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Abstract - The present communication deals with the evaluation of the
cumulative energy produced by the sequential a- or a- and B -decay
processes of 2°U, ***Th, and **°Ra isotopes, ending in the p~-decaying *'*Pb
or *'°Pb isotopes, and by the f~ of **’Ac, which ends in the *''Pb isotope.
The obtained results evidence that the overall decay chains greatly
contribute to total specific power and total specific energy released by these
radioactive sources. The actual maximum power as well as the total
specific energy available at selected times are found from two to four
times higher than those expected when, as usual, only the parent-to-
daughter decay of >*U, ***Th, ***Ra and **’Ac are taken into consideration.
The present analysis enabled to underline the rather complex trends of both
total specific power and total specific energy as a function of elapsed time.
It has been also evidenced that the decay processes initiated by the alpha-
emitting *°U, ***Th, ***Ra and by the beta-emitting **’Ac isotopes occur
actually by the sequential emission of different kinds of radiations. These
concepts contribute to establish the physical viability of such nuclides for
the powering of nuclear batteries and have significant implications on the
technology of such devices.
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1. Introduction

A long working life and the ability to operate under a range of extreme
environmental conditions make the nuclear batteries appropriate systems to
electrical power generation in applications for which long-lasting, highly
reliable power sources are critical. In this context the nuclear batteries,
firstly developed in the 1950’s, have demonstrated their suitability to
support a range of deep space and planetary missions (see for example:
(Cataldo and Bennett, 2011; Ambrosi et al., 2019; Ambrosi et al., 2021;
Bushell et al., 2021), as well as various terrestrial applications, such as
medical devices (Parsonnet ef al, 2006), remote scientific installations
(Grigoriev et al., 2019) and smoke detectors (Ayodele ef al., 2019).

The practical applications of radioisotopes in devices that convert the
energy generated from radioactive decays into electrical power (from here
on indicated for brevity as radioactivity-to-power conversion) depend on
many factors, either technical or physical. Of these two topics, the first is
the most extensively tackled. It must be considered indeed that the several
types of nuclear batteries up to now proposed operate on the basis of
different direct and indirect conversion mechanisms, broadly categorized as
thermal and radio-voltaic (Terranova 2022). The need to adapt the structure
of the device to the way by which the energy released by a specific
radioactive decay is captured and converted in electrical power, explains
the existence of a variety of both thermoelectrical and radio-voltaic
batteries.

The task to optimize the technical parameters effective for increasing
the radioactivity-into-power conversion efficiency is widely addressed,
mainly by tailoring innovative converter materials, engineering their
structural organization and testing new device architectures (Prelas et al.,
2014; Terranova, 2022). Conversely, fewer researchers are aimed at
studying the physical factors that not only determine the ability to power a
nuclear battery, but represent the ultimate limit of its functionality (Tavares
and Terranova, 2023).

The fundamental physical factors we are talking are about the type of
decay, radiation energy and half-life of the radionuclide under study.
Therefore, the identification of radioisotopes best suited to efficiently
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power nuclear batteries is presently one of the main topics to be addressed
by researchers working in the field of applied nuclear physics (Dustin and
Borrelli, 2021).

The present communication deals with the physical viability of nuclear
batteries whose power source comes from the average total nuclear energy
released by the sequential a- or a- and f -decay processes starting from the
a-decaying **U, ***Th, and **°Ra parent isotopes, ending in the p-decaying
*1’Pb and *'°Pb isotopes, and from the p-decaying **’Ac ending in the *''Pb
isotope, viz.,

232U(a)—> 228Th((x)_) 224Ra(a)—> 220Rn(oc)—> 216P0((x)_) 212py,, (1)
228Th( ) — 224Ra( 0)—> 220Rn( o) — 216p o(0)—> 212py, )
26p a( oc)—>222Rn( a)_)218P o a)—>214Pb(B_)—>214B i(B_)_’zMP o a)_)lePb, 3)

227AC(B_)—>227Th((1)—> 223Ra((l)—) 219Rn(0c)—> 215P0(a)_) 211Pb. (4)

Except for the **U parent nucleus, all radioisotope members of the

above four decay chains belong to the natural *°U, *°U, and **Th
radioactive decay series. As can be noted not only the parent and daughter
radionuclides, but also the three, four or five descendant radioisotopes of
decay chains (1)— (4), produce power and energy from their decays and
therefore contribute to total specific power and energy generated in nuclear
batteries based on those parent radionuclides.

