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Fusion neutron yield during hydrogen neutral beam injection into
the deuterium plasmas was examined and compared with neoclassical model,
using the Doublet I data obtained in 1983. This provided scalings of
thermonuclear fusion neutron yield for discussion on ion energy transport
in tokamak devices.

Experimental data showed that fusion neutron yield appeared to have

2 in low-recycling divertor discharges (so

a scaling of Fe«Pgpg” IPZ Eg;
called B-mode). The meoclassical theory for ion heat conduction satis-
factorily described the scaling of fusion neutron yield. With neutral
injection power of Pinj==4.6Mw, the Doublet III deuterium plasma yielded
thermonuclear neutrons at the rate of 1.2x 1013 (n/s) in low-recycling

4
divertor discharge, which was equivalent to the D”T+—plasma with a
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thermonuclear fusion power multiplication factor Q==7.8><10m5 or beam

driven T+—plasma with Q=8.6x107%, Llimiter discharge vyielded fewer

neutrons.

Keywords: Doublet III, Neutral Beam Injection, Thermonuclear Fusion,

Scaling, Energy Transport, Tokamak, Deuterium Plasma
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1. Introduction

Energy confinement time 7g or the Lawson number ne 7 g is usually
adopted as a parameter for performance of fusion devices. Even though
the Lawson criterion may be satisfied with large n. and g, a fusion
power oulput and fusion power multiplication factor would be a better
parameters for a pérformance evaluation. An understanding of their
scaling is necessary for the designing of reactors. In this paper we
discuss scalings which govern fusion power output, on the basis of
experimental data obtained from the Doublet JlI tokamak with neutral
heating power up to 4.8MW, and we compare the scalings .wjth results
from neoclassical ion transport model.

A few papers have discussed the performance of experimantal fusion
devices from the view point of fusion output. Dawson et al.[1] proposed
the production of fusion power with non-maxwellian ions due to neutral
beam injection (i.e. beam-target fusion). To confirm this proposal,
Strachen et al. [2] and Eubank at al.{8] carried out basic experiments
with deuterium neutral beams and deuterium target plasmas. They showed
that the energy distribution of non-maxwellian ions calculated by a
classical slowing down model well described the experimental results
for the fusion reaction.

About thermonuclear fusion with maxwellian ions, Pappas and
Parker[4], and Grisham and Strachenl|5], discussed scalings of fusion
neutron yield of ohmically heated plasmas, but the plasma temperature
was quite low in these plasmas compared with that of fusion reactors.

Recent, tokamak research attained the improved energy confinement
with diverted plasma during neutral beam injection (so called H-mode)
[B8]. The improved confinement was also obtained in Doubletll with
plasma parameter of T:; ~T. ~~3keV and line density ne=7x10'3m 3
at neutral beam injection of 4.6MW[7]. Neutron yield due to the
D(d, n)He® fusion reactions reached 1.2x10 '3 (n/s). Using those data we

can examine scaling of fusion neutron yield at closer point of fusion

reactor.
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The purpose of this paper is to discuss the scaling laws of
thermonuclear fusion neutron yield of neutral beam heated deuterium
plasma(not beam-plasma reaction) and to make comparison with results of
necoclassical model for ion energy transport. We used Doublet T data
for these purposes, which were obtained in 18983 with neutral beam

injection of up to 4. 6MW[7].

2. Experiment
2.1 Experimental equipment

Doublet [ was a medium size tokamak with the major radius of 1.41m
and the minor radius of 0.42m[7, 8]. H?-neutral beams were injected
into deuterium plasmas at a nearly perpendicular angle of 27° on the
magnetic axis. The neutral beams had an energy of 69-76keV. In this
study the maximum injection power was 4. 6MW.

Table I 1lists the diagnostic system used. A 2w .. radiometer was
employed to measure the electron temperature distribution which was
calibrated by the center electron temperature T. (0) of the Thomson
scattering. The electron density profile was deduced from the
4—-channel line averaged densities obtained with CO, laser
interferometers. Photo diode measures intensities of recycling light
(Da /Hea ) from the plasma, which is proportinal to the particle
recycling rate in the plasma edge region. Although the major component
of the signal was Da (main plasma) it included a small fraction of
Ha (from the neutral beams). The plasma cross sectional shape was
calculated using MHD equilibrium code and magnetic data of 24 flux

loops and 12 partial Rogowsky coils.

