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Issues in Accelerator-Driven Systems

Hywel Owen

Cockcroft Institute/University of Manchester
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Grammes of

Energy source carbon
per KWh of

electricity

Nuclear 4
Wind 8
Hydro electric 8
Energy crops 17
Geothermal 79
Solar 133
Gas 430
Diesel 772
Qil 828
source: Coal 955

Government Energy Support Unit
(confirmed by OECD)
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s 1. Power
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500x less land area than windmills
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Led Szilard, Ernest Rutherford and the Chain Reaction
* InaTimes article on March 6th 1933, e Led Szilard was apparently
Ernest Rutherford asserted: annoyed by this, and conceived of
— ‘The energy produced by the the nuclear chain reaction while
atom is a very poor kind of thing. waiting for traffic lights to
Anyone who expects a source of

_ changed in Bloomsbury, London,
power from the transformation :
in 1933!

of these atoms is talking
moonshine’
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A Little History...

1932 — Chadwick discovers neutron

1932 — Lawrence invents cyclotron (or was it Szilard?)

1933 — Rutherford article/Szilard conceives chain reaction

1933 - Curie and Joliot produce first artificial radioactivity

1937 — Segre discovers first artificially-created element - Technetium
1941 — Glenn Seaborg makes 239Pu using d on 238U (ugm)

1942 — Chicago Pile 1 (criticality)

1945 — Trinity Test, Oppenheimer et al.

1949 — Goeckermann and Perlman carry out high energy spallation (high
multiplicity)

1950 — Lawrence ‘Material Testing Accelerator’ project approved
1951 — EBR-1 (Idaho) — first electricity

1952 — W B Lewis proposes accelerator breeding of 233U

1956 — Calder Hall — first nuclear power plant (PIPPA)

1957 — Shippingport — first commercial plant & LWR & Th breeding
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J neutron
fission
product
/ neutron

-J

@ fission
product

) neutron

J—>

neutron

target
nucleus

N T

Fission n 5
Prompt gamma 7
Decay beta 8
Decay gamma 7
Neutrinos 12
Capture gamma 5

Total available 200

235U
239Pu
233U

2.44 2.50
2.87 3.02
2.48 2.55



Yy
er

The Universit
of Manchest

MANCHESTER
1824

W |[ &=, | Fissile Fuel
Moderator
Coolant

Feioy s | Gontrol

As fissile atoms consumed, fission products and actinides
are produced. Other materials (burnable poisons) may also
be consumed.
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Comparison of Moderators and Coolants

* LWR * AGR
— Abundant — No phase changes
— Liquid at RTP — Very high temperatures possible
— Transparent — Future limit in He supply?

— High Pressure required at working T
(370K)

— Requires Enriched Fuel
— Low melting temperature

— Atmospheric pressure (pool-type)

* HWR — Reasonable experience
— v. Low absorption — can use natU — Flammable with water/air
— Transparent

— Abundant, but v. expensive

— High pressure required
— Transparent to neutrons: fast spectrum

— Atmospheric pressure (pool-type)

— PbBi gives lower temp, but 210Po
production
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FROM FAST FISSION RFSONANCEC PCAKS
1040 \ 900 T
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FAST \ RESONANCF \
'.' FISSION \ / CSCAPLC \
\ ‘ |
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/" 1000 NEUTRONS
No @ AT SLART OF
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N /

125 THERMAL NEUTRONS
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Figure 1 Neutron Life Cycle with k.= 1
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=2 Breeding New Fuel
o U
=2 B 1 (C+L
5(-2% T 77f o o ( _I_ ) a5
v
=Sl isotope | Thermal | Fast [N
235U 2.08 2.09
239Pu 2.12 2.53 35
233U 2.28 2.35
3.0
has to be bigger than ~2.2 AN
Y
B )
S - - @.\\ //\ |l
%Y This little difference is N i\
| really important! ;. |
\ |
1.0 i,’ |',-
18
0.5
0
102 10" 10° 10! 10? 10° 104 108 108 10’

Neutron energy (eV)
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Reactor Control

1 —keyy
& Kefs
1

No — (1+p)"No

n(t) = ng exp(p—t)
W(t) = Woexp(2)

g
0.0203

0.0026

0.00640

(.0148
0.002
0.0054
0.0013
0.0024
0.0004

Thermal reactor: 104 s
Fast reactor: 107 s

Ta4(sec.)

