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Abstract

Results of ignition and continuous fuelling scenario calcu-
lations are presented that were obtained in the framework of
an assessment performed for NET on the basis of the INTOR
parameters. The results obtained with pellet injection are
compared with results corresponding to gas puffing.

Pellet injection transports fresh fuel to the reaction zone on
a time scale that is much shorter than the diffusion time
characterizing the gas puffing method, thus making the method
flexible and readily adaptable to different situations.

In the case of ignition by pellet injection, it may become
possible to have deep NB penetration and maintain favourable
heat deposition profiles up to the moment of density ramp-up,
thus substantially relaxing the beam output requirements.
Three beam energies (p° particles) have been considered:

120 keV, 100 keV, and 80 keV. The importance of a proper match
between the beam characteristics and the pellet parameters,
specific for the transport scaling assumed (ALCATOR-INTOR), is
shown. In the case of continuous fuelling of an already ignited
discharge, the alpha power production notably increases if
repetitive pellet injection, instead of gas puffing (at a fixed
value of BT), is applied. The advantages of pellet injection

are substantial even at moderate pellet velocities.




1. Introduction

Pellet injection is considered to be a potential candidate

for some fundamental applications in fusion devices, such

as ignition by means of density ramp-up and fuelling of an already
ignited discharge by repetitive pellet injection. Several recent
tokamak experiments have demonstrated some of the potentials
pellet injection may have: a substantial improvement of the energy
confinement time was obtained with the help of pellets in
ALCATOR-C /1/ and in Doublet III /2/, and a notable short-time
increase of the plasma density over the density limit was ob-
served after pellet injection in PDX /3/. The plasma physical re-
sults obtained with pellet injection seem to depend strongly on
experimental conditions and discharge regimes investigated:
experiments performed on other tokamaks (TFTR, ASDEX /4/) have

not yet been able to reproduce the encouraging results of /1/

and /2/.

In view of the developments in the field of pellet injection in
tokamaks it was decided to assess its applicability to large-

scale fusion devices such as NET /5/. The results of scenario
calculations performed in the framework of /5/ are reported herein.
In particular, scenarios associated with density ramp-up and ig-
nition by means of single pellets and quasi-continuous fuelling

of already ignited discharges by repetitive injection of a

string of pellets are considered in detail.

Earlier ignition scenario analyses applied to NB-heated tokamaks

( see , for example, /6/ to /8/) demonstrated the importance of
proper matching between the fuel density and heat deposition pro-
files both in space and time. Watkins et al. /6/ showed that there
is an optimum route to ignition in the n,T space bounded on the
low-density side by electron conduction losses (ALC.-INT. scaling)
and by poor beam penetration on the high-density side. They showed
that, independently of the fixed density profile approximation




used in their computations, the minimum beta necessary for ig-
nition always occurs aE.low densities. Holmes et al. /7/ con-
sidered low-density ignition scenarios, starting in all cases with
n(r =o) =8x 102 3

fuelling by a source distribution that was flat in the outer

and modelling continuous (pellet)

25 cm of a a = 1.25 m reactor plasma and then decayed exponential-
ly inward with an e-folding length of 5 cm. A single-temperature
1-D transport code coupled to a 2-D flux-conserving equilibrium
code was used in these calculations. The results show that with

a transport scaling ICE‘X n it is advantageous to start beam
injection in a plasma with low n + a and then to increase the
density n (or plasma size a) toreach ignition. It was found to

be favourable to fuel as rapidly as possible without creating sig-
nificant density inversion. Houlberg et al. /8/ performed extensive
scenario calculations for FED also by applying the ALC.-INT. trans-
port scaling to beam-heated discharges. Owing to the density
dependence of the NB heat deposition profile, notable differences
were found in the actual behaviour of the resulting energy con-
finement time and that expected from global scaling law analysis.
The results of /8/ clearly show the importance of a proper match
between the envisaged energy influx rate and deposition profile,

on the one hand, and the particle source strength and distribution,
on the other, when heating by NB injection is considered.

The purpose of the present work is to explore in this context
the new possibilities offered by pellet injection in conjunction
with NB injection heating of fusion plasmas. The flexibility of
fuel deposition profiles associated with different pellet size-
velocity-injection frequency combinations and the possibility

of matching these characteristics with the beam properties may
contribute to improved performance characteristics of fusion
systems. Two major objectives have been considered in detail:

(a) the possibility of fast density ramp-up with the help of
pellets and the associated reduction of the NB performance
requirements; (b) a possible increase of the alpha power
production (at constant BT) due to the favourable density

and temperature profiles produced by pellet injection.




2. Reference Discharge and Transport Model

In all transport calculations reported herin the BALDUR 1-D

radial transport code /9/ has been applied. The parameters of the
recipient discharge were chosen in accordance with INTOR specifi-
cations (r = 5.2 m, a = 1.6 m, b/a = 1.6, B, = 5.5 tesla, I= 6.4 MA).

