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Ablation of hydrogen ice pellet in the JT-60 plasma was
calculated by ORNL pellet ablation code, which employs a neutral gas
shielding model. An optimum scheme to produce central peaked ng
profile of ne(0)=2x10—3 and ne(O)/<ne> ~ 3 in the ohmic discharge
appears to be a pellet injection with the pellet size of 3.4 mm
diameter and velocity of 2 km/s. Under the assumption of electron
heat diffusivity xe=2x10‘9/ne (m2/s), the 1-D tokamak code (LIBRARY)
predicts ~30% increment of fusion multiplication (Q) for pellet fueled

peaked density profile compared with gas fueled discharge.
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1. Introducticn

The recent Experimental progress in hydrogen pellet injection
into tokamak discharge reveals a possibility of energy confinement
improvement by intensive particle fueling at the plasma center,
Namely, the pellet injection is not only a method of particle fueling
but alsc the way of confinement improvement by altering the plasma
density profile,

Pellet injection was found to improve the energy confinement time

1, of high density Ohmic heating discharges of Alcator~C, where Tp

E
shows saturation against plasma density for gas puffing case,
Alcator-C pellet fueling discharges demonstrated the nexTE necessary
for the break—-even condition [1].

Improvement of energy confinement during neutral beam injection
for limiter discharge was first demonstrated in Doublet~III, although
the results showed mostly transient nature [2]., The application of
pellet injection in large tokamak was initiated in TFTR. So far, the
improvement of the global energy Qonfinement time is very modest,
although the confinement improvement at the plasma core is discussed
for the discharges with energy confinement time satisfying slightly
above the break-even condition, particularly when the plasma density
has a strongly peaked profile with pellet fueling [3].

This paper discuss the pellet injection into JT-60 plasmas, The
objectives of the present study are; 1) to evaluate the necessary
pellet injector parameter for JT~60, 2) to evaluate the optimum
operation scheme for the fueling near the plasma center, and 3) to
study the modification of fusion power multiplication under particular

assumption on energy and particle transport. The section 2 discuss

the ablation profile for different plasma condiection, section 3
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discuss the optimized operation scenario, section 4 investigates the
pellet injection effects on fusion power multiplication using One~

Dimensional tokamak code, The conclusion is given in section 5.

2. Description of Models
2.1 Pellet Ablation Model

A pellet injected into plasma ablates mainly by the bombardment
of electrons., Numérous models describing the ablation rate of the
pellet have already been proposed., Most valid models of them are
neutral gas shielding cne by Milora [4] and transonie neutral
shielding one by Parks et al., [5]. In the present paper, we take
Milora's model. 1In this model, the pellet is evaporated by the
energetic plasma electrons incident to its surface, and the resultant
neutrai cloud surrounds the pellet. Thereafter, the incoming plasma
electrons lose energy through inelastic collision with the neutral
cloud, so that the pellet ablation is suppressed. 1In quasi~steady
state that the.residual electron energy flux on the pellet surface is

balanced by the amount of cooling provided by the evaporated material,
dd .
the pellet ablation rate EEB is given in terms of the instantanecus

pellet diameter dp(t}, the plasma electron density n, and temperature

T ;
e

dd

b
ac = R(dp,ne,Te) (1)

During the travel after injection the pellet ablates in an

inhomogeneous plasma of variable temperature and density. Owing to
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discuss the optimized operation scenario, section Y investigates the
pellet injection effects on fusion power multiplication using Cne-

Dimensional tokamak code. The conclusion is given in section 5,

2. Description of Models
2.1 Pellet Ablation Model

A pellet injected into plasma ablates mainly by the bombardment
of electrons, Numerous models describing the ablation rate of the
pellet have already been proposed., Most valid models of them are
neutral gas shielding one by Milora [4] and transonic neutral
shielding one by Parks et al, [5]. In the present paper, we take
Milora's model. 1In this model, the pellet is evaporated by the
energetic plasma electrons incident to its surface, and the resultant
neutrai cloud surrounds the pellet, Thereafter, the incoming plasma
electrons lose energy through inelastic collision with the neutral
cloud, so that the pellet ablation is suppressed. In quasi-steady
state that the residual electron energy flux on the pellet surface is

balanced by the amount of cooling provided by the evaporated material,
dd
the pellet ablation rate EEB 1s given in terms of the instantaneous

pellet diameter dp(t), the plasma electron density ne and temperature

T »
el

dd

P _
It R(dp,ne,Te) (1)

