Chapter 2
Radioisotopes

Abstract Radioisotopes are of critical importance in nuclear batteries due to their role
as the battery’s power source. Characteristics of radioisotopes such as type of radiation
emitted, decay energy of its radiation, and half-life all influence their usefulness. The
type of radiation will determine whether or not there is a good match between the
range of radiation and the scale length of the transducer, the decay energy of the
radiation determines the effective power density of the source, and the half-life
determines the effective lifetime of the nuclear battery. Because of this, special
attention must be given during the radionuclide selection process so that it fits the
desired design criteria. While simple in concept, the limitations enforced by the
physical properties of the substance being used represent an extremely significant
barrier to the production of nuclear batteries. Another significant barrier to the pro-
duction of nuclear batteries arises from limitations in the isotope supply and cost of
production. These limitations can be surprising, as a common misconception is that
radioisotope supplies are at least abundant, even if they cannot be cheaply produced.
For nuclear batteries, supply is an issue because of the large amount of isotopes that
would be needed to produce significant power and overcome transducer inefficiencies.
For example, a good transducer can only get an average of 1 mW of power per Ci of
radionuclide. Production is also an issue because of the cost of producing radionuclide
amounts large enough to produce significant power in the nuclear battery. In this
chapter, the reader receives a more detailed introduction to radioisotopes, which
includes an analysis of origin, existing supplies, production methods, associated
production costs, and some basic isotope selection complications.
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2.1 Existing Radioisotope Supplies

Radioactive elements existed in the Earth since its formation and can be found in
air, water, and soil. Their origin is both terrestrial and extraterrestrial. They can be
classified into three groups (Fig. 2.1): primordial, cosmogenic, and manmade.
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Fig. 2.1 Types of
radioisotope sources PRIMORDIAL

COSMOGENIC

Primordial radionuclides are the ones created in Earth’s formation and their
radioactive decay products, cosmogenic radionuclides are the ones produced by
cosmic-ray interactions, and manmade radionuclides are those produced by humans
after the discoveries of radioactivity and nuclear fission [1]. As both primordial and
cosmogenic radioisotopes have a natural origin, they are called Naturally Occurring
Radioactive Materials (NORM).

2.1.1 Primordial Radioisotopes

Some of the primordial radionuclides that were created during the Earth’s formation
have survived until now due to their long half-lives [2]. One example is U-238,
whose half-life is 4.468 x 10° years. This time is very close to the age of the Earth,
calculated to be around 4.5 x 10° years [3]. Some of those long-lived radioisotopes
undergo a series of successive radioactive decays, generating radioisotopes with
shorter half-lives. Those series of successive radioactive decays are known as decay
chains, these chains stop with the production of a stable isotope.

The three existing natural decay chains are the uranium, thorium, and actinium
series. Each name originates from the parent radionuclide, which has a much longer
half-life than the other radioisotopes in the series. This condition generates secular
equilibrium, which is when the activity of the daughter isotope equals the activity of
the parent isotope after approximately eight half-lives of the daughter. Taking
advantage of this condition, the amount of daughter radioisotopes can be estimated
if the amount of the parent radioisotope is known. Uranium and thorium are the two
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parent radioisotopes in the three decay chains. Assuming world uranium reserves of
about 7,900,000 t and world thorium reserves of 5,385,000 t [4, 5], an estimated
inventory of the radioisotopes pertaining to the three decay chains was calculated
(Table 2.1). The table was calculated assuming secular equilibrium and an undis-
turbed sample, which means no loss of gaseous radioisotopes like Radon. The
Nuclear data for Table 2.1 was obtained from the National Nuclear Data Center site
of Brookhaven National Laboratory [6], and the activities of the daughter were
calculated considering the branching probabilities of the decay chains.

One additional decay chain, called the neptunium series, has a parent radioiso-
tope of Np-237. It is no longer found in nature since the half-life of Np-237 is 3
three orders of magnitude less than the age of the Earth. However, this series can be
produced artificially through Pu-241, which decays to Np-237.

There are also primordial radionuclides, present in nature, that do not form part of
decay chains. They have very long half-lives and their decay product (daughter) is a
stable isotope. To have an idea of the amount of the non-series primordial radionu-
clides, an estimation was done and is shown along with half-lives, relative abundances,
and types of radiation in Table 2.2. The supplies were calculated using information
about the abundance of elements in the Earth’s crust (EC) and in the sea from the
Handbook of Chemistry and Physics [7]. Also, it was assumed that the mass of the
Earth’s crust is 2.36 x 10?2 kg, the mass of the hydrosphere is 1.664 x 10*' kg, and
seawater is about 97 % of the hydrosphere [7]. Sm-149 and Dy-156 were not included
in the table because some references consider them radioisotopes [1], but others [6]
label them as stable isotopes. This might be due to fact that it is very difficult to
determine if an isotope is radioactive when it has a very long half-life. As improved
experiments (greater sensitivity and lower background) become available, the number
of confirmed non-series radionuclides may increase [8].

K-40 is the most abundant radioisotope in Table 2.2, which is not surprising
because it is the eighth most abundant element in both the Earth’s crust and the sea.
If we could make 1 kW nuclear batteries using the total amount of K-40 available,
that would result in about 423 million batteries. However, it is impossible and
infeasible to extract or separate such high quantities of a radioisotope. Further, none
of the non-series primordial radioisotopes meet the proper characteristics to be used
in nuclear batteries. It may be economical to use primordial radionuclides only if
large quantities are not needed due to extraction difficulties.

2.1.2 Cosmogenic Radioisotopes

Cosmogenic radioisotopes are created by the interaction of cosmic-ray particles
with Earth’s soil or atmosphere. The flux of cosmic-ray particles is made up of
energetic particles (mostly protons with energies of 1-100 MeV) striking Earth’s
atmosphere. They originate from both the sun and other galaxies in the universe [1].
Most of the atmospheric radionuclide generation takes place in the stratosphere [9]
with a higher production around the magnetic poles and lower in the regions near
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Table 2.1 Estimated world supply of natural decay chains’ radioisotopes

2 Radioisotopes

Series Isotope Half-life World supply Total activity Type of
(year) (kg) (Ci) radiation

Uranium U-238 4 47E+09 7.843E+09 2.636E+06 o, Y
Th-234 6.60E—02 1.139E-01 2.636E+06 B, v
Pa-234 m | 2.20E-06 3.796E—06 2.631E+06 B, vy
U-234 2.46E+05 4.237E+05 2.636E+06 o, Y
Th-230 7.54E+04 1.279E+05 2.636E+06 o, Y
Ra-226 1.60E+03 2.667E+03 2.636E+06 o, Y
Rn-222 1.05E-02 1.714E-02 2.636E+06 o, Y
Po-218 5.89E—06 9.469E—-06 2.636E+06 o
Pb-214 5.10E-05 8.039E—05 2.636E+06 B, v
Bi-214 3.78E—-05 5.971E-05 2.636E+06 B, o
Po-214 5.21E-12 8.214E—12 2.636E+06 o, Y
Pb-210 2.22E+01 3.437E+01 2.636E+06 B, v
Bi-210 1.37E-02 2.124E-02 2.636E+06 B, o
Po-210 3.79E—-01 5.865E—-01 2.636E+06 o, Y
At-218 4.75E—08 1.528E-11 5.270E+02 o
Pa-234 7.64E—04 4.349E-06 8.692E+03

Actinium | U-235 7.04E+08 5.691E+07 1.214E+05 o, Y
Th-231 2.91E-03 2.284E-04 1.214E+05 B, vy
Pa-231 3.28E+04 2.570E+03 1.214E+05 o, Y
Ac-227 2.18E+01 1.679E+00 1.214E+05 B, o, vy
Th-227 5.11E-02 3.889E—03 1.197E+05 o, Y
Ra-223 3.13E-02 2.370E-03 1.214E+05 o, Y
Rn-219 1.25E-07 9.333E-09 1.214E+05 o, Y
Po-215 5.64E-11 4.121E-12 1.214E+05 a, B
Pb-211 6.86E—05 4.918E-06 1.214E+05 B, vy
Bi-211 4.07E-06 2.915E-07 1.214E+05 a, B,y
TI1-207 9.07E-06 6.356E—07 1.211E+05 B, v
Po-211 1.64E—08 3.278E-12 3.397E+02 o, Y
Fr-223 4.18E—-05 4.372E-08 1.675E+03 B, o,y

Thorium Th-232 1.400E+10 5.385E+09 5.927E+05 o, Y
Ra-228 5.750E+00 2.174E+00 5.927E+05 B
Ac-228 7.016E—04 2.652E—-04 5.927E+05 B, v
Th-228 1.912E+00 7.227E-01 5.927E+05 o, Y
Ra-224 9.944E-03 3.693E—03 5.927E+05 o, Y
Rn-220 1.762E-06 6.427E-07 5.927E+05 o, Y
Po-216 4.595E-09 1.646E—09 5.927E+05 o
Pb-212 1.214E-03 4.266E—04 5.927E+05 B, v
Bi-212 1.151E-04 4.046E—05 5.927E+05 a, B, v
Po-212 9.475E-15 2.134E-15 3.797E+05 o
TI1-208 5.805E-06 7.191E-07 2.129E+05 B, v
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the equator. The half-lives of these radionuclides are relatively short, which means
that they are present in Earth today due to a continuous process of production,
decay, and transport. The distribution of these radionuclides is done by air currents.
As such, most isotopes coagulate to aerosol particles that could become conden-
sation nuclei for the formation of clouds, and getting deposited in Earth’s surface by
precipitation. Cosmogenic radionuclides are also produced in rocks but with a
smaller rate, depending on the location, size, and exposure history of the rocks [1].

Two examples of cosmogenic radioisotopes are tritium (H-3) and radiocarbon
(C-14). The average inventory of cosmogenic isotopes in the environment is shown
in Table 2.3, contrasting the values of two references [1, 9]. Among these
radioisotopes only tritium is a possible candidate to be used in nuclear batteries. Its
worldwide steady state inventory is estimated to be 35 x 10° Ci, and if we look at
the power that one can extract from tritium in Table 1.1, the worldwide inventory
would produce 1312.5 W. Note that in a nuclear battery this amount of power
would be reduced further depending on the efficiency of the battery.

