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In this regime, the topics for consideration are: 

· Experimental program topics and sequence: time plan from commissioning to achievement of BP regime to conduct of experiments in this regime, also estimate of pulses, pulse durations and other program parameters [diagnostics, control, etc.] to achieve elements of plan

· Device specific operational attributes: pulses per hour, pulses per year, time between major component replacements, tritium inventory and supply attributes, disruption and other off-normal event tolerance, means of wall conditioning and disruption and vent recovery procedures, procedures and time scales for minor and major maintenance and/or modification. Data to be compiled and presented in comparative fashion by device (FIRE, Ignitor, ITER) in tabular form (by columns) 

· Device specific "flexibility" attributes: domain of plasma parameters within BP regime, margin(s) for plasma performance shortfalls, plasma current, shape, size, density and fusion power and pulse duration variation, ability to vary auxiliary heating mix and/or heating CD localization, availability of "active" control means for MHD instabilities of plasma profiles, yields with non-DT operation

· Device specific diagnostic attributes, as applied to flexibility and operation program issues, time phasing of diagnostic set availability.
Data and draft findings will be discussed during SM02 meeting and conclusions incorporated in SG, WG and SM-MFE final report. E3 FR allocation (3.3.3.3; 


Physics Operations) = 3 pp. in FR, plus Appendices (including background matter)
Data and Findings to Date (9 July)

1. Experimental Program Topics and Sequence

All BPSXs will progress through a ‘classical’ sequence of device and commissioning and operation that will culminate with use of the device and facility for the conduct of ‘user-driven’ burning plasma science experiments and technology development studies. This ‘user/science-study/technology-test phase’ will follow after an extended initial period of device systems commissioning and burning plasma operation development. This development of routinely attainable burning plasma operation will in itself constitute an integrated test of the respective device’s science and technology bases. These bases are not identical among the three candidate devices, so which physics and technology aspects will be tested will vary.

Table 1 presents a generic summary of the expected commissioning and operations development sequence and major ‘milestones/accomplishments’. The generic plan is largely based on the well-documented ITER commissioning and operation plan (see §2.3); FIRE and Ignitor (§2.1 and §2.2 respectively) propose variants to this plan that incorporate device-specific provisions and operation and science program objectives.

TABLE 1

Generic BPSX Commissioning and Operations Plan; 8-10 Year Duration
Phase
Duration

(years)
Nuclear activation
Goals/Accomplishments/Major Milestones

Hydrogen
1-3
Zero
Demonstrate full B, I, Paux operation; validate DT physics basis in H; validate in-vessel and facility readiness for DD and DT ops (RH/RM, T handling, DD and DT-ready diagnostics). Major milestone: device and facility readiness for DD and DT ops 

DD and D+T
1
Low
D development, validate DT basis in D, validate n-sensitive diagnostics, conduct low-yield D + T studies (T handling, diagnostics, full DT yield check basis). Major milestone: full readiness for DT ops

DT Development
3
Moderate
Commence 50-50 DT development; achieve design basis yield (Q = 10), pulse duration and repetition capability at full power + duration. Validate ‘integrated’ physics basis. Commence yield and/or duration optimization (‘standard’ and ‘AT’); topical science studies; basis for T handling/recovery in extended operation campaigns. Major Milestone: readiness for ‘user-defined operations and experimentation’

DT Operation and Fluence Accumulation
3
High (relative to previous phases)
Physics and technology exploration and optimization studies; final development of ‘high-yield and/or high-fluence’ operation scenarios; testing of in-vessel components, etc. to ‘design-basis’ or ‘lifetime’ limits. Major Milestone(s); Initial program goals complete; readiness for possible ‘follow-on phase’ and/or major device/facility upgrade(s)

As the device-specific plans and comparisons that follow will make clear, the magnitude of the corresponding neutron fluence that each device aspires to is concept specific. But the comparative progression from zero to low to high nuclear activation and the associated need for increasing complete in-vessel and in-facility remote handling and for plasma diagnostic and control sophistication as the plan progresses are similar among all concepts.

2.Device-Specific Plans and Comparative Attributes

NB: Data still being collected; final content, presentation, discussion, conclusions TBD!

TABLE 2.0-1: Device-Specific Data (1 July)
Attribute (units)
FIRE
Ignitor
ITER

Ro (m)
2.14
1.32
6.20

a (m)
0.595
0.47
2.00

A (Ro/a)
3.60
2.81
3.10

 (a/Ro)
0.278
0.386
0.323

Plasma config.
DN divertor
Inner wall limiter
SN divertor

95
~1.8
---
1.70

x or a
~2.0
1.83
1.85

95
~0.4
---
0.33

x or a
~0.7
0.4
0.49

BT (T)
10
13
5.3

Ip (MA)
7.7
11
15 (17)

q95
3.0
---
3.0 (~2.6)

qa
---
3.6
---

TF type
80K BeCu/Cu
30K Cu
5K NbSn CICC 

TF flattop (s)
21
~4
steady-state

TF rep rate (hr-1)
0.33
0.33 ???
steady-state

TF pulses (full field)
≥ 3000
3000 ???
NA

PF type
80K OFHC Cu
30K Cu
5K NbSn CICC

PF rep rate (hr-1)
0.33
0.33 ???
1.6

Fusion power (MW)
150
100
500

Fusion burn duration (s)
~20
~4
~440

Limiting system(s)
TF, PF, PF(V-s)
TF, PF, PF(V-s)
PF(V-s)

FPE energy (GJ)

(Full Power Equiv.)
3.0
0.4
220

VV/FW area (m2)
~80
~36
~720

n (MW/m2)
1.5
2.2
0.57

Paux (MW)
30
20
73

Type
ICRF
ICRF
NNBI + ICRF + ECRF

E (s) (including radiation loss)
~1.0
0.62
3.4

Wth (MJ)
~35
12
353

 (%)

1.2
2.8

N
~1.8 (?)
~1
2.0

p
~0.5 (?)
0.2
0.72

p
0.14 (?)
0.078
0.232

fbs
0.15 (?)
0.078
0.15 (?)

T burnup per FPE pulse (g)
0.005
0.0007
0.40

FPE per year
216
150-300
2,000-3,000

Annual T burnup (g)
1.2
0.11
800

T fueling input (g) per FPE pulse 
0.7-1.0
0.08
240

Annual once-through T fuelling input (g)
220
12-24
470,000

On-site T inventory limit (g)
30
 10 (?)
3,000

On-site T reprocess
Yes; ≥ 0.1 g/hr
???
Yes; 480 g/hr

FW cumulative energy (GJ/m2)
34
6.3
2,900

FW neutron fluence (MW/a2), at end of initial operation period 
0.0011
0.0002
0.094

FW fluence limit (MW/a2) (design basis)
~0.003
?
0.3
















2.1 FIRE

FIRE is a high-field (10 T) compact BPX based upon 80K adiabatically-cryocooled copper TF and PF magnets, with actively-cooled in-vessel divertor PFCs. Nominal plasma current is 7.7 MA. Nominal operation is targeted towards 20-s Q = 10 DT burn, with fusion power of 150 MW, initiated and sustained with up to 30 MW of ICRF heating. The inertial heat capacities of the TF and PF magnets allow the possibility of longer-pulse, reduced-B and/or reduced-Ip operation in ‘standard’ and ‘advanced tokamak’ modes. A comprehensive physics and in-vessel component technology study program is planned.

