NUCL SCI TECH (2019) 30:40
https://doi.org/10.1007/s41365-019-0568-4

CrossMark

@

Designing a nuclear battery based on the Mo-99 radioactive
source soluble in water and aqua regia in order to use in early

tests

Zohreh Movahedian' - Hossein Tavakoli-Anbaran’

Received: 29 June 2018/Revised: 9 August 2018/ Accepted: 10 August 2018/ Published online: 12 February 2019
© China Science Publishing & Media Ltd. (Science Press), Shanghai Institute of Applied Physics, the Chinese Academy of Sciences, Chinese

Nuclear Society and Springer Nature Singapore Pte Ltd. 2019

Abstract Today, millions of electrocommunication, elec-
tric, medical, and industrial devices use battery. Batteries
with long life and high energy density seem to be essential
in medical, military, oil and mining, aerospace areas as
well as conditions in which access is difficult and in situa-
tions where replacement or recharging of battery is costly.
In this regard, the use of radiation energy resulting from
radioactive materials and its conversion to electric energy
can be effective in making batteries. In the present study,
various Mo-99 radioisotope values with a half-life of
65.98 h were used as a soluble radioactive source in two
materials of water and aqua regia. Then, by comparing the
results of the Monte Carlo simulations program MCNPX
for these two solutions, it was found that when the water is
used instead of aqua regia (for idealization), the values of
the superficial current of electrons, the volumetric flux of
electrons, and the deposited energy in the volume con-
taining the radioactive solution increased by 10.80, 4.10,
and 13.80%, respectively. Also, the short-circuit current
and energy conversion efficiency of this battery with a
concentration of 0.01 molar, Mo-99 dissolved in the aqua
regia are 0.79 pA and 16.47%, respectively.
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1 Introduction

Batteries are considered as one of the most important
human inventions. Among the advantages of nuclear
exchangers are their high energy density and durability [1].
The attempts for prolonging the lifetime and power density
of a nuclear exchanger began in the early 1900s after the
discovery of radiation, which has been continuing into the
present [2]. First, batteries were only considered as a
portable source. However, today millions of electrocom-
munication, medical, and industrial devices have to use
batteries. Furthermore, lightweight and not very costly
batteries especially in electronic pieces are felt needed with
difficult accessibility conditions and nondischargeability
[3].

Generally, in cases when we seek to enhance the life-
time of a battery or when the charging and replacement of
batteries are difficult, nuclear exchangers are a very good
option.

The electric energy of a nuclear battery is supplied by
the decay energy of radioactive materials under a suit-
able conversion process. In designing a nuclear battery,
selection of a proper and practical radioisotope plays a
significant role. The output power of a battery, considering
the area for which it is used, is an important factor in
selecting a radioactive source. Other factors including
accessibility and conservation are also important.

Radioisotopes should not generate large amounts of
gamma ray, neutron radiation, or penetrating radiation. On
the other hand, their half-life should be long enough to
supply a relatively uniform energy for a logical period of
time.
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Theoretically, any type of radiation (alpha, beta,
gamma, and X-ray) can cause energy generation. However,
beta-emitting radioisotopes are more widely used [4, 5].

There are several suitable beta emitters which are listed
in Table 1.

The purpose of the present work is to design a nuclear
battery with high energy density. The radioactive source
used in this battery is soluble in water and aqua regia. In
this regard, the Mo-99 radioisotope was used with a half-
life of 65.98 h. For various values of the Mo-99 radioiso-
tope, the superficial current of electrons, the volumetric
flux of electrons, and the deposited energy in the active
volume of the battery are obtained in two solutions of water
and aqua regia by the Monte Carlo method.

2 Materials and methods
2.1 Mo-99
Mo-99 is produced by neutron capture during the *°U(n,

f)99M0 reaction in reactors. Its half-life is 65.98 h [11]. Table 2
shows the most important beta radiations of Mo-99.

