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Abstract

The temperature of fast electrons in laser-solid interac-
tions is often difficult to determine due to the electro-
static fields present on the front and rear surface. The 
Bremsstrahlung x-rays emitted from these interactions 
are directly linked to the temperature of the internal hot-
electron population. Here we discuss the simulations 
that are conducted using GEANT4 that enable the 
temperature extraction of electron temperatures using a 
using a scintillator based x-ray spectrometer.

1 Introduction

The temperature/spectrum of the hot electron popula-
tion that is accelearted into a solid target is of great 
interest, however the direct diagnosis is extemely diffi-
cult due to the large electrostatic forces involves. X-rays 
produced from laser-solid interactions are of much in-
terest as they are instrincally link to the hot electorn 
population that is their source. From the emitted x-ray 
signatures, it is possible to infer the electron tempera-
ture.

For a number of years, a scintillator based absorp-
tion x-ray spectrometer has been deployed in the Cen-
tral Laser Facility (CLF) in order to measure the x-rays 
emitted from solid target experiments [6]. The main 
advantage of this diagnostic compared to similar diag-
nostics is that it instantly digitises the data and is able 
to operate at much higher repetition rates than current 
laser systems in the CLF. In order to take advantage 
of these capabilities, a number of simulations have been 
conducted and programmes have been developed to aid 
the analysis the experimental data taken using the diag-
nostic.

In this report, we will discuss in detail different tech-
niques that are used to analyse the data and determine 
the hot electron temperature within a solid target.

Figure 1: a) Example data from the scintillator based x-
ray spectrometer. The x-rays are entering from the left
and being absorbed as they pass through the array. The
photons that are emitted are recorded on a camera. b)
shows a lineout of the image. The signal clearly falls as
a function of layer.

2 Diagnostic Overveiw

The diagnostic is based on a 1D array of scintillators.
As the x-ray pass through the scintillators, they are ab-
sorbed. The higher energy x-rays with be able to trans-
mit further into the array in comparison to the lower
energy x-rays. The ammount of light emitted by the
scintillator is proportional to the energy absorbed. An
example of the output from the diagnostic is shown in
Figure 1. The sensitivity of the any particular arrange-
ment to different energy of x-rays is determined by the
response function; which is discussed in section 3.1 (an
example is shown in Figure 3).

The design of the scintillator absorption spectrometer
has gone through a number of design iterations. Cur-
rently the design is as shown in Figure 2. A lead hous-
ing allows for position of the diagnostic to be permanent
whilst the array housing is 3D printed and interchange-
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Figure 2: a) Picture of the current diagnostic. The scin-
tillators are wrapped and place in a 3D printed holder.
The holder in then placed in a Lead shield that apodis-
ors the x-rays. The scintillation light is emitted in one
direction and recorded on a camera. b) The 3D printed
plastic casing that provides mounting for a lens and is
light tight.

able. The lead housing is then housed in a 3D printed
box that ensures the diagnostic is light tight and that
the imaging system is consistent across different setups,
as shown in Figure 2 b).

3 Simulations

To determine the x-ray spectra and electron tempera-
ture, we need to conduct two simulations: one to deter-
mine the response function and the x-ray spectra from
different solid targets. The response function determines
the sensitivity of the diagnostic and can be multipled by
a x-ray spectrum to calculate the energy absorbed, which
as previously mentioned, is proportional the light emit-
ted. if we multiply a simulated x-ray spectrum by the
response function, we can compare this output by the
experimental output; the closest match will determine
the hot electron temperature. This will require us to
run many simulations to create as many x-ray spectra
as possible.

The following section will discuss each separately in

Figure 3: a) The fractional absorption of the an example
scinatillor array. b) The response function of the same
example scintillator arrangement.

there own sections. Firstly a brief outline of the cho-
sen Monte Carlo code GEANT4 will be given, with the
methods that are used run and batch simulations.

GEANT4 is capable of simulating all the relevant
physics that are required for the x-ray generation [7]. It
comes with standard electromagnetic physics list (called
standardEM) and also custom ones which are specialised
in different energy regions or physical processes. The two
that are applicable to this work are Penelope and Liver-
more packages [8–11], which are both specialised to work
in the ’low-energy’ region (100’s eV to 10’s MeV).

GEANT4 is able to be parallelised across many cores,
however, the simulations we are conducting here require
108 iterations at most. With this number of events, a
single CPU core can complete the simulation in minutes.
The system we currently employ uses a python script to
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Figure 4: The x-ray spectrum generated in GEANT4
for three different thicknesses of Ta using an input of
350 keV electron spectrum.

Figure 5: The x-ray spectrum generated in GEANT4
for three different temperatures of electron distributions
using a 100 µm Ta target.

queue many simulations at once. This will occupy all the
cores of the computer until the simulations are complete.
We then output the data into a CSV format that we then
analyse in MATLAB. The outputs/detectors allowed in
GEANT4 are flexible, which enables for very powerful
analysis of almost all aspects of the simulation.

