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We report on the optimization of a Bremsstrahlung Cannon (BSC) design for the
investigation of laser-driven fast electron populations in a Shock-Ignition relevant
experimental campaign at the LMJ-PETAL facility. In this regime with laser inten-
sities of 10 — 10 W /cm?, fast electrons with energies <100 keV are expected to
be generated through Stimulated Raman Scattering (SRS) and Two Plasmon Decay
(TPD) instabilities. The main purpose of the BSC in our experiment is to identify
the contribution to X-ray emission from Bremsstrahlung of fast electrons originating
from SRS and TPD, with expected temperatures of 40 keV and 95 keV, respectively.
Data analysis and reconstruction of the distributions of X-ray photons incident on

the bremsstrahlung cannon are described.
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I. INTRODUCTION

In the Shock Ignition (SI) approach to Inertial Confinement Fusion (ICF) the compression
phase and ignition phase are separated!. In the first phase, symmetric laser irradiation
compresses the outer shell of the fuel capsule, generating a large-scale plasma corona. After
the compression, a laser intensity spike is envisaged to drive a strong shock (~ 300 Mbar)
in the precompressed fuel capsule to generate ignition conditions. In order to produce such
a strong shock, the laser intensity must reach values of 10 — 10'® W/cm?. Tt is well-
known?, that in this interaction regime parametric instabilities such as Stimulated Raman
Scattering (SRS)*®, Two Plasmon Decay (TPD)>" and Stimulated Brillouin Scattering
(SBS)®? are driven in the long scalelength plasma generated during the compression phase.
These instabilities result in reflected laser light (SRS, SBS) and the generation of non-
thermal electron populations (SRS, TPD)¥, the so-called fast electrons. One of the major
open issues within the SI approach is the effect of the fast electrons on the ability to drive
a strong shock!'. On the one hand, the fast electrons might have the detrimental effect
of preheating the precompressed fuel, resulting in less efficient shock formation. On the
other hand, low-energy fast electrons (< 100 keV) can be stopped inside the high-density
precompressed shell enhancing the shock formation!?. Measuring the fast electron properties
(conversion efficiency, temperature) simultaneously with the shock pressure is therefore of a

great importance in the SI relevant regime.

Fast electron properties have been studied through direct measurement of the escap-
ing component of fast electrons with magnetic dipole spectrometers’® or via dosimetric

techniques'®, and indirect measurements such as bremsstrahlung X-ray measurements!:16

1718 "also from buried fluorescent layers at different depth

and measurements of K, emission
inside the target'. In the experimental conditions considered here the target is thick with
respect to the CSDA (Continuous Slowing Down Approximation) stopping range of the elec-
tron energies. Thus the direct measurement of the fast electron energies with a magnetic
dipole spectrometer is not suitable, as only electrons exiting the target can be detected.
The other two diagnostic techniques have been used in the experiment carried out at the
Laser Megajoule-PETawatt Aquitaine Laser (LMJ-PETAL) facility. Here we focus on the

bremsstrahlung measurements. The discussion of the results from fluorescence emission can

be found elsewhere?.



BSCs have been widely used in relativistic laser-matter interaction studies with thin

21724 In that case, the CSDA range of the major part of the fast electrons largely

targets
exceeds the target thickness, mainly because of the much higher fast electron tempera-
tures. The fast electron energy loss inside the target can be neglected and the integration
of the bremsstrahlung cross-section over the fast electron distribution (usually assumed to
be Maxwellian) yields a good approximation!® of the bremsstrahlung emission produced.
In the experimental conditions considered here, most of the fast electrons are stopped in-
side the target of mm-thickness. Electron energy losses, secondary particle generation and
bremsstrahlung reabsorption inside the target need to be taken into account. Thus, Monte

Carlo simulations are used to link the fast electron population to its bremsstrahlung spec-

trum for the calculation of the expected photon distribution emitted from the target.

