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Expected physics uncertainties in DT burning plasma of FER, which
may not be removed completely at the start of construction or DT operation,
are reviewed. Several possible device and operational flexibility
scenarios to cope with these uncertainties are considered. They are
(1) Plasma size enlargement scenario, (2) Plasma shape flexibility
scenario, (3) Heating/Current drive/Control system flexibility scenario,
(4) Impurity control system flexibility scenario and (5) Advanced operation
scenario. Feasibility of these flexibility scenarios are examined and
shown to be practicable. However, careful assessment of the physics data
base is necessary at the start of construction and DT operation to proceed

to actually implement these flexibilities in FER.
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1. Introduction

Fusion Experimental Reactor{ FER ) is planned in JAERI as the next large
device to JT-80, according to the conclusions by three subcommittees under
Nuelear Fusion Council on the next stage device. Its primary physics missions
are self-ignition and controlled long burning. In designing the device, which
can achieve these missions, with consideration of cost-effectiveness, we must
take into account of the uncertainties of the physics assumptions. In
principle, these uncertainties should be minimized at the start of
construction of FER with the extensive research studies on JT-60, JFT-2M and
other devices of the world, at least for the behaviour of hydrogen plasmas.
However, there might possibly still exist some uncertainties due mainly to
the programatic schedule of FER. In addition, we must consider the possible
large uncertainties of the DT burning plasma, which cannot be removed in the
existing or planned devices before FER. In this context, the device will
become fairly attractive if it has large flexibilities in various ways to
ensure the achievement of the missions.

In this report, we will first examine the possible expected uncertainties
of the physics assumptions, and then study the feasibility to provide the
device with the flexibility to cope with these uncertainties. We will also
examine the flexibility for the future possible advanced operation scenario

to make the device more attractive.

2. Requirements for device flexibility and typical scenarios

There are two categories of requirement for the device flexibility.
One is for achieving the primary missions (mainly referred to ignition) of
the device, and another one is for the advanced purposes after having achieved
the primary missions. The major reason for the first requirement 1s that
the uncertainty of physics data base will still remain, especially concerning
the DT burning, even when construction and machine operation starts, since
the full DT burning will be done at the first time in FER. Expected possible
uncertainties are summarized in Table 1. In this table, major items of
physics assumptions for the design are listed on the left column. In other
words, they are research items of FER. Possible uncertainties are listed on

the medium column. Double circle and star denote the uncertainty with
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achieving the primary missions, and with the advanced operations,
respectively. Requirements of flexibilities for each uncertainty are listed
on right column. Let us examine each uncertainty briefly. Energy confinement
will be most uncertain at present. FER relies on the so-called H-mode class
of confinement. However, confinement scaling law has not been established
yet even for hydrogen and deuterium plasma. Although the scaling law for
hydrogen plasma will be clarified with the extensive research studies in
JT-80, JFT-2M, JET, TFIR and other devices, there still remain many unknown
factor, which may probably deteriorate the energy confinement in FER. For
example, fast a-particles produced by DT reaction, impurity accumulation,
sawtooth and other MHD activities and so on. Beta scaling has relatively well
established in hydrogen plasma. while that in DT burning plasma may have some
uncertainty. Also impurity contamination in DT burning plasma is uncertain,
and it has a large impact on the available beta value for fuel ions. Required
flexibility to cope with these uncertainties for confinement capability is
to increase the plasma size, plasma current and so on with additional
expense. As for heating and current drive systems, optimum methods are
expected to be clarified by the time of construction start. However, heating
and current drive systems are fairly important driving and controlling methods
of the plasma. In addition, each heating and current drive system ( RF and
NBI ) has its favorable feature. Thus, it is very desirable to have the
capability for the installation and replacement of all of the heating methods _
even after DT operation. Non-inductive current ramp-up 1s a prerequisite
capability for FER to attain a full plasma current. Thus it is desirable to
have a capability for adding extra non-inductive current drive system, though
JT-80 achieved a fairly encouraging experiments on lower hybrid current
sustain and ramp-up in the large device. Steady state operation is not a
primary mission for FER. However the device will become fairly attractive,
if it has a capability to install non-inductive current drive system for the
burning plasma, when some driving method are developed. In addition, profile
{ especially plasma current ) control is expected to be quite favorable for
improving confinement, enhancing beta, so that flexibility for installing
every possible current drive system, if favorable from this context too.

