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Abstract

In high-energy-density physics, including inertial fusion energy using high-power lasers,
doping tracer atoms and deuteration of target materials play an important role in diagnosis. For
example, a low-concentration Cu dopant acts as an x-ray source for electron temperature
detection while a deuterium dopant acts as a neutron source for fusion reaction detection.
However, the simultaneous achievement of Cu doping, a deuterated polymer, mechanical
toughness and chemical robustness during the fabrication process is not so simple. In this
study, we report the successful fabrication of a Cu-doped deuterated target. The obtained
samples were characterized by inductively coupled plasma optical emission spectrometry,
differential scanning calorimetry and Fourier transform infrared spectroscopy. Simultaneous
measurements of Cu K-shell x-ray emission and beam fusion neutrons were demonstrated
using a petawatt laser at Osaka University.
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1. Introduction

Fast ignition (FI) is an advanced concept in inertial confine-
ment fusion to realize inertial fusion energy (IFE), which can
optimize fuel implosion and heating processes to achieve high
gain [1, 2]. In FI, understanding the mechanisms of energy
transfer from fast electrons to the compressed plasma core is
critical for efficient fusion fuel heating. In various experiments
[3—15] characteristic x-rays produced by the laser-accelerated
fast electrons were utilized to understand the mechanisms of
electron transport in dense plasma, and neutrons generated
during IFE experiments have been utilized to investigate the
fusion reaction as well as the temperature of the compressed
core. Characteristic x-rays and neutrons are measured using
fuel targets containing tracer atoms that generate a specific
signal during a fusion reaction in IFE experiments. The amount
of tracer is important to avoid resonant self-absorption of the x-
rays. The deuterated ratio of target materials is also important
for an efficient fusion reaction [16]. For these purposes several
targets have been developed, for example targets with a high
deuterium concentration, metal foams and low-Z materials
with transparency [17—19]. The type of tracer atom contained
in the target depends on the purpose of the experiment.

Copper (Cu) K-shell x-ray emission has been used to visu-
alize the distribution of energy deposition of the fast electron
beam in FI experiments [13—15, 20, 21]. For this purpose, cop-
per (I) oleate [Cu(C;3H330,),, Cu-oleate] microsphere targets
are fabricated with Cu contents of 9.7 wt% [11]. In addition,
deuterated polystyrene targets [22] can generate neutrons dur-
ing IFE experiments; these allow investigation of the fusion
reaction as well as the temperature of the compressed core. Cu-
oleate and deuterated polystyrene microsphere targets are usu-
ally fabricated by the emulsion method [23, 24]. The organic
solvent in which Cu-oleate or deuterated polystyrene are dis-
solved is flowed through an aqueous solution at a constant flow
rate to generate oil-in-water (O/W) emulsions. Dissolvable
materials are suitable for use as targets because it is easy to
process the shape and mass produce them in a controllable
fabrication process such as the emulsion method [25, 26].

It has been pointed out that experiments involving x-rays
and neutrons require different experimental conditions, mainly
because inorganic materials such as Cu and organic materi-
als with deuterium are generally incompatible. However, the
simultaneous achievement of Cu doping, deuterated polymer,
mechanical toughness and chemical robustness during the fab-
rication process is not so simple. The glow discharge polymer
(GDP) method was applied for a Cu-doped deuterated target.
In the GDP method deuterated copper (II) acetylacetonate is
polymerized on a solid sphere by vapor deposition. However,
this method has a problem in that the complicated shape of the

target is difficult to fabricate because it requires a base part to
deposit the target. There is no bead target that contains both Cu
and deuterium and no simultaneous measurements involving
both characteristic x-rays and neutrons. Here we will introduce
an example to satisfy these specifications, with chemical and
laser plasma characterizations. The target material will open
up new ways to investigate progress in FI.

