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The Too Problems with Fusion

e Too expensive to develop
e Too long to develop
 Final energy source too expensive

e Too much radioactive waste

The fusion program must address the “too” problems raised by the critics.



The Destination: A Fusion Power Plant

Raw Fuel (Li, D, FW)

Fuel Waste

NRPE

Key Plasma Performance Metrics Key Engineering Metrics
e Fusion Gain First Wall Lifetime
e Fusion Energy Density Availability/Reliability
e Duty cycle/repetition rate Radioactive Waste
System Costs




.A Fusion Program.to. Solve Critical Issues.... . . .. ..
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Fusion Issues/ Metrics Program Initiatives

N

Fusion Gain ~
Burning Plasma

— ) Initiative
Fusion Energy Density

Advanced Toroidal Confinement

NS

Duty Cycle/ Repetition Rate: -, and Steady State Initiative
_ ‘ L w,

First Wall Lifetime
__.% Fusion Materials and Technology
Initiative

Availability/Reliability

Radioactive Waste

Systems Costs

http://nso .ucsd.edu, chapter IlI



Facilities in a Modular Strategy for Magnetic Fusion

Burning Plasma Issues

Compact High - . ITER-RC w
Field Tokamak ITER-EDA o
? Ja/EC Decision
<$1B ' $5-10B )
e \
Steady-State (High Duty Cycle) Advanced Confinement Issues Advanced Integrated
Triam Tore Supra W-7 AS Experimental Reactor
C-Mod JT60-U LHD ~$1B
Bﬁf_tgr JET W-7 X ~$1B — > » more advanced than ITER-RC
Asdex-U KSTAR ~$0.4B JT-60 SU ~$3B? « closer to DEMO
\_ )

2015 2025
Fusion Materials and Technology Issues '

gi::lilzzsneilggtrrso n Sources (several) Better - more fiexible, allows innovation
- less risk (red

Gas Dynamic Trap ~$0.2B? fsk (reduced and spreac)

IFl\éliF $0.8B ? VNS ~$3B Faster - addresses key issues sooner

Renewable First Wall Initiative ? - faster overall (allows a start

Cheaper - lower upfront costs,
- possibly lower overall cost

Note: ltems in Bold exist or are under construction.



"~ The Modular Strategy,
a One Step at a Time Approach for MFE and IFE.

e The Modular Strategy is the standard approach for long range high
technology R&D activities.

— identify critical issues and use “small” facilities focused/optimized
to resolve these issues. ;

— the advantages relative to a single large integrated facility are:
lower upfront costs while feasibility issues are being resolved
lower technical risk: smaller size and spread in space and time

more flexibility to exploit innovation, likely to produce a better
final product

probably less expensive and faster development path

e Similar arguments made in the PCAST 1997 Report regarding the
“Mountain of Death” during the commercialization phase.

.Also: www://nso.ucsd.edu, Next Step Options Report, Chapter Il
( ( (



The Various Magnetic Confinement Configurations have
Similar Physics and Engineering Characteristics that
Lead to Similar Power Plants

e All have Closed Toroidal Magnetic Configurations

e energy confinement limited by microturbulence with similar empirical
scaling relations (tokamak, stellarator and spherical torus)

e advanced magnetic systems use “common” bootstrap current and
similar MHD physics (e.g., ballooning and kink instabilities)

 First wall, power and particle handling, etc. technologies are common.
Only qualitative difference is that some systems (ST, RFP,) propose to

use normal conductor coils, and some FRC and Spheromak do not have
linked central toroidal coil. |



There is no Significant Difference in the Projected Cost of
MFE Power Plants Based on Different Configurations.

Power (thermal), GW
Power (net elect), GW
Capital Cost, $B(1992%)
COE, mill/kWh (1992%)

Plasma Volume, m”3

Fusion Power Density, MW/m*3
Neutron Wall Loading MW/m~*2
Magnet Energy, GJ

Circulating Power, %

Plasma Current, MA

‘Bootstrap Current, MA

Data from ARIES Fusion System Studies

Spherical Modular
Torus (A = 1.6) Stellarator

3.2 2.3
1.0 1.0
5.3 4.3
91 75
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3.6 2.6
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30 ~0
~28 ~0

Rev. Shear

Tokamak
2.6
1.0
4.2

76

349
6.2
4.0
85
17

11.3
10

October, 1998

Rev. Field
Pinch

2.9
0.97
3
50

28
86

18.1

25
18
NA

The issue is not the small differences in projected costs of producing electricity using fusion, but
that the present cost of producing electricty using fusion is infinite. T. Cochran and many others.
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There are Significant Differences in the Extrapolation
Needed of Key Metrics for Projected Reactor Concepts.

