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SEPARATI ON OF | SOTOPES BY | ONI SATI ON FOR PROCESSI NG OF NUCLEAR FUEL
MATERI ALS This invention concerns inprovenents in and relating to
processing, particularly, but not exclusively to the pr 0C &3 nucl ear
fuel materi a‘P QY4 mt erial s involved in the nuclear fuel i ré}gg{'&fn

The production and recycling of fuel grade nuclear fuel and associated
material s involve | ong and conpl ex processes. For instance, starting from
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the process involves taking the ex-mine gréde material and
gradually converting and enriching it until it is in a form and
of a grade suitable for producing fuel pellets. )

Intermediate stages in the overall process route form the
starting point for the production of a variety of other
materials too.

The basic stages in the overall process are the
concentration of the initial uranium oxides as uranyl nitrate
hexahydrate; a de-nitration stage to convert the material into
UO;; a reduction stage to convert the UO; to UO,; a hydro-
fluorination stage to form UF,; a further fluorination stage to
produce UF,; an enrichment procedure by physical or chemical
means; and the conversion of UF, in its enriched form to
ceramic grade U0, which is in a suitable form to be formed into
fuel pellets.

Recycling of spent fuel similarly involves a series of
complex chemical and physical steps to separate the various
fission products from the depleted fuel and to upgrade the 235U
concentration in the material to a.stage where once again it
can be employed as fuel by separating out other components
present in the used fuel.

The complexities of these processes are also present in
other production processing lines involved in or relating to
fuel cycles, such as thorium, plutonium and gadolinium amongst
other materials. The production of uranium metal, non-
enriched, for instance for use in Magnox reactors, also
involves complex proéessing.
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capital investment and running costs, are necessary to perform
the stages involved in all of these processes. Attendant
problems also follow from the various processes and their
requirements. For instance, processes involving fluorination
involve a complex and hazardous electrolysis process to produce
the fluorine required.

The present invention aims to provide an alternative
processing route for many processes and/or a process for
rendering materials into more useful forms and/for a process for
recycling materials, together with apparatus for achieving the
processes.

According to a first aspect of the invention we provide
a process comprising the steps of:-

a) providing a feed, the feed consisting
of mixed components;

b) converting said feed into a plasma or
ionised form;

c) providing at least one component in at
least partially ionised form and at least one
different component in at least partially non-
ionised form;

d) containing said plasma / ions in a
magnetic field; and

e) separating said ionised components fron
said non-ionised components.

The component desired may be extracted from a mixture of
isotopes and/or elements of both metal and non-metal nature.
The separation may be complete or partial.
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requi renents. For instance, processes involving fluorination involve a
conpl ex and hazardous el ectrolysis process to produce the fluorine
required. The present invention ainms to provide an alternative
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together with apparatus for achieving the processes. According to a
first aspect of the invention we provide a process conprising the steps
of : a) providing a féed, the feed consisting
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forms, such as titanium tetrachloride. These materials may be
in hydrated form.

The mixed components may consist of two or more different
elements; two or more different isotopes of the same element;
different elements together with different isotopes of one or
more of those elements; or compounds and/or nixtures of
compounds incorporating different elements, different isotopes
or different isotopes and different elements, and reference in
this application to the term components should be taken to
include all such possibilities, amongst others, unless stated
to the contrary.

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 is preferred.

The feed may be introduced to the plasma generation means
as a gas, liguid, solid or mixture of states.

The feed may be introduced to the ionisation means as a
gas, liguid, solid or mixture of states. A gas feed ‘to the
ionisation means 1is preferred, particularly where a plasma
generator is not also provided.

The feed may be provided in gaseous form by boiling
and/~>r evaporation and/or sublimation of a solid or 1liquid
inii.al feed. The conversion to gaseous state may be effected
by a furnace, microwave heater or other form of heater means.
Preferably the gas is introduced prior to ionisation o

Preferably all, or substantially all, of a given
component is ionised. Preferably all, or substantially all, of

a given component is not ionised.



- 3- The provision of the feed in a nitrogen containing conpound is
envi saged, but provision of the feed in a fluorine <containing form is
particularly preferred. Feed material consisting of uranyl nitrate,
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of the components with high energy electrons produced by
electron cyclotron resonance.

The extent of ionisation and/or components ionised may be
controlled by the energy input of and/or residence time in the
electron cyclotron resonance unit.

Preferably the ionisation is controlled by the level of
energy input. The level of energy input may be controlled by
controlling the temperature of the plasma. Preferably the
energy input 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 ioffised and
non-ionised feed components are in equilibrium with one another
for the prevailing conditions.

The feed material may be converted to a gas and fed to an
ECR unit for ionisation. A furnace heater or evaporator may be
used to convert the solid or liguid feed to gaseous / vapour
form.

In a particular embodiment, therefore, the plasma may
convert the feed materials to discrete atoms and electron
cyclotron resonance may subseguently give rise to at least
partial ionisation, ﬁreferably of a selective nature.
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or all metallic elenents present in said feed are ionised. The ionisation

of rretallicyg .Pga i Wth an atomc weight greater than Qt1éaopasesi cul arly
preferred. erably some or all non-netallic elenents in said feed are

not ionised. Preferably all elenments with an atom c wei ght bel ow 90, nost
preferably below 70 and ideally below 60, _are left in non-ionised form It
is particularly preferred that elenents ~RUch as urani um and/ or pl ut oni um
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Preferably the feed 1is provided 1in molecular form and
selectively separated as discrete atoms and/or elemental forms
from ionised discrete atomic forms and/or elemental forms.
This renders the technique applicable to a wider variety of
materials than are possible with elemental feed and separation
in elemental form or molecular feed followed by separation in
nolecular form.

The temperature of said plasma may be contrelled to
provide selective ionisation of the components in the desired
way. Thus the plasma may ionise some components in the feed
but leave other components, such as fission products and/or
non-metallic elements, un-ionised.

Preferably said plasma is provided at 3000 to 4S00K.
Preferably said plasma is generated by microwave or radio
frequency means. Preferably the plasma in the generator is
operated at between 1000 and 10000 Pa. A value of 2000 +/— 10%
is preferred.

Additionally or alternatively the residence time of the
feed within the plasma prior to the separation may be
controlled to provide selective ionisation of the components in
the desired way.

Preferably the feed is introduced into the containing
magnetic field in un-ionised form. Preferably the partial
ionisation process occurs within the magnetic field on an
uncharged gas. The gas may be in molecular and/or atomic form.

The magnetic field may be configured to define a
cylindrical active 'volume in which the plasma/ions are
processed. Preferabiy the plasma/ions pass along the axis of



energy input. The |level of energy inbut may be controlled by controlling
the tenperature of the plasna. Preferably the energy input is not
sel ective between conmponents of the feed. In this way all of the
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The separation of ionised from non-ionised components may
be effected in a number of stages. Preferably the stages are
discrete from one another. The stages maybe separated from one
another by a baffle provided with an aperture. Preferably the
aperture is 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 is 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 is 30% to 60% of that in the
preceding stage, progressing away from the inlet.

Preferably three stages are provided. Each stage may be
between 0.5 and 2m in length.

Preferably the first stage is operated at between 10 and
50 Pa. A level of 40 Pa +/- 10% is preferred.

Preferably the second stage is operated at between 5 and
20 Pa. A level of 16 Pa +/- 10% is preferred.

Preferably the third stage is operated at between 2 and
10 Pa. A level of 7 Pa +/- 10% is preferred.

The separated un-charged components may be recycled for
subsequent use and/or subjected to further processing. This
-may include further selective ionisation and / or selective
processing to separate different components.

The separated charged components are preferably still
contained in a maénatic field. The separated charged
components may be subjected to further processing including



N2 and 02 (elenental forns), as well as W (ionised species). Preferably
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The temperature conditions may be Tontroclled to purify

the collected components by vaporising off impurities. <The
impurities may be vaporised in the form of compounds with the
metal and / or collected component. Vaporisation of halides is
envisaged.

The collected charded components may be periodically or
continuously removed from the collection point.

The method may comprise the further step of introducing
a chemical material, preferably at a controlled kinetic energy
level, and contacting this with the remaining charged
component (s), the kinetic energy level of the charged component
and chemical material being such that an un-charged component
or particle results. The component may still be present as a
gas.

The chemical material may consist of a material selected
to give the desired uncharged particle and / or end product,
such as oxygen or an inert gas as the chemical material. The
chemical material may be added at a temperature of between 100K
and 2000K and particularly 100K to 500K. The component and
chemical material may be combined in the resulting particle.
An oxide represents a potential form.

The temperature of the combined form may be controlled so
as to provide the particle in the desired forwm. A temperature
of 2500K is preferred with uranium so as to present the uranium
as gaseous UQ, as the principle form.

A step may be provided in which a further chemical

material is added to the un-charged component so as to reduce
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- 6- this contai nnent area fromthe plasna generation and/or ionisation
nmeans to the next, separation, stage. Preferably the separation of

i oni sed ang 3éwnsed conponents is affected by renovi pgriReddeni oni sed
conponent onrthe pl asma, nost preferably as a gas. The un-1oni sed
conponents may be punped away fromthe ioni sed conponent. The ionised
conponent is contained and hence restrained by the magnetic field.

The separation of ionised fromnon-ioni s& conponents may be effected in a
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7 Pa +/- 109@£§a8!eﬂﬁhﬁﬁﬂc grade metal oxide is a particularly preferred
product of the process although pure metal can also be produced
in this way. Uranium, plutonium, thorium and indeed MOX
products can be produced by controlling the process conditions.

According to a second aspect of the invention we provide
separation apparatus, said apparatus comprising:

a) a plasma / ion generator;

b) means for selectively ionising a feed
material of mixed components;

c) magnetic field generating means
producing a magnetic field for containing the
plasma / ions; and

d) means to remove un-charged components
from the magnetic field.

The feed may be provided as a solid, liquid or gas.

2 furnace, heater, microwave source, evaporator or other
heating means may be used to heat and/or vaporise and/or
sublime and/or gasify and/or evaporate the feed.

Preferably the plasma/ions are generated by microwave or
radio frequency heating. The ionisation of the components may
be caused by éﬁe temperature of the plasma.

Preferably the plasma is heated to between 3000 and 4500K
and most preferably 4000K + or - 10%. Preferably the outlet
from the plasma / ifon generator is between 20 and 40 mm in
radius.



The separated un-charged conponents may be recycled for subsequent use
and/or subjected to further processing. This may include further

sel ective ionisation and / or selective processing to separate different
conponents. woe4sshhe separated charged conponents are pr efcaveidbyosst i | |

contained in a magnetic field. The separated charged conponent s
may be subjected to further processing including WO 97/ 34684
PCT/ GB97/ 00671 -7- sel ective
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ionised are controlled by the level of energy input. The
energy level may be controélléd by the temperature. Preferably
the feed is excited evenly. Preferably the energy input is not
selective between components present. Preferably the partial
ionisation/partial non-ionisation of the feed resulting is at
equilibrium for the prevailing conditions.

The containing magnetic field may be axially aligned.

Preferably the magnetic field generating means comprises
one or more solencids. Preferably the magnets are provided in
an annular or cylindrical assembly. In this way a central
containment area is defined by the magnetic field, preferably
of cylindrical configuration. Preferably the magnetic field
is provided as a containment field most preferably in an axial
alignment. Field strengths in excess of 0.075 tesla or in
excess of 0.1 tesla may be used for this purpose.

Preferably the feed is introduced to the magnetic field
before ionisation.

Preferably the separation is affected by removing the un-
ionised component from the plasma. Preferably the means for
removing un-charged components comprise a pump unit.
Preferably the charged components are retained in the magnetic
field.

The un-ionised components may be separated from the feed
in one or more stages. Preferably one or more outlets through
which the un-ionised components are withdrawn are provided in
each stage.