The scrape-off version of BALDUR used has allowed the ions diffu;
sing to the scrape-off layer and entering the divertor slits to be pumped off.
To simulate the intense localized recycling of the hydrogen in the
divertor chamber expected unter INTOR conditions the parallel flow
Mach number in the scrape-off layer was assumed to be 0.02.

The wall recycling coefficient was assumed to be unity,

i.e. all thermal plasma particles reaching the wall were returned to
the plasma as neutrals with an energy of 3 eV. The energetic

cxX neutrals lost were not included in the number of recycled par-
ticles: they were replaced by gas puffing. Such a model tends to
produce a rather thick scrape-off layer: neutrals launched from the
walls would generally become ionized in it, leading to an ion den-
sity profile with a local maximum in the boundary layer. This effect
can be suppressed in the calculations by either using an ad-hoc inward
drift term, or - as has been done in the present calculations- by
launching the neutrals from a fictitious limiter radius. This, owing
to deeper penetration, assures a flat density profile without the

use of an empirical inward drift term.

With regard to the dominating transport processes ALCATOR-INTOR

scaling was used and the following assumptions were made:

Xolm/4a] 5 x 10'%/ne [m73]

_ o for r < r y
DD,T = DHe 0.2 XQ, sc
=.1.5
xe 2
_ _ m?/s for r > r
DD,T = DHe = 1.0 [ 1 sc ?
where r denotes the inner radius of the scrape-off layer.

The ionscthermal conductivity ﬂﬂi was set equal to 3 times the
simplified neoclassical value. In the case of helium, an inward diffusion
term was also activated. The alpha particle heating model in-
cluded particle thermalization where the particles are deposited
with allowance for first orbit losses.




It should be noted here that the quantitative results of
scenario calculation may critically depend upon the transport
scaling used (see, for example, /6/). No attempt was made

in the present work to investigate the effect of the diffe-
rent scalings available. It is not expected that the basic
characteristics of the changes caused by pellets in the re-
cipient discharges, which are associated with deep fuel
penetration (as compared with gas puffing), would quanti-

tatively change if slightly different scaling laws were used.

According to an INTOR start-up scenario, a discharge is first
heated ohmically (Aﬁ%*= 3 s) and then by injection of neutral
deuterium particles with energy EDo = 175 keV and total beam
current 0.634 kA. The duration of the NB pulse is 6 s. The
specified beam current fractions associated with the 1/1, 1/2,
and 1/3 energy components are 0.42, 0.38, and 0.20, respectively,
and correspond to ion species ratios ofth=fD2+= fD5+= 80 = 15 : 5,
The total beam power fed into the plasma is ~ 75 MW. The refe-
rence state parameters of an ignited steady-state INTOR discharge
are as follows: <n;» ~ 1.5 x 1020 m-3,.<Ti> ~ 10 to 12 keV,

i.e. BT ~ 5 %. The maximum value of beta is regulated by a

"soft beta limit" built into the code: the electron thermal
conductivity is increased everywhere exponentially with in-
creasing B, : Xo = Xoo-1/2-exp[ const - <Bpoi>2]' In this

way the maximum value of Btor is limited to ~ 5 % and the

alpha power produced to Py ~ 130 MW. This set of data was

used in continuous fuelling scenario calculations.

In scenario runs pertaining to ignition by density ramp-up,

the possibility of reducing the beam energy by suitable mat-
ching of the beam and pellet injection parameters was explored.
Accordingly, three beam energies were considered: 120 keV,

100 keV, and 80 keV at increased value of the total beam
currents. The total beam power fed to the plasma was about

~ 110 MW in these cases at reduced (compared with the standard
NB pulse) pulse durations. The beam power was increased because
of the enhanced enerqgy losses expected at the lower start-up
densities in connection with the ALC.-INT. transport scaling

law used. The ion species ratios assumed in these runs are




somewhat different from the INTOR standard and are typical of
D+ * sz+ 2 fD3+ ==88 o 0an 5y
The resulting current fractions and the respective total particle

well-developed ion sources /10/: £

currents fed to the plasma are shown in Table 1.

EDo(keV) 80 100 120 175*

fI(EO) 0.64 0.62 0.47 0.42

fI(EO/Z) 0.20 0:2] 0.28 0.38
+20

fI(EO/3) 0.16 0.17 0.25 0

I (ka) 1.25 1.40 1.75 0.63

Table 1: D° NB heating pulse options considered
*: INTOR reference.

3. Ablation Model and Pellet Data

In most scenario runs, the neutral gas shielding ablation model

originally proposed by Parks, Turnbull, and Foster /11/ has been
used. This ablation model is based on the assumption of spherical
expansion of the ablated material in a (linear or toroidal) magnetic
field and does not take into account the effect of a possible pile-
up of the low-temperature ionized ablatant in the magnetic flux
tubes surrounding the pellet. The semi-empirical expression derived
in these analyses for the ablation rate is of the form

. 4/3 1/3 1.64
Nneutr. - rp g Te

In some scenario calculations, an optimistic ad hoc assumption
regarding the reduction of the ablation rate in a magnetic field has been used:
(see Pts I and V of Ref. /5/): Npagn = (1.2/Tg)* Npeyutr y Te in keVv.




