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(37) ABSTRACT

The mvention provides a series of techniques for processing
uranium containing feed materials such as uramium ores,
reprocessed uranium, uranium containing residues and ura-
nium containing spent fuel. The processes described mvolve
fluorination of uranium containing material, separation of the
uranium containing material from other materials based on
ionization thereol with the non-1onized fluorine containing
material being recycled. Metallic uranium and/or plutonium
and/or fission products may result. The technique offers
advantages 1n terms of the range of materials which can be
reprocessed and a reduction in the number of complexity of
stages which are mvolved 1n the process.
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PROCESS FOR ENRICHING URANIUM
CONTAINING FEED MATERIAL

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application 1s a continuation of U.S.
patent application Ser. No. 09/869,754, filed Sep. 13, 2001,
which claims priority to International Application No. PCT/
GB00/00072, filed Jan. 14, 2000 which claims priority to
United Kingdom Application No. 9900836.9, filed Jan. 1,
1999, which applications are incorporated herein by specific
reference.

BACKGROUND OF THE INVENTION

[0002] 1. The Field of the Invention

[0003] This mvention concerns improvements in and relat-
ing to processing ol materials, particularly, but not exclu-
stvely to the processing of nuclear fuel materials, matenals
involved 1n the nuclear fuel cycle and materials mvolved 1n
the nuclear fuel industry.

[0004] 2. The Relevant Technology

[0005] The production of fuel grade nuclear fuel 1s a long
and complicated process. For instance, starting from mined
uranium ore, 1n general terms the process mvolves taking the
ex-mine grade material and gradually converting and enrich-
ing it until 1t 1s 1 a form and of a grade suitable for the
production of fuel pellets.

[0006] Prior art systems for converting the ore into material
suitable for enrichment, by physical or chemical means, have
almost 1nvariably involved a series of wet chemical tech-
niques. For instance, the mitial urantum oxide 1s concentrated
in a uranyl mitrate hexahydrate based stage; with a de-nitra-
tion stage to convert the material into UQO,; this 1s then
reduced to convert the UQO; to UQO,; with a hydro-fluorination
stage to form UF, and further fluorination subsequently UF,,
which 1s fed to the enrichment procedures used.

[0007] Similar complex chemical and physical steps, gen-
erally involving wet chemistry, are used 1n the recycling of
spent Tuel and other uranium containing feeds.

BRIEF SUMMARY OF THE INVENTION

[0008] The present invention aims to provide an alternative
route for converting a variety of uranium and other nuclear
material containing feeds into a variety of products, including,
tuel grade matenals.

[0009] According to a first aspect of the invention we pro-
vide a process for treating a uranium containing feed material,
the process comprising:—

[0010] contacting the uramium containing material with
fluorine gas, the fluorine reacting with the uranium containing
material to give uranium fluoride;

[0011] {feedingthe uranium fluoride to a separator stage, the
separator stage converting the uranium fluoride into a plasma
and/or 1oni1zed form, at least part of the uranium being 1onized
and at least part of the fluorine being non-1onized, the 1onized
parts being contained 1n a magnetic field to form a first prod-
uct stream, the non-1onized parts being withdrawn from the
magnetic field to form a second product stream;

[0012] The second product stream being recycled to the
fluorine gas and uranium containing material contact stage.
[0013] The uranium containing feed material may be a
uranium ore. The ore may be ex-mined and/or higher urantum
content.
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[0014] The uramium containing feed material may be ura-
nium and/or uranium oxide from the reprocessing of uranium
and/or uranium containing material previously used 1n the
nuclear fuel cycle.

[0015] The uramum containing feed material may be ura-
nium containing residues from one or more processes, for
instance enrichment process streams, including waste or by-
product streams thereof.

[0016] The uranium containing feed material may be spent
tuel from a nuclear reactor. The spent fuel may contain fission
products and/or plutonium 1sotopes, as well as uranium.
[0017] One or more of the above mentioned feed types may
be fed to the process simultaneously.

[0018] The uranium fluoride produced may be mixed fluo-
ride forms, but preferably the predominant uranium fluoride
1s uranium hexatluoride.

[0019] A material removal stage may be provided prior to
the separator stage. Uranium fluoride, particularly uranium
hexafluoride may be removed from the process at this stage.
The uramium fluoride may be fed to an enrichment process
and/or be stored and/or transported to a remote location and/
or sold. Impurities may be removed from the process, par-
ticularly where the uranium containing feed material 1s ura-
nium ore, at this stage. The impurities may be removed as
fluorinated impurities.

[0020] The separator stage may be provided according to
the details provided below.

[0021] The first product stream may comprise uranium
metal. The uranium metal may be used to produce MAGNOX
fuel. The urammum metal may be fed to a subsequent process,
for instance an enrichment process. The enrichment process
may be an AVLIS and/or other metal based enrichment pro-
cess. The enrichment process may be provided according to
the details provided below. The first product stream, particu-
larly where a spent fuel feed 1s involved, may comprise ura-
nium and/or plutonium and/or fission products in elemental
form. The elemental form may be used as a storable form of
the spent fuel material.

[0022] The second product stream 1s preferably predomi-
nantly fluorine. The fluorine may be 1n atomic form, but 1s
preferably allowed to return to molecular form, F,.

[0023] The second product stream may be processed prior
to feeding to the fluorine/uranium containing material contact
stage. The process may comprise cleaning the fluorine to
remove other species. The level and/or amount of fluorine in
the second product stream may be increased prior to feeding
to the fluorine/uranium containing material contact stage
from an external source. The external source may be provided
according to the third aspect of the mnvention.

