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Neutron-irradiated ursnium was electromegnetically
separated to provide enrichment of the isotope of mass 236.
The final isotopic sbundance of U 236 was determined to be
'95% in 1800 milligrams of uranium. Useful by-products of
the program were 22 grems of 25% U 236 and 1100 grams of
99.7% U 235. These enriched materials have been made avail-
gble. for use on Atomic Energy Commission projects. Possible
application of this separation process to recovery of the
fuel from the MIR reactor is described.




K
»

¥

.SECURITY INFORMATION =

TABLE (F CONTENTS

)
S

o= i mva il e o S ey

N sn & sn s ke |l b o]

S

SMOfU236separationSooecociooooooooo

Inventory of Enriched Uranium 236 °
Shipments of Enriched Uranium 236 .

o
[ ]
L]
L]
@
@
[ ]
[ ]
L3

©
-]
]
]
[ ]
°
°
Q
]
[ ]

Description of Electromagnetic Process o « ¢ « ¢ 6 ¢ o o o

%eU236MaSSSpectrOgraphco.oocoonoooc.ooo
The Chemical Proce€ss <« o o o ¢ 6 ¢ 6 ¢ o 6 ¢ ¢ 0 ¢ o o o

Electromagnetic Process Performance Standards o o o « s o

Analysis of Process Design and BehaVvior o « o« o ¢ ¢ & o o

Separation and Enrichment of Spent Reactor Fuel o ¢ o ¢ o

ACthedgements e 0 0 © 0 © 8 ® © @ O © © € & & 6 © & o0 e © e &

Appendices
AaPreﬁOuSU236Enrichmentcoooooocoooeo.ooooto
B. Enriched Irradiated Uranium Feed Supply s ¢ o 606 0 06 0 0 ¢ 0 € o
C. Thermal Neutron Reactions with Uranium Isotopes ¢ ¢ o« o ¢ ¢ o o o
D. U 236 Production and Process Performsnce - First Stage o« o o o o
E. U 235 Production and Process Performance « Pirst Stage - o o o o
F. U 235 and U 236 Production and Process Performance, Second Stage
G. ZEnhancement Theory and Computation o ¢ ¢« ¢ o o 06 ¢ » 0 0 ¢ o o o
E, Lilni‘bsofErrorinMassAnalysis e ¢ o 0 ¢ 0 © 6 O © © © O © & o
I. Spectrographic Analysis of U 236 Product 0xide o o o o o o ¢ o o
Jo Measured Properties OfUranitlm 236 6. 0 @« 6 8 ¢ 6 6 0 ¢ © © © 0 ©

4 @ ¢ ¢ 0 6 o ¢ & &

35

37
38
39
o

1

L6
k7




\m

SECURI“ "-'ei'x:«;:? < ..,2‘,'.”’—‘
ENRICHMENT OF URANIUM 23
CONFIDENTIAL, UNDOCUMENTED

One of ther problems in the field of rea.c:l;or develophent concerns the
effect of the U 236 formed in the fuel sssemblies as Uv235 is consumed. In
the thermal energy range, 15 percent of the neutron absbr‘ption in U 235
results in formation of long~-lived U 236 (2.46 x 107 yrs), U 237 is formed
by neutron capture in U 236 and is, therefore, proportioﬁal to the amount of
U 236_ present, U 237 decays to long-lived Np 237 (2.25 x '106 yrs) with & |
helf-life of 6.7 deys, emitting & 0.5 Mev beta and 0,27 Mef,_gammag The
neutron capture cross section for U 236 is of importance for reactors using
enriched uranium requiring periodic reprocessing for g:hemica.l decontamination.
The presence of U 237 activity, whichk is, of course, chemically i:isepa.rable
from other uraniuvm isotopes, determines the cooling time for partially expended
fuel assemblies prior to the refaﬁric'ation process, The nucleé.r characteris-
tics of U 236 may also have a pronounced effect on the future management of
uranivm stocks depleted in the Hanford reactors. Diffusiqn piant processing
of Hanford waste to provide material for atomic wespons would raise the U 236
concentration to sbout one-half percent. Even higher U 236 ievels will result
from prolonged irradistion with enriched fuel. The importance of carefully -,
evalusting the nuclear properties of U 236, i.eo, cross section, spontaneous
fTission rate, fission threshold, and related decsy schemes has been clearly
recognized. Consequently, it was decided to attempt separations to provide ‘

gram quentities of U 236 of as high purity as possible.
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The production and enrichment of U 236 was a cooperstive effort involving

the Hanford Plant, the Oazk Ridge National Lsboratory (x=10 and Y—lé) and the

Y-12 Plent. Approximately 2.5 kg of K=25 top product wes irradisted for from
ok to 152 days in the Hanford reasctors. The irradisted U-Al slugs were decon~
temingted at X-10 and shipped to Y-12 as nitrate solution. The ursnium iso-
topes were séparated in modified Beta-type calutrons operated by the Electro-
magnetic Research Division (CBNL) in Y-12. Product analyses and accountability
control were provided by leboratories at Y-12.

The electromegnetic facilities used in the U 236 program included: two
vacuum tanks in s magnetic field a.nd related vacuum systems and electrical
pover supplies; five Beta-type calutrons with replacement parts for 45 rums;
chemical wash srea for removal of unresolved uranium ‘.d.eposits on egquipment;
cherical lsboratory for extraction of wash solutions and preparation of charge
material; and labératory facilities for préduct recovery #nd purification.

