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Introduction

As a type of nonthermal and indirect converter nuclear bat-
tery, even in the development phase, the beta-radiolumines-
cent nuclear battery appears to be attractive for military ap-
plications, particularly for long-term and ultralow power ap-
plications. Beta-radioluminescent nuclear batteries are beta-
decay-powered batteries that could potentially last for a long
time and use phosphorescent materials to convert radiation
into photons, which then impinge on a photovoltaic array.[1–3]

The phosphors and semiconductors, as conventional radiolu-
minescent and photovoltaic conversion materials, are of con-
siderable interest both theoretically and technologically.[4–7]

A ZnS:Cu phosphor layer and a p–n junction gallium ar-
senide semiconductor were used as the radiation–lumines-
cence–electricity converter. ZnS:Cu and GaAs materials
have been typically and extensively studied for use in many
fields, such as field-emission displays, optoelectronic devices,
and power-supply applications.[7–9] They have also been re-
ported to show high radioluminescence and photovoltaic
conversion efficiency.[10–12]

For beta-radioluminescent nuclear batteries, the efficiency
of energy conversion technologies is limited by their poor re-
sponse to beta particles. One way of overcoming this limita-
tion is to develop new materials and new methods that can
efficiently convert kinetic energy from beta particles into
electrical energy. Looking at the trends over the past de-
cades, choosing one kind of suitable material and optimizing
its structural design can achieve major improvements in
output performance for an indirect conversion power supply
device.[7,13] As the important energy conversion medium of
the battery, structural optimization of the phosphor layers is

critical to achieve higher efficiencies, especially for cases in
which the battery materials have already been confirmed.

Thus, the motivation of this research is to study the poten-
tial effect of the phosphor layer geometry for beta-radiolumi-
nescent nuclear batteries. Herein, we show through theoreti-
cal calculations and experimental analyses that the geometric
structure of the ZnS:Cu phosphor layers affects its energy
deposition and luminescence transportation. A Monte Carlo
simulation code was developed to simulate the radioactive
decay of the radionuclide and its subsequent interaction with
the phosphor layers. The emission and absorption of photons
from ZnS:Cu phosphors and the resulting potential differen-
ces in the GaAs photovoltaic devices were analyzed. Two dif-
ferent beta radioisotopes, 63Ni and 147Pm, were selected as
potential excitation sources. Specifically, the development of
beta-radioluminescent nuclear batteries, prepared by adopt-
ing different structural parameters in their phosphor layers,
and characterized under beta-particle excitation is presented.
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The feasibility of utilizing the method of phosphor layer
structure optimization to improve the performance of beta-
radioluminescent nuclear batteries is investigated. The de-
signs of different V-groove structures and conventional
planar structures of ZnS:Cu phosphor layers are discussed.
Monte Carlo simulations have been used to analysis the
transportation of beta-particles released from the 63Ni and
147Pm plate sources, along with the corresponding energy
deposition in the phosphor layers. Radioluminescence prop-
erties are characterized and the influence of configuration

parameters on the luminescence intensity and emission
wavelength is revealed. The current–voltage characteristic
curves of beta-radioluminescent nuclear batteries with the
above phosphor layer structures are used to analyze the elec-
trical properties. Additionally, the deposited energy in the
phosphors and radioluminescence luminous flux as a linear
function of the maximum output power are investigated for
different combinations of those phosphor layers and beta
sources.
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Results and Discussion

