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ABSTRACT

A dual effect multi-level isotope battery based on vy radioisotope source was proposed. Two types of
energy conversion mechanisms, namely, radio-voltaic (RV) and radio-photovoltaic (RPV) effects, was
combined to convert the radiation energy of vy ray to electricity. The theoretical performance limit for
the dual effect multi-level isotope battery irradiated by ®°Co radioisotope source was calculated, and the
characteristics of each conversion mechanism were analyzed by using MCNP5. The results revealed that
the RPV effect produced more electrical output than the RV effect, but the contribution of each effect on
the battery was significant. The output performance of the multi-level isotope battery was characterized
under %0Co source at dose rates of 0.103 kGy/h and 0.68 kGy/h. The theoretical and experimental study
investigated the feasibility of combining two kinds of energy conversion mechanisms to enhance the per-
formance of nuclear batteries. The use of ®Co radioisotope sources with a large activity and conversion
modules with additional levels could obtain a considerable output performance. Moreover, the thickness
influence of the LYSO scintillator on the performance limit in the first-level conversion module was stud-
ied to optimize the structural parameters of the multi-level dual effect isotope battery. The thickness of
scintillator strongly affects the energy deposition distribution of gamma rays in the multi-level conver-
sion module, resulting in changes of the output generated by RV and RPV effects, which in turn affects

the total output of the battery.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

With the development of the military, aerospace, biomedicine,
providing a stable and independent energy supply for the electronic
modules used in these fields has become a key concern that needs
an urgent solution. Radio-voltaic (RV) and radio-photovoltaic (RPV)
radioisotope batteries have huge potential application values for
their advantage of high power density, long life, and ultraminia-
ture size. The RV radioisotope battery is based on the direct action
of the ray and the energy conversion module to produce an elec-
trical output, which is a direct energy conversion mechanism. The
RPV nuclear battery is an indirect energy conversion mechanism
that converts decay energy into light energy and then into electric-
ity. With the advances in semiconductor processing technology,
some progress has been achieved in RV and RPV radioisotope bat-
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tery. Research on RV radioisotope battery focused on the structural
design of the energy conversion unit [1-3] and the development
of a new type of conversion material [4-6], which achieved a cer-
tain progress. However, high energy particles are prone to make
lattice damage in the semiconductor conversion modules, result-
ing in a rapid decline in battery performance [7]. Therefore, using
high energy a or [3 source is inappropriate for the RV radioisotope
battery. The RPV effect belongs to the indirect energy conversion
mechanism, which can reduce the radiation damage effect of the
energy conversion unit. As early as 1988, Prelas et al. proposed the
concept of Nuclear-driven Flashlamps [8], and some studies on RPV
effects have been followed [9,10]. However, the low conversion effi-
ciency of RPV is also a problem [11-13]. Moreover, the performance
of RV and RPV radioisotope battery in current research is difficult to
meet the demand for the supply of miniaturized electronic devices.

In view of the preceding problems mentioned, this paper
presents a multi-level isotope battery coupling mechanism
between the RV and RPV effects of the -y radioisotope source. The y
rays, which are different from o and (3 particles, cause less damage
to the energy conversion materials. Butera et al. pioneered the use
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Fig. 1. Schematic of the dual effect multi-level isotope battery.

of >>Fe X-ray sources combined with GaAs photovoltaic (PV) cells,
and obtained an open circuit voltage (V) of 0.265V and a maxi-
mum output power (Pnmgx) of 0.0465 pW at —20 °C [14]. Lee et al.
proved the potential application value of y rays on the RPV radioiso-
tope battery [15,16]. Owing to the strong penetration principle of y
rays, the multi-level conversion module can combine the RV with
RPV conversion mechanisms to realize the multi-level utilization of
vy rays. Our previous works [17] have demonstrated the feasibility of
using the scintillator to enhancing the performance of radioisotope
battery. This study discusses the output characteristics of the two
energy conversion mechanisms and presents an optimized design
for the multi-level structure to improve the battery performance.
The working principle of the multi-level isotope battery is shown
in Fig. 1. In the multi-level isotope battery, a LYSO scintillator and
a GaAs PV cell were coupled to form a conversion module with RV
and RPV effects. The vy rays stimulate the scintillator to generate
an enormous number of visible photons, which act on the PV cells
to form an electrical output with RPV effect. Simultaneously, the y
rays directly act on the PV cells to form an electrical output through
the RV effect. With the use of multi-level conversion module, the y
rays can be used step by step with the dual effects, and the isotope
battery could produce a considerable output.