0.141
0.032
0.056
0.079
0.020
0.054
0.013
0.024
0.004

Delayed neutrons fix everything!

N/A
0.612
0.605
0.608
0.613
0.607
0.609
0.606
0.609
0.603

dq>o
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T T
L

—\1'[A - E E
NG i N
/N E 10 g E
v K — -
v ] — .
B, - 7
107 — —]
.\ Y y WV — —
A Z A, 7Z+1 A-1, Z+1 B ]
. L |
Precursor Emitter Endnucleon 1005 % 700 2 %0 160 780

Mass Number A

Delay neutron production

6 sec

N

1.3 sec

) 6
- = 7.5 min 5 93y 10 hr o 93, 1.5 x 10° yr -

~ 93 - 93 Ak A
37Rb 3ssr 8 @ 87 407 Tee 41
- J» 13 yr

» ibe (stable)

1.7 sec » 141 25 sec - ldlg, 18 min

54 8 55 8 56 8

» 141, 380 gl 32.5d a1 (stable)
57 58 59

8" B

But also need either control rod movement, or negative coefficients of reactivity
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= PWR Fissile, MA and FP Inventories
Inventories at loading and discharge of a I GWe PWR [19] e 4.5% of world energy is nuclear
Nuclides Initial load (kg) Discharge inventory (kg) — 350 Gwe
23575 954 0 2800 — ~440 reactors
26U 111.0 — Most PWR or BWR
23y 26328.0 25655.0
U total 27282.0 26047.0 * Yearly rates:
29py 56.0 . S fuel:
Pu total 266.0 pent fuel: 8,000 t
Minor actinides 20.0
NSy 13.0
H7Cs 30.0 * Each 1 GWe reactor:
Long-lived PF 63.0
PF total 946.0 - S0,000t U ore (Cf 2M tOE)
Total mass 27282.0 27279.0 — 200t natU

* Yucca Mountain capacity: 70,000 t

Long-lived fission fragments with their half-lives and production rates

Nuclide Se N7y PTc 107pq 126G 1291 135Cs
T\, years 70 000 1.5 x 10° 2.1 x 10° 6.5 x 10° 10° 1.57 x 107 2 x 10°
Production kg/yr 0.11 15.5 17.7 4.4 0.44 3.9 7.7
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n.2n n.y ny ny ny n.y ny
Z-WCm j— Z-HCm 242Cm > 243Cm —> Z-MCm — 245Cm > 246Cm —— 247Cm —> 248Cm
27 33 | npon| 163 29 |[nanf g 9x 10° 5x 10 2x 108 3x 107
days days |<—| days vears |€ years years vears years years
Ka o o a o o «
€ p"
240 HAm Y, \52 LN 143
Am 432 ) vears 7% lo} - Am
51h |n2n | * ; 3 T 2h
«—| years 16h N\ vears 10h N
o o
£ B € B € B
Bopy [ny | BPu |n2n| P¥py ny » PPu n,‘r' 240p, n,'f: uip, |07 »| **3Pu ny »| 203p, n,y > 244pu7 ﬂ,Y: 245p,,
3 7l 46 € 88 n2nl| 2x10% 7x 10° 15 4x10° Sh Ex 10 10h
years davs vears [ years vears vears years vears
o « « « «
B : B B
N1t |y > mNP “~7} BN 29N
)'cﬂl< nz2n | 2x10* 2 2
23 h < vears days days
o
€ p" B Decay and Transmutation
Chains that Produce Heavy Actinide Nuclei
2y (2T 35y fay [ ®u |y | 20 2y fay | 2y
3x10° | n2n | 7x 10° > 2x 107 > 7 n2n | Sx10? > :
L= b 24 min
years |« vears vears days |« vears
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The Motivation for Transmutation

109 llllll 1 llllllll 1 llllllll I llllllll I llllllll I llllllll

Total
-------- Actinides

103 " .

= Fission products =

C N T e Ref. 7.83 t U in equilibrium .

