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METHOD AND APPARATUS FOR PRODUCTION OF LEAD-212
ISOTOPE

RELATED APPLICATIONS

{061} This application claims the benefit of UK. Provisional Application No. 63/241,610,

filed September 3, 2021,

FIELD OF THE INVENMTION

{602} Generally, the present inveotion relates to wmethod and apparatus  for

generation/production and frapping/separation of lead-212 (Pb-212} isotope.

DESCRIPTION OF RELATED ART

{803} Alpha particle therapy provides opportunity for the treatment of many cancers.
However, production of alpha particle emitting isotopes is a very complex process with many
technical and regulatory obstacles. Production of alpha particle emitting isotopes is also very
expensive and difficult to scale up, which so far has resulted in alpha particle therapy being
nonviable for commercialization and patient use. In general, a high-energy accelerator or a reactor
with a complex and cumbersome process of bombardment, irradiation and conventional chemical
separation have been needed to produce an alpha emitting isctope that could be used in
radiolabeled drug product for human injection. Pb-212 s an alpha emitting isotope which has a
suitable energy profile and chemistry for radiolabeling. This makes Pb-212 a very promising
contender for treatment of various types of cancer used in TAT {Targeted Alpha Therapy). Pb-
212 isotope mav be produced from mother isotope of Th-228, which is available from a reactor or
nuclear waste generated in industry or government based nuclear plants.

[804] Previous methods and systems for generating Ph-212 isotope rely on chemical

separation of radium-224 (Ra-224) from Th-228 as a feed stock/parent isotope. Ra-224 has a half-
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life of 3.66 days. Because of Ra-224’s short half-life, previous systems require frequent
replenishment of the Ka-224 feed stock/tsotape source in a generator form producing Pb-212 with
limited activity up to 30 m{i due to Trans Index and transportation issues. Replenishment and
extraction of Ra-224 from Th-228 is a reoccurring process in production of Pb-212 isotope via
chemical separation methods previously used in production of Pb-212. Furthermore, the previous
methods entail a high risk of radiation exposure during the purification of Ra-224 from Th-228
and leading a current Pb-212 generator with Ra-224. These methods with recccurring extraction
of Ra-224 from Th-228 and replenishment of Ra-224 into the Pb-212 generaior increases risk of
exposure to radiation during Ra-224 transportation, production and replacement.

1805) This existing Ra-224/Pb-212 generator technology is only feasible for small-scale use
in R&D and small-scale clinical trials, However, scaling up and commercialization of these
previgus methods is not feasible from a financial, regulatory, production safety and patient safety
standpoint. Additionally, because previous methods rely on chemical separation of Ra-224 from
Th-228 there 15 a risk of Th-228 and Ra-224 breakthrough into the Ph-212 final product through
this chemical separation. This separation s limiting step in previously existing methods since
presence of any mother isotope ju the Pb-212 drug product is a radiation and health hazard to
patients receiving the drug product due to long half-life and energy profile of Th-228 and Ra-224.
[6066] The method of the present disclosure takes a different approach which ts very different
than the previous chemical separation methods described above. Additionally, the method of the
present disclosure had several advantages over exiting methods for generating Pb-212 by
emanation. Weaknesses and drawbacks of carrent methods for generating Pb-212 via emanation
include, for example, using Ra-224 as feedstock/parent isotope loaded on emanation source which

suffers from same issues stated above with respect fo chemical separation methods, using solid
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organic phase target material such as urea or other organic materials to capture and trap Rn-220,
and using residual solvents as a final destination for capturing and trapping Rn226. This solid
phase organic material further needs to be dissolved in an acid and go through a chemical
separation to extract Pb-212 that has resulted from decay of Rn-220. These previous methods
require high-performance Hiquid chromatography (HPLC) quality control to verify there is no carry
pver or cross contamination of urea or any other organic material used in the process of separation
and extraction of Pb-212. Any carryover of organic material used in separation could be more than
a maximum tolerable dose or limit (MTD/1) indicative of toxicity in patients.

0873 Capturing of Rn-220 has also been done using organic liquid media (residual solvents}
such as methanol or hexanol. This method requires further distillation, evaporation, filtration, and
chemical separation of Pb-212 resulting from the decay of Ru-220 in the organic liquid media to
assure separation and extraction of Pb-212 isotope free of methanol, hexanol or any residual
solvent in general. Such separation is difficult and cumbersome to scale up. This process also
requires (Gas Chromatography (GC) to test any residual organic compounds before release of the
Pb-212 product to patients, which 1s not suitable to scale up or readily adaptable to a production
environment outside of a smali laboratory setiing. The presence of residual solvents in final drug
product for patient dosing and treatment 1s dangerous and is considered a Hmiting step 1o final Ph-
212 drug product currently utilized for treatment.

{008} Another important issue with existing emanation technologies in production of Pb-212
beside the above-mentioned capturing issues of Rn-220 s the method in which the parent isotope
or feedstock ts loaded on the emanation source and the material of which the emanation source is
made. Materials that have been used in building emanation sources in existing methods include

resins, salts, or materials that are subjected to radiolysis when high amount of Th-228 or Ra-224
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is {oaded into previously used emanation sources. All existing methods lack a safe and efficient
method of introducing the feedstock/parent isotopes to emanation source. In current methods an
operator first must introduce the feedstock/parent isotope manually to the emanation source and
then manually place the emanation source inside of an emanation box. This is a hazardous and
cumbersame process which cannot be done when dealing with commercial and high activity
production systems.

{609} Due to the drawbacks of existing methods for production of Pb-212, there is a need for
an efficient and safe method to produce and extract Pb-212 that addresses the shortcomings of the

existing methods and systems.

SUMMARY OF THE INVENTION

{610} The present disclosure provides an apparatus and method for production of Pb-212
using a Thoriom-228 (Th-228) feedstock/parent isotope, which has a half-life of 1.92 years. For
instance, in accordance with certain Hustrative embodiments, the present disclosure is directed to
an apparstus for producing Pb-212. In certain implementations, the apparatus may include & Th-
228 feed container, an emanation box, a carrier gas feed, emanation box and source loading
apparatus, heating block, and a Ru-220 target system. In accordance with certain ilustrative
erybodiments, the Th-228 feed container and the carrier gas feed may be coupled 1o the emanation
box In certain embodiments, the emanation box may be coupled to the Rn-220 farget sysiem

0811} In one embodiment, the present disclosure provides a method for producing Pb-212
isotope. The method includes introducing Th-228 into an emanation box, wherein the emanation
box comprises an emanation source comprising a high-surface area material. The mesthod also
includes introducing a carrier gas into the emanation box through a carrier gas feed, wherein the

carrier gas is an inert gas and the carrier gas flows through the emanation box. The Th-228 decays
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to Rn-220 within the emanation box and the carrier gas carries the Re-220 resulting from decay of
the Th-228 in the emanation box to one or more Rn-220 targeis through a multi-way valve coupled
to & carrier gas exit port of the emanation box. The method further includes separating the Rn-220
from the carrier gas in the one or more Rn-220 targets, directing the carrier gas out of the one or
more Rn-220 targets through a carder gas exhaust port, directing a liquid through a liquid feed into
the one or more Rn-220 targets, and allowing the Rn-220 to undergo radioactive decay into Pb-
212 isctope within the one or more Rn-220 targets. The liguid dissolves the Pb-212 isotope
produced by radicactive decay of Rn-220 within the one or more Rn-220 targets. The method
further includes directing the liquid containing the Pb-212 isotope from the one or more Rn-220
targets to a Pb-212 collection container and separating the Pb-212 isotope from the hiquid.