[0024] According to a second aspect of the mvention we
provide apparatus for treating a uramium containing feed
material, the apparatus comprising:

[0025] afirst unit in which the uranium containing mate-
rial 1s contacted with fluorine gas, the fluorine reacting
with the uranium containing material to give uranium
fluoride;

[0026] a second unit forming a separator stage to which
the uranium fluoride 1s fed, the separator stage including
a plasma and/or 1ion generator to convert the uranium
fluoride into a plasma and/or 1oni1zed form, at least part
of the urantum being ionized and at least part of the
fluorine being non-1onized, the separator stage further
including magnetic field generating means to form a
magnetic field to contain the ionized parts and form a
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first product stream, the separator stage still further
including means for removing non-iomzed parts from
the magnetic field, the non-1onized parts being with-
drawn from the magnetic field to form a second product
stream;

[0027] the second product stream being recycled to the
first unit 1n which the fluorine gas and uranium contain-
ing material are contacted.

[0028] According to a third aspect of the invention we
provide a process for tluorinating a urantum-containing feed
material, the method comprising:

[0029] contacting the uranium containing material with
fluorine gas, the fluorine reacting with the urantum con-
taining material to give uranium fluoride;

[0030] the fluorine gas being produced by feeding a tluo-
rine containing material to a separator stage, the separa-
tor stage converting the fluorine containing material into
a plasma and/or 1onized form, at least part of the non-
fluorine part of the feed being 10n1zed and at least part of
the fluorine part of the feed being non-1onized, the 10n-
1zed parts being contained 1n a magnetic field to form a
first product stream, the non-ionized parts being with-
drawn from the magnetic field to form a second product
stream;

[0031] the second product stream being fed to the fluo-
rine gas and urantum containing material contact stage.

[0032] The uranium containing feed material may be pro-
vided as defined in the first aspect of the mmvention. The
uranium fluorides produced may be as defined in the first
aspect of the mvention.

[0033] The fluorine containing material may be a material
from the nuclear fuel production process. Preferably the fluo-
rine containing material 1s a uranium fluoride, and more pret-
erably uranium hexafluoride. Ideally the uranium fluoride 1s
depleted in *°°U, and is still more preferably UF, which is
depleted in **°U. The UF . may be a feed from another process
and/or another part of the same process and/or a feed from a
stored source of UF,.

[0034] The first product stream preferably contains ura-
nium, and in particular depleted uramium. The first product
stream may be used as a storable form of depleted uranium.
[0035] Preferably the second product stream supplements
fluorine being recycled from a separator according to the
process of the first aspect of the invention.

[0036] According to a fourth aspect of the invention we
provide apparatus for fluorinating a uranium containing feed
material, the apparatus comprising:

[0037] a first unit in which the uranium containing mate-
rial 1s contacted with fluorine gas, the fluorine reacting
with the uranium containing material to give uranium
fluoride;

[0038] a second unit forming a separator stage, the tluo-
rine gas being produced in the separator stage by feeding
a fluorine containing material to the separator stage, the
separator stage including a plasma and/or 10n generator
to convert the fluorine containing material into a plasma
and/or 1onized form, at least part of the non-fluorine part
of the feed being 1on1zed and at least part of the fluorine
part of the feed being non-1onized, the separator stage
further including magnetic field generating means, the
ionized parts being contained 1 a magnetic field pro-
duced by the magnetic field generating means, to form a
first product stream, the separator stage still further
including means to remove non-iomzed part from the
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magnetic field, the non-ionized parts being withdrawn
from the magnetic field to form a second product stream;

[0039] the second product stream being fed to the first
unit in which fluorine gas and uranium containing mate-
rial are contacted.

[0040] According to a fifth aspect of the invention we pro-
vide a process for enriching a uranium containing feed mate-
rial, the process comprising;:

[0041] 1ntroducing the uramium containing material to a
separator stage, the separator stage converting the ura-
nium containing material into a plasma and/or 1onized
form, at least part of the uranium being 10onized and at
least part of the non-uranium part of the feed being
non-ionized, the 1omzed parts being contained 1n a mag-
netic field to form a first product stream, the non-ionized
parts being withdrawn from the magnetic field to form a
second product stream;

[0042] the first product stream being fed to an enrich-
ment stage, the enrichment stage applying one or more
frequencies of electromagnetic radiation to the first
product stream, the one or more frequencies being cho-
sen to selectively 1onize one or more components of the
first product stream, the selectively 1omzed components
being separated from the selectively non-1onized com-
ponents to form third and fourth product streams
respectiully.

[0043] The uranium containing feed material may be pro-
vided according to the feed maternials of the first aspect of the
invention, but 1t 1s preferred that the uranium containing feed
material be one or more uranium fluorides and 1n particular
uranium hexatluoride.

[0044] The separator may be provided as detailed below.

[0045] Preferably the first product stream predominantly
contains the uranium of the feed material. Preferably the
second product stream predominantly contains the non-ura-
nium part of the feed material and particularly the lower
atomic mass components.

[0046] The first product stream, and particularly the ura-
nium therein, may be fed to the enrichment stage in still
ionized form. Preferably, however, the first product stream,
and particularly the uranium therein, and still more particu-
larly the **®uranium therein, is neutralized prior to the enrich-
ment stage. The first product stream, and particularly the
uranium therein, 1s preferably fed to the enrichment stage in
gaseous and/or vapor form.

[0047] Preferably the one or more frequencies of electro-
magnetic radiation applied are selected to ionize the *>°U
containing components in preference to the *°°U containing
components.

[0048] The components may be molecules, such as UF,,
incorporating the respective 1sotopes of uranium, but are pret-
erably the atomic form of the 1sotopes themselves.