Structure of the material and Monte Carlo simulations

A theoretical design and simulation of a beta-radiolumines-
cent nuclear battery based on 63Ni/147Pm@ZnS:Cu was per-
formed by using the Monte Carlo N-Particle Transport Code
Version 5 (MCNP5) program. The purpose of this research is
to study the interaction and mutual response between the
beta sources and phosphor layers. The phosphor layer con-
sists of two parts: an energy conversion part, consisting of
a 16 mm thick phosphor powder, and a substrate made of
a 29 mm thick adhesion layer. ZnS:Cu phosphors were direct-
ly adhered to the transparent adhesive tape with both high
viscosity and high transparency. The V-groove structures of
the ZnS:Cu phosphor layers were designed and prepared as
presented in Figure 1. Dimension parameters h and q of the
different phosphor layers are listed in Table 1. Two beta-radi-
oisotopes, 63Ni and 147Pm, were separately selected as poten-
tial excitation sources and subsequently modeled. To calcu-
late the deposition energy in the ZnS:Cu phosphor layers,
the full beta spectra were adopted in the theoretical models.
Beta particles with a field radius of 1.5 cm were simulated as
irradiating a projection area of 3 cm X3 cm over the phos-
phor layer. Considering the alignment of beta-plate sources
and phosphor layers, we have designed two extreme situa-
tions: Models A and B. Model A is represented as the center
of the beta source and the bottom of the V-groove phosphor

layers arranged in a line, whereas Model B is the top of the
V-groove phosphor layers with the center of the beta source
in alignment. For the same source and phosphor layer, the
two models reflect the minimum and maximum relative off-
sets, respectively. Some simulation examples and partial en-
larged details are shown in Figure 1 c. Regardless of which
structural system was adopted, the beta source was always
placed directly on top of the phosphor powder layer and
fitted closely together to form a whole during the simulation
modeling and experimental measurement process.

The Monte Carlo approach was used herein to investigate
the structural effects of the phosphor layers. The energy de-
posited by the beta particles was calculated in the ZnS:Cu
phosphor layers. The number of simulated particles was 3 X
108, and the errors were all less than 0.05 %. Figure 2 shows
the deposited energy of the V-groove phosphor layers with
different configuration parameters, as predicted by the simu-
lation model. It can be seen that the energy deposition of the
ZnS:Cu phosphors increases with decreasing angle q within
a certain height of phosphor layer. Analogously, the energy
deposition also increases as the height h decreases for
a given angle. This is mainly due to the configuration param-
eters h and q, which are known to affect the phosphor
powder concentration and radioluminescence transmission
performance. Moreover, due to the stronger beta-particle
energy, the deposited energy with the 147Pm source is signifi-
cantly higher than that with the 63Ni source. However, for
either 63Ni or 147Pm sources, the trends of the deposited

Figure 1. The MCNP model of the V-groove phosphor layers. a) Design and geometrical configurations of the material, with parameters h and q. b) Two extreme
alignments: Models A and B. c) A partial view of the simulation model.

Table 1. The configuration parameters of the V-groove phosphor layers.

Parameter Values

height h [cm] 0.38 0.41 0.61 0.81 1.01
angle q [8] 30, 60, 90, 120, 150 30, 60, 90, 120, 150 30, 60, 90, 120 30, 60, 90, 120 30, 60, 90
projected area [cm2] 9 9 9 9 9
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energy changes with the configuration parameters of the V-
groove phosphor layers are similar.

For comparison, the planar phosphor layers were intro-
duced for comparison: the energy-deposition situation is
shown in the inset of Figure 2. Because the competing effects
of nuclear energy absorption and radioluminescence trans-
mission were balanced and optimized, some V-groove phos-
phor layers were superior to the conventional planar struc-
ture under the same simulation conditions. Meanwhile, for
different energy excitation sources, there was a significant
difference, even if the same planar structure was adopted.
Although the mean beta-particle energy of 147Pm was
62.1 keV, still beyond that of 63Ni with just 17.2 keV, accord-
ing to the maximum penetration depth simulation results,
a beta particle with the full-energy spectrum of the 63Ni and
147Pm components can travel with its maximum range inside
ZnS:Cu phosphors to about 10.4 and 70 mm, respectively.[13]

Considering the ranges of the 63Ni beta particles and their
penetration into the ZnS:Cu phosphor layer (about 10.4–
16 mm; 16 mm is taken as the maximum particle energy) simi-
lar to the thickness of the phosphor powder used herein
(16 mm), by contrast the planar structure shows some advan-
tages over other structures. This is consistent with previous
work, in which the V-groove increased the relative concen-
tration of phosphors, but also increased the luminescence
transmission distance. In addition, through a comparative
analysis of the energy deposition in Models A and B, the gap
between these two models was increasing with increasing
angle, given the same excitation sources and height of the
phosphor layers. Therefore, for this material, the size of the
source and that of the phosphor layer have been confirmed.
The relative displacement between them also deserves atten-
tion, especially when the included angle is larger.