3.1 Response Function

To accurately create the response function, we must first
recreate the scintillator array in GEANT4. This in-
cludes selecting the correct materials but also adding
the additional shielding. Secondly, we must use many
input particles and many energies. Typically, this is 108

monoenergetic x-rays with each simulation having input
x-ray energies from 1 keV to 100 MeV. It is particu-
larly important to run simulations around the energy
region in which the k-edges of the materials is present
and other energy regions where the absorption changes
by the largest amount.

The output that is analysed from these simulations
are usually a position within the scintillator array and
a ammount of energy that is despoited. Analysis of this
can yield how much energy has been deposited in each
layer as a function of input x-ray energy, yielding the
desired response functions. Figure 3 a) and b) shows an
example of a response function and a fractional absorp-
tion graph respectively for 2 mm of LYSO with 2 mm
plastic spacing.

3.2 X-ray Spectrum Database

The x-ray spectrum from solid targets primarily depends
on three parameters: target material, target thickness
and hot-electron temperature. There are several com-
mon target materials that are used, however, target
thickness and hot-electron temperature can vary by or-
ders of magnitude. This means that many simulations
must be conducted to take into account all possible emit-
ted x-ray spectra.

Figure 6: The normalised output of a scintillator array
for a number of different temperatures as a function of
layer for a 100 µm Ta target. As the temperature in-
creases, the output becomes shallower.

Here, we demonstrate using a Tantalum target from
10 to 600 µm and for hot electron temperatures from
10 keV to 2.5 MeV. We know that refluxing will have
a major effect on the brightness [12], however, the ef-
fect on the spectral shape will be small and the output
of the diagnostic will be small [13]. However, to take
it into account without having to run numerous simu-
lations, we have recorded the number of electrons that
reach the rear surface and the backscattered x-rays. On
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Figure 7: The data plotted in Figure 6 can be plotted as
a function of temperature for the different layers. Where
the gradients of this curve are largest, the sensitivity to
temperature changes is highest.

the second pass, the backscattered x-ray will be those
that contribute to the forward x-ray flux. Therefore, we
add this spectrum to the original forward spectrum not
before multiplying it by the electron fraction that reaches
the rear of the target to take into a account the reduced
numbers of electrons.

Figure 4 shows the differences between the outputs
from a constant temperature for different thicknesses and
vice-versa for Figure 5. The temperature has a much
larger effect on the spectral flux and shape in comparison
to the thickness of the target.

Multiplying the spectra by the response matrix deter-
mines the output of the diagnostic. This will yield an
output as a function of layer, which is normalised to the
first layer so each output can easily be compared. The
output from a 100 µm Ta target for a number of differ-
ent temperatures is shown in Figure 6. This highlights
the previous point that a ’harder’ spectrum will lead to
a lower ratio between any layer and the following layer.

This can also be plotted as a function of temperature
for different layers as shown in Figure 7. The data dis-
played in this form allows us to visualise how we would
extract the temperature from the data. We can find the
best match to a vertical slice through this simulated data
and the experimental data; this will correspond to the
electron temperature. A discussion of how the compari-
son is done will be done in following section (4).

As we have conducted simulations for many thick-
nesses and temperatures, we can produce a 2D plot of
the normalised function for any layer, as shown in Figure
8 which is for layer 2 for a Ta target. This more clearly
shows the conclusion from Figures 4 and 5 that the out-
put of the diagnostic will change quicker as a function of
electron temperature in comparison to the target thick-
ness.

Figure 8: A collection of normalised outputs for layer two
as a function of electron temperature and Ta thickness.

4 Temperature Extraction

Finally, we can extract an electron temperature from
the diagnostic by comparing the normalised experimen-
tal results to the normalised simulation results discussed
in Section 3.2.

The simulated and experimental data are compared
using the least-squares method. Where the results value
form this comparison is maximised (closest to 1), this is
considered the temperature. However, we have some un-
certainties in the experimental data, this means that we
need to repeat this but with different values added to the
data to replicate these uncertainties. We can also add
some restriction such if the r-squared value is less that a
threshold or if with the addition of the uncertainty, the
later layers are brighter than the earlier ones.

If we repeat this multiple times, we can create a his-
togram of temperature where we can retrieve the mean
and the standard deviation. An example of this is shown
in Figure 9 for a 20 µm target. Here we have a temper-
ature of approximately 310 keV.

The data obtained from simulations allows us to cycle
through target type and thickness so we can retrieve the
temperature for many data shots quickly.

5 Conclusion

The operation and implementation of the scintillator
based spectrometer is explained is detail in this paper.
The method behind generating the response function
and also the creation of the x-ray spectrum from differ-
ent targets and input electron spectra using GEANT4
is also discussed. Using the response function and the
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Figure 9: Temperature histogram created from the ex-
traction process from the scintillator diagnostic. The
output of the diagnostic is compared to simulation data
multiple times, taking into account the uncertainties
from the measurement. The temperature (in this case
approximately 310 keV) is the mean of this histogram.

spectra, we are able to show how both affect the outputs
of the diagnostic in Figure 8.

Finally, we also show how to extract the temperature
from the data using a least squares method that is fitted
multiple times to take into account the uncertainty of
the experimental data.
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