[0049] The third product stream may be separated from the
fourth product stream by electrostatically attracting the third
product stream to a collection location. The fourth product
stream 1s preferably collected at a separate location.

[0050] Preferably the third product stream 1s enhanced 1n
one or more isotopes, ideally *>>U, relative to the first product
stream. Preferably the fourth product stream 1s depleted in the
said one or more isotopes, ideally >>>U, relative to the first
product stream.

[0051] The third and/or fourth product streams may be
subject to further processing.
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[0052] According to a sixth aspect of the invention we
provide apparatus for enriching a uranium containing feed
material, the apparatus comprising:

[0053] a first unit, forming a separator stage, into which
the uranium containing material 1s introduced, the sepa-
rator stage including a plasma and/or 1on generator to
convert the uranium containing material into a plasma
and/or 1onized form, at least part of the uranium being
ionized and at least part of the non-uranium part of the
feed being non-ionized, the separator stage further
including magnetic field generating means for produc-
ing a magnetic field, the 1onized parts being contained 1n
the magnetic field to form a first product stream, the
separator stage still further including means to remove
non-1onized parts from the magnetic field, the non-1on-
1zed parts being withdrawn from the magnetic field to
form a second product stream;

[0054] a second unit, forming an enrichment stage to
which the first product stream 1s fed, the enrichment
stage including a source of electromagnetic radiation,
preferably a laser, so as to apply one or more frequencies
of electromagnetic radiation to the first product stream,
the one or more frequencies being chosen to selectively
ionize one or more components of the first product
stream, the enrichment stage further including means to
separate the selectively 1onized components from the
selectively non-1onized components to form third and
fourth product streams respectiully.

[0055] According to a seventh aspect of the invention we
provide a process for purilying a uranium contaiming mate-
rial, the process comprising;:

[0056] {feeding a uranium containing material to an
enrichment stage, the enrichment stage applying one or
more Irequencies of electromagnetic radiation to the
feed thereto, the one or more frequencies being chosen
to selectively 10nize one or more components of the feed
thereto, the selectively 1onized components being sepa-
rated from the selectively non-iomzed components to
form third and fourth product streams respectiully;

[0057] one or both of the product streams being fed to a
fluorinating stage in which the uranium containing
material 1n the product stream 1s contacted with fluorine
gas, the fluorine reacting with the uranium containing
material to give uranium fluoride;

[0058] the fluorinated uranium and other components of
the product stream being fed to a separation stage in
which the uramium fluoride 1s separated, to give a fifth
product stream, from one or more other components of
the product stream which forms a sixth product stream.

[0059] Preferably the uranium containing material fed to
the enrichment stage 1s atomic uranium, preferably 1n gaseous
and/or vapor form, preferably in non-1onized form.

[0060] Preferably the enrichment stage enriches the mate-
rial fed to 1t 1n the manner of the fifth aspect of the invention
detailed above.

[0061] The fourth product stream may be fed to the fluor-
nating stage, but it 1s particularly preferred that the third
product stream 1s so fed.

[0062] Preferably the uramium fluoride produced is as
detailed 1n the first aspect of the invention above.

[0063] The other components of the product stream may be
one or more other metals, and 1n particular may be 1ron.
Preferably the 1ron 1s also fluorinated 1n the fluorination stage.
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[0064] Theuranium fluoride may be separated from the one
or more impurities, preferably also in fluoride form, based on
differences 1n volatility, and most preferably the higher vola-
tility of the uranmium fluoride, 1deally urantum hexafluonide.
The fifth and/or sixth product streams may be subjected to
further processing.

[0065] According to an eighth aspect of the ivention we
provide apparatus for purifying a uranium containing mate-
rial, the apparatus comprising:
[0066] a first unit forming an enrichment stage to which
a uranium containing material 1s fed, the enrichment
stage including a source of electromagnetic radiation,
preferably a laser, to apply one or more frequencies of
clectromagnetic radiation to the feed thereto, the one or
more frequencies being chosen to selectively 10nize one
or more components of the feed thereto, the enrichment
stage Turther including means to separate the selectively
ionized components from the selectively non-ionized
components to form third and fourth product streams
respectiully;

[0067] a second unit forming a fluornating stage, to
which one or both of the product streams are fed 1n
which the uranium containing material in the product
stream 1s contacted with fluorine gas, the fluorine react-
ing with the urantum containing material to give ura-
nium fluoride;

[0068] a third unit forming a separation stage, the fluori-
nated uranium and other components of the product
stream being fed to the separation stage in which the
uranium fluoride 1s separated, to give a fifth product

stream, from one or more other components of the prod-
uct stream which forms a sixth product stream.

[0069] The various aspects of the invention detailed above
may be combined with one another. For example the fluorine
production process of the third aspect of the invention may be
used to contribute to the tluorine requirements of the fluori-
nating stage of the first aspect of the invention. Simailarly the
fluorine production process of the third aspect of the mnven-
tion may be used to contribute to the fluorine requirements of
the fluorinating stage of the seventh aspect of the invention. It
1s also possible for the separator of the first aspect of the
invention and the fifth aspect of the invention to be one and the
same, with the first product stream from the separator going to
the enrichment stage. This combined process could also use
the third aspect of the invention to contribute to its fluorine
requirements 1n the fluorinating stage. Additionally 1t 1s also
possible, with or without the separator of the first aspect as the
separator of the fifth aspect too, for the enrichment stage of
the fifth aspect to be one and the same as the enrichment stage
of the seventh aspect of the invention. The first, third, fifth and
seventh aspects of the invention may all form a single process.

[0070] The feed may be introduced to the magnetic field as
a gas, liquid, solid or mixture of states. A gas feed to the
magnetic field 1s preferred.

