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Abstract
Ignition characteristics in D-T helical reactors of various sizes are studied with
the operation path method on the Py 72T plane and the POPCON method. Based on
the empirical LHD scaling, a confinement has to be improved by more than a factor of
1.5 for reaching ignition and more than a factor ¥ = 2 to have optimum fusion power
in a reference helical reactor with R >8 m,a=2m,and B,>6T. The density limit and
the confinement time saturation effect with respect to the density degrade the favor-
able density scaling of the confinement time {tge< n069) and are found to be important
limiting factors for ignition characteristics. For a reactor of R = 10 m, a=2m, Yy =2, B,
=7 T with an external heating power P, = 100 MW, the minimum auxiliary heating
power is around 55 MW at an operating density 40 % below the density limit, and igni-
tion can be reached in a finite time. The ignition characteristics for larger size (R = 15

and 20 m) reactors and gyro-reduced Bohm scaling are also studied.
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1. Introduction

A helical reactor can operate in steady state without a large recirculation power
if the bootstrap current can be canceled by a small non-inductive current drive power
or if it can be utilized for confinement improvement and no large amount of power is
needed to induce the eleciric field. This is an advantage in a helical reactor compared
with a tokamak, which needs a large recirculation power of around 100 MWD for
non-inductive current drive to obtain steady state operation. Although this disadvan-
tage in a tokamak can be removed by employing an inductive alternating current (AC)
operation with efficient use of an Ohmic transformer,?) the power supply for the
Ohmic transformer has to include a superconducting magnetic energy storage (SMES)
unit, which, however, because of its efficiency, needs only a small amount of power. In
a helical reactor, both the requirement of a large recirculation power and a SMES unit
can potentially be removed, leading to a simpler machine with small power supply
units. We thus have an incentive to study a helical reactor.

While ignition characteristics in a tokamak reactor have actively been studied
by many groups,®6) those in the helical reactor have not received much attention.
(7-10) This might be due to the lack so far of the established confinement scaling. The
LHD scaling proposed by Sudo et al.!!) and the gyro-reduced Bohm (GRB) scaling(12)
are gaining acceptance in helical experiments.(13) Using methods developed in igni-
tion studies for a tokamak reactor, such as the operation path method on ntg-Tand
Py, 3% T planes')17) and “POPCON"(18), we are now able to study the ignition char-
acteristics of a helical reactor based on the empirical scaling law.

Using LHD scaling, a study of the helical reactor had been made on POPCON.
19 However, the density limit, which is very important as will be seen in this study,
was not taken into account. The confinement time saturation effect with respect fo
density recently observed,?®) which can alter the ignition characteristics, had not been
considered yet.

In this paper, we present the ignition characteristics in various sizes of helical



reactors using the operation path method, and estimate the auxiliary heating power to
reach ignition using the POPCON method. A confinement enhancement factor of 1.5
is required to reach ignition for LHD and GRB scalings; however, a factor of 2 or more
must be realized for optimum fusion power (~ 3 to 3.5 GW) at the operation point on
the ignition boundary. For example, we have also found that the density limit is a lim-
iting factor for reducing the auxiliary heating power and for having optimum fusion
power, and the confinement time saturation effect can alter the ignition characteristics.
This is due to the fact that the point of minimum heating power exists above or
around the density limit in many cases and the confinement time saturation effect in-
creases the plasma conduction loss. Ignition capabilities of various sizes of helical reac-
tors are also presented.

In section 2, we describe the formula for operation paths for the LHD and GRB
scalings and the ignition boundaries on the Py 7g2-T plane. In section 3, the confine-
ment enhancement factors required for reaching ignition are obtained using the op-
eration path method for the proposed helical reactors. In section 4, we evaluate the
auxiliary heating power and operating point of helical reactors using the POPCON
method including the density limit and the confinement time saturation effect with
respect to the density. In section 5 and 6, a discussion and summary are presented, re-

spectively.



2. Operation Path for the LHD and GRB Scalings and Ignition boundary
Since a helical reactor has no Ohmic heating power, and hence no Ohmic heat-
ing confinement time such as that described by neo-Alcator scaling in a tokamak, the
ignition analyses are relatively simpler than a tokamak reactor. In this study, we use
two scalings, LHD and GRB. The operation path on the ignition boundary can provide
the confinement enhancement factor required for reaching ignition in various reac-
tors without knowing the detailed heating power input. Therefore it is convenient to
use this method to know the overall behavior of a reactor and to compare the perfor-

mance in various reactors.

(2.1) Operation Path Parameter for the LHD Scaling
We employ the LHD scaling proposed by Sudo et al.,("!) which has been con-
firmed in many helical experiments and is gaining acceptance.!!213) The LHD scaling

with a confinement enhancement factor Yy is given by(!}

510D [8] = Y11 0.17 7 50069 [x1020 m-3] B,0#* [T) 7 20[m] RO75 [m] / P08 [MW] 2-1)

where 2 is the average minor radius. For the reference reactor with R = 10 m, 2 = 2m,
By=7T, 0= 2x10°" m 3, the confinement time is 4.37 sec for gy = 2 and Py = 100 MW.
In this study. we further take into account the confinement time saturation effect with

respect to the operating density as follows;?0

](Dﬁsasn g =TeLup (@) 2-2)
\(2) gy <0 Nyy @ Tg=1gyp (sy) 2-3)

where the confinement saturation density Dy is given by ngpy =Yg y;  with vg = 0.6 in

this study,1?? and the line-averaged density limit is given by'®)



