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The characterisation of x-rays from laser-plasma interactions is of utmost importance as they can
be useful for both monitoring electron dynamics and also applications in an industrial capacity.
A novel versatile scintillator x-ray spectrometer diagnostic that is capable of single shot measure-
ments of x-rays produced from laser-plasma interactions is presented here. Examples of the design
and extraction of the temperature of the spectrum of x-rays produced in an intense laser-solid interaction
(479 £ 39 keV) and the critical energy from a betatron source (30 + 10 keV) are discussed. Finally, a
simple optimisation process involving adjusting the scintillator thickness for a particular range of input
spectrais demonstrated. © 2018 Author(s). All article content, except where otherwise noted, is licensed
under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1063/1.5019213

I. INTRODUCTION

When a high-intensity laser (>1 x 10'® W/cm?) inter-
acts with an underdense or overdense plasma, a relativistic
population of electrons is generated. These electrons can cre-
ate x-rays that have a short pulse duration and small source
size and are highly penetrating due to their energy spec-
trum. X-rays produced from laser-plasma interactions are of
great interest for radiography applications' and as a method
for determining the internal hot-electron temperatures and
flux from solid target experiments.’~’ One of the simplest
techniques for observing the x-ray spectrum is to use an
absorption based spectrometer.® These spectrometers usu-
ally use high density filters to attenuate x-rays of energy
greater than hundreds of keV, which are readily achiev-
able from many high-power laser-solid interactions.>*!? Such
diagnostics are widely used because of the ability to deter-
mine the response curves to x-rays with ease using Monte
Carlo simulations, such as GEANT4, that contains the rel-
evant photon attenuation and absorption physics.””!! Many
current absorption spectrometers rely on the film as the detec-
tor material, most commonly the FUJI-film image plate,>® as
it is highly sensitive, versatile, and resistant to any electro-
magnetic pulse effects that are present during high-powered
laser interactions.'> However, one of the main limitations
is that the processing time required for the image plate is
not in line with the new laser systems being developed that
promise faster repetition; therefore, the development of spec-
trometers capable of operating at higher repetition rates is
required.

A spectrometer that can operate at repetition rates up
to 10 Hz'* would require a novel method of detection
and x-ray attenuation to provide good spectral resolution.
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Scintillators are materials that absorb a high-energy photon
which excites/ionises an electron through the photoelectric
effect. This ionised electron transfers energy to other surround-
ing electrons, exciting them to higher energy levels within their
structure. Finally, the scintillation decay of the excited elec-
trons within the atoms can emit light in the visible spectrum
allowing it to be easily recorded.

The decay times of the energy states vary depending on the
chosen scintillator, typically from hundreds of nanoseconds
to sub-nanoseconds. Current ultra high-power laser systems
operate with a repetition rate ranging from anything as low
as 107* to 10’s Hz; in the future, this is only expected to get
quicker as laser technology develops. As the decay times of
scintillators are much shorter than the repetition rate, they will
be ideally suited to the current state-of-the-art and future laser
systems.

To provide the necessary attenuation to monitor the
highest energy of x-rays, filtering would normally be put
in-front of the active material. However, the scintillators
can be used simultaneously as both the attenuator and the
detection media. In this paper, we will discuss the use of
a 1D array of scintillators as an x-ray spectrometer and
some results obtained with this arrangement.” This keeps
the aperture and overall size of the diagnostic small, aid-
ing shielding and deflection of any charged particles away
from the entrance aperture. The optical light emitted is
imaged, and the energy deposited in the scintillators can be
measured.

