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Abstract

The effect of the improvement of the plasma confinement
(such as energy confinement time and purity and so on) on the
fusion research is investigated for the ITER grade plasma. The
impact of the confinement improvement is quantitatively evaluated
from the view points of (1) necessary size and cost, (2) the
engineering R&D (3) the economic potential and (4) reduction of
the ambiguity in the design of future devices. It is shown that
the confinement improvement has strong and favorable influence

for these. aspects.
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8! Introductiomn

Recent progress of the tokamak reséarch has achieved the
plasma parameter very close to the scientific demonstration of
the break even condition. The deuterium-tritium plasnma
experiment in the near future will probably realizes the plasma
with Q greater than unity (Q is the ratio of the fusion ocutput
divided by the heating power). Based on the present database,
the conceptual designs of the fusion experimental reactor has
been performed.1'2) The most detailed one is the ITER activityl).

The plasma parameter has increased by, for instance, the
increments of the plasma size, current and heating power. The
exanple of this direction of the progress is seen in three large
tokamak experiments. The other kind of the progress has been
achieved by exploring the elaborated controlling method and
finding the improved conrfinement modes. The most dramatic was
the discovery of the H—modeS). Before the finding of the H-mode,
the energy confinement time of tokamaks is characterized by the
degradation associated with the heating power4'5). This nature
of the plasma, resembling to the neo-Bohm diffusion except the
absolute value6’7). would be a large obstacle in achieving the
ignition in the moderate size devices. After the discovery of
the H-mode, other types of the improved confinement such as
Pellet modeS). Supershotg), Improved Ohmic Confinement (IOC)IO),
Inproved Divertor Confinement (IDC)ll), Inproved L-mode (IL)IZ)
and counter injection of neutral beamla), have been found.

The improvement of the confinement is not restricted to




those inp the energy confinement time. The purity of the ion
species and favorable plasma profile also affect the performance
of the burning plasma. In other words, merely increasing the
energy confinement time is not the point, but the over-zll plasma
condition must be improved14). It nust also be emphasized that
the favorable character of the plasma must be maintained
stationarily in the future engineering test devices. This is
because the engineering test under the burning plasma would
require a finite value of the fluence of the fusion output.

In advancing to the next step of the fusion research, the
expectation of the plasma performance in the next step device
pust be reliable, This is partly because of the high price of
the experimental device, but also because the engineering test
can be completed only if the plasma yields the sufficient value
of the fusion output. Therefore the effort to enhance the
reliability of the programme will become more and mere important.
The improvement of the plasma confinement would enhance the
safety factor in achieving the mission of the programme. The
nature of the plasma under the stationary burnm is not known: for
instance, the asymptotic level of impurities imn the time scale of
hours of burning discharge is beyond present predictability.
Large roor of the safety factor would be necessary for the best
parameter under the short discharge condition.

The cbjective of this article is to investigate the effect
of the improvement of plasma confinement for the fusion research
in proceeding to the next step, Based on the consistency

analysis of the core plasmalS), we examine the influence of the



confinement improvement (such as the energy confinement tinme,
purity, plasma profile, current-drive efficiency and so on). We
find that the improvements (1) reduce the system size (cost) of
the experimental device with the same mission, (2) reduce the
engineering R&D requirements, (3) improve economic capability and
(4) pake the projection more reliable., Through these effects,
the improvement of plaswa confinement is highly effective.

In §2, we briefly review the method of consistency anzlysis
for the stationary burning plasea. We choose a simple relation
between the plasma size and current and compare the cases with
different plasma sizes. In the next section, the effect of the
confinement improvement is shown. The result of the ITER
activity is analysed, confirming the simple analytic modelling.
By this process, the impact of the confinement improvement on the
design is evaluated. Summary and discussions are given in the

final section.



§2 Consistent Operation Regine

In order to evaluate the impact c¢f the improvement of the
plasma confinement, the plasma operaztion condition is chosen so
as to satisfy the various physics constraintis. The method was
developed in the preceding articlelS), in which the optiimum
performance 1s obtained for the given scaling laws of the plasma
confinement, In this article, we also study the optimump

condition by using the method of consistency analysis,.
9 1_Lj ¢ P . ; .