2.2 Neutrcon detecting system

Doublet I has three moderators for neutron measurements. Each
moderator has 5 detectors of different sensitivities, changing working
gasses, gas pressures, and sizes. Sensitivity varies between the

detectors by a factor of 30. Since each detector has a range of

— 2 —
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thermonuclear fusion neutron yvield of neutral beam heated deuterium
plasma (not beam-plasma reaction) and to make comparison with results of
neoclassical model for ion energy transport. We used Doublet ][ data
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detectors by a factor of 30. Since each detector has a range of
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approximately 102, the total range is 107. The moderators have
eylindrical shapes with a radius of 445mm and a height of 813mm.
Detectors are placed at the center of the moderators. A 102mm thichness
of paraffin which reduces the neutron energy is surrounding the
detectors. Outside of the paraffine, a 0.76mm thick layer.of cadmium
strongly absorbs slow neutrons and 76.2mm thick layer of lead reduces
any hard X-ray noise with no significant effect on the neutron signal.
The resclution time is 10ms which is sufficiently short, relative to
the energy confinement time 40-70ms of the plasma. This system has no
capability for resolution of neutron energy.

One of the moderators is placed near the primary limiter and the
others are placed on the other side of the tokamak. These placements
ensure each moderator has different sensitivity ratios between photo
neutrons produced locally at the primary limiter and fusion neutrons
produced at the plasma axis uniformly in toroidal direction[8]. It is
possible to subtract photo neutron yield from the total yield to get
fusion yield, even in the condition in which photo neutron yield is
.equivalent with fusion neutron yield.

In order to measure neutron yield, calibration of (1) the
detectors and (2) the offect of struclures around the moderators
should be done. For the calibration (1), a neutron source of Cf%°2
was placed near the moderator to examine the cutput of cach detecter.
The ratio of detector l1-channel to the other detector counts inside
the same moderator will give the relative calibration number. For the
calibration (2), the neulron source was placed inside the Doublet ]|
vacuum vessel to examine the output of each moderator under actual
set—up conditions. The source was placed at the main limiter for the
calibration of photo-neutrons and at several points on the plasma axis
for the calibration of fusion neutrons. Since the fusion neutrons are
mainly from the axis uniformly, it is possible to get sensitivity for
fusion neutrons by averaging the sensitivity over the toroidal

direction.
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Measurement errors are possibly from random counting error and
counting miss in high counting rate detectors. The former error source
is estlimated to be 10%, because the counting rate is arocund
100counts~10ms. The ZInd error is estimated to be less than 30%
comparing with the next sensitivity detector. The total counting error
is less than 40%.

It is possible to measure the neutron yield from rates of 1x10%

to 5x10'% (n/s) using these three moderators.
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3. Numerical simulation of fusion neutron yield

Simulation of fusion neutron yield were carried out using a
one-dimensicnal transport code, in order to compare experimental
neutron yield scalings with the results from neoclassical theory for
ion heat conduction. The energy_flow of ion channel across the minor

radius r is described by the following equations [10,11,12]

o4

‘a—r (Pobi —Pcd—Pcv—Pcx—Pei) =0 (1),
—_ . 9 T
Poa= n; Arx 181..
S ) _ )
Pcv"’ 2 ArT i r i
x i =Fx x iHH

where Pex ,Pei ,Ppi are the integrated values of the charge excahnge
loss, the energy transferred from electrons and the energy transftered
from neutral beams to ions respectively;'Ti is the ion'temperature; T s
is the particle flux of ions; X ;"% is the Hinton-Hazeltine’s
“neoclassical heat conductivityl[12]1; F 4 is an enhancement factor of
neoclassical heat conductivity; A, is a geometrical factor which
reduces to the flux surface area, and r is a position in the minor
radius direction.

Py; is calculated by the Birth codel[13]. Pc¢x,Pe; and T ; are
calculated by the identical method as ref[10].

The input. data of the simulation are electron density ne (r),
eleteron temperature T. (r), and injected power Pijn;. We assume the
following equation for n. (r),

Ne (r)=ne (0) (1.0-(r/1.05ap ) %) (2).