SUMMARY OF U 236 SEPARATIORS

The enrichment of U 236 was undertsken in order to provide gi'am
quentities of the highiy purified isctope and to evaluaﬁe the potentialities
of the electromagnetié process performance for this type of separation. To
provide the desired product purity with 1% U 236 as source material, a two-
stage separation process was required. The feed bank*contained 2200 grams
of ‘enhenced urenium, of which 23 grams was U 236.. To obtain the desired
quéntity of feed for the second stage, a large fractién of the starting feed
was separated during the initial stage, which incidentally isolated substan-

tial amounts of highly enriched U 235. The disposition of feed and product

¥ Enriched Irrediated Uranium Feed Supply: Appendix B.
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materisl through the two stages is as follows:

Uranlium , Isotopic A‘bmidance
g U 235 U 23 U 23

Stege I: Feed Input 2200 - 92 1.0 6
U 235 Product 1125 , 99,7 0.1 0.l
U 236 Product 28 63 32 -5
Unseparated 1085 76 1.2 21

Stage II: Feed Input 26 63 32 5.
U 236 Product 1.8 L 95.4 Ok
Unseparated 22 ' 55 25 19

From intermediste level U 236 stocks » v26 grams of urenium were allocated to
further enrichment. The remaining two grams were expended in mass anslyses

or were made aveilable for distribution.

INVENTORY OF EFRICHED URANIUM 236"

Enriched nentity on Hand
Batch No. grams uranium
2Vs5 0.210
HERY-2 0.230

2v-6 0.270
2v-3 0.119
2v=k 0.270
1v=0 0,294
-2 1.217
1v=3 2,002
l'V-’-i- 10963
1V-5 0.361
¥ Hermatz, B., end Livingston, R. S., Catalog of Highly Purified Ursnium

__ﬁ_og_eg, ORNI~1237, February 1ll, 1952, .
I.imits of Error: Appendix H.
Spectrographic Ansiysis : Appendix I.
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FIGURE 1. ISOTOPIC CONTENT OF STARTING FEED
AND OF U 236 PRODUCTS
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DESCRIPTION OF THE ELECTROMAGNETIC PROCESS

THE U 236 MASS SPECTROGRAPH

The Beta calutron is in principle a Dempster~type mass spectrometer in
which ions are accelerated by an electric field and are approximately focused
after a deflection of 180° by the magnetic field,vFigure’Z. Isotope separa-
tion tekes place in a vacuum tank evacuated to a pressure less than 0.03 u HE.
There is a li-inch gap between the pole faces which form part of the vacuum
chanber. Mégnetic shims attached to the‘pole pleces reduce the focal spread
resulting from angular width of the entering beam. | |

Solid uranium tetrachloride (UCly) is heated in the ion source to ~500°C
to attain a su;tdble vapor pressure (~10 u Hg) for sustaining an arc. Bran-
iwm ioné (principally ut) are formgd in the arc plasma which is generated by a
beam of 150-volt electrons passing.frcm a hot tantglum filament through a
graphite chamber containing the UCl) vapor. Thé electron beam ie shaped by a
semi-elliptical defining slot 0.078" wide and 3/L" deep.

The positive ions fofmed.in the arg-afé accelerated,by a potent;al of
60,000 volts in the 1/2" gap between thg arc chamber and the accelerating
electrode{ The apertures in both are qpprqximaxely‘3/8" by 7. In order to
operete a conwenient r#diuS‘and magnetic field,iianaeﬁergyﬂis_réduce&‘to
36,000 volts by a decelerating electrodé at ground potentiel; the arc chamber

is at 36,000 volts positive,
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FIGURE 2. U236 MASS SPECTROGRAPH
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The equation of motion of ions in the separsation region is

v =150 (D)%

where: = U" acceleration = 4 36 kv
e=U’"charge' = 4.8 x lOloesu
m = Ut 235 mass = 3.9 x 10722 gnmg
H = magnetic field = 6700 gauss
¢ = velocity of light = 3 x 1080 cm/see
r = raedius of Ut particle = 61 cm

From the sbove co:;sta.nts and parameters s it cen be shown that U 235-U 236 pesk
separation is 0,1 inch at 180°,

In the main separation region of the tank, the intemsity of the U+ bean

. is uniform sbout the normsl trajectory up to + 10° angular variation. To

iuwprove beam focus and collector life, angles of emergence from the source

vhich are admitted to the collector are limited to & band of +6° to =2° by
sultable baffling at the 90°® point in the normsl orbit.
Collector pockets for U 235 and U 236 ion beams are designed to permit

U* 235 monitoring and a greater retention of ions arriving at the U 235 pocket.
The U 234 and U 238 ion beams impinge on graphite defining plates, except in
the case of certain four=pocket collector boxes. The standa.ré. asymmetrically=-
curved slot boundaries are reﬁorked t0 & symmetrical shape to improve the fit
of the ion focal pattern. Collector slots are of wmiform 0.0507 width? sepa;
rated by & 0.060°% defining edge. Ion ’beﬁm erosion of the défining edge limlts
collector life to 30 separation hours. This short life jaroblem was solved by
using two collector units for each ﬁ.rst-sfage run. '

- The dispositioh -of vaporized source materiai and of the differént iso-

topes is illustrated in the flow disgram, Figure 3.

