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The Time-of-Flight (ToF) technique coupled with semiconductor-like detectors, as silicon
carbide and diamond, is one of the most promising diagnostic methods for high-energy, high
repetition rate, laser-accelerated ions allowing a full on-line beam spectral characterization.
A new analysis method for reconstructing the energy spectrum of high-energy laser-driven
ion beams from TOF signals is hereby presented and discussed. The proposed method takes
into account the detector’s working principle, through the accurate calculation of the energy
loss in the detector active layer, using Monte Carlo simulations. The analysis method was
validated against well-established diagnostics, such as the Thomson Parabola Spectrometer,
during an experimental campaign carried out at the Rutherford Appleton Laboratory (RAL,
UK) with the high-energy laser-driven protons accelerated by the VULCAN Petawatt laser.

I. INTRODUCTION

Over the last decades, the interest towards innovative
particle acceleration techniques, alternative to conven-
tional methods, has led to a growing effort in the study
of high power laser-plasma interactions** as sources of a
varied range of particles. In particular ultra-short multi-
MeV laser-accelerated ions, if well controlled, could pro-
vide a promising alternative tool for dose delivery during
radiobiological irradiations as well as, in a future per-
spective, for clinical treatments (hadrontherapy)®®. In
this framework, the development of novel instrumenta-
tion aimed at measuring with good accuracy ion beam
characteristics, such as energy distribution, flux and shot-
to-shot reproducibility, represents a crucial step towards
obtaining controlled beams, exploitable for applications.
Well established detectors typically used in laser-driven
acceleration experiments are for instance radiochromic
films (RCF), nuclear track detectors (CR-39), image
plates?. They have been widely used for beam diagno-
sis with low-repetition rate laser systems operating in
single-shot mode and all require some form of process-
ing after the exposure. Nevertheless, thanks to ongoing
advances in laser technologies, the acceleration of high-
energy ions at high repetition rate is becoming possible
and therefore the real-time diagnosis of laser-generated
particles is a key point for the shot-to-shot monitoring of
the beam parameters beam needed for applications. The
Time-of-Flight (ToF) technique, so far used as on-line
diagnostics for low-energy laser accelerated proton and

ion beams, enables measurement of the ion maximum
energy (cut-off), spectrum and flux!",  As discussed
in literature 17 detectors as Faraday Cups (FC), ion
collectors (IC) and semiconductor-like detectors such as
diamond and silicon carbide, are typically placed at a
finite distance from the target to measure TOF of ac-
celerated particles. The TOF signal generated in such
devices results from the contribution of the different ion
species incoming with a specific TOF and, as a conse-
quence, kinetic energy. According to the approach dis-
cussed in'® 21 TOF signals can be typically described as
a convolution based on the so-called Mazwell-Boltzmann
Shifted (MBS) functions defined for each ion species. The
signal deconvolution by means of the MBS functions also
allows investigating plasma parameters, such as the ion
temperature and shift velocity, defined as the additional
component to be considered due to the plasma center-
of-mass velocity, as it is reported in'?., When a single
ion species, e.g. protons, is detected, the signal ampli-
tude can be directly converted in an energy spectrum,
considering the detector response to the incoming radi-
ation. IC-FC and semiconductor detectors exhibit ex-
tremely different responses to charged particle radiation
thus different approaches must be followed for the energy
spectrum reconstruction from TOF signals. For instance,
ion signal amplitudes generated in IC or FC devices de-
pend on the collected charge, thus the absolute number of
incoming particles can be obtained. On the other hands,
for semiconductor-like detectors whose response depends
on the energy deposited within the active detector layer



and on the detector electron-hole pair energy creation,
the signal amplitude needs to be converted. Nevertheless
the higher signal-to-noise ratio of semiconductor-like de-
tectors compared to FC and IC detectors, coupled with
their good performances, in terms of rise time and time
resolution®223 make silicon carbide and diamond detec-
tors particularly suitable for the TOF diagnosis of high-
energy particles’,

A new analysis processing method is here proposed for
reconstructing the ion energy spectrum from TOF sig-
nals generated by high-energy, laser-accelerated ions and
acquired with semiconductor-like detectors. Such anal-
ysis procedure was successfully applied for the energy
spectrum reconstruction of high-energy protons acceler-
ated from the Vulcan PW laser system in a wide energy
interval up to 30 MeV.