Doping inorganic elements into organic compounds is diffi-
cult because the interface between an inorganic and an organic
substance generally has a poor affinity; it is also difficult to
combine the two substances under conditions with a large
interfacial effect, such as a dispersion system of fine parti-
cles [27, 28]. The concentration of tracer atoms should be
adjustable from 1 to 10 wt% depending on the experimental
conditions, since too high a Cu concentration (more than
10 wt%) leads to weak Cu Ko emission due to resonant self-
absorption and x-ray measurement will be difficult [28]. In
this regard, we report the fabrication of Cu-doped deuterated
methyl methacrylate (MMA) and methacrylic acid (MAA)
targets (Cu-dMA targets) as novel targets for laser fusion
experiments. Cu-dMA is soluble in various solvents, facilitat-
ing processing into various shapes, which is difficult for con-
ventional Cu-doped deuterated targets fabricated by the GDP
method. The Cu concentration in the Cu-dMA targets is stud-
ied using inductively coupled plasma optical emission spec-
trometry (ICP-OES). The Cu-dMA targets are characterized
by simple dissolution tests, differential scanning calorimetry
(DSC) and Fourier transform infrared spectroscopy (FTIR).
Our results suggest that Cu-dMA targets can be used as targets
to provide valuable insights in the IFE experiments.

2. Experiments

2.1. Material fabrication

A schematic diagram of the fabrication process is shown
in figure 1. Methyl methacrylate-ds (MMA-dg) monomer
was purchased from Cambridge Isotope Laboratories, Inc.,
yield 98%, stabilized with 10-100 ppm hydroquinone.
Methacrylic acid-d¢ (MAA-d¢) monomer was purchased
from Central Chemicals Co., Inc., yield 98%, stabilized
with hydroquinone. The polymerization inhibitor of
MMA-dg and MAA-d¢ was removed by washing with
Al,Os3. Azobis(isobutyronitrile) (AIBN) with at least
97% purity was purchased from Kanto Chemical Co.,
Ltd, and was used as a polymerization initiator. Copper
acetate anhydride (Cu-acetate) from Sigma-Aldrich with a
purity of 98% was used. MMA-dg (452 mg) and MAA-d¢
(31 mg) were stirred with an ultrasonic cleaner (Sharp
Manufacturing System Co., Ltd, UT105) in a vial for 5 min.
Then Cu-acetate (75.57 mg) was added and stirred for 72 h.
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Figure 1. Schematic diagram showing the fabrication process of Cu-doped dMA thin film target.
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Figure 2. (a) Cu-dMA (left) and Cu-hMA (right) samples taken from the oven and the test tube. (b) Cu-dMA thin film with a thickness of
10 pm cut to a size of 1 mm x 1 mm. (c¢) Photograph of the Cu-hMA spheres fabricated by dropping the Cu-hMA solution into 10 wt% PVA

aqueous solution.

AIBN (0.00231 mg, 0.5 wt%) was added into the above
solution as an initiator and mixed by sonication for 10 min to
dissolve. The mixture in the vial was transferred to a test tube
and placed in a silicon-oil bath at 70 °C for 11 h in a nitrogen
atmosphere for polymerization. The obtained polymer in
the test tube was placed in the oven and dried at 130 °C
for 5 h to remove unreacted monomers and other ingredients.
Finally, 0.18 g Cu-doped deuterated target material based
on a MMA/MAA copolymer target (Cu-doped dMA or
Cu-dMA) was fabricated. The atomic composite ratio of the
sample estimated from the starting materials is H:D:C:0:Cu =
2.4:49.7:32.8:14.3:0.8. To make a film, the Cu-doped dMA
target solution was prepared at 2.5 wt% by mixing the
plastic samples with N-methylpyrrolidone (NMP) (Kishida
Chemical Co., Ltd, purity 99.5%) for several days. Then 1.00

ml of solution was spread on a glass slide (size 76 mm X
26 mm, Muto Pure Chemicals Co., Ltd) on a hot plate using a
micropipette and heated at 70 °C for 30 min to remove NMP.
NMP completely volatilized, and a Cu-doped dMA thin film
with a thickness of 10 pm was obtained.