Il. DESIGN

A schematic of the diagnostic is shown in Fig. 1. The
scintillators are housed in an aluminum casing that pro-
vides collimation and shielding. The x-rays enter through
one end of the housing, allowing the x-rays to pass through

© Author(s) 2018
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FIG. 1. (a) The diagnostic in a typical experimental setup with the camera,
aperture, and typical lead shielding. (b) A computer aided design (CAD) draw-
ing of the diagnostic. The x-rays enter an array of scintillators encased in
aluminum and are attenuated as they pass through. The scintillators will emit
light that is captured using a camera. The scintillators are wrapped in PTFE
and optically separated using thin Al foil in order to prevent light produced
from one layer crossing into another.

scintillators sequentially, one after another. The light emitted
from the scintillators escapes through the open side of the
detector and is captured on a camera. The scintillators them-
selves are wrapped in white polytetrafluoroethylene (PTFE)
tape and aluminum foil. The PTFE tape ensures that any light
that does not come straight out of the scintillator is reflected
along the edges and provides uniformity, whereas the Al foil
does not. However, Al foil is also necessary to optically sep-
arate each layer from one another. We present two designs
that are used to measure two different sources of x-rays from
laser plasma interactions, as well as a method of optimising the
scintillator design for the particular spectral range from a given
source.

A. Solid target bremsstrahlung characterisation

To test the capabilities of this spectrometer, it was
deployed on a solid target experiment at the Vulcan laser,” a
Nd:YAG laser operating at a wavelength of 1 ym. The achiev-
able beam energy onto a variety of targets was between 130
and 140 J with a pulse duration of (10 + 2) ps. The con-
trast on the Vulcan laser is approximately 107 at 4 ns. The
beam was focused to a spot of diameter 7 um FWHM. The
peak achievable intensity is therefore ~1 x 10! W/cm?. From
the given scaling laws'>~!7 relating intensity of the laser to
the hot-electron temperature, the hot-electron temperature for

Rev. Sci. Instrum. 89, 073502 (2018)

this interaction is estimated to be between 500 and 1000 ke'V.
The x-rays emitted as these electrons pass through the target
are expected to have similar energies.

The chosen scintillator to characterise the x-rays emitted
from the target was Bismuth Germinate (BGO), which is a
dense (7.13 g/cm?), high Z crystal with high attenuation and
light output (8000 photons/MeV). The scintillator is 12 x 30 X
2 mm, where the thickness in the attenuation direction is 2 mm.
The primary decay time is measured to be 300 ns. If we allow
10 us between shots to enable the scintillator to fully decay and
no accumulation of light between shots to occur, this scintilla-
tor could operate up to 0.1 MHz. The camera used to capture
the emitted light is an Andor Neo CMOS, which is a 16-bit
camera capable of operating at 100 frames/s for full frame
images. Therefore, the maximum repetition rate of this system
is currently 100 Hz.

To calculate the response of an absorption spectrometer,

the NIST XCOM!'® attenuation tables can be used initially.
However these tables neglect that any scattered x-rays could
be later absorbed in the scintillator, which will occur predom-
inantly at energies greater than 100 keV. Therefore, a more
accurate method is needed for the final design. The Monte
Carlo code GEANT4 is used to generate an accurate simulation
of the absorbed energy in the scintillator layers. The absorbed
fraction of x-ray energy as a function of incident energy is
shown in Fig. 2. As the scintillator is thin, it is spaced out with
12 mm of plastic to ensure that the light emitted from each
crystal does not transfer into one another and to reduce the
amount of x-ray scattering between layers. An example of the
raw data taken on the spectrometer is shown in Fig. 3. A num-
ber of raw data shots are shown in Fig. 4 with 3 shots of similar
incident laser energy and a fourth lower energy to demonstrate
the shot-to-shot variation of x-rays from a laser-solid target
interaction.

The x-ray spectrum from a solid-target laser-plasma inter-
action depends on the internal hot-electron temperature. To
extract the temperature, the experimental output is com-
pared to simulated x-ray spectra from GEANT#4 for different

10° - g

1L /
10 /

Fractional of Total Energy Absorption

103 - ;
107 10° 10
Energy (MeV)

FIG. 2. The fractional absorption of layers of 2 mm thick BGO inter-
laced with plastic to separate the energy response produced from GEANT4

simulations.
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FIG. 3. Example output of the scintillator diagnostic from a shot with 127
J on target. (a) An illuminated image of the scintillator array prior to the
shot. (b) An example measurement taken on the spectrometer and (c) the
lineout of the image showing a decrease in the emitted light as a function of
layer.

