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Abstract. In this paper, a scintillator-based online beam profile detector for the
characterization of laser-driven proton beams is presented. Using a pixelated matrix
with varying absorber thicknesses, the proton beam is spatially resolved in two di-
mensions and simultaneously energy-resolved. A thin plastic scintillator placed behind
the absorber and read out by a CCD camera is used as the active detector material.
The spatial detector resolution reaches down to ~4mm and the detector can resolve
proton beam profiles for up to 9 proton threshold energies. With these detector design
parameters, the spatial characteristics of the proton distribution and its cut-off energy
can be analyzed online and on-shot under vacuum conditions. The paper discusses the
detector design, its characterization and calibration at a conventional proton source as

well as the first detector application at a laser-driven proton source.



1. Introduction

Laser-driven ion sources (LDIS) exploit the extremely high electric fields of ~TV/m
amplitude which can be sustained in over-critical laser-produced plasmas. These fields
serve the acceleration of protons and heavier ions, which mainly originate from the
hydro-carbon contaminant layer and which gain kinetic energies of several 10 MeV per
nucleon on micrometer spatial scales (e.g. [1]). Owing to the spatial compactness of the
acceleration, combined with a high particle flux, a short particle pulse duration and a
high beam laminarity [2], LDIS are potentially advantageous for numerous applications
([1] and therein), as e.g. ion/proton radiation therapy of cancer [3].

The development of applicable LDIS and the realization of first application experiments
(e.g. [4, B, 6, 7]) hinges among other factors on the provision of online diagnostic tools
adapted to the properties of laser-accelerated ion and proton pulses. Among others,
these features are exponentially decreasing energy spectra with cut-off energies of up
to currently several 10 MeV for the class of application-relevant high-power, ultra-short
pulse (7 of several 10fs) laser sources [8, 9, 10]. The particle emission from the non-
irradiated target surface occurs within an angle of ~20° (half angle) around the target
normal direction ([1] and therein). The cut-off energy of the spectrum is used as a
benchmark for the acceleration performance, whereas the spatial emission pattern can
carry information about e.g. the target surface [11, 2] or the spatio-temporal properties
of the laser pulse [12].

Due to the large energy range as well as emission angle of the multi-species pulses from
LDIS, a combination of detection methods is commonly used in experimental setups:
Thomson parabola spectrometers (TPS) provide spectra with high energy resolution on
the percent level [13] for all ion species accelerated in the interaction but only probe a

small fraction (0.02 psr) out of the beam’s solid angle. Read-out by microchannel plate
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detectors, scintillators or pixel detectors [14], TPS allow for the online characterization
of the particle energy distribution at the ~ Hz repetition rate of application-relevant
high-power laser sources.

For protons, absolutely calibrated area detectors such as self-developing radiochromic
films (RCF) [15, 16] or nuclear activation imaging (NAIS) [17] serve as complementatary
tools which provide the proton number and spatial distribution of the accelerated
proton pulse[?, 7, ?]. From stacks of e.g. RCF, the spatially resolved spectrum can
be deconvoluted from the depth dose profile via the energy-range-correlation of the
protons in the material [15, 16, 17]. The energy resolution is ~ 1 MeV. However, both
RCF and NAIS are offline methods which require the extraction of the detector from
the vacuum chamber in which the experiment is performed.

This shortcoming is overcome by a class of online area detectors which - as RCF or NAIS
- use the energy-range-correlation of protons in an absorber to yield energy resolution
and rely on plastic scintillators read out by a CCD camera as detector material [18, 19].
In the case of the area detector developed by Green et al., for instance, the proton beam
profile in two dimensions for three different threshold energies is derived from a stack
of three plastic scintillators which emit at different wavelength [18]. This approach, in
which the scintillators function as absorber as well as active detector material, yields a
high spatial but low energy resolution.