The mission goal of the FIRE device and facility is to “…attain, explore understand and optimize magnetically confined fusion-dominated plasmas….to provide the scientific foundation for an attractive magnetic fusion reactor. The emphasis is on understanding the behavior of plasmas dominated by alpha heating (Q ~10) that are sustained sufficiently long compared to most characteristic plasma time scales (~ 20 E, ~ 4He ,~ skin, where He is the helium ash confinement time, and skin is the time for the plasma current profile to redistribute at fixed total current) to allow the evolution of alpha

defined profiles.”
2.1.1 Commissioning and Operation Plan

The FIRE commissioning and operations plan for the first 8-year period of operation is summarized in Fig. 2.1.1. A more extended 16-year version of this plan will be discussed later. The plan shown in the Figure comprises a total of 14,000 machine pulses (TF and PF pulses) spread uniformly, with ca 2000 pulses/year, over 7 years of operation. A one-year operation hiatus is scheduled starting at the beginning of Year 7 for installation of ‘AT’ system and component upgrades. The plan comprises 1 year of zero-activation device and plasma commissioning operation in H, 2 years of DD operation and 4 years of integrated DD and DT operation.

[image: image6..pict]
Fig. 2.1.1  FIRE 8-yr experimental plan and pulse and fusion energy budgets

The number of full BTF and full DT fusion energy yield pulses is constrained such that the 8-year initial operation totals are respectively about 50% and 36% of the corresponding ‘machine lifetime’ design basis limits. The 8-year program comprises a total of 1650 full-B (10 T)  pulses (cf 3000 design basis limit) and 2350 GJ of DT energy (cf 6500 GJ design basis limit). The nominal ‘full-power-equivalent’ (FPE) DT burn pulse basis used here is 150 MW x 20 s = 3 GJ.

The first three years of operation in H and then DD focus on TF and PF magnet commissioning, with a goal of achieving full TF field (10 T) and (?) full plasma current (7.7 MA) in H by the end of the first year of operation. A total of 50 full-B (and full I?) pulses are planned in Year 1. These are with Ohmic heating only. There will be [low-power] testing of the ICRF heating system in H; appreciable IC heating will commence in Year 2 with DD. Plans for this phase call for ~2000 DD pulses per year during Years 2 and 3, with TF fields up to 10 T and 7.7 MA current duration extended up to 20 s. Fig. 2.1.1. shows 200 full-B pulses. The hypothetical ‘more-aggressive’ DD shot plan (perpared for activation estimates) given in Table 2.1-1 considers the possibility of 673 full field shots with 3-s to 20-s ‘burn’ duration. 

Table 2,1-1 shows that appreciable quantities of tritium (~100 Ci/yr) will be produced in-situ during such a campaign, and that with 2% T burnup,14 MeV DT neutron yields will become significant (36 MJ/yr). Some tritium handling for the torus vacuum exhaust stream will likely be required and estimated in-vessel activation levels (exclusive of T retention) will be about 500/10/5 mRem/hr 0/1/2 months after 1 (?) year of this type of sustained DD operation.

Table 2.1-1: FIRE H and DD Shot Plan (Years 1, 2, 3; neutrons only during DD years)

B, I, t 
Q/QJET
Dur
Rate

hr-1
Rate

d-1
Rate

wk-1
Rate

m-1
Mnths

per year
Pulses 

per yr
2.5 MeV n/shot
2.5 MeV n
14 MeV n/shot
14 MeV n

5 T 

3.8 MA

5 s
2
~5E
2.5
36
180
540
1.5
810
1.2E17
9.7E19
2.0E15
1.6E18

6.T,

5.1 MA

5 s
7.5

1.35
19.9
100
299
2
597
4.2E17
2.5E20
8.0E15
4.8E18

10 T,

7.7 MA

5 s
50

0.86
13.0
65
196
2
391
2.2E18
8.6E20
4.0E16
1.6E19

10 T

7.7 MA

10 s
50
CR
0.63
9.82
49
147
1
147
4.4E18
6.5E20
8.0E16
1.2E19

10 T,

7.7 MA

20 s
50
2CR
0.37
6.18
31
93
1.5
139
8.8E18
1.2E21
1.6E17
2.2E19

Total






8
2085

3.1E21

5.6E19

Planning Basis



14 hr/d
5

d/wk
3 

wk/m
8

m/yr
Full-B

shots

T

(Ci)
2%

burnup
DT

(MJ)









678

103*

36

Concerted DT plasma development and science-study operation admixed with supporting DD ‘setup’ operation begins in Year 4. The annual full-B pulse number reaches 300/yr during Years 4 and 5 (first and second DT campaign years). There will be133 and 216 FPE (DT energy yield) pulses in Years 4 and 5 and 216 FPE pulses in each of the 2 subsequent DT campaign years. Table 2.1-2 details an hypothetical ‘aggressive’ DT operation plan comprising ~600 full-B ‘High-Field’ pulses, ~400 reduced-B (6.6-T) ‘AT’ pulses and  ~900 lower-B/reduced-duration DD ‘setup’ shots. The program requires 220 g of ‘once-through’ injected T per year and results in ~2 g of retained in-vessel T, if the in-vessel T retention fraction (retained/injected) is 1%.  Note for reference that the actual T burn-up for a 1300 GJ yield would be ~2.4 g, or about 1% of the ‘once-through’ fueling quantity and comparable to the estimated in-vessel retained T.  

Table 2.1-2 FIRE DT Shot Plan (Years 4-6, 8), all DT, with emphasis on High Field shots

D-T Discharge
Pfus

(MW)
Dur

(s)
Dur
Rate

hr-1
Rate

d-1
Rate

wk-1
Rate

m-1
Mnths

per year
Pulses 

per yr
GJ
T(g)/

shot
T(g)/

day
T(g)/

run

5.0T, 3.8MA
10
2
E
3
43
215
645
0.9
581
12
0.06
2.6
35

5.0T, 3.8MA
10
5
5E
2
29
145
435
0.7
305
15
0.08
2.3
24

6.6T,5.1MA
30
2
E
1.4
20.6
103
309
0.25
77
5
0.06
1.2
5

6.6T,5.1MA
30
5
5E
1.29
19.06
95.3
285.9
0.25
71
11
0.08
1.5
6

6.6T,5.1MA
150
10
CR
1.05
15.7
78.5
235.5
0.5
118
177
0.15
2.4
18

6.6T,5.1MA
150
20
2CR
0.76
11.64
58.2
174.6
0.6
105
314
0.30
3.5
31

6.6T,5.1MA
150
35
3CR
0.33
5.62
28.1
84.3
0.65
55
288
0.50
2.8
27

10T,7.7MA
150
2
E
1
15
75
225
0.7
158
47
0.06
0.9
9

F
150
5
5E
0.83
12.62
63.1
189.3
1.2
227
170
0.08
0.9
17

10T,7.7MA
150
10
1CR
0.5
8
40
120
1.2
144
216
0.15
1.2
22

10T,7.7MA
150
20
2CR
0.33
5.62
28.1
84.3
1
84
253
0.30
1.7
25

Total







8.0
1924
1507


219

Planning Basis



14 hr/d
5

d/wk
3 

wk/m
8

m/yr
Full-B

shots
613


T in-vessel (g)*
2.2









AT (6.6T) Shots
426













Setup Shots
885





*Tritium retention (g)  if 1% sticking fraction
2.1.2 Facility availability and lifetime issues

The basis for the ~2000 pulse per year plans  detailed in Tables 2.1-1 and 2.1-2 is 2-shift operation (14 hours per day), 5 days per week, 3 weeks per month, 8 months per year, with a mix of various TF field magnitude and plasma/burn pulse duration shots effected at corresponding repetition rates that vary between 2.3/hr and 0.37/hr.  The plans detailed in the Tables appear to be based upon an assumption of100% device availability (ready-to-operate-time/clock-time) during the scheduled run periods. As Appendix 2 details, by this criterion, present tokamak experiments typically achieve 70-80% ‘availability’ exclusive of scheduled maintenance and upgrade periods.

The proposed 8-year plan consumes ~50% of the ‘full-B’ machine lifetime pulse budget and ~36% of the machine lifetime fusion energy yield budget. The residual lifetime will allow for a ‘Phase II’ follow-on program encompassing a similar number of full-B and FPE fusion pulses. We (E3) believe, however, that extension of operation beyond the proposed final year and 2000 pulses of DT operation (commencing after installation of the ‘AT upgrade’) will be needed to full develop, study and exploit such ‘advanced’ operation in the burning plasma regime. Fig. 2.2-2 presents a 16-year plan that follows this approach.

