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Abstract

Charged particle diagnostics is one of the required techniques for implosion areal density diagnostics at the SG-III facility.
Several proton spectrometers are under development, and some preliminary areal density diagnostics have been carried
out. The response of the key detector, CR39, to charged particles was investigated in detail. A new track profile simulation
code based on a semi-empirical model was developed. The energy response of the CR39 detector was calibrated with
the accelerator protons and alphas from a 241 Amn source. A proton spectrometer based on the filtered CR39 detector was
developed, and D-D primary proton measurements were implemented. A step range filter spectrometer was developed,
and preliminary areal density diagnostics was carried out. A wedged range filter spectrometer array made of Si with a
higher resolution was designed and developed at the SG-III facility. A particle response simulation code by the Monte
Carlo method and a spectra unfolding code were developed. The capability was evaluated in detail by simulations.
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1. Introduction

The SG-III facility has 48 laser beams with a maximum
output energy of 180kJ. It is a new platform for inertial
confinement fusion (ICF) experiments. A high enough
areal density (pR) is necessary for ignition, and how
to realize this is one of the most important issues in
implosion physics research. Measurement of the energy
downshift of the fusion protons is an effective technique
in passive pR diagnostics. In D-D fuel implosion, protons
are emitted in a primary D-D reaction and a secondary
D-3He reaction with energies of 3 and 12-17 MeV, re-
spectively. In D—>He fuel implosion, protons from primary
D—3He, D-D and 3He—3He reactions are dominant. When
the protons, generated in the core, pass through the fuel
and shell plasmas, there will be an energy loss, which
is related to pR, due to the interaction with the plasma.
The stopping power of the protons in dense plasma, quite
different from that in non-ionized matter, can be calculated
with some well-defined models, such as the Li—Petrasso
(L-P) modell!l and the Brown—Preston-Singleton (BPS)
modell?). This technique has been widely used in pR
diagnostics at NIF3!, OMEGAM, GEKKO-XIIP! and
some other ICF facilities. Moreover, the pR evolution in
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D—3He implosion can be diagnosed by the different energy
downshifts at the shock bang time and compression bang
timel® 71, Besides, the fuel areal density in D-D implosion
can be diagnosed by the yield ratio of secondary protons and
primary neutrons, and the residual CH ablator areal density
in D-T implosion can be diagnosed by the neutron recoil
proton spectra. Through pR measurements at multiple view
angles by several proton spectrometers, the compression
asymmetry can be diagnosed!*!. Furthermore, the mix effect
can be studied by fusion proton measurement in some special
targets'’~1%1. The measured *He—*He proton spectra provide
a new approach for laboratory astrophysics research.
Several kinds of proton spectrometer have been devel-
oped at NIF, OMEGA, NOVA, GEKKO-XII and some
other ICF facilities, such as the step range filter (SRF)
spectrometer!! - 12 the wedged range filter (WRF) spectro-
meter!!"> 131 and the magnet-based spectrometer™ ', The
first two are compact spectrometers with high detection
efficiencies and perform well in D—>He reaction proton
measurement. The last one has the highest energy resolution,
while the space occupation and the cost are higher. For
all of the spectrometers, the CR39 detector is the key
detector because of the high sensitivity to proton, alpha and
some other ionizing particles and quite low sensitivity to
electron, x-ray and y-ray. In this work, the development
of the proton spectrometers for pR diagnostics at the
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SG-III facility is introduced. The detailed charged particle
response of the CR39 detector is studied in Section 2. A
new track profile simulation code is presented, as well as
an experimental study of the energy response. A proton
spectrometer based on the filtered CR39 detector and the D—
D primary proton measurements are described in Section 3.
Section 4 describes the setup of a SRF spectrometer and
preliminary pR diagnostics. Section 5 describes the setup of
a Si-WREF spectrometer array at the SG-III facility and its
capability evaluation. Some concluding remarks are listed in
Section 6.

2. Energy response of the CR39 detector to charged
particles

2.1. Processing of the the CR39 detector

The CR39 is a kind of solid-state nuclear track detector.
It is a transparent plastic with a chemical composition
of C1oHi1307. When a charged particle passes through a
CR39 detector, it deposits energy along the trail, mostly
by ionization. A narrow damaged trail in the CR39, on the
scale of nm, is formed. The amount of damage along the
trail is mainly determined by the local electronic stopping
power of the incident particle!'#!. When the irradiated CR39
is exposed in an etchant, the surface is etched at a bulk
velocity v, while the damaged trail is etched at a track
velocity vt. A visible track, on the scale of wm, is formed
after etching. The appearance parameters of the tracks are
related to the species and energy of the incident particles.
The CR39 detector has been widely used in many fields, such
as ICF proton diagnostics, dosimetry for dose assessment
and particle detection in spacel!!- 15-171,