The physical models of different V-groove phosphor layers
were also established and analyzed under vacuum. The per-
centage of energy released by the beta source that was de-
posited into the ZnS:Cu phosphors were calculated. The re-

sults of different structures and combinations are given in
Figure 3. A higher beta deposition energy was obtained for
ZnS:Cu phosphors when analyzed in vacuum, rather than
under atmospheric conditions; this is mainly because of the
air-blocking effect. The beta-particle deposition and lumines-
cence transmission situation were affected by the air gap be-
tween the beta source and the V-groove phosphor layer. For
the 63Ni source, which emits low-energy beta particles, the
negative effect of air blocking was stronger than that of
147Pm. Therefore, it can be seen from Figure 3 that the model
with a 63Ni source elicited a better performance in vacuo. It
is speculated that putting the battery into a vacuum will be
an efficient way to achieve a higher power output and en-
hance conversion efficiency for beta-radioluminescent nucle-
ar battery designs in the future.

Radioluminescence properties of phosphor layers

The planar structure and different V-groove phosphor layers
were prepared, as in the aforementioned simulation research.
Unless otherwise noted, these samples were used for all sub-
sequent tests. Radioluminescence, which is light emitted
from ZnS:Cu phosphors immediately upon beta-particle irra-
diation, was measured at room temperature by using an elec-
tron-multiplying charge-coupled device (EMCCD) under
4.83 mCi cm@2 for 63Ni and 1.36 mCi cm@2 for 147Pm beta-
plate sources. During the entire performance testing process,
the relative position of the beta sources and phosphor layers
was kept consistent in each combination. Radioluminescence
imaging and testing of different V-groove phosphor layers
were investigated, and some of the original images are
shown in Figure 4. As can be seen from the photographs of
the 63Ni planar structure, the outline of the circular beta-
plate source is clear and the luminescence is bright and vi-
brant.

Figure 5 shows the normalization of beta-radiolumines-
cence optical imaging counts of the phosphor layers. There is
a similarity with the trend of beta-particle energy deposited
into the ZnS:Cu phosphors. The total counts of the optical
imaging area of the phosphor layers decreased with increas-
ing angle q at a given height of phosphor layers. The total
counts are also decreasing with increasing height h for
a given angle. The trends were consistent with the theoretical
analysis; however, it exhibited a different effect on the
output performance when using two different sources, com-
pared with the simulation results. Although the beta-particle
average energy of the 147Pm source is larger than that of the
63Ni source, the activity density is much lower in comparison.
The particle emergent performance of the 147Pm source used
in this experiment was significantly attenuated compared
with the initial condition because of the very short half-life.
However, the optical properties of the planar structure of
the phosphor layers prepared with a beta-plate source offer
a significant improvement over other V-groove configura-
tions, through comparing the simulated and experimental re-
sults. The reason for the difference may be attributed to the
positive optical transmission performance, especially when

Figure 2. The beta-energy deposition is dependent on the configuration pa-
rameters of the V-groove phosphor layers.
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the thickness of the phosphor layer is similar to the penetra-
tion depth of beta particles in the phosphor materials.[4,13]

A calibrating system with customized 5.3“ integrating
spheres was used to measure the optical output from the

Figure 3. The beta-energy deposition percentage of beta particles deposited into the ZnS:Cu phosphors is dependent on the configuration parameters of the V-
groove phosphor layers under different circumstances: a) for Model A and 63Ni, b) for Model B and 63Ni, c) for Model A and 147Pm, and d) for Model B and
147Pm.