8012} In another embodiment, the present disclosure provides an apparatus for producing Ph-
212 comprising an emanation box, wherein the emanation box comprises an emanation source
comprising a porous non-reactive material, and the emanation box receives at least one of Th-228
and Ra-224 at an iolet, and the at least one of Th-228 and Ra-224 decays to Rn-220 within the
emangtion box. The apparatus also includes a carrier gas feed coupled to the émanation box,
wherein the carrier gas feed directs an inert gas into the emanation box and the inert gas carries
the Rn~220 out of the emanation box through a carrier gas exit port of the emanation box coupled
o a multi-way valve. The apparatus further 1ncludes one ot more Rn-220 targets coupled to the
carrier gas exit port through the mulii-way valve, wherein the carrier gas carries the Ru-220 from
the emanation box to the one or more Rn-220 targets and wherein the Rn-220 decays into Pb-212
within the one or more Ro-220 targets. A liquid feed is coupled to the one or more Rn-220 targets.
The liguid feed directs a liguid into the Rn-220 targets such that the liquid becomes in contact with

the carrier gas carrying the Ru-220 to the Rn-220 targets and the Pb-212 resuiting from decay of
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the Rn-220 15 transferred to the Higuid by contact between the cartier gas and the liquid. A Pb-212
collection container is coupled to the Rn-220 target system and the generated Pb-212 is directed
into the Pb-212 collection container.

0013} In yet another embodiment, the present disclosure includes an emanation box
comprising an emanation source comprising fins, wherein the fins are made of a non-reactive
porous material and wherein Th-228 in a solvent is directed into the emanation box and adsorbed
onto the fins of the emanation source. A shield structure is positioned around the emanation source,
wherein the shield structure is operable to absorb radiation generated by radicactive decay of the
Th-228 in the emanation box. The emanation box includes a carrier gas feed port, wherein the
carrier gas feed port is operable to provide an inlet for a carrier gas directed into the emanation
box. The emanation box also includes a carrier gas exit port, wherein the carrier gas exit port.is
operable to provide an exit for the carrier gas from the emanation box. The emanation box further
includes an evaporation exit port, wherein the evaporation exit port is operable to provide an exit
for evaporated solvent, The emanation box further includes a heat source, wherein the heat source
is operabie to provide heat to the emanation box to evaporate the solvent.

{8014} The present disclosure provides for an apparatus and method for producing Ph-212
which requires less frequent feedstock/parent isotope replenishment, higher vield due to emanation
source design, safe and efficient loading of the emanation box that contains the emanation source,
a safe and efficient transfer method of Rn-220 via carrier gas, a safe and efficient capture method
of Ru-220 that may include a eryogenic effect, and oscillation between targets that capture Rn-220
and hold it during decay of Rn-220 to Po-216 and eventually to Pb-212. Moreover, in cerfain
emybodiments, this novel technology may be operated by a GMP operating software. The disclosed

methods and systems are well shielded, easy to repair, can be scaled up using high activities and
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provide a higher degree of safety to operators of the apparatus than prior systems. The methods
and systems disclosed herein also provides theoretical radionucleic purity of 100% since there is
no carry-over or residual of Th-228 or Ra-224 in the final Rn-220/Pb-212 collecting targets.
Additionally, in certain illustrative embodiments the disclosed methods and systems differ from
previous emanation methods of producing Pb-212 by not using solid organic extraction/collection
of Rn-220 using organic material such as urea or liguid phase such as residual solvents {e.g.,
methanol or hexanol) to capture Rn-220 permitting it to decay to Pb-212. Furthermore, separation
of Pb-212 without using organic solvents or residual solvents as disclosed herein produces a final
product that is safer for medicinal use and that requires less exacting and extensive testing to ensure
safety. Yet another advantage of the methods and systems disclosed herein includes a higher yield
of Ph-212 due to the conversion of Ru-220 to Pb-2172 in an aqueous solution rather than on a solid
orgamic extraction resin or residual solvents as in previous methods,

[0615] These recited advantages are illustrative only and are not intended to be an exhaustive
list of the advantages of the methods and systems disclosed herein. Other advantages are evident
to those of ordinary skill int the art, having the benefit of the present disclosure. The prosent

disclosure may comprise one or more of the following teatures or a corabination thereof



WO 2023/039351 PCT/US2022/075844

BRIEF DESCRIPTION OF THE FIGURES

0016} The disciosed subject matter will hereafter be described with reference to the
accompanying drawings, wherein like reference numerals denote like elements, and:

{6017} FIG. 1 depicts a block diagram of an apparatus for producing and separating Pb-212 in
accordance with an illustrative embodiment of the present disclosure.

{801 8] FiG. 2 depicts a perspective view of an apparatus for producing and separating Pb-212
in accordance with an illustrative embodiment of the present disclosure.

18019 FIG 3 is a close-up perspective view of an emanation source within the emanation box
in accordance with an illustrative embodiment of the present disclosure.

18020} FIG. 4 1s a close-up perspective view of an emanation source in accordance with an
ilustrative embodiment of the present disclosure.

{6021} FIG. S 1s a perspective view of an apparatus for producing and separating Ph-212 in
accordance with an illustrative ernbodiment of the present disclosure

8822} FIG. 618 a close-up perspective view of an emanation source within the emanation box
in accordance with an ilustrative embodiment of the present disclosure.

{8023} FIG. 7 provides an tustration of the decay chain of Thorium-228 {Th-228).

[8024] FIG. § provides a flow diagram of a method for producing Pb~212 in accordance with
certain illustrative embodiments of the present disclosure.

[8625] While the disclosed subject matter is susceptible to various modifications and
alternative forms, specific embodiments thereof have been shown by way of example in the
drawings and are herein deseribed in detail. It should be understood, however, that the description
herein of specific embodiments 1s not intended to limit the disclosed subject matter to the particular

forms disclosed, but on the contrary, the intention is to cover all modifications, equivalents, and



WO 2023/039351 PCT/US2022/075844

alternatives falling within the spirit and scope of the disclosed subject matter as defined by the

appended claims.

DETALLED DESCRIPTION

10026] The following detaiied description illustrates embodiments of the present disclosure.
These embodiments are described in sufficient detail to enable a person of ordinary skill in the art
to practice these embodiments without undue experimentation. It should be understood, however,
that the embodiments and examples described herein are given by way of illustration only, and not
by way of limitation. Although specific embodiments of the present invention will now be
described with reference to the drawings, it should be understood that such embodiments are by
way of example only and merely dlustrative of but a small number of the many possible specific
ernbodiments which can represent applications of the principles of the present invention. Various
changes and modifications ohvious to one skilled in the art to which the present invention pertains
are deemed to be within the spirit, scope and contemplation of the present invention as further
defined in the appended claims.

[0827] As used hergin, the terms “coupled” or “couple” include both a direct connection and
an indirect connection between compounents. With respect to components that direct fluids from
one compotent to another, the terms “couple” or “coupled” includes connections via a pipe or
other ducting to provide fluid communication between components.

[6028] For the purposes of this disclosure, an information handling systers roay include an
instrumentality or aggregate of instramentalities operable to compute, classify, process, transmit,
receive, retrieve, originate, switch, store, display, manifest, detect, record, reproduce, handle, or
atitize various forms of information, intelligence, or data for business, scientific, control,

entertainment, or other purposes. For exanple, an information bandling system may be a server, a
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personal computer, a laptop computer, a smartphone, a PDA, a consumer electronic device, a
network storage device, or another suitable device and may vary in size, shape, performance,
functionality, and price. The information handling system may include memory, one or more
processing resources such as a processor {e.g., a central processing unit (CPU}Y or hardware or
software control logic). Additional components of the information handling system may include
one or more storage devices, one or more communications ports for communicating with external
devices as wel as various input and output (I/0) devices, such as a keyboard, a mouse, and a video
display. The information handling system may also include one or more buses operable to transmit
communication between the various hardware components.

18029 Further, in the figures and the description, like numerals dre intended to represent like
elements.

{6630} With reference to FIG. 1, a block diagram of an apparatus 100 for producing Pb-212 in
accordance with an illustrative embodiment of the present disclosure is shown The apparatus
includes a Th-228 feed vessel 101 coupled to an emanation box 102, An M2 feed 103 is coupled to
the emanation box 102 and an outlet of the emanation box 102 1s coupled to a solution collection
vessel 104 Additionally, one or more Rn-220 collection targets 1053, 105b are coupled 1o the
emanation box 102, In some embodiments, the apparatus 100 may additionally include an acid
solution feed 106 and a Pb-212 collection vessel 107 In certain embodirnents the oue or more Rn-
220 targets may include a first Rn-220 target vessel 105a and a second Rn-220 target vessel 105b
as shown in FIG. 1. The functions of each component of FIG. 1 1s explained in more detail below
with respect to FIG. 2.

