which will be achieved in future experiments by including 

additional amplifiers based on thin-disk or Innoslab tech-

nology. 

Finally, in the subsequent OPCPA stage, which will be 

developed at DESY, the laser pulses can be used as pump 

for the initial broadband oscillator pulses. 

Ytterbium-glass seed source 

 

In a second mode of operation pulses from an Ytterbi-

um-based seed source with a central wavelength at 

1030 nm can be launched into the system. Comparable to 

the previous case, these pulses are amplified in the burst-

amplifier. Additionally, in the second channel, the white-

light seeder), these pulses are amplified to a few 

microjoules of pulse energy and a compressed to a com-

paratively short duration of only <400 fs. This is achieved 

by employing a smaller foot print stretcher/compressor 

unit with a lower stretching ratio, but with a broader spec-

tral bandwidth of 20 nm. 

Furthermore, these re-compressed pulses are spectrally 

broadened exploiting white-light generation in an 

undoped YAG crystal and further compressed in time.   

Contrary to the previous mode of operation, here this 

signal is sent together with pump pulses from the burst-

amplifier in the OPCPA stage. 

 

 

Figure 2: Picture of a) amplifier module, b) all-fiber pre-

amp stage and c) 4 ns stretcher/compressor. 
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Recently, physics has experienced completely new oppor-

tunities due to the availability of light pulses of 

attosecond pulse durations. For the first time, these pulses 

enable experimental access to the motion of electrons in 

atoms and molecules. However, the generation of such 

hyper-fast events comes at the cost of low repetition rates 

in the kilohertz range, resulting in noisy signals and weak 

statistics, which hamper the further evolution of this ex-

citing field. Based on our expertise on high repetition rate 

optical parametric amplification, we developed a mega-

hertz level source of isolated attosecond pulses which is 

expected to significantly advance attosecond physics. 

Experimental Setup 

The pulses are generated using High Harmonic Genera-

tion (HHG) in a gas jet. A state-of-the-art fibre laser 

pumped optical parametric amplifier (OPA) [1] delivering 

14 μJ pulses at up to 0.6 MHz repetition rate is used as 

driving laser system. To reach the shortest possible pulses, 

active spectral phase compensation is employed in order 

to control the occurrence of nonlinear phase during ampli-

fication in the OPA [2]. Therefore, pulse durations of only 

two optical cycles are achieved, which enable the usage 

of amplitude gating for the generation of isolated attosec-

ond pulses. This technique requires excellent CEP stabil-

ity. An active stabilisation  of the pump laser timing is 

employed to improve the CEP stability of the system to 

below 100 mrad (RMS) [3]. An adjustable wedge pair 

allows for shifting the carrier envelope phase of the driver 

pulses, which are subsequently focused by an off-axis 

parabola onto an argon gas jet to an intensity of 

4.0•10
14

 W/cm².After filtering the fundamental radiation 

and low order harmonics by an aluminium and a zirco-

nium foil of 200 nm thickness, the XUV radiation is char-

acterized by a flat-field grating based XUV spectrometer. 

Experimental Results 

The XUV spectra have been measured for different CEPs. 

According to theory, the spectra show periodic behaviour 

with changing CEP (Fig. 1). For certain phases, the result-

ing spectra exhibit strong modulations, while for others, 

the radiation forms a spectral continuum. The latter case 

corresponds to the generation of isolated attosecond 

pulses.  

 
Figure 1: HHG spectra for different carrier envelope phases 

measured at 150 kHz. For certain values, a continuous spectrum 

is acquired, corresponding to an isolated attosecond pulse. 

Simulation 

A simulation based on solving the time-dependent 

Schrödinger equation and the Maxwell wave equation has 

been carried out. It excellently reproduces the measured 

CEP dependent spectra. This allows an estimation of the 

pulse parameters of the generated pulses. The simulated 

pulses have a duration of 314 as and exhibit a contrast 

ratio of 1:8 with respect to the neighbouring pulses.  

Conclusion 

A state-of-the-art optical parametric amplifier system 

delivering nearly transform-limited two-cycle pulses with 

excellent CEP stability of 86 mrad at repetition rates up to 

0.6 MHz has been employed for isolated attosecond pulse 

generation. The production of a single isolated attosecond 

pulses with a duration of ~300 as is confirmed by excel-

lent agreement with numerical simulations. The presented 

megahertz level repetition rate source for isolated attosec-

ond pulses will enormously advance attoscience in future.  
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Introduction 

Ytterbium-doped fiber laser systems have been widely 

developed in recent years. Systems with more than 10 kW 

of output power in cw-operation and diffraction-limited 

beam quality are commercially available. Furthermore, 

ultra-short-pulse systems (with sub-ps pulse duration) 

have reached almost 1 kW of average power. These fiber-

based chirped-pulse-amplification (CPA) systems at 1 µm 

are nowadays routinely operated at pulse peak powers 

exceeding 1 GW and average output powers of about 

100 W. 

These impressive results have been obtained with Yt-

terbium as active material (emission wavelength around 

1 µm), while many applications (medical, biological, 

spectroscopic) and processes (e.g. high-harmonic genera-

tion) benefit from longer wavelengths around 2 µm. A 

very promising rare-earth ion for 2 µm lasers is Thulium 

[1]. Thulium-based cw-fiber laser systems have shown 

average output powers in excess of 1 kW. However, the 

performance of pulsed fiber lasers around 2 µm is limited 

by the development of fibers with larger mode-field areas, 

which can dramatically reduce parasitic nonlinear effects 

induced by high peak powers. 

Large-pitch fibers 

Fiber designs allowing for mode-field diameters be-

yond 50 µm are the key component for high-peak-power 

and high-energy pulsed fiber laser sources around 1 µm. 

The large-pitch fiber concept, developed in Jena with the 

support by HIJ since 2010, follows a new design princi-

ple: the delocalization of higher-order modes [2]. This 

concept ensures effective single-mode operation at very 

large mode areas (demonstrated beyond 100 µm) with 

high average powers in the 100 W regime.  

In 2012 a Thulium-doped large-pitch fiber has been de-

signed and tested in different laser configurations. A first 

proof-of-principle experiment has been performed in a 

cw-oscillator configuration. This large-pitch fiber allowed 

for a new record mode-field diameter of more than 60 µm 

at an average output power of 52 W [3]. 

Thulium-based Q-switched fiber laser 

Based on these first experimental observations an ac-

tively Q-switched large-pitch-fiber oscillator has been 

developed. The schematic setup is shown in Fig. 1. This 

system employs a dual-pump scheme to homogenize and 

minimize the thermal load produced by the laser process. 

The resonator, formed by an HR mirror and the Fresnel 

reflection of the fiber end facet, is Q-switched by an 

acousto-optic modulator. 

This configuration allows generating 2.4 mJ pulse en-

ergy at a repetition rate of 13.9 kHz, corresponding to an 

average output power of 33 W [4]. In combination with a 

measured pulse duration of 15 ns this leads to a new re-

cord power of more than 150 kW for a Q-switched Thu-

lium-base fiber oscillator. The beam quality has been 

measured to be M² < 1.3 (Fig. 2). 

 
Fig. 1: Experimental setup of the Q-switched fiber laser 

 

 
Fig. 2: Beam propagation factor M² measurement and 

near-field beam profile 

 

In conclusion, these proof-of-principle experiments 

with Thulium-based large-pitch fibers have demonstrated 

the potential for ultra-short pulse amplification. Future 

iterations of the fiber will allow for mode-field areas be-

yond 100 µm and, therefore, enable GW-peak power fiber 

CPA systems.  
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In the last decade, a lot of progress has been made in 

developing technologies to amplify high energy/high 

peak-power ultrashort pulses at high repetition rates and, 

consequently, to high average powers. However, inde-

pendently from the laser architecture, there are issues 

such as thermal effects, nonlinearities or damage thresh-

old that limit the maximum achievable performance. 

Therefore, coherent combination of amplifiers is an inter-

esting concept to overcome these limitations.  

Coherent combination 

 

In earlier experiments we could already demonstrate that 

with two coherently combined Ytterbium-doped rod-type 

fibers in a state-of-the-art chirped-pulse amplification 

(CPA) system it is possible to generate compressed pulse 

energies of up to 3 mJ [1] at high repetition rates.  Thus, 

the pulse energy and peak-power is larger than what has 

so far been shown with a single fiber-amplifier system. 

Now, we have scaled up this approach in a new CPA sys-

tem with four combined amplifiers (Fig. 1). We employ 

the large-pitch-fiber (LPF) technology developed in our 

group, which provides superior mode stability especially 

at high average powers. The fibers are arranged in a cas-

caded splitting/combination configuration. The stabiliza-

tion of the path lengths in the amplifiers is realized by 

measuring the phase errors with Hänsch-Couillaud (HC) 

detectors and by using piezo-based delay lines. With this 

system, we were able to show an average power of 532 W 

at 400 kHz [2]. This corresponds to a pulse energy of 1.3 

mJ at a pulse duration of 670 fs. The efficiency of the 

combination was estimated to be 93%, therefore confirm-

ing previous theoretical investigations [3] about the com-

bination efficiency with increasing number of channels. 

Additionally, the system provides an excellent beam qual-

ity of M
2 

smaller than 1.2x1.1. To our knowledge, this is 

the Gigawatt peak-power laser with the highest average 

power worldwide. 

 

Figure 1: Four coherently combined fs fiber amplifiers. 

High bandwidth stretcher and compressor 

design 

 

Another approach to increase the peak-power of a fem-

tosecond laser system is to shorten the pulse durations 

while keeping the pulse energy constant. We have devel-

oped and are currently working on integrating a new 

stretcher (Fig. 2) and compressor design into the new 

CPA system mentioned above. This supports a larger 

spectral bandwidth and, therefore, shorter compressed 

pulse durations. Additionally, a spectral-amplitude shaper 

has been included into the laser. With this system, we 

could already demonstrate an increase of the peak power 

by a factor of two compared to the previous design with 

pulse durations below 300 fs. 

 

Figure 2: Schematic setup of an Offner-type stretcher. 

 

The next step will be to use this CPA system as a driv-

ing laser for high-harmonics generation and optical para-

metric chirped-pulse amplification. The peak power can 

be further scaled by expanding the coherent-combination 

technique from spatial domain (parallel amplification) 

into time domain (serial amplification). This architecture 

will also be investigated as the basis for the ICAN project, 

e.g. for laser driven particle acceleration. 
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Introduction

Recent  developments  by  our  and  other  groups  on  the 
mechanism  of  radiation-pressure  driven  acceleration  of 
protons  and  heavy ions  [1,2,3,4] emphasizes  the strong 
dependence of the results on a very high laser contrast of 
>  109,  as  well  as  the  development  of  suitable  targets. 
Since a few years diamond-like-carbon (DLC) foils are an 
appropriate choice. The drawback is the low mechanical 
stability  for  foils  having  a thickness of  just  a  few. We 
developed an alternative process using a polymer based 
film which is produced by vapor deposition. Test of the 
surface  roughness  as  well  as  the  mechanical  stability 
show great advantage for this kind of material compared 
to normal DLC foil.

Setup

We use parylene, an industrial coating material which is 
hydrophobic and optical transparent [5]. Starting from a 
glass substrate which is wiped with a hydrophilic barrier 
layer  (detergent)  the  polymer  is  attached  by  pyrolytic 
chemical  vapor  deposition  (p-CVD)  forming  a 
homogeneous layer on all surfaces within the deposition 
chamber, see fig, 1 
 

Fig.1 : Process of pyrolytic chemical  vapour deposition 
(p­CVD) of parylene onto the glass substrates.     

After deposition the glass substrate is removed and stored 
in inert gas, allowing storage times of more than one year 
before mounting as a target.
The foil can be flooded of the substrate by slowly casting 
in a bath of water and being attached to a target mount by 
adhesion, afterwards.  For  laser­acceleration experiments 
we used   in  previous experiments  a  15nm  thick  foil   at­
tached on a special target mount (fig. 2a) creating more 
than 400 targets which can be used without opening the 
chamber in between shots. It was also possible to attach 

the   foils   self­supporting  on  very   large  apertures,   up   to 
20mm, see fig. 2b

Fig.2 : a) Parylene foil attached to target mount used for 
laser­acceleration experiments. B) Self­supporting 15 nm 
foil freestanding on 20 mm aperture.  
 

Characterization
For a proper characterization we measured the thickness 
of   each   processed   foil   by   ellipsometry,   resulting   in   a 
thickness derivation of not more than 1nm at different po­
sitions of a large (150 x 100 mm) foil sample and a aver­
age thickness of 15nm. 
The mechanical  stability  of   the  parylene foil  was com­
pared to the stability of a DLC foil of the same thickness 
Here 30 nm thick foils were used. For this purpose both 
foils were attached on TEM­grids creating small self­sup­
porting samples.  The  force­distance   relation  was meas­
ured via nanoindentation using an atomic­force microscpe 
(AFM). The measured elasticity of the parylene is 5 times 
higher than the one of the DLC, which explains the higher 
resistance against mechanical shock and temperature vari­
ation  observed  during hadling.  Using AFM topography 
mode,  we  measured   the   surface   roughness   in   addition. 
Both samples hade more or less the same average rough­
ness of RDLC= 5.7 ± 0.9 nm and RParylen= 8.6 ± 2.3 nm. 
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The acceleration of ions from ultrathin foils has been 

investigated by using 250 TW, subpicosecond laser 

pulses, focused to intensities of > 10
20

 Wcm
-2

 and the 

results published in Physical Review Letters[1]. The ion 

spectra show the appearance of narrow-band features for 

protons and carbon ions peaked at higher energies (in the 

5–10 MeV/nucleon range) and with significantly higher 

flux than previously reported. The spectral features and 

their scaling with laser and target parameters provide evi-

dence of a multispecies scenario of radiation pressure 

acceleration in the light sail mode, as confirmed by ana-

lytical estimates and 2D particlein-cell simulations. The 

scaling indicates that monoenergetic peaks with more 

than 100 MeV/nucleon are obtainable with moderate im-

provements of the target and laser characteristics, which 

are within reach of ongoing technical developments. 

The experiment was carried out employing the Petawatt 

arm of the VULCAN laser system at the Rutherford Ap-

pleton Laboratory, STFC, United Kingdom. A schematic 

of the experimental setup is shown in Fig. 1. The laser 

delivered ~200 of energy on target in pulses of 700–900 

fs FWHM duration after being reflected off a plasma mir-

ror (PM), resulting in an intensity contrast ratio of 10
9
 

between the main pulse and the nanosecond-long ampli-

fied spontaneous emission. The laser was focused on a 

target at normal incidence by an f/3 of-axis parabolic mir-

ror. While exponential spectra were always observed 

from 5–10 µm thick foil targets, narrow-band features in 

proton and heavier ion spectra were obtained from submi-

cron-thick targets irradiated at high intensities. For exam-

ple, the spectra in Fig. 1(b), from a 100 nm thick Cu tar-

get irradiated by a LP (p polarization) laser pulse at a 

peak intensity of 3 10
20

 Wcm
-2

, show narrow-band peaked 

features in the proton (charge to mass ratio Z/A = 1) and 

carbon (Z/A = 0.5) spectra, clearly separated from a lower 

energy component (as usual in standard interaction condi-

tions, protons and carbon ions observed in the spectrum 

originate from surface contaminant layers).  

The appearance and position of distinct peaks in the ion 

spectrum could be controlled by varying laser and target-

parameters as shown in Figs. 2(a) and 2(b). Peaks were 

observed only in the limit of thin foils and high intensi-

ty [Fig. 2(a)] with the peaks shifting towards higher 

energy as either the intensity was increased or the tar-

get thickness was reduced [Fig. 2(b)]. In order to assess 

the possible influence of radiation pressure effects on 

the spectral profiles observed, a simple analytical mod-

el was developed taking into account the hole-boring 

(HB) and light-sail (LS) phases of the RPA mecha-

nism. The position of the peak energy is reproduced 

well by the model and shows the characteristic scaling 

for RPA with Eion~(a0 
2
/)

2
.  

In conclusion, we have reported on the observation of 

narrow-band features in the spectra of laser-accelerated 

ions, which appear to be consistent with radiation pres-

sure acceleration, in a regime where LS overcomes sheath 

acceleration. 

 

 
Figure 1: (a) Schematic of the Experimental set-up and (b) Ion 
spectra obtained from 100 nm Cu target irradiated by a LP 
laser pulse at I0 =3 10

20
 Wcm

-2
. Different line colors correspond 

to different ion species (see the figure legend); solid and dotted 
lines represent spectra obtained on TP1 and TP2, respectively. 
 

 

Figure 2: FIG. 2 (color online). (a) Graph showing comparison 
between three ion (Z/A= 0:5) spectra, where the position of the 

spectral peaks is plotted in (b) as a function of a0
2
/.

The experimental parameter set [a0, target material, target 
thickness µm)] for the data points 1–7 is [15.5, Cu, 0.1], [10, Cu, 
0.05], [13.8, Cu, 0.1], [7.5, Al, 0.1], [6.9, Al, 0.1], [13.6, Al, 0.5], 
and [14.1, Al, 0.8], respectively. The analytical estimate is 
shown by black solid line in (b). 
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Target normal sheath acceleration (TNSA) is the most 

extensively investigated laser driven ion acceleration 

scheme so far, but several aspects of the acceleration pro-

cess are still not fully understood. An extensive experi-

mental study investigating the influence of the parameters 

target material and target material thickness on the pro-

duced ion spectra provides a dedicated data set to contrib-

ute to the further understanding of the TNSA mechanism. 

TNSA Process 

The physical picture behind TNSA is the following [1,2]. 

A laser pulse is focused onto the front surface of a several 

µm thick target foil applying relativistic light intensities. 

The produced hot electron distribution expands within the 

target foil predominantly towards the target back surface. 

The hotter the distribution the more it extends beyond the 

residual ion distribution formed by the initial foil. Within 

this unscreened potential field strengths in the range of 

TV/m are generated and cause the foil ions’ and the sur-

face contaminants’ field ionisation and subsequent accel-

eration. TNSA produces ion beams with exponential en-

ergy spectra extending up to a certain cut-off energy 

which denotes the maximum ion energy. 

Experimental Setup 

 

 
Figure 1: Setup to study ion acceleration at POLARIS 

Fig. 1 shows the setup during the experimental campaign 

at POLARIS. The POLARIS pulses contained about 2.5 J 

within 230 fs (FWHM) at a central wavelength of 1030 

nm. Focusing with an f/2 off-axis parabolic mirror led to 

focal intensities of about 4·10
19

 W/cm² on the target front 

surface. Thin metal foils were stretched in frames to pro-

vide 40 × 40 mm² targets sufficient for a series of 200 

shots. A Thomson parabola ion spectrometer was 

equipped with a microchannel-plate based detector to 

record the spectrum of the produced ion beam online. 

 

Figure 2: Left: Target’s overview. Right: Maximum pro-

ton energy as a function of the target thickness for differ-

ent materials. 

Results 

Aluminum, titanium, copper, silver, and tantalum were 

used as target materials in thicknesses varying from 400 

nm to 50 µm. For each target material we found a similar 

behavior for decreasing thickness. The average maximum 

proton energies increase up to an optimal target thickness 

until they decrease again for a further reduction of the 

thicknesses. Less clear but nevertheless visible is the in-

crease of the maximum ion energy for optimal target 

thickness with the atomic number of the target material. 