T mm3] = 0.25 x1020/Pu[MW] Bo[T] /a°{m] R[m] (2-4)

Replacing the total heating power Py in Eq. (2-1) with Py = ﬁht,net 2nR= 22,
namely ?ht’net the net heating power density times the plasma volume, we have the

confinement formula as 5 =Yy Cop/Ppy o028 with the coefficient:

cop2(ﬁ)[(MW/m3-s2)1'16] = 9.085x10 —4 T 201-38{x1020 m-3] B,1-68 [T} 1-88[m] RO34[m] _

(2-5)
which is called “the operation path parameter” and reveals the ignition capability of a
fusion reactor. The values of the operation path parameter (Zmp2 are listed in Table 1 for
various sizes of proposed, Helical Reactors (HELICAR) with a low aspect ratio (-LA)
such as the compact torsatron type reactor with a major radius of 8 and 10 m,®-(10 as
well as high aspect ratio (-HA) devices such as the conventional type reactor with R of

15 t0 20 m, and the Heliotron reactor.(”)

(2.2) Operation Path Parameter

The gyro-reduced Bohm (GRB) scaling has recently been proposed based on
the trapped particle drift wave theory except for the ion mass correction and plasma
elongation.(12) This scaling provides a slightly smaller confinement time than the
LHD scaling for the same machine. The GRB scalingwith a confinement enhance-

ment factor ¥y is given by{12)

g [s] = v 0.25 Tizo 0-6[x1020 m=3] B,O8[T] a24[m] R%S[m] x A7 %%/ PrOS [MW]  (2.¢)

where A, is the average mass factor (= 2.5 for D-T plasma), x is the plasma elongation,
and a is the plasma minor radius. For the reference reactor with R =10 m, B,=7 T, nyg

= 1x10%0 m3, vy = 1 and Py = 100 MW, the confinement time is 1.53 sec for a = V2 m



and ¥ =2, and Tg = 1.76 sec for a = 2 m and x = 1, which are both smailer than the LHD
confinement time 1y = 1.92 sec. Here, the plasma cross section (and hence the plasma
volume) is faken to be the same for both scalings, and therefore the relation a2 = a2k is
used. However we have used k = 1 throughout this work.

The operation path parameter for GRB scaling is given by

E = YHCop/ (ish’c,net)o'6 and Py = ﬁht,net 2nRna’c as

Cop?@|(MW/m3:52)'?| = 1.760x10 -3 iz 12 [x10% m-3] By1-6[T] a24[m]
x kU8 A-04 ] (2-7)

It is interesting to note that as the operation path parameter C0p2 tor GRB scaling is
independent of the plasma major radius R, as is also seen in Table 1, the ignition ca-
pability of reference reactors with the same minor radius are all the same. We also
notice that the operation path parameter for GRB scaling is always lower than that for
LHD scaling for the case x > 1 and hence 22 a. If the negative dependence of the mass
effect can be removed from GRB scaling, the operation path parameters are both com-

parableforkx =1anda=a.

(2.3) Ignition Boundary
The ignition boundaries on the ntz-T and P} g% T planes can be obtained
from the generalized global power balance equation in steady state(14(17) derived

from W=P,, — (P, - (P,—Pp}and W =0as

[Prte2] = AL{n(0)te} — (Aq — Ap)n(Oyte)? (2-8)

+ Ay
4(Ag—Ap) (2-9)

- (Aa_ Ab} [n(O)TE - 2 (AaAE Ab):! 2




where W is the time derivative of the plasma energy, Py, is the “auxiliary heating
power density”, P| is the plasma conduction loss P; = A;n(0)/1g, P, is the alpha heat-
ing power density P, = A n(0)2, By is the bremsstrahlung loss P, = Agn(0)?, and the co-
efficients A, A, and A are given in the Appendix. We note that the synchrotron ra-
diation loss is not taken into account in this study for simplicity. The well known igni-
tion boundary on the nt-T plane is given by Eq. (2-8) as {n(O)rE}ig = AL /(A - Ay
Another useful and convenient ignition boundary is obtained on the P, t’th-T plane

from the second term in Eq. (2-9) as (14-(17)

_ 2
[PhtTEz]ig = { m} = % -Ar {n(O)e};g (2-10)

Its minimum value yields the saddle point described by [P}, stz’kspy, Which provides
the simple ignition criterion for the power law scaling T P}, t—S and 5=05. AsSis
larger than 0.5 for LHD and GRB scalings in this study, the saddle point given here is
less meaningful. The whole ignition boundary should be drawn, and if the ignition

boundary is lower than the height of the operation path given below, the reactor can

be in the ignition regime.

(2.4) Operation Path
For the generalized expression of the confinement time 1g = ¥y Cop/ @ht,net)sl
the resultant confinement time and the operation path can be given, with the help of

the power balance equation th,net =Py ~W+P,~P,=P= n(0)A; x107/1; [MW/ m3},
by (1617)

E(n)[s] =

{mzcop(n)g}O.SI(l—S)}

(n@apxaof ] (2-11)



{n(O)TE }Dp[m_3 s] = n(0) [{‘YHzcop(n)z }0'5/ (1-3 ):l

{n(0)Ax10-8)¥—

(2-12)
The height of the operation path is hence given by
_ Con(m)2}05/0-9)
[PricgZ]opl W/m? 2] = i‘ {n@AL) b Cote) SK1-S)
(n@Apao- s (2-13)

The height of the operation path is constant with temperature for S = 0.5, decreases for

S > 0.5, and increases for S < 0.5 as obtained in the previous study.{17)

(2.5} Auxiliary Heating Power
The auxiliary heating power density for the "POPCON" analysis is calculated by
(W=0)

Py [W/m3] =Py, — (P, - Pyp) (2-14)

where

S/(1-8)
FL(n){“/v/nﬂ?’] = % =n(0) A{{H(O)ALXIO_G} J

0.5/(1-8)
¥ Cop(m)?] (2-15)
The total auxiliary heating power calculated by Py =Py, 2n2Ra 2 is described by the

contour lines on the n-T plane.

