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The	  Context	  for	  the	  FNSF	  within	  Fusion	  
Development	  

The	  Fusion	  Nuclear	  Science	  Facility	  (FNSF)	  is	  part	  of	  the	  US	  fusion	  development	  view,	  
and	  is	  the	  first	  strongly	  fusion	  nuclear	  confinement	  facility	  

ITER	   FNSF	   DEMO	  

First	  
Commercial	  
Power	  Plant	  	  
1000	  MWe	  

No	  technical	  
gaps	  remaining	  

Flow	  in	  terms	  of	  plasma/nuclear/technical	  parameters	  reached	  

The	  FNSF	  is	  an	  intermediate	  step	  to	  accommodate	  the	  extreme	  fusion	  nuclear	  
environment	  and	  the	  complex	  integraPon	  of	  components	  and	  their	  environment,	  as	  well	  as	  
the	  nuclear	  science	  and	  plasma	  physics	  
	  
The	  FNSF	  will	  operate	  with	  	  

-  a	  very	  long	  pulse	  fusion	  neutron	  producing	  plasma	  and	  very	  high	  duty	  cycles,	  	  
-  with	  completely	  integrated	  components	  first	  wall,	  blanket,	  shield,	  vacuum	  vessel,	  

divertor,	  etc.,	  	  
-  in	  the	  fully	  integrated	  environment	  (simultaneous)	  of	  fusion	  neutrons,	  volumetric	  

and	  surface	  heaPng,	  hydrogen	  in	  materials,	  strong	  magnePc	  fields,	  pressure/
stresses,	  high	  temperatures,	  vacuum	  interface	  with	  plasma,	  flowing	  breeder	  with	  
material	  interacPons,	  and	  PMI,	  all	  with	  significant	  gradients	  



DT,	  TBM	  

DT	  

DEMO	  

2020	   2030	  2015	   2025	   2035	   2040	   2045	   2050	  

Present	  and	  near	  term	  confinement	  
devices,	  short	  pulse	  à	  to	  long	  pulse	  

Non-‐DT,	  TBM	  

Fusion	  neutron	  material	  test	  facility,	  fission	  tesPng	  
Liquid	  metal	  flow/corrosion/thermal/hydrogen	  facility(s)	  
TriPum	  (hydrogen)	  extracPon/permeaPon/handling	  facility(s)	  
Magnet	  conductor/insulator/coil	  tesPng	  facility(s)	  
Linear	  plasma/HHF/plasma	  loading	  simulator	  PFC	  facility(s)	  
HeaPng/current	  drive,	  diagnosPc,	  plasma	  fueling/exhaust	  test	  faciliPes	  
……	   Increasing	  integraPon	  

Integrated	  expt/theory,	  predicPve	  computaPonal	  
development	  for	  physics	  and	  engineering	  

DD	  

OpPmizaPon/exploraPon	  

Facili7es	  and	  Time-‐Scales	  

…..	  

ITER	  

FNSF	  

Pre-‐FNSF	  R&D	   Parallel	  FNSF	  R&D	  

Non	  plasma	  confinement	  faciliPes	  



A	  number	  of	  proposals	  have	  been	  made	  for	  an	  
FNSF	  (or	  similar)	  type	  device	  

NEUTRONICS ANALYSIS IN SUPPORT OF THE FUSION DEVELOPMENT FACILITY DESIGN EVOLUTION

M.E. Sawan1, A.M. Ibrahim1, P.P.H. Wilson1, E.P. Marriott1, R.D. Stambaugh2, C.P.C. Wong2

1University of Wisconsin-Madison, Madison, Wisconsin 53706, sawan@engr.wisc.edu
2 General Atomics, San Diego, California 92186, stambaugh@fusion.gat.com

3-D neutronics analysis was performed for the 
baseline design of FDF. Two blanket concepts were 
considered; Dual Coolant Lead Lithium (DCLL), and 
Helium Cooled Ceramic Breeder (HCCB). A peak 
outboard neutron wall loading of 2 MW/m2 and a fluence 
of 6 MW-yr/m2 can be achieved with 240 MW fusion 
power. The tritium breeding ratio is adequate for both 
blankets. Modest magnet damage parameters were 
obtained. However, it is recommended that the PF coil in 
the divertor region be moved vertically farther from the 
mid-plane to allow adding ~15 cm of shield to reduce the 
peak organic insulator dose to an acceptable level.

I. INTRODUCTION

A Fusion Nuclear Science Facility (FNSF) is needed 
to enable moving to a fusion demonstration power plant 
(DEMO) after ITER.1 This facility is required to answer 
the remaining challenges of fusion material and fusion 
nuclear science and to complete the scientific basis for a 
fusion energy development program. Since ITER will 
consume all of the existing tritium resources from the 
CANDU reactors,2 the FNSF should have breeding 
blankets that produce adequate tritium to cover its need as 
well as generate the needed start-up inventory for the 
DEMO. This is quite a challenge that puts constraints on 
the design. In addition to tritium self-sufficiency, 
adequate shielding for magnets and other sensitive 
components should be assured. Two candidate designs 
that use normal copper magnets were proposed for the 
FNSF.3 These are the Fusion Development Facility (FDF) 
based on advanced tokamak (AT) physics (also called 
FNSF-AT),4 and the Spherical Tokamak-Component Test 
Facility (ST-CTF).5

The FDF design went through several iterations 
starting with an initial baseline configuration with a major 
radius (R) of 2.49 m and a minor radius (a) of 0.71 m. We 
performed screening neutronics calculations to guide the 
design evolution and ensure that shielding and breeding
requirements are satisfied.3 As a result, a new FDF 
baseline design that incorporates the required increased 
blanket/shield thickness with realistic divertor geometry 
and plasma/wall gaps, was developed with R of 2.7 m, a 
of 0.77 m, and 2.3 plasma elongation as shown in Fig. 1. 

Fig. 1. FDF baseline configuration.

FDF utilizes ohmic heating (OH) coils in the inboard 
(IB) side between the vacuum vessel (VV) and TF 
centerpost. Allowing construction of the TF and OH coils 
with conventional organic insulators drives the required
IB blanket/shield thickness. IB and outboard (OB) 
blanket/shield thicknesses of 0.6 and 0.8 m, respectively, 
are used. The FDF allows for neutron wall loadings as 
high as 2 MW/m2 and fluences of 3-6 MW-yr/m2 in 20
years of operation to enable achieving its mission. It is 
assumed that the blanket, VV, and OH coil are replaced at 
one-third the machine lifetime while the TF magnet is a 
lifetime component. We utilized the detailed FDF CAD 
model to perform 3-D neutronics using the DAG-MCNP 
code.6 In this paper, we report the results of the initial 
screening and detailed 3-D calculations.