Figure 4. Photographs of different configurations of phosphor layers under ex-
citation by different beta sources.

Figure 5. Normalized beta-radioluminescence optical imaging counts for
phosphor layers with different configurations.
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samples under the same beta sources. Figure 6 shows the
layout of the experimental samples and testing equipment.
The radioluminescence luminous flux was measured for the
ZnS:Cu phosphor layers with different structures (Figure 7).

The luminous flux was increasing with decreasing angle q for
a given height, and it also increased with decreasing height h
at a constant angle; a result consistent with the Monte Carlo
simulation. The results indicate that greater energy deposi-
tion results in stronger radioluminescence light output within
limits for the V-groove phosphor layers with a similar optical
transmission mechanism. At the same time, an appropriate
V-shaped groove structure can effectively improve the depos-
ited energy per unit projected area, but the ability to im-
prove light transmission performance is finite, relative to the
conventional planar structure. Although the planar structure
with the 147Pm source deposited 2.6 times more energy as the
63Ni variant, the 63Ni source was about 3.55 times more active
than the 147Pm source. Similarly, for the same reasons, the ra-
dioluminescence properties of other structural phosphor
layers with a 63Ni source are generally superior to those
structures with a 147Pm source.

To assess the optical characterization, high-resolution radi-
oluminescence spectra of different configuration phosphor
layers were measured under excitation by the 4.83 mCi cm@2

63Ni and 1.36 mCi cm@2 147Pm beta sources (Figure 8). These

samples had different radioluminescence intensities, which
depended strongly on the type of beta source and geometric
structure of the phosphor layers used, as in the previous ex-
perimental results. For different combinations of beta source
and phosphor layer structures, the maximum emission wave-
length was always maintained at l&534 nm, and the shapes
of the radioluminescence spectra were similar. These results
indicated that the configuration parameters of the phosphor
layer influenced the optical output intensity, but had no in-
terfering effect on the emission wavelength and spectral
shape.

Electrical characteristics of beta-radioluminescent nuclear bat-
teries

High-performance GaAs single-junction photovoltaic devices
were used as energy-conversion units to absorb radiolumi-
nescence and to produce beta-radioluminescent nuclear bat-
teries. Radioluminescent nuclear batteries are typically char-
acterized through their electronic performance parameters
(such as short-circuit current (Isc), open-circuit voltage (Voc),
maximum output power (Pmax), and fill factor (FF)). At the
Isc and Voc points, the power will be zero and the maximum
power will occur between the two. The voltage and current
at this maximum power point are denoted as Imp and Vmp, re-
spectively. Pmax is calculated by using Equation (1).

Pmax ¼ IscVocFF ¼MAXðIVÞ ¼ ImpVmp ð1Þ

Figure 9 shows the change in Pmax for different phosphor
layer structures, as extracted from the measured current–
voltage characteristic curves. The trends were similar to the
radioluminescence optical performance test results: Pmax in-
creased as the angle q or height h decreased, when another
parameter remained the same. Based on the energy-conver-
sion mechanism of the radioluminescent nuclear battery, it
could be seen that, although the material type and effective
action area of the photovoltaic device were identified and
kept constant, the received luminescence became the key de-
terminant. Herein, the maximum emission wavelength and
spectral shape of the radioluminescence were almost con-
stant. Therefore, the electrical output performance largely
depends upon the radioluminescence intensity. The experi-
mental results are in accordance with theoretical expecta-
tions.

The energy-conversion efficiency, h, of the beta-radiolumi-
nescent nuclear battery was determined as the fraction of
beta particles emitted at power Psource that was eventually
converted into electrical power [Eq. (2)]:

h ¼ Pmax

Psource
¼ ImpVmp

AEb

¼ hbhRLhTRhPV ð2Þ

in which A is the source activity and Eb is the average energy
of the beta source. Likewise, h is also reflected by the
energy-transfer efficiency at each stage, in which hb, hRL, hTR,

Figure 6. Radioluminescence luminous flux experimental test equipment.