Table 2.3 Cosmogenic isotope inventory

Radioisotope Half-life Inventory (MCi) Type of radiation
O’Brien Masarik
Be-10 1.39E+06 years 3.5E+00 2.5E+00 B
Al-26 7.17E+05 years 5.6E-03 1.6E-03 €
Cl-36 3.01E+05 years 1.2E-01 2.7E-01 B,
Kr-81 229,000 years - 4.9E—05 €
C-14 5700 years 2.4E+02 3.0E+02 B
H-3 12.32 years 3.5E+01 3.5E+01 §
Na-22 2.603 years 5.0E-03 - €
S-35 87.37 days 8.0E—02 - B
Be-7 53.24 days 7.7E+00 4.9E+00 €
P-33 25.35 days 4.5E-02 - B
P-32 14.26 days 4.7E-02 - B
Mg-28 2092 h 2.3E-03 - B
Na-24 15h 9.7E-03 - B
S-38 170.3 min 2.0E-03 - B
Si-31 157.3 min 2.2E-02 - €
F-18 109.77 min 4.2E-03 - €
Cl-39 56.2 min 1.3E—-01 - B
Cl-38 37.24 min 8.0E—02 - B
Cl-34m 32.00 min 5.4E-03 - e, IT
Al-29 6.56 min 1.4E-03 - B
S-37 5.05 min 5.5E-03 - §
Ne-24 3.38 min 7.2E—04 - B
P-30 2.45 min 5.8E—03 - €
Al-28 2.24 min 2.0E-02 - B
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2.1.3 Manmade Radioisotopes

Manmade radioisotopes are generated by the production of nuclear fuels (separation
and enrichment of uranium or thorium from natural decay chains), the reprocessing
of nuclear fuels (separation of radioisotopes from spent fuel), nuclear power
reactors (production of radioisotopes by neutron capture), particle accelerators, and
nuclear weapon explosions. The first four production methods are discussed with
more detail in Sect. 2.2.

Nuclear reactors use as fuel mostly uranium enriched with the radioisotope
U-235. It is obtained from mining, milling, and refining uranium ores. In the
process of fabricating nuclear fuel, the gaseous radioisotope Rn-222 could be
released. U-235 is utilized because it has a high thermal neutron cross section for
fission, which means that when U-235 absorbs a thermal neutron there is a high
probability that it splits into two fission fragments and liberates some neutrons and
energy. Nuclear reactors take advantage of this to create a controlled chain reaction
in which the neutrons released generate more fissions and the heat produced is
transformed into electricity. The fuel usually consists of nuclear fuel pellets of
uranium dioxide (UQO,), Fig. 2.2, surrounded by a cladding made of a Zirconium
alloy [10]. Under normal operation, most of the fission fragments created remain
trapped in the nuclear fuel cladding. These fragments, of about 800 different iso-
topic species, have atomic masses that range from 72 to 160 amu. They are
radioactive on the neutron rich side of stability (decay by B~), the most probable
fission products have masses of 94 and 140 [6, 11, 12]. Figure 2.3 show the fission
fragment yields per atomic mass of radioisotope for thermal and fast neutrons. Note
that these are the direct yields and that many of these radioisotopes undergo further

Fig. 2.2 Nuclear fuel pellets [13]
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beta decays until they reach a stable isotope. Among the isotopes created in the
operation of a nuclear reactor, some of them are stable and others have very short
half-lives. Around fifty of them live longer than 25 min, and these are the ones that
could be dangerous if released during a nuclear accident [1]. In previous nuclear
accidents, significant amounts of I-131 and Cs-137 have been released to the
environment. However, in normal operation, a very small portion of these
radioisotopes leak through the cladding and are released to the moderator (usually
light water). However, not all the radioisotopes are generated from fission frag-
ments in a nuclear reactor. The interaction of the neutron flux with the structure
materials also produces many radioisotopes such as Cr-51, Mn-54, Fe-55, Fe-59,
and Co-60 [1]. Moreover, part of the fuel undergoes neutron capture instead of
fission, producing heavier radioisotopes.

Once the fuel is used, a fraction of U-235 and most of the U-238 remains
unchanged. Some Pu-239 is created by neutron absorption in U-238. The two
radioisotopes of uranium, as well as the plutonium, can be reused to fabricate new
fuel. This is called reprocessing. When the nuclear fuel is reprocessed, the
radioisotopes created as fission fragments can be separated using different processes
discussed in Sect. 2.2. Although it seems a very good option to extend the supply of
nuclear fuel and separate useful radioisotopes, it is costly and controversial due to
proliferation issues with fissile radioisotopes that could be used to produce weapons
like Pu-239 [14].

Once separated from spent fuel, these radioisotopes can be used in different
applications like radiopharmaceuticals, medical imaging, tracers, radiation steril-
ization of food, elimination of insect pests, measuring thickness of materials, remote
power sources (RTGs, and nuclear batteries), among others [12].
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Worldwide inventories for these radioisotopes are difficult to obtain because the
detailed information needed about the nuclear reactors is usually kept confidential
and so is not readily available. However, efforts have been made to estimate the
world inventory of particular elements and radioisotopes. Some of these, such as
plutonium, Am-241, and Kr-85, are useful for nuclear batteries. For example,
Pu-238 has been an important radioisotope for space programs since it has been
used as a source of power for RTGs. The total world estimated supply of the
element (Pu) by the end of 2014 was 2,627 tonnes. Of this, 2,388 tonnes corre-
sponded to civil nuclear reactors (2,113 being irradiated in working nuclear fuel,
and 275 in spent fuel), while 240 tonnes corresponded to military stocks [15]. Thus,
the most readily available Pu for potential use in nuclear batteries are the 275 tonnes
in spent fuel. Two potential Pu sources for nuclear batteries are Pu-238 and Pu-241,
which have an estimated concentration of total Pu in typical PWR burned fuel of
1.3 and 4.7 %, respectively [16]. Therefore, there are about 3.57 tonnes of Pu-238
and 12.92 tonnes of Pu-241 worldwide in spent fuel. The amount of Americium that
has been produced by the end of 2004 was estimated to be 87 tonnes, with about 68
tonnes being Am-241, a decay product of Pu-241 [17]. In the case of Kr-85,
Ahlswede et al. [18] have estimated the global atmospheric content of this
radioisotope to be approximately 5400 PBq. This activity corresponds to the
amount of Kr-85 that has been released to the atmosphere mainly by nuclear
reprocessing facilities, which are the major contributor, and other small sources like
nuclear power reactors, naval reactors and isotope production plants. It does not
consider the amount of Kr-85 in fuel that has not been reprocessed and thus not
released to the atmosphere. Table 2.4 shows the estimated world inventories of
Kr-85, Pu-238, and Am-241. The cost of separating these isotopes from spent fuel
was considered by the National Research Council [19]. The conclusion of this
review was that the feasible approach is to use isotopes that have already been
separated in the weapons program to produce Pu-238. The available separated
inventory of Pu-238 within the National Laboratories in the United States is about
39 kg and the estimated Np-237 inventory is 300 kg [20]. Pu-238 is created from
the 2'Np(n, 7)***Np — ***Pu + P reaction. It is feasible to produce Pu-238 from
the separated inventory of Np-237 using high neutron flux reactors such as the

Table 2.4 Estimated world supplies of Kr-85, Pu-238, Pu-241, and Am-241

Radioisotope | Half-life Year of Total activity World supply
(year) estimation (Ci) (kg)

Kr-85% 10.752 2009 1.46E+08 3.73E+02

Pu-238 87.7 End of 2014 6.11E+07 3.57E+03

Pu-241 14.325 End of 2014 1.34E+09 1.29E+04

Am-241 432.6 End of 2004 2.33E+08 6.80E+04

*Global atmospheric content
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Table 2.5 Average information of PWR and BWR reactors in the U.S

Reactor First month of Original thermal Number of Initial mass of
type operation power (MWt) assemblies U (kg)

PWR Sep-80 2908.9 184 424

BWR Jan-79 2799.9 755 183

Advanced Test Reactor at Idaho National Laboratory or the High Flux Isotope
Reactor at Oak Ridge National Laboratory [19, 21] to produce about 5 kg of
Pu-238 per year. The cost of building the production capability is estimated to be 77
million dollars US [19, 20]. The cost of Pu-238 per kg is about 8 million dollars US.
Even though the inventory of unseparated Np-237 and Pu-238 worldwide from
commercial reactor spent fuel is significant (see Table 2.4) [17], the cost of spent
fuel processing is too high to be considered feasible.

Although the estimation of the global inventory has been done only for a few
radioisotopes, it is possible to make estimations about the radioisotopes contained
in U.S. used nuclear fuel because more information in available. A report by Oak
Ridge National Laboratory estimates that as of 2011, there are 67,600 metric tons of
heavy metal (MTHM) of commercial used nuclear fuel [22], with 43,900 MTHM
correspond to PWR and 23,700 MTHM to BWR. Assuming 70 % (PWR) and
57 % (BWR) as the weight percentages of Uranium found initially in fuel
assemblies, the weights corresponding only to spent fuel are: 30,790 tonnes
(PWR) and 13,580 tonnes (BWR). Using these masses and the average charac-
teristics of PWRs and BWs, an estimation of the radioisotope inventories can be
made using the methodology proposed by Yancey and Tsvetkov to analyze the
spent nuclear fuel [23]. Information representing average reactors is introduced in
ORIGEN-ARP (Scale software package) to develop a plant model and estimate the
masses of the radioisotopes contained in a used fuel assembly. Once the contents of
an “average” PWR and BWR assemblies are obtained, the result is multiplied by
the number of assemblies calculated dividing the total mass of spent fuel by the
initial mass of U per assembly. The average information about PWR and BWR
reactors used in ORIGEN-ARP is shown in Table 2.5 [22]. The estimation of
medium half-life radioisotope inventory in spent fuel is shown in Table 2.6. By the
end of 2009, there were about 240,000 MTHM of spent fuel worldwide, with
64,500 MTHM corresponding to the U.S. [24], therefore the U.S. spent fuel rep-
resents about 27 % of the global amount. Likewise, data in Table 2.6 could rep-
resent about 27 % of the global radioisotope supply. This is a gross estimation,
because information about U.S. reactors is not necessarily representative of the
foreign reactors, which in some cases have different types of fuel, power, etc.
However, these numbers provide an idea on how much radioisotope activity might
be available by extracting radioisotopes from spent fuel.
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Table 2.6 Estimation of
radioisotope supply from
spent fuel in the U.S.
including potential useful
isotopes for nuclear batteries
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Radioisotope | Half-life Total activity Supply
(year) (Ci) (®