Preferably the stages are separated from one another by
a baffle element. breferably the baffle is provided with a
circular aperture through which the feed passes. Preferably



The col |l ected charged conponents may be periodically or continuously
renoved fromthe collection point. The nmet hod nay conprise the
further step of introducing a chemcal material, preferably at a

control | edwig 938kdsg energy |evel, and contacting this W ppridasdessiai Ni Ng
charged conponents, the kinetic energy |evel of the charged conponent and
chem cal material being such that an un-charged conponent or particle
results. The conponent may still be present as a gas. The chemi cal
material may consist of a material sel ect®d to gi ve the desired uncharged
particle an X lL.pert S

chem cal maq:ek(rel gFeeeQng qﬁg%}lga éﬁg%]ee%%gg %gi;&b@r aggghgg gg't%etrirp?ge“r‘% ure of

bet ween | 00T Fide2060KNanPHEFH ¢ uiANg POORCYD ofides mFiebeodprateer and
chemi cal rrattﬁfarﬁlth&aypbﬂtmﬂiﬂllm@d!el Briherd emfifleBgneardr ahe fedd Dadle

represents Amnat Chlid! abofflre . preitabEYPAl Uikloldle SATIAGA form

may be contro as to, $row artic orm” A
tenperature ’tﬁme}%’oﬁeﬁgeﬁ by aran tfl‘l"’ﬁ‘r Lheubsed Wt present the
urani um as gaseolselffekrebi} ashd hepprincepllasf oemradius sAbsteptiaylpe

provi ded in wii,Ghg @mtighgh% chRal cﬁ\ﬁgngat £r ik | seadded L@ dde apn-glar ged

conponent so_as tO reducCe . /34684

PCT/GBQ?/OOG#%?tance from the inlet. Preferably the agerture radius is the
same or less than 10% larger than the plasma / ion stream
radius at that location. Preferably the radius of one or more
of the apertures is approximately proportional to the fourth

root of the distance from the inlet or plasma generator nozzle.

Preferably the aperture radius is less than the radius of
the containment area defined by the magnetic field at that
location.

The apparatus may further provide addition means for a
chemical material to the remaining process stream. Preferably
the chemical material introduced is oxygen or an inert gas. It
is particularly preferred that the chemical material added
provides a quenching and/or cooling action to the remaining
components. Preferably the chemical material on contacting the
remaining components converts it from a charged to an un-
charged phase. Most preferably the component is still retained
in the gaseous state following this change.

In a particularly preferred embodiment the addition of
oxygen is employed as the chemical material. Preferably this
is introduced at 100 to 500K to give an approximate combined
temperature of 2500K in combination with the charged component.
At this temperature for instance, U is retained as an un-
charved gas primarily in the form UQ,.

A still further means for addition of a further chemical
material may be provided. Preferably this further addition
converts the process stream ffém a gaseous to solid state.
Alternatively or additionally the kinetic energy 1level
reduction can be provided by impacting the uncharged component
on a surface, prefer%bly a cooled surface. The conversion is

preferably obtained very rapidly indeed so as to restrict any



the kinetic energy level to a stage where a solid product is pr oduced.
Alternatively or additionally the kinetic energy | evel reduction can be
provi ded by inpacting the uncharged conponent on a surface, preferably a
cool ed surf aowgo 9r34ke kinetic energy |evel reduction for r¢wGEMIACTAr ged
particle may occur very rapidly so as to avoid undesired internedi ate
equi libriumforns of the product. A transition period of <2 ns IS
preferred. The further chem cal naferlal may be the sane or
different fromthe chem cal materi al preV|oust added. Preferably

the product Of1ﬁ€@r\mn%38éqﬁ§1melu%6§téeés £oFATREUNBr2LeIBTY e pSGIQRE
and preferably, at the désired gﬁaﬁ r.am c rade lrpatal oxide 1s a

particul arly p’r%faer‘}eé'd‘mlcpf’ﬁﬁﬁ%t t"f?é‘eﬁrlé‘&esﬁ &t tHodGh pure netal can
al so be produced iAccolidngaye a dia wepecpl af oreini nvaritdonuwe apdey intkeed

MOX  product s; GblasPLefdeedihy antdi@ldsi Bg:Lthe process conditions.

According to a second aspect of the Lavention we, provide paration,

appar atus, said apparatus conprl’si ngpm"“Ellng LA 5?'38 5057%1%’?‘?5{"?/
i on generator; of mixed dymponew&éas for selectively ionising a
feed material of yyi xed eAURPPERY S: said feed into Cla

magneti c field gener at produci ng a nagnetic
field for containing the P i ons; and
d) means to renpbve un-chargediconpementiding at least onefgamponiestnimgret i C

field. The feed Muyabe pae¥idetlyasoniseli ,orlml Clakhdl 9& QR3st one
A furnace, heater, m crowave source,

e ra t eatin
may be used to heat and/ oF°UBPE1%e hA /gfas sﬂ%’ﬁ’rﬁ?“é’nd‘f’& lﬁﬁéf’?‘g 'or
evaporate the feed. Pr edler ablcpnthén prasmad idnspiasngbimmsat doh bya
m crowave or radi o freqﬂgggytﬂ_eagié]g; The ionisation of the corrponents
may be caused by the tenperature of ferably_the

t
pl asma is heated to between 30 andsfgﬁﬁﬂgm%ﬁzalﬁo]s?mpse@f e?“é?o‘ﬂf Eﬁ{”“’r or
- 10% Preferably the outBaid non-dpnikedsionpeaents ppngefivr thesr compbisimen
20 and 40 mmin radiUs. converting at least some of the separated ionised

&Qgha/lonlsed 5F§Ena /

component or components to an un-charged form.

The component may be converted to uncharged form by
reducing its kinetic energy level, i.e. to condense it.

The component may be converted to uncharged form by
impacting it on a surface, preferably a cooled surface.

The component may be converted to uncharged form by
addition of a chemical material. A combination of one or more
of these may be used.

Preferably the chemical material is added at a
predetermined kinetic energy level so as to give the desired
un—-charged form. Most preferably the un-charged form is in a
gaseous form. Conversion of one, or a portion of one or mofe
components to the un-charged form, whilst retaining one or more
other components, or a portion of one or more other components
and/for a portion of the first component or components in
charged form is envisaged.

The addition of the chemical material, or the addition of
further chemical material in a further stage, may be such so as
to reduce the kinetic energy level to a stage where a solid
product is produced.'
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The pl asna generator may act as the neans for selectively ionising the
feed material m xed conponents. Alternatively or additionally high energy

el ectron cqlbfiedys produced by electron cyclotron resongisseeiBess MY
provi de the neans for selectively ionising the feed materi al of m xed

conponents. The feed may be fed to the ECR as a nol ecul ar and/ or
atom c gas. Preferably the extent of ionisation and/or conponents
ionised are controlled by the | evel of e rgy input. The energy |evel

may be controll ed 'ﬂYe t%mﬁ@g@e{ﬁ@é&ﬁsl PBSLGHEDQ{ yreécﬂ:e wflgﬁdtljxé S BK\@Qt

evenly. Preferabl ?; £ nerrﬁg}/1 not ecti ve between cornponents
present. Pref&r 8B ysf’h% TSP F%nk‘s’é?trld:n/e&ﬁrtg?al eNBh: i oS STBRNEMtL he
feed resul ti mgyi beaprodupsd iibr rleméntal e preenpauhidndoeondi ti ons. The

cont ai ni ng magnet 'ﬁréf@ﬂa‘%lE}HYth@ a’t’:'réhEYt%xHQ“EPom un-charde fergglsgo{lge
magnetic field means conpri ses one or nore sol €noi d

eneratin
Preferably tﬁérgﬂi Bt 5° A7 35t SFCQEGTI RECURS aKRTY aF 2Rt WX/l i durireasiséernbl y.
In this way @ecen@rtaf lontthannemhs aie prefedefeidned by the magnetic field,

preferably of Cy|fﬂgr§éﬁﬂrdﬁyﬁi'%HrQﬁ%QBum &%@ﬁf¥ﬁﬂgiﬁetngﬂagnﬂykﬁlaﬁ6|d
I s provided ont a n?nt fiield nmost preferab I n an axi al nt .

Fiel d strenggﬁé‘af NI STRYA 01D 78 Fe ARy} use.  Additionally £he

separation of uranium from uranyl nitrate hexahydrate and other
feed forms is envisaged.

The further processing and subsequent use of the un-
charged components separated from the charged components is
envisaged. The production or recycling of fluorine using this
route is a.particularly preferred form.

This aspect of the invention may of course include any of
the features or possibilities discussed elsewhere in this
application, including those relating to the ion/plasma
generation, its containment, the manner of the separation and
others.

According to a fourth aspect of the invention we provide
separation apparatus said apparatus comprising:-

a) a plasma / ion generator;

b) means for selectively ionising the feed
material of mixed components;

c) magnetic field generating means
producing a containing magnetic field— for the
plasma / ions;

d) means for removing un-charqged
components from the magnetic field; and

e) means for converting at least some of
the separated charged components to uncharged form.

The component may be converted to uncharged form by
reducing its kKinetic energy level, i.e. to condense it.
The component ' may be converted to uncharged form by

impacting it on a surface, preferably a cooled surface.



excess of 0.1 tesla may be used for this purpose. Preferably the
feed is introduced to the nagnetic field before ionisation.
Preferably the separation is affected by renoving the un- ionised

conponent fr@gothRsp! asma. Preferably the neans for renopengsynesmshar ged
conponents conprise a punp unit. Preferably the charged conponents are
retained in the magnetic field. The un-ioni sed conponents nay be
separated fromthe feed in one or nore stages. Preferably one or nore
outlets through which the un-ionised conpénents are withdrawn are provided

in each stage. The %&pr%th@hky nta@e B 25 A o 08! %h@ﬂaf-«?}@&n eBemangs her
by a baffle el enent Preferably the baffle |s§rov ci rcul-ar

aperture thr o RAFMCEHOE 2 ?’Eé‘&cﬁ&sg'é’;-e“‘ﬁr -ef & GBPpination of\png0m more
PCT/ GB97/ 00671t these may be used. -10- the apertures in the

baffles are axiall y-rﬁhigﬁ@:&il aﬁh%adbﬁﬂ@i %y 13 ﬂ@&d?:fcehhfn 850%%5&@ &un 9phe
or nore baffles r%)é ? eat er hIb ?Q %J in one or s Ies
nearer the fed®} AAP%ai d WY u?“é' PH7 oSRS65y e 558 tu’r%s
increase in dxafergedsdfiabnthal vyrbowy inlemwst be Spadedinfeen one another

Preferably the gy tc%ealmaéc@w.acwst@u sbapté a&d%anpwrseapondm& tﬁbﬁt

pl asma / ion streamradLus at %t disfance fromthe inlet. Prefer
aperture r adi (Re3ANS PRY e prov1de to effect a tran51tlon rom a charged to

un-charged state and second or further stages may be provided
to convert the un-charged component to the solid state or to
the desired chemical conposition. The production of both
elemental and compound forms of the desired product is
envisaged.,

Of course other features of the apparatus or methods
discussed elsewhere in this application can be equally relevant
to this aspect.

aAccording to a fifth aspect of the invention we provide
components, materials, compounds, elements, or isotopes
separated according to the first and/or third aspects of the
invention and / or using the apparatus of the second and/or
fourth aspects of the invention and/or further processed forms
thereof.

The separated components wmay be different elements
presented in the feed. Thus the separation of uranium from
fluorine is envisaged, as is the separation of other elements
present in one or more given compounds from each other. The
production of ceramic grade metal oxides suitable for fuel use
is envisaged.

The degree of separation between the components may be
substantially complete or only partial. Thus processes in
which a proportion of the component in the feed is extracted as
un-charged components in the process whilst the majority of
that component continues into the product stream produced from
the charged cowmponents is envisaged.

