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Abstract

This paper summarizes the work carried out for an experimental study of low-energy nuclear excitation by laser-produced
plasma at the PALS Prague laser facility. We describe the adaptation and shielding of single-quantum active radiation
detectors developed at IEAP CTU Prague to facilitate their operation inside the laser interaction chamber in the vicinity of
the plasma target. The goal of this effort is direct real-time single-quantum detection of plasma soft X-ray radiation with
energy above a few keV and subsequent identification of the decay of the excited nuclear states via low-energy gamma rays
in a highly radiative environment with strong electromagnetic interference.

Keywords: laser induced nuclear excitation, laser-produced plasma, electromagnetic interference, photonuclear excitation.

1 Introduction
The possibility to excite low-energy nuclear states by
laser-induced plasma has been initiated and experi-
mentally investigated [1] on the Prague Asterix Laser
System (PALS – see http://www.pals.cas.cz). This
medium-energy high-power system yields interaction
intensities at the level of 1016–1017 Wcm−2, which pro-
duce subrelativistic plasmas with an electron temper-
ature of the order of 1–10 keV. Such laser-produced
plasma (LPP) can excite low-lying nuclear states.
Based on a systematic survey of suitable candidate
nuclei [2], experiments have been undertaken to inves-
tigate the possible LPP excitation and 6 μs decay of
6.2 keV level in 181Ta.

In framework of this project, particular effort has
been devoted to the use of active detectors (i.e. real-
time digital single-quantum counting devices) inside
the interaction chamber for direct detection of plasma
radiation and/or subsequent nuclear radiation. Two
types of detector systems have been adapted for this
purpose: hybrid semiconductor pixel detectors, and
fast scintillating detectors.

In addition to the rather complicated target (Ta,
W) and experimental setup (direct target observa-
tion or indirect geometry using either a secondary
target as an ion collector or a toroidally bent crys-
tal X-ray spectrometer to monochromatize the radi-
ation emitted from the plasma), a major challenge
was to shield the detector systems against scattered X-
ray radiation, high-energy particles, and in particular
against the strong electromagnetic interference (EMI)
induced by the laser pulse. We report the development
of special instruments complying with crude require-
ments for detecting the delayed X-ray emission close
to the laser-irradiated targets, and we outline future
work.

2 Laser-produced plasma
nuclear interaction

2.1 Plasma radiation at PALS
The PALS medium-size high-power laser system [3]
(fundamental laser wavelength 1.315 μm, pulse du-
ration 250 ps) provides strong light pulses with en-
ergies at the level of several hundreds of Joules and
at subrelativistic intensities above 1016 Wcm−2. The
characteristics of the plasma emission accompanying
the laser-matter interaction depend on the laser pulse
parameters and the particular target material that is
used.

By irradiating a 181Ta target with a laser intensity
of 7 · 1016 Wcm−2, the plasma electron temperature
near the target surface exceeds 1 keV at electron den-
sity close to 1021 cm−3, the number of ions in the whole
plasma volume (about 3 · 10−6 cm−3) is estimated at
4 ·1013, and their average charge can reach 40 [2, 4, 5].

2.2 Plasma-induced nuclear excitation

Plasma-nuclei interactions in hot, dense LPP can re-
sult in nuclear-photonic and nuclear-electronic excita-
tions [6, 7] such as direct photoexcitation and nuclear
excitation by electronic transition (NEET). With the
plasma characteristics achievable at PALS, we con-
sider these two processes as dominant mechanisms for
low-energy nuclear excitation [2, 4].

2.2.1 Nuclear de-excitation

The decay of low-energy excited levels in nuclei 181Ta
(6.238 keV, 6.05 μs) proceeds via emission of γ rays
or via internal electron conversion (IC) [2]. With de-
creasing transition energy (Eγ < 100 keV), the latter
mechanism becomes increasingly dominant. However,
atomic shell ionization can significantly affect the de-
cay rate and the decay branching ratio [2].
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3 Active detectors for direct
detection of plasma
radiation

Two types of active detector systems are being imple-
mented and adapted for direct detection of plasma ra-
diation (see http://www.utef.cvut.cz): (i) hybrid semi-
conductor pixel detectors of the Medipix type (devel-
oped in the framework of Medipix Collaboration [8]),
and (ii) fast scintillating detectors (of which BaF2 was
selected as the most suitable type).