II. INITIAL NEUTRONICS SCREENING 

The initial FDF baseline was a smaller machine with 
50 cm thick IB blanket/shield region. Several options 
were considered for material choice in the IB zone. 1-D
calculations were performed with the radial build at mid-
plane to determine magnet nuclear parameters. The OH
coil is replaced every time the IB blanket/shield assembly 
is replaced at about one-third the machine lifetime. 
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All 3 configurations employ vertical maintenance

• AT and CS: segments translated radially, removed vertically
• ST:  Top TF legs demountable, core/CS removed vertically
• Future work: maintenance schemes for smaller components

AT STCS
Segment removal

10

Pilot	  plants,	  electricity	  producPon	  

Fusion	  Development	  Facility	  

 

 
 

Fig. 10.  Vertical cross section view of a CTF configured for full remote 
handling of all chamber systems. 

 
 

ST-‐CTF	  
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I TER T O K A M A K  VNS 
Fig. l 1. Elevation views for ITER and a typical tokamak VNS built with multiturn normal conducting toroidal field coils in same 
scale. 

development. The present study utilizes common as- 
sumptions to define the envelope for VNS, and to 
produce information useful in comparing the merits of 
these options in future studies. An updated version of 
the SuperCode [63] has been utilized. 

Table 31 shows the key design configuration and 
engineering features for VNS tokamaks. Table 32 
shows the key parameters calculated for VNS with 
superconducting TFCs, normal-conducting TFCs with 
standard aspect ratio A > 2.5 and the very low aspect 
ratio (A < 2) designs with copper TFCs, 

The superconducting TFCs option results in a device 
with a major radius about half that of ITER. However, 
the device size appears to be too large for VNS. In 
addition, superconducting TFCs may not be suitable 
for a testing facility in which rapid replacement of test 
articles and failed components is essential. 

Tokamak designs with normal-conducting TFCs 
(possibly with demountable joints) and standard 
plasma aspect ratio offer a very attractive option for 
VNS. The major radius is less than 2 m; the fusion 
power is about 80-170 MW and it satisfies well all the 
FNT requirements. The first-wall surface area is smaller 

by a factor of about 20 than that of ITER. Fig. 11 
shows a comparison of the relative size of this type of 
VNS with that of ITER. 

The small-aspect-ratio tokamak designs provide the 
smallest tokamak size. It appears to satisfy the FNT 
testing requirements but further work is necessary to 
evaluate configurations, maintenance and physics is- 
s u e s .  

The key issues for VNS Tokamaks are (1) steady 
state current drive at densities around 1 x 102°m -3, 
(2) divertor heat and particle loads and engin- 
eering design and (3) configuration and compon- 
ent engineering design to achieve high availa- 
bility (about 30%). The first two issues must be 
resolved soon because they have tremendous impact 
on the viability and attractiveness of tokamaks as 
an energy source in general. The third deserves by 
itself to be an R&D goal on the path to DEMO 
because achieving high availability in tokamak sys- 
tems, as discussed earlier, is one of the most critical 
goals for DEMO. Therefore VNS does not pose any 
major R&D issue which is not on the path to 
DEMO. 

Volumetric	  neutron	  source	  The	  FNSF	  can	  have	  a	  small	  
mission	  scope,	  a	  large	  mission	  
scope,	  or	  anywhere	  in	  between	  
	  
Long	  term	  relevance	  is	  
important	  when	  you	  only	  have	  
2	  devices	  to	  a	  power	  plant	  



The	  FNSF	  is	  VERY	  different	  from	  ITER	  in	  a	  
number	  of	  ways	  

-  The	  neutron	  exposure	  of	  materials	  is	  ~	  30x	  higher	  
-  The	  materials	  are	  all	  different,	  except	  for	  tungsten	  
-  The	  structures	  surrounding	  the	  plasma	  will	  operate	  at	  >	  3x	  higher	  temperatures	  
-  TriPum	  is	  bred	  in	  the	  FNSF,	  not	  purchased	  like	  ITER	  
-  The	  plasma	  is	  “on”	  making	  neutrons	  for	  7x	  longer	  per	  year,	  and	  plasma	  pulses	  are	  1000x	  longer	  
-  Maintenance	  of	  the	  fusion	  core	  is	  few-‐large-‐pieces,	  not	  by	  blanket	  module….and	  there	  are	  others	  

  ITER FNSF Power Plant, 1000 
MWe 

Neutron exposure 
life of plant 
MW-yr/m2, dpa 

0.3, 3.0 8.5, 85 60-98, 600-980 

Materials 316SS, CuCrZr, Be, 
W, H2O, SS304, 
SS430 

RAFM, PbLi, He, 
SiC-c, Borated-
RAFM, W, bainitic 
steel 

RAFM, PbLi, He, 
SiC-c, Borated-
RAFM, W, bainitic 
steel 

Operating 
temperature, oC 

100-150 400-600 600-700 

Tritium breeding 
ratio 

~ 0.003 ~ 1.0 1.05 

Plasma on-time in a 
year, % 

5 ~10-35 85 

Plasma pulse 
duration, s 

500-3000 ~106 (2 weeks) 2.7x107 (10.5 
months) 



VERY	  long	  plasma	  duraPons	  are	  needed	  to	  show	  
fusion	  power	  generaPon	  is	  credible	  

FNSF	  needs	  long	  neutron	  producing	  plasma	  duraPons	  to	  provide	  the	  neutron	  
exposure	  of	  all	  fusion	  core	  components	  (first	  wall,	  blanket,	  divertor,	  shield,	  
launchers,	  ….out	  to	  the	  VV	  and	  on	  to	  magnets),	  and	  core	  processes	  like	  triPum	  
migraPon,	  corrosion,	  …which	  each	  have	  specific	  Pme-‐scales	  
	  
The	  major	  PFC/PMI	  long	  pulse	  issues	  of	  erosion/re-‐deposiPon/migraPon,	  dust	  
producPon,	  and	  triPum	  retenPon	  will	  be	  of	  great	  importance	  here	  
	  
As	  we	  see	  it	  now,	  the	  FNSF	  will	  advance	  the	  plasma	  duraPon	  and	  plasma	  pulse	  duty	  
cycle	  as	  its	  primary	  way	  of	  increasing	  the	  neutron	  exposure	  (fluence	  =	  flux	  x	  Pme)	  

He/H	   DD	   DT	   DT	   DT	   DT	  

Phase	  Pme,	  yr	   1-‐2	   2-‐3	   3	   5	   5	   7	  
Plasma	  on-‐Pme,	  %	   10-‐25	   10-‐50	   10-‐15	   25	   35	   35	  
Plasma	  duty	  cycle	   0.33-‐0.95	   0.33	   0.67	   0.91	   0.95	  
Plasma	  pulse/dwell,	  days	   1/2-‐	  

