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ABSTRACT
Here, we extend flatbed scanner calibrations of GafChromic EBT3, MD-V3, and HD-V2 radiochromic films using high-precision x-ray irra-
diation and monoenergetic proton bombardment. By computing a visibility parameter based on fractional errors, optimal dose ranges and
transitions between film types are identified. The visibility analysis is used to design an ideal radiochromic film stack for the proton energy
spectrum expected from the interaction of a petawatt laser with a cryogenic hydrogen jet target.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020568., s

I. INTRODUCTION

Ion acceleration from high-intensity laser–plasma interactions
has attracted great interest due to potential applications ranging
from fast ignition inertial confinement fusion1,2 to precision tumor
treatment with proton therapy.3–5 Recently, research in ultra-high
dose rate (FLASH) proton radiotherapy (≥40 Gy/s), such as those
readily obtained with laser-accelerated proton beams, has been
rekindled after a significant reduction in toxicity to healthy sur-
rounding tissues was observed post-treatment.6,7 While these appli-
cations have yet to be fully realized, laser-accelerated proton beams
have been widely used in high-energy-density science experiments
for proton radiographic imaging of laser-produced plasmas,8,9 stop-
ping power measurements,10,11 and to produce isochorically heated
warm dense matter.12–14

Proton radiography has arguably been the most successful
application of laser-driven proton beams to date. The laminar-
ity, apparent divergence from a micrometer-sized virtual source

point, and broad energy bandwidth (1 MeV–85 MeV) make pro-
ton beams accelerated by the Target Normal Sheath Acceleration
(TNSA) mechanism well suited for probing electric and magnetic
fields that are tens of micrometers in size and evolving on the
picosecond timescale.15 If the proton beam diverges for tens of mil-
limeters before probing an electric or magnetic field, a geometric
magnification of the interaction is obtained; however, the tempo-
ral dispersion of the ion beam can exceed ∼100 ps. A spatially and
energy resolving detector, such as a radiochromic film stack,16–21 is
then required for picosecond resolution snapshots of fast-evolving
fields occurring in high-intensity laser–plasma interactions.

Several radiochromic film (RCF) types exist with different
dose sensitivities. A “stack” of RCF consisting of multiple film
types is routinely used to collect energy-resolved measurements.
Ion energy measurements made with RCF exploit the characteristic
energy deposition curve of a ballistic ion through matter, commonly
referred to as the Bragg curve. When a projectile ion travels through
a cold material, the velocity, v, decreases after successive inelastic
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collisions with bound electrons. Due to the large difference in mass
between the ion and electrons, the initial ion trajectory is unaffected
until the ion energy is comparable to that of bound electrons in
the cold material. As the ion slows, the interaction cross section,
also referred to as the stopping power, increases proportionally to
1/v2. A detector consisting of successive layers of radiation-sensitive
films can be used to measure the energy profile of an ion beam
determined only by the stack thickness. To increase the energy sep-
aration between successive layers, metallic filters can be added. This
becomes particularly important to design a large-energy-range stack
that provides a high dynamic range.

In this work, we present the calibrations of GafChromic (Ash-
land, Covington, KY) EBT3, MD-V3, and HD-V2 films with a pri-
mary focus on calibration uncertainty to optimize the RCF stack
for use as a quantitative diagnostic in petawatt laser-driven proton
acceleration experiments.

II. DOSE DEPOSITION IN RADIOCHROMIC FILM
Radiochromic films are designed for 2D dosimetry measure-

ments of x rays, electrons, ions, and neutron beams. Upon exposure
to ionizing radiation, the dye in the active layer of the film dark-
ens as a function of the deposited dose. GafChromic EBT3, MD-
V3, and HD-V2 cover low to high dose ranges, respectively. Unlike
other detectors (e.g., ionization chambers), radiochromic films are
believed to have a dose-rate independent response. An experiment
performed at the Next Linear Collider Test Accelerator (NLCTA) at
the SLAC National Accelerator Laboratory demonstrated dose-rate
independence up to 9 × 1012 Gy/s.22 Here, we use high-precision
x-ray irradiation to accurately resolve the initial increase in opti-
cal density and then a 2D Gaussian monoenergetic proton beam
to attain higher doses, thereby extending the calibrations into the
saturation regime. Note that MD-V3 films were not included in the
proton measurements.