This equation is consistent with the CO: interferometer measurement.

The electron temperature profile was taken from typical beam

heated discharges for each plasma current lp. Based on more than 100
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shot datal7], the central electron temperature T. (0), in eV units,
is taken as

Te (0)=850xPans (MW) {(good confinement)

Te (0)=(840+240xP,ys (MW) )X (ne ~/5x1019m™3)~0- 5 (3)

(poor confinement),

where n. is a line averaged electron density and P,ps is the power
absorbed by a plasma from NB plus ohmic heating. The absorbed power
from NB is defined from injection power P;,; subtracting the power of
shine-through neutrals and ohmic power is IpV,, where V;, is the
loop volatge.

The ion temperature is calculated with equation (1) using
equation (1) and (2). The fusion neutron yield with maxwellian D* ions

in plasma is caiculated as
Fth=0.55 y.p? <o v>udv (4),
D

where § y,dV means a volume integral in the plasma region, np is
deuteron density, <o v >y is the D(d, n)He® reaction cross section
averaged over the velocity space with a maxwellian distribution at the
ion temperature, and F¢np is fusion neutron yield due to thermonuciear
fusion. F, of equation (1) is fixed at a certain value {(usually 1.0,
4.0). Deuteron density np is determined by ne subtracting impurity
and hydrogen fractions. The main impurity is assumed to be oxygen and
its density was determined by T. (r) and loop voltage V; through a
assumption of uniform Z.f¢. Hydrogen fraction is to be discussed
later. |

In the case of neutral beam injection (NBI) experiments, we have
1o pay some attention to the non—-maxwellian distribution of high
energy ions and fusion reaction due to them. Fusion neutron yield due
to non—-maxwel lian ions is calculated by

Fo = |y} 2 cp No (E)np < 0 v>pdEQV (5),
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where Np (E) is density of high energy deuteron ion (m ¥ev 1) at ion

energy E, <o v>s is the D(d, n)He® reaction rate between high energy

and thermal ions, and Ey, is the energy of injected neutrals. The
energy spectrum of Np(E) is obtained using the Fokker-Planck’s slowing
down model[14] and space distribution is calculated by thé Birth
codel[13]. The origins of high energy deuteriums are contamination of

the NB by D°, the natural isotope of hydrogen present in a 0.015%

abundance, and collision of D' thermal particies with high energy H*

(knock-on). HEquation (5) was calculated, taking account of both high

energy deuterium species. The results showed that F, is less than 10%

of Fin in Doublet JlI even in low temperature case (1. 0keV{T,; 1. bkeV}.
The fusion power multiplication factor Q is usually determined as

Q=P¢/Pabs, where Py is the power produced by nuclear fusion . We

would like to define the following equivalent Q-values which are

convenient, for deseribing the situation of the Doublet Il plasma in

comparison with the reactor grade plasma. | '

(1) Qen?®®: A fusion power multiplication factor of thermal fusion
calculated by eﬁuation (4), with assumption of a 50%D" —-50%T"
plasma which has the same temperature and density as the
Doublet Hl plasma.

(2) Qs'°°: A fusion power multiplication factor including beam
fusion calculated by equation (5), with assumption of deuterium
neutral beams injected into 100% T* plasma which has the same
temperatlure and density as the Doublet Il plasma and assumplion of
ideal neutral beam of 80% 7T0keV (first species) neutral deuterium.
Besides the reaction for neutron production (D(d, n)He®), there

is another one (D(d,p)T). The sum of these two reaction is twice as

jarge as the neutron yield. However in this research we considered only

the neutron prodﬁcing reaction and did not distinguisb fusion neutron
yield from fusion output.

Main error in calculating the fusion neutron yield comes from the
uncertainty of hydrogen(HU) contamination at plasma center region due

to the NB and density profilelll]. We estimate the densily fraclion of
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H° ~(H*+D') at center region varing the particle confinement time

T p (for H*) from 10-30ms to 70-100ms depending on ne. [11]. The
estimated fraction is 10-30% at 4. 6MW NB injection and the uncertainty
of calculated fusion neutron yield is arround 20%{(high density)-50%{(low
density).