1. A NEW PROCEDURE FOR PROTON ENERGY
SPECTRUM RECONSTRUCTION

As it is reported int917%2l 5 typical TOF signal displays

the temporal evolution of the radiation and particles
reaching the detector after being emitted from the laser-
irradiated target: UV /X-rays promptly emitted when the
laser hits the target surface generate the trigger signal in
the detector, i.e. the so-called photo-peak which is typ-
ically followed by a tail originated from fast electrons.
Protons and heavier ion species, according to their en-
ergy and flight path, follow at longer TOF with a typical
narrow peak (fast protons) and a broad signal (slow pro-
tons and ions). The kinetic energy of a given ion species,
for instance protons, is then calculated from the mea-
sured proton arrival time with respect to the photo-peak
(tion), knowing the flight path L and considering the time
needed from UV and X-rays to travel the distance from
the source to the detector (t,):

L
TOF = tion + tph tph - (1)
C

where ¢ is the speed of light and TOF is the time of flight
corrected for the photon flight path. The proton kinetic
energy can be obtained by the well-known relativistic def-
inition:
1 L
L= — 2 = —— = —
Erin = (v 1)Mpc Y 8 TOF

-7
(2)
where M, is the rest mass of proton or ion.
The absolute number of particles as well as the energy
spectrum can be extracted from the signal amplitude,
knowing the detector characteristics. As it is well known,
the charge collected in semiconductor-like detectors due
to N incident particles, depositing energy E in the active
layer, can be expressed by:

eNFE
E

Q= 3)

g

where E, is the electron-hole pair energy creation, i.e.
7.78 €V and 13 eV respectively for silicon carbide (SiC)
and diamond.

The detector can be directly connected to a fast oscil-
loscope for the acquisition, with a typical time sampling
of the order of 10710 s. From eq[3] the following expres-
sion relating the ion current i(t) and the energy spectrum
dN/dFE for a given ion species, can be obtained:

AN egi(t), 1

where i(t) = V(t)/R with V(t) being generally the mea-
sured signal amplitude or the amplitude of the MBS
function describing the original TOF signal and obtained
from the signal deconvolution, R the total resistivity of
the detector readout (including termination on the oscil-
loscope), t corresponds to the measured TOF corrected
with the light traveled distancel®, §t is the oscilloscope
time sampling (negligible by using fast scopes) and L is
the flight path. Integrating the equation [4] the number
of particles of a given species impinging on the detector
can be extracted.

Considering the kinetic energy of the incident particles,
two different regimes can occur:

e Case 1. Particles having an incident kinetic en-
ergy such that they stop within the detector active
thickness. In such case, the energy spectrum is re-
constructed from eq. [4 with the parameter E cor-
responding to the kinetic energy obtained with eq.

e Cuase 2. Particles having a sufficient kinetic energy
to traverse the detector thickness, releasing only a
fraction of their incident energy inside the active
layer. In such case, the energy loss in the detec-
tor, corresponding to the incident energy measured
with TOF technique, needs to be calculated.

So far proton energy spectra have been measured from
TOF signals for low-energy protons when Case 1 oc-
curred as it is reported in literaturé 344, For Case 2,
involving proton energies from few up to hundred MeV,
a reliable reconstruction method is required to make the
TOF technique an established diagnostic tool in view of
its use in experiments with high-energy laser-driven ions.
The approach proposed here takes into account the mech-
anism of signal formation in the specific detector em-
ployed in order to reconstruct the absolute number and
energy spectrum of the impinging particles. Monte Carlo
simulations are used to calculate the energy loss inside
the detector active layer corresponding to the incident
kinetic energy measured with the TOF technique.