For the compact scintillator-based online area detector presented in this paper, the
number of resolvable threshold energies is increased and made scalable through the use
of a separate aluminum absorber plate in front of a single scintillator layer. The absorber
plate is segmented into 60 macro-pixels, each resolving up to 9 different threshold
energies by the use of different absorber thicknesses. This approach reduces the spatial

detector resolution to 4mm x 4mm (smallest macro-pixel size) but it is optimized to
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provide the energy-dependent proton beam spot size together with the cut-off energy of
the spectrum. The absolute proton number calibration of the detector can facilitate the
reconstruction of the proton distribution as performed in RCF spectroscopy [15, 16].
The paper is structured as follows: In Sec.2, the detector principle and setup are
presented in detail, followed by results of the detector characterization and calibration
at a conventional proton source. Sec.3 summarizes the results of the first detector

application at a LDIS.

2. Detector Design, Optimization and Characterization

2.1. Detector Principle

The setup of the scintillator-based 2D pixel detector, as shown in Fig. 1a, comprises of a
detector unit and a CCD camera unit (compare [19]). The central part of the detector
unit is the 48 mm x 48 mm large absorber matrix machined into a 2.5mm thick alu-
minum plate. Designed for a location of about 50 mm behind the target, the detector’s
field of view has a half-angle of 26° with respect to the proton (point) source and can
therefore record a two-dimensional imprint of the entire proton beam. The absorber
plate is segmented into 60 macro-pixels, each containing 3, 9 or 16 holes countersunk
into the aluminum plate (Fig. 1b). These countersunk holes will be referred to absorber
holes in the following. To provide for energy resolution, the depths of the countersunk
holes are varied so that different remaining aluminum absorber thicknesses are obtained
within each macro-pixel. Placed into the proton beam, protons which are energetic
enough to pass the aluminum thickness of a specific absorber hole, deposit energy in the
200 pm thick layer of polyvinyltoluene-based plastic scintillator BC416 (Bicron) behind
the aluminum plate. The energy deposition excites the emission of scintillation photons

at 434 nm, which is imaged onto a CCD camera. A representative raw data image is
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Figure 1. Setup of the 2D pixel detector. a) Technical drawing. b) Photograph
of the upper-left quadrant of the absorber matrix. The different macro-pixels are
separated by purple lines and the different zones of absorber hole diameters are
color-coded. The other three quadrants are filled by rotating the shown quadrant
by 90°, 180° and 270° around its lower-right corner. In that way, the absorber matrix
is invariant to rotations, which simplifies the setup. c-d) Absorber thicknesses in
the absorber matrix and the according proton threshold energies for the final design
optimized for the application at LDIS and the prototype design, for which data are
presented in this paper. Data source: [20].

shown in Fig. 2. Each of the bright spots corresponds to an absorber hole and represents
the signal from protons above a minimum kinetic energy (i.e. proton threshold energy),
which is given by the proton energy-range-correlation for the specific absorber thickness.

Each macro-pixel hence samples a specific part of the beam and resolves up to 91 proton

1 For detector characterization experiments at the 6 MV Van de Graaff tandetron accelerator at the
Helmholtz-Zentrum Dresden - Rossendorf (HZDR) and first experiments at a LDIS, a prototype detector
design with specifically adapted absorber thicknesses was used (Fig. 1d).
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Figure 2. Representative raw data of the 2D pixel detector. The detector was
irradiated with 10 MeV protons at the HZDR tandetron accelerator. The individual
macro-pixels are marked by yellow lines. The scintillator signal increases from black
to white in the color scale of the image. The absorber holes with the brightest signal
are those where the proton’s Bragg peak lies in the scintillator layer. On the other
hand, in accordance with a range of 630 um [20] in aluminum for 10 MeV protons, the
absorber holes for 800 pm absorber thickness are dark (exemplarily marked with red
circles for the central macro-pixels).

threshold energies in the final detector design for LDIS. The absorber thicknesses and

according threshold energies are summarized in Fig. 1c.