For a more detailed understanding of the described behav-

ior an extension to the analytical model of Mora [3] was 

investigated [4]. It is based on the implementation of a 

certain back surface ion density gradient depending on the 

target thickness and the electron density. Therefore nu-

merical simulations with the hydrodynamic code MULTI-

fs are currently performed to support the findings con-

cerning the ion density gradient for the experimental data 

of the POLARIS measurements. 
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Laser accelerated protons are characterized by relatively
large energy and angular spreads. For practical applications
- like bio-medical, therapy or fast imaging of dense plas-
mas - efficient collection at the source and energy selection
to a required energy window are crucial issues. We sug-
gest a method for combined focusing and energy selection,
which is an effective alternative to the usually pursued dis-
persive energy selection by magnetic dipoles. Our method
is based on the chromatic effect - the dependence of focal
length on energy - of a magnetic solenoid or quadrupole
triplet in combination with an aperture [1]. The latter se-
lects a certain energy width, which is found proportional to
the aperture radius. This method is specific to laser acceler-
ated particles, where the beam size at a focus is dominated
by the energy spread and not the intrinsic emittance of the
beam as in conventional accelerators.

The main difference between quadrupoles and a solenoid
is the first order focusing property of quadrupoles;
solenoids instead only focus in second order, which makes
them less effective at higher energies. Below 10 MeV a
pulsed solenoid [2] or permanent magnet quadrupoles [3]
have been employed so far. A useful guidance to decide be-
tween solenoids or a doublet/triplet at higher energies can
be obtained through a scaling expression of their focusing
properties based on thin lens approximations for the focal
length fs of a solenoid and Fd of a quadrupole doublet [4].
Comparing a solenoid with a doublet of the same overall
length L and equal field B, we obtain for the ratio Td of fo-
cusing strengths (here defined as inverse focal lengths) in
terms of only geometrical quantities:

Td ≡ 1/Fd

1/fs
=

4sl2

a2L
, (1)

where l is the individual quadrupole length, s the separation
of quadrupoles (from center to center) and a the maximum
beam radius. Hence the focusing strength of a doublet is
superior to that of a solenoid, if a is sufficiently small rela-
tive to the length. As an example, consider a doublet with
a gap between magnets equal to their length, in which case
we have Td = (2/3)3(L/a)2 and the transition occurs for
L/a > (3/2)3/2. This may enforce super-conducting or
pulsed power technologies for the solenoid at higher en-
ergies when the rigidity demands for a longer solenoid at
fixed aperture. For laser protons this transition occurs in
practice between 1-10 MeV (for details see Ref. [5].

The chromatic focusing effect can be used for an ef-
fective energy selection, as only particles with focal spot
sufficiently close to the aperture plane are transmitted ef-
fectively. This is demonstrated in a TRACEWIN com-
puter simulation of size-equivalent solenoid and triplet sys-

tems. As initial distribution the output spectrum of a radi-
ation pressure acceleration model to create a proton energy
spectrum extending up to 250 MeV is used [6]. Result-
ing orbits of a TRACEWIN simulation with 3000 rays are
shown in Fig. 1. Note that both lens systems are about 1 m
long, but the solenoid field has to be at 6.3 T, whereas the
quadrupoles are at 1.5 T. An important outcome is that the
solenoid transmission is 47%, but the triplet transmission
with 35% is not significantly lower. The rays also indicate
the energy selection principle of particles with focal spot
close to the apertures, which works equally well for the
triplet as for the solenoid.

Figure 1: Transverse density plots for RPA-distribution in
equivalent solenoid (top) and triplet (center: x-plane, bot-
tom: y-plane) systems adjusted to 220 MeV.
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Few-cycle optical probe-pulse for the investigation  
of relativistic laser-plasma interactions* 

M. B. Schwab1,#, O. Jäckel1,2, A. Sävert1, J. Polz1, and M. C. Kaluza1,2, 
1Institut für Optik und Quantenelektronik, Jena, Germany; 2Helmholtz-Institut Jena, Jena, Germany

Introduction 
We present a few-cycle probe-beam system implement-

ed on the JETI 40 TW laser for the investigation of rela-
tivistic laser-plasma interactions. Using a pump-probe 
configuration, a shadowgraphic image of the plasma wave 
[1] in electron acceleration experiments was recorded. 

The creation of few-cycle optical pulses is well-
established and has been implemented on femtosecond 
Ti:sapphire laser systems for quite some time [2]. These 
pulses can be created via spectral broadening via self-
phase modulation (SPM) in a gas-filled hollow-core fiber 
(HCF) followed by temporal compression by chirped mir-
rors (CMs). Depending on the filling-gas and the incident 
intensity, a spectrum spanning several hundred nm is 
achievable. The created spectrum is modulated due to 
interference effects; however, the technique is capable of 
supporting few-cycle pulse durations.  

Optical probing of laser-plasma interactions is also a 
well-established practice. Both transverse probing and 
longitudinal probing techniques are frequently used [3-4]. 
Due to the femtosecond timescale of laser-plasma phe-
nomena, a primary trend of probing techniques is the im-
provement of their temporal resolution, for which a few-
cycle probe is well tailored. 

Experimental Setup 
Figure 1. shows a diagram of the probe’s setup. 1% of 

the pump-pulse’s energy is picked off by a 1:99 beamsp-
litter (BS) creating a probe-pulse that is synchronized 
with the pump-pulse. After the probe’s beam diameter is 
reduced in size by an apodized-aperture (AA), two CMs 
temporally compress the probe and a one-meter focal 
length lens (L) focuses it through a Brewster window 
(BW) and into a gas-filled HCF. The probe’s quadratic 
dispersion is controlled such that its shortest pulse dura-
tion, i.e. highest intensity, is realized at the entrance to the 
HCF. The resulting SPM broadens the probe’s spectrum 
enough to support sub-5 fs pulse durations. Upon exiting 
the HCF, the probe is collimated and a group of 8 CMs 
once again temporally compress the probe so that its 
shortest duration will be achieved in the evacuated target 
chamber.   

 

 
Figure 1: Few-Cycle Probe Diagram 

A delay stage enables the relative timing between the 
pump and probe to be adjusted in 33 fs steps. Additional-
ly, fused silica wedges allow fine-tuning of the probe’s 
quadratic dispersion. 

Results 
The probe setup was characterized using neon and ar-

gon gas in the HCF with argon showing the best results 
for the available input pulse energy. The resulting broad-
ened spectrum supported a Fourier-limited Full Width 
Half Maximum (FWHM) pulse duration of 4.4 fs. Meas-
ured FWHM probe durations fell within 5.9 ± 0.4 fs with 
a pulse energy of 300 ± 15 µJ exiting the HCF.  

 
Figure 2: Shadowgraphic image of a plasma wave 

Figure 2. shows a shadowgraphic image of a plasma 
wave driven by the ponderomotive force of the pump-
pulse in ionized H2 gas. The fine details seen in the image 
prove that the few-cycle probe will be a valuable tool for 
femtosecond laser-plasma diagnostics. 
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With the 40TW JETI laser system at IOQ and HI-Jena 

ultra-short electron bunches with kinetic energies up to 

200 MeV can be generated routinely. These electron 

bunches are generated during the interaction of the high 

intensity laser pulse with an under dense plasma. Here, 

the laser beam is focused by an off axis parabolic mirror 

to a spot of 13 µm diameter (FWHM) with a peak intensi-

ty of 8x10
18

 Wcm
-2

 into the leading edge of a super sonic 

helium gas jet. The electron bunches are self injected into 

the plasma wave and then accelerated in the blow out 

regime. The electron density is optimized by varying the 

background pressure of the valve of the gas jet to get well 

collimated electron bunches with a good shot to shot sta-

bility. Additionally we transversely image the interaction 

region to follow the acceleration process. 

The pulse duration of the JETI laser is 27 fs, which is not 

short enough to resolve the accelerating structure, i.e. the 

plasma wave, within our parameter space of plasma fre-

quencies. Therefore, a new synchronized probe beam has 

been developed capable of producing sub 6 fs laser pulses 

with a Gaussian like beam profile [1]. 

During the second half of 2012 we used this new probe 

beam on the JETI laser to study the electron acceleration 

process with under dense plasma targets. The probe beam 

was characterized with a few cycle SPIDER from APE to 

optimize the dispersion caused by the fiber, the chirped 

mirrors, the entrance window into the target chamber and 

the path through air since for sub 10 fs laser pulses even 

the dispersion of air cannot be neglected anymore. 

Due to the broad bandwidth of the probe pulse spanning 

over 300 nm, a new imaging system comprising a large 

working distance microscope objective and an achromatic 

lens was installed. The magnification factor is determined 

by the focal length of the two optics and was as high as 

12.5. The resolution of the imaging system is of the order 

of 1 µm. This new probe beam setup fulfills the temporal 

and spatial requirements to resolve characteristic struc-

tures during an electron acceleration experiment. 

While the recorded data is still under evaluation prelimi-

nary results show that it is possible to observe periodic 

structures (Figure 1a), which can be identified with the 

plasma wave. In the snapshots, the main laser pulse has 

propagated from the right over a distance of 0.8 mm into 

the plasma. The peaks of the plasma wave already exhibit 

a strong curvature due to the relativistic motion of the 

electrons. The profile along the y=0 position is shown in 

Figure 1b. The position of the main laser pulse is estimat-

ed to be at z=0. The first oscillation period (on the left) 

shows a remarkable modulation which is an indication of 

high electron density gradients. A continuous wavelet 

transformation was applied to the profile in Figure 1b. 

This transforms the 1D profile into a 2D plot with gives 

the spatial wavelength for every position (Figure 1c). The 

first 10 cycles of the wave show a strong modulation with 

a wavelength of 9.1±1.6 µm. 

 
Figure 1: Shadowgraph of the plasma wave (a) and pro-

file along the y=0 position (b) and corresponding contin-

uous wavelet transform (c). The laser is propagating from 

the right to the left. 

 

At later times during the interaction the amplitude of the 

plasma wave decreases and the wavelength increases 

which can be attributed to wave breaking.  

Additionally PIC simulations for our experimental condi-

tions are under way and are benchmarked against our re-

sults. 

The new probe beam has proven to be a reliable light 

source with unique features offering the unique possibility 

at IOQ and HI-Jena to design a number of new experi-

ments, e.g., to use polarimetry to visualize the electron 

bunch within the plasma wave and observe the point of 

injection.  
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One of the essential goals of the Helmholtz Institute Jena
(HI Jena) is the graduate education of young scientists in
the field of fundamental and applied physics by means of
high-power lasers, accelerated particles, and x-ray science.
It focus on future research opportunities as provided by
the international FAIR facility in Darmstadt and the Euro-
pean XFEL in Hamburg as well as other large scale projects
related to strong-field physics and the investigation of ex-
treme states of matter. To ensure the best educational and
training possibilities for the doctoral students associated to
the HI Jena, the Research School of Advanced Photon Sci-
ence (RS-APS) has been founded in summer 2012 [1].

The Research School provides structured PhD education
which is in close connection to main scientific objectives
of the HI Jena. The RS-APS supports up to 20 students
through funding and its educational training program. Even

Figure 1: Illustration of the already existing cooperating
graduate programs and their connection to the RS-APS.

though there are already existing graduate programs at the
University of Jena and the different Helmholtz centers there
is the need to to provide professional education adapted on
the research profile of the HI Jena. Moreover the geograph-
ical separation of the different partner centers requires a re-
search school and its management located directly at the HI
Jena. In addition to the professors and junior research lead-
ers directly associated to the HI Jena about ten professors
of different institutes of the University Jena are responsibly
involved in the realization of the RS-APS:

• Helmholtz Institute Jena (HI-Jena): Prof. Th. Kühl,
PD. Dr. W. Quint, PD. Dr. A. Surzhykov, Dr. F.
Tavella, Prof. M. Zepf

• Institute of Applied Physics (IAP): Jun. Prof. J.
Limpert, Prof. A. Tünnermann

∗ r.maertin@gsi.de

• Institute of Condensed Matter Theory and Optics
(IFTO): Jun. Prof. S. Skupin

• Institute of Optics and Quantum Electronics (IOQ):
Prof. M. Kaluza, Prof. G. Paulus, Prof. C. Spielmann,
Prof. Th. Stöthlker

• Institute of Theoretical Physics (ITP): Prof. S.
Fritzsche, Prof. H. Gies, Prof. A. Wipf

The organizational structure of the RS-APS is depicted
in Fig. 1. To comply with the structure of the Univer-
sity Jena, RS-APS applied for admittance to the univer-
sity’s graduate academy [3] and was accepted on June 25th,
2012. Additionally, the school is in close cooperation with
both the Abbe School of Photonics [2], which resides at
the Department for Physics and Astronomy, and the DFG
graduate college Quantum and Gravitational Fields [4].
Moreover the RS-APS is member of the Helmholtz Grad-
uate School for Hadron and Ion Research (HGS-HIRe) for
FAIR [5] and grants its supported students access to grad-
uate programs of the Helmholtz Association. The school
is headed by a three-person committee. The RS-APS is
chaired by the spokesman Prof. C. Spielmann, while the
coordinator Dr. R. Märtin performs organizational tasks
with support by the administration of the HI Jena.

Apart from the scientific work conducted within the re-
search projects pursued at the HI Jena, doctoral students are
being offered training courses to consolidate their under-
standing of the various research fields of HI-Jena, as well
as to broaden the students soft skills. Through the inte-
gration of the RS-APS to the educational program of its
partners the school provides the students with a great vari-
ety of different academic courses, e.g. dedicated soft skills
programs are offered by the partners HGS-HIRe and the
Graduate Academy. In summer 2013 the first Lecture Week
devoted to the physics of the HI Jena will be conducted by
the RS-APS in cooperation with HGS-HIRe. Furthermore
the seminars of the Institute are of great relevance. The
seminars provides a platform for exchange and discussion
for the scientists from different research fields present at
the HI Jena.
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Introduction 

We report on results of a double-stage molybdenum x-ray 

laser experiment. The two targets were pumped using the 

double-pulse grazing incidence pumping technique, 

which includes travelling wave excitation for both the 

seed- and the amplifier-target..  

The main motivation for X-ray laser (XRL) research at 

GSI is to perform spectroscopy experiments on highly-

charged heavy-ions stored in the experimental storage 

ring (ESR) of the GSI accelerator facility[1]. The first 

experiment of this kind will aim at measuring the 2s1/2 – 

2p1/2 transition in Li-like ions. For ions of an atomic 

number between 50 (Sn) and 92 (Ur), this transition en-

ergy lies between 100 eV and 300 eV [1], which corre-

sponds to wavelengths between 12 nm and 4 nm. Setting 

up the experiment in a way, where the XRL is counter 

propagating to the ion bunch, one can exploit the relativ-

istic Doppler effect. The use of laser-pumped plasma 

XRL’s, with typical photon energy up to 100 eV [2,3,3] 

can address the whole range of lithium-like ions for the 

lowest lying transitions The perspective for FAIR, given 

by the even higher ion velocities at HESR , opens a com-

pletely new range of experiments.  

Experiment 
 

 
Fig. 1. Sketch of the experimental setup. A more de-

tailed description is given in the text. 

 

A Mach-Zehnder like interferometer, which was im-

plemented in the short-pulse frontend of the PHELIX 

laser, was used to create the chirped double-pulse struc-

ture required for the DGRIP scheme [2]. After compres-

sion, the pulse duration of the two pulses was 200 ps 

(prepulse) and 2 ps (main pulse). Using the PHELIX pre-

amplifier section, the total pump energy on the target 

amounted to 600 mJ, equally distributed between two 

individual pumping beams. Inside the target chamber, the 

two  beams were focused in opposite direction onto the 

Mo slab target by two spherical mirrors, as illustrated in 

Fig. 1. The line foci were vertically separated by ~ 3 mm. 

The output of the lower XRL – the seed pulse - was fo-

cused into the upper – amplifying- medium by a spherical 

XUV mirror.  

Results 
Seeded x-ray laser operation has been demonstrated, re-

sulting in x-ray laser pulses of up to 240 nJ and 2 mrad × 

2 mrad divergence. The peak brilliance of the amplified 

x-ray laser of 4×10
23

 photons /s /mm² /mrad² in 5×10
-5 

relative bandwidth was more than two orders of magni-

tude larger compared to the original seed pulses.Figure 1 

shows the typical beam patterns of the HH observed (fil-

ters: Zr and Ti) under (a) only He gas jet (valve stagnation 

pressure: 4000 mbar), (b) Ne 400 mbar jet, and (c) both 

gas jets for Ne 400-He 4000 mbar.  

 
Fig. 2: Beam quality of the seeded XRL. showing 2 mrad × 2 mrad 

divergence. 
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Introduction 

High-harmonic (HH) radiation due to nonlinear interac-

tion of rare gas with an ultrashort, high intensity laser 

pulse has attracted a great deal of interest for various ap-

plications, such as, attosecond pulses [1] and a seeding 

light for an X-ray free electron laser (XFEL) [2]. On the 

other hand, we have observed X-ray parametric stimulat-

ed amplification of the HH emission for the first time [3]. 

However, the output of the HH in high photon energy 

regime is still weak, so that practical applications are lim-

ited in some particular physical and chemical research. In 

order to increase the output energy and obtain much 

shorter wavelength radiation, a double gas jet method was 

used in this study. As a result, we succeeded in a signifi-

cant enhancement of the HH output. Moreover, the ap-

pearance of a high intensity, hot spot emission was ob-

served.  

Experiment 

The experiment was carried out at the JETI laser-system, 

delivering pulses of 200 mJ, 10 Hz in 26 fs, with a pulse 

contrast in the range of better than 10
6
. The beam was 

focused by a spherical mirror to an intensity of < 5×10
15

 

W/cm
2
. In order to enhance the HH lights, we employed a 

double gas jet scheme, in which the first gas was Ne as a 

seeder and the second jet (He) served as an amplifier. 

Both gases were supplied by electro-magnetic pulsed gas 

valves. An extreme ultraviolet (EUV) spectrometer was 

used to measure the HH spectra and their intensity distri-

bution. The beam pattern of the HH was observed by a 

back-illuminated soft X-ray CCD camera, at which some 

appropriate filters (Ti and Zr) were inserted to select 

wavelength region and block the fundamental laser light. 

Results 

Fig. 1 shows the typical beam patterns of the HH ob-

served under (a) only He gas jet (valve stagnation pres-

sure: 4000 mbar), (b) Ne jet 400 mbar, and (c) both gas 

jets for Ne 400-He 4000 mbar.  

 
Fig. 1: Two dimensional image of the high harmonic radiations for (a) 

only He jet (4000 mbar), (b) Ne (400 mbar), and (c) both jets operated.  
For comparison, the graphs are shown in the same color scale. Signifi-

cant enhancement of the HH signal was obtained. 

 

The distance of the jets was set to d=0 mm. The figures 

are shown in the same color scale. As clearly seen, no HH 

was observed for only He gas jet, whereas by operating 

both jets the HH signal becomes higher by two times than 

that by only the Ne jet. 

 
Fig. 2: Variation of the HH image on the gas jet distance. Above d~2mm, 

the hot spot appeared, where the gain coefficient increased by ~20 times.   