The necessary conditions and scaling laws are discussed in
Ref. [15]. Following are the scaling laws and conditions. The
major radius R and minor radius are given in (m], the plasma
volume Vp is in [m3}, the magnetic field B is in [T], the
electron demsity n, is in [1020m'3j, the temperature T is in
[keV], the plasma current Ip is in [MA], and the total heating
power, P, 1input power Pin and the wo-particle heating power Pa are
in [¥W]). VWe assume that To=T; holds, and n and T denote the
volume azveraged values, The line average density is given by n.
k and M denote the elongation and the ion mass number,

respectively,
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(2) g-limit
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(4) current drive efficiency
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(8) energy confinement tfime (improved mode)
Tp = h rE(L-mode)

(9) particle confinement time

T = 0.05 a /a.5)% pF, 8=1.5

The Bootstrap current is taken into account according to the

foroula

10nT (a)23 [5.8]0‘5 2
I, = === |20 (22 g
[?—] R (10)

when specified.

Some of the conditionms (1) -(10) are reliable and some have
only a small base. For instance, the distinction between fwo
presentation for the energy confinement time is presently
difficult. We use two presentaticns in parallel, in order to
show the range of the ambiguity of the extrapolation. The
estimationp formula for the fusion power in terms of the plasma
parameter is given in Ref.[16] and is not repeated. Ve assunme
that the temperature has the parabolic distribution, and the
density profile i1s broader, n(r) = n0(1~r2/a2)0'3 (r is the pinor

radius coordinate).

9.9 Standard Parzpeter (L-pode)



We choose the ITER-grade parameter for the device as

R=5.88, a=28, B=4.5, k=2, Ip=20£. (11)

The parameter 1 indicates the change of the size. The standard
value, 8=1, corresponds to q¢=3. The ratio of the deuterium and
tritium 1s 1:]1, and M is chosen tc be 2.5, The introduction of
the size parameter . is highly idealized. 1In actual design, the
change of the size (keeping the aspect ratio) does not cause the
linear change of Ip, The model dependence Bg.{(11) is assumed in
order to have an analytic insight. The actual example in the
design study is given in the following subsections.

Based on the L-mode scaling law, Eq.(7), the working region

of steady state operation in Pin'n plane is discussed in

e
Ref.[15]. One example is shown in Fig.l, in which the Offset-
linear law is assumed for the standard parameter, L=]. The
triangle ABC indicates the boundary for the consistent working
region, which is determined by the g-limit, current-drive
efficiency and the request for the divertor plasma temperature.
The optimum value of the Q-value is 8.5. The prediction by use
of the L-mode gives a large ambiguity. If one employs the power
law, the maxieum Q-value is given by 2.5 (at P; =1G¥). On the
other hand, the offset-linear law predicts Q-value of 8.5 at
Pin=0'2Gw' This uncertainty, which is not resolved so long as

one uses the extrapolation of the L-mode scaling law, would be a

large obstacle in progressing the programne.




2.3 Devendence on the Svstem Size

The achievable Q-value can be increased if the plasma size
increases. The size dependence of the maximum Q-value for the
steady state operation is given in Fig.2. The other key
parameter to evaluate the economic potential is the power per

unit volume

E=Ptusion/ Vp- (12)

One index for the economics is the ratio between the fusion
output during the life time 7);4, to the imitial cost. It 7y5+¢e
and the initial cost divided by Vp are approximated by constants,
the K value is proportional to this ratio. In reality, K would
not be a linear function of this ratio, but would be an
increasing function of this ratio. The guantity K is also shown
in Fig.2. In Fig.2, the power law of the L-mode scaling is
employed, and the parameter £ is changed from 0.5 teo 2.

This graph shows that the quantities Q and X can be improved
by increasing the plasma size, The increment of the plasma size,
however, enhances the cost of the device. The higher cost may
cause the difficulty in the construction of the experimental
devices and the delay of the programme. In additionm to it, the
increased size requires a larger R&D necessity for the
engineering aspect.

To show this fact more clearly, we evaluate two gquantities;

one 1s the neutron wall loading, PN (unit is MW/mg), and the



other is the thermal load on the divertor plate, P4;. (unit is
HW/mz), The neutronm wall loading is estimated by the ratio of
the fusion neutron output to the area of the plasma surface.

Kore exact calculations have been done in a real geometry17). Ve
use a simple estimate, which is correct within 2 factor of 1.5,
in order to have an analytic insight. The formula to estimate

the divertor heat load, Pdiv is given as

i I T
Paiy = Caiv (&{) ( P ) (‘B—‘) “’raqu (18)

A n(a) n.qR

Coefficient Cdiv and the details are discussed in the appendizx.
Figure 3 shows the wall loads Py and P4;,. It is shown that
these wall loads increase when the plasma becomes bigger. The
design of the heat removal is one of the key issues in designing
ITER, and a substantial R&D programme is needed. If the level of
Pdiv increases, the resolution of the divertor design becomes
nuch more difficult, and much larger programme for the R&D would
be required. The same argument may apply to the neutron wall
loading. From these results, we see that the way of achieving
the higher Q-value by larger device causes a new problems; high
cost and longer time scale for the next step, and the increased

requesis for the engineering R&D.
§3 Effect of the Iuproved Confinement

3.1 Confinement Toorovement and Evaluation

10




There is anp aliernative approach to enhance the expected Q-
value for the mnext step devices. The plasma confinement can be

improved {or deteriorated) in the following aspects:
(2) energy confinement time
(b) purity of the fuel ions
(c) plasma profile
(d) s-limit
(e) current-drive efficiency

and so on. The main part of the present tokamak research is to
make progress in these aspects of the plasma.