The detector is simulated, using the Monte Carlo
Geant4? code, in terms of material, density and thick-
ness and a point-like parallel beam is used as input source
assuming a uniform energy distribution within the en-
ergy interval of interest. The particles generated in the
Geant4-based application are tracked and information,
such as kinetic energy and position, is retrieved along
the track. The energy deposited from each simulated
particle within the detector thickness is then retrieved
and can be related to the corresponding incident kinetic
energy. In such way a correlation between the kinetic
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FIG. 1. Experimental setup: the laser incidence angle (laser-
target normal) was about 20° and the TPS-IP was placed at
about 10°. The three positions of the diamond detector used
for TOF measurements (TOF) are also indicated: P1 and P2
have respectively a 2.35 m and 4.10 m flight path. P3 indi-
cates the position of the diamond detector placed alongside
the TPS pinhole at about 1.2 m from target.

energy and the energy loss can be obtained and used to
extract from the experimental data the energy spectrum
in the selected energy interval.

Such method was used to analyze the TOF signals ac-
quired in different laser-acceleration experiments using
laser systems from few TW up to PW power acceler-
ating protons with energies ranging from few MeV up
to 30 MeV162326 The procedure was validated against
other well-established diagnostics and optimized adapt-
ing it according to the different experimental conditions
and purposes.

In particular, the TOF technique employing diamond
detectors was used to investigate proton acceleration dur-
ing a recent experimental campaign carried out using the
VULCAN PW laser at the Rutherford Appleton Labora-
tory. A laser pulse of wavelength 1.054 pm, duration of
~ 700 fs and energy up to ~ 400 J on target, was focused
onto a 25 pum-thick Al target leading to the acceleration
(from surface contaminants) of protons and light ions,
such as carbon and oxygen. A Thomson Parabola Spec-
trometer (TPS) coupled with Image Plates was placed in
the backward direction at about 1.2 m from target, sep-
arating the ion species according to charge-to-mass ratio
and providing the ion energy cut-off and spectra measure-
ments using the analysis method and the calibration re-
ported in?%28 A 100 pum thick polychrystalline diamond
detector was placed at the target front side at about 2.35
m (P1) from the target location, with an applied voltage
of 200 V. The experimental setup is shown in FIG.

As one can see in FIG. 2] the acquired TOF signal
is composed of a small photopeak (7-10 ns) generated
by plasma soft X-ray/ultraviolet (XUV) emission and a
broad peak (32-140 ns) resulted as the sum of protons
and other contaminants. According to TPS measure-
ments, carbon and oxygen ions in different charge states
are accelerated together with protons, with a maximum
energy per nucleon not exceeding 4 AMeV, which for car-
bon ions corresponds to a TOF@2.35 of about 80 ns. As
a consequence, the TOF signal in the time interval 32-

80 ns is uniquely originated from protons and the energy
distribution can be reconstructed following the developed
procedure.
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FIG. 2. TOF signal acquired with a 100 pm thick polychristal-
lyne diamond detector during the experiment carried out with
Vulcan Petawatt.

According to the calculation performed with the
LISE++ analytical code?? protons with energy higher
than 5 MeV traverse the detector thickness (case 2).
A simulation reproducing the experimental condition,
namely protons with energies higher than 5 MeV imping-
ing on a 100 pm thick diamond detector, was performed
to retrieve the corresponding energy loss and reconstruct
the energy spectrum. The energy loss (AE) as a function
of the incident kinetic energy is thus obtained by means
of the simulations as it is shown in FIG.[3l

As it is expected, the energy loss calculation takes
into account the energy straggling effect, originating from
stochastic fluctuations in the energy loss of protons. The
FWHM of such energy loss distribution, typically of the
order of hundreds of KeV, was considered in the analy-
sis as a contribute to the uncertainty on the energy loss
calculation.
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FIG. 3. Energy loss (AFE) simulated with Geant4 for protons
with energies ranging from 5 and 27 MeV in 100 pm-thick
diamond.

