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➢ To determine the dose of photoneutrons generated by Ɣ-radiation produced

in a pulsed 1 PW laser driven plasma wakefield electron accelerator, at C1

interaction chamber located in E5 experimental area at ELI-NP;

➢ To perform spectral measurements of neutron fluence;

➢ To measure the angular distribution of neutrons;

➢ To test the bubble detectors with a Plutonium-Beryllium source in order to

check the reliability for dose and fluence measurements.

Purpose



I.Introduction

Applications

➢ chemistry and advanced
materials (study the materials
degradation/improvement,
including structural and
functional properties, the
detection of defects for different
purposes)

➢ homeland security (detect
traces of radioactive materials)

➢ biology (study some biological
processes of living cells,
understand the biological
behavior of macromolecules)

➢ medicine (design new drugs,
study different diseases)

➢ magnetism (understand the
magnetic structure of materials,
develop more efficient magnets
for technological applications,
ferromagnetism)

➢ nuclear and particle physics



Neutron generation in E5 experiment

➢By photonuclear reactions due to Ɣ-rays from high energy electromagnetic radiation

Targeted applications:

➢ The development of new laser-driven neutron sources [1, 2];

➢ The development of laser driven electron accelerator for medical field and biology [3].

Bremsstrahlung radiation (braking radiation)- electromagnetic radiation produced by the deceleration of a charged particle when
deflected by another charged particle, (typically an electron deflected by an atomic nucleus);

Synchrotron radiation- electromagnetic radiation with broadband energy (from ≈1 eV to few keV), emitted by relativistic charged
particles that travel in a curved path (like the bending of the electrons trajectory in the magnetic field of a synchrotron).

Photonuclear reaction (Ɣ, n) type- nuclear process in which a gamma ray interacts with an atomic nucleus and produces an excited
atom that decays on its fundamental state after emitting a neutron.

➢ The probability of photoneutron production (cress-section) increases quickly with the energy of the  rays, it reach a peak at the
energy (Emax) of the giant dipole resonance, and then decreases;

➢ The threshold for photoneutron production in Al27 is 14 MeV [4] and in Fe54 is 13.8 MeV [4];

➢ Photonuclear reactions (, n) produced in Al and Fe:

Al27 (,n) Al26 (Emax=19.2 MeV, [4])

Fe54 (,n) Fe53 (Emax =18.7 MeV, [4])

Fig. 1.  Bremsstrahlung radiation Fig. 2. Synchrotron radiation



II. The experimental setup at E5.
Photoneutron production.

Conditions

➢ Location: ELI-NP facility, Experimental zone E5, C1 interaction chamber

➢ Laser pulse energy: 4 J-21 J

➢ Laser pulse power: 0.4- 1PW

➢ Laser pulse duration: 25-70 fs

➢ Central wavelength: 800-810 nm

The optical setup is presented in fig. 3.

Photoneutron production

➢ Laser pulse- focused by reflection on an off-axis parabolic mirror with 5000
mm focal length, in a gas cell with Parker valve connected through a gas line to
a bootle with mixture of 98% He and 2% N2/ pure He;

➢ The back pressure in the cell was adjusted before each shot in the range 100-
1000 mbar;

➢ In the gas cell, the electrons were wake-field accelerated in the high gradient
of the plasma;

➢ After exiting the cell, the bunch of electrons enters and passes through the gap
between the 2 poles of the permanent dipole magnet (with steel yoke) and
through the LANEX screens located after de magnet, at 45° angle of incidence
with respect to the laser beam axis (Z axis);

➢ The electrons are deflected down after passing the magnetic field due to the
Lorenz Force;

➢ An intense pulse of synchrotron and bremsstrahlung radiation was generated
by the electrons stopped and in the 3-4 cm thick Al chamber wall, in the steel
flanges mounted on the wall and probably in the poles of the magnet;

➢The photonuclear reactions (Ɣ,n reactions) were generated by the intraction
between the intense pulse of high energy gamma radiation with Aluminum
nuclei (in the wall) and with Iron nuclei (in the vacuum flanges or optical
table), resulting photoneutrons.