The ipproved confinement mode has been found and studied
intensively. Other pecints, (b)-(e), also have a lot of database.
In this article, we assume that the progresses in directions (a)
to (e) can be gained independently, and study the impact of the
iemprovements., In actual plasmas, these improvements are not
realized independently. It has been, for instance, well known
that the improved modes are often associated with the increased
impurity level. The optimization of the g-limit requires
particular profiles, which may not be consistent with the
increased fusion r;te. The analysis here 1s done to find the

effects of these improvements and the critical path ito reach the

11



better confinement state. The trade-off can be solved if the
sensitivity to each elements are analysed.

¥e evaluate the following quantities;

(i) Q-value and K-value

(ii) Necessary size to reach the Q-value of mission

{iii1) Wall toadings Pdiv and PN'

As is discussed in the previous section, quantities in (i) are
related to the economic potential, those im (ii) to the cost and
time scale of the research, and those in (iii) to the necessary

level of the engineering R&D.

ec rove t o

We study the influence of the improvement in the energy
confinement time. As is discussed in §3.1, we change the
parameter. h (ratio of Tp to the L-mode scaling law) independently
fropm other parameters such as the fuel purity.

Figure 4 illustrates the Q-value and K-value for the fixed
plasma size (&=1). It is shown that the power amplification
factor Q increases strongly while the K-value (power density)
reduces slowly., The reduction of the power density is due lo the
increment of the jion temperature. (If the temperature becomes too

high, the fusion cross section of D/T-reaction has weaker



dependence than 72 and the power density starts to degrade. 1In
this case, the other reaction process, D/D or D/SHe, has
contributions.)

The improvement of the confinement time, bontrary to the
case of increasing the size, can also reduce the engineering R&D
requests. Figure 5 illustrates the wall loadings Py and P4y, as
a function of the parameter h (& is fixed to be unity.) As the
enhancement parameter h increases, the wall loading reduces. The
reduction is prominent for the heat load onto the divertor plate,
while the neutron loading does not change much. The condition on
the divertor plate becomes relaxed. This would be very helpful
in designing the ITER grade devices

We finally study the necessary size of the plasma ifo obtain
the high Q-value as a function of the improvement factor. TFigure
6 shows the contour of the Q-value on the h-L plane. The solid
line is for the case of the power law and the dashed lines for
the offset-linear law. In order to achieve the necessary Q-value

under the steady state operztion, the size obeys the relation

1.8 13 (g=10)
2 A (power law) (14-1)
1.4 hl-4 (=5

1.0 v 06 (g-10
1~ (offset-linear law) (14-2)

0.8 #°0-8 (g-5)
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These results clearly show the reduction of the necessary plasma
size and associated cost of the device. The period for the
consfiruction also reduces due to the smaller size.

It is also noted that the ambiguity in the prediction can
also be reduced by the improved confinement time. The figure §
shows the difference of the necessary size between the
predictions of the power law and offset-linear law., The former
scaling law predicts that the linear scale of 1=1.4 is necessary
while the latter gives the value of 8=0.8 in order to obtain Q=5.
On the other hand, if the enhancement factor of 2 is possible,
then the necessary size reduces to about £=0.6 (Q=5) and £=0.38
(Q=10), and that the necessary size weakly depends on the choice
of the scaling law. The zmbiguity in the extrapolation is
reduced, which is imevitable in advancing the program to the next
step.

Summparizing the above results, we show how the reguests for
the engineering R&D and economic potential change in Figs.7 angd
8. The figure 7 illustrates the change of {(Pajy» Py) according
to that of (h,L). Figure 8 shows that for (Q., K).

One of the characteristics of the (Pyiy+Py) diagram is that
the region of the parameter is limited to a narrow regime even
though h and 2 changes by the factor of 2. It is alsoc noted
that, when the improvement is not realized (i.e., h ~ 1), the
change in the size greatly increases the level of the wall
loading. On the other hand, if the sufficient improvement is

realized (such as h~ 9), the increment of the size does not

14



reguire the increment of the wall loading. The increase of the
size can improve the economic potential, as is shown in Fig. 8.
We conclude that the optimum condition from the view point of
the economic potential can be looked for without increasing the
reguest for the engineering RE&D.