10/0.5	  
1/2	   2/1	   5/0.5	   10/0.5	  

Peak	  fluence,	  MW-‐yr/m2	  	  
(dpa)	  

0.45-‐0.68	  
(4.5-‐6.8)	  

1.88	  
(18.8)	  

2.63	  
(26.3)	  

3.68	  
(36.8)	  

A	  FNSF	  program	  schedule	  



The	  demands	  on	  plasma	  pulse	  length	  and	  duty	  
cycle	  are	  tremendous	  

100	   101	   106	   107	  103	   104	   105	  102	  

βN	


5	  

4	  

3	  

2	  

6	  

FNSF	  

Power	  Plant	  

Present	  
faciliPes	  

KSTAR	  

EAST	  
ITER	  

Pulse	  length,	  s	  

DEMO	  

Present	  faciliPes	  and	  long	  pulse	  devices	  
provide	  the	  basis	  for	  potenPal	  scenarios	  for	  
the	  FNSF	  (core/SOL/divertor/PFC)	  
	  
The	  longer	  pulse	  devices	  allow	  us	  to	  see	  the	  
beginnings	  of	  long	  pulse	  PMI	  phenomena	  
	  
ITER	  provides	  the	  only	  self-‐consistent	  burning	  
plasma	  at	  long	  pulse	  

Can	  use	  the	  FNSF	  to	  push	  to	  higher	  β and	  higher	  Q	

OR	  do	  we	  do	  this	  in	  DEMO	  	  

Linear	  plasma	  simulators	  
FNSF	  DD	  phase	  
PFC/PMI	  facility?	  

ACT1	  

ACT2	  

Range	  of	  
power	  
plants	  



FNSF	  Mission	  and	  Metrics	  -‐	  Tables	  

Missions	  IdenPfied:	  (shown	  as	  ITER	  –	  FNSF	  –	  DEMO	  –	  Power	  
Plant)	  
	  

-  Fusion	  neutron	  exposure	  (fluence	  and	  dpa)	  
-  Materials	  (structural,	  funcPonal,	  coolants,	  breeders,	  

shield…)	  
-  OperaPng	  temperature/other	  environmental	  

variables	  
-  TriPum	  breeding	  
-  TriPum	  behavior,	  control,	  inventories,	  accounPng	  
-  Long	  plasma	  duraPons	  at	  require	  performance	  
-  Plasma	  enabling	  technologies	  
-  Power	  plant	  relevant	  subsystems	  at	  high	  efficiency	  
-  Availability,	  maintenance,	  inspectability,	  reliability	  

advances	  toward	  DEMO	  and	  power	  plants	  

Each	  mission	  contains	  a	  table	  with	  quanPfiable	  metrics	  
(except	  for	  the	  last	  one)…sPll	  developing	  these	  
	  
Expect	  to	  use	  ARIES-‐ACT2	  as	  power	  plant	  example	  
	  



FNSF	  Program	  -‐	  
Table	  

Table	  conPnues	  

We	  have	  a	  tentaPve	  phased	  
program	  on	  the	  FNSF	  establishing	  
	  	  
-  Time	  frames	  

-  Neutron	  exposure,	  dpa	  

-  Plasma	  ops/maintenance	  

-  Plasma	  on-‐Pme/duty	  cycle	  

-  Plasma	  pulse	  extension	  in	  DD	  
phase	  

-  Added	  another	  phase	  #7	  as	  
either	  increased	  exposure	  or	  
as	  a	  way	  to	  absorb	  
unanPcipated	  events	  

NW
peak	  

Phase	  
Pme,	  yr	  

Peak	  
Fluence	   4.5-‐6.8	   18.8	   26.3	   36.8	   36.8	  dpa	  à	  



Using	  the	  FNSF	  Program	  Table	  –	  Begin	  Laying	  
Out	  the	  Blanket	  TesPng	  Plan	  

Each	  of	  16	  sectors	  has	  a	  blanket	  
assignment	  
	  
Offline	  14	  MeV	  neutron	  source	  provides	  
exposure	  to	  materials	  ahead	  of	  use	  on	  
the	  FNSF	  
	  
Offline	  integrated	  blanket	  tesPng	  facility	  
provides	  non-‐nuclear	  qualificaPon	  

Sector	  assignments	  in	  Phase	  3	  14	  MeV	  neutron	  tesPng	  

Non-‐nuclear	  
blanket	  tesPng	  

Table	  cutoff	  

Table	  cutoff	  

Table	  cutoff	  



What	  is	  our	  backup	  blanket	  strategy?	  
The	  US	  power	  plant	  studies	  and	  TBM	  acPviPes	  have	  gravitated	  toward	  the	  Dual	  
Coolant	  Lead	  Lithium	  (DCLL)	  blanket	  concept	  
	  
However,	  we	  have	  a	  very	  immature	  experimental	  database	  for	  fusion	  blankets	  of	  
any	  kind	  

He-‐cooled	  
Slow	  LiPb	  breeder/coolant	  
RAFM	  
SiC	  FCI	  

DCLL	  

Water	  
All	  LiPb	  cooled	  

Very	  slow	  LiPb	  breeder	  
Solid	  breeder	  

Other	  RAFM	  alloy	  
development	  
AlternaPves?	  

Al2O3-‐RAFM-‐Al2O3	  

HCLL	  

RAFM	  
He-‐cool	  
Ultra-‐slow	  LiPb	  
FCI	  

HCCB	  

RAFM	  
He-‐cool	  
Ceramic	  breeder(Be)	  
no	  FCI	  

Maximum	  diversity	  to	  DCLL?	  
Minimum	  effort	  to	  develop/carry	  along	  backup?	  
Share	  R&D	  program	  with	  int’l	  parPes?	  

We	  do	  have	  back-‐off	  capability	  (T,	  v,..)	  
What	  are	  neutron	  synergies?	  
IdenPfy	  failure	  mechanisms	  



DEMO	  Program	  -‐	  
Table	  

Table	  conPnues	  

A	  tentaPve	  DEMO	  program	  has	  
been	  outlined	  in	  order	  to	  establish	  
	  
-  Rampup	  neutron	  exposure	  to	  

life-‐limiPng	  level,	  100	  or	  150	  
dpa?	  Rapid	  increase	  

-  Very	  long	  plasma	  duraPons	  
pushed	  toward	  power	  plant	  
levels,	  months	  to	  year	  

-  Operate	  at	  power	  plant	  
exposures	  and	  maintenance	  
repeated	  at	  least	  once	  

-  GeneraPng	  electricity	  
throughout	  program	  

	  

NW
peak	  

Phase	  
Pme,	  yr	  

Peak	  
Fluence	   	  52.5	   75.0	   134.0	   150.0	   150.0	  dpa	  à	  

Plasma	  
on-‐Pme	  



UlPmately,	  we	  need	  to	  extend	  the	  Pme	  between	  
required	  acPon	  related	  to	  PFC/PMI	  

! 27!

and He as coolant with operating pressure of 8 MPa and a surface heat flux of 0.76 MW/m2. The 
peak surface heat flux of the ARIES-ACT2 is ~0.28 MW/m2, therefore, the first wall design is 
similar to ARIES-ST. However, there are indications that transient peak heat fluxes up to ~ 2 
MW/m2 for time periods up to a few seconds can occur at certain regions of the FW, 
accompanied by substantially higher erosion in such regions. In order to avoid intolerable 
damage during such transients, it is necessary to find a kind of FW armor that can survive in 
such regions. It is mandatory that such transients do not require FW exchange because this could 
lower the availability of the power plant to intolerable values. Our design goals of this FW armor 
are to accommodate a heat flux of 1.0 MW/m2 during normal operation and up to 2 MW/m2 for a 
few seconds during fast transient events. 

