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Introduction

* The nuclear fuel cycle concerns the life of nuclear
material:
— extraction from the earth in raw form
— processing and enrichment
— use in reactors or weapons
— reprocessing or disposal

 Throughout the process, signature of the material
changes

— radiation
— appearance
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Definition of Uranium Enrichment

* Only three isotopes of uranium are found in

nature

— 238 (99.27%)
— 2354 (0.72%)
— 2344 (0.006%)

» Categories of Enrichment (E = % of 23°U)

— Depleted Uranium (DU) E<0.72 %
— Natural Uranium (NU) E=0.72%
— Enriched Uranium E>0.72%
* Low Enriched Uranium (LEU) 0.72% <E<20.0%
e High-Assay Low Enriched
Uranium (HALEU) 5% < E<20%

* High Enriched Uranium (HEU) E>20.0%



Uranium Mining

Uranium is naturally occurring at
about 1.8 - 2.7 ppm in the
earth’s crust. U content in ores
can range from ~0.02 to ~20 %.

Uranium ore can appear in many different
forms, from the primary mineral
uraninite, to the colorful secondary
minerals shown below.

Uranium Concentrations

Source of data: US. Geological Survey Digital Da

Uraninite (UO, ,U;05)  Torbernite Carnotite ... ‘ore’, it could look just

”pitchblende" Cu(U0,),(PO,),-12 H,0 K5(UO,),(VO,) 3H,0 like a rock

http://www.world-nuclear.org/info/Nuclear-Fuel-Cycle/Mining-of-Uranium/Uranium-Mining-Overview/



Uranium Mining

Mining Methods: The InSita Uranium Recovery Process
- Open Pit

- Underground

- In Situ Leach (ISL)

> Mining Solution Uranium
rom Processing  Solution

A to Processing

Plan

Sands, Clays,
and Gravels

Upper Clay

Submersible Pump

Uranium Deposit

Top Ten Uranium Mines 2022 . o .
T — Top 10 Uranium Mining Nations 2018

Mine Country Main owner Type
(tonnes U) world India, South Africa, 200

Cigar Lake Canada Cameco/Orano underground 6928 14 China, 1700 600 \_\

Namibia  Swakop Uranium (CGN) open pit 3358 7 Niger, 2020 g ‘
Ink s 1-3 Kazakhstan Kazatomprom/Cameco ISL 3201 7 Russia, 2508 7
b ,
Olympic Dam Australia BHP Billiton y 2813 6
product/underground Uzbekistan, 3300
Karatau Uranium |
(Budenovskoye 2) Kazakhstan One/Kazatomprom ISt 2560

Ukraine, 100

/_ USA, 75
[

a

(Ressing IR CNNC open pit 2255 5
Niger Orano open pit 2020 4
Australia Quasar ISL 1740 3
Kazakhstan Ortalyk ISL 1650 3
South Inkai 4 Kazakhstan One/;’;;‘g:pmm ISL 1600 3

Top 10 total 28,125 57%

http://www.world-nuclear.org/uploadedFiles/org/WNA/Publications/Nuclear_Information/Pocket%20Guide%20Uranium.pdf/ Values in tonnes U




U-238 Decay Series
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Uranium Ore Spectrum

PeakEasy Ver. 4.74 U-Ore Detective (HPGE).SPE + U-Ore Identifinder (Nal).SPE
Livetime: 43158 sec Deadtime: 7.97 % Neutrons: NA
214pb (352 keV) Since this is uranium ore, it is old enough for the
108 / ingrowth of all of the daughters to have taken place.

214Bj (609 keV)

Counts

235 (185.7 keV)

.| 225Ra (186.2kev) Y (d) (1001 keV)

101 From roughly the 352-keV peak down it is 214Pb
From 609 and up it is 2%Bi
235U and 225Ra at 186 keV
10° 238(d) at 1001 keV
T 7 1 T T T T [ T T T T [ T T T 1
0 500 1000 1500

Energy (keV)




1)
2)
3)
4)
5)
6)
7)
8)

Moisture
removed

Crushed ore
has water added

Uranium
filtration

Barrels ready
for shipping

Water added, ore ground into a fine sand (slurry)

