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In the context of Fast Ignition, the fast electron temperature is a key parameter to determine the laserto-fast electron energy conversion eﬃciency. Bremsstrahlung X-ray (γ-ray) emission represents an attractive
alternative to measure this fundamental parameter. In this study, a single-shot high-energy γ-ray spectrometer
with sensitivity ranging from 0.5 MeV to 7 MeV was developed, allowing to estimate the γ-ray spectrum in the
fast ignition.
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1. Inroduction
Fast Ignition (FI) is an alternative approach to Inertial Confinement Fusion, consisting in the separation of
the compression and heating stages. In FI, the heating
of the compressed Deuterium-Tritium (DT) fuel is produced by a ultra-high intensity laser-generated fast electron
beam depositing its energy in the high density plasma by
Coulomb interaction. The coupling eﬃciency is strongly
dependent on the fast electron energy distribution, therefore representing a crucial parameter to be diagnosed [1].
From simulations, in order to ignite a compressed DT pellet having density of 300 g/cm3 , 18 kJ of fast electron energy has to be deposited within a diameter of 40 µm in the
compressed fuel. Fast electrons in the 1-3 MeV energy
range are responsible for the energy deposition in such a
small volume, allowing for the creation of a lateral hot
spot. Thus high conversion eﬃciency into 1-3 MeV energy
range fast electrons is fundamental for the achievement of
Fast Ignition [2–4]. However, it is diﬃcult to measure initial fast electron temperature from the outside of plasma
because of the strong sheath potential around the target.
The bremsstrahlung X-ray is an attractive alternative diagnostic for this aim. In previous works, many kind of γ-ray
detectors with diﬀerent sensitivities have been developed.
Various techniques have been adopted to measure the fast
electron energy spectrum, such as vacuum electron specauthor’s e-mail: kojima-s@ile.osaka-u.ac.jp
∗) This article is based on the presentation at the Conference on Laser and
Accelerator Neutron Source and Applications (LANSA ’13).

troscopy, nuclear activation, Bremsstrahlung, buried fluorescent foils, proton emission, and coherent transition radiation [5–9]. Filter stack technique uses diﬀerential filtering
to discriminate the γ-ray spectrum [10, 11]. The spectrometer consists of thirteen filters of increasing Z, five 100 µm
thick filters Al, Ti, Fe, Cu and Mo, followed by 150 µm
Ag, 500 µm Sn and Ta filters, and one 1.58 mm Au filter.
Finally four Pb filters with thickness varying from 1 mm to
4 mm for diﬀerential filtering are positioned in the stack.
Nuclear activation technique uses photo nuclear activation
to discriminate the γ-ray spectrum. In this method, γ-ray
spectrum is measured from the activation ratio of a pseudoalloy consisting of gold (197 Au), tantalum (181 Ta), niobium
(93 Nb), and chromium (50 Cr, 52 Cr, 53 Cr, 54 Cr) with mass
fraction being 43.25%, 24.25%, 16.25%, 16.25%, respectively [12]. However, observable energy range of these two
detectors are respectively up to 0.5 keV and above 7 MeV,
respectively. Thus, these materials are unsuitable to measure γ-ray s in the range 1-3 MeV which represents the energy range of our interest. In this study, a single-shot highenergy γ-ray spectrometer, with sensitivity from 0.5 keV to
7 MeV, was developed, allowing for the first time to estimate of the fast electron-generated bremmstrahlung X-ray
spectrum.

2. Diagnostic Design
2.1 Measurement of X-ray energy
Photons with energy around 1 MeV mainly interact
with matter by Compton scattering, the energy of incident
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Fig. 1 The structure of developed detector. The structure of the
Compton X-ray spectrometer consists of a lead collimator, converter and an electron spectrometer.

X-rays can be measured by measuring the energy and the
angle of recoil electrons. The structure of the Compton
X-ray spectrometer is shown in Fig. 1. The high energy
X-rays emitted from the target are initially collimated by
means of a lead collimator. Then, the collimated X-rays
recoil electrons via Compton scattering in the converter.
The energy of the electrons crossing the aluminum slit set
in front of the converter is measured by means of an electron spectrometer (ESM) and the data recorded on Image
Plate (IP).