Cs-137 30.08 4.62E+09 5.31E+07
Sr-90 28.9 2.98E+09 2.11E+07
Cm-244 18.1 3.03E+08 3.74E+06
Kr-85 10.752 1.69E+08 4.29E+05
Am-241 432.6 1.58E+08 4.61E+07
Eu-154 8.6 1.01E+08 3.73E+05
Pm-147 2.6234 4.05E+07 4.37E+04
Sm-151 90 1.88E+07 7.16E+05
Cs-134 2.065 1.53E+07 1.18E+04
Eu-155 4.753 1.10E+07 2.23E+04
Sb-125 2.76 3.23E+06 3.08E+03
Cm-243 29.1 1.32E+06 2.56E+04
Sn-121 m 439 7.31E+05 1.36E+04
Eu-152 13.528 1.34E+05 7.59E+02
Ru-106 1.02 3.92E+04 1.18E+01
Cd-113 m 14.1 1.15E+04 5.14E+01
Th-228 1.912 1.53E+03 1.86E+00
U-232 68.9 1.51E+03 6.82E+01
Pm-146 5.53 1.33E+03 2.99E+00
Pu-236 2.858 2.84E+02 5.43E-01
Cf-250 13.08 2.39E+01 2.19E—01
Tm-171 1.92 4.80E+00 4.40E-03
Cf-252 2.645 1.12E+00 2.08E-03
Ac-227 21.772 9.10E—-02 1.26E—-03
Po-210 0.379 8.71E-04 1.94E-07
Pb-210 22.2 8.71E-04 1.14E-05
Ra-228 5.75 1.13E—05 4.14E-08

2.2 Radioisotope Production

Due to the limited quantities of radioisotopes available from Naturally Occurring
Radioactive Materials and human stockpiles, acquiring significant amounts of many
isotopes from existing supplies is unattainable. In order to obtain these substances
in quantities sufficient for use, some manner of radioisotope production must be
pursued. Unfortunately however, production of these isotopes remains a scientifi-
cally complex process. This complexity places a significant barrier on researchers
attempting to develop new radioisotope separation methods. Currently, there are
only four general methods available for the production of these substances: sepa-
ration from nuclear reactor spent fuel, separation from natural decay chains, pro-
duction of radioisotopes through neutron capture in a nuclear reactor, and
radioisotope production via the use of a particle accelerator.
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2.2.1 Separation from Spent Fuel

The first method of radioisotope production is the separation of isotopes from the
spent fuel of a nuclear reactor. In this method, the spent fuel is transported to a
reprocessing facility, where it is undergoes a series of chemical and/or physical
processes. Through these processes, different substances are isolated and removed,
leaving the desired chemical elements as products. These chemical elements can
then be further processed and refined to yield the proper concentration of the needed
radioisotope. Once the process is complete, these recycled isotopes can be used in
many applications, including nuclear batteries.

Unfortunately, one of the biggest scientific concerns with this method (in regards
to nuclear batteries) is the composition of the isotopes present in spent fuel. Most
nuclear reactors in the United States are Light Water Reactors (LWR’s). These
reactors produce spent fuel that consists of approximately 96 % uranium and less
than 1 % plutonium [25]. The remaining 3 % consists of a group of hundreds of
radioisotopes known as “fission products,” which were produced during the reac-
tor’s operation. It can therefore be concluded that, if a chemical element other than
uranium or plutonium is desired for a nuclear battery’s operation, an extremely high
amount of separation and refinement would be required. This would be a limiting
factor in the rate of production. In addition, this problem would also affect the cost
of radioisotopes produced using the method, which is an issue discussed later in the
chapter.

As was mentioned previously, these concerns apply primarily to scientists
interested in the research and development of nuclear batteries. Since this was not
the original intention of spent fuel reprocessing, many methods and variations of
spent fuel reprocessing have been developed. Before termination of civil spent fuel
reprocessing in the United States, the nation employed three different processes to
recycle spent fuel: the bismuth phosphate process, the reduction and oxidation
(REDOX) process, and the plutonium uranium redox extraction (PUREX) process.

2.2.1.1 Bismuth Phosphate Process

The first method of radioisotope separation from spent fuel, known as the bismuth
phosphate process, originated in the early 1940s from the Metallurgical Laboratory
at the University of Chicago. At the time, the University of Chicago was evaluating
several chemical separation processes for use in the Manhattan Project [26], a secret
military program to design and construct the first nuclear bomb. After evaluation of
the potential processes was completed, it was concluded that the bismuth phosphate
process was the best choice for separation of plutonium radioisotopes. Three large
bismuth phosphate plants were subsequently built by The Manhattan District in
Hanford, Washington. These plants were called T, B, and U, but were often
nicknamed “canyons” or “Queen Mary’s” because of their massive size (see
Fig. 2.4). The fundamental concept behind these bismuth phosphate plants was to
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Fig. 2.4 T Plant (left) and U Plant (right) in Hanford, Washington [27]. “Canyons” such as these
could be larger than 800 feet long, 85 feet wide, and 100 feet high

take advantage of different plutonium (Pu) valence states to recycle the spent fuel.
In the Pu** valence state, plutonium has the ability to co—precipitate with bismuth
phosphate (BiPOy,). However, in the Pu®" valence state, plutonium loses this
capacity. By manipulating plutonium through this difference in valence states, the
bismuth phosphate process produced an end product that consisted of a plutonium
nitrate solution.

The first step in the bismuth phosphate process was to remove the aluminum
reactor fuel cladding. This was done by submerging the spent fuel in a boiling
sodium hydroxide and sodium nitrite solution. The bare fuel, containing mostly
uranium and small amounts of plutonium and other fission products, was then
dissolved in a concentrated aqueous nitric acid solution. This solution was stabi-
lized with sulfuric acid to stop the uranium from precipitating [28]. To acquire the
proper valence state, nitrous acid was added to reduce the plutonium. Bismuth
phosphate was added next, in order to co-precipitate with the plutonium. The
plutonium and bismuth phosphate were isolated through the use of centrifuges, and
then washed [29]. This complete cycle would then be repeated multiple times in
order to purify the product. After the cycles had completed, the plutonium solution
would be further decontaminated and concentrated via a lanthanum fluoride carrier,
shrinking the volume of the solution from about three hundred and thirty gallons
down to 8 gal [26]. This volume reduction transformed the plutonium solution into
a paste. Further processing of the paste turned it into plutonium metal. For this
process, the waste stream contained the uranium and most of the fission products
(see Fig. 2.5).

Unfortunately, there were several significant problems with the bismuth phos-
phate process. First, the spent fuel had to be processed in batches [30]. A second
major issue was the loss of several useful products in the waste stream, such as the
uranium. One more problem was the low reprocessing rate. On average, a bismuth
phosphate plant could only reprocess about one metric ton of fuel per day [26].
Another disadvantage was product quantity: One metric ton of bare fuel produced
only 2.5 kg of plutonium product. Additionally, that same ton of bare fuel created
about ten thousand gallons of liquid waste. This resulted in approximately 1.5
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Fig. 2.5 The bismuth phosphate process [26]

million gallons of contaminated wastewater being discharged into the ground each
day [31]. Of course, in addition to all these problems, there were issues with the
reprocessing plants themselves.

In order to accommodate the necessary radiation shielding for the spent fuel, the
T, B, and U reprocessing plants were extremely large. The main buildings (can-
yons) were over 800 feet long, 85 feet wide, and 100 feet high. Each facility utilized
six-foot thick concrete walls to shield workers from the radioactivity. Every plant
was divided into at least 20 sections, known as “process cells,” with removable
shield covers to separate them. Direct exposure to the fuel or the processing
equipment was extremely hazardous due to the radiation dose received, and could
reach fatal exposure levels in under a minute [31]. To minimize such exposure, the
facilities used overhead cranes and manipulators operated by remote access. In
order to successfully operate this equipment, each facility had shielded operating
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galleries that ran the length of the building. These contained electrical equipment,
control equipment, and pipes, as well as the plant workers themselves. Due to the
dangers, a closed-circuit television system was installed to allow equipment oper-
ators to see inside the canyons while remaining safe from radiation. Each facility
used a ventilation system that passed outside air into the personnel areas, and
then drew it into the processing area before it was filtered and sent out via a tall
stack [26].

2.2.1.2 REDOX Process

As discussed previously, the bismuth phosphate reprocessing method had some
significant disadvantages. During the 1940s, difficulties in obtaining uranium made
the loss of the uranium in the waste stream the main concern. In order to stop this
loss and recover the uranium, the US developed the Reduction and Oxidation
(REDOX) fuel separation process [31]. A pilot plant was tested at Oak Ridge
National Laboratory in 1948-1949, followed swiftly by a full scale reprocessing
facility built at Hanford in 1951 [30]. This facility, known as the “S Plant,” was
significantly less massive than its bismuth phosphate predecessors, measuring a
mere 470 feet long by 160 feet wide (Fig. 2.6). During its peak operating efficiency,
the S Plant could process up to twelve metric tons of spent fuel each day. Over the
course of its operational lifetime, the S Plant at Hanford processed roughly 24,000
metric tons of spent fuel. The facility was closed in 1967 [27].

The REDOX method was a critical step forward for the nuclear community in
the development of spent fuel reprocessing. Unlike with the bismuth phosphate
process, the REDOX technique was a countercurrent, continuous flow solvent
extraction process. This eliminated the need to process the spent fuel in batches.
Further, the REDOX process produced uranium and plutonium as products. This
was accomplished by first removing the reactor fuel cladding in a nitric acid, similar
to the bismuth phosphate process. The aqueous solution from this step was then
mixed with an organic solvent called Hexone (methyl isobutyl ketone), which is
immiscible with water. During the mixing, the uranium and plutonium nitrates

Fig. 2.6 REDOX Plant in Hanford, Washington [27]
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would get extracted from the aqueous solution and transferred into the Hexone. Due
to its immiscibility, the Hexone could be easily separated from the aqueous solu-
tion. The uranium and plutonium were then chemically reduced and separated.
These products were then concentrated and sent to other facilities to be refined and
used [26].

In comparison to the bismuth phosphate process, the REDOX technique defi-
nitely had both advantages and disadvantages. One obvious advantage of the
REDOX method over the bismuth phosphate process was the ability to extract
uranium. Another advantage was the consolidation in the physical plant size
required while simultaneously increasing the number of plutonium processing
operations that could be done inside the facility. Unfortunately, the REDOX pro-
cess had some serious disadvantages as well. Waste from the plant was far less than
ideal: While it was smaller in volume than the waste produced by previous
methods, it contained more chemicals and was substantially hotter when it was
discharged. Also of major concern was the use of Hexone, as it is volatile and
explosive [27]. At only 69 °F, this organic solvent reaches its flash point—the
lowest temperature in which the liquid can evaporate enough fluid into the sur-
rounding air to create an ignitable gas. Such a low flash point necessitated the entire
REDOX reprocessing operation be conducted in an inert atmosphere [31].