(2.6) Density Limit in the P, ,t>-T Plane
Using PiIMW] = [n(0)A; x1076/75} 2n?Ra 2 and the density profile parameter
Yor = N0}/ My in Eq- (2-4), we have the density limit for the net heating power in

the ignition regime (Pyy = 0) on the n1;-T and I_’ht'rEz-T plane, respectively



(n(0)TEYim [m3s] = Ypr? 1.234x10**ALBo[T] (2-16)

[Phyte?him [Wim®s?] = L AL (nO)tEhim 217

The confinement saturation effect is not taken into account in this formula. The pro-
file parameters are ¥, = 3/2,15/8 and 4/7 for the parabolic density profile o= 1, the
peaked profile o= 2 and the square root profile o= 0.5, respectively. Since the density
limit scaling is originally given for the average value, it becomes lower for the peaked
profile, and higher for the flat profile, as is determined by the v, and o, values. We
have used the parabolic density profile throughout this paper unless otherwise noted.
Density limit lines given by Eq. (2-17) in the ignition regime are drawn on the Py, tth-

T plane by the hatched line as will be seen in Figs.2 and 3.

(2.7) Density Limit on POPCON
The density limit on POPCON is determined by the sum of the net heating
power density ( = the plasma conduction loss P; (Eq. 2-15)) and the external auxiliary

heating power P, as

n(O)fim [m3]= Ypr 0.25x102° ¥{207PL(n(0)) + Per/@ R)[Bo[T] (2-18)

It is to be noted here that an external heating power P, larger than Py should be ap-
plied to reach ignition within a finite time with positive W, and to open the density
window. In the ignition regime, P,, can be zero and therefore the density limit be-
comes lower.
(2.7.1) Confinement Time Saturation Effect and Density Limit During Heating
Phase
When we take into account the confinement time saturation effect in the den-

sity regime n{0)gpy < n(0) < n(0)y;,,, the density limit itself in the heating phase (P, >

Pygp> 0) can be numerically determined by Eq. (2-18) inserting the plasma conduction



loss given by 1g(ngpy):

2OhimALX1070 (nsu©)Ax10-850-)

Pt (Djim) [MW/m3] = = H(U)umALXm'S[
TE(nsy) (YHZCOP(HSH(O))Z}O'SI(I_S) ) (2-19)

and ng4(0) = ysn(0); ... The right hand side of Eq. (2-18) is drawn in Fig. 1 as indicated
by “Density Limit Scaling” and the left-hand side is drawn as ny;,(0) in Fig. 1. This in-
tersection point provides the density limit, ny;_,(0).

The confinement time calculated from Eq. (2-11) is plotted for LHD scaling in
Fig. 1, together with P| and n{0);;,, for the case of the reference reactor R =10 m,a=2
m, B, =7T, vy =2, T(0) = 10 keV and a, = 1. The case for Y5 = 0.6 is shown by the solid
line, and for g = 1.0 by the dotted line. For the density regime of n(0)gy £ n(0) <
{0}y it is seen that the confinement time is saturated with respect to the density,
the plasma conduction loss P caiculated by P [MW /m?] = n(0)A x1078/15(ngyy) in-
creases linearly with the density and is larger than that for 4 = 1. Therefore the densi-
ty limit increases slightly from 1.85x1020 m= (Point A) to 1.9x1020 m 3 (Point B) com-
pared to the case without the confinement time saturation effect as seen in Fig, 1.

We should note that the confinement time calculated from Eq. (2-11) is inde-
pendent of the electron density for GRB scaling with the power factor § = 0.6 and Cop2
e 1(0)? (Eq. (2-7)). Therefore the confinement time saturation effect does not appear in
POPCON as will be seen in Fig. 8.

(2.7.2) Density Limit in the Ignition Regime
The density limit for any profile in the ignition regime (Pyr=0, P, =0and

th,net = P> 0) can be simply obtained, for example in the case of the LHD scaling, as

1-8
12337 ¥, B, {Ax1014}/1 =) 169- 25

0.5/(1-8 _ _
{YHZDopzh’ plr.ss) K )75(0.69 )1 -8)

n(0)im [m-3]= 1020
, (2-20)

10



where D,7= Copz/ﬁzol'?’s is given by Eq. (2-5). When Y5 approaches unity, the density
limit becomes the one without the confinement time saturation effect. We also see

from Eq. (2-20) that the density limit is lowered for the higher confinement enhance-
ment factor Yy because the plasma conduction loss and hence the net heaiing power

decrease.

3. Operation Path Method for Ignition Criterion

With LHD scaling, similar to the L-mode in a tokamak, it is necessary to im-
prove the confinement to some extent for reaching ignition in the various proposed
helicai reactors. As done in the tokamak reactor design, we will estimate the confine-
ment enhancement factor Yy required for reaching ignition using the operation path
method.C17) In this study, we consider various sizes of helical reactors, which are divid-
ed into two groups,these are conventional high aspect ratio (A > 7), HELICAR-HA, and
the low aspect ratio (A < 5) helical reactors, HELICAR-LA, as listed in Table 1.