The éalculating error due to the uncertainty of density profile
was estimated by comparing tLhe standard density profile as equation
(2} and parabolic profile, which is equivalent with changing the ratio
Ne (0)/Ne from ~1.05 to 1.5 (standered n. (0)/h. of equation (2)
is 1.2)[11]. This cause a uncertainty of 40% in calculated F.

The total calculating uncertainty is less than 60% at
Pabs/Ne =0.6(high density)-1.5(low density) (x10"!'°m®*MW), which is
smaller than the raw data scattering of F in Doublet [I experiments.
This uncertainty is equvalent to T; {(0) uncertaity of 20%, which is the
same order uncertaity as PLT result of 20% with Paps/Ne =0.73
(x10" ' m*MW) [2].

The estimation of Qi1>" has the same order uncertainty of 80%, and
the uncertaity of Qg!°? , which has no dependence on density profile,

is less than 50%

4. Results
4.1 Experimental data

We treated 180 neulral beam heated discharges. Table Il gives the
plasma parameters. H-mode plasma which has good confinements, appears
on the divertor discharges with low particle recycling at edge plasma
region (LR-divertor)|[7].

Fig.1 shows time évolution of typical Doublet [I discharges,
comparing LR-divertor and limiter discharges at the same plasma current.
Injection time length of NB is about 300ms which is much longer than
the energy confinement time of up to 70ms. During the ,joule heating
phase, neutron yield is 10°-10'° (n/s). When the neutral beam injection
starts, the neutron yield due to the thermonuclear reaction rises and

reaches equibrium value of 10'1-10!3 (n/s). Whereas in limiter

78_
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H° /(H*+D*) at center region varing the particle confinement time

z p (for H") from 10-30ms to 70-100ms depending on ne. [11]. The

estimated fraction is 10-30% at 4. 8MW NB injection and the uncertainty
of calculated fusion neutron yield is arround 20%(high density)-50%{(low
density).

The calculating error due to the uncertainty of density profile
was estimated by comparing the standard density profile as equation
(2) and parabolic profile, which is equivalent with changing the ratio
Ne (0)/Ne from ~1.05 to ~1.5(standered n. (0) /n. of equation (2)
is 1.2)[11]. This cause a uncertainty of 40% in calculated F.

The total calculating uncertainty is less than 680% at
Pabs/Ne =0.68(high density)-1.5(low density) (x10 '°m®*MW), which is
smaller than the raw data scattering of F in Doublet [ experiments.
This uncertainty is equvalent to T; {(0) uncertaity of 20%, which is the
same order uncertaity as PLT result of 20% with P,ps/Ne =0.73
(x10” '?m*MW) [2].

The estimafion of Qin>" has the same order uncertainty of 60%, and
the uncertaity of Qs!®? , which has no dependence on density profile,

is less than 50%

4. Results
4.1 Experimental data

We treated 180 neutral beam heated discharges. Table II gives the
plasma parameters. H-mode plasma which has good confinements, appears
on the divertor discharges with Jow particle recycling at edge plasma
region (LR-divertor)I[7]1.

Fig.1 shows time évolution of typical Doublet [l discharges,
comparing LR-divertor and limiter discharges at the same plasma current.
Injection time length of NB is about 300ms which is much longer than
the energy confinement time of up to 70ms. During the joule heating
phase, neutron yield is 10°-10'° (n/s). When the neutral beam injection
starts, the neutron yield due to the thermonuclear reaction rises and

reaches equibrium value of 10'1-10!3 (n/s). Whereas in limiter

AS_
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discharges the fusion neutron yield saturates early, in the LR-divertor
digcarges takes a long time for this to occur. This is because the
energy confinement time is longer in the LR-divertor discharge and
reached large neutron yield with long saturating time. The decay time
of fusion neutron yield after neutral beam stopped, may have a
information about the confiment time, however our discussion will be
limited on the neutral beam healting phase, because we don’t know
whether the confinement properties in the decay phase is same as in the
heating phase, or not. The data used in following discussion were
sampled at 880ms in Fig.1l at which time the plasma is neutral beam
heated and the neutron yield had attained its equilibrium value.