2.2

Converter

The material composing the converter is chosen in
order to have high conversion eﬃciency from X-rays to
recoiled electrons and low energy absorption in the converter. The material is selected by estimating these two
parameters from X-ray-matter interaction cross sections,
electron stopping power and Coulomb scattering.
Cross sections of each factor can be approximated as
σcompton ∝ NZ(hν)−1
σphoto ∝ NZ (hν)
5

− 72

σpair ∝ NZ (hν − 1.02)
dE
∝ NZ
−
dx
Z2
σscatter ∝
(hν)2
2

(1)
(2)
(3)
(4)
(5)

where N is the number of the atom per cm3 , Z is the atomic
number and hν is the incident photon energy.
Cross sections for Compton scattering and stopping
power depend linearly on the atomic number. On the other
hand, Cross sections for photoelectric absorption, pair creation and Coulomb scattering have a non-linear dependence on Z.
Figure 2 shows Monte Carlo simulation results of
Coulomb scattering in the converter simulated by Casino
ver.2.42 [13]. The red lines and the blue lines show respectively the trajectories of back-scattered and forward scattered electrons. In high-Z material, eﬃciency of the back
scattering increase due to strong Coulomb potential around
the nuclear.
Figure 3 shows the cross sections for photelectric effect, Compton scattering and pair production in low and

Fig. 2 Trajectory of electrons in the converter simulated by
Casino ver.2.42. (a) Gold foil (high Z) and (b) Silica plate
(low Z). In high-Z material, eﬃciency of the back scattering shown by red lines increase due to strong Coulomb
potential around the nuclear.

Fig. 3 Cross section for the three interactions. (a) Gold (high Z)
and (b) Silica (low Z). Low Z material must be chosen
in order to maximize the Compton scattering produced
electron.

high Z material, respectively SiO2 and Au. Being the cross
section for photelectric eﬀect proportional to Z to the fifth
power, low Z material must be chosen in order to maximize
the Compton scattering produced electron.
Following the discussion above, a thick, low Z converter material is the optimal choice. Due to alignment
requirements, a transparent material was needed. A BK
glass provides at the same time the characteristics of transparency and low Z material.

2.3 Background reduction
A lead box and two magnets were designed to shield
respectively X-rays and charged particle produced background on the IP detector. A second IP is positioned in
front of the recoil electron IP detector in order to measure
positron signal in the unlikely case of pair production in
the converter.

3. Calibration Experiments by Using
60
Co
Cobalt60 decays in two possible ways, emitting two
γ rays which energy is respectively 1.1732 MeV and
1.3325 MeV. The new detector was tested by diﬀracting
γ-rays emitted by 60 Co. As converter, a thin 50 µm Au foil
was chosen, in order to guarantee low recoil electron energy loss in the converter. Figure 4 represents the recoil
electron spectrum from 60 Co. Experimental data are represented by red dots, while the Black line represents the
Monte Carlo simulation result taking into account the de-
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Fig. 4 Recoil electron signal from 60 Co. Experimental data are
represented by red dots while the Black line represents
the Monte Carlo simulation. The energy resolution is
obtained via Gaussian fitting of the two peaks, and is
estimated to be 10.4% for 1.1732 MeV and 11.2% for
1.3325 MeV respectively.

Fig. 5 Experimental setup. The target was constituted by a
cone-in-shell, adopting an hemispherical shell configuration. The shell was mounted on a cubic Ta block.

tector energy resolution. In Fig. 4, the experimental result
is represented for 60 Co gamma-ray detection. The energy
resolution is high enough to allow detecting two distinct
peaks corresponding to the two γ photon energy. The energy resolution is obtained via Gaussian fitting of the two
peaks, and is estimated to be 10.4% for 1.1732 MeV and
11.2% for 1.3325 MeV respectively.

