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Proton radiography is an essential diagnostic for studying magnetic fields in high energy density physics experiments.
Protons are born in a fusion implosion, traverse the plasma, and are detected on CR-39 solid state nuclear track de-
tectors. Here, it is shown that there is an intrinsic non-uniformity in ~ 15 MeV D*He proton radiography data. The
increasing angle between the proton trajectory and the center of the detector results in the proton traveling through more
detector stack material. As the protons travel through more material and lose energy, the proton energy spectrum gets
wider. Protons at the lower end of the spectrum can therefore be lost. The nominal filtering results in protons being
ranged out at large angle, causing the intrinsic non-uniformity. This angular effect is confirmed with both OMEGA
experiments and Geant4 simulations. It is found that reducing the filtering between the pieces of CR-39 in the detector
stack mitigates this effect. Results from accelerator experiments show that this reduced filtering does not impact the
detection efficiency of the CR-39. Accounting for this intrinsic fluence non-uniformity is essential for magnetic field

reconstruction techniques using proton radiographs.

I. INTRODUCTION

Proton radiography is a vital diagnostic for high energy
density physics experiments. It is one of very few diagnostics
that is able to measure magnetic fields in high energy density
laser driven plasmas. Proton radiography has been used to
measure the strength of Biermann-battery generated fields, ex-
plore the physics of magnetic reconnection, and show the am-
plification of magnetic fields through a turbulent dynamo!~>.
Recent advances in the field have allowed for the numerical
reconstruction of magnetic and electric fields responsible for
recorded radiographs®3.

A typical proton radiography experiment uses a proton
source to generate MeV-scale energy protons to probe an ex-
perimental plasma®!'!. As the protons traverse the plasma,
they are deflected by the electromagnetic fields inside the
plasma. This results in a slight bend in the proton trajectory
once it leaves the plasma. After some distance, the protons
are recorded on a detector. The resulting radiograph is a 2D
histogram of the proton hits on the detector.

Numerical reconstruction techniques typically require
knowledge of the radiograph fluence in the absence of the
plasma®’. This is often assumed to be a uniform flat field
fluence. Several experiments have been impacted by non-
uniform backgrounds!'?. There are several possible explana-
tions for the non-uniformity, such as capsule charging and
electromagnetic fields in the implosion corona'. Here, it is
shown that there is an intrinsic particle ranging effect that re-
sults in a non-uniform radiograph in the absence of the plasma
for D*He proton radiography. The non-negligible angle of the
proton with respect to the detector near the edges of the radio-
graph results in more energy loss as the protons travel through
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the filtering. The end result is that fewer protons are detected
with increasing angles causing the non-uniformity.

This paper is organized in the following manner: Section
II explains the physical origin of the non-uniformity in de-
tail and shows experimental evidence of the effect; Section III
details the results of Geant4 Monte-Carlo simulations which
show that reducing the thickness of filters in the detector stack
can mitigate the non-uniformity; Section IV reports on accel-
erator experiments confirming that reducing the filtering does
not reduce the detection efficiency; and Section V concludes
the paper.

Il. ORIGIN OF THE FLUENCE NON-UNIFORMITY

Protons for proton radiography can be generated either
through target normal sheath acceleration or a backlighter
capsule fusion implosion®'!. At the OMEGA laser facil-
ity, there are enough laser beams available to implode a cap-
sule to generate fusion protons while simultaneously driving
a physics experiment'*. The typical geometry of an OMEGA
proton radiography experiment is shown in Figure 1 A). The
capsule is filled with an equimolar mixture of deuterium and
helium-3 to provide high energy protons through the DD and
D?He fusion reactions, which produce 3 MeV and 14.7 MeV
protons, respectively. Since the laser is typically still on
when the protons are born in the implosion, their energies are
upshifted!>!>. For this reason, D3He protons in this configu-
ration typically have a mean energy of about 15 MeV. Backlit
proton radiography uses CR-39 as a detector!®.