There are two Kinds of neutrons, fusion neutrons and photo neutrons
as mentioned in chapter 2. The latters are from the primary
Ilimiteri(4,9]. In order to eastimate thier yields, we carried out
experiments of hydrogen (H') plasma discharges with hydrogen (H”) NB.
The photo neutron reaction is the dominant neutron production process
in these discharges. The neutron yield was less than 10'° (nr/s) in the
experiments. This results show that during neutral beam heating, photo
neutrons are negligible compared with fusion neutrons in the NB heated
deuterium plasma which has the neutron yield of 10''-10!2 (nrs). We
also obtained the same conclusion from the measurements with three
moderalors, which have the capability of distinguishing Lhe two type of
neutrons as described in Section 2.2. Ref.[7], which used the same
data as this paper, showed that T (0) is roughly same as T; (0)
obtained from this neutron yield measurements. This fact alsc means
that the measured neutrons are generated by the nuclear fusion.

Some parameters of LR-divertor plasma with 4.86MW injection are
shown in Fig.2 which clarify the performance of Doublet I plasma. The
spacial distribution of the fusion neutron yield F’ (nm */s) shows that
almost all neutrons are from the inner area of r£ 0.5ae, and the
fusion neutrons provide information on ion temperature T; at the
plasma center region, because the cross section of the D (d, n)Be?®

reation averaged by a maxwellian velocity distribution of T;, is
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strongly depends on T; and roughly proportional to T;%. Collision

* deeply dropped into banana regime. lon Lemperature was

frequency v
determined to fit the fusion neutron yield, changing the enhancement
factor of neoclassical heat conductivity Fy to 5.3. T; reached 2. 7keV
at center. The lowest plot shows the fusion power multiplication
factor of equivalent D'*T'-plasma. At center region Qun°%=2x103 or
Qe'?%=0.2 and as a plasma volume average Q.,°"=7.8x10"% or

Qrl®%=0.087 are attained.

Energy transport analysis based on equation (1) showed that the
main ion energy loss term at inner region area (r <0.8ap) is Lhe
conduction term Pcg (=~njAr X G T; 73 r). For example, the energy
balance of discharge shown in Fig.2 at r=0.5 ap is Py, i =7T10KkW,
Pea=450kW, Pej=—140kW, P;,=160kW and P..<10kW. In the outer region
Pei term become the main energy flow term. At r=0.8ap P.; is 510KkW,
while Pea and Pj,; are 420, 1130kW respectively.

Comparing these discharge characteristics with needs in the future
fusion reactors, the density of 7x10 '"m 3 is almost the same, the
ion temperature is 1.3 and the fusion power multiplication factor is
171000 of break-even condition for a thermal D'T'-reactor and 1,10

of that for a beam-target fusion reactor.

4.2 Dependence of F on Te and Paps

A high electron Ltemperature causes a large NB power to ions
(Ppi) even ne, [p and P,p. are kept constant. Experimental raw T.
data shows scattering of 20% in LR-divertor discharges[7]. This causes
some uncertainty when we discuss the scaling law for fusion cutput.
Fig. 3 correlates T, and F when P,ps, ne and By are kept constant.
Experimental results for the operation condition P,p<=53.7-4. 3MW and
ne =5-7x10'"m™?, are shown by the circles (I,=750kA) and triangles
(I, =480kA). Open and shaded symbols denote H-mode and L-mode,
respectively. Solid and dotted lines are simulation results using
ncocltassical ion heat conductivity at Ip,=750 and 480kA for f, =5.5x

109 m™ 3, Paps=3.9MW. The chained line is the ratio of the power
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absorbed by ions (Pp;) to the injected power (Pinj)-

Simulated results at Fy=4.0 are roughly consistent with the
experimental ones. It become clear thatl + 20% variation of Te in
H-mode causes a + 50% variation in fusion output. This is the main
reason of Lhe raw data scattering of the fusion neutron vield and this
variation is the same order as the calculating uncertainty discussed
in chapter 3.

The L-mode has a large raw data scattering in Te., which causes a
large uncertainty in fusion neutron yield for the limiter discharges.