The assumption is based on experimental observations /12/ and

on earlier analytical and recent numerical calculations /13, 14/,
which indicate that the magnetic confinement of the ionized ablatant
may cause notable deviations from the ablation rates predicted by
the neutral gas shielding ablation model. It should be noted that

it is not intended to propose a new ablation model here:

Nmagn is merely an assumption aimed at the investigation of the

consequences of possible deeper pellet penetration.

The number densities of condensed deuterium and tritium at T ~ 10°K
are np, ® 3.05 x 1028 13 ana N, = 3.23 x 1028 m~3, respectively/15/.
Hence a pellet with a radius of approximately rp:= 0.55 cm would double
the mean density in a standard INTOR discharge (V= 207.81 m?®).

A 10 % increase of the mean density corresponds to a pellet radius of
r, 0.25 cm. Tritium pellets with a radius of 0.34 cm to 0.37 cm

were used for density ramp-up, and deuterium and tritium pellets
(alternatingly) with a radius of 0.26 cm to 0.42 cm for repetitive
(quasi-continuous) fuelling purposes. The pellet velocity range
considered (BALDUR input data) was 2000 m/s to 4000 m/s in the case

of repetitive fuelling and a single velocity value of 3000 m/s in

the case of density ramp-up.

Note that, because of one-dimensionality, BALDUR neglects vertical
plasma elongation and works with an effective radius value

Togf = (ra . rb)1/2. Hence if pellets are injected into the torus in
the meridional plane, the velocity required for a certain penetration
depth is reduced by a factor (b/a)1/2c: 1.26 compared with the input

data values given above.

4. Ignition by Density Ramp-up

A possible application of pellet injection is ignition of fusion
plasmas by a sudden increase of the plasma density. The plasma is
first heated at low densities to sufficiently high

temperatures, and when the energy stored in the plasma is sufficiently

large, a pellet is injected into the discharge, thus stepping up




its density to values necessary to initiate ignition.
Density ramp-up may also be accomplished by a string of pellets,
provided the duration of density step-up is shorter than the
characteristic energy confinement time. It is assumed that the
density increase associated with pellet injection is a nearly
adiabatic process. (According to some experimental results /4/,
this assumption may not always hold.)

Besides the lower total energy required for heating a low-density
plasma (leaving scaling law effects for the moment out of consi-
deration), the heating process is more efficient here: in NB-heated
low-density plasmas the energy is preferentially coupled into the
plasma ions ("hot ion mode"), which allows enhanced alpha reactions
in theheat deposition zone and an early local transition from
driven to thermal fusion.

The threshold, i.e. minimum, values of the plasma energy and plasma
density, Btor and <'ne> , required for ignition under the discharge
conditions specified in Sec. 2 were determined by taking an ignited
INTOR discharge with the standard NB pulse (175 keV/0.634 kA/6 s)

and reducing, step by step, the pulse duration until marginal ig-
nition was obtained. This was the case with Aq?b =~ 4 s. The threshold
values of B, and <n_ > were found to be Bp ~ 2.5 and n_ ~ 1020 n73,
respectively (see Figure 1). It should be noted that the

soft beta limit option was turned off in the ignition scenario
calculations. Note that the Bp and <neg > values thus found do not

necessarily corresponds to values associated with optimized
heating paths.

All ignition simulation runs were started with anh ohmically heated,
almost pure tritium discharge (D+ : Tt = 95:5) maintained at constant
density until the start of the NB pulse (t = 3 8) ': < N %=

4 x 10'° ™3 for the E° = 120 keV and 100 keV cases, and

ng) =1x 10'° for the E° = 80 keV case (feed-back regulation,
i.e. gas puffing). The initial plasma density was selected in such

a manner as to ensure complete beam penetration at the pulse start
with tolerable ( < 10 %) shine-through losses. At t = 3 s one of

the NB heat pulse options specified in Table 1 was turned on and




kept active until the threshold ignition beta value Bp~ 2.5 was
reached. Owing to the intense deuterium particle currents associated with

the reduced beam energies, the plasma density notably increases
during NB injection and becomes rather tritium lean. It was thus
found necessary to ramp up the density solely by T, pellets (and
still be on the tritium-lean side after pellet injection).

Hence shortly before the cut-off moment of the NB pulse (~ 10 ms)
a Ty pellet is injected into the discharge, whose mass is selected
in such a way as to raise the average density from its momentary
value to the required ignition threshold density ~ 1020 p=3,

The NB pulse data and the resulting pulse durations and pellet sizes

required for density ramp-up and ignition are given in Table 2 for

the three beam pulse options considered.

Nominal beam energy
EDO (keV) 175% 120 100 80

Total beam current I (kA) 0.63 1.25 1.40 1.70

Beam pulse length required for
ignition Af®; (s) 6 2.16 2.68 3.00

T, pellet radius required for
density ramp-up (cm) = 0.37 0.34 0.29 (x2)

Pellet injection time
(relative NB pulse start) (s) - 2.15 2.67 1 and 2.99

Table 2: Results of ignition scenario calculations corresponding

2400 m/s (BALDUR input: v_. = 3000 m/s).

to v p

p real ~
*
INTOR reference (with gas-puffing).