- —— With P&T 7

T 107 E =

= = 3

= - :

D - -
o

2 10°% 130000 a -

= =

L ]
=

B i

5 10° E

3 :

o -

= i

S 104 = E|

B E E

E’ [~ 1500 a (Partial Pu 99.5% Am + Cm 920%)

3 —

10 E 500 a (Full Pu 99.5% Am + Cm gg%)\ \ 3

[ 1000 a (Full Pu 29.5% Am + Cm 95%) i

102 llllll L L lllllll 1 1 lllllll 1 L lllllll 1 L lllllll 1 1 lllllll

10° 10° 10° 104 10° 10°
Time (a)
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‘Energy Amplifier’ (Rubbia)

Intermediate

Accelerator Complex

Fuel Discharge

Energy
Amplifier

.~
> o

-

i (27.61)

({30MW )

Fuel Loading
-

"

Reprocessing Actinides

(24.7 1)

H (Partition)

Spent fuel

Fission Fragments

Reprocessing Complex
(every 5 years)

291

Pump

Heat exchanger

Fuel fabrication

Waste Packaging
(Vitrification)

Power Generatior

(675 MW)
@) Pump
Fresh
Thorium
2.91) Supply
To Secular
Repository

Rubbia et al., CERN/AT/93-47 (ET), CERN/AT/95-44 (ET)

Phys Rev C73, 054610 (2006)

also MSR option: C.D.Bowman, NIM A320, 336 (1992)
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10MW Accelerator

Extracted proton beam

Subcritical
ADSR core

Spallation target ‘

suolinau uoije|jeds

1550MW
Thermal Power

600 MW
Electrical Power

fed to the Grid

High energy,
high current
protonaccelerator

fraction of power,
f(~5%), fed back
to accelerator

20 MW
electrical

energy extraction
with efficiency n (~40%)

Reactor part costs about ~2-3 billion to construct
Fuel is ‘sort-of’ free
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MYRRHA - Accelerator Driven System

Accelerator

Reactor
e Subcritical and Critical modes

(600 MeV - 4 mA proton)

> R RRD R RAD LA RAD RAL LA LA A

SC Linac
57 MWth reactor

Pb-Bi eutectic target/coolant
Fuel (MOX) loading from underneath
Examine transmutation of waste

Useful proton source in its own right
Replaces BR2 isotope reactor

Abderrahim et al., Nuclear Physics News, Vol. 20, No. 1, 2010

- 65 to 100 MW,

coolant

http://myrrha.sckcen.be/ |
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MYRRHA Core Layout

keff'N"O'95 @@ @@ 1520

183 hexagonal macro-cells HEHLENL

Target-block hole : D2 S @ 0y W ) e S
3 FA removed DAOADR DR OrE
72 positions for fuel
assemblies SR R S ()
(8 IPS positions included) ‘ 2
» =30 % MOX fuel

llati
27 positions for fuel assies or Tgfg:tlon
dummy assies (filled with LBE)
(yellow) Fuel
84 additional cells for core Assemblies

reconfiguration
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Neutron multiplication in a sub-critical system

* Inan accelerator driven, sub-critical system the "primary" (or "source") neutrons
produced via spallation initiate a cascade process. The « source » neutrons are
multiplied by fissions and (n,xn) reactions through the multiplication factor M :

n+l
-1 11— 00 1
M=1+k+k’>+k>+..+k" =k
k-1 1-%

* If we assume that all generations in the cascade are equivalent, we can define an
average criticality factor k (ratio between the neutron population in two subsequent
generations), such that :

for k <1

M -1 1
k=——=1-—<1
M

* Thisk # k. k.. is the value of k calculated from the net multiplication factor M in
the presence of an external source.