2. Monte Carlo simulation and theoretical analysis
2.1. Material selection

In this study, GaAs cell was selected as the energy conversion
module for the RV and RPV effects. GaAs cell is a mature PV con-
version unit with the band gap of 1.46 eV, which can produce high
energy conversion efficiency and voltage output. The LYSO scintilla-
tor was used as the fluorescent material of the RPV effect. The LYSO
scintillator have a good photon yield (approximately 3.75 x 104
photons/MeV) and does not easily deliquesce in the air. At same
time, the stability of LYSO scintillators is much higher than many
other inorganic scintillators under high-energy radiation [ 18]. Such
characteristics of the LYSO scintillator can ensure the stability of
the isotope battery. Additionally, the emission wavelength of the
LYSO scintillator is approximately 420 nm, which exactly matches
the GaAs PV cell.

2.2. MCNP5 calculation model

A two-level conversion structure was selected as the research
object in this study to investigate the output characteristics of the
two kinds of conversion mechanisms in multi-level isotope bat-
tery. The detailed model of the two-level conversion structure was
established by using the Monte Carlo simulation software, MCNP5.
In the MCNP5 model, each LYSO scintillator was coupled to a GaAs
PV cell to form a single-level conversion module. Each LYSO scintil-
lator has a thickness of 5 mm that was divided into 20 layers with
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Fig. 2. Detailed structure model of the dual effect isotope battery established by
MCNP5.

an area of 1 x 1 cm?, and a density of 7.1 g/cm3. The GaAs PV cell
model was set with a thickness of 400 pum, an areaof 1 x 1cm? and a
density of 5.89 g/cm?3. By using a plane unidirectional 8°Co radioiso-
tope source, the energy deposition behavior of decaying <y rays in
LYSO scintillator and GaAs PV cell was calculated by using the *F8
card.

2.3. Limit electrical output

Based on the MCNP5 simulation, a theoretical calculation model
for the electrical output of the dual effect multi-level isotope
battery was established, and the parameters of V¢, short-circuit
current (Is:), Pmax and energy conversion efficiency (n) for the
multi-level isotope battery under the ideal conditions of 10 Ci 6°Co
radiation were obtained.

2.3.1. Radio-photovoltaic effect

The RPV effect involves the energy conversion from decay
energy to light energy and transformed to electricity energy. With
the analysis of the induced fluorescence efficiency and the self-
absorption of the scintillator, the electrical output from the RPV
effect was obtained (Fig. 2).

According to the fluorescence process of the scintillator, the con-
version efficiency of the y energy deposited in the scintillator that
converted into light energy can be expressed as follows [19]:

N = n1Nshq (1)

where 7t represents the efficiency of the exciton produced by the
LYSO scintillator, ns represents the efficiency of the exciton trans-
ferred to the luminescent center, and nq represents the luminescent
efficiency after the exciton is captured by the fluorescence center,
which is equal to 1 under ideal conditions. For the LYSO scintillator,
nt and ns can be expressed as follows [20]:

Eg
M= 2767E, + 0.87 2)
hv
Ns = E (3)
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Table 1
Calculated value of fluorescence conversion efficiency.
Parameter nr ns n
Value 0.34 0.68 0.23
Y rays
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Fig. 3. Schematic of fluorescent photons transport in scintillator.
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where Eg represents the band gap of the LYSO scintillator, which is
approximately 3.3 eV, and hv is the photon energy that corresponds
to the maximum emission wavelength of the LYSO scintillator.
Table 1 shows the calculated values.

Considering the loss of absorption, scattering and reflection of
the fluorescent photons transported in the scintillator material, a
model of fluorescent photon transportation in the scintillator was
established to calculate the fluorescence intensity on the surface of
the scintillator, as shown in Fig. 3.