 

On the other hand, the hot spot where the HH intensity is 

locally enhanced is obtained as shown in Fig. 2. The ex-

perimental conditions are as follows: stagnation pressures 

of Ne 250 mbar, He 4000 mbar, Zr-Ti filters, for various 

jet distances were used. The seed lights generated in Ne 

gas jet were amplified significantly at d=0 mm, which is 

similar with that in Fig. 1. However, in the case of the jet 

distances above d~2 mm, we obtain the intense spot radia-

tion near the beam center. At optimal condition, we 

demonstrate that the gain coefficient at the hot spot, 

which is defined by the ratio of HH intensity with both 

gas jets to that of Ne one, is around 20. 
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Phase matching is indispensable for the efficient gener-

ation of high-order harmonic radiation (HHG), especially 

in the range of several-100-eV. Recently it has been theo-

retically predicted that perfect pressure induced phase 

matching cannot be realized in helium in the 0.2-1 keV 

spectral range using 800 nm light pulses [1]. In this report 

we present a detailed experimental study of the phase 

mismatch for the first time and derive guidelines for max-

imizing the short wavelength signal without perfect phase 

matching. 

Measurement results 

The high harmonic spectra at a series of different He 

gas pressures have been measured using the 26-fs-long 

pulses of the JETI Ti:sapphire laser system, which can 

deliver pulses up to 1 J pulse energy at 800 nm central 

wavelength and with 10 Hz repetition rate. The laser puls-

es were loosely focused into a He gas target with interac-

tion length of 1 mm and the peak intensity was about 

5x10
15

 W/cm². After blocking the fundamental laser light 

with thin Al (200 nm) and Ti (100 nm) foils, the spectra 

were measured with an x-ray scanning spectrograph 

(McPherson 248/310G) equipped with a photomultiplier 

(Channeltron 4751G). Using a 1200 grooves/mm grating, 

it is possible to record soft x-ray spectra in the spectral 

range of 0.2-2 keV with high spectral resolution. 

 

Low frequency modulation 

In the recorded spectra, we can observe a low frequen-

cy modulation of the harmonic amplitudes as it can be 

seen in Fig. 1 for a backing pressure 0.3 bar. The low fre-

quency modulation is attributed to the constructive and 

destructive interference of the phase mismatching contri-

bution between the driving laser pulse and the generated 

harmonics. The observed near 100% modulation depth 

caused by phase-matching provides evidence that the 

measured spectra are built up from coherent radiation in 

the full measured spectral range. According to the theory, 

this low frequency spectral modulation can be described 

with a 

                 
        (1) 

function, where p is the gas pressure; q is the harmonic 

order and   
   is the phase matching parameter. The sinc² 

modulation periods have been determined by the Fourier 

transform of the harmonic spectra in the spectral range of 

270-880 eV. In all spectra, we observe two dominant dis-

tinguishable peaks (inset of Fig. 1). In Fig. 2, we summa-

rize the position of these two peaks as a function of the 

pressure. As predicted by the phase matching theory, the 

obtained periods scale linearly with the pressure and we 

can estimate   
   as the slope of the lines.  

 

 

Figure 1: Measured HHG spectrum at 0.3 bar backing 

pressure with its Fourier transform in the inset. 

 

 

Figure 2: Pressure dependence of the peak positions of the 

Fourier transform from the inset of Fig. 1. 

 

Both curves in Fig. 2 reveals that the modulation period 

will become zero only for a negative or zero pressure, i.e. 

perfect phase matching cannot be realized in He by pres-

sure-tuning in the few-100-eV spectral range in agree-
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ment with recently published results predicting pressure 

phase matched HHG above 100 eV only for longer wave-

length driving laser pulses [1]. However, the lower (blue 

curve) of the two modulation period curves indicates 

more favorable phase matching condition. The extrapolat-

ed curve will cross the x-axis near zero pressure, which is 

the optimum for stimulated recombination of x-ray para-

metric amplification (XPA) [2, 3]. Based on these find-

ings we are now able to predict the optimum parameters 

for achieving phase-matching and XPA at the same time.  

 

High frequency modulation 

A recorded x-ray spectrum is shown in the inset of Fig. 

1, in the 0.2-1 keV spectral range and a part of the spec-

trum is highlighted in Fig. 3 for the range of the 200
th

 to 

360
th

 harmonics corresponding to energy range of about 

300 to 600 eV, respectively. The resolution of the x-ray 

spectrograph has made possible to resolve individual 

harmonic lines in this range. The harmonic lines are espe-

cially very well resolved in the range of harmonic order 

of 201-221 and 269-289. In the range of 221
st
 to 261

st
 

harmonics and near the upper end, the signal is much 

weaker because of a lack of phase matching. Above har-

monic order 321 the visibility of the harmonic lines is 

weaker as a consequence of the decreasing spectral reso-

lution of the spectrograph and the limited sampling rate. 

The small anomaly in the range of harmonic order 293 

(450 eV) is attributed to the L absorption edge of the thin 

Ti-filter in the beam path. 

 

 
Figure 3: Harmonic lines in the measured spectra are sit-

ting in the 4i+1 harmonic position, which is the conse-

quence of the quantum path interference of two dominat-

ing electron trajectories. 

 

We can find an unexpected behavior of the harmonic 

line structure in Fig. 3.  No every odd (2i+1) harmonics 

are in the spectrum, as would be expected for standard 

high harmonic generation. Only every second harmonics 

lines appear at harmonic orders of 4i+1. We attribute this 

phenomenon to the quantum path interference of two 

dominating electron trajectories. These trajectories are 

extended long trajectories with acceleration times of 

about 15/8 and 17/8 optical cycles between the ionization 

and recombination events. From these trajectories, four x-

ray pulses are generated in every optical cycle in contrary 

to standard high harmonic generation from short trajecto-

ries, where two pulses are generated in every optical cy-

cle. Fourier transform of this temporal behavior gives the 

lack of every second harmonic order. The two dominating 

trajectories are selected by x-ray parametric amplification, 

because for these two trajectories the necessary condition 

for resonance enhancement is fulfilled. 

 

 

Summary 

From the presented measurements we can draw the fol-

lowing major conclusions. For laser intensities in the 

range of 10
15

-10
16

 W/cm², high order harmonics can be 

generated and stimulated emission of x-rays can be real-

ized from extended long electron trajectories. For these 

extended trajectories, the time between ionization and 

recombination is about two optical cycles and in every 

optical cycle four x-ray pulses are generated. The deter-

mination of phase matching conditions from the measured 

spectra further supports the essential contribution of x-ray 

parametric amplification in the harmonic generation pro-

cess. These results help to better understand high-order 

harmonic generation and x-ray parametric amplification 

at higher laser intensities and provide guidelines to extend 

the generated spectrum to higher photon energies at in-

creased efficiency; paving the way for attosecond science 

far beyond 100 eV photon energies. 
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Ultrashort coherent XUV and soft x-ray pulses of high
brilliance are required for the seeding of planned free-
electron laser (FEL) facilities such as FLASH II or
XFEL. Research in the project "Surface High Har-
monic Generation (SHHG)" is focused on the genera-
tion of intense XUV pulses from solid density plasmas
with a focus on the particular demands for seeding an
FEL. First, the efficiency of SHHG in the "Relativistic
Oscillating Mirror" (ROM) mode has been investigated
and was optimized utilizing elongated plasma density
ramps. A plasma scale length of the order of≈ λ/10 has
been found to lead to the highest efficiencies. The result-
ing optimized pulse energies of several µJ per harmonic
(at 32.5 eV) could already be exploited for seeding. Sec-
ond, we have studied SHHG on blazed grating surfaces.
It was shown that particular harmonic frequencies can
be enhanced as compared to the adjacent harmonics.
This leads to a spatial filtering of the harmonic radia-
tion which could also be useful for seeding.

Harmonic generation from relativistic plasma
surfaces in ultrasteep plasma density

gradients

Harmonic harmonic generation in the ROM mode has
been studied in the limit of ultrasteep plasma density gra-
dient by experiments and simulations. Our observations re-
veal that the absolute efficiency of the harmonics declines
for the steepest plasma scale length Lp → 0 in contradic-
tion to the wide-spread belief. The shortest plasma den-
sity gradients have been realized using laser pulses with
the highest possible contrast. Absolute photon yields have
been recorded using a calibrated spectrometer system [2].
The pulse energies EXUV for individual harmonics are on
the order of 3−24µJ for the 17th harmonic and 0.3−2.7µJ
for the 21st depending on different contrast and preplasma
settings. The efficiency of harmonics reflected from the
laser driven plasma surface in the ROM mode was esti-
mated to be in the range of 10−4 − 10−6 of the laser pulse
energy for photon energies ranging from 20 − 40 eV. The
best results have been obtained for an intermediate density
scale length of the order of λ/10− λ/5.

Laser-plasma simulation support the experimental result,
see Ref. 1. The observed dependence of the efficiency on
the plasma scale length can be understood in terms of the

plasma dynamics as follows. First, the denser the plasma
and the steeper the gradient, the more the electric field
~Ecrit at the critical density is reduced where the harmonics
are generated. Second, the "spring constant" of the elec-
tron plasma becomes larger for denser and steeper plasmas,
making the "relativistic oscillating mirror" harder to drive
to high values of the Lorentz factor γ associated with a
more efficient production of higher harmonic orders.
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Figure 1: (a) Surface field ~Ecrit at the critical density in
units of the incident field ~E0, as estimated from the equa-
tion in the textbook of Kruer (black dashed line) and com-
puted exactly by numerical integration for an exponential
gradient (blue line). (b) Efficiency of SHHG above the 14th
order ηROM =

∫∞
14ω0

I(ω)dω/P0 for a0 = 3.5 at different
plasma scale lengths from a set of 1D PIC simulations. In-
cidence was p-polarized, the plasma ramp is exponential up
to a maximum density of ne = 200nc.

Near-monochromatic high-harmonic
radiation from relativistic laser plasma

interactions with blazed grating surfaces

Intense, femtosecond laser interactions with blazed grat-
ing targets are studied through experiment and laser plasma
simulations. The high harmonic spectrum produced by the
nonrelativistic harmonic generation prozess ”CWE” (Co-
herent Wake Emission) is angularly dispersed by the grat-
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ing leading to near-monochromatic spectra emitted at dif-
ferent angles, each dominated by a single harmonic and
its integer multiples. The spectrum emitted in the direc-
tion of the third-harmonic diffraction order is measured
to contain distinct peaks at the 9th and 12th harmonics
which agree well with two-dimensional PIC simulations
using the same grating geometry. This scheme appears
to be a viable method of producing near-monochromatic,
short-pulsed extreme-ultraviolet radiation.

Figure 2: Experimental setup: JETI laser pulses are fo-
cused on (I) a blazed grating target with the third har-
monic’s first diffraction order directed to the spectrometer
or (II) a fused silica target reflecting the beam to the spec-
trometer in specular direction. The XUV radiation is col-
lected by a steering and focusing mirror. The harmonic
spectrum is recorded using a transmission grating and a
CCD.

Figure 3: Comparison of harmonic spectra obtained from
the experiment and simulations: While the harmonic spec-
trum is decaying for higher orders for the fused silica target
(case II), an enhancement of the 9th harmonic (slightly also
the 12th) is found when the blazed grating configuration
(case I) is used. The experimental results agree well with
the harmonic spectrum obtained by a laser plasma simula-
tion
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Intense, femtosecond laser interactions with blazed grat-

ing targets are studied through experiment and particle-in-

cell (PIC) simulations. The high harmonic spectrum pro-

duced by the laser is angularly dispersed by the grating 

leading to near-monochromatic spectra emitted at differ-

ent angles, each dominated by a single harmonic and its 

integer-multiples. The spectrum emitted in the direction 

of the third-harmonic diffraction order is measured to 

contain distinct peaks at the 9th and 12th harmonics 

which agree well with two dimensional PIC simulations 

using the same grating geometry. This confirms that sur-

face smoothing effects do not dominate the far-field dis-

tributions for surface features with sizes on the order of 

the grating grooves whilst also showing this to be a viable 

method of producing near-monochromatic, short-pulsed 

extreme ultraviolet radiation. 

The petawatt arm of the VULCAN laser system at the 

Rutherford Appleton Laboratory, STFC, United King-

dom. A schematicof the experimental setup is shown in 

Fig. 1. Thelaser delivered ~200 of energy on target in 

pulses of 700–900 fs FWHM duration after being re-

flected off a plasma mirror (PM), resulting in an intensity 

contrast ratio of 10
9
 between the main pulse and the nano-

second-long amplified spontaneous emission. The laser 

was focused on a target at normal incidence by an f/3 of-

axis parabolic mirror. While exponential spectra were 

always observed from 5–10 µm thick foil targets, narrow-

band features in proton and heavier ion spectra were ob-

tained from submicrometer-thick targets irradiated at high 

intensities. For example, the spectra in Fig. 1(b), from a 

100 nm thick Cu target irradiated by a LP (p polarization) 

laser pulse at a peak intensity of 3 10
20

 Wcm
-2

, show nar-

row-band peaked features in the proton (charge to mass 

ratio Z/A = 1) and carbon (Z/A = 0.5) spectra, clearly 

separated from a lower energy component (as usual in 

standard interaction conditions, protons and carbon ions 

observed in the spectrum originate from surface contami-

nant layers).  

The appearance and position of distinct peaks in the ion 

spectrum could be controlled by varying laser and target-

parameters as shown in Figs. 2(a) and 2(b). Peaks were 

observed only in the limit of thin foils and high intensi-

ty [Fig. 2(a)] with the peaks shifting towards higher 

energy as either the intensity was increased or the tar-

get thickness was reduced [Fig. 2(b)]. In order to assess 

the possible influence of radiation pressure effects on 
the spectral profiles observed, a simple analytical mod-

el was developed taking into account the hole boring 

(HB) and LS phases of the RPA mechanism. The posi-

tion of the peak energy is reproduced well by the mod-

el and shows the characteristic scaling for RPA with 

Eion~(a0 
2
/)

2
.  

In conclusion, we have reported on the observation 

ofnarrow-band features in the spectra of laser-accelerated 

ions, which appear to be consistent with radiation pres-

sure acceleration, in a regime where LS overcomes sheath 

acceleration. This work has been published in New Jour-

nal of Physics [1]. 

 

   
Figure 1: (a) Schematic Schematic of harmonic generation from 
blazed grating surfaces. The high intensity laser pulse ionizes 
the grating surface and subsequently generates a harmonic 
spectrum, which is spectrally dispersed due to the grating struc-

ture. Matching the blaze condition i −d = 2b or when the 
diffraction order corresponds to a specular reflection from the 
groove surface) allows efficient diffraction into a particular dif-
fraction order yielding a near-monochromatic beam consisting 
of a single harmonic. 

                           

Figure 2: Spectrum showing an enhanced 9
th

 harmonic as 
expected from PIC simulations. The small number of grooves 
illuminated in this experiment limits the rejection of neighbour-
ing orders and could be improved with larger spots/higher line 
density gratings  
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Harmonic radiation produced by intense laser–solid in-

teractions above the plasma frequency have, so far, been 

consistent with Doppler upshifted reflection from collec-

tive relativistic plasma oscillations—the relativistically 

oscillating mirror mechanism. Recent theoretical work, 

however, has identified a new interaction regime in which 

dense electron nanobunches are formed at the plasma–

vacuum boundary resulting in coherent XUV radiation by 

coherent synchrotron emission[1] (CSE). Our experi-

ments enable the isolation of CSE from competing pro-

cesses, demonstrating that electron nanobunch formation 

does indeed occur. We observe spectra with the character-

istic spectral signature of CSE—a slow decay of intensity, 

I, with high-harmonic order, n, as I(n) = n
-1.62

 before a 

rapid efficiency rollover. Particle-in-cell code simulations 

reveal how dense nanobunches of electrons are periodi-

cally formed and accelerated during normal-incidenc in-

teractions with ultrathin foils and result in CSE in the 

transmitted direction. This observation of CSE presents a 

route to high-energy XUV pulses and offers a new win-

dow on understanding ultrafast energy coupling during 

intense laser–solid density interactions. our work has re-

cently been published in Nature Physics [2]. 

 

 
Figure 1: Harmonic spectra in transmission from 200-nm DLC 
foils.  A typical CCD image and spectrum obtained in transmis-
sion along the laser propagation axis from 200nm foils (0 mrad 
to 53 mrad half-cone angle, spectral lines marked with asterisks) 
collected using an adjustable gold focusing optic. 

 

The experiment was performed on the Trident laser us-

ing at Los Alamos National Lab. delivering laser pulses 

with  80 J in 500 fs at 1053nm. The laser was focused to a 

near-diffraction-limited focal spot using an F/3 off-axis 

parabolic mirror. The system has pulse contrast of 1:10
-10

 

at 1 ns and 1:10
-7

 at 10 ps prior to the peak of the pulse. 

Figure 1 shows a spectrum taken with an XUV spectrom-

eter. The slow decay to higher orders n with a slope ~n
-1.6

 

is notably shallower from other harmonic sources (such as 

Relativistic Oscillating Mirror harmonics which decay 

with n
-8/3

 or faster). Such slow decay is consistent with 

coherent synchrotron radiation, which is expected under 

our conditions [1]. Since competing sources can be ruled 

out under the current conditions [2], the slope and the 

beamed nature of the harmonics allow us to conclude that 

coherent synchrotron emission from laser driven foil in-

teractions has been observed for the first time, giving rise 

to a new, coherent mechanism producing XUV radiation. 

 

 

Figure 2:  Schematic of the experimental set-up (left) and 
Harmonic spectra from DLC foils. Harmonics from 200nm (red 
triangles) and 125nm (open blue diamonds) foils are spatially 
and spectrally integrated and corrected for system transmission 
giving best fits of n

-1.62
) and n

-2.1
 respectively, for n<70. The gap 

in the spectrum is due to spectrometer transmission. The bars 
represent uncertainty due to shot-to-shot fluctuations and 
propagation of errors from spectral deconvolution. The dashed 
(n

-1.49
)) and dot–dashed (n

-2.25
) lines correspond to maxima (for 

200 nm) and minima (for 125 nm) fits to the uncertainty for 
n<70, respectively, and essentially represent the extrema of the 
total uncertainty for this experiment. The curved solid black 
line serves as a guide to the spectral shape of the emission 
from the 200nm foils. The inset shows the absolute count levels 
for 125nm and 200nm DLC targets and compares these with 
the relative signal strength expected from a corresponding 
ROM (n

-8/3
) source. The observed absolute energy in a single 

harmonic can be estimated as ~200µJ at 20nm (58th harmonic) 
for 200nm DLC foils and can be considered a lower bound due 
to the limited detection aperture in our experiment. 
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We have implemented an all-optical setup using the
Jena Titanium:Sapphire TW laser system (JETI) for
Thomson backscattering from a relativistic electron
bunch. The main pulse is split into two pulses: one
to accelerate electrons from thin aluminium foil tar-
gets to energies of the order of some MeV and the
other, counterpropagating probe pulse is Thomson-
backscattered off these electrons when they exit the tar-
get rear side. The highest scattering intensity is ob-
served when the probe pulse arrives at the target rear
surface 100 fs after the irradiation of the target front
side by the pump pulse, corresponding to the maximum
flux of hot electrons at the interaction region. These re-
sults can provide time-resolved information about the
evolution of the rear-surface electron sheath and hence
about the dynamics of the electric fields responsible for
the acceleration of ions from the rear surface of thin,
laser-irradiated foils.