2.2.1.3 PUREX Process

Another technique to separate specific radioisotopes from spent fuel is called the
Plutonium Uranium Recovery by Extraction (PUREX) process. The PUREX pro-
cess was developed by Knolls Atomic Power Laboratory in Schenectady, New
York during the early 1950s. Part of the driving force for PUREX development was
that the reprocessing technique was significantly safer than the REDOX process: As
it didn’t incorporate Hexone, there was no need for an inert atmosphere or for
concern about a Hexone based explosion. After development, the method was
tested at Oak Ridge National Laboratory in Tennessee from 1950-1952 [30]. It was
then adopted by the Savannah River Site in South Carolina. During November of
1954, the first PUREX reprocessing facility was opened at Savannah River in order
to recover the plutonium that had been residing in the spent fuel from five reactors
on site [26]. By January 1956, Hanford had constructed their own PUREX
reprocessing facility and starting operations (see Fig. 2.7). At over 1000 feet long,
60 feet wide, and 100 feet high, the Hanford PUREX reprocessing facility was the
largest chemical processing plant on the site [32].

While similar to the REDOX method in many respects, the PUREX process
allowed the countercurrent, continuous flow solvent extraction process to be con-
ducted under a considerably larger amount of safety. It also allowed additional
radioisotopes to be extracted. Just like with the REDOX technique, the first step in
the PUREX process involved removing the reactor fuel cladding through the use of
a nitric acid. The aqueous solution was then mixed with the organic solvent Tributyl
phosphate (TBP) [33]. Uranium, plutonium, and other desired radioisotopes (such
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Fig. 2.7 PUREX Plant in Hanford, Washington [27]. The PUREX “canyon” was over 1000 feet
long, 60 feet wide, and 100 feet high [32]

as neptunium) got extracted from the aqueous solution and transferred into the TBP
through valence state manipulation. These products would then be concentrated in
another organic solvent such as paraffin, where they would be subjected to a
chemical scrubbing via dilute nitric acid. Both the solvent extraction and scrubbing
steps would be repeated multiple times in order to separate and purify the products.
Each final product would be in the form of a nitrate [31]. A diagram of the PUREX
process is shown in Fig. 2.8.

For the nuclear community, the PUREX process definitely proved itself to be
superior to the REDOX technique in almost all respects. As was previously dis-
cussed, the PUREX process didn’t incorporate Hexone, which required an inert
atmosphere inside the facility and created concern about a Hexone based explosion.
The organic solvent used instead, known as TBP, has a much higher flash point
(almost 300 °F). This made it possible to use a natural atmosphere with no
explosion concerns. Another factor in favor of PUREX was its capability to recover
multiple isotopes. Lastly, as might be expected from the previously mentioned
benefits, the PUREX process had an higher efficiency than earlier methods [26].

Even though the PUREX process was a significant improvement over the
REDOX method, the plutonium product produced with the new technique created a
serious concern. Due to its central role in the making of nuclear weapons, the
plutonium product quickly became a nuclear weapons proliferation issue. In 1976,
President Gerald Ford indefinitely suspended the commercial reprocessing and
recycling of plutonium [34]. This directly affected the PUREX method. By the end
of April of 1977, President Jimmy Carter banned all civilian reactor nuclear fuel
reprocessing in the United States [35].

2.2.1.4 Other Processes

Fortunately, while civil spent fuel reprocessing in the United States was terminated
after the creation of the PUREX process, development in this area has continued.
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Fig. 2.8 The PUREX Process [26]

This has resulted in numerous different chemical reprocessing methods and their
variations. For example, one of the variations to the PUREX process is the TRUEX
reprocessing method, which attempts to isolate transuranic elements.
Another PUREX reprocessing variation is the DIAMEX-SANEX process, which
removes long-lived radioisotopes (like americium and curium) and then separates
them into different products. The COEX process extracts a mix containing both
uranium and plutonium, as well as a pure uranium stream. Lastly, the GANEX
technique extracts a mix containing both uranium and plutonium, similar to COEX,
except it also has the ability to separate some of the actinides. Many more examples
can be given, however the main concept and issues associated with chemical spent
fuel reprocessing remain.

In an attempt to avoid the complications associated with chemical spent fuel
reprocessing, some organizations are investigating reprocessing alternatives. One
such method worth mentioning is pyroprocessing, currently being investigated by
Argonne National Laboratories in Chicago. Unlike other methods, this technique
utilizes a process called electrorefining to separate radioisotopes. Similar to
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Fig. 2.9 Pyroprocessing Schematic [36]

electroplating, electrorefining involves attaching the spent fuel, already processed
into a metallic form, to an anode suspended in a molten salt bath. An electric current
is applied across the bath, and the fuel elements dissolve. Recyclable radioisotopes,
such as uranium and other actinides, collect on the cathode. These elements are then
sent to the cathode processor for further refinement, where any remaining salt is
returned to the bath. A schematic of the entire process is shown in Fig. 2.9.

2.2.2 Separation from Natural Decay Chains

Another method of radioisotope production involves taking advantage of the three
radioisotope decay chains found naturally in the environment. These three decay
chains are called the uranium, actinium, and thorium series, and have initial iso-
topes consisting of uranium-238, uranium-235, and thorium-232, respectively.
Usually, these decay chains are approximated as being in “secular equilibrium,” a
state in which the activity of each radionuclide in the series is approximately equal.
To satisfy the criteria for this definition, each decay chain must have an initial
radioisotope with a much longer half-life than any of its following decay products.
Additionally, a long time period must have elapsed to allow for the growth of the
subsequent radioisotopes. A good approximation for this span is about ten half-lives
of the longest living decay product [37].

During each decay process the original radioisotope, known as the “parent,”
decays through either alpha or beta particle emission. With the decay particle
ejected, the remaining radioisotope is of the form of the new nuclide, known as the
“daughter,” This daughter product is more stable than the parent, although it can
still decay further. A few of these daughter isotopes are strong gamma emitters. In
the context of decay chains, however, gamma emission is not in the same category
as an alpha or beta emission. This is because it is the release of excess energy, and
by itself does not transform the radionuclide it was emitted from [37].
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As was mentioned previously, the first decay chain, known as the uranium
series, has an initial parent consisting of U-238. This radioisotope has a half-life of
4.5 billion years. Its decay daughter is Th-234, which is achieved through the
emission of an alpha particle. The Th-234 has a half-life of 24 days, during which it
emits a beta particle and transforms into Pa-243 m. Pa-243 m is a metastable state,
with a half-life less than 1.25 min (75 s). As a parent, Pa-243 m emits a beta,
returning the nuclide to an isotope of uranium (U-234). The nuclide then undergoes
five consecutive alpha decays. These decays consist of U-234 (with a half-life of
240,000 years) to Th-230, Th-230 (with a half-life of 77,000 years) to Ra-226,
Ra-226 (with a half-life of 1,600 years) to Rn-222, Rn-222 (with a half-life of
3.8 days) to Po-218, and Po-218 (with a half-life of 3.1 min) to Pb-214. This
radioisotope has a half-life of 27 min and has the decay daughter Bi-214, achieved
by beta emission. The bismuth nuclide, having a half-life of 20 min, quickly decays
via another beta particle, transforming itself into Po-214. Due to an exceedingly
tiny half-life of only 160 ps, the Po-214 decays almost instantaneously to Pb-210
through the emission of an alpha particle. Over its 22 year half-life, Pb-210 emits a
beta particle, converting the nuclide into Bi-210. Bi-210, with a 5 day half-life,
decays via beta emission to Po-210. Lastly, Po-210 emits an alpha particle during
its 140 day half-life, transforming into Pb-206. Pb-206 is stable and does not decay
further. This entire sequence can be seen in Fig. 2.10.

The actinium series, which is the second decay chain, is shown in Fig. 2.11. Its
initial parent is U-235. U-235 is a long-lived isotope, with a half-life of 700 million
years. Its decay daughter is Th-231, which is reached through the emission of an
alpha particle. The Th-231 has a half-life of 26 h, during which it emits a beta
particle and transforms into Pa-231. Pa-231, with a 33,000 year half-life, decays via
alpha emission to Ac-227. Interestingly, Ac-227 emits both alpha and beta particles
during its 22 year half-life, creating two separate decay paths. Approximately 99 %
of the time, Ac-227 decays via a beta particle, yielding Th-227. The Th-227 has a
half-life of 19 days, during which time an alpha particle is emitted, resulting in
Ra-223. In the other 1 % of the time, Ac-227 decays via an alpha particle, yielding
Fr-223. Fr-223, with a 22 min half-life, emits a beta particle, also resulting in
Ra-223. The nuclide then undergoes three consecutive alpha decays. These decays
consist of Ra-223 (with a half-life of 11 days) to Rn-219, Rn-219 (with a half-life
of 4s) to Po-215, and Po-215 (with a half-life of 1.8 ms) to Pb-211. This
radioisotope has a half-life of 36 min and has the decay daughter Bi-211, achieved
by beta emission. The bismuth nuclide, having a half-life of 2.1 min, quickly
decays via an alpha particle, transforming itself into T1-207. Lastly, T1-207 emits a
beta particle during its 4.8 min half-life, transforming into Pb-207. Pb-207 is stable
and does not decay further.

Last is the thorium series, which has an initial parent consisting of Th-232. This
radioisotope has a half-life of 14 billion years. Its decay daughter is Ra-228, which
is achieved through the emission of an alpha particle. The Ra-228 has a half-life of
5.8 years, during which it emits a beta and turns into Ac-228. Ac-228, with a
half-life of 6.1 h, releases a beta particle, returning the nuclide to an isotope of
thorium (Th-228). The nuclide then undergoes four consecutive alpha decays.
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These decays consist of Th-228 (with a half-life of 1.9 years) to Ra-224, Ra-224
(with a half-life of 3.7 days) to Rn-320, Rn-320 (with a half-life of 56 s) to Po-216,
and Po-216 (with a half-life of 0.15 s) to Pb-212. This radioisotope has a half-life of
11 h and has the decay daughter Bi-212, achieved by beta emission. Similar to the
actinium in the actinium series, Bi-212 emits both alpha and beta particles during its
61 min half-life, creating two separate decay paths. Roughly 64 % of the time,
Bi-212 yields Po-212 through beta particle decay. The Po-212 has an almost
instantaneous half-life of only 310 ns, during which time an alpha particle is
emitted, resulting in Pb-208. In the other 36 % of the time, Bi-212 emits an alpha
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particle, giving T1-208. T1-208, with a half-life of 3.1 min, emits a beta particle, also
resulting in Pb-208. Pb-208 is stable and does not decay further. A diagram of the
thorium decay series is shown in Fig. 2.12.