M -1

o

src
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Proton beam requirements for EA/ADSR

The (thermal) power output of an ADSR is given by

_NxE, kg

P .
"y M-k,

with N = number of spallation neutrons/sec
E: = energy released/fission (~200MeV)
v = mean number of neutrons released per fission (~2.4)
k.= criticality factor (<1 for ADSR)

So, for a thermal power of 1550MW we require

N=9.6x10" x Kot neutrons.s™
eff
Given that a 1 GeV proton produces, say, 24 neutrons (in a lead target) this
corresponds to a proton current of

I 9.6x10"

-k, :
x1.6x107™" x —L Amps = 640 x I mA
k,y y
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Proton beam current

100

50

30
20

10

MANCHESTER
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Proton Beam Requirements

\

P, =1.55GW

090 092 094 096 098 1.00

Effective Criticality, k

k.=0.95, i=33.7mA
k.=0.98, i=13.1mA
k.=0.99, i=6.5mA

To meet a
constraint of a
10MW proton
accelerator we
need k_~=0.985
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Maximum distance from Prompt Criticality

0.000

Allowed Operational Safety Margin

PWR

Ac Burner
JAERI
EA
0.98
EA
0.96

k=0.985

k

-0.005 -

[

-0.015

-0.020

-0.030

-0.035

-0.040

-0.045

-0.050
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Chain Reaction '

Critical

Subcritical vs Critical

Nuclear Cascade '
High Energy

Proton
(1 GeV)

Energy

Losses n/ Capture
n n

(200 MeV/fission Fission
~ 2.5 nf/fission)

Fission

Effective neutron multiplication factor

_ Production
Absorption + Losses
Self-sustained process:
k=1
(if k < 1 the Reactor stops
if k > 1 the Reactor is supercritical)

= The time derivative of the power
kept equal to zero by control

n Reactor

Amplifier

(200 MeV/fission
~ 2.5 nffission)
Fission / \
Capture
Fission

Losses

Externally driven process:
k<1 (k=0.98)
Eiot = G x Ep

A A
Energy Produced Beam Energy

= Constant Energy Gain

dq>o

©® EAs operate in a non self-sustained chain
reaction mode
= minimises criticality
and power excursions

® EAs are operated in a sub-critical mode
=> stays sub-critical whether
accelerator is on or off
= extra level of safety against
criticality accidents

® The accelerator provides a control
mechanism for sub-critical systems
= more convenient than
control rods in critical reactor
= safety concerns, neutron
economy

® EAs provide a decoupling of the neutron
source (spallation source) from the fissile
fuel (fission neutrons)

® EAs accept fuels that would not be
acceptable in critical reactors

= Minor Actinides

= High Pu content

= LLFF...
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100 +2.5 § criticality insertion Insertion time 15 mS 100
There is a spectacular difference between ? :
a critical reactor and an EA (reactivity in | I
= p/B; p = (k=1)/k) : : Critical

$ b B b ( ) ) i Reactor Mode B
Figure extracted from C. Rubbia et al., CERN/AT/ g i i
95-53 9 (ET) showing the effect of a rapid a
reactivity insertion in the Energy Amplifier for g
two values of subcriticality (0.98 and 0.96), § 10 10
compared with a Fast Breeder Critical Reactor. ?;, i i
2.5 S (Ak/k ~ 6.5x1073) of reactivity change xa l !
corresponds to the sudden extraction of all é_.? .
control rods from the reactor. : -

| Energy I

Amplifier Mode Keff=0.98
S —————— Keff=0.96| ,
0 4 8 12 16 20

Time (ms)
Figure 1.3
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The Thorium Fuel Cycle

Advantages
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Thorium supplies
plentiful

/’ \

T 233U

days
/ \ 27

Robust fuel and waste

Generates no Pu and 22 mins

fewer higher actinides

233U has superior fissile
properties

Proliferation resistant

dq>o

Disadvantages

No fission until 233U is
produced

233U is weapon grade
unless denatured

Parasitic 232U production
results in high gamma
activity

Thorex processing of
waste needs substantial
development

It is generally considered that the neutrons necessary to produce 233U
from 232Th must be introduced by seeding the Th fuel with 23°U or Pu
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I Benefits of the Thorium ADS Reactor

“No plutonium is bred in the reactor”
COSMOS magazine , “New age nuclear” Issue 8, April 2006

“(Th, Pu)O, fuel is more attractive, as compared to (U, Pu)O,, since

plutonium is not bred in the former”
IAEA-TECDOC-1450 “Thorium fuel cycle- Potential benefits and challenges”, 2005.

“The advantages of the thorium fuel cycle are that it does not produce

plutonium”
Thorenco LLC website

“Examination of claimed advantages, (a) Producing no plutonium, This is

true of the pure thorium cycle”

IAEA-TECDOC-1319 ,”Potential advantages and drawbacks of the Thorium fuel cycle in
relation to current practice: a BNFL view” 2002.