{6631} fn certain iltustrative embodiments, the apparatus of FIG | may be controlied by an

information handling system 118, For instance, the information handling system 110 may be a

10
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computerized avtomation system utilizing software-based controls, such as GMP software. GMP
software, as used herein, refers to “good manufacturing practice” software, that ts manufacturing
automation software that adheres to a set of standards referred to as “good manufacturing practice.”
The structure and operation of GMP software is well known to those of ordinary skill in the art,
having the benefit of the present disclosure, and therefore, it will not be discussed in detail herein.
For example, in certain illustrative embodiments, one or more pumps or valves located between
each unit may be controllable by the information handling system 110 implementing an automation
system. Additionally, in certain illusirative embodiments, the teraperatures of each unit and/or the
materials containgd in each unit or transported between each unit may be monitored and/or
conirollable by information handling system 110 implementing an automation system. Such an
automation system reduces the need for human imteraction with the apparatus compeared to
previcus methods for production and isolation of Pb-212 and increases the safety of operators due
to the reduced need for human intervention.

10032] Figure 2 is a perspective view of the apparatus llustrated in block diagram of Figure 1.
The exemplary embodiment illustrated by FIG. 2 includes a Th-228 feed 201, an emanation box
202, No carrier gas feed 203, N2 exit port 208 for carrying Rn-220 to Rn-220 collecting targets
203, emanation box evaporation exit port 204a coupled to Peltier system 204b (e.g., any
commercially available electric cooler utilizing the Peltier effect, as would be known to those of
ordinary skill in the art having the benefit of this disclosure), Pb-212 collection container(s) 207,
and control system 210, As shown in FIG. 2, the systers further inchades various valves and piping
atilized to direct and/or regulate flow of materials between the various system components. In
certain jflustrative embodiments, the cootrol system 210 may include an jnformation handling

system 110, as described above, that is operable t¢ control the valves and pumps through the

11
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apparatus of FIG. 2 utilizing process control software coupled to various sensors, such as flow
meters, thermocouples, pressure fransducers and the like The structure and operation of such
process control software and the manner in which they control varicus sensors, such as flow
meters, thermocouples, pressure transducers and the like would be apparent to those of ordinary
skilled in the art having the benefit of the teachings herein and are therefore not discussed in detail.
For example, control system 210 may be operable to monitor the temperature of Rn-220 targets
205 and increase or decrease cooling to Rn-220 targets 205 if the monitored temperature deviates
from a desired set point. Additionally, control system 210 may, in some embodiments, house raw
material vessels, such as vessels containing the various solutions, acids, and gases described
herein, and be operable to supply those materials to the various modules of the apparatus of FIG.
2. In certain tlustrative embodiments, the user may regulate the flow rates of materials supplied
to, received from, and directed through the apparatus by manually controlling valves (not labeled)
placed in the lines and pipes throughout the apparatus. Tn certain embodiments, control system 210
may bhe communicatively coupled to the valves and may selectively automatically open and close
the valves based on predetermined parameters. In yet other embodiments, control systen 210 may
provide a user interface allowing a user to regulate the valves through that user interface. The
iltustrative embodiment comprises a Th-228 feed 201 that is coupled to the emanation box 202,
The Th-228 may be disposed n the Th-228 feed 201 and introduced 1nto the emanation box 202
from the Th-228 feed 201, lu some embodiments the Th-228 feed 201 may be disposed within the
emanation box 202, Th-228 feed 201 provides a means to supply Th-228 o emanation box 202
In the illustrative embodiment, emanation box 202 has a first distal end 202a and a second distal
end 202b. The first distal end 202a of emanation box 202 is fluidically coupled to the No carrier

gas feed 203 which provides a flow of No carrier gas, or other inert carrier gas, to the emanation

12
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box 202. Although referred {o as No carrier gas throughout the present disclosure, any nert gas
may be used as a carrier gas. The second distal end 202b of emanation box 202 is coupled to Ra-
220 targets 205 through Nz carrier gas exit 208 In accordance with certain illustrative
embodiments, the emanation box 202 includes an emanation source, for example, emanation
source 506 of FIG. 5 and in detail as emanation source 600 of FIG. 6, and & heat source (e.g., heat
source 507 of FIG. 533, as described in more detail with respectto FIGs. 3, 4, 5 and 6. The emanation
box 202 is fed Th-228 through Th-228 feed 201, as described in more detail below, and provides
residence time for Th-228 on the emanation source while Th-228 undergoes radioactive decay to
Rn-220. Nz carrier gas feed 203 provides a flow of I carrier gas through emanation box 202, the
Ny carrier gas carries any Ra-220 resulting from the decay of Th-228 in emanation box 202 1o Rn-
220 targets 205 through Ny carrier gas exit 208. According to certain illustrative embodiments,
Rn-220 targets 205 may have an N carrier gas inlet port 205¢, iguid inlet and exit ports 205d, and
Nz carrier gas exhaust port 205e. Rn-220 targets 205 serve as a vessel for separation of Rn-220
from the Nz carrier gas and residence space for Rn-220 to undergo radicactive decay into Ph-212
as described in more detail below. Liguid feed 206 may be coupled to Rn-220 targets 205 to
provide a liquid, such as an acid solution, to dissolve Ph~-212 produced by radicactive decay of Rn-
220 in Rn-220 targets 205, In certain illustrative embodiments, the same liquid feed line 206 may
provide an exit line for liquid solution contaimng Pb-212 and may couple the Ru-220 targets 205
to Pb-212 collection vessels 207 through a multi-way valve 209 that is operable to control flow
into and out of Rn-220 targets 2085,

[0033] The Th-228 feed 201 is coupled to emanation box 202 and provides a means for Th-
228 to be transferred into the emanation box 202, In certain embodiments, the Th-228 may be

dissolved in a liquid before being transferred to the emanation box 202, In some emsbodiments, the

13
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Th-228 may be dissolved wn nitric acid (HNGs), or anocther acid, before betng iransferred to the
emanation box 202, In other embodiments, the Th-228 may be purchased in solution and vials of
the Th-228 may be loaded into the apparatus shown in FIG. 2 and be transferred io the emanation
box 202 as such. After being foaded into the apparatus, a portion of the Th-228 solution miay be
transferred to the emanation box 202, which is described in more detail below. As would be
appreciated by those of ordinary skill in the art, having the benefit of the present disclosure,
handling radiocactive materials such as the Th-228 solution involves certain risks and any mishaps
in the process can lead to undesirable conseguences. Accordingly, in order to mitigate such risks,
in certain illustrative implementations the emanation box 202 may store Th-228 for an extended
operational period, obviating the need for repeated handling of Th-228 and minimizing the
associated risks with that procedure. For instance, in certain illustrative embodiments, the
emanation box 202 may store a supply of Th-228 that will last for a year. In certain embodiments,
the emanation box 202 may store 1000 millicurie (mCi) of Th-228. In some embodiments Th-228
may be loaded into the system from vials countaining Th-228 through Th-228 feed 201, Th-228
feed 201 be any appropriate system for transferning a quantity of dissolved Th-228 from a vial or
other storage vessel or media into emanation box 202, as would be understood by one of skill in
the art having the benefit of this disclosure. For example, Th-228 feed 201 may be an automated
syringe drive, vacuum sysiem, or pressurized systero that interfaces with and is controlied by
control system 210, For instance, in some embodiments Th-228 may be loaded into the apparatus
ont monthly, bimonthly, semiannual or annual basis, which reduces the nisk of handhing a
radivactive material. The Th-228 may be loaded dissolved in an acid, for example HCL or 3M
HNG;, or any desired molarity of an acid that could dissolve Th-228 or any isotope in its decay

chain such as Ra-224.
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10634} In other embodiments, Th-228 or Ra-224 may be loaded into the emanation source (e.g.
emanation source 506} prior o incorporation into the apparatus of FIGs. 2 and 5. For example,
Th-228 or Ra-224 in solution may be loaded into an emanation source and the solvent (acid} may
be evaporated at a centralized remote facility. The emanation source loaded with Th-228 or Ra-
224 may then be radiation shielded and shipped in accordance with DOT regulations to a Pb-212
production facility housing the apparatus described herein for incorporation into said apparatus
and production of Pb-212 as described herein, as would be understood by one of skill in the art
having the benefit of this disclosure. In such embodiments the emanation source may be
periodically replaced with a freshly loaded Th-228 or Ra-224 containing emanation source after
as set amount of time or once the activity of the Th-228 or Ra-224 in the prior emanation source
has decreased to a predetermined level. In some embodiments the spent emanation source may be
shipped back to the centralized Th-228 and Ra-224 loading facility for cleaning and reloading of
Th-228 or Ra-224.