Introduction
Thomson backscattering involves the collision of laser

photons with a relativistic electron beam. The approaching
laser pulse and its wavelength appear length contracted by
the initial relativistic factor of the electron beam in its frame
of reference. Upon interaction, the electrons undergo oscil-
lations in the field of the laser pulse leading to the emission
of radiation which is Doppler upshifted when measured in
the laboratory frame [1].

By its upshifted frequency the backscattered photons
also carry important characteristics of the electron beam
such as its energy distribution and effective temperature.
Thus, an all-optical Thomson backscattering setup can also
be used as an in-situ time-resolved diagnostic for the elec-
tron acceleration process [2]. Obtaining a deeper under-
standing of electron acceleration dynamics is essential to
the study of ion acceleration mechanisms.

Experiment
The main JETI pulse is split into two pulses by a

dielectric-coated 90/10 beam splitter. 90% of the main
pulse energy is used as the pump pulse which accelerates
electrons from thin aluminium foil targets to energies of the
order of some MeV. The remaining 10% of the main pulse
energy is utilised as the counter-propagating probe pulse
that scatters off the relativistic electrons as they emerge
from the target rear side. The temporal delay between the

arrival of the two pulses at the target position is varied by
translating the beam splitter normal to its surface. A scan
of the pump-probe delay allows for the probing of the tem-
poral evolution of the rear-surface electron sheath produced
by the ponderomotive electron acceleration mechanism.

The results show a strong dependence of the scattering
yield on the difference between the arrival time of the pump
and the probe pulses at the target position, see Fig. 1. The
XUV photon yield is at its maximum when the pump pulse
interacted with the target front side 100 fs before the arrival
of the probe pulse at the target rear surface. At this par-
ticular pump-probe delay, the flux and temperature of the
electrons accelerated to the target rear side are also at their
peak. At longer pump-probe delays, the rear-surface elec-
tron sheath has already expanded and cooled down leaving
a small number of scatterers to interact with the probe pulse
[3]. This is seen as a steady decrease in the signal for in-
creasing positive delays.
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Figure 1: Dependence of the integrated count yield of the
XUV signal on the pump-probe delay. A positive delay in-
dicates that the pump pulse hits the target before the probe
pulse while the opposite is true for a negative delay. The
red dashed line indicates the sum of the XUV count yield
due to the pump and the probe pulse.

Furthermore, the energy distribution of the accelerated
electrons is also deduced from the Thomson backscattered
spectrum. Since for our experimental conditions the escap-
ing hot electron population is generated primarily by the
ponderomotive electron acceleration mechanism, the elec-
tron energy distribution is expected to be broad with a mean

44



50 55 60 65 70 75
0,0

5,0x102

1,0x103

1,5x103

2,0x103

2,5x103

D

 background-corrected XUV yield for a 100 fs delay

0,0

5,0x104

1,0x105

1,5x105

2,0x105

2,5x105

 theoretical plot (k
B
T

e
 = 1.1 MeV)

.

d
N

x
/d

ћ
ω

x
/e

V
/4

x
1

0
-4
s
r

Photon energy [eV]

d
N

x
/d

ћ
ω

x
/e

V
/4

x
1

0
-4
s
r2.0x105

1.5x105

1.0x105

5.0x104

0

2.0x103

1.5x103

1.0x103

5.0x102

0

2.5x103 2.5x105

Figure 2: The experimentally obtained XUV spectrum for
the case when the pump arrived at the target 100 fs before
the probe pulse (black square) superimposed with the theo-
retical plot for an electron distribution with a mean kinetic
energy of 1.1 MeV (blue line). The difference of the photon
yield between the two plots can be attributed to the imper-
fect overlap of the electron beam with the laser pulse in the
experiment.

kinetic energy of 1.1 MeV. Consequently, backscattering
from this hot electron population produces a broad XUV
photon spectrum with Doppler upshifted energies that are
greater than 52 eV as seen in Fig. 2 [4].

Conclusion
These results indicate that Thomson backscattering is

a powerful diagnostic tool to probe the temporal evolu-
tion of the rear-surface electron sheath and hence the ion-
acceleration fields.
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The interaction of a subpicosecond, high-intensity laser 

pulse with a solid target produces a high-density plasma 

on its surface that emits characteristic x-rays of the target 

material. The spectroscopic analysis of the K-shell emis-

sion, in combination with spatial resolution, is a powerful 

tool to characterize properties of such highly coupled 

plasmas in the “warm dense matter” (WDM) regime [1, 

2]. Furthermore, at relativistic laser intensities electrons 

are accelerated to high kinetic energies and strong electric 

and magnetic fields are produced, especially at the inter-

faces of thin foils. In particular, protons and other ion 

species are accelerated to MeV energies at the rear side of 

a thin target due to the so called ‘target normal sheet ac-

celeration’ mechanism (TNSA). A spectroscopic analysis 

of the rear side x-ray emission with spatial resolution pro-

vides insight into important properties at the rear surface 

such as temperature, temperature gradients, strong fields, 

correlations e.g. to proton emission etc.. 

First experiments, conducted at the POLARIS laser fa-

cility in 2012, had the goal of performing K-shell spec-

troscopy from such thin foil targets (5µm Titanium), 

combined with a 1-d spatial resolution. To achieve this, 

K1 and K2 emission of Titanium was imaged from the 

rear side onto an x-ray CCD, which provides a spectral 

window of 25eV and a 1-dimensional spatial resolution of 

7.5 µm. The toroidally bent GaAs crystal spectrometer 

employed in these experiments is described in [3]. To 

gain understanding of the acceleration process, ion spec-

tra were simultaneously recorded. In order to separate the 

x-ray emission from front and rear side, layered foils 

(front: 2µm Aluminum, rear: 5µm Titanium) were used.  

 
   

Figure 1:  Single-shot K emission spectrum of a 5µm 

Titanium foil, recorded at the POLARIS laser. Strong 

blue shifted satellite lines are visible in the emission cen-

tre (increasing photon energy from left to right, spatial 

resolution in the vertical direction).  

A typical ‘single-shot’ emission spectrum of a 5µm Ti 

foil, illuminated with relativistic intensities is shown in 

Figure 1. The centre of the excited region shows a strong 

emission of broad and blue shifted satellite lines, indicat-

ing high temperatures and densities (WDM). With in-

creasing vertical distance, the emission spectrum reduces 

to the well known Ti-K doublet lines. In order to recon-

struct emission spectra as a function of the radial distance, 

one has to perform an Abel-inversion of the spatially 

mapped emission profiles (inset of figure 2), since the 

spectrometer always integrates in the horizontal direction.  

These measurements indicate electron temperatures of 

several tens of eV [1, 2] in a region of few tens of mi-

crons. With the help of state of the art line-shape calcula-

tions one may in the future infer more accurate tempera-

ture distributions and may also identify different effects 

arising from strong electric and magnetic fields. 

 

 
Figure 2: Horizontal line-outs of the recorded K emis-

sion from a 5µm thin laser heated Titanium foil. Inset: K-

shell emission as a function of the radial distance gener-

ated by Abel-inversion of the spatially mapped emission 

profiles. 
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1. Introduction 

Heavy highly charged ions are unique ‘few elec-

tron systems’ (1-4 electrons) and therefore ideal 

candidates for a direct comparison between state-of-

the-art atomic structure calculations and high-

precision measurements. The ground state hyperfine 

structure of heavy hydrogen-like ions has already 

been measured directly by means of laser spectros-

copy at the Experimental Storage Ring (ESR) at GSI 

[1]. In summer 2011,also the first direct measure-

ment of the ground state hyperfine structure in a 

heavy lithium-like ion (Bi80+) has been performed 

at the ESR [2] (this volume). The fine structure split-

ting in heavy Li-like ions could, due to the large 

transition energies, never be studied with available 

laser systems. Calculations [3] show that the 2s1/2 -

2p1/2 transitions for Li-like elements, with Z be-

tween 50 and 95, roughly span the wavelength range 

between 4 and 12 nm (or 100 and 300 eV). Howev-

er, with the aid of an X-Ray Laser (XRL), and ex-

ploiting the large Doppler shift of the transition 

wavelength in the ESR, such a laser spectroscopy 

experiment will be possible. As an example, the 

Doppler shift due to the relativistic velocities (70% 

of c) of the stored ions can be _100 eV, which is 

very large. Since an XRL can produce _65 eV pho-

tons (see below), the combination of both yields a 

photon energy of _165 eV. With this technique also 

other ground state properties of atomic nuclei, such 

as masses (or binding energies), charge radii, spins, 

and nuclear magnetic moments can be inferred [4]. 

 

2. Experimental aspects 

Since several years x-ray lasers at different wave-

lengths have been operated successfully at the 

PHELIX facility at GSI [5]. Here, a set of high-

intensity laser pulses is used to create a plasma in a 

solid target and excite electrons in the ionic states to 

create a population inversion sufficient for laser op-

eration. The wavelength at which lasing occurs can 

be varied via the target material. Experimental re-

sults from four different targets (period 5 elements): 

Ag, Pd, Mo, and Zr span the wavelength range be-

tween 12 and 24 nm (or 50 and 100 eV), over which 

they produce rather similar intensities. But more im-

portantly, the laser wavelength is very narrow and 

known to about one part in 10
4
. This is the main rea-

son why such an XRL, and not a much brighter light 

source (such as an FEL), is most suitable for the 

proposed studies. Ongoing XRL development focus-

ses on further optimization of high and stable XRL 

photon numbers. In addition, it is planned to in-

crease the repetition rate of the PHELIX pre-

amplifier from 1 shot per 2 minutes, to about 1 shot 

per 10 seconds. 

For an experiment at the ESR, a compact XRL 

setup needs to be developed, which can be placed 

directly underneath the ESR beamline in order to 

minimize XRL beam losses [5]. The IR-light (1 J, 

1053 nm) needed to pump the target will come from 

the PHELIX pre-amplifier and will be transported 

through a dedicated laser beamline to the ESR hall. 

This long (ca. 60 m) beamline will be made out of 

stainless steel tubing and vacuum flanges so that it 

can be pumped to about 10
−2

 mbar. After transport to 

the ESR hall, the pump light will be compressed to a 

short (few ps) pulse in a dedicated double-pass com-

pressor. Another short (5 m) beamline will then 

transport the compressed IR-beam to the XRL 

chamber. This setup will contain the target material, 

which will be irradiated in the so-called butterfly 

configuration [7], and the required diagnostics (e.g. 

a CCD camera). One technical challenge is to couple 

in as much of the XRL-light as possible and still 
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maintain the excellent UHV conditions (10
−11

 mbar) 

inside the ESR. Therefore, a system of shutter 

valves, equipped with thin metal filters, and differ-

ential pumping through small apertures are being 

considered. 

In addition, a set of rapid shutter valves, equipped 

with glass windows, allows for a prealignment of the 

beamline with a visible auxiliary laser, as well as for 

maintaining the vacuum integrity in case of metal 

filter damage [8]. The conversion efficiency, i.e. the 

ratio of ‘energy out’ and ‘energy in’, is about 10
−6

 

for this type of XRL. For a pump IR-beam of about 

1 J, the emerging ‘spectroscopy beam’ will thus 

have an energy of about 1 μJ (10
11

 photons). Cou-

pling in and collimation of the XRL-light into the 

ESR can be achieved with only one 90
◦
 off-axis pa-

rabola and one flat mirror, both XUV multilayer 

coated. The overlap between laser and ion beam will 

be in the middle of the straight section of the ESR. 

At the end of this straight section an in vacuo XUV-

CCD camera will be installed for alignment and di-

agnostic purposes. 

 
Figure 1 Overview of the two facilities at GSI: 

PHELIX and ESR. The red line indicates the path 

of the laser, the blue line that of the ions. 

 

Since the wavelength of the XRL is fixed by the 

choice of the target, the ion velocity will be scanned 

such that the transition is probed in small steps, 

while recording the fluorescence. The results will be 

a measurement of the central wavelength, its width, 

and the strength of the resonance (peak height). 

 

Due to the ion’s relativistic velocity, the fluores-

cence of the laser excited Li-like ions will be emitted 

in a forward cone (searchlight), which renders the 

need for a dedicated detection system. Since the 2p - 

2s decay is very fast (E1 transition), the fluorescence 

immediately follows excitation. The best spectros-

copy scheme is then to create only a few meter long 

ion bunches (14 ns long), which will be timely ex-

cited by the XRL pulses, and to detect the fluores-

cence directly afterwards, i.e. within the interaction 

region of about 1 m length. Detection will therefore 

be done in vacuo in the middle of the ESR’s straight 

section, using a metal collector, extraction and fo-

cussing electrodes, and a micro-channel plate (MCP) 

detector. The fluorescence is in the XUV domain 

and will release low energy electrons from the metal, 

which will then be guided by electrodes onto the 

MCP. Simulations have shown that the collection 

efficiency is about 5%, and the detection efficiency 

about 70%. An important aspect here is that the ion 

beam can be stored in the ESR for several tens of 

minutes, but then a new injection is required. During 

the ‘loading’ cycle of the ESR, the detection system 

must be retracted. Therefore, the whole detection 

system must be able to move (linearly) in and out of 

the path of the ion beam. 

 

This new and technically challenging project will be 

carried out in close collaboration with the Helmholtz 

Institut Jena. There are also good collaborations with 

the universities of Münster (detection system), 

Darmstadt (data acquisition), and Jena (laser devel-

opment). 
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The interaction of ultrashort laser pulses with solid tar-
gets allows producing extreme conditions that are rele-
vant to tabletop particle accelerators and laboratory astro-
physics. Here, the laser energy is initially transferred to the
target via the generation of relativistic electrons. However,
the usually large dimensions of the employed targets, flat
thin foils of mm2 to cm2 size, allow the hot electrons to
spread transversely leading to a significant reduction of the
energy density in the target, thus precluding the efficient
heating of the target material. Rayleigh droplet beams, pro-
duced by expanding a liquid through a micrometer-sized
orifice into vacuum, are extremely attractive with respect
to the above applications because, when the Rayleigh in-
stability is induced by an intentionally applied excitation,
the triggered breakup process delivers a perfectly periodic
stream of identical, isolated droplets at rates of up to sev-
eral MHz, thereby enabling detailed scaling studies under
highly reproducible conditions.

However, the stable generation of periodic droplet beams
of cryogenic elements such as hydrogen and argon, which
represent the most scientifically relevant target systems for
many potential applications, proves challenging. The high
vapor pressure at the triple point of liquid argon and hydro-
gen results in very efficient evaporative cooling upon vac-
uum expansion. The expanding liquid filament thus rapidly
cools below its normal melting point and freezes well be-
fore Rayleigh breakup can take place[1].

We have developed a compact injection source that ad-
dresses the above drawbacks delivering stable, periodic
droplet beams of the cryogenic gases hydrogen and argon
ideally suited for novel studies on relativistic laser-plasma
generation[2]. At the heart of our droplet injector, shown
in Fig. 1a, is the use of a glass capillary that is inserted
into an outer glass capillary tube. As the liquid jet emerges
from the inner capillary it expands in an axially co-flowing
gas plenum that suppresses evaporative cooling. An im-
portant aspect of the source described here is the challenge
of working at cryogenic temperatures. In our design the
typical distance between the inner capillary orifice and the
outer tube exit hole is adjusted down to∼ 1 mm (Fig. 1a).
This feature allows significantly reducing the interaction
time of the droplets with the co-flowing gas, which is held
responsible for the degradation of the droplet spatial stabil-

Figure 1: (a) Enlarged view of the exit end of our cryo-
genic droplet injector evidencing the outer glass tube and
the central inner capillary. (b), (c) Stroboscopic images of
periodic argon (b) and (c) hydrogen droplet beams propa-
gating in vacuum.

ity observed in previous studies. Figures 1b,c show peri-
odic beams of monodisperse argon and hydrogen droplets
of diameter≈ 21 µm and≈ 13 µm, respectively, jetting
from the outer tube exit hole in vacuum. We have shown
that our triggered droplet beams exhibit the necessary spa-
tial stability, with a mean relative displacement that en-
sures a nearly ideal overlap between the laser pulse and the
droplet[2, 3].

The capability of our droplet injector has been recently
demonstrated at the PHELIX laser facility by employing
an argon droplet beam as target[3]. In particular, the K-
shell spectra obtained from the argon droplets irradiated
with energetic laser pulses provide evidence for extensive
ionization of the M-shell with the creation of charge states
of up to 14+, indicating an elevated bulk temperature. A
more in-deep analysis of the x-ray spectra hints to a heat-
ing mechanisms beyond the pure collisional heating, with
an additional, ultra-fast contribution resulting from ohmic
dissipation effects in the mass-limited droplet[3]. These re-
sults thus clearly demonstrate the potential of our cryogenic
droplet injector to open up new exciting studies of matter
under extreme conditions.
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The development of temporal diagnostic techniques for 

free-electron lasers is a very active field of research. Pulse 

duration measurement methods for XUV free-electron 

lasers (FEL), such as XUV autocorrelation or THz streak-

ing are difficult experiments to perform (see references in 

[1]). A simple technique for the characterization of tem-

poral properties of the pulses would be highly desirable. 

SASE FELs also suffer from large shot-to-shot pulse arri-

val time fluctuations at the experiment. Thus, the tem-

poral resolution and the reproducibility of pump-probe 

experiments are limited. Temporal properties of a SASE 

FEL need to be fully monitored to perform precise pump 

probe experiments.  

Plasma switch for temporal diagnostics at 

free-electron lasers 

To overcome this limitation, we have developed a single-

shot temporal diagnostic tool that utilizes a solid-state 

plasma switch as optical cross-correlator [1]. This tech-

nique is based on a technique used to find the temporal 

overlap between an optical laser and the FEL for pump 

probe experiments [2]. An intense XUV pulse is incident 

under a shallow angle on a solid-state target and generates 

a high electron density within the conduction band via 

photo-absorption. This changes the optical properties 

within the sample surface. Due to the shallow angle, dif-

ferent temporal parts of the FEL wavefront are mapped to 

different spatial positions on the target. The target surface 

is probed with an ultrashort optical laser pulse. The meas-

ured temporally (and hence spatially) varying change of 

optical transmission is related to the cross-correlation 

between the optical pulse, Ilaser(t), and the integrated XUV 

pulse, 

 

                                    

  

  

     (1) 

where G(t) = G(IFEL(t)) is the transmission function of the 

plasma. Detailed theoretical simulations allow us to un-

derstand the ionization dynamics within the target materi-

al. For our experimental conditions the plasma density, 

ne(t), follows almost instantaneously the integrated FEL 

intensity, 

             
       

 

  

  (2) 

which enables us to retrieve the intensity envelope of the 

FEL pulse. Our experiment was performed on the FEL 

FLASH at DESY in Hamburg, using two distinct wave-

lengths, 5.5 nm and 41.5 nm, to demonstrate the versatili-

ty of the method. A measurement at 41.5 nm is shown in 

Figure 1. The measurement is fitted with a calculated 

cross-correlation curve assuming an FEL pulse with 

Gaussian temporal distribution of about 184 fs. Further-

more, we showed the possibility to implement the tech-

nique as an online tool. This allows carrying out a pump-

probe experiment and measuring simultaneously the pulse 

duration and arrival time of the XUV pulses on a single-

shot basis. The temporal resolution of the measurement 

will be further improved by using shorter probe pulses. 