“The fuel cycle can also be proliferation resistant, stopping a reactor from

producing nuclear weapons-usable plutonium”
Power Technology website
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=+ Fission/Breeding Cycles
= Q
25 g
g 144
32 O—» Neutron e ?é.. .
(P O\ Electron P 4 0\‘
Sq_ 144La @ ‘e
— » Anti-neutrino @/ o\

Gamma 1“% P 4 0\"

1445, -~ T (some loss)
O/'
235 236 @O/' 235 236, @O/'

o—»+@—>@—>

°$r \

O =——p O>+

O\

Chain

Reaction =

c& 238U

[ 2381J + 1 Neutron )

(2.3 Days)
Beta Decay

/ﬁ

239py + 1 Neutron
65% Fission
35% Capture

dq>o

[ 32T} 4+ 1 Neutron j

(27.4 Days)
Beta Decay

/ﬁ

2330 + 1 Neutron
90% Fission
10% Capture

[ 240py 4+ 1 Neutron )l
$

241py 4 1 Neutron
75% Fission
25% Capture

¢

( 242y + 1 Neutron )

243 Am
Chemically Separable

[ 2340 + 1 Neutron ).
b

235 4 1 Neutron
80% Fission
20% Capture

¢

( 2381 + 1 Neutron j

237Np
Chemically Separable
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Breeding and Reactor Types

s Neutron Yield per Neutron Absorbed Ad va ntag €es

233U has superior fissile
properties

Robust fuel and waste form

Generates no Pu and fewer
higher actinides

Proliferation resistant

Disadvantages

0.1 leV 10 100 1keV 10 100 IMeV
Incident neutron energy Requires introduction of fissile
08 seed (235U or Pu)
04 233y is weapon grade unless
denatured
0,2
] m Parasitic 232U production results

’ U+ al | Th-U-Thermal | U-Pu-Fast | Th-U-Fast In hlgh gamma aCtIVIty

0,2

Thorex processing of waste
ik needs substantial development

-0,6
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w+ Transmutation
E )

< vias:

2 1.1%)

& produced by neutron capture;

“dominated by plutonium:

=> destroy them through fission

* Fission Fragments:
(4%)
the results of fissions
=> transform them
into stable elements
through neutron
capture

237 U

6.75d

240 U

14.

1h

237Np

neuvon
Yy

Y Y 0

Gamma Radiation

240Np
61.9 mn
(7.2 mn)
1100 200
240|:,u 241|:,u 242Pu 243Pu -
290 380 18.5 90
14.3 yr 4.96 h
\ 3 i
241 Am 242 Am 243 Aml——
580 74
(AR S S A A A O e O p-

0.3s

1.78 s 14.33 s

- Fission Fragments
8 g

Y p~ v p- v B

\

1.92s 32.32s 2.63 mn

14.2 mn

28.78y 64.1 h

13.57 d

Stable

Stable
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VVariations in Fission Cross-sections

3.00 +

2.50

2.00

1.50

1.00

0.50 -

Microscopic Fission Cross Section (b)

0.00 &— =%
1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0e+05 1.0eE+06 1.0E+07 1.0E+08

Neutron Energy (eV)
e (Cm244 ——Am241 Pu240 oo Pu242
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=2 Justification for ADS (from E. Gonzalez)

oV

. Efficient . => Nuclear (Fast) Reactor

:‘ transmutation — Flexible ADS
. . = Subcritical

The most efficient transmutation would be a reactor of significant power (nx100 or 1000 MW), of
fast neutron spectrum, with a fuel with very low Uranium content and high concentration of Pu
and MA.

A reactor with these characteristics shows an important lack of intrinsic safety:
Low delay neutron fraction
Small Doppler effect
Bad void coefficient

In addition the reactor needs a large operation flexibility, to be able to handle:
Very high burn-up levels in each irradiation cycle
Large reactivity evolution within one irradiation cycle

Very difficult for critical reactors and strong limitation on their transuranium elements load.
Two types of solutions:

A large number of fast reactors with small regions dedicated to transmutation (countries
with large park of nuclear power plants)

A small number of subcritical accelerator driven systems, ADS, dedicated to transmutation.
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ADS For Transmutation
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“For Christ's sake, Soddy, don't call it transmutation. They'll have
our heads off as alchemists."