Slurry pumped into leach tanks

H,SO, and H,0, added to dissolve U from ore U308 out
Waste is separated and stored in tanks (or UO,)

U purified and extracted using organic solution

U extracted from organic solution using ammonium sulfate

Excess moisture removed yielding U;0; “yellowcake”

Mined ore is delivered and crushed \




Yellowcake Spectrum

Livetime: 303.2 sec Deadtime: 3.54 % Neutrons: NA
185.7 keV
/ 238ku(d)
e 1001 keV |
40K(1460)
o 10%- (BG)
£ —
3 235 232Th(d)(2614)
(BG)
1014
LA
O T T T T 5c|)0 T T T T 1O|OO T T T T 15|00 T T T T 20|00 T T T T 25|00 T T T T
Energy (keV)




“Yellowcake” is not always yellow

“Yellow cake is the final product of the milling of uranium ore. It
contains about 80 % of uranium oxide and is usually represented by
the formula U;04. The yellow cake produced by most modern mills is
actually brown or black, not yellow; the name comes from the color
and texture of the concentrates produced by early mining operations
due to impurities from ammonium diuranate (NH,),U,0,.”

https://www.euronuclear.org/info/encyclopedia/y/yellow-cake.htm



Yellowcake is not always ‘pure’

PeakEasy Ver. 4.74 U308_25cm.Spc + Ycake_25cm.Spc
Deadtime: 3.54 % Neutrons: NA

Livetime: 303.2 sec

The red spectrum is from a yellowcake sample
that still has a non-negligible amount of 22°Ra

10° daughters present.

102

Counts

1500 2000 2500

Energy (keV)

0 500 1000




Uranium Conversion

Plants to convert uranium oxide to UF, are
operating commercially in USA, Canada, France,
UK, Russia, China.

Yellow Cake : Purified | Precipitate | AMMOMIUM
65 - 85% Nitrate U0,(NO), > Diuranate ) ) ) )
U404 Nitric || U02(NO3); | J solvent | coiution. | Ammonium ADU Conversion to UF is achieved by a dry fluoride
Acid Solution ¥ Extraction Hydroxide | (NH4); U;04

volatility process in the USA, while all other
/ converters use a wet process.

Hydrofluorination

gas at 56°C
and atmospheric
pressure

Used fc‘JrI natural and depleted uranium
Holds 12,500 kgs of UF, (8,450 kgs U)

A 48Y cylinder filled with natural
uranium contains 60.1 kgs of 23°U.

Nominal wall thickness 16 mm

Note: Type 30B Cylinders can hold 2270 kg UF6 (1540 kg U), can transport UF6 up to 4.95% 235U.

http://www.world-nuclear.org/info/Nuclear-Fuel-Cycle/Conversion-Enrichment-and-Fabrication/Conversion-and-Deconversion/
http://web.ead.anl.gov/uranium/guide/prodhand/sld018.cfm
http://www.areva.com/EN/operations-757/conversion-the-fluorination-of-uranium-in-2-stages.html



UF, Spectrum

PeakEasy Ver. 4.74 UF4_25cm.Spc
Livetime: 671.1 sec Deadtime: 3.44 % Neutrons: NA
0 238
/185.7 keV U(d)
A
" 1001 keV !
103
40K
%) \_Y_} (BG) 5
"g' 102_ PO N0 o S . ll
3 232Th (d)
(BG)
101
1094l In some cases the signature of alpha
on fluorine (producing 22Na) is evident.
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UF, Spectrum (~’Natural’ U)

PeakEasy Ver. 4.74 tnf164.Chn
Livetime: 2895.6 sec Deadtime: 40.87 % Neutrons: NA
238u(d)
10°4  185.7 keV * \
1001 keV
N
1 235

Counts

Note that the cylinder wall severely
attenuates the x-ray region.

Also, note the 232U(d). This U has been

recycled.

2321(dl)

500

15'00
Energy (keV)




Question Time!

* Why does a spectrum of separated uranium
look different from uranium ore after 20 y?