The imaging of the scintillator is performed with a 25 mm focal length objective and
an AVT GUPPY PRO F-201B CCD camera, yielding an image resolution of 41 pm /pixel
or 24px/mm. Camera and objective are housed in the CCD camera unit (Fig.1a).
This unit contains a small air volume of ~0.51 to cool the camera in the otherwise
evacuated experimental chamber (compare [19]). In this way, the compact detector
with a footprint of only 60 mm x 160 mm and a height of 320mm can be positioned
close to the laser-target-interaction point without having to set up an optical beam
path out of the experimental chamber.

To avoid that the camera chip is directly exposed to radiation, a mirror placed at an
angle of 45° folds the optical beam path so that the CCD chip is oriented horizontally

with respect to the proton beam and sits above the proton beam axis.



2.2. Experimental Optimization of the Absorber Matrixz Parameters

The absorber matrix principle, as sketched above, leaves the absorber hole diameters
and the absorber hole spacing as design parameters. Both parameters are favorably
kept small to increase the spatial resolution of the detector. A lower limit is however set
by the requirement of an evaluable detector signal, which demands that the background
signal caused by protons scattered in the absorber hole walls and caused by cross-talk
between neighboring absorber holes is suppressed. Proton scattering is particularly
relevant for absorber holes off-center on the absorber matrix, where the angle between
the incoming proton beam (originating from a point source) and the absorber hole axis
is increased.

The optimal choice for these geometric absorber matrix parameters was experimentally
investigated at the 6 MV Van de Graaff tandetron accelerator at the Helmholtz-Zentrum
Dresden — Rossendorf (HZDR) using two different test absorber matrices. The first
absorber matrix was designed to optimize the absorber hole diameter, thereby including
the influence of proton scattering. It featured absorber hole diameters ranging from
0.5-2.5mm. In order to mimic the scattering effects of the divergent beam at LDIS
in the case of the parallel beam at the tandetron accelerator, the absorber holes were
machined with orientations of 0°, 5°, 15° and 30° with respect to the proton beam axis.
On a second absorber matrix, the absorber hole distance was varied in the range of
0.5-1.25mm in steps of 0.25mm in order to find the optimal absorber hole spacing.
Spacing here refers to the minimal width of material between two absorber holes and
not the center-to-center distance. The absorber hole diameter was set to 1 mm for the
spacing of 0.5 mm and to 1.5 mm for all other cases.

Both plates were irradiated at a proton energy of 11.8 MeV. The proton beam spot from

the accelerator was adapted to the absorber matrix size by beam scanning. For post-
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processing, the camera signal of each signal spot (corresponding to an absorber hole)
was averaged over a circular ROI with 50% of the nominal absorber hole diameter.
Comparison of different ROI sizes showed that for a 50% ROI the mean signal deviates
by less than 5% from the average over the signal spot center (25% ROI) for all absorber
hole diameters, rendering a 50% ROI standard for data evaluation. Fig.3 summarizes
the results for the absorber hole diameter and orientation scan, showing that the camera
signal is almost independent from the absorber hole diameter down to 1.5mm and
decreases by 14% for a diameter of 1.0mm. A further reduction of the absorber hole
diameter, e.g. down to 0.5 mm, can according to the data not be recommended, since
scattering leads to a strong signal reduction.

The relative orientation between absorber hole axis and incoming proton beam has no
influence on the signal for the chosen ROI size of 50% (Fig.3). Therefore, the absorber
holes are oriented normally to the absorber matrix surface in the prototype and final
design of the detector. The effect that the absorber holes located off-center on the
detector surface are irradiated under an angle (proton point source) and hence feature
a reduced solid angle of detection, is compensated for by increasing the absorber hole
diameter from 1 mm in the detector center to 1.8 mm towards the detector edge (Fig. 1b).
In principle, the grazing incidence under an angle o onto the absorber matrix at off-
center positions also influences the energy of protons reaching the scintillator as protons
then pass an increased absorber thickness. Amounting to less than 10% in thickness
gain, this effect can however be neglected for most practical purposes.