Ernest Rutherford, to his colleague Frederick Soddy on the
discovery of transmutation of thorium, 1901.

<{ Transmutation systems >

Accelerator Spallation
Protons f neutron target
G e ’ ..:~.:.:-;u,-:,:x.zw @ .
High—-level radio— o0
active wastes Fast neutrons Lo ¢
TR T ' e oh
T s’ ST
., ’rw;’g?}“
& i /: K‘;-\;‘x s ;’&5_‘.0"_
l“:?é:}\"}}, \‘\ ) ey
e <4 = =
Without transmutation : Stable nuclides.
. Long-lived nuclides Nuclear fission short-lived nuclides

gf"“i"'{'ﬁ"t Radiotoxicity ~—— SR
wmr:sa:d'; When tansmutation is reduced to
of years applied 1/200
Geological Geological
disposal disposal
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The Lead-Cooled ADS

air
outlet

Subcritical system driven by a proton
accelerator:

@« Fast neutrons (to fission all e
transuranic elements)

@ Fuel cycle based on thorium :
(minimisation of nuclearwaste) 1 1 _ : s
@ Lead as target to produce

neutrons through spallation, as

neutron moderator and as heat
carrier

« Deterministic safety with

passive safety elements (protection
against core melt down and beam Hotai riser
window failure)

Seismic isolator

Heat exchanger EBDV

Main vessel

Contaiment vessel

Cold air downcomer
Thermal insulating wall

Main silo Plenum region

A | 4
Core| * | Core

Fuel region

L\
R Spallation region
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Resonant Neutron Capture
Medium lived elements
_1,2703 x=301y) + n = ;EBCS L ki % ;isBa (stable)
Biosw=206y) + n = Best=26x10"y)
OSrw=291y) + n = Doy LSl By LEEtlde, fony s
“Yw=641H) + n = Sy EERID, 9 7 (stabie)

Long lived elements

Pesw=26x10"y) + n = [2%Cs V0% 5B (stable)

R lk=66x10"y) + n = 20y BO2EN, 10 stable)

126 127 = 127 i 127 x 127
seSnfr=1.0x% 105y) + N = 58N b {iEdm,, 51 Sb b EXD > 52T b G5 531 (Si
o9 o] = : 00,

slcft=2.1x 105 V) + n = ;30Tc RS ;4 Ru (stable)

a3 o4

wZt@=15x10Cy) + n = a2r (stable)

HSe(c=65x10"y) + n = ,Se (stable)
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The Fission Reaction Dies Out When The Accelerator Stops ?

“ An ADS drives nuclear reactions that will stop if the proton beam from

the accelerator stops”
Nuclearinfo.net

“If the particle beam is switched off, it is impossible for the fuel to enter a
chain reaction and cause a meltdown. Instead, the rate of fission will
immediately begin to slow and the fuel will eventually cool down and die

out””
COSMOS magazine

Courtesy of David Coates, Cambridge
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ADS operating modes to compensate for
1100 reactivity variations:
P 1) Use rods to continually flatten the
1.080 7 N reactivity variations and maintain fixed
/ keff

1.060 . .
= 2) Use fixed rods to set maximum k4 and
> use the accelerator to compensate for
E 1.040 reactivity movements
© 1020 Note: The bare reactor is critical and

requires rods to achieve sub-critical

: - operation
1.000 1 15% Pu Enriched Thorium Fuel

Fast Spectrum
Bare Reactor

I I |
0 50 100 150

0.980

Burn-up GWdt-1




Yy
er

MANCHESTER
1824

Critical and ADS Shut-down
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Critical — Control Rod Insertion

1)Has an inherent reduction in the reactivity of the system as a direct

consequence of the action
2)Intrusive — requires a clear path

ADS- Accelerator Trip

4>

1) No associated inherent reduction in the reactivity of the system

2) Non intrusive

3) The system must be sub-critical for this to work

The ADS trip requires the reactor to be sub-critical
and remain sub-critical to be effective

Courtesy of David Coates, Cambridge
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Power MWe