[image: image2.wmf]
Fig. 2.1.2. FIRE 16-year plan including AT and ITB experiments

Details of the program goals and physics development plan are presented in the Figure. Lower hybrid current drive (LHCD) capability  to support development and control sustained ‘AT’ operation is added during the Year-7 hiatus and program emphasis after the resumption of operations in Year 8 shifts to AT and ITB studies and optimization and the achievement of longer-pulse non-inductively assisted or sustained operation. The annual quota of full-B (10-T) pulses, which peaks at 300/yr during Years 5-6, decreases to 150/yr during this AT/ITB phase, presumably owing to the use of a greater fraction of reduced-B longer-duration TF pulses. Annual fusion yield remains at 500 GJ/year.

The 16-year program detailed in Figure 2.1.2 exploits the full 30,000 pulse, 3,000 full-B pulse, 6,500 GJ design-basis limits of the FIRE device. The ‘end-of-life’ FW fluence achieved is 0.003 MWa/m2. 
2.1.3 Pulse number and repetition rate issues

Uniform allocation of the design-basis of 3000 10-T TF pulses over 15 years of operation yields 200 full-B pulses per year. Uniform allocation of the design-basis of 6500 GJ over 12 years of DT operation yields 180 FPE (3 GJ) burn pulses per year. 

At a pulse repetition rate of 0.33/hr-1  and with 70% availability, 860 hours of scheduled operation time will be required to complete 200 full-B pulses. The planned two-shift/5-day/3-week/8-month operation schedule provides 1680 hours of scheduled operation per year. On the 70% availability basis assumed here, this scheduled operation will support up to 390 full-B pulses per year, or, as the FIRE 16-year operation plan proposes, ~150 full-B and/or full-FPE pulses per year plus a substantial number of reduced-B (and possibly reduced FPE) pulses.

We(E3) have not attempted to explore plan scenarios and resulting expected fusion (FPE) yields for ‘mixed-B’ and/or reduced-Ip operation plans.  The FIRE team will need to develop such assessments. We do note, however, that with a 1.3 hr-1 repetition rate (see Table 2.1-1) characteristic of 6-T (? 20-s) TF pulses, the remaining 820 hours of operation time not allocated above for full-B pulses will support (with 70% availability) approximately 750 6-T pulses. On this basis, we believe that it will be difficult for FIRE to fully achieve the proposed total shot number quota of 1750-2000 pulses per year (cf 200 10-T + 750 6-T pulses per our estimate here).

2.1.4 Science and technology issues and benefits

The technology and science issues to be studies during the course of the 16-yeasr FIRE plan are:

• Control, cleanup, fueling, diagnostics, operations, RF tests

• Remote handling checkout

• Initial RF heating, plasma power handling, initial physics studies

• Global burn control, transient profile control, transient advanced tokamak

• Optimization of AT modes, non-inductive profile control, improve divertor and FW power handling, extend pulse length

Table 2.1-3 summarizes these development and study topics, organized by the operations phase in which they are addressed.

TABLE 2.1-3:  FIRE 16-Year Plan Summary

Phase
Years after 1st plasma
Activities/Benefits

Commissioning (H, D)
0 – 3
Control, cleanup, fueling, diagnostics, operations, ICRF tests; RH checkout

DT 

H-mode

Transient AT and ITB
4 – 6
Initial ICRF heating, plasma power handling, initial physics studies; alpha heating, energy transport, fast particle, particle and ash exhaust; global burn control, transient profile control, transient AT

Upgrade
7
Install LHCD

DT

Optimized H-mode;

AT control and optimization 
8 – 16
Optimization of AT modes, non-inductive profile control, improve divertor and FW power handling, extend pulse length

Program completion
16
T burn-up  13 g

n = 0.003 MWa/m2

2.2 Ignitor

Ignitor is a very-high-field (13 T), maximally compact BPX based upon 30K adiabatically-cryocooled copper TF and PF magnets, with adiabatically-cooled in-vessel limiter PFCs. Nominal plasma current is 11 MA. Nominal operation is targeted towards fully-ignited DT burn with fusion power of 100 MW, facilitated and sustained (if necessary) with ICRF heating of up to 24 MW. The inertial heat capacity of the TF and PF magnets will allow the possibility of longer-pulse, reduced B and/or Ip operation in ‘standard’ and ‘advanced tokamak’ modes. An ignition physics study program is planned.

The goals of the Ignitor experiment are: “1) demonstration of ignition in a magnetically-confined plasma, 2) [study of] the physics of the ignition process, and 3) [demonstration of] heating and control of a burning plasma.”  (http://www.frascati.enea.it/ignitor/)

The Ignitor device concept is based upon a compact, high-toroidal magnetic field (13 T) tokamak system that is projected by its proponents to allow attainment of ‘ignition’ (-heating > plasma core transport and radiation losses) and sustained (≥ few E) wholly or largely -heated DT burn. See Table 2.0-1 for device, facility and operations-related parameters. These goals are to be obtained during the course of a10-year operation and experimental plan that will comprise 3 years of H and then DD ‘systems commissioning’ and plasma operation development. This commissioning and development phase will be followed by a 7-year campaign comprising interleaved DD plasma development and DT plasma optimization and physics studies. Fig. 2.1.1 shows the annual shot plan and the expected corresponding cumulative total fusion neutron yield, which reaches 1023 during the 10th year of operation. For comparison to the energy flux or neutron fluence projections of other BPX candidate experiments, this total corresponds to a cumulative fusion neutron energy production of about 180 GJ and a cumulative torus-surface-area-average energy loading of about 6 GJ/m2  2 x 10-4 MWa/m2.


[image: image3.wmf]
Fig. 2.2.1. Ignitor operation plan and cumulative neutron yield

Table 2.1-1 summarizes the data displayed in Fig. 2.2.1

Table 2.1-1

Year
Total
H
DD
95%D5%T
DT
Nn(1e22)

1
4800
4800
0
0
0
0.0

2
2300
2150
150
0
0
0.0

3
1975
0
1925
50
0
0.0

4
1970
0
1700
270
0
0.1

5
1950
0
1580
270
100
0.7

6
1950
0
1400
350
200
2.0

7
1950
0
1350
400
250
3.0

8
1950
0
1200
400
350
5.0

9
1950
0
1150
430
420
7.0

10
1950
0
1100
400
450
9.7

Total
22745
6950
10555
2970
1770
9.7

The plan comprises ~23,000 total machine pulses, with ~7000 H ‘commissioning and  development’ pulses in the first two years, ~10,600 DD development and pre-DT setup pulses, principally in the final 8 years, and ~3000 95%-D -5% T and 1770 50%-50% DT performance pulses, principally in the final 6 years. In all cases, operation commencing in Year 5 encompasses an interleaved mixture of DD and 95D-5T setup pulses and 50-50 DT performance pulses. The cumulative 14 MeV yield becomes appreciable by Year 5 and reaches ~1023  = 2x10-4 MWa/m2 by the end of year 10. 

The annual pulse number decreases from 4800 in year 1 to ~2000/yr in subsequent years. Each year’s campaign presumably encompasses a mix of toroidal field magnitudes, plasma current and current flattop and fusion burn duration  with a distribution similar to that proposed for FIRE (see FIRE DD and DT shot plans in Tables 2.1-1 and 2.1-2. However, we (E3) have not received a detailed annual shot plan, and we note that if the repetition rate for full-field, full-current, full-duration pulses for Ignitor is the same (0.33/hr-1), then the same need found for FIRE for 2-shift(14 hr)/day, 5 day/wk, 3 wk/month, 8 month/yr scheduled operation (ca 1680 hrs/yr = 19% annual scheduled utilization) with 100% short-term availability will apply to realize ~2000 shots per year. We believe that such high operation will prove very challenging to realize, especially during the first few years of device and systems commissioning and diagnostic and heating systems installation.