During the travel after injection the pellet ablates in an

inhomogenecus plasma of variable temperature and density. Owing to
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the cold electron added by the ablation, besides, the plasma
temperature and density vary with time. To estimate the pellet
penetration depth, these effects should be considered. The former is
treated by dividing the plasma cross-section into toroidal shell of
equal thickness in which the electron density and temperature can be
regarded as being uniform. As an approximation of the latter, we
adopt the self®limiting ablation model proposed by Houlberg et al.
[6]. According to this model, the plasma temperature is adiabatically
cooled by the addition of the ablatant. Since the pellet transit time
in the shell is much longer than the electron-electron and ion-ion
collision times, the pellet ablation rate is calculated by using the
updated electron density and temperature every time step At of the
sufficiently small changes of the electron temperature and density.
The total ablaticn in the shell Adp is given by the sum of RAt over
the pellet transit time in it ts=s/vp, where s and vp are the
thickness of the shell and the pellet injection velocity,
respectively. The pellet penetration depth is defined as a position
where the pellet ablates completely. As seen from the previous
discussion, the pellet penetration depth is determined by the pellet
diameter, the pellet injection velocity, and the electron temperature
and density distributions when the pellet is perpendicularly injected
into the plasma towards the center.

The changes of the plasma density and temperature profiles after
pellet injection are traced by using 1-D transport code. Since the
time scales relevant to energy and particle transport are much greater
than the time for total pellet ablation, the coupling of the pellet

aplation code to 1-D transport code is made by delivering new plasma
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density and temperature profiles calculated by the adiabatic

approximation after a pellet injection,

2.2 1-D Transpori Model

Tékamak transport code library, which is referred to as 'LIBRARY'
[7], is the library system of the codes to analyze the transport
process in the tokamak plasma and has the function of the
interpretation on experimental data and the simulation of the thermo
nuclear fusion plasma. In this simulation of the fusion power
multiplication improvement with pellet injection, a 1~D transport code
produced from 'LIBRARY' is able to calculate the hydrogenic-ion
density profile, the electron and ion temperature profiles, the
poloidal field profile, the neutral particle density profile, neutral
beam injection, pellet injection and the sawtooth effect. The bhasic

equations of the transport code are summarized as follows:

M 4y Ny
=~ = — — (rl',) - — + 8, +°8 , (2)
at r ar i 1/ i NB
aT nT n (T ~T.)
8 ,3 1 3 3 e e e e i
=5 n T ) = = = r(ny ~ZTT )~Y ~
3t 2 e’ e r or e*e ar 2 e e e E/ Teq
+ P+ Pupe ~ PR+ (3)
aT n,T n (T ~T,)
J .3 b9 _i_3 _ e e i
AR Brr(nlxiar 2 Tlrl) i<t
/ eq
* Pupi T Pox o )
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o,
3t

13
= S=(rB)) . (5)

2|
5=

The equation (2) is the ion density continuity equation and ri is the
particle flux in radial direction given as fi=—DABni/Br, where DA is
an anomalous diffusion coefficient and n; the ion density. Si and SNB
are the source terms of cold neutrals and of fast neutrals due to the
neutral beam injection, respectively. T/ is a loss time along to the

magnetic field lines in the scrape-off region and given as qut/Vf,

where Rt is the major radius, q the safety factor, and Vf= Te/mi an

averaged flow velocity. Throughout this simulation, which does not
treat impurities explicitly, the electron density is set n=n,
although some appropriate fixed constant is chosen for the effective

ioniec charge Ze The equations of (3) and (4) are the energy

g
conservation equations for electrons and ions, respectively. Xe is
the electron thermal diffusivity and Xy the lon one, Teq is the
classical energy equipartition time between electrons and ions. The
' . ] = s 2 I}
term PJ denotes the joule input power given as PJ n/g , where Q/ is
the classical resistivity with trapping corrections [8] and J the
teroidal current. The terms PNBe and PNBi denote neutral beam heating

of electrons and ions. The terms PR and PCX denote the power loss and
gain related with neutral particles by ionization and charge exchange
process for electrons and ions, respectively. The radiation loss due
to the excitation is taken into account as the effective lonization
loss with the ionization energy of 25 eV. The terms Ye and Yi denote

the energy transmission coefficient across the sheath which 1s chosen

to be 5.8 for electrons and 2,0 for ions, The equation (5) is the
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poloidal field diffusion eguation where B, is the poloidal field and

5]
Ho the permeability of wvacuum.