' Of course the un-charged first or second product stream
may constitute the useful and aimed for separated component as
much as the final end product from the charged component.



sanme or |less than 10% | arger than the pl asma / ion stream radius at that
| ocation. Preferably the radius of one or nore of the apertures is
approxi mately proportional to the fourth root of the distance fromthe

inlet or phasixgqner ator nozzle. Preferably the qgﬁ radius is
| ess than the radius of the containment area defined byt ’énﬁf@ﬁ@uc field
at that |ocation. The apparatus nmay further provide addition nmeans

for a chemcal material to the renmmining process stream Preferably the
chem cal material introduced is oxygen ot4an inert gas. It is particularly

preferred that theg ch cal mat eri.al_.added . provides a quenchi ng and/ or
cool i ng action to%t e%;ge i APy CATPoRSREST Hr &6 éBY?‘gYW MfeRrexide

mat eri al on Q:ofrﬁi’%a}cﬁeﬁéefchefl’?bnm%qrg foehposeantd yconvpats fidr far ancaeshar ged
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artl

I n the gase te follow change,

preferred e?R)L%O rrg‘rft °tfh3n%a°cﬁn nf%ﬁSt &)?yééﬁttl‘ LSR5y .Y '%&e tll’?éfeeﬁém‘eal
mat eri al . Pref er aay itomiss embo@m¢mcaf atth&00ivwersi6 t avigilvenaw be
appr oxi mat e m@m@ TRAyALYE @xahp2800Kay N aFrQiTQJ il 'r%eggkbetlag ghar ged

conponent . N [ reg for I.nst ance, IS retaine an un--
charged gas pr|°rrrfr ﬁyﬁﬁg’;% %W¥ &1 A still further nmeans for

addition of a further chem calflgm eri allqm]:abesmsohadedlcalﬂreéefabéy this

further addition conveehbod e Qﬁﬁ&%estlﬁeémiérpm a gaseous to solid
state. Alternatively or addll%.l onal I% 32 ktnet i C ener y level reduction
can be provided by inpacting t1e thchardedSEbMsthet PhgSea diadrame, for

preferably a cool ed surﬂaeeluﬂheowwersuonoqsn grefrgriabbgnebt ai ned very
rapidly indeed so as to restrFgfdur@¥ is a phase diagram for U+, UO, UG,

and UO,;

Figure 4 schematically illustrates a partial
view of a second embodiment of the invention;

Figure 5 schematically illustrates a third
embodiment of the invention; and

Figure 6 schematically illustrates a fourth
embodiment of the invention.

The techniques of the present invention offer versatile
processing systems which can be successfully employed with a
variety of starting materials and states and produce a variety
of product materials, states and forms.

Uranyl nitrate hexahydrate feed

As illustrated in Figure 1 the feed toc be processed is
introduced according to arrow 2. In this particular example
the feed material consists of a uranyl nitrate hexahydrate feed
ligquor. The feed liguor passes through a plasma generator (4)
which rapidly heats the feed liguor to around 4000K. The
plasma generateor (4) wmay be a microwave or RF type plasma
generator. Control of the plasma temperature can readily be
provided.

Conducting solenoids in array (6} produce a high
intensity magnetic field whose lines of force are schematically
represented (8). B§ the stage at which the feed is ionised
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-11- I ntervening equilibriumstates formng. Preferably the product is a
ceram c grade fuel material, such as UJerr]. According to a third
aspect of th@ogggﬁ$gion we provide a process conpr.ising tReySienosof : -

a) providing a teed, the feed consisting of m xed
conponents; b) converting sai d feed into a
pl asma/ i oni sed form C% provi ding at |east one
conponent in at | east partia Fy ionised formand at | east one

conponent in %g&hﬁﬁskhéigfééﬂ '%eRQPaégp'féﬂis QhYeady within the conflag;

containing sail nmagnetic field;
e) separat i ®&f §§PE FRwedF cgéﬁﬁénent s from sai d non-i oni sed
conponents; and further coagPet Bidigsolenoids are 6enveard i ppdiicd eastisadae of

t he separated , nq:@ng?g in excess of &O[PE { or conponents to an un-charged
form ‘Ilh conponent nmay be conver to uncharged formb reduci ng

its kinetic energy Revél °°Ps%qu%‘t?eccﬂfde?’f§e Rlasma 9ener?ﬁ8rcéﬁﬂ)o¥5ﬁt £aed be
converted to wafeafigededtyny byambéetpaQiz)ngti & Migrdlyselkageed (eadpeabhye a

cool ed s rfac : b I
: shiz ex%&?:e“ a A ccfrﬁ;g‘?" r%af\}l on oefe h%%h&ﬁr&@&@e%?@ EQ&H‘

addition of a (;chem ca on
be used. intor dt&r GBFRPRSE EKEMF cal THER @lilawsi Broggassing of the feed

pr edet er m ned ddteetial &dftﬁfxg!)inbEtl@|1tSOlﬁ61‘1?IﬁLg!l\/atbhécd:mdd’ ag ra.tme!rhah@ﬁd
form Most pr%e%ﬁﬂhyaé n8 HBnERRIRd LP dc%s'.e&n Q%‘Sc% TS {.] §§?H¥§ sion

of one, or a port+o one or nore onent s
whi | st retainit®y SHELEreRsre ‘?ﬁ”r‘t’é’ﬁncoﬁ'ﬁSneHP%ecﬁ}e% ﬁﬂf’tH}bnaGF oﬁétb?rm)re
ot her conponerdfubsegndholy aigrdrsledonr ohothe first conponent or conponents in

_ As can be seen from the phase diagram provided in Figure
2 at 4000K and under the type of conditions experienced in
chamber (12) uranium atoms are charged, U+, 1line 20.
Conversely at this temperature the bulk of the nitrogen,
oxyden, and hydrogen are un-charged atoms or molecules as seen
by the lines of Figure 2 which represent the nitrogen, N, line
22; oxygen, O, line 24; and hydrogen, H, line 26; ions all in
gasecus form.

The selective ionisation occurs as a result of the
overall energy level of the system. Thus the species which are
ionised under the prevailing conditions and the species which
are not, are determined by the equilibrium state for that
species under those conditions. The selective ionisation
obtained is, therefore, stable and lohg lasting allowing the
subsequent processing to be carried out without pressure of
time.

If energy is only selectively inputted to certain species
within the system then selective ionisation can be obtained.
How. er, collisions between ionised and non-ionised species in
such a case result in energy transfer which can result in the
ionisation of the previbusly non-ionised species and/or the
discharge of the previously icnised species. In such a case
separation must be performed very rapidly or the selective
nature will decay prior tc any significant selectivity being
obtained in the separation.



charged formis envisaged. The addition of the chem cal material, or
the addition of further chemcal material in a further stage, may be such
so as to reduce the kinetic energy level to a stage where a solid product

i s producedygorsegss VO 97/ 34684 PCTIGRI0067
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mat eri al added nay react with the conponent or may sinply reduce Its
kinetic energy |level. The conmponent mnay be produced in el enmental or
conpound form Preferably the tra¥sition fromun-charged gaseous

particle to solid product oceyrs.very.ra ransition eriod of
|l ess than 2 ms is 3P e rt SHEIE ¥ﬁ@t§e82¥§T7oﬁEthﬁrﬁﬁFﬁﬁ? Nt $48Mri ne
froma uranieedlisbons aoei vet foodd Fslenzbmtténeyi areudesirabdadidi omaldey t he
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i s envi saged

furt her rocess n nd._subseque se_of t un-
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any of the features or ossibilities ?oLblcussed el sewhere in thrs

appl i cation,Fi M AF t H%e "PEFat PREPIRT] hEYEERTBr asmed® egeﬁg}‘h’t’r'?)‘ff“’? ts
containnent,CQ¢ﬁiﬂﬁyn$edooﬁOthEerﬂﬁﬂkﬂHféncaﬁdt energy for the collision

to result in electron transfer and discharge of the ion. The
potential for allowing collisiohs also means that the plasma
can be operated in a relatively dense state allowing a
significant throughput of material. 1If collisions have to be
avoided then as low a density of ions and atoms as possible is
desirable to reduce the probability of collisions.

As charged particles the uranium ions are contained by
the magnetic field and encouraged to pass onward through the
super conducting solenoids (6). The uncharged nature of the
nitrogen, oxygen and hydrogen atoms allows them to move freely,
unfettered by the magnetic field and they can consegquently be
"pumped”" out of the chamber (12}, stream (14). Vacuum pumps
can be used for this purpose.

Subsequent cooling of the stream (14) allows these
materials to fall back into a recombined equilibrium typically
giving N,, 0, and H,0 and oxides of nitrogen.

As a conseguence of this aspect of the process the
uranium has been separated from the other elements forming the
uranyl nitrate hexahydrate feed. Subsequent processing of the
separated uranium can be conducted as required.

The strong uniform field present in portion (16) of the
process strictly confines the uranium ions.

By introducing an oxygen feed (42) to portion (44) of the
process quenching of the U ions occurs. By controlling the
guench a reduction in temperature to 2500K can be affected. At
this temperature as can be seen from Figure 3 the predominant
form of the material is UO, gas in an uncharged state, although
other uranium oxide forms are likely to be present to a lesser
degree. Once again a system in eguilibrium is provided.



ot hers. According to a fourth aspect of the invention we provide

separation apparatus said apparatus conpri sing: - a) a
pl asma / ion generator; b) nmeans for selectively

i oni si ng t hewiRRaess materi al of m xed conponent BCT/GB97/00671

c) magneti c field generati ng means produci ng a
containing magnetic field for the pl asma / ions;

d) nmeans for renovi ng un- charged conmponents from

t he magnetic field; and “17% means for converting at

| east some of he, lgggplr d n arged
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by addi ti on {68Ya chem caI material. A corrbl nation of one or nore of
these may be used. The pro@hetchmm ché matkgeicakedmayo he&urnhenduawdegiefit

single or in L AULELPhE, RkAOEStance M8 GpgtBHd iR €0 BIA9§Faanlted$ETs. | T
's The process thus provides in a single modular unit for

the conversion of uranyl nitrate hexahydrate feed liquor into
uranium diaoxide powder. A similar vresult with other feed
compounds and/or mixtures of feed compounds can be obtained.

A single modular unit corresponding to this process
having an overall length of approximately 10 m and an active
region of about 1 m in diameter can process between 50 and 200
kg/hr of feed uranium.

Residence time within the unit is very low, in the order
of 10 ms. This time is a reflection of the theoretical average
speed at which uranium ions travel at 4000K i.e. 6 x 10' cm/s.

Spent fuel feed

In addition to converting natural wuranyl nitrate
hexahydrate into fuel grade materials the technique has
application in other processing areas including reprocessing
products from used fuel rods to extract the desired components.

Spent fuel consists principally of U0, powder in
combination with various fission products, generally of less
than 60 atomic weight, low levels of U and plutonium. By
processing this material into a nitrate liguor and introducing
the liquor to the process described above the following
separations can be affected.

Applying the apparatus of Figure 1 once more, in the
initial chamber (12) following plasma generation the U,
plutonium isotopes and **U (which makes.up most of the fuel)
all ionise. Most of the fission products, as well as N, H, O,
remain in a non-ionised state and consequently are not
constrained by the mabnetic field. Pumping of these materials
out into stream (14) is thus possible.



preferred that the various inlets be'spaced from one anot her al ong the
direction of the process streamtravel. Thus first nmeans nmay be provided
to effect a transition froma charged to un-charged state and second or
further st 338y be provided to convert the un-chargegdcoapapent to the
solid state or to the desired chem cal conposition. he production of
bot h el enrental and conpound forns of the desired product is envi saged.
O course other features of the apparatus or nethods di scussed el sewhere
in this application can be equal ly rel eVt to this aspect.

According to a fi%éh angct of the ingf tion conponent s,
S

: O t= str a W% pr%g.det :
materials, conpoundS, PECENERt &GN pe3Y & FHUPEFTEE I Iy E% he
first and/ oProFesgingpenisiugfinghes funiharnpPioresh¢LAPoPY (§3iePg #heoxbiday at us
of the SgC]?H:da Qﬂﬁ!éOer]nvel‘ft?w’rI I&oasepsi_rrﬁc@fcoﬁnl@enianwntig&o@éé/ ek él%ﬁé}%s
processed far. e e _separ at conponents may be
di fferent elogjnﬁrglrrl"g:gge%rgg%n‘f%% ()ltr?etrhgpfggg? lﬁ'ﬁtﬂqse tst%esagbar ation of uranium
from fluorine i&telwitdggenosatble ticheodtert anddarosukitanty theaeproduct
present in @iteeah MPLE) JirkiRiGAWEOURES fHOMmagRBE 0& herieiBNers PEQAUEL L ON Of
ceram c grade netal _oxi d&z sui tatgue for _fuel I S envi s#ed.

joTe] ing 3 oduc % ngggb may d% P The
degree of séPSFAEPOR%bet weBR (HECSHHoR e e MY B3t FNEPEPPY Bl et e
or only partdegcribeqhapgpeocEgsaradice whi @eladprpssiudton ofAst héaromsonent
Itﬂ t he fe_efl é'xﬁbfs%&h?ﬁﬁt@%cﬁfssin@niﬁhﬁirﬂﬂi_ n@a_nmélt @Jtyﬁauba ;fjé}efarg&@féct mgst g
e majori 0 n cont i,nyes .i.nto reduct .stream produce
from the E:Qf?arcgé‘ eggﬁggggﬁgg??éh%ﬁ% s?zfgcgc?iuq“es’ ?Eﬁs%o’?ﬁys &% 18h-thar ged
first or se&AP3rptedudequatiedanthemay ., cofsand mlatopsuysisatiopasdf apmethe or

separ at ed CRUARRt adSdes Hed afa (HL abhRale €4k e ABICHrhae i ber- char ged
conponent . :

Titanium tetrachloride feed

As 1illustrated in an alternative embodiment, partial
view, in Figure 4 the feed material may be provided with an
additional system to provide or snsure the required ionisation
of the selected component or components.