Fig. 3. The optical setups of the main pulse (1 PW) and the probe pulse in C3 and C1 interaction 
chambers Optical table



III. Neutron spectrometer

Equipment

➢ Neutron spectrometer is composed of 18 bubble detectors

divided in 3 groups of 6 bubble detectors with different energy

thresholds (10, 100, 600, 1000, 2500 and 10000 keV);

➢ Each detector has a serial number and a sensitivity between

0.65 and 1.80 bubbles/mrem, 80 mm length, 16 mm diameter,

and a mass of 20 grams;

Table 1. The sensitivity and the energy threshold for the three groups of bubble detectors.

Group #1 of bubble 

detectors

Group #2 of bubble 

detectors

Group #3 of bubble 

detectors

Serial 

number

sensitivity 

(bubbles/mrem)

Serial 

number

sensitivity 

(bubbles/mrem)

Serial 

number

sensitivity 

(bubbles/mrem)

Detector energy

threshold (MeV)

20302254 1.40 20302235 1.30 20302219 1.50 0.01  

20303454 170 20303425 1.80 20303407 1.80 0.1 

20303252 1.30 20303209 1.20 20303217 1.20 0.6  

20302323 1.20 20302343 1.30 20302309 1.20 1

20303318 1.10 20303359 1.10 20303349 1.10 2.5  

21097252 0.65 20017156 0.65 16175243 0.86 10



Procedure

➢ The spectrometer is calibrated to work correctly at 20
°C;

➢ Before each exposure, the bubble detectors were
activated by compressing them in a recompresion
chamber filled with H2O at 20 °C, between 400-800 PSI,
15 -20 minutes;

➢The 3 groups of detectors were placed outside the
chamber, in plastic bags, in 3 different configurations;

➢They were exposed to the flux of neutrons, electrons, X
and Ɣ rays during the experiments that lasted 4-11 h,
each day;

➢ Principle: if the neutron incident in the bubble detector
had an energy above the energy threshold of the detector,
it vaporized locally few tiny droplets of superheated
fluid, and generated a visible bubble;

➢At the end of each exp. day, the bubbles were counted in
each detector;

➢After each exp., all the detectors were compressed in the
recompression chamber. The detectors were then placed
in the fridge, at 3-6 °C. Fig. 4. Recompression chamber (RC)



➢ Experiments- performed using 3 different configurations: on the front wall of C1 chamber (during the

first 3 exp. days- Fig. 5), on the optical table along the Z axis (Fig.6), and on the vertical surface of the

beam dump along Y axis (Fig.7).

➢ The 6 detectors in each group were placed in a plastic bag, parallel to each other, in order of

their decreasing energy threshold along the direction parallel with X axis.

Fig. 5. The position of the three groups of 6 detectors on the front wall 

of C1 chamber, during the first 3 experimental days (on 24-NOV, 25-

NOV and 26-NOV)

Fig. 6. The position of the three groups of 6 detectors: two groups 

placed on the optical table and one group placed on the beam dump, 

during two experimental days. Positions are marked with red squares 

(on 29-NOV) and blue squares (on 03-DEC).

.

Fig. 7. The position of the three groups of 6 bubble detectors, 

placed on the vertical surface of the beam dump, and centered on Y 

axis (on 02-DEC). The direction of the high-power laser pulse (the 

Z axis) is perpendicular to the figure (on 02-DEC).

Beamdump

Optical 

table

C1 interaction 

chamber

1 3

1PW

X
Z23 2

d1

d2

d3



Pb

Pb

ICT

Pb

➢ The PCO EDGE 5.5 MP camera mounted on the 

optical table, was covered with lead (Pb) bricks and 

sheets;

➢ The Integrating Current Transformer (ICT) fixed on 

optical table, was used to integrate the electrons 

bunch charge for each pulse;

➢ The beam dump was made from lead bricks covered 

with four rectangular Aluminum plates about 1 cm 

thick.

Beam 

dump



IV. The test of the bubble detectors 

Procedure

➢ Test performed with Pu-Be source, characterized at ELI-NP, using

scintillators;

➢ The 3 groups of detectors were placed in plastic boxes, in circle, in three

different positions, at about 20 cm distance from the Pu-Be source, that was

placed in the center;

➢After 15 minutes of irradiation, the detectors were removed from the

chamber and the number of bubbles were read.