Maxwellian electron spectra. The temperature is varied until
the variance is minimised as determined by the least-squares
method. To take into account the uncertainties of the data,
the comparison is repeated many times and each time the
comparison is done, the uncertainties are added to the data
randomly according to a normal distribution yielding many
temperature fits which are then plotted in a histogram; an
example of which is shown in Fig. 5. The uncertainties
in the data are estimated as the standard deviation in the
measurement and the known single shot pixel error that
arises from noise within the camera system. The average
is taken as the resulting temperature of that shot and the
standard deviation of the histogram is used as the uncer-
tainty in the temperature extraction. The normalised mean
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FIG. 4. Example outputs from the diagnostic for 3 shots with similar energies
and a shot with lower energy.
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FIG. 5. A histogram of the fitted temperatures from a simple measurement
by comparing the predicted output of the diagnostic for different simulated
x-ray spectra multiple times. Each time errors from the experimental data
are randomly added. The mean is taken as the temperature of the data,
and the standard deviation from this mean is the error in the temperature
measurement.

counts are shown in Fig. 6 with a predicted output using a
temperature fit.

B. Betatron spectrometer characterisation

The second spectrum that was chosen to test the capabil-
ities of the diagnostic was a betatron source. Betatron x-rays
arise from electrons oscillating transversely during laser wake-
field acceleration'>?" and peak at lower energies (<80 keV) in
comparison to bremsstrahlung x-rays from solid target inter-
actions. It will therefore require a different arrangement of
scintillators to properly characterise these lower energy x-rays.
EJ-208, a plastic scintillator, was chosen as it has a lower den-
sity (1.023 g/cm?) than BGO and a higher light yield (9200
photons/1 MeV electron). It has a decay time of 3.3 ns, which
is much shorter than BGO. The arrays were imaged using
an Andor Neo CMOS camera, as before; this again limits
the system to 100 Hz. Each scintillator is cut to the size of
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FIG. 6. An example measurement taken from the spectrometer that has been
normalised to the first layer. The simulated output of the diagnostic for a
simulated spectrum is also plotted, where the temperature for this spectrum is
(479 + 39) keV.
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FIG. 7. Fractional absorption of 5 mm of EJ-208 produced from GEANT4
simulations.

12 X 30 X 5 mm, where 5 mm is the thickness of the scintil-
lator in the attenuation direction. The deposited energy as a
function of x-ray energy of the design created from GEANT4
simulations is shown in Fig. 7.

The intensity of a betatron angular spectrum®*2! is given
as
d’Iy 725123 ) Y2
= - K. + 15 K . 1
de@B 1 +;y2912; 2/3 (é:B) 1 +'}/2912; ]/3(§B) ( )

where 0p is the angle away from the axis and K22 I and K 12 /3 are

modified Bessel functions. ég = (E/E.)(1 +7292)3/2, where E .
is the critical energy, which is described as the point at which
half the energy is above and below.

The betatron x-rays were created during an experiment on
the Astra-Gemini laser, which delivered up to 15 J of 800 nm
radiation with a pulse length of 45 fs.?> The beam was focused
using an F-40 parabola onto a gas cell with an elliptical focal
spot size of (43 £ 9) um by (39 + 8) um. The laser is capa-
ble of firing once every 20 s. A gas cell is used to control
the length and density of the gas used in the interaction. All
the high-energy electrons generated during the laser plasma
interactions are deflected using a 40 cm 0.9 T magnet. The
betatron x-rays exit the vacuum chamber through a 250 ym
thick Kapton window to minimise attenuation. The x-rays are
then recorded on the scintillator-based spectrometer. The spec-
trometer is housed inside 50 mm of lead in all directions, with
an open aperture at the front. Additional scintillators are placed
inside the lead to monitor any harder x-rays that penetrate the
shielding.

The data shown in Fig. 8 were measured on a shot taken
at 100 mbar plotted with error bars from the uncertainties
discussed above. The expected outputs of the data from mul-
tiplying the spectrum calculated from Eq. (1) by the response
curves from GEANT4, as shown in Fig. 7 are also plotted in
Fig. 8. The comparison between the data and expected values
is conducted similar to the solid target example. For the data
shown in Fig. 8, the critical energy is found to be (30 + 10) ke V.
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FIG. 8. A measurement of the betatron spectrum taken using the spectrometer
that is normalised to the output of the first layer. The predicted outputs of the
diagnostic for a number of different critical energies are also plotted using
Eq. (1), and the response function is shown in Fig. 7. The critical energy for
the data recorded from this shot is (30 = 10) keV.