10035] To another embodiment, an Ra-224 solution may be loaded into Th-228 feed 201
periodically. For example, once or twice g week due to Ra~2247s shorter half-life when compared
to Th-228. To such an embodiment, the Ra-228 may be dissolved in an acid such as 3M HNGs or
HCL. After loading the Th-228 solution or Ra-224 solution may be heated to evaporate the hiquid
and deposit the Th-228 or Ra-224 on the emanation source within the emavation box 202 as
described below.

{6636} FIGS. 3 and 4 illustrate a close-up perspective view of emanation source 300 within
the emanation box 202, Upon introduction into the emanation source 300, the Th-228 is dispersed
onto the flow distribution fins 301 by evaporation of the carrier solution as described below. The

flow distribution fins 301 is a high surface area component made with any desirable material that
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the Th-228 may adsorb onto. In certain illustrative embodiments, the high surface area material
may be a porous material with a porosity desirable for the particular application. For instance, in
certain non-limiting illustrative embodiments, the porosity of the material comprising the flow
distribution fins 301 may be between approximately 2 um and approximately 200 pm. As would
be appreciated by those of ordinary skill in the art, having the benefit of the present disclosure,
other porosities may be used as desired without departing from the scope of the present disclosure.
The material of the flow distribution fins 301, in some embodiments, may have a large surface
area. For instance, in certain embodiments, the surface area of the flow distribution fins 301 may
be greater than approximately 10000 m®. The flow distribution fins 301 may be comprised of any
desirable materials including, but not limited to, a metal, a ceramic lattice, or foam. In certain
embodiments, the high surface area material may be porous titanium, silica, tungsten, zirconium,
platinam, gold, iridium, rhenium, ceramics, or combinations thereof. In some embodiments the
flow distribution fins 301 may have a finned structure including multiple fins constituting a high
surface area material. The emanation source 300 may also toclude a flow distribution plate 309 to
provide an attachment point for flow distabution fins 301 and provide additional surface area for
Th-228 deposition. Flow distribution plate 309 may be made of a high surface aresg matenial. For
example, tn certain non-limiting lustrative embodiments, the porosity of the material comprising
the flow disiribution plate 309 may be between approximately 2 o and approximately 200 pm.
In some embodiments, flow distribution plaie 309 may be made of the sarse material as flow
distribution fins 301, Inother embodiments, flow distribution plate 309 may be made of a different
material than flow distribation fins 301 such as, forexample, porous zirconivum if flow distribution

fins 301 are made of porous titanium.
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{8037} The tiow disiribution fing 301 holds the Th-228 as it undergoes radicactive decay. FIG.
7 depicts the decay path 700 of Th-228. Specifically, Th-228 first decays into Ra-224, as seen in
FIG3. 7, which is also adsorbed onto the flow distribution fins 301, The Ra-224 then decays into
Rn-220, which 1s not adsorbed onto the flow distribution fins 301. After decaying to Rn-220, the
Ru-220 may be carried cut of the emanation source 300 through N» carrier gas exit port 308 by a
flow of Nz carrier gas that is supplied to the emanation source 300 through N: carrier gas entry
port 303, As is described further herein, the Na carrier gas may carry the Rn-220 to Rn-220 targets
205 where the Rn-220 undergoes radicactive decay into Pb-212.

[8038] The emanation box 202 may also include a heat source 302 under the emanation source
300 In some embodiments the heat source 302 may be located outside of the emanation source
300 and in contact with the emanation source 300, In certain illustrative embodiments, the heat
source 302 may be an electrically controlled hot plate or heating element and may be controlled
by the information handling system of the control system 210, The heat source 302 supplies heat
to evaporate the solvent carrving the Th-228 from the Th-228 feed 201, When the liguid portion
of the solution has evaporated, the Th-228 is left on the flow distribution fins 301,

{6039} The evaporated liquid may exit the emanation source 300 through an evaporation exit
port 304, In certain illustrative embodiments, the evaporation exit port 304 may be disposed on a
top surface of the emanation source 300, In certain Ylustrative embodiments, the evaporation exit
port 344 may be coupled to a solution collection vessel {e.g. condensing botile S25 of FIG. Sy and
coupled to a heat exchanger, such as Peltier cooler 204b, to cool the evaporated sohation which
may be collected in the solution collection vessel. In other embodiments, the heat exchanger may
be puositioned in the line between the evaporation exit port 304 and the solution collection vessel.

In certain illusirative embodiments, the heat exchanger may be an electrically powered Peltier-
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effect cooling device that cools the evaporated solution for collection as a liguid. Peltier-effect
cooling devices are electrically powered coolers which use the Peltier-effect to convert electric
energy into thermal movement, aliowing for cooling of one side of the device and transfer of heat
to the other. Such coolers are well known to those of ordinary skill in the art having the benefit of
this disclosure. An embodiment of the evaporation exit port 304 and Peltier-effect cooler described
above is illustrated in FIG. 2.

{0040} FIG. 4 provides close up, perspective illustration of the interior components of the
embodiment of the emanation source 300 described herein. The emanation source 300 illustrated
includes flow distribution fing 401 and flow distribution plate 409. Flow distribution fins 401 may
correspond to the component referred to as emanation source 301 with respect to FIG. 3 and may
be constructed of any high surface area material described herein. Flow distribution fing 401 have
a finned structure of multiple, closely spaced fins to provide multiple paths for the flow of Nz
carrier gas through the emanation source 300, Flow distribution plate 409 holds flow distribution
fins 401 in place and provides surface area in addition to that provided by flow distribution fins
401 for Th-228 deposition.

{0041} Returning to FIG. 2, the emanation source {e.g, emanation source 300) within
emanation box 202 1s fed with a Nz carrier gas feed 203, The Nz carrier gas feed 203 supplies an
Nz carrier gas which carvier gas that carries Rn~220 out of the emanation source {e.g., emanation
source 300) within emanation box 202 through No carrier gas exit port 208 to the Rn-220 targets
2035, In particular embodiments, the N2 feed rate may be auvtornatically controlied. For instance, in
certain lustrative embodiments, the N» feed rate may be controlled by mass flow using a mass
flow meter to control the flow of Na carrier gas at a desived level and an inlet valve controlled by

controf system 210, The Nz feed may be operable shut off flow to emanation box 202 by the inlet
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vaive, which may be followed by one or more manual valves in case of failure of inlet valve In
certain embodiments, the flow may be controlled by the information handling system incorporated
into control system 210, For instance, in certain illustrative embodiment it may be desirable to
flow the Np carrier gas at a rate suitable for this fixture. This rate may be adjusted via the mass
flow system based on the size and number of collecting targets and other variables embedded in
this system. In a paricular embodiment, the Nz feed rate may be controlied at approximately 200
mi/min. The mass flow controlied No carrier gas feed 203 may comprise a Na carrier gas feed line,
inlet valve, and mass flow meter as described in more detail with respect to FIG. 5 The inlet valve
and mass flow meter may be operable to conirol the mass flow of the N carrier gas flowing through
the N» carrier gas feed line using conirol methodologies apparent to those skilled in the art having
the benefit of the teachings herein. For example, the inlet valve and mass flow meter may be
coupled in a simple feedback control loop scheme. In the tHusirative embodiment of FIG. 2, the
infet valve and mass flow meter may be coupled to control system 210, Na carnier gas flows into
the ernanation box 202, carties any Rn-220 that bas heen produced as a result of the decay of Th-
228 and/or Ra-224 in the emaunation box 202, and carries the Rn-220 to the Rn-220 targets 205