The operation paths on the Py (tz%-T plane for various densities are shown in
Fig. 2 for the reference helical reactor R = 10m, =2 m, and B,=7T. The following
plasma parameters are assumed throughout the paper unless otherwise noted: the
density and temperature profiles corresponding to o, = ap=1, the ion to electron tem-
perature ratio T;(0)/T(0) = 1, the effective ion charge Zy =15, the alpha particle den-
sity fraction to the electron density f, = 0.05, the average impurity charge Z =7 and the
deuterium and tritium fuel density fraction to the electron density f, = fr= 0.415. The
ignition boundaries for various alpha confinement fractions 1, = 0.7 to 1.0 are drawn
in Fig.2. As the alpha particle confinement is improved, the ignition boundary ex-
pands and the saddle point corresponding to the minimum point on the [Py, tTEZ]ig line
becomes lower. In this study we employ the low 1, = 0.7 value as expected in the com-
pact torsatron reactor design.(1?) The operation paths are indicated by the solid lines
corresponding to LHD scaling with ¥;; = 2, by dot-dashed lines to GRB scaling with Yy
=2, and by the dashed lines to LHD scaling with y;; = 1.5, and by the dotted lines to the

11



GRB scaling with ¥y = 1.5. Since LHD scaling has the power law dependence 1 =

P, -8, the operation path decreases with the temperature. This fact can be inferred
from the previous study‘!”) such that in the case of Ty = Py, S the operation path in-
creases with the temperature for S < 0.5 and is constant (horizontal) for § = 0.5.In Fig.
2, the critical densities n(O)ig to reach ignition with LHD scaling can be obtained as ~
24x10%0 m 3 foryy=2and ~ 4.2x10% m 3 foryy = 1.5. For GRB scaling, 1'1(0)ig is ~
3.0x10290 m 3 for Yy =2 and ~ 6.3x1020 m =3 for Yy = 1.5, respectively. The hatched lines
in the ignition regime indicate the density limit given by Eq.(2-17) and (2-16).

Fig. 3-(a) shows the operation paths for the various sizes of the helical reactor
with a=2 m, B,=7T, and 4y = 2 listed in Table 1 and the ignition boundaries for Ng =
0.7 and LHD and GRB scalings with the fixed line-averaged density fi = 2x10?° m=3. In
the case of the parabolic density profile o, = 1, all the reactors can be in the ignition
regime for LHD scaling and are marginal for GRB scaling. For a broader density profile,
o, = 0.5, it becomes difficult to be in the ignition regime and the R = 8 m reactor cannot
be in the ignition regime with this density. The density limit shown by the hatched
line is slightly higher for the case of a flat density profile {a = 0.5) than that of a
parabolic profile (o= 1).

For the casea=2m, By=6T,¥; =2, &, = 1 and 71 = 2x10?Y m 3 as shown in Fig.
3-(b), reactors larger than R ~ 11 m can be in the ignition regime for LHD scaling, but all
reactors are out of the ignition regime for GRB scaling. In this figure the operation
path of the Heliotron (machine parameters are listed in Table 1) with B,=4 T and Y=
2 is also shown using LHD scaling. For o, = 1 and 11 = 2100 m =3, the confinement
must be improved up to ¥y = 2.76 to reach ignition in Heliotron with B,=4T, or the
magnetic field has to be increased up to B, ~ 5.9 T with yy=2.

For the case2=2m, B,=8 T, ;=15 &, = T and 7l = 2x102 m~3 as shown in Fig,
3-(c), reactors larger than R = 15 m can reach ignition for LHD scaling, but none of the
reactors reach ignition for GRB scaling. We should note that in this calculation the

line-averaged density is fixed at fi = 2x10?Y m =3, but if we increase the density, reaching

12



ignition is possible even in a smaller reactor and for GRB scaling as inferred from Fg.

2.

4. POPCON Analyses for Auxiliary Heating Power and Operating Point

To estimate the auxiliary heating power required for reaching ignition in pro-
posed helical reactors, the POPCON method has been applied. This method is especial-
ly important in the helical reactor design, because the density limit and its effect on ig-
nition can be clearly presented; for example the relative position of the Cordey pass at
the minimum heating power to the density limit and the confinement time satura-

tion effect with respect to the density can be well represented.

(4.1) R = 10 m reactor

POPCON analyses are shown in Fig. 4-(a) and (b) for R=10m,a=2m, B~ 7T,
and vy = 2 with and without the confinement saturation effect in terms of the density,
respectively. The external heating power P, = 100 MW is always applied to open the
density window, namely to increase the density limit ny; (0) up to 1.6x1020m=3as
shown by the hatched line. In Fig. 4-(a), the confinement time saturation regime be-
tween the density limit ny; (0) and the saturation density ng;(0) =06 ;. (0) indicated
by the dotted line is shown, where the plasma conduction loss increases and therefore
the auxiliary heating power is increased, leading to the protrusion of the contour line
compared to Fig. 4-(b). In the ignition regime, the external heating power can be re-
duced to zero, P, = 0 MW, and then the density limit ny; (0 is lowered and the igni-
tion boundary slightly shifts upward due to the larger plasma conduction loss in the
confinement time saturation regime as shown in the figure. As the contour line with
Pyyr = 100 MW, as shown by the dash-dot line, exists far below the density limit and its
maximum heating power along the assumed operating density path ng(0) = 0.6
ny;;,(0) is 55 MW, it can reach ignition in a finite time because the time derivative of