In this particular example the feed material consists of
titanium tetrachloride and the desired product is titanium
metal, but the technique is equally applicable to a wide range
of feed materials.

In this unit the feed (2) passes through a plasma
generator (4) and is contained in a magnetic field (8).

The plasma temperature is such that the feed materials
are reduced to discrete atoms and may be partially ionised.

In this form the feed then passes through an electron
cyclotron resonance unit {102) which causes further enerqgy
input to the plasma due to collision of the high energy
electrons with the components. According to the appropriate
phase diagrams and at the energy level of collisions provided,
as a consequence of the overall energy level of the system
certain components, titanium in this case, are ionised whereas
others, chlorine, remain in un-ionised form. The selective
ionisation is due to the equilibrium states of the species,

A
between ilonised and non-ionised, which prevail.
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- 14- According to an sixth aspect of the invention we provide a
fuel pellet, fuel rod or fuel assenbly or part for a nuclear reactor

i ncor por at i Rgo bfsuey oduct, or a further processed productpcraiBsamgs?pf the

first to fifth aspects of the invention. Vari ous enbodi nents of the
i nvention will now be described, by way of exanple only, and with
reference to the acconpanying dr awi ngs in which:-

Figure 1 illustrates schematically a fi rstt” enbodi nent of the
i nvention; The materlda)}l?tg.‘éﬁepgséég UskbakbgsmBeP N@SS Qhégéaiﬂé QUn-
urani um oxygen, n|tro en and hy 3is a

F
phase di agramqh@rr gqiy orU@e can be removegnd?reaé:rhre] magnet1% fleld as
Figure 4 schemaideesk! gtrkhns{14tes thepehlbaine can be recycveemt@fea—zse@ond

enbodi ment  of ét%% n\i%ntéh%n’overailnﬁr cess 1n¥ol\Féc9ufr‘? &émdgﬁ@nl %r

illustrates a I ment t he inventi on;
Fi gure 6 scherftba@drmy terrashifiide-a fourth enmbodi ment of the
i nventi on. Tiraet eehaingires afmpohenpl esetdniun,erindoprotéssimersaipsl e

processing syﬁgmew@ggatganapep&g‘&&%%f Yh! ¥ GOl oy & ‘A‘u%'ieéteé{aéd ohedt

starting materi als and states and produce a variety of product materials,
states and forfRocessing. Uranyl nitrate hexahydrate feed As
illustrated in Figure 1 the feed to be processed is introduced according

to arrow 2. In this parti gng{u“@mlepmé“cticn

The technigque in another embodiment, as illustrated in
Figure 5, also offers a convenient production technigue for
uranium metal. It is eqgqually applicable for the fecovery of
other elements by the separation of other feed materials into
its constituent elements.

Conventional techniques employ the type of concentration,
denitration, reduction and hydrofluorination techniques
discussed above before the uranium fluoride is converted to
metallic form by reacting it with magnesium.

The present process on the other hand offers a convenient
way for separating the uranium metal from the uranyl nitrate
hexahydrate feed.

Uranyl nitrate hexahydrate feed (200) is introduced into
the apparatus. The feed consists elementally of uranium,
nitrogen, oxygen and hydrogen. The microwave or RF type plasma
generator (202) very rapidly subjects the feed to a temperature
of around 4GOOK.

Even with a short residence time this is sufficient to
break the feed material down into its discrete elemental forms
and in many cases down to discrete atoms. Thus the feed is
converted to U, N, N,, O,, H etc. with some U+. The atomised
feed is contained in the plasma, the plasma being contained by
the magnetic field (204} generated by magnets (206). .

Whilst the plasma itself may have caused partial
ionisation of some of the elements present, an electron
cyclotron resonance‘aerial (208} is provided to cause the
desired degree of ionisation. The aerial (208) imparts energy



the feed material consists of a uranyl nitrate hexahydrate feed |iquor.
The feed |iquor passes through a plasma generator (4) which rapidly heats

the feed liquor to around 4000K. The plasma generator (4) may be a

M crowave Qin HBRsdgfPe Plasma  generator. Control of the plasimeh rature
can readily % provi ded. Conducting solenoids in array pr oduce
a high intensity magnetic field whose lines of force are schematically
represented (8). By the stage at which the feed is ionised WO
97/ 34684 =20~ PCT/ GB97/ Q0671

- 15- Wi t hi e nl asma gener.ato S al ready t he confines
this nmagnet i gof?hl cg: ..em: ‘E‘)lr‘]duc 61 nor}%ds}:he ENSETATYS ﬁf‘&'dﬁ%e a
field inteRSi¥Re jatesksens b smeh FéSFaon 0011151%“ ¥ iEbnhe romponehts he

pl asma gener aforci«) fided f eadrgymtiay | alravterseahambescédimf aohi ghby
D o oun TREA L HhBan Shol I I CRBOLAL W clR MAPKd N BhE ARIRIXCL2 S

breaks down I'nto OWS processing o °F eed
mat eri al accB’r’ﬁ?’ﬁgt'f‘% P’E%"?Hcﬁ'\g d-'(%d%}tleﬁlse +eRé Sabipat REFUrRafior neemeng an

el enental f eedmpdinéﬁwemltngot heof eathedis.y adeondkeyihésu diff fidngaaeson

bet ween t he ecul es lCh are either . subse entl i oni, sed or not.
As can be segg f%’g‘mt g\,h hase® ’f%séra%\ ptl’:t(‘)(\all %lé ia—'¥ fif e 1M the manner

discussed above Thus uranium for 1nstance is ionised at a
lower enexgy level of electron excitation than oxygen, hydrogen
and the like.

As a consequence, by the time the process stream reaches
chamber (210) it consists of the ionised and un-ionised
components. The un-ionised components can be pumpea out of the
chamber (210) into product stream (214) as they are not
restrained by the magnetic field. The charged components,
principally uranium, continue on in the process stream (212)
with the plasma being contained by further magnets (216).

Introduction of a chemical material (218) into the stream
(212) effects the desired reaction or phase change on the
separated charged components. Thus by providing argon at a
relatively 1low energy level, for instance 100K the charged
components can be converted to un-charged components and into
the product form very rapidly due to the collision between the
cool stream (218) and the stream (212). In the embodiment
shown this transition is shown as being affected by one
chemical material introduction stage but a first —stage to
convert the material from charged to un-charged form and a
second to convert it from a gaseous to solid form is also
envisaged. The inert nature of the gas added gives cooling
without the risk of chemical combination with the uranium.
Uranium metal thus results.

The nature of the chemical material (218) and the energy
level at which it is added can be used to control the form,
structure, and chemical composition of the product originating
in chamber (220) and in the product stream (224). Thus the
introduction of oxygén could be used to convert the uranium for

instance into U0, as an alternative to the careful control of



2 at 4000K and under the type of conditions experienced in chanmber (12)
urani um atons are charged, U+, |ine 20. Conversely at this tenperature
the bul k of the nitrogen, oxygen, and hydrogen are un-charged atons or

ol ecul es asy§eHikess DY the lines of Figure 2 which represaritduvenssrirogen,
N, |ine 22; oxygen, 0, line 24; and hydrogen, H, line 26; ions all in
gaseous form The sel ective ionisation occurs as a result of the
overall energy level of the system Thus gg speci es which are i oni sed
under the prevailing conditions and the s‘% ci es which are not, are

determ ned byifhe LQuiL Wévlé'i‘ s&f‘éﬁe i’Q&aI'@atto _ neslr\’cﬁ%'ucretios@r the

condi tions. The sel écCtive erefore, stable
and | ong | ast PREFIFISHMY ‘ffhea“ éﬁ%’é‘éqﬁ@ﬁt tBrb'EgB‘s'? n(f]hFouB@“i:‘é'PrF%HSoﬁP

wi t hout pressurandim mdétiaie forms. If energy is only selectively inputted

to certain species , é!‘ixf Ia'} tgﬂ»%c%léét %uweeaﬁebsc.séa@ é&%ﬁﬁdc@“ uan i8R

obtained.  How. er si 6ns bet ween | oni non-joni sed species in
such a case r8&fpt ?‘FP"etrféngrf’f“aH’s'FBf”‘%h?%trFacé1¥°Fé§ﬁl Preqrgesk durilgg E5€i on
of the previ ohghyofibwer Uritsies sprcieesd awlissed bovedi Stheebatiofn tte the

previously i0gkgedeEPEE1 A5 urahfunUefod RS %%B@E:@E' on nust be performed
very rapidly or the sel ect.i ve qﬂture g’ rior to agé% ni fi cant

selectivity being FOMSETES PR the fs‘é?eﬁ&f’? ctstreanm (2 ) use

PCT/ GB97/ 0067bf the elemental constituents is also envisaged. For lnstance,
in this case fluorine cah be recovered from the stream for
subsegquent reuse 1in the earlier stages of the material
processing.

Uranium hexafluoride feed

In an alternative process using this technique the feed
material (200} consists of uranium hexafluoride. Selective
ionisation of this feed leads to charged uranium ions and un-
charged fluo: .ne atoms. The separation of these in chamber
{210) leads to an uranium ion stream (212) and fluorine stream
{(214). The subsequent production of uranium metal as product
(224) and the re-use of the fluorine either in the nuclear fuel
processing cycle or in other applications is possible.

The application of this process is particularly envisaged
for treatment of the depleted stream leaving the chemical or
physical enrichment process discussed above. The depleted
stream contains uranium hexafluoride, the concentration of
235UF6 in which is low, the 235UF6 have been extracted as far
as possible for further use, the vast majority of the uranium
hexaflucride being 238UF6. Presently this material has no
significant use and is stored as uranium hexafluoride over long
per__ds. Uranium hexafluoride is relatively volatile and not
an ideal storage form.