— A) after 20 years it has become stable

— B) because of the ingrowth of Am-241

— C) equilibrium of daughters takes ~ 1E6 years
— D) the enrichment has changed with time



An Aside: 23°U in Recycled U

Thorium in the natural
background starts with
232Th, and contains the
decay product 2?2Ac.
This emits the gamma

rays: 911 keV
969 keV

338 keV 239 keV

*Peurrung, A.J., “Predicting 32U Content in Uranium”, PNNL Document 12075

232y

68.9Yr

Uranium that has been through a

(Thoron)

reactor (recycled) contains 232U .

— Production of 232U in a Reactor:

235U(O(,) 231Th(B_) 231Pa(n,’Y) 232Pa(B_) 232U

234U(O(,) 230Th(n'y) 231Th(B_) 231Pa(n,'Y) 232Pa(B_) 232U

Radium
224

235U(n'g) 236U(n,'Y) 237U(B_) 237Np(n’2n) 236mNp(B_) 236PU((X,) 232U

238U(n12n) 237U(B_) 237Np(n’2n) 236mNp(B_) 236Pu(a) 232U

Radon220

i 2614 keV
861 keV
583 keV

208 Tl Thallium

3 1min 208



Enrichment: Gas Centrifuge

A gas centrifuge has a spinning rotor _
T [Enriched UF6)

within a case. UF gas is fed to the

rotor and the more massive 238U Case (to next centrifuge)
atoms drift to the outside leaving the
lighter 23°U atoms in the center. __»

Thermal gradients induce convection
currents, which further aid in the
separation of 238U and 235U.

Extraction scoop

Rotor for light fraction

A cascade of centrifuges is used in this process,
where the enrichment increases in each stage.

B il T~
e B v 1

% i -Jl
e 3 )
i
]

Extraction scoop
for heavy fraction

Lo
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T
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Enrichment: Gaseous Diffusion

In the gaseous-diffusion process
UF6 gas is filtered by a semi-

Gaseous Diffusion Stage

porous membrane. The less o

massive 235U atoms drift HEstE ENRICHED
through the membrane more

easily than 238U atoms. ——

> o # BARRIER & *
FEED DEPLETED
STREAM STREAM

PRESSURE

A cascade of stages is used in this process, where
the enrichment increases in each stage.




Enrichment: Laser Isotope Separation

In laser-isotope separation, a tunable laser excites and ionizes 23°U atoms.
These charged atoms are then collected electrostatically or electromagnetically
and separated from the neutral 233U atoms.

Magnet ﬁ Depleted stream

il

Enriched
stream

) —>

' )
0 ¥ O 00" .00
P00 . © £ 9,0

0% O
C o)
Laser (002 2.0 0" O F 00

O
oo

0o
Mixed-uranium feed




UF, Spectrum (LEU)

lu1645measure1.Chn

PeakEasy Ver. 4.74

Counts

Livetime: 2917.0 sec

Deadtime: 44.23 %

Neutrons: NA

105

10° 4

107

103

10° 4

10"

107 4

185.7 keV

\_Y_)

235U

Note that the cylinder wall still severely

238[{((1)

1001 keV

attenuates the x-ray region.

232U(d)

10'00 1500
Energy (keV)




UF, Spectra (NU v. LEU)
PeakEasy Ver. 4.74 tnf164.Chn + lu1645measure1.Chn
Livetime: 2895.6 sec Deadtime: 40.87 % Neutrons: NA

a +F - 2?Na
F(0,p)**Ne

Counts

0 500 1000 1500 2000 2500

Energy (keV)




Relative Enrichment Effort

Separative Work Unit (SWU): This
is a complex unit that represents

the effort that is required to enrich | /muswses Uranium Enrichment and Uses

uranium.

The bulk of the effort is in

taking the enrichment from
NU to 20 %!

Effort, SWU per tonne of U feed

Congressional
Research Service

Informing the legislative debate since 1914

1500

1400

1300 -
1200 -
1100 -
1000 -
900 -
800 |
700 -
600 -
500 -
400
300 |
200 -
100 -

Weapon c 90% /I
™ Research Reactor 20% (5.8kg @ 227 SWUikg
(26kg @ 45 SWU/kg product) product)

N Power Reactor 4-5%
(5% 120kg @ 8.85 SWilikg product
4% 130kg @ 6.25 SWiikg product)

TR Rl P PR PR ERPEPLE RSP PP
U235 Content, %

Natanz Pilot Enrichment Plant

Iran is using IR-1 centrifuges in this facility to produce LEU containing approximately 20%
uranium-235. Iran is also testing several types of centrifuges in the facility. Iran’s production of
LEU enriched to this level has caused concern because such production requires approximately
90% of the effort necessary to produce weapons-grade HEU., which, as noted, contains
approximately 90% uranium-235."

http://fpc.state.gov/documents/organization/234999.pdf

http://www.world-nuclear.org/info/Nuclear-Fuel-Cycle/Conversion-Enrichment-and-
Fabrication/Uranium-Enrichment/




Who Enriches Uranium?