the plasma energy W is positive for the externally applied P, =100 MW (> Pyp=>55

13



MW). We have also shown the volume average beta value <B> with respect to the
magnetic field strength by the long dashed lines. We should note that the pressure due
to fusion alpha particles is not included in this beta value definition for simplicity. In
fact, the beta contribution due to the fast alpha particle relative to the thermal beta is
small as estimated in the following. While this is given by the analytical formula
Bo/Bin o= Ppte/ (nT) = T%/2, which is obtained by the fusion rate Ppoc n2T2 (<ov> o T2)
and the slowing down time 7o T3/2/n, we have used the simpler empirical fit
Bo/Ben=0.29 (fpy + fP2(<T>[keV1/10 ~ 0.37) for <T> ~ 7 to 20 keV.?)We obtain the
small beta contribution as B, = 0.125B, = 0.05 % for the representative parameters em-
ployed in this paper: fy, = f7 = 0.415, <T>~10 keV, and B~ 4 %.

It is also found that the contour line is discontinuous on both sides of the den-
sity limit line in Fig. 4-(a), which is different from Fig. 4-(b) without the confinement
time saturation effect. We have also noticed that the Cordey pass, the minimum heat-
ing power point, is above the density limit, therefore it is very important to take into
account the density limit and confinement time saturation effect with respect to the
density for analyzing the ignition performance in a helical reactor. We have also seen
that operation at the higher density and lower temperature is impossible in the helical
reactor with LHD scaling as long as the density limit scaling in Eq. (2-4) holds.

The operating point (A} at T;(0) ~ 21 keV, n{0) ~ 2.9x1 020 m-3, and <P>~3.0%
on the ignition boundary (Pyr = 0 MW) in Fig. 4-(a) has the fusion powerP; = (P +
P)2n’Ra? ~ 3.0 GW (the sum of the alpha particle heating power density P including
Mg =07 and 12.7 MeV neutron power density P_). The neutron wall loading at the op-
erating point is 3.0 MW /m?, which is calculated by the simple formula W =P _2n?Ra?
/S with S being the average surface area of the vacuum chamber given by § = (2m)’Ra,,
and a,,=a+ 0.1 (m). It is to be noted that although the helical system has a complex
shape of vacuum chamber, ~ we are just using the simplest formula for the plasma
volume and surface. If the operating density is slightly increased up to 3.0x1020m3,

the ion and electron temperatures are increased due to the thermonuclear instability

14



to around 25 keV as indicated by point (C) with <B> ~ 3.7 %, where somewhat larger
fusion power P; ~ 4 GW and the neutron wall loading W, ~ 4.2 MW/m? are obtained.
This indicates that a small change in the operating density leads to a large change in
the fusion power and neutron wall loading. Therefore accurate control of the plasma
parameters is of crucial importance in a reactor operation. For the case without a con-
finement time saturation effect, the ignition regime is somewhat widened, and hence
the operating point (A) having a fusion power of P; ~ 3.0 GW at T;(0) ~ 22.7 keV, n(0) ~
2.74x1020 m=3, and <B> ~ 3.1 % is slightly removed from the density limit line as
shown in Fig. 4-(b).

When the magnetic field strength is decreased to B, =6 T in the same reactor
with R = 10 m, a =2 m and Yy = 2, the ignition regime shifts upward mainly to the
higher density regime as shown in Fig. 5-(a) because the height of the operation path is
lowered. We have seen that the Cordey pass exists at a position much higher than the
density limit line. In this ignition regime, the fusion power output is greater than 6
GW, and the average beta value is also larger than 6 %, which are both larger than the
acceptable values for a helical reactor. If we increase the magnetic field strength up to
B,=8T, we can decrease the confinement enhancement factor. In Fig. 5-(b), the case for
Yy = 1.5 is shown for the same plasma parameters. The ignition regime shifts upward
to the higher density regime similar to Fig. 5-(a) and the large fusion power of 5 GW is
produced, but the beta value is to that in <B> = 3% due to the larger magnetic field. To
have a similar performance with Fig. 4-(a), the confinement enhancement factor

should be y;=1.8.

(4.2) R = 20 m reactor

For a larger helical reactor R=20m,a=2m, B,=7 T, and yy = 2, the operation
path is higher, and hence the ignition regime is slightly widened as shown in POPCON
in Fig. 6-(a). The density limit, however, becomes lower due to the lower heating

power density. The operating point (C), with the somewhat large fusion power P; ~4
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GW and the smaller neutron wall loading, W~ 2.0 MW/ mZ2, than that for the 10 m
reactor, is around T;(0) ~ 22 keV, n(0) ~ 2.3x1020 m—, and <fB> ~ 2.5 %. The operating
point with P; ~ 3 GW cannot be obtained in this case due to the large plasma volume.

If the confinement enhancement factor can be slightly increased up to ¥y = 2.25
as shown in Fig. 6-(b), the operating point (A) can have a fusion power ~ 3.0 GW and
neutron wall loading ~ 1.5 MW/ m2 at T;(0) ~23.5 keV, n{0) ~ 1.9x1029 m—3, and <B> ~
22 %.