 
(a) 

 
              (b)                                            (c) 

Fig. 22. Armor concept of ARIES first wall: (a) FW armor and cooling channel (bird view); (b) 
Conical W-pins (cutting-view though W-pins); (c) Layout of W-pins (top view) 

  
As illustrated in Fig. 22, the FW armor is composed of brush-like W-pins embedded in a thin 

plate of 12YWT ODS-steel on top of the FW duct made of RAFS (F82H), and brazed together in 
a furnace. The W-pins can be made slightly conical to avoid drop-out in case of local braze 
failure. The armor will be located at locations where the FW may be subject to a large transient 
heat flux. With this FW armor concept, the effective thermal conductivity of the first layer plate 
(the 12YWT + the W-pins) is decisively increased by the high conductivity of W, reducing the 

Tungsten	  pin	  /	  RAFM	  steel	  	  FW	  
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reference concept.  This design variant uses inlet cartridges containing both kinds of jets, and a 
housing structure that guides the flow past the heated wall and then back to the outlet manifold. 
 

 
 
Figure 14.  The reference divertor concept: combined plate and finger elements 
 

Figure 14 depicts the design concept, including all of the main features of the divertor plate 
(i.e., excluding the support structure and shielding behind the plates).  Coolant enters the steel 
cartridges and is directed to the front plate through orifices.  The front plate is shaped to accept 
flow from either a linear slit or an array of circular holes.  The armor is an integral part of this 
front plate.  After passing the heated wall, the coolant returns to the back of the cartrdidge and is 
sent finally to the exit manifolds. 

 
An important element of our divertor design concept is the interface between steel inlet and 

outlet coolant channels and the tungsten structures.  Since tungsten and steel possess very 
different coefficient of thermal expansion (CTE), differential stresses are a serious concern that 
limit performance and provide likely sites for failure.  In addition, the operating temperature 
windows of steel and tungsten exhibit little or no overlap.  Our design avoids the direct 
connection of steel to tungsten within the high heat flux region.  The steel inlet cartridges are not 
mechanically attached to the surrounding structure except at the ends of the divertor plates where 
the heat flux is low and an intermediate material is used.  These transition joints use Ta alloy, 
with CTE between that of steel and tungsten.  More details on the joint design and analysis are 
found in Section III.E. 

 
Table IV summarizes the design parameters adopted for our He-cooled W divertor.  The 

allowable temperature range for structural tungsten alloys has been set to a minimum of 800 ˚C 
based on embrittlement under neutron irradiation [31,32] and a maximum temperature of 1300˚C 
due to recrystallization (and creep).  Both of these are highly uncertain.  We allow the tungsten 
armor, which serves no structural function, to exceed the recrystalization temperature and limit 
its use to 2/3 of the melting point. 

Tungsten	  divertor	  

Design	  of	  PFCs,	  what	  are	  the	  simultaneous	  	  loading	  
condiPons?	  

Heat	  loads	  
ParPcle	  loads/erosion	  
Transients?	  
OperaPng	  history	  and	  material	  evoluPon	  
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Figure 1. View of the electrical mock-up of the ICRH plug of ITER. The service stubs are not bent as in the detailed mechanical design.

performances were obtained when, for mid-band, the electrical
junction point of the 4PJ is at the first voltage anti-node and
the service stub insertion point is near the next voltage node.
The length of the service stub is around a quarter mid-band
wavelength.

The load resilient matching and feeding system have also
been selected. Four quadrature hybrids are used for obtaining
the requested load resilience for operation in Elmy plasmas.
Each hybrid is fed by a power source of at least 5 MW and feeds
with the same forward power the top and bottom triplet of the
same poloidal column of six straps. A matching solution that
strongly counteracts the mutual coupling effects between the
strap triplets by means of appropriate decouplers is presently
studied [6, 7] aiming at a precise adjustment of the radiating
strap current spectrum by the feedback control of the anti-node
voltages in the eight feeding lines and this with the power
sources preset at the same forward power.

The aim of this paper is to study the expected performances
of the design when loaded by plasma. In section 2, we detail
the specific ITER ICRH system layout [3, 4] and the formalism
for its modelling based on the antenna array impedance
matrix provided by the TOPICA code [8, 9] and using edge
plasma density profiles provided by ITER. The performance
expectation thus obtained is given in section 3. Important
differences in plasma coupling, depending on array phasing,
are obtained, which call for additional physics understanding.
Therefore, in section 4, this physics interpretation is generated
by means of the cruder, semi-analytical but fast coupling code
ANTITER II (the details of which are given in an appendix).
The same code is also used to separate out the possible
contribution in the TOPICA coupling of undesirable coaxial
or surface modes and to study in detail the sensitivity of the
antenna coupling to the plasma profile modifications.

A first summary of the main results has been given in [10]
and some results given in [11, 12].

2. Formalism of the modelling of the system
performance with plasma loading

2.1. Detailed system layout and rationale

The layout of the complete ICRH system proposed for ITER
is shown in figure 2. The antenna proper will be housed in an
antenna plug. A decoupler and tuning network will be located
outside of this plug and fed from the generators via 3 dB hybrid
splitters and transmission lines.

The electrical hardware inside the antenna plug for the
present status of design is presented in figure 1. Please note in
the first place the complete array of four pairs of triplets covered
by the Faraday screen. A poloidal cut of the first poloidal pair
of triplets shows how each triplet of straps is fed in parallel by
a 4PJ through three sections of length l11, l12, l13 of coaxial
line (of characteristic impedance Z01 = 15 !). The present
4PJ design (shown in figure 1) is used for the computation of
its 4 × 4 scattering matrix by MicroWave Studio (MWS) [13].
Each strap has its own strap box and the mean electrical length
⟨l1⟩ = (l11 + l12 + l13)/3 is chosen to have the first voltage
anti-node at the electrical junction point at a frequency f0

near the ITER mid-band. Each triplet is connected to the
external matching network by a Z02 = 20 ! line. At a distance
l2 ∼ λmid-band/4 from the junction point a service stub of
characteristic impedance Z0SST = 15 ! is inserted in parallel.
Its length also corresponds to ∼λmid-band/4 [4]. In the detailed
mechanical design [3] this service stub is bent and folded for
space saving.