The present technique offers the possibility of taking
this depleted stream, or stored amounts of this product, and
processing it to obtain useful materials. The liberated
fluorine can be returned to the processing cycle for reuse, for
instance, and the new end product, uranium metal is presented



-16- In the equilibriumstate plasma of the present system
collisions are not only tolerable they are desirable to ensure even

di stribution of the energy input throughout the plasma. Collisions,
however, ha trimental effect as, for exanple, etween a
W+ ion and gﬁ)%&g?§n1mﬁll, under the eqU|I|br|un1cond|t|8%é1%?g@3?l|ng
result ina U+t ion and a F atom as the nost probable outcone. The
equilibrium conditions do not provide sufficient energy for the collision
to result in electron transfer and disch@ﬂge of the ion. The potential for
al lowi ng col Ijsions alsg nga; t he F asma can be operated in a

rel atively dense state aff %ga g?@ﬁ? f%ﬁﬁﬁyt?ﬁ?ﬁﬁﬂuﬁﬁrﬁﬁ°ﬁaférwaﬁe | f
col li si ons havaitgbbe fawdisted then as | ow a density of ions and atons as

possible is desirabhérink: edugepibeednohabbhi &avn @he%'flaké'@é‘ rodu

charged particles e.drani,ym io s are containe e nmagnetic |erd and
encour aged to passggn?/\?al} rl(r)‘ $ e Seﬁﬂﬁ%tﬁdﬁ&dsﬁ?e‘mﬁ dsapgym The

unchar ged nati@hé.ofox H@StﬁFFdemn%ﬁyg'een@tndomydroagmpcamdsscah lads® bBemto
nmove freely, gé#@&@f&@feﬂobYlﬁgﬁédE%g@@Ehﬁuﬁ'ﬁhgr§@g t&?ﬁhfﬁ%”c%?@§gguenély be
"punped” out ofa t.he chaé‘r‘o gi %] af1 (14). “Vacuum punps  can bé

for this purpos Qmm OX1d€ JRFLE Enfaﬁo?) 1 Rf J@%he stream (14) al | ows these
materials to fall Baékrthep &mbe@mmedfeqlblel i wienmibypiieal i usgic¥teg

N[err], O[er rs]chaﬂdtk&md wrdsﬁrefs Nirf QY68 rat Piréh gg of
thi s aspect %e”éfs@:fr? Re ran umlhas Py (r;ng o ra’f-ed&m&%%g?ﬁe ot her
el ements formng th ranyl n|tr§teeﬁ'e‘>?§h9"d$§'t le i pEgipfeinn to
processi ng ofsepﬁﬁats%%alﬂ%ﬂfeidlﬂurfammumrganumehemﬂmetxaalieasfeleequbnedother

The strong Uaipboigati®id qiresealiiy 9@%4@ fol6kn9E LfSardthQcess strictly
confines the urammlgn

t r Qdugi an _oxygen feed (42) to
portion (44) of the R qhueexr?%%é' gﬁ tfﬁgg qg&ﬂgro& urgtrodygged in

control ling Sk&eafu 2% &dyarPen- i MThenfredatisr cap bd DEGRIveaneheto a
af fected. At plabha Byerpesaisfdegaesan @hé@@eﬁé?éﬁ:& q48) 3 e BEQQ:%“ nant
formof the E@ngkéérlEpgglégé]agaik5g ah U0Ea& g %gghge %nggggally

eguilibrium ionisation levels for the desired components of the
feed due to high levels of collisions.

Contact parts within the plasma generator may be formed
from ceramic fluorides in order to give the necessary physical
properties to withstand the conditions involved. The system
may employ copper surface which is cooled by contact with
water containing tubes. The water flow is 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 uranium fluoride
deposited on the wall. A self-lining effect is thus provided.

The plasma generated exits the generator {302) through
nozzle (304) and is contained by magnetic field, schematically
illustrated (306). An approximately 30mm radius nozzle is used
to maintain the pressure within the plasma generator {304) and
to give the desired flow rate.

On leaving the 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 ions will
result in partial re-heating. If appropriate additional energy



ot her uraniumoxide forns are likely to be present to a | esser degree.

Once again a systemin equilibriumis provided. WO 97/ 34684

PCT/ GB97/ 00671 -17- | f desired,
appl ying a fypidigisgsiuenching stream (52) the tenperature sefcBerdeeduced
still further and the uranium oxide rapidly brought froma gaseous state
into a solid state in the formof a ceramc powder, location (54). This
exits as stream (58). The product gan be subjected to further

subsequent processing, for instance to uﬁgrade it to fuel grade materials.
The process t s PEOVIiGRS ohllc8a SiiEe FREAUIARSHAI tafPng t e sCOoNYRS ] UhtOf
uranyl nitrate hexah dﬁate fe?;1 i quor _into _uraniumdi §X| e govx%er. A
sinmilar resul PARIFRSHL HRTOYEL ecBﬂﬁBﬁﬁﬁ%s artd/TBE R U FRE  BEP R FSmidunds
can be obtai nedlevel on yhiimdgihe dedired componsntsegesadhngonbsedi s Priscess
having an overglelgyeRgy Np@fpaRRiaRE BBt 8h¥id O rB AN meBhiVe THE HU) ¥
about 1 min di er .ﬁanb%)rocess be vveeg. 50, and 2% uskﬂ/hrtOT f eed

FYERE AT W BRI RIYRRIRAYD i°S VBPY M3 ?H %%e order

me
ur ani um Seqﬁg
of 10 ms. This tineThe beaefdfeaeitenial iérvinedine ipdalsmaygengea tomaehdast

whi ch urani umgePRantdivals e 3@ nkerréin Xnk0heisda Glnerator increases.

The barriers (310, 312) defining the various zones take
this expansion into account in their selected aperture
diameters. ’

The containing field is approximately 0.1 tesla  in
strength. Such levels can ke provided by conventional electro
magnetics although super conducting magnets may pe employed.
A magnetic field of this strength confines the uranium ions to
a radius of 180mm or so following a travel distance of 3m from
the nozzle. The 2ones / stages are each 1m in length. The
radius of the expanding beam is approximately proportional to
the fourth route of the distance travelled.

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. Aluminium may be used
for the waste stream lines.

The pressure in zone 1 is around 13Pa and during its
travel through that zone the fluorine pressure in the material
beam reduces substantially to that pressure. The ‘excess
fluorine over this is pumped off through outlets (314) using
commercially available pumps.

The reduced fluocrine content beam then passes into zone
2 (316) through the gap (318) in barrier (310).

The second zone (318) is operated at a lower pressure
than the first, approximately SPa and once again the fluorine
content in the beam reduces towards this pressure as the
material passes through the zone.

The beam then passes into zone 3 (320) through gap (322)
in barrier (312}.



Spent fuel feed In addition to converting natural uranyl nitrate
hexahydrate into fuel grade materials the technique has application in
ot her processing areas including reprocessing products fromused fuel rods

to extract Wd,9&si red conponents. Spent fuel congi-sicaeRlokACi P2l Y
of UJerr] pomﬁer in conbination with various fission p?g?ucf';s)(,%general ly
of less than 60 atomc weight, low levels of [err]U and plutonium By

processing this material into a nitrate |iquor and introducing the Iiquor
to the process described above the foll i ng separations can be affected.

Appl ying the appar@iiys ;6he FigULga in OOGE MRGC el B KRG 11T Dbhi ! prearher
(12) follown I asna generat’l on the Jer riy, rel_ utonl um 1 sot opes and
[err]U (whi &P%&l@‘&a&ﬁ ¥oét2of VtHR FReI97cess TiBAFSBS PRBRY MRStk 955ssi on
products, astshighaoufNleEs 0324x.enmmin in a non-ionised state and

consequently are afl sGQASEISA ; R bR MBENGS e ielad. cREAD! ese
materials out i %tst(gggsn %g@s tﬁt&s goss' J Y b o HV\%%%%G%Q

e.
PCT/ GB97/ 0061 4 BITRREE PRAMAP&) may be subjected to
further processi e ionisel ngasebusthemipmon®s besteptactast efishasenridi ng

to this invesyi gond 0aSERRIRH Borf WP LM gleS Hn@P ChaPlyel lafiiE Metincdl diit er est
fro the ot hetgnes geyCIgfs !tget r&%}-a%tlﬂz‘:?a@o a state in which it is solid or
ligquid. 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 sufficiently to provide it as a solid or
alternatively may only be partially cooled to leave it in
liguid form.

The fluorine remaining in the uranium product stream
(326) may be readily voliatised, as a uranium fluoride, from the
bulk of the uranium product and recycled. When the uranium is
collected as a 1liguid the separation may conveniently be
carried out in situ. The volatised UF will 1largely be
converted to UF, which can be recycled.

Similar separations are possible for UF,, TiCl, and other
metal halides.

Provision for collecting fluorine released from the

" liquid by off gassing may be provided.

Ceramic fluoride or graphite materials may be used to
form the liguid collection vessel.

For a 12kg uranium per hour feed a 5.7kg/hr fluorine feed
arises. Of this fluorine 3.6kg/hr is expected to be pumped off
from zone 1; 1.3kg/hr pumped coff from zone 2; 0.5kg/hr pumped
off from zone 3; and 0.3kg/hr to remain in the uranium product
stream (326). Off gassing of the fluorine from this product as
UF; and / or UF, results in a very pure uranium product, ie, a
fluorine content in the parts per million range.

The various embodiments set out herein are closely
related to each other and it should be appreciated that



It is then possible to collect and/or subject the product stream (16)
remaining in the magnetic field to further processing. The product
stream (16) nay be quenched as described above to produce a solid
product . AsWO 34688 subsequent processing is concerned t roduct may
be subjected to conventional enrichnent techni ques. These e"968d to
separate adequately the [err]U, [err]U and plutoniumisotopes fromone

anot her as desired and so achi eve a reactor _grade materi al .
Titaniumtetrachl ori de feed As illuStPated in an alternative

enbodi nent, pafepbbresi @dscissdd gULE] feed material may be provided
with an additi@8gbcsy 2 Tnk8qPL IV dg g?“;ﬁysu%gg?herergead‘ rEY PHRI <t i are of
the sel ected conponent or cConponents.2re aPPlipabipi topuhe janHeas axagpl e the
feed-material consists of titaniumtetrachloride and the desired product
is titanium nmetal, but the technique is equally applicable to a w de range

of feed materials. In this unit the feed (2) passes through a plasm
generator (4) and is contained in a nagnetic field (8). The pl asna
tenperature is such that the feed materials are reduced to discrete atons
and may be partially ionised. In this formthe feed then passes

t hrough an electron cyclotron resonance unit (102) which causes further
energy input to the plasna due to collision of the high energy electrons
wi th the conponents. According to the appropriate phase diagrans and at
the energy level of collisions provided, as a consequence of the overal
energy level of the system certain conponents, titaniumin this case, are
i oni sed whereas others, chlorine, remain in un-ionised form The
selective ionisation is due to the equilibriumstates of the species,

bet ween ioni sed and non-ioni sed, which prevail.



#}Degz?/a?g??:l t hen paSSLmI““"l" I“Mmu““]ﬂ) wher ePtCh-eGEg?/ Oogh;r ged chlorine
can be renoved fromthe*magnetic* fisel d as process stream (14). the

chl orine c%ﬁﬁ, fcycled to earlier stages in the over ‘:‘i'lclr/d]fsv’?/ﬁ@zxs
I nvol ved in the production of titaniumtetrachl ori de. e

remai ni ng conponent, titanium and processing steps may be treated as
presented in Figure 1 or subjected to other pr ocessi ng.

Urani um et al production The t ectfii que in anot her enbodi ment, as
illustrated gfprydii gure 5, also offers a convenient production techm gue
for uraniummetal. It is equally applicable for the recovery of ot her
el enents by the separation of other feed materials into its constituent
el enent s. 1. ACproenss onahpt ieciinjyg quESsEéﬂiﬂ;G}'f t-he type of concentration,
denitration, reduction and, h dr e | gdisgussed
above before the uranium fl uori ée ngggﬁ/ te téit q%t%t gfu'? lstbmg
reacting it with magnesPfinfixed compopgat$iesent process on the ot her hand

of fers a conveni ent way forb)sepacahivegt ity daianifeednehed &renadmie 4y anyl
nitrate hexahydrate fegfliceq form; U anyl nitrate hexahydrate feed (200)
IS introduced into t he appar at us. The feed consists elenentally of

uranium  nitrogen, oxygen dld hyBFBYESENTRE ARREBWRRR SORPRRERY p Mtasma

least partially ionised form and at least one
different componeht in at least partially non-
ionised form;

d) containing said plasma / ions in a
magnetic field; and

e) separating said ionised components from
said non-ionised components.

2. A process according to claim 1 in which the component
desired is extracted from a mixture of isotopes and/or elements
of both metal and non-metal nature.

3. A process according to claim 1 or claim 2 in which the
feed is provided in gaseous form by boiling and/or evaporation
and/or sublimation of a solid or liquid initial feed.

4. A process according to any of claims 1 te 3 in which some
or all metallic elements present in said feed are ionisged.

5. A process according to claim 4 in which metallic elements
with an atomic weight greater than 90 are ionised.

6. A process according to any of claims 1 to 5 in which the
ionisation of the components is caused by the temperature of
the plasma and/or by the interaction of the components with

high energy electrons produced by electron cyclotron rescnance.