Future experimental campaigns at FLASH and at FERMI 

will determine the robustness of this method for future 

implementation at the FLASH-2 FEL as an online tool. 

 

         

Figure 1: Cross-correlation on a fused silica target. Measured 
(white dots) and fitted (blue line) curve at 41.5 nm FEL wave-
length. The obtained FEL pulse duration is (184 ± 14) fs. The 
grey data scattering originates from small fluctuations in spa-
tial beam profile (optical laser and FEL). 
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We are currently preparing an experimental setup which
features a Penning trap for preparation and control of suit-
able ion targets for irradiation with high-intensity laser
light and study of subsequent reactions. Of particular inter-
est is the detailed investigation of multiphoton-ionisation
of confined particles by highly intense laser light. One im-
portant aspect is control over the confined particles’ mass,
charge, density, localization and optimized overlap with the
laser light by Penning trap techniques like the use of trap
electrodes as ’electrostatic tweezers’ and by application of
a ’rotating wall’, respectively. Also, the non-destructive
detection of reaction products is a central property. The
Penning trap setup is designed in a portable fashion, such
that it can be attached to existing laser systems easily [1].

The interaction of highly intense radiation with matter
and the corresponding non-linear effects have been subject
of lively research, both theoretical and experimental, es-
pecially in the infrared and visible photon energy regimes.
Laser systems capable of producing high intensities also
at photon energies in the extreme ultra-violet (EUV) and
(soft) X-ray regime open access to novel effects like non-
linear Compton effects or simultaneous elastic and inelastic
photon scattering, and allow multiphoton-ionisation exper-
iments in a new domain. However, experiments have so far
not been able to prepare and investigate well-defined parti-
cle ensembles and to non-destructively analyse the reaction
products with high accuracy, nor were they able to select or
prepare products for further studies in a well-defined way.

The particles (atomic or molecular ions) are confined
in the Penning trap following in-trap production or cap-
ture of externally produced ions. Confined ions can be
cooled, compressed, positioned and selected with respect
to their mass and charge prior to laser irradiation. The reac-
tion products are analysed by non-destructive methods and
hence remain confined for further studies. Such measure-
ments are, for example, able to determine cross sections for
multiphoton-ionisation in an energy- and intensity- regime
so far not or not sufficiently examined. Additionally, the
created electrons may be extracted from the trap and anal-
ysed externally. Hence, the reaction energetics may be re-
constructed as completely as possible.

Figure 1 shows an example of a multiphoton ionization
study using these techniques: ions are dynamically loaded
into the trap from external sources or produced in the trap
by electron impact or laser ionization (A). One or more spe-
cific ion species are selected (B), these ions are then cooled,
compressed by a rotating wall and positioned. Thus, the
ion target is well-prepared for interaction with the high-
intensity laser. During and following the laser interaction,
the charge state evolution of the confined ions is monitored
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Figure 1: Example of an experimental timing scheme for a
study of multiphoton ionization. The individual durations
are meant toreflect the typical order of magnitude. The
right hand side shows the corresponding mass-to-charge
spectra of the trap content, for details see text.

by FT-ICR-spectrometry (C and D). Specific product ions
can be selected and remain stored for further use (E).

Ion positioning along the experimental axis has some in-
teresting features when a focused laser is considered since
it allows to determine the position of the focus with high
resolution. At the same time, especially for strongly fo-
cused lasers, ion positions can be chosen such that the reac-
tion takes place at different field intensities and thus allows
a study of the reaction as a function of laser field intensity
without the need to change laser parameters.
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Strong-field ionization of atoms is of central 

importance for many phenomena like laser-based 

electron or ion acceleration by ultra-intense laser 

pulses. At relativistic intensities laser pulses ionize the 

target atoms or molecules to high charge states in a 

multi-photon multi-electron process. We have 

performed a series of experiments where the multi-

electron dynamics during the strong-field ionization of 

atomic ions in linearly and elliptically polarized laser 

fields is probed by measuring the momentum 

distribution and charge state of the ions that result 

from the multi-photon ionization. 

Experimentally, we use the newly developed ion beam 

apparatus, see Fig. 1, together with a high-power laser 

system that delivers 10 mJ, 35 fs at a repetition rate of 

1 kHz. The ion beam is produced by a duoplasmatron 

ion source or an EBIT (electron beam ion trap). The 

duoplasmatron produces a dense ion beam with ion 

currents up to several µA, but low charge states. The 

EBIT provides the option to start from different initial 

charge states of the same atom and to isolate the 

effects of each ionization step. From the ion source, 

the ion beam with a kinetic energy of several keV is 

guided through a series of Einzel lenses, a Wien filter, 

deflectors and pinholes in order to produce a dense 

and collimated beam at the interaction point with the 

laser. After photo ionization, the full three dimensional 

momentum distribution and charge state of the ions 

are measured using a position- and time-sensitive 

detector together with external electric fields that 

separate the initial and final charge states in space and 

time. 

a)   b) 

 
c)   d) 

 
Figure 2: Ion momentum distribution of single ionization of Ne+.  

for different ellipticities ε from linear to nearly circular: a) linear, b) 

ε=0.5 c) ε=0.75 d) ε=0.95 

 

Status of the project: The ion beam setup is routinely 

operated during dedicated beam times of the laser 

system. In 2012, momentum and charge state 

distributions of ions resulting from the ionization of 

singly charged Xenon, Neon and Helium are studied 

as a function of intensity and ellipticity of the laser 

pulses. With a new focusing geometry, peak 

intensities up to 5∙10
16 

W/cm² are reached such that 

highly charged ions up to Xe
8+

, Ne
5+

 and He
2+

 can be 

observed. From the measured ion momentum 

distributions, the multi-photon multi-electron 

dynamics is reconstructed and compared to classical 

trajectory Monte-Carlo simulations that are performed 

and compared with the experimental results 

 

 

Figure 1: Experimental setup of the ion beam apparatus, which includes a duoplasmatron ion source, Einzel lenses (EL1-2), a Wien filter 

(WF), deflector plates (DF1-3), pinholes (AP1-2), an ion accelerator for ion separation in time and a delay-line detector (DLD). The laser 

pulses are focused perpendicular to the ion beam in the apparatus after the polarization is modified by wave plates. 
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We report on experimental study of the decay proper-
ties of 1s(2s2) state in Li-like bismuth (Z=83), adopting a
state selective K-shell ionization technique [1]. This state
is expected to undergo predominantly an exotic 1s(2s)2 →
(1s)22p1/2 two-electron one-photon decay (TEOP) [2, 3],
which is interesting because of its sensitivity to electron
correlation effects. In the high-Z ions the 1s(2s2) state can
also decay to the ground (1s)22s state via a radiative mag-
netic dipole M1-transition. The strong variation of the de-
cay properties of the states along the isoelectronic sequence
is an ideal testing ground for our understanding of the in-
terplay of electron correlation and relativistic effects in a
few-electron ions.

Figure 1: Preliminary x-ray spectra recorded for
Bi79+ → N2 (see text for details).

The experiment was performed at the ESR (GSI) with
98 MeV/u Be-like bismuth ions colliding with a gas jet tar-
get (N2). The x-rays produced in this process (see Fig. 1)
were measured under an angle of 35◦ with respect to the
propagation direction of the ion beam (for details concern-
ing the setup see [1]). By the coincident registration of
x-rays with the charge state of the ions after the collision,
few different radiative processes can be separated: K-shell
excitation of the Be-like ions, the radiative electron cap-
ture and the formation of excited states of the Li-like ions

Figure 2: Preliminary analysed ionization spectrum peak;
blue steps / blue line: the peak position defined by radiative
sources calibration/ the corresponding fitting curve; black
steps / black line: the peak position obtained by the cali-
bration based on the theoretical Kα1 and Kα2 lines / the
corresponding fitting curve; grey boxes: theoretical predic-
tions for the TEOP (left) and M1 (right) transitions with
the widths corresponding to the theoretical uncertainties;
red line: convolution of the theoretical predictions [3].

produced by K-shell ionization. As can be seen in the ion-
ization spectrum (Fig 1:Ionization), K-shell ionization ap-
pears to be a very selective population process, because in
the associated photon spectrum only one single x-ray line
is observed stemming from the decay of the 1s(2s2) state.

The energy separation between the two transitions of in-
terest, TEOP[1s(2s2) → (1s)22p1/2] and M1[1s(2s2) →
(1s)22s1/2], is close to 250 eV in the emitter frame. Due to
the lack of high resolution x-ray detectors within the cur-
rent investigation, the goal of the current data analysis is to
determine M1/TEOP branching ratio, i.e. the contamina-
tion of the TEOP by the M1 decay, using an accurate line
centroid determination of the observed x-ray line. Apart
from a conventional method utilising an accurate calibra-
tion of the detector with radioactive sources, a complemen-
tary calibration method was used based on corresponding
energies of the Kα1- and Kα2-lines, produced by excita-
tion (Fig. 1:Excitation), as an energy reference. The latter
provides an important cross-check for the Doppler correc-
tions to be applied. This, however, is based on the assump-
tion that K-shell excitation of the Be-like ions occurs to
the 1s(2s)2p3/2 and 1s(2s)2p1/2 levels exclusively. Pre-
liminary results are presented in the Fig. 2, suggesting a
dominance of the TEOP over the M1 transition. The data
analysis is in progress.
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6Lab. Kastler Brossel, Université P. et M. Curie, Paris, France; 7Laboratoire de Physique des Lasers (LPL) UMR 7538
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The ground-state electron in a heavy hydrogen-like ion
is exposed to the extraordinarily strong electric field of the
nucleus providing the testing ground for bound-state quan-
tum electrodynamics (QED) in extreme fields. The QED
contribution to the 1s binding energy is accessible via accu-
rate spectroscopy of the hard x rays comprising the Lyman
spectrum.
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Figure 1: Two crystal-spectrometers, Bi-FOCAL, symmet-
rically arranged around the ion beam at the ESR gas jet.
The Lyman-α spectra of Au78+ appear as slanted lines in
the position-sensitive x-ray detectors.

A twin crystal-spectrometer assembly, Bi-FOCAL, oper-
ated in the FOcusing Compensated Asymmetric Laue ge-
ometry has been arranged for accurate x-ray spectroscopy
at the ESR gas jet as schematically depicted in figure 1 [1].
The spectrometer system equipped with two 2D position-
sensitive Ge strip detectors was operated for the first time
in a beam time of three weeks.

It could be demonstrated that the newly developed crys-
tal optics in concert with the position sensitive detectors

∗Work supported by EU and EURONS contract No. 506065. D. Banas
acknowledges the support by the Polish Ministry of Science and Higher
Education under Grant No. N N202 46353.

can cope with the low count-rates of only about 6 events
per hour encountered. Background could be effectively re-
duced by proper shielding facilitated by the existence of a
polychromatic focus and by making use of the time and en-
ergy resolving capabilities of our detectors applied in parti-
cle – x-ray coincidences. As a result, the Lyman spectra of
hydrogen-like Au78+, as seen in the insets of figure 1 and
as a projected spectrum in figure 2, reveal an impressively
low background.
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Figure 2: The Lyman-α and -β doublets of Au78+ obtained
by projection of the 2D intensity distribution.

The slanted lines observed in figure 1 are in accordance
with the underlying x-ray-optical design. This way spec-
tral resolving power can be retained also for fast moving
sources. Coming in pairs the x-ray optics provide Doppler
cancellation capabilities. In the experiment the Lyman-
α1 line was Doppler tuned to the position of the 63.1-
keV gamma-ray line emitted from a radioactive sample of
169Yb used as a calibration source. From a detailed analy-
sis of the line positions will be extracted an accurate value
of the 1s binding energy and thus of the 1s Lamb shift.

We thank the Institut für Kernchemie of the Johannes
Gutenberg-Universität, Mainz, for the preparation of our
calibration sources.
[1] H.F. Beyer et al., Spectroch.Acta Part B 64 (2009) 736.
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Quantum electrodynamic and relativistic effects in the
strong field of a very heavy nucleus can be studied in highly
charged two-electron ions by an accurate spectroscopy of
the respective n=2→2 transitions. For U90+ the wave-
length of the corresponding x rays is near 2.7 Å and can be
accomodated by a Ge (220) crystal employed in a Johann
spectrometer. A preliminary experiment of this type has al-
ready been conducted using stored highly charged uranium
ions in the ESR storage ring at GSI [1]. The accuracy of the
experiment was limited by an asymmetry observed in the
x-ray line shape. A culprit for that could be imperfections
of the analyzer crystal used. Indeed the x-ray topography
taken of the crystal after the experiment revealed strong in-
homogeneities. Therefore a continuation of the experiment
is only meaningful with much improved crystals.

Crystal

Substrate

Glass Form

Glue

Figure 1: Method of bending a crystal to a cylindrical form.
The polished crystal is wrung to a cylindrical glass form
of high-quality finish which predetermines the geometrical
form. After gluing the crystal with its rear side to another
glass form the front glass form is detached.

Consequently, a total of four high-quality cylindrically
bent crystals of dimension 50×25×0.12 mm3 and a radius
of curvature of 2 m have been produced and characterized.
The method of bending employed, is schematically illus-
trated in figure 1. The prepared and polished crystal slab
is wrung to a cylindrical glass body with a highly accurate
cylindrical finish that defines the geometrical shape of the
crystal. After gluing the crystal with it’s rear side to an-
other glass substrate, the crystal is shaped to the required
size of it’s large surface and thereafter detached from the
front glass form.

There is still one degree of freedom, that is the choice of
the crystal’s azimuthal rotation. The latter has been opti-
mized such as to minimize possible influences of Umweg
excitations. For that purpose calculations of multiple
diffractions have been carried out with the aid of the XOP
software [2]. It turned out that in the interesting region

of Bragg angles Umweg excitation can be widely avoided.
Only when in use with the calibration source in second or-
der of diffraction it can not be totally diminished.

Figure 2: One of the crystal specimens shown as an opti-
cal photography (top) and as an x-ray topography (bottom)
obtained with Cu-Kα radiation in a von-Hàmos geometry.

As a final quality test x-ray topographies were taken with
Cu-Kα radiation in a von-Hàmos and in a Rowland geom-
etry. In figure 2 both, an optical photography and the result
of a von-Hàmos topography is displayed revealing a single
spot in the lower left corner of the crystal due to an isolated
adhesive imperfection. Otherwise the crystal is free of dis-
tortions in the central part that is going to be used in the
spectrometer. The curved Ge crystals are mounted and pre-
aligned in crystal modules which will be part of the crystal
spectrometers to be assembled. Subsequently, a number
of test measurements with prototype spectrometers will be
performed.
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X-ray spectroscopy is a powerful tool for the diagno-
sis of plasmas being produced in fusion devices, celestial
objects and in the interaction of high-power lasers or ion
beams with matter. It is also known that radiative processes
like bremsstrahlung, radiative recombination and charac-
teristic transitions occurring in plasmas may exhibit dis-
tinct anisotropic and polarization features. In general, an
anisotropic plasma tends to produce polarized radiation,
and by photon polarimetry and/or angular resolved mea-
surements one can investigate the anisotropic, and thus
non-thermal features of the plasma [1, 2].
While single photon spectroscopy up to roughly 20 keV
can be performed using standard x-ray CCD cameras, pre-
cise studies in the hard x-ray regime are often hampered
by the lack of adequate detector technology. This is due to
extremely high fluxes in combination with low repetition
rates being typically found at plasma sources which gener-
ate x-rays up to the MeV regime, e. g. high-power laser
facilities. Here, the operation of standard unsegmented,
large-volume detectors leads to photon pile-up in the detec-
tor or requires unrealistic long acquisition times in order to
obtain single photon spectra. Thus, state-of-art studies of
hard x-ray spectra originating from plasmas still rely on
low-precision techniques like stacks of several filter mate-
rials in front of an image plate [3]. However, with the re-
cent development of pixelated CdTe sensors equipped with
the Timepix readout chip [4, 5], energy-resolving detec-
tors have become available that combine a high granularity
comparable to x-ray CCDs with the high-stopping power
of a high-Z detector material.

In this report, we present a setup optimized for Comp-
ton spectroscopy and linear polarimetry of incident x-rays
up to a few hundred keV based on such detector systems,
see Fig. 1. Here, two 1 mm thick CdTe detectors with up
to 256×256 pixels record the radiation which is Comp-
ton scattered within a low-Z target. Compton spectroscopy
aims for the reconstruction of the incident x-ray spectrum
from the spectral distribution of the scattered photons and
is in particular well-suited for fluxes being too high to
expose the detector directly to the incident radiation [6].
As for photon energies below about 1 MeV the Compton
cross section varies only slightly, the efficiency and conse-
quently the amount of flux reduction of the scattering setup
is mainly determined by geometry, namely the solid an-
gle covered by the CdTe detectors. Similarly, the spectral
broadening due to the dependence of the scattered photon
energy on the longitudinal Compton scattering angle ϑ can
be adjusted.

∗g.weber@gsi.de

Figure 1: Setup for Compton spectroscopy and polarimetry
consisting of two pixelated CdTe detectors and a scatter
target, as it was used in the test measurement at DESY.

Moreover, the degree of linear polarization PL of the in-
cident radiation can be obtained by means of Compton po-
larimetry, which is based on the asymmetry of the scattered
photon emission pattern with respect to the azimuthal scat-
tering angle ϕ, see [7]. Assuming that the CdTe detectors
are located at 0◦ and 90◦ with respect to the incident pho-
ton electric field vector, the linear polarization is given by
PL = M(N0◦−N90◦)/(N0◦+N90◦), with M denoting the
modulation factor depending on the photon energy and the
experimental setup. If the orientation of the polarization is
unknown, this quantity can also be obtained by rotation the
detectors around the scattering target.
Recently the setup from Fig. 1 was used in a test measure-
ment at the PETRA III synchrotron facility at DESY where
high-intensity, highly polarized photon beams between 50
and a few hundred keV were impinging on the scatter tar-
get. The analysis of the obtained data is still ongoing.
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Spatially- and energy-resolved imaging of hard X-ray
radiation with active detector systems has gained grow-
ing importance in recent years. When operated with high-
Z detector materials, the Medipix2 family of ASIC read-
out chips, in particular its Timepix derivative, constitutes a
comparatively small and versatile member of this detector
class [1, 2]. Two 1 mm thick CdTe sensors equipped with
Timepix readout chips, manufactured at FMF, Freiburg, are
being employed at HI-Jena. The detectors have 128× 128
pixels with a size of 55 μm, and 256 × 256 pixels with a
size of 110 μm, respectively. As each pixel features its own
amplifier and output circuitry, variations in the response of
different pixels occur. The devices are capable of perform-
ing measurements of either arrival time, event counting, or
deposited energy, depending on the selected mode of oper-
ation. However, efficient use of their energy measurement
function requires energy calibration of each pixel [3].

Figure 1: Energy–signal dependence of a sample Timepix
pixel, derived from fitting the marked measuring points.

The general dependence of a pixel’s signal on the de-
tected energy is outlined in Figure 1. Note its deviation
from linear behavior near the threshold. The mathematical
relationship between signal and energy follows the equa-
tion [3]

f(E) = a ·E + b− c

E − t

and may be inverted for energies greater than the low-
energy threshold t, providing a way to deduce the energy
detected in a pixel from its signal as long as its characteris-
tic parameters a, b, c and t are known.