Spherical Cu-hMA (non-deuterated) targets were also fab-
ricated by the emulsion method. A Cu-hMA solution was
prepared at 5 wt% by mixing Cu-hMA target material with
phenyl acetonitrile (Kishida Chemical Co., Ltd, purity 99.5%).
A glass capillary microfluidic device with a 500 ym diameter
orifice was employed to generate O/W emulsions, i.e. Cu-hMA
droplets in 10 wt% poly(vinyl alcohol) (PVA, Sigma-Aldrich
Co., Ltd) aqueous solution [29, 30]. The 500 pm diameter
Cu-hMA droplets were produced and subsequently set in a
rotary shaker and agitated for 2—3 days to remove organic
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Table 1. The contents of reaction mixture for the polymerization.
Copper acetate (g) Methyl methacrylate (g) Methacrylic acid (g) AIBN (g)
PMMA None 4.505 None 0.022 83 (0.5 wt%)
hMA-1 None 0.450 0.030 0.002 95 (0.5 wt%)
hMA-2 None 0.450 0.028 0.009 30 (1.5 wt%)
Cu-hMA-1 0.07559 (4.7 wt%) 0.449 0.032 0.002 90 (0.5 wt%)
Cu-hMA-2 0.07524 (4.7 wt%) 0.448 0.034 0.009 85 (1.5 wt%)
Cu-hMA-3 0.54032 (3.5 wt%) 4.501 0.261 0.023 81 (0.5 wt%)
Cu-dMA-1 0.07557 (4.7 wt%) 0.452 0.031 0.002 31 (0.5 wt%)
Cu-dMA-2 0.046 43 (4.7 wt%) 0.397 0.022 0.009 22 (1.5 wt%)

solvents from the droplets. The emulsion removed from a
rotary shaker was dried at room temperature for 1 day, and Cu-
hMA spheres were finally obtained. An image of the fabricated
Cu-hMA spheres taken with an optical microscope is shown in
figure 2.

The starting materials of samples used for characterizations
are summarized in table 1.

2.2. Characterization

2.2.1. ICP-OES. The Cu-dMA-1 targets were character-
ized using different spectroscopic and calorimetric tech-
niques. Atomic Cu concentration was measured by ICP-OES
(PerkinElmer Japan Co., Ltd, Optima 8300). Table 1 shows
the sample list with detailed information on each sample char-
acterized by ICP-OES. The samples were initially prepared
by putting a Cu-dMA-1 thin film cut into 10 mg to 20 mg
pieces in nitric acid (HNOj3, 0.4 cm?®), sulfuric acid (H,SO4,
1 cm?) and perchloric acid (HCIOy4, 0.1 cm?) solution and
then heated to perfectly dissolve the Cu ions. After heating,
Cu salts were obtained and diluted with water to 100 ml.
Furthermore, we investigated the change in the amount of Cu
doped in the Cu-dMA target material due to the difference in
the polymerization kinetics. The Cu-dMA-2, Cu-hMA-1 and
Cu-hMA-2 samples, which use different amounts of polymer-
ization initiator, were measured for copper doping in the same
way as the Cu-dMA-1 sample.

2.2.2. DSC. To obtain information on the glass transition
temperature (T,) of the synthesized polymer, the Cu-hMA-1,
Cu-dMA-1, hMA-1 and homo PMMA samples were prepared
for DSC (Rigaku Co., Ltd, DSC8270). Ten milligrams of the
finely crushed thin films were weighed out, and the same
amount of Al,O3; was used as a reference during measurement.
The measurement conditions were as follows: temperature
range at temperature rise 20-250 °C, N, atmosphere, rate
of temperature increase 10 °C min~'. The targets were natu-
rally cooled until their temperature reached room temperature.
After cooling, measurements were taken again under the same
conditions to reduce the effect on the results of substances
adhering to the sample.