2.1.2 Facility availability and lifetime issues

We have not yet received any specific information from the Ignitor team re planned facility operation schedule, expected availability or device system lifetime limits (TF pulses, integrated fusion energy, etc.) The basis for the ~2000 pulse per year plan  outlined in Fig. 2.2.1 is presumably similar to what is proposed for FIRE: 2-shift operation (14 hours per day), 5 days per week, 3 weeks per month, 8 months per year, with a mix of various TF field magnitude and plasma/burn pulse duration shots effected at corresponding repetition rates that will vary between ~3/hr and ~0.3/hr.

There is no information available to us as to how the proposed 10-year plan compares to the ‘full-B’ machine lifetime pulse budget and the machine lifetime fusion energy yield budget. It is unclear whether there will be residual lifetime to allow for a ‘Phase II’ follow-on program encompassing additional full-B and FPE fusion pulses.

2.1.3 Pulse number and repetition rate issues

We believe that these aspects of Ignitor operation will be similar to those identified for FIRE. If so, we foresee that a majority of the scheduled Ignitor operation time will have to be used for effecting the proposed number of ‘full-B, full-DT’ burn/ignition pulses and a limited number of directly-relevant pre-DT ‘setup’ pulses. We also believe it will be difficult to realize the 4,800 H pulses proposed for Year 1 if such pulses are effected at significant magnetic field and/or plasma current. The proposed first-year pulses may, however, represent a sequence of repeated low-current wall conditioning shots.

The Ignitor plan is unique among the plans proposed by the three BPSX candidates in being based upon a physics operation strategy that mixes or interleaves a large fraction of DD and D+5%T ‘setup’ pulses, many presumably with reduced toroidal field, with a smaller fraction of full-B ‘ignition’ pulses.  The interleaving continues throughout the DT phase, We have questions about the long-term utility of such continued non-burning setup operation to the accomplishment of the stated Ignitor program goal of studying plasma self-heating and ignition and burn dynamics. We believe that this strategy issue needs further examination. 

2.1.4 Science and technology issues and benefits

The stated Ignitor experiment goals are: “1) demonstration of ignition in a magnetically-confined plasma, 2) study of the physics of the ignition process, and 3) demonstration of heating and control of a burning plasma.”  We (E3) have not examined the validity of the underlying physics bases upon which attainment of these goals is based, nor have we examined the adequacy of the very-high-field TF magnet and high-performance ‘integrated’ structural design upon which realization of routine operation at 13 T field is based. However, given achievement of the foreseen physics and device systems engineering performances, we believe that Ignitor can yield the identified ignition physics data within the constraints imposed by an annual150-300 full-performance DT burn pulse operation schedule.

Operation of Ignitor will provide experience with in-vessel tritium handling and retention in an all-metal in-vessel environment.

We note that the Ignitor physics and science goals are more modest in terms of scope, breadth and depth than the corresponding goals of FIRE and ITER. There can, therefore, be reasonable expectation that these goals will be achieved within the scope of the similarly modest operations capability and program proposed. 

2.3 ITER

ITER is a moderate-field (5.3 T) burning plasma and technology develpoment experiment based upon 5K niobium-tin superconducting TF and PF magnets, with actively-cooled in-vessel PFCs and vacuum-vessel. Nominal operation is targeted towards 400-s Q = 10 DT burn with fusion power of 500 MW, sustained and controlled with NBI + ICRF + ECRF heating of up to 73 MW. All systems except the PF inductive drive capability are steady-state-capable, and the TF and PF magnets allow the possibility of longer-pulse, full-B and/ full-Pfus operation in ‘standard’, ‘hybrid extended-pulse’  and ‘advanced-tokamak/steady-state’ modes. A comprehensive physics development and optimization and ‘reactor-relevant’ technology study/test program is planned. The first ten years of operation focuses on device and facility commissioning, physics studies and modest-fluence breeding blanket module tests. A follow-on 10-year technology-test phase would focus on concerted fluence accumulation for blanket module testing and development.

Excerpted from the ITER Final Design Report (Sept 2001):
“The revised performance specifications adopted by the ITER Council in June1998 are set out in full [in Table 1.1.3-1]; in summary they require ITER:

• to achieve extended burn in inductively-driven deuterium-tritium plasma operation with Q ≥ 10 (Q is the ratio of fusion power to auxiliary power injected into the plasma), not precluding ignition, with an inductive burn duration between 300 and 500 s;

• to aim at demonstrating steady-state operation using non-inductive current drive with Q ≥  5;

In terms of engineering performance and testing, the design should:

• demonstrate availability and integration of essential fusion technologies,

• test components for a future reactor, and

• test tritium breeding module concepts; with a 14 MeV-neutron power load on the first wall ≥ 0.5 MW/m2 and fluence ≥ 0.3 MWa/m2 ”

Editors’ note: The material that follows below presents the ITER Central Team’s exposition of the corresponding ITER device and facility commissioning and operations/science-study plans. The material is transcribed largely verbatim from the 2001 ITER FDR (Final Design Report), PDD (Plant Description Document) 6: Plans. The extended text provided here is intended to both convey the ITER plans in some detail and also to document the more generic considerations that will apply to some extent to all the BPX candidates considered herein. The text has been edited and somewhat condensed relative to the PDD6 original. 

Correspondingly detailed accounts of FIRE and Ignitor commissioning and operation plans are not yet available.

ITER Operation Plan

Operation is divided into 4 phases: hydrogen phase, deuterium phase with limited tritium use, and two deuterium-tritium plasma phases. As a plasma experimental facility, the operation starts from the first plasma with hydrogen. However, as a nuclear fusion experimental facility, the hydrogen phase is defined as a "pre-nuclear commissioning phase", and the ITER machine will be fully commissioned and operated with the full plasma current and the full heating power with H plasma discharges. Then, after nuclear commissioning by using D plasma discharges with a limited amount of tritium, the full deutrium-tritium operation starts to develop high-Q inductive and fully non-inductive operation and highly reliable operation. Operational modes will be continuously improved and the more reliable operation will be used for the breeding blanket tests.

.

General Considerations (Philosophy) of ITER Operation planning

The following principles and assumptions are adopted for ITER operation.

(1) All individual sub-systems will be separately tested to the greatest extent possible before being linked to ITER to minimize the time devoted to integrated commissioning and troubleshooting at the full plant level.

The operation schedule will be as time-efficient as possible. Commissioning will

proceed rapidly, but with adequate time devoted to identifying and fixing machine problems. Before starting D operation with a limited use of tritium, all pre-nuclear commissioning will be completed with/without hydrogen plasma with the full

engineering parameters except those relating only to DT operation.

(2) ITER operation will have to be efficient in order to make optimum use of the machine. Methods foreseen for ensuring this include: participation of remote experimental sites; continuous operation, i.e. 3 shifts - 24 hours/day; long operation phases with a relatively long break, e.g. 10 days continuous operation

and 1 week break; a few months break per year for maintenance, further installation and commissioning.

Very careful planning is essential for ITER operation. The permissible parameters and

conditions will have to be authorized in advance and the operation must be within the

envelope of the approved conditions. In order to assess the planned operation, a

comprehensive simulation code, including both engineering and physics, is essential. It will have to be developed during the construction phase, tested during the commissioning phase and improved during operation. This code will be essential also during operation for real-time or almost real-time analyses and display to understand plasma and machine behavior and to optimize operation conditions.

ITER Tritium Breeding Blanket and DEMO-Relevant Blanket Testing

One of the objectives of ITER is to demonstrate fusion technologies in an integrated system by performing integrated testing of nuclear components required to utilize fusion energy. In the detailed technical objectives, it is stated that "ITER should test design concepts of tritium breeding blankets relevant to a reactor. The tests foreseen on modules include the demonstration of a breeding capability that would lead to tritium self-sufficiency in a reactor, the extraction of high-grade heat, and electricity generation."