10000

1000

100

10 -

0.1 1

0.01 -

0.001

The analyses are discontinued
at the point at which the reactor

Time days

Point in time at
which the e
" | accelerator is reaches criticality

switched off

D.999

keff 0.997

/ keff 0.990 keff 0.9898

/7
//./‘7’4 0555
|
15 35 55 75 95 115 135
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MYRRHA: EXPERIMENTAL ACCELERATOR DRIVEN SYSTEM
A pan-European, innovative

S
2'C
N'n
TS
20

and unique facility

-
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MYRRHA: Integration into building
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MYRRHA Proton Driver

g SC spoke
cavities:
SC elliptical cavities: Beam dum
7 YCHBR 380 Mz, 700 MHz, 3 sections P
CCHDrz';d/O' 1 section (?) | ,
?) 1 Ge
D.“_a(\‘“%‘ 600 Me
“‘;E ot B =0.35 B =0.47 B =0.65 5 =0.85
% RF .)
~100 MeV ~ 200 MeV ~ 500 MeV
~ 20 MeV (?)
Spallation target
& sub-critical
. Independently-phased ore
Linac Front End Superconducting Section

i =

-
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Proton Driver Alternatives
* Cyclotron * Synchrotron
— Energy limited in classical — Can’t yet achieve currents
cyclotron (RCS?)
— Power perhaps achievable, — More complicated (ramping
but difficult magnets), therefore reliability
— Reliability not good enough probably low
* Linac * FFAG
— Can meet power — Can deliver currents in
requirements (e.g. 2x ESS) principle
— May be reliable enough (loss — Still quite large
of module okay) — Simpler than synchrotron
— But too expensive for — First proton FFAGs only built
commercial use recently at KEK

(JAEA and MYRRHA demonstrators propose linac)
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High-Power Cyclotron Options

Accelerated Species

Advantages Disadvantages

H- Stripping extraction Gas stripping

Favoured option: H2+

Calabretta et al., INFN-Catania
arxiv:1107.0652

Rext 4.9m

<B>ext 1.88T

Bmax <63T

\Y 0.5-1 MV/turn

dE 3.6 MeV/turn

‘ y Superconducting Ring Cyclotron

‘" \.\f' % A

Beam merger .
2 30 me-_wl,
T -
Injector
~7 Cvclotrons
4> H‘?* .
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MEGAPIE (SINQ Facility, PSI)

ﬁTarget Head
% Radiation Shield _
_ / Maratny Vapor Ran successfully for 4 months in 2006
Liquid-Metal Level /_ Getter
Detetctor

J

— Liquid Metal Level

- 700 kW, CW, liquid Pb-Bi
Liquid Metal

— Expansion Tank First Pb-Bi spallation target

< Upper Target
| [~ Enclosure

Target Heat
L — Exchanger

Upper Oil Leak

Detetctor \ |

EM Flowmeter | __|

Main Electro-
Magnetic Pump =

| Upper Liquid-

Metal Container
EM Flowmeter || ——

Bypass Electro- —
Magnetic Pump | — Central Rod Megapie XT-ADS
s =z target
Lower Oil Leak Bypass
Detetctor cuide Tue | Coolant / target liquid Pb-Bi | liquid Pb-Bi
Heavy Water . 3 Beam energy 595 MeV 600 MeV
Pipes Lower quunq-
2 Fill & Drain Pipes Metal Container | Beam current 1.4 mA max 3 mA
Main Flow Lifetime 4 months 9 months
Guide Tube
Lower Target |Accumulated charge 2.8Ah 20Ah
Encl .
(Snafgfyulr-iill) Target diameter @20 cm @10 cm
Liquid-Metal 2 2 2
e, |Accumulated charge / m 90 Ah/m 2500 Ah/m
Beam interface window windowless
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ADTR

1t demonstration of ADSR
* Reactor kinetic studies (load-following)
e Source-jerk k4 measurement (ADTR concept)

*  Fuelirradiation measurements

R1/(R0O+RB)
8 8 2 2 8 &8 8
c © o ¢ o © <o
0 g 1,000
1 \ _.\-; Q~ aZ 5 [
1 4 2/ o M L
) vt o
2 ; 0,995
4 f “\'_.*
34 K2 |
4+ 0,990
S \l ,"1 : o
I | =
6 T % » 0.985§
241171 - 22
/ I‘ l| | N
8 |] ]‘ 0,980
_“ | | L
9 ] ‘ { L
1071 ‘3 x 0,975
4l | [
12 T T T T 0,970
o vy o vy o v o
(=] o —_— — [ ] ol on
S S 5 2 & & <

R1/(R0+RB)

Neutron Counting Rate (a.u.)