If the confinement can be further improved, the magnetic field can be reduced.
For B, =6 T and Yyg = 2.5 as shown in Fig. 6-(c), the operating point (B} can have a fu-
sion power of ~ 3.5 GW and neutron wall loading ~ 1.8 MW/m? at T;(0) ~ 24.5 keV,
n(0) ~ 2.0x1022 m 3, and <B> ~ 3.3 %. For lower magnetic field B, = 5 T and a very large
confinement enhancement factor vy = 3.5, the operating point (A) with fusion power
of ~ 3.0 GW and neutron wall loading ~ 1.5 MW /m? can exist at T;{0) ~ 29 keV, n{0) ~
1.65x1020 m =3, and <B> ~ 4.6 % as shown in Fig. 6-(d). In this case we notice that the
density limit in the ignition regime decreases to the lower density regime due to the
large confinement enhancement factor, and the density limit at the low temperature is

lower than the higher magnetic field case.

(4.3) R = 15 m reactor

For a medium size helical reactor R = 15 m midway between the 10 m (Fig. 4-
(2)) and 20 m (Fig. 6~(a)) reactors with@a =2 m, B,=7 T, and vy = 2, the ignition regime
and density limit are between these machines as shown in POPCON in Fig. 7-(a). The
operating point (B) with a fusion power P; ~ 3.5 GW and neutron wall loading W, ~
2.4 MW/m?is around T;(0) ~ 22 keV, n(0) ~ 2.5x10%° m—3, and <B> ~ 2.8 %. If the alpha
particle confinement is further improved, for example up to 1, = 0.8, the ignition
regime expands and the operating point (A) can have a fusion power ~ 3.0 GW and
neutron wall loading ~ 1.98 MW/m? at T;(0) ~ 21.6 keV, n(0) ~ 2.3x1029 m~3, and <B> ~
2.5 % as shown in Fig. 7-(b).
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" (4.4) POPCON for GRB Scaling in a R = 10 m Reactor

In Fig. 8, POPCON is shown for GRB scaling in a helical reactor with R =10 m,
a=2m,B,=7T, and y;=22. In this case, the ignition characteristics are similar to
LHD scaling with yg; = 2 in Fig. 4-(b). Since the confinement time saturation effect does

not exist, the contour lines are continucus on both sides of the density limit line.

(4.5) Mass effect with LHD scaling

While the tokamak scaling and GRB scaling include the mass effect, LHD scal-
ing does not. We have checked a possible mass factor in LHD confinement scaling such
as as (A, /2)05 dependence in the deuterium experiments, and (A;/1.5)%3 in the hydro-
gen and deuterium experiments. For a D-T plasma of A; = 2.5, the mass factors are
(A;/205 =1.118 or (A;/1505 = 129, respectively. With this mass effect, the enhance-
ment factor of ¥y = 2.25, neededinanR=20m,a=2m,B,=7T helical reactor, can be

reduced to ¥y =2.25/1.118 =2.01 or 1.74.

(4.6) Peaked profile effect with LHD scaling in an R =20 m Reactor

In general, a peaked density and temperature profile is favorable for reach igni-
tion, because the auxiliary heating power can be reduced due to the higher fusion
power and lower bremssirahlung loss for the same average density and temperature.
(15) We have examined this effect in the case o, =p=2foran R=20m,a=2m, B,=7
T reactor. Since the density limit shifts upward as inferred from Yor =15/8 in Eq.(2-18),
the ignition characteristics are improved. As shown in Fig.9, the operating point with
P; ~ 3 GW can be obtained at T;(0) ~ 22.5 keV, higher peak density n(0) ~ 2.6x100 m3,
lower average beta value <B> ~ 1.8 %, and a neutron wall loading of ~ 1.5 MW/ m? for

the lower confinement factor y; = 1.7 compared to g5 = 2.25 with a parabolic profile.

(4.7) Improved density limit with LHD scaling in an R = 20 m Reactor

We have used the confinement and density limit scaling, and assumed that
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only the confinement time is improved while the density limit does not change. If the
density limit can be further increased with the confinement improvement, for exam-
ple, by a factor v, = 1.5 in Eq. {2-4), it can be taken into account replacing Yor in Egs. (2-18)
and (2-20) with Ypr Tn If the density limit increases, the Cordey pass exists below the
density limit line and the auxiliary heating power can be reduced to about 30 MW as
shown in Fig. 10 withR=20m,a=2m, B =7 T, y;=2 and P, = 100 MW. The ignition
regime becomes wider and the fusion power can be reduced compared to the case with
the confinement enhancement factor y;=2 and y,= 1. As shown in Fig. 10, the operat-
ing point (E) can have a fusion power P¢~ 2.5 GW at T,(0) ~ 19.5 keV, n(0) ~ 2.0x10%0
m=3, and <B> ~ 1.9 %, and the operating point (A) has P; ~ 3.0 GW at T;(0) ~ 21.0 keV,
n(0) ~2.05x1020m 3, and <B> ~ 2.1 %. It is thus found that the density limit is an im-
portant factor to achieve ignited operation in a helical reactor. This possibility has to be

examined in the coming LHD experiments.

5. Discussion.

We have found in this study that the confinement has to be improved more
than a factor of 1.5 to reach ignition, while an enhancement factor of 2 is needed to
have an optimum fusion power output ~ 3 to 4 GW for B, =7 T. Recent experiments
on W-7AS has provided encouraging results with the confinement enhancement fac-
tor of 1.3.22) To improve the confinement further by a factor of 2 to 3, high tempera-
ture divertor operation‘?3%24) has been proposed to raise the edge plasma temperature
similar to the H-mode phenomena observed in tokamaks;(2>) this will be examined in
the LHD device. The limiter bias experiment has been tried to improve the confine-
ment, but it is still at the initial stage.(?®) A small Ohmic heating current has been
demonstrated to improve the confinement slightly by controlling the rotational trans-
form profile in the CHS Heliotron/Torsatron.(”) A magnetic axis shift may also im-
prove the confinement.?8) As these techniques have not yet been successful to im-

prove the confinement up to a factor of 2, further experimental efforts is needed for
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developing a helical reactor.