In order to simulate the sawtooth oscillations, the model given
by Waddel et al. [9] is employed; island width W is presented as
W=W,exp[SYdt], where W, is the initial island width and Y is the
growth rate of the m/n=1/1 mode including the diamagnetic effect (m
and n are poloidal and toroidal mode numbers, respectively). The
magnetic flux exchange at the internal disruption follows the model
proposed by Kadomtzev [10], while the profiles of temperatures and
electron density are flattened under the conservation law.

The standard scalings for transport coefficients are used; as the
electron thermal diffusivity, two kinds of scaling are employed, ie.,
xe=2x1019/neq for the joule heating plasma considered in section 3 and
4,1, and the improved INTOR scaling xe=2x1015/ne for the neutral beam
neating plasma studied in section 4.2 (this improved scaling is
decided to allow the energy confinement time of 0.4 sec at the heating
phasé), xi for ions is from Hinton-Hazeltine [11] with a enhancement
factor of five, particle diffusion coefficient DA=1x1019/ne and

particle recycling ratio R=0.9. Zeff is taken to be 1.5.

3.. Parameter Surveys

We shall consider the perpendicular injectieon of a hydrogen
pellet into a circular cross-section plasma., As described in the
previous section, the variables which regulate the pellet penetration
depth are the pellet diameter, the pellet injection velocity, and the
electron temperature and density. In this section, we examine the

dependence of the pellet penetration depth on these variables in order
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poloidal field diffusion equation where B_ is the poloidal field and

8
Up Lthe permeability of vacuum,

In order to simulate the sawtooth oscillations, the model given
by Waddel et al. [9] is employed; island width W is presented as
W=W,exp[/ydt], where W, is the initial island width and Y is the
growth rate of the m/n=1/1 mode including the diamagnetic effect {m
and n are poloidal and toroidal mode numbers, respectively). The
magnetic flux exchange at the internal disruption follows the model
proposed by Kadomtzev [10], while the profiles of temperatures and
electron density are flattened under the conservation law.

The standard scalings for transport coefficients are used; as the
electron thermal diffusivity, two kinds of scaling are employed, ie.,
Xe=2x1019/neq for the joule heating plasma considered in section 3 and
4,1, and the improved INTOR scaling Xe=2x10‘5/ne for the neutral beam
heating plasma studied in section 4.2 (this improved scaling is
decided to allow the energy confinement time of 0.4 sec at the heating
phasé), X3 for ions 1is from Hinton-Hazeltine [11] with a enhancement
factor of five, particle diffusion coefficient D =1x10”/ne and

A

particle recycling ratio R=0.9. Zeff is taken to be 1.5.

3. Parameter Surveys

We shall consider the perpendicular injection of a hydrogen
pellet into a ecircular cross-section plasma. As described In the
previous section, the variables which regulate the pellet penetration
depth are the pellet diameter, the pellet injection velocity, and the
electron temperature and density. In this section, we examine the

dependence of the pellet penetration depth on these variables in order
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to provide the pellet injection scenario forming the target plasma
with highly peaked density for auxiliary heating. Numerical
simulaticns are performed for the plasma parameters typical to JT-60
ohmically heated divertor discharges of 2 MA. The standard values
used to the simulation are given in Table 1, The electron temperature
profile was taken from Thomson scattering measurements, and the
electron density profile was converted from the line integrated
electron densities measured by a 2 mm microwave and 3 channel
submillimeter interferometers, In the following calculations, the
central electroén temperature is fixed to the experimental value of 2
keV in order to facilitate the understanding of the pellet
penetration, The electron density profile changes after the pellet
injection since the pellet fueling produces the peaked electron
density profile, The effect of the different electron density profile

cn the pellet penetration depth is discussed in a later section.