One factor that can significantly disrupt the secular equilibrium of uranium,
actinium, and thorium decay chains is whether or not specific radionuclides have
been extracted from them. If extraction of a particular isotope has occurred to a
considerable extent, its absence will inhibit the formation of its daughter isotopes,
effectively severing the decay chain. The remaining daughter isotope sub-series can
then be considered a separate (and smaller) series, with one of the long-lived
radioisotopes from the original decay chain as its initial parent. For example, if
U-238 was extracted from the uranium series in Fig. 2.10, the immediate daughter
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product (Th-234) would not continue to form. With relatively short half-lives, both
the remaining Th-234 and its daughter Pa-243m would decay out. This would leave
the long-lived radioisotope U-234 as the initial parent for a smaller chain, consisting
of the subsequent daughters of U-234 originally included in the uranium series.
Similarly, if U-234 was extracted from the uranium series, the Th-230 daughter
would cease forming. However, since Th-230 itself is a long-lived radioisotope, it
would become the initial parent for the remaining isotopes in the decay chain. Other
nuclides in the uranium series that can be considered initial parents for smaller
chains are Ra-226 and Pb-210 [37].

In determining the initial parent for a smaller series, nuclides with half-lives of
less than a year are usually not considered. This is because these radioisotopes are



62 2 Radioisotopes

heavily dependent on the isotope supply generated by their parent nuclide, and so
reestablish equilibrium with their parent (decay out) within several years [37].
Applying this consideration to the actinium series, it can be determined that it
contains the initial parents U-235, Pa-231, and Ac-227. Similarly, applying this
consideration to the thorium series reveals the initial parents Th-232, Ra-228, and
Th-228.

Once an isotope from one of the natural decay chains has been selected for
extraction, a chemical separation process is applied to remove the nuclide from the
other radioisotopes in the corresponding decay series and manipulate it into a useful
form. The exact details of this process depend on the properties of the radioisotope
being separated. In the case of uranium, crushed uranium ore (UO3) is leached with
sulfuric acid (H,SO,). The resulting oxidation reaction is [38]:

UO; +2H" — UO3 ™ +H,0 (2.1)
UO2* 43502 — UO,(S04)5~ (2.2)

The uranium solution is then recovered using a resin/polymer ion exchange or
liquid ion exchange solvent extraction system. To continue processing, the uranium
is stripped from the ion exchange resin/polymer with either a strong acid or chloride
solution, or with a nitrate solution in a semi-continuous cycle. In the chemical
equation below, an acid is used. The “R” is an alkyl (hydrocarbon) grouping with a
single covalent bond [38]:

2(R3NH),S0, 4 2U0,(S04); — (R3NH),UO,(SOy), + 2502~ (2.4)

After the previous reaction, any cation impurities are removed from the solution
by the use of sulfuric acid, and anion impurities are removed from the solution by
utilizing gaseous ammonia. An ammonium sulfate solution is then introduced,
removing the alkyl (hydrocarbon) groupings from the uranium. Once this is com-
pleted, gaseous ammonia (2NH3) is added to the solution. This is done to neutralize
the solution and create ammonium diuranate [38]:

(R3NH)4U02 (SO4)3 + 2(NH4)2SO4 — 4RN + (NH4)4U02 (804)3 +2H,S0,
(2.5)

2NH; + U0, (SO4)3~ — (NHy4),U 07 + 45803~ (2.6)

Lastly, the ammonium diuranate is processed. Any remaining water is removed
from the solution, and then the ammonium diuranate is then dried at a high tem-
perature [38]. This converts the product to uranium oxide (U5Og), which contains
approximately 85 % uranium by mass. U3;Og, more commonly known as yellow-
cake uranium, is then sold to customers.



2.2 Radioisotope Production 63

2.2.3 Production by Neutron Capture in a Reactor

A third method, which is commonly used today, is the production of radioisotopes
through neutron capture in a nuclear reactor. There are still a few national labs in
the United States with this capability. The two current typical methods of neutron
exposure to a sample are beam port exposure and pneumatic tube. It is also possible
to have a loading dock which remains a stationary area during operation above the
reactor, such as demonstrated in the Oak Ridge National Laboratory diagram
(Fig. 2.13).

Each research reactor has very different properties associated with the key fac-
tors in irradiation (Table 2.7). These key factors include neutron flux, operation
time, and volume available for sample exposure. Also important to note is that extra
“dead time” occurs due to sample handling procedures and sample loading. This
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Fig. 2.13 Oakridge National Lab diagram of Low-Intensity Testing Reactor. The horizontal beam
holes connect to beam ports and the large facilities near the active lattice show closer exposure
areas
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Table 2.7 Properties of reactor facilities by laboratory

2 Radioisotopes

Reactor Fast flux Thermal flux Operational time | Max volume
name @mem2sh mem2sh d yearfl) (cm™>)
MIT—#*RR |12 x 10" 6.0 x 10" 168 460

MURR 6.0 x 10" 6.0 x 10 180 350

INL **ATR |5.0 x 10" 1.0 x 10" 180195 15,400%
ONRL 5.0 x 10 1.5 x 10" 270-290 14.5 (f) 3.2 (th)
Reactors

*Note that INL has an operation port that has a tremendous available volume relative to pneumatic
tubes present in other operations. **RR is the abbreviation of Research Reactor, as MURR is
University of Missouri Research Reactor and ATR is Advanced Test Reactor [39—41]

dead time can extend up to 3 or 4 times the exposure time for pneumatic tubes or be
as low as 20 % for beam ports/staging areas.

The operational time above is gross of down time, the actual transitioning of
material between runs. Thus, effective exposure could be as low as 5 % of the
reactor operating time or as high as 70 %. Future calculations will involve an
assumption of 50 %.

2.2.4 Production by Accelerator

The last method of radioisotope production utilizes a particle accelerator. In these
accelerators, beams of charged particles (such as protons) are accelerated by an
external magnetic field (see Fig. 2.14). When the appropriate energy level has been
reached, these particles are then deliberately collided with target isotope atoms.
During the collision, the atom absorbs the particle, transforming itself into a new
isotope while releasing subatomic particles. After sufficient irradiation, the target
isotope can be removed from the accelerator, and the desired radionuclide can be
processed out for use.

One example of particle accelerator based radioisotope production is the
Brookhaven Linac (linear accelerator) Isotope Producer, otherwise known as BLIP.
This accelerator is located at Brookhaven National Laboratory (BNL) in Upton,
New York, and operates by accelerating protons. Since opening in 1972, BLIP has
received two upgrades: One in 1986 and the second in 1996 [43]. As shown in
Fig. 2.15, BLIP works by diverting some of the particle beam produced by a
previous linac. The length of BLIP from the diverging point from the previous linac
to the target at the end is 98.4 feet. Target isotopes are formed into round “discs”
and are placed inside a vertical 16 inch diameter containment shaft that is filled with
water. They are then lowered down approximately 30 feet until they are in line with
the incoming particle beam from the linac. Depending on particle beam strength and
disc thickness, up to eight target isotopes can be inserted at a time [43]. Currently,
BLIP can utilize proton beams with energies of up to 200 MeV, as well as up to 110
LA intensity [44].
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Fig. 2.14 A linear accelerator (LINAC) at Brookhaven National Laboratory [42]
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Fig. 2.15 BLIP Beam Line Schematic [42]



66 2 Radioisotopes

Using BLIP, Brookhaven National Laboratory has the capability to produce
several radioisotopes. This is illustrated in Table 2.8, which shows the radioisotope
production capability for the year 2012. As can be seen from the table, obtaining
certain isotopes (such as Be-7 or Fe-52) required placing a special order with BNL.
Other radionuclides, such as Ni-63, were readily in stock. Some isotopes were
produced monthly (such as Cu-67 and Y-86), while others (such as As-73 and
Tc-95 m) were not scheduled to be produced that year. One interesting note is that,
for the 2012 radioisotope production year, BLIP was only run from January through
July [44]. This means that the longer lived nuclides were available all year, while
the supply of shorter lived nuclides quickly died out after BLIP was shut down for
the year.

After the desired radioisotopes are produced, they still must be separated from
any coproduced isotopes, as well as other target materials. Fortunately, BNL has
nine hot cells, eight radiochemistry development laboratories, an instrumentation
laboratory for radionuclide and chemical assays, and radioactive waste handling
and storage facilities that all enable it to do the required isotope post-processing
[43]. In these facilities, BNL employs several radiochemical processing techniques.
These methods include ion exchange chromatography, solvent extraction, distilla-
tion, and precipitation [43].

A second example of radioisotope production via a particle accelerator is
Niowave, a super conducting linear accelerator company located in Lansing,
Michigan. Unlike with BLIP (which uses protons), the Niowave super conducting
linac accelerates electrons. It operates at only 4 K (—452 °F) and can produce

Table 2.8 BLIP radioisotope  [5otope Half-life Primary Production

production capability in 2012 usage frequency

441 Be-7 53.3 days Research Special order
Mg-28 209 h Research Special order
Fe-52 83 h Research Special order
Fe-55 2.73 years Commercial | In stock
Ni-63 100.1 years | Commercial | In stock
Zn-65 243.8 days Commercial In stock
Cu-67 619 h Research Monthly
Ge-68 270.8 days Commercial | Monthly
As-73 80.3 days Research Not scheduled
Sr-82 25.4 days Commercial Monthly
Rb-83 86.2 days Research In stock
Y-86 14.7 days Research Monthly
Y-88 106.6 days Commercial | Not scheduled
Tc-95 m 61 days Research Not scheduled
Tc-96 4.3 days Research Not scheduled
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electrons from 20 to 40 MeV, with the particle beam power ranging from 50 to
100 kW in intensity [45]. In 2014, construction began for a linac facility specifically
designed for radioisotope production. When completed in 2015, Niowave intends to
pursue production of medical radionuclides Mo-99, Cu-67, and Ac-225. It also plans
on investigating production of industrial isotopes Mn-54 and Zn-65 [45].

2.3 Cost of Radioisotopes

There are many factors that impact the cost of radioisotope production discussed in
this section. The Nuclear Energy Agency OECD 2010 report reviewed production
costs of M0-99/and Tc-99 m. Encompassing all factors can be dissolved down into
a per unit cost by the equation:

(1+r)

In this notation, «, is the particular radioisotope to be produced; ‘#’ is a set
particular time, and is summed over all effective times; ‘I’ is the investment costs,
typically taken at ¢ =0 but will include interest payments on loans; D is the
decommissioning cost of any facility; O&M the operating and maintenance costs at
a given time; and ‘7’ is the interest rate (to be considered constant, but it also can be
dynamic in time). The following are key factors influencing these costs from a per
unit basis. Production rates and particular stoichiometry for chemical/nuclear pro-
cesses are proprietary to each industry, and thus cannot be presented in a reliable
fashion. Instead, this section will conclude with previous production costs as a
reference point for future work.