The generated fluorescent photons were assumed to be ver-
tically emitted at both sides of the scintillator to simplify the
calculation process, and their probability of emitting to each side
was the same. The UV-vis fluorescence spectrophotometer (UV-
2550, SHIMADZU) was used to measure scintillator transmissivity
with different thicknesses to characterize the self-absorption effect
of the LYSO scintillator (Fig. 4). The transmissivity of the scintillator
can be express as:

-1

where T represents the transmissivity of the scintillator, I; repre-
sents transmitted light intensity, and I represents incident light
intensity.

According to the Lambert-Beer law, the self-absorption coeffi-
cient § of fluorescent photons in the scintillator per unit thickness
can be obtained as follows [21]:

5 o &l/m (5)
where [represents the thickness of the scintillator and T; represents
scintillator transmissivity at a thickness of L.

Considering the self-absorption effect, the surface fluorescence
intensity generated by each scintillator layer was calculated and

T (4)
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Fig. 4. Transmissivity with different thicknesses and emission spectra of LYSO scin-
tillator.

summed to obtain the total surface emission fluorescence intensity
as follows:

I= ili (6)
1

where [ is the total surface emission intensity, n is the number of
layers in the MCNP5 model for the LYSO scintillator, and I; is the
surface emission intensity of the i-th layer in the MCNP5 model. J;
can be expressed as follows:

1 .
I = ilo,ie‘*‘sl’ (7)

where Iy ; represents the fluorescence intensity generated in the
i-th scintillator layer, and I; represents the optical path length of
the fluorescent photons produced by the i-th scintillator layer and
transported to the surface.

The circuit current density generated by PV conversion can be
obtained as follows [22]:

JW) =Jie o [exp (1) -1] (®)

where J;c represents short-circuit current density, Jo represents
reverse saturation current density, kg represent Boltzmann con-
stant, Ty represents the environment temperature of 300K, and q
is the amount of electronic charge. Jsc and Jy can be expressed as
follows:

Jse = Q/ bs(E, Tq)dE (9)
Eg

0 2F,E?
Jo=¢q / dE
g, h3c2[exp (E/kpTg) — 1]

where bs(E,Tq) represents the density of the fluorescence photon
spectrum, which can be obtained by the scintillator emission spec-
trum and the total surface emission intensity [23], h is Planck’s
constant, c is the speed of light in vacuum, and F, is the environ-
mental geometrical factor, which is equal to .

Through the Shockley equation, the V,. during PV conversion
can be expressed as follows:

kpTq (]sc )
Voc = In{=—+1 11
oc q n To (11)

(10)

The maximum output power density is expressed as follows:

Pmax :]SCVOCFF (12)
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where FF represents fill factor, and its value can be calculated as
follows [24]:

Voc — In(voe +0.72)

FF =
Voc + 1

(13)

where v, represents normalized open circuit voltage, which is the
ratio of V. to kT/q.

2.3.2. Radio-voltaic effect

The +y rays directly interact with the GaAs PV cell and convert
the decay energy into electrical energy through the RV effect. The
electrical output generated by the RV effect was calculated based
on the deposited energy of the y rays in the GaAs PV cells.

In the calculation of the performance limit of the RV effect, all
the energy deposited by the <y rays in the PV cell was assumed
to be used to generate electron-hole pairs without any other loss.
Jo and V,, were calculated according to Eqgs. (10) and (11). The Js
generated by the RV effect can be expressed as follows:

E

Jsc= (14)
ehp

Eepp = 2.8Eg + 0.5 (15)

where E represents the energy of the -y rays deposited in the GaAs
PV cell, E,p;, represents the energy required to generate a pair of
electron-hole pairs in the GaAs PV cell. The calculation of E,pp, (Eq.
15)was derived from the Klein formula. This empirical formula may
have certain errors for some wide bandgap semiconductor materi-
als [25,26], which may lead to slightly error in calculation results.
In addition, the Ppqx of the RV effect was calculated by using Eq.
(12).

2.3.3. Calculation results and analysis

Table 2 shows the electrical output parameters generated by the
two energy conversion mechanisms at each level of the conversion
modules.

Table 2 shows that the output performance of the first-level con-
version module is higher than that of the second-level. According
to the energy deposition features of y ray in matter, y ray deposits
more energy into the first-level conversion module than that into
the second-level, thereby resulting in a larger electrical output of
the former than that of the latter. As shown in Fig. 5, the propor-

Table 2
Comparison of the output parameters produced by the two effects at each conversion
module.