7. A process according to any of claims 1 to 6 in which the

ionisation is controlled by the level of energy input.
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1

generator (202) very ragi ' s the feed to a tenperature of around
4000K. Even wit Iﬂl’l’mnﬂ%’ ﬂmge time this is sufficient to
break the feed material dowa 10 Miscrete el emental forns and in
many cases GqpyBiigesedi sScrete atons. Thus the feed is corpavamdotsm U, N,
Nferr], Olerr], Hetc. with some U+. The atom sed feed is contained in
the plasma, the plasna bei ng contained by the magnetic field (204)
generated by magnets (206). Wil st_the plasma itself may have

caused parti al i oni sati on of some of tHe el ements present, an el ectron

cyclotron resonance aerial (208) is provided to cause the desired degree
of ionisation. The aerial (208) inparts enerqzy ) WD 97/ 34684

PCT/ GB97/ 00674+ A Process according to any of clajps 1 §¢ T3 8:FPofiR Hhesent
wi t hin the pl aseegyanichpute ienpetasEeadniaregpeteten heomawntenefi shgutéed hat
on collision with the conponents of the feed energy is transferred.
According to_ the  equilibriumapplicable to Hie.s ecies involved in the

col I'ision under tHeP5PEFEFI PR TPoARY F0Mit2aPPoh TR ALY FBRCROHRS
conponents, bibnidd f and ohbhersoniEed | fdead | bogsbramtisomsat ioneghdl ibhibum

various partsgpfeiher 24\ VaLLEESi1Thd RRnERRASKs . di scussed above.  Thus
uraniumfor instance is ionised at a |ower energy |level of electron

excitation than oxygen, hydrogen and the |ike.
10. A process according to any of claims 1 to 9 in which the

feed is provided in molecular form and selectively separated as
discrete atoms. :

1zt. A process according to any of claims 1 to 10 in which the
feed is introduced into the containing magnetic field in un~
ionised form.

12. A process according to any of claims 1 to 11 in which the
separation of ionised and un-ionised components is affected by
removing the un~ionised component from the plasma, whereas the
ionised component is restrained by the magnetic field.

13. A process according to any of claims 1 to 12 in which
separation is affected in a plurality of stages and in which
the stages are operated at different pressures to one another,
the pressure in one or more stages near to the inlet being
higher than one or more further away from the inlet.

14. A process according to claim 13 in which three stages are
provided, the first zone is operated at between 10 and 5¢ Pa,
the second zone is operated at between S and 20 Pa and the
third zone is operated at between 2 and 10 Pa.

15. A process according to any of claims 1 to 14 in which the
separated un-charged components are recycled for subseguent use
and / or subjected to further processing.
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As a consequence, by | “ﬂ”ﬂ“ﬂiﬂﬁess stream reaches chanmber (210) it
consi sts of the ioniS‘ mﬂm hld conponents. The un-ionised
components can be punped ‘%out- of the * chanber (210) into product stream
(214) as tQeg¥%74sgs NOt restrained by the magnetic fiel dpericgddfoshar 9ed
conponents, principally uranium continue on in the process stream (212)
with the plasma being contai ned by further magnets (216).

I ntroduction of a chem cal materi al (218% into the stream (212) effects
the desired reaction or phase change on~ fie separated charged conponents.

Thus by proviging argon . at §ccofoexlr§;te Lyel v 'oqwgﬁtmgyl 't%vek,yt%ikﬂsmnce

100K t he charged conponents can converte 0 un-charge corrponen?s and
into the pfBatged f‘ﬂ?r?ﬁmsr 3pPdFSCHRL P9 He Ot oft} PERF S R BROY e

cool stream é218quihcbzt e idtr eanh§?2d&J .produrtt. he enbodi nment shown this
transition is shown as being affected by one chem cal materi al

I ntroduction_stage but a first-stage to convert the material from charged

to un-charged”’for it PRFRLD 26EREMNT F L 8AVEPt F12¥rh fogh&eduehishsthe d
formis al somethodi sagpxiisesThehd nByrttheat wtepofoft himtgatuaddedagiueniesdpl i ng
w t hout the gi chgm,c I 2at:i.0 ] t ur gpj api um et al
t hus resul ts{.}lbﬁgrpél' The ngé‘ﬂ%gq%‘n%?ﬁg g?]%\ﬂpré)ga é%%t'ergpgrgg(rbtfé:)glgﬁd&fhse

energy | evBEtht thRi ERPRENTRT HB0RKGE A CHPANSES (60 c ShEr Binehic f erexgy
structure, ahdveheni thk cloampsi tbnponént hedpenenida Dmagepaki NG ing Su@hanber

(220) "and i nehbe o OhitnstLeBaBbRAIMne SEIURLEDELe LLEAGHCLI ON OF 0XYgen

coul d be used to convert the uranium I nstance I nto err] as an
alternative to the careful control of WO 97/ 34684
PCT/ GB97/ 00618. A method according tc claim 17 in which the components

and further chemical material are combined in the resulting
particle.

19. Separation apparatus, said apparatus comprising:

a) a plasma / ion generator;

b) means for selectively ionising the feed
material of mixed components;

c) magnetic field generating means for
producing a magnetic field for containing the
plasma / ions; and

d) neans to remove un-charged components
from the magnetic field.

20. Apparatus according to claim 19 in which the—plasma /
ions are generated by microwave or radio freguency heating.

21. Apparatus according to claim 19 or claim 20 in which a
furnace, heater, microwave source or evaporator are used to

heat and / or vaporise the feed.

22. Apparatus according to claims 19, 20 or 21 in which the
partial ionisation /f partial non-ionisation of the feed
resulting is at eguilibrium.
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-22- the energy level with regard to oxygen introduced or the

i ntroduction of an i nerH ng" he uraniumions to uranium netal
forms. A simlar ﬂ n be used to produce uranium nmnetal

starting fr qpbsHRedsum t et raf | Jor *des produced during the IPeorGHIrABIE nati on
stage discussed above in relation to the extraction of uraniumfrom
primary sources. Processing of the first product stream (214) to
nmake use of the elenental constituents isgalso envisaged. For instance,
in this case fluorine can be recovered fromthe streamfor subsequent

reuse in the eay|i ehpphagess GicddiRiifRt @bl ahy PEOEESSHNNS to 22 in which
Ur ani um hexaf | LhO ide feef%r i i

. | t t i h
t echni que the % e?red“earrr‘ﬁc’t eri alremf)ﬁb%él %gﬁ%}agggggfloéﬁgﬁ%ﬁgﬁgﬁ%& %ll%%r itad:ﬁmp

Sel ective ioMWd-ion of this feed | eads to charged uraniumions and un-
charged fluorine atons. The separation of these in chanber (210) leads to

an uraniumio tre 1 a | yori r,e 4) .. T seq t
producti on of rbu“f’ani 3%%?%%5 a'gg%%rodégjgt q:%( %EX) gganlg%%”ég rleg- [}S'saoes%? ltnhtee"'(-mCh
fluorine eithethd punrhenpsed earpenents pnscesprhgtey dr@moEhe (fegehép one or
applications ifod0staklks. The application of this process is
particul arly envi saged for treatnment of the depleted streaml eaving the
chem cal or physi cal enrichment process discussed above. The depl eted
st ream cont ai & ur afPRAY AERATITRANUES LReCEDHR S ridt Vi Chf the 2IRAgEs jaye

which is | ow, ddmaraiedrérbmuhebanatpxt 3chesheRld alemens frovidblieried an
further use, t;}?e Viaste majority of the uranium hexafl uoride bei ng 238UF6.
Presently this material has no significant use and is stored as urani um
hexaf | uori de over | ong periods. Uranium hexafluoride is relatively

volatile and npé. apphgeahs idicagdnkotinclaim 25 ithenper M apechint-&Ufs

offers the poséigydihgys&gsééﬂgi%gly corresponding to the plasma / ion stream
radius at that distance from the inlet, and where the radius of
one or more of the apertures is approximately proportional to
the fourth rocot of the distance from the inlet or plasma
generator nozzle.

27. Apparatus according to any of claims 19 to 26 in which
the apparatus further provides means for addition of a chemical
material to the remaining process stream tc provide a guenching
and/or cocling action to the remaining components.

28. A process comprising the steps of:-

a) providing a feed, the feed consisting
of mixed components;

b} converting said feed into a plasma /
ionised form;

c) providing at least one component in at
least partially ionised form and at least one
component in at least partially non~ionised form;

d) containing said plasma / ions in a
magnetic field; and

ey’ separating said ionised components from
said non~ionised components; and further comprising
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this depleted stre nts of this product, and processi ng
It to obtain wusef 3mmm1mmﬂlﬂmﬁ | i ber at ed fluorine can be returned
to the processing cycl é for Feuse,” for i nstance, and the new end product,

ur ani um pr esent ed WO 97/ 34684
PCT/ @9778%@%’1“‘?“ 22- PSR cadil y

and conveniently stored formor is nade available for use. Fl uori ne
and depleted U metal can therefore be produced. By controlling the
chem cal species added to the uranium 1°0ons, for instance during a quench,

other conpounds can al S&rmrtgﬁgeaet & sd Cgonlen%tfa@fx@ gaa&ma“fowl%%
urani um car bi de and urani um oxi d roducts can al be ﬂ

further embodi ment of t?ﬂ?ﬁ°ﬁ98ﬁt?5n ?%P?W?Wkﬁl?&t@ﬂ “§cFEﬁﬁﬂQQxﬂ°F? in Figure
6 inillustrating a further apparatus. The description of the device will

be made in rze;l ati szrbzt&es%eaee@mmg ‘{roaﬂhé'mxff@%%ﬁﬁé#@hgeé%$méﬁtd? feed,

but ot her | ications can re e made I s, apparatu The
uranlun1hex nysri-ad F@e&"FPdﬁ%?d é°FﬂtP8dJ@@H°lﬁg §Fﬁe&mn€§ee)ea§ray
vapour. The h‘eefed is rapidly converted to a plasnma by a radio frequency

pl asma generator (302). The plasma generator operates at 2KPa in order to
ensur e essentiallx ﬁggylllbrlun1|on|sat|on | evel s for the desired

conponents of°-t he Geftie 2E°RRGAT| &Pl L™ cof | PEi A¥%s.in which the

component is converted to uncharged form by impacting it on a
surface, preferably a cooled: surface.

31. A process according to any of claims 28 to 30 in which
the component is converted to uncharged form by addition of a
chemical material.

32. A process according to claim 31 in which the chemical
material is added at a predetermined kinetic energy level so as
to give the desired un-charged form in a gaseous form.

33. A process according to claim 31 or 32 in which the
addition of the chemical material, or the addition of further
chemical material in a further stage, is such so as to reduce
the kinetic energy level to a stage where a solid product is

produced.
34. Separation apparatus said apparatus comprising:-:
a) a plasma / ion generator;
b) means for selectively ionising the feed

material of mixed components;

c) magnetic field generating means
producing a containing magnetic field for the
plasma / ions;

(e § means for removing un-charged
components from the magnetic field; and

e) means for converting at least some of
the separated charged components to uncharged form.