"_" In traversing radial paths from the ion source to the collector slot,
‘positive angle beams travel less than 180° arcs, while negative angles
take paths longer then 180°.
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FIGURE 3. APPROXIMATE URANIUM DISTRIBUTION IN EQUIPI\!ENT, FIRST STAGE
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THE CHEMICAL PROCESS

'The following four basic phases of operation of the Beta chemical
process* also apply to the special separation described in this report:

1. BSelective recovery of ura.nium deposited in graphlte
.eollector pockets.

2. TNon-selective recovery of uranium deposits on metal; ceramic,
and graphite sxzrfaces of the calutron.

3. Extraction, ptn‘:.ficatlon, and conversion of enriched isotopes
t0 U0 »
3Y8

Lk, Extraction, purification, and conversion of unseparated
material to UCly. '

Chemical processing facilities designed for enrichment of U 23&** were applic~
able to the U 236 separation program. Quantitative recovery me‘bhpds for
recycling limited amounts of uranium were extended tq batches of U 236 only
one-half the size of U 234 batches.

On termination of a separation rum, the calutron is removed from the -
magnet and the collector is withdrawn for removal of product materials. The
U 236 collector pockets sre vacuum~scraped and the sgrapings are tr_eatedr in
a cycle involving muffling to an ash, leaching with nitric Aae;id,» filtering,
and t_he standard penta=-ether extrac"cipn to préduce pure oxide, c§.re in dis~
assembly and scraping of the U 236 poci;et was found to meke a significent |
improvement in the recovery efficiemcy and én:r:'i:hmen'b. The U 235 deposits .

are extracted in a parallel process.

* Chemical Processing_ Egt_zﬁi_a'gment: Electromsgnetic Separation Process,
National Fuclear Energy Series, Div. I, Vol. 12, 1951. ,

**Case, F. N., Facilities for Processing Alpha-Active Isotopes ’ Y-659,
September 1, 1950.
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Conteminated surfaces of the equipment are spray-washed in an enclosed
stainless steel tank. A recirculating spray of nitric acid solution and water
dissolves the bulk of the sdherent wrenium prior to disessewbly and & Pinsl
scrubbing., The uranium-bearing wash solution, sbout fifty galloms, is fil-
tered and evaporsted, acidity and specific gravity adjusted, and the uraniwm
extracted with diethyl ether. A hydrogen peroxide precipitation effects a
final purification and reduces the volume for chlorination, The traniwm per-
oxide cake is dissolvéd in hydrochloric acid, re-evaporated to a'chloride ceke
and converted to the tetrachloride by refluxing with liquid hexachloropropene '
as & chlorinating reagent. Contents of ‘the chloride reactor are filtered into
a stainless steel comtainer, washed with CCl) end beked for severel hours in a
vecwm furnsce. In preparing & small feed batch, the chief task is minimizing
the reaction of hygrosccpic UCly, with water vapor, forming UOCls. -Qperatien
with the oxychloride is chara.cterized by excessive temperatures, low output,
and poor resolution.

| Various salvege operations are carried out on graphite parts of the
calutron and on insclubles from wash operations. These salvage items are
muffled to an ash and combined with the bulk of the material before the ether
extraction step. Condensates and effluents containing less than 0.05 ppm
uranium are re-used as machine wash. The distribution of uranium throughput
in the electromagnetic cycle is illustrated in the flow diagram, Figure L.

It is established that there ie uranium holdup in the vacuum systems,
furnaces, evapora:bors; hoods, etc.;, which tends to increasse with continuous
recycling., The first stage of isotopic enrichment is closed with an intensive
effort to recover hholdup material, mainly to minimize the prospect of cb_xztami-
nating second-stage feed. Effective recovery of unresolved deposits on termi-

nation of the second stage would supply feed for s*absequent U 236 enrichments.
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FIGURE 4. AFPROXIMATE URANIUM DISTRIBUTION IN ELECTROMAGNETIC
. CYCLE, FIRST STAGE (~ 350 g U Feed per Run)
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Operating specifications in the first stage provide for blending unsepa.rated.
feed with sufficient meke-up to maintain a uniform weight of source msterial,
The feed-limited condition in the second sisge precludes make-up, consequently

decreasing yield per run is expected with elgpsed cycling.

ELECTROMAGNETIC PRCCESS PERFORMANCE STANDARDS

A second objective of the U 236 separation program was to evaluate the
capabilities and limitations of electromagnetic equipment and methods. Process
performance values are cbtained through assay and snalysis of feed and product
batches, Derived performance standards are generally applicsble to similar
projects, e.g., proposed plutcniwm isotope enrichment.

Enhancement® factors sre used to determine the isctopic ceomposition of
the product for varieus isotopic constituents of feed. Since the first stage
U 236 product is emhenced 40-fold relative to U 235, the 236:235 product ratio

is 0O times greater than the corresponding feed ratio.

Product . Enhancenient Relative to
‘ U236 U235 U238 U23%
First Stage U 235 - 6 - 82 35
First Stage U 236 , - Lo 5k 52
Second Stage U 235 26 - 71 26
Second Stage U 236 - b 61 36
Overall U 236 i - 188 3300 1870

The overall enhancement in a multiple-stage separation process is the product

of the single-stage enhancement factors.

* The general definition of enhancement is given in Appendix G.
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Process efficiency is defined as 'Ehe ratio of the collected isotopes to
the vaporized isotopes and is a function of source and collector efficiencies.
With the resolution listed in the table ebove, first stage geave 9.8% process
efficiency for U 235; thet is, 10% of vaporized U 235 atoms were tramsmitted

to the collector pocket at which point 98% of the atoms arriving were retained.