To determine the total nuclear energy released by >°U, ***Th, ***Ra and
*TAc parent nuclei by their successive a- and/or p-decays, we have
evaluated the total specific nuclear power, Pr(¢), and the total, cumulative
specific nuclear energy, Et1(¢) (both time-dependent quantities) available at
the end of the four chains. This is possible for all the decay chains because
the half-life values of the radioisotopes of each chain are progressively
decreasing. The only exception is for the pair *'*Po(o) — *"*Pb(B") in the
*°Ra decay chain, but the ratio of their half-lives is a little less than nine.

It is worth mentioning that the final *'*Pb radioisotope does not
contribute at all to specific total power generated by the a-active chains (1)
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and (2) because its half-life (7},) is ~ 2.6 x 10° times longer than its
precedent a-emitting *'°Po. At the same time, the average total energy
produced per B -decay of *'*Pb is about eighteen times less than the average
total particle energies emitted by all a-active nuclides of chains (1) and (2)

(see Table 1).

The same happens with *'°Pb and *''Pb isotopes, which end the chains
(3) and (4), respectively. Their half-lives are ~ 4.3 x 10'* and ~ 1.2 x 10°
times longer than their respective parents >'*Po and *’Po isotopes. Finally,
the average total energy produced per p -decay of *'°Pb is ~ 170 times less
than the energy of the a-particle emitted by its parent *'*Po isotope. This
factor drops to ~15 in the case of **Po(a) — *''Pb(B") (see Tables 2 and 3).

2. Total specific power available and total specific energy generated

The basic assumption to obtain the total specific power, Pr(¢), and the
total specific energy, Er(¢), released by the radioactive sequences (1)—(4)
was to start from 1g of an isotopically pure parent radionuclide with mass
number A. The law of successive radioactive decay (Bateman, 1910;
Kaplan, 1962) allows one to determine the number of each radioisotope,
Ni(t) 1=1, 2, ..., n), produced along a chain at any time ¢ (n is the number
of members of the chain). The initial conditions (¢ = 0) are thus N;(0) = Ny
=~NM, the number of nuclides contained in 1g of pure parent radionuclide,
and N;(0) = 0 for i > 1. Here, n= 6.022 x 10> is Avogadro’s constant, and
M = A is the atomic mass of the parent radioelement expressed in g. Ni(7)-
values can be obtained from the general expression

Ni(H) = Nofi(t), 1=1,2,...,n (5)
with
[fi(H)= exp(—411)/Ci; + exp(—at)/Cip + exp(—430)/Cis + ... + exp(—4it)/C;;  (6)
in which the 4 ’s represent the respective decay constants, C;; = 1, and

(GG G L+ CiT =0, 1=2,3,..,n (7)
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Denoting by 7; (i = 1, 2, ..., 6) the half-life-values of radionuclides of
chains (1)—(4), and by using 4; = (In2)/T;, the expressions for the
dimensionless constant C’s in (6, 7) have been evaluated directly from the
general solution of Bateman’s system of equations that gives the number of

active nuclear species with time in a radioactive decay chain (Bateman,
1910):

Cu=T/T1- 1, Cn=-Cy (8)
G =(1=-T/T)TVT5 - 1); Co == Cu(To/T3- 1); Ci3 = (T/T5 — I(T2/T5- 1) 9)
C41 = (1— Tz/T])(l— T3/T1)(T1/T4— 1), C42 =—C21(1— T3/T2)(T2/T4— 1) (IOa)