The discussion of the relation between T and F is only for
estimation of the reason of raw data scattering. Te. depends strongly
on heating power and we will take the heating power as a parameter of

the discussion below.
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Power dependence of the F-value is shown in Fig. 4. Experimental
results of fusion neutron yield at ne =5-6.5x10'%°m 3, Br=2.1-2.4T
are shown by circles, triangles and squares which correspond to [p =480,
600 and 750KA respectively. The open symbols denote divertor discharges
with low particle recycling at the plasma edge (LR-divertor) and the
shaded ones denote limiter discharges (L-mode). The two solid lines and
one double chain line are the simulated results of equation {(4), for
LR-divertor and limiter discharges, respectively, at Fy,=4, 8, 1,=800kA
., Ne=5.5x10'"m 3, and also 1/4 of the results with Fy=1 are shown.
The hatched area denotes the uncertainty of F due to the raw data
scattering of T. (0) or the uncertainty of simulation of F;=8.0. The
experimantal results of the LR-divertor discharges are approximately
proporticonal to Pans? (chained line). The uncertainty in the
simulated F is factor of 2Z.25, which mainiy correspond to the raw data
scattering of T.(0) and is smaller than factor of 2 change in Fy.
Fx is estimated to be greater than 3 and less than 8 from Fig.4. This
is consistent with ref. [7] and F.=4.0 is ilhe reasonable value for the
simulation of equation(l).

In limiter discharge, our simulation shows that F is proportional
to Pabs?. However, the dependence of F on P,ps from experiment is
not clear. The reason is supposed to be due to a large raw data
scattering in T, (0).

The thermonuclear fusion rate <o v)y is proportinal to T;!' (1=4.0
-4.8, Tj=1.5-3.0keV). Then, F o Pps? is equivalent with that

T; (0) is roughly proportinal to Paps (T; (0)cP.ps'%% 3).

4.3 Dependence of fusion neutron yield on ne and Ip

Fig.5 shows the relation between normalized F and n., Ip. Solid
lines and dashed lines are simulated results of chapter 3, for
LR-divertor and limiter discharge respectively, setting Fy=1.0, 4.0.
The results with Fy=1.0 are devided by 4.

In Fig.5(a), F is normalized by Paps? (F*=F/P.ps?). The
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experiméntal data shows that the neutron yield decreases with
increment of n. in both LR-divertor and limiter discharge when Puus
is kept constant. The simulated results have the same dependence as
the experimental data and the dependence is as follows.
F/Papsiocne 2 (LR-divertor)
F/Paps*ocne 3 (limiter) (6)
The experimental F has rather smaller value than the simulated value at
Fx=4 in Fig.b(a), which suggest that Fy; is roughly larger than 4.
The reascon why F decreases with pn. is as follows.
Fusion reaction is proportional to n.? if T; is kept constant.

On the other hand, neoclassical heat conductivity X ;fH

increases
with ne . This cause a decrease of T;. The D-D fusion reaction rate
(g v>y has a dependence of approximately T;?. Since the fsuion
reaction depends on both n. and T;, the fusion neutron yield F
decrease with n.. In the limiter discharge, F decreases rapidly with
ne because T. decreases with n. as given equation (3) and Py,; also
decreases.

Fig.5(b) shows the I, dependence of fusion neutron yield F which
is normalized using the eguation (8). Experimental data F are converted
to normalised values at ne =5x10'®m ® and P.p,s=3MW. The experimental
data show that in both discharge modes, neutron yields are proportional
to 1,2 and the simulated results at Fy=4 also have the same
dependence. The neoclassical heat conductivity X ;i has the dependence
of I, ! when current profile is fixed. This cause a strong dependence
of F on lp. However, the Ip profile is peaked in low current
discharges and the Ip dependence of F is modified to have the moderate
dependence of IpZ.

In Fig.5(a) and (b), the simulated results with Fy=1 are shown
as references. If we assume that F.=1, the energy balance at r=0.5a,
become changed to Pei = Pca, Where Pgg is the ion energy loss due to
the neoclassical heat conduction (Peg=ni X 0 Tij/ 8 r). Pei has
no dependence on Ip. This is why the fusion neutron has weaker

dependence on Iy at Fy=1.0 than at Fy=4.0.
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As fusion power output Pf is proportional to fusion neutron yield,
we can define the fusion power multiplication factor Q’ by

Q'=F/Paps (ns 'MW !) (7).

Power dependence of the factor Q° is shown in Fig. 8. Q' was normalised
by density into Q* as

Q*=Q"/(ne #/5x10'9m 3)~2

Q*=Q’/(ne /5x109~3) 3 (8).