Product Efficiency (%)
Source (Collector Process
First Stage U 235 10 98 9.8
First Stage U 236 10 62 6.2
"Second Stage U 235 8 96 7.6
Second Stage U 236 8 63 5.0

Reduction of source performance for the second stage is atitributed to the
charge=limited condition.
Isotope production rate depends on separator process efficiency and on

the rate of fuel vaporization. Productivity per run is governed largely by

the limitation on welght of source materisal. ‘For the first stage the separa-
tion period averaged 55 hours per run for a twin-arc ion source. The separation .

period of the single-arc source used in the second stage averaged 6.5 hours per

run.
Performance Psrameters Stage 1  Stage 2
Fuel vaporization rate (gm U/hrearc) 3.2 T 2.8
Fuel vaporized per run (gm U 235) 307 11,1
(em U 236) 3.9 5.6
Collector curremt per arc (ma UY) ' 35 25
Production rate per arc (mg U 235/hr) 273 128
(mg U 236/br) 2.2 42
Production per run (gm U 235) 30 0.85
gu U 236) _ 0.2k - 0,28
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Chemical recovery efficiency pertains to the processing of the product

deposits in the collector pockets and tc the large unresolved fraction to be
re-used as source materlal. The efficiency of isotope recovery is evaluated
at the end of each stage as a percentage of the throughput and as a percentage

of the starting inventory. Throughput recovery efficiency is independent of

the number of recycles, whereas the unaccounted fraction of initial feed is
expected to increase with elapsed cycling.

Isotope Recovery Efficiency (%)

Thro t Feed

First Stage (9 cycles) U 235 99.5 97.0
U 236 99.6 97.5

Second Stage (6 cycles) U235 - -
U 236 97.0 87.5

The second stage recovery efficiency for U 235 is not valid because of U 235

pickup from process equipment.

Utilization efficiency is the index of feed comservation, particularly
the U 235 and U 236 components. U 235 utilization efficiency increases with
production efficiency and plant recovery and deéreases ﬁith U 235 contamina-
tion in U 236 product. Thus, in the first stage, 93% of the U 235 fraction

is converted to product, 1.6% is diverted to U 236 concentrate and 5.2% is

dispersed.
Isotope - Utilization Efficiency (%)
Chenmical Recovery Collector Overall
First stage T 235 _ ok.8 98.4 93
Second Stage U 236 61.3 94,5 - 59

About 10 percent of U 236 processed in the first stage is diverted to the
U 235 collector pocket. Reseparation of this material would raise the U 236

utilization efficiency to the U 235 value.
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FIGURE 5. ISOTOPIC CONTENT OF FEED AND PRODUCT PER RUN -
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Throughput

154 g
U 236
Feed
23 g ‘ Unresolved
U 236 | - Product
9g U 236 | 13g U236
1.04 U 236 1.1% U 236 32% U 236 1.2% U 236

: FIGURE 6, URANIUM 236 CONTENT IN FEED, THROUGHPUT,
- : PRODUCT AND UNRESOLVED - STAGE 1
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FIGURE 7. ISOTOPIC CONTENT OF FEED AND PRODUCT PER RUN
STAGE 2
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= Throughput
36 g
U 236
Feed
Unresolved
8.5 g
U 236
. ) Product 5.6 g
U 236
l.7T g
U 236
32% U 236 30.4% U 236 95.44 U 236 25.0% U 236

FIGURE 8. URANIUM 236 CONTENT IN FEED, THROUGHPUT,
~ PRODUCT AND UNRESOLVED - STAGE 2
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ANALYSIS OF PROCESS DESIGN AND BEHAVIOR

Feed Versus Product Purity

The isotopic compositiqn of available source material determined the
selected approach to the separation program. Recovery of uranium from
irradiated fuel rods totaled 2 kg of U 235 which was divided batch-wise into
seven parts in accordance with the.critica;ity safe limit factor; It appéared
feasible t0 segregate the rods according to time of irradiation in order to
facilitate the enrichment of U 236 initially. Therefore, feed U 236 concen-
tration at the start varied in a regular manner, belng either 0.76% or 1.3%

U 236. Inhomogeneity of fuel material resulted in discrete pfoducts of elther
25% or 35% U 236. |

Enrichment of U 236 was principally a separation from U 235 for two
reasons: U 235 sbundance in the starting material was quite large, about 92%,
and resolution between U 235 and U 236 focal patterns was minimized by the
single unit mass diffefence. Samples of U 236 highly depleted in U 235 were
particularly desired for thermal capture cross section determinations. As 5
result of first stage processing, the ratio of U236 to U Z35ywas liffed from
1/92 to 1/2. From the second stage separation, the correspoﬁding ratio was

raised from 1/2 to 25/1. The sbundance of U 236 relative to both U 238 and

_ U 234 was finally 200/1.

Variation in Isotopic Content of Recycled Uranium

On prolonged re-use of starting feed, the source material is changed
isotopically, with subsequent effects on product concentration. Changes in
the isotopic composition of reprocessed uranium depend on collector retention

and enhancement factors and on the introduction of foreign uraﬁium to the cycle.