C43 = (T]/Tg— 1)(T2/T3— 1)(T3/T4— 1), C44=—(T1/T4— 1)(T2/T4— 1)(T3/T4— 1) (10b)

Cs1 = (1- To/T))(1- T5/T))(1— Ty T\ )(T1/Ts — 1) (11a)
Cso=— Coi(1- T5/To)(1- T/ To)(To/Ts — 1) (11b)
Cs3 = (T1/Ts — 1)(To/Ts — 1)(1— T/ Ts)(T5/Ts — 1) (1lc)
Cs4=— (T1/ Ty — 1)(To/ Ty — 1)(T5/Ty— 1)(To/T5 — 1) (11d)
Css = (Ty/Ts — ))(To/Ts — 1)(T3/Ts — 1)(Tw/Ts — 1) (1le)
Co1 = (1= T/Ty) (1= T5/Ty) (1- Ty Ty)(1— Ts/T1)(T1/Ts — 1) (12a)
Csz = - Car(1= T/ T) (1= Ty To)(1= T/ T)(To/ Ts— 1) (125)
C63 = (T1/T3 — 1)(T2/T3 - 1)(1_ T4/T3)(1_ TS/T3)(T3/T6 - 1) (12C)
Cos = — (T To—\)(To/ Ts — 1)(T5/ Ty — 1)(1— Ts/Tu)(T/Ts — 1) (12d)
Cos = (T/Ts = )(To/Ts = )(T3/Ts = 1)(T/ Ts = 1)(Ts/ T — 1) (12¢)
Cos == (T1/Ts= 1)(To/Ts = )(T5/ Ts = )T/ Ts = 1)(T5/Ts — 1). (129)

The initial (¢ = 0) activity of a pure radioisotope of atomic mass A
(expressed in g) and half-life 7' (expressed in annum) is defined by

AO:A.NO:WX_.N’ (133)

where 1 = (In2)/T is the decay constant, /= 3.1557 x 10’ is the annum —
second conversion factor, and Ny = ~ /A 1s the number of radionuclides

contained initially in m, = 1g of the active material. Therefore, it results

1323 x10%

Ay=—"———TBq, (13b)

noting that 1TBq = 10"> Bq, and 1 Bq = 1 dps (disintegration per second).
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The specific activity of each member of a radioactive chain is given by

fl()

4; () =1.323%x10" - - TBq/g, (13c)

and the total specific activity at a time ¢ is evaluated as

1.323 x 10% ¥ £i(®)

(0 == TBy/g, (14)

i
where 4, is the mass number of the parent radioisotope, 7; (1 =1, 2, ..., n)
is the half-life (expressed in a) of each member of the radioactive chain,

and » is the number of radioisotopes of the chain.

To obtain the specific power available for each radioisotope of a chain,
Pi(?), it suffices to introduce the factor £;-F into formulas (13, 14), where
E,=E,p + E, (expressed in MeV) is the average total energy released per
decay, i.e., the average energy carried out by the o- or B -particle, E,p,
plus the average energy of the accompanying y-rays, E,, and F = 1.6022 x
107" is the MeV — J conversion factor. Therefore, one has

2120 Si©OE;

l
W/g, 15
R (15)

P.(r)=

and the total specific power made available by a radioactive chain results

T -

PT(t)z%ZDO-ZL:EiW/g. (16)

Finally, the average total, cumulative, specific nuclear energy generated
by a radioactive chain after an elapsed time ¢, (in a) from preparation of a
pure source of the given parent nuclide is evaluated as

te
Er(te) =22 2 B[ f6)dt Mwh /g . (17)
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3. The ““U chain: five successive a emissions

