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The burn control of deuterium-boron fusion reactor (DB reactor), in which the deuterium is primary fuel and
the boron is additional fuel is studied numerically. Though the fusion energy which boron generates through the
p-''B reaction is only (1~5)% of the whole, repetitive injection of solid boron pellets realizes stable burning of
a low-temperature and high-density plasma. While the operating density is controlled by the deuterium fueling,
a DB reactor can be operated in the thermally unstable regime by adjusting boron pellet injection based on the
temperature measurements, from a low power to a high power output mode with reduced divertor heat flux.
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1. Introduction

In a DT reactor, the tritium self-production is neces-
sary and large quantities of the neutron are produced. Al-
though a D-He fusion reactor has less neutron and tritium
production, >He resources are absent on the Earth. With
respect to the quantities of fuel resources, a DD reactor is
ideal one on the earth although substantial tritium and neu-
tron are produced. However, in general it is more difficult
to achieve ignition in a DD fusion than in D-*He fusion
because DD reactivity is smaller and the fusion product
energy of DD reactions is smaller than that of D->He re-
actions by the factor of 18.34 MeV/4.86 MeV~4. Ignition
regime has two operating points in the thermally stable
high temperature and the thermally unstable low temper-
ature regimes. So far advanced fusion research has been
done using the thermally stable high temperature regime
[1]. In this high temperature regime, the synchrotron ra-
diation loss is very large, and fueling is very difficult be-
cause ice pellet are immediately ionized at the plasma
edge. Therefore, the lower temperature operation at the
thermally unstable regime is attractive due to the possibil-
ity to lower the synchrotron radiation loss and to ease pellet
injection.

So far the thermally unstable operating point has been
proposed by controlling fueling such as deuterium ice pel-
let in FFHR reactor [2,3]. On the other hand, impurity
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injection proposed to stabilize the thermally unstable op-
eration [4] does not so affect the operating density and the
temperature mainly varies although ignition regime is nar-
rowed slightly.

In this study, we propose a DD reactor operating in
the thermally unstable low temperature regime controlled
by solid !'B pellet injection, in which the deuterium is pri-
mary fuel and the boron is additional fuel (which is not
impurity itself). In a deuterium-boron (DB) fusion reactor,
(43~63)% of the fusion energy (depending on the nuclear
burning conditions) is released as charged particle energy
(= P.). We call this a DB reactor. The synchrotron radi-
ation is smaller due to the lower temperature although it
cannot be neglected. The high-energy protons generated
by the D-D and D-*He fusion reactions produces the addi-
tional power from p-!''B reaction. In a DB reactor, good
confinement for high-energy particles (proton and *He),
which are produced by DD and D*He reactions, are nec-
essary. The bremsstrahlung losses (= Pymm) enhanced by
the higher ion charge number (Zg = 5) of injected ' B may
reduce the divertor heat load (= Pg;y) and heat the blanket
surface to convert to the electricity. To our knowledge, the
thermally unstable low temperature operation is employed
for the first time in the advanced fusion reactor study. To
study such possible ignited operation, we use a helical re-
actor as an example [5] with parameters of Ry = 15 m, deg
=29m, By = 10T, Viss = 2000m>, and y = 1.2, where
Ro, aeft, Bax, Victs and y are the major radius, the effective
minor radius, the field intensity on the magnetic axis, the
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volume enclosed by the last closed flux surface (LCFS) and
the helical coil pitch parameter, respectively.

In Sec. 2, we describe the zero dimensional model of a
DB rector. In Sec. 3, we describe the numerical results for
the burn control of DB reactors by boron pellet injection.
We discuss the results in Sec. 4.

2. Zero Dimensional Model of DB Re-
actor
Nuclear reactions of DB reactor fueled by deuterium

and boron are as follows.