A filter stack is required to downrange the protons into the
detectable energy range of the CR-39. The specifics of the
CR-39 detectable energy range are complicated and inherently
depend on the microscope scanning system settings'®. Pro-
tons break molecular bonds in the CR-39. Etching the CR-39
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in an 6 molar NaOH eats away at the regions where the molec-
ular bonds are broken to reveal particle tracks. The amount of
energy deposited by the protons is directly related to the size
of the particle tracks. Due to the shape of the stopping power
curve of protons in CR-39 above the Bragg peak, high en-
ergy protons deposit relatively less energy and have smaller
tracks while lower energy protons deposit a larger amount of
energy and have large tracks. Between proton energies of
around .5 MeV to about 4 MeV, CR-39 has 100% detection
efficiency'®. Energies lower than this do not deposit much
energy and therefore are difficult to detect. The shape of the
higher energy part of the CR-39 detection efficiency curve de-
pends on the etch time and the microscope contrast limits'®.
Etching CR-39 for longer increases the size of all tracks and
helps the high energy tracks become visible. CR-39 is typ-
ically etched as long as possible before the tracks begin to
overlap!”. The proton fluence from the backlighter is typically
high enough to limit the etch time to between 1.5 and 3 hours
for D3He protons with 5 hours being the maximum etch time
typically used!3. To eliminate intrinsic CR-39 noise, it is of-
ten necessary to remove high-contrast fainter tracks'®. Since
high energy tracks are typically higher-contrast since they do
not break as many molecular bonds, removing noise can also
remove real proton tracks, reducing the detection efficiency.

Detector
A)

Plasma

Backlighter
® 10cm
1cm 20 cm
B) 15um Ta 200 um Al
—

FIG. 1. A) Diagram of a standard proton radiography experimen-
tal setup. Protons are created inside the fusion implosion and travel
to the experimental subject plasma where they are deflected. After
leaving the plasma, the protons travel through the vacuum until they
reach the detector stack. The angle 6 is defined as the angle between
the proton trajectory and the center of the detector. B) Details of the
proton radiography detector stack. There are four layers in the de-
tector stack: 15 um Ta, 1500 pm CR-39, 200 um Al and 1500 pm
CR-39.

The filter stack, shown in Figure 1 B), is composed of four
layers to accomplish several important tasks. The first layer
is a thin tantalum foil which blocks out any low energy abla-
tor ions from the implosion'®. It is typically 15 um thick to

avoid ranging out the lower energy DD protons. The second
layer is the first piece of CR-39 which detects the DD fusion
protons. The ~ 15 MeV D3He protons are too high energy
at this stage to be detected by the first CR-39 detector. Even
after the D*He protons exit the first CR-39 detector, they are
still too high energy to be detected. The third layer is an alu-
minum filter which acts to slow down the D*He protons into
the detectable energy range of CR-39. This aluminum filter is
typically 100 to 200 um thick with the actual thickness used
in an experiment depending on the thickness of the first piece
of CR-39. The last part of the detector stack is a second CR-
39 detector used to detect the downranged D*He protons. The
first three layers of the detector stack serve as the filtering for
the D*He protons.

The protons are born in a small volume of around 50 um
diameter!. Typically, the proton backlighter is located 1 cm
away from the subject plasma while the detector sits between
15 cm and 25 cm away from the plasma. This gives the sys-
tem high magnification as shown in Figure 1 A). A result of
the location of the detector is that protons at the edge of the
detector have a non-zero angle with respect to the center of
the detector. This causes the protons at larger angles to travel
more distance through the detector stack which slows them
down more. For the D*He proton at 15 MeV, the longer
path length can result in part of the spectrum falling below
the lower bound of the CR-39 detectable energy range. The
result of this is less protons being detected with increasing an-
gle when compared to the true fluence on the detector. Figure
2 shows example spectra of D*He protons at different angles.
Note that the 3 MeV DD protons do not lose enough energy
to be impacted by this effect.

Input energy 15 MeV, 200 keV wide

0.5 A

o N
w IS

Yield per MeV (arb.)
o
N}

0.19

0.0 A

Energy (MeV)

FIG. 2. Example D*>He proton spectra after traveling through the
detector stack at different angles. For protons at the center of the de-
tector, very few are below the detectable energy range of the CR-39.
At larger angles of 14 degrees and 19 degrees, which respectively
represent the edges and corners of the detector, more protons are be-
low the detectable range of the CR-39. These spectra were generated
using SRIM stopping power tables to range protons through a de-
tector stack of 15 um Ta, 1500 um CR-39, and 150 um A1?0. The
input D3He proton spectrum had a mean energy of 15.0 MeV and a
standard deviation of 200 keV10.
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This angle effect can be described mathematically through
the following equation:

@(6) = dncos(0) [ SR(EO)F(EOE. ()
where 0 is the angle of the proton with respect to the normal
vector of the detector, P is the base fluence at the center of
the detector, dN /dE is the proton energy spectrum on the CR-
39 which depends on both energy and angle, and f(E, 0) is the
detection efficiency of the CR-39. The cos(0) term is a solid
angle term which accounts for the edges of the detector being
physically farther away from the implosion compared to the
center. The integral in the equation serves to count the num-
ber of protons that make it into the detectable energy range
of the CR-39. The detection efficiency of the CR-39 is often
assumed to be a box car function with 100% detectablity be-
tween 0.5 MeV and 4 MeV. While large angles can reduce the
detection efficiency of the CR-39, angles below 20 degrees
show minimal reduction®!. Using both of these assumptions,
equation 1 can be simplified to the following expression:

4 MeV dN
®(6) :CIJOCOS(Q)/OSMCVE(E)CIE. @)
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FIG. 3. Comparison between the angular fluence profile from D3He
proton radiographs collected at OMEGA. The bin size is 18.17 um
by 18.17 um. The blue points correspond to the D>He proton ra-
diograph using the standard detector stack and 110 um of CR-39
via bulk etching, a technique that evenly removes material from the
CR-39 surface. The orange points correspond to the D3He proton
radiograph after 160 um of CR-39 is removed from the detector (a
difference of 50 um between the blue and orange points). There is
originally some reduction in the fluence at large angle but the addi-
tional thickness of CR-39 increases this effect. The solid lines corre-
spond to equation 2 with the proton spectrometer measurements for
the proton spectrum.

Experimental evidence of the angular profile in D*He pro-
ton radiographs was collected on a proton radiography exper-
iment at OMEGA. The data were taken on a null shot where

the main physics experiment did not happen. The result was
a blank radiograph showing no detailed structures. Figure 3
shows the resulting angular profile of the D*He proton radio-
graph. With track etching, the radiation damaged regions etch
faster than the undamaged regions?’>. Bulk etching removes
material from both the damaged and undamaged regions at
the same rate and is used to remove bulk material from the
surface of the CR-39. Since the radiograph was underfiltered,
both angular profiles shown in Figure 3 were bulk etched. The
data in blue was bulk etched to 110 um while the data in or-
ange was bulk etched for an additional 50 ym for a total bulk
etch of 160 um. Therefore, the second bulk etch profile shows
the proton fluence after the protons have traveled through this
additional 50 um of CR-39. Wedge range filter (WRF) proton
spectrometers'® were fielded on the laser shot and measured a
D*He proton mean energy of 15.1240.06 MeV and a width
of .21 £0.01 MeV. The WREF results were used with equa-
tion 2 using SRIM stopping power tables to generate the solid
curves in Figure 3. The model captures the main features of
the data and shows that more proton energy loss results in a
reduction of the fluence at large angles.

Ill.  GEANT4 MODELING

The Monte-Carlo code Geant4 was used to model the pas-
sage of D*He protons through the detector stack>3~>>. Geant4
considers energy straggling which is a physical phenomenon
where high energy charged particles undergo small angle scat-
tering events which makes them deviate from a completely
straight trajectory. A scattered particle travels more distance
before exiting the material which results in more energy loss.
The emstandardSS Geant4 physics list was used because it
considers energy straggling. The Geant4 model has the same
geometry as shown in Figure 1 but without a subject plasma.
The protons are generated at a single point and propagate
isotropically into 47. The simulated detector stack was the
same as described previously.

The Geant4 simulation was used to study how the thickness
of the Al filtering impacts the fluence non-uniformity. Figure
4 shows the results of this comparison. Protons were gener-
ated at realistic fluence levels and a lineout was taken from
the center of the detector to the corner. This was repeated for
different thicknesses of alumimum filtering. The results show
that for 175 um and 200 um of Al, the profile is quite severe.
For 150 um of Al, the profile is considerably reduced and is
almost the same as the solid angle profile. For the detector
stack with 1500 pm CR-39, the normal filtering is 175 pm
or 200 um Al. The Geant4 simulations suggest that reducing
this filtering to 150 um Al would largely mitigate the profile
non-uniformity.

The issue with reducing the thickness of the filtering is that
higher energy protons near the center could exceed the de-
tectable energy range for protons in CR-39. As discussed pre-
viously, the high energy cutoff of the CR-39 detectable energy
range is not well known. Experiments are needed to demon-
strate that using less filtering does not reduce the detection
efficiency of D*He protons.
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FIG. 4. A) Resulting profiles from the Geant4 simulations with dif-
ferent thicknesses of aluminum filtering. With 200 ym and 175 um
of Al, the fluence is greatly reduced with increasing angle. With 150
pm of Al, the fluence profile is almost the same as the base fluence.
B) Mean energy of the protons as a function of angle for the differ-
ent thicknesses of aluminum. For all thicknesses, the mean energy
decreases as a function of angle as expected.