[0071] The feed may be introduced to the plasma genera-
tion means as a gas, liquid, solid or mixture of states.

[0072] The feed may be introduced to the 1onization means
as a gas, liquid, solid or mixture of states. A gas feed to the
ionization means 1s preferred, particularly where a plasma
generator 1s not also provided.

[0073] The feed may be provided 1n gaseous form by boil-
ing and/or evaporation and/or sublimation of a solid or liquid
initial feed. The conversion to gaseous state may be effected
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by a furnace, microwave heater or other form of heater means.
Preferably the gas 1s introduced prior to 1onization.

[0074] Preferably all, or substantially all, of a given com-
ponent 1s 1onized. Preferably all, or substantially all, of a
given component 1s not 1onized.

[0075] Preferably some or all metallic elements present 1n
said feed are 1onized. The 1onization of metallic elements
with an atomic weight greater than 90 1s particularly pre-
terred. Preferably some or all non-metallic elements in said
feed are not 1on1zed. Preferably all elements with an atomic
weight below 90, most preferably below 70 and 1deally below
60, are left 1n non-1omzed form. It 1s particularly preferred
that elements such as uranium and/or plutomum and/or tho-
rium and/or gadolinium are 1onized. It 1s preferred that ele-
ments such as hydrogen and/or fluorine and/or oxygen and/or
nitrogen are not ionized. Preferably boron 1s not 1onized.
Preferably fission products are not 1onized.

[0076] The onization of the components may be caused by
the temperature of the plasma. Additionally or alternatively
the 1oni1zation of the components may be caused by the inter-
action of the components with high energy electrons pro-
duced by electron cyclotron resonance.

[0077] The extent of 10nization and/or components 1oni1zed
may be controlled by the energy 1put of and/or residence
time 1n the electron cyclotron resonance unit.

[0078] Preferably the ionization 1s controlled by the level of
energy mput. The level of energy mput may be controlled by
controlling the temperature of the plasma. Preferably the
energy iput is not selective between components of the feed.
In this way all of the components of the feed are preferably
raised to the same energy level. Preferably the 1onized and
non-ionized feed components are in equilibrium with one
another for the prevailing conditions.

[0079] The feed material may be converted to a gas and fed
to an ECR unit for 1onization. A furnace heater or evaporator
may be used to convert the solid or liquid feed to gaseous/
vapor form.

[0080] In a particular embodiment, therefore, the plasma
may convert the feed materials to discrete atoms and electron
cyclotron resonance may subsequently give rise to at least
partial 1onization, preferably of a selective nature.

[0081] Preferably the feed 1s provided 1n molecular form
and selectively separated as discrete atoms and/or elemental
forms from 1onized discrete atomic forms and/or elemental
torms. This renders the technique applicable to a wider vari-
ety of materials than are possible with elemental feed and
separation 1n elemental form or molecular feed followed by
separation 1n molecular form.

[0082] Thetemperature of said plasma may be controlled to
provide selective 1on1zation of the components 1n the desired
way. Thus the plasma may 1onize some components in the
teed but leave other components, such as fission products
and/or non-metallic elements, un-1onized.

[0083] Preferably said plasma 1s provided at 3000 to
4500K. Preferably said plasma 1s generated by microwave or
radio frequency means. Preferably the plasma in the genera-
tor 1s operated at between 1000 and 10000 Pa. A value of
2000+/-10% 1s preterred.

[0084] Additionally or alternatively the residence time of
the feed within the plasma prior to the separation may be
controlled to provide selective 1onization of the components
in the desired way.

[0085] Preferably the feed 1s introduced into the containing
magnetic field 1n un-1omized form. Preferably the partial 10n-
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ization process occurs within the magnetic field on an
uncharged gas. The gas may be in molecular and/or atomic
form.

[0086] The magnetic field may be configured to define a
cylindrical active volume 1n which the plasma/ions are pro-
cessed. Preferably the plasma/ions pass along the axis of this
containment area from the plasma generation and/or 10niza-
tion means to the next, separation, stage.

[0087] Preferably the separation of 1oni1zed and un-1onized
components 1s affected by removing the un-ionized compo-
nent from the plasma, most preferably as a gas. The un-
ionized components may be pumped away from the 1onized
component. The 1onized component 1s contained and hence
restrained by the magnetic field.

[0088] The separation of 1oni1zed from non-1onized compo-
nents may be effected in a number of stages. Preferably the
stages are discrete from one another. The stages maybe sepa-
rated from one another by a baitle provided with an aperture.
Preferably the aperture 1s entirely within the containment area
of the magnetic field. Preferably one or more of the stages are
operated at different pressures to one or more other stages.
The pressure level may be maintained by the pumping level
employed. Preferably the pressure in one or more stages near
to the inlet 1s higher than one or more further away from the
inlet. Preferably the pressure decreases for each zone relative
to the preceding stage nearer the inlet. Preferably the pressure
in each stage 1s 30% to 60% of that in the preceding stage,
progressing away irom the inlet.

[0089] Preferably three stages are provided. Each stage
may be between 0.5 and 2 m 1n length.

[0090] Preferably the first stage 1s operated at between 10
and 50 Pa. A level of 40 Pa+/-10% 1s preferred.

[0091] Preferably the second stage 1s operated at between 5
and 20 Pa. A level of 16 Pa+/-10% 1s preferred.

[0092] Preferably the third stage 1s operated at between 2
and 10 Pa. A level of 7 Pa+/-10% 1s preferred.

[0093] The separated un-charged components may be
recycled for subsequent use and/or subjected to further pro-
cessing. This may include further selective 1onization and/or
selective processing to separate different components.