TABLE I. Summary of linear accelerator outputs (Gy/min) on the four different shifts of
irradiation for each of the three different treatment setups depicted in Figs. 1(a)–1(c).

Standard Normalized Shortened-SSD

Shift 1 5.100 5.940 48.384
Shift 2 N/A 6.090 46.272
Shift 3 N/A 6.090 46.272
Shift 4 N/A 5.982 45.000

A. High-precision x-ray irradiation
Three different setups were used during the x-ray film irradia-

tions adapted for the total intended dose: standard, normalized, and
shortened-source-to-surface distance (shortened-SSD) with 10 MV
photon beams from a Truebeam linear accelerator (Varian Medi-
cal Systems, Palo Alto, CA) at BC Cancer—Victoria. A schematic of
each setup is shown in Fig. 1. The films were placed in a rectangu-
lar phantom consisting of solid water slabs (CIRS, Norfolk, VA) at a
setup-dependent depth described below. In each setup, a 5 cm slab
was placed below the films to provide a sufficient backscatter. In each
of the three different treatment field setups, the collimator jaws were
set to produce a 10 × 10 cm2 field at the isocenter of the linear accel-
erator at 100 cm from the source. The output of the linear accelerator
was determined with an N30013 model Farmer ionization chamber
(PTW, Freiburg, Germany) with the chamber placed in the location
of the film based on the AAPM TG 51 protocol.23 The output of
the linear accelerator, which differed by shift and configuration, is
summarized in Table I.

In the standard setup, the films were placed at 10 cm depth in
the phantom at 90 cm SSD. In the normalized setup, the films were
placed at 2.2 cm depth, the depth of maximum dose for 10 MV pho-
tons at a SSD of 97.8 cm. For both of these setups, a flattening filter
mode with a dose rate of 600 Monitor Units per minute (MU/min)

FIG. 1. (a) Standard treatment setup with 90 cm SSD and isocenter at a depth (diso) of 10 cm. The flattening filter was used. (b) Normalized treatment setup with 97.8 cm
SSD and isocenter at 2.2 cm depth, which is the depth of the maximum dose for 10 MV photons. The flattening filter was used. (c) Shortened-SSD treatment setup with 70 cm
SSD with films placed a depth (dm) of 2.2 cm, which is the depth of the maximum dose for 10 MV photons. No flattening filter was used. The gray shaded region represents
solid water slabs in all three configurations. RCF was irradiated in a 2 × 2 grid (standard, normalized) or stack of four (shortened-SSD) as depicted by the green squares.
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was used that resulted in a flat beam profile to allow for simultaneous
irradiation of four films arranged in a 2 × 2 grid. These irradiation
setups were suitable for delivering low and medium doses between
0.1 Gy and 255 Gy to the EBT3 and MD-V3 films.

In the shortened-SSD setup, the films were placed at a depth of
2.2 cm at an SSD of 70 cm, which is the shortest distance within the
geometrical constraints of the linear accelerator. While the reduced-
SSD setup doubled the output of the linear accelerator, allowing
faster dose delivery, the field size at the film location was reduced
to 7 × 7 cm2. The flattening filter was removed in this setup, which
quadrupled the dose rate from 600 MU/min to 2400 MU/min using
the 10 MV flattening filter free (FFF) mode. The combined effect
of the reduced SSD and the removed flattening filter increased the
irradiation rate eightfold, which is more suitable for delivering high
doses of between 125 Gy and 2000 Gy to the MD-V3 and HD-V2
films. The removal of the flattening filter resulted in a Gaussian beam
profile that is flat to within 3% standard deviation in the 2 cm central
beam area, which just covered one film. Four films were stacked and
irradiated together. Even if the four films were all the thicker MD-
V3 film, this stacking would reduce the dose in the bottom film by at
most 0.4% due to the film thickness of 260 μm.

B. Monoenergetic proton bombardment
Complementary measurements were performed with monoen-

ergetic protons from the TR24 cyclotron located at the Medical
Isotope and Cyclotron Facility (MICF, University of Alberta). The
proton beam energy and approximate charge were calculated from
the activation of natural copper foils placed behind the radiochromic
films. The nuclear activity of the copper after proton irradiation was
measured using a high purity germanium (HPGe) high resolution
gamma spectrometer. Using the ratio of the natCu(p, x)62Zn and
natCu(p, x)63Zn reaction probabilities, the incident proton energy
can be precisely determined. The proton energy in the active layer of
the HD-V2 (18.0 ± 0.3 MeV) and EBT3 (17.2 ± 0.3 MeV) films was
inferred using the continuous slow-down approximation (CSDA).
The proton stopping powers from the NIST PSTAR database com-
bined with the proton charge computed from the total copper activ-
ity are used to estimate the dose. Major sources of error on the
absolute charge arise from the gamma counting statistics, uncer-
tainty in the HPGe detector efficiency, and nuclear activation cross
sections. More details about the setup and methods can be found in
Ref. 24.