For the distance of neighboring absorber holes, the optimum value was determined
to 0.5 mm. That provides well-separated signal spots on the CCD camera image (see
Fig. 2), which simplifies the automatic readout for subsequent data analysis. The yielded

optimum distance is in good agreement with the fact that a localized energy deposition at
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the scintillator front surface is expected to result in a scintillation spot with a diameter of
330 um at the rear surface of the 200 um thick scintillator layer due to the critical angle
of 6.=39.3° for total internal reflection in the scintillator material. Hence, crosstalk
between neighboring absorber holes is suppressed apart from protons scattering in the
material.

In summary, the prototype and final design of the detector feature a macro-pixel size
and hence spatial resolution of 4mm x 4 mm in the detector center. Within this macro-
pixel, up to 7/9 threshold energies can be resolved (prototype/final design). The energy
resolution can flexibly be chosen via the absorber thicknesses and is ultimately limited

by the scintillator thickness.

2.3. Proton Number Calibration of the Detector

For the absolute calibration of the CCD camera signal per proton passing through the
scintillator, the absorber matrix shown in Fig.1b was replaced by an aluminum plate
with a 20 mm large aperture in the center, behind which a 13 pm thick light-tight plastic
foil (Pokalon®) and the 200 um thick scintillator were placed. The diameter of the
proton beam was reduced to 10 mm in order to exclude the influence of proton scattering
at the aluminum absorber plate on the measurement. The calibration was performed
at a proton energy of 7MeV from the tandetron accelerator, which corresponds to a
differential energy deposition of dE/dx=(7.0+£0.3)keV/um in the scintillator. The
resulting camera signal per proton rescaled to a camera gain of 0 is (0.45 £ 0.01) counts.
When estimating the radiation dose or particle number for the spectrally broad proton
pulses from LDIS based on the presented calibration, the nonlinear light yield of
plastic scintillators as a function of the differential energy deposition dF /dx (ionization
quenching [21]) has in principle to be taken into account. However, for all practical

purposes at current LDIS (proton energy spectra in the range of 2-40MeV), a proton
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Figure 3. Optimization of the absorber matrix parameters. Relative camera
signal (normalized to an absorber hole diameter d — oo based on the fit) as a function
of the absorber hole diameter and the irradiation angle. Each data point represents
the average over 20 (10 for 30° orientation) absorber holes and the error bars include
the standard deviation of the ROI as well as the sample mean. The absorber hole
orientation of 30° was only tested for the large absorber hole diameters as the sight

through the hole is otherwise blocked. The relative camera signal for an arbitrary
absorber hole diameter can be calculated via the fitted exponential recovery function.

number estimated using the above-given calibration is correct within a factor of two.

3. Application at a Laser-Based Accelerator

The detector prototype was tested at the 150 TW Draco laser facility at the HZDR
[22, 12]. The applied 30fs long laser pulse had a maximum pulse energy (E7) of 3.8J
on target and was focused to a spot diameter of 3um (FWHM). In the interaction
with a 5 um thick titanium foil, protons with exponential spectra and cut-off energies of
~11-13MeV were yielded, as verified by RCF§ and Thomson parabola spectrometer||
measurements.

The scintillator-based detector was placed ~ 50 mm behind the proton-emitting target
and could hence capture the entire proton beam. In addition to the absorber matrix,
13 wm of aluminum were placed in front of the scintillator to shield the detector from
laser light. Representative raw data are shown in Fig.4a. In contrast to the raw data

taken with the collimated proton beam from the tandetron accelerator (Fig.2), the

§ proton cut-off energy between 10.6 MeV and 12 MeV
|| proton cut-off energy between 11 MeV and 13 MeV
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Figure 4. Detector application at the 150 TW Draco laser facility. a) Raw
data image of the scintillator applied at a LDIS. The scintillator signal increases from
black to white. b) False-color image of a) showing only absorber holes with an absorber
thickness of 13 pm, i.e. the aluminum layer placed in front of the scintillator as a light
shield. The white lines represent the macro-pixels of the detector surface and the
arrows indicate the macro-pixel redistribution in the final evaluated detector output.
The final detector signal for one marco-pixel and specific threshold energy is derived
by averaging over all signal spots within one macro-pixel that correspond to the same
absorber thickness (i.e. four signal spots in the given examples). c)-e) Evaluated
detector signals for three different proton source configurations (vertical direction).
The detector signals correspond to the spatially resolved integrated number of protons
above a proton threshold energy E,, where E,, is given at the bottom of e) and increases
from left to right from ~1MeV to 9.9 MeV.

distortion of the image caused by the point source laser-driven proton beam is clearly

visible. The distortion is caused by protons which travel through the absorber holes
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at an angle so that the resulting spot of light emission on the scintillator acquires an
elliptical shape. The effect increases with the distance from the detector center but has
no influence on the data evaluation.