[0094] The separated charged components are preferably
still contained 1n a magnetic field. The separated charged
components may be subjected to further processing including
selective de-1onizing; de-1omizing followed by further selec-
tive 1omization; or other selective processing to separate dif-
ferent components.

[0095] The enrichment stage referred to 1n the above men-
tioned aspects may have one or more of the following fea-
tures.

[0096] The enrichment stage may be evacuated, for
instance to 107° torr or less.

[0097] The electromagnetic radiation may be applied by
one or more laser beams and/or one or more lasers. Preferably
the selective 1onization generated 1s photolonization. Ioniza-
tion and/or excitation may occur in one or more stages, pret-
erably with different frequencies selected for different stages.

[0098] The separation of 1omized and non-1onized compo-
nents may be effected by electrostatic attraction of the 1onized
species to a collection location, such as one or more collection
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plates. More preferably the 1onized and non-ionized compo-
nents are separated by deflecting the 1omized components
using a magnetic field.

BRIEF DESCRIPTION OF THE DRAWINGS

[0099] Various embodiments of the invention will now be
described, by way of example only, and with reference to the
accompanying drawings in which:—

[0100] FIG.1 illustrates a first embodiment of the mnvention
for producing purified uranium containing materials;

[0101] FIG. 2 illustrates a modification to the process of
FIG. 1 for introducing fluorine to the circuit;

[0102] FIG. 3 illustrates a modified circuit for processing
spent fuel materials;

[0103] FIG.41llustrates a further embodiment of the inven-
tion;
[0104] FIG. S 1illustrates one embodiment of a separator

stage suitable for use 1n the process routes of the mvention;
[0105] FIG. 6 1llustrates an alternative embodiment of a
separator suitable for use 1n the process routes of the mven-
tion; and

[0106] FIG. 7 illustrates an enricher suitable for use 1n the
process routes of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0107] FIG. 1 illustrates a direct fluorination stage 2 1n
which the metallic components of interest are fluoriated
tollowed by a fluorine/metal separation stage 4 to give rise to
a variety of potential product forms and fluorine which 1s
recycled through stage 6 back to the direct fluorination stage.
This system can be used for a variety of potential feeds with
a variety of intended product forms.

Uranium Ore Concentrate Feed

[0108] The process offers the potential for feeding uranium
ore concentrate from stage 8 into the direct fluorination stage
2 where the uranium oxide 1s converted to uranium fluoride,
principally UF ., by the introduction of fluorine. The UF . then
passes to a cleaning stage 10 at which point a variety of
impurities present in the ore concentrate can be removed, 1n
various forms, again including principally fluorinated forms.
These form waste stream 12. It 15 also possible at this stage to
tap from the process UF for sale or use 1n other processes,
product stream 14.

[0109] As part of the ntended process, however, a substan-
tial portion of UF . continues from cleaning stage 10 to sepa-
ration stage 4. In the separation stage 4, which 1s discussed in
more detail below, the uramium and other metal species are
separated from the fluorine and other low atomic weight
materials. The fluorine returns as stream 16 to stage 6 for
subsequent feed back to the direct fluorination stage 2. The
level of fluorine 1n the system can be topped up from a fluorine
source 18 which feeds to stage 6 also.

[0110] It1s a major advantage of the present technique that
the expensive fluorine 1s used for the separation of uranium
from other impurities 1n the ore, but that the fluorine 1s recov-
ered and recycled back to the fluorination stage 2 for subse-
quent re-use. A substantially closed circuit with regard to the
fluorine 1s thus provided.

[0111] The metallic product stream from stage 4 may form
product stream 20 to subsequent processing, discussed in
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more detail below, or alternatively may form a urantum metal
product stream 22, for mstance for use as a magnox fuel.

Re-processed Uranium Feed

[0112] The system outlined above with reference to FIG. 1,
can equally well be used with a feed from stage 24 consisting
of re-processed uranium, predominantly UQO,. The re-pro-
cessed uranium 1s obtained from a variety ol potential
sources, mncluding uranium extracted from spent fuel rods.
[0113] Once again, the uranium oxide 1s fed to a direct
fluorination stage for conversion to UF .. Once again, 1t will be
possible to remove a product stream 14 consisting of UF ., the
uranium being re-processed uranium.

[0114] The impurity removing stage 10 may or may not be
necessary for re-processed uranium feed.

[0115] Once again, 1n separation stage 4 the uranium 1s split
from the fluorine with the fluorine being recycled. The ura-
nium then either passes to further processing, for instance to
enrich 1t, or alternatively 1s used for the production of magnox

fuel.

Uranic Residue Feeds

[0116] A variety of existing processes linked to the produc-
tion of uranium fuels produce residue streams which require
processing. These streams generally consist of uranium in
oxide form and as a consequence, such streams 26 are adapted
to feeding to the fluorination stage 2 1n the process outlined
above. Once again, the uramium can be extracted for subse-
quent further processing as desired.

Fluorine Replenishment Route

[0117] Particularly with regard to the processing of ura-
nium ore concentrates, where fluorinated impurities are
removed from the process in stage 10, it 1s necessary to add
fluorine to the circuit to replace the fluorine which 1s lost with
these impurities. The tfluorine can come from a variety of
sources, but a preferred production route 1s outlined 1n FIG. 2.
[0118] FIG. 2 illustrates the fluorine source stage 6 to which
fluorine 1s fed from the separation stage as stream 16 and 1s
fed back to the fluorination stage 2. The top up fluorine 1s
introduced 1nto this stage 6 from stream 28.