Table 2 The most important beta radiations for Mo-99 [12]

Maximum energy (MeV) Probability x 100

158.9 0.0021
185.6 0.0019
2159 0.111
228.7 0.021
353.7 0.146
437.2 16.4
686.3 0.057
848.7 1.16
1215.1 82.2

13 5 aZRW(41 —26y)
L(Z,W) = 1 + & (a2) S TP T

_ aZRy(17 — 2y) 3)
30W(2y—1) (

The parameter C (Z, W) is the weak interaction finite-size
effect [16].

C(Z,W) =1+ Cy+ CiW + W2, (4)
2.2 Calculating the final continuous beta spectrum where
of Mo-99 233 WoR)? 2
Co = ——(ocZ)z—( oR) + — WoRaZ,
The probability density is calculated for each of the nine 630 5 35
. . . . 21 4 5
lines of beta energy with using the golden rule of Fermi C| = ——RoZ +-WyR*,
(Eq. 1) and the computer code in Fortran language [13] ZS 9
)
AW)AW = const(Wo — W) pWF(Z, W)C(z, W)aw, (1) 2= k"
where W = m’jféz =1+ mf}; and W, = 2@:, =1+ ;eon:z Then, the graphs of each of the nine lines were plotted.
) ) ) Figure 1, respectively, from top to bottom, shows the
The parameter F* (Z, W) is the Fermi function [14]. energy lines 0.3537, 0.2287, 0.2159, 0.1856, and
20-1) | (y+ ,‘,1)|2 0.1589 MeV. Figure 2 represents the energy lines 1.2151,
F(Z,W) = 4L(Z, W) (2RV w2 — 1) e T30 0.8487, 0.6863, and 0.4372 MeV.
(2 + 1) ; ) . :
) Equation (5) is used to obtain the final continuous beta
(2) spectrum of Mo-99 [17].
where 1 = 4+ ZaW/VW?2 — 1 for /B decays, « is the Jr = Zl'i' (5)
fine structure constant, and y = /1 — (aZ)>. =l
The function L (Z, W) is defined by Eq. (3) [15]. The parameter /; is the energy intensity for each.
Table 1 Characteristics of - . . - . -
suitable beta emitters Nuclide Half-life Activity (Ci/g) Maximum energy (keV) Mean energy (keV) Refs.
*H 12.3 years 9664 18.6 5.7 [6]
47pm 2.6 years 800 225 73 [7,21]
205r 28.8 years 116 546 196 (8, 21]
S3Ni 100 years 57 65.9 17 [9, 21]
Mo 65.9 h 486,486 12143 389 [10]
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Fig. 1 Probability density plotted versus energy for beta lines 0.3537,
0.2287, 0.2159, 0.1856, and 0.1589 MeV using a Fortran code (Color
online)
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Fig. 2 Probability density plotted versus energy for beta lines 1.2151,
0.8487, 0.6863, and 0.4372 MeV using a Fortran code (Color online)

The final continuous beta spectrum of Mo-99 is shown
in Fig. 3.

2.3 Monte Carlo simulation

The MCNP Monte Carlo code has been used to deter-
mine the amount of radioisotope radiation flux in different
regions of material. In Sect. 2.2, the final continuous beta
spectrum of Mo-99 was calculated which used this spec-
trum to define the source in the MCNPX code.

The studied geometry is demonstrated in Fig. 4. In this
structure, the device includes a radioactive solution, loca-
ted between two metal cylinders. The diameter of the
internal cylinder is 0.05 cm and its height is 0.2 cm,
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Fig. 3 Final continuous beta spectrum of Mo-99, which consists of
nine energy lines of beta

starting from 0.011 cm in the point of origin along z axis
direction. The cylinder diameter is 0.25 cm, the body
thickness is 0.01 c¢m, and it is made of titanium. Figure 4a
is a two-dimensional view, and Fig. 4b is a three-dimen-
sional view of the nuclear battery studied.