As seen in figure 2, eight feeding lines protrude from the
antenna plug, leading through eight line stretchers (allowing
to preset for any frequency in the ITER band a voltage anti-
node at preset locations A, B, . . ., H at a distance l3 from
the service stubs) to a decoupling and matching circuit. This
system is then fed by four power sources through quadrature
3 dB hybrid junctions that provide the needed load resilience

2

Launchers	  	  



Several	  Material’s	  Issues	  are	  Arising	  in	  Examining	  the	  
FNSF	  Program	  

What	  is	  the	  maximum	  allowable	  dpa	  we	  should	  assume	  for	  targePng	  the	  
development	  program?	  

-  Fast	  reactor	  program	  showed	  ~	  100-‐150	  dpa	  for	  austeniPc,	  Ni-‐
alloys	  and	  ferrPic	  steels	  at	  500+	  oC…..in	  fission	  spectrum,	  
recommended	  value	  of	  ~	  100	  dpa	  for	  fusion	  

-  Impact	  on	  power	  plant	  economics,	  looking	  for	  the	  knee	  in	  the	  
curve	  

	  
The	  Reduced	  AcPvaPon	  FerriPc	  MartensiPc	  (RAFM)	  steel	  “family”,	  what	  is	  
the	  alloy	  evoluPon,	  how	  do	  we	  work	  this	  into	  the	  FNSF	  program?	  

-  Genera7on	  I	  Reduced	  Ac7va7on	  Ferri7c	  Martensi7c	  	  (Gen	  I	  
RAFM)	  	  

-  Genera7on	  II	  RAFM	  (controlled	  thermo-‐mechanical	  processing,	  
modificaPons	  to	  N,	  C,	  W,	  Ta,	  maintain	  strength	  at	  higher	  
temperature,	  large	  number	  of	  nano-‐scale	  parPcles	  in	  matrix,	  
helium	  trapping)	  

-  ODS(NS)	  steel	  (mechanical	  alloying,	  Oxide	  Dispersion	  
Strengthened,	  maintain	  strength	  at	  higher	  temperature)	  
-  ODS	  alloys	  with	  9-‐12%	  Cr,	  EUROFER-‐97-‐ODS	  (0.3	  wt.%	  Y2O3)	  
-  ODS	  alloys	  with	  >12%	  Cr,	  Fe(12-‐14)CrWTi-‐ODS	  (0.3	  wt.%	  

Y2O3)	  
à  Bewer	  determine	  the	  #	  samples,	  temperatures,	  materials,	  for	  fusion	  

neutron	  tesPng….strong	  pace	  sexng	  element	  of	  R&D	  program	  
à  What	  can	  faciliPes	  offer,	  IFMIF,	  accelerators?	  

SNS,	  fusion	  material	  test	  staPon	  	  

temperature and temperature gradient during irradia-
tion. In fusion breeding blanket designs with ceramic
breeders, blocks, pebble beds and tubes of ceramic
breeders have been proposed. Therefore, the following
four types of specimens of various ceramic breeders are
proposed for irradiation tests in IFMIF; (a) disks (10
mm in diameter ¥ 2 mm in thickness) for which the

temperature gradient is small and the irradiation be-
havior at various temperatures can be examined, (b)
pellets (10 mm in diameter ¥ 10 mm in length) for which
the temperature gradient is large, (c) pebbles (1 mm in
diameter) with which irradiation behavior of pebble bed
concepts can be tested, (d) specimens for compatibility
tests (breeders; 5 mm in diameter ¥ 1.5 mm in thickness,

Fig. 1. Proposed reference geometries of structural material specimens for the high Øux region of IFMIF [11].

100 K. Noda et al. / Journal of Nuclear Materials 258±263 (1998) 97±105



RouPne	  triPum	  behavior	  
and	  accident	  analysis	  is	  
needed	  to	  opPmize	  the	  

FNSF	  fusion	  core	  

sector are lumped in this TMAP model as five enclo-
sure volumes and seven diffusion structures. Three of
five enclosures are PbLi volumes that represent the com-
bined volume of the breeder zones of the blanket. These
volumes simulate the core blanket flow, the PbLi flow
within the SiCf0SiC insert, and the flow in the gaps
~i.e., PbLi-filled gaps! between the inserts and blanket
structural walls. Of the ;7470 kg0s of PbLi that flows
into this blanket sector, 95.6% of this flow is into the
core volume, with the remainder flowing in the gap
volumes. This flow split was imposed in this model to
match two-dimensional MHD fluid flow results re-
ported in Ref. 6. Whereas the PbLi flow has been split
to match MHD calculations, the tritium bred in the PbLi
is partitioned according to volume. The remaining two
enclosure volumes simulate the first-wall helium cool-
ant, both the radial and toroidal flow channels, and the
helium cooling channels within the rib0divider, top plate,
bottom plate, and back wall blanket structures. The he-
lium flow rate in these volumes is 430 kg0s.

The seven diffusion structures represent the outer
structures of the blanket, walls that have a vacuum on
one side and helium coolant on the other ~the first wall,
side walls, top plate, bottom plate, and back wall!, and
the interior walls that have helium on one side and PbLi-
filled gaps on the other ~second wall, side walls, top
plate, bottom plate, back wall, and ribs0divider!. The
total blanket module exterior wall area for one sector of
ARIES-CS is estimated to be 750 m2.

The ex-vessel components of the PbLi cooling loop
are modeled by eight enclosure volumes and eight

diffusion structures, representing the PbLi flow in the
inlet and outlet pipes, permeator, and PbLi-helium Bray-
ton cycle heat exchanger. The permeator consists of
;2060 1-cm inside diameter, 0.5-mm-thick, 5-m-long
niobium tubes. The five enclosure volumes and diffu-
sion structures used to model this component have a
total surface area of 340 m2. The PbLi flows in parallel
through these tubes, resulting in a flow velocity of 5 m0s.
The temperature of this component was set at 7308C.