[0119] The feed stage-30 for this part of the process pro-
vides a source of UF . and 1t 1s particularly preferred that this
be the depleted stream of UF, arising from the existing
enrichment techniques and/or stockpiles of depleted UF . his-
torically produced. Depleted UF . generally consists predomi-
nantly of = °UF from which the vast majority of *>>UF, has
been removed 1n enrichment processes.

[0120] The UF,feediromstage 30 1s fedto separation stage
32, which 1s preferably of a similar type to the separation
stage 4 outlined above 1n FIG. 1, and discussed below 1n more

detail.

[0121] The separation stage 32 produces the desired stream
of fluorine, 28, to feed into the fluorine circuit and separate
product stream 34. Preferably the product stream 34 1s ura-
nium metal which 1s a more suitable form for long term
storage than UF. This 1s particularly so where the metal 1s
depleted uranium, predominantly in ***U form.

Spent Fuel Feed

[0122] A vaniation on the technique, for addressing spent
fuel feed maternials, 1s outlined 1n FIG. 3.
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[0123] Spent fuel, generally comprising of uranium oxide,
fiss1on products and plutonium oxides, 1s introduced at stage
36 and forms the feed to a direct fluorination stage 2. The UF
produced and other fluorinated metals are then fed to the
separation stage 4.

[0124] Given the nature of the feed materials and the
desired product forms, impurities are not generally removed
from this process route.

[0125] As before, the fluorine 1s recycled back from stage 4
to the direct fluorination stage 2 through stage 6. The products
pass on from stage 4 for subsequent handling. The products
may form a feed 20 to a subsequent processing stage, or
alternatively may form a product form 1n themselves, stream
38.

[0126] A particularly preferred product stream 38 1s a mix-
ture of urantum, plutonium and fission products all in metallic
torm. This product form 1s intended for long term storage and
represents a considerably improved storage form compared
with the material still within a fuel rod or fuel assembly. Not
only 1s the actual form 1n which the material 1s present
improved, but also the volume of that material 1s reduced by
a factor of 2.5 or so compared with its volume 1n the actual
assembly and additionally the volume of the assembly itself1s
removed from needing storage. An overall reduction factor of
20 or so 1n the volume which needs to be stored can be
achieved as a result. Another beneficial property of this prod-
uct form for storage 1s that uranium metal 1s a good gamma
shield, and as a consequence the material has a self-shielding
function against the gamma emissions arising from the fission
products contained therein.

Treatment of Enriched Product

[0127] As illustrated 1n FIG. 4, a number of enrichment
processes, stage 40, including AVLIS, stage 40 provide
enriched forms of uranium in metallic or oxide form. This
stream 42 frequently contains iron or other impurities which
it 1s desirable to remove belfore further processing of the
uranium oOccurs.

[0128] Intheprocessroute illustrated in FI1G. 4 the uranium
and 1ron containing stream 42 1s fed to a direct fluorination
stage 44, the fluorine for which 1s fed from source stage 46.

[0129] Itisparticularly preferred that the source stage 46 be
a separator of the general type outlined 1n FIG. 1 above as
separator stage 4, and/or in F1G. 2 above as separator stage 32.
Once again, it 1s particularly preferred that the feed matenal
48' to this stage comprise UF . tails and particularly depleted
UF .. Again, as well as the usetul fluorine feed to the fluori-
nation stage 44, a more readily storable and/or handleable
product form 50 1s produced.

[0130] The uranium hexatluoride, 1ron fluoride and other
fluorides produced in the direct fluorination stage can be
separated 1n separator stage 50 based on their differing vola-
tilities. Thus, the relatively volatile UF . can be removed as a
product stream 52 for subsequent further processing, for
instance fabrication, whereas the iron fluoride 1mpurity can
be removed as a product stream 34 for subsequent disposal.

Separator Stage

[0131] A suitable separator stage, suitable for use in the

various embodiments of the present invention is 1llustrated in
FIG. 5.

[0132] The feed stream 200 passes through a plasma gen-
erator 202 which rapidly heats the feed material to around
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4000K. The plasma generator 202 may be a microwave or RF
type plasma generator and the control of the plasma tempera-
ture can readily be provided 1n this way.

[0133] Conducting solenoids 1n array 206 and 216 produce
a high mtensity magnetic field whose lines of force are sche-
matically represented 204. The plasma generator and mag-
netic field are configured such that the components of the feed
which are 1onized are already within the confines of the mag-
netic field. The conducting solenoids are set to produce a field
intensity in excess of 0.1 Tesla.

[0134] As a consequence of the highly elevated tempera-
ture of the feed stream 200 following 1ts passage through the
plasma generator 202, the components of the feed stream 200
break down 1nto their component atoms. This facilitates pro-
cessing of the feed material according to 1ts individual atomic
make up rather than needing an elemental feed or processing
the feed only according to differences between the molecules.

[0135] At the temperature of the plasma, uranium atoms
and other high atomic mass components become charged, U+
for instance. The lower atomic mass components, however,
principally fluorine 1n this case, remains uncharged. Both the
ionized and uncharged species are 1n gaseous form.

[0136] By virtue of their charge, the uranium 1ons are con-
tained by the magnetic field and pass onward through the
array ol solenoids to form product stream 224. The uncharged
nature of the fluorine atoms, however, allows them to move
freely and unifettered by the magnetic field, and as a conse-
quence they can be removed as process stream 214 by vacuum
pumps or other suitable means. Once clear of the uranium
ions, the tluorine can be allowed to fall back in energy and so
recombine as I,

[0137] Asaconsequence of this separating stage, therefore,
the uranium has been separated from the low atomic weight
clements 1n the feed liquor and the uranium can be sent for
subsequent processing or use.