260
Initial Neutron Flux
250 ]
i 2
240 =
1 =5
1 4
230
220
S Y 1
210 /
o 4T=200
4 AN \\\ e
AN
) N AT g,
190 = —
] AT
\T\\-qi'f_
B \‘— —d
180T T T T[T T T T[T T T T T T T [TTTT[TTT
-10 0 10 20 30 40 50

Time in Seconds after Current Reduction

= AkerSqutions’

Thermal Power (Py,) 1500 MW
Electric Power (P,) 600 MW
Fuel ThO: /PUOz

84.5%/15.5% (first cycle)

Total fuel mass

59 tonne

Target fuel dwell time

8 — 10 years

Neutron multiplication
coefficient (k)

0.995

Power density p

55 W/g oxide

Energetic Gain G

402 to 532

Coolant natural lead
Spallation target natural lead
Coolant temperature at 400°C
core inlet

Coolant temperature at 540°C
core outlet

Four off single loop lead to water/steam heat
exchangers rated at 375 MW per unit

Water temperature (feed to 340°C
system steam generators)

Steam temperature 450°C
Steam pressure 183 bara

Coolant pumps

4 off axial flow

Sub-critical configuration,

accelerator driven
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Operation Teapot
— 233U test
— So you can make a bomb from it

IAEA enrichment limit is somewhere
around 12%

— Depends on the amount of 235U

Can be protected by denaturing with
238U

— (requires enrichment, i.e. won’t
be done)
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Proliferation and Cost

B~ 231 n,Y. 232
—_———s —Lls
2552 h Pa Pa

8-

1.31 days

DIFFERENCE VS. URANIUM
FRONT END

(a). Thorium is perhaps 3 times more abundant but much
less is mined. Best resources are monazite sands in

India and Brazil.

(b). Because uranium is really mined for its U-235, a once
~through cycle needs only about 1/10™" as much Thorium.

(c). U-free Th preferred because of absence of Th-230.

(d). Tailings less of a problem because Rn-220 has a
much shorter half-life than Rn-222.

(a). Must provide as U-235 or Plutonium (could be from
dismantling weapons).

(b). Recycled U-233 contains U-232, U-234.

(a). Typically as ThO, using processes similar to UO; and PuO,
(which are incorporated to provide fissile enrichment).

BACK END

(a). Pa-233 decay (T 1/2 ~ 27 days) creates more U-233 over
first several months.
(b). Similar fission product decay heat and gamma emission.

(a). ThO; is stable in oxidizing environment ( unlike UO,
which forms U;Og).

(b). Factor ~ 10 lower concentration of radiotoxic higher actinides.

(a). Solvent extraction (THOREX) similar to PUREX but same
equipment has about half the processing rate, hence ~ 30%
more expensive.

(a). Need to shield against hard gammas from U-232 decay

chain (Bi-212, TI-208), hence more expensive even than recycled
U or Pu.

(b). Preferable to delay recycle of Th for ~ 15 years to decay Th-
228: one year suffices for Th-234.

(a). Must denature to < 12% U-233 in U-238.
(b). U-232 chain gammas complicate handling.

232 U

o T2y
low en.

Y

o, 606m
3370/

l\)

B 3|m
¥, 2.6 MeV

=
1
{7
1]

Q__

-
e
[ 3% ]
g
o0

Bi-212

1.4 10y noy

6.7y, noy

6 h, 1.0.96 MeV

1.91y, low energy v

3.64d, v 024 MeV

56, v.0.54 MeV

0158, noy

10.6h, y0.3 MeV

B 6m,y L6 MeV
66.3%)

Po-212*
o 0.3 ps
¥, 2.6 MeV*

N/

Pb-208

*Relative to excited states
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