2.2.3. FTIR. The Cu-dMA-1, Cu-hMA-1, hMA-1 and hMA-
2 thin films were measured by FTIR. All samples were 10 um
thick.

2.2.4. Dissolutiontest. The structure of the synthesized poly-
mer was predicted by a dissolution test in water. For the
dissolution test, the Cu-hMA-3 sample was prepared using
the method described in section 2.1. The Cu-hMA-3 sample
was kept in water for 1 day to confirm whether the Cu had
dissolved.

3. Results and discussion

3.1. ICP-OES

ICP-OES measurements show that the concentration of atomic
Cu doped in the Cu-dMA-1 thin film target prepared in
this work was approximately 8.9 wt%. From the weights of
Cu-acetate, MMA-dg and MAA-dg used in the experiment,
the theoretical atomic Cu concentration in the thin film was
predicted to be approximately 4.7 wt%, but more Cu was
doped than expected. However, the result for the Cu-dMA-2
thin film prepared under different conditions was 3.3 wt%,
approximately corresponding to the theoretical concentration
of 3.5 wt%. The major difference between the Cu-dMA-1
and Cu-dMA-2 thin films was the weight of AIBN used as
the polymerization initiator, as shown in table 1. Therefore,
two Cu-hMA thin films with 4.7 wt% Cu were additionally
prepared with 0.5 and 1.5 wt% AIBN to compare the effects
of AIBN concentration. As the result, the Cu-hMA-1 and
Cu-hMA-2 thin films contained 5.2 wt% and 4.6 wt% of Cu
atoms, respectively. Furthermore, the amount of final product
for the Cu-hMA-1 sample was 0.30 g and for the Cu-hMA-2
sample it was 0.20 g, although the amount of monomer and
the other preparation conditions were the same. The probable
cause of these observed differences is the volatilization of
MMA (boiling point 101 °C) during polymerization. Larger
amounts of AIBN, which is a polymerization initiator, lead
to a rapid polymerization reaction with a lower degree of
polymerization, but when the amount of AIBN is as little as
0.5 wt% the polymerization reaction proceeds slowly with a
higher degree of polymerization. As the result of this slower
reaction process, the unreacted monomer volatilized, resulting
in a higher Cu concentration of 8.9 wt% for the Cu-dMA-1
thin film and 5.2 wt% for the Cu-hMA-1 thin film (table 2).

3.2. DSC

The thermal behaviors of the obtained materials are use-
ful for the target fabrication process as well as characteri-
zation of the synthesized polymer. The DSC traces of the
methacrylic acid (MA) targets and homo-PMMA are shown
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Table 2. Results of atomic Cu concentration measured by ICP-OES for each

sample.
Cu-acetate (g) AIBN (g) Estimates  Results
(Cu wt%) (Cu wt%)
Cu-hMA-1 0.07559 0.002 90 (0.5 wt%) 4.7 5.2
Cu-hMA-2 0.07524 0.009 85 (1.5 wt%) 4.7 4.6
Cu-dMA-1 0.07557 0.002 31 (0.5 wt%) 4.7 8.9
Cu-dMA-2 0.04643 0.009 22 (1.5 wt%) 3.5 3.3
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Figure 3. The DSC trace of the MA targets and PMMA at the first (left) and second (right) temperature rise.
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Figure 4. FTIR spectra of (a) hMA-1, (b) h(MA-2, (¢) Cu-hMA-1 and (d) Cu-dMA-1 thin films.

in figure 3. In the first DSC measurement, an endothermic
peak was observed around 160 °C in the case of Cu-hMA-1
and Cu-dMA-1, which corresponds to the boiling point of

methacrylic acid. From the DSC trace of PMMA, and the
results of the dissolution test described later, it is considered
that the addition of Cu-acetate inhibited the polymerization
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Figure 5. Photograph of the dissolved Cu-hMA-3 sample in
distilled water after 1 day.
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Figure 6. Coordination position of Cu-acetate to
poly-MMA-co-MAA as predicted from the FTIR spectra.

reaction and reduced the molecular weight. In the second
DSC measurement, the homo-polymers show a shift in DSC
trace at approximately 90 °C, which corresponds to the T,
of PMMA [27, 31]. MA also shows a glass transition at
approximately 110 °C near the T, of PMMA, and Cu-hMA-1
and Cu-dMA-1 show a change at approximately 100 °C.
Therefore, hMA-1, Cu-hMA-1 and Cu-dMA-1 samples are
expected to be polymers.