Plasma shape and magnetic field configuration are related to plasma
performance, while the definite conclusion for the optimum shape and
configuration has not been obtained. Considering unknown feature in DT

burning plasma, it is desirable to have an operation capability with a variety
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of plasma shaping and magnetic configurations. As for the burning temperature
control, decisive control method has not been identified yet, mainly because
the definite transport scaling law is not known. Since the burning control
is a key issue for the ignition physics, this control is a major research item
for FER. Thus the device should have a capability to install or replace
possible major control schemes, including heating and current drive systems.
Stability control is essential for the sound operation of FER to achieve the
mission. Although the control methods for various instabilities are not
clearly known, similar scale of device flexibility as the shaping and burn
control should be installed or replaced. Impurity control is also one of
the key issues to achieve self-ignited long burning. However optimum divertor
configuration, and also optimum divertor and wall material. which are suitable
for the burning plasma, are not well understood yet. As for divertor
materials, low Z material, e.g. graphite, is found favorable in the present
day experiments, by suppressing the contamination of heavy metal impurities.
However, graphite will not withstand long plasma burning due to its large
erosion rate. In addition, it is expected that the plasma density control
is rather difficult or very careful conditioning will be required due to the
large adsorption of hydrogen in graphite. It is not clear that this feature
can be compatible with H-mode plasma characteristics, since the suppression
of density rise will be one of the key issues to maintain the H-mode plasma
stably long. Thus, at present, it is difficult to specify the candidate
material for divertor plate confidently. In this context, it is desirable
to have a capability of replacing the divertor and first wall material, when
it is necessary.

Major reason for the second requirement is that the device will become
more attractive, if it has the potential to achieve more advanced purposes
by altering the device with the additional investment, after having achieved
the primary missions. Examples of these advanced purposes include high beta
and steady state operations in physics area, and high fluence operation in
engineering area.

Based on the summary in Table 1, we have prepared the following
flexibility scenarios to cope with the expected possible uncertainties.

(1) Plasma size enlargement scenario to maximize the plasma size by decreasing
or improving the shield and altering the divertor structure.
(2) Plasma shape flexibility scenario for the operations with a variety of

plasma shape, e.g., high triangular shape double null configuration,
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limiter operation.
(3) Heating/Current drive/Control system flexibility scenarioc to provide

flexible machine structure, which enables replacement and/or addition of
various heating/current drive/control system, even after DT operation.

(4) Impurity control system flexibility scenario for the modification of

divertor structure {( e.g., long divertor throat, closed divertor
structure ), and replacement of wall and divertor plate materials.

(5) Advanced operation scenario to provide the flexibility for future possible

advanced operation scenario, such as high beta, high neutron wall loading,
high heat flux operation, steady state operation, and high fluence

operation.

3. Sensitivity studies

Before proceeding to the detailed studies of each scenario, we have made
sensitivity studies to examine the effect of size enlargement on ignition
margin. The effects of the reduction of inboard (Aam), outhoard (Aagut),
upper and lower (Ab) shield are shown in Fig.1. In this study, standard FER
scaling law (Mirnov type)" is assumed and other geometrical parameters are
fixed to FER reference reactor (option ACS) parametersm. Safety factor q,
is fixed, so the plasma current is changed according to the alteration of
the device geometry. It is seen from this figure that the effect of Aqin
and Ab are remarkable, while no increase of ignition margin is obtained with
Aoyt . In Fig.2, the effect of the increase of ellipticity (x),
triangularity (&), magnetic field on axis (Br) and Troyon coefficient (Cg)
on the ignition margin I, are shown. In Figs.3-8, the effects are examined
for a variety of confinement scaling laws. The expressions of these scaling
laws are tabulated in Table 2. General tendency of the increase in ignition
margin is fairly similar for all of the scaling laws considered, while the

degree of increase is slightly different.

4. Plasma size enlargement scenario

According to the sensitivity studies in the previous section,

enlargement of plasma size by reducing the shield thickness of inboard and
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Aoyt . In Fig.2, the effect of the increase of ellipticity (x),
triangularity (8), magnetic field on axis (Br) and Troyon coefficient (Cj)
on the ignition margin I; are shown. In Figs.3-6, the effects are examined
for a variety of confinement scaling laws. The expressions of these scaling
laws are tabulated in Table 2. General tendency of the increase in ignition
margin is fairly similar for all of the scaling laws considered, while the