Figure 7. Radioluminescence luminous flux for phosphor layers with different
configurations.
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and hPV represent the conversion efficiency of beta-particle
decay energy into useful energy deposition of the phosphor
layer, the radioluminescence efficiency of beta-particle-de-
posited energy into luminescent energy, the transport effi-
ciency of luminescence intensity from the phosphor layer to
the surface of the GaAs photovoltaic device, and the photo-
electric efficiency of the GaAs photovoltaic device, respec-
tively.[14] The h values of the beta-radioluminescent nuclear
batteries with different configurations of phosphor layers
were calculated (Figure 10). The regularity of the changes re-
ported herein, measured with various combinations, were
consistent with the above results. The energy-conversion effi-
ciency, h, of the planar phosphor layer structure was also
measured for the previously mentioned 63Ni source at 0.46 %
and for the 147Pm source at 0.038 %. If considering the actual
energy-deposition situation, the effective h values will be
higher. The energy-conversion process is influenced by vari-
ous factors, including radiant particle release, luminescent
transition, and charge collection efficiency.[15, 16]

Figure 8. Normalized radioluminescence intensity of ZnS:Cu phosphor layers with different configurations under excitation by 4.83 mCi cm@2 63Ni and
1.36 mCicm@2 147Pm beta sources.

Figure 9. Maximum output power of beta-radioluminescent nuclear batteries
with different configurations of phosphor layers.
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In summary, the configuration parameters of the phosphor
layers affect the output performance of beta-radiolumines-
cent nuclear batteries. Therefore, designing a phosphor layer
with suitable geometric parameters is an effective way to in-
crease beta-particle deposition energy and improve the trans-
mission of the emitted luminescence, especially when the ma-
terials used in the beta-radioluminescent nuclear battery are
selected. In addition, as seen from the contrast between
Models A and B (see Figures 9 and 10), the difference
caused by the alignment of beta-plate sources and phosphor
layers is apparent, so it is worthy of attention in the actual
design process of this type of nuclear battery.

Relationship between deposited energy, radioluminescent inten-
sity, and electrical performance

According to the theoretical simulation, and the radiolumi-
nescence and electrical performance test results, the structure
of the phosphor layer was a crucial influencing factor. Fur-

ther analysis of the results showed that those performance
parameters may have an intrinsic relationship between them.
The relationships between, and among, the beta-particle
energy deposited into the ZnS:Cu phosphors, Edep ; the radio-
luminescence luminous flux, frad ; and the maximum output
power, Pmax, were correctly handled, as shown in Figure 11.
The value of Pmax of beta-radioluminescent nuclear batteries
increased with increasing deposition energy, Edep, and in-
creased with increasing radioluminescence luminous flux,
frad. The significantly linear relationship between Pmax and
Edep, and Pmax versus frad was achieved for four different
combinations. The comparative analysis indicates that the in-
itial MCNP5 simulation and optical measurement results can
serve as a reliable predictor for reflecting the electrical
output performance of the beta-radioluminescent nuclear
batteries in future research.

Conclusions

The structural effect of the phosphor layer in a beta-radiolu-
minescent nuclear battery has been investigated by theoreti-
cal simulations and experiments. The beta-particle deposited
energy in ZnS:Cu phosphors for different structural systems
was calculated and indicated that the deposition energy in-
creased as the angle q of the phosphor layer decreased, when
the height h remained at a fixed value, and vice versa.
Through optimization of configuration parameters, the V-
groove phosphor layers can deposit more radiant energy
than a conventional planar structure. In addition, the simula-
tion showed that the energy deposition effect was improved,
if the entire nuclear battery was placed in vacuo. A compari-
son between the two extreme alignments of the beta-plate
source and phosphor layer revealed that the relative offset of
both might also affect the output performance.