5 (1, +O0&M + D,)
Pp=—7 (2.7)

2.3.1 Cost of Separation

Separation steps exist in every method of source material creation for nuclear
batteries. In neutron capture processes, source material is purified typically using an
acid and a liquid-liquid extraction step [46]. Accelerator targets are processed in a
similar manner. Of particular interest though would be the anticipated cost of a
liquid-liquid and liquid-solid extraction processing plants. These are typical designs
similar to expected equipment used to harvest material from spent nuclear fuel and
convert it to source material.

Separation costs are the composite of capital equipment necessary and pro-
cessing materials needed. The primary processes involved are: medium based
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liquid-liquid extraction, centrifuge separation, dissolving and mixing, distillation,
and drying. While the discussion present is a cost guide to extraction of radioactive
material from spent nuclear fuel, pieces of the overall process can be extracted to
specific methods such as PUREX.

2.3.1.1 Cost Analysis

The first consideration in cost analysis is consultation of reactants and recyclable
chemicals. While exact stoichiometry and chemical engineering principles are pro-
prietary to companies such as AREVA and their operations in France, by studying
operations at the La Hague facility or the US nuclear weapons reprocessing facility
at Hanford, WA, one gathers typical chemical reactants used (Table 2.9).

Typically, there are multiple physical modifications steps needed to achieve
desired conditions for chemical reactions, thus the discussion begins with
Dissolution, Mixing, and Drying Capital Costs.

2.3.1.2 Dissolution, Mixing and Drying Equipment

Dissolution, mixing, and drying are the bracket steps to major processes of distil-
lation, liquid-liquid extraction, and centrifuging. Typically, manufacturing of cus-
tom capital equipment takes place. But there are major items associated with these
processes; equipment such as mixers, dryers, containers, and extraction columns.
A facility may need multiple iterations of similar equipment, which cuts down on
manufacturing costs (Table 2.10).

Table 2.9 Typical process materials cost for PUREX

Reactant name Quantity Unit Costs ($)
Nitric acid 15 L 382.5
Sodium carbonate 12 kg 492.7
H;PO,—85 % wt 25 kg 234
Sodium bismuthate 100 g 276.5
Sodium dichromate 5 kg 556
Zirconium 100 g 82.7
Cerium in ammonium cerium nitrate 500 g 267.5
Hexone (methyl isobutyl ketone) *98 % 100 ml 30
Sodium hydroxide *97 % 50 kg 971
Tributyl phosphate—TBP 500 ml 174
Kerosene 3.78541 L 3
Gallium 1 kg 339

Note these prices were sourced to be minimums from multiple online and retail sources. They are
listed by reactant name, the quantity and unit for the associated cost [47-50]
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Table 2.10 The following are industrial quotes listed as averages from major producers and users
of these industrial equipment (Flour, Sulzer, URS)

Device Cost estimate ($k)
Industrial dryer 5.00

Packed extraction columns (ECP) 1,000.00

Mixer settler column 2,500.00

Organic solvent nanofiltration 3,000.00

2.3.1.3 Sunk Costs Considerations

Referring to the equation at the start of the section it is important to note that
investment costs must be considered at time zero. There are instances where these
costs can get out of control, resulting in the death of a project. Additionally, in the
early studies of nuclear fuel separation the following situation occurred resulting in
the destruction of the facility and need for a full redesign.

Nuclear fuel separation occurs via the metal being dissolved in a significant high
concentration of acid solutions in preparation for liquid-liquid extraction. Slight
oxidation of the metal can occur in long periods of storage. Direct mixing with the
TBP had resulted in disaster when the storage container was stainless steel. Via
these disasters it is now known that a polymer lining is required in the storage
vessel before the combination step. It prevents the violent redux reaction of any
oxidized metal in the acid interacting with “TPB,” and removes the possibility of
explosive gas generation during storage [S1].

2.3.2 Cost of Neutron Capture

Projecting the cost of neutron capture is a multi-step process, but can be simplified
by dividing the total annual operating and fuel costs by the potential amount of
neutrons captured by a given reference material.

E _ Cop + Cfuel

; ; (2.8)

Note the above formula requires costs to be taken on the same time basis. This
investigation takes into account annual operational and fuel costs. Referencing one
of the authors, research paper, typical fuel cost for research reactors is roughly
$20 M per year. Additionally, a typical reactor will need a minimum of 50 personnel
for operations and primary safety precautions. The median salary in the industry is
roughly $70,000 while the average is closer to $100,000; the average will be used
for conservatism in the estimate [52, 53]. Thus in a year a typical research reactor
would cost roughly $25 M annually for operations and fuel. Typically neutrons
available are given in terms of available flux ¢, so total neutrons:
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Table 2.11 Note that is table represents cost per flux and based on parameters given in
Table 2.10

Neutron costs Fast (10"'%/(n cm™2) Thermal (10""#/(n cm™?)
MIT-RR $2.87 $5.74
MURR $6.43 $0.53
INL-ATR $0.64 $0.32
ONRL-Reactors $1.44 $0.65
n=¢- At (2.9)

Note that Ar is exposure time of the material during operations. Assuming
downtime of 50 % the cost estimates from published fluxes of test reactors around
the country is shown in Table 2.11.

The number of neutrons though should be more formally analyzed as neutrons
are captured. This requires significant number of assumptions and potentially some
complexity. First, the neutrons need to be accounted for in terms of thermal and fast
neutrons, which have different capture cross sections based on target materials.
Second, one is required to take into account decay constants, exposure time, capture
cross section, and other physical parameters. Given the complexity, it is easier to
find the cost assuming some average parameters for materials and saturation level is
reached, removing the specifics of decay effects. To be conservative the decay
effects can be coupled with associated downtime of experiments and exposure.

1
Neap = E [(Pf,pmdo-f + (pth,pmdafh] P V- At (210)

Note that sometimes the chambers available for thermal and fast production have
different volumes, V; where that factor would be distributed. Also density, p, is
taken into account, but this equation has the capture cross section in per gram.
Typically cross sections are listed on a per atom basis, so multiplying by
Avagadro’s number N, and dividing by molecular weight should be multiplied into
the factors. Doing so results in a cost per neutron captured for the test reactors.

Note significant assumptions about the density and capture cross section of
materials are taken into account. The table assumes a material with a density of
8 g cm >, a molecular weight of 80 g mol™' and fast cross section of 1 barn
(107%* cm? atom™ ') and thermal cross section of 5 barns.

Unfortunately, most production methods for nuclear batteries would like mate-
rial on the order of grams and not atoms. This requires to multiply the cost by the
amount of neutron captures needed to produce a gram of radioactive material,
which is on the order of 10%. Suddenly, the costs above reach the 100s—10s of
millions per gram of source material produced, from a fuel cost basis. For mass
production, beam port operations will be required and only the lower costs pre-
sented would be applicable. INL-ATR thermal and MURR thermal neutron pro-
duction are based on beam port size calculations (Table 2.12).
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Table 2.12 Table is cost per neutron captured, assuming neutrons captured independently of
other operations, and a factor of 2 is divided to conserve this operation

Neutron costs Fast 10~ "7/n Thermal 10”""/n
MIT-RR $103.68 $41.47

MURR $232.25 $3.87

INL-ATR $23.23 $2.32
ONRL-Reactors $51.85 $4.71

As an example of how to go about calculating the cost of isotope production
using neutron capture consider the case of Ni-63. It has a half-life of 101 years and
emits a beta particle with a maximum energy of 65.9 keV. The long half-life makes
it promising for nuclear power battery applications—where long shelf-life is
desired. Nickel-63 is produced via neutron capture of Nickel-62 (63Ni (n,y) 63Ni).
The isotopic composition and neutron cross sections of natural nickel are shown in
Table 2.13. The large neutron thermal absorption cross section (14.5 barns) as well
as the resonance integral (6.6 barns) of Ni-62 increases the likelihood for neutron
absorption to occur. A large fraction of natural nickel is Ni-58. To increase the
specific activity of Ni-63, Ni-62 is enriched as high as possible and is irradiated
with a high neutron flux.

The activity of the radioisotope produced during or at the end of a neutron
capture reaction is calculated from the equation below

!
v’ = nv 4Ny — AN’ (2.11)
dt
where Nt is the total number of atoms present in the target, nv is the neutron flux =
@, Cue 18 the activation cross-section, N’ is the number of activated atoms, A atomic
weight of the target, and AN’ is the decay rate of the product.
The activity can be obtained by integrating the equation above resulting in the
equation below.

A=IN = 04 pNr(1 — ") (2.12)

Table 2.13 Percentage composition of natural nickel isotope

Isotope Ni-58 Ni-60 Ni-61 Ni-62 Ni-64
% abundance 68.07 26.22 1.14 3.63 0.93
Thermal neutron cross section (barns) 4.6 2.96 2.5 14.5 1.52
Resonance Integral (barns) 2.2 1.5 1.5 6.6 0.98
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The above equation does not take into account the following which will reduce
the calculated activity:

e Flux depression due to adjacent samples in the reactor especially when such
samples are high neutron absorbers,

Burn-up of the target material with time,

Destruction of the product nucleus due to subsequent neutron capture,
Self-shielding effect of the target,

Power variation in the reactor, and

Target encapsulation.

A final time. ¢ will elapse after irradiation and just before counting. Hence,
Eq. 2.12 reduces to

A= Gu oNr(1 — )™ (2.13)

The quantity (1 — e~*) is called the saturation term. The equation shows that the
activity grows exponentially and reaches a saturated value limited by the flux in the
reactor. After sufficient period of irradiation (f > ;) the activity approaches the
value

Asat = Ogqct (PNT (214)

Ag,; 18 called the saturation activity. For relatively short irradiation time com-
parable to the half-life of the isotope, the saturated term approaches Ar and the
activity varies linearly with time.

The neutron flux at the flux trap at the University of Missouri Research Reactor
(MURR) is 6.0 x 10" n x ecm™ x s™'. There are many positions within beam
port of this reactor that are designated for experimental work. Targets could easily
be inserted in and out of this positions during reactor operation. The flux at the H1
position is 1.0 x 10%nem 2! [54]. Table 2.14 shows the nuclear reactions and
calculated specific activity for Ni-63. To minimize the content of Ni-58 in the
target, the target is made of mostly Ni-62. The small fraction of Ni-58 in the target
would burn in the reactor to produce a small percentage of Ni-59. Figure 2.16
shows the specific activity, defined as the activity per unit mass, for the production
of Ni-63 at the H1 position at different irradiation times. The maximum specific

Table 2.14 Nuclear reactions and specific activity calculation for Nickel-63 at different
irradiation times

Reaction Isotope abundance | Cross section (barns) | Activity at

1.0 x 10" nem 257!
(mCi/g)

1 week |1 month |1 year
©Ni (n, 7) °Ni [3.63 % 14.5 1.98 7.92 94.7
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Fig. 2.16 Calculated production yields of Nickel-63 by neutron irradiation of Nickel-62 targets as
a function of irradiation time at a thermal neutron flux of 1.0 x 10'* n cm 2 s™!

activity achieved is 13.7 Ci/g, obtained after a few half-lives. Due to the long
half-life of Nickel-63, the amount of Ni-63 produced that decays before counting is
negligible.

