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Comment on Li pellet conditioning in tokamak fusion test reactor

R. V. Budny

Princeton Plasma Physics Laboratory, Princeton, New Jersey 08543, USA

(Received 27 May 2011; accepted 9 July 2011; published online 9 September 2011)

Li pellet conditioning in TFTR results in a reduction of the edge electron density which allows
increased neutral beam penetration, central heating, and fueling. Consequently, the temperature
profiles became more peaked with higher central T;, T,, toroidal rotation, and neutron emission
rates. © 2011 American Institute of Physics. [d0i:10.1063/1.3626541]

I. INTRODUCTION

Wall conditioning is helpful for achieving high plasma
performance in tokamaks as measured by high temperatures,
confinement times, and neutron emission. These beneficial
effects result from reduced influx from the walls and lower
impurity levels in the core plasma.

One of the wall conditioning techniques is the use of Li
to coat the walls. There is a renewed interest in studying Li
in various fusion test devices.! One technique for introducing
Li is via pellet injection. This was pioneered in ALCATOR-
CMOD where it was first used for impurity transport studies.
Li pellet wall conditioning was tried in ALCATOR-CMOD
Ohmic H-modes without a big effect except for reduction in
H-mode threshold.? Li pellet wall conditioning was also tried
in ALCATOR-CMOD with ICRF heated shots with peaked
density profiles.> Enhanced energy confinement and fusion
reactivity were seen.

Various conditioning techniques were used in TFTR.
The technique which injected the highest amount of Li was
injecting an aerosol from laser ablation of Li (DOLLOP).* Li
pellet injection was also used extensively in TFTR. Strong
improvements in performance were seen.’ Typically small
~ 3mg pellets were injected before or after the high power
phase of the plasma discharge. This paper discusses analysis
of a series of TFTR shots using this technique.

Il. SHOTS STUDIED

The shots studied here were a series of five well diag-
nosed TFTR shots. They showed rapid changes from poorly
conditioned to well conditioned supershots. The shots had a
flat top current of 2.5 MA and toroidal field of 5.1 T. Deute-
rium was the bulk hydrogenic species. Traces of hydrogen
and tritium from recycling were also present. The shots were
heated by neutral beam injection (NBI) of D° from 3.5 to
4.3 s. The first four had 19.0 MW injected with 56% of the
power in the co-plasma direction and the fifth had 24.8 MW
with 66% of the power injected in the co-plasma current
direction.

Li pellets were fired into the shots after, and in all, but
the first shot before the beam heating phase. Three of the
shots had two pellets injected early. The timing can be seen
from the traces of the measured central electron densities, as
echoed in TRANSP, shown in Fig. 1.
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lll. ANALYSIS AND RESULTS

TRANSP analysis® was redone to incorporate several
improvements recently added to the code. These include the
ADAS atomic cross section data’® which is more up-to-date
than the Oak Ridge “Red Book™ data used in TRANSP dur-
ing the TFTR experimental campaign. Also the TEQ equilib-
rium solver’” now in TRANSP gives more accurate
numerical solutions to the Grad-Shafranov equations com-
pared to the VMEC solver. Neither of these improvements
had significant changes in the TRANSP results. The accu-
racy of the TRANSP analysis is indicated by the accuracy
simulating the neutron emission rate. A comparison for the
first shot of the series is shown in Fig. 2.

The source rate of D ™ within the last closed flux surface
(LCFS) due to wall recycling is needed for the analysis. This
is calculated from the measured D, rate using the DEGAS
code,' as shown in Fig. 3. The decrease in the peak rate
from shot to shot in the series is correlated with the increase
in the central electron density n, during the NBI phase,
shown in Fig. 1.
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FIG. 1. (Color) Central electron densities. The truncation of the density near
the pellets is due to the use of a time window around the injection times,
which halts the TRANSP analysis. One Li pellet was injected into the post-
NBI phase of all the shots. One Li pellet was injected into the pre-NBI phase
of the second shot. Two Li pellets were injected into the pre-NBI phase of
last three shots. Sawteeth effects are seen in the first shot of the series.
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FIG. 2. (Color) Measured and computed neutron emission rates for the first
(unconditioned) shot of the start of the conditioning series. The beam-ther-
mal, beam-beam, and thermonuclear contributions to the TRANSP total are
indicated. The approximate agreement between the measured and TRANSP
simulated total neutron rate indicates accuracy of the TRANSP analysis.
A sawtooth crash at 4.33 s causes dips in the neutron emission rates
computed by TRANSP.