The ex-vessel blanket helium cooling loop is mod-
eled as three enclosure volumes and three diffusion
structures, simulating the inlet pipe, outlet pipe, and
helium-helium Brayton cycle heat exchanger. The Bray-
ton cycle system was modeled as four enclosure vol-
umes and two diffusion structures. The Brayton cycle is
assumed to be a closed Brayton cycle similar to that
examined in Ref. 18 for a fission reactor concept. For
this type of Brayton cycle system, the turbines, inter-
coolers, and generators are enclosed in a thick pressure
vessel. The walls of this vessel are cooled to 908C by
internally flowing helium of this cycle. Because the
walls of this vessel are made of thick steel ~;8.5 cm! to
contain the system pressure ~15 MPa!, this wall also
represents an excellent barrier to tritium permeation.
Based on the modeling performed in Ref. 18, the sur-
face area of a system large enough to handle the 460 MW
of a single sector of ARIES-CS would have an internal
volume of 445 m3 ~including the secondary side vol-
umes of the heat exchangers!, a vessel wall area of
2050 m2, an intercooler surface area of 5050 m2, and an
internal flow rate of ;260 kg0s.

Fig. 8. Schematic of TMAP model of ARIES-CS.
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Figure 4.  A schematic of the primary components of the PbLi and He cooled systems in ARIES-ACT1 as 
modeled in MELCOR.  Three coolant loops are present: two helium loops (one for the highest temperature 
components, the divertors and structural ring, and one for the VV), and the PbLi loop through the blankets.  
Solid heat structures  are  labeled  with  the  prefix  “HS”  and  coolant  volumes  with  “CV”;;  arrows  indicate  the  
flow direction.  Note that the ex-VV heat transfer systems and the water-cooled shield and associated water 
systems are not shown here. 
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TMAP	  triPum	  inventory	  modeling	  –	  ARIES-‐CS	  

MELCOR	  Accident	  modeling	  –	  ARIES-‐ACT1	  

-‐  More	  rouPne	  use	  of	  TMAP	  by	  generaPng	  required	  
geometry	  in	  systems	  code	  
-‐  Impacts	  of	  materials,	  temperature,	  fluids	  

and	  parameter	  choices	  
-‐  Also	  produce	  	  geometry	  input	  for	  MELCOR	  

-‐  Establish	  a	  wider	  range	  of	  accidents	  to	  examine	  
and	  assess	  
-‐  Standards	  like	  LOCA,	  LOFA,	  etc.	  
-‐  Include	  “smaller”	  accidents	  



Magnets…which	  kind?	  How	  do	  we	  obtain	  high	  reliability	  
Cu	  TF	  and	  PF	  coils	  have	  been	  proposed	  to	  allow	  a	  smaller	  device,	  and	  lower	  cost….is	  it	  
all	  true?	  

-  Cu	  coils	  likely	  do	  cost	  less	  to	  make	  than	  SC	  (LT	  or	  HT),	  but	  the	  cost	  to	  operate	  
the	  Cu	  coils	  will	  likely	  nullify	  this…what	  do	  we	  learn	  from	  Cu	  coils?	  

-  Can	  one	  really	  obtain	  smaller	  shielding	  of	  the	  magnets…..inorganic	  insulators	  
have	  been	  proposed,	  but	  this	  insulator	  takes	  up	  too	  much	  volume,	  while	  
organic	  insulators	  have	  lower	  dose	  capability….the	  Cu	  also	  has	  strong	  reducPon	  
in	  elongaPon	  if	  kept	  below	  water	  boiling	  temperature?	  

LTSC’s	  have	  a	  basis	  from	  ITER	  development	  
-  Can	  we	  improve	  on	  it?	  	  The	  Koreans	  and	  EU	  next	  accelerator	  magnet	  

developers	  think	  so,	  maybe	  up	  to	  16	  T	  at	  the	  TF	  coil	  
-  Other	  opPons	  to	  opPmize	  the	  ITER	  CICC	  for	  the	  FNSF	  applicaPon?	  	  Insulators,	  

structural	  steel,	  conduit	  material	  

HTSC’s	  are	  becoming	  the	  focus	  of	  magnet	  development	  
-  Do	  we	  need	  what	  they	  can	  offer,	  higher	  operaPng	  T,	  higher	  J-‐B	  combinaPons,	  

work	  without	  He	  
-  Can	  we	  make	  a	  fusion	  magnet,	  high	  field	  with	  large	  volume?	  

We	  need	  to	  examine	  the	  Cu	  and	  LTSC	  trade-‐offs,	  and	  maintain	  an	  assessment	  of	  HTSC	  progress	  

There	  are	  other	  magnets	  too,	  error	  field	  correcPon,	  verPcal	  posiPon	  feedback,	  other	  control	  magnets	  



OperaPng	  at	  higher	  β	  can	  allow	  higher	  neutron	  
wall	  loads,	  but	  we	  need	  a	  robust	  operaPng	  point	  

Where	  can	  we	  operate	  the	  most	  robustly?	  
βN	  <	  βNno	  wall	  
βNno	  wall	  <	  βN	  <	  βN	  wall	  
	  

This	  likely	  depends	  on	  other	  parameters,	  like	  q95,	  
conducPng	  wall	  locaPon,	  feedback	  coil	  locaPons	  
	  
Feedback	  coils	  will	  need	  to	  be	  located	  behind	  the	  
blanket	  and	  shield,	  and	  likely	  are	  normal	  Cu	  
	  
What	  is	  the	  connecPon	  of	  the	  error	  fields,	  plasma	  
response,	  staPc/dynamic	  error	  field	  control,	  resisPve	  
wall	  modes,	  resisPve	  wall	  mode	  feedback,	  kinePc	  
stabilizaPon,	  and	  plasma	  rotaPon	  

Can	  we	  idenPfy	  the	  hardware	  to	  access	  higher	  β?	  
Can	  we	  project	  the	  physics	  from	  present	  devices?	  
Can	  we	  establish	  a	  highly	  robust	  baseline,	  and	  
possible	  extensions	  to	  higher	  β?	  

! 6!

be moved downward to the surface of the bottom vacuum vessel plate after removing the coolant 
access pipes under the coil and sliding a hydraulic lift system into the space between the bottom 
structural ring and vessel. The 16 TF coils are enlarged to allow withdrawal of complete sectors 
between these magnets. The PF coils on the outside of the TF magnets are placed higher and 
lower than their optimum locations to allow removal of entire power core sectors. As illustrated 
in Fig. 1, there are 7 spare PF coils that rest on the cryostat for quick exchange, if any PF coil 
fails below the midplane.  
 
 

 
Fig. 2. Cross section of ARIES-ACT2 (cutting through vertical plane) 
 
2.2 RAFS Structural Ring 
 

The basic design principle of our ARIES power core systems, such as ARIES-RS, ARIES-
AT and ARIES-ACT1, is to have the blankets and the divertor target plates contained in a strong 
structural ring, closed in the poloidal direction and segmented into 16 sectors in the toroidal 
direction. These skeleton rings are supported at the bottom only by the vacuum vessel, and can 
expand freely in the toroidal, poloidal, and radial directions without any interaction with the 
vacuum vessel. In the present layout of the power core for the ARIES-ACT2 DCLL blanket, we 
designed this structural ring as a helium cooled component, sufficiently shielded by the blankets, 
the divertor plates, and the divertor structure to become a lifetime component. This is an 
important point in regard to minimization of radioactive waste as well as fabrication costs.  