Note the decreasing pellet sizes and increasing beam pulse lengths corres-
ponding to increasing total beam particle currents. The total energy
fed into the plasma.PB . Aq:B for obtaining marginal ignition first
decreases then increases with decreasing nominal beam energy. In

the case of the 80 keV beam option, the beam current is rather in-
tense and the central part of the discharge rapidly becomes tritium-

lean. A single T, pellet injected at the pulse end is not sufficient




in this case to bring a sufficient amount of fresh fuel to the
reaction zone before the temperature starts to decay here, and it
was necessary to inject an auxiliary pellet into the discharge
2 s before the end of the beam pulse. Density ramp-up with a single pellet

would have required higher pellet velocities in this case.

For each of the beam options considered, reference scenarios with
density ramp-up solely by gas puffing have also been computed.
Numerous test runs have shown that optimum results correspond in
these cases to gas puff durations that are approximately equal to
and coincide with the NB pulse durations. Shorter and intenser gas
puffs have been tested as well. The corresponding results show that,
if the gas puff is triggered at the beginning of the NB pulse, the
NB particles are intercepted at the plasma periphery and the central plasma region
is cut off fromthe heat supply, thus impairing ignition. If thegas puff is triggered
close to the pulse end, the time required for transporting the fresh fuel
from the plasma periphery to the reaction zone by diffusion may be
longer than the decay time of the central temperature after the
heat pulse has been turned off, and no ignition can be reached.

For identical NB heating pulses and for the same initial and

final average density values, the reference runs in which pellet

injection was replaced with "optimum" gas puffs did not yield ignition.

It may be of interest to note that an 80 keV/1.7 kA/4 s NB pulse
combined with density ramp-up by gas puffing yielded ignition,
whereas an 80 keV/1.7 kA/5 s NB pulse did not ( ATq p. =.AQT§).

In both cases, the density was increased simultaneously with the
NB pulse to the same final value. Hence in the case of the shorter
pulse the tritium influx rate is higher, thus resulting in faster
inward diffusion. A sufficient amount of fresh fuel could reach
the reaction zone before the temperature started to decrease there.
In the case of the longer pulse no ignition could be reached,

although more energy was fed to the plasma.

Figures 2 and 3 show temperature and density distributions prior
to and immediately after pellet injection for the 120 keV beam option.
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The time variations of Te' T ne, and B are shown for this

case in Figs. 4 and 5, respeétively. The corresponding
reference scenario (density ramp-up by gas puffing) is
illustrated by Figs. 6 and 7, respectively (Fig. 6 shows
distributions at the end of the ramp-up pulse). An analysis

of these figures shows the basic differences between density
ramp-up scenarios obtained with pellet and with gas puffing.
Starting with identical initial densities, if the gas puff

is actuated simultaneously with an NB pulse, the density and
temperature profiles become flattened during the pulse
because, as time goes on, the beam is intercepted increasingly
further outward. In the case of pellet injection, the

density is increased during the NB pulse only by the beam
particles themselves, and deep beam penetration with central
heating may be maintained up to the moment of pellet injection.
Hence the hot ion mode’supplemented with centrally peaked
density and temperature profiles prevails up to the moment of
density ramp-up.

The time variations of Te’ T ne, and B shown in Figs. 8 to 11

oy
and in Figs. 12 to 15 corres;ond to the 100 keV/1.4 kA/2.68 s
and 80 keV/1.7 kA/3.0 s beam options, respectively. Note the
two pellet injected into the plasma in the 80 keV case. The
"reference" cases (Figs. 11 and 15) correspond to density

ramp-up by gas puffing.

The sudden temperature drop associated with the injection of a
single large pellet into the plasma (the density ramp-up shown
in Fig. 3 is accompanied by a ~ 50 % decrease of the average
ion temperature) may be "softened up" by replacing the large
pellet by a string of smaller pellets within a single energy
confinement time. In a test run 9 smaller pellets were injected
within 1.3 s into the discharge and ignition was obtained
without causing sudded changes in the temperature evolution.

Figure 16 shows the temporal variations of n_, T

& e ¥ and BT

corresponding to this case.



Additional information pertaining to the density ramp-up
scenarios is provided in Tables 3 to 5 for the three NB
options considered. The values of various plasma parameters
(Ty(0) s €T4> 440> 4 By [yiov T
for three time levels:

(a) The time instant 0.5 s after the start of the NB pulse,

T’ iv’ and B ) are tabulated

(b) the time immediately after density density ramp-up, and
(c) a time sufficiently long after the density ramp-up.