degree of increase is slightly different.
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lower /upper shield and by altering the divertor into thin flat structure is
fairly effective to increase the ignition margin. To reduce the shield
thickness. stainless steel shield must be replaced by some other material,
which has an equivalent shielding capability with thinner thickness, to
satisfy the design criteria for toroidal coils. Here, as an example, the
inboard shield is reduced by 10 cm and upper shield by 20 cm, by replacing each
movable shield with tungsten shield. The diverior plate is also assumed to
be replaced with thin flat type plate, which results in lowering the null
point by 40 cm. The outboard shield is retracted by 25 cm only to keep the
elongation to 1.7. The resultant plasma parameters and ignition margin for
typical scaling laws are listed in Tables 3 and 4, respectively. Ignition
margin is increased up to 1.5 based on the reference scaling law (Mirnov
type). Figures 7 and 8 show the operation space of plasma current [, and
supplied volt-second to the plasma ¥ for the reference plasma and size
enlarged plasma, respectively. Solid and dotted lines denote the limiting
lines due to the maximum field (10 T for solenoid coils and 12 T for divertor
coils) of each coil for high beta and low beta plasma, respectively. Coil
numbers are labeled by square and their locations are shown in Fig.8. Note
that the limiting lines of enlarged plasma move from those of reference
plasma, particularly, line of No.15 coil (divertor coil) moves upward, since
the null point approaches to the coil in this case. In addition, line of
No.10 coil (solenoid coil) moves downward due to the cancelling effect by
equilibrium field component. Mainly these two effects widen the operation
space and compensate the increase of plasma current to some extent, and
200~300 seconds of burn time is still available in this enlarged plasma, if
the plasma current can be ramped-up to 11.5 MA. Configuration of the enlarged
plasma is shown in Fig.10.

Several contrivances must be considered for this alteration of the
reactor core component. One possible method is that the inner and upper
shield are combined into L-type structure, which can be removed and replaced
with tungsten shield. As for divertor plate, it must be replaced with thinner
flat type structure as shown in Fig.10. In addition, the outboard shield is
retracted with use of the extra shield and spacer. For the inboard shield,
tungsten shield must be partially installed in the permanent shield from the
initial construction phase, to prevent the neutron streaming through the
stainless steel vessel of tungsten pebble shield as shown in Fig.1l1. Heat

flux on divertor plate becomes considerably high, since the fusion power
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increases and the inclination of the divertor plate becomes small due to the
flat structure of the divertor. Graphite tile or tungsten armor with BeCu
heat sink will be a possible candidate for divertor plate, while this
simplified divertor structure may not withstand the long plasma burning or
specified fluence, so that the simultaneous achievement of the physics
missions (ignition and long burning) may not be attained in this contingency
case. Retraction of outboard shield will cause the modification of outboard
shield and also the toroidal field ripple becomes large. Possible method to
avoid- these potential problem is higher elongation plasma x~1.87 without
retraction of the outboard shield. 1In this case, controllability of vertical
position instability must be strengthened.

Application of this size enlargement scenario - needs careful
examination. Alteration of the reactor core structure, which is highly
activated, is quite cumbersome task, and require considerable extra cost for
tungsten shield. Thus, careful assessment for the ambiguity of physics data
base should be made in, at least, two steps. The first step is at the start
of construction. If the confinement scaling law and other physics data base
have been sufficiently established in the existing devices by then, the
construction will be started based on these data bases to realize the required
device size. Even .in this case, the capability for the flexibility of size
enlargement scenario should be included, since the uncertainty under full DT
burning condition should still remain. The second step is at the start of
DT burning. During the initial hydrogen discharge phase, confinement scaling
laws and other physics assumptions should be examined carefully, and the
decision should be made on the plasma size in DT burning phase. If the
experiments in hydrogen discharge phase are confirmed to be well described
by the physics assumptions used in designing the device and the ambiguity of
DT burning plasma is not expected to be so large, then DT operation will be
started with the reference plasma size and the size enlargement scenario may
be used for the contingency of the possible ambiguity with DT burning. When
the expected plasma performance is not attained in hydrogen discharge, though
such a situation should not be encountered, in principle, with a careful
assessment of the physics data base at the construction start, size
enlargement will be provided from the beginning of DT operation. With these
procedure or phased operation and construction, difficulty in replacing and
handling the highly activated component should be minimized and the cost could

be saved if the physics assumptions hold as expected.
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5. Plasma shape flexibility scenario

in this flexibility scenario, the degree of plasma shaping, such as
elongation, triangularity, is increased and different configuration, such as
double null divertor and limiter configuration, will be employed to increase
the ignition margin or to operate with a different shaping plasma. Here, as
an example, we will examine the effect of triangularity on the plasma
operation. As shown in Fig.2, the ignition margin is increased with
increasing the triangularity through the increase of the plasma current for
the same g, value. However, the available burn time will be decreased due
to the operating limit of the divertor coils or shoulder part of the solenoid
coils. This feature is shown in Fig.12. Available volt-second in this figure
is obtained from Fig.13, in which solid and dashed lines are the maximum field
limiting curves of No.13 and 14 coils for high and low beta plasma with
constant g, value as a function of triangularity. The start of burn is
usually determined from the low beta line for No.13 and 14 coils (dashed
line), so that the solid-dashed line shows the start of burn and end of burn.
However, if the plasma beta is increased in low triangularity plasma and then
the triangularity is increased to the specified value, the start of burn could
be on the solid line (high beta line for No.13 or 14 coils), resultantly the
available flux for burning could be increased. Shaded region in Fig.12 shows
this possible increase of the available flux for burning. When the
triangularity exceeds 0.3, the available flux decreases drastically. Thus.
the plasma current and/or minor radius must be decreased to obtain a higher

triangularity and finite burn time.