LocaPon	  of	  
feedback	  coils	   ARIES-‐ACT2	  



	  	  

0.6 0.7 0.8 0.9 1.0 1.1

3.5

3.0

2.5

2.0

`N

li(1)

no wall, 1.5D cases
wall at b/a = 0.55, 1.5D cases
prescribed j||�s	 and p(s	 cases
prescribed p(s	� mockup CD sources, consistent BS  w/wall (no wall)

o

o

o

Red	  points	  show	  no	  wall	  maximum	  beta-‐N	  
	  
Green	  points	  show	  with	  wall	  maximum	  
beta-‐N,	  b/a	  =	  0.55,	  conductor	  behind	  shield	  
	  
Ignore	  the	  others	  please	  
	  
Preliminary	  systems	  analysis	  of	  FNSF	  are	  
showing	  benefits	  to	  reaching	  βN	  ~	  3	  
	  

Tolerate	  lower	  peak	  B-‐fields	  at	  TF	  coil	  
	  
Smaller	  major	  radii,	  smaller	  H/CD	  
power	  
	  
Higher	  <Nw>,	  shorter	  Pmes	  to	  reach	  
dpa	  limits	  
	  
Easier	  to	  provide	  an	  electricity	  
demonstraPon	  at	  smaller	  size	  

Low	  n	  Ideal	  MHD	  analysis	  from	  ARIES-‐ACT2	  

ACT2	  (so-‐called	  conservaPve)	  power	  plant	  study	  
examined	  beta	  limits	  without	  and	  with	  wall	  

*does	  not	  include	  kinePc	  stabilizaPon	  effects	  

No	  wall	  
stabilizaPon	  
required	  

With	  wall	  
stabilizaPon	  
required	  



Divertor	  soluPons	  
The	  divertor	  will	  need	  both	  a	  physics	  
and	  an	  engineering	  soluPon,	  this	  is	  a	  
criPcal	  interface	  area	  on	  the	  FNSF	  
	  
RadiaPve	  standard	  divertors	  

Slot	  geometry	  
Detachment	  regime	  and	  stability	  
	  

Advanced	  magnePc	  geometries	  
Super-‐X	  
Snowflake	  
X-‐divertor	  
	  

We	  need	  to	  get	  at	  PMI	  –	  erosion	  
esPmates	  

Flat-‐plate	  full	  detachment	  
provides	  gas	  cushion	  on	  
both	  sides	  of	  separatrix	  

ParPal	  detachment	  provides	  
fdiv,rad	  ~	  0.75	  

Full	  detachment	  provides	  
fdiv,rad	  ~	  100%	  

LLNL	  

Tilted-‐plate	  parPal	  
detachment	  has	  strong	  in/
out	  asymmetry	  

Is	  there	  a	  liquid	  metal	  design	  that	  
fits	  in	  the	  typical	  envelope	  for	  a	  
divertor?	  Can	  we	  do	  it	  on	  the	  top	  
and	  the	  bowom?	  
	  
Should	  we	  pursue	  SN	  or	  DN?	  
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Plate	  Single	  
Finger	  Single	  
Plate	  10	  Hz	  
Finger	  10	  Hz	  

Melting threshold for 
tungsten
 Power	  plant	  operaPng	  for	  1	  

year	  would	  see	  ~	  108	  ELMs	  
UW	  

Qtp	  =	  (Bp/B)nTvt	  	  

ITER-‐like	   ARIES-‐ACT	  



HeaPng	  and	  current	  drive	  systems	  will	  be	  driving	  
a	  lot	  of	  the	  plasma	  current	  
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FIG. 8: Results of the scan of the toroidal and poloidal steering angle for ACT1 (top) and ACT2

for 260GHz (middle) and 290GHz (bottom). Contour plot of the current drive e�ciency for two

equatorial lines of injection and for a line of injection above midplane. The black contour lines

indicate the deposition location. (a-b) Current density profiles for poloidal angles between ±10

degrees for azimuthal angle of 25 degrees (black) and 30 degrees (red). (c) Current density profiles

for � = 30�50 degrees and ✓ = 35 degrees (black) and ✓ = 45 degrees (red). (d-e) Current density

profiles for poloidal angles between ±15 degrees for azimuthal angle of 35 degrees (black) and 40

degrees (red). (c) Current density profiles for � = 30� 50 degrees and ✓ = 20 degrees (black) and

✓ = 35 degrees (red).
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Since	  fBS	  ~	  βNq95,	  and	  we	  are	  targePng	  robust	  plasma	  scenarios,	  we	  typically	  have	  to	  
drive	  20-‐50%	  of	  Ip	  

I	  anPcipate	  examining	  all	  sources,	  to	  get	  assessments	  of	  
impacts	  on	  

CD	  efficiency	  
Impact	  on	  power	  balance	  
TriPum	  breeding	  
Neutron	  shielding/streaming	  

Solid	  –	  no	  LH	  
Short	  dash	  –	  20	  MW	  LH	  
Long	  dash	  –	  40	  MW	  LH	  

We	  will	  need	  real	  
designs	  with	  the	  
materials,	  
operaPng	  
temperatures,	  
and	  loading	  
condiPons	  (PMI)	  

EC	  

ARIES-‐ACT	  analysis	  



What	  is	  the	  operaPng	  plasma	  scenario	  
In	  general,	  producing	  a	  wide	  range	  of	  plasma	  
configuraPons	  is	  NOT	  the	  goal,	  but	  a	  small	  set	  
of	  robust	  operaPng	  points,	  with	  margin	  to	  
accommodate	  things	  that	  don’t	  go	  our	  way	  
(BTmax	  did	  not	  reach	  16T,	  or	  SS	  βN	  does	  not	  
reach	  3…)	  
	  
The	  preferred	  operaPng	  mode	  is	  steady	  state,	  
100%	  non-‐inducPve	  current	  (bootstrap	  +	  
external	  CD)	  

	  
Strong	  shaping	  is	  sPll	  desirable	  for	  margin	  to	  
MHD	  limits,	  pedestal	  and	  transport	  benefits,	  
and	  possible	  benefits	  to	  high	  density	  operaPon	  

High	  n/nGr	  fracPons	  are	  likely,	  consistency	  
with	  radiaPng	  divertor	  
	  

What	  is	  the	  operaPng	  plan	  for	  the	  DD	  phase	  of	  
the	  FNSF,	  plasma	  operaPons	  to	  establish	  ultra-‐
long	  pulses	  (without	  DT	  fusion)	  

	  

Preliminary	  systems	  analysis	  searching	  
for	  operaPng	  points:	  
	  
Provide	  NW

OB,peak	  =	  1.5	  MW/m2	  
	  
Assume:	  	  