The numbers of Li ions injected into the LCFES is calcu-
lated in TRANSP using the discontinuities of the measured
electron density profiles n, before and after each pellet.
Example of the measured n, and computed Li density n;,; pro-
files near the time of one of the pellet injections are shown in
Fig. 4. The number of Li ions injected into the LCFS is calcu-
lated to be 4 x 10°°. The numbers of Li ions calculated this
way for each of the pellets are given in Table I. The number
of Li ions is calculated to decrease below 6 x 10'” by 3.7 s,
i.e., 300 ms after the start of NBI. For comparison, the maxi-
mum number of thermal deuterons within the LCFS (during
the NBI phase) is 4.0-5.4 x 10*° and the maximum number
of fast beam ions is 1.8-2.3 x 10*°.

The number of Li ions from each pellet is 5 x 107", so the
TRANSP calculations indicate that most of the injected Li
penetrates the LCFS. One source of uncertainty in the
TRANSP calculation is the lack of measured Z.g profiles dur-
ing the Ohmic phases when the pellets are injected. The Z.
profile during the NBI phase used in TRANSP is from the
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FIG. 3. (Color) Rate of D* ionizations within the LCES from wall recycling
calculated from measured D, emission scaled by a constant to convert pho-
tons to ionizations within the LCFS. The constant is calculated by DEGAS
modeling of D, emission along five chords in similar plasmas.'® The rate
decreases more than a factor of two with conditioning.

measured carbon density shape normalized by a calibrated
chordal visible bremsstrahlung emission measurement.

Density profiles at the end of the NBI are shown in
Fig. 5. A slight, but significant decrease in n, outside of x
(defined by the square-root of the toroidal flux) =0.4 is seen
in Fig. 5(a). The measured carbon impurity density nc
increases in the core (Fig. 5(b)), but the thermal deuterium
density np also increases in the core (Fig. 5(c)). This is im-
portant for increasing the neutron emission rate.

The deposition rates of the beam neutrals depend sensi-
tively on the n, profile. Profiles of the deposition rates are
shown in Fig. 6. The deposition rate in the core increases
with conditioning. The electron source rate from ionizations
caused by beam injection is shown in Fig. 7(a). The volume-
average source rate of electrons in the core (x < 0.2) is about
(1.3-1.4) x 10*°/m’ /s for the four shots (with Pygz =19
MW), and (1.7-2.0) x 10°°/m®/s for the last shot (with
Pnpr=24.8 MW). These rates within 30% of the average
rates of increase of n, shown in Fig. 1 during the first 200
msec of beam injection. Thus beam ionization rates in the
core can account for the rise in the central n, during that time.
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TABLE 1. Number of Li ions injected within the LCFS [10%°] and Pngr [IMW]. The number of Li ions is derived by TRANSP from the discontinuity in the
measured n, profiles before and after the injection. The Li is computed to exit the LCFS with a half-life of 200 ms.

Shot number 1st pre-NBI 2nd pre-NBI NBI Post-NBI
Injection time [s] 2.21 2.72 3.5-4.7 4.76
76649 0 0 19.0 0.1
76650 0 4.5 19.0 3.7
76651 3.0 3.8 19.0 4.9
76653 34 1.3 19.0 3.7
76654 3.5 24 24.8 3.7
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FIG. 5. (Color) Electron, carbon impurity, and thermal deuterium densities profiles at 4.3 s. The deuterium density is computed in TRANSP by local charge
neutrality using the measured electron and carbon densities and computed beam ion densities.

2'5 T T T T T T T T T T E_: 25 T T T T T T T T 3
] | I 1 IBea‘m delposi‘tion rlate: §‘ i Volume-integrateé beam deposition rate]| %
] 76654 15 ] 18
2.0 J¢ 2.0 3
N poies i :
T 76651 138 g
=, = 18 © ~ 8
- 1'5_, 76650 _,g m._"] 5_, B é
- b 76649 15 3 ] ] § FIG. 6. (Color) Profiles of the beam
E 1.0.] 18 #* 1.0 B é deposition and  volume-integrated
#*= ] e ] 1% deposition.
] 12 ] 1z
0.5 J¢ o5 23
- - g - - é
1 19 ] 1
4 Time=3.7s JE 4 Time=37s |«
00 T ‘ T | T ‘ T | T | T ‘ T | T ‘ T | T - 00 T T | T T T E
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 10
x = sqrt-root norm toroidal flux x = sqrt-root norm toroidal flux
B oo 3
1021 J T T E T T T ] { L L L ;‘ 10 EE 3 -g‘
= lectron source rate from beam ions] e 7 lon source rate of wall D recycling =K
] 15 ] 76649 18
. | E 76650 43
—_— 76649 2 \ ] ‘
102 / 1% 102 76651 % FIG. 7. (Color) Profiles at 3.7 s of elec-
o 7 1E . 1 EE tron ionizations of beam neutrals
ol e = . . & (direct + halo) and ionizations of deute-
IS | § £ E § rium from wall recycling (inferred from
P 48 5 A 48 the measured D, emission and DEGAS
19 E 19 E modeling). Recycling dominates outside
e E Tho E é 10 