The radioluminescence optical imaging, radioluminescence
optical properties, and current–voltage characteristic curves
under excitation by the 63Ni and 147Pm beta-plate sources
have also been used to measure the optical and electrical
properties. The experimental values were shown to follow
a similar trend to that of the calculated results. The absolute

Figure 10. Energy conversion efficiency of beta-radioluminescent nuclear bat-
teries with different configurations of phosphor layers.

Figure 11. Plots of a) Pmax versus Edep and b) Pmax versus frad for phosphor layers with different configurations.
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radioluminescent intensity and maximum output power of
the combination with a 63Ni source were greater than that of
the combination with a 147Pm source, which were related to
the higher activity density. Although the excitation source
and phosphor layer structure changed, the maximum emis-
sion wavelength and shapes of the radioluminescence spectra
remained unchanged. Additionally, the deposition energy in
the phosphors, the radioluminescence luminous flux, and the
maximum output power all changed with similar tendencies
to the configuration parameters of the phosphor layers. A
linear relationship was found between the maximum output
power and the deposition energy in the phosphors, as well as
the radioluminescence luminous flux.

In summary, the results of simulations and experiments
substantiate the feasibility of choosing optimized structural
parameters to improve the output performance. According
to all of the reported test results with 147Pm as the irradiation
source, the radioluminescence luminous flux of the optimum
V-groove configuration was 2.74 times greater than that of
the planar structure phosphor layer; furthermore, the maxi-
mum output power was 2.46 times higher than that of the
planar structure. Thus, it cannot be thought of in such a sim-
plistic way that the ultimate output performance of the opti-
mized V-groove phosphor layers will definitely outperform
the planar structure. During the design process of such types
of nuclear batteries, each phase of energy exchange and con-
version should be considered, such as the power deposition
region of beta particles, the radioluminescence optical losses,
the self-absorption effect, and proper coupling between the
main components of the beta-radioluminescent nuclear bat-
tery.

Experimental Section

Optical property measurements

Radioluminescence was imaged by using an EMCCD camera
(Andor iXon Ultra 888, USA) equipped with a Canon EF 24–
70 mm f/2.8L II USM zoom lens. The integration time for all
images was 30 s, the camera lens was Ø 82 mm, and the image
resolution was 1024 X 1024 active pixels. The raw images were
processed by subtracting a background image obtained under the
same lighting conditions, but with the beta source removed. The
camera was remotely controlled from outside the test chamber
by a PC and a 20 m USB 3.0 extension cable. All light sources in
the room were either turned off or blocked by a black sheet
during the experiments. The reproducibility was tested by record-
ing three consecutive images for each measurement and then cal-
culating the standard deviation of each test result. The camera
lens was mounted on a fixed bracket and placed at 08, with re-
spect to the incident radioluminescence, approximately 30 cm
from the phosphor layers. The central position between the lens
and phosphor layers was always consistent during each optical
performance test. The camera and some test samples are shown
in Figure 12.

The absolute intensity of the ZnS:Cu phosphor layers were char-
acterized by using the Labsphere custom system and
a Model 6514 system electrometer. The Labsphere custom light
measurement system (CSTM-LMS-053-SL, USA) was composed

of a custom 5.3“ spectralon sphere assembly, silicon detector
(SCC-PM-SI), a TE-cooled detector controller (SDA-050-P-
RTA-CX), a calibration lamp (LAB-SCL-050), and a power
supply. The high-resolution radioluminescence spectra of the
ZnS:Cu phosphor layers were measured on a Cary Eclipse lumi-
nescence spectrophotometer (Agilent Technologies G9800a, Ma-
laysia), in which 63Ni and 147Pm were used separately as the sour-
ces and operated in bio-/chemiluminescence test modes.

Electrical property measurements

The current–voltage curve was measured on a dual-channel
system source meter instrument (Keithley 2636A, USA), which
provided valuable information about the I–V characteristics of
beta-radioluminescent nuclear batteries.

All optical and electrical property tests were shielded from light
and electromagnetic interference, and performed under identical
room-temperature conditions. The method of multiple measure-
ments and averaging was applied to ameliorate the effects of ex-
perimental error.
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