{8042} As described above, the Ru~220 targets 205 may be comprised of one or more vessels
for collection of Ru-220. For instance, in g patticular embodiment the Rn-220 targets 205 may
include a first vessel 2052 and second vessel 205b for collection Rn-220. In another ermvbodiment,
the Rn-220 target 205 may be a single vessel. In some embodiments, the Ru-220 target 205,
whether one, two, or more vessels, may be filled with a cooled acid selution. The acid solution
may be any suitable acid solution such as, for example, hydrochloric acid (HCH). The acid solution
may be cooled to a temperature in the range of approximately ~72° € to -85° €. In another

embodiment, the acid may be HNO: In other embodiments, the Rn-220 target 205 may be filled
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with an uncooled acid solution at ambient temperature. ln vet other embodiments, the Rn-220
target 205 may include one or more vessels containing a zeolite, metal zeolite-type chalcogenide
(e.g. germanium, tin, zinc, or a combination thereof, chalcogenides with a zeolite-like structure),
or tin-rich germanium surface target. In some embodiments, the vessels containing the surface
target may also be filled with a cooled or non-cooled acid solution, for example an aqueous buffer
solution. In other embodiments the Rn-220 target 205 containing a surface target may include a
nozzle to spray an acid or other aqueous solution onto the walls of the target vessel In
embodiments in which the Rn-220 targets 205 include a zeolite, metal zeolite-type chalcogenide,
or tin-rich germanium surface target, the Rn-220 targets may not be filled with a liquid.

10043) In an embodinient, the Rn-220 target 205 may function as described below. The first
and second Ru-220 targets 205 may include vessels containing an acidic solution. The acidic
solotion may include an HCY, HNOs, or any other aqueous, non-organic acitd or butfer solution.
For purposes of explanation, an HCI solution is described below, however the description may
apply 10 any agueous acid solution and the methods and systeros described herein are vot linuted
to using an HCL solution. In some, embodiments the first and second Ru-220 targets 205 may be
fed by an automated liquid feed 206, Tn a particular embodiment, the HC solution fed from the
Hauid feed 206 may be a 20% HCI solution. In another erabodiment, the HCL solution may have
a concentration of 22.5%. In other embodiments, the concentration of HCI may be between 10%
and 30% In some embodiments, the concentration of HCI may be between 15% and 30%. In
particolar embodiments, the concentration of HCL may be between 20 and 25%. In particular
embodiments, the concentration of HCL may be between 22% and 27%. In a particular
embodiment, the concentration of HCL may be 25%. In another embodiment, the Rn-220 targets

203 may be fed by a 3M HNGOs solution.
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{0044} The first and second Rn-220 targets 205 may also include a temperature control
umt/system (such as cooling bath 522 illustrated in FIG. S} to cool the HCI solution to a
temperature below -72° C and above -95° C and maintain the HCI solution at that temperature. In
a particuar embodiment, the temperature control system may cool the HC solution to -85° O and
maintain the HCI solution at that temperature. In another embodiment, the HCL solution may be
cooled to -82° C. In vet ancther embodiment, the temperature control unit may cool an HNG:
solution to approximately -41° C. In sonme embodiments, the temperature contral unit mayv be
operable to cool a liquid in the Rn-220 targets 205 to a temperature above the freezing point of the
liquid to increase Ro-220 solubility in the liquid.

10045) When the N2 carrier gas containing Rn-220 contacts the cooled HC solution, the Rn-
220 freezes because Rn-220 has a freezing point of -72° C. In some embodiments, the target
material may include a zeolite or zeolite-like chalcogenide matenal that absorbs the Ru-220 instead
of freezing it in a cool acid solution. Tn other embodiments, the Rn-220 targets 205 may contain a
hiquid acid solution, at or below ambient temperature, that dissolves the Rn-220 fed to the Rn-220
targets. The Mo carrier gas may then exit the first or second Rn-220 targets 205 free of Ru-220.
The Rn-220 left tn the Rn-220 target vessels decays into Po-216, which is dissolved ito the HCI
solution. The Po-216 then rapidly decays into Pb-212 while dissolved in the HC solution. Because
Rn-220 has a half-life of 55.6 seconds and 15 frozen when contacting the acid solution, feed of the
Nz earrier gas containing Rn-220 may be switched between the first Rn-220 target 2052 and the
second Ro-220 target 2050 roughly once a minute to replenish the supply of Rn-220. However, in
some embodiments only a single Rn-220 target 205 may be used. In other embodiments, flow of
the Nz carrier gas may be switched between the Rn-220 targets 205 at longer intervals, such as 2

or 3 minutes. In another embodiment, flow of Nz carrier gas may be switched between the Rn-
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220 targets 205 every 10 minutes. Because Rn-220 has a half-life of 55.6, 10 minutes provides
time for approximately 10 Rn-220 half-lives to pass, which provides encugh time for the Rn-220
to nearly entirely decay to Pb-212. While the other vessel is waiting for 10 minutes to pass the
flow of Rn-220 will go to second Rn-220 target vessel for duration of 10 minutes. At end of 10
minutes the exit valve at the second Rn-220 target vessel one will open to et out the N2 gas out
and be ready for next cycle. At this point, the exit valve on the first Rn-220 target will close for
10 minutes. This oscillation cycle will continue until a desired amount of Pb-212 is collected in
each Rn-220 target vessel. This osciliation cycle, time of residence (i.e. the time between
entrapment and release}, the volume in which each vessel can take, and the nuraber of vessels may
be changed based on needs of the process. In certain llustrative implementations, the automated
filling system of the apparatus, controlled by control system 210, may alternate between filling a
first Rn-220 target 205, waiting 10 minutes for 10 Rn-220 half-lives to pass, filling the second Ra-
220 target 205 during this time, returning to filling the first Rn-220 target 205 after 10 minutes has
passed since the previous filling of the first Rn-220 target 205, then returming 1o filling the second
Rn-220 target 205 after 10 minutes has passed since the previous filling of the second Rn-220
vessel, and so ou alternating between filling the vessels and watting, until the control system 210
determines based on flow rates, Ro-220 target 203 volume, number of oscillations, and wait time,
that an Rn-220 target 205 contains a desired amount of Pb-212. At this point, the resulting Pb-212
solution may be emptied from one of the Rn-220 target vessels {e.g, 20%a) In certain
emybodiments, this process may be automated and may be performed by the control system 210
which may be implemented using an information handling system. For example, the automated
congrol systerny may comprise a multi-way valve 209 controlled by control systern 210, that is

operable to switch between filling the first and second Rn-220 rargets 205a, 205b upon receiving
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a command from the control systemy 210. The Pb-212 dissolved in the HCI solution may then be
removed from the Rn-220 target vessels as needed. Separation of Pb-212 from the HC! solution
may be accomplished by methods known to those of ordinary skill in the art having the benefit of
the present disclosure.

0046} In other embodiments one or more Ru-220 targets may be filled based on a known flow
rate of the carrier gas {for example, measured by a mass flow meter on the carrier gas feed 203}
and a pressure measured in each Rn-220 target (for example, by a pressure transducer located
within each Ru-220 target). After filling an Run-220 target to a predetermined pressure or wit ha
predetermined amount of carrier gas based on the mass flow of the carrier gas feed, control system
210 may direct the multiway valve to begin filling a second Rn-220 target, followed by a third Ra-
220 target and so on. Any number of Ru-220 targets may be used based on the production needs
of the apparatus.

