Power Production and ADS

Rajendran Raja

Fermilab

Discuss basic ideas

Compare ADS systems with Pressurized
water reactors in power production
efficiency

Compare Rubbia parameters with OECD
report assumptions

October 19, 2009 Rajendran Raja, AHIPA09, WG4 talk



Wedges- R.Socolow, Princeton 4

7’
A 7’
7’
- 7’
14 -} Billion of Tons of /

Carbon Emitted per O
(s

Year

Historical

emissions
Flat path

0

L
|

1955 2005 2055 2105
1 Wedge needs 700 GW (2 current capacity) from nuclear energy O

bB/ 20583. _ .
October 19, 2009 Rajendran Raja, AHIPAQ9, WG4 talk

2 Trnjfat i



Nuclear Reactors by Country

Nuclear Reactors by Country

Country Number of Power Constructing Planned Proposed
reactors MW or ordered

World 442 370721 28 62 160

EU 147 130267 2 7

USA 104 99209 1 13

France 59 63363 1 1

Japan 55 47593 1 1

Russia 31 21743 4 1 8

UK 23 11852

S.Korea 20 16810 8

Canada 18 12599 2

Germany 17 20339

India 16 3557 7 4 20

Ukraine 15 13107 2

Sweden 10 8910

China 10 7572 5 5 19

Spain 8 7446
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Periodic Table of the Elements
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Reactors 101 --Fissile and Fertile Nucler

In the actinides, nuclei
with odd Atomic Weight
(U235, 233, Py239) are
fissile nuclei. They absorb
slow thermal neutrons and
undergo fission with the
release of more neutrons
and energy.

Those with even Atomic
Weight (Th232, U238 etc)
are Fertile nuclei. They
can absorb "Fast neutrons'
and will produce fissile
nuclei. This is the basis of
“fast breeders” and also
the “"energy amplifier”, the
subject of this talk.

!
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Fission and breeding cross sections.
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Drawbacks of Fission reactors

Enrichment needed for both PWR and FBR.

» Proliferation worries

Waste storage is a worry for PWR's and PHWR's.

» Fission products are highly toxic, but are shortlived (Max ~30yrs
halflife). However, higher actinide waste products take ~10° years
storage to get rid of.

All reactors operate at criticality. So are potentially unsafe.

Economics of pre-processing fuel and post-processing the waste
must be taken into account in costing the reactor kiloWatt hour.

Uranium 235 is not that plentiful.

Fast reactors need enriched Pu23? or U23°>and do not compete
economically (currently) with conventional fission reactors. French
reactor Superphenix (1.2 GWe Commissioned 1984) was shut down
in 1997 due to political and other problems.

Fast Breeders have not caught on. At present BN-600 (Russia),
Monju (Japan) FBTR (India) comprise most of the list.
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Criticality factor k

Let number of neutron at the first step of
spallation =N; After these interact in the fuel
once, they produce kN; neutrons. After the
second level of interactions, this will produce
N,;k? neutrons and so on. So in total there will be

N,
1-k

N tot
heutrons.

=N,(L+k+k*+k>..)=

k has to be less than 1 or we have a runaway
situation.
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Uranium supply and demand

» Currently, Uranium supplies are expected to last
50- 100 years due to the projected use by existing
and future planned conventional nuclear reactors.

+ DoE Energy Information Administration Report
#:DOE/EIA-0484(2008) states that

"Uranium Supplies Are Sufficient To Power Reactors
Worldwide Through 2030 “

It further states

“Also, the uranium supply can be extended further
by worldwide recycling of spent fuel and the use
of breeder reactors. “

We MUST breed if we want to use nuclear energy

long term.
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Accelerator Driven Energy Amplifier

Idea due to C.Rubbia et al (An Energy Amplifier for cleaner and
inexhaustible Nuclear ene/;qy production driven by a particle beam
accelerator, F.Carminati ef al, CERN/AT/93-47(ET).). Waste
Transmutation using accelerator driven systems goes back even
further.(C. Bowman et al, Nucl. Inst. Methods A320,336 (1992))

Conceptual Design Rgporf of a Fast Neutron Operated High Power
Energy amplifier (C.Rubbia et al, CERN/AT/95-44(ET)).

Experimental Determination of the Enegfqy Generated in Nuclear
Cascaded b/ a High Energy beam (S.Andriamonje et al)
CERN/AT/94-45(ET)

A Physicist's view of the enerqgy problem, /ecfuredg/'ven at Energy
and Electrical Systems Instifute, J-P Revol Yverdon-les-bains,
Switzeriand 2002

Advantages-
» Sub-Critical
» Use Thorium- More plentiful than (38
» Breed more fuel
» Can burn waste
Disadvantages-
» Needs 10 MW proton accelerator- Does not exist as yet
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Rubbia Energy Amplifier (EA)

EA operates indefinitely in a closed cycle

»  Discharge fission fragments

» Replace spent fuel by adding natural Thorium

After many cycles, equilibrium is reached for all the
component actinides of the fuel.