Here we concentrate on the first phase of the data analysis, i.e. the reconstruction of
the X-ray photon spectrum entering the BSC. The retrieval of the fast electron distribution
from the photon spectrum will be the subject of future work. The analysis procedure for the
retrieval of the photon distribution follows those reported in previous studies?*?5. Similarly
to those works, a response function base is constructed. Whereas the response functions
in?2:2% are constructed for incoming photon energy bins, here a base of Maxwell-Boltzmann
photon distributions in a range of temperatures is used. It was shown that the fast electrons
produced through parametric instabilities can be well approximated with multi-temperature
Maxwellian distributions?®. Therefore, the bremsstrahlung photon distribution originating
from the interaction of the fast electrons with the target material is expected to be well
approximated by a multi-temperature Maxwell-Boltzmann distribution. In?? the response
function is calculated using 1-dimensional Monte Carlo simulations, whereas in?® the cumu-
lative transmission of the filters in the BSC stack is calculated for a large parameter space.
In the study reported here, the BSC response is calculated using 3-dimensional Monte Carlo

simulations, which take into account secondary particle emission and reabsorption inside the

BSC stack, its housing and its shielding.

The paper is structured in the following way: In section II we describe the optimization
of the BSC for the detection of the expected Bremsstrahlung spectrum, in section III we
explain the analysis procedure and in section IV we reports the first experimental results

obtained with the BSC design. In the last section V, conclusions are drawn.
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II. BREMSSTRAHLUNG CANNON DESIGN FOR SI RELEVANT
REGIME

In the typical BSC design, a stack of Image Plate (IP) layers, separated by appropriately

21-23,25  The stack is enclosed in a container

selected filters is used to detect X-ray photons
and shielded against scattered radiation, as well as electrons escaping the target. After
exposure, IPs are scanned to retrieve the deposited dose, layer by layer. The selection of
the filter materials and thicknesses is optimized for the expected photon distribution, as

described in the following.

In our experiment, the expected peak laser intensity is 7 x 10' W/cm?. In this in-

teraction regime, the electron distribution function expected from simulations can be well
approximated by a three-temperature Maxwellian distribution. In particular, fast electrons
with a temperature T' given by kgT = 45 keV are expected to be generated through SRS
with a conversion efficiency from laser energy to electron kinetic energy of 6-10%, the second
component (kg1 = 95 keV) is due to TPD with an expected conversion efficiency of 1.5-
2.5% and the third component originates from thermal plasma electrons with an expected
temperature of kT of 4 —5 keV. The main objective guiding the design of the BSC stack is
the possibility to distinguish between the two contributions originating from SRS and TPD

and to measure their respective fast electron temperatures and conversion efficiencies.

In order to optimize the bremsstrahlung cannon stack of filters and IPs, the expected
signal on each IP layer is estimated through Monte Carlo simulations with GEANT4%7 using
Penelope low energy electromagnetic physics model?®, which best reproduces bremsstrahlung
emission from low-energy (< 3 MeV) electrons®. The simulations are set up using the
detailed geometry of the target and its holder as well as the BSC and its cassette holder. In
these simulations the contribution originating from thermal plasma electrons is neglected,
as the low energy bremsstrahlung photons will deposit their energy in the very first layers
of the stack only. A two-step procedure was followed: in the first step, Maxwellian fast
electron distributions with the expected temperatures due to SRS and TPD instabilities
are separately taken as input to the GEANT4 simulations and the resulting X-ray photon

distribution (predominantly bremsstrahlung emission) at the entrance of the BSC stack is

retrieved.

In the second step, the resulting photon distributions are parametrized and used sepa-



TABLE I. Filter materials and thicknesses before each IP layer of the BSC stack configuration.