10047} As a non-limiting lustrative example, an Rn-220 target 205 having a volume of 200
ml ray be filled at 3 rate of 20 mL/minute, taking 10 minutes to fill. Once the first Ro-220 vessel
{e.g., 205a) 1s filled, the apparatus begivs to fill the second Rn-220 vessel {e.g., 205b) at a rate of
20 ml per minutes, also taking 10 minutes to fill. During this tiroe, 10 half-lives of Rn-220 pass
in the first Rn-220 target 205, When one or both Rn -220 targets 205 are emptied {for example, as
needed based on the determination of control system 210} the system will stop with N2 cartier gas
filling of the Rn-220 targets 205 until the emptied vessels are filled with acid and then the process
continues. Depending on the size of the emanation source 300 and flowrate of Na carrier gas;
three, four or more Rn-220 target vessels 205 may be incorporated into the apparatus of FIG. 1 for
sequentially alternating filling. The Rn-220 targets may, in some embodiments have different

volumes from each other, It will be apparent to one of skill in the art having the benefit of this
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disclosure that any volumes, times, temperatures, and flow rates described herein are illustrative
and non-limiting. For example, larger or smaller vessels could be utilized with longer or shorter
filling times and higher or lower flow rates depending on the need for Pb-212 production.

0048} In another embodiment, as described above, the Rn-220 targets 205 may contain an un-
cocled acid or aqueous solution. In such an un-cooled system, the Rn-220 dissolves directly into
the solution and so 10 half-lives time must pass to provide adeguate time for the Ri-220 isotope
to completely decay before changing the flow to the next Rn-220 target 205 in hine.

18049) In another embodiment, more than two Rn-220 targets 205 may be included in system
200. For example, three, four, five, or more Rn-220 targets may be included in the system. In such
a system feed of Rn-220 containing M» carder gas may periodically cycle between Rn-220 targets
while Pb-212 is extract from other Rn-220 targets that are not being fed.

[6050] In embodiments in which the solution within the Ra-220 targets 205 is cooled below
the freezing point of Rn-220, for example when the solution is conled to -82° C, helping Rn-220
rernain o liquid phase while decaying to Pb-212. At this teraperature Ro-220 13 held w the hiqud
phase within the chilled acid and will leave the Rn-220 target 205 through evaporation or gaseous
diffusion with or without oscillated filling by Ruo-220 containing Nz carrier gas of the Rn-220
targets 203, During oscillated filling, while one target is filled with N carrier gas camrving Ra-
220, the other vessel is holding the Rn-220 and Nz gas untll the tewperature of the contents of the
vessel (1., the hquid and the gas contained within the Rn-220 target 205) is as low or lower than
Rn-220s freeziug point. At this teroperature, Rn-220 is in hquid form {e.g. with chilled acid the
Rn-220 forms a mwiscible Hquid with the acid when chilled at or below the freezing point of Ran-

220 but above the freezing point of the acid) and when the exit valve is opened only Nz gas will
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feave the Rn-220 farget 205 This oscillated filling process may continue for as long as needed to
reach a desired amount of Pbh-212.

{0051} Regardless of whether the solution in the Rn-220 targets 205 is cooled or not. When
the Rn-220 decays, it to decays inio Po-216, which has a halfilife of only 0.145 seconds before
decaying into Pb-212. The decay of Po-216 to Pb-212 is extremely energetic, resulting in Pb-212
ions having significant velocities. This is known to those of ordinary skill in the art as the recoil
effect. These velocities are high encugh that in previous methods utilizing solid Rn-220 targets,
such as ion-exchange resins and urea, result in some of the Pb-212 atoms being embedded in the
surface of the solid Rn-220 target material, thereby decreasing the yield of Pb-212. In the liquid-
filled Rn-220 target vessels described herein, the Po-216 to Pb-212 decay takes place in the liquid
media. The Hquid solution mediates the speed of the Pb-212 atoms, allowing for a higher Pb-212
vield than was previously possible.

[0852] In the embodiments described above with Rn-220 targets 205 containing a solid Rn-
220 target surface, such as a zeolite, metal zeolite-type chalcogenide, or fin-tich germanium
material, the Ru-220 targets 205 may cortain a spray vozzle to spray an acid or butter solution,
such as the HCI solution described above, onto the walls of the Rn-220 target 205 The spray
nozzle located at the top of the Rn-220 target 205 may be configured to spray a small arsount of
lquid solution, such as an HCL solution, onto the sides of the Ru-220 target 205, the spray forming
a thin film of iquid solution on the sides of the Rn-220 target 205, Such a spray nozzle may include
any atomizing or fine misting nozzle appropnate for such an application as would be apparent to
one of skill in the art having the benefit of this disclosure, and may be supplied by a pumped hquid

sotution fed from, for example, control system 210. The thin liquid fils provides enougb liquid to
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any Pb-212 atoms produced and thereby mitigate the recoil effect and loss of Pb-212 to the surface
of the Rn-220 target 205,

0053} In some embodiments, the Rn-220 target 205 may include a sparger or bubbler device
and cone shape target material. The sparger or bubbler device may be operable to create many
small N2 carrier gas bubbles when the Rn-220 target is fed with Na carrier gas and filled with an
acid, thereby increasing surface area of the Ny carrier gas in the Rn-220 target and enhancing
transfer of the Rn-220 from the Ny carrier gas to the solvent {acid) within the Rn-220 target. The
Rn-220 target 205 may include an entry port for N2 carrier gas carrying Rn-220, and an exit port
for release of N: free of Ru-220. The tubing and valve placement may be operated via software
that provides sequences in which the oscillation between Rn-220 targets 205 takes place to trap
Rn-220 and provide for adequate time for the Rn-220 to fully decay to Pb-212 in the media
described above {e.g. in agueous solution or sprayved solution via nozzie). In certain embodiments
the software may be implemented using the information handling systerm of control system 210,
[8854] FIG. 51w a perspective exploded view of an apparatus for producing and separating Ph-
212, according to certain tllustrative embodiments. In some embodiroents, the apparatus of FIG. 5
may function in substantially the same manner as that of apparatus described herein with respect
to the block diagram of FIG. 1 and the tlustrative embodiment of FIG. 2. The apparaius of FIG. 5
includes a control untt 501 that may include or be communicatively coupled to an information
handling system {not shown)} and is operable to control flow rates, teraperatures, valve cycles, and
other aspects of the apparatus of FIG. 5. Digpensing system 502 may be coupled to control system
501 and may be operated to dispense aguecus solutions, into the various anits of the apparatus of
FIG. 5. For example, dispensing system 502 may be operable to dispense an aqueous solution,

such as an HCL solution, info RN-220 targets 520 and 521. The dispensing system may also,

26



WO 2023/039351 PCT/US2022/075844

independently or upon receiving instruction from the control system 501, dispense an aliquot of
Pb-212 in solution from an Rn-220 target 520 or 521, In some embodiments, dispensing system
502 may be contained within the same housing as control system 5301, As wouid be understood by
those having skill in the art with the benefit of this disclosure, control system 1 may be coupled to
any one of more sensors, control valves, coolers, heaters described heretn and may be operable to
process information obtain from such sensors and provide controlling cutput signals to control
valves, heaters, coolers, alarms, and the like.

{0055} N; carrier gas feed 503 may include a mass flow meter and mass flow inlet valve 504
te control the flow of Ny earrier gas to emanation source 506. Emanation source 506 may also be
coupled to Th-228 feed 526, which may be coupled to or otherwise controlled by control system
501 to deliver Th-228 dissolved in an agueous solution to emanation source 506. Emanation source
506 may contain high surface area materials as described in conjunction with FIGs. 3, 4, and 6, to
provide restdence for Th-228 within the emanation source 506. Emanation source 506 may also
include a heat source 507, as described herein, to provide heat to evaporate any solvent which was
used to carry the Th-228 info emanation source 506, Such evaporated solvent may exit emanation
source 500 and flow through evaporation exit valve port 511, through Peltier cooler 517, which
operates to condense the evaporated solvent, and into condensing botile 525

{0056] As described above Th-228 contained in emanation source S06 undergoes radicactive
decay within emanation source 506, constantly decaying to Rn-220. To provide shielding from the
radiation given oftf by the radicactive decay of Th-228, emanation source 500 is contained within
jead shield 528, which may have sufficient thickuess to block radiation produced by the radivactive
decay of Th-228 and radicactive decay of isotopes that result from the decay of Th-228.