Fuel is used much more efficiently

» 780 kg of Thorium is equivalent to 200 Tons of native
Uranium in a PWR

» Rubbia et al estimate that there is enough Thorium to last ~
10,000 years.

Probability of a critical accident is suppressed because the

device operates in a sub-critical regime. Spontanous

convective cooling by surrounding air makes a "melt-down"
leak impossible.

Delivered power is controlled by the power of the
accelerator.

After ~ 70 years, the radio-toxicity left is ~ 20,000 times
smaller than one of a PWR of the same output. Toxicity can
be further reduced by “incineration”
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Table 1.1 - Thorium resources (in units of 1000 tons) in WOCA (World Qutside
Centrally Planned Activities) [21]

Reasonably Additional Total
Assured Resotirces
Europe
Finland 60 60
Greenland 54 32 86
Norway 132 132 264
Turkey 380 500 880
Europe Total 566 724 1290
America
Argentina 1 1
Brazil 606 700 1306
Canada 45 128 173
Uruguay 1 2 3
USA 137 295 432
America total 790 1125 1915
Africa
Egypt 15 280 295
Kenya no estimates no estimates 8
Liberia 1 1
Madagascar 2 20 22
Malawi 9 9
Nigeria no estimates no estimates 29
South Africa 18 no estimates 115
Africa total 36 309 479
Asia
India 319 319
Iran 30 30
Korea 6 no estimates 22
Malaysia 18 18
Sri Lanka no estimates no estimates 4
Thailand no estimates no estimates 10
Asia total 343 30 403
Australia 19 19
Total WOCA 1754 2188 4106

This compilation does not take into account USSR, China and Eastern Europe. Out of
23 listed countries, six (Brazil, USA, India, Egypt, Turkey and Norway) accumulate
80% of resources. Brazil has the largest share followed by Turkey and the United

States.

Worldwide distribution of
Thorium

Geothermal energy is
38 Terawatts. Due to
mostly decay of Th2%?
(predominant), U238 and
Potassium 40.

Th232 has halflife of 14
billion years, U%38(4.5
billion years) and K%
(1.3billion years).
Th232is roughly 4-5
times more abundant
than U238 May be
enough Thorium to
last 2.2x10° years
using the energy
amplifier method.
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Waste Storage Times

* Fission Products are
shorter lived (~30
years half life) than
actinides(~10° years).
So actinide wastes
need storage for
geological periods of
time - Yucca mountain

solution. EA produces
less actinide waste so
the storage time is
reduced.
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The basic idea of the Energy Amplifier

In order to keep the

protactinium (It can capture

heutrons as well) around for

beta decay to 233U, one needs

to limit neutron fluxes to 232 233 (22m) 23 - (27 ) 23 -
~1014 cm-2 secl. Provide this TSy ey o
by an accelerator.

Let o, be the capture cross
section of neutrons and o; be
the fission cross section.

232-|-h 233 P a 233U d n
@) - (2) - () = AN 1(t) = 4N, (t)—4,n (t) = 2,n, (t) — A,n,(t)

Where @ is the neutron flux
and t, is the lifetime of Pa

4 :Gilcb; A, :i; A :(Gi3+6f3)q)

Ty
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Thin slab of Thorium solution
In the limit A<<A, and A<<)5, one finds
(1) = n, () n,(t)=n, (t)%(l—e-*zt)

2

1

ng(t>=n1(t)%(1— —

In stationary conditions

(e —-21e )]

& B o'
n, (c%+0c°)
Independent of neutron flux @

Power of reactor is given by (hidden k factor)

o 1/2
p:55.3( v j( Py j 300°K | \pwatt
1Ton L 10”cm™*s T°K
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Thin Slab solution
* Operate above the

resonance region Operate with fast
where n3/n1:0.1 a neutrons here
factor 7 larger
than thermal
heutron regime.
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Pure thorium Thorium with initial
/nftial state. 233() as fuel
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Effective multiplication coefficient (k)

Variation of k with time for EA

=" Without fission fragments

With fission fragments
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Allowed Operational Safety Margin

Ingestive Radiotoxicity index [Relative units]
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The Conceptual design

(30 MW )
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Rubbia assumptions
+ 30 MW of wall power produces 10MW beam

» This serves to produce 1500 MW,

» This produces 675MW, corresponding to an
efficiency of ~45%, This is better than a PWR
because ADS operates at a higher temperature
600-700 degrees C.

G, 26,

1-k 2-p(-L)

* Where G is the Gain of the ADS. Gyis ~ 2.4, k is
the effective criticality factor n is the spectrum
averaged number of fission neutrons produced by
a neutron absorbed in the fissile isotope and L is
the sum of fractional losses of neutrons
absorbed by things other than fission.
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Rubbia Assumptions

* In order to achieve criticality, n=2/(1-L)

* More precisely criticality is achieved when
neutron losses are reduced to the value
L.+ = 1-2/m. Since L_..+>0, n>2 for
criticality. One neutron is required to
maintain chain reaction and the second to
be absorbed in the fertile material.