The radioisotope *°U was identified for the first time in 1949 by
Gofman and Seaborg at the Berkeley 60-in Cyclotron after bombarding a
#2Th target with 14-MeV deuterons, and subsequent B -decay of produced
Pa (Gofman and Seaborg, 1949; see also Fry and Thoennessen, 2013).
Currently, appreciable amounts of *?U isotope are obtained in nuclear
reaction chains from *** > **U isotope fuels containing ***Th impurities
during reactor operation (Rhodes and Maldonado, 2022). Alternative
methods for production of >**U have been reported by Artun (Artun, 2020)
and Kulikov (Kulikov et al, 2020). This last paper analyzed also
22U to power RTG (Radioisotope
Thermoelectric Generator) batteries. The mixing of small amounts of **U
with the long-lived ***

232

advantages and drawbacks of using

Pu and **'Am alpha-emitters has been found to play
an important role in increasing the thermal power output of radioisotope
power systems (Ambrosi ef al., 2021).

The decay data to be used in calculating activities, specific power, and
cumulative specific energy generated for each member of **U and ***Th
families, and the total of these quantities, 4r(¢), Pr(f), and Er(¢), are

displayed in Table 1.

Table 1 - Decay data for radioisotopes of ***U and ***Th decay chains’

Isotope Half-life Eop E, E”"  decay constant.
(decay mode) T[a] (MeV) (MeV) (MeV) A[a']

(S

1 *U(a) 68.9 5286 0.019 5.305 0.01006
2 ***Th(o) 1.9125 5394 0.023 5.417 0.36243
3 Ra(o) 0.9943x107° 5.642 0.013 5.685 69.712
4 Rn(a) 1.76x10°  6.287 0.0006 6.287 3.938x10°
5  **Po(a) 456x10°  6.778 0  6.778 1.52x10°
6 *“Pb(p) 1.21x10°  0.100 0222 0322 5.73x10°

*Data have been taken from (B¢ et al., 2017; Kondev et al., 2021).
"E;=E,p+ E, is the average, total energy available per decay.
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By applying Egs. (5—13) and using data of Table 1 we have obtained the
trends of specific activity for >*U chain depicted in Fig. 1. It is seen that
28Th, **Ra, *°Rn, and *'*Po are in equilibrium with a maximum specific
activity of 0.747 TBq/g at = 10.18 a (Fig. 1-a).

The total specific activity (Fig. 1-b) increases from its initial value of ~
0.82 TBq/g at t = 0 to a maximum of 3.74 TBq/g at ¢ = 9.56 a, and the
curve 4 (¢) has an upward concave trend for > 20 a (not shown).

specific activity, A(f) [TBq/g]

/ 2287y 224p, 220, 216p,
;’ in radioactive equilibrium
0.4 _ If! =1
1
!
1
!
]
0.2 —
!
!
]
I
i
0 f } f }
D 3
&
m
-, 2 Total activity of radioactive chain —
_
! o o o o o
@%_ 1 232y &, 2284 %, 224 D, 220 X, 21650 G 2125,
0 1 | 1 | 1 | | | 1
0 4 8 12 16 20

elapsed time, 7 [a]

Fig. 1. In part a) the specific activity, 4(?), is plotted as a function of time for each
radionuclide of **U decay chain. Part b) shows the total specific activity, 4 1(¢), which
reaches the maximum value 3.74 TBq/g at t = 9.56 a.
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The trends of specific power available for each radioisotope of the *°U
chain, as well as the trend of the total specific power (in W/g), are shown in
Fig. 2-a. Except for the ***U parent nucleus, all other curves Pi(f) (i = ***Th,
*»*Ra, **°Rn, and *'*Po) show the maximum at ¢ =~ 10 a, with values ranging
from ~ 0.65 W/g (***Th) to 0.81 W/g (*'°Po). The total specific power
increases from the initial value 0.7 W/g up to a maximum of 3.53 W/g after
an elapsed time of 9.63 a.