III. EXTENDED-RANGE RADIOCHROMIC
FILM CALIBRATIONS

After exposure, all radiochromic films were placed in a light-
tight box to develop for at least 48 h. They were then scanned with an
Epson Perfection V750 Pro flatbed scanner in transmission mode.25

Both 16-bit gray scale and 48-bit red-green-blue (RGB) images were
recorded with a resolution of 300 dots per inch (dpi). For each film
type and batch, a reference (non-irradiated) film was stored in the
same conditions and used to remove background dose accumula-
tion over time, film aging, and batch-to-batch variability. The change
in optical density (OD) as a function of dose was then computed

directly from the exposed and reference films according to

ΔOD = OD −OD0 = − log10(
Cexp

Cref
), (1)

where Cexp and Cref are the transmitted signals in counts for the
exposed and reference film, respectively.26 The OD of the films irra-
diated by x rays was measured by averaging across the entire film,
excluding a narrow border around the edges and visible irregularities
due to dust or scratches on the film.

Monoenergetic protons, on the other hand, were delivered with
a Gaussian, radially symmetric dose profile resulting from a 0.5 mm
pinhole located 237 mm from the films. A normalized dose profile
was obtained from the EBT3 film with the lowest deposited dose,
which had the full range of OD covered by the x-ray calibration. Ben-
efiting from the overlapping dose ranges provided by the Gaussian
distribution, the absolute dose in subsequent films was iteratively
determined from low to high dose. The same procedure was per-
formed for HD-V2. In both cases, the more-precise normalized dose
profile from EBT3 could be used since the separation between the
films was negligible. For clarity, only the maximum dose and the
corresponding 1σ variation resulting from the iterative technique are
shown in the calibration figures.

Numerous calibrations of HD-V2 have been conducted in
recent years.27–29 Bin et al.29 showed that calibrations can be
extended to very high doses exploiting the high stopping power
of low energy protons (i.e., 1.06 MeV); however, the dose must
have a linear energy transfer (LET) correction applied to account
for a decrease in film response near the Bragg peak due to ion-
ization along the proton trajectory.30 In addition, the total uncer-
tainty in the calibration and the scanner response function, which
were not taken into account in the study, may limit its usable
dose range. Alternatively, Feng et al.24 developed an advanced scan-
ning technique using a monochromatic (e.g., 468 nm) pixel-by-pixel
transmission scanner that can extend the usable range upward of
25 kGy. Despite this, conventional flatbed scanners remain the most
common method to digitize the radiochromic film. Here, we use
a combination of precision x-ray irradiation and monoenergetic
proton bombardment to determine a robust calibration and focus
specifically on optimal dose ranges based on the total uncertainty.

The resulting calibration for HD-V2 is shown in Fig. 2. The
inset in Fig. 2 shows the very high dose behavior of the optical den-
sity. A saturation plateau is clearly identified above ∼10 kGy. We
tested the manufacturer’s suggested model for the functional depen-
dence between OD and dose but found that the data for all three
film types were better fit to second- or third-order rational functions
with positive fitting coefficients. The resulting fits for the red and
green channels of HD-V2 are given by

ΔODR,HD-V2(d) = 1.288d3 + 5097d2 + 6.543d × 106

d3 + 4018d2 + (1.049d + 266.6) × 107 , (2)

ΔODG,HD-V2(d) = 1.475d3 + 10 530d2 + 6.308d × 107

d3 + 7492d2 + (8.571d + 7775) × 107 , (3)

where ΔODR and ΔODG are the change in optical density computed
from Eq. (1) for the red and green channels, respectively, and d is the
dose in gray.
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FIG. 2. Calibration of HD-V2 using an Epson Perfection V750 Pro flatbed scanner
in transmission mode. Data consist of x-ray irradiation (right pointing triangles),
18.0 MeV monoenergetic proton bombardment (circles), and measurements by
Chen et al.27 (up pointing triangles) using the same x-ray irradiation methodology
as Sec. II A. Inset: saturation behavior of HD-V2.