A s ™




Contact parts within the ener at or rrﬁy be formed fromceramc
fluorides in order to giV % ﬂm hysi cal properties to wthstand
the conditions invol ved. ! npl oy copper surface which is

cool ed by coM@8¥344#4% h water containing tubes. The water flowis used to

| ower the tenperature of the copper walls and gives rise & TERIHEM2Nt i on
of the uraniumfluoride fornms on the walls. This chemcally and thermally
i nsul ates the copper. Eventually an equi l i_t_){i um state develops with a

gi ven thickness of the uraniumfluoride deplo"si ted on the wall. A
self-lining effect is thus provided. The pl asma generated exits the
generator (302)33.hr osgbapezzde and _is contained by magnetic field,
schematically i&ﬂéﬁggqtggtério%ff%?agﬁﬁr BRFIET €19 Bowdeiads usimaazl s, eBie
used to maintain.t he'gr essure 'Fh%’rFItqﬁ’eICphaBWugepgatgpcrag(agmt)_h and to give
the desired fl oW Fafe®eing spagadl eeot rget BeoddaSTg gener ator “and” eftéPrfg
zone 1 (308) whecpbasseradn It @xRanNd giving rise fo 20919 Adrectimm\edr théhe

wor K done agai nst the nmagnetic field by the uraniumions will result in
partial re- heasisng. | f appropriate additional energy WO 97/ 34684
PCT/ GB97/ 0067128~ Components, materiais, elementdd o GAR.DE 1NLIoduced

t Hr SUgHSPherappaepe tst 4

into the pl asndceaerd gy its a&ybggqgf{qms rogress
mai ntain the tenperature at a | evel 0On Pch3t he desired conmponents remain
ioni sed. This s gner %y fmaly be provided by radi o frequency neans. The desired

uel pellet, fyey
’ rod or fuel assemb]
reactor incorporating the product, or & Y for a nuclear

. furthe :
product according to any of Claims 1 to 36 r processed
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sel ectivity b “ equilibriumis thus Paf nPimed. Frre—tream ¢f
mat er i a!!‘l‘ﬁimﬁ Imc“gl\asma generator tends to fan out ?ﬁégeAaé%Qc

fromt generator increases. The barrierfs
defining the various zones take this expansion into acf in their
sel ected aperture dianeters. The containing fjeld is
approximately 0.1 tesla in strength.-28uch | evel s cakh—be—provitedby
conventional electro nmagnetics although super conducting nagnehgedray be
enpl oyed. QLAxEMMetic field of this strength confines the uraniumions to

a radius of 180mmor so following a travel distance of 3mfrom the nozzle.
The zones / stages are each 1Imin | engtt h. The radius of the expanding
beam i s approxi nét AEPTRTHHEIRRIF LMD theiSFRF 1P route of the distance
travel | ed. Wthin zona)l (3@%ovidingt s (£kd), tthea ASKRU WOHBANEY i Aot
shown, are provided. These . allowfirst ste streans to be drawn off Trom
t he apparatus, the vvastoré%es“{ xeeéirmco (P%nrelnst%@?fg non- charged materi al,
principally fluorine. Al uninidm mgopvextdag seic feefadnsosar gdadnaes:

The pressure in zone 1 jighidlddEbradra and during its travel through that
zone the fluorine pressure in the material beamreduces substantially to
that pressure. The excess S)f | uoPERYISIES £hi LSREE oRHRPINeHy GiyiRt

]g)lutle_ts (314) usi Bg cthaa@;tciphwiamyl ahireismtlmz Efr;n and Zﬁe :ﬁ@dsl@ed:%em)

uorine content beamt asses into zaope . t hrou t ap

in barrier (310). dlﬂﬁ%e coﬁ'am98ﬂgn€3f§5 %g gl;?g ra;::[e’a'%éﬁ:’l’:‘?';\f}‘g\/\/\é’rc(n“

pressure than the firsponismegr dommgt el y 5Pa and once again the fluorine

content in the beam reduces war d [ S a teri.al SSes
hg SohlBhInRhES SsM £ ;%%gﬁ'\% ?7?3) 285)h%hr9§ 3

t hrough t he zone. The beam then passés into ough gap
(322) in barrier (312magnetic field; and

e) separating said ionised components from

said non-ionised components.

2. A process comprising the steps of:-

a) providing a feed, the feed consisting
of mixed components;

b} converting said feed into a plasma or
ionised form;

c) providing at least one cowponent in at
least partially ionised form and at least one
different component in at least partially non-
ionised form;

4d) containing said plasma / ions in a
magnetic field;

e) separating said ionised components from
said non-ionised components;

wherein the ionised and non-ionised feed components are in
equilibrium with one another for the prevailing conditions.

3. A process according to any of claims 1 to 12 in which
separation is affected in a plurality of stages and in which
the stages are operated at different pressures to one another,
the pressure in one or more stages near to the inlet being
higher than one or more further away from the inlet.



WD 97/ 34684 PCT/
Aﬂmnulmuwm!um ne is again operated at a still I|oj, EMENT_ SHEET
applr ith the excess fluorine being punp off throu

outl ets” (324 The significantly depleted fluorfng HAUGHERY pasges

on to outlet (326) for subsequent handllng The { oni sed, gasequs
urani um may be contacted with a grid of2éome descript|on To discharge the
charge and reduce the energy of the uraniumto state _ip which it is

solid or M4i-qui dA PTREESA CORRELSIRID e SRR %éferials to effect a

guenchi ng and/ or cooling acta@n naprbeldmngldemeed. the fhed coegdsd iy

use of inert gases to o ol oY Y, be preferred so that a

cheni cal conbi nation w" hm%ﬁ ase oes 'not occur. Metallic uranium

arises as a result. The urahDun1 ﬁayvﬁﬁtéﬁﬁlééléuﬁﬁﬁéléﬁFPyatElﬁﬁ@ﬂ(R¥|t

as a solid or alterna5b¥gggdn§5rgply be partlally cooled to leave it in
liquid form | uori ne renalnln ﬂe urani um product st ream

(326) may be readily vol at i s&d, aspﬁoﬁfgﬁ n?FI TG SHHRRAETE Jit 1B of

the urani um product anmeaeeycmﬂclm tifvmireghi Gorins antohbeckeastas ane

liquid the separation gg c%%%gnlggﬁé%??gﬁ [é%erra%%t t§éi%% noH1e

volatised UF wll lar can
recycl ed. Sinilépnsspérépkﬂhs are p055|ble for UF[err] TiCl[err]
and other netal halides. 4y PpguisifAngors£id | pehibng fA uebhee igl eased
fromthe liquid by off gassing X be provided. Ceram c fluoride or
graphite material s nay™Bgngsdg £4eld

e) separating said ionised components from

said non-ionised components;
wherein the separation is affected in a plurality of stages and
in which the stages are operated at different pressures to one
another, the pressure in one or more stages near to the inlet
being higher than one or more further stages away from the

inlet into the process.

5. A process according to any of claims 1 to 3 in which some
or all metallic elements present in said feed are ionised.

6. A process according to claim 4 in which metallic elements

with an atomic weight greater than 90 are ionised.

7. A process comprising the steps of:-

a) providing a feed, the feed consisting
of mixed components;

b} converting said feed into a plasma or
ionised form;

c) providing at least one component in at
least partially ionised form and at least one
different component in at least partially non-
ionised form;

d) containing said plasma / ions in a
magnetic field;
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formt ' il on vessel . For a 12kg ur f
a 5.7k Eﬂuﬂm ﬁ @md arises. O this fluorine 3.6kg/ hr is ex sit gdito
be pu L e 1; 1.3kg/hr punped off fromz 13 twﬁké

punped off from zone 3; and 0.3kg/hr to remain in the} uyani um produc
stream (326). Of gassing of the fluorine fromthis prpduct as UF3 and}/
or UF4 results in a very pure uranium prpduct, ie, a | H

the parts per mllion range. The vari ous enbodi ments set out herein
are closely rel ated to eack)ot hesepatatinghsnidl ibeispircmpdresht & drom
WD 97/ 34684 d non 1on1sed com onents : PCT/ GB97/ 00671

- 25- features di scusseél explicitl egard to one or nore aspects
or enbodi n¥Reredre DI me&Bile ?Q}“E%%e%‘%e% hg, feed are converted to
-26 - ionised form and the non-metal components OSFERHRI feed are

present in non-ionised form.

8. A process according to any preceding claim in which the
component desired is extracted from a mixture of isotopes
and/or elements of both metal and non-metal nature.

9. A process according to claim 1 or claim 2 in which the
feed is provided in gaseous form by boiling and/or evaporation
and/or sublimation of a solid or liquid initial feed.

10: A process according to any of claims 1 to 9 in which the
ionisation of the components is caused by the temperature of
the plasma and/or by the interaction of the components with
high energy electrons produced by electron cyclotron resonance.

11. A process according to any of claims 1 to 10 in which the
ionisation is controlled by the level of energy input.

12. A process according to any of claims 1 to 11 in which the
energy input is not selective between components of the feed.

13. A process according to claim 1 or claim 4 or any claim
depending therefrom in which the ionised and non-ionised feed
components are in equilibrium states for the prevailing

conditions.

14. A process according to any of claims 1 to 13 in which the
feed is provided in molecular form and selectively separated as
discrete atoms.

15. A process according to any of claims 1 to 14 in which the
feed is introduced into the containing magnetic field in un-
ionised form.



CLAINB: 1. A process conprising the steps of:- . a)

pr oviich “ (M\i\mﬂ f eed consisting o fRERLAGEI M nPUEENt]S ;

b) \mmml si P*feed into a plasnma or ronrsed-Tonm

C) pr oV ditng at " | east one conponent in at 'ﬁ@ﬁt riti gl ly
lonised formand at | east one differe co;lrgo tIn gt |l east
partially non- I oni sed form-29- ) -coat gi ni ng
said plasma / ions in a magnetic field;} and e)
separating said ionised conponents from sar d-non-Tonrsed

components.jg. 2. a PSSP it ahPeost 808iMd ‘T to 15 in which thed)
providing a feed, the feed consjsti . of m xed conponents;

D) convertRHASLAY PEAPTIRGR 1 S8t ogyised components ischtFerked by
c) provi drewpaind edsd wone cmingEh edmpgoneait from the plasas] weetéas! whe

I oni sed foryp a t e, : [ t . 10, at | east
partially nlg{-?l%& Cémeggn}%eﬁe?%ﬁ‘%neg 1{} Th m§&@&n%;§1elcdom ai ni ng
said plasma / ions in a magnetic field; e)
separating sai d iNpseeeEaNPRREBFEiAG0Mo claims 3 Sakd LORY Oﬂh§edc1_aim
components; . wherein the ionpised.,and. non-iani sed feed conponents are in
equi | i bri urﬂ‘?ﬁ?’ﬁield?ﬁa Ehﬁfﬁg?fo?‘ormt I’f@‘p?&bv@?’f‘?%gsﬁﬁﬁﬂ?tflﬁ sbrovided,p the
process acdundithgdne disy operalkeidnat lbétwden i1 wridcB0sPpar tthe adedeondffswes ed

ina pl uraliiéyoﬁéréf:égesa@nﬂe{-ﬁe&ﬁi %h and 20 Pa and the third zone is
operated at between 2 and 10 Pa.

18. A process according to any of claims 1 to 17 in which the
separated un-charged components are recycled for subsequent use
and / or subjected to further processing.

19. A process according to any of claims 1 to 18 in which the
charged components are cooled, and / or discharged to provide

a liquid or solid uncharged product.

20. A method according to any of claims 1 to 19 in which the
method comprises the further step of introducing a chemical
material, at a given kinetic energy level, and contacting this
with the remaining charged component{s), the kinetic energy
level of the charged component and chemical material being such
that an un-charged component or particle results.

21. A method according to claim 20 in which the components
and further chemical material are combined in the resulting

particle.

22. A method according to any preceding claim in which the
feed material consists of uranium hexafluoride or mixtures
thereof, uranium forming the ionised form and fluorine forming
the non-ionised form, the uranium being separated from the
fluorine.
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t he stages are oper at edﬁt different pressures to o1enmg%w?1%§%r PSSur e

I n one o{h“ﬂ‘ﬁﬁ “ L to the inlet being highe han one or noy e
further t

13 AUG 1999 -7+ 4.
A-process tonp r|S|ng {he steps of: 1) providi ngl & feed,
the feed consisting of n1xed conponents; - Ib)
converting said feed into a plasma or -30- i ohised form
C provi di ng at | east one co jonent in at | east partially
i oni sed f ordd -and Pafatded aggerding to anyypfr glapfschnkoneht the atramsiam
partially n@ing separatedIﬂrbmwﬁhécnluorlne d) cont ai ni ng
said plasma / ions in a magnetic field,; e)
separating said ionised conmnponents from sai d non-i oni sed

conponent s;24wher & mathod eperardingi toakhycdd ¢rimspl uredi 29, okhst dgesi and
in whi ch t henPrae8hprHpaneaieredt gibierent BE&%&HﬁleﬁeiH E‘Sn%@%hh%rnd the

pressure in_one or nore stages near to the inlet being an one or
more furt héPesE4§E4ORBY OAHEM PRANENIER-LARLSEHe Eﬁ%x%ﬁﬁ?lUﬂ‘@nd fASsicgess
accordi ng tproauetef bdiaigsepdratdd.n which sonme or all netallic elenents

present in said feed are ionised.
25. A method according to any of claims 1 to 23, the feed is
uranium tetrafluoride or other metals in halide form, including
titanium tetrachloride, they are separated into ionised metals
and non-ionised halogeng, the metal and halogens being

separated.
26. Separation apparatus, said apparatus comprising:

a) a plasma / ion generator;

b} means for selectively ionising the feed
material of wmixed components;

c) magnetic field generating means for
producing a magnetic field for containing the
plasma / ions; and

d) means to remove un-charged components
from the magnetic field.