3.1 Requirements for Pellet Injection

The most important role of pellet fueling is to produce the
centrally peaked electron density profile. The electron density
profile changes strikingly depending on the pellet penetration depth.
Figure 1 shows the effect of the pellet penetration depth on the
electron density deposition profile when a hydrogen pellet of diameter
2.7 mm was injected into the standard plasma of the central electron
density 3x10'*/m® listed in Table 1. The pellet penetration depth was
controlled by varyling the pellet injection velocity. It is seen from
the figure that the highly peaked deposition profile can be obtained
when the pellet passes through the plasma center. On the other hand,

the complete penetration of the plasma almost always results in
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disruption according to the pellet fueling experiment by Milora et
al. [12]. To obtain the highly peaked electron density profile,
therefore, the pellet penetration depth must be in the range of the
plasma center to the opposite plasma edge for the perpendicular
injection of a pellet into the plasma towards the center.

The use of a large pellet is of great advantage to penetrate deep
into the plasma with lower injection velocity, while it causes strong
perturbations in the electron density and temperature. The upper
limit of the pellet size on the stable fueling is not clear.
According to the pellet injection experiment in TFTR, however, it is
possible to fuel stably up to the pellet which contéins the hydrogen
atoms equal to the total number of electrons in the plasma before
injecticn, Here, we choose the equivalent of the whole electrons in
the plasma as the maximum pellet size capable of injecting.

The last restricticon for the pellet injection is of technical
requirement. Two types of pellet injectors have practical
application., One is a gun-type pneumatic injector, and the other is a
centrifuge injector. The high speed injection is essential especially
for large tokamak to achieve the deep penetration into the plasma., On
this viewpoint, a gun-type pneumatic pellet injector with a maximun
velocity 1.9 Km/s is suitable., Since the maximum pellet velocity
corresponds to about 80% of the theoretical limit derived from the
ideal gun theory proposed by Milora et al. [13], the upper limit of
the pellet injection velocity available is assumed to be 2km/s, which

is a modest extrapolation from the present technical level.
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3.2 Optimum Conditions of Pellet Injection

In the present study, the variables which determine the pellet
penetration depth are three of the pellet diameter, the pellet
injection velocity and the electron density because of a fixed
electron temperature. When the pellet diameter among them is given,
an area which satisfies three requirements for the pellet injection in
an orthogonal coordinate system with the electron density and the
pellet injection velocity as the coordinate axes is defined as a
pellet operation area, Figure 2 shows the pellet operation areas (the
shadowed portions) for four pellet diameters of 2.7, 3.0, 3.5 and 4.0
mm ., In the figure, the upper curve with a sign ap presents the
relation between the averaged electron density and the pellet
injection velocity required to inject the pellet up to the plasma
center, and the lower one marked by 2ap is that required for the
pellet to reach the opposite plasma edge across the center., The
dotted line indicates the electron density equivalent to the whole sum
of electrons included in a solid hydrogen pellet.

The pellet operation area spreads rapidly in spite of the
increase of the lower limit of the electron density capable of
injecting as the pellet diameter inereases. From this figure, it is
obvious that the target plasma with the averaged electron density of
6x10'®/m?® can be formed from the initial ohmic plasma with that of
2x10'°/m® by combining a few pellet with the different radius.
Further extension of the pellet operation area could be achieved by
developing the pellet injector with the injection velocity above 2
km/s,

Since the electron density profile changes after pellet

injection, the effect of the variation in the profile on the pellet
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operation area was examined., Figure 3 shows the pellet operation
areas for the flat electron density typical of the ohmically heated
divertor plasma in JT-60 and the peaked density profile given Dby
ne(r)/neo=0.9[1 - (%—)2]2 + 0.1 for two pellet diameters of 2.7 and
P

4.0 mm., The shift of the latter pellet cperation area te right~hand
side is at best 5%, which could be sufficiently neglected for the
production of pellet injection scenario.

Figure 4 shows the pellet operation areas at three central
electron temperatures of 1, 2 and 3 keV for two pellet diameters of
2.7 and 4.0 mm. The pellét operation area varies remarkably depending
on the electron temperature. Since the electron temperature changes

greatly after pellet injection, special attention should be paid to

timing of next pellet injection.