According to Fig. 4b, the particle from the radioactive
solution collides with atoms and other molecules to create
negative and positive ions, which move to opposite elec-
trodes and generate current.

In the nuclear battery studied by simulation, the material
environment is designed in such a way that in addition to
the electrons emitted from the radioactive solution, the
secondary electrons produced by the interaction of beta
particles with this environment also reach the positive
electrode, and this will increase the current.

So in this battery, the current generated is due to two
sources:

1. Electrons emitted from the radioactive solution.

2. Secondary electrons produced by the interaction of
beta particles (electrons) with the material
environment.

First, different values of the Mo-99 radioisotope were
considered as soluble in water and aqua regia. Aqua regia
is an acid which dissolves all metals except for titanium,
iridium, tantalum, and osmium. Then, the superficial cur-
rent of electrons, the volumetric flux of electrons, and the
deposited energy in the volume containing the radioactive
solution are obtained. Since the results obtained from the
MCNPX code are for a particle, in each step the activity of
the source is multiplied in the results. When the Mo-99
radioisotope is considered to be soluble in water and aqua
regia at concentrations of 0.1, 0.01, 0.001, and 0.0001 M,
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Fig. 4 a Two-dimensional
view of the nuclear battery,

b three-dimensional view of the
nuclear battery (Color online)

0.01cm
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(a)

the activity of radioactive solution in this battery is 183,
17.70, 1.85, and 0.185 Ci, respectively.

Based on Fig. 5, due to an increased number of inter-
actions, the area under the curve related to the Mo-99 aqua
regia solution is lower than that of Mo-99 that is assumed
as water-soluble. To determine the magnitude of this dif-
ference, we calculated the relative difference in each stage.
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Further, for more accurate investigation, we plotted all of
the four diagrams on a single diagram, as shown in Fig. 6.

According to Fig. 6, the use of water instead of aqua
regia increases the superficial current of electrons by at
least 9.4% and a maximum of 13.6%.

In each part of Fig. 5, the area under the curve repre-
sents the total current in each state. By obtaining this area
and Eq. (6), the relative difference of the superficial current
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Fig. 5 Comparison of the superficial current of electrons in two solutions of water and aqua regia. The concentration of Mo-99 in the forms a, b,

cand d is 0.1, 0.01, 0.001, and 0.0001 M, respectively (Color online)
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Fig. 6 Comparison of relative difference of the superficial current of
electrons in two solutions of water and aqua regia. The concentration
of Mo-99 in the a, b, ¢ and d is 0.1, 0.01, 0.001, and 0.0001 M,
respectively (Color online)

of electrons is calculated for various concentrations of Mo-
99

D:(l)wi(tba’ (6)

ba
where ¢,, and ¢, are the superficial current of electrons in
two solutions of water and aqua regia with different con-
centrations of Mo-99, respectively. D is the relative dif-
ference between these two states.

Based on the values in Table 3, the relative difference in
the superficial current of electrons in each state is about
10.8% relative to the other state.

Also, the same stages were taken for the volumetric flux
of electrons and the deposited energy in the volume con-
taining the radioactive solution. The results are shown in
Figs. 7 and 8.

Then, the relative difference was calculated to determine
the exact amount of the differences in each of the cases in

a—d in Figs. 7 and 8. Furthermore, for more accurate
investigation, data plotted from all of the four diagrams
were placed on a single diagram. The calculation results
are shown in Figs. 9 and 10.

According to Figs. 9 and 10, whenever water is used
instead of aqua regia, the values of the volumetric flux of
electrons and the deposited energy in the volume contain-
ing the radioactive solution increased at least 2.50%,
12.40% with a maximum of 29.50%, 42.7%, respectively.