The large error bars are the result of the low brightness of the
betatron signal.

lll. ABSOLUTE CALIBRATION

As we are aware, the collection of the light emitted by
the scintillators will vary depending on the camera, lens, and
experimental setup. Therefore, each setup needs to be cali-
brated using a known source. In this section, we have used the
hard x-ray spectrometer, primarily due to the x-ray sources
available, and a radioactive source to first confirm the diag-
nostic performance as a spectrometer and second calculate
the counts on the camera per unit of x-ray energy absorbed
in the scintillators. This can then be related to the number
of x-rays depending on the determined temperature of the
spectrum.

The radiation sources used in this calibration were an
isotropic Sodium-22 (Na-22) and a Cobalt-60 (Co-60). The
Na-22 source emits a beta-plus, that annihilates into two
511 keV gammas, and also a 1.275 MeV gamma. The branch-
ing ratio of these two is approximately 91% and 9%, respec-
tively. The activity of the source at the time of measuring
was approximately 166 kBq. The Co-60 source emits either
a 0.31 MeV beta or a 1.48 MeV beta, with a branching ratio
of 99.88% and 0.12%, respectively. This cause the Co-60 to
decay into a metastable state of Ni-60 which decays emit-
ting two gammas, 1.173 MeV and 1.332 MeV. The ratios of
these two x-rays are 53% and 47%, respectively. The emit-
ted beta from each of these sources will be absorbed by
the air and the plastic layer that is before the first layer of
BGO.

As the x-ray output of the Na-22 source was quite low
compared to a laser-plasma interaction, the camera used to
image the scintillator array needed to integrate for along period
of time. In this case 20 min per integration, the camera and
lens were the same used in the high-energy bremsstrahlung
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experiment described earlier; an Andor Neo CMOS in the
same configuration as in that experiment. To improve the sig-
nal to noise, 45 images were added together, and also a 10 cm
Pb brick was placed in-between the camera and the source
to reduce the direct x-rays from the source. Due to the long
integration, the entire setup needed to be enclosed in a light
tight box; tests were done to conclude that the light tightening
was suitable for the 20 min of integration. Also the camera
was cooled to the maximum achievable without water cool-
ing, —40 °C. The same procedure is repeated for the Co-60
source.

The source was placed 56 mm from the first BGO layer of
the high-energy design discussed early. Assuming a perfectly
4r emission of x-rays, the solid angle that each scintilla-
tor occupies could be calculated. However, due to additional
effects, such as scattering of the x-rays off the Al cladding,
GEANT4 simulations were conducted to provide the most pre-
cise estimation of the energy absorption from each emission
line of each of the sources. The Al cladding was included in
the GEANT4 simulations as the scattering from the 4x source
will have a large effect.

The normalised results for the output of the high energy
scintillator array for both sources are shown in Fig. 9. The
uncertainty is measured as the standard deviation of the array
of the crystal analysed. Also plotted is the simulated output
using GEANT4. The two sets of experimental data match
very closely with the predicted values. From this, we can con-
clude that the spectrometer behaves as predicted. After layer
3, the light output of the layers is low and the uncertainities are
very high. The same measurement using just the Co-60 source
was conducted using the scintillator array for betatrons. The
results, shown in Fig. 10, are normalised to the second layer
as the emitted electrons are absorbed in the first layer. The
results from the measurement match with the simulations from
GEANT4.