The data extraction from the raw data images comprises two steps. At first, all absorber
holes with the same absorber thickness are summarized in layers, as shown for the
absorber thickness of 13 um9 in Fig.4b. In a second step, the signal of each absorber
hole is re-calculated to a proton number based on the calibration, before the signal of
each absorber layer is reorganized into the macro-pixel pattern of the detector (green
arrows in Fig.4b/c).

In Fig. 4c- e, resulting experimental data for three different proton source configurations
are compared. From c) to d), the laser energy was reduced by a factor of 2.6, the
resulting decrease in the proton cut-off energy clearly being resolved by the detector.
In Fig. 4e, the lateral distance between the center of the detector and the proton point
source was shifted by 10 mm, which is resolved well by the shifted beam profile on the
detector. For the given setup, a lateral shift by 10 mm is equivalent to an angle of
~10°. Hence, even though the spatial resolution of the macro-pixels is only in the range
of millimeters, experimentally relevant angular shifts of the proton beam’s center of

mass can be measured [12].

4. Summary

In conclusion, the presented online detector system resolves the spatial profile of a laser-
driven proton beam (4mm spatial resolution in the central part of the detector) and it
can distinguish up to 9 threshold energies. In that way, the detector can complement the

established diagnostic tools of RCF and Thomson parabola spectrometers by providing

€ This absorber thickness refers to the absorber holes with 0 pm remaining absorber thickness in the
absorber matrix, which were then covered by a layer of aluminum for light protection, as described
above.
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online the maximum proton energy, the proton yield, the approximate energy-dependent
proton beam size as well as the position of the beam’s center of mass on a single-
shot basis. Based on these parameters, the acceleration performance of the laser-
plasma-based source can be monitored and optimized, which is a crucial point for
a further development of laser-driven ion sources towards applicable particle sources.
The compact detector size allows for the detector’s integration in various experimental
setups. The repetition rate of the detector is only limited by the capabilities of the
CCD camera used in the detector and can cope with the at most ~ Hz repetition rates
of current high-power laser systems.

Due to its modular design regarding the absorber matrix (macro-pixel arrangement
and absorber thickness), the detector can easily be adapted to different experimental
requirements. To be used with the upcoming class of Petawatt laser sources, for which
an increase in proton energies is expected, the absorber thicknesses can be increased
accordingly. At the same time, the increased proton dose will allow to place the
detector further away from the proton source, which automatically improves the spatial
resolution of the proton beam. Moreover, the spatial resolution and the number of
resolved threshold energies can be traded respectively by increasing or decreasing the
number of absorber holes per macro-pixel and hence the macro-pixel size.

If the detector is applied in combination with a Thomson parabola spectrometer, an
additional 3mm large hole through the absorber matrix center, the scintillator and
the mirror can be used to let the central part of the proton distribution pass into
the spectrometer downstream. In order to shield the interior of the scintillator-based
detector from light produced in the laser-target interaction, a thin metal tube is then
inserted in the detector interior, connecting the hole in the absorber matrix center

with the hole in the mirror. An according setup was successfully tested at the Draco
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experimental setup.
An interesting extension of the 2D pixel detector can be achieved when using a
transparent absorber matrix sandwiched in between two plastic scintillator layers
emitting at two different wavelength (compare [18]). Whereas the absorber and second
scintillator function as in the original design, the first scintillator additionally provides a
spatially highly resolved 2D profile of the proton distribution. Both signals are separated

using a color CCD camera.
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