We have also seen that the volume averaged beta value with respect to the
magnetic field B, ranges from 3 to 5 % in the ignition regime, depending on the mag-
netic field strength. As the highest <B> value so far obtained is 2.0 % in the Heliotron-
E device,(zg) additional experimental effort is needed for the further increase in the
beta value by a factor two.

We have only used the empirical scaling and the global power balance equa-
tion with equal electron and ion confinement times. Therefore, the global power bal-
ance analyses are only applicable when the confinement is improved for both species
equally. (If these two confinement times are different and either confinement is im-
proved, the power balance equations for ions and electrons have to be solved simulta-
neously.) In this study, the confinement time has been arbitrarily assumed larger by an
enhancement factor with respect to the empirical scaling, and no account has been
taken of a particular helical configuration. The neoclassical ion confinement time
g, Ngo due to ripple trapped particles with a negative electric field is of primary con-

cern in a helical system and is given bym)

tgls] = 0.11 [[x10%° m~3] BY*[T} a%[m] R1[m] ey P/Py P [MW] | (5-1)

It provides 3.57 sec for a helical ripple & = 0.02, and 2.1 sec for g, = 0.1 in the case of R =
20m,a=2m,B,=7T, i =2x102m3, and P}; = 300 MW. These values are, respective-
ly, comparable to and a half of the LHD confinement time TELHD = 3.89 secwith an en-
hancement factor of 2. Since the neoclassical loss may limit the confinement enhance-
ment factor to a lower value as estimated here, further optimization of a helical reac-
tor is needed to have a large neoclassical confinement time with a small helical rip-

ple®?, and experiments to improve the confinement should be continued actively.
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6. Summary

We have surveyed various sizes of D-T helical reactors reaching ignition and
operating in the ignition regime with LHD and GRB scalings using the operation path
method and “POPCON". In the case of fixed parameters such as ar=0,= 1, Z ¢ = 1.5,
=0.05, 1, = 0.7, and T;(0)/T,(0) = 1, we have found the following.

A helical reactor with R > 8 m and a~ 2 m, a magnetic field strength B,>6 T,
and a confinement enhancement factor > 1.5 can reach ignition, but an optimum fu-
sion power output (~ 3 to 3.5 GW) needs a confinement enhancement factor such as v
> 2. As the magnetic field strength is increased, the required confinement enhance-
ment factor ¥ can be reduced.

The density limit scaling and confinement time saturation effect with respect
to the density have been demonstrated to be the important limiting factors for ignition
in a helical reactor. The improvement of the density limit is very helpful as is the con-
finement improvement.

For GRB scaling, an confinement enhancement factor ¥y =2.2 is needed to
have the same ignition capability as LHD scaling with yy=2foranR=10m,a=2m
and B, = 7 T reactor. The confinement time saturation effect with respect to the density
does not exist for GRB scaling, and confinement is not improved with an increase in
the major radius.

Ignition plasma parameters at the operating point for R=10 m, 15 m, and 20 m
helical reactors with LHD scaling are summarized in Table 2. With the increase in
major radius of a reactor, the ignition regime becomes wider due to the better confine-
ment, and the plasma density and operating beta value can be reduced for the same
confinement enhancement factor. While the total fusion power increases due to the
larger plasma volume for the same plasma parameters, the neutron wall loading is re-
duced due to the larger surface area of the vacuum chamber. Thus, in a larger reactor,
the beta value, operating density and neutron wall loading can be reduced even for the

larger fusion power as long as the same value of the confinement enhancement factor

20



can be obtained.

Appendix

Notations Ay, A, and Ay in Egs. (2-8) and (2-9) are given as follows: The coeffi-
cient for the plasma conduction loss is A; = 1.5 (fp + fp+ 1/%;) T;(0) 1.6 X107 19
[+ _+ap) with 3, = T{0)/TL0), f = np(0)/n(0), fr=np(0)/n(0), fp = f3=05-
{(Z-2D/Z-DM = {(Zgg =D/ (Z-DI0S5, Zogg = 1+ 2+ ZZ - D, £, = 1n,(0)/n(0) is the im-
purity fraction and Z = 7. The coefficient for the alpha particle heating is A,= fpfr
(3.521),)<0v>py71.6x10713 where 1, is the alpha particle fraction, and the coefficient for
the bremsstrahlung loss is Ay = 1.5x10‘3SZeff {Ti(O) / yi}o-s/ (1+20,+ 0.50.p). The elec-
tron density and temperature profiles are assumed to be n{x) = n(0) (i~ 2%p and

T,00/T;(0) = T,00/To(0) = (1.
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Fig.1

Fig2

Fig.3

Fig.4

Fig.5

Fig.6

Figure Captions

The confinement time saturation effect with respect to the electron density for
LHD scaling and the reference reactor R =10m,a=2m, B,=7T, vy =2, and
T(0) = 10 keV. The plasma parameters N, = 0.7, a,= =1, T;(0)/To(0) =1, Z ¢
=1.5,{,=0.05, Z =7 and fy = f7= 0.415 are used throughout the paper unless
otherwise noted. The density limit can be determined by the intersection
point given by Eq.(2-18) and then ng4(0) is determined. The solid line is for
Ys = 0.6 and the dashed line for y; = 1, where the calculation was performed
from the larger Ty (0) value to smaller one.