[0138] The nature of the selective 1on1zation which occurs
within the separator 1s important. The 10nization occurs as a
result of the overall energy level of the system. Thus, the
species which are 1onized under the prevailing conditions and
the species which are not are determined by the equilibrium
state for those species under those conditions. The selective
ionization contained, therefore, 1s stable and long lasting so
allowing the separation to be carried out effectively without
pressure of time.

[0139] Ifthe energy is introduced into the system such that
it 1s selectively taken up by one species rather than one or
another species, then the selective 1omization which 1s
obtained 1s less useful. In this situation, collisions between
the 1omized and non-ionized species would result 1n energy
transfer and hence a potential change in the state and/or
charge of that species. This places a substantial time pressure
on the speed of any separation which must be informed as
otherwise the selectivity 1s lost. Additionally, such 1oniza-
tions need to be carried out at low densities of material as
otherwise collisions become too dominant for selectivity to
OCCUL.

[0140] The equilibrium state outlined for the present inven-
tion, however, can allow collisions between species to occur
without any detriment to the selectivity of the process. As a
consequence, a far higher throughput of material 1s possible.

[0141] An alternative separator which can be used 1s 1llus-
trated 1n FIG. 6. Once again, the description of the device will
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be made 1n relation to separating uranium from uranium
hexafluoride feed, but other applications can readily be made
tor this apparatus.

[0142] The uranium hexafluoride feed liquor 1s introduced
in stream (300) as a vapor. The feed 1s rapidly converted to a
plasma by a radio frequency plasma generator (302). The
plasma generator operates at 2 KPa 1n order to ensure essen-
tially equilibrium 1onization levels for the desired compo-
nents of the feed due to high levels of collisions.

[0143] Contact parts within the plasma generator may be
formed from ceramic tluorides 1n order to give the necessary
physical properties to withstand the conditions mnvolved. The
system may employ copper surface which 1s cooled by con-
tact with water containing tubes. The water flow 1s used to
lower the temperature of the copper walls and gives rise to
condensation of the uranium fluoride forms on the walls. This
chemically and thermally insulates the copper. Eventually an
equilibrium state develops with a given thickness of the ura-
nium fluoride deposited on the wall. A seli-lining effect 1s
thus provided.

[0144] The plasma generated exits the generator (302)
through nozzle (304) and 1s contained by magnetic field,
schematically illustrated (306). An approximately 30 mm
radius nozzle 1s used to maintain the pressure within the
plasma generator (304) and to give the desired tlow rate.
[0145] Onleavingthe plasma generator and entering zone 1
(308) the plasma will expand giving rise to cooling. However,
the work done against the magnetic field by the uranium 1ons
will result in partial re-heating. If appropriate additional
energy can be introduced into the plasma during 1ts subse-
quent progress through the apparatus to maintain the tem-
perature at a level on which the desired components remain
ionized. This energy may be provided by radio frequency
means. The desired selectivity based on an equilibrium 1s thus
maintained.

[0146] The beam of matenial leaving the plasma generator
tends to fan out as the distance from the plasma generator
1ncreases.

[0147] The barrniers (310, 312) defining the various zones
take this expansion into account 1n their selected aperture
diameters.

[0148] The containing field 1s approximately 0.1 tesla 1n
strength. Such levels can be provided by conventional electro
magnetics although super conducting magnets may be
employed. A magnetic field of this strength confines the ura-
nium 1ons to a radius of 180 mm or so following a travel
distance of 3 m from the nozzle. The zones/stages are each 1
m 1n length. The radius of the expanding beam 1s approxi-
mately proportional to the fourth route of the distance trav-
eled.

[0149] Within zone 1 (308) outlets (314) to a vacuum
pump, not shown, are provided. These allow {first waste
streams to be drawn off from the apparatus, the waste streams
comprising non-charged material, principally fluorine. Alu-
minum may be used for the waste stream lines.

[0150] The pressure in zone 1 1s around 13 Pa and during 1ts
travel through that zone the fluorine pressure 1n the material
beam reduces substantially to that pressure. The excess fluo-
rine over this 1s pumped oif through outlets (314) using com-
mercially available pumps.

[0151] The reduced fluorine content beam then passes into
zone 2 (316) through the gap (318) 1n barrier (310).

[0152] The second zone (318) 1s operated at a lower pres-
sure than the first, approximately 5 Pa and once again the
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fluorine content in the beam reduces towards this pressure as
the material passes through the zone.

[0153] The beam then passes into zone 3 (320) through gap
(322) 1n barrier (312).

[0154] This zone 1s again operated at a still lower pressure,
approximately 2 Pa, with the excess fluorine being pumped
off through outlets (324).

[0155] The significantly depleted fluorine beam then
passes on to outlet (326) for subsequent handling.

[0156] The 1omized, gaseous uranium may be contacted
with a grid of some description to discharge the charge and
reduce the energy of the uranium to a state 1n which it 1s solid
or liquid. The introduction of chemical materials to effect a
quenching and/or cooling action may be considered. In this
regard the use of inert gases to cool the uranium may be
preferred so that a chemical combination with the gases does
not occur. Metallic uranium arises as a result. The uranium
may be cooled suiliciently to provide 1t as a solid or alterna-
tively may only be partially cooled to leave 1t 1n liquid form.
[0157] The fluorine remaining in the uranium product
stream (326) may be readily volatized, as a uranium fluoride,
from the bulk of the uranium product and recycled. When the
uranium 1s collected as a liqud the separation may conve-
niently be carried out 1n situ. The volatized UF will largely be
converted to UF, which can be recycled.

[0158] Provision for collecting fluorine released from the
liguid by off gassing may be provided.

