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Abstract: It is now experimentally proven that intense beams of protons are generated in interactions
between high power lasers and thin solid targets. The energy spectrum and divergence of such beams
can be measured with stack structured calorimeters based on Radiochromic films (RCF). However, in
order to provide useful information, RCF have to be calibrated by a relation between the radiation
dose that hits them and the colour change consequently recorded. We report here an experiment
performed at the 9 MV Tandem accelerator of IFIN-HH, having as aim the calibration of two new
RCF types: HD-V2 and MD-V3 produced by Ashland Inc. [1] to MeV protons. Although proton
calibration data exists in literature for HD-V2 [2,3], we found no references for calibration of MD-V3
with this type of particles. Our method is able to provide a global view on the RCF response from the
variation of the radiation dose given by the angular dependence of the scattering cross-section of a
proton beam on a thin target.
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1. INTRODUCTION
Ultra-intense laser-plasma interactions, beyond 1018 W/cm2, are able to release dense bunches of
accelerated particles such as light ions, electrons and gamma rays. For example, a laser accelerated proton
beam has broad energy spectrum, large angular distribution, and integrated charge up to 1 μC per pulse.
Consequently, it can be used for various applications going from the production of medical radioisotopes [4]
to new technologies for space applications [5] and management of nuclear waste disposals [6], all of them
requiring an excellent characterization of the beam properties.
Among the experimental devices able to provide such type of information, stack structures based on
passive detectors such as RCF or Imaging Plates (IP) are often used for the measurement of the energy
spectrum and divergence [7]. The principle is rather simple: ions with different energies are stopped at
different depths in the stack thus each layer will contain mostly depositions from a specific energy range,
more precisely where the Bragg peak is localized. Further, the proton spectrum and divergence can be
reconstructed from data provided by RCF scans, as described briefly in the last part of this paper. However,
in order to be used in stack detectors, RCF have to be calibrated in terms of ionizing radiation, for the same
conditions as for the laser-plasma experiments, meaning the same scanning technique, the same generation
of films, etc.
2. RADIOCHROMIC FILMS
RCF are self-developing plastic films composed by an active (sensitive) layer of emulsion and one or
more base layers of polyester acting as substrate. This type of detectors are extensively used in clinical
dosimetry and are continuously subject of improvements in their structure and material, having as result an
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increase of sensitivity. RCF are self-developing plastic films composed by an active (sensitive) layer of
emulsion and one or more base layers of polyester acting as substrate. These types of detectors are
extensively used in clinical dosimetry and are continuously subject of improvements in their structure and
material, having as result an increase of sensitivity.
When irradiated, the active layer undergoes a polymerization reaction [8] having as consequence a
colour change of the film. The parameter:

⎛ PV − PV ⎞
sig
⎟⎟
OD = log ⎜⎜ max
⎝ PVmax − PVbkg ⎠

(1)

called Optical Density (OD), characterizes the colour or grayscale change of the scanned RCF images. It is a
function of the pixel values of irradiated (PVsig) and non-irradiated (PVbkg) regions as well as the maximum
pixel value (PVmax) which depends of the scan resolution.
The excellent properties of the RCF detectors such as high spatial resolution, good dose sensitivity and
reproducibility, insensitivity to the electromagnetic noise (a major concern in laser-plasma experiments at
very high intensity), make them suitable for several applications, notably the detection of the laser based
accelerated ions. In this perspective, RCF based detectors are suitable for single shot use, although systems
which measure particles from few shots could also be imagined [9]. As a downside, RCF are unable to
discriminate between different types of ionizing particles.
In our analysis we considered two RCF types: HD-V2 and MD-V3, both foreseen to be used in
experiments planned at ELI-NP [10]. HD-V2 has a 8μm active layer deposed on a 97 μm polyester substrate
while MD-V3 has a 15 μm active layer placed in a sandwich like structure between two 120 μm polyester
substrates. The dose ranges are 10 Gy to 1 kGy for HD-V2 and respectively 1 to 100 Gy for MD-V3.
Although not specified in the technical documentation, we assumed for all layers of both types a mean
density of 1.36 g/cm3 [3], a value close to the Mylar density.
The response of HD-V2 films has been analysed for alpha particles from an 241Am source in [11], for
10 MeV photons in [12] and for protons different energies in [2,3], however for MD-V3, we found no
calibration data for MeV protons in the literature.
3. EXPERIMENTAL SETUP
Our experiment is based on the relation between the scattering cross-section of a proton beam on a
thin Tantalum foil and the RCF response. We used protons provided by the 9 MV Tandem accelerator of
IFIN-HH [13]; the experimental setup is shown in Fig. 1.