Secondary reactions and products are: (1) 3Nj (n, y) Ni [t;, =7.6x104 years,
abundance = 68.08%, ¢ = 4.6 barns], (2) **Ni (n,o) *°Fe [t;, = 2.73 years ¢ < 1
mb], (3) ®*Ni (n,x) *°Fe [t;,, = 2.73 years, ¢ = 0.002 mb], and (4) **Ni (n,) *Ni
[, = 2.51 h, abundance = 0.9265, ¢ = 1.52 b]

Ni-63 also has an appreciable cross section (24 barns) and is activated in reactors
to produce Ni-64. This limits the specific activity of the Ni-63 produced. Generally,
10 g of Nickel-62 powder is encapsulated in an aluminum container with diameter
of 4 mm and a height of 2 mm (50.27 mm? area) prior to irradiation. Irradiation is
done between 8 and 12 weeks [46]. The cost per neutron at MURR has been
indicated Table 2.12. Based on this value, the cost of producing 1 Ci/g of Ni-63 is
estimated to be US$4252. The cost of neutrons generally accounts for a small
fraction of the total production cost.

2.3.3 Cost of Accelerator

Accelerators are used to produce medical isotopes. Medical isotopes are necessary
for health related diagnostic imaging and therapy. For these medical related
applications, isotopes can be priced at a premium. The diagnostic imaging appli-
cation typically uses short lived isotopes. The therapeutic isotopes are longer lived.
Medical isotopes are created by charged particle reactions (protons, deuterons,
helium or neutrons) or a by a photonuclear process with a target material.
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Table 2.15 Cost of
manufacturing Mo-99 using
various processes

Cost per Ci | Cost per gram
Reactor $1,010.00 $484,000,000
Photo-nuclear (enriched target) $356.67 $171,000,000
Photo-nuclear (natural target) $2,893.33 1,387,000,000
Dedicated cyclotron $1,216.67 583,000,000
Multipurpose cyclotron $766.67 367,400,000

To illustrate the costs of producing medical isotopes, one of the most studied,
Mo-99, is used as an example. Mo-99 is one of the more prominent medical
isotopes and has been widely studied [55, 56]. The processes studied included the
use of low enriched uranium in a high flux nuclear reactor, the use of Mo-100(y,n)
Mo-99 reaction using an accelerator, or a neutron flux of 10'* n cm™ s~ provided
either by a multipurpose 30 MeV cyclotron or a dedicated cyclotron were costed
out as shown in Table 2.15.

The high cost of producing a medical radioisotope is acceptable for medical
procedures where 10s of mCi of the isotope are needed and the cost premium is
worth it for the lifesaving benefits. However, these types of costs are not affordable
for nuclear batteries.

New technologies are being developed based on linear accelerators [57]. There
are some developments in superconducting linear accelerators. These new
approaches and new developments will not have a significant impact on price.

2.4 Other Factors Influencing Cost
2.4.1 Safety

The costs associated with safety are discussed in further detail in Sect. 5.3.1 of
Chap. 5 where regulation based on particular nuclides is discussed. Typically, there
will be resident experts whose salaries are in the range of $90,000-$300,000 based
on qualification and licenses attributed to that individual. Additionally, special
precautions such as transportation effects are required.

2.4.2 Software

It typically is important to consult the industry standards of modeling tools and
regulatory code. A leader in chemical engineering process software is Aspen
Technologies, and their license can range from $5,000 to $20,000 annually per user
depending on detail of specifications needed (quote from call). In the case of
nuclear operations, the consent and royalties to LANL, for use and modification of
MCNP can be in excess of $50,000, depending on size of the company.
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2.4.3 Liquidity of Capital (Cash)

(%)

A big factor recognized in the initial equation is the current interest rate, ‘r’.
Historically lending of this scale requires that significant interest costs are at a
significant premium to central bank rates. Currently, the world is seeing record low
interest rates, where the 10 year treasury is going for 1.7 %. The premium for a
capital project of this magnitude and risk would typically go for slightly higher rates
than that of owning a home, currently 4.3 %. Many companies will issue con-
vertible debt or preferred stock to fund these operations, and yields can be as costly
as 10 %. Additionally, should circumstances change or problems come up, it would
become necessary to borrow and refinance the loans. In a tight market, noticed in
2008, such costs could be as high as 17 %. Most industrial models will anticipate
between 6 and 8 % interest costs, but timing certainly plays an effect in project
costs [58].

2.5 Isotopes Produced from the Manhattan Project

The technologies and capabilities available for nuclear battery source material are
firmly established, but they are extremely costly, difficult to organize, and filled
with regulation. Due to the risks, there are virtually no profitable uses for nuclear
energy outside the scale of reactors or premium of medicine. During the beginning
of the nuclear era there were a lot of parts of the Manhattan Project and recycling at
Hannover, WA was one of those parts. The costs of nuclear fuel separation were a
part of the technological development and were assumed by the U.S. government as
a means to an end for producing weapons grade plutonium. While this progressed
the science, it did not provide good insight into creating a business model for
operating profitable sourcing of other radioisotopes [59].

2.6 Mixed Oxide Fuel Fabrication Facility (MOX FFF)

In 1999 the US government approved joint operation of a facility to reprocess spent
nuclear fuel at the Savannah River Site in South Carolina. After 16 years and
roughly $8.5B the project is still ‘underway’ as certain engineering failures, dis-
putes over regulations, and other things have impeded progress. The project has
documented over 20 million safe work hours and will be able to process 3.5 metric
tons of weapons grade plutonium into a mixed oxide fuel (MOX). MOX fuel
contains plutonium and uranium and can be put into many typical reactor designs
used today, with the only major change being timing of delayed neutrons. The
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facility will have the capability to produce over 150 MOX assemblies a year, and
anticipated to finally be online in 2020. All in costs, not including operation will be
on the order of $17B, but was initially projected at $2-5B [59-61].

2.7 Summary

There are limited sources of radioisotopes. Isotopes can come from natural sources
and from man-made sources (fission and through other nuclear reactions based on
neutron capture, high energy interactions with charged particles or photonuclear).
The issue with radioisotopes is the quantity of suitable isotopes that are available
from natural sources or fission. These types of radioisotopes have to be separated
from other materials which contribute to the cost of the isotopes. If the isotope must
be made from nuclear reactions, then the cost of the neutron source, high energy
charged particle source or high energy photon source becomes a significant factor.

Availability and cost of isotopes are a problem for the development of nuclear
batteries.

Problems

1. How long would it take for the world’s supply of natural Th-234 to reach one
gram (Note it is being replenished by a parent isotope)? How about Ac-227?
Ra-228?

2. What would be the parent isotopes for sub-series created by extracting the
following nuclides: U-238, Th-230, Ra-226, Pa-231, Ac-227, Ra-228, and
Th-228?

3. Suppose a sub-series with a parent isotope of U-234 was discovered. What
radioisotope would likely have been extracted? What if the parent isotope was
Th-228?

4. Which radioisotopes mentioned in this chapter could be used in a nuclear

battery?

Is Pb-210 a viable isotope for nuclear batteries? Explain your reasoning.

6. Is it feasible to make Pu-238 from the existing inventory of Np-237? Explain
your reasoning.

7. Is Am-241 a possible replacement for Pu-238 in a Radioisotope Thermoelectric
Generator?

8. How much Kr-85 does a 3 GW thermal commercial reactor with a 90 %
capacity factor produce in one year?

9. Estimate how much it costs to produce a gram of Ar-39.

10. Estimate how much it costs to produce a gram of Gd-148.

b



References 77

References

10.

11.

12.

13

14.

15.

16.

17.

18

19.

20.

21.

22.

23.

24.

. Masarik J (2009) Chapter 1 Origin and Distribution of Radionuclides in the Continental

Environment. In: Klaus F (ed) Radioactivity in the environment, vol 16. Elsevier, pp 1-25

. Asimov I (1953) Naturally occurring radioisotopes. J Chem Educ 30:398, 1953/08/01
. Dalrymple GB (2001) The age of the Earth in the twentieth century: a problem (mostly)

solved. Geol Soc Lond Spec Publ 190:205-221

. Prelas MA, Weaver CL, Watermann ML, Lukosi ED, Schott RJ, Wisniewski DA (2014) A

review of nuclear batteries. Prog Nucl Energ 75:117-148

. Vance R (2014) Uranium 2014: resources, production and demand. NEA News 26
. Brookhaven National Laboratory (11/09/2015) Interactive Chart of the Nuclides. http://www.

nndc.bnl.gov/chart/

. Haynes WM, Lide DR, Bruno TJ, CRC handbook of chemistry and physics: a ready-reference

book of chemical and physical data, 96th edn

. Baum EM, Ernesti MC, Knox HD, Miller TR, Watson AM (2010) Knolls Atomic Power

Laboratory. Nuclides and isotopes: chart of the nuclides, 17th edn. KAPL: BECHTEL

. O’Brien K (1979) Secular variations in the production of cosmogenic isotopes in the Earth’s

atmosphere. J Geophys Res: Space Phys (1978-2012) 84:423-431

Glasstone S, Sesonske A (1994) Nuclear reactor engineering, 4th edn. Chapman & Hall, New
York, NY

DOE-HDBK-1019/1-93 (1993) Nuclear physics and reactor theory. Department of Energy,
Washington DC

Murray RL (1981) Understanding radioactive waste PNL-3570; Other: ON: DE82007628
United States 10.2172/5155221 Other: ON: DE82007628 Thu Sept 22 07:33:03 EDT
2011NTIS, PC AO6/MF AO1.PNNL; EDB-82-141946 English

. Nuclear Regulatory Commission (2016) Nuclear fuel pellets. https://www.flickr.com/photos/

nrcgov/15420174614/

Von Hippel FN (2001) Plutonium and reprocessing of spent nuclear fuel. Science 293:2397—
2398

Albright D, Kelleher-Vergantini S (2015) Plutonium and highly enriched uranium inventories,
2015 [Text]. http://isis-online.org/isis-reports/detail/plutonium-and-highly-enriched-uranium-
inventories-2015/17