Serial number of Energy conversion Ise (MA) Voo (V) Prax (MW)
conversion module  mechanism
1 RPV 0.161 0.8887 0.125
RV 0.0844 0.872 0.0639
2 RPV 0.141 0.8853  0.109
RV 0.0761 0.8694  0.0575

Table 3
Calculated output parameters of the dual effect isotope battery in series and in
parallel.

Isc (mA) Voe (V) FF Prnax (MW)
Series 0.231 1.796 0.925 0.384
Parallel 0.463 0.898 0.872 0.363

tions of the performance parameters of the two energy conversion
mechanisms in the second-level are close to those of the first-level.
Moreover, all the electrical output parameters generated by the
RPV effect are higher than those of the RV effect. However, the
voltage output generated by the RV effect is very close to that gen-
erated by the RPV effect. The Ic and Ppqx values of the RV effect
reached approximately 0.5 times those of the RPV effect. The contri-
bution of each effect on the battery performance cannot be ignored.
Therefore, the RV and RPV effects should be both comprehensively
considered during the optimization design of the multi-level con-
version module.

During the calculation of the performance limit, the electron-
hole pairs generated by the two effects were assumed to be
collected completely, and the current and voltage were loss less
both in the series and parallel. Under the irradiation of 10Ci
60Co radioisotope source, the performance limit of the dual effect
multi-level isotope battery was calculated when the multi-level
conversion modules were connected in series and in parallel, as
shown in Table 3.

As can be seen from Table 3, the multi-level conversion mod-
ules connected in series achieve larger output power than those
connected in parallel. This finding may be attributed to the dif-
ference in internal resistance of the multi-level battery under the
series and parallel connections. Beyond that, the multi-level con-
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Fig. 5. (a), (b), and (c) represent I, Vo, and Ppax proportion of the two effects in the first-level conversion module, respectively; (d), (e) and (f) represent I, Vo, and Ppax

proportion of the two effects in the second-level conversion module, respectively.
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Table 4
Calculated energy conversion efficiency of the dual effect multi-level isotope battery.
Psource (MW) Paep (mW) Pmax (MW) n Ntotal
Series 74 12.83 0.384 2.99% 0.52%
Parallel 74 12.83 0.363 2.83% 0.49%
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Fig. 6. Energy deposition of °Co vy rays in LYSO scintillator and GaAs PV cell, respec-
tively.

version modules in series or parallel gain higher performance than
the single first or second-level, as shown in the comparison results
in Tables 2 and 3.

The conversion efficiency of the multi-level isotope battery was
characterized by calculating the total power of the 59Co radioiso-
tope source and the deposited energy in the multi-level conversion
module, as shown in Table 4. Psoyrce refers to the total power of
10Ci 59Co source, and Pgep refers to the y energy deposited into
the conversion modules. n represents the energy conversion effi-
ciency of the y deposited energy converted into electrical energy,
and 7., Tepresents the conversion efficiency based on the total
source power. i and 7,4 can be separately calculated as follows:

Pmax
= (16)
Pdep
_ Prmax
Ntotal = % (17)

As presented in Table 4, only 17.34% of the 0Co -y rays energy
were deposited into the multi-level conversion modules. This indi-
cates that many v rays passed through or backscattered in the
conversion module and failed to deposit energy into it due to their
strong penetration and Compton effects. Therefore, further improv-
ing the battery efficiency and output by increasing the number of
conversion modules is an efficient way.

In the study of radioisotope batteries, the design of energy con-
version module needs to focus on the range of scales that the ray
interact with the energy conversion module [10,25]. In this work,
~ rays emitted from %9Co has a large range in LYSO scintillator
and GaAs PV cell. In order to estimate the appropriate scale size
of conversion module, the MCNP5 was used to calculate the energy
deposition of 60Co <y rays in LYSO scintillator and GaAs PV cell,
respectively (Fig. 6).

As the thickness of LYSO scintillator and GaAs PV cell increas-
ing, the energy deposited therein gradually decreases. Accumulated
energy deposition shows an upward trend with thickness increase
and reaches a saturation value at 15-20 cm approximately. At a
thickness of 20 cm, about 99.97% and 99.75% of y ray energy were

deposited in LYSO scintillator and GaAs PV cell relative to satura-
tion value, respectively. This can be used as a reference for the scale
range when design the energy conversion module.