World enrichment capacity — operational and planned (thousand SWU/yr)

Country Company and plant 2013 2015 2020
France Areva, Georges Besse | &I 5500 7000 7500

Germany-Netherlands- Urenco: Gronau, Germany; Almelo, Netherlands; Capenhurst,
14,200 14,400 14,900

UK UK.

Japan JNFL, Rokkaasho 75 75 75

USA USEC, Piketon o* 0 0

USA Urenco, New Mexico 3500 4700 4700

USA Areva, ldaho Falls 0 0 0

USA Global Laser Enrichment, Paducah 0 0 0

Russia Tenex: Angarsk, Novouralsk, Zelenogorsk, Seversk 26,000 26,578 28,663

China CNNC, Hanzhun & Lanzhou 2200 5760 10,700+

Other Various: Argentina, Brazil, India, Pakistan, Iran 75 100 170
Total SWU/yr approx 51,550 58,600 66,700
Requirements (WNA reference scenario) 49154 47285 57,456

https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/conversion-enrichment-and-fabrication/uranium-enrichment.aspx/



Question Time!

* The presence of U-232 in uranium items:
— A) enhances the intensity of the 2614.5 —keV peak
— B) mimics the natural background from uranium
— C) indicates that the material is 100% natural

— D) significantly alters the enrichment



Uranium Fuel Fabrication

 Produce pure uranium dioxide (UO,) from incoming UF, or UO..
* Produce high-density, accurately shaped ceramic UO, pellets.

e Fabricate the rigid metal framework for the fuel assembly

Off-gas and
Uraniurm Recovery waste-water treatment

o v
() =

Incoming UFg Conversion of UFg FPowder Processing and FPellets into Fuel Rods QOutgoing Fual
Cylinders into UOs Powder Pellet Manufactunng and Fuel Assemblies Assemblies for
Reactors




UO, (Fuel Bundle) Spectrum

Livetime: 362.5 sec Deadtime: 27.28 % Neutrons: NA

10°-

185.7 keV 238&1(0')
104 : 1001 keV !
o

Counts

235U

107+

1071

Spectrum from fresh fuel bundle (small
size used for teaching) at TA-66 LANL

109

0 500 1000 1500 20'00
Energy (keV)




Spent Fuel

Spent fuel is removed from the reactor directly to a

spent-fuel pond, where it may stay for several years

as it is highly radioactive and thermally hot due to Following this it is moved to
fission fragments and decay products. dry cask storage.

S

#&

Used fuel will typically have 95% 238U, about <1% 23°U and
~1% plutonium.

The high output of radiation from the fission products make
gamma-ray measurements of spent fuel very difficult.



In the Reactor

The Pressurized-Water Reactor (PWR)

Containment Structure

Pressurizer Steam
~ Generator

Generator

Reactor
Vessel

Condenser

L

» For a reactor with an output of 1000
megawatts (MWe), the core would contain
about 75 tonnes of low-enriched uranium.

p- -
238 239 239 239
 Some of the 238U in the reactor core is U +N—> U —> Np —> PU
turned into plutonium (which in turn 23.5m 2.35d °

provides ~1/3 of the total energy).



Neutron induced fission cross-section (barns)

Fission vs. Capture

235U and 23°Pu behave similarly with respect to
neutron capture and fission.