The axis of Pdiv in figures are given in the arbitrary unit.
One example of the estimation of the absolute value is shown.
Reference [18) numerically estimates the peak heat load using a
two-dimensional simulation code. According to the discussion in
the appendix, the value of P, in Fig.7 corresponds to IOHW/mz.
If the heat loads to the inside divertor trace and outside trace
are balanced, then the value of P2 in Fig.7 corresponds to
IOMW/mZ. Thus the control in the heat flux in the scrape-off

layer can also reduce the engineering R&D task.
3.3 Exapple from the Desiegn Study

The relation {11) in changing the size is for the analytic

study and too idealized. Hence the relation (14) may not be
taken too seriously. The analysis of the impact on the systenm
size and cost needs at least a concepiual design, fe study the

design activity for the ITER.

The conceptual design of the ITER has been performed by
introducing the enhancement factor h. The change of the size and
cost owing to the change of the enhancement factor are
graphically presented in reports. In the ITER report]7),

following parameters are fixed; BT(max)=11T. BOHCOil(max)=12T.
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k=2, qoy1=0.844. and Z_pp=1.78. In a2ddition to if, the sum of
the toroidal coil thickness and the half of the OH coil, d.. and
the distance of the plasma inner surface from the toroidal coil
surface, dy, are kept constant, simulating the real coil systenms.
The constraints are chosen that T=10keV and operation point is
fixed to the pg-limit. By using these assumptions, the pecessary
value of h for the ignition condition (i.e., the condition for
the full current-derive is not requested in this case) is
obtained.

From this analysis (with R/a=3), one can see the relations
between the necessary size, current and improvement factor. In
the parameter regime of interest, Ip follows the relation Ip o

RI‘S, not ﬂl. If one chooses the offset-linear law (Shimonura-

Odajima lawlg)), the results are fitted to the estimations

-0.8
Ip = h , (15)

$ o« p l-3 (16)

where § i1s the relative cost of the device.

The reduction of the plasepa size which comes from the
enhancerent factor h is annihilated if the impurity increases.
Taking the parameters h and Zeff' the contours of the necessary

current is given in Ref.  [17].

£4 Suwmmary and Discussion
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In this article, we study the impact of the improvement of
the plasma confinement in the fusion research. Based on the
study of the ITER grade plasma, we find that the improvemeni of

the confinement (such as Tg. purity of the fuel, plasmaz profile,

and so on)

(a) can reduce the necessary size and cost of the

experimental reactor,

(b) can reduce the wall loading and hence the necessary

engineering R&D task,

(c) can increase the economic potential, and

(d) can reduce the ambiguity in the projection for the next

step device,

These effects make it easier to progress to the next step and the
mission more plausible. According to the design activity of
ITER, the necessary cost of the device is proportional to
approximately h™ ! 3 (in case of Shimonmura-0dajima scaling). The
alternate approach to increase the Q-value, 17e., making the
plasrwa larger, is also studied. In this case, however, the
reguirement for the engineering R&D becomes large in addition to
the increased cost for the construction.

It should be noted that the impact is favourable, if the

over all improvement is realized. It has been known that the Q-

17



value may be approximately proportional to

H=h 7, (1-£7%,
when the achievable Q-value is limited by the input power. In
this representation, Tp is the peakedness of the plasma pressure,
n(0)7(0)/nT, ard £ is the level of dilution of the fuel, f,=
£Zyny/n,. where the summation is taken over impurities. If Q can
be large, the i is defined by hr(1-f4). Even though the
enhancement factor h is large, the impact 1s small if the overall
paranefer H is low due to, for instance, the accumulation of
impurities. The overall evaluation on the presently-observed
isproved modes has been performed and given in Ref.  [141].

We finally note on the possibility of the advanced fusion
reaction, Fusion reaction based on such as D/D or D/3He has
advantage from the view point of the radio activation of the
system. These reaction can be realized if and only if the
confinement time is long enough. The present analysis only
studies the effect of the improved confinement for the near
future research, i.e., the range of h ~ 2. If the range of
improvement is extended, the reaction based on the advanced
fusion would be possible. Such impact would be more profound and

requires further study.
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Appendix: Divertor Heat Load

Divertor functioning is characterized by such as

(a) Divertor heat load, Py,

(b) Impurity back flow to the core plasna
(¢) Pumping efficiency

(d) Erocsion rate of the plate

(e) Radiation and charge exchange from divertor plasnma.