6. Heating, Current drive, Control systems flexibility scenario

Major items of this flexibility scenario include the flexible structure
for using a variety of heating/current drive/control systems, and the back-up
scenario for non-inductive current ramp-up. As for the first item, critical
point is to use and replace tangential neutral beam injector and RF systems
at any phase of the machine operation. As a matter of course, the decision
of the methods for heating and current drive system needs a careful assessment
of the data base at the start of construction and DT operation in the same

context of the size enlargement scenario. Example of simultaneous
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installation of tangential NBI and RF systems into the reference ACS reactor
is shown in Fig.14. Several contrivances in design phase are necessary for
this purpose. They include the removal of triangular post (this is also
necessary for the size enlargement scenario), measure for the suppression of
neutron streaming into water tank type shield due to the removal of the
triangular post, and shape of outer shield modules. |

As for the second item, two back-up scenarios are considered. One is
reinforcement of LH power by increasing the number of LH port. This scenario
is included in the category of the first item. Another is the modification
of operation scenario. Figure 15 shows this example. In this figure, path
(A) shows the reference operation scenario, where plasma current is ramped-up
to 8.7 MA non-inductively and subsequently inductive burning starts. Path
(B) shows an example of back-up scenario for non-inductive current ramp-up,
wvhere plasma current is ramped up to about 4 MA non-inductively, and
subsequently ramped-up to 8.7 MA inductively. With this scenario, 100~150
seconds of burn time is still available, where we have assumed Spitzer
resistivity and Neo-Alcator confinement scaling during the inductive current
ramp-up phase. Path {(C) is the full inductive operation, where 18 seconds
flat top with 4 MA can be available. Plasma current could be ramped-up to 6
MA inductively, while no flat top is available in this case. This full
inductive operation scenario will be useful for the initial cleaning up and

aging of the plasma facing component and RF launcher, and so on.

7. Advanced operation scenario

Major purposes of this scenario are to provide the test bed for the
demonstration of advanced physics, such as high beta, steady state operation
and to provide the higher potential for engineering testing by, for example,
high fluence operation, though they are not included in the primary missions
for FER. Here, we will examine higher fluence operation (n»]M%“Y/mZ) as an
example,

It is expected that the tritium procurement will be primary obstacle
for this higher fluence operation. Then, it will be required to install
tritium breeding blanket as much as possible. We assume that breeding blanket
of 30 cm thickness with tungsten shield in the inboard region of the improved

ACS reference reactor. Resultant device parameters are
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7. Advanced operation scenario

Major purposes of this scenario are to provide the test bed for the
demonstration of advanced physics, such as high beta, steady state operation
and to provide the higher potential for engineering testing by, for example,
high fluence operation, though they are not included in the primary missions
for FER. Here, we will examine higher fluence operation (n»th“Y/mZ) as an
example,

It is expected that the tritium procurement will be primary obstacle
for this higher fluence operation. Then, it will be required to install
tritium breeding blanket as much as possible. We assume that breeding blanket
of 30 cm thickness with tungsten shield in the inboard region of the improved

ACS reference reactor. Resultant device parameters are
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a=1.2m,R=4.6m, B=5T, [,=7.7TMA. Operation of this small plasma must
inevitably be driven mode of operation. Figure 16 shows the feature of this
mode of operation. Solid line shows Q value as a function of temperature,
in which upper curve i1s evaluated with reference FER scaling (Mirnov type)
and the lower curve with degraded scaling by a factor of 1.5. Dashed lines
denote the required heating power for these operations. If the plasma current
is fully driven non-inductively, required current drive power is shown by
solid-dashed line, where current drive efficiency n=nzRI/P=0.3 was assuned.

This value of the efficiency is the best data so far obtained in JT-680. Power
balance is achieved at the temperature, where the line crosses with the dashed
lines P;,. At this temperature, attained Q value is evaluated to be 3~4 both
for reference and degraded confinement cases. ~In the case of full inductive
operation, increasing the plasma temperature will be beneficial to a higher
fluence with smaller shot number. As shown in Fig.17, neutron wall loading
P, decreases with temperature, while the burn time increases more rapidly,

and consequently available fluence & during one shot of the burn increases.