We therefore performed a series of calibration measure-
ments to obtain a reliable estimate of each pixel’s signal
when irradiated with a given energy, using the Kα lines of
various materials and the γ lines of Americium and Bar-
ium.

Subsequent calculations and analysis algorithms were

implemented using the MATLAB environment [5], which
offers numerous appropriate high-level functions as well as
excellent array operation capabilities. For every pixel we
compiled spectra of its signal, with the restriction that we
disregarded events of adjacent pixels also returning a sig-
nal, thus eliminating some of the cases where the incident
photons were absorbed incompletely in the pixel of inter-
est.

Using a program derived from O’Haver’s peak fitting
routine [4], the corresponding peak position for every ra-
diation source was localized in each pixel’s spectrum. Ad-
justing the above-noted mathematical relationship to these
measuring points, the corresponding set of which is marked
for the example pixel used in Figure 1, yielded the param-
eters needed for an energy calibration curve of each pixel.
Figure 2 exemplifies this by juxtaposing 241Am γ ray spec-
tra as measured with a Timepix device before and after cal-
ibration. The need for pixel-wise calibration is illustrated
by the non-overlapping peaks of single- and double-pixel
events in the uncalibrated spectrum, both being combined
in a single peak after calibration.

Figure 2: 241Am γ ray spectra, measured with a Timepix
device, before (left) and after calibration (right).
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Compton polarimetry has proven to be a powerful tool to
measure the linear polarization of hard x-rays. In the GSI
atomic physics department, several polarization measure-
ments have been carried out using a lithium-drifted silicon
(Si(Li)) double-sided strip detector (DSSD) [1,2,3,4]. This
detector system works efficient in a photon energy range of
about 60 keV a few 100 keV. An extension to higher ener-
gies can be achieved by using a heavier detector material,
providing a higher Compton cross section and also a higher
stopping power. For the low-energy region of about 20 keV
to 80 keV, an entirely new concept for Compton polarime-
try is proposed: the polarimeter consists of a low-Z cylin-
drical scatterer and - around it - a ring of high-Z absorber
plates. Both the scatter target and the absorbers will work
as high-resolution microcalorimeters which are a novel de-
velopment of the ”Magnetic Calorimeters” group in Hei-
delberg [5]. In this work, the efficiencies of both polarime-
ter systems have been investigated in Monte Carlo simula-
tions using EGS5 [6]. A Ge(i) DSSD, that can cover higher
x-ray energies, was studied using simulation techniques as
presented in [7]. For the microcalorimeter-polarimeter, an
entirely new EGS5 code was written.
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Figure 1: DSSD results. Legend format: number of strips,
detector thickness [cm], incidence spread (p=no, s=yes).

The Ge(i) detector consistsof a single crystal segmented
into nx vertical andny horizontal 1 mm wide strips result-
ing in a quadratic pseudo-pixel structure of 1 mm2 size.
The parameters variednx (alwaysny = nx) and the detec-
tor thickness (z-direction). First, results were obtained for
a point-like (p) incidence in the center of the detector, then

∗k.-h.blumenhagen@gsi.de

the incoming photons were spread over thedetector area
(s). Results are shown in figure 1.

For the microcalorimeter polarimeter, the following ge-
ometry has been considered: the scattering cylinder had a
diameter and length of 1 mm. The area of the absorber
plates (here: gold) facing the scatterer was 1 mm by 1 mm,
their thickness 0.2 mm. The radius of the absorber ring was
dervied from the requirement that one absorber covers the
longitudinal scatter angle range ofθ = 90◦ ±∆θ. The an-
gular acceptance∆θ was choosen here according the num-
ber of absorbers to minimize the gaps between them. So
far, three configurations have been simulated: 40 absorbers
and∆θ = 3.5◦ with (1) a beryllium and (2) a carbon scat-
terer, and (3) 31 absorbers and∆θ = 5.8◦ with a carbon
scatterer. Figure 2 shows the microcalorimeter simulation
results.

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  50  100  150  200

po
la

rim
et

er
 e

ffi
ci

en
cy

 [%
]

incident photon energy [keV]

Be,40
C,40
C,31

Figure 2: Microcalorimeter results. Legend format: scat-
terer material, number of absorbers.
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Novel highly-segmented semiconductor detectors 
which combine a good detection efficiency, energy and 
time resolution, together with millimetre to sub-
millimetre position sensitivity, represent a versatile tool 
for Compton polarimetry in the hard x-ray regime [1]. 
Such detection systems have recently been introduced for 
the investigation of radiative processes involving high-Z 
ions in collisions with gaseous matter at the storage ring 
ESR [2,3,4] as well as in electron-atom collisions at the 
TU Darmstadt [5]. 

In the present experiment, a novel Si(Li) Compton po-
larimeter [6], which was developed for experiments at the 
international FAIR facility, has been tested at the 
DESY PETRA III beamline P07-EH1. For this purpose, 
the detector was exposed to the synchrotron radiation. 
Since the synchrotron radiation is nearly 100% linearly 
polarized, we were able to test the detector performance 
as an x-ray polarimeter for photons in the hard x-ray re-
gime. 

Figure 1 shows the Si(Li) detector response to the inci-
dent synchrotron radiation. The monochromator of the 
beamline was set to 57.3 keV. The clearly visible line at 
161.1 keV could be identified as the third harmonic. The 
broad structures at lower energies belong to recoil elec-
trons of the Compton-scattered photons. 
 

 
Figure 1: Si(Li) detector response to the incident synchro-
tron radiation. 

Figure 2 shows the position distribution of Compton 
scattered photons inside the Si(Li) detector crystal. In this 
case, only the 161.1 keV incident photons of Figure 1 and 
only polar scattering angles of 90°+-10° are taken into 
account. The incoming x-ray beam was centred on the 
centre of the detector. Compton recoil electrons (spot in 

the centre of Figure 2) have been detected in coincidence 
with the corresponding Compton scattered photons. To 
reconstruct the whole kinematic process, each pair of 
Compton-electron and Compton-photon has been quanti-
fied in position and energy. 

 

 
Figure 2: The position distribution of Compton scattered 
photons inside the Si(Li) detector crystal for 161.1 keV 
incident photons. The strong anisotropy indicates the high 
degree of linear polarization of the incident synchrotron 
radiation. 

According to Klein-Nishina equation, the photons are 
scattered mostly perpendicular to the incident photon 
electric field vector (polarization axis). This is clearly 
reflected in the strong azimuthal anisotropy of Figure 2, 
which indicates a very high degree of linear polarization, 
typical for synchrotron radiation facilities. The degree of 
linear polarization as well as the polarization orientation 
of the incident radiation can be reconstructed apllying a 
least-squares adjustment to the azimuthal scattering dis-
tribution [7]. 

We have acquired the Compton scattering data for dif-
ferent x-ray energies as well as different detector orienta-
tions. The evaluation is currently under way. 
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A non-intercepting detection of high bright-

ness, high intensity primary ion beams as well 

as low intensities of rare isotope beams is re-

quired for the high-energy transport beam lines 

at FAIR [1]. The expected beam currents in 

these beam lines are in the range of few nA up 

to several µA. The CCC optimally fulfils the 

requirements for the FAIR beam parameters [2]. 

The total intrinsic noise of the complete CCC 

is composed by the intrinsic noise of the SQUID 

itself and its electronics as well as the magneti-

zation noise of the embedded coils. The current 

spectral density      of a coil at a temperature T 

could be calculated with the Fluctuation-

Dissipation-Theorem (FDT) and the measured 

frequency dependent serial inductance LS () 

respectively serial resistance RS () in the 

equivalent circuit diagram of a real coil, 

whereas RS () represents the total losses: 
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Based on the results of preliminary investiga-

tions cores of nanocrystalline ferromagnetic 

Nanoperm M764-01 [3] with an outer diameter 

of 260 mm, an inner diameter of 205 mm and a 

width of 97 mm were ordered. After welding the 

single-turn toroidal niobium winding the coil 

was characterized at 4.2 K in a customized 

wide-neck cryostat. 

Noise measurements were performed using a 

SQUID System “SQUID Control 5.3” of Jena 

University. The output voltage noise density of 

the SQUID electronics was measured by an HP 

35670A dynamic signal analyzer. The Nano-

perm pick-up coil was shielded against external 

magnetic fields using two niobium pots fitted 

into each other. The DESY-CCC pick-up coil 

was already enclosed into the meander-shaped 

shielding during the noise measurements. 

The measured current noise density of the 

Nanoperm pick-up coil (see (a) in Fig. 1) is 

lower by a factor of 2 - 5 than the current noise 

density of the DESY-CCC pick-up coil with an 

amorphous core of Vitrovac 6025F [4] (see (d) 

in Fig. 1). 

The noise was decreased to 35 pA/Hz
1/2

 com-

pared to 110 pA/Hz
1/2

 at 7 Hz and to 

2.7 pA/Hz
1/2

 compared to 13.3 pA/Hz
1/2

 at 

10 kHz. The total noise of the Nanoperm coil is 

calculated to be 1.2 nA in the frequency range 

from 0.2 Hz to 10 kHz. In the case of the DESY-

CCC pick-up coil the predictions from the FDT 

(see (e) in Fig. 1) matches very well to the noise 

measurements.  

 
Fig. 1: Measured (a) and calculated (b) current noise of 

the welded pick-up coil with Nanoperm M-764-01 core as 

well as the measured current noise of the SQUID sensor 

(c) compared with the measured (d) and calculated cur-

rent noise of DESY-CCC with Vitrovac 6025 F. 

 

The CCC has shown its capability as beam 

monitor for high energy ions as well as elec-

trons. With the usage of the presented material 

Nanoperm M-764-01 the current noise density 

of the pick-up coil was reduced by a factor of 

two to five. With the increased attenuation fac-

tor of the meander-shaped shielding a further 

noise reduction in the low frequency range up to 

1 kHz should be possible. This would allow the 

detection of beam currents below 1 nA. 
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The high voltage electron beam ion trap S-EBIT [1]
shall provide highly charged ions - ultimately fully stripped
heaviest ions up to uranium - for precision experiments and
also serve as a development platform for SPARC experi-
ments at the future FAIR facility [2].

According to an agreement between Stockholm Univer-
sity and Helmholtz Institute Jena, the S-EBIT should be
transferred for a series of experiments over an extended pe-
riod of time, to start with for 5 years with the option to
extend for a longer time period, to the Helmholtz Institute
at Jena within the framework of the FAIR/SPARC collabo-
ration.

	
  

Figure 1: Schematic of experimental arrangements related
to the HITRAP along with the main physics topics (for de-
scription compare text).

The S-EBIT will be installed and commissioned at the
experiment platform of the HITRAP facility [3], where
it will not only be used as a standalone device but also
serve as a source of highly charged heavy ions for HITRAP
(Fig. 1 and Fig. 2). This is of particular importance for the
FAIR related shutdown period (2014 through 2017), where
virtually no beam time will be provided for SIS18/ESR and
consequently for the HITRAP facility.

The S-EBIT will provide extracted medium Z ions up to
about Z=66 with sufficient intensities, allowing to perform
a unique physics program and to make use of the available
experimental infrastructure of HITRAP as well as of the
novel instrumentation provided by the HI-Jena [4]. In ad-
dition, the important R&D projects related to FAIR, such as
tests of spectrometers, position sensitive detectors operat-
ing in UHV environment and so on can be conducted which
are of particular relevance for the first available facility of
the FAIR project, the CRYRING@ESR [5]. Moreover, first

experiments with highly-charged ions in intense laser fields
can be carried out (PHELIX) at the HITRAP location.

Along with the S-EBIT, a high current plasma source
CHORDIS will be built up, which would provide isotope
clean singly charged ions for further charge breeding in
the EBIT. For that a sophisticated extraction scheme with
a charge cleaning magnet and a time-of-flight section for
charge breeding diagnostics will be build up.

For the operation of the source and the whole beam ex-
traction and transport system, the control system is being
upgraded/developed based on the CS3.1. The control sys-
tem will continuously monitor the temperature of the su-
perconducting coils, the vacuum, the emission and collec-
tor current, the anode current and the power consumption
of the high voltage power supply. Besides that, the con-
trol system will allow coupling with the data taking in S-
EBIT experiments, which ultimately would allow imple-
mentation of an event-by-event mode.

!

Figure 2: Available and upcoming experimental setups,
dedicated to slow highly-charged heavy-ions as provided
by the HITRAP and the S-EBIT.

All available components of the S-EBIT have been
shipped by now to GSI and the assembling of the machine
at the HITRAP platform is on-going.
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The low energy storage ring LSR shall provide low en-
ergy, highly-charged ions and antiprotons at FAIR used 
by two collaborations, SPARC and FLAIR, for precision 
experiments. The LSR is a Swedish in-kind contribution 
to the FAIR facility in Darmstadt,  

The LSR [1] evolves from the heavy-ion storage ring 
CRYRING, which has been operated at the Manne Sieg-
bahn Laboratory in Stockholm until 2010. Instead of 
warehousing the ring components until installation at the 
Facility for Antiproton and Ion Research, FAIR, the im-
mediate installation behind the existing Experimental 
Storage Ring, ESR, has been proposed and worked out in 
detail by a Swedish-German working group. The estimat-
ed efforts for installation and operation of CRYRING at 
the ESR have been summarized in a report [2] published 
by that working group in 2012.  

A schematic overview of the storage ring and its facili-
ties is shown in fig. 1. CRYRING can decelerate, cool 
and store heavy, highly-charged ions down to a few 100 
keV/nucleon. It provides a high performance electron 
cooler in combination with a gas jet target. It is equipped 
with it’s own injector and ion source, to allow for 
standalone commissioning.  

  

 
Figure 1: CRYRING at ESR. 

The ions are kept in orbit by twelve 30° magnetic di-
poles and a number of magnetic quadrupoles and sextu-
poles (not shown in the figure) in six of the twelve 
straight sections. The other six sections house an injection 
and an extraction system, the deceleration and accelera-
tion drift, and the electron cooler. One section is used for 
experimental installations as for instance a gas target.  

The storage ring is capable of accelerating ions with 
mass to charge ratio below four injected at only 

300 keV/nucleon from the off-line ion source to the max-
imum rigidity of 1.44 Tm. It also decelerates ions injected 
at the maximal rigidity down to the lower rigidity limit of 
0.054 Tm. The magnets are conceived for fast ramping, 
such that the whole decelerating (accelerating) process 
could be done in only 150 ms. 

One of the key features is an electron cooler with adia-
batic expansion of the electron beam. This yields about 
100 times lower transversal electron temperature than in 
the ESR and yields directly higher resolution in recombi-
nation spectroscopy with merged ion – electron beams. 
 The proposed installation behind the ESR in combination 
with its own injector makes CRYRING@ESR the perfect 
machine for FAIR related tests of diagnostics, software 
and concepts on one side, and atomic physics experiments 
with heavy, highly charged ions stored at low energy on 
the other side. The new, FAIR type, control system will 
be implemented for the first time in a machine that deliv-
ers beam and hence will be the perfect occasion to test not 
only the cooperation of the design concepts but also the 
stability of the system. Since the ring can be operated any 
time it is the perfect training ground for operators on the 
new control system and this allows for valuable feedback 
on the operational concept well in advance before the 
commissioning of FAIR’s key machines.  

Physics applications range from “classical” atomic 
physics experiments like the determination of the lamb 
shift using X-ray spectroscopy, but with increased resolu-
tion, over measurements at the borderline of atomic and 
nuclear physics for instance to determine the charge radi-
us to a yet unexplored energy regime for astrophysical 
interesting nuclear reactions. The details of planned ex-
periments are laid down in the “Physics book” that is 
close to completion [2]. 

Most components have been shipped by now to GSI 
and on-site tests are ongoing. CRYRING@ESR will be 
installed in Cave B and the necessary reconstruction work 
has been started. 
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In the current FAIR planning, the High-

Energy Storage Ring (HESR) will be available 

for storing ionic species accelerated by the SIS 

[1].This opens the way for a far reaching expan-

sion of present laser experiments using stored 

heavy-ion beams[2].The large SPARC commu-

nity, mainly centering on Atomic Physics and 

bound state QED has gathered a strong physics 

case for experiments with stored, cooled parti-

cles.As a novel and unique possibility for re-

search in ultra-high field science the HESR will 

provide brilliant intense stored ion pulses at rel-

ativistic velocities of (γ = 6). For the interaction 

with laser pulses, the interaction frame will see 

a Doppler shift of the laser frequency by more 

than one order of magnitude. In addition, the 

relativistic Doppler effect will shorten a contra-

propagating laser pulse, in total boosting the 

relevant parameters by more than 2 orders of 

magnitude. Changes in the ionic charge can be 

detected on a single particle level. Interaction 

with lasers and x-ray laser sources will be pos-

sible in the straight sections, or just before the 

180° arcs.  

Novel laser sources given by e.g. the PHELIX 

laser [3], and laser driven x-ray sources [4,5] 

can be used in this context. The most developed 

source is the plasma x-ray laser. Upcoming 

new approaches are Thomson laser scattering 

from medium energy electron beams, high 

harmonics generation, and betatron emission 

[5] in laser driven plasmas. 
 

Exploiting the unique combination of a large 

Doppler shift and the excellent beam quality, 

novel spectroscopy approaches for studies not 

only in the ionic states, but also in nuclear exci-

tations and pair-creation processes are accessi-

ble. For this purpose an experimental station has 

to be created, where laser and ion beams can be 

merged in counter propagating direction. This is 

possible at several locations within the HESR.  

 

 

 
Figure 1. Layout of the HESR at FAIR The ions are 

injected from the bottom-left and circulate the ring in 

an anti-clockwise direction.  
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Influence of the hot electron energy spectrum on the TNSA process
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We investigated the ion acceleration mechanism in the
Target Normal Sheath Acceleration (TNSA) scheme ana-
lytically as well as numerically. A sophisticated computer
code was developed, which is based on a kinetic treat-
ment of the particles. In contrast to common Particle-in-
Cell (PIC) methods, the electrons are assumed to remain in
a stationary distribution with the electrical potential (see,
e.g., Refs. [1, 2]). This concept is inspired by the small
electron mass in comparison to ion masses and allows to
simulate the corresponding ion acceleration phenomena at
arbitrary electron dynamics, which permits a remarkable
reduction of numerical efforts and simulation time.

In a previous study [3], we deduced the self-consistent
form of the electron energy spectrum when the adiabatic
expansion of the hot electron gas is described hydrody-
namically. In this case, we found a step-like distribution
function. This approach provides energy conservation ab
initio. In the present Report, we describe essential con-
sequences of such a so-called waterbag energy distribution
function for the TNSA process, in contrast to theories com-
monly assuming a Maxwellian hot electron spectrum (e.g.,
in Refs. [1,2]).