3.3. FTIR

Figure 4 shows the FTIR spectra of the Cu-dMA-1, Cu-hMA-
1, h(MA-1 and hMA-2 thin films. From the comparison of the

FTIR spectra of the hMA-1 thin film in figure 4(a) and the
hMA-2 thin film in figure 4(b), it was found that there was
almost no change in the structure of the copolymer due to the
difference in the amount of AIBN. From the comparison of the
FTIR spectra of the Cu-hMA thin film in figure 4(c) and the
hMA-1 thin film in figure 4(d), the peak at 3500 cm~' derived
from the OH bond of MAA became larger and the peak at
1590 cm™~' from the carboxyl group of Cu-acetate appeared
due to the addition of Cu-acetate [32—36]. Thus, it can be
deduced that the Cu atom in the Cu-hMA-1 sample does not
exist alone but is coordinated to the polymer as Cu-acetate.
In addition, Cu-acetate is likely to coordinate to the hydroxy
group of MAA in the polymer due to the increase in peaks
derived from the O—H bond after doping with Cu-acetate.
Since there is no significant difference in the FTIR spectra
of the Cu-hMA-1 thin film and hMA-1 thin film other than
the peaks mentioned above, we conclude that the Cu-hMA-1
polymer also has a similar structure to poly(MMA-co-MAA)
of hMA-1 and hMA-2. Finally, by comparing Cu-dMA-1
(figure 4(d)) and Cu-hMA-1 (figure 4(c)), the peaks from the
C—H bond in MMA and MAA are shifted due to deuteration.

3.4. Chemical characterization from the viewpoint of the
target material

After the Cu-hMA3 had been kept in water for a day, it was
confirmed that the distilled water in the vial had turned pale
blue (figure 5), suggesting that the Cu component of the Cu-
hMA-3 sample had dissolved. In the plastic sample fabricated
in this work, if the Cu atoms are bonded to MMA or MAA
monomers by the polymerization reaction and are contained
in the chain structure of the polymer, it is unlikely that the Cu
component will dissolve in water. Therefore, for both Cu-hMA
and Cu-dMA it is predicted that the Cu atoms used in the
materials are coordinated to any part of the polymer as a ligand.
It is reasonable that highly coordinated Cu compounds will
dissolve in water following a previous report [37, 38].

The DSC results clarify the existence of volatile com-
ponents, for example unreacted monomer and dissociated
volatile ligands of acetic acid, in the first heating process, and
the components would not be seen in the second heating due
to their removal. In the present case the possible exchange
of the Cu ligand is from acetic acid to polymethacrylate, and
gives free acetic acid (boiling point 120 °C). The DSC result
did not show such an endothermic peat at 120 °C, indicating
no exchange of the ligand of Cu-acetate. Next, FTIR spectra
showed a peak at 1590 cm™! owing to the C=0 bond with
Cu coordination, and this should not be Cu polymethacrylate
because this must give free acetic acid which is not observed in
the DSC. Therefore the peak at 1590 cm™! must be character-
ized as the Cu-acetate in the starting material. Furthermore, the
FTIR spectra show the existence of the polymer backbone of
polymethacrylate and PMMA as shown in figure 6 [39]. From
the ICP-OES results, the concentration of Cu and the amount
of methacrylic acid is comparable in the samples.
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time-of-flight measurement, showing multiple components associated with beam fusion (D(d,n)*He reaction), Fe(d,n) and Fe(p,n) reactions.