3.3 Time Evolution of Density and Temperaturé after Pellet
Injecticon

The recovery time of the electron temperature 1is a important
quantity to Jjudge the timing of next pellet injection because the
pellet injection pefore that corresponds to the large pellet injection
which may result in disruption as mentioned in Sec. 3.1. Therefore,
the time evolution of the electron density and temperature after
pellet injection was traced by using 1-D transport ccde. An exanple
in which a pellet of diameter 3.5 mm with the velocity of 1.2 km/s 1is
injected into the plasma of the central electron temperature 2 keV and
density 2.5x10'?/m?® is shown in Fig. 5. In the figure, the ordinates
are volume averaged electron density and density averaged electron

temperature, The electron temperature recovers to the previous level
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in 320 ms after pellet injection. Then, pellet fueled electron
density decreases by approximately 60 %, which is almost independent
of the pellet size and the electron density before pellet injection,
The recovery time of the electron temperature versus the pellet
diameter is shown in Fig. 6. As expected, the recovery time of the
electron temperature increases with the pellet diameter, but it
scarcely depends on the previous level of the electron density. As a
result, the decay rate of the additional density and the recovery time
of the temperature are not affected by the electron density before
pellet injeetion and moreover, the former is independent of the pellet
size., These facts are useful to provide the scenario for the multi-
pellet injection,

Figure 7 shows the deformation of the peaked electron density
profile with time after pellet injection for two pellet diameters of
2.7 and 4,0 mm. It is seen from the figure that the larger pellet
leads to longer hold of the peaked density profile. This means that
the large pellet ablates mainly in the central portion of plasma
comparing with the small one, Therefore, it is desirable to use the

pellet as large as possible in the permitted limit.

4, Numerical Results

A serial pellet injection during auxiliary heating is desirable
to maintain the peaking profile of electron density., However, the
auxiliary heated plasma with high temperature will not allow a pellet
to penetrate to the plasma center, Hence, we consider to produce the

peaked denaity profile beforehand.
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pellet injection.

Figure 7 shows the deformation of the peaked electron density
profile with time after pellet injection for two pellet diameters of
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leads to longer hold of the peaked density profile. This means that
the large pellet ablates mainly in the central portion of plasma
comparing with the small one. Therefore, it is desirable to use the

pellet as large as possible in the permitted limit.

4, Numerical Results

A serial pellet injection during auxiliary heating is desirable
to maintain the peaking profile of electron density. However, the
auxiliary heated plasma with high temperature will not allow a pellet
to penetrate to the plasma center. Hence, we consider to produce the

peaked density profile beforehand,
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4,1 Production of Target Plasma for Auxiliary Heating

If a pellet injection is made immediately after the recovery of
electron temperature, the production scenario of the target plasma
Wwith the electron density exceeding 6x10'°/m® can be determined from
the optimum condition of pellet injection and the recovery time of the
electron femperature, We shall consider three cases of the pellet
injection scenario., In the case I, the pellet injector can fire
several kinds of pellet with the different diameter at arbitrary
velocity below 2 km/s. In the case II, only the pellet injection
velocity is fixed., Case IIl treats a scenario for the Injector with
fixed pellet diameter and injection velocity. Four pellet diameters
of 2.7, 3.0, 3.5 and 4.0 mm are chosen as a typical size. The pellet
size of the first injection into the gas fueled plasma 15 chosen
among them by referring the pellet operation area., If it is possible
to inject the pellet of unequal size more than two, the largest pellet
is taken in order to extend the hold period of the peaked density
profile. The average value in the permitted range is selected as a
pellet injection velocity, but in the case I1I, III, the maximum of the
pellet injection velocity available is used to enable to inject the
pellet of the same size to the plasma with higher density in next
step. Next pellet injection is made after the recovery of the
electron temperature, and then, the electron density is given by the
sum of the previous one and 60% of the amount increased by the pellet,
The pellet size of second injection is selected for a new electron
density. This process is repeated until the electron density
immediately after injection satisfys the plasma density level required
for the auxiliary heating. The pellet injection scenariocs of three

cases determined thus are summarized in Table 2, In the case III with
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the restrictions of the fixed pellet size and injection velocity, the
initial density becomes inevitably higher due to the narrow pellet
operation area for a single pellet size.

The time evolution of the volume averaged electron density and
the elecfron density profile after the final pellet injection were
calculated by using 1-D transport code and pellet ablatiocn code when
the pellet is injected according to the scenaric described above. The
gsimulation results of cases I, II and III are shown in Figs. 8, 9 and
10, respectively. In three cases, the volume averaged electron
density above 6x10!?/m® is obtained by the final pellet injection, and
thereafter, the peaked electren density profile is maintained over 0.5
8. As expected, each of pellets injected reaches the range between
the plasma center and the opposite plasma edge. These results
indicate that the pellet injection scenario 1s effective to attain the

directing high density with the peaked profile by the pellet fueling.