3. Experiment
3.1. Preparation of multi-level conversion module

Two LYSO scintillators of 5 mm thickness and two GaAs PV cells
produced by epitaxial growing were selected to prepare the multi-
level module. One GaAs PV cell was bonded to the gold-plated PCB
boards by using conductive silver paste and dried in a heating oven
at 80 °C for 45min to remove the organic solvent from the sil-
ver paste. An ultrasonic gold wire bonder was used to wire the
front electrode lead to the gold-plated pad on the PCB. The leads
were then soldered from the gold-plated pad and a single GaAs PV
cell was formed. One 5 mm scintillator was loaded on the front of
one GaAs PV cell, and then the first-level conversion module was
formed. The other scintillator was loaded on the front of another
GaAs PV cell to form the second-level conversion module. The scin-
tillators were fixed by using foam glue. The first-level conversion
module was placed on the front of the second-level module. Finally,
a multi-level conversion module was assembled as shown in Fig. 7.
During the test, the multi-level conversion module was laid into a
lead collimator to obtain collimated <y rays.

3.2. Electrical performance measurement

The electrical performance of the multi-level isotope battery
was measured at the 62Co Radiation Center of Nanjing University
of Aeronautics and Astronautics. In the experiment, two dose rate
sites of 0.103 kGy/h and 0.68 kGy/h were selected for the irradiation
test. The I-V characteristics of the dual effect multi-level isotope
battery were measured by employing the Keithley 2636 A multi-
channel digital source. The 2636 A digital source was placed outside
the radioisotope chamber and linked to the battery sample through
two long BNC signal transmission lines. The Labtrace 2.9 software
was used to collect and process test data. Figs. 8 and 9 show the
diagrams of measurement principle and process, respectively.

3.3. Measurement results and analysis

As shown in Table 5, Figs. 10 and 11, the performance param-
eters, I-V curves and P-V curves of the multi-level isotope battery
under different experimental conditions were obtained, respec-
tively. The maximum output power of the multi-level battery was
0.324 pW under the dose rate of 0.68 kGy/h. The output parame-
ters of the multi-level battery under high dose rates were evidently
higher than those at low dose rates in series and in parallel. The
series connection of the two-level conversion modules can enhance
the V,¢, and the parallel connection can significantly improve the I.
Both cases can increase the output power of the battery. Therefore,
using more conversion module connected with series or parallel
could further improving the battery performance. Additionally, the
Pmax in series is higher than that in parallel, which is consistent with
the preceding calculation results.

Table 5

Measured output parameters of dual effects isotope battery in series and in parallel.
Experimental conditions I (LA) Voe (V) FF Pax (LWW)
0.103 kGy/h-series 0.084 0.46 0.47 0.018
0.68 kGy/h-series 0.74 0.76 0.58 0.326
0.103 kGy/h-Parallel 0.12 0.19 0.45 0.0103
0.68 kGy/h-Parallel 1.38 0.36 0.54 0.268
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Fig. 7. Preparation process of the multi-level conversion module: (a) LYSO scintillator; (b) Single conversion module; (c) Multi-level conversion module; (d) Module in the

lead can.
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Fig. 8. Principle of measurement process.
Table 6
Energy conversion efficiency of multi-level isotope battery.
Experimental conditions Pgep(mMW) Prax(LW) U
0.103 kGy/h-series 0.21 0.018 0.0086%
0.68 kGy/h-series 1.386 0.326 0.0235%
0.103 kGy/h-Parallel 0.21 0.0103 0.0049%
0.68 kGy/h-Parallel 1.386 0.268 0.0193%

The energy deposited in the device per unit time has a positive
correlation with the dose rates. With the higher dose rate irradi-
ation, the more energy was deposited in the energy conversion
module. A larger number carriers were generated by the RV and
RPV effects, which makes the higher performance of Is., Vo and
Pmax under the higher dose rate.