The reference values shown correspond to density ramp-up by
gas puffing. A comparison of the ion temperatures or alpha
power outputs (pellet injection vs. reference case) shows
appreciable differences for the two methods considered. A
comparison of the values corresponding to the second and
third time levels indicates the presence or absence of
self-substained burning, i.e. ignition. Note that the
particle flux into the divertor Pdiv immediately after
density ramp-up is notably smaller in the case of pellet
injection than in the case of gas puffing. This is due to
the massive transient flow induced by gas puffing in the
outer plasma layers if density ramp-up by means of gas

puffing is applied.

Note that the ~ 110 MW beam power applied at reduced beam
energies (because of the reduced energy confinement associated
with the low start-up densities and the assumed confinement
scaling law) might be reduced by increasing, at the same

time, the pulse lengths specified in Table 2. No optimization
has been done in this respect. A scaling law other than the
(1/n) -typehere used may further relax the NB heat input re-

quirements.
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Table 3 : Density ramp-up scenario data for the
120 kev /1.25 kA /2.16 s NB heating pulse case.

Pellet data (Tz):rp =0.37 cm, Np/Npla = 1.05,

Vo real = 2400 m/s, t9 jn0 0= 5415 s .

NB pulse timing: ton = 3.00 s, tOff = 5,16 "85

Reference run (density ramp-up with

gas puff alone) : LLL 238

Run No. with pellet injection: LLL 624

LLL 620
LLL 210
t = 3.5 s t=.6.178 t =.11%.:8
Ref. Pellet | Ref. Pellet | Ref. Pellet
case case case case case case
T, (0) [kev] |12.3 | 13,4 j24.2 3309 25.5 |52.0
<7.> [xev] | 5.5 { 6.9 |10.0 !10.3 2 g L
<Te> [kev ) &2 Toage THeE0 165 6.8 [12.9
19_=3 * ‘
(n) [10m 73] 5.1 | 4.3 9.0 | 9.9 9.2 | 9.1
Kao> [%] 0.8 0.8 |2.4 ;2.5 2.0 | 4.6
22 -2 -] i
[, [10%n7%s™] 1.8 L 1.2 3.3 | 1.4 20 %37
1

T L1+ 1.2 1 0.9 2.5 4.0 2.4 | 2.4
Py ] 7.1 1 7.1 140. 116. 28.  {77.

* Values computed for r =

1.22 m under transient state conditions.




Table 4 : Density ramp-up scenario data for the

]

100 kev /1,4 kA /2.68 s NB heating pulse case .
Pellet data (T2):rp = (0.34cm, NP/Npla =0.65,
VP e 2400 m/s, tpel inj = 5.67s -
NB pulse timing: tOn = 3.00 s, toff = 5.68 s .
Reference run (density ramp-up with
gas puff alone) - LLL 237
Run No. with pellet injection: LLL 623
LLL 212
ti= 3.5 8 t = 5.7 s t =11.0s
Ref. Pellet | Ref. Pellet | Ref. Pellet
case case case case case case
T, (o) [kev] | 11.4 | 12,9 |21.8 |28.5 20.6 | 41.4
¢<T,> [xev] | 5.5 6.2 [10.3 l10.9 9.3 | 13.5
N e 4.1 4.6 | 8.2 | 7.5 8.0 |11.0
19 -3
(n) [10"°n73)| 5.0 | 4.3 9.2 | 9.6 9.1 | 9.1
By |#] 0.74f 0.75 | 2.5 | 2.6 2.4 | 3.6
22 =2 -1 i
[ 11022727 1.7 L2 3.4 1.8 (P Y
T Is]* 1,0 i 0.9 2.1 i 8.7 2.4 4234
5.4 1 5.4 |42, 72, 37+ 1162
Pd. [Mw] ; |

* Values computed for r =

1.22 m under transient state conditions.
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Table 5 : Density ramp-up scenario data for the

80 kev /1.7 kA / 3.0 s NB heating pulse case .

= = . = .33
Pellet data (Tz)grp 0.-122 em), NP/Npla 0.75 0
Vp fead = 2400 m/s, tpel e 4 s and 5.99 s ;
NB pulse timing: ton = 3.00 s, tOff = 6.0 s
Reference run (density ramp-up with
gas puff alone) sOLTT,2 242
Run No. with pellet injection: LLL 625
LLL 619
t = 3.5 s t = 6.04g £t =11. s
Ref. Pellet | Ref. =~ Pellet | Ref. Pellet
case case case ; case case case
1, (0) [kev] [19.8 | 218  |21.0 (24.3 19.7 | 34.0
¢Ti> [xev] | g7 1927 l10.0 l10.4 6.2 |11.0
B P e Lo 4,4 i 4,9 7,7 - 7.6 5.7 9.3 '
(o) [10"%n73)] 2.6 | 2.1 9.5 1§ 9.95 9.7 | 9.7 |
e i i
; t
0.6 | 0.6 2.4 . 2.6 1.7 3.1 |
(8> | %] J6/9}- . 0. A2 : : |
i
22 -2 -7 5 @
[ [10?2%7] 0o . 0.6 | 3.9 | 2.5 1.9 9]"2;8 |
: ! !
T; [s]* i : ' i
0.5 | 0.5 L0 2.0 2.4 2.5 !
i i 1 i
Py ] 2.2 ' 1.9 133, - eo0. j25. | 53. ;

* Values computed for r = 1.22 m under transient state conditions.