Extrapolation required
relative to achieved values

Physics Metrics
Confinement, nTte
Plasma Energy Density
First Wall Neutron Load
Duty Cycle/Repetition Rate

Composite Extrapolation
(sqrt sum of the squares)

Unit Cost Reduction
Assumed in Reactor Study
driver/magnets
fueling
first wall/nuclear

» Laser Laser/HIB
Tokamak Stellarator Spherical Direct Indirect
Torus Drive Drive
20 1,000 100,000 10,000 >1,000,000
-3 100 >100
50 >1,000  >1,000
50 >1,000 >10,000 >40,000 >40,000
~100 >1,700 >100,000 >10,000 >5,000,000



Fusion Gain Metric for Laboratory Fusion Experiments

Lawson Fusion Parameter, n;T;Tg (1 020 m3kev s)
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Magnetic Fusion Roadmap to Ignition
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Physics Requirements for Next Step Experiments

Study Physics of Fusion Plasmas
Same plasma physics if p* = p/a, v = v/ v, and [ are equal

Requires BR** to be equal to that of a fusion plasma

Study Physics of Burning Plasmas
alpha heating dominant, fo. = Pa/Pheat = Q/(Q+5)

Q = function of nT:T, e.g., Lawson diagram

nTT = B x (BR™), if 1. is given by ITER98H empirical scaling at fixed
beta

nTeT = B x function(p*, v+, ) is true in general
- alpha particle confinement requires Ip(R/a) = BR(R/a) = 9

) | :
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The Development of Innovations to Reduce the

Cost of Fusion Devices is Essential

Physics operating spaée choices
Engineering technology choices
Materials choices
Engineering Innovations
Modern design tools
New manufacturing techniques, e.g., Lasform, spray casting, etc
The development of HiTc superconductors with high strength structural

materials over the next 30 years leading to 15T magnetic fields could
- revolutionize MFE.



~Physics Objectives for a

Fusion Ignition Research Experiment

* Determination of the conditions required to achieve high Q plasmas

energy confinement scaling with dominant alpha heating

B-limits with dominant alpha heating

density limit scaling with dominant alpha heating

e Control of high Q plasmas through modification of plasma profiles

* Determination of the effects of fast alpha particles on plasma stability

» Sustainment of high Q plasma - high power density exhaust of plasma particles and
energy and alpha ash exhaust, study effect of alpha heating on the evolution of
bootstrap current profiles

. Expl'oration of high Q burning plasma physics in some advanced configurations

and operating modes that have the potential to lead to attractive fusion
‘applications.

( | . (



Fusion Ignition Research Experiment Requirements

Q > 10 TBurn > Several T energy transport, p(r)
, defined by alpha heating
Po/PHeat = 66 % several THe alpha ash transport
several Tskin current profile evolution

exploration of advanced tokamak physics

- Subject to operating limits:

B < Be, <Ne> < NGw, Pheat > PThresh.(L to H), Nz < Nzer

Aim for incremental construction cost of < $1B.

~ This is an experiment and should be designed to emphasize flexibility, upgradability

and capabilities that will enable discoveries.



Fusion Ignition Research Experiment

- (FIRE)

Major Parameters of FIRE:
e R=2.0 m, a=0.525 m
*B=10T,I,=6.44 MA

¢ k,=2.0,0,=0.7-0.8

* Pigion ~ 220 MW

+ Q~10, Ty~0.55s

e Burn Time > 10 s
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Provisional Parameters for a
Fusion Ignition Research Experiment

R=20m, a=05 K5~ 1.85, Sg5 ~ 0.45
B=10T, lp=64MA, Qg5 =3 10 to 15 s flattop
Double Null divertor - probably actively cooled

Minimize carbo:n in divertor and first wall

Auxiliary Heating - 30 MW ICRF will be the baseline

Pellet Injection (verticall/inside?) to reduce tritium usage and peak
density

TF coils (16) will be cryogenically cooled, evaluating trade-offs among
wedging, bucking and magnetic press.

Remote maintenance requirements will be incorporated into the design.
A green field site will be assumed.

Methods to reduce costs will be evaluated with a limit of TPC < $1B.