Ignition boundary [Py, t'th]ig and operation paths [Py, t1132]013 for LHD and GRB
scalings with R =10 m, a=2 m, and B, =7 T. The confinement enhancement
factors ¥y = 1.5 and 2 and the alpha particle confinement fractions 1, = 0.7 to
1.0 are specified. Other plasma parameters are the same as in Fig.1.

Ignition boundaries for o= 1 and 0.5 and operation paths for the various
sizes of helical reactor witha=2mand 7 =2x102 m~3in the case of (a) B,=
7Tand ¥y =2,(b) B,=6 T and y; = 2, and (¢) B,= 8 T and y = 1.5. Other plas-
ma parameters are the same as in Fig.1.

“POPCON" analyses for the helical reactor R =10 m, 2= 2 m, B,=7T,1y=2
and LHD scaling (a) with and (b) without the confinement time saturation
effect with respect to the density. The operating points (A), (B), and (C) corre-
spond to the fusion power Py = 3.0, 3.5 and 4.0 GW, respectively. P, =100
MW and other plasma parameters are the same as in Fig.1.

“POPCON" analyses for the helical reactor R = 10 m, 2 =2 m and LHD scaling
in the case of (a) B,=6Tand yy =2, and (b) B,=8Tand y;=1.5. P, =100
MW and other plasma parameters are the same as in Fig.1.

“POPCON” analyses for the helical reactor R = 20 m, 2 =2 m and LHD scaling
in the case of {a) B,=7 T and 1y =2, (b) By=7Tand y;=225,(c)B,=6T and
Y1 = 2.5, and (d) B,=5 T and vy = 3.5. The operating points (A), (B), and (C)
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Fig.7

Fig8

Fig.9

Fig.10

correspond to the fusion power P; = 3.0, 3.5 and 4.0 GW, respectively. P, =
100 MW and other plasma parameters are the same as in Fig.1.

“POPCON" analyses for the helical reactor R = 15m,2=2 m and LHD scaling
in the case of (a) B,=7 T and ¥;; = 2, and (b) the improved alpha particle con-
finement for the same parameters as in (a) except for 1, = 0.8. The operating
points (A), (B), and (C) correspond to the fusion power P; =3.0,3.5 and 4.0

G W, respectively. P, = 100 MW and other plasma parameters are the same
as in Fig. 1.

“POPCON” analysis with GRB scaling for the helical reactor R=10m,a=2m,
B, =7 T, and Y = 2.2. The operating points (A), (B), and (C) correspond to the
fusion power P; = 3.0, 3.5 and 4.0 GW, respectively. P, =100 MW and other
plasma parameters are the same as in Fig.1.

“POPCON" analysis with peaked density and temperature profile (o, = oip=2)
for areactorof R=20m,a=2m,B =7T, and LHD scaling. The confinement
enhancement factor can be reduced to ¥y = 1.7, compared to 2.25 for the
parabolic profile, to have a fusion power of P,=3 GW. The operating points
(A), (B) and (C) correspond to the fusion power Py = 3.0, 3.5, and 4.0, respec-
tively. P, = 100 MW and other plasma parameters are the same as in Fig.1.
“POPCON" analysis for the same parameters in Fig. 6~(a) (withR =20 m,a=2
m, B, =7 T, ¥y =2, and LHD scaling) except for the improved density limit
scaling with v, = 1.5. The operating points (E), (A), and (B) correspond to the
fusion power P; = 2.5, 3.0, and 3.5, respectively. P, = 100 MW and other plas-

ma parameters are the same as in Fig.1.
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R 3 A B, V, GCuHD)  C,XGRB)

o]

(m) (m) (T (md) MW/m32)L16 (Mw/m3s2)1-2

[Low aspect ratio] A<5

HELICAR-LAI 10 2 5 6.0 790 0.129 0.113
7.0 0.167 0.145
8.0 0.209 0.179
HELICAR-LA2 8 2 4 6.0 632 0.120 0.113
7.0 0.155 0.145
8.0 0.194 0.179

[High aspect ratio] A>7

HELICAR-HA1 20 2 10 60 1579 0.164 0.113
7.0 0.212 0.145
8.0 0.265 0.179
HELICAR-HA2 15 2 75 60 1184 0.148 0.113
7.0 0.192 0.145
8.0 0.240 0.179
Heliotron!® 21.0 18 117 40 1343 0.070 0.046
6.0 0.139 0.088
8.0 0.226 0.139

Table 1. Machine parameters and the operation path parameters in proposed helical reac-
tors. A line-averaged density n = 1x102 m—3is taken for calculating Cop? With Y =

1. For calculation of Copz(GRB), K = 1 and a = 2 are assumed.
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R 3 yw P W, n0 T,0 <B> oo Y,

hn

(m) (m) (GW) (MW/m?) x100m—3) (keV) (%)
HELICAR-LA1 10 2 2 34 3.5 29 23.0 3.3 1 1
HELICAR-HA2 15 2 2 3.5 24 25 220 2.8 1 1
HELICAR-HAT 20 2 2 4.0 2.0 23 22.0 2.5 1 1
225 3.0 1.5 19 23.5 2.2 1 1
1.7 3.0 1.5 2.6 22.5 1.8 2 1
2 2.5 1.25 2.0 19.5 1.9 1 1.5

Table 2. Machine size and plasma parameters at the operating point with LHD scaling in
three helical reactors with B =7 T. P;: the fusion power, W,;: the neuiron wall

loading, and v,: density limit improvement factor.
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