In each part of Figs. 7 and 8, the area under the curve
represents the total of the volumetric flux of electrons and
the total of the deposited energy in the volume containing
the radioactive solution in each state, respectively. By
obtaining this area and Egs. (7) and (8), the relative dif-
ference of the volumetric flux of electrons and the depos-
ited energy inside the active battery volume is calculated
for various concentrations of Mo-99 in two solutions of
water and aqua regia

bi— ¢

G= s

(7)

(8)

where ¢; is the volumetric flux of electrons in the solution
of water with different concentrations of Mo-99; d)j is the
volumetric flux of electrons in the solution of aqua regia
with different concentrations of Mo-99; D,, is the deposited
energy in the solution of water with different concentra-
tions of M0-99; D, is the deposited energy in the solution
of aqua regia with different concentrations of Mo-99.

Also, G is the relative difference of the volumetric flux
of electrons and J is the relative difference of the deposited
energy inside the active battery volume in two solutions of
water and aqua regia for various concentrations of Mo-99.

According to the results in Table 4, the relative differ-
ences in the volumetric flux of electrons and the deposited
energy inside the active battery volume in each state are
about 4.10% and 13.80% relative to the other state,
respectively.

Table 3 Calculations of the

. . Concentration of M0-99 Solvent Total of the superficial current D (%)
relative difference of the
. to mol of electrons
superficial current of electrons
in two sglutionshof water and 0.1 Water 4.763E+12 10.95
aqua regia for different .
concentrations of Mo-99 0.1 Aqua regia 4.293E+12
0.01 Water 4.627E+11 10.88
0.01 Aqua regia 4.173E+11
0.001 Water 4.856E+10 10.84
0.001 Aqua regia 4.381E+10
0.0001 Water 4.857E+9 10.87
0.0001 Aqua regia 4.381E+9
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Fig. 7 Comparison of the volumetric flux of electrons in two solutions of water and aqua regia. The concentration of Mo-99 in the forms a, b,

cand d is 0.1, 0.01, 0.001, and 0.0001 M, respectively

The short-circuit current of this battery for various
concentrations of Mo-99 is given in Table 5.

By observing the results in Table 5, the relative differ-
ence of the short-circuit current is about 10.80% between
the state when aqua regia was used and the case when the
solvent was assumed as water.

Also, with the use of Eq. (9), energy conversion effi-
ciency of this nuclear battery is calculated for various
concentrations of *Mo, as shown in Table 6 [18].

P 2 I
n :P— x 100% :%

RD Eavg

x 100% 9)

In this equation, Py, is the maximum output power, Prp is
the power of radioactive decay, Upc is the open-circuit
voltage, Isc is the short-circuit current, A is the radioactive
material activity in Becquerel, and &,,, is the average
energy of emitted radioactive particles in Joules [19].

(10)

Uoe = Isc X Rieax-

@ Springer

This dependence Rj.,x in Ohm versus inter-electrode
distance in millimeters can be approximated with suit-
able accuracy by the equation below [20].

Rica = 1.025 x 102 x %%, (11)

Here, d is the distance between the two electrodes.

3 Conclusion

Based on Figs. 5, 7 and 8, which relate to the superficial
current of electrons, the volumetric flux of electrons, and
the deposited energy in the volume containing the
radioactive solution, the use of water instead of aqua regia
increased 10.80%, 4.10%, and 13.80% in each case,
respectively.

Also, the short-circuit current increased by 10.80%
when the solvent is water. Therefore, in nuclear batteries
with liquid radioactive material, it is possible to use water
instead of aqua regia for initialization and initial



Designing a nuclear battery based on the Mo-99 radioactive source soluble in water and aqua...

