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ABSTRACT   

With the development of high-intensity and high-repetition-rate laser systems, it has become crucial to be able to 

measure and characterize the high-energy gamma radiation from laser-matter interaction in real-time. Therefore, a 

scintillator-based electromagnetic calorimeter aimed at high-energy electron and photon detection under high-repetition 

rate is being developed at the ELI Beamlines facility. Together with an ad hoc created unfolding technique, it is possible 

to reconstruct energies/temperatures of one or two thermal populations present in the radiation. A preliminary test of the 

device performed at the PALS experimental facility together with the corresponding signal unfolding is here presented. 

 

Keywords: calorimeter, scintillators, data processing methods, gamma radiation, laser-plasma characterization 

 

1. INTRODUCTION  

The interaction between a powerful laser pulse and a target induces the material ionization and the resultant plasma 

creation that leads to the emission of a copious number of particles and radiation1. The laser energy is typically 

transferred via collisionless processes2 to the so-called hot electrons (superthermal population of electrons3,4) that 

penetrate through the plasma and decelerate producing Bremsstrahlung radiation. Detection of such radiation can provide 

with important insight to laser-plasma interaction, especially to absorption processes, hot electrons temperature and their 

transport in plasma2,5,6. 

 

However, in the case of PW lasers, the Bremsstrahlung radiation is highly energetic (hundreds of keV – several MeV7,8), 

falling within the gamma range, and it is emitted in short flashes (fs – ps range9). Moreover, the radiation yield is 

extremely large per each flash, making single-photon counting based diagnostics not suitable for such measurements. 

Among the most advantageous detectors for energetic and pulsed radiation are various spectrometers utilizing a FUJI-

film image plate10,11 as a radiation-sensitive part12-14.  However, such passive devices are not applicable to the high-

repetition-rate working regime since the image plate must be replaced after each shot and requires a sophisticated and 

time-consuming post-processing. 

 

Detectors based on scintillators arranged in a stack and coupled with optical readout seem to offer a novel approach to 

measuring such Bremsstrahlung radiation, as was demonstrated in the literature15-17. Scintillating materials emit visible 

light, detectable by a standard CMOS or CCD camera, when exposed to the ionizing radiation. The amount of light is 

proportional to the radiation flux. Short scintillation duration enables to perform measurements online during high-

repetition-rate experiment.  

 

In this paper, we present an online scintillator-based electromagnetic calorimeter (EMC) developed at the ELI Beamlines 

laser facility18. The device is designed to work in a repetition rate up to 50 Hz and measure high-energy radiation (up to 



 

 
 

 

 

 

tens of MeV) generated by a high-intensity (up to 1022W/cm2) laser system, such as the 1 PW HAPLS laser19 available at 

ELI Beamlines. The following sections contain the description of the detector design and the signal unfolding technique, 

along with demonstration of some of the preliminary experimental tests.  

2. DETECTOR DESIGN AND SIGNAL UNFOLDING 

The electromagnetic calorimeter is a stack of 15 crystals of different thickness made of two scintillator types. The usage 

of two scintillating materials arises from the assumption of double electron population in the laser-plasma – thermal and 

superthermal. Both populations are expected to have distant characteristic temperatures (low-temperature and high-

temperature components) and follow the Maxwell-Boltzmann (MB) energy distribution temperatures20,21. Usage of 

scintillators of different density is supposed to separate the Bremsstrahlung radiation coming from both electrons 

components and measure it simultaneously by one device.  

A sketch of the detector is shown in Figure 1, a). The frontal part of it is composed of the EJ200 plastic scintillators (1.03 

g/cm3, 104 photons/MeV). Given their low density, plastic crystals are supposed to stop the low-energy components of 

the radiation. The second part of the device is comprised of the Bismuth Germinate (BGO) scintillators (7.13 g/cm3, 

8x103 photons/MeV) and is aimed at measuring the high-energy radiation component due to the high density. The 

scintillators are inserted into a specially developed black plastic holder, ensuring a proper light separation between the 

adjacent crystals. 