3.1 Medipix2/USB camera

State-of-the-art hybrid pixel semiconductor detectors
of the Medipix family [8] are characterized by spatial,
energetic and temporal resolution which make them
attractive for nuclear and particle spectroscopy [9]. In
addition to the position-sensitive and single quantum
detection capability of Medipix2 [10], the new TimePix
device [11] also provides the possibility to determine
the detection time and/or the energy deposition in
each individual pixel.

Real-time operation of detectors of this type,
and also data readout and on-line visualization are
realized via the MUROS interface [12], or with
the integrated USB-based readout interface [13],
which links by a standard USB port into any
PC and provides the necessary power supply (see
http://www.utef.cvut.cz/medipix). Operation and con-
trol of the system, as well as data acquisition, are
driven by a Windows-compatible Pixelman software
package [14]. Data stream acquisition and storage pro-
ceed on-line at an overall rate of about 5 frames per
second.

The assembled TimePix/USB device [15] has di-
mensions 142× 50× 20 mm3 (shown in Figure 1), and
serves as a versatile portable real-time hand-held radi-

ation camera of multi-particles (X-rays, e, p, α, t, ions,
n) with position-, time- and energy-sensitive capabil-
ity for single-quantum and on-line particle and nuclear
spectroscopy [9].

Fig. 1: Medipix2/USB-interface radiation camera. The
Medipix board (left) is attached to the USB-based readout
interface (right)

3.2 BaF2 scintillating detector for soft
X-ray detection

We investigated the spectrometric response of a BaF2
scintillating detector (Korth Kristalle GmbH) of di-
mensions 5×5×5 mm3, decay time 630 ns (slow com-
ponent) resp. 0.6–0.8 ns (fast component), light yield
10 photons/keV (slow) resp. 1.8 photons/keV (fast)
and photoelectron NaI(Tl) light yield of 16 % (slow)
resp. 3 % (fast). A fast photomultiplier (Hamamatsu
No. H5783–04) was used. The energy threshold of
this system was determined at 1 keV (noise level) cor-
responding to an amplitude of 2 mV. Tests done with
5.9 keV X-rays from 55Fe yield a maximum at 12 mV
with a mean measured signal of about 4 mV. The am-
plitude spectra collected with this radioactive source
are shown in Figure 2.

Fig. 2: Amplitude spectra of background (left) and 55Fe source (right) collected with the BaF2 detector
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4 Detector shield for very high
radiation and EMI

Experimental conditions for generating LPP are char-
acterized by (i) a high vacuum, (ii) a very high ra-
diation background, and (iii) extremely high electro-
magnetic interference (EMI) in the interaction cham-
bers. The noise accompanying the interaction of the
high power laser beams with the matter results in
significant challenges for the operation and effective
shielding of active detectors inside such hostile envi-
ronments.

4.1 Semiconductor Pixel Detector

First of all, the detector chip board and the USB-
interface were implemented and tested for operation
in a high vacuum. Moreover, background radiation
and specially EMI noise were expected to affect the
operation of the detector chip, which consists of a
bump bonded detector sensor and a microelectron-
ics chip with highly integrated components (pream-
plifier, ADC convertor, digital counter) for each of the
65 000 pixels which act as individual detectors.

4.1.1 Medipix2/USB-interface inside the
chamber

In the first stage, we attempted to keep both the de-
tector board and the readout interface as one unit
(see Figure 1) operating inside the interaction cham-
ber [16]. In view of the expected high radiation and
high electromagnetic noise, the detector system was
doubly shielded. The first shield consisted of an alu-
minum casing with a cylindrical tube in front of the
active sensor chip of the detector connected to ground.
The second shield, isolated from the first shield, con-
sisted of a lead-coated plate grounded to the cham-
ber. The communication and power supply cables
were also double shielded. In spite of the shielding,
the laser pulse still affected the power supply and re-
set the CPU of the interface. This problem was solved
by applying a DC-DC converter (20 V to 5 V) and a fil-
tering capacitor close to the device. This scheme was
functional at energies of the laser shots up to about
10 J. At more powerful flashes, the USB communica-
tion failed. We fixed this problem by disconnecting
the data wires during the measurement by relay. The
corresponding modification of the software was also
implemented. The measurement procedure required
preprogramming the device to wait for a trigger, dis-
connecting the USB data wires (by relay), and after
the laser shot, reconnecting the USB data wires, and
reading out the data. However, this solution was not
reliable, as it was only occasionally functional with
laser energies up to about 50 J.