One of the key parameters 1s the plasma temperature in front of
the divertor plate (or in front of the sheath). Plasnma
temperature T4;, 1s used as one of the physics constraints, Ve
here estimate the divertor heat load based on the analytic
calculation and numerical simulation.

The peak heat load does not directly constrain the core
plasma parameter. This parameter is strongly related to the
plausibility of the long pulse operation. The peak heat load is
determined by two quantities, the total power and the width of the
heat channel on the plate., We evaluate the scaling of the peak
heat load.

The flow of the energy in the scrape-off layer (SOL) is
determined by the competition between the flow along the field
line and the cross-field diffusion. The heat load onto the

divertor plate is given by

. nPoul
P = i (A1)

20



where Pout is the power flow to the SOL region from the core, 7

is the rate of the heat flow onto the divertor plate {( ratio of 1-

7 corresponds to the remote radiative cooling in the SOL regiomn),

and A is the heat channel width. ¥e evaluate P ., by PiptPu
The scaling of A is derived in 1iteraturesze’21). Ve assunme

that the parallel heat conduction is classical. The cross field

heat diffusivity is given by the heat conductivity & , which is

given as

L ® “(1,;:29) (A2)

(ot is a numerical coefficient). If the coefficient o is
constant, then we have the scaling law
A Pu\~® _3 (i (Br i
N0 - [® =4
e (22" () (3 (49
It is noted that the widith A does not necessarily scale as il,

but depends on other plasma parameters. By using this results,

we have

M

NP}
P v = Cu':'u N ('_"'_')
d; Vp

i T B T B
¢ — I
(ne(a)) (ﬁeqﬁ) e (44)

The peak heat load depends on the power density, P/Vp.
peakedness of the density, n/n(a), density and size. The
coefficient Cdiv depends on the actual shape of the divertor

chanmber, divertor plate material, pumping speed and the working

21



gas.

The scaling law (A4) depends on the choice of the model of
the cross field diffusion coefficient and may contein the
ambiguity. Because the true form of the transport coefficient in
the SOL region has not been obtained, we here take other form of
the diffusivity and study the range of the error in the
prediction. In the core plasma, the ratio of the diffusivity to
the Bohm diffusion depends on the gyroradius, If one assumes

that the coefficient &« depends on the plasma parameter such as
o =< p/a, {A5)

then the peak heat load scales as

T

P e (22)' 8 ()™ (46)
Figure Al 1llustrates the & dependence of Pdiv (solid line)and
ﬁdiv (dashed line) for the case of the power law and offset-
linear law,

The coefficient C4;, is determined by the numerical
siwmulation, Reference [18] gives the simulation result, and the
peak heat load Pdiv reaches 7.5MW/m2 for the parameter of pout =
240M%, edge density of n (al)=4 x 10'%273, and the double null
configuration. The in-out asymmetry of the heat flux is assumed,

and 80% is deposited onto the outside. If this asymmetry is

resolved, then the peak heat load would reduce to 4‘1Mw/m2,
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Figure Captions

Cperation diagram on the n,-P; planme. Standard size
(1=1, Ip=20BA), and the Offset linear law of L-mode is
chosen. Criteria for the density limit, divertor
plasma temperature, current drive, beta limit, and ash
exhaust are shown, The region ABC is the consistent
working region for the steady state operation,

Contours of the Q-value and temperature are also shown,
The maximum Q-value is realized at the point €, where §
is approximately 8.5 and input power is 215M¥. The
bootstrap current is not taken imto account.

The size dependence of the Q-value and the power
density K. L-pode scaling (power law) is chosen.
Dependence of the wall loading on the size parameter 1.
The power law for the L-mode 1s chosen.

The dependence of the Q-value and the power density X-
value on the enhancement factor h., Plasmpa size is
standard (&=1) and the power law is chosen.

Dependence of the wall loading on the enhancenent
factor h.

Contour of Q-values on the h-14 plane, Solid lines are
for the case of the offset-linear law, and dashed Ilines
for the power law, Steady state operation condition
with Z pp=1 are assumed.

The response of the wall loadings to the change of
(h,1). The range of (h, L) and corresponding points
(ABCD) zre given in (b).

The response of the parameter (P/VP,Q) to the change of
(h,2). Points (ABCD) are given in Fig.7(b). The
results of O-law and P-law are compared,

The peak heat load at the divertor plate as a function
of the plasma size, Steady state condition with L-mode
scaling is i?ed' Solid lines shows Pdiv’ and dashed
lines show PdiV‘ P and 0 indicate the power law and

offset-linear law. Values are normalized at &=1.
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