The dimensions of the EJ200 scintillators are 20x10x20mm3. The middle BGO crystals, located after the plastic part, are 

thinner (20x5x20mm3) in order to increase the energy resolution in the most exposed region. The very last four BGOs 

are 20x10x20mm3, similarly to the EJ200. The signal readout is implemented by a CMOS Manta 235B camera coupled 

with a suitable small focal length lens. The whole setup has to be covered by an optical shielding in order to prevent the 

external light to interfere with the scintillation. In our setup, it was implemented by using double layers of a dense black 

fabric.  

 

Figure 1. a) Electromagnetic calorimeter setup: scintillating crystals of two kinds (EJ200 and BGO) are placed in a plastic holder, 

the optical signal from the crystals is recorded by a CMOS Manta camera. The radiation is incident from the EJ200 crystals 

side. The setup dimensions are also sketched here. Optical shielding is not shown in the figure. b) An illustrative example of 

FLUKA simulations of the radiation energy deposition along the calorimeter. A simplified detector model is built in the 

Flair software. 

 

A specially developed signal unfolding technique enables to reconstruct one or two temperatures of the radiation. The 

interaction between the radiation and the detector is simulated using FLUKA22-24 to score the deposited energy along the 

device, in each of the crystals. Figure 1, b) demonstrates an illustrative example of the simulated energy deposition using 

a simplified detector design built using Flair software25. As a result, a response matrix is created for a range of 

predefined MB temperatures of the incoming radiation. The response matrix is a key component for the unfolding 

technique: the measured signal is compared with the simulated one aiming at minimization of their difference (χ2 - 



 

 
 

 

 

 

function) by undergoing a series of steps. Usage of a nonlinear regression model allows to obtain the standard error of 

the unfolded temperature and statistical parameters such as p-value and adjusted R-squared26, in order to evaluate 

whether the unfolding output is trustable. Full description of the unfolding technique can be found in reference 27.  The 

uncertainty of determining a MB temperature was estimated in reference 28 to be approximately 15 %. For an ordinary 

commercial off-the-shelf computer, the execution time of the unfolding algorithm is approximately 10 s or 100 s for one 

or two temperature searches, respectively. 

3. EXPERIMENTAL TESTS AT PALS 

One of the preliminary experimental tests of the electromagnetic calorimeter aimed at laser-plasma generated 

Bremsstrahlung measurements took place at Prague Asterix Laser System (PALS) facility29, using an iodine laser 

operated in a single-pulse regime at 1315 nm, delivering a maximum laser energy of 620 J in about 350 ps. During the 

experiment, the laser was focused down to moderate laser intensities of ~ 31016 W/cm2) and characterized with the 

focal spot size of approximately 100 μm. Various metal targets were used in the experiment. 

The experimental setup is sketched in Figure 2. Two identical calorimeters, constructed according to the description in 

Figure 1 a), were placed at two different positions in front of glass viewports outside of the vacuum chamber. The 

viewports were located at 0° and 30° to the target normal and the calorimeters were aligned accordingly. Given the 

outside-of-the-vacuum location, a possible impact of such particles as electrons and ions on the device was eliminated in 

this experiment. Collimators of 5 cm thickness and 1.51.55 cm3 holes dimensions were built using lead bricks in front 

of each detector in order to minimize the impact of backscattered radiation on detectors’ sides. The lead served also as a 

shielding for the readout cameras in order to reduce the direct irradiation on cameras’ chips.   

 

 

 

Figure 2. Sketch of the experimental setup during the PALS experiment. Two calorimeters labelled EMC1 and EMC2 are 

located outside of the vacuum chamber at different angels (0° and 30°) to the target normal. Lead collimators are placed in 

front of the detectors to reduce the secondary radiation. 

 



 

 
 

 

 

 

In this paper, we further describe results for a 15-μm Pb target only. Two measured signals presented in Figure 3 

correspond to the same shot; the laser energy reached 535 J in this case. On the top of the figure, the post-processed 

signal images for both detectors are demonstrated. As can be seen, the strongest signal on both images is shown by the 

first BGO crystal. The incoming photons interacted slightly and gradually with the light plastic part, depositing most of 

their energy once they entered the denser BGO region. On the other hand, the radiation flux seemed not to be strong 

enough to trigger a comparable scintillation in the remaining BGO crystals. 

The measured signal and the reconstructed one obtained using the unfolding technique are compared on the bottom of 

Figure 3 and shown as red and blue lines, respectively. The left part of the figure corresponds to the 0° location (a), while 

the right one corresponds to the 30° location (b).  The error bars are given as a standard mean error calculated for each 

crystal area. Due to the low signal-to-noise ratio in the last three crystals, that accounts for the low radiation flux in the 

area, only the first 12 crystals were taken into consideration during the unfolding. For the calorimeter located on the 

target normal (0°), the unfolded temperature was found as (51.5 ± 2.9) keV, while the corresponding statistical 

parameters amounted to 8.3e-09 for p-value and 0.999 for the adjusted R-squared, indicating that the result is in 

agreement with the nonlinear model. For the second detector, the unfolded temperature is (47.6 ± 4.7) keV, with p-value 

= 1.3e-06 and the adjusted R-squared = 0.998. The stated unfolding errors correspond only to the mathematical 

uncertainty of the unfolding procedure. The real uncertainty of the calorimeter is approximately 15% of the unfolded 

results. For the calorimeter located at 30° to the target normal, the unfolding error is higher due to the weaker signal and 

thus lower signal-to-noise ratio. Nevertheless, both results are in a good agreement.  

It is worth noting, that despite the unfolding algorithm searched for two simultaneous radiation temperatures, only one 

was considered to be statistically significant. Most probably, the second thermal population was either substantially less 

representative or less energetic, thus falling below the detection limit of the calorimeter (10 keV). 

According to the electron spectrometer data that was used during the previous PALS experiments performed under 

similar experimental conditions30,31, electron temperatures usually fell within the (80 – 150) keV range. Assuming that 

the Bremsstrahlung temperature should be similar or less than that of the electrons, our findings are in accordance with 

the expectations. Our previous test of the calorimeter27 using thin Ta target under similar experimental conditions 

indicated the same range of temperatures (60 keV). 

 

Figure 2. a) EMC1@ 0° to the target normal. Top: a post-processed signal image, demonstrating the scintillation of the 

crystals. Bottom: comparison between the measured signal (blue line) and the result of the unfolding algorithm (red line).   

b) EMC2@ 30° to the target normal, analogously to a). 



 

 
 

 

 

 

4. CONCLUSIONS AND PERSPECTIVE 

Two scintillator-based electromagnetic calorimeters coupled with CMOS cameras were tested in a laser-plasma 

experiment at the PALS facility. Using such devices, it was possible to measure Bremsstrahlung radiation generated by 

the hot electrons in laser-plasma. The calorimeters proved to work successfully in online regime, enabling to perform 

measurements on shot-to-shot basis. The ad hoc developed unfolding technique was used to reconstruct radiation 

temperature within a short time during the experiment.  

 

However, during the described preliminary experimental test, the measured temperatures were about one/two orders of 

magnitude less than those for which the detector was optimized (several MeV – tens of MeV), resulting in a relatively 

weak signal. Moreover, only one temperature component was found to be significant enough to be detected, despite two 

components were searched for. Nevertheless, the unfolding results were consistent for both detectors and are in 

agreement with the expectations for the particular experimental conditions. 

 

Future tests of the developed calorimeter at more powerful laser facilities producing high-energy Bremsstrahlung 

radiation are scheduled. The unfolding algorithm optimization is ongoing, aiming at the shortening of the execution time 

and refinement of the two-temperature search.  
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