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1 | INTRODUCTION

| Yunpeng Liu'? | Zhengrong Zhang' | Wang Chen' | Zicheng Yuan' |

Summary

Radioluminescent nuclear battery is a type of energy conversion device that can
be miniaturized, which has the ability to convert nuclear energy into light
energy, and again into electrical energy. To explore the response relationship
between the phosphor layer structure and the electrical performance of
radioluminescent nuclear battery, the physical model was established to
research the deposition energy distribution by using Monte Carlo method.
The radioluminescence spectra and current-voltage characteristic curves were
used to investigate the optical and electrical properties. Through a comprehen-
sive comparison of single plane layer, double plane layer, and V groove layer
structures, the simulated results are consistent with experimental results. The
results indicate that the Monte Carlo simulation is applicable to analysis of
the phosphor layer structure of radioluminescent nuclear battery. Additionally,
the results also show that the structure type and physical parameters of the
phosphor layer have great influence on the energy deposition. A suitable
phosphor layer structure can provide a new route to exhibit higher energy
conversion efficiency as well as improving the matching degree between the
range of radioactive particles and the thickness of the phosphor layer.
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works because phosphor layers can emit visible light
under radioactive particles excitation, and the light is

Radioluminescent nuclear battery is proposed and
developed on the basis of more mature and thorough
study of betavoltaic nuclear battery techniques.'” The
main difference between the 2 types of batteries is that
the former adds an intermediate energy conversion pro-
cess, while the integrated battery structure adds a phos-
phor layer. So the whole energy conversion process of
radioluminescent nuclear battery is from nuclear energy
to light energy, and then again to electric energy.*® It

powerful enough to knock electrons free from atoms.
The electrons go on to form a useful direct current
by photovoltaic devices. Numerous scientific resea-
rchers have aimed to establish a nuclear power supply
system with long life, high energy density and strong
adaptability.”® However, due to the low level of energy
conversion efficiency of the radioluminescent nuclear
battery at this stage, its promotion and application
are severely limited.
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of radioluminescent

Through the
nuclear battery over several decades, the research works
mainly focus on revealing the influence factors of battery
and improving the performance of electrical output.
Specific research contents include changing experimental
materials, varying physical parameters, optimizing struc-

development

tural design, and analyzing environmental factors.'***

According to previous research results, it was found that
selecting the excellent performance materials, proper cou-
pling between these materials, and optimizing the battery
structure are required to achieve maximum nuclear-to-
electrical conversion efficiency.'>'® Meanwhile, in view
of the indirect energy conversion mechanism of this
nuclear battery, the phosphor layer is an intermediate
energy transducer. On the one hand, the phosphor layer
absorbs radiation particles bombarding, undergoes
radiative excitation, and releases luminescent photons of
a specific wavelength range. On the other hand, it also
holds the task of photons emission and transmission."’
Therefore, optimizing the structure of the phosphor layer
is an important breakthrough to realize the improvement
of battery performance, especially in the case of the 3
main materials, and their physical parameters have been
determined.

The purpose of this study is presenting the internal
response relationship between the phosphor layer
structure and the performance parameters, such as the
luminescent intensity and the maximum output power
of radioluminescent nuclear battery. Furthermore,
experimental details of ZnS:Cu phosphor layer radiolumi-
nescence (RL) and its application in the nuclear battery
with planar f sources of different energies are stated.
The phosphor layers are prepared into single plane,
double plane, and V groove structures. Monte Carlo N-
Particle Transport Code version 5 simulation was
performed to examine beta particles depositions on

B particles

different ZnS:Cu phosphor layers. The influence of phos-
phor powder concentration and phosphor layer geometry
on deposition energy, RL intensity, and electrical output
of batteries was studied.

2 | MATERIALS AND METHODS

There are 3 physical simulation models of single plane,
double plane, and V groove ZnS:Cu phosphor layers, as
shown in Figure 1. The phosphor layer contains 2 parts:
radioluminescent ZnS:Cu phosphors as transducer and
transparent adhesion layer as substrate, and their thick-
ness is 16 and 29 um, respectively. Single plane layers
are designed as positive and negative 2 structures as
shown in Figure 1A, of which the positive structure refers
to the ZnS:Cu phosphors toward the radioactive source
and the negative structure means the adhesion layer
toward the radioactive source. Similarly, double plane
layers have positive-positive, positive-negative, negative-
positive, and negative-negative 4 structural designs as
shown in Figure 1B. The meaning of positive and negative
is the same as that for the single plane layer. The initial
size of the phosphor layers is 3 cm X 3 cm, where the V
groove phosphor layer is folded on the basis of the initial
phosphor layer along the center line. V groove phosphor
layers are designed in 2 forms of 2V and 4V groove. The
bending angle is all 90° as shown in Figure 1C, and their
projection area is 2.12 cm X 3 cm.