4,2 1-D Tokamak Simulation of Fusion Power Multiplication Factor

Improvement with Pellet Injection

Result of equivalence break even scenario calculation by pellet
injection are presented that were obtained in the frame work of an
assessment performed for JT-60, and are compared with results
corresponding to gas puffing.

The fusion power multiplication in a hydrogen plasma is
calculated as an equivalence fusion plasma with the same fraction rate
of densities of deutrium and tritium, without the beam-plasma reaction
(TCT effect)., Then the fusion power multiplication factor Q 1is

defined as Q= Jn;/u<5v>QTdV/Pin, in which <gv> Is the D-T fusion
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reaction rate and QT the reaction energy of 17.6 MeV and Pirl the total
input power. The fusion power is not reflected to the calculation of
plasma temperatures. The beam energy of 100 keV (H® particles) and the
beam power of 20 MW are considered.

Figure 11 shows the time evolution of the volume average electron
density fueled by the pellet injection, according to the case-I in
table 2, in which three pellets are injected, successively, at 0.9
sec, 1.13 sec and 1,45 sec, and the neutral beam heating starts at 1.5
sec, The volume density reaches to about 7.0x10'® m~? at 1.45 sec and
is on the decrease in the neutral beam heating phase, because of the
particle recyecling ratio of 0.9. The case of gas puffing with the
particle flux of 2x102%! s~! is also shown as dotted line iﬁ Fig. 11.
Both volume densities become same about 5.2x10'® m-? at about 2.8 sec,
and then the fusion power multiplication factor by pellet injection is
in excess of about 0.2 comparing with the one by gas puffing as shown
in Fig. 12-a. Figures 12~b, ~c and -d show the profiles of the
electron density, the ion temperature and the heat deposition of ions
at t=2,8 sec. The peaked density profile has the advantage to have
deep NB penetration and maintain favourable heat deposition profile.
The improved neutral beam penefration is responsible for the almost
same ioﬁ temperature around the plasma center as shown in Fig. 12-c
and produces the higher Q value at the same volume average density.
Figure 13 shows the evolution of temperatures and the density at the
center. After starting the neutral beam heating, the drop of
temperatures and the density due fo the sawtooth oscillation are seen
and the Q value decreases slightly at that time. In this calculation,
the temperatures and the density recover in about 0,6 sec after the

occurrence of the sawtooth and the Q value keeps almost constant
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during the recovering phase. Therefore, it can be considered that
there is little effect of the sawtooth oscillation on the thermo
nuclear fusion reaction.

When the density keeps increasing due to the gas puffing, the
high Q value which is comparable to the one by the pellet injeection is
obtained at the high density of 7x10'% m-*, as shown in Fig. 11-a,
The energy confinement time is, however, about (.55 sec in such a high
density. From many results of the neutral beam heating experiments
[14,157, it is too optimistic to rely on such a good confinement time
for attaining the break even condition, Therefore, it is important
that a high Q value is obtained in a relatively lower density and
.energy confinement time by the pellet injections, According to the C-
dimensional analysis by NIIKURA [16], the contributlon of the beam-
plasma reaction to the Q will be expected to be about 0.5 with 100 Kev
deuterium beam. Including the TCT effect, the pellet injection will

be a great help in reaching the equivalence break even of Q-~1,

5. Conclusions

Ablation of hydrogen ice pellet in the JT~60 plasma was
calculated by ORNL pellet ablation code, which employs a neutral gas
shielding model., An coptimum operation scheme to produce central peaked
n, profile of ne(o) = 2x102° m~? and ne(O)/<ne> ~ 3 in the chmie
discharge appears to be a pellet injection with the pellet size of 3.4
mm diameter and velocity of 2 km/s,

Under the assumption of electron heat diffusivity xa=2x1019/neq
(m2/s), the 1D tokamak code (LIBRARY) predicts ~30 % increment of

fusicn multiplication (Q) for pellet fueled peaked density profile
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during the recovering phase. Therefore, it can be considered that
there is little effect of the sawtooth oscillation on the thermo
nuclear fusion reaction,