In this work, the etchant is 6 mol/L NaOH solution at a
temperature of 80 °C. The typical etching time is 6 h, and it
can be set in a range of 2-9 h to make sure that the tracks are
visible and there is no saturation. After etching, the CR39
detectors are rinsed with dilute acetic acid and highly puri-
fied water, and then dried. The appearance parameters of the
particle track profiles are obtained from photos of the etched
detector’s surfaces, by a digital microscope with objective
magnifications of 20x and 50x. The spatial resolution of
the track diameter is approximately 1 and 0.4 pm for the two
magnifications, respectively.

2.2. Simulation of the track profile induced by a charged
particle

Three track parameters are mostly used in the particle anal-
ysis: diameter, contrast and eccentricity. The diameter is
always used to deduce the particle energy and species, while
the contrast and eccentricity are used to reject the intrinsic
tracks and neutron induced tracks!'!!. The track diameter has
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a nonlinear response to the particle energy, and it varies with
the etching conditions. In the measurement with a specific
etching condition (etchant, temperature and time), a well-
defined empirical V-function (V = vr/vp) based etching
kinematics model can describe the response well, and it
has been studied in many works['> 17 18] In the application
of ICF proton measurement, the etching time varies for
different fusion yields and some other conditions. A semi-
empirical model!'”! of the V-function, independent of the
etching time, has been proposed, as shown in Equation (1),
where (%)ela‘ is the local electronic stopping power along
the trail, and k and n are the free parameters. In this
section, a new etching kinematics simulation code based
on a semi-empirical model is developed. The electronic
stopping power is calculated by the TRIM code!?”). The
track profiles of perpendicular incident particles and oblique
incident particles are simulated.

V- dE\"
V:—T:1+k<—) . (1)
dx elec

In the case of perpendicular incidence, the track profile can
be calculated in two steps, as shown in Figure 1(a). The
damaged trail is first etched to the point A’(y’, z’) in a time
of ¢’ at a velocity of vr(z). Then, the wall of the nano-hole is
etched at a velocity of vg in the direction determined by the
angle of &. In the time of (1), the track profile reaches the
point A(y4, z4). The two-step process can be described by
Equations (2)—(4). The bulk etching depth can be calculated
by Equation (5). With Equations (2)—(5), the track profile
is obtained, shown as the solid line in Figure 1(a). The
diameter, D, of the track on the surface is calculated using
Equation (6). If the etchant has reached the particle range
position R during the etching time, while the bulk etching
depth is still less than the range (overetched case), as shown
in Figure 1(b), the etchant first etches the trail to the range
position at vt(z), and then etches around the wall at vg to
form a spherical bottom. The solution of the track profile is
similar to that in the non-overetched case. If the bulk etching
depth exceeds the range of the particle (fully overetched
case), the track profile is spherical, and the track image will
have a low contrast and will usually be rejected.

’

7= /l vr(2)dz, (2)

cos §O= VB/VT, 3)

74 —7 = vB(t — 1) cosé, 4)
ZA = UBL, (5)

D =2y, =2vg(t —t')siné&. (6)

In the case of oblique incidence, the track profile is solved
by Equations (2)—(4) in y'-z’ coordinates and Equation (5)
in y—z coordinates, as shown in Figure 2. The shape of the
track on the surface of the etched CR39 is no longer circular.
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Figure 1. The track profiles in (a) the non-overetched case and (b) the overetched case for perpendicular incident particles.
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Figure 2. The track profiles for oblique incident particles.

If the bulk etching depth is not very large, for example
surface a or b, the surface track shape will be an ellipse.
If the etching depth is very large, for example surface c, the
shape will be an egg shape. This case often occurs in the
tracks induced by neutron recoil protons.

2.3. Energy response calibration

The CR39 detector in this work was manufactured by Tastrak
in UK. The energy responses of the track diameter to
protons and alphas were measured at some energies, as
the square and diamond points shown in Figure 3. For
protons, the responses to 16 energies in the range of 0.7—
3 MeV and three energies in the range of 4-10 MeV were
measured at a 2x 1.7 MV tandem accelerator and a 2x6 MV
tandem accelerator, respectively, at Peking University. The
uncertainties in the proton energy were less than 1%, and
the incident proton beams were perpendicular to the CR39
surface. A timed aperture with a diameter of 1 cm was used
to control the exposure time to avoid track saturation on
the CR39. For alphas, the response to the 5.5 MeV alpha
particles from a 2*! Am source was measured. To limit the
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Figure 3. The measured and calculated energy responses of CR39 to proton,
deuteron, triton and alpha.