5. Continuous Fuelling by Pellet Injection

A reactor thermal output of 650 MW requires a fusion reaction
rate of approximately 2.3 x 1020 5_1. Assuming a fractional

burn-up of ~5 % (INTOR specification), at least n-1022 par-

ticles /s must be pumped off at this power level in order to
assure the necessary helium pumping rate. Hence under steady-
state operational conditions, an equal number of fresh fuel
atoms must be added to the plasma (per sec) by gas puffing or
pellet injection.

In a series of calculations performed for NET, the optimum com-
binations of pellet sizes, pellet velocities, and pellet frequencies
were investigated by injecting a string of 10 pellets, D, and Ty
alternatingly, ("continuous" fuelling) into an already ignited
standard INTOR plasma. Before and after pellet injection, the
density was kept at a constant level by gas puffing. The same trans-
port scaling laws were assumed here as in the case of the ignition
scenarios (ALCATOR-INTOR) with an addition: the "soft beta limit"

was applied to obtain steady-state burn conditions.

Preliminary results obtained have shown that the response of the
recipient discharge to the injection of a continuous string of
pellets, i.e. the change of the temperature and density distribu-
tions, the onset of favourable or unfavourable profiles and the re-
sulting changes of the particle and energy confinement times are
functions of the pellet mass-velocity-frequency combinations
applied. Hence, for determining the optimum injection characteri-
stics, systematic scanning of these parameters was performed on
the basis of the following considerations: First, deep pellet
penetration produces favourable density profiles, improves the
confinement time, and increases the alpha production rate. Hence
for a given velocity the pellet mass should be large enough to
ensure deep penetration and yet small enough not to cause large-
amplitude density fluctuations. Second, the pellet frequency re-
quired for continuous fuelling depends on the particle confine-
ment time associated with the modulated density and temperature
profiles developing during continuous pellet fuelling. Care
should be taken that the frequencies chosen and the respective

injection periods are different from the characteristic response
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time associated with burn control ( 2,1 8) ziThirds: the
particle exhaust flux should be large enough to ensure the

rate required for helium pump-off.

In the optimization runs, for a given pellet size-pellet
velocity combination, the pellet frequency was varied until
the time average of the modulated mean plasma became

approximately constant.

Representative results of continuous fuelling scenario cal-
culations are shown in Figs. 17 to 28. In each figure, the
temporal variations of Ti(o), <tpi> 7 ne(o), <ne> , and

n, (o) associated with the repetitive injection of (10)
pellets are shown. Figures 17 to 22 correspond to the neutral
gas shielding ablation model, while Figs. 23.to 28 to!'the
magnetic shielding approximation used. In both cases, the
first three figures were computed with vinjft 1600 m/s

(2000 m/s BALDUR input) and the last three ones with

vinjit 3200 m/s (4000 m/s BALDUR input) pellet velocities.
Three pellet size/frequency combinations were considered for
each velocity: rp/fp = 0.26 cm/6.7 Hz, 0.33 cm/3.3 Hz, and
0.42 cm/1.7 Hz, corresponding approximately to the same
fuelling rate (3.0 to 3.5 x 1022 7). consider now the
cases shown in Figs. 18 and 24 (or Figs. 21 and 27) corres-
ponding to the same pellet sizes (0.33 cm/3.3 Hz) and pellet
velocities (1200 m/s for Figs. 18 and 24 and 3200 m/s for

Figs. 21 and 27) but to different ablation rate approximation.

The effect of deep pellet penetration associated with the
magnetic shielding approximation is apparent: the central
density changes almost simultaneously with the average density
and, owing to the high density and improved energy confinement
in the plasma centre, enhanced alpha particle production

results there. The corresponding temperature changes indicate




that deeper fuelling is associated with a larger temperature
drop in the plasma centre. However, owing to the onset of
enhanced alpha heating the central temperature rapidly re-
covers. The amplitude of the average density modulation,
i.e. the Ane/<he> ratio is approximately 9 % in this case.
Keeping the fuelling rate unaltered, we changed (both in-
creased and decreased) the pellet injection frequency by a
factor of 2 (high-frequency cases: Figs. 18, 21, 24, and 27;
low-frequency cases: Figs. 20, 23, 26, and 29). One will
note the downward drift of the mean density in the high-
frequency case. The fuelling rate chosen is apparently not
sufficient in this case to compensate the enhanced particle
losses associated with the smaller penetration depths of the
small pellets. A slight drift of the mean plasma density
during pellet injection can be observed in all figures dis-
played. This drift is due to profile readjustments in the
plasma, which may take several seconds under reactor con-
ditions (see the-(Ti>-and particularly the Ti(o) curves) .
Apparently, a larger number of pellets would be necessary

for simulating truly quasi-steady end states.