88	  cm	  IB	  build	  +	  20	  cm	  gaps	  
LTSC	  (Btmax	  <	  15.5	  T,	  <j>	  <	  15	  MA/
m2)	  
	  

βNtotal	  <	  2.5,	  qdivpeak	  <	  10	  MW/m2	  
R	  >	  4.5	  m	  
	  
βNtotal	  <	  3.0,	  qdivpeak	  <	  10	  MW/m2	  
R	  >	  3.75-‐4.0	  m	  
	  
Qengr	  >	  1	  (electricity)	  
βNtotal	  <	  2.5,	  qdivpeak	  <	  10	  MW/m2	  
R	  >	  4.5	  m	  
	  
βNtotal	  <	  3.0,	  qdivpeak	  <	  10	  MW/m2	  
R	  >	  3.75-‐4.0	  m	  



Fueling,	  pumping,	  parPcle	  
control	  and	  vacuum	  systems	  

Vacuum	  vessel	  

Sector,	  1/16	  

ARIES-‐ACT	  

The	  VV	  in	  the	  FNSF	  and	  future	  devices	  
becomes	  a	  large	  can	  inside	  which	  the	  
blankets,	  divertors,	  and	  shield	  are	  placed	  
	  
As	  far	  as	  we	  know	  only	  a	  small	  fracPon	  
(5-‐15%)	  of	  the	  triPum	  and	  deuterium	  injected	  
is	  consumed,	  the	  rest	  is	  exhausted,	  processed	  
and	  re-‐injected….so	  we	  send	  A	  LOT	  of	  triPum	  
through	  the	  fueling/exhaust	  system,	  about	  
10x	  what	  we	  consume	  (or	  breed)	  
	  
The	  sectors	  are	  mounted	  next	  to	  each	  other,	  
and	  come	  in	  contact	  when	  hot	  (and	  due	  to	  
swelling	  over	  Pme)….what	  is	  going	  to	  be	  the	  
parPcle	  behavior	  in	  this	  system	  
	  
Maintenance	  of	  the	  device	  plays	  a	  large	  role	  
in	  the	  configuraPon	  shapes	  and	  components	  

Need	  to	  establish	  a	  vacuum/fuel/exhaust	  design	  soluPon	  



DisrupPons	  
Although	  we	  will	  operate	  on	  the	  assumpPon	  that	  disrupPons	  can	  and	  will	  be	  avoided	  
to	  a	  significant	  extent,	  the	  FNSF	  will	  need	  to	  be	  designed	  to	  withstand	  them	  

At	  a	  minimum	  the	  disrupPon	  can	  not	  lead	  to	  an	  accident	  
	  
DisrupPon	  miPgaPon	  will	  be	  assumed	  to	  be	  available,	  based	  on	  experimental	  
developments	  

Transfers	  thermal	  quench	  deposiPon	  (mostly)	  to	  first	  wall	  
ElectromagnePc	  forces	  of	  current	  quench	  remain	  (halo	  current	  loads	  reduced)	  
Runaway	  electrons	  will	  be	  assumed	  to	  be	  quenched	  by	  miPgaPon	  scheme	  (we	  
can	  not	  use	  armor	  to	  withstand	  these	  due	  to	  triPum	  breeding)	  
	  

Strong	  back	  or	  structural	  ring	  which	  surrounds	  each	  sector	  

Tungsten	  shells	  are	  used	  for	  verPcal	  posiPon	  
stability	  and	  low-‐n	  kink	  (RWM)	  stability	  due	  its	  
good	  electrical	  conducPvity	  and	  high	  
temperature	  capability	  
	  
Modeling	  is	  going	  on	  for	  the	  electromagnePc	  
forces,	  expanding	  the	  model	  to	  contain	  more	  
elements	  like	  blanket	  box	  and	  divertors	  



What	  can	  we	  measure?	  
We	  need	  a	  CRITICAL	  assessment	  of	  measurements	  needed	  for	  the	  FNSF,	  with	  an	  eye	  
to	  the	  environment	  they	  must	  withstand	  
	  
ITER	  already	  provides	  a	  challenging	  environment	  and	  difficult	  constraints	  on	  many	  
diagnosPcs	  we	  use	  today…GOOD	  PLACE	  TO	  START,	  with	  hierarchy	  of	  priority	  for	  
control	  and	  hardware	  protecPon	  to	  high	  fidelity	  physics	  measurements	  
	  
What	  simulaPons	  with	  synthePc	  diagnosPcs	  can	  replace	  or	  augment	  a	  measurement?	  
	  
Can	  Pme-‐dependent	  simulaPons	  be	  used	  to	  track	  the	  plasma	  or	  engineering	  system	  
in	  real-‐Pme?	  
	  
Materials	  become	  a	  major	  development	  area	  for	  diagnosPcs,	  operaPon	  under	  
neutron	  and	  gamma	  radiaPon,	  understanding	  the	  prompt	  irradiaPon	  signal	  polluPon	  
and	  long	  term	  damage	  signal	  modificaPons	  
	  
Performing	  measurement	  degradaPon	  experiments	  on	  present	  DD	  devices	  offers	  a	  
way	  to	  understand	  the	  impacts	  and	  ability	  to	  replace	  or	  restore	  measurement	  
capability	  
	  
Measurements	  of	  engineering	  systems	  have	  been	  barely	  examined,	  especially	  those	  
that	  would	  be	  inside	  the	  first	  wall/blanket/shield	  



The	  FNSF	  provides	  an	  important	  step	  on	  the	  pathway	  
to	  fusion	  energy,	  but	  it	  is	  a	  significant	  change	  from	  

ITER	  and	  present	  plasma	  faciliPes	  

The	  facility’s	  missions	  focus	  is	  on	  nuclear	  science	  and	  the	  basis	  for	  fusion	  energy	  
producPon…having	  only	  2	  devices	  weighs	  heavily	  on	  decisions	  for	  the	  FNSF	  
	  
HOWEVER,	  it	  is	  also	  the	  step	  where	  the	  plasma	  and	  nuclear	  science	  come	  together	  
like	  never	  before…tremendous	  advances	  will	  have	  to	  take	  place	  
	  
Plasma	  performance	  is	  criPcal	  to	  delivering	  the	  nuclear	  mission,	  so	  that	  
demonstraPng	  the	  ultra-‐long	  pulses	  and	  robustly	  stable	  operaPng	  modes	  (and	  
enabling	  systems	  that	  support	  it)	  is	  central	  to	  its	  mission	  

FNSF	   DEMO	  Pre-‐FNSF	  R&D	  

Parallel	  FNSF	  R&D	  

Pre-‐DEMO	  R&D	  

Plasma	  Science	  	  

Website:	  	  	  	  hwp://fess.pppl.gov	  	  