4.1.2 Medipix board detached from the
USB-interface by a devoted module

Since strong effects of EMI persisted, and in an ef-
fort to minimize the number of components in the
very high field noise inside the interaction chamber,
the USB-readout interface (of dimensions 64 × 50 ×
20 mm3) was physically distanced from the Medipix
detector chip board. This was attained by construct-
ing a radiation resistant single-purpose communication
LVDS module (see Figure 3) with separate data com-
munication (three Ethernet cables) and power lines
between the detector board (placed inside the interac-
tion chamber) and the USB-readout interface (outside
the chamber) [17]. A power supply to the module and
to the detector board was provided for each device
separately.

Fig. 3: Medipix2 detector and LVDS Module with commu-
nication ethernet and power cables. The EMI shield for
one cable is shown

While the Medipix detector board freely operates
in a vacuum, namely the heat in the LVDS module
has to be dissipated. For this purpose, we glued the
bottom side of the module (and also that of the de-
tector board – to ensure its long-term stability) to an
aluminum panel using a thermo-conductive polymer
(silicone elastomer Sylgard 160).

In a subsequent step, in view of the strong electro-
magnetic interference (EMI) with very high and short
gradients, a special EMI shielding assembly was de-
signed and constructed for all components to operate
inside the interaction chamber [17]. Communication
and power cables were EMI protected by a flexible
shielding insulating tube through which a cable or a
bundle of cables is conveyed. The material used is
μ-copper for both electrical and magnetic screening
(Holland Shielding). The inner EMI shielding was
grounded to earth. The outer EMI shield was con-
nected to the interaction chamber wall. The detector
board was also EMI shielded by a gradual onion-like
assembly of several (up to three) independent screen-
ing arrangements of reinforced Amucor and mu-copper
foils (hollandshielding.com). These successive layers
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were insulated from each other by additional insulating
material. The ground was taken out independently by
the single connection to avoid induced loops. The in-
terface and contacts between the cable shielding tubes
and the detector board shield casing were secured by
EMI insulating metal conductive tapes. To ensure reli-
ability of operation, the cabling and the USB-based in-
terface outside the interaction chamber were also EMI
shielded.

4.2 Scintillating Detector

In view of both the ionizing radiation background and
the non-ionizing EMI noise, a massive and complex
shield was required. EMI induces a marked but grad-
ually varying disturbance of the detector/preamplifier
signal. This occurs even before the arrival of the laser
shot (see Figure 9 and Figure 10), as a consequence of
the laser charging and laser resonance effects.

The design of the system shield against ionizing
radiation was conceived [18] as three segments/layers:
outer, intermediate and inner (see Figure 4). The
outer shield consisted of 2 cm-thick polyethylene with
the aim of stopping or slowing down electrons emitted
by the target. The intermediate layer consisted of du-
ral foils with total thickness of 5 mm placed namely
at the interfaces and loose edges of the surrounding
shielding blocks. Their task was to stop the charged
particles which eventually arise and cross the inter-
block apertures. The inner layer contained three lead
sheet plates with a full thickness of about 15 mm.
They shielded the detector against photons originat-
ing directly from the plasma and/or from the inter-
action of the ion fluxes with the chamber and shield-
ing blocks. This inner layer should already avoid any
direct charged particle impact, with the exception of
relativistic electrons. Further thick Al and Pb plates
as well as thin Al/C paper foils were additionally im-
plemented. The detector window was protected by a
light-tight 125 μm thick Be foil. Mountable Pb/PE
collimators with bore opening 3 mm and 8 mm were
also used (see inset in Figure 5).

Fig. 4: BaF2 detector with lead (Pb), Aluminum (Al) and
Polyethylene (PE) shield

Fig. 5: Shield assembly for BaF2 detector with lead (Pb),
Aluminum (Al) and Polyethylene (PE) segments. The
Pb/PE shield with 8 mm collimator is shown in the in-
set

5 Measurements at PALS

The experiments were carried out by irradiating mas-
sive Ta and W targets with the PALS frequency-
tripled single laser beam (50–250 J, 0.44 μm, 250 ps,
0.4–2 · 1016 Wcm−2); the laser characteristics were
checked by a routine diagnostic complex [3]. For the
search of 6.2 keV excitation in 181Ta, the highest flu-
ence of plasma X-ray radiation is estimated [4] for laser
energies around 150 J.

5.1 Medipix2

For the operation of the Medipix detector in this hos-
tile environment, a number of different, and increas-
ingly extended, shielding setups were assembled and
tested. In addition to the special hardware implemen-
tation (Figure 3), we tested a number of EMI shielding
arrays which were gradually assembled in consecutive
layers/circuits. Operation of the detector inside the
interaction chamber was ultimately achieved with a
complex three-independent circuit EMI shield. The
fully assembled system in the interaction chamber is
shown in Figure 6.