incident angle and the number of the alpha particles, the
timed aperture was placed in between, 20 cm away from the
source and 10 cm away from the CR39 plastic. The area
of the CR39 plastic used for track readout was approxi-
mately 1 cm?. The irradiated CR39 plastic was etched in
6 mol/L NaOH solution at a temperature of 80 °C for 6 h.
By the mass loss of the unirradiated CR39 plastic before
and after etching, the bulk etching velocity was measured
as vg = 1.793 £ 0.015 pm/h. By iterative fitting of the
track diameters to the particle energies, the free parameters
in Equation (1) were obtained as k = 3.3 x 10~*andn = 2.4.
The calculated energy responses of the diameter to proton,
deuteron, triton and alpha are also shown in Figure 3. With
increase of the particle energy, the diameter decreases and
the diameter decrease rate also decreases. Considering the
track image spatial resolution and requirement of particle
energy resolution, in routine proton measurements at the
SG-III facility, readout proton tracks with diameters just in
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the range of 5-15 wm are used. Reference [21] reported
that the piece-to-piece variation of the proton track diameter
was approximately 19%. Considering the same etching
conditions in this work as those in Ref. [21], in the following
simulation work, a Gaussian distributed track diameter with
the mean value of Figure 3 and a deviation of 19% was
adopted. The detection efficiency was calculated as the
probability that the track diameter would fall in the range
of 5-15 pm.

3. D-D fusion primary proton measurement by a filtered
CR39 detector

In low yield D, fuel implosion experiments, the energy
downshift of the primary proton spectra is a possible way
to diagnose the areal density, which is less than 30 mg/cm?.
The mean energy of the protons emitted in the hot-spot
region is 3 MeV, with a Doppler broadening related to the ion
temperature. When the areal density is less than 10 mg/cm?,
the energy downshift is approximately linear with the areal
density. In laser directly driven implosion, the disturbance
comes from the ablator protons and the radial acceleration
effect. Most ablator protons have low energy (<1 MeV) and
can be shielded with an appropriate filter. When the proton
emission time falls in the laser pulse duration, the radial
electric field in the corona region will accelerate the protons
and contribute an energy upshift to the measured spectra,
which will present a lower diagnosed pR. Distinct energy
upshifts for different experimental conditions are necessary.
However, the relatively different proton energy downshifts
can be used to infer the variation of pR in similar shots. The
typical energy upshift of D-D reaction protons at OMEGA
is approximately 0.5 Me V2?2,

In laser directly driven cool gas target and cryogenic D;
target implosion experiments at the SG-III prototype facility,
the D-D fusion primary proton spectra were also measured.

X. Zhang et al.

The cool gas target has an inner radius of 381 wm and a CH
shell thickness of 9 wm, filled with D, gas (30 K, 200 kPa).
The cryogenic target has an inner radius of 389 um, a CH
shell thickness of 9 wm and an inner D; ice thickness of
40 wm. There were eight laser beams (1 ns pulse duration
and 6.4 kJ total energy) driving the targets symmetrically.
Due to the low fusion yield (~107), an Al filtered CR39
detector was adopted to increase the detection efficiency. The
schematic experimental setup is shown in Figure 4(a). The
detector was set up below the cryogenic shielding, facing
the laser entrance hole (LEH). The distance between the
target and the CR39 was approximately 25 cm. Al filters
with thicknesses of 20 and 25 wm were used for the cool
gas target and the cryogenic target, respectively. The CR39
recorded proton spectra were obtained based on the proton
track histograms. With the TRIM calculated Al filter induced
proton energy loss matrices in the energy range of 1-5 MeV,
the target emission proton spectra were obtained as shown in
Figure 4(b). It can be seen that the proton energy downshift
of the cryogenic target was higher than that of the cool gas
target, which represented a higher implosion areal density.
Some further study of the energy upshift due to radial electric
field acceleration will be carried out, to give the proton
energy downshift in the fuel and shell and quantify the areal
density.

4. D-He reaction proton measurement by SRF spec-
trometer

4.1. Design and response simulation of the SRF
spectrometer

In ICF implosions, D—>He reaction protons are emitted by
the primary reaction in the D—>He fuel implosion and the
secondary reaction in the D-D fuel implosion. The proton
yield and the energy downshift can be used to deduce
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Figure 4. (a) The schematic setup of the D-D primary proton spectrometer at the SG-III prototype facility and (b) the measured proton spectra in the cool
gas target (solid histogram) and the cryogenic D, target (dashed histogram) experiments with Gaussian fitting lines (blue lines).
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Figure 5. (a) The schematic diagram of the SRF proton spectrometer and (b) the simulated proton energy response matrix.

the areal densityl® '), The high average proton energy
(15 MeV) makes it possible to diagnose the areal density up
to 100 mg/cm?. As a result, the energy dynamic range of the
spectrometer is required to be wide, 8—18 MeV for example.