Fig.6 shows that Q¥ is proportional to Ip2P,ps° for the
LR-divertor plasma and the scaling laws should be as follows,

Q*oc Ip? Paps?® (LR-divertor)

Qo Ip? Pape?- 2 (limiter) (9).

Scaling of fusion neutron yield or the fusion power is deduced from
the equation (7), (8) and (9) as follows,

F*oc Pape?  1pZne 2 (LR-divertor)

F¥e€ Paps® ?1p2%n. *? (limiter) (10).

The troidal field strength Br is not in the equation (10). The
experimental data range is Br=1.7-2.4T as Tablell , and we have
examined the Br dependence of fusion yield. As a result we could not
find the dependence and the fusion neutron yield has no dependence on

Br as far as our experimental data are concerned.

4.4 Dependence of fusion output on the Lawson number ne tg

Since in the experimental fusion device, the injected power P,
is limited rather than absorbed power P.,s, where Pi,.; Paps is a
shine~through of the neutral beam. In this sense, we will examine
the fusion neutron yield at constant injection power. Fig.7(a) and (b)
show the ne and ne tg dependence of F at constant injection NB power
Oof Pig;=4.6MW.

The n. dependence of the calculated result at I =480KA as well
as experimental results are shown in Fig.7(a). Experimental results show
~that in LR-divertor discharge fusion neutron yield increases with
increment of ne in low density region and in high density region the

yield becomes saturated and decreaeses. In limiter discharges, the
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yield F decreaeses monotonically with n.. These dependences are quite
different from that of Fig.b(a), because in low density region the
absorbed power strongly depends on n. and constant P;,; does not

mean constant Paps. The calculated results qualitatively explain the
dependence and the saturation of neutron yield in high density region
is due to the increase of necclassical heat conduction.

The Lawson number n. tg is usually used as a parameter to show the
performance of a fusion device. Fig.7(b) shows the relation between the
fusion power multiplication factor Q’ and the Lawson number ne tg at
constant. injection power of P,,;=4.6MW. When n.t is less than
2.5x10'%m ®sec, Q' increases with ne tg, but when n. 7z becomes larger
than 2.5x10!9m ®sec, Q’ saturates. This is the same tendency as
ref. [6]. The reason of this saturation is that high ne tg is attained
by high density and increase of density saturates (or decrease) the
fusion output as discussed on Fig.7. (a). The turn-over point is about
the same as the PLT results of ne % e=0.9-1.4%x10'9m 3®sec, where
Ne it e is the electron Lawson number which under estimates the actual

Lawson number by about a factor of two[5].

4.5 Discussion
The scaling of fusion neutron yield was found to be equation (10).
However the gross energy confinement propertyl7]) in thses data set is
TE < e
Ne <T> & Ne Pabs (LR—-divertor) (11),
where {T> is a veolume averaged temperature. The neutron yield should
follows Focne (0)2T; (0)%, becuase (¢ vyy varies as roughly
Ti%. 1f ne and <T) are proportional to ne (0) and T; (0}
respectively, we get as a fusion yield scaling from equation (11),
Ne 2<T>%0C Ne >Paps? ‘ (12).
This shows that scaling of neutron yield and the gross energy
confinement is totally different. The fusion neutron yield depends on
center ion parameter, but g depends on the whole plasma parameters of

all plasma region equally including electron parameters. Since the
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energy flow mechanism is different between in ion and electron channel
and also different between in edge and inner region of plasma, it is
quite natural that equation (12) is different from equation (10).

Since main ion energy loss term in rd0.8ap is conduction term
Psa and in r>0.8ap it is the ion-electron rethermalization term P.;,
as mentioned in section 4.1, the central ion temperature is considered
to be written as,

Ty (O)=ap | <V Ti> 1 +T 5 (ap) (13),
where the first term depends on the ion heat conduction and the second
term is the edge ion temperature, and (V T;> is the average ion
temperature gradient. From discussion of this paper it is reasonable
that the first term of equation (13) has the neoclassical dependence.
The second term T; (ap) is controlled by the edge electron temperature,
because the ion-electron rethermalization term is the main energy loss
term in the edge plasma region. The low particle recycling gives the
high electron temperature in the edge region(7] and the high edge
electron temperature should give the high edge ion temperature in low
recycling divertor discharges. It is reasonable to consider that this
difference of the second term creates the difference of F between the

LR-divertor and the limiter discharges.