4 I I I | I I
; _/\ Average, total specific _|
power available, P ()
L ? I \*J
5 L
=
— 2
—
]
—
A ]
a)
2165 200
1 | 240 2an, —
I 232JJ —
0 f f ;
— i Decay chain i
(9)]
§ 232y &, 2284 &, 224RaE, 220Rn2, 216POE., 212p),
2 — —
=
S L N
R
l_
4}
1k —
b)
0 I l | | I l l

0 10 20 30 40 50 60 70 80
elapsed time, 7 [a]

Fig. 2. In part a) the average, specific power available, P(f), is shown for each
radioisotope member of **U decay chain as a function of elapsed time. The upper curve
represents the average, total specific power, Pr(¢), which has the maximum ~ 3.5 W/g at
9.6 a. In part b) is plotted the total, cumulative, specific energy generated. This curve
increases asymptotically, approaching 3.4 MWh/g (not shown).
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As regards the total, cumulative, specific energy generated after a time ¢
(Fig. 2b), the trend is an increasing curve which approaches asymptotically
the value 3.4 MWh/g (not shown), reaching ~ 1 MWh/g after 37 a, and
~ 1.8 MWh/g after 80 a.

4. The ***Th decay chain: four successive alpha emissions

The radioactivity of element Thorium was first detected in 1898 by G.
C. Schmidt (Schmidt 1898) and three months later by M. Curie (Curie
1898). The currently known ***Th radioisotope was the one identified by O.
Hahn (Hahn 1905) as the great-granddaughter of the natural ***Th decay
“family”. Presently, large amounts of ***Th have been obtained by high
neutron flux irradiation of **°Ra targets at Oak Ridge National Laboratory-
ORNL (Kukleva et al., 2015).

Following the same procedure applied to U, the results for the ***Th
chain have been presented in three parts in Fig. 3.
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Po
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Fig. 3. The 28T decay chain produces specific power, P(¢), total specific power, Pr(),

and total, cumulative, energy generated as function of time, E1(¢), as shown in parts a),
b), and c), respectively. Like in Fig. 2a), the increasing contributions to Pr(¢) due to the
descendant isotopes of “*Th parent nucleus in Fig. 3a) come mainly from the sequential
increase of average, total energy released per decay, E;, of each radioisotope (see Table
1). Part b) shows that ~ 26 d are needed to reach the maximum of Pr= 114 W/g. In part
¢) Et(t) approaches asymptotically to ~ 2.8 MWh/g.

Figure 3-a shows the behavior of the average specific power available at
time ¢ for all members of this decay chain. Except for **Th parent nucleus
(exponential decrease with time) the other radioisotopes exhibit a
maximum of P(¢) at t = 28 d, whose values have been calculated as ~ 27
W/g for ***Ra, ~ 30 W/g for *’Rn, and ~ 32 W/g for *'°Po. From ¢ = 55.4 d
on, all P(¢) curves become concave upwards, going down to ~ 3 W/g at ¢ =
6.3 a. Similar behavior is exhibited by the total specific power, Pr(¢), (Fig.
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3-b), for which a maximum of ~ 114 W/g occurs at ¢t = 26 d. Finally, the
total, specific energy produced after an elapsed time ¢ (Fig. 3-c) shows an
increasing trend from ~ 150 kWh/g after two months to 2.52 MWh/g after
~ 6 a.

5. The **’Ac decay chain: one B~ decay plus four successive o emissions

The radioelement Actinium, known since 1899 (Debierne, 1899), occurs
in nature in association with Uranium minerals. The active isotope **’Ac is
the great-granddaughter of **°U parent nucleus. Presently, like ***Th the
*7Ac isotope has been produced at Oak Ridge National Laboratory-ORNL
by neutron irradiation of **°Ra targets (Kukleva ef al., 2015).

The decay data for the five sequential radioisotopes from **’Ac parent
nucleus are reported in Table 2.