104\

~—

14 il .
e

Neutron capture cross-section (barns)

10 |
-8 [ o
o fission
-10 L ' L L L T
10 ) : ; ) : ' : ' ‘ ‘
107"° 10°® 10° 10" 107 10° 10710 10°® 10°® 107 107 10°
Neutron energy (MeV) Neutron energy (MeV)

2381 is far more likely to capture a neutron below 1 MeV (and make 2%u 1)



Spent Fuel Fission Product Data

-
Oc‘>

—
o
3

counts/keV

58 g sample of spent BWR fuel
(cool down time ~21 years)

10
Activity ratios of nuclides can be
used to determine exposure
(burnup) of fuel.
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Figure 5: Energy spectrum obtained at 803 cm with no shielding.

Fast, J.E. et al., “Spent Fuel Measurements”, PNNL Document 23561
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PeakEasy Ver. 4.74

Counts

Spent Fuel from TMI

gh sample long LABELS.SPE + bg gh long.Chn

Livetime: 60500 sec Deadtime: 3.47 % Neutrons: NA
107
Isotope Bqg
Cs-137 Am-241 3.29E+02
108 Am-243 1.64E+01
Np-239 1.31E+01
5 Eu-154 Cs-137 9.32E+03
10 1 ol Cs-134 1.67E+01
. u-154 Eu-154 1.70E+02
Eu-155 4.01E+01
104
Fu-154
I Eu-154
Eu-154
s-134 EU K40
103 (Bkgd)
Th-232(d)
s e Eu-154 (Bkgd)
1021 P | |
101
BLK: Spent Fuel
10°4  BLU: Background
1 I 1 1 | 1 1 1 I | 1 1 1 I | 1 1
0 500 1000 1500

Energy (keV)




PeakEasy Ver. 4.74 Fukushima, Japan Data, Detective (HPGe), 23 Mar 11.SPE

5 Livetime: 534.5 sec Deadtime: 82.49 % Neutrons: NA
10° 5
1-131
10°- Te-132
Te-132
1-132
1-131 s-j37-132
10 1-132 1+
132 .
-1 2 [ 32 _136|-132
* 180 1 i Cs-136
£ 2] b2 32 1-132
2 1-132
3 iapl [ Ce1381-132
i~ 1-182 [ |-132
2 132132
102_ bdo La-140
3p
1132 132132
o . o 1-132
o Spectra varied with location
_ . 14132
and time (due to short half-
life of many of the fission
0
199 products released).
1 1 1 I I I 1 I 1 | 1 I 1 I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 500 1000 1500 2000 2500 3000
Energy (keV)




Fukushima and Chernobyl

Released into the environment (Ci)  Fukushima/
Half-Life Chernobyl Fukushima Chernobyl
Xe-133 5d 1.76E+08 2.97E+08 1.69
1-131 8d 4.76E+07 4.32E+06 0.09
Cs-134 2y 1.27E+06 4.86E+05 0.38
Cs-137 30y 2.30E+06 4.05E+05 0.18
Sr-90 29y 2.70E+05 3.78E+03 0.01
Pu-238 88y 4.05E+02 0.00127
Pu-239 24,100y 3.51E+02 0.00025
Pu-240 6,540 y 4.86E+02 0.00018
Total - 2.27E+08 3.03E+08 1.3

Ratio of radionuclidesaccumulated in the reactor core at the time of the

accidentsthat were released into the environment
Note: The reported

release from Fukushima

TEPCO's Fukushima
Daiichi NPS &

Nuclides Chernobyl NPS

Va rieS Significa ntly Xenon (Xe)-133 Nearly 100% Approx. 60%
between SOUI‘CGS' lodine (1)-131 Approx. 50% Approx. 2-8%
| Cesium (Cs)-137 Approx. 30% Approx. 1-3%