25

The combined effect of non-uniform removal of isotopes in product and the
pickup of uranium-bearing fractions is summarized in Figures 9 and 10,

The pick-up of foreign uranium during recycle recovery opera.tions aver-
aged 2.5 grams of U 238 per cycle during the first stage, Uranium diluent to
the second stage is calculated to be 0.2 grams of U 235 and 0.18 grams of
U 238 per cycle. The compearative collection of uranium isotopes is evaluated

as follows:

Isotope First Stage Second Stage
‘U 235 9.9 % TT %
U 236 6.7 5.3

U 238 0.25 0.19

U 23+ . 0.45 - 0.43

Based on collector utilization of uranium ions, a depletion of U 235 1in source
material end an increase of other isotopic components is expected with elepsed
- eyeling.
On termination of each of the twg steges, an effort was made to‘reccrver
all uraniuwm contained on electromagnetic equipment and in salvagesble residues.
Cleanup and salvage processing yielded considersble uranium some\;hat diluted

by U 238 as indicated in the following teble:

Terminal Recovery Isotopic C sition Uranium
1'::"'235g !U 23% U 238 U 2E3E  (em)

First Stage: Source Feed 8L 1.3 15 2.5 686
Holdup and Salvage 66 1.0 31 1.7 Loo
Second Stage: Source Feed 57 29 13 1.2 15.0

Holdup and Salvage 50 18 32 0.9 TS5
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Properties of Isotopic Focl

At the collector slots ion current demsity distributions due to the four
isotopes are the same except for an intensity factor and relative displacement.
The ion current distribution due to a single 'isotope exhibits a skewness to-
wards the next lower mass. Mainly because of the asymmetrical shape of the
focal spread, upper pocket product is enhanced nearly two-fold relstive to
lower pocket material for a relative displacement of one mass-unit. Since the
entrance slit width of 0.05% approximastes the focal sharpness, ut.ilization of
the ion beem by the collector is considered adequate. Thus, 0.06" of space of
the 0,11 dispersion between U 235 and U 236 pesks remains for a defining edge.
The defining edge is a target for unresolved “valley™ current and will withe
stand ion impact for as long as 30 hours.

Focal widths respond especisally to fine adjustment of accelerating volitage,
arc voltage and current, and vepor pressure. A vertical adjustment of the
-accelerating slit is indispensable for improving intensity of the most favor-
gble angular distribution. The exact fit of isoctopic foeci -to moveble entrance
slits :equires continuous monitoring of the resonance voltage and periodic
visual observetion of the focal pattern. Effective completion of the separation
process requires extracting the divided isotopes from the graphite collector

pockets with great care.

Separator Development

Within the limits imposed by uncertainty of performance, U 236 separator
geometry was based on contemplated production cepacity and enhencement require=-
ments. In the first place the aspect of the beam emerging from the source at
a1 angles between + 10° with uniform density per degree must be considered.

The cholce of utilized beam is required to meet both resclution and collector
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life cbjectives, Fortunately, the two factors are to some'extent compatible
and an 8° angular band was sdopted after preliminsry tests. 'fhe boundary for
the prescribed range is a compromise between U 236 pocket retentivity amd

U 235 pocket monitoring, which are somewhat incompatible.factors. Baffles

at the 90° point of the normal oi‘bij: were installed to transmit only angles
of emergence from the source in the range of =2° to +6°.‘ Width and shepe of
U 235 end U 236 entrance slits remained to b\e é.eteminéd. The entrance was
narrowed to 0.05" and the conventional Beta slot boundary was modified to fit
the given isotopic foci, Figure lla.

An experimental four-pocket collector, Figure 1llb, was tested during the

-..first stage for the collection of mass fractions 234, 235, 236 and 238, Each

of the curved collector slots is of uniform 0.05" width and is displaced from
adjacent slot openings by graphite defining edges. The results obtained from
this collector are summarized in Figure 12. Enhancement and retention para=-

meters for each of the four pockets are as follows:

7 Principal Enhancement Relative to Retention
Isotope U238 U236 U235 U=23k Efficiency (%)
U 236 56 - 4o 72 ' 62*
U 235 90 16 - 29 98
U 234 56 ik 30 —~ . 61
U 238 - 68 210 250 T2

Insertion of U 234 and U 238 collectors lowered the intensity of scattered
components in the direction of U 236 and U 235 slots as indicated by im-

proved U 236:U 234 and U 235:U 238 enhancements.

*u 236 pocket retention efficiency was not cleanly evaluated in the presence
of a U 238 pocket.
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SEPARATION ARD ENRICHMENT OF SPENT REACTOR FUEL

It is predicted that spent fuel assemblies from the MTR reac'bor* will be
depleted to 60% U 235 and enriched to 24% U 236. This uranium stock can be
restored %o 96% U 235 purity in one stage of masse-spectrographic enrichment.
This section illustrates the isotope sepa:ratioﬁ process at equilibrium as
a.ppliéd to processing of such MIR fuel assemblies, Performance parameters
used are derived from the already completed U 236 separations as described in

this report. The basic data assumed per separation run are:

Seperstion period 70 brs
Down time T brs
Working feed 450 gn U
Total product removal 39 gm
Moke-up feed 41 gm
Recyeling period , 40 hrs
Total power consumption © 9000 KWH

The table below lists the relative isotopic abundances of the separsated

fractions deposited in the collector for each run.

P_rincipé.l Isotopic C%OSition (vt ﬁ )
Isotope _ U 235 U 236 U 23 U 234 Ursnium (gm)

U 235 96.2 3.3 0.3 0.2 . 23.9
U 236 4,3 k.6 0.1 <0.,1 8.4
U 238 1.5 2.5  95.9 ‘0.1 5.5
U 234 2k.8 11.5 5.2 58.5 1.6

Modifications in calutron geometry to permit increasing the volume of pro~-
duction are possible if purity requirements are relaxed,

The isotopic concentration of recycled ursnium is changed witiz elapsed
cycling due to non-wniform withdrawal of isotopes as p_:eriuct. As a result,
the working feed bank at equilibrium differs isotopically from the MIR dis-
card concéﬁtration. This trend and the consequent effect on product purlity

are charted in Pigure 13.