Two beta sources of different particle energies, ®*Ni
and ¥Pm, were used as the excitation source of the
nuclear battery, respectively. In the Monte Carlo N-
Particle Transport Code simulation, the 2 sources are set
to round thin sheet with a radius of 1.5 c¢cm, and the
continuous beta energy spectra is used in the calculation
model. The surface of the phosphor layer corresponding
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FIGURE 1 The physical model for the Monte Carlo N-Particle Transport Code simulation [Colour figure can be viewed at
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to the beta source is identified as the incident plane, and
its distance from the plane source is infinitely close to zero
(set it to 1E-10 cm in the simulation).

Radioluminescence spectra of the ZnS:Cu phosphor
layers under different beta particle excitation sources
were performed by a Cary Eclipse fluorescence spectro-
photometer (Agilent Technologies, USA). The phosphor
layers have 3 types of structures mentioned above, and
beta sources are 4.93 mCi/cm® ®*Ni and 2.88 mCi/cm?
“7Pm. The radioluminescent nuclear battery experimen-
tal apparatus consisted of ZnS:Cu phosphor layer, GaAs
single-junction photovoltaic device, and a beta source, as
shown in Figure 2. During the experiment, the phosphor
layer and beta source, in turn, were selected and
assembled into the nuclear battery. The current-voltage
(I-V) characteristics of the battery were measured by a
dual-channel system source-meter instrument (Model
2636A, Keithley, USA). In all RL and I-V measurements,
the samples were shielded from light and electromagnetic
interference and tested at room temperature around
298 K and 1 atmospheric pressure.

3 | RESULTS AND DISCUSSION

3.1 | Monte Carlo simulation

The results of the radiation particles deposited on the
phosphor layers with various combinations are provided
in Table 1. The percentage is the ratio between the depo-
sition energy of the beta particles in the phosphor layer
and the source initial energy in the energy conversion
process. The number of simulated particles was 3 X 10%,
and the errors were all less than 0.05%. Figure 3 shows
the accumulated beta energy distribution in the ZnS:Cu
plane phosphor layer. The simulation results reflect that
for ®*Ni and '*’Pm beta sources, the particle transmission
track depth in the phosphor layer is about 10.4 to 16 um
and 70 to 123 pm, respectively. Due to the different range
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of the released beta particles, the single plane phosphor
layer is almost enough for the ®*Ni source, so the radiation
deposition energy of the double plane phosphor layer is
almost the same as the single layer; but for the '*’Pm
source, the deposition energy of the double plane phos-
phor layer is significantly larger than the single. Whether
for the ®*Ni or '*’Pm source, the arrangement of the first
layer of the plane phosphor layer is crucial and it plays a
decisive role from the results of comparison. When the
structure type of the phosphor layer is V groove, the
radiant deposition energy in the phosphor of 4V groove
structure is significantly higher than that of the 2V
structure. This is primarily due to the difference in height
between these 2 structures, although their bottom
projection area is the same. The structure of the phosphor
layer not only changes the content of the irradiated
phosphor per unit area but also affects the distance
between the beta source and the phosphor layer. There-
fore, the combination of the different physical parameters
of the radioactive source and the phosphor layer will
produce different consequences. For the ®*Ni source with
lower beta particle energy and shorter average range, the
structural effect of the phosphor layer on the deposition
energy is greater.

3.2 | RL spectra and I-V characteristic
curves

Figure 4 contains the RL spectra of the ZnS:Cu single
plane phosphor layer under the mentioned °’Ni or
47Pm beta source and the corresponding I-V characteris-
tics of the combinatorial nuclear battery. The lumines-
cence intensity of the phosphor layer with different
monolayer structure is altered under the same excitation
condition, as well as the electrical output parameters.
However, no matter what kind of § source excitation,
the RL spectra of the different phosphor layers are
similar, and the peak wavelengths of the emission
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FIGURE 2 The 3-dimensional and measurement schematic of beta radioluminescent nuclear battery. PCB, printed circuit board [Colour

figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Radiation energy deposition percentage of different phosphor layers (the “+” means a little bit bigger than that)