https://www.env.go.jp/en/chemi/rhm/basic-info/1st/02-02-05.html



Xe-133
1-131

Cs-134
Cs-137
Sr-90

Pu-238
Pu-239
Pu-240

Fukushima over time

Release
2.97E+08
4.32E+06
4.86E+05
4.05E+05
3.78E+03

6 Months

4.1E+05
4.0E+05
3.7E+03

1 Year

3.4E+05
4.0E+05
3.7E+03

10 Years

1.5E+04
3.2E+05
3.0E+03

100 Years

4.0E+04
3.5E+02

https://www.env.go.jp/en/chemi/rhm/basic-info/1st/02-02-05.html



Xe-133
1-131

Cs-134
Cs-137
Sr-90

Pu-238
Pu-239
Pu-240

Chernobyl over time

Release
1.76E+08
4.76E+07
1.27E+06
2.30E+06
2.70E+05
4.05E+02
3.51E+02
4.86E+02

6 Months

2.4E+01
1.1E+06
2.3E+06
2.7E+05
4.0E+02
3.5E+02
4.9E+02

1 Year

9.0E+05
2.2E+06
2.6E+05
4.0E+02
3.5E+02
4.9E+02

10 Years

4.0E+04
1.8E+06
2.1E+05
3.7E+02
3.5E+02
4.9E+02

100 Years

2.3E+05
2.5E+04
1.8E+02
3.5E+02
4.8E+02

https://www.env.go.jp/en/chemi/rhm/basic-info/1st/02-02-05.html



Reprocessing

Used fuel still contains about 96% of its original uranium (<1% U-235)
About 3% of the used fuel comprises waste products
and 1% is plutonium.

Over the last 50 years the principal reason for reprocessing used fuel has
been to recover unused plutonium, along with less immediately useful

unused uranium.

(tonnes per year)

France, La Hague 1700
Russia, Ozersk (Mayak) 400

Japan (Rokkasho) 800*
Total LWR (approx) 2100
UK, Sellafield (Magnox) 1500
O LA ITEEEIRIEEY India (PHWR, 4 plants) 260

Total other (approx) 1760

LWR fuel

Total civil capacity

*now expected to start operation in 2022

https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/fuel-recycling/processing-of-used-nuclear-fuel.aspx



PUREX

All commercial reprocessing plants use the well-proven hydrometallurgical
PUREX (plutonium uranium redox extraction) process

- fuel elements dissolved in concentrated nitric acid
- U and Pu (and perhaps others) are separated

Uranium Reprocessing

(B Fue Siugs The Pu and U can be returned to
‘ Disssembly : the input side of the fuel cycle:
and Deloading -‘ . .
T the uranium to the conversion
. ) Ga . .
' D“T““ e H cotioull plant prior to re-enrichment*
) = ﬂ hase o | @nd the plutonium straight to
X = s e ey . .
(o) Removal HLW _Tonk | Dilute HLW MOX fuel fabrication.
anndPuSqutions
Pu Reducing Agent ~| PuRemoval |} m’xmon
l U Solutions m@e
@ ~| Bl | [ el ] * If the 236U content is high the uranium is
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Source: U.S. Department of Energy.



Plutonium Spectrum
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Mixed-Oxide (MOX) Fuel

* Most of the separated plutonium is used almost
immediately in mixed oxide (MOX) fuel.

— MOX = PuO, + UO,

(NU or DU or Recycled U)
— PuO, content typically ~ 1.5 -30 wt. %

— MOX essentially can be used in lieu of LEU

World mixed oxide fuel fabrication capacities (t/yr)

2017 2020
France, Melox 195 195

FUEL FABRICATION FACILITY

Japan, Tokai 10 10

Japan, J-MOX Rokkasho 0 140

Russia, MCC Zheleznogorsk ] 60

Aiken, Aug:
Barnwell Areas
unities
rocurement Opportunitios for 3
rge il Businesses 9
N
A S N
Opport W « Fro. CB
and » A\

Total 265 405

https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/fuel-recycling/mixed-oxide-fuel-mox.aspx
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Example MOX Spectrum

hua8971.chn

PeakEasy Ver. 4.74

Livetime: 2139.0 sec

Deadtime: 40.58 % Neutrons: NA
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Counts
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1 OO ] Energy (keV)

1 U/Pu for this item ~ 2.6

238U(d)(1001)

(a bit on the low side)
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Minor-Actinide MOX Spectrum

PeakEasy Ver. 4.74 mamox_summed.SPE
Livetime: 18836 sec Deadtime: 7.22 % Neutrons: NA
241
o] 2°U(185.7) Pu(208) 237Np(d)(312)

Counts

107 +

104

I I I I I I I I | I I I I | I I I I | I I I I | I I I I
0 100 200 300 400 500 600

243A1m(d)(278)
#1Am(59) \ \ / 23%pu(414)
\ 237N p(d)(416)

243Am(75)

7

243Am(d)(316)

The ‘burning’ of minor actinides is an area is
great interest for future reactor operations.
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Neptunium-237