Albright D, Berkout F, Walker W (1996) Plutonium and highly enriched uranium. Oxford
University Press, Oxford

Albright D, Kramer K (2005) Neptunium 237 and Americium: World Inventories and
Proliferation Concerns. In: ISIS Document Collection, I. f. S. a. I. Security. ISIS

. Ahlswede J, Hebel S, Ross JO, Schoetter R, Kalinowski MB (2013) Update and improvement

of the global krypton-85 emission inventory. J Environ Radioact 115:34-42
National_Research_Council_Radioisotope_Power_Systems_Committee (2009). Radioisotope
Power Systems: An Imperative for Maintaining US Leadership in Space Exploration: National
Academies Press

Department_of_Energy (2005) Draft EIS for the Proposed Consolidation of Nuclear
Operations Related to Production of Radioisotope Power Systems, S. a. T. Office of
Nuclear Energy. Washington DC: DOE

Lastres O, Chandler D, Jarrell JJ, Maldonado GI (2011) Studies of Plutonium-238 production
at the high flux isotope reactor. Trans Am Nucl Soc 104:716-718

Wagner JC, Peterson JL, Mueller D, Gehin JC, Worrall A, Taiwo T, et al (2012)
Categorization of used nuclear fuel inventory in support of a comprehensive national nuclear
fuel cycle strategy. Oak Ridge National Laboratory (ORNL)

Yancey K, Tsvetkov PV (2014) Quantification of U.S. spent fuel inventories in nuclear waste
management. Ann Nucl Energ 72:277-285

Feiveson H, Mian Z, Ramana MV, Hippel FV (2011) Managing spent fuel from nuclear power
reactors. International Panel on Fissile Materials


http://www.nndc.bnl.gov/chart/
http://www.nndc.bnl.gov/chart/
https://www.flickr.com/photos/nrcgov/15420174614/
https://www.flickr.com/photos/nrcgov/15420174614/
http://isis-online.org/isis-reports/detail/plutonium-and-highly-enriched-uranium-inventories-2015/17
http://isis-online.org/isis-reports/detail/plutonium-and-highly-enriched-uranium-inventories-2015/17

78

25.

26.

217.
28.

29.

30.
31.
32.
33.
34.
3s.
36.
37.
38.
39.

40.

41.
42.
43.
44.

45.
46.
47.
48.
49.
50.
51.

52.
. Bureau of Labor Statistics. http://www.bls.gov/

53

2 Radioisotopes

World Nuclear Association (2015) Processing of used nuclear fuel. http://www.world-nuclear.
org/info/nuclear-fuel-cycle/fuel-recycling/processing-of-used-nuclear-fuel/

U.S. Linking legacies: connecting the Cold War nuclear weapons production processes to their
environmental consequences. [Washington, DC]: U.S. Dept. of Energy, Office of
Environmental Management, 1997

DOE Richland Operations Office (2015) Projects and facilities. http://www.hanford.gov/page.
cfm/ProjectsFacilities

Schwantes JM, Sweet LE (2011) Contaminants of the bismuth phosphate process as signifiers
of nuclear reprocessing history. Pacific Northwest National Laboratory

Serne RJ, Lindberg MJ, Jones TE, Schaef HT, Krupka KM (2007) Laboratory-Scale Bismuth
Phosphate Extraction Process Simulation to Track Fate of Fission Products. Pacific Northwest
National Laboratory

Todd T (2008) Spent nuclear fuel reprocessing. In: Nuclear regulatory commission seminar,
Rockville, MD

Prelas MA, Peck MS (2005) Nonproliferation issues for weapons of mass destruction. CRC
Press, Boca Raton

Oregon Department of Energy (2009) Hanford Cleanup: The First 20 Years. Oregon
Department of Energy, Salem, OR

Zabunoglu OH, Ozdemir L (2005) Purex co-processing of spent LWR fuels: Flow sheet. Ann
Nucl Energ 32:151-162

Ford GR (1976) Statement on nuclear policy. http://www.presidency.ucsb.edu/ws/?pid=
6561#axzz1zILTmIBT

Carter J (1977) Nuclear power policy statement on decisions reached following a review.
http://www.presidency.ucsb.edu/ws/?pid=7316

Williamson M, Pyroprocessing technologies: recycling used nuclear fuel for a sustainable
energy future. Argonne National Laboratory, US Department of Energy

Peterson J, MacDonell M, Haroun L, Monette F (2007) Radiological and chemical fact sheets
to support health risk analyses for contaminated areas. Argonne National Laboratory

World Nuclear Association (2016) Uranium mining overview. http://www.world-nuclear.org/
information-library/nuclear-fuel-cycle/mining-of-uranium/uranium-mining-overview.aspx
Carpenter D, Koshe G, Hu L-W (2012) MITR User’s Guide. Massachusetts Institute of
Technology

George K (1962) The Oak Ridge Research Reactor (ORR), the Low-Intensity Testing Reactor
(LITR), and the Oak Ridge Graphite Reactor (OGR) as experimental facilities, USAEC Report
ORNL-TM-279. Oak Ridge National Laboratory, Oak Ridge

Schultz C, Campbell J (2011) Advanced Test Reactor—Meeting U.S. nuclear energy research
challenges. I. N. Laboratory

Mausner L, BNL Radioisotope Research & Production Program. US Department of Energy,
Brookhaven National Laboratory

Mausner L, Isotope Production at High Energy. US Department of Energy, Brookhaven
National Laboratory

Srivastava S, Mausner L (2012) Radioisotope production. https://www.bnl.gov/cad/Isotope_
Distribution/Isodistoff.asp

Niowave (2014) Medical and industrial radioisotope production. Niowave

TAEA (2003) Manual for reactor produced radioisotopes. International Atomic Energy Agency
Alibaba. http://www.alibaba.com/

Ebay. http://www.ebay.com

Sigma-Aldrich. http://www.sigmaaldrich.com/united-states.html

Grainger. http://www.grainger.com/

Groenier W (1972) Calculation of the transient behavior of a dilute-purex solvent extraction
process having application to the reprocessing of LMFBR fuels. Oak Ridge National Lab,
Tenn

Monster Jobs. http://www.monster.com/


http://www.world-nuclear.org/info/nuclear-fuel-cycle/fuel-recycling/processing-of-used-nuclear-fuel/
http://www.world-nuclear.org/info/nuclear-fuel-cycle/fuel-recycling/processing-of-used-nuclear-fuel/
http://www.hanford.gov/page.cfm/ProjectsFacilities
http://www.hanford.gov/page.cfm/ProjectsFacilities
http://www.presidency.ucsb.edu/ws/%3fpid%3d6561%23axzz1zILTm1BT
http://www.presidency.ucsb.edu/ws/%3fpid%3d6561%23axzz1zILTm1BT
http://www.presidency.ucsb.edu/ws/?pid=7316
http://www.world-nuclear.org/information-library/nuclear-fuel-cycle/mining-of-uranium/uranium-mining-overview.aspx
http://www.world-nuclear.org/information-library/nuclear-fuel-cycle/mining-of-uranium/uranium-mining-overview.aspx
https://www.bnl.gov/cad/Isotope_Distribution/Isodistoff.asp
https://www.bnl.gov/cad/Isotope_Distribution/Isodistoff.asp
http://www.alibaba.com/
http://www.ebay.com
http://www.sigmaaldrich.com/united-states.html
http://www.grainger.com/
http://www.monster.com/
http://www.bls.gov/

References 79

54.

55.

56.

57.
58.
59.

60.
61.

Lecours MJ, Prelas MA, Gunn S, Edwards C, Schlapper G (1982) Design, construction, and
testing of a nuclear-pumping facility at the University of Missouri Research Reactor. Rev Sci
Instrum 53:952-959

C.ooM.LP.W.H.E.U.N.a.R.S. B.D. o. E. a. L. S. N. R. Council (2009) Medical isotope
production without highly enriched uranium. Washington, ED: National Research Council
Updegraff D, Hoedl SA (2013) Nuclear medicine without nuclear reactors or uranium
enrichment. Center for Science, Technology, and Security Policy American Association for
the Advancement of Science, Washington, DC 13:2013

Harvey JT, Isensee GH, Messina GP, Moffatt SD (2011) Domestic Production of Mo-99.
Presented at the 2011 Mo-99 Topical Meeting, Santa Fe, New Mexico

Theodore L (2013) Chemical engineering: the essential reference. McGraw Hill Professional
Schneider M (2015) Independent review on escalating MOX plant costs and DOE reversal of
MOX option for surplus plutonium. http:/fissilematerials.org/blog/2015/05/independent_
review_on_esc.html

MFF Facility (2012, 2016) MOX fuel fabrication facility. http://www.moxproject.com/about/
Rot PDW Group (2014) Analysis of surplus weapon-grade plutonium disposition options. US
Department of Energy


http://fissilematerials.org/blog/2015/05/independent_review_on_esc.html
http://fissilematerials.org/blog/2015/05/independent_review_on_esc.html
http://www.moxproject.com/about/

2 Springer
http://www.springer.com/978-3-319-41723-3

Muclear Batteries and Radicisotopes

Prelas, M.; Boraas, M.; De La Torre Aguilar, F.; Seelig,
|.-0.: Tchakoua Tchouwaso, M,; Wisniewski, D.

2016, XM, 355 p. 155 illus., 99 illus. in color., Hardcowver
ISBN: 978-3-319-41723-3



	2 Radioisotopes
	Abstract
	2.1 Existing Radioisotope Supplies
	2.1.1 Primordial Radioisotopes
	2.1.2 Cosmogenic Radioisotopes
	2.1.3 Manmade Radioisotopes

	2.2 Radioisotope Production
	2.2.1 Separation from Spent Fuel
	2.2.1.1 Bismuth Phosphate Process
	2.2.1.2 REDOX Process
	2.2.1.3 PUREX Process
	2.2.1.4 Other Processes

	2.2.2 Separation from Natural Decay Chains
	2.2.3 Production by Neutron Capture in a Reactor
	2.2.4 Production by Accelerator

	2.3 Cost of Radioisotopes
	2.3.1 Cost of Separation
	2.3.1.1 Cost Analysis
	2.3.1.2 Dissolution, Mixing and Drying Equipment
	2.3.1.3 Sunk Costs Considerations

	2.3.2 Cost of Neutron Capture
	2.3.3 Cost of Accelerator

	2.4 Other Factors Influencing Cost
	2.4.1 Safety
	2.4.2 Software
	2.4.3 Liquidity of Capital (Cash)

	2.5 Isotopes Produced from the Manhattan Project
	2.6 Mixed Oxide Fuel Fabrication Facility (MOX FFF)
	2.7 Summary
	References