A self-similar solution for the plasma expansion process
can be derived,
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which depends on the adiabatic indexκ (details are given
in [4]). Equations (1) include the self-similar solution [1]
assuming Maxwellian electrons as a limiting case (κ →

1). Moreover, an empirical expression for the electric field
strength at the ion front can be obtained,

E(t) ≈
E(t = 0)

[1 + C(κ)(ωpi t)
2]

κ/2
, (2)

which generalizes the result of Mora [2], which was de-
duced for isothermal Maxwellian electrons. Starting from
Eq. (2), one can immediately calculate the velocity, posi-
tion and kinetic energy of the ion front. For the final maxi-

∗ kiefer.thomas@gmail.de

mum ion energyεmax per nucleonZi at a given mean elec-
tron energyTe,0 one gets the approximate expression

εmax/Zi ≈ Te,0
1.36312 + 4.58725 Te,0/MeV

0.750591 + Te,0/MeV
. (3)

It becomes apparent that this energy is lower by almost one
order of magnitude in comparison to the numbers extracted
in cases with Maxwellian electrons (see Fig. 1), despite of
comparable macroscopic variables such as the characteris-
tic electron energy and density.

Our analysis emphasizes the role of the detailed shape of
the electron energy distribution function in the TNSA pro-
cess, which may account for remarkable differences in the
final ion energy values. At the same time, the study mo-
tivates further efforts to get a deeper understanding of hot
electron generation and transport in this ion acceleration
scheme.

Figure 1: Maximum ion energy as a function of the
normalizedtarget thickness. Red diamonds correspond
to step-like distributed electrons. For initially Maxwell-
like electrons, two different approaches concerning the
temporal evolution of the electron distribution were con-
sidered. While the black dots depict the case of elec-
trons with an unchanged Maxwell distribution (”adiabatic
Maxwellian model”), the blue triangles represent the ”ki-
netic Maxwellian model”, where the initial Maxwell dis-
tribution may evolve arbitrarily. The black dashed and the
green solid lines illustrate our analytic results for step-like
distributed electrons and the adiabatic Maxwellian model,
respectively.
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In a second step of our recent study [1], we applied the
analytical estimates to the published results of numerous
experimental campaigns. First of all, we analyzed the max-
imum proton energy (see Fig. 1) as well as at the proton
energy spectrum (Fig. 2). In agreement with previous re-
search (e.g., Ref. [2]), we confirmed the existence of differ-
ent scaling laws for the maximum ion energyεmax in de-
pendence on laser intensityIL λ

2

L
at interactions with ultra-

short pulse durationsτL ≤ 80fs and for experiments using
relatively long laser pulses,τL ≥ 300fs. This remarkable
influence of the laser pulse duration also shows up in the
corresponding ion spectra.

Concerning the ion energies in long-pulse experiments,
the observed data are in good agreement with model calcu-
lations assuming isothermal Maxwellian electrons [3], in
contrast to the ultrashort pulse regime. In the latter case,
the laser heating time will be shorter than the effective ac-
celeration time of the ions, so that the adiabatic cooling
of hot electrons becomes relevant. However, our analy-
sis showed that also adiabatic expansion models assuming
Maxwellian electrons [4,5] cannot explain the correspond-
ing observation data. In the opposite, a rather good coin-
cidence between the experimental data and the estimates
from the model assuming a step-like electron energy distri-
bution, was found. Although this fact is not a unique evi-
dence for the presence of such a hot electron spectrum in
ultrashort pulse experiments, we interpret it as a clear hint
for non-Maxwellian electron energy distributions in such
TNSA interactions. But, more efforts are required to finally
answer the question how the hot electron energy distribu-
tion function evolves and effects the acceleration process.
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Figure 1: Experimentally observed maximum proton ener-
gies as a function of the laser intensity. Obviously, there is a
different scaling for experiments with ultrashort pulse dura-
tionsτL ≤ 80fs and relatively long laser pulsesτL ≥ 300fs.
Moreover, the scaling predicted by the analytical model
with a step-like electron energy distribution (red solid line)
fits well to the numbers from ultrashort pulse experiments,
while we observe a discrepancy in case of Maxwellian elec-
trons (blue dashed lines). More details see in Ref. [1].

(b)(a)

Figure 2: Experimental data (black dots) for the proton
spectrum. While (a) corresponds to an ultrashort pulse ex-
periment (τL = 70fs), (b) concerns an experiment with rel-
atively long laser pulses (τL = 350fs). The best fit for the
theoretical ion spectrum assuming Maxwellian electrons is
depicted by red dashed lines. The corresponding fit assum-
ing step-like electrons is shown by green solid curves. Ob-
viously, there is a good agreement between the short-pulse
experimental result and the prediction of the model assum-
ing step-like electrons, in contrast to the estimates based
on Maxwellian electrons. In (b), both fit results are quite
similar.
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The electron dynamics in strong electromagnetic fields
behind a quasistationary laser piston at essential radiation
damping is reported. The mechanism of ponderomotive
ion acceleration in an overdense plasma bulk was found
in Particle-in-Cell (PIC) simulations [1], [2] and contem-
plated also analytically [3]. Most efficiently it works for
circular laser polarization because of minimum electron
heating. Furthermore, PIC simulations at laser intensities
exceeding10

22 Wcm−2 and including the radiation fric-
tion term in the equation of relativistic electron motion,
have shown remarkable deceleration of electrons with ener-
gies of hundreds of MeV after the propagation over several
laser wavelengths, previously escaping the piston region in
the direction towards the incident laser wave (see Fig. 1).
This damping effect will support the formation of a stable
piston.
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Figure 1: Interaction scheme: A relativistic classical elec-
tron escapes the quasistationary laser piston, which is
pushed by an ultraintense plane laser wave (amplitudea1,
wave vector~k1, carrier frequencyω1 = k1 c) with the ve-
locity ~vf . The electron has the initial velocity~v0 and inter-
acts with the fields of the incident~k1 and reflected~k2 laser
waves. Thereby, high-energy photons are transmitted due
to nonlinear Thomson scattering as well as due to selfemis-
sion by the electron.

In our classical approach, the equation of relativistic
electron motion with the friction term in the Landau-
Lifshitz approximation [4] was solved numerically for the
superposition of an incoming plane laser wave with circu-
lar polarization and its reflection from the moving plasma
surface [5]. The obtained electron velocity components al-
lowed the calculation of the high-energy photon emission
spectra. The piston reflection coefficient was taken from a
PIC simulation with the corresponding incident laser inten-
sity and homogeneous plasma density. A typical result is
demonstrated in Fig. 2, where the piston case is compared
to the motion in a standing wave (resting mirror) with the
same normalized incident vector potentiala1. The decrease
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in the electron energy due to radiation damping transforms
the Doppler-upshifted line spectrum to a quasi-continuum
with reduced spectral intensities.
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Figure 2: Electron motion in the ultrastrong field of a stand-
ing wave (a,c) or behind a stationary laser piston (b, d).
Spectral intensities of the radiation emitted in the direction
of the electron drift motion (θ = 0) without the radiation
damping effect (red lines) and with the account for this ef-
fect (blue dotted curves) are plotted in the upper panels (a)
and (b), the transverse projections of the electron trajec-
tories with radiation damping (blue curves) and without it
(black curves) are depicted in the lower panels (c, d). The
initial electron energy isγ0 = 300, the laser field strenghts
are given in the panel titels. Frequencies are normalized
with the Doppler upshift factorsMi, which were estimated
analytically, the spatial coordinates are related to the wave-
length of the incident light. In comparison with numerical
data, the dashed green curves display analytical estimates,
which were derived in the moving frame of the electron at
neglected radiation friction.
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X-ray studies from multiple and highly charged ions
have been found a unique tool for exploring the electron-
electron (e-e) and electron-photon interactions in the pres-
ence of strong fields [1]. The x-ray spectroscopy of such
systems have demonstrated for a long time that accurate
energies and cross sections are obtained only if, apart
from the static Coulomb repulsion among the electrons,
the magnetic interactions and retardation as well as leading
quantum-electrodynamical effects are taken into account.
In contrast to the spectrocopy of hard x-rays, however,
much less is known how relativistic interactions among the
electrons affect their emission and, hence, the dynamics of
electrons in strong fields.

To obtain further insight into the strong-field dynamics
of electrons, we re-analyzed the excitation and autoion-
ization of highly charged ions with the goal to separate
the magnetic and retardation contributions to the e-e inter-
action from the static Coulomb repulsion. A remarkable
change in the electron angular distribution due to the rela-
tivistic terms in the e-e interaction was found especially for
the autoionization of (initially) beryllium-like projectiles,
following a 1s → 2p3/2 Coulomb excitation in collision
with some target nuclei. In this process, the angular distri-
bution of the emitted electron is given by

W (θ) ∝ 1+
∑

k=2,4,...

Ak(αrJr) fk(αrJr, αfJf )Pk(cos θ),

whereAk(αrJr) characterizes the alignment of the inter-
mediate state after the excitation,θ is the polar angle with
regard to the beam direction and where thefk(αrJr, αfJf )
are characteristic functions that describe the dynamics of
the autoionization. The functionfk in this distribution
merely depends on the (reduced) matrix elements of the
(frequency-dependent) e-e interaction

V = V
Coulomb + V

Breit

that comprises both, the instantaneous Coloumb repulsion
and the (so-called) Breit interaction, i.e. the magnetic and
retardation contributions.

For the excitation-autoionization process via the
1s2s22p3/2

3P2 resonance, a diminished (electron) emis-
sion in forward direction as well as oscillations in the elec-
tron angular distribution due to the magnetic and retarded
interactions are predicted especially for the electron emis-
sion into the1s22s 2S1/2 ground and1s22p 2P1/2 excited
levels of the finally lithium-like ions. This emission pat-
tern is in strong contrast to a pure Coulomb repulsion be-
tween the bound and the outgoing electrons. For exam-
ple, Figure 1 displays the angular distribution of electrons
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Figure 1: Angular distribution of electrons emitted in the
1s2s22p3/2

3P2 − 1s22s 2S1/2 (left panel) and1s2s22p3/2
3P2−1s22p 2P1/2 (right panel) autoionization ofU88+ pro-
jectiles with energyTp = 5 MeV/u.

emitted in the1s2s22p3/2 3P2 − 1s22s 2S1/2 (left panel)
and1s2s22p3/2 3P2−1s22p 2P1/2 (right panel) autoioniza-
tion of U88+ projectiles with energyTp = 5 MeV/u. Re-
sults are shown in the laboratory frame and by incorporat-
ing only the Coulomb repulsion into the Auger amplitude
(blue dashed lines) as well as for a full account of the e-e
interaction (black solid lines). The lowering of the electron
emission in forward direction (θ ≈ 0o) is significant and
enhanced in the laboratory frame due to the Lorentz trans-
formation of the energetic electrons

In conclusion, the proposed excitation-autoionization
process can be observed at existing storage rings and will
provide novel insight into the dynamics of electrons in
strong fields. The most simple signatures of the relativistic
contributions to the e-e interaction in high-Z ions is the re-
duced electron emission in forward direction(θ < 5o) as
well as the double-peak structure in the expected angular
distribution; these signatures arise especially at low projec-
tile energies< 10 MeV/u and for beryllium-like ions with
nuclear chargeZ > 70. The electron angular distribu-
tion from such projectiles can be analyzed with present-day
electron spectrometers and provide complementary infor-
mation about the electron dynamics in strong fields that is
not accessible from x-ray spectra alone.
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The recent progress in developing coherent light sources
have opened new avenues for studying two- and multi-
photon transitions in ions, atoms and molecules. For exam-
ple, thens → n

′
s andns → n

′
d two-photon excitation of

atomic hydrogen and deuterium has been explored in great
during recent years and and helped determine thefunda-
mental constants with unprecendented accuracy [1]. Less
attention, however, has been paid until now toinduced two-
photon absorption processes in multiple and high-Z atoms
and ions, though they are exptected to provide new insights
into relativistic, many-body and QED phenomena in strong
electromagnetic fields and, hence, may serve as a valuable
alternative to x-ray absorption (XAS) spectroscopy and re-
lated techniques [2]. Moreover, induced two-photon exci-
tations have been proposed as a promising tool for studying
parity-violating interactions in high-Z ions [3].

To explore and better understand the two-photon absorp-
tion in strong fields, we have recently worked out a (uni-
fied) relativistic formalism that enables one to describe the
(spatial and polarization) properties of light in a consistent
manner [4]. Using second-order perturbation theory and
Dirac’s relativistic equation, expressions were derived for
the two-photon excitation cross sections and decay rates,
including the important many-electron effects as well as all
(higher) multipoles in the expansion of the electron-photon
interaction. For the absorption of a photon, arriving from
the directionk̂ = (θ, φ) with regard to the quantization
(z) axis, such an expansion of the electron-photon operator
R̂ =

∑

m
Am(k, ǫ) into spherical tensors reads as [5]

Am(k, ǫ) = 4π
∑

pLM

i
L−|p|

(

ǫ · Y
(p)∗
LM

(k̂)
)

a
p

LM,m
(k) ,

whereY (p)
LM

(k̂) is a vector spherical harmonics and the in-
dex p describes either the electric (p = 1), magnetic (p =
0), or longitudinal (p = –1) component of the electromag-
netic field. In this formalism, in addition, the properties
of the incident light are described conveniently by means
of the (so-called)angular-polarization tensor, and which
is known to contain the complete information about the di-
rection and polarization states of the incident photons in the
two-photon absorption process.

While our derived expressions are general and indepen-
dent of the particular shell structure of the ion, detailed
computations have been carried out for the two-photon ab-
sorption of hydrogen-, helium-, and beryllium-like ions,
and they are compared with the available theoretical and
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Figure 1: The parameterα0 for the two–photon1s → 2s
(left panel) and1s → 2p1/2 (right panel) absorption of
hydrogen–like ions. Predictions have been obtained within
the electric dipole (dashed line) approximation as well as
by taking the higher terms into account (solid line).

experimental data [4]. Figure 1, for example, displays
the (reduced) cross sectionα0 = σ2γ/g(ω)G

(2) for the
1s → 2s and 1s → 2p1/2 absorption of hydrogen-like
ions. Here,G(2) is the two-photon statistical factor and
g(ω) is the line-shape function. As seen from the figure, the
relativistic contraction of the wave functions toward the nu-
cleus as well as the nondipole effects in the electron-photon
interaction lead to a faster decrease of the cross sections
than predicted by the non-relativisticα0(1s → 2s) ∼ Z

6

and α0(1s → 2p) ∼ Z
4 scalings. Further computa-

tions have been performed for the (excitation) probabili-
ties of the two-photon induced1s2p 3

P0 → 1s2s 1
S0 and

1s22s2 1
S0 → 1s22s2p 3

P0 transitions of helium-like and
beryllium-like ions.

In conclusion, our studies demonstrate the importance
of relativistic and higher-multipole effects upon the two-
photon absorption and emission rates. Reliable theoretical
rates are however required to plan and prepare future ex-
periments on the parity violation in high-Z ions as they will
be performed at the future Facility for Antiproton and Ion
Research (FAIR) in Darmstadt. A new generation of such
two-photon absorption experiments with helium-like ions
is currently being planned at the GSI facility in Darmstadt
and the Helmholtz Institute in Jena.
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During the recent years, a large number of experiments
have been performed to investigate the angular and po-
larization properties of the characteristic photon emission
from highly–charged ions. These measurements have re-
vealed important information on the many–body, relativis-
tic and even quantum electrodynamics (QED) effects in
heavy atomic systems [1]. Most of the angular– and
polarization–resolved studies have dealt, however, with the
ions having zero nuclear spin. Much less attention both in
experiment and theory was paid up to now to the ions with
I ̸= 0, whose electronic structure may be significantly af-
fected by the hyperfine–interaction effects. Since these ef-
fects are expected to manifest themselves in the properties
of the characteristic lines, the accurate analysis of the linear
polarization of the decay radiation can serve as a valuable
tool for probing not only the details of electron–nuclear
magnetic coupling but also the nuclear spin and moments.

In order to inquire the potential application of the x–ray
polarimetry to the analysis of hyperfine–interaction phe-
nomena, a theoretical study of characteristic transitions in
few–electron ions with non-zero nuclear spin have been re-
cently performed [2]. A general formalism was laid down
which accounts for both, the many–electron effects and
the higher–order multipoles of the radiation field, includ-
ing hyperfine–induced channels. While the developed for-
malism can be applied to any ion, independent of its shell
structure, special attention was paid to the 1s2p3/2

3P2 →
1s2 1S0 decay of helium–like heavy species. The polariza-
tion properties of such a Kα1 radiation are currently avail-
able for experimental investigations at storage rings where
the projectiles in the excited 1s 2p3/2 states can be pre-
pared by means of the radiative electron capture [1]. More-
over, because of the hyperfine interaction, which mixes the
excited 1s2p 3P2 state with the short–lived 1s2p 1,3P1

levels, the 2 3P2 → 1 1S0 decay can proceed also via the
hyperfine–induced electric–dipole E1 decay in addition to
the leading magnetic–quadrupole M2 transition. The inter-
ference between the E1 and M2 amplitudes may affect the
polarization properties of the characteristic Kα1 emission
and can be utilized as a tool for probing the nuclear spins
and dipole magnetic moments.

To illustrate the E1–M2 multipole mixing, the degree
of the 2 3P2 → 1 1S0 polarization is displayed in Fig. 1
as a function of photon emission angle and for the decay
of helium–like 205Tl79+ (I = 1/2, µI = 1.638µN ) and
lead 207Pb80+ (I = 1/2, µI = 0.593µN ) ions following
REC. Calculations have been performed for the projectile
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Figure 1: Degree of linear polarization of the
1s2p3/2

3P2 → 1s2 1S0 fine–structure transition fol-
lowing radiative electron capture into 1s2p3/2

3P2 state of
finally helium–like thallium 205Tl79+ and lead 207Pb80+

ions with projectile energy Tp = 50 MeV/u. Calculations
are performed within the magnetic–quadrupole approxi-
mation (dashed line) and by taking the E1–M2 mixing
into account (solid line).

ion energy Tp = 50 MeV/u and within two approxima-
tions. That is, predictions of the rigorous relativistic treat-
ment (solid line) are compared with those obtained within
the pure magnetic–quadrupole M2 approximation (dashed
line), i.e. when the quenched E1 transition is neglected.
Even though thallium 205Tl79+ and lead 207Pb80+ have
the same nuclear spin, I = 1/2, and their charges Z dif-
fer just by one unit, the surprisingly significant difference
between the magnitude of the E1–M2 interference effect
is observed for these two ions. Namely while the multipole
mixing results in a 15% reduction of the linear polarization
for thallium ions and large emission angles θ ≈ 60◦ (cf.
left panel of Fig. 1), it has almost no influence on the de-
cay properties of lead. Above all, such a difference should
be attributed to the fact that the magnetic moment of 205Tl
isotope is about three times larger than that of 209Pb.

Polarization–resolved studies of characteristic emission
from ions with non–zero spin can be performed now at
heavy–ion storage rings, like, e.g., the experimental stor-
age ring ESR at GSI, Darmstadt, where the in–flight sepa-
rated beams of highly–charged radionuclides of all chem-
ical elements up to uranium can be stored for envisioned
experiments.
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Measurements of the parity–violation (PV) effects in
atomic systems attract considerable attention as a valu-
able tool for testing the Standard Model in the low–energy
regime. In the past, the PV studies have mainly dealt
with the valence–shell transitions in neutral atoms. Even
though the results of these studies have revealed unique in-
formation on the Weinberg angle and the nuclear anapole
moment, their interpretation was often hindered by the
precision of atomic–structure calculations. This difficulty
can, to a large extent, be overcome by the use of highly–
charged, heavy ions. During the recent years a number of
proposals have been made to perform PV–experiments with
these heavy few–electron species (see eg. Ref. [1]). Many
of these proposals, however, require application of spin–
polarized ion beams and/or performing circular polariza-
tion x–ray measurements; the experimental tasks which can
not be easily accomplished today.