Filter|Material | Thickness||Filter | Material | Thickness|| Filter | Material | Thickness
no. [mm] no. [mm] no. [mm]
1 |Al/Mo |2.0/2.0 10 |Ta 0.100 19 |Pb 1.0
2 |Al 0.090 11 |Ta 0.100 20 |Pb 1.0
3 |Ti 0.125 12 |Au 0.250 21 |Pb 1.0
4 |Fe 0.125 13 |Au 0.250 22 |Pb 1.0
5 |Cu 0.100 14 |Pb 0.250 23 |Pb 1.0
6 |Mo 0.100 15 |Pb 0.250 24 |Pb 1.0
7 |Ag 0.150 16 |Pb 0.500 25 |Pb 6.0
8 |Ag 0.300 17 |Pb 0.500

9 |Ag 0.300 18 |Pb 1.0

rately as input to GEANT4 simulations of the BSC stack, and the deposited energy per
simulated photon on each IP active layer is measured in the simulations. The obtained
results are than multiplied by the expected photon numbers and converted to PSL/pixel for
a pixel size of 100 x 100 gm?. Simulations are run for various configurations of filter mate-
rials and thicknesses, in order to optimize the stack configuration for enhanced differences
between the signal originating from SRS and TPD bremsstrahlung photons. The filters are
optimized to ensure sufficient sampling of the high energy region of the photon distribution,
where the TPD component with expected temperature of 95 keV dominates the signal in

the IP active layers.

The optimized stack comprises 25 disk-shaped IPs and filters with increasing attenuation
between the IPs, as shown in table I. This relatively large number of IP layers was chosen in
order to allow the retrieval of a three-temperature distribution from the experimental data.
To widen the dynamic range of our BSC, the stack was split in two channels by placing two
different half circle filters in front of the optimized stack, one consisting of 2 mm of Al (Al

filter channel) and the other of 2 mm of Mo (Mo filter channel) as shown in Figure 1.

In the graphs of Figures 2 and 3 the resulting signal on the different IP layers for the
expected incoming photon distributions (Figure 4) is shown. As shown in the graphs, the

low energy component is strongly attenuated in the plot of Figure 3, due to the presence of
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FIG. 1. Schematic view of the Bremsstrahlung cannon stack with split front filter.

the Mo filter. Most importantly, in both channels the signal on the IP layers up to layer 15
is mainly due to SRS, while from layer 15 onward is dominated by the TPD component, in
spite of the much weaker incident TPD signal, nearly one order of magnitude less than the
incident SRS signal. This behaviour in the SRS and TPD signal vs. IP layer is key to the

identification of their respective contributions.

III. DATA ANALYSIS PROCEDURE
A. Data Extraction

The IPs (Fujifilm BAS-MS) are scanned after exposure with a GE Typhoon 7000 flatbed
IP scanner. The IP scanner stores the scanned values in square-root encoded 16-bit files.

The PSL/pixel values are then obtained from the scans by applying the formula®’:

o R 2 PGE 2 L/2
PSL= (ﬁ) <2D—1> AVIL0™, (1)

where R indicates the spatial resolution in pum, L is the dynamic range latitude, Pgg is
the scanned pixel value, D is the bit depth of the scanned image and h(V') is an empirically
determined function of the photomultiplier tube voltage V' applied during the readout pro-
cess. We observe that the first IP layers of the Al filter channel showed saturation during

the first scan, so additional successive scans were necessary until no saturation was present.
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FIG. 2. Calculated response (PhotoStimulated luminescence (PSL)/pixel) of the 25 Image Plate
(IP) layers in the designed Bremsstrahlung cannon stack with 2mm Al front filter (Al filter channel)
for the expected incoming bremsstrahlung photon distribution originating from Stimulated Raman

Scattering (SRS) and Two Plasmon Decay (TPD) electrons.

In fact, the dynamic range of the IPs is larger than the dynamic range of the IP scanner,
and each successive scan lowers the signal®!, so that the full dynamic range can be recovered

by successive scans.