ITER has assigned 3 equatorial ports for testing tritium breeding blankets. At present, six

tritium-breeding reactor-relevant blanket concepts are planned in the Parties' programme

which is intended to achieve the following main objectives: 1) demonstrate tritium breeding performance and verify the on-line tritium recovery and control systems; 2) demonstrate high-grade heat extraction suitable for electricity generation; 3) validate and calibrate the design tools and the database used in the blanket design process including neutronics, electromagnetics, heat transfer, and hydraulics; 4) demonstrate the integral performance of the blanket systems under different loading conditions; 5) observe early irradiation effects on the performance of the blanket modules.
The program requires installing the test blanket modules early in ITER operation, before DT operation. The first 10 years blanket testing schedule will be integrated with the different phases of the physics programme, with emphasis on test campaigns of a few days of repetitive pulses, dedicated to functional blanket tests mostly during the 8th –10th year of operation and beyond.

Operation Plan: Summary of the First Decade of Operation

The operation phase of ITER begins with a year of integrated commissioning of sub-systems, followed by the first period of machine exploitation, lasting roughly a decade. The overall plan is shown in Figure 2.3.1. About 2.5 years of initial operation in hydrogen, and a 1-year DD phase with limited use of T will be followed by operation with full DT. Various operational modes are envisaged, including initial ohmic and auxiliary-heated pulses in H, 400-s high-Q pulses, and longer pulses with non-inductive current drive. Although the main emphasis will initially be on studies of the reference scenarios, blanket module testing will also be carried out whenever significant neutron fluxes become available. The operating plan allows for maintenance, further installation and commissioning.
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Fig. 2.3.1 ITER Plan

Pre-Conditioning Phase for First Plasma

After about one year of integrated commissioning including vacuum pumping of a few months and discharge cleaning of a few weeks, all of the ITER plant except some subsystems such as the tritium plant, hot cells and radioactive material storage will have been completed and be ready to operate with hydrogen plasmas with conservative coil currents (50%) and low heating power per system available (~ 10 MW) with a short pulse, and with the necessary diagnostics for hydrogen plasmas.

Hydrogen Phase

In this phase, lasting 2.5 years, no fusion reactions occur, and the ITER in-vessel components are not activated and not contaminated by tritium. However, ITER will be commissioned with tokamak discharges with the same electromagnetic characteristics as for D and DT operation. In this H phase, a reference operational scenario is developed, i.e. plasma current initiation, current ramp-up, formation of divertor configuration, further current ramp-up, plasma density build up and ramp-down. By the end of the H phase, the nominal plasma current will have been achieved at the maximum toroidal magnetic field of 5.3 T at the plasma center and about 70 MW of external heating power with a flat top duration of about 100 s. The heat flux to the limiter and the peak heat flux to the divertor target will be in the same range of average values as for the reference operation during the DT-phase. Therefore control of both the main plasma and the divertor plasma can be studied with a detached or partially detached plasma and compared with numerical predictions.

Adequacy of heating power for the L-H transition, PL-H should be confirmed as soon as

possible. However, the L to H-mode transition may not be obtained in H plasma operation unless working with a low toroidal magnetic field, low density plasma, and high heating power. In order to use the RF H&CD system applicable for the second harmonic radio frequency, about 50% of the toroidal field would be needed. Due to the high divertor heat load and the high neutral beam shine-through with low density plasma, the operation space will be limited. Nevertheless, extrapolation to full power operation with DT plasma should be possible.

If the energy confinement of hydrogen plasma is as good as predicted by the scaling of

IPB98(y,1), the following operation would be possible at about 50% of the maximum toroidal field:

• Operation at high enough normalized beta (N = ~2) near the Greenwald density limit to test stability and confinement properties for the full DT operation. In this operation,

the fusion figure of merit defined by nT will be at least one order of magnitude larger than the values achieved in present day tokamaks with Ti ~Te conditions.

• Discharges with similar dimensionless parameter values to the reference DT discharges

with the full additional heating power. Under this condition, stabilization of neoclassical

tearing modes and profile controllability can also be studied.

• Various schemes of non-inductive operations at plasma densities compatible with the

divertor, with the full current drive heating power. Advanced scenarios will be tested.

However, many tokamak experiments have observed poorer confinement characteristics of H plasmas than D plasmas, except in JET. Even in JET, H plasmas have lower confinement than D plasmas unless the heating power is much higher than PL-H (more than 30%). Therefore, it is not clear whether these operations will be possible in ITER or not. If not, only limited studies will be done for the preparation of DT operation. For steady-state operation, only a preliminary experiment will be performed with a small bootstrap current due to the low power achieved in H plasmas. Only fundamental tests of non-inductive current drive will be carried out.

Concerning transient phenomena, electromagnetic loads due to disruptions or vertical

displacement events, and heat loads due to runaway electrons will have the same characteristics as in the DT phase. However, the confined plasma thermal energy of H plasma will be significantly less than that of a full DT plasma. Thus, the very short pulsed thermal load due to the thermal quench preceding the current quench during disruption will be less than that of a full DT plasma. Therefore, three effects, i.e., the effect of this thermal quench (mainly evaporation of the surface of the divertor target), the effect of neutrons, and the effect of alpha particle plasma heating and material bombardment, can not be tested in this H-phase, but almost all other transient plasma effects can be investigated. This reduces uncertainty significantly and allows optimization of plasma control to prevent and/or mitigate severe disruptions and vertical displacement events (VDEs) in later phases.

The major steps of hydrogen operation are as follows:

First year:

• >10 MA, >100 s (flat top), > 4 T

• Commissioning of divertor, NB (H injection), RF, diagnostics

Remarks:

(a) The most efficient combination of cleaning methods of the first wall and the divertor

with EC/IC H&CD will be developed during this period. Good wall conditions will be

achieved in the first few months.

(b) With relatively undemanding plasma operation, e.g. q95 > 4, all plasma control

systems, pumping/fuelling systems, the initial set of diagnostics and most of NB/RF

heating systems will be tested. On-line analysis and display of results are essential.

(c) In order to have careful and useful operation, pulse repetition time will be relatively

long, typically one hour except for standard pulses for wall-conditioning shots or

machine test shots.

(d) In parallel with plasma discharges, commissioning of the magnet system including AC loss measurements and increase of coil currents will continue.

(e) Heat load to the limiter or divertor is the same as in full DT operations.

(f) A major aim will be to reduce uncertainties of plasma transient and divertor operation.

Second year:

• 15 MA, 100 s, 5.3 T, NB/RF ~70 MW/ 50 s

   — Reference plasma current wave forms with full heating and current drive

   — Medium density (> (0.7x1020 m-3 ) and clean plasma (Zeff ~ 2) with a

        detached or partially-detached divertor

• Test the mitigation of VDEs and disruptions

• Start of remote experimental sites if required

Remarks:

(a) Demonstrate the full engineering performance of ITER except systems relating to

tritium.

(b) Focuses on reference scenarios at full current.

(c) Tests the heating power necessary for the L-H transition.

(d) Electromagnetic loads due to VDEs and disruptions are almost the same as in full DT

operations.

(e) Peak heat flux on the divertor target is almost the same as in full DT operation.

Third year, first period:

• Full non-inductive current drive

• Test of stabilization of neoclassical tearing and resistive wall modes, if present 

Remarks:

(a) If confinement of H plasma is sufficiently good, plasma operation simulating DT

plasmas will be possible at about 50% of the maximum toroidal field.

Third year, second period:

This period is reserved for the maintenance of plasma-facing components with possible

personnel access, and further installation/commissioning. Removal of hydrogen or

replacement of hydrogen by deuterium will also be started by using baking, glow discharges and rf discharge cleaning during commissioning.

Preparation Phase for DT Operation

In parallel with the H phase, commissioning of the remote maintenance system, tritium

system and other additional systems will be completed. The final test of safety function such as interlock systems is also carried out. By the end of the phase, ITER is ready to go to the deuterium plasma phase, which in its later stages involves limited tritium use.