As we know the activity of the source, we can estimate
the number of x-rays and the energy absorbed in the 20 min
integration time. From the average number of counts in each
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FIG. 9. Calibration of the diagnostic conducted using a Na-22 and Co-
60 source. The data match well with the predicted data from GEANT4
for the two calibration sources. After layer 3, the data become difficult to
detect due to the low activity of the source despite the long acquisition
time.
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FIG. 10. The calibration of the betatron scintillator array using the Co-60.
The data are normalised to layer 2 to ensure that it is only the x-ray absorption
and not the electrons emitted from the source.
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FIG. 11. The amount of energy required to measure a single count on the
camera as a function of layer. The result is consistent for the first three
layers.

layer, we can estimate the counts per MeV deposited. This is
shown in Fig. 11 as a function of layer number for the two
sources. This shows that there is approximately 1 count for
every 1750 MeV absorbed for the first layers.

IV. SCINTILLATOR OPTIMISATION

We have demonstrated the use of the scintillator diagnos-
tic to characterise X-ray generation in two different types of
x-ray sources that range from tens of keV to hundreds of keV.
The main changes that allow the scintillator to be optimum for
the sources shown here were the composition, layer thickness,
number of layers, and density of the scintillator. As most of
these parameters are fixed for a particular scintillator, a system-
atic optimisation can be performed by varying the scintillator
thickness until the output is ideal for a chosen x-ray spectral
range. To create the ideal spectrometer for a particular type
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of x-ray radiation, we must have the largest change in out- obviously keep decreasing as more scintillators are introduced.
put in the spectral region of interest. An example of this is However, the brightness of the scintillator signal is of impor-
shown in Fig. 12 for an arbitrary high and low energy x-ray tance to reduce the uncertainties, as shown by the previous
source and scintillator thickness. The large difference indi-

characterisation. Therefore, not reducing the thickness too
cates that the scintillator thickness has been optimised. When much will ensure that the signal is bright enough to perform
the scintillator thickness is non-optimal, the difference will be the best characterisation but also keeping the scintillators thick
small. enough such that there are enough layers to sample from. The
To demonstrate this technique, we again choose the beta- optimum thickness is therefore found by taking the average
tron source and the EJ-208 scintillator. To find the ideal of all the outputs of all the layers, as shown in Fig. 13(b).
thickness of the scintillator for a betatron source with a critical

This design optimises for a scintillator layer thicknesses of
energy between 10 and 20 keV, we find the ideal outputs of

approximately 0.25 cm.
the spectrometer with 5 layers for these energies. This process has also been repeated for typical
Figure 13(a) shows the differences between the scin-
tillator outputs for the two different spectrum inputs when

bremsstrahlung spectra from a solid target. The spectral range
is chosen to be between temperatures of 200 and 800 keV, with

the chosen scintillator as 8 layers of BGO. The results of the
optimisation are shown in Fig. 14. The optimum thickness for
ther into the stack. The optimum scintillator thickness would this case is 0.2 cm.

the signal is normalised to the first layer. The optimum
thickness of each layer decreases as the signal goes fur-
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through a 100 gm Cu target. The average of these is shown
in (b).
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V. CONCLUSIONS

We have demonstrated the use of an absorption-based
x-ray spectrometer with scintillators as both the filter and
active material. We have deployed two designs on differ-
ent experiments to characterise the x-ray radiation from two
vastly different sources from laser-plasma interactions. This
demonstrates the versatility of the diagnostic to be used on
different x-ray sources. These characterisations were also con-
ducted on different laser systems; in particular, the Astra-
Gemini laser is capable of firing once every 20 s. This
demonstrates the ease of using such a scintillator design
on relatively high repetition rate systems. Whilst the decay
time of the scintillators used should allow it to operate on
much higher repetition rate systems, the limiting factor dur-
ing these runs would have been the camera system that was
only capable of operating at 100 frames/s. For future cam-
paigns where higher repetition rates may be available, the
camera could easily be exchanged for one which is much
faster.

We have also shown the ease of designing the diagnostic to
be optimised for different spectral regions by running through
the outputs of the spectrometer for many thicknesses of layers
and known spectra. We show two examples, first using EJ-208
and a betatron spectrum with the spectral region of interest
between critical energies of 10 and 20 keV and then using BGO
and a bremsstrahlung spectrum from a Cu target between the
temperatures of 200 and 800 keV. This technique can read-
ily be used with different spectral shapes and scintillators to
determine the optimum setup.
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