This study estimated the energy conversion efficiency of the
multi-level isotope battery to comprehensively understand the
measured performance. The 69Co v ray energy deposited into the
multi-level conversion module of the battery was calculated based
on dose rate. According to Eq. (16), the energy conversion effi-
ciencies based on Pg,, were obtained under different experimental
conditions, as shown in Table 6. A high dose rate indicates a

high radioisotope source activity. The multi-level isotope battery
obtained a higher 7 at high dose rate than that at low dose rate,
which is well agree with the results in researches of betavoltaics
effect and photovoltaic effect [27-30].

The equivalent circuit was used to analyzing the physical mech-
anism of the various efficiency. Fig. 12. shows the equivalent circuit
ofthe battery under ideal conditions. Where R, represents the series
resistance, Ry, represents the shunt resistance, Iy represents the
reverse saturation current, I, represents the excitation current, |
represents the actual current.

With the increase of the incident light intensity, the Ry, in the
device increases accordingly, and both R and Iy will decrease [30].
The Rs, Ry, and I greatly affect the output performance of battery.
The increase of Ry, and the decrease of Rs reduce the power loss
caused by the internal resistance of the battery (Eq. (18)), thereby
increasing the energy conversion efficiency (Eq. (20)). The decrease
of Iy is beneficial to increase the V, of the battery (Eq. (19)).

Pposs = (1 &) 2
loss = + I“R (18)
Rsh
where Py, represents the power loss caused by the internal resis-
tance.

Voo = kBTaln (Isi + 1) (19)
q Io
Prnax
_ 20
7 Pmax+Ploss ( )

As the dose rate increases, the greater quantity of light intensity
were generated by the interaction of the gamma ray and the scintil-
lator. As analyzed above, with the increasing of light intensity, the
Ry, of the GaAs photovoltaic module increase, Rs and Iy decreases,
which made the P, decreases (Eq. 18). Thereby the conversion
efficiency of the battery was improved (Eq. 20). This is the reason
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Fig. 9. Measurement process: (a) Placement of the multi-level isotope battery in the °Co chamber; (b) 5°Co chamber structure; (c) 5°Co radioisotope; (d) Measurement

system.
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Fig. 10. (a) I-V curve of multi-level isotope battery with different dose rates in series; (b) I-V curve of multi-level isotope battery with different dose rates in parallel.

why the battery get higher energy conversion efficiency at high
dose rates.

Considering the shielding of the lead collimator during the
actual measurement process, the isotope battery was irradiated
with a dose rate below the measured value. That means the cal-
culated conversion efficiency could be underestimated.

The preceding experimental results show that the use of multi-
level energy conversion modules for realizing the dual utilization of
v ray energy is feasible. Although the conversion efficiency is low,
but it can optimize the multi-level structure to increase the utiliza-
tion of yrays. In addition, the battery performance was significantly
increased at a high dose rate, indicating that the performance of bat-
tery can be further enhanced by using high activity sources coupled
with additional conversion modules.

In addition, the limit output performance of multi-level battery
at 0.103 kGy/h and 0.68 kGy/h were calculated by using the meth-
ods of Section 2.3, respectively. Table 7 shows the results of the
theoretical calculation.

Table 7
Calculated electrical performance of multi-level isotope battery.

Experimental conditions = Pge,(mW)  Isc (RA)  Voc (V) Prax(RW) 1

0.103 kGy/h-series 0.21 0.0409 1.3492 0.0501 0.0239%
0.68 kGy/h-series 1.386 0.274 1.4476 0.3543 0.0256%
0.103 kGy/h-Parallel 0.21 0.0819 0.6746 0.0465 0.0221%
0.68 kGy/h-Parallel 1.386 0.549 0.7238 0.337 0.0243%

From the Tables 5-7, the result of the experiment is slightly
lower than the theoretical calculation. The reason is that there are
some ideal assumptions when calculation the output of the battery
by using the methods of Section 2.3. As shown in Table 7, the per-
formance of the battery was greatly improved with increasing the
dose rate. The Pmgx and 7 in series is higher than that in parallel.
All those results of theoretical calculation shows the same trend as
the experiment.
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Fig. 12. The equivalent circuit of the battery.