23’Np is a minor actinide separated from spent fuel.
e Half Life: 2.14 x 10° years

e Critical Mass: ~60 kG (fast neutrons only)

e 23/Np is used in 238Pu production

e Major gamma rays (e.g. 312 keV) are from daughter 233Pa

e produced through bombardment of 235U with neutrons or the
decay of %*1Pu

241|:)u
B— 99_998:y/ 14.35y &2.46x10-3%
235 236
U +n—>3 U . o
B 432y 6.75d
236 237 237
HU +nN—>0U > GNP 10~ 5 100%
6. 75d -
Np

2.1x10°%y




23’'Np Spectrum

PeakEasy Ver. 4.74 Np-237 Detective EX-100 (HPGe).SPE + Np-237 GR135 (Nal).SPE
Livetime: 9441.4 sec Deadtime: 19.05 % Neutrons: NA
10’1 2%’Np(d)(312)  The intense gamma rays in the 300 — 400-keV
region are from 233Pa. There are some (weaker)
1084 . . 537 .
lines directly from %3/Np at lower energies.
10° 1
]\ 40K
4
% 104 (BG)
8 \ 237Np U
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100-I
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Energy from Thorium

o 232Th js not fissile but it is fertile and ~3x more abundant than U
* Obtain ThO, from monazite (6 — 12 % Th typically)
e Put it around a reactor to make 233U, which is fissile

B~

** 2?5(2)Th + n—)233Th—)233 Pa—)233U
27d

Thorium Reserves: Top 10 Nations 2014

m India
m Brazil
m Australia
m USA
- . . . &
Indlg 5 thorium is mostly fn.und ina m Egypt
contiguous belt formed by its eastern
coastal states. u Turkey
2012 reserve estimates: [
_ m Venezuela
. 35% (Andhra Pradesh, excluding
Telangana) m Canada
[l 15-20% (Tamil Nadu, Odisha) ® Russia

. 10-15% (Kerala, West Bengal)

[l 0-5% (Einan) (These numbers vary depending on the source)



Question Time!

* Atypical fresh MOX spectrum:
— A) looks like 50/50 for gammas from U/Pu
— B) is complicated by fission product peaks
— C) can’t be measured due to high dead time
— D) looks mostly like plutonium



Liquid Fluoride Thorium Reactor

!

Fertile Th-232
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India’s Approach to Using Thorium

Thorium in the centre stage

© )\ 320 GWe-Year |Th

Nat. U J= | gmﬂ =Electricity | 42000 Th

GWe-Year

EL 155000
GWe-Year

|| Expanding power programme Thorium utilisation for
/ Building U2 inventory Sustalnable power programme

(Stage Stage 3

Three Stage Indian Nuclear Programme

http://www.barc.gov.in/rcaindia/rca_indian_expertise_energy_1.html#India%27s



But you also get 232U

-
22Th+ n—>233Th—>233Pa—>233U +Nn—%7U +2n

27d
232 233 233 232 P e
ool N+N—7] Th—>  Pa+n->Pa+2n—>,U
1.3d °
232 231 P e 232 P 232
ool N+ N> Th+2n— Pa+n—>Pa—,U
1.0d ° 1.3d °

Approximate Rules of Thumb for U233/U232 Dose Rate
1 3
10 10

Owen, F.E., “Beta and Gamma Dose From U-232 in U-233”, 1964



2331 Spectrum

PeakEasy Ver. 4.74 U-233 Detective EX-100 (HPGe).SPE + U-233 GR135 (Nal).SPE
Livetime: 8954.1 sec Deadtime: 12.33 % Neutrons: NA
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o1 The 232U concentration in this item is ~5 ppm*

10°4 * age assumed to be 40 years
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232\ Progeny

Max dose from 232U is after about 10 years.
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233U/ 232U Spectra over Time
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Modeled high-resolution gamma spectra for a 1-kg metal sphere of U-233 with U-232 at 100 ppm,
for an Ortec Detective-EX detector at 100 cm for 1000 seconds.*

* Wimer, N. Et al., “Field Detection and Identification of U-233: Technical Challenges and Opportunities”, Lawrence Livermore National Laboratory Document LLNL-TR-661514
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