* Goeller, He E., The Cooling of Irradiated 25 MIR Fuel Assemblies and Its
Effect on 25 Inventory in the MIR Project, ORNI~61l, p. ©, March 15, 1950.
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APPENDIX A: PREVIOUS U 236 ERRICHMENT

Mass spectrographic sepasration of U 236 was initially done at Y-12 on &

smaller scale in 1948 and 1949, yielding 12 mg of 22% U 236 product.” Since
only 11 grams of feed material was available the stasnderd Beta ea’ltr_bron was
modified so as to reduce the vaporization rate and dispersion of uranium.
The besm radius was reduced to 12 inches in order to confine unresolved de-
posits to a smaller erea for more efficient recovery. To obtain adeguate
enrichment, U' ions emergent from & 3" by 1/16" source slit were brought to &
1/64* collector slot with not greater than 4° half;angle of divergence. _

The production gosl wes milligram smounts at intermediate U 236 purity.

In the six elapsed cycles of the project, the following performance was

a.chieve,d:
Uranium Iset%ic c%ition;ggz
T (em) U236 U233k U23
Feed: Starting 4 11.3 0.8 93.7 ho?
Product: Run 1 : .0.0022' 18 61 21
Run 2 : . .040032 29 5h 17
Run 3 .0,0025 21 68 11
Run b4 .0,0028 20 58 22
Run 5 0,0008 15 vl 13
Run 6 0.0009 = 20 T 6
Recovery: Ending 8.8 0.7 - 91.8 6.7

The Ut currents averaged 0.5 ma and the v;apariiatim rate 1 gn 8/hro The
U 236 product enhancement relative to U 235 was 43 and the process efficiency
approached 0,Th. Terminal recovery efficiency for U 236 was 93% of the

six-cycle throughput or 70% of the starting supply.

Savage, H. W., and Wilkinson, P..E., The Separation and Collection of U 236
by the Electromagnetic Process, Y-697, November 30, 1950,
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ly
2y
3y
Ly
5y
6y

Ty

3p
8,9,10y

XWp
Xz

xbx

Total

APPENDIX B: ENRICHED IRRADIATED URANIUM FEED SUPPLY

Wt. U
299.1 276.2
306.8 283.4
290.8 267.0
278.2 255.1
303.2 277.9
286.4 262.4
64,6 59,4
51.8 hT.h
3042 27.5
1.k 1.3
8.5 7.8
2203.3 2024,6

s

91.83
92.33
92.37
91.83
91.68
91.67
91,63
91.92
91.52
91.21
91,62
91.81

91.89

U 236
{em) (%)
2.‘@6 9073 '
2.27 0.76
2.39 0,78
337 1,16
3453 1.
3.91 1.29
375 1.31
0.T0 1,09
0.69 1.33
0.30 0.99
0.02 1,20
0.06 0,72
23,05 1.05

k)

6.27
5.73
5.67
5,81
5.87
5+85
5.86
5.81
5.96

RN

5.98

5.8
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oy

1.17
1.18
1.18
1.20
1.18
1.19
1.20
1,18

‘1419

1.16
1,20
0.81

1.18
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APPENDIX D: U 236 PRODUCTION AND PROCESS PERFORMANCE, FIRST STAGE

Production

Run Uranium. (gm) U.236 U235 U238 U234 236:235 236:238 236:234 Efficiency. (%)

Isotopic Composition.- (%)

Enhancement

Process

1 0.68

2 0.78

3 0.62

4 , 080

5 0.64

6 0.67

7 0.97

8 0.88

9 0,78
10 0.89
11 0.80
12 0.86
13 0.71
14 0.81
15 1.15
16 0.61
17 0.70
18 0.89
19 0.99
20 0.64
21 0.81
22 0.47
23 0.64
24 1,09
25 0.75
26 0.86
27 0.57
28 0.84
29 0.75
30 0.58
31 0.73
32 0.78
33 0.72
34 0.39
35 0.60
36 0.80
37 0.78

Total 28.04

23.6
23.5
21.7
35.5
25.8
34.6
31.3
84.1
31.6
39.3
31.5
22.0
34.8
33.0
26.0
26.0
33.1
31.9
27.9
38.5
28.6
33.5
36.5
314
33.1
31.8
33.8
33.8
32.9
41.3
35.8
41.2
36.0
33.1
36.8
35.2
36.9

32.1

724
72.8
4.2
60.9
68.7
62.0
65.2
61.9
65.9
56.8
64.7
73.3
61.1
63.1
69.0
67.7
62.0
63.9
67.1
55.7
65.3

60.7

56.5
62.0
60.8
61.2
58.7
60.1
60.7
51.1
58.0
51.9
55.8
60.6
56.0
56.8

 55.3

62.4

3.3
3.3
34
3.0
4.6
2.8
2.8
3.3
2.3
3.1
3.1
3.9
3.5
3.2
4.3
54
4.2
3.5
4.3
4.9
5.1
5.2
6.1
57
5.2
0.1
6.5
5.2
5.4
7.0
5.1
6.1
7.1
5.2
8.2
6.8
6.6