D+D - p (3.03MeV) + T (1.01 MeV), (1)
D+D — n (2.45MeV) + 3He (0.82 MeV), )
D+T — n (14.06 MeV) + “He (3.52MeV),  (3)
D+3He — p (14.67MeV) + “He (3.67MeV), (4)
p+!1B > 3 *He (2.90 MeV). (5)

Then the zero dimensional model of a DB reactor is
reduced to followings with external heating source per unit
volume (= Pyyyx)-

Wy Pax + Po — Pepg — P (6)
—— = Laux T Ic— Lcnd — Tm>
@ a— Py
dn;
d—tD =Sp—Np [<O'V>DTNT
+{{oV)ppPT *+ (0V)ppimen} ND ™)
+ {0V)p3ne None] »
dN- N3
—— = (V)pppr —> — (V)1 Np N, ®)
dr 2
dNsge N2
dtH = {0V)DDn3He TD —{0V)psge NpN3pe,  (9)
dn, N3
e (0V)pppr 5~ + {TV)p3te NDNsge
Ny
—{oV)pg NpNg — —,
Tp
dnN,

= {oV)pr NpN1 + {0 V)psge NpNapge

dr N (11)

+3 (o-v)pB NyNp — L
T(l

dNB NB
T = SB - <O'V>pB NpNB - g, (12)

where the plasma conduction 1oss is Peng = Wp/(Tisso5h1er)
the energy confinement time Tisg95 is estimated by the ISS
95 scaling with the confinement improving factor Ag,. In
this study the confinement times (tp, 7T and 73y.) for D,
T and 3He fueling particle are assumed to be large due to
the high wall recycling, although it slightly overestimates
DD ignition. Particle confinement times such as 7,, 7,
and 7p for a kind of ash particles are only considered for
simplicity. W, is the plasma thermal energy density per
unit volume,

3
Wp =3 [2N7 +2Np + 3Nse + Ny (Tp/Te+1)
+3N, + 6Ng] Te X 1.602176462 x 10719,
(13)

Here the electron density satisfying the charge neutral con-
dition Ne = Nt + Np +2N3y, + N, + 5Np is used, and other
notations are the usual ones.

0.2071513306 x 10-8N051 o83 y1:105

Icfs
(Pc + Paux - Pbrm)o59 REI);‘SS
L \04

x (ﬂ) . (14)
The nuclear fusion reaction rate coeflicients, (ov)pr,
{0V)pDpTs {OV)DDn*Hes (O V)DiHe, are shown in the refer-
ence [6]. Since protons are produced by the reactions
Egs. (1, 4), they have high energy tail components, which
contribute to p-''B reactions very much. Then, the nuclear
reaction rate for (ov)p, is approximated by the reaction
rate for high temperature protons. The functional form for
(ov)pp is developed in the reference [7]. The functional

forms for nuclear reaction rate are expressed as follows.

(@vipr }:exp(—xl—ﬁJr X ) (15)

Tiss95 =

<O'V>D3He TX5 T + X4
<0-v>pB

X3
(0V)pppT = exp [‘Xl - —; + ﬁ)
(0V)DDn3He e (T2 * X4)

(16)

Coefficients are summarized in Table 1 and the nu-
clear fusion reaction rate coefficients (ov) are shown in
Fig. 1.

3. Burn Control of a DB Reactor

Solid boron pellets injection can control the quasi-
steady state burning of DB reactor in the thermally unsta-
ble regime. Burn control of the DB reactor by constant
time interval (= 74) injection of solid boron pellets are sum-
marized as follows.

e Deuterium is fed constantly by gas puffing.
Table 1 Coefficients for the functional form for (1) DT, (2)

D*He, (3) DDpT, (4) DDn*He, (5) pB (T, = T.), (6)
pB (T}, = 4.5T.), and (7) pB (T}, = 8T,) reactions.

X] Xz X3 )(4 XS
1148.958081 | 18.115508 | 895.1 49426| 135.88863 0.366290

2 |47.610150 | 31.764777 | 2802.939515 | 374.18607 | 0.286712

3 149178972 | 15326758 | —4168271.6| 36677.969 | 0.365303

4148993117 | 15.612510 | —430753.06| 16887.313| 0.363023

5 148.573635 | 65.906939 | 81293510.05 | 103314.94 | 0.627586

6 | 48.587615 | 69.464672 | 99871724.39 | 120056.14 | 0.631532

7 | 48.589482 | 69.93451 8 | 102634755.0 | 122438.68 | 0.632008
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Fig. 1 Nuclear fusion reaction rate coefficients in a DB reactor.
The horizontal and vertical axis represent plasma temper-
ature and fusion reaction rate in DB reactors, respectively.
For p-!'B reactions, proton temperature is taken as a pa-
rameter.

e Plasma operation contours plot (POPCON plot) de-
termines the boron pellet size. The atomic number of
one boron pellet is given as follows.