Some results of the fuelling scenario calculations corres-
ponding to the two different pellet velocities and the two
ablation rate approximations considered are summarized in
Tables 6 and 7. Some of the quantities appearing in these
tables are normalized with respect to values corresponding
to gas puffing (subscript g). Note the improved output
characteristics associated with deep pellet penetration.
However, even with ~§ea1 % 1600 m/s and the (pessimistic )
neutral gas shielding ablation model an increase of the
alpha power output of over 8 % is observed in the case of
pellet injection ( An/{n> ~ 9 %) as compared with gas puffing.
Since FL L BTZ, a part of the alpha power enhencement is a
result of the increased average Bt value, while the rest can

be attributed to profile changes produced by pellet injection.
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The quantity

*
- 2
P, = (P /PM"/‘Bt/Btg)
appearing in Tables 6 and 7 represent normalized alpha power

output caused solely by profile changes.

As can be seen, while in the case of the neutral gas shielding
ablation model the alpha power production increases with in-
creasing pellet size and/or pellet velocity (see also the
variations of Bt and Ef ), in the case of the magnetic
shielding approximation Py reaches a plateau, or even de-
creases |( E: ) with increasing pellet size. The reason for
such a behaviour is obvious: while in the first case the
pellet penetration depths are still far away from central,
in the second case they are rather large and no further
improvement of Py /Py, (OCr ﬂ: ) may be expected. Moreover,
the massive cooling of the plasma center by the largest
pellets applied (rp = 0.42 cm) inhibits the alpha particle
production rate there. Hence care should be exercised in
selecting the pellet injection parameters when central

fuelling is considered.

The particle flux into the divertor is reduced (typically by
35 %) if pellet injection is applied. However, the particle
exhaust fluxes obtained (typically 3.5 x 1022 m_2 s-1) are
still more than sufficient for ensuring the necessary helium
pumping rate. It should be noted, however, that the exhaust
flux values obtained are functions of the edge model used in
the calculations (intense localized recycling in the divertor

chamber) .
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6. Discussion and Conclusions

The results of scenario calculations seem to prove the superiority
of pellet injection over other fuelling methods under thermonuclear
plasma conditions, in spite of a number of uncertainties inherent
in the present calculations. Let us briefly summarize the factors

that may affect the accuracy of the results obtained.

(a) Both the transport code and the ablation models used are
1-D approximations, whereas a pellet injected into a plasma
means a massive local perturbation of the recipient medium.
Hence the problem is truly three-dimensional, and the accuracy

associated with the 1-D approaches applied is unknown.

(b) The results of transport code calculations strongly depend
upon the transport scaling models used. Should the actual
transport processes notably deviate from the ALCATOR-INTOR

scaling applied here, some of the conclusions may have to be
modified.

(c) The neutral shielding ablation model and its "magnetic" variant
applied here are based on the assumption that pellet ablation is
caused primarily by thermal electrons present in the plasma.
Estimates pertaining to the effect of nonthermal particles
such as NB ions, alpha particles and runaway electrons /5/
show that this assumption may not always be true. The actual
pellet ablation rate is most likely determined by the
simultaneous action of all relevant energy carriers present
in the plasma.

(d) There exists experimental evidence according to which pellet
ablation may not always be considered as an adiabatic process.
In experiments on ASDEX /4/, the energy content of the plasma
dropped somewhat every time a pellet was injected. It was
shown some time ago that pellets may serve as targets for CX

collisions and may thus cause enhenced energy losses /16/.
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However, because of the 3-D nature of the problem, it
is difficult to estimate quantitatively the magnitude
of CX energy losses on the basis of 1-D transport code
calculations. The effect of possible MHD activities
excited by pellets in the recipient plasma could not
be taken into account in the present scenario calcu-

lations either.

(e) The scrape-off layer model used in the present calcu-
lations (a parallel flow Mach number ~ 0.02 with in-
tense localized recycling in the divertor chamber)
may also limit the generalization of the results

obtained.

In spite of the uncertainties listed, pellet injection in
thermonuclear plasmas seems to possess a number of advan-
tages not matched by any other fuelling method. The principal
advantage of the method lies in the reduced transport time
of the fresh fuel particles from the plasma boundary to the

heat deposition (or alpha reaction) zone. Hence:

1. If ignition is attempted in a NB-heated plasma by density
ramp-up, pellet injection makes it possible to start with
a plasma density sufficiently low to ensure deep beam
penetration, central particle deposition and thus peaked
temperature and density profiles. Advantage can be taken

]
of the hot ion mode’in this case.

2. Transition from NB-driven fusion to self-substained alpha
particle production may be possible at lower beam energies
and shorter beam pulses (with increased beam currents)

than in the case of gas puffing (see Table 2).

3. Pellet injection transports fresh fuel to the reaction zone

on a time scale that is much shorter than the diffusion time

characterizing the method with gas puffing. While in the case




- 23 -

of density ramp-up by gas puffing the ramp-up time is
finite and the beam may be blocked off at the plasma
periphery before the heating pulse is off, density
ramp-up by pellet injection is practically instantaneous
and unimpaired beam penetration may be granted during

the entire heating phase.