Deuterium Phase

By using limited amounts of tritium in a deuterium plasma, the integrated ITER system is

commissioned, especially with regard to shielding performance, including:

• "nuclear commissioning" of the machine with D(+T) plasma, including the check and  calibration of nuclear diagnostics, shielding tests and radiation monitoring

•  plasma physics experiments with minority T plasma.

Characteristics of deuterium plasma behavior are expected to be very similar to that of

deuterium tritium plasma even if the alpha heating power is much less than the external

heating power. Therefore, the reference plasma operational scenario including L-to-H-mode transition, very short burn, demonstration of ELMy H-mode for a long period and plasma termination, can be confirmed in this phase. The tritium balance (in-vessel retention) can studied. In this period, no vacuum vent is planned. The major steps are as follows:

DD Experiment with limited T (fourth year):

• Replacement of H by D, clean D plasma

• Reference plasma (full current, heating power, density, detached/partially detached divertor, ELMy H mode)

• Finalize nuclear commissioning with a limited T including confirmation of neutron shield

• Obtain full operating license (if required)

First Deuterium-Tritium Phase

Development of a reference DT scenario will be intensively carried out by optimizing and increasing tritium fuelling, the fusion power and burn pulse length. The reference operation with fusion power of ~ 0.5 GW and flat-top duration of ~400 s is planned to be achieved within the first two years of this phase. In this process, the key physics issues will be investigated, and development of a reliable reference operation without severe disruptions and vertical displacement events will be finalized. It is an important issue to develop a long burn operation scenario suitable for high fluence engineering tests and compatible (eg, small-enough ELMs) with an appropriately long lifetime of the high heat flux components. In parallel, additional scenarios will be studied for future operation.

After developing a reliable operation scenario, a series of experiments including repeated

operation for a few days are planned, mainly as an engineering test including tests for the

breeding blanket modules.

The major steps are as follows:

DT-1 Experiment ( 5th - 6th year)

• Burn control with Pfus = 0.5 GW and tburn  = 400 s

• Study of non-inductive operation

• Test of advanced modes

• Beta limit investigation

DT-2 Experiment (7 th year)

• 0.5 GW, 400 s, reliable operation

• Full non-inductive operation with a few hundred MW H/CD input.

• Fusion power and/or pulse length increase with advanced mode(s) operation

DT-3 Experiment (8 th - 10th year)

• High repetition rate implementation of the reference scenario

- Development of improved modes

- Reactor plasma basis

• Achievement of about 0.1 MWa/m2 fluence on the first wall at the outboard equator.

Key plan parameters and cumulative fluence are summarized in Table 2.3-1.

TABLE 2.3-1: ITER Operation Plan Summary

Year
Phase/Species
Pulses
FPE Pulses
Cumulative FW fluence (MWa/m2)

1
H
1000
0
0.000

2
H
2000
0
0.000

3
H
2000
0
0.000

4
DD and D+T
2000
1
0.000

5
DT
2000
800
0.050

6
DT
1000
1000
0.130

7
DT
2000
1500
0.025

8
HD/LP DT
2000
2500
0.047

9
HD/LP DT
2000
3000
0.070

10
HD/LP DT
2000
3000
0.094

Total

18000
11800
0.094
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Fig. 2.3.2 ITER plan and cumulative FW fluence 

(1 MWa/m2 = 3.15 x 107 MJ/m2 = 1.39 x 1025 n/m2)
ITER Operation after the First 10 Years – Second DT Phase

A detailed operational plan has not been developed because it will depend on the plasma

performance and operating experience obtained during the first ten years. However, it is

foreseen that there will be more emphasis on optimization of performance and reliable

operation to produce high neutron fluxes and fluences, particularly for blanket testing, using the most promising operational modes developed during the first ten years.

Conditions for DEMO operation will be defined, and as much understanding as possible of such operation and hardware performance will be obtained. The total average neutron fluence at the first wall will reach 0.3 MWa/m2 (0.43 MWa/m2 at the outboard mid-plane)

2.1.2 Facility availability and lifetime issues

Operation with 2 shifts (14 hours per day), 5 days per week, 3 weeks per month, 8 months per year with 70% availability and a repetition rate of 1.6 hr-1 would yield 1880 pulses annually (the ITER plan proposes a more-concerted but equivalent 7/24 campaign of sustained operation). Hence we find that a 2000 pulse/year operation schedule is credible. The proposed 10-year schedule utilizes only about 25% of the corresponding machine total pulse number and first-wall fluence lifetime limits. 

The operational lifetime of the divertor target PFCs (owing to plasma and disruption thermal quench erosion) is uncertain, but a need for one or more changeouts of the divertor cassettes can be anticipated. This is allowed for in the proposed operation plan and scheduling

2.1.3 Pulse number and repetition rate issues

The proposed annual pulse number (2000/yr) and pulse repetition rate (1.6 hr-1) are  respectively similar to and within a factor of two of the pulse numbers and repetition rates achieved in present medium- and large-scale non-burning-plasma tokamaks (eg, ASDEX-U, DIII-D, JET, JT-60U). We believe that these capabilities will likely be adequate for ITER to achieve its stated burning plasma development and science study goals, albeit with the generic caveat, which applies to all three BPSX candidates, that the strong ‘non-linear’ plasma self-heating and self-organization effects expected in AT modes of operation make prediction of the number of pulses needed for development, optimization and physics studies in the ‘AT’ steady-state regime impossible to predict at this point. We do note that ITER provides a factor-of-ten higher annual ‘full-performance’ pulse number capability and a factor-of-five full-field/full-power repetition rate capability relative to FIRE and Ignitor, plus the ability — if the physics development is successful — to conduct sustained AT pulse experiments without magnet and in-vessel power handling duration limitations. We believe that this combination of higher repetition rate, allowable annual pulse number and ability to extend AT development into the fully-steady-state regime will prove to be an invaluable asset for such fusion research.

2.1.4 Science and technology issues and benefits

The expected science and technology benefits expected from the first ten years of ITER operation are detailed in the exposition of the ITER plan given above. Broadly speaking, the science study and technology development benefits are those projected to be necessary, if not sufficient, for a DEMO-class power-producing  fusion reactor prototype. In slightly more-specific terms, the ITER science yields are expected to closely match the topical science data and supporting technology needs identified for high-field toroidal MFE systems by the US fusion science program. The details of these topical issues and needs are too extensive to list here, but the ITER program — supported by a comprehensive set of plasma diagnostic measurements and inherent steady-state/AT capabilities — is expected to address most of these issues and needs.  Finally, the fusion technologies required to achieve the ITER fusion power, burn duration and science study goals — plus the ability to conduct first-of-kind breeding blanket development and testing — will constitute a key step towards validation and optimization of such technologies for a future fusion reactor systems, tokamak or otherwise.

Appendix 1. Disruptions and VDEs, etc.: Effects, Avoidance and Mitigation/Recovery

Files being compiled separately: contributions on 1) VDE and halo current loadings (Humphreys et al; 2) gas–injection fast shutdown/ thermal quench and RAe- mitigation (Whyte et al) and 3) causes, frequencies (present experience) and control needs for BPX avoidance/mitigation (Hyatt) 

Appendix 2. Present Non-BP Experimental Operation Attributes

Past compilations show present non-BP effective repetition rates (achieved during actual real-world physics campaigns) for medium- and large-scale experiments range from about 6 hr-1 to 1.3 hr-1. Ready-for-operation availability, defined as clock time in which the device and facility is able to conduct experimental operations divided by scheduled operation time during such campaigns is typically about 80%±10% . This latter is for a facility and device that is in a mature operations state, after commissioning and shakedown of all operation-critical systems needed for the then-scheduled experimental campaign. Table A2-1 shows data compiled on this basis for DIII-D, JT-60U and JET.