Energy Deposition Percentage, %

Energy Deposition Percentage, %

Structure
Type SNi 47pm Structure Type Ni “Pm
Positive 59.84 42.97 Positive-positive 59.84 49.98
Negative 0.93 20.59 Positive-negative 59.84+ 47.39
2V groove 46.02 52.64 Negative-positive 0.93 27.95
4V groove 59.85 63.07 Negative-negative 0.93+ 24.97
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FIGURE 4 A, Radioluminescence spectra and B, current-voltage characteristic curves of single plane phosphor layer under different beta

sources [Colour figure can be viewed at wileyonlinelibrary.com]

spectra are about 528 nm. Since GaAs photovoltaic
device used in each combination nuclear battery is the
same one, the internal relationship between the output
power and the luminescence intensity can be reversed
according to the final electrical test results. Comparison
of the optical and electrical performance test results can
be found that the optimal and worst order of different
combinations is consistent. The single positive structure
is obviously superior to the single negative structure,
which is corresponding with the simulation results.

According to Monte Carlo simulation results, the track
depth and the deposition behavior of the 2 different beta
sources in the phosphor layer are different. The penetra-
tion depth of *’Pm source is much larger than the **Ni
source. In addition, the thickness of ZnS:Cu phosphors
is 16 um, which is close to the penetration depth of
®3Ni source. At the same time, the difference in activity
density makes the number of particles released from
the source surface per unit time different. Due to the
deposition of beta particles and the activity of radioactive
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sources, so that the output performance of battery using
®Ni is better than that using '*’Pm with the same posi-
tive single plane phosphor layer structure.

The RL spectra and the corresponding I-V characteris-
tics for the ZnS:Cu double plane phosphor layer are tested
and shown in Figure 5. For both ®*Ni and '*’Pm sources,
when the first layer of the double plane phosphor layer
structure is positive, the optical and electrical properties
always better than those of the first layer are negative.
The effect of the positive and negative forms of the first
layer of the phosphor layer on the output performance is
significant. The transparent adhesion layer has the effect
of blocking, absorbing and attenuating the kinetic energy
of 8 particles, and the phosphor has self-absorption effect
on the luminescence, which reduce the luminescence
intensity of the phosphor layer. In contrast, the energy
loss of luminescence in the adhesion layer is significantly
lower than that of beta particles. Therefore, in the case
where the phosphor layer faces the radiation source, that
is, when the phosphor layer structure is positive, absorp-
tion of the incident radiation and transmission of the
emitted luminescence are more favorable, and the overall
energy conversion of the nuclear battery is more efficient.
For the beta source with a lower particle emission energy,
this is even more so.

The effect of the second phosphor layer depends on
the range of the f particles. Since the phosphor's thickness
of the first layer is similar to that of the particles’ range,
the enhancement of the second phosphor layer is not
obvious for ®*Ni source and even causes the opposite
effect. There is also an interesting phenomenon, which
is that when the second layer is negative form, the perfor-
mance is relatively better. This may also confirm that the
light absorption effect of the adhesion layer is weaker
than that of the phosphors. However, for the **’Pm source
with a longer particle range, the second phosphor layer
can bring significant improvement effect. It can also be

\WAIB 'S FNERGY RESEARCH

found that the performance is better when the second
phosphor layer is positive. The experimental results also
show that the RL effect of the phosphors in the second
phosphor layer is stronger than that of the light self-
absorption effect.

Figure 6 shows the RL spectra and the corresponding
I-V characteristics of V-groove phosphor layer under dif-
ferent beta sources. Although the bottom projection area
and the phosphor content are identical for the 2V and
4V groove, the 4V groove structure shortens the distance
between the radiation source and the phosphor layer by
half, resulting in less energy loss. Therefore, under excita-
tion by ®*Ni or '*’Pm source, the 4V groove has always a
better performance than 2V groove, which is also consis-
tent with the Monte Carlo simulation results. It was found
that when the phosphor layer changed from 2V to 4V,
under ®*Ni and **’Pm sources, the final maximum output
power increased by 75.2% and 26.61%, respectively.

3.3 | Performance comparison of different
phosphor layer structures

Although both the plane structure and V groove structure
are single-layer phosphor layer, their performance is very
different. For the **’Pm source, the performance of the V-
shaped phosphor layer structure is significantly better
than the plane structure. This is mainly due to the fact
that the structure of the phosphor layer not only changes
the deposition energy in the phosphors but also affects the
transmission, transport, and absorption of luminescent
photons.'®'® As a whole, the activity of the radioactive
source, the range of beta particles, the luminous flux,
and the effective working area also have an impact on
the performance of the nuclear battery. According to the
Monte Carlo calculation results, the deposition behavior
of beta particles in each phosphor layer structure can be
analyzed. Through the experimental tested spectra, the
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FIGURE 5 A, Radioluminescence spectra and B, current-voltage characteristic curves of double plane phosphor layer under different beta

sources [Colour figure can be viewed at wileyonlinelibrary.com]
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emission intensity of different phosphor layer structures
can be obtained. The two processes of radioluminescence
and photovoltaic in radioluminescent nuclear batteries
are continuous and simultaneous. On the one hand, the
V groove structure can effectively increase the phosphor
powder content in unit area, and improve the lumines-
cence intensity. But on the other hand, it also increases
the distance between the radioactive source and the
phosphor layer, and creates a larger air blocking effect.
Therefore, the final electrical output performance is the
product of a comprehensive trade-off.