An alternative approach to explore PV phenomena
in heavy, highly–charged ions was recently pursued by
Maiorova and co–workers [2] who considered the radia-
tive recombination of a free electron into excited states of
(finally) helium–like ions. It was shown that the angle–
differential cross section of this process might be sensitive
to the parity violation effects if only photons of a particu-
lar linear polarization are recorded by x–ray detectors. In
this contribution, we lay out an extension of the method of
Ref. [2] which is based on the analysis of the rotation of
the linear polarization of RR photons. Owing to the recent
advances in energy– and position–sensitive solid state de-
tectors, such a rotation is likely to be detected in the near fu-
ture with a sub–degree accuracy opening, thus, a new route
to the PV studies with heavy ions.

Similarly to the scenario from Ref. [2], we con-
sider the recombination of unpolarized electrons into the
1s2p1/2

3P0 state of (finally) helium–like ions. Due to
a significant PV–mixing between the 23P0 state and the
opposite–parity 1s2s1/2

1S0 level, the direction of the RR
linear polarization is slightly tilted with respect to the
parity–conserved (i.e. purely electromagnetic) case. That
is, based on the density matrix approach we found that the
angle of the linear polarization is given [3]:

∆χPNC ≡ χ0 � χem
0 =

ξ

2
F(Z, Tp, θ) +O(ξ3) . (1)

where ξ represents the weak mixing coefficient, χem
0 de-

fines the angle of the RR linear polarization if a parity is
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Figure 1: The rotation angle (left) and the Stokes parame-
ters (right) of the linear polarization of the photons emit-
ted due to the radiative recombination of electrons into
1s2p1/2

3P0 state of finally helium–like gadolinium ions
with a projectile energy of 300 MeV/u.

preserved (χem
0 = 0◦ or 90◦ if both incident ions and elec-

trons are unpolarized), and F is the function which depends
only on the collision parameters. To understand this effect
qualitatively we recall that the weak interaction processes
prefer emission (or absorption) of electrons with the par-
ticular helicity. For the case of the radiative recombina-
tion such an asymmetry results in a dependence of the cap-
ture cross section on the projection of the electron spin and,
hence, in the rotation of the RR linear polarization.

In order to estimate the size of the PV effect on the ro-
tation angle χ0 calculations have been performed for the
electron capture by (initially unpolarized) gadolinium ions
with projectile energy Tp = 300 MeV/u. For this energy
we displayed in the left panel of Fig. 1 the difference be-
tween the polarization rotation angles as obtained with and
without account for the parity mixing between the 2 3P0

and 2 1S0 states. In the right panel, the Stokes parameters
that characterize (apart from the angle) the degree of RR
polarization are displayed. As seen from the figure, the
PV–induced tilt may reach the value of 0.01◦ in the angular
region where the degree of the polarization is large enough
to be detected by present–day polariemeters.

Together with the high–precision measurements of the
RR tilt angle, the practical realization of the proposed
scenario requires distinction between the electron capture
into 2 3P0 and almost degenerate 2 1S0 state. This can be
achieved by the analysis of the subsequent characteristic
emission and by employing the significant difference be-
tween the lifetimes of both excited states.
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Parity–violation (PV) phenomena in highly–charged
ions currently attract much attention (see e.g. [1, 2]). In
particular, many studies are focused on the mixing be-
tween opposite–parity atomic levels caused by the weak
electron–nucleus interaction. A number of proposals have
been made to detect such a mixing and, hence, to ex-
plore the basic parameters of the electroweak theory. Most
of theses proposals have dealt up to now with the near–
degenerate 1s2s and 1s2p1/2 states of helium–like heavy
ions for which the PV effects are significantly enhanced. In
the high–Z domain, however, the lifetimes of such singly–
excited states are shorter than τ ∼ 10−10 seconds which
makes the observation of the parity–violating phenomena
in two–electron systems rather challenging. During the re-
cent years, therefore, particular interest has been given to
other few–electron species whose long–lived levels might
be mixed by the weak interaction.

Owing to their shell structure, beryllium–like heavy ions
may provide an alternative and promising tool for studying
atomic PV phenomena. For the case of zero nuclear spin,
the first excited state of these ions, 1s2 2s 2p 3P0, can de-
cay to the 1s2 2s2 1S0 ground level solely by the strongly
suppressed two–photon E1M1 emission and, hence, has
a lifetime of the order of seconds. Moreover, the energy
splitting between these two levels does not exceed 260 eV
even for the heaviest ions, thus leading to a rather remark-
able 1S0–3P0 parity–violating mixing [3]. To observe such
a mixing, we have recently proposed to utilize the source
of the coherent extreme ultraviolet (EUV) radiation and to
induce a single–photon transition between the metastable
1s2 2s 2p 3P0 and short–lived 1s2 2s 2p 3P1 levels [4].
Since the 3P0 state has a small PV–admixture of the ground
one, such an absorption can proceed not only via the al-
lowed M1 but also the parity–violating E1 channel (see
Fig. 1).

The interference between the M1 and PV–E1 excita-
tion channels becomes “visible” if the 1s2 2s 2p 3P0 →
1s2 2s 2p 3P1 transition is induced by the circularly polar-
ized light. In this case the photoexcitation cross section
reads as [4]:

σλ = σM1 (1 + λε) , (1)

where λ = ±1 for the right– and left–hand polarization,
σM1 describes the leading, parity–preserved 3P0 → 3P1

magnetic dipole channel, and the so–called asymmetry co-
efficient ε is given by:

ε = −2 ηPV
〈
1s22s2p 3P1 ‖E1‖ 1s22s2 1S0

〉
〈1s22s2p 3P1 ‖M1‖ 1s22s2p 3P0〉

. (2)
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Figure 1: Proposed scheme for measuring the PV–mixing
between the ground 1s2 2s2 1S0 and the first excited
1s2 2s 2p 3P0 states of beryllium–like heavy ions. For the
case of U88+, the energies E3P0

and E3P1
if defined rel-

ative to the ground state energy are 258.3 and 298.2 eV,
correspondingly. From Ref. [4].

In this expression, 〈... ‖E1,M1‖ ...〉 are the reduced ma-
trix elements for the 1S0 →3 P1 (E1) and 3P0 →3 P1

(M1) transitions, and the parameter ηPV describes the PV–
mixing between the 1S0 and 3P0 states.

The asymmetry parameter ε is the physical observable
in the proposed experiment. It can be determined by in-
ducing the 1s2 2s 2p 3P0 → 1s2 2s 2p 3P1 transition sepa-
rately with left– and right– circularly polarized light and
by recording then the intensity difference of the x–rays
from the decay of the 3P1 state. Since these intensities
are proportional to the photo–excitation cross sections (1),
Iλ(

3P1 →1 S0) ∼ σλ, we can find:

ε =
I+ − I−
I+ + I−

. (3)

In order to provide an estimate of this asymmetry pa-
rameter, detailed calculations have been performed within
the framework of the multi–configuration Dirac–Fock
(MCDF) approach [4]. Based on these calculations, we
argue that the most suitable candidate for the experimen-
tal realization of the proposed scheme is beryllium–like
uranium U88+. For this ion, the PV–mixing between the
1s2 2s 2p 3P0 and 1s2 2s2 1S0 states gives rise to ηPV =
−1.0×10−8 and the asymmetry parameter ε = 3.1×10−7.
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We propose a dedicated laboratory experiment of the
light-shining-through-walls (LSW) type to search for
a particular class of beyond-the-standard-model par-
ticles, namely Dirac fermionic minicharged particles
(MCPs).

Dirac fermionic MCPs resemble electrons/positrons but
differ in their charge and mass. While they are expected
to carry only a tiny fraction ε of the electron charge e –
and thus couple only very weakly to ordinary matter –,
their mass mε is a priori unconstrained. Based on a re-
cently proposed genuinely quantum field theoretic tunnel-
ing mechanism [1], depicted schematically in Fig. 1, we
propose a LSW experiment particularly suited to search for
MCPs with masses in and below the meV regime [2]. We
have specified a realistic experimental setup and explicitly
worked out the transition rates for state of the art experi-
mental parameters [3]. To be specific we mainly use pa-
rameters of the ALPS experiment at DESY [4].

Figure 1: Tunneling of photons through an opaque barrier
mediated by virtual minicharged particle–antiparticle fluc-
tuations in a magnetic field.

As in ALPS-I, we consider light of a frequency doubled
standard laser light source, λ = 532nm, which is fed into
an optical resonator cavity of length L= 8.6m to increase
the light power available for MCP production. The res-
onator uses a plano-concave design with one plane mir-
ror and a curved one with radius of curvature R = 15m.
The incident laser light is coupled into the resonator via
the curved mirror and is directed towards the plane mirror,
mounted right in front of the barrier. In this way, a stable
resonator mode is built up in between the two mirrors [5].

As a suitable magnet we have identified a presently un-
used ZEUS compensation solenoid [6] available at DESY.
It features a bore of 0.28m diameter and 1.20m length
and provides a field strength of B = 5T. The field points
along the bore, and is assumed to be adequately aligned
on the solenoid’s axis. The field strength near the center
of the solenoid is expected to be sufficiently homogeneous
at least over a typical extent of the order of the bore’s di-
ameter. The wall with a width of O(cm) is installed in
the center of the bore and the back end of the cavity ex-

∗Now at: DESY, Hamburg.
†Now at: MPI für Kernphysik, Heidelberg.

tends into the bore. The angle θ = �(~k, ~B) between the
photon wave vector and the magnetic field is adjusted by
tilting the entire optics assembly relative to the solenoid’s
axis. The length scale over which the field can be consid-
ered as approximately homogeneous should be compara-
ble to or larger than the Compton wavelength of the MCP
[2, 3]. Thus, with the ZEUS compensation solenoid, access
to MCP masses down tomε & 7×10−7eV – corresponding
to a Compton wavelength of 0.28m – is granted.

The smallest resolvable MCP mass is also limited by the
threshold for the production of real MCP pairs: ω sin θ =
2mε, with ω the frequency of the incident laser light (cf.
Fig. 2). Through this relation the smallest resolvable MCP
mass is directly constrained by the smallest experimentally
realizable angle θ. Given a precise alignment of the mag-
netic field lines within a diameter of O(mm) about the
solenoid’s axis, the uncertainty in the adjustment of θ is ex-
pected to be dominated by the maximum angular deviation
from the optical axis in the resonator ∆θ. For D = 0.6m,
i.e., half the length of the ZEUS compensation solid, we
obtain ∆θ ≈ 0.0007◦. Given this small uncertainty in the
alignment, angles down to θ = 0.001◦ should be experi-
mentally feasible. Our results are depicted schematically
in Fig. 2.
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Figure 2: Cartoon of the accessible minicharged particle
parameter space based on our LSW scenario. Our setup
has the potential to exclude the colored parameter regimes.
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We discover a non-renormalization property of

axion-electrodynamics, serving as an effective field the-
ory for the interactions of light with fundamental
pseudo-scalar particles, as tested in optical and strong-
field experiments. As a consequence, renormalized cou-
plings remain finite even in the deep infrared in the
presence of massless photon fluctuations and even for
massless axions. This result supports the foundations of
optical searches for axion-like particles (ALP).

The existence of a fundamental pseudoscalar particle
is strongly motivated by the Peccei-Quinn solution to the
strong CP problem [1]. The resulting effective theory, ax-
ion electrodynamics, actually has a wide range of appli-
cations and forms the basis of optical and strong-field ex-
periments actively searching for axion-like particles over
a wide range of scales. As this theory involves massless
or light degrees of freedom (photons and axions) with an
interaction term Lint ∼ ḡaFµν F̃

µν , fluctuations could in
principle lead to strong renormalization effects for the ax-
ion mass m̄ or the coupling ḡ in the long-range limit, pos-
sibly affecting the interpretation of current experiments.

In [2], we have performed a first non-perturbative study
of the renormalization flow of axion electrodynamics us-
ing the functional renormalization group (RG). We discov-
ered a non-renormalization property of the bare quantities
∂tm̄

2 = 0, ∂tḡ = 0, where t denotes a logarithmic RG
scale, implying that the only renormalization effects can
arise from the wave function renormalizations of the axion
and the photon field. As an example, let us mention the
running of the (dimensionful) renormalized coupling in the
large mass and small coupling regime,

g2R(k) =
g2R(Λ)

1 + 1
6(4π)2 (Λ2 − k2)g2R(Λ)

, (1)

where g2R(Λ) denotes the initial coupling value at the UV
cutoff. We observe that the photon-axion coupling under-
goes a finite renormalization even in the deep infrared (IR)
limit, despite the fact that massless photonic fluctuations
never strictly decouple. The photons still effectively decou-
ple, as their low-momentum contributions to the flow van-
ish according to the powerlaw ∼ k2g2R(Λ) for k → 0. A
similar conclusion holds for the axion mass. Axion elec-
trodynamics therefore exhibits a remarkable IR stability.
Quantitatively, both the coupling as well as the axion mass
run to slightly smaller values towards the infrared in the
present limit.

While the effective theory parameters are typically con-
sidered in terms of the microscopic couplings at the scale
Λ, optical experiments or astrophysical/cosmological ob-
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servations do actually not test these parameters directly, but
typically at much lower scales kobs, ranging down to to
∼ µeV scales in light-shining-through walls experiments.
In the figure, the renormalized ratio gR(kobs)/mR(kobs)
(blue/dashed line) as well as the ratio of the product
gR(kobs)mR(kobs) (purple/solid line) are shown, both
curves are normalized to the corresponding initial condi-
tion at Λ taken as the QCD scale ΛQCD for the QCD axion.
For small couplings, the renormalization of both coupling
and mass remain unobservably small implying that both ra-
tios are close to unity. Only for larger couplings, the renor-
malization of both towards smaller values becomes visible,
implying a significant decrease of the product. Most im-
portantly, the proportionality between mass and coupling
remains essentially unaffected. Numerically, the ratio of
the parameters changes only on the 10−5 level.

We conclude that exclusion bounds derived from the
non-observation of axion effects are not modified by renor-
malization effects of axion electrodynamics along the lines
of constant gR/mR. As the physically relevant parameter
space for the QCD axion lies below gR . 10−9(GeV)−1,
we conclude from the figure that the renormalization ef-
fects within the effective theory of axion electrodynam-
ics do not affect optical and strong-field experiments.
For more general axion-like particles, our results imply a
generic upper bound on possible values of the axion-photon
coupling. Our RG study [2] demonstrates that couplings
are in fact bounded by gR . O(10)/Λ due to renormal-
ization effects in the axion-photon sector. In view of the
rather unconstrained ALP parameter space at large masses
and comparatively large couplings (see, e.g., the compila-
tion in [3]), our bound could become of relevance for ALP
searches at hadron colliders above mR & 1GeV and cou-
plings above gR & 10−3/(GeV)−1.
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A unanimously accepted statement in QED is that the
vacuum is stable in the presence of an electromagnetic
plane wave. However, we show that this statement is
not rigorously valid in a real situation, where thermal
effects are present. We show that the thermal vacuum,
in the presence of a single plane-wave field, even in the
limit of zero frequency, decays into electron-positron
pairs. Interestingly, the pair-production rate is found
to depend nonperturbatively on both the amplitude of
the constant crossed field and on the temperature.

An inevitable consequence of Dirac’s theory of the elec-
tron is that in regions of sufficiently high energy density,
the quantum vacuum can break down in a spontaneous
generation of electron-positron pairs. In a seminal work,
Schwinger [1] derived a central result of strong-field quan-
tum electrodynamics: the rate of pair creation in a constant
and uniform electric field of strength E. To leading order,
the rate exhibits a nonperturbative exponential dependence,
∼ exp(−πEcr/E), for field strengths smaller than the “crit-
ical” electric field Ecr = m2c3/e~ = 1.3 × 1016 Vcm−1.
However, it has long been accepted that pair creation
can never occur in single plane waves, as encapsulated
in Schwinger’s famous statement “there are no nonlinear
vacuum phenomena for a single plane wave, of arbitrary
strength and spectral composition” [1]. The physical rea-
son for this is that all photons in a plane wave propagate in
the same direction and so cannot interact with each other.

In [2], we have demonstrated how the inevitable pres-
ence of background heat radiation in all real scenarios can
serve as a seed for pair creation in a plane wave. This is the
case even if the frequency of the plane wave tends to zero
(the so-called constant crossed field configuration).

By considering the existence of a thermal background,
we have derived an expression for the rate of real pair cre-
ation with two different methods: first, by averaging the po-
larization tensor in a crossed field over a thermal photon en-
semble, and second, by extracting the imaginary part of the
2-loop effective action in a crossed field at finite tempera-
ture. The result is nonperturbative in both the field strength
E and the background temperature T, in both prefactor and
exponent,

ρth(T, E) '
33/4α

4π3/2 m4
(T
m

)2
δ1/4e−

4
√

3δ , δ =
T
m

E
Ecr

,

in the limit
√
δ � 1. Apart from the conceptual advance,

our result can be of relevance to the description of relativis-
tic plasmas, heavy-ion collisions and for a full understand-
ing of the pair-production processes near neutron stars.

Figure 1: Logarithm of the expected number of pairs gen-
erated in a constant crossed field χE = E/Ecr for the pa-
rameters specified in the text.

In Fig. 1, the log of the rate ρth(T, E) times the four-
dimensional volume o4 = 1/m4 = 7.4 × 10−53 cm3 s. In the
region above the dashed line, the number of pairs created in
a typical optical strong laser beam four-volume Ωl = τlVl,
where τl = 10 fs, Vl = π × (0.8 µm)2 × cτl = 6 × 10−12 cm3

(where we temporarily recover the speed of light, c), is
larger than one. Upon inspection of Fig. 1, we notice that
for high enough temperatures, even with E = 0.025, an
exponential number of pairs can be produced in a typical
optical laser pulse. This should be compared to the case of
zero temperature, for which the expected number of pairs
is identically zero. The solid line shows the significance
of the background process of pure thermal pair creation,
which dominates for large T/m and small E/Ecr. Our re-
sults also confirm the tendency observed for Schwinger
pair production that the thermal contribution exceeds the
zero temperature contribution in the limit of weak fields.
Here, this is particularly evident, as the production rate at
zero temperature in crossed fields is exactly zero.

We have shown how a thermal background can seed the
creation of particles in a constant crossed field. This con-
clusion also applies to single plane waves in the tunnel-
ing regime. The probability for this new process is distinct
from other analytical results for pair creation by external
fields. The unavoidable presence of thermal photons in all
physically realistic scenarios will trigger electron-positron
pair production even in a single plane wave.
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A. Tünnermann

All-fiber laser source for CARS microscopy based on fiber optical parametric

frequency conversion

Optical Express 20, 4484 (2012).

M. Baumgartl, C. Lecaplain, A. Hideur, J. Limpert and A. Tünnermann
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R. Lötzsch, I Uschmann and E. Förster

Spatially resolved twin domain distribution and lattice parameter variations in

the near-surface region of SrTiO3 single crystals

Applied Phys. A 106, 563 (2012).
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