Additionally, the lead shield 528 is positioned within a stainlesa steel shield cover 527, which may
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provide additional radiation shielding as well as providing an outer covering for emanation source
506 that is corrosion resistant.

0057} As the Rn-220 is produced from the decay of Th-228, it is carried by the flow of Nz
carrier gas out of emanation source 506 through Nz carrier gas exit valve 514, ulira-high purity gas
filter 515, and inlet valve 516 to Rn-220 targets 520 and 521. Gas filter 515 may remove impurities
such as small particulates, or Th-228 particles that have become unaffixed from the high surface
area material of emanation source 506, from the flow of Rn-220 containing Nz camier gas. Inlet
valve 516 may couple to conirol systeny 501 and may be operable to direct the flow of Nz carrier
zas to either Rn-220 target 520 or Rn-220 target 521, As described herein, in some embodiments,
inlet valve 316 may be operable to periodically cycle tlow of the Nz carrier gas between Rn-220
target 520 and Ru-220 target 521

6058} Liguid feed S18 is tluidically coupled to Rn-220 target 520 and Ru-220 target 521
through multi-way valve 519, Liquid feed 518 may be coupled to and/or controlled by control
systemt 501 and be operable to supply a feed of liquid, such as the aqueous HCL solutions described
herein, to Rn-220 target 520 and/or Rn-220 target 521, Multi-way valve 519 may be operable to
periodically cycle flow of the liquid feed between Rn-220 target 520 and Ra-220 target 521, Rn-
220 targets 520 and 521 ate positioned within cooling bath 522, Coeoling bath 522 may be any
temperature control unit/system, cooler or heat exchanger known 1n the art and may be operable
to cool Rn-220 targets 520 and S21, and their contents, to temperatures sutficient to freeze Rn-220
that is carried into Rn-220 targets 520 and 521 For example, in a particular embodiment, cooling
bath 522 may be operable to cool the contents of Rn-220 target 520 and Rn-220 target 521 to -82°
(. The teruperature of cooling bath may depend and correlate to the freezing point of the type of

acid and its molarity. Cooling bath 522 is positioned within lead shield for cooling bath 329. Lead
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shield for cooling bath 529 may be of sufficient thickness, to block radiation resulting from the
decay of Rn-220 to Pb-212 withing Rn-220 targets 520 and 521, As described above, after Rn-220
that has collected in Rn-220 target 520 or Rn-220 target 521 has decayed into Pb-212, the aqueous
solution containing the Pb-212 may be removed from Rn-220 target 520 or Rn-220 target 521,
through multi-way valve 519, and into Pb-212 oollection vessel 523. Rn-220 target 520 or Rn-220
target 521 are also coupled to rinse bottle 5324 Rinse botile 524 may coliect any liquid that is feed
through Rn-220 target 520 or Rn-220 target 521 to rinse the target vessels prior to introduction of
Rn-220 during operation of the apparatus illustrated by FIG 5.

0053} The apparatus of Figure 5 also includes PTFE Airtight Box 530, PTFE Aurtight Box
530 may be constructed of PTFE or any cther impermeable, non-reactive polymer or material.
PTFE Airtight Box 530 is constructed so as to be airtight and cordains emsanation source 306, In
some embodiments, PTFE Airtight Box 530 may have an air inlet and outiet, with the outlet being
connected to an exhaust system. In the even that emanation source 506 develops a leak, PTFE
Atrtight Box 530 may contain the leak and provide for any leaking Rn-220/carrier gas to be routed
through an exbaust system. Such an exhaust system may include a charcoal, or other high surface
area material, filter operable to adsorb any Ru-220 in the event that emanation source 506 develops
a leak. The exhaust system could also couple to an air compressed system {ACS), which collecis
radicactive gas, compresses if and will release it based on the half-life of the activity.

[6060] Finally, the apparatus of FIG. § has safety ball valves, 505, 508, 509, 510, 512, and 513
on the various feed an exit lines of the illustrated apparatus. Such safety ball valves are operable
to shut off flow in the lines to enable isolation of the constituent components of the apparatus of
FIG. 5. Isolation of these components may be used for maintenance such as cleaning or the

replacement of paris. In some embodiments the safety ball valves 505, 508,509, 510, 512, and 513
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may be operable o recetve signals {0 open or close from control system 501 and may be operable
to return to 3 safe position if communication from conirol system 501 is lost {e.g., “fail-safe”
operation}.

6061} FIG. 6 provides close up illustration of emanation source 506 of FIG. 5 as described
herein, according to some embodiments. The emanation source 600 of FIG. ¢ has an upper plate
601 and tower plate 602, which contain flow distribution fins 603 and flow distribution plate 604
and have entrance and exit ports for Nz carrier gas, Th-228 feed, and solvent evaporate. Upper
plate 601 and lower plate 602 may be joined together in a manner sufficient to form a seal between
the two plates adequate to prevent the Mz carrier gas or any evaporated solvent from exiting
between the plates. For example, upper plate 601 and lower plate 602 may be welded together at
chamfers for welding connection 618 and 619 Other methods of joining upper plate 601 and lower
plate 602 would be apparent to those having skill in the art given the benefit of this disclosure.
[0862]  Flow distribution fins 603 and flow distribution plate 604 may be made of any high
surface area (i.e, porous) material described herein. Flow distabution fins 603 may contain
multiple fins closely spaced together to provide a flow path for Mo carrier gas to pass over the high
surface area matenial fins of flow distnibution fins 603. As described herein, these fins made of
high surface area material absorb Th-228 that is introduced to the emanation source and provide a
residence for the Th-228 uniil it decays mfo Rn-220, at which point it 1§ carvied out of the
emanation source by the No carrier gas.

{6063} Lower plate 602 has a carrier gas inlet port 605 operable to provide an inlet for a carner
gas, inlet shut off safety and transportation plug 606, outlet port 607 operable to provide an exit
for carrier gas from the emanation source, outlet shut oft safety and transporiation plug 608, service

plugs 609 and 610, focusing cutlet cavity 615, main cavity 616, and inlet carrier gas distribution
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cavity 617. Upper plate 601 has carrier gas blade 613, vent cavity 614, vent port 612 operable to
provide an exit for evaporated solvent, and vent shut off safety and transportation plug 611. Main
cavity 616 provides a housing for flow distribution plate 604 and flow distributing fins 603, Upper
plate 601 and lower plate 602 may be constructed of any non-reactive metal such as titanium,
zirconium, gold, platinum, iriddiom, tungsten, and non-reactive alloys such as Monel or Inconel.
{0064} During operation, Th-228 in solution may be introduced into the emanation source of
FiG. 6. For example, through Nz carrier gas inlet port 605, As discussed above, introduction of
Th-228 to the emanation source only occurs pertodically, for example as little as once a year. After
introduction of the Th-228 solution, heat may be applied to the emanation source 506, for example
by the heat source 507 of FIG. 5 to evaporate any solvent. Evaporated solvent may tlow out of the
emanation source through vent cavity 614 and vent port 612

8063} Next, a flow of N2 carrier gas 18 introduced to the emanation source S0¢ through N2
carrier gas inlet port 605, In some embodiments, the flow of Nz carrier gas may be introduced to
the emanation source while the flow distribution fins are still “wet”, e.g., before all of the solvent
carrying the Th-228 has been evaporated. In other embodirnents the flow of Mz carrier gas may be
introduced to the emanation source 6 after the flow distribution fins are “dry”, e.g, after all, or
substantially all, of the solvent carrying the Th-228 has been evaporated. The N2 carrier gas flow
is directed across the fins of flow distribution fing 603 by inlet carrier gas distribution cavity 617,
flow distribution plate 604, and carrier gas blade 613 and flow to focusing outlet cavity 615 before
exiting the emanation source through outlet port 607, Carrier gas blade 613 may be operable to
direct and distribute the flow of income Nz carrier gas across the flow distribution fins 603 and
flow distribution plate 604 to ensure even and homogencus distribution of gas flow through

emanation source 306, As described above, the flow of Mo carrier gas through flow distribution
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fios 603 carries the Rn-220 formed from the radicactive decay of Th-228 absorbed onfo the
material of flow distribution fins 603 out of the emanation source.