The data in the Table demonstrates that DIII-D and JT-60U have been able to achieve about 2000 pulses in a typical campaign year. JET  has achieved a higher number of annual pulses (up to 3700 per annum), albeit at a lower repetition rate, owing to significantly higher scheduled hours per annum. 

TABLE A2-1: Pulse number and hourly rate data for DIII-D, JT-60U and JET 


DIII-D
JT-60U
JET

Year
Pulses hr-1
Min
Hours
Pulses
Pulses hr-1
Min
Hours
Pulses
Pulses hr-1
Min
Hours
Pulses

1986
4.37
13.73
434
1896









1987
4.29
13.99
805
3453









1988
4.21
14.26
823
3464









1989
4.58
13.11
888
4062









1990
4.58
13.11
413
1891









1991
4.48
13.39
607
2717
2.96
20.26
553
1638





1992
4.17
14.38
376
1570
3.02
19.84
679
2054





1993
4.39
13.68
559
2450
3.16
18.98
741
2344





1994
4.93
12.16
414
2041
3.39
17.71
814
2756





1995
4.41
13.60
411
1812
3.32
18.07
722
2397





1996
4.51
13.29
409
1847
2.77
21.68
710
1964
1.48
40.43
2480
3680

1997
4.35
13.78
437
1902
3.18
18.85
668
2127
1.32
45.37
2790
3690

1998
4.26
14.09
375
1596
3.05
19.64
658
2011
1.26
47.69
2325
2925

1999
4.13
14.52
481
1986
3.00
20.01
648
1943
1.26
47.69
2403
3023

2000
4.49
13.36
512
2297
2.99
20.07
710
2123
1.32
45.37
2015
2665

2001




2.91
20.62
515
1499
1.35
44.29
930
1260

Appendix 3.1 Tritium Parameters and Usage/Inventory Issues

Actual tritium burn-up on a per pulse (full power equivalent) basis is modest for all candidate machines: 6 mg for FIRE, 0.7 mg for Ignitor and 400 mg for ITER. Burn-up fraction (burned/initial fill) in one FPE pulse for FIRE and Ignitor is small: 8% and 3%. The ITER burn-up fraction is about 90%, but this high ITER burn-up fraction and the lesser FIRE burn-up fraction are both achieved with plasma fuelling (gas and/or pellet) rates that are 100 to 500 times the burn-up rates (eg, FIRE once-through fuelling is 0.7 g per FPE pulse; ITER once-through fueling estimate is 230 g per FPE pulse).

The key issue here is in-vessel retention of T, especially in machines with carbon PFCs. Plasma operation with such PFCs can (will likely) give rise to trapping of D and T in co-deposited carbon layers on and behind PFC surfaces. Extrapolation of present D and/or T co-deposition data to future carbon-bearing BPXs suggests that retained T might be up to 40% of the injected fuel, so ~100 g might become entrained in co-deposited layers. While there is debate and uncertainty about the magnitude of the entrained fraction, even low retention fractions (say 1%, or 2 g per FPE pulse) lead to significant in-vessel T for an ITER-class experiment, where the present design guideline specifies a 1 kg limit on in-vessel T. 

The magnitude of the retention problem is less for FIRE, where a 1% of fuelling retention fraction would give about 7 mg per FPE pulse or 1.5 g per 200 FPE pulse operation year.  This lesser retention is to be compared with an in-vessel limit (guideline) of ~15 g. 

Similarly small retention estimates apply for Ignitor, where the working assumption seems to be that the recycle rate for DT will be near unity and that only modest external fuelling will be needed. In any case, the potential for substantial (on the 10 g scale) retained in-vessel T appears small.

Both FIRE and Ignitor propose all metal vessels and PFCs (wall and divertor or limiter). Consequently long-term retention of H/D/T is expected to be low. ITER is proposing carbon-faced divertor high-heat-flux surfaces, so the source of carbon needed for significant co-deposition is present.

Discussion of the many scientific and technical aspects of T retention in metals and carbon is beyond the scope of the E3 charter (but see A3.2 below for more data and discussion). Here it suffices to note that if per-fuelling-pulse retention levels with all-metal systems are in the 1% range, FIRE and Ignitor will encounter no appreciable operational constraints owing to such retention. ITER, on the other hand, will encounter a T-retention problem within ca 3 months (500 FPE pulses) even at the 1% of fueling retention level.  Higher retention fractions will result in a corresponding shortening of the time where action to remove in-vessel retained T will have to be taken.

TABLE 3-1

Tritium and DT+He exhaust data

Parameter (units)
FIRE
Ignitor
ITER

R (m)
2.14
1.32
6.20

a (m)
0.60
0.47
2.00

x or a
2.00
1.83
1.85

Volume (m3)
29.9
10.5
906

Area (m3)
79.5
36.1
728

Fusion power (MW)
150
100
500

Neutron power (MW)
120
80
400

n (MW/m2)
1.51
2.22
0.55

Full power burn duration (s)
20.0
4.00
440

FPE per pulse (GJ)
3.00
0.40
220

DT per GJ (g)
3.04E-03
3.04E-03
3.04E-03

T per GJ (g)
1.83E-03
1.83E-03
1.83E-03

T burn-up per FPE (g)
5.48E-03
7.30E-04
4.02E-01

FPE/yr (plan basis)
216
150
2000

T burn-up/yr (g)
1.18
0.11
803

T fuel/yr (g) 

(once-through basis)
220
~12
~500,000

T in-vessel accum  est (g/yr)
2.20
10.00
1000

Basis for accumulation est. 
1% retention
design limit
design limit

ne (m-3)
4.50
5.00
1.00

NDT
1.34E+22
5.26E+21
9.05E+22

DT burn-up (s-1)
5.47E+19
3.65E+19
1.82E+20

DT burn-up (g/s)
0.00046
0.00030
0.00152

T burn-up (g/s)
0.00027
0.00018
0.00091

He increase rate (%/s)
0.41
0.69
0.20

Equilibrium He (%, input)
3.0
3.0
3.0

Time to reach He equil (s)
7.4
4.3
15

Time to full equil He (s) (per 1.5-D model)
≤ 20
No equilibrium
~ 70

DT burn-up (%) per pulse
8.1
2.8
89

Gas DT fueling rate, 

max (Pa-m3/s)
26.3
15
400

Origin/comment
FIRE Eng Rpt; system requirement
scaled from FIRE value
system capability, 2x margin vs. est. max need

Gas DT fueling rate (s-1)
7.04E+21
4.01E+21
1.07E+23

DT fueling rate (g/s)
0.0587
0.0335
0.8929

T fueling rate (g/s)
0.0352
0.0201
0.5357

T fuel per pulse (g)
0.70
0.08
235.71

T fuel_rate/burn_rate
1.29E+02
1.10E+02
5.87E+02

T burn/pulse (g)
0.0055
0.0007
0.402

T fuel/yr (g)
152
12.1
471,000

Fuel per pulse (g) (project estimate basis data)
0.20
???
100

T reprocess rate (g/hr)
0.1 

(0.5 desirable)
???
480 (?; may be for1998 ITER-EDA T plant)

Origin of data
FIRE Eng Rpt
???
?EDA FDR?

Site T inventory limit (g)
30
??? (≥ 10)
3000

Allowable in-vessel T (g)
≤ 15
10
1000

In-plant T (g) limit
15
???
700

DT plasma exhaust (DT neutral gas pumping rate) 

(Pa-m3/s)
26
???
200

Comment
100 Pa-m3/s provided; ~ 26 Pa-m3/s needed
Pumped limiter option cited
Needed/actually used; actual pump system capacity may be greater

Appendix 3.2: Tritium-Related Constraints on BPX Operation

C. H. Skinner,  with contributions from D Meade, M. Ulrickson, G Federici.

First wall issues remain a grand challenge for a BPX device due to the higher duty cycle, higher stored energy, and higher heat loads during normal and off normal events.
  The selection of plasma facing materials is a compromise between the multiple constraints of the burning plasma environment.
 The ITER reference design proposes carbon plasma facing components and will face serious constrains on plasma operations due to tritium retention and removal. FIRE, Ignitor and the ITER optional designs propose metal plasma facing components and will face operational limits on component lifetime due to melt layer loss during off-normal events. 