5. Conclusion

Fusion neutron yield on Doublet [l tokamak was examined, to get
scaling of fusion power in tokamak devices. Experimental results were
compared with the results calculated by a neoclassical medel, with
following results.

(1) The fusion neutron yield F has a scaling of FeeP,p? Ip2 n. 2

for LR-divertor discharges and FX Paps 2 Ip? ne 2% in limiter
discharges, and fusion power output has the same scaling.

(2) The neoclassical model of ion heat transport satisfactorily
describes the scaling of fusion neutron yield in both LR-divertor

and limiter discharges.

(3) Plasmas in Doublet llI are equivalent to the D'T' plasma of
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energy flow mechanism is different between in ion and electron channel
and also different between in edge and inner region of plasma, it is
quite natural that equation (12) is different from equation (10).

Since main ion energy loss term in rd0.8ap is conduction term
P.g and in r>0.8ap it is the ion-electron rethermalization term P.,,
as mentioned in section 4.1, Lhe central ion temperature is considered
to be written as,

Ti (0)=ap | <V Ti>| +T ; (ap) {13),
where the first term depends on the ion heat conduction and the second
term is the edge ion temperature, and (V T;>» is the average ion
temperature gradient. From discussion of this paper it is reasonable
that the first term of equation (13) has the neocclassical dependence.
The second term T; (ap) is controlled by the edge electron temperature,
because the ion-electron rethermalization term is the main energy loss
term in the edge plasma region. The low particle recycling gives the
high electron temperature in the edge regionl[7] and the high edge
electron temperature should give the high edge ion temperature in low
recycling divertor discharges. It is reasonable to consider that this
difference of the second term creates the difference of F between the

LR-divertor and the limiter discharges.

5. Conclusion

Fusion neutron yield on Doublet [ tokamak was examined, to get
scaling of fusion power in tokamak devices. Experimental results were
compared with the results calculated by a neoclassical moedel, with
following results.

(1) The fusion neutron yield F has a scaling of FeP,p? Ip2 n. 2

for LR-divertor discharges and FX Paps¥ 2 Ip2 ne 2% in limiter
discharges, and fusion power output has the same scaling.

(2) The neoclassical model of ion heat transport satisfactorily
describes the scaling of fusion neutron yield in both LR-divertor

and limiter discharges.

(3) Plasmas in Doublet lll are equivalent to the D*T' plasma of
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fusion power multiplication factor Q=7.8x107° or T' plasma of
Q=8.6%10 2 at the neutral beam injection power of 4.6MW.
The experimental resultis in this research are very encouraging,
because increment of Iy and heating power results in a large increase

of the fusion power multiplication factor.
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TABLE I DIAGNOSTIC SYSTEMS

Parameter

Diagnostic method

Center electron temperature

Electron temperature distribution

Center electron density
Line averaged density

Da /Ha intensity

Thomson scattering

Electron cyclotron emission
measurement. at, 2w ce

Thomson scattering

4 channel CO; laser interferometer

Photo diode with filter

TABLE JI  PLASMA PARAMETERS IN THIS RESEARCH

Parameter

Value

LLine averaged electron densitly Dne

Plasma current Ip

Neutral beam injection power Pjqy

Toroidal field Br

Plasma shape

2.5-7.5x101%m™ 3

0.85-0.75 MA
0-4.6 MW

1.7-2. 4 T

“D{limiter), divertor
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Fig.1 Time evolution of Doublet [l discharge at Br=1.7T.
Plasma current(l,), line averaged electron density n., poloidal
beta value £ , and fusion neutron yield (F) are plotted. Solid
line is a LR-divertor discharge (H-mode) and dashed line is a

limiter discharge (L-mode). NBI is the neutral beam injection.
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the calculation uncertainty due to raw data scattering of the
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F*

is the fusion neutron yield

normalized by the following equations.

F* =Fe (Paps/3MW) %e (ne /5x10'%m 3)~2

F* =Fe (Papss/3MW) e (N 5x10'%m 3)~3

(LR—-divertor)

(limiter)
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