Fig. 1 – The experimental setup. The interaction chamber is a DN200 ”cross”, the red line is the collimated proton beam.
Other elements are explained in text.
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The incoming beam is collimated by 2 sets of slits with small aperture (approx. 2 mm) placed at more
than 1 m one from each other, previously to the entrance in the interaction chamber. The target support could
be moved on vertical direction, allowing four target distinct positions. One of them corresponds to the target
placed on the proton beam direction. Another position lets the beam not scattered, in order to be measured
with a Faraday cup placed at 0 degrees, as shown in Fig.1. The remaining two positions let the beam hit a
small RCF piece placed on the target support aiming to provide an estimation of the beam size and position
and respectively a phosphorous screen attached also to the target support which allowed the beam
visualization on a camera. During the irradiation, a Si based detector recorded the scattered proton flux in the
backward direction, monitoring the beam stability.
The RCF stack was covered with an Al foil and was placed on a curved Al support which assured the
same distance to the interaction point: 100 mm. The target thickness, 44 μm, has been measured in the
irradiated region with ±5 μm precision.
Due to cross section variation with the scattering angle, various doses were delivered on the RCF
surface for a given set of experimental conditions (beam intensity, measuring time, etc.). The RCF support
was attached to a removable table (dark-orange in Fig.1) with kinematic feature for precise repositioning.
The RCF support covers scattering angles starting from 10 degrees and allows that a portion of the RCF
stack to be unexposed to the radiation, for background measurement (demanded by Eq.1). The horizontal and
vertical alignment of the setup has been checked before and after the experiment.
4. DATA ANALYSIS
Each irradiated RCF (Fig. 2) was scanned in 16 bits grayscale at 600 dpi on a Epson V850 scanner in
transmission mode. The profiles over the irradiated surface were extracted using ImageJ [14] and further data
analysis was done in ROOT [15].

Fig. 2 – The experimental setup. The interaction chamber is a DN200 “cross”,
the red line is the collimated proton beam. Other elements are explained in text.

We based our data analysis on a grid of angular values for which we estimated the dose, we computed
OD according to Eq.1 and we propagated the uncertainties as described in the following section of this paper.
The energy depositions of protons in target and RCF layers has been estimated with SRIM [16] and the
cross-section of the beam scattering inside the target with the Rutherford formalism for elastic scattering
[17]. The angle values have been corrected for the beam shift using the expression:
sin θ
⎛
⎞
Fc (θ ,d ) = arctan ⎜
,
⎝ cos θ + d / R ⎟⎠

(2)

where θ is the scattering angle, d is the deviation of the beam center in the horizontal plane and R is the
radius of the circle defined by the RCF support.
Table 1 shows a summary of the analyzed runs containing the proton beam characteristics (energy,
intensity, radius), the stack structure and the irradiation time, measured with second precision.
The estimated energy range of protons at the target’s rear side is shown in Fig. 3. The wiggles are given by
the spatial resolution of the energy depositions considered in our estimation.
Table 1
Experimental parameters of the analyzed runs: type and number of layers in the stack,
energy and current of the incident beam on the target, beam half size and irradiation time
RCF
HD-V2
MD-V3

Layers
7
3

Ep[MeV]
10
10

Ip[nA]
1
1

rb[mm]
1.9
1.4

Time[·103s]
14.45
7.24
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Fig. 3 – Proton energies at target rear side as function of scattering angle from a 10 MeV incoming beam. For a given
scattering angle, the grey region ranges between the energies corresponding to scattering at the target front (lower edge) and rear
(upper edge) side.

4.1. Sources of uncertainty
In our analysis we identified several sources of incertitude associated to both OD and estimated dose.
We propagated 3% uncertainty given by the target thickness measurement on the estimated dose for
each scattering angle as shown for the HD-V2 run in Fig. 4-left. The dark blue line represents the uncertainty
associated to the last layer in the stack, close to the Bragg peak, for which the impact of this uncertainty is
most important due to strong fluctuations of the deposited energy.
We computed the deviation generated by the beam diameter on the scattering angle as [Fc(θ, rb),
Fc(θ,-rb)] using the expression from Eq. 2 and rb is the proton beam half size in the horizontal plane. We
propagated this deviation on the estimated dose obtaining results as shown in Fig. 4-right for HD-V2 run. We
notice a decrease of this uncertainty with the scattering angles, most important for the deepest layer in the
stack.

Fig. 4 – Angular dependence of the target thickness and beam diameter related uncertainties for
HD-V2 run. Each color corresponds to a layer in the stack, where the following color scheme has
been chosen from the first to the last layer: black, red, green, blue, magenta, cyan and dark blue.

We have also estimated the variation of the integrated dose over the whole runtime by analyzing the
number of counts recorded by the Si detector and we obtained 10 % relative uncertainty.
As regarding the OD systematics we consider two contributions. As one of them, we introduced the
relative uncertainty given by the averaged OD values for integer scattering angles given by:
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2

i

δaa = δOD =

i

∑ODi

(3)

i

As another contribution, measuring the fluctuations of the pixel values in the non-irradiated regions
we determined 2 % relative uncertainty on the background subtraction that, propagated in Eq.1, results in
1.23% relative uncertainty on OD values.