As regards continuous fuelling, repetitive pellet in-
jection produces peaked density and temperature pro-
files. It also increases the central Btor values and
may cause a substantial increase of the thermal alpha
power output over the value predicted with gas puffing
(approximately 8 $ in the case of the neutral shielding
ablation model coupled with shallow pellet penetration,
i.e. with Veagy * 1600 m/s, and approx. 30 % in the
case of magnetic shielding approximation coupled with

v = 3200 m/s).

real
The particle exhaust flux corresponding to pellet fuelling
is somewhat reduced compared with edge fuelling, but is

still more than sufficient for effective helium pump-off.
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Temporal variations of the electron and ion

temperatures during density ramp-up by pellet

injection for the
NB pulse case.

80 kev/1.7 kA/3.0 s
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Fig. 14:

Temporal variations of the electron and alpha
particle densities and of the beta values during
density ramp-up by pellet injection for the

80 keV/1.7 kA/3.0 s NB pulse case.
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Temporal variations of the electron and alpha
particle densities and of the beta values for the
reference discharge (density ramp-up by gas
puffing) of the 80 kev/1.7 kA/3.0 s NB pulse case.
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Fig. 16: Density ramp-up by a string of pellets:
NB pulse: 100 keV/1.11 kA/3 s. Pellets: rp = 0.25 cm,
vinj = 3200 m/s. The first three pellets are

T2 pellets, the rest D2 and‘T2 pellets alternatingly.
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Fig. 17: Continuous fuelling: temporal viﬁiations of T, and
ng for rp = 0.26 cm, fp = 6.7 s , and Vinjgt 1600 m/s.
(Neutral gas shielding ablation model.)




IPP-CRAY 30.01.85 22:54:32 LLLO73 J1-03 015

TI-AXIS = F (T) TI-AVG = FI(T)
INTOR, NUM. SCR. OFF BALOIIOR / 20.0CT83
75.00 75.00
56.25 56.2¢
37.50 37.50.
li(h
18.75 18.75-
{ W2
0.00 0.00
0.00 . 3.00 6.00 9.00 12.00 15.00 [
IPP-CRAY 30.01.85 22:5u4:32 LLLO73 J1-03 016
NE-AXIS  NE-AVG N-IMP-RX (..} = FI(T)
INTOR, NUM. SCR. OFF BALDIIOR / 20.0CT83
3.0E*1y !.UE“I":
1
2.2E~1y4 2.28"“;
I
1.SEe14 | 1.SE+1]
7.5€+13 7.5E+13
: i
0.0E+00 ILIJE'OO‘l
0.00 3.00 6.00 9.00 12.00 15.00 1%

Fig. 18: Continuous fuelling: temporal variations of T, and

..1 ~
ng for rp = 0.33 cm, fp = 3,38 “,.and Vinj ~ 1600 m/s.

(Neutral gas shielding ablation model.)
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Fig. 19: Continuous fuelling: temporal variations of Ty and

= _ -1
ng for rp 5 0542 ey £ =sl.78 , and Vinj‘a 1600 m/s.

(Neutral gas shielding ablation model.)
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Fig. 20: Continuous fuelling: temporal variations of Ti and

—_ =1 ~
n, for rP = 0.26 cm, fp = 6.7 s , and vinj 3200 m/s.

(Neutral gas shielding ablation model.)
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Fig. 21: Continuous fuelling: temporal variations of Ti and

= =1 v ~
ng for rp = 0.33 cm, fp = 3.3 s , and ing ® 3200 m/s.

(Neutral gas shielding ablation model.)
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Fig. 22: Continuous fuelling: temporal variations of T, and

- o =l v =
n, for rP = 0.42 cm, fp = 1.7 s , and inj ® 3200 m/s.

(Neutral gas shielding model.)
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Fig. 23: Continuous fuelling: temporal variations of Ti and

=3 -1 v ~
n, for r = 0.26 cm, fp = 6.7 s and e 1600 m/s.

(Magnetic shilding approximation.)
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Fig. 24: Continuous fuelling: temporal variations of T, and

-1 :
n for r_ = 0.33 cm, fp = 3.3 s and ‘Enjz 1600 m/s.

(Magnetic shielding approximation.)
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Fig. 25: Continuous fuelling: temporal variations of Ti and

X5
ng for

= 0.42 cm, fp

= 1.7 81

, and Vv

(Magnetic shielding approximation.)

inj = 1600 m/s.
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Fig. 26: Continuous fuelling: temporal variations of Ti and

_ _ -1
ng for rp = 0.26 cm, fp = 6.7 s ', and Vhtjz 3200 m/s.

(Magnetic shielding approximation.)
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Fig. 27: Continuous fuelling: temporal variations of T, and

n_ for o = 0.33 cm, fp =:3.3.'8"

1

. and Vinj & 3200 m/s.

(Magnetic shielding approximation.)
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Fig. 28: Continuous fuelling: temporal variations of T, and

_ _ -1
n, for rP = 0.42 cm, fp = 1.7 s ', and Vinj“ 3200 m/s.

(Magnetic shielding approximation.)
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