0066} The safety plugs 606, 608, and 611 of the emanation source 600 of FIG. 6 may be
pperable 1o isolate the interior of the emanation source from the outside environment. Because Th-
228 has a half-life of 1.91 years, the interior of the emanation source 600 may remain radioactive
for a significant period of time {e.g. 10 half-lives of Th-228) after Th-228 has been introduced
the emanation source 0600. Therefore, it is important to be able to isolate the interior of the
emanation source, for example if the emanation source needs to be moved or maintenance needs
to be performed on the apparatus, to ensure that radicactive material does not escape from the
emanation source.

{8067} As described above, in some embodiments, the apparatus of FIGs. 1, 2 and 5 may be
operated by an automated conirol system. In certain illustrative embodiments the automated
control system may be implemented using an information handiing system. Such a system may
automatically control a number of different system vanables such as, for example, flow rates,
timing, and temperatures based on one or more sensars placed throughout the apparatus of FIG. 1.
For example, the automation system may operate the apparatus disclosed herein to produce Ph-
212 by performing the method 1000 of FIG. 8 First, at step 1001, Th-228 1s tntroduced inio the
emanation box 202 containing an emanation source 300 comprising a high-surface area material
as described above with respect to FIGS. 1-6. Next at step 1002, a carrier gas comprising nitrogen
is supplied to emanation box 202. As described above, the automation system may control the flow
rate of the carrier gas based on measured mass flow. Next at step 1003, after flowing through the
emanation box 202, the carrier gas is introduced to a precooled hydrochloric acid solution or any

other acid or aqueous solution. And finally at step 1004, Pb-212 is separated from the hvdrochioric
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acid sofution. As described above, the precocled hydrochloric acid solution may have a

/

temperature at or below ~72° € and may contain 3 target operabile to collect Ro-220.

{0068} The particular embodiments disclosed above are illustrative only, as the disclosed
subject matiter may be modified and practiced in ditferent but equivalent manners apparent to those
skilled in the art having the benefit of the teachings herein. Furthermore, no limitations are
intended to the details of construction or design herein shown, other than as described in the claims
below. I is therefore evident that the particular embodiments disclosed above may be altered or

maodified and all such variations are considered within the scope and spirit of the disclosed subject

matter. Accordingly, the protection sought herein is as set forth in the claims below.
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CLAIMS

1. A method for producing Pb-212 isotope comprising:

introducing Th-228 into an emanation box,

wherein the emanation box comprises an emanation source comprising a high surface area
material;

introducing a carrier gas into the emanation box through a carrier gas feed,

wherein the carrier gas is an inert gas,

wherein the carrier gas flows through the emanation box,

wherein the Th-228 decays to Rn-220 within the emanation box,

wherein the carrier gas carries the Rn-220 resulting from decay of the Th-228 in the emanation
box to one or more Rn-220 targets through a multi-way valve coupled to a carrier gas exit port of the
emanation box;

separating the Rn-220 from the carrier gas in the one or more Rn-220 targets; directing the carrier
gas out of the one or more Rn-220 targets through a carrier gas exhaust port;

directing a liquid through a liquid feed into the one or more Rn-220 targets;

allowing the Rn-220 to undergo radioactive decay into Pb-212 isotope within the one or more Rn-
220 targets;

wherein the liquid dissolves the Pb-212 isotope produced by radioactive decay of Rn-220 within
the one or more Rn-220 targets;

directing the liquid containing the Pb-212 isotope from the one or more Rn-220 targets to a Pb-
212 collection container; and

separating the Pb-212 isotope from the liquid.

2. The method of claim 1, wherein the carrier gas is nitrogen.

3. The method of claim 1, wherein the liquid is an acid solution selected from the group consisting of

HCL and HNO:s.

4. The method of claim 1, wherein the liquid is cooled to a temperature at or below -72° C by a cooling

unit coupled to the one or more Rn-220 targets.

5. The method of claim 1, wherein a flow rate of the carrier gas through the emanation box is controlled

based on mass flow rate.
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6. The method of claim 1, further comprising:
directing the carrier gas to a first Rn-220 target through the multi-way valve coupled to the carrier
gas exit port of the emanation box for a first time period;
opening a first carrier gas exhaust port on the first Rn-220 target after the first time period
has elapsed; and
directing the carrier gas to a second Rn-220 target through the multi-way valve coupled to the

carrier gas exit port of the emanation box for a second time period after the first time period has elapsed.

7. The method of claim 1, wherein separating the Rn-220 from the carrier gas in the one or more Rn-220
targets comprises:
placing the carrier gas in contact with the liquid within the one or more Rn-220 targets until the

Rn-220 has been transferred from the carrier gas to the liquid.

8. The method of claim 1, wherein the high-surface area material comprises a porous metal or porous

ceramic material having a surface area between 1 m?and 100,000 m>.

9. The method of claim 8, wherein the porous metal comprises one or more of titanium, zirconium, gold,

platinum, iridium tungsten or combinations thereof.

10. A method for producing Pb-212 isotope comprising:
introducing Ra-224 into an emanation box,
wherein the emanation box comprises an emanation source comprising a high surface area material;
introducing a carrier gas into the emanation box through a carrier gas feed,
wherein the carrier gas is an inert gas,
wherein the carrier gas flows through the emanation box,
wherein the Ra-224 decays to Rn-220 within the emanation box,
wherein the carrier gas carries the Rn-220 resulting from decay of the Ra-224 in the emanation box
to one or more Rn-220 targets through a multi-way valve coupled to a carrier gas exit port of the emanation
box;
separating the Rn-220 from the carrier gas in the one or more Rn-220 targets;
directing the carrier gas out of the one or more Rn-220 targets through a carrier gas exhaust port;
directing a liquid through a liquid feed into the one or more Rn-220 targets;
allowing the Rn-220 to undergo radioactive decay into Pb-212 isotope within the one or more Rn-220
targets;
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wherein the liquid dissolves the Pb-212 isotope produced by radioactive decay of Rn-220 within the one
or more Rn-220 targets;

directing the liquid containing the Pb-212 isotope from the one or more Rn-220 targets to a Pb-212
collection container; and

separating the Pb-212 isotope from the liquid.

11. The method of claim 10, wherein the carrier gas is nitrogen.

12. The method of claim 10, wherein the liquid is an acid solution selected from the group consisting of

HCL and HNO:s.

13. The method of claim 10, wherein the liquid is cooled to a temperature at or below -72° C by a cooling

unit coupled to the one or more Rn-220 targets.

14. The method of claim 10, wherein a flow rate of the carrier gas through the emanation box is controlled

based on mass flow rate.

15. The method of claim 10, further comprising:

directing the carrier gas to a first Rn-220 target through the multi-way valve coupled to the carrier gas
exit port of the emanation box for a first time period;

opening a first carrier gas exhaust port on the first Rn-220 target after the first time period has elapsed;
and

directing the carrier gas to a second Rn-220 target through the multi-way valve coupled to the carrier

gas exit port of the emanation box for a second time period after the first time period has elapsed.

16. The method of claim 10, wherein separating the Rn-220 from the carrier gas in the one or more Rn-220
targets comprises:
placing the carrier gas in contact with the liquid within the one or more Rn-220 targets until the Rn-220

has been transferred from the carrier gas to the liquid.

17. The method of claim 10, wherein the high-surface area material comprises a porous metal or porous

ceramic material having a surface area between 1 m?and 100,000 m>.

18. The method of claim 17, wherein the porous metal comprises titanium, zirconium, gold, platinum,
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iridium tungsten or combinations thereof.

19. The method of claim 1, wherein the one or more Rn-220 targets comprise a zeolite or metal chalcogenide

with a zeolite-like structure.

20. The method of claim 10, wherein the one or more Rn-220 targets comprise a zeolite or metal

chalcogenide with a zeolite-like structure.
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