Estimates of Plasma Performance

Confinement (Elmy Hmode) Based on today's tokamak data base

-0.63

T, = 0.94 |0.97 R1.7 a0.23 n0.41 BO.OB Ai0.2 K0'67 Pheat

Density Limit - today's tokamak data base
n < I/a
Beta Limit - theory and tokamak data base
B <Bn(l,/aB), By ~2.5 conventional, B, ~ 4 advanced

H-Mode Power Threhhold

Pth > (0.9/Ai)n>"° B R%, nominal L to H, with H to L being ~ half
when well below the density limit |

Helium Ash Confinement T, = T, impurities = 3% Be
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Summary of Burning Plasma Parameters

P

Inputs ITER IAM CIT ARE
Major Radius (m) 8.14 6.2 2.1 2
Minor Radius (m) 2.8 1.9 0.65 0.5
R/a 2.91 3.26 3.23 4.00
Btor (T) 5.68 5.51 10 10
WmagTF(GJ) 100 40 ~8 4.3
Ip (MA) 21 13.3 11 6.4
Kappa_95 1.6 1.67 2 1.85
Delta_95 0.24 0.32 0.3 0.45
q95 3.02 3.03 3.03 3.04
Pinj (MW) 100 40 15 22
Desired Pfus (MW) 1000 400 300 220
Pheat (MW) 273.4 105.1 63.4 56.8
<n> 10720/m/3 0.62 0.85 - 3.14 4.45
alpha-n 0.1 0.1 0.5 0.5
nsep/no 0 0 0 0
alpha-T 1 1 1 1
Tsep/To%* 0 0 0 0
Impurity1 % 0.03 0.03 0.03 0.03
Z_imp1 4 4 4 4
Impurity2 % 0.0025 0.0025 0.0025 _0 X
Zimp?2 10 10 10 10
Taup*(He)/TauE 5 5 5 5
lon Mass (AMU) 2.5 2.5 2.5 2.5



Summary of Burning Plasma Parameters

Calculations ITER IAM CIT ARE
DT Pfus (MW) 999.96 400.00 300.00 220.00
Q 10.00 10.00 20.00 10.00
ELMy Mult. 0.80 0.92 0.91 1.04
<n>l/greenwald 0.75 0.75 0.45 0.64
Pheat/P(L->H) @<n>| 2.82 1.52 1.50 1.14
Beta_tot/(l/aB) 2.11 2.00 1.71 2.50
Beta_tot (%) 2.78 2.54 2.90 3.20
<T>n (keV) 15.38 10.41 10.58 8.41
taukE 3.12 2.78 0.82 0.55
" tau-skin (sec) 697.41 201.85 28.62 13.94
Flat top (sec) 1000.00 400.00 5.00 12.00
He concentration 0.04 0.03 0.04 0.03
Wth (MJ) 853.94 292.40 52.01 31.05
Walpha(MJ) 227.56 47.58 8.70 3.83
Plasma Volume (m~"3) 2015.53 737.81 35.03 18.26
Surface Area (m"2) 1138.16 600.98 76.21 53.70
Pfusion/Plas Vol (MW/m~3) 0.50 0.54 8.56 12.05
Neutron MW/mn2 - 0.70 0.53 3.15 3.28
P/R (MW/m) 33.59 16.95 30.19 28.39
Zeff 1.67 1.65 1.66 1.41
- Construction Cost ~$10B ~$6B $600M $642M
Estimated 1989 1992
( (




A Dual Approach to Fusion Development

A Magnetic Fusion

g Confmement B&D' (Base + Proof of Principle Experlments) '
- Steady-State Advanced Confinement Initiative , )

: I :

i Buming Plasmé Initiative :

<?>

Strateglc Simulation Initiative

Adv. Integration FacuhtyMFE DEMO; ;

Fusion Technologyl Initiative &= -

T
Fusion Materials Initiative:.-.

Inertial Fusion

<’> IFE Engiﬁegrin'g Test: —@4 IFE D'EM‘O

Integrated Besearch Exp't . DEMO Tech. Dev.:

Ignition (Q' 2 10) Experiment
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Concluding Comments

Fusion plasmas have been produced in the laboratory, but the ultimate
feasibility of fusion as a practical energy source remains to be
determined.

Issues to improve/test the magnetic fusion concept have been identified
and a Modular Program Plan is proposed to address the most critical
areas needed to assess the feasibility of magnetic fusion.

Quantitative technical metrics must be established for fusion R&D to
assess issues and measure progress.

The exploration, understanding and optimization of ignited (Q > 10)
plasmas is a key issue for all approaches to fusion. A $ 1B class compact
advanced tokamak using copper coils is a cost effective approach to
address this issue for magnetic fusion.

( ( (