27. Apparatus according to claim 26 in which the un-ionised

components are separated from the feed in one or more stages.

28. Separation apparatus comprising the steps of:-

a) providing a feed, the feed consisting
of mixed components;

b) converting said feed into a plasma or
ionised form;

c) providing at least one component in at
least partially ionised form and at least one
different component in at least partialiy non-
ionised form;



process “according to claim4 in which net all4 REFLAGEME T- _\A*l.liﬂ
o T e A

ni xed conponént §; * b) convertling said feed intp a
pI asma or Il oni sed form C) provi di ng} at
| east one conponent in at Iea%k-partial Welel d at
| East one dlfferent conmponent in at |east partially non-
i oni sed form d) d) CUYMREINGhgS3AAd plaswm / ilossidm a
magnetic field; magnetic field; - 28-
e) separating said ionised conponents sai d non-ioni sed

conponents: wherein the netal conpcﬁ?é?ﬁrsatdfnq ﬁ@lfie’e‘?i“asreéi EBW@F‘?EBSt%rom
i oni sed form and the n@aitktrin-conmposeshteongontdreed eed are present in
non- | oni sedrdin cift apghyRRESHACRRILIAG b8 ABLPLESSEL "t SR the

whi ch the conponent deS|red IS extracted froma mxture
unionised components are separated from the feed.

29, Apparatus according to any of claims 26 to 28 in which
the plasma / ions are generated by microwave or radio frequency

heating.

30. Apparatus according to any of claims 26 to 29 in which a
furnace, heater, microwave source or evaporator are used to
heat and / or vaporise the feed.

31. Apparatus according to any of claims 26 to 30 in which
the partial ionisation / partial non-ionisation of the feed

resulting is at equilibrium.

32. Apparatus according to any of claims 26 to 31 in which
the means for removing un-charged components comprise a pump

unit.

33. Apparatus according to claim 27 or 28 or any claim
depending from claim 27 to 28 in which the stages are separated
from one another by a baffle element provided with an aperture.

34. Apparatus according to claim 23 in which the aperture has
a radius substantially corresponding to the plasma / ion stream
radius at that distance from the inlet, and where the radius of
one or more of the apertures is approximately proportional to
the fourth root of the distance from the inlet or plasma

generator nozzle.

35. Apparatus according to any of claims 26 to 34 in which
the apparatus further provides means for addition of a chemical



and/ th netal and non-netal natu eREPLABEMENT SB‘F%T SS

acc m‘mdmm mmﬂ claim2 in which the feefd s provided i daseous
form*y cborl rmg & evaporation and/ or sublinatl o 30AUS ¥99id ¢r |iquid
initial feed. A process according to any joff clains 1 to ifn which
the ionisation of the conponents is caused by the tenperatureé he pl asma
and/or by the interaction of the conmponetds mAt. ,'ﬂh energy. el ecgrons
produced by el ectron cyclotron resonance. process._accordi ng to any
of clains PAEBTIBL| FO VIR FEMRE g OFOCESSi §t68ﬁ'i“r‘bq’ IRFP VA ﬁeqP§V§ngS
ener gy i npahd/orldcoléngr acessnaceottiengetmaiaiygotompshsstd. to 11 in which
the energy input is not selective between conponents of the feed. 13. A
process according to claiml or claim4 or any claimdepending therefromin
whi ch the 36ni sell pndcess- comprxadingetheoapepentf:are in equilibrium states
for the prevailing conditio v S C n I ms
1to 13 in which the feed |2ﬁgrovﬁggézﬁﬁgﬁgﬁ§cﬁe§§ ?%Q%1g%%§s@€%%?%sgb§
separated as discrete af Jrxed gemponeRtPtess according to any of clains 1
to 14 in which the feed is imfrodus@tivérting heatdntabdi RatBRGNgILsthd eyd i n
un- ionised form

ionised form;

c) providing at least one component in at
least partially ionised form and at least one
component in at least partially non-ionised form;

d) containing said plasma / ions in a
magnetic field; and

e) separating said ionised components from
said non-ionised components; and further comprising
converting at least some of the separated ionised
component or components to an un-charged form.

37. A process according to claim 36 in which the component is
converted to uncharged form by reducing its kinetic energy
level.

38. A process according to claim 36 to 37 in which the
component is converted to uncharged form by impacting it on a
surface, preferably a cooled surface.

39. A process according to any of claims 36 to 38 in which
the component is converted to uncharged form by addition of a
chemical material.

40. A process according to claim 39 in which the chemical
material is added at a predetermined kinetic energy level so as
to give the desired un-charged form in a gaseous form.

41. A process according to claim 39 or 40 in which the
addition of the chemical material, or the addition of further
chemical material in a further stage, is such so ag to reduce



AL

- 29- 16— —A-process according to any of clains 1|t BEﬁ@QEMEMiWEFh
separ at | ¢ G d un-ionised conponents is {afffected by rempving the
un-ioni %Bﬂ'ﬁmmamt‘“m the plasma, whereas the ifoni spg gggmegent s
restrai en megnetic field. 17. A processjadcording to cl &ifrs 3 or
4 or any claimdepending therefromin mhggh t hree 4t ages—are pluvi'eg, t he
f%rst zone is operated at between 10 and”50 Pa, thg second zone is operated
at between a P iyd_zope_j p d_at _between .2 and 10
o, 1. R S S UL 8 CR e oR0RRBE g Tho R BERaBE 1o
separ at ed pr¥oduweged conponents are recycled for subsequent use and / or
subj ected to further processing. 19. A process according to any of
claims 1 tqQ_18 in which the charged conpaonents are cooled, and / or

di schar ged*fo pr §EPEE3L 1PN FPRATALYS SF1h CRRAGBLGSr 68UBY181indg- A net hod
according to any of clains lajo 19ai plakingh/t hen ngémechtcetpri ses t he

further step of introducing B)Chenhggﬁs for selectively ionising the feed
material of mixed components;

c) magnetic field generating means
producing a containing magnetic field for the
plasma / ions;

d) means for removing un-charged
components from the magnetic field; and

e) means for converting at least some of
the separated charged components to uncharged form.

43. Separation apparatus according to claim 42 in which the
chemical material is introduced in multiple stages, the various
inlets being spaced from one another along the direction of the

process stream travel.

44 . Components, materials, elements, or isotopes separated
according to any of claims 1 to 43.

45. A fuel pellet, fuel rod or fuel assembly for a nuclear
reactor incorporating the product, or a further processed
product according to any of claims 1 to 44.
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(54 Title: SEPARATION OF ISOTOPES BY IONISATION FOR PROCESSING OF NUCLEAR FUEL MATERIALS

(57) Abstract 2
Improved processing apparatus and methods are provided which
involve the selective ionisation of a feed material and the separation of

jonised and non-ionised species. Introduction of a chemical material
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25. A nethod according to any of clains 1 to 23, the feed is uranium
tetrafluoride or other netals in halide form including titanium
tetrachl oride, they are separated into ionised netals and non-i oni sed

hal ogens, thgmgﬁb@h4and hal ogens bei ng separ at ed. 26. $$B?kﬂé%ﬁﬂﬁa /
a a plas

apparatus, said apparatus conprising:

gener at or; b) means for selectively ionising the feed
mat eri al of m xed conponents; -115- c) magnetic field
generating neans for produci ng a magnetic field for containing
t he pl asma / ions; and d) means to renove
un- char ged conponents fromthg magnetic field. 27. Apparatus
according to claim26 in which the un-ionijsed conponents are separated from
the feed in one or nore stages. 28. Separation apparat us conprising the
steps of: - a) provi di a fee the feed consisting

of m xed conponents; b) converting said feed into a

pl asma or ioni sed form c) provi di ng at

| east one conponent in at =~ | @gAast rtially_ioniseg formand at

| east one di fferent conﬁbng i ni/pt A€ast pargyally non-
i onised form 12_\\\\\\ {} Z
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d) containing said plasma / ions in a | magnetic field;

e) separating said ionised conponents from sai d non-ioni sed
conponents: wherein the apparatus includes one or nore stages in which the
uni oni sed ¢ a%s are separated fromthe feed. 29.  ARRRIER AR
according to any of clains 26 to 28 in which the plasma / ions are

generated by m crowave or radio frequen&& heat i ng. 30. Apparatus
according to any of clains 26 to 29 in~ iiﬂ1eifurnace, heat er, m crowave
source or evaporator are used to heat and / or vaporise the feed. 31.
Apparatus according to any of clains 26 to 30 in which the parti al
ionisation / partial non-ionisation of the feed resulting is at

equi librium 32. Apparatus according to any of clains 26 to 31 in which
the neans for renoving un-charged conponents conprise a punp unit. 33.

Appar atus according to cLpaRyRnitrafs Hex@iyardial, Ny, deptedi n@ f0.prP@l ai m 27

to 28 in which the stages _are separated fromone angther by arpatile
el ement provided with flan apertdre. i ' v '
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34. Apparatus according to claim23 in which the aperture has a radius
substantially corresponding to the plasma / ion streamradius at that

di stance fromthe inlet, and where the radius of one or nore of the
apertures iwodfesxi mately proportional to the fourth r oRCTHFBYMTHi st ance

fromthe inlet or plasma generator nozzle. 35. Apparatus according to
any of claims 26 to 34 in which the appgjgtus further provides means for
addition of a chemi cal -32- nmateri al
to the remaining process streamto provide a quenching and/or cooling
action to the remaining conponents. 36. A process conprising the steps
of : - a) providing a feed, the feed consisting

of m xed conponents; b) converting said feed into a

pl asma / i oni sed for royi ding at
| east one conmponent in &ranyl mtrote hexadyasstei 4 If?o?%i @dﬁf\ohﬂ-and at
| east one reeﬁpeﬁeni—ﬂ—n—&&—l—e&s-t—ﬁ%—&hky—ﬁqﬁ—FeﬁFsedﬁm—

d)  containing saiddf plasma / ions in a magnetic field; ang
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e) separating said ionised conponents from sai d non-ioni sed
conponents; and further conprising converting at |east sone of

t he separated ionised conmponent or conponents to an un-charged
form 37. A RlBF €SS according to claim36 in which t hePGRGERR3HRATE | S
converted to uncharged form by reducing its kinetic energy |evel. 38. A
process according to claim36 to 37 i n-ghfeh the conponent is converted to
uncharged formby inpacting it on aZsurface, freferably a cool ed surface.
39. A process according to any of glains to 38 in which the conponent
is converted to uncharged form by _awditi of a chem cal material. 40. A
process according to claim39 in | H¥the chemcal material is added at a

predet ermi ned kinetic energy~leve] sa s)n{jﬂ%?;}lmadesired un- char ged
formin a gaseous form 41. ¢$ according to claim39 or 40 in
rial, or the addition of further

whi-ch the addition of the chenic nma
ywz o reduce

chem cal material in a furwher—stage,!
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-33- the kinetic energy level to a stage where a solid product is

pr oduced. 42. Separati on apparatus said apparatus conpri sing: -

a) a plasma / ion generator; b) means for

sel ectively Y848 t he feed mat eri al of i xedcARTEIDIRH S;

c) magneti c field generati ng means produci ng a
containing magnetic field for the -5/5- pl asma / ions;

d) nmeans for renovi ng un-chargeg conmponents fromthe
nmagnetic field; and 30 e)300neans for .converting at |east
sone of t he separated charged*conponent§ 0 uncharged form

43. Separati on apparatus agcording to cfaim42 ip/which the chem cal
material is introduced in nuitiple stage the vapi ous inlets being spaced
from one another along the directi on of tHe procgss streamtravel. 44,

arated according to any of

Conponents, materials, elenentSy_or isotppgs s
ly for a

clains 1 to 43. 45, A fuel pellet vel d or -fuel
nuclear reactor incorpad¥ting the pre@duct,
according to any of cl ai 1to 44.»
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