In the case of MD-V3 (Fig. 3), both the red and green channels
provide a high quality calibration curve over the range of 10 Gy–
1000 Gy. At low doses, the red channel is more responsive but begins
to plateau near 180 Gy. Above these doses, the green channel should
be used. Both channels reach saturation at ∼1000 Gy. The calibration
curves for MD-V3 are given by

ΔODR,MD-V3(d) = 0.8162d2 + 42.41d
d2 + 156.1d2 + 2394

, (4)

ΔODG,MD-V3(d) = 0.7846d2 + 18.33d
d2 + 165.6d2 + 1678

. (5)

Finally, EBT3 calibrations (Fig. 4) were extended from the pre-
viously published values27,31–33 up to ∼1000 Gy. The red channel is

FIG. 3. Calibration of MD-V3 using an Epson Perfection V750 Pro flatbed scanner
in transmission mode. All measurements performed with x-ray irradiation.

FIG. 4. Calibration of EBT3 using an Epson Perfection V750 Pro flatbed scanner in
transmission mode. Data consist of x-ray irradiation (right pointing triangles), 17.2
MeV monoenergetic proton bombardment (circles), and measurements by Chen
et al.27 (up pointing triangles) using the same x-ray irradiation methodology as
Sec. II A. Inset: saturation behavior of EBT3.

more sensitive at low doses. A saturation plateau is identified at ∼200
Gy. The fits for the red and green channels of EBT3 are given by

ΔODR, EBT3(d) = 1.362d3 + 75.26d2 + 7247d
d3 + 82.22d2 + 10 310d + 57 680

, (6)

ΔODG, EBT3(d) = 1.416d3 + 7.699d2 + 1969d
d3 + 17.48d2 + 2432d + 26 180

. (7)

IV. DIAGNOSIS OF HIGH-FLUX ION BEAMS
FROM PETAWATT-CLASS LASERS

Recently, higher conversion efficiency ion acceleration mecha-
nisms have been demonstrated using high-energy lasers with pulse
durations ranging from 1 ps to 10 ps.34 In particular, recent experi-
ments utilizing the 1.5 kJ Advanced Radiographic Capability (ARC)
laser at the National Ignition Facility have demonstrated proton
fluxes on the order of 1013 protons/MeV/sr.35 With improvements
to beam focusability using hemispherical targets,13 multi-beam syn-
chronization, and laser pulse contrast, it is ultimately expected that
proton beams with fluxes exceeding 1014 protons/MeV/sr will be
produced.

Since RCF remains the preferred detector for high dynamic
range, large-angle measurements of laser-accelerated proton beams,
it is important to quantify the dose-dependent error due to the
film calibrations and the read-out method. Using this, the stack
design can be optimized to yield high visibility measurements at
experimentally relevant energies. Although calibrations have been
extended well above the manufacturer’s recommended dose range,
the uncertainty in dose and computed incident particle flux increases
exponentially as the films saturate. To assess this effect quantita-
tively, we can define a dose-dependent visibility for each film type
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according to

V(d) = 1 −max( sεOD
df ′(d) ,

εd(d, εOD)
d

), (8)

where s, εOD, d, and f ′(d) are the minimum signal-to-noise ratio, the
average 1σ variation in optical density from the scanner used, the
dose in gray, and the first derivative of optical density with respect to
dose from the calibration. εd is the error in dose computed numeri-
cally by convolving the 1σ error in the calibration with the 1σ uncer-
tainty in optical density from the scanner. For our case, we set the
minimum signal-to-noise ratio to 2 and found that εOD was 0.01.
The first term in the maximum only considers the error resulting
from background noise on the scanner, important at low doses when
the films have small changes in OD. Once the OD is several times
the scanner noise, the uncertainty in the calibration curve, included
with the second term, becomes dominant. Note that a visibility less
than or equal to zero represents a >100% uncertainty in the absolute
computed dose even if a change in OD is detected.

The computed visibility curves based on the calibration for the
green channel of HD-V2, MD-V3, and EBT3 are shown in Fig. 5.
This metric makes it clear that it is necessary to include a film sensi-
tive to intermediate dose levels, such as MD-V3, in order to resolve a
broadband source such as a semi-Maxwellian TNSA proton energy
distribution. In addition, it is clearly evident that the visibility drops
rapidly and far below the maximum calibrated values of HD-V2
to date. In order to maximize the visibility across the RCF stack,
the transition from EBT3 to MD-V3 and MD-V3 to HD-V2 should
occur at 71.45 Gy and 580.7 Gy, respectively.