4.7

0.7
0.7
6.7
0.6
0.9
0.6
0.7
0.7
0.6
0.7
0.7
0.8
0.6
0,7
0.8
0.9
0.8
0.8
0.8
0.9
1.0
0.7
0.9
0.8
0.9
1.0
1.0

1.0,

0.9
0.6
11
0.9
1.1
1.1
1.1
1.3
1.2

0.8

40
39
35
43
4
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123
52
73
61
50
55
51
50

52

5.6
6.3
6.2
6.1
5.3
5.6
6.9
1.6
6.2
T4
1.2
6.6
6.6
6.3
6.4
6.4
5.6
7.1
8.6
6.1
8.3
4.5
5.3
6.9
5.3
5.8
5.6
6.5
6.0
1.2
6.4
14
8.0
6.6
5.6
6.1
3.8

6.2

38




APPENDIX E: U 235 PRODUCTION AND PROCESS PERFORMANCE, FIRST STAGE

Production Isotopic Composition. (%) . Enhancement Process
Run Uranium (gm) U235 U236 U238 U234 235:236 235:238 235:234 Efficiency. (%)

1 35.9 99.8 0,06 010 0.02 14 64 64 10.2
2 394 99.8 0.06 0.09 0.04 14 71 32 11.2
3 26.2 99.8 0.06 010 0.04 14 4 35 10.2
4 34.4 99.8 0.07 0.09 0.03 19 n 43 10.0
5 35.6 99.8 0.08 0.13 0.01 11 57 138 9.8
6 30.3 99.9 0.07 0.07 - 0.01 20 91 130 10.1
7 35.6 99.8 0.07 0.13 0.05 20 49 26 11.3
8 33.0 99.7 0.08 0.11 0.07 18 66 20 11.8
9 30.2 99.8 0.06 0,09 0.04 23 9 35 10.6
10 36.8 99.7 0.12 014 0.04 12 50 34 10.9
11 25.6 99.8 0.07 0.09 0.04 20 80 35 10.3
12 33.3 99.8 0.05 0.08 0.05 17 109 31 10.1
i3 25,5 . 99.8 0.07 90.12 0.04 21 73 31 9.9
14 28.3 99.7 011 0.12 0.05 13 . 67 30 9.1
15 334 99.7 0.11 0.14 0,08 n 87 21 9.5
16 27.6 99.7 0.08 0,14 0.08 i3 62 19 9.8
17 29.6 99.7 0.09 0,16 0.08 ° 15 51 19 9.5.
18 34.0 99.7 0.08 0.17 0.05 17 48 30 11.2
¥ 19 33.1 99.7 0.09 0.13 0.07 14 T2 23 8.9
20 29.6 99.7 0.09 0.16 0.04 15 51 39 9.5
21 87.0 99.7 0.06 0.16 0.06 14 54 26 11.6
= 22 19.5 99.17 0.10 0,15 0.05 14 67 36 7.8
23 29.3 99.7 0.10 0,14 0,05 4 - 80 38 9.4
24 33.6 99.7 0.09 0.15 0.06 14 7 34 8.5
25 29.7 99.7 0.08 0.20 0.08 17 54 32 8.7
26 32.3 99.6 0.14 0,16 0.08 10 - 69 23 9.7
27 23.17 99.7 0.07 0,15 0,08 18 90 27 8.6
28 31.2 99.7 0.08 0.15 0,07 18 82 31 10.0
- 29 27.1 99.7 0,09 0.15. 0.09 16 87 24 9.1
30 25.4 99.7 0.07 0.14 0,07 19 106 34 9.8
31 217.8 99.7 0.08 0.13 0.06 18 105 40 9.9
32 27.2 99.7 0.09 0.13 0.06 17 112 39 9.3
33 28.6 99.7 0.09 0.18 0.07 14 87 37 11.7
34 28.2 99.7 0.07 0.18 0.07 21 6 34 10.4
35 22.5 99.7 0.08 0.16 0.07 19 91 34 8.6
36 30.7 99.7 0,09 0,17 . 0.07 15 88 36 9.2
37 33.9 99.6  0.09 0.22 0,07 16 65 34 9.9
Total 1125.0 99.7 0,08 014 0.06 16 82 35 9.9



et APPENDIX F: U 235 and U 236 PRODUCTION AND PROCESS PERFORMANCE, SECOND STAGE

U 236 Yield
Production Isotopic Composition. (%) Enhancement Process
Eu_r_x Uranium (gm) U236 U235 U238 U234 236:235 236:238 236:234 Efficiency (%)

1 0.34 96.7 3.1 0.2 0.05 61 68 52 4.8

2 0.39 95.3 4.2 04 0,15 45 54 19 ‘ 5.8

3 0.27 94.9 4.6 0.4 0.07 41 LY 44 4,2

4 0.27 . 94.8 4.6 0.5 0.07 42 59 48 4.5

5 0.22 95.5 4.0 0.4 0.06 48 75 56 5.3

6 0.27 _ 95.2 4.1 0.6 0.09 47 62 40 5.6
Total 1,176 954 4.1 04 0,09 41 61 36 5.0
1,235 Yield »

Production Isotopic Composition. (%) Ephancement Process

Run Uranium, (gm) U235 U236 U238 U234 235:236 235:238 235:234 Efficiency, (%)

1 1.09 98.2 1.7 0.07 0.04 29 106 34 8.1

<y 2 1,02 98.5 1.3 0.13 0,06 38 78 0 24 8.0
8 0.84 96.7 3.0 029 °0.08 17 40 20 6.7