The SRF proton spectrometer uses a range of stepped
filters to measure protons in different energy ranges!'’l. An
SRF proton spectrometer has been built at the SG-III facility
for D->He reaction proton measurement. The schematic
diagram is shown in Figure 5(a). A set of 12 Al filters,
with thicknesses from 500 to 1800 pwm with an interval of
100 wm, was adopted in the SRF spectrometer. The CR39
detector was divided into 12 parts to record the transmitted
protons. Proton tracks with diameters in the range of 5—
15 wm were used. The low energy protons were ranged out
by the filter to each cell, while the high energy protons were
not counted by the CR39. Every cell in the spectrometer
looked like an energy band-pass filter to the protons. In
the response function simulation, the track diameters of the
transmitted protons were calculated according to a Gaussian
distribution with the mean values of Figure 3 and a deviation
of 19%. The response function of each cell to proton energy
is shown in Figure 5(b). With the help of the energy response
matrix, a spectrum unfolding code based on a weighted
averaging algorithm was also developed.

4.2. D-D implosion secondary proton measurement on the
SG-1I1 facility

The SRF proton spectrometer was first used in a Dy ex-
ploding pusher target experiment on the SG-III facility in
2014. The spectrometer was installed on a general di-
agnostics instrument manipulator (DIM) and accessed the
chamber in the middle plane. The distance between the
target and the spectrometer was approximately 16 cm. The
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Figure 6. The measured secondary proton spectra in the shot with a target
diameter of 800 pm.

D-D secondary proton spectra in three shots were measured.
The three targets had the same shell of 2 pm thick SiO»,
while they had different diameters of 800, 620 and 450 pm.
They were filled with 10 atm D, fuel. There were 32 laser
beams directly driving the target, with a total energy of
30 kJ. In each shot, the hit positions on the target surface
of the laser beams were shifted a little to decrease the root
mean square (RMS) of the laser illumination. The measured
proton spectrum for the 800 pwm diameter target is shown in
Figure 6. The spectra in the other two shots were similar. The
emitted protons were distributed mainly in the energy range
of 12-18 MeV. There were no significant energy downshifts.
This was consistent with expectations. Because the areal
density of the exploding pusher target was very low, expected
to be less than 1 mg/cm?, the energy downshift of secondary
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protons would be approximately 0.1 MeV, which was too
small compared with the spectrometer energy resolution.
However, the results show that the SRF spectrometer works
well and is able to diagnose the areal density when it is
higher than 10 mg/cm?. Moreover, from the spectra, the
yields of the secondary protons were measured as 4.0 x 10°,
1.9 x 10° and 9 x 10, respectively. The neutron yields in
the three shots were 3.1 x 10%, 1.9 x 10° and 1.7 x 10°,
respectively. A Monte Carlo code was developed to calculate
the secondary proton emission, including the uniform hot-
spot model and the He* stopping power data calculated by
the L-P model. According to the measured yield ratios of the
secondary proton to primary neutron/?3!, the estimated areal
densities of the three shots were 0.8, 0.7 and 0.4 mg/cmz,
respectively.

5. A Si-WRF proton spectrometer for high energy pro-
ton diagnostics

5.1. Design and response simulation of the Si-WRF
spectrometer

To overcome the disadvantage of low energy resolution in the
SRF spectrometer, the WRF spectrometer was developed,
which uses a wedged filter to replace the filter package.
As illustrated in Figure 7(b), for incident mono-energetic
protons, in the thicker end of the filter the protons will
be ranged out, while in the thinner end the tracks of the
transmitted protons will not be counted because of a track
diameter smaller than 5 wm. The readout proton tracks are
distributed in a narrow band on the surface of the CR39.
By unfolding the proton track position spectra with the help
of a well-defined energy response matrix, a high resolution
incident proton spectrum can be obtained. There are already
four types of WRF spectrometer, made from Al or ZrO,
filters, developed at the OMEGA and NIF facilities!'3. A
WREF spectrometer, made from a Si filter, has been set up
at the SG-III facility for 6-18 MeV proton measurement.
The Si filter has similar characteristics to the Al filter in the
particle range, but the deformation is much smaller during
storage. The structure of a single spectrometer is illustrated
in Figure 7(b). A WREF spectrometer array consisting of five
spectrometers was developed, as shown in Figure 7(a). The
thickness range of the Si filter is 120-2000 pm. Both the
width and length of the filter are 4 mm. The WRF array will
be installed on a DIM and will access the chamber in the
middle plane. There will be three view angles in the poloidal
direction and three in the azimuthal direction, which may
be useful in implosion asymmetry diagnostics. The distance
between the target and the array can be adjusted in the range
of 16-50 cm. The maximum poloidal and azimuthal view
angles are +20°.