Figure 7 shows the radiation energy deposition, opti-
cal performance, and electrical performance of different
conditions. For the “Ni-P” with similar particle range
and phosphors thickness, the performance in all aspects
performed better. The maximum power per unit area of
the battery with “Ni-P” reaches 0.1075 nW/cm®. When
the particle has a larger range than the thickness of ZnS:
Cu phosphors, 4V groove structure exhibits an obvious
advantage. As shown in Figure 7, the maximum power
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FIGURE 7 Performance comparison of beta energy deposition
percentage, radioluminescent intensity, and the maximum output
power for the phosphor layers with different geometric structures
[Colour figure can be viewed at wileyonlinelibrary.com]

per unit area of the battery has been obtained as
0.0985 nW/cm® for the “Pm-4V” in comparison with
0.0671 nW/cm? for the “Pm-P”. At the same time, the var-
iation trends of beta energy deposition percentage in
phosphors, RL intensity, and the maximum output power
with different geometric structures of the phosphor layers
are similar. A good match between the experimental and
calculation results also validates the correctness of the
theoretical discussion. These curves with similar varia-
tions also reflect that the optical and electrical output
properties can be roughly learned by analyzing their
deposition energy, in the case of the same photovoltaic
device and unchanged test temperature.

The overall energy conversion efficiency 7 represents
the ratio of the available electrical power output P, from
the photovoltaic device, compared to the decay energy Py,
of the used radiation source, which is calculated by the
following Equations 1 and 2.2

Pout Pmax
= =——X%x100 1
n=p AE; %, (1)
Prax = max(I X V), 2)

where the maximum power P, is the maximum value
obtained by the product of the current and the voltage,
which can be easily calculated along the I-V sweep. Py
can be taken to be Py, since the battery can be operated
up to its maximum power output to get the maximum effi-
ciency. A and Ej are the activity and the average energy of
the beta source, respectively. Figure 8 compares the over-
all energy conversion efficiency when different structured
phosphor layers were applied to the radioluminescent
nuclear battery. For the lower energy of ®*Ni beta source,
the difference between the different structural schemes is
very obvious. When the thickness of the phosphors
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FIGURE 8 The energy conversion efficiency of the battery with different phosphor layers [Colour figure can be viewed at
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matches the particle range of the ®*Ni source, the single
phosphor layer combination (Ni-P) can present a good
result. For the '*’Pm beta source, the V groove structure
can indeed improve the output performance to a certain
extent. A maximum energy conversion efficiency of
approximately 0.085% was obtained for “Ni-P” with a
phosphor thickness of 16 um and an activity density of
4.93 mCi/cm®. When the structure is converted from
“Pm-P” to “Pm-4V”, the overall energy conversion effi-
ciency was increased by nearly 1.5 times. The results have
been borne out again that there is a matching optimiza-
tion problem between the particle range of the source
and the structural parameters of the phosphor layer.
Comparing all the combinations, it also can be speculated
that improving the matching degree of the battery mate-
rials can effectively increase the energy conversion
efficiency.

3.4 | Optimization simulation of the V
groove layer

The simulation results are in good agreement with the
experimental results, indicating that the Monte Carlo
method can be used to the optimization design of the
phosphor layer structure in radioluminescent nuclear bat-
tery. The influence of the structural parameters, such as
the intersection angle 8 and the height of the V groove
phosphor layer H, on the deposition energy of the {§ parti-
cles in the phosphor layer was further explored. In the
simulation model, the outer diameter of both ®*Ni and
47pm unidirectional surface sources was set to 2.5 cm,
and the projection area of the phosphor layers was fixed
at 3 cm X 3 cm. The center of the source and the phosphor
layers was aligned, and the other conditions were consis-
tent with the previous simulation parameters. The aim is
to eliminate the edge effect of 3 particles and phosphors.