0.4 x 1017 X ‘/lcfs X Tq (Te = Tcntl)v
0 (Te < Tcntl)’
Tent = (23~50) keV.

e A kind of ash particles such as boron, proton and he-
lium 4 are diffused away.

A POPCON plot is obtained from steady state solu-
tions of Eqs. (6-12), where a contour plot of Payx is drawn
in (Te, N.) plane for the given fuel density ratio Ng/Np.
The POPCON plot can overwrite the contour plot of the
fuel sources (S p, S5), and the plasma conduction loss P¢pg.
The divertor heat flux is estimated by Pg;y = Pcnp/(21RA4)
for the assumed divertor wet width of A = 0.1 m at a steady
state burning plasma. If the temperature 7, is higher than
Tent (Te > Teny), slightly larger size pellets of ''B are
injected, and then the operating point moves to the lower
temperature side. When the temperature 7. is lower than
Tenu, ''B pellet injection is stopped, then the temperature
is increased. Thus, the operation point is stabilized in the
thermally unstable regime.

The operating path on the POPCON plot is shown in
Fig.2 for the confinement improving factor hg, = 8. To
demonstrate the existence of DD ignition regime, rather
large value of the confinement improving factor hg, = 8
has been employed as the first trial. In Fig.2 is shown the
stability of operating point near the thermally unstable ig-
nition boundary. Here the fusion power output is low and
the divertor heat flux is also minimized. The green curve
shows the time trace of the burning points starting from
T. = 10keV with (Sp, Sg) = (20.5, 75.0) x10' m~3/sec,
(Np, Np) = (4.5, 0)x10'"” m=3. The external heating power
of Paux = 70 MW is applied for 50 sec, and switched off. It
is clearly shown the operating point is stabilized by boron
pellet injections at the set point of the temperature at 7y
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Fig. 2 The operating point near the thermally unstable ignition
boundary on POPCON controlled by the boron pellet in-
jection at Ty = 44.55keV and Ng/Np = 0.049. The fu-
sion output is Pr (= P+ Px) = 528.3 MW and the plasma
conduction loss is Pcyp = 98.8 MW at the steady state
burning point.
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Fig. 3 The time trace (shown by a green curve) of the operating
point on POPCON for a high power fusion output mode
(Pr = 3.69 GW) with reduced divertor heat flux of Py, =
6.4 MW/m? (Pcxp = 242.9 MW). Tepg = 36 keV.

= 44.55keV on the thermally unstable ignition boundary.
By increasing the deuterium fueling, the operating
point moved up to the final operating point with the high
power fusion output mode and the reduced divertor heat
flux as shown in Fig. 3 and Fig. 4. The operating point ac-
cesses the thermally unstable steady state point from the
starting point with 7. = 10keV, and (Sp, SB) = (14.0,
21.0)x10' m=3/sec, (Np, Ng) = (5, 0)x10' m~3. The ex-
ternal heating power of Payx = 110MW is applied for
50sec. After over-passing the peak line of the heating
power on POPCON (STOP Paux in Fig. 3), the external
heating power is switched off. Then the operating point
moves up to the ignition regime by deuterium fueling and
the fusion product heating such as p, *He, T, and alpha
heating without external heating power. The temperature
once decreases due to switching off the external heating
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Fig. 4 Temporal evolution of the plasma parameters to the high
power fusion output mode with reduced divertor heat
flux (Pr = 3.69 GW, Pcnp = 242.9 MW) shown in Fig. 3.
Shorter ash particle confinement times (75 = 7, = 7s and
7, = 10's) are essential for DD ignition in this study.

power and fueling, and then increases again by the fusion
product heating. The operating point finally approaches
the setting value of T.q = 36keV, where boron pellets
start to be injected. It is then seen that the operating point
straightly proceeds to the higher-density steady state op-
erating point along the T,y = 36keV line by deuterium
fueling (S p) and boron pellet injections (Sg). By compar-
ing the Fig. 2 and 3, it is seen that the operating point can
be adjusted by the set value of the temperature 7¢py.