8. Conclusions

Physics uncertainties and correspondingly required device and
operational flexibilities in DT burning phase are reviewed. Based on the
review, several typical flexibility scenarios have been chosen and studied
in detail. They are (1) Plasma size enlargement scenario, (2) Plasma shape
flexibility scenario, (3) Heating /Current drive Control system flexibility
scenario, {(4) Impurity control system flexibility scenario and (5) Advanced
operation scenario. All of the scenarios have been shown to be practicable
and to enhance the device performance considerably. As for the size
enlargement scenario, alteration of the reactor core component may require
considerable cost, so total cost may exceed that of the larger device, which
is designed to have larger ignition margin from the beginning. However, if
the reference ACS reactor could ignite, no such alteration is necessary and
total cost could surely be saved. Trade-off study for risk and cost-saving
is necessary to establish the final flexibility scenarios. Also careful
assessment of the physics data base is necessary at the start of construction
and DT operation to decide which flexibility scenarios we should include into

the device.
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Table 3

Table 4

JAERI-M 87-216

Major radius
Minor radius

Field on axis

Plasma current

Elongation

Fusion power

]

(m)
()

(T)

(MA)

H & M

~

Pe (M)

4.5
1.4
4.5
11.5
L.7
635

Ignition margin Ig, confinement time Ty

various scaling laws of enlarged plasma

Major device and plasma parameters of enlarged plasma

3
3

and ¢ value for

Scaling g Ig Q
FER Reference 3.30 1.51 »
{Mirnov type)

ASDEX-H 5.30 2,13 o0
JAERI-Optimized | 2,21 1.29 ©
KG-H 2.25 1.11 o
KG-L 0.64 0.35 2.75
JAFRI L-mode 0.30 .17 1.04
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Fig. 9 Plasma equilibrium and coil location of ACS reference reactor.
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Fig. 10 Cross sectional view of enlarged plasma.
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~800 sec‘\ AN h] :w 8
\ [15] high 8

\
15] low B

T~ [10] low B

o 10] high 8
— non-inductive

— inductive

and supplied volt-second

P
Y space for reference ACS plasma. Solid lines denote the

limiting lines by maximum field in high beta plasma and
dashed lines in low beta plasma, respectively, Path (A)
denotes non—inductive current ramp-up scenario., Path (B)
denotes the scenario, where plasma current is ramped-up to

4 MA non-inductiﬁely, and subsequently ramped-up inductively,

Path (C) denotes the full inductive operation.



JAERI-M 87-216

*OTIRUSDS uoTlvasdo pPIDUBRAPE UT [

sanjeiadwar ewseTd o3 zoadsaz yiim

¢ Furuang joys duo BUTINP LOUINTT STYETIRAE

H

(,01XG)

(,01XG2)

{l0Us /gW/A -MA) ¢ 1oys, aouan|d

14
(OI¥

3 swIl uIng .Bm BuTproT [Tem uvoajznay /1 *Std

(A8Y) | aunjpsadwa]

8¢ ve 0 91 Zl 8

0 T T T T 0
mw | <160
W.
mw ¢H <01

(1uDIq o/M &)
——— -0

¢ Gl

OlX

Mg Buippo| (jom uoisnaN

(ZW/MIR)

'£e0=d/ T8

AJUaTOTIJo 2ATIp Jusiand JoJ Jomod a2at1ip

paItnbei a1e SAUT] PaYSEQ  * (DUTT IamoT)

7

{A3) 1 ainjosadwa)

4

U=l

JusIInd palrnbsa oyl smoys SUTT PIYSEP-PIOS

*sanTea ) 9arivadsex syl 1ol Iamod Burjeoay

C°1 JO 1030®] B AQ JUSWSUIIU0D papeidap pue
(PulT 1addn) Bulyeos a2dAl AOUITY POULIDIDI
103 ssnieA ) 2[QBTTRAR ©910U8p S2UIT PTTOS

*19jqueq SuTpeaiq JO UOIJBT[RISUT O3 onp IZIS

ww vm om m_
0 T I 1

indug

papo.

/

——

Jamod
\
/
\
A
\
\

l.lld

!

001

(M)

-—

: d
€0 = oy = UM

YW.2 1o} Jamod Q) pasinbay

bag

——

0
)

0%l

puse[d TTewWS YiTm OTIBRUSDS Uorjleiodo pa’duBApY

0l

0¢

0¢

91

0

an|oA

‘8714