4. Optimization design

The calculated and measured results were both based on cer-
tain structural parameters, including the thicknesses of the GaAs
PV cell and the LYSO scintillator. The selected LYSO scintillator was
thicker than the GaAs PV cell. Therefore, the former played a crucial
role in the energy deposition behavior of the 6°Co vy source and the
consequent performance of the multi-level isotope battery. As the
thickness of the LYSO scintillator changes, the energy deposited in
the scintillator changes accordingly, thereby resulting in the change
of the output parameters produced by the RV and the RPV effects.
Adjusting the thickness of the LYSO scintillator to maximize the
electrical output generated by both energy conversion mechanisms
is necessary to optimize the structure.

Taking the first-level conversion module as an example, the
output performances of the first-level conversion module were dis-
cussed under LYSO scintillators of different thicknesses by using the
familiar method in Section 2 Tt facilitate the analysis. The thick-
nesses of the LYSO scintillator were set to 0.1, 0.5, 1, 1.5, 2, 2.5,
3,3.5,4,4.5,5, 5.5, and 6 cm. Fig. 13 shows the calculated output
parameters.

The electrical output parameters all increased and then
decreased with the increasing of the LYSO thickness. When the
LYSO thickness was 1.5 cm, the Isc, Vo and Ppgx of the first-level
conversion module reached maximum values. The contributions of
the RV and RPV effects on the output parameters of the first-level
module were calculated and analyzed with the LYSO scintillator of
various thicknesses and the results are shown in Figs. 14-16.

The calculation results show that the values of Isc, Vo and Prax
generated by the RPV effect increased and then decreased as the
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Fig. 15. V, of RV and RPV effects with different LYSO scintillator thicknesses.

LYSO thickness increased and reach their peaks when the thick-
ness was 2 cm. As the thickness of LYSO increased from 0.1 cm to
2 cm, the energy deposited in the scintillator gradually increased. At
this time, the self-absorption effect on fluorescence was small, and
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Fig. 16. P of RV and RPV effects with different LYSO scintillator thicknesses.

the surface emission intensity showed an upward trend, thereby
resulting in the enhancement of the RPV effect. When the thickness
of LYSO exceeded 2 cm, the self-absorption effect increased. This
phenomenon led to the gradual decrease of the total surface emis-
sion intensity and the reduction of the RPV effect. As the thickness
of the scintillator increased, the blocking effect of the scintillator
reduced the energy deposition of y rays in GaAs PV cell. This reduc-
tion weakened the contribution of the RV effect, thereby resulting
in the decrease of Isc, Vo and Ppgx.

The preceding results demonstrate that optimizing the thick-
ness of the LYSO scintillator is an effective way for optimizing the
dual effect of the multi-level isotope battery. The influence of the
LYSO thickness on the RPV effect is quite different from that on
the RV effect. This finding shows that the competition between the
two kinds of conversion mechanisms should be comprehensively
considered in the optimization design of the multi-level isotope
battery. In addition, the optimization of the GaAs thickness and the
multi-level modules should be studied in the future.

5. Conclusion

This work proposed a multi-level isotope battery with RV/RPV
dual effects based on %0Co vy source. The MCNP5 calculations
showed that limit performance of Pr;qx reached 0.384 mW and 7;y¢a1
was 0.52% under the irradiation of 10 Ci ®°Co in series. The results
revealed that the RPV effect produced more electrical output than
the RV effect, but the contribution of each effect on the battery was
significant.

The dual effect multi-level isotope battery was prepared and
measured with the irradiation of °Co source. The Ppay and n of the
multi-level battery reach 0.326 wW and 0.0235% under the dose
rate of 0.68 kGy/h. As predicted, the output power of the battery
with multi-level conversion modules in series was better than that
in parallel. The experimental results demonstrate the feasibility of
the dual effect multi-level isotope battery based on vy radioisotope
source. The performance of the isotope battery can be significantly
enhanced by using high activity source coupled with additional
conversion modules.

Taking the first-level conversion module as an example, the
structure of the multi-level isotope battery was optimized by using
MCNP5. The electrical performance increased and then decreased
with the increasing of the scintillator thickness. When the LYSO
scintillator was 1.5 cm, the Isc, Voc and Ppx of the first-level con-
version module reached their maximum values. The optimization

design of multi-level structure needs to comprehensively consider
the competitive relationship between the RV and RPV mechanisms.
The following work should increase the number of conversion
modules to improve the performance of the dual effect isotope bat-
tery. Meanwhile, the optimization of the GaAs thickness and the
multi-level modules should be further studied in the future.
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