Using this formalism, we can design an RCF stack that is
optimized for laser-driven ion acceleration with a petawatt laser.
Here, we use a proton energy spectrum from a 2-dimensional (2-D)
particle-in-cell simulation performed using OSIRIS36 for a 1 μm
thick planar cryogenic hydrogen jet37,38 irradiated at normal inci-
dence by the Texas Petawatt laser (135J, 135 fs, and ∼1021 W/cm2).
The resulting proton energy spectrum, measured in the 2D sim-
ulation normal to the target surface, was corrected for 3D effects

FIG. 5. Visibility as a function of dose computed from Eq. (8) for the green channel
calibration of EBT3 (dashed), MD-V3 (solid), and HD-V2 (dotted-dashed).

FIG. 6. Top: proton energy spectrum obtained from a 2D PIC simulation of
a solid-density 1 μm thick planar hydrogen target irradiated by a high-energy
petawatt laser. The proton energy was scaled down by a factor of 3 to cor-
rect for the impact of 3D effects on reducing the maximum energy. Middle:
radiochromic film stack design to detect high-flux proton beams. Each curve rep-
resents the average energy deposited per proton in a single RCF layer using
SRIM stopping power tables with an LET correction30 applied. Bottom: corre-
sponding dose deposited in RCF stack. Visibility of dose variations in HD-V2
(circles), MD-V3 (triangles), and EBT3 (squares) is indicated by the variation in
color.

by scaling down the proton energy by a factor of 3. In previous
studies comparing the results of 2D and 3D simulations of laser–
jet interactions with experimental data, we have found that this
scaling factor typically allows for a reasonable extrapolation of the
2D proton spectrum to 3D.39 Similar scaling factors were observed
by other groups.40 The proton spectrum was then normalized to
ensure a number of protons of 2.3 × 1013 protons/MeV/sr con-
sistent with the typical conversion efficiency and half-angle diver-
gence for TNSA (10%, 20○ at 1 MeV) and is shown in the top plot
in Fig. 6. A simulated proton spectrum can be used for the initial
stack design followed by iterative improvements with experimental
data.

The resulting RCF stack for detection up to 85 MeV, which
maximizes the visibility consists of 1 × (13 μm Al + HD-V2) + 7
× (100 μm Al + HD-V2) + 1 × (100 μm Al + MD-V3) + 6 × (150 μm
Cu + MD-V3) + 1 × (500 μm Cu + MD-V3) + 12 × (500 μm Cu
+ EBT3). The energy deposition profiles for each RCF layer are
shown in the middle row of Fig. 6. Stopping power tables from SRIM
are used to determine the energy deposited in each layer, and an LET
correction is applied.30 The resulting dose is computed for a typical
distance of 55 mm to the front of the RCF stack. Since the thickness
of large-energy-range RCF stacks is non-negligible, the distance is
updated for each successive layer.
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V. CONCLUSION
In this work, we have presented extended-dose calibrations

of GafChromic EBT3, MD-V3, and HD-V2 radiochromic films
and have defined optimal dose ranges for each film type based
on visibility. Robust film calibrations are needed when using
radiochromic film stacks to record quantitative proton spectra pro-
duced by petawatt-class short-pulse lasers. Until now, research in
laser-produced ion beams has predominantly focused on smooth,
laminar beams. Laser and target technology41,42 or the use of pulsed
high-field solenoid lenses43 has recently led to tightly focused or
structured ion beams. The deflections and perturbations observed
on the ion beam can contain information about the ultra-fast plasma
processes occurring in the interaction. It is therefore necessary to
fully resolve these features, as a function of energy, to gain insight
into the temporal and spatial scales of instabilities such as Weibel-
type instabilities.39,44 These calibration curves, used in conjunction
with our visibility analysis, will allow the design of film-based large-
angle sampling of high-flux ion beams or laser-driven ion beams
with high flux zones (i.e., caustics45) formed by >100 MG magnetic
fields produced in petawatt laser–plasma interactions.46

SUPPLEMENTARY MATERIAL

See the supplementary material for the calibrated optical den-
sity response curve for the Epson Perfection V750 Pro used in this
study.
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