[0159] For a 12 kg uranium per hour feed a 3.7 kg/hr fluo-
rine feed arises. Of this fluorine 3.6 kg/hr 1s expected to be
pumped off from zone 1; 1.3 kg/hr pumped off from zone 2;
0.5 kg/hr pumped ofl {from zone 3; and 0.3 kg/hr to remain 1n
the urantum product stream (326). Off gassing of the fluorine
from this product as UF; and/or UF, results 1n a very pure
uranium product, 1.e., a fluorine content 1n the parts per mil-
lion range.

Uranium Enrichment Stage

[0160] FEnrichment of uranium, to increase the portion of
*>>U, may be effected through a variety of techniques. For
instance, the UF produced by the direct fluorination stage 2
of F1G. 1 may be removed from the process at stage 10 and be
feed to an integral enrichment process and/or an enrichment
process at a remote location following transportation. The
enrichment process may be based on gas centrifuging and/or
gaseous diffusion separation and/or thermal diffusion based
separation.

[0161] It 1s preferred, however, that the uranium exiting
separator stage 4 be fed as product stream 20 direct to a
subsequent enrichment stage.

[0162] AVLIS, atomic vapor laser isotope separation,

offers a partlcularly preferable form of enrichment. An
AVLIS type enricher rendered suitable for use 1n the present
invention 1s illustrated in FIG. 7. The enricher 70 consists of
a vessel 72 mto which a feed stream 1s introduced along
passage 74. The vessel 72 1s evacuated using pump 76 to a low
pressure, generally less than 10™° torr.

[0163] Where the enricher 70 follows a separator 4, as
illustrated in FIG. 1 or 3, then the feed 1s generally uranium
metal 1n atomic vapor form.

[0164] Where the enricher 70 1s followed by a direct fluo-
rination stage 44, as illustrated in FI1G. 4, then the feed may be
atomic vapor from a previous stage (such as a separator of the
above mentioned type) or the enricher may be provided with

capability to convert the feed into an atomic vapor form. This
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facility may be provided (not shown) by inductive heating
and/or resistive heating and/or electron beam application.
[0165] Once introduced 1nto the vessel 72 the feed stream
78 contacts laser radiation 80 introduced from a laser through
window 82 1n the vessel 72. The frequency or frequencies of
the radiation are carefully selected such that they cause pho-
tolonization of one set of 1sotopes, but not of the other set of
1sotopes. In the case of urantum, the frequency i1s generally
selected to excite °°U, but not *°*U.

[0166] Once converted to an 1onized form, the 1ons are
clectrostatically attracted to collection plates 84. The
enriched material collected can be periodically or continu-
ously removed from the collector plates 84. The non-1onized
forms are not attracted to the charged plates 84 and hence
continue to separate collector 86.

[0167] The enriched material collected at plates 84 nor-
mally contains other components too, such as 1ron and 1ron
oxides and these are removed based on volatility as discussed
above 1n relation to FIG. 4. A similar separation technique
may be used to remove impurities from the depleted material
collected by collector 86.

1.-18. (canceled)

19. A process for enriching a uranium containing feed
material, the process comprising:

contacting the uranium contaiming feed material with fluo-
rine gas in a fluorine gas and uranium containing feed
material contact stage the fluorine gas reacting with the
uranium contaiming feed material to give uranium fluo-
ride;

introducing the uranium fluoride to a separator stage, the
separator stage converting the uranium fluoride into a
plasma and/or 1onized form, at least part of the uranium
being 1onized and at least part of the fluorine gas being
non-ionized, the 1onized part being contained in a mag-
netic field to form a first product stream, the non-ionized
part being withdrawn from the magnetic field to form a
second product stream;

teeding the first product stream to an enrichment stage, the
enrichment stage applying one or more frequencies of
clectromagnetic radiation to the first product stream, the
one or more Irequencies being chosen to selectively
ionize one or more components of the first product
stream to give selectively 1onized components and selec-
tively non-1onmized components, the selectively 1onized
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components being separated from the selectively non-
ionized components to form third and fourth product
streams, respectively; and

recycling the second product stream to the fluorine gas and

uranium containing feed maternal contact stage.

20. A process according to claim 19 1n which the uranium
containing feed material 1s a uranium ore.

21. A process according to claim 19 1n which the uranium
containing feed material 1s uranium and/or uranium oxide
from the reprocessing of uramium and/or uranium containing
material previously used 1n the nuclear fuel cycle.

22. A process according to claim 19 1n which a material
removal stage 1s provided prior to the separator stage with one
or more uranium fluoride forms being removed from the
process at the material removal stage.

23. A process according to claim 19 in which the first
product stream comprises uranmium metal.

24. A process according to claim 19 i which the first
product stream comprises uranium and/or plutonium and/or
fiss1on products 1n elemental form.

25. A process according to claim 19 in which the second
product stream 1s predominantly fluorine.

26. A process according to claim 19 in which the second
product stream 1s processed prior to feeding to the fluorine gas
and uranium containing feed material contact stage, the pro-
cess comprises cleaning the fluorine to remove other species.

277. A process according to claim 19 1n which the uranium
containing feed material 1s one or more uranium fluorides.

28. A process according to claim 19 1n which the uranium
containing feed material comprises uranium hexafluoride.

29. A process according to claim 19 i which the first
product stream 1s neutralized prior to feeding to the enrich-
ment stage.

30. A process according to claim 19 1n which the one or
more frequencies ol electromagnetic radiation applied are
selected to ionize the *°>U containing components in prefer-
ence to the ***U containing components.

31. A process according to claim 19 1 which the third
product stream 1s separated from the fourth product stream by
clectrostatically attracting the third product stream to a col-
lection location.

32. A process according to claim 19 in which the third
product stream is enhanced in **>U relative to the first product
stream.
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