4. Fast Ignition Experiment
4.1

Experimental setup

The experiment was performed at GEKKO laser facility, Institute of Laser Engineering, Osaka University.
GEKKO laser delivers up to 12 beams of ∼300 J energy
arranged in spherical geometry. Coupled to GEKKO laser
LFEX, a ultra-high intensity beam capable of deliver ∼5 kJ
of laser light onto a ∼50 µm focal spot in 1-10 ps.
Typical γ-rays were generated by using
LFEX&GEKKO laser. The target was constituted by
a cone-in-shell, adopting an hemispherical shell configuration, as shown in Fig. 5. The shell was mounted on a
cubic Ta block of 1 mm lateral size. The distance from
the cone tip to the Ta block was 50 µm. Three frequency
doubled (527 nm) GEKKO beams, delivering 30 J each of
laser energy, were focused onto the hemispheric CD shell
producing a low Z and low density (ne ∼ 1.4 × 1022 cm−3 )
plasma medium between the cone and the Ta block. Subsequently, 568 J, 1054 nm and 1 ps long LFEX pulse were
focused at the cone tip to produce a fast electron beam,
propagating through the low density CD plasma into the
Ta block. Part of the fast electron energy is converted in
γ-rays into the Ta block, which emission is measured by
means of the Compton scattering spectrometer (Compton)
and a High Energy X-ray Spectrometer (HEXS), the latest
set at 21◦ relatively to the LFEX laser axis.
The HEXS diagnostic is based on the widely used
multiple filter stack detector technique. Experimental re-

Fig. 6 Signals recorded by the detector. (a) with converter,
(b) without converter.

sults for the Compton spectrometer are reported in Figs. 6,
7. The Compton spectrometer has been operated with and
without converter foil during the experiment and results
are represented in Fig. 6. The recoil electron signal is
represented in red while the background signal in black.
From experimental data it appears clear that the background electron signal collected without converter layer is
much smaller than the recoil electron signal in presence of
converter.

4.2 Analysis method
Recoil electron spectrum can be expressed as the sum
of multiple spectral distributions (see Eq. (6)). The spectrum of γ-rays-produced photoelectrons was simulated using the Monte Carlo code MCNP5 [14] using the spectrum
in Eq. (6). The free parameters constituted by the 3 amplitudes R1, R2 and R3 and the 3 relative electron temperatures T1, T2 and T3 are obtained by fitting the experimen-
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ergy, allowing, at the same time, for a more accurate determination of the γ-ray energy spectrum compared to HEXS.
Indeed for a specific data acquisition with the HEXS, there
are multiple γ-ray spectra that can reproduce the same
data. The Compton spectrometer data instead are univocally determined. Moreover the energy spectrum recorded
by the Compton spectrometer is much larger than that one
recorded by the HEXS, allowing to detect γ-rays having
energies up to 7 MeV.
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Fig. 7 (a) γ-ray spectrum measured by Compton spectrometer.
(b) Filter stack detector. The black solid line show the
best fit distribution, red and blue lines represent respectively the lower and the upper limit of our solution.
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in the simulation T 1 , T 2 , T 3 varied from 0.1 MeV to
10 MeV and R1 and R2 respectively varied from 1 to 10000
and 1 to 1000 while R3 is considered to be 1. Figures 7 (a)
and (b) show the X-ray spectrum obtained by the filter
stack detector (HEXS) and the Compton spectrometer, respectively. In Fig. 7, the black solid line show the best fit
distribution, red and blue lines represent respectively the
lower and the upper limit of our solution, imposed by the
fitting error and detector response error.
We successfully measured γ-ray spectrum in fast ignition related experiment and data from the two diagnostics
are in good agreement.

5. Conclusions
In this study, a single-shot, high-energy Compton Xray spectrometer with the sensitivity up to 7 MeV has
been developed. From experimental data, the energy resolution of the detector is estimated to be the 10.4% for
1.1732 MeV γ-rays, and the 11.2% for 1.3325 MeV γ-rays.
γ-rays in the energy range from 0.5 to 2.5 MeV have been
measured. These correspond to fast electrons which penetration range is optimum for compressed DT plasma heating in a Fast Ignition scenario. By comparison with the
HEXS diagnostic, the Compton scattering diagnostic allows for the determination of the γ-ray spectrum and the
determination of the absolute photon number per unit en-
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