Tritium is a very sensitive issue for public acceptance of fusion, witness the refusal to allow even deuterium operations at LHD, the closure of the High Flux Beam Reactor at Brookhaven and the closure of the Tritium Labeling Facility at Berkely due to public pressure. During the site licensing process, assurances of safety will be based on predictions derived from present knowledge, however the tritium database is far from satisfactory. 

The reference material for the ITER divertor target is CFC because of its high thermal shock resistance and tolerance to off-normal events. However, carbon erosion will facilitate retention of a large amount of tritium via co-deposition. Modelling predicts that ITER with carbon PFCs will reach its in-vessel tritium limit in only 70 - 170 pulses[ref. 2 and Figure E3A3.1]. However the model used to project these numbers grossly underestimated tritium retention on JET [Table E3A3.1] and has not been validated for detached plasmas. It is possible that retention in ITER could be lower than JET because of the Be wall and fewer cold surfaces, however estimates are very uncertain and the only statement that can be made with confidence is that DT plasma operations will stop after a period somewhere between a day and a month as the tritium inventory nears the 350 g in-vessel limit. At this point tritium removal is necessary for further operations. The delay this entails is again uncertain since no relevant method to remove tritium has been established on a working tokamak (in contrast to almost every other technical aspect e.g. remote handling). A demonstration of a promising laser detritiation method has been proposed for the JET 2004 shutdown
. Without a established fast and efficient tritium removal method, a satisfactory schedule of burning plasma operations in a machine with carbon plasma facing components appears impractical. For this reason, ITER retains the option to switch from CFC to W armor on the divertor targets prior to DT operation. This  change  will depend on the frequency and severity of ELMs and disruptions in  the initial  H/D  plasmas and the  availability of effective techniques to mitigate tritium co-deposition.

The choice of W divertor plates largely avoids the tritium retention issue since there is no codeposition. The measured tritium retention on C-mod with Mo PFCs was less than 0.2%
. However the use of W poses large uncertainties in the erosion lifetime due to melt layer loss from ELMs and disruptions. For both FIRE
 and ITER1 with a tungsten divertor the disruption energy on the divertor is estimated to be about 10-100 MJ/m2 and the divertor lifetime 70 – 300 disruptions. A 10% disruption frequency would require divertor replacement every 700 – 3000 pulses which for both FIRE and ITER would take ≈ 6 months
,
. Ignitor, with molybdenum PFCs would avoid tritium retention issues, however no disruption experiments or erosion modeling for IGNITOR has been performed to date. (see section 5.3.2.2B  Heat Removal and Thermal-hydraulics).

Information on the lifetime of Ignitor plasma facing components taking account of melt layer loss during off normal events and the remote handling equipment for replacing plasma facing components and time required for replacement has been requested through Coppi and Bombarda. 

Figure and Tables:

[image: image1.wmf]Figure A3.2.1. Tritium retention for ITER, showing modeling predictions and JET DTE equivalent rate. The inventory limit (shown by double line) is predicted to be reached in 70 - 170 pulses.  [from “Tritium Issues in Next Step Devices” C. H. Skinner and G. Federici, Proceedings of the International Conference on Advanced Diagnostics for Magnetic and Intertial Fusion, Varenna, Italy Sept. 3-7th, 2001]

Table 1. Tritium Retention
TFTR
JET (DTE1)

Total tritium injected by NBI
Total tritium injected by gas puff
3.1 g
2.1 g
0.6 g
34.4 g

Total tritium retained during DT operations
2.6 g
11.5 g

Initial % retention during T puff fueling
(wall saturation + isotope exchange)
≈ 90%
≈ 40%

Longer term % retention including D only fueling (mostly co-deposition)
51%
17%

Tritium remaining in torus
0.85 g (4/98)
4.2 g (7/98)

Long term retention
16% (4/98)
12% (7/98)
6% (12/99)

 Average deuterium retention (for comparison)
≈ 40%
≈ 10-15%

Table A3.2-1 Tritium Retention in JET and TFTR (from “Long Term Tritium Trapping in TFTR and JET”  C. H. Skinner et al., 28th EPS Conf. on Controlled Fusion and Plasma Physics, Madeira, Portugal, June 18-22, 2001.ECA Vol. 25A (2001) 1621-1624. 

Table 3.2-2: Tritium, Disruption and ELM Parameters


ITER
FIRE
Ignitor

Burn duration
400
20
4

Pulses/h
2( 
)
1-2
?

Pulses/y
2000
≈ 2000
?

Time between major component replacements
100 disruptions, (assuming tolerable ELMS, see ref. (2))
100 disruptions (assuming tolerable ELMS)
?

Tritium inventory and supply attributes
350 g in-vessel limit. 
10 g
10 g 

Disruption and other off normal event tolerance
 ≈ < 1MJ/m2  per ELM on C or W divertor (
)
0.4 to 1.0 MJ/m2 depending on the ELM duration (0.1 ms to 1.0 ms), for W surface and partially detached divertor. 
? 

Note: estimates of component lifetime in number of shots vary widely depending on many parameters e.g. ELM type I or type II, frequency, pulse shape, energy density, duration, fraction of melt layer that is lost; and the appropriate ELM scaling from present devices is still an open issue [see refs. and Loarte PSI-15]. I have chosen to list the number of disruptions assuming the ELMS are tolerable, and the limits for ELMs. More information is in section  5.3.2.2B

Appendix 4. Control Considerations

No material so far. Maybe during the Meeting!

� “Plasma material interactions in current tokamaks and their implications for next step fusion reactors”. G. Federici, C. H. Skinner, J. N. Brooks, J. P. Coad, C. Grisolia, A. A. Haasz, A. Hassanein, V Phillips, C. S. Pitcher, J. Roth, W. R. Wampler, D. G. Whyte. � Nuclear Fusion, vol. 41, p.1967-2118, Dec 2001


� “Selection of Plasma-Facing Materials in Next Step Devices” G. Federici et al. 19th IEEE/NPSS Symposium on Fusion Engineering (SOFE), Atlantic City, N.J., Jan.22-25th, 2002. Proceedings IEEE, Piscataway, NJ, USA (2002)


� “Tritium Removal from JET and TFTR Tiles by a Scanning Laser” C. H. Skinner, N. Bekris, J. P. Coad, C. A. Gentile, M. Glugla 15th International Conference on Plasma Surface Interactions in Controlled Fusion Devices, May 27-31, 2002, Gifu, Japan, Proceedings to be published in J. Nucl. Mater.


� “ Key ITER Plasma Edge and Plasma-Material interactoin Issues” G Federici et al., 15th International Conference on Plasma Surface Interactions in Controlled Fusion Devices, May 27-31, 2002, Gifu, Japan, Proceedings to be published in J. Nucl. Mater.


�  “Long Term Retention of Deuterium and Tritium in Alcator C-Mod” W. R. Wampler et al., Proceedings of 18th IEEE/NPSS Symposium on Fusion Engineering, Oct. 25-29th, 1999, Albuquerque, N.M.


� “Physics Basis for the Fusion Ignition Research Experiment (FIRE) Plasma Facing Components” M. A. Ulrickson et al., Fusion Tech. 39 (2): 378-382. 


� ITER Technical Basis  G A0 FDR 1 01-07-13 R1.0 Chapter 2.9 p.7. 


� “Remote Maintenance Requirements and Approach for the FIRE project” T Burgess et al., Proceedings of 18th IEEE/NPSS Symposium on Fusion Engineering, Oct. 25-29th, 1999, Albuquerque, N.M. 


�  G A0 GDRD 2 01-07-13 R 1.0


� G Federici et al., PSI-15. 
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