IV. ACCELERATOR MEASUREMENTS OF CR-39
EFFICIENCY

In order to confirm that reducing the filtering would not re-
sult in a reduction in the CR-39 detection efficiency, acceler-
ator experiments were carried out. A 125 kV electrostatic ion
accelerator was used to accelerate deuterium ions and collide
them with a He doped ErD; target to produce D>He fusion
protons®®. The CR-39 detection efficiency was measured for
different filtering using a surface barrier detector (SBD) and
CR-39 co-holder?’. This co-holder enables an absolute mea-
surement of the proton fluence and proton spectrum incident
on the CR-39 using the SBD. A schematic of the accelerator
experimental setup is shown in Figure 5. A 15 um thick Ta
overlay filter covers the detector stack. The proton spectrum
behind this filter had a mean energy of 14.21 £0.05 MeV and
a width of 109 +2 keV as measured by the SBD. Since the
energy of the protons going into the detector stack is slightly

different from real proton radiography experiments, the detec-
tor stack was modified. The new stack had 15 um Ta, 1500
um CR39, and either 75 um or 125 um Al

CR-39

- Detector stack
Ta overlay filter

D3He protons
He doped
ErD, target

125 keV D Beam

FIG. 5. Schematic of the accelerator experiment. A deuterium beam
at 125 keV collides with a 3He doped ErD, target to produce D3He
protons. These protons first travel through a 15 yum thick Ta overlay
filter after which they travel through the detector stack. Behind the
detector stack, protons are detected on both a piece of CR-39 and the
SBD. The CR-39 has a hole in the center which allows the CR-39
and SBD to see the same proton spectrum.

Table I summarizes the results from the accelerator exper-
iment. For both thicknesses of aluminum, the detection effi-
ciency is very close to 100% for an etch time of 5 hours. The
mean energies for both of these configurations, as shown in
the Table I, are comparable to the Geant4 simulations with 125
um and 200 um Al. This shows that reducing the thickness of
the Al filtering can eliminate the fluence non-uniformity while
still having near 100% detection efficiency.

TABLE I. Results from the accelerator experiments. For both sets
of filtering, the CR-39 detection efficiency is near 100%. The mean
energy of the thinner case corresponds most closely to the 125 um Al
case. These results show that decreasing the filtering does not reduce
the detection efficiency of the CR-39.

| CR-39 efficiency | Mean energy (MeV) | Width (keV)
Thinner Al| 0.986 +0.020 4.274+0.05 399+ 6
Thicker Al| 0.957+£0.020 2.71 £0.05 523+6

V. CONCLUSION

The relatively close distance between the proton back-
lighter and the CR-39 detector can result in a non-uniform
fluence profile in proton radiography experiments. Protons
at the corners and edges of the detector pass through appre-
ciably more material than protons at the center. This results
in more energy loss for the protons farther from the cen-
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ter. The additional energy loss results in some protons be-
ing completely ranged out. Only D3He protons are affected
by this phenomenon since the DD protons do not experience
enough ranging for this effect to take place. This phenomenon
changes the fluence which directly impacts the results of re-
construction techniques.

This effect can be mitigated by reducing the thickness of
the aluminum filtering in the detector stack. For a standard
configuration of 1500 ym CR-39, using 150 um Al instead
of 200 um Al eliminates the non-uniformity. The increased
energy of the D*He protons on the CR-39 could result in a
decreased detection efficiency. Accelerator experiments show
that reducing the filtering does not impact the detection ef-
ficiency of the CR-39 for the reduced filtering thickness of
150 pum Al. The work shown here provides a way to mitigate
the intrinsic profile non-uniformity for D3He proton radiogra-
phy. The existence of this non-uniformity also informs the de-
sign of proton radiography experiments. In particular, it could
compromise the quality of radiographs when the detector is
put too close to the backlighter. While not all CR-39 are the
same thickness, the methods described here can be adapted
for proton radiography filtering stack.

Future work is needed to explore how other mechanisms
contribute to the total observed non-uniformity. Future work
could also explore how proton radiography reconstructions
are impacted by this non-uniformity. In addition, the realis-
tic non-uniform thickness of the first piece of CR-39 in the
detector stack could be considered.
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