A function relating the kinetic energy and the average
energy loss was obtained through a polynomial fit (light
blue line in FIG. . The parameters resulting from the fit
were then used to associate an energy loss to the kinetic
energies calculated from the measured TOF values.
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FIG. 4. Proton energy spectrum reconstructed following the
proposed procedure from the TOF signal shown in FIG.

The energy spectrum obtained in the range 5-27 MeV

is shown in FIG.[d] Integrating the energy distribution a
number of protons per solid angle of (5 4 1) x 10'2 pro-
tons/sr was estimated. The uncertainty on the number
of proton per steradian is calculated applying the error
propagation on eq. [] and considering the statistical un-
certainty. An uncertainty on the energy loss calculation
is of the order of 10% and was evaluated taking into ac-
count the energy straggling effect. Uncertainty on the
solid angle of the order of 0.1% was considered.
As it is shown in figure besides protons, other ion
species can be accelerated from the target and will over-
lap in the detector signal with protons having the same
TOF.

In FIG. [2| this is the case for TOF> 80 ns, where the

TOF signal results from the overlap of different ions (car-
bon,oxygen and protons) and the single species contri-
bution as well as the corresponding energy distributions
cannot be discriminated.
Metallic or plastic absorbers with different thicknesses
are typically placed in front of the detector to select the
high-energy proton component and filter the ions and
the high-flux low-energy protons, which could saturate
the detector.

With an appropriate filter, a TOF signal uniquely due
to protons can be obtained and the proton energy spec-
trum can be then extracted. FIG. [ shows a TOF signal
acquired with a 100 pgm thick diamond detector placed
at about 4 m (P2) from target in the backward direction
(FIG. [1). A 50 pm Al foil absorber was used in front
of the detector. According to the calculations performed
with the code LISE+4+, such absorber stops protons, car-
bon and oxygen ions with energies up to 2.23 MeV, 3.7
AMeV and 4.2 AMeV respectively.

The TOF values corresponding to such energies at 4.10
m for protons, carbon and oxygen ions are respectively
200 ns, 153 ns and 142 ns. Coupling together these con-
siderations and the maximum ion energies measured with
the TPS of about 4 MeV /n, which corresponds to a TOF
of 148 ns@4.10 m, three time intervals can be identified
in the TOF signal shown in FIG. |5} 1) 65-148 ns, the sig-
nal can be attributed uniquely to higher-energy proton
contribution; 2) 148-153 ns, the signal results from the
overlap of Ht, C'2 and O'6 ions in different charge states;
3) 154-200 ns, the signal originates only from low-energy

proton component (from 2.23 MeV up to 3.7 MeV).
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FIG. 5. TOF signal acquired in the backward direction with
the 100 pum thick diamond detector for flight path = 4.10 m.
A 50 pm Al foil was used to stop heavy ions. Proton and ion
contributions in the three different time intervals are shown.

In region 2) H*, C!2 and O% contributions cannot
be disentangled from the TOF signal, since the signal is
a convolution of different ion species and charge states.
The proton energy distribution was therefore extracted
in the regions 1) and 3) following the approach described
earlier. In the presence of absorbers, Monte Carlo simu-
lations are also needed to estimate, for particles travers-
ing the absorber, the fraction of the incident energy lost
within the absorber thickness and the residual energy in
the detector thickness. Two cases can occur:

I. Particles with residual energy after the absorber in-
sufficient to traverse the detector thickness. These
particles stop within the detector active layer and
the variable E in equation [4 corresponds to the
particle residual energy.

II. Particles with residual energy after the absorber
sufficient to traverse the detector thickness. Con-
sidering the residual energy after the absorber, the
corresponding energy released within the detector
thickness has to be calculated with the help of
Monte Carlo simulations.