➢ The total number of bubbles counted for the 3 groups of detectors is

presented in the following table:

Detector energy 

threshold (MeV)

BDS1 

number 

bubbles

BDS2 

number 

bubbles

BDS3 

number 

bubbles

Total 

number 

bubbles

0.01  30 23 34 87

0.1  45 32 41 118

0.6 31 29 18 78

1 30 41 43 114

2.5 33 43 44 120

10  5 13 10 28

Fig. 8. (Colour online.) Photograph of the PuBe source 

characterized at ELI-NP, using scintillators according to 

in P.-A. Söderström et. al [5]- the source details are 

mentioned in this work 

Table 2. The total number of bubbles for the 3 groups of detectors  during the test.



Results
➢The neutron yield of the Pu-Be source used (according to P.-A. Söderström et. al [5]- the red circles) is

compared with the neutron fluence (blue line with error bars - left figure) and with the equivalent neutron dose
of BDS (mrem, %) (blue line) in the right figure;

➢The neutron yield represents the percentage ratio between the number of neutrons produced in an energy range
and the total number of neutrons produced in all the energetic intervals;

➢ The neutron fluence represents the total number of neutrons crossing the surface of a bubble detector. The
neutron fluence and the equivalent dose were computed by unfolding the raw data for each group (in order to
extract the number of neutrons with energy in each of the six energy ranges).

Conclusions
➢ Both figures are in qualitative agreement with the neutron yield of Pu-Be source measured by P.-A. Söderström

et al [5];

➢ It is obvious that the neutron spectrometer (BDS) measured more neutrons in the range 10-20 MeV, as
compared with the measurements performed by P.-A. Söderström et al [5]., due to the low energy resolution of
the BDS (bubble detector spectrometer).

Fig. 9. The neutron yield of the Plutonium – Beryllium source according to P.-A. Söderström et al [5], (red circles) is compared with the neutron 

fluence  (blue line) in the left figure and with the equivalent dose (blue line with error bars) in the right figure. 



V. Results and discussions

Neutron fluence and neutron dose

1. Measured in 3 positions on C1 chamber wall , during the first 3 
experimental days (on 24-NOV, 25-NOV and 26-NOV)

➢ Fig. 10. presents the total neutron fluence (left figure) and the total dose (right figure) measured during

the three experimental days (each curve is attributed to one experimental day)

➢ The total energy of the laser pulses (shot into the gas cell) in a day, is the sum of the energies of all

good laser pulses with energy between 10 Joules and 21 Joules. More exactly, during each of the three

daily experiments the total energy of laser pulses was:

➢ 146 J in day 1 (4 h exposure)

➢ 482 J in day 2 (7h exposure)

➢ 916 pulses in day 3 (11 h exposure)

Group

number

X1 (cm) X2 (cm) X center

(cm)

Y1 (cm) Y2 (cm) Y center

(cm)

1 -30 -20 -25 -23 -13 -18

2 -5 5 0 -23 -13 -18

3 20 30 25 -18 -8 -13

.

x1 x2

y1

y2

Table 3. The boundaries along the X and Y axis of the three groups of detectors.



Fig. 10. Total neutron fluence and total neutron dose measured by each group is computed for the three total daily laser pulse energies versus the X-

coordinates of the centers of 3 groups of detectors.

Conclusions

➢ The neutron fluence and the dose measured during the three experiments, increases with the total

energy of the good laser pulses (pulses with energy= 10-21 J, shot in gas cell, with pressure =500 -1000

mbar);

➢ Group 2 measured the highest neutron fluence and dose, suggesting that the high-energy neutrons were

produced in the region of the wall centered at X=0 cm, irradiated by the accelerated electrons. This

region is located below the Beryllium window, about 10 cm wide;

➢ The next set of measurements, along Z axis was performed in order to see if the photonuclear reactions

were produced also in the optical table (made from stainless steel).