4. Demonstration of laser irradiation on the
Cu-dMA thin film target

The fabricated Cu-dMA thin film target was illuminated by a
petawatt laser for fast ignition experiments (LFEX) to demon-
strate the generation of characteristic x-rays and fusion neu-
trons simultaneously. The Cu-dMA target material fabricated
in this study was processed into a thin film with a thickness of
10 pm and a size of | mm x 1 mm, then fixed to an aluminum
frame to create the Cu-dMA thin film target, as shown in
figure 2(b). Figure 7(a) shows the layout for laser illumina-
tion into this thin film and the diagnostics. The laser LFEX
system consists of four beams of a kJ-class Nd:glass chirped
pulse amplification system [40]. In this experiment, by using
off-axial parabolic mirrors, four beams were focused into the
center of the chamber, where the film was placed, with a total
energy of 248 J and pulse duration at full width half maximum
(FWHM) of 1.3 ps. The focal intensity was 5 x 10'"® W cm™2,
evaluated from the focal spot diameter of 70 yum FWHM mea-
sured from an CW alignment laser, resulting in a normalized

field amplitude ag of 2.0. The diagnostics comprised an x-ray
pinhole camera [41] and x-ray spectrometer utilizing highly
oriented pyrolytic graphite (HOPG) as a diffractor for the x-ray
detection [42] and a multichannel time-of-flight neutron spec-
trometer (MANDALA) for neutron detection [43]. Figure 7(b)
shows the x-ray pinhole image on the target surface. This x-ray
image indicates that four beams are focused into the target
center with a focal spot size of 77 um FWHM, comparable
to that measured by the alignment laser. This result confirmed
that four beams were successfully focused into the target center
to achieve relativistic laser—matter interactions.

The Cu-dMA target can contribute to the measurement of
both characteristic x-rays and neutrons simultaneously. Char-
acteristic x-ray generation from the thin film was confirmed
from the HPOG x-ray spectrometer. Figure 8(a) shows the
x-ray spectrum from the film. The peak of 8.048 keV indicates
the Cu Ka line, and peaks around 8.35 keV indicate the Cu
Hea line and Li-like satellite lines. Electron temperature can
be evaluated from the intensity ratio of the He« line to the
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Li-like lines. Neutron generation from the deuteron—deuteron
fusion reaction was confirmed by the multi-channel neu-
tron spectrometer. Figure 8(b) shows the neutron spectrum
obtained by time-of-flight measurement using the multi-
channel scintillation detector MANDALA. Neutrons with
energies around 2.45 MeV (red line in figure 8(b)) with yield
of 2.1 x 10° neutrons for 47 sr are produced primarily via
beam fusion [44], which is caused by the bombardment of bulk
deuterium by ~100 keV deuterons accelerated on the front
surface of the film. This neutron yield is comparable with the
previous experiments [45], in which a deuterated polystyrene
film without Cu doping was illuminated by a Nd-glass CPA
laser, taking account of on-target laser differences. Deuteron-
induced neutron production also occurs in the target chamber
wall and diagnostic instruments around the target. Those neu-
trons are produced via Fe(d,n) and Al(d,n) reactions, result-
ing in a broad spectral range from sub-MeV to multi-MeV
(blue line in figure 8(b)).

5. Conclusion

In conclusion, a Cu-doped deuterated target thin film was
fabricated in this work. We succeeded in deuterating the target
and doping the target with Cu. Copper acetic anhydride, MMA
and methacrylic acid were used as the monomers. In addition,
the amount of doped Cu could be increased to 8.9 wt% by
controlling the amount of AIBN. We succeeded in developing
solid microspheres using Cu-hMA by the emulsion method.
This target can be shaped more easily and freely than the con-
ventional Cu-doped deuterated target fabricated by the GDP
method. Finally, we confirmed that the fabricated Cu-dMA
thin film target can be used for laser experiments to mea-
sure characteristic x-rays and fusion neutrons simultaneously.
Based on these simultaneous measurements, we can improve
the accuracy of quantitative values of the high-energy-density
state leading to realization of IFE.
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