The signal is then extracted by selecting an area in the central part of the half circle of each
channel and removing the edges potentially affected by noise due to cutting imperfections
or rescattering from the BSC walls. The mean and the standard deviation of the signal
is calculated for the selected area for each scan. For the data set of the first shot, the
exponential decrease of the signal during successive scans was verified for the various IP
layers. Thus, for the IPs showing saturation in the first scan the signal is reconstructed
using the ratio of the signal mean between the first and the last scan for non-saturated IP

layers:

PSL A irstscan
(])f ! PSL(k)lastscan (2)

PSL(k)firstscan: PSL(])[ .
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FIG. 3. Calculated response (PhotoStimulated Luminescence (PSL)/pixel) of the 25 Image Plate
(IP) layers in the designed Bremsstrahlung cannon stack with 2mm Mo front filter (Mo filter
channel) for the expected incoming bremsstrahlung photon distribution originating from Stimulated

Raman Scattering (SRS) and Two Plasmon Decay (TPD) electrons.
B. Reconstruction of the bremsstrahlung photon distribution

The photon distribution f(e) impinging on the bremsstrahlung cannon stack is obtained
with the assumption that it mainly consists of bremsstrahlung photons, and can be approx-

imated with a sum of Maxwell-Boltzmann distributions with Np temperatures 7j:

Nr 1 e
f(E)ZjZ::lﬁjK—TjeXp i (3)

where € indicates the photon energy and s the Boltzmann constant.

Thus, through Monte Carlo simulations a response function base for the BSC stack is
built using exponential photon distributions for a discrete set of temperatures {7;} in the
range between 1 keV and 200 keV for both the Al and the Mo filter channels. The energy
deposition obtained per incoming photon ElTj vs. IP number [ is shown in the graphs in
Figures 5 and 6.

In order to find the photon distribution which best fits the measured energy deposition
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FIG. 4. The expected photon distribution function due to bremsstrahlung photons originating

from Stimulated Raman Scattering (SRS) and Two Plasmon Decay (TPD) electrons.

on the different IP layers of the BSC stack, the WSSR (Weighted Sum of Squared Residuals)

is evaluated for each subset of Ny temperatures 7; as

Nip (PSL(]’C) * Cf * C(cal * NP - Z;VZTI 5]Egj)2
WSSR({T3}) = 2 (Std(k) * Cf % Coar * Np)? |

k=1

(4)

where N;p is the number of IPs; PSL(k) is the measured PSL mean value per pixel on
the k-th IP, C'f (=1.67 for MS-type IP) accounts for fading of the IP due to the time elapsed
between exposure and readout of the IP3?, C.y; (=1.33 MeV/PSL) is the calibration constant
relating measured PSL values to deposited energy in MeV33, Np is the number of pixels on
an IP and E,zj is the energy (in MeV) deposited on the k-th IP for an incoming photon
distribution with temperature 7} as retrieved from Monte Carlo simulations. f; are the
parameters for fitting and indicate the photon number of the exponential photon distribution
with temperature 7j, which best fit the experimental data. The WSSR is minimized for
each subset of temperatures {7;}. The minimum WSSR of each subset of temperatures is
registered and the minimum value amongst all minimized WSSR is found. The corresponding
subset of Ny temperatures is the set of temperatures best fitting the experimental data. The

coefficients 3;, which minimize the WSSR for this subset of temperatures, give the number
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FIG. 5.  Calculated response curves (PhotoStimulated Luminescence (PSL)/Image Plate
(IP)/photon) of the 25 Image Plate layers in the Bremsstrahlung cannon stack to a single-
temperature Maxwell-Boltzmann photon distribution for temperatures in the range 1 — 200 keV

for the Al filter channel.

of photons of the photon distributions with temperatures 7;. Considering the solid angle
subtended by the BSC in the experimental geometry, the number of photons/sterad emitted

from the target are calculated.