4 0.84 81.7 2.0 028 0,06 25 54 217 7.8

~ i1 0,72 97.6 2.1 0.25 0.05 23 68 38 8.8

6 34 160 46 1.4

0.69 98.4 15 0.12 0,04

Total  5.20 979 19 018 0.06 2 2% 7.6
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APPENDIX G: . ENHARCEMENT THEORY AND COMPUTATIOR

Definitions of enhanceme:;t (N) are given for the separated isotope
U 236 with derivation of the reiationship bgtween ephancement and isotopic
concentration. The anslysis is carried out for the two-stage dectthic
separation. Independence of the enhancement facﬁc;r relative to feed concen=
tretion is established. ’

Assume the following notation:

Isotopic Composition
Subiect Material A

Stage I Feed Vo LA X, . Yo

Stage I Product vp Vip Xp Yo
t ] E 2 §

Stage II Product v D w p x P ¥ P

Formulas for single snd multiple-stage enhancement of U 236 relative to

U 235 are:

Stage I (Wvyx) Stage IT (N'vx) Overall (NvxN'vx)

vp/x ' vip/x! vip/x!
w2 opE B o

Anslagous expressions define U 236 enhancement relative to mass 234 and
.
238 fractions. Iesotopic concentrations may be expressed as either weight or
atom percent for calculating enhancement, |

Formulas for isotopic concentration of U 236 product are:

Stage T : Stege IT
L L
e e %t Ve et ayy ()
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Substituting (1) in (2) and simplifying gives:

. Stage I ) S‘bge IT
Vo X Jo Yo Xo Yo
o= v, + +
Q/vO = + X + E . VO/VO + H Ny Nyxgh' + .KWH' (3)

Product U 236 concentration as a function of enhancement is illustrated in
Figures 14 and 15, The range of enhencement performance for each stage is
indicated.

The interrelation between enhancement and isotopic zbundance of feed
remains to be determined. In the collector box, similar U 235 and U 236
slots are displaced one mass unit, center to center. The relative intensiﬁies
of isotopic lon beams received through these slots are proportiénal to the
atom concentrations in the feed. The ratio of isotopie'- yields from a U 236
pocket (V) and adjacent U 235 pocket (R) is given by:

vp inv - '_vﬁ . Betention efficiency
X In R Xo R retention efficiency

From (1), the functional relationship between vp in'V .end x, In V 1s
obtained: |

Substituting for v, in V in {(4):

=XpinR , V retention efficiency |

Brx X, in V R retention efficiency

In the same manner, other enhancement factors can be shown to be independent

of isotope concentration in the feed.
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APPENDIX H: LIMITS OF ERROR IN MASS ANALYSES

The Y-12 Spectrometer Laboratory measured the isotopic constituents
of U 236 product using UFg gas in a 60-degree Nier-type spectrometer. Two
sefies of ﬁeaswements were made, each consisting of four determinstions,
with a clean ion source and sample system. If results were reproducible
within the usual limit of error, the average value was reported, otherwise
the sample was re-smalyzed. Possible inaccuracies in the assays due to
spectrometer bias were not included. Limits of error representing a 95%

confidence interval, based on analyses of standard samples, are given below:

Isotope | Relative Isotoplic Abundance, wt.
) Product Batch 2V-1 Product Batch 1V-0
U 236 96.65 + 0,07 42,38 + 0.20
g 235 _ 3,09 £ 0.03 53.80  0.20
U 238 \ 0.21 + 0,02 3,16 % 0.03

U 234 0.05 % 0,01 0.66 * 0,05
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APPENDIX I: SPECTROGRAPHIC ANALYSIS OF U 236 PRODUCT OXIDE

= A sample of U 236 product oxide (Batch 2v-2) delivered to the Y-12

Spectrographic Lasboratory was snalyzed for trace contaminantes in a 2l-foot
JarreuQAsh, 15, line per inch grating spectrograph. The total impurity
is & maximm of 2500 perts per million by weight in U0g, corresponding to
a chemical purity of 99.75%. Two vélues were obtained for some elements
because the sample could not be ground prior to eanalysis, thus meking some
variations in the aliquots. This analysis is probably represemtative of
other U 236 product oxides, Contaminating elements in parts per:milliom,

by weight in 6398, are:

Ag <1l Mg 10, 1

Al <20, 60 Mn 12
Ie B 25 Mo 300, <100

Ba 25 HNa 125, 30
_. ' Be <0.2 i 60, 500
o Bi <10 P 100

Ca 30 P 70

cd = <10 si 600

Co <20 Sn <ho

cr 30 sr <100

Cu 6 . ir <100

Fe 200 v £100

K <100 Zn  <ho

i <10
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Helf life

Alpha perticle energy
Spontanecus. fission

Isotope shift of U 236
line spectrum

Pile capture cross section

from yield of Pu 238

Thermsl=-neutron capture
cross section

Aversge fission cross
section in the fast
reactor meutron spectrum

Fisslon cross section of
U 236 as a function of
energy

2.46 x 107 years

7.7 + bk fissions/g-hr

ok, 226 A

23+5 * 4,7 barns

508 - 3 108 barns

0,181 £ 0.0135 barms

0,69 Mev - 0,04 barns

1.00 Mev = 0036 barns
2.55 Mev = 0,53 barns
14,1 Mev = 1.65 barns
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Mech, Phys Rev 84, 785
(1951)
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