A Monte Carlo simulation code based on the Geant4
packagel>¥ was developed to study the spectrometer re-
sponse and evaluate its capability. The simulated proton
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Figure 7. (a) The alignment of the Si-WRF spectrometer array at the SG-I1I

facility (b) and a schematic illustration of a single WRF spectrometer“ 1,

position spectra for 9 and 15 MeV mono-energetic protons
are shown in Figure 8(a). The 1-4 MeV transmitted proton
tracks are distributed in a 3 mm wide band. This indicates
that the bin width of the recorded proton position spectra
should be no more than 1 mm. The proton energy responses
in the range of 4-19 MeV were also simulated with an
energy interval of 0.1 MeV, as shown in Figure 8(b). This
shows that the designed WRF spectrometer is able to work
well in the range of 6-18 MeV. It can also be used as a
well-defined energy response matrix in the following spectra
unfolding code.

5.2. Capability evaluation

First, the capability of energy spectra reconstruction was
evaluated. The test ‘experimental’ proton position spectra
were simulated in the cases of different incident proton
energy distributions. The spectra were unfolded by the
MAXED codel®, which uses the maximum entropy
algorithm. The energy response matrix was the simulated
one in Figure 8(b). In the cases of mono-energetic proton
incidence, the broadenings of the unfolded energy spectra
were approximately 0.2 MeV, which represented the energy
resolution of the WRF spectrometer. In the case of D—>He
implosion primary proton incidence, two input Gaussian
spectra were adopted with mean energies of 15 and 12 MeV
and broadenings of 405 and 780 keV, respectively, as shown
in Figure 9(a). The one with higher energy represented
the proton emission spectrum at 5keV ion temperature
without energy downshift, while the other one represented
the energy-downshifted proton spectrum in an areal density
of 60-70 mg/cm?. In the simulated ‘experiment’ with 10°
proton incidence, the unfolded spectra are also shown in
Figure 9(a). They are consistent with the input Gaussian
spectra. In the case of D-D implosion secondary proton
incidence, a rectangular spectrum of 12-17 MeV was
adopted as the simulation input. The unfolded spectrum and
the input spectrum are consistent, as shown in Figure 9(b).
Second, the effect of the proton counts was investigated.
In the case of D-3He implosion, with an incident proton
count of 10°—10%, which represents a yield range of 10%—
10'!, the unfolded spectra are shown in Figure 10(a). This
shows that when the D—>He primary proton yield exceeds
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the unfolded spectra are shown in Figure 10(b). This shows
that the necessary yield for WRF spectrometer measurement
is approximately 10'°.

103, the WRF spectrometer can work well. In the case of
D-D implosion, with an incident secondary count of 10*—
107, which represents a primary yield range of 10'°-10'3,
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6. Conclusions

In this work, three kinds of CR39-based proton spectrom-
eters were applied at the SG-III facility for ICF implosion
areal density diagnostics. The energy response of the CR39
detector to charged particles was studied by simulations and
experiments. A Geant4 particle transport code including the
track profile calculation code will be developed to study
the background track profiles of the scattered particles and
neutron recoil protons. A filtered CR39 detector has been
applied in the measurement of D-D primary protons in
low yield shots. A preliminary analysis of the areal density
variation was implemented at the SG-III prototype facility.
For the yields and spectra measurements of the D—He
reaction protons at the SG-III facility, a SRF spectrometer
has already been applied in D-D fuel implosion areal density
diagnostics. A Si-WRF spectrometer array has been de-
signed and developed at the SG-III facility. Its capability was
evaluated by Geant4 simulations in detail. In the following
D-3He fuel implosion experiments, it will be applied in
the diagnostics of areal density and asymmetry, mix effect
studies and some plasma nuclear physics studies. By in-
stalling a CH foil in front, it can be upgraded to a compact
nWRF spectrometer!?®! for D-T reaction neutron spectra
measurement. Moreover, for high resolution measurement of
the charged particle spectra, a magnet-based charged particle
spectrometer is also under development at the SG-III facility.
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