IV. RESULTS AND DISCUSSION

In the experiment at LMJ-PETAL three shots were delivered with a laser intensity around
2.5x 10 W/cm?, less than the expected intensity due to non perfect beam overlapping. The
first two shots were delivered on target without Smoothing by Spectral Dispersion (SSD)
of the beam, whereas for the third shot the SSD was turned on. The BSC was fitted onto
the end of the Cassette Radiographic Centre Chambre (CRACC) diagnostic, situated at an
angle of 58.5° with respect to the target normal opposite to the laser-irradiated target side.
The distance to the target was 26.6 cm for the first two shots and 17.6 cm for the third shot.
More details on the experimental setup and results from further diagnostics can be found

elsewhere?’.
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FIG. 6. Calculated response curves (PhotoStimulated luminescence (PSL)/Image Plate
(IP)/photon) of the 25 Image Plate layers in the Bremsstrahlung cannon stack to a single-
temperature Maxwell-Boltzmann photon distribution for temperatures in the range 1 — 200 keV

for the Mo filter channel.

The data points were fitted with a three-temperature X-ray photon distribution:

fle) =X e . 9

where NN; is the photon number per steradian in the Maxwell-Boltzmann distribution with
temperature given by x7;. In the Figures 7, 8 and 9 the results from the data analysis
are shown for the three shots. The top panels in the figures show the minimum WSSR for
each triplet of temperatures. For better visibility, only the results with WSSR 1.5 times the
minimum value reached over all temperature triplets are shown. The middle panels show
the maps of WSSR for all pairs T, and T3 with fixed T} corresponding to the best fit. It
should be noted that a constant WSSR along one temperature axis in these maps (as e.g. the
vertical lines visible in Figure 9 (right middle panel) for Shot 3 Mo channel at temperature
Ty = 30, 35 and 40 keV) indicates that the corresponding photon number vanishes, thus
resulting in a 2-temperature distribution. In the bottom panels, the data measured on the
IP layers together with the fit for the temperature triplet resulting in the lowest WSSR are
displayed. The left panels in each figure refer to the Al filter channel and the right panels

12
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FIG. 7. Shotl: WSSR for temperature triplets 77, 75 and T3 for the Al filter channel (top left) and
the Mo filter channel (top right) and for temperature pairs 75 and T35 at fixed T} (middle panels).
In the bottom panels the experimental data are shown together with the best fit (minimum WSSR)
for the Al (left) and the Mo filter channel (right).

to the results from the Mo filter channel from the same shot. The results are summarized
in Table II.

In the first shot the temperatures which best fit the experimental data are 3 keV, 20 keV
and 140 keV for the Al filter channel and 17.5 keV, 25 keV and 200 keV for the Mo filter
channel. The lowest temperatures are expected to differ for the two channels, as the low
energy photons will not reach the IP layers in the case of the Mo filter due to the higher

attenuation. Therefore, the intermediate temperature retrieved from the analysis of the Al
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FIG. 8. Shot2: WSSR for temperature triplets 71, 75 and T3 for the Al filter channel (top left) and
the Mo filter channel (top right) and for temperature pairs 75 and T35 at fixed T} (middle panels).
In the bottom panels the experimental data are shown together with the best fit (minimum WSSR)
for the Al (left) and the Mo filter channel (right).

filter channel should be compared to the low and intermediate temperature retrieved from
the analysis of the Mo filter channel data. In particular, the Al filter channel yields an
intermediate temperature of 20 keV, in fairly good agreement with the combination of the
retrieved temperatures 77 = 17.5 keV and T, = 25 keV from the analysis of the Mo filter
channel. The highest temperatures retrieved from the analysis of the two BSC channels differ
significantly due to limitations of the analysis procedure. In fact, the higher temperature is

affected by a large error, as can be seen in the top panels in Figure 7. The WSSR changes
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FIG. 9. Shot3: WSSR for temperature triplets 77, 75 and 73 for the Al filter channel (top left) and
the Mo filter channel (top right) and for temperature pairs 75 and T35 at fixed T} (middle panels).
In the bottom panels the experimental data are shown together with the best fit (minimum WSSR)
for the Al (left) and the Mo filter channel (right).

only slightly over a large range of the highest temperatures 7T5. This is mainly due to the
low photon flux on highly filtered IP layers that are more sensitive to the T3 temperature
distribution - that is, more than two orders of magnitude lower than the photon flux on the
intermediate IP layers that are more sensitive to the T, temperature distribution (see Table
I).