Table 2 - Decay data for radioisotopes of **’Ac decay chain’

i Isotope Half-life Eup E, E"  decay const.
(decay mode) T,a] MeV) (MeV) (MeV) Afa']

1 *Ac(p) 21.772 0.010 0.006 0.016 0.03184
2 *'Th(a) 5.12x107% 5.888 0.137 6.025 13.538
3 **Ra(a) 3.13x107%  5.669 0.206 5.875 22.145
4  *“Rn(o) 1.25x107  6.741 0.066 6.807 5.54x10°
5 *PPo(w) 5.644x10"" 7386 0  7.386 1.23x10"
6 *'"Pb(p) 0.69x107* 0.433* 0.597* 1.030 1.00x10*

*Data have been taken from (B¢ et al., 2017; Kondev et al., 2021).
"E,= E,p + E, is the average, total energy available per decay.
“Taken from (Singh et al., 2013).

Again, by using Egs. (15)—(17) and the precedent ones (5)—(12), we have
obtained the values of P(f) for each radioisotope of the **’Ac “family”, the
total specific power available, Pr(¢), and total specific energy produced
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after a time ¢, E1(t). Results are presented in Fig. 4, where part a) shows the
contributions to Pr(f) due to the four a-emitting nuclides (**’Th, **Ra,
*Rn, and *Po). The “family patriarch” **’Ac itself does not contribute
significantly to total specific power available, since for **’Ac the ratio
E\/T, ~0.7<10° MeV/a is much smaller than the same ratio for any other
isotope in Table 2.

"~ x 21 1
2 p; B, 3T 2, 2Rg 2, 2%y 2, #9pg o, 2Mpy,

-y
%]
I

E-[MWh/g]
©
[0+]
I

o
»
I
|

0 | | | | | | |
0 04 08 12 16 20 5 10 15 20 25

elapsed time, f [a]

Fig. 4. The same as in Fig. 3 for *TAc decay chain. Note in Fig. 4 a) the inversion of
22"Th and **Ra for their contributions to average, total specific power, Pr(7). Here the
maximum of Pris 11 W/g which is reached after six months from preparation of a pure
22T Ac source (Fig. 4 b)). A total of 1.7 MWh/g is accumulated after an elapsed time of
25 a (Fig.4 ¢)).

In Fig. 4-a the P(¢) curve for **'Th lies above the curve for **Ra, i.e.,
these curves appear interchanged in contrast with the positions of *’Th and
*Ra in the **’Ac decay chain. This fact is due to the values of the quantity
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g = E/(TyCy) (1 = 2, 3, 4, 5). Since Cj-values are given by formulas
(8)—(11), and for the present 2TAc decay series Ty >> T, > T35 >> T, >> T,
it follows that ¢; = E;/T, (MeV/a). Putting the g-values in descending order
one has ¢s = 0.339 (**Po), ¢4 = 0.313 (*Rn), ¢» = 0.277 (**'Th), g5 =
0.270 (***Ra). The strength of the contributions to total specific power in
the present case is dictated by the total energy released per decay of each
member of the radioactive “family”.

Fig. 4-b shows that the total specific power with time, Pr(f), increases
from the initial value of ~ 0.007 W/g up to a maximum of 11 W/gat¢~ 0.5
a, then it goes monotonously down to 5 W/g at t =25 a.

The cumulative, total specific energy produced at a time, E1(), is
depicted in Fig. 4-c). This is an increasing function of ¢ which becomes a
curve concave downward from ¢ = 0.5 a onwards, approaching
asymptotically the value ~ 3.1 MWh/g (not shown) after being worth 0.18
MWh/g in 2 a, and 1.69 MWh/g in 25 a.

22 . . o e
6. The “°Ra decay chain: three successive o emissions, plus two
successive " emissions, plus one o emission

The radioelement Radium was long ago identified as the granddaughter
of the great-granddaughter in the radioactive “family” of natural Uranium
(Rutherford and Soddy, 1902). The radioisotope nowadays known as **°Ra
was the one discovered in 1898 by P. Curie and M. S. Curie (Curie and
Curie, 1898). A quite recent, complete description of advanced methods for
preparation, separation, and identification of Radium isotopes has been
reported in (Thakur et al., 2021).