Measurements were carried out using two differ-
ent targets (Ta and W) with the shielding assembly
described above. The detector managed to remain op-
erational at the desired laser energies (170 J). How-
ever, in view of the relatively short decay time (6 μs)
of the excited level (6.2 keV) in 181Ta, and the dura-
tion of the laser plasma flash pulse (250 ps), the ad-
ditional use of a trigger should guarantee separation
of the expected spectrometric signals from the large
primary laser pulse and subsequent intense plasma ra-
diation.
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Fig. 6: Medipix detector and shielding assembly setup
in the PALS interaction chamber. The diffracted X-rays
(green arrow) coming from the bent crystal are detected
by the detector placed at the focal plane

Fig. 7: Indirect experimental setup in the PALS interac-
tion chamber: The BaF2 detector assembly, facing the sec-
ondary target – the collector, is shielded from the primary
Ta target

5.2 BaF2 detector

With this detector, measurements were carried out in
various experimental and shielding setups. In terms
of target and detector position we tested a direct view
setup, where the detector window is directed at the
primary target, and an indirect view setup, where the
detector faces either the curved crystal (Figure 6) or a
secondary target functioning as an ion collector (Fig-
ure 7). Measurements were performed with differ-
ent massive shielding arrays, which are illustrated in
Figure 8. The shield assembly for this detector was
composed of blocks/layers made of polyethylene (PE),
lead (Pb), aluminum (Al) of different segment sizes
and thicknesses (see Figure 8). A thin beryllium (Be)
foil window covered the detector window.

5.2.1 Direct view on target

While the EMI noise was significantly suppressed, even
this fully closed and massive shield yielded background
signals, as shown in Figure 9, for a Ta Target. Re-
sults of similar response tests obtained with varying
laser energy, from zero up to 157 J, are shown in Fig-
ure 10. In this geometry, even this strong shield is
not sufficient, and the penetrating radiation remains
non-negligible (i.e. relativistic electrons and/or high
energy gamma rays).

5.2.2 Indirect view on secondary
target-collector

In this geometry, a massively protected detector with
a sealed aperture was used. The space between the
target and the detector was complementarily shielded
by massive lead plates. However, opening the aperture
even with varying collimator size and composition re-
sulted in a strongly disturbed response. The response
measurements are illustrated in Figure 11.

5.2.3 Indirect view behind the
monochromator crystal

With the toroidally bent crystal spectrometer, the de-
tector response yielded similar results as . Collimated
apertures simply did not fully shield the detector. At
least a thin plate of Pb and Al were required, even in
this geometry.

6 Conclusions
For the laser parameters and Ta target used here,
plasma-penetrating radiation remains the principal
noise factor for scintillating detectors, while EMI noise
was the most important limiting factor for semicon-
ductor pixel detectors. The possibility of successfully
applying both types of detectors has been demon-
strated. In future work, the timing of Medipix data
collection at the desired time interval (a few μs after
the laser flash) should be driven by the laser trigger,
which is usually generated 4–5 μs before the laser shot.
The BaF2 detector is most suitable for following the
time evolution of the plasma radiation as a whole. This
may proceed, e.g., via recording the complete assem-
bly of the emitted quanta in consecutive time intervals
(e.g. 5 ns). Until now, the BaF2 detector could be used
only for observing de-exciting nuclear radiation from
indirect targets. Moreover, the detector entrance win-
dow had to be at least partially shielded by thin Pb/Al
foils, which significantly reduced the overall detection
efficiency of the desired radiation. Work on further im-
proving and stabilizing the operation of these detectors
in such a radiation and EMI noise environment is in
progress.
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Fig. 8: Schematic illustration of the target and shield setups investigated for the BaF2 detector. The geometric setup is
determined by the position of the primary target, the (eventual) crystal/collector as a secondary target, and the detector.
The shield assembly was composed of materials with polyethylene (PE), lead (Pb), Aluminum (Al), a thin Beryllium (Be)
foil window in various segment sizes and thicknesses
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Fig. 9: Time spectrum of a laser shot (#09) with energy 155 J on a Ta target in setup “a” (see Figure 8). The full spectrum
is shown (top). For illustration, parts of the spectrum are shown in detail: prior and at the laser shot (second from top), at
a later time – the region between 29 μs and 39 μs (third from top) as well as a region between 36 μs and 37 μs (bottom).
The laser shot time and the PALS laser trigger signal level (generally at about 4 μs before the laser shot) are indicated by
letters “s” and “t”, respectively
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