The beta particle energy deposition analysis shown in
Figure 9 revealed that the track behavior of the particles
in the material is obviously affected by the angle and
height of the V groove structured phosphor layer fluores-
cent layer. It can be noted that there is an optimal value of

100% [~

80%

60%

40%

20%

the percentage of energy depaosition

0%

100%

80%

60%

40%

20%

the percentage of energy deposition

0%

‘ I 2dhesion layer [N aic [ ZnS:Cu phosphors ]

(A) “Ni+H-0.265 cm (B) ""Pm+H-0.265 cm
— 100%

80%
60%
40%

20%

K F S F F F S S S S

(C) “Ni+H-0.530 cm (D) "“"Pm+H-0.530 cm

100%

80%

60%

40%

20%

0%

F P o J\'.’,d, »\‘JOD \BQo 'bdj [ "-)6 '\"!—Qn J\‘JS J\%Qn
intersection angle 8 intersection angle 6

FIGURE 9 Relationship between the percentage of energy
deposition and structural parameter of V groove phosphor layer

[Colour figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

XU ET AL.

—a— air-0.265 cm
—e—air-0.530 cm
—=vacuum-0.265 cm
=—0=vacuum-0.530 cm

" 0= vacuum-0.530 cm

60%
45%
30% —
—a— air-0.265 cm

—e—air-0.530 cm
—=—vacuum-0.265 cm

15%

15%

30%

45% |

60% -

o
180°

FIGURE 10 The energy deposition percentage of V groove phosphor layer in air and vacuum environment. A, ®*Ni source. B, **’Pm source

[Colour figure can be viewed at wileyonlinelibrary.com]

the angle to maximize the energy deposition rate in the
phosphors. In general, for the same excitation source
and angle, the lower the height of the phosphor layer in
a certain range, the higher the percentage of energy depo-
sition in the phosphors. For the uniform height of the
phosphor layer, the variation tendency of the percentage
with angle is similar, under the excitation of different
sources. Due to the "*’Pm with a higher average energy,
the percentage of energy deposition in the adhesion layer
is also larger.

The energy deposited in the air occupies a compara-
tively big share according to the obtained data. Due to
the air barrier effect, the air gap between the beta source
and the phosphor layer affects the transport of lumines-
cent photons, which also cause the loss of radiation
energy. Therefore, the vacuum environment is more
favorable for the deposition of 8 particles in the phos-
phors; the increase in the percentage of energy deposition
will be more significant, especially for the low-energy
radiation particles. Figure 10 shows the variation of the
percentage of energy deposition in the phosphors with
the structural parameters of the V groove phosphor layer
under the conditions of air and vacuum. For the constant
excitation source and phosphor layer, the trend of energy
deposition percentage in the phosphors change with
intersection angle in vacuum is similar to that in air envi-
ronment. It is also interesting to find that in both environ-
ments, when the intersection angle is 120°, the energy
deposition percentage in the phosphors is the largest
regardless of the height H. This may be the product of a
trade-off between the phosphor contents, the air resis-
tance, and other factors.

As the height of the phosphor layer is 5 cm and the
intersection angle is 30°, the percentage of energy deposi-
tion in the phosphors increases by 99.83% and 11.78%
respectively under the excitation of ®*Ni and '*’Pm

sources when the air environment becomes a vacuum. It
means that using phosphor layer structure optimization
design and vacuum packaging to improve the output per-
formance of radioluminescent nuclear battery is an effec-
tive reference for future battery designers.

4 | CONCLUSION

This article began with a brief analysis about the develop-
ing tendency of radioluminescent nuclear battery. The
main study focus on how phosphor layer structure influ-
ences the energy deposition of the beta particles in the
phosphors and the luminescence intensity, which are
directly related to the output power and efficiency of the
battery. The energy deposition of beta particles in the dif-
ferent structural phosphor layers calculated from the sim-
ulation shows that there is an efficient coupling between
the range of the particle and the thickness of the phos-
phors. It is confirmed that the emission wavelength of
the phosphor layer is not affected by the structure param-
eters. On the other hand, the structure of the phosphor
layers can be used to adjust the process of energy deposi-
tion and luminescent transport, which are positively cor-
related with the electrical output performance of the
radioluminescent nuclear batteries.

Based on the simulation and experimental results, it
also can be seen that the Monte Carlo method is feasible
to optimize the structural design of the phosphor layer
and evaluate the electrical performance of the battery. In
addition, the radiation energy deposition in the phosphors
can be enhanced by optimizing the structure type and
physical parameters of the phosphor layer and placing
the battery in a vacuum environment. These measures con-
firm that the transport behavior of luminescent photons in
the material can be effectively improved, thus reducing the
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energy dissipation and realizing the enhancement of the
luminescence intensity of the phosphor layer and the
energy conversion efficiency of the battery.
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