When the density keeps increasing due to the gas puffing, the
high Q value which is comparable to the one by the pellet injection is
obtained at the high density of 7x10'® m-%, as shown in Fig. 11-a.
The energy confinement time is, however, about 0.55 sec¢ in such a high
density. From many results of the neutral beam heating experiments
[14,157, it is too optimistie to rely on such a good confinement time
for attaining the break even condition. Therefore, it is important
that a high Q value is obtained in a relatively lower density and
-energy confinement time by the pellet injections. According te the 0~
dimensional analysis by NIIKURA [16], the contribution of the beam-
plasma reaction to the Q will be expected to be about 0.5 with 100 Kev
deuterium beam. Including the TCT effect, the pellet injection will

be a great help in reaching the equivalence break even of Q~1.

5. Conclusions

Ablation of hydrogen ice pellet in the JT-60 plasma was
calculated by ORNL pellet ablation code, which employs a neutral gas
shielding model. An optimum operation scheme to produce central peaked
n, profile of ne(O) = 2x102%°% m-® and ne(O)/<ne> ~ 3 in the ohmic
discharge appears to be a pellet injection with the pellet size of 3.4
mm diameter and velocity of 2 km/s.

Under the assumption of electron heat diffusivity xa=2x1o‘9/neq
{m?/s), the 1D tokamak code (LIBRARY) predicts -~30 % increment of

fusion multiplication (Q) for pellet fueled peaked density profile
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compared with gas fueled discharge. In the pellet fueling experiment
in JT-60, which is now planed in 1988, more enhancement of Q than the
code prediction will be anticipated due to the experimentally observed

favorable energy confinement for peaked density profile discharge,
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Table 1

JAERI-M 86-170

Standard values used to numerical simulation

Parameters

Standard values

Piasma major radius, Rp
Plasma minor radius, ap

Plasma current, Ip

Central Electron temperature, Teo

Temperature profile, Te(r')/TeO

Density profile, ne(r)/ne

Plasma species

Pellet species

Q

3.15 m
0.87 m
2 MA

2.0 keV

2_1,5

0.95[1 = ( y 1 +0.05

m|1

p
Z 0.3
0.9[t = (==)] + 0.
D
Hydrogen

Hydrogen

Table 2 Pellet injection scenarios to produce the target

plasma for auxiliary heating

Items
Injection Electron Pellet Injection
time density diameter velocity
Cases Injections {s) (10t*/m?) {mm) (km/s)
1st 0 2.0 3.0 1.8
Case I 2nd 0.23 3.0 3.5 1.6
3rd 0.55 4.6 3.5 2.0
15t 0 2.0 3.0 1.9
Case II 2nd 0.23 3.0 3.5 1.9
3rd 0.55 4,6 3.5 1.9
15t 0 3.0 3.5 1.8
Case III
2nd 0.32 4.6 3.5 1,8
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Fig. 1 The relation between the electron density deposition profile

and the pellet penetration depth.
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Fig. 5 An example of the time evoluticn of density and temperature

after a pellet injection.




JAERI-M 86—170

- 600

300

400 /
"z

300 d

(ms)

Recovery time
™
o
O

—

20 24 28 32 36 40 44
Pellet diameter (mm)

Fig., & The recovery time of the electron temperature after injection

versus pellet diameter.



JAERT - M 86—-170

)

00ls

dp =2.7mm

_ 08 Vp = 25km/5
"E
SN "
2 06
§ 0.4 Before injection
S E
S _
w 0.2 i

00L '

00 0.2 04 06 08 10
2.5

de =4 mm
vp =07 km/s

Electron density (10°Ym%)

0.5

0.0
00 = 02 04 06 08 t0

Radial distance (m)

Fig. 7 The deformation of the peaked electron density profile after a

pellet injection with time,



JAERI - M 86-170

— 'O -

FOE |

o“;-._‘ -

o 8 _ T Case I

g 6l i

EL e

o 4r *

g -

E -

[} =

5 2 ‘—‘

s °F

E [

g i ] 1 1 } ] ! ]
0O 1 2 3 4

Time (s)

4 (a) Time evolution of volume averaged electron density

Q0is

Case I

Electron density (10%Ym®)
(%)

" Before injection

%5 02 04 08 08 10

Radial distance (m)
(b) Deformation of electron density profile after final peliet injection
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Fig.11 Time evolution of the volume averaged density. The solid line
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the case of the pellet injection.