* Fast ADS has advantage over thermal
breeding since it operates in a regime
where n is significantly larger.
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ADS and Fast Reactors a Comparative
Study in Advanced Fuel Cycles (Nuclear
Enerqgy Agency and OECD 2002 report
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Rubbia and OECD Comparisons

* Rubbia ADS (10MW in, 675 MWQR has 6=120
corresponding to k=0.98. Nominal beam current
for 1I500MW;., is set to 12.5mAxGeV. Practice we
may need 20 mAxGeV to allow for fission product
buildup etc and loss of k factor.

« OECD assumes k=0.97

- A 10MW 1 GeV accelerator here only produces
100MW..

+ All things being equal (Thermal efficiency), Rubbia
has an equivalent k factor 0.9995!

* So clearly the two designs are NOT equivalent.

* Note that the OECD plot clearly shows that power
production for a given accelerator power is
optimize at ~ 1 GeV energy not lower.
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Comparison of thermal efficiencies

Reactor type Temperature Temperature Carnot Eff. Actual
Deg C Deg K

PWR 375 648 0.543 0.330

EA 700 973 0.696 0.423

Coal with water below critical point 0.36-0.40

Room 23 296
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A preliminary Estimate of the Economic Impact of the
Energy Amplifier-CERN/LH/96-01(EET)

Table 30. Cost estimate of KkWh', cost ratios and limits.

Costs in ¢/kWh Ratio to EA
Energy source Best Lower Upper Best Lower Upper
estimate limit Limit estimate Limit Limit
MNet disc. rate 5%
Nuclear 4.3 40 4.6 2.1 1.6 2.9
Coal 5.2 49 5.5 2.6 2.0 34
Gas 5.3 5.0 5.6 2.6 2.0 3.5
EA 2.0 1.7 2.3 —_— — —
Met disc. rate 10%
Nuclear 6.3 6.0 6.6 2.0 1.6 2.6
Coal 6.0 6.9 6.3 2.1 L7 1.8
Gas - 38 5.5 6.1 1.9 1.4 2.5
Ea 3.1 2.6 3.6 — — —
October 19, 2009 Rajendran Raja, AHIPA09, WG4 talk
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Map of the energy deposit of a 1 GeV proton into the FEA target
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Will multiple beams
into a reactor make for
a more uniform neutron
distribution?

Window stress will
clearly be eased.

Lead spallation
produces ~30 neutrons
for every 1 GeV proton.

Lead has a negative
void coefficient (i.e
reactor power
decreases if local voids
for'mz). So may be

ossible to run it

igher temperatures
still. Boiling point of
lead is 1743°C.

Much R&D needed
here.
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SCRF Q factor vs normal rf Q factor

Q factor of an oscillating e
system is defined as | P e
Energy stored in cavity
Power lost in cavity

1 |L .
egQ = E\/g for a resonant tuned circuit

SCRF Q factors ~2.0E10

Normal rf Q factors are of
order 3ED, HED.

Continuous wave test of TESLA cavity

»+  So SCRF has an advantage ﬁ
of ~1E5 in terms of energy et e e b
dissipated in the rf itself. % 10t -
However, one needs to 3 TESLASO0 ==
factor in cryogenics, L
klystron losses eftc. ° s e @ B oE o ow®o=

E... = 23,4 MVim @ Qg = 1+10 for TESLA-500 RF magnetic field exceeds first critical
E...= 35MVIim@ Qg =510 © for TESLA-800 field of niobium

Lutz Lille DESY _‘.‘m—_

Specifications: TheoreTl limit: E__.” 50 MV/m

25.02.02
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AC Power requirements for a Superconducting 1 GeV 10 MW
Linac/Al Moretti— Preliminary

There are 87 Superconducting cavities at 4 K and 18 cavities at room temperature
plus Rt. RFQ at 325 MHz and 50 ILC superconducting cavities at 1.8 K to reach 1 GeV.
| have used data from reports of the PD, XFEL and Cryo group to derive this AC Power
Table below. All Cavities and RFQ are made superconducting in this case.

Eff=64 7% Power to Beam | Mains Power
klystron o b
Water tower Eff=80 % 15.6 MW/.80 7 MW
cooling
4 Deg Load 6100 W AC Power ratio | 1.2 MW
200/1
2 K Load 1250 AC Power ratio | 1 MW
800/1
70 K load 5580 AC Power ratio | 0.1 MW
20/1
HOM 2 K load | 116 AC Power ratio | 0.1 MW
800/1
TOTAL |2 MW

October 19, 2009
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Conclusions and questions

We need to demonstrate that we can build a 10
MW 1GeV proton accelerator.

How reliable does it need to be made?

What is the Wall power/beam power ratio for a
SRF Linac with 20mAxGeV power built along the
lines of Project-X?

- Can we design better reactors that remove the

stringent requirement of a few pulses lost every

month? Or do we have to design in redundancy?

Will a smart grid and energy storage systems
(needed for wind and solar) ameliorate the
accelerator reliability requirements?

» Perhaps this workshop can help answer some of
these questions.
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