Very similar considerations apply to the second shot. The resulting intermediate temper-

atures are slightly lower than in the case of Shot 1 (75 = 15 keV for the Al filter channel and
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TABLE II. Best fitting temperature triplets and photon numbers for the Al and the Mo filter
channel for the three shots. The temperature ranges corresponding to WSSR < 1.5 times the

minimum WSSR are also given (square brackets).

T N, T; Ny T3 N3

leV]| [Higas])| [keV)| [BZew]]  [keV]| (B

Shot 1 Al 3/8.6 x 101 20(7.3 x 10'2 140|1.1 x 1010
[2-3] [17.5-20] [60-200]

Shot 1 Mo|  17.5(8.6 x 10'2 25(1.4 x 10'2 200| 6.0 x 10°
[17.5] [25-40] [80-200]

Shot 2 Al 313.2 x 10%° 15|8.8 x 1012 90(1.8 x 10%°
3] [15] [60-180]

Shot 2 Mo 10{1.9 x 10'3 17.54.5 x 10'2 200| 5.4 x 10°
[10] [17.5] [140-200]

Shot 3 Al 4(1.5 x 104 17.5/8.2 x 10'2 35(5.9 x 10
[2-8] [10-20] [30-60]

Shot 3 Mo 15[1.1 x 1013 20(3.3 x 10'2 35(5.1 x 10™
[3-17.5] [17.5-30] [30-50]

the combination of 73 = 10 keV and T» = 17.5 keV for the Mo filter channel), consistent
with the slightly lower laser power (10.7 TW for Shot 1 and 9.7 TW for Shot 2). A high
temperature component is also present in Shot 2 (90 keV for Al filter channel and 200 keV
for the Mo filter channel.

The results from Shot 3 are significantly different from the first two shots. The highest
temperature of the reconstructed photon distribtuion is 73 = 35 keV (both for the Al and
the Mo filter channel), significantly lower than the highest temperatures retrieved for the
first two shots. In the middle right panel of Figure 9, the WSSR for 73 > 40 keV is constant
for the temperatures T, = 30 keV, 35 keV and 40 keV. In this case the minimization
procedure for the temperature triplets all yield N3 = 0, resulting, in effect, two-temperature

photon distributions with temperatures 77 and 75, and therefore the WSSR is constant.
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For this shot the temperatures 75 and T3 of the reconstructed photon distributions are
in good agreement between the Al/Mo filter channels. Although the photon distribution
temperatures cannot be directly related to the fast electron temperatures at our experimental
conditions as explained above, the absence of the high-temperature component certainly
indicates that lower energy fast electrons are generated in Shot 3. This is consistent with
the irradiation conditions, as the SSD smoothing technique is expected to lower the level of

parametric instabilities.

V. CONCLUSIONS

Bremsstrahlung measurements were performed in a shock ignition relevant experiment
at LMJ using a BSC detector. The BSC stack was optimized for detecting bremsstrahlung
emission from fast electrons, as expected in this intensity regime, with the aim to distinguish
the contributions arising from two fast electron distributions due to SRS and TPD instabil-
ities. The first experimental results clearly show that the designed BSC stack is capable of
discriminating variations of X-ray photon distributions typical of this SI regime of interac-
tion. A three-temperature Maxwell-Boltzmann distribution, with temperatures around 2 —4
keV, 15 —25 keV and > 90 keV respectively, satisfactorily fits the measured Bremsstrahlung
emission. Results also clearly show that the set up of the BSC high energy component is
sensitive to the change of interaction conditions of the high energy spectral component when
SSD is used to reduce instabilities. The determination of the exact temperature value of the
high-energy component is affected by a large uncertainty due to the low number of photons
and will require further optimization that can now be carried out based on this experimen-
tal observation. Further, in order to strengthen the correlation between the X-ray spectral
features and the original fast electron distributions, the detailed geometrical and physical
properties of the target should be taken into account to properly model the bremsstrahlung

emission.
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