The decay data for the descendants of ““Ra radioactive “family” are
reported in Table 3. These data have been used to evaluate the individual
and total specific power at a time ¢, and the total, cumulative specific
energy produced over a time. The results are presented in Fig. 5.

226
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Table 3 - Decay data for radioisotopes of ***Ra decay chain’

Isotope Half-life E,p E, E"  decay const.
(decay mode) T,[a] MeV) (MeV) (MeV) Ala']

(S

*Ra(ar) 1600 4773  0.011 4.784 4.332x10"
*Rn(a) 1.047x107% 5489 0 5489  66.20

*¥po(at) 5.888x10° 6.002 0  6.002 1.177x10°
MPp(B)  5.095x10°  0.223  0.300 0.523 1.36x10°
*1Bi(B) 3.78x10°  0.691 1.811 2.502 1.834x10"
214po(ar) 5.18x10"*  7.687 0  7.687 1.338x10"
1%p(B) 22.20 0.007 0.037 0.044 3.12x10°

N N L R WN

*Data have been taken from (Bé et al., 2017; Kondev et al., 2021).
"E;=E,p+ E, is the average, total energy available per decay.
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elapsed time, 7 [d]
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Fig. 5. The same as in precedent figures for 2°Ra decay chain. This is the case that
makes available less power and energy generated with time. After about three months
Pr stabilizes at 0.158 W/g, the main contributions coming (in this order) from *'*Po,
21%po, 2’Rn, and **°Ra isotopes (Fig. 5 a)). The total, cumulative energy generated, now
order of kWh/g, is very approximately proportional to elapsed time in view of the long
half-life of **°Ra parent isotope.

Figure 5-a) shows the trend of specific power available at a time ¢ for

each member of ***Ra decay “family”. The radioisotopes that contribute to
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total specific power, Pr(¢), do not follow the same sequential order of
successive decays starting from **°Ra (see top of Fig. 5 b)). Like in the case
of the *’Ac chain, the order of importance for the various radionuclides
contributing to Pr(?) is dictated by the ratiog; = E; (T;:Cy) i=1, 2, ..., 6)
(see formulas (15) and (8)—(12)). Since 71, >> T; 1= 2, 3, ..., 6), it follows
that g; = E; /T;. Again, putting these g;-values (in keV/a) in descending
order one has g¢ = 4.8 (*'*Po), ¢5 = 3.7 *"*Po), ¢> = 3.4 (*Rn), ¢; = 3.0
(***Ra), g5 = 1.6 (*'*Bi), and g, = 0.33 (*'*Pb) (cf. Fig. 5a)). These findings
point out that the greater the total energy released per decay, the greater the
contribution of the radioisotope to the available total specific power. In
addition, calculations have indicated that it takes nearly nine weeks for the
total specific power to reach its maximum value of 0.158 W/g, which
remains then approximately constant for the next three decades.

The cumulative, total specific energy generated after an elapsed time ¢
(Fig. 5b), upper scale) results quite proportional to ¢ (expressed in a), being
described by E1(¢) = 1.38x¢ kWh/g, t <80 a.

7. Discussion and concluding remarks

The present calculations evidenced that “all” the radioactive members of
the decay chains initiated by 227, 8Th, *’Ac, and **°Ra nuclei, and not
only the parent and its daughter radioisotope, remarkably contribute to the
available total specific power and to the total, cumulative specific energy
released by the primary source.

A critical point regarding the possible use of such valuable isotopes in
nuclear batteries is certainly their scarce availability, due to the fact that
their production needs complex and expensive processes. However, one
would expect that the advantages offered by such radioactive sources will
trigger researches towards the development of increasingly efficient
nuclear methodologies, able to tackle and solve the present critical issues.