Page 7 0of 9 40

(a)

1.00E+013 ~

8.00E+012

Vig)

6.00E+012 4

4.00E+012 <

Deposit energy (Me

2.00E+012 A

0.00E+000

—a— water
—=— aqua regia

0.0

(c)

9.00E+010
8.00E+010
7.00E+010
6.00E+010
5.00E+010
4.00E+010

3.00E+010

Deposit energy (MeV/g)

2.00E+010

1.00E+010

0.00E+000

02

T T
0.4 0.6
Energy(MeV)

—a— water

—<+— aqua regia

0.0

0.2

1.0 12 14

T

T T T
0.4 06 0.8

Energy(MeV)

(b)

8.00E+011 ~

—e— water
—+— aqua regia

6.00E+011

4.00E+011

Deposit energy (MeV/g)

2.00E+011 |

0.00E+000

T T
0.2 0.4 086 0.8

Energy(MeV)

0.0

(d)

9.00E+009 -

| —e— water
| —— aqua regia

8.00E+009 -

7.00E+009 -

6.00E+009 -

5.00E+009 -

4.00E+009 1

Deposit energy (MeV/g)

3.00E+009 A

2.00E+009

1.00E+009 1

T

1.2

14

T

1.0

0.00E+000 ¥ T T T

T T
2.0 0.2 0.4 06 08

Energy(MeV)

Fig. 8 Comparison of the deposited energy inside the active battery volume in two solutions of water and aqua regia. The concentration of Mo-
99 in the forms a, b, ¢ and d is 0.1, 0.01, 0.001, and 0.0001 M, respectively
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Fig. 9 Comparison of the relative difference of the volumetric flux of
electrons in two solutions of water and aqua regia. The concentration
of Mo0-99 in the a, b, ¢ and d is 0.1, 0.01, 0.001, and 0.0001 M,
respectively (Color online)
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Fig. 10 Comparison of the relative difference of the deposited
energy inside the active battery volume in two solutions of water and
aqua regia. The concentration of Mo-99 in the a, b, ¢ and d is 0.1,
0.01, 0.001, and 0.0001 M, respectively (Color online)
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Table 4 Calculation of the relative difference of the volumetric flux of electrons and the deposited energy inside the active battery volume in
two solutions of water and aqua regia for different concentrations of Mo-99

Concentration of Solvent Total of the volumetric Total of the G (%) J (%)
Mo-99 to mol flux of electrons deposited energy

0.1 Water 1.988E+11 5.245E+11 4.074 13.824
0.1 Aqua regia 1.907E+11 4.608E+11

0.01 Water 1.922E+10 5.091E+10 4.173 13.791
0.01 Aqua regia 1.845E+10 4.474E+10

0.001 Water 2.016E+09 5.342E+09 4.132 13.781
0.001 Aqua regia 1.936E+09 4.695E+09

0.0001 Water 2.016E+08 5.342E+08 4.132 13.781
0.0001 Aqua regia 1.936E+08 4.695E+08

Table 5 Calculation of the short-circuit current of the nuclear battery in two solutions of water and aqua regia for different concentrations of
Mo-99

Concentration of Mo0-99 to mol 0.1 0.01 0.01 0.001
Short-circuit current (water solvent) (LA) 7.621E-01 7.403E—-02 7.770E—03 7.771E-04
Short-circuit current (aqua regia solvent) (LA) 6.869E—01 6.677E—02 7.010E—-03 7.010E—04
Relative difference of the short-circuit current (%) 10.95 10.87 10.84 10.86

Table 6 Calculation of the energy conversion efficiency of the nuclear battery in two solutions of water and aqua regia for different con-
centrations of *’Mo

Concentration of *Mo to mol 0.1 0.01 0.01 0.001

The efficiency of the nuclear battery (water solvent) (%) 2.028E+01 1.978 2.085E—01 2.086E—02

The efficiency of the nuclear battery (aqua regia solvent) (%) 1.647E+01 1.609 1.697E—01 1.697E—-02

experiments. But, the correction factor must be taken into 4. C. Honsberg, A. Doolittle, M. Allen, et al., GaN betavoltaic

account in the obtained results. In the present work, the energy converters, Paper Presented at the Thirty-first IEEE
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