FIG. [6] shows the residual energy of protons traversing
a 50 pm Al foil simulated with Geant4 as a function
of the incident proton energy in the energy range from
2.2 MeV up to 21 MeV for the shot shown in FIG. [
The two regions I and II are indicated in FIG. [6] The
proton energy corresponding to the transition between
the two cases, i.e. 5.4 MeV, is also shown. Two different
simulations have been performed for the two regions,
according to the value calculated with the LISE4++ code:
for protons with an incident energy ranging from 2.2
MeV up to 5.4 MeV (region I), the residual energy after
the filter is calculated by means of simulations, and can
be directly used for the energy spectrum reconstruction;
on the other hand for protons in region II, the energy
loss within the detector thickness as a function of the
residual energy has to be calculated (inset in FIG. @
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FIG. 6. Residual energy as a function of incident kinetic en-
ergy in the energy interval between 2.2 MeV and 21 MeV
estimated with MC simulation.

10" \

dN/dE @ [MeV~'sr™"]

2 4 6 8 10 12 14 16 18 20 22
Energy [MeV]

FIG. 7. TOF signal acquired in backward direction with the
100 pm thick diamond detector, flight path = 4.10 m. A
50 pm Al foil was used to stop heavy ions. Proton and ion
contributions in 3 different time intervals are shown.

similarly to the case shown in FIG. The energy
distribution corresponding to the TOF signal in FIG.
is shown in FIG.[7} the gap between 3.7 MeV and 4 MeV
corresponds to the region 2) in FIG. where carbon
ions contribute to the TOF signal besides protons.

The new analysis method presented in this work was also
used to analyze TOF data acquired with the diamond
detector placed alongside the TPS (backward direction)
at the same distance (1.22 m) and at about the same
angle (~ 1°) for several shots as it is shown in FIG.
This allowed validating the TOF procedure through a
direct comparison between the two diagnostics. FIG.
shows the number of protons per solid angle (Np/sr)
obtained with the TOF developed procedure and with
the TPS in the energy interval ranging between 13 MeV
and 18 MeV, for 6 consequtive shots. The energy range
corresponds to the energy region common to all the shots
analyzed. A similar comparison between the maximum
proton energies measured with the two diagnostics has
been also performed for the the same shots, as it is
shown in FIG. 0] The TPS uncertainty was estimated
to be about 15%, considering the statistical and the
calibration uncertainities. The results in FIG. [§] and
FIG. [0] confirm the good agreement between the two
diagnostics, both sensitive to shot to shot fluctuations,
indicating the good reliability of the developed TOF

analysis method and its potential in the reconstruction
of high-energy ion spectra with a good accuracy.
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FIG. 8. Number of protons per solid angle in the energy
range 13-18 MeV reconstructed with TOF technique (blue
solid squares) and TPS images (red solid diamonds) for 6
consecutive shots.
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FIG. 9. Proton energy cut-offs measured with TOF technique
(blue solid squares) and TPS images (red solid diamonds) for
6 consecutive shots.

Il. CONCLUSIONS

An analysis procedure, which allows converting the
TOF signals measured with diamond detectors in en-
ergy distribution for a given ion species is here proposed.
It takes into account of the mechanism for signal for-
mation in semiconductor-like detectors, required to ex-
tract the energy spectrum.The method hereby described
was validated during an experimental campaign carried
out at the Vulcan PW laser facility (RAL) and the ob-
tained energy spectra are here shown together with a di-
rect comparison with the measurement performed with a
TPS, taken as a reference diagnostics during the experi-
ment. The good agreement between the two diagnostics,
in terms of energy cut-offs and number of protons per sr,
confirms the reliability of the analysis procedure. Such
TOF detectors offer high prospects for the diagnosis of
high-repetition rate (up to 10 Hz) accelerated protons



and, with a suitable, automated procedure, could pro-
vide information on the shot-to-shot energy distribution
and flux in real-time. In this perspective, a database
containing the results of simulations for a given detector
type and energy intervals, would be a key requirement
for a fast, automated signal analysis.
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