The data reported in Table 4 for 2**U and **’Ac, and in Table 5 for ***Th
and “*°Ra, enable one to better appreciate the contributions to specific
power and specific energy arising from radionuclides of the whole decay
chains.
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In Table 4 and Table 5 one can compare the quantities Pr(#y) (maximum
total specific power at time #y), and Et(z.) (total, cumulative, specific
energy produced over an elapsed time ¢.), generated by the pair
parent/daughter (Mode 1) and by all the radioactive members of the decay

chain (Mode II).

Table 4 - Values of maximum total specific power available, Pr(#y) (in
W/g), and total, cumulative, specific energy generated at elapsed time ¢,
Ex(t.) (in MWh/g), following two calculation modes for **U and **’Ac

decay chains.”

Quantity 20 chain *7Ac chain
Mode I Mode 11 Mode I Mode I1
tvla] 8.27 9.63 0.45 0.51
Pr(ty) 1.29 3.53 2.55 11.0
t[a] 35 35 35 35
Ex(t.) 0.36 0.95 0.48 2.07

*Mode I considers only the contributions of the parent and its daughter nuclides;
Mode II takes into account all radioactive members of the decay chain.

Table 5 - The same as in Table 4 for ***Th and ***Ra decay chains.”

Quantity **Th chain **°Ra chain
ModeI  Mode II Mode I Mode I1
tvld] 24.2 26.4 62.4 64.8
Pr(twm) 52.6 114.3 0.06 0.16
t.[a] 10 10 10 10
Ex(t.) 1.27 2.76 0.0053 0.0138

*Mode I considers only the contributions of the parent and its daughter nuclides;
Mode II takes into account all radioactive members of the decay chain.
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The most relevant result is the strong increase observed in both the
Pr(ty) and Ex(t.) values when all the radioactive members of the decay
chain are considered. An increase by a factor 2.2 has been found for the
Th decay chain, by a factor ~2.6, 2.7 in the case of **°Ra and ***U, and by
a factor 4.3 in the case of **’Ac decay chain.

As regards the time needed to reach the maximum specific power (¢y),
when all the members of the decay chain are taken into account, #-values
result 4% (**°Ra), 9% (***Th), 13% (**’Ac), and 16% (**U) higher than
when only parent and daughter nuclei are considered. This behavior is
partially explained in sections 5 and 6, noting also that in general both the
average total energy released per decay, E;, and the decay constant, A
increase when one goes from parent and daughter nuclides to
granddaughter and great-granddaughter ones.

In short, a little more time to reach the maximum specific power offers
the greatest advantage of doubling, tripling or even quadrupling the power
available for a variety of applications, in primis for fueling nuclear
batteries.

The present analysis, based on the physical properties of *°U, ***Th,
22Ra and **’Ac radionuclides, evidenced that for each of them the actual
maximum energy that can be produced from the decay chains (1)—(4) is
much greater than that expected considering only the parent-to-daughter
decay data reported in literature. Moreover, this study has highlighted the
complex trends of both specific power and specific, cumulative energy as a
function of time. This behavior, due to the overlapping of the different
exponential decay rates of the various species originating from an initial
radionuclide, makes it possible to adapt the radioactive source to the
requirements of any type of nuclear batteries, and to the specific needs in
terms of working life.

Beyond evidencing that nuclear batteries powered by *°U, ***Th, ***Ra
and **’Ac supply an amount of energy greater than the expected one, the
findings of this study can have significant effects also on the technology
behind the manufacturing of such devices. Materials and systems utilized to
convert the energy released by nuclear decay into electricity are commonly
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selected on the basis of type and energy of a given radiation, typically the
one emitted by the parent nuclide. Very rarely it is considered that the
parent can have a radioactive “progeny” emitting radiations different for
type or energy.

Therefore, even if from a physical point of view a parent nuclide that
decays producing a series of radioactive nuclides offers the advantage to
supply an increased energy, from a technological point of view innovative
solutions must be found to address the challenging task of converting the
nuclear energy released by more than one type of radiations.

In this context it is hoped that the concepts developed in the present
paper could be of some use in driving multidisciplinary efforts to improve
the performances of the radiation-based energy sources.
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