Fig. 5 – Angular dependence of the total Optical Density (left) and Dose (right) related uncertainties
for MD-V3 run. Each color corresponds to a layer in the stack, where the following color scheme has
been chosen from the first to the last layer: black, red and green.

The total systematic error is computed by adding in quadrature the previous described components. In
consequence we assume for OD:

δtotOD = δaa2 + δbk2

(4)

δtotDO = δtt2 + δbd2 + δid2

(5)

and for the estimated dose:

where δxx are the induced uncertainties for: average scattering angle (aa), background subtraction (bk), target
thickness (tt), beam diameter (bd) and integrated dose (id) respectively. We show in Fig. 5 the total errors
related to OD and estimated dose for the MD-V3 run.
4.2. Discussion of results
In our analysis we computed the energy deposition in the active layer, dose and the optical density of
each RCF layer in the stack. These quantities are represented in Fig. 6 for both, HD-V2 and MD-V3 runs.
We noticed the increase of the energy deposition in the active layer with the depth as the energy loss
increases with the stack thickness, but also with the scattering angle. The energy loss increases with the
effective path of the protons inside the target, thus with the scattering angle. The combination of these effects
has as consequence important energy depositions for the last layer in the stack at big angles. By comparing
HD-V2 and MD-V3 runs, the difference between the energy depositions is a result of different depths in the
stack and different thicknesses of the sensitive layers.
The same effects are also present in the dose estimation (middle plots in Fig. 6). In this case, the
dominant effect is the decrease of the proton flux with the scattering angle as a consequence of the scattering
cross-section variation.
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The same effects are also present in the dose estimation (middle plots in Fig. 6). In this case, the
dominant effect is the decrease of the proton flux with the scattering angle as a consequence of the scattering
cross-section variation.

Fig. 6 – Angular dependence of the energy deposition in the active layer (up), total dose (middle) and
Optical Density (down) for HD-V2 (all left) and MD-V3 (all right) stacks given the runs summarized in
Table1. Each color represents a layer in the stack, with the same convention for both stacks. Starting from
the first to the last layer, the color convention is: black, red, green, blue, magenta, cyan and dark-blue.

In order to deliver functional expressions of the calibration curves, we combined data from all layers,
as shown in Fig. 7. Here, the total dose versus optical density was fitted with a 3-th order polynomial
function:
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i

and we extracted the coefficients from in Table 2. The plots in Fig. 7 show also the evolution of the RCF
response close to saturation and close to the low dose region.

Fig. 7 – Global fits on data from all layers of HD-V2 (all left) and MD-V3 (all right) stacks.
Table 2
Functional parameters obtained from fits with Eq. 6 on the plots shown in Fig. 7

RCF
HD-V2
MD-V3

a0
-91.54
-38.39

a1
2965.97
778.93

a2
-13952.7
-3698.88

a3
40936.6
7704.99

χ2/ndf
10.34/96
25.42/50

5. PROTON SPECTRUM FROM LASER ACCELERATION EXPERIMENTS
A stack configuration based on RCF layers can measure the divergence and energy spectrum of
protons generated in laser-plasma interactions. In this type of configuration, RCF layers are interlaced with
attenuators for a complete beam energy deposition in the stack, even at high energies. Each active layer
corresponds to a specific energy of protons, namely the one given by the Bragg peak. The proton spectrum is
deconvoluted with a minimization procedure starting from the deepest layers in the stack. As described in
[19, 20] the total energy deposition in a given RCF layer is given by the expression:

Etot (i ) =

∫

dN ( E ')
Edep (i, E ')dE '
dE

(7)

where dN/dE is the energy spectrum and Edep is the energy loss by a proton with energy E, in a given layer of
the stack. Edep can be estimated with a particle propagation code such as SRIM or Geant4 [18] for a given
stack configuration and Etot for a given layer is compared with the experimental data in terms of optical
density, since Etot = F(OD), with the functional given by Eq. 6. Minimizing the difference between these two
quantities one could obtain the expression of the energy spectrum dN/dE. In order to deliver this expression
the procedure assumes an a-priori behavior of this parameter, different expressions are presented in [19, 21].
6. SUMMARY

In this work we reported a scattering experiment with monoenergetic protons delivered by an
electrostatic accelerator at IFIN-HH for the calibration of two RCF types: HD-V2 and MD-V3. As a
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consequence of the angular dependence of the scattering cross-section of the protons, the setup was able to
provide a wide range of doses in a single run. In the analysis of the obtained data, we considered the main
systematic uncertainties that influenced the results and we obtained calibration curves which will be used in
a reconstruction of the proton beam from laser-plasma experiments in a stack configuration.
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