The temporal evolutions of the various parameters
are shown in Fig.4. It is clearly seen that the ignition
is achieved after the external heating power is switched
off. The core plasma is kept steadily at thermally unstable
point (T, = 36.0keV, N, = 4.16x10?° m~?) by the repetitive
solid boron pellets injection (r4 = 0.5 sec). Average fusion
output from p-''B reaction is only Pyg = 35.2MW, and
the bremsstrahlung power is Pgrm ~2 GW and the neu-
tron powers are ~1 GW and ~0.4 GW by 14.06 MeV and
2.45MeV, respectively. This large bremsstrahlung power
could be converted to the heat and electricity although con-
version system should be studied more.

Figure 5 shows the changes in the steady state of the
core plasma as a function of a plasma temperature (from
thermally unstable regime to thermally stable regime).

In high-temperature and low-density core plasma,
the divertor heat flux Pg, becomes large, because the
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Fig. 5 Temperature dependency of the various powers for
Np/Np = 0.05. At T. = 36keV (vertical gray line), the
bremsstrahlung power Pgry approaches the fusion power
Pr, and conduction power Pcnp does not increase so
much, then the divertor heat flux is reduced but not the
minimum.
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Fig. 6 Ng/Np dependence of the minimum divertor heat flux
mode shown in Fig. 5.

bremsstrahlung loss is much smaller than the charged par-
ticle energy (Pprm << P.). On the other hand, in the
low-temperature and high-density core plasma, the di-
vertor heat flux can be reduced very much because the
bremsstrahlung loss Pgry is close to the same level of the
charged particle energy P.. Furthermore, Fig. 5 shows the
existence of the plasma temperature to minimize a divertor
heat flux derived from Pcnp.

The Ng/Np dependence of the minimum divertor heat
flux mode is summarized in Fig. 6. Autonomous burning
area decreases with increasing of the density ratio Ng/Np.
It is recognized that core plasma control becomes difficult
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when the density ratio, Ng/Np, is too small. For Ng/Np =
0.0483, the burning point with Pr = 3.02 GW (the high
power fusion output and the reduced divertor heat flux
mode) is shown by square marks for comparison.

4. Discussions

In the present paper, we showed the possibility of
quasi-steady state operation of low-temperature and high-
density operation in an advanced DD fusion reactor (DB
reactor) using controlled solid boron pellets injection.
Repetitive injection of solid boron pellets stabilizes the
operating point in the thermally unstable regime with a
low-temperature and high-density plasma. Broad operat-
ing regimes (100 MW < Pr < 3.69 GW, 21 MW < Pcnp <
243 MW) can be realized by the regulation of boron pellet
size injection and deuterium fueling.

Large size boron pellets are advantageous for injection
into the deep core plasma. Equation for the boron density
(12) gives the same results, when the product of boron par-
ticle life time and source term of boron, 7g X Sg, has the
same values. Then, if the boron particle life time 7 be-
come short by the impurity hole phenomena [8], large size
boron pellets become possible to use.

In the present paper, the high-energy tail component
of protons are approximated by high temperature Tp. The
calculation of reaction rate using the distribution function
of proton and *He obtained by a Boltzmann-Fokker-Planck
equation is a future subject.

Although a helical reactor with the bold assumptions
was used to show the existence of the DD ignition regime
in this study, further studies would be pursued using a
spherical tokamak (ST). Tentative parameters are the ma-
jor radius R ~ 6.7 m, minor radius a ~ 4.2 m, the toroidal

field B =4.0 T to reduce the synchrotron radiation loss with
the higher beta value, and the plasma current of ~100 MA
to reduce the confinement improving factor to 2.5 over
IPB98y2 scaling. The peaked temperature and density pro-
files would be used, lowering the required confinement im-
proving factor. As ''B (the melting point 2075°C) might
be mechanically stronger than the ice pellet, the injector
speed can be increased. Estimation of evaporation of solid
pellet of ''B might be crucially important in this DB re-
actor study. In summary although bold assumptions have
been employed, this paper stimulates the further study of
the thermally stable and unstable operation in an advanced
fuel fusion reactor, and also shows that the shorter ash par-
ticle confinement time is important to achieve DD ignition.
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