2. Measured in the vertical plane of the 1PW laser beam axis, on the top of the optical 
table (groups 2 and 3) and on the beamdump (group 1) during 2 experimental days (on 
29-NOV and 3-DEC)

➢ The number of laser pulses was different during each of the 2 experiments:

➢ day 1 (90 pulses, 20 +/-0.5 J/ pulse)

➢ day 2 (108 pulses, 21 +/-0.2 J/pulse)

➢ Fig. 11. presents the number of bubbles (N1, N2) counted in the six detectors of group 1 (placed on the beam

dump) in two experimental days;

.

Day Date GROUP 1 center GROUP 2 center GROUP 3 center

d1(cm) h1(cm) d2(cm) h2(cm) d3(cm) h3(cm)

1 29.11.2021 166.5±0.5 100±1 16±0.5 92±0.5 58 ±0.5 92±0.5

2 03.12.2021 166.5±0.5 100±1 48.5±0.5 92±0.5 84.5±0.5 92±0.5

Fig. 11. The number of bubbles counted in the six detectors of 

group 1 in two experimental days (N1, N2)- (day1 – red line, 

and day 2 – blue line)

➢ For group 1, there were between 60 and 80 bubbles in

the 10 MeV detector, and above 300 bubbles were

counted in the other five detectors with lower energy

threshold (0.01 MeV, 0.1 MeV, 0.6 MeV, 1 MeV, 2.5

MeV). The relative increase in the number of bubbles

from day 1 to day 2, was about the same for all six

detectors.

➢ For groups 2 and 3 placed on the optical table there were

counted between 200 and 800 bubbles, along the

direction of the 1PW laser beam axis;

Table 4. The position of the centers of the three groups of bubble detectors, measured from the front wall (distances d1, d2, d3) and from 

the floor (distances h1, h2, h3).



➢ Fig. 12. shows the neutron fluence for group 1 (on the beam dump) for the six neutron energy intervals,

during the two experimental days;

➢ The neutron fluence is proportional with the number of the laser pulses focused in the gas cell, (for gas

pressures in the range 500 mbar - 1000 mbar) during each experimental day;

➢ There were more photoneutrons in the ranges 2.5 – 10 MeV and 10 -20 MeV, than the photoneutrons in

the energy range 0.01 -2.5 MeV.

➢ The plots were performed for the10-20 MeV energy range due to a less error in this interval- because the

bubble detectors with 10 MeV threshold detects only the neutrons with the energy higher than 10 MeV,

having a higher precision (all the other detectors detect what is above the threshold).

.
Fig. 12. The histogram of the neutron fluence for group 1 (on 

the beam dump) for the six neutron energy intervals during 

the two experimental days (day1 – red line, and day 2 – blue 

line).



➢ Fig. 13. presents the 10-20 MeV neutron fluence (left side) and the dose (right side) performed along the 1PW

beam axis versus the distance from the chamber wall, per day (day1 – red line, and day 2 – blue line); each

point is attributed to a group.

Fig. 13. The 10-20 MeV neutron fluence and dose per day (left side and right side), measured on the optical table and on beam dump, along a 

direction parallel with the 1PW beam axis, in YZ plane, versus the distance from the chamber wall, on 29-NOV (red line), and on 03-DEC (blue line).

wall). 

Conclusions

➢ The fluence and dose of the 10-20 MeV neutrons, are the highest on the optical table, at 58 cm distance from the

front chamber wall (made from Aluminum);

➢ In order to explain the maximum seen in Fig. 13., the generation of the photoneutrons in the stainless steel

optical table has to be also considered

➢ The fluence and the dose does not decrease with the distance from the wall, as expected when the

photoneutrons would be generated only in the front chamber wall;

➢ The change in fluence and dose of the 10-20 MeV neutrons, measured on the beam dump, at 166.5 cm distance

from the chamber wall, was small from one day to another.



3. Measured on the vertical surface of the beam dump, also in the vertical plane of 
the 1PW laser beam (on 2-DEC)

➢ In Fig. 14., the neutron dose (left figure) and the neutron fluence (right figure) with four energy ranges were

computed versus the height from the floor to the detector group centers placed on the surface of the beam

dump, at 166 cm distance from the front chamber wall.

.

Fig. 14. The neutron dose (left figure) and the neutron fluence (right figure) with four energy ranges versus the heght from the floor 

to the detector group centers placed on the surface of the beamdump at 166 cm distance from the front chamber wall.

Conclusions

➢ For the energy interval 2.5-10 MeV, the neutron dose and fluence decrease with the increase in the height

from the floor;

➢ For energy between 10-20 MeV, 1-2.5 MeV and 0.6-1 MeV, the fluence and the neutron dose do not show a

clear decrease with the increase in the height measured, resulting that most neutrons are emitted

isotropically in space, from the two volumes, located in the front chamber wall and in the optical table.



The angular distribution of the neutrons, around the Beryllium 
window

Procedure
➢ To measure the angular distribution of neutrons, for all six energy ranges, the neutron detectors were placed on

the front wall of the C1 interaction chamber, like in Fig. 15.

➢ The measurements were performed in five days (on 6 DEC, 7 DEC, 8 DEC, 9 DEC and 10 DEC).

➢ The position of the 3rd group of detectors was kept the same for all three experiments, as a reference.

.

Fig. 15. The position of the three groups of 6 detectors, placed around the Be window, on 

the front wall of C1 chamber, to measure the angular distribution of the neutrons (the last 5 

days)

Group 1 Group 2 Center group 3

Experiment X1 cm X2 cm Y1 cm Y2 cm ϕ deg X1 cm X2 cm Y1 cm Y2 

cm

ϕ deg X1 cm X2 cm Y1 cm Y2 cm ϕ deg

6.12.2021 -17 -26 -4 4 180 20 29 -4 4 0 -4 4 14 21 90

7.12.2021 -18 -27 -17 -9 -150 18 27 -17 -9 -30 -4 4 13 21 90

8.12. 2021 -13 -22 -26 -18 -129 11 21 -25 -17 -53 -5 5 14 22 90

9.12.2021 -25 -16 6 15 153 13 21 5 14 29 -4 4 14 22 90

10.12.2021 -18 -27 -22 -14 -141 -5 5 -14 -22 -90 -5 5 14 22 90

➢ The centers of the detector groups is defined by the angle ϕ

measured from the X axis in the counter-clock wise (positive

angle) or clock-wise (negative angle).

➢ The position of the 3 groups of detectors is specified by their

range [X1, X2] along X axis, and [Y1, Y2] along Y axis.

➢ The detectors were placed, along directions parallel with X axis,

in the order of the decreasing energy threshold.

Table 5. The X, Y coordinates of the boundaries of bubble group and the angle ϕ



Fig. 16. Total neutron dose (left figure) and total neutron fluence (right figure) computed from the unfolded data for each of the 3 groups of 6 

detectors

Conclusions

➢ The highest neutron dose and the highest neutron fluence was measured by the 2nd group of detectors,

placed at -90 degrees, below the Beryllium window, and centered on the vertical Y axis;

➢ The neutron fluence measured by the 3rd group of detectors, located above the Be window does not

change significantly during the five experiments (the green circles). This group of detectors measured the

scattered neutrons.



V. Conclusions and perspectives

Conclusions

➢ The BDS represents a major scientific discovery in neutron detection with many potential
applications;

➢ The bubble detectors were tested with a Plutonium-Beryllium source and the reliability for dose
and fluence measurements was confirmed;

➢ In the E5 experiment (from November-December 2021), the dose of photoneutrons generated by
synchrotron and bremsstrahlung radiation, the neutron fluence and the angular distribution of
neutrons around the Beryllium window were determined;

➢ The highest neutron dose and the highest neutron fluence was measured by group 2 of detectors,
placed at -90 degrees, below the Beryllium window, and centered on the vertical Y axis;

➢ This is the region on the front wall, where the maximum number of neutrons were generated in
the photonuclear reactions produced by the bremsstrahlung radiation;

➢ The photonuclear reactions occurred both in the Aluminum front wall and in the optical table,
due to the high energy (>13 MeV) gamma rays.



Perspectives

➢ In the later research, the contribution of the secondary electrons

produced by high energy X-rays , on the production of bubbles in the

bubble detectors will be evaluated using Geant 4 simulation;

➢ Future neutron applications for materials science and biology will be

investigated;

➢ The flux of electrons outside the interaction chamber will be studied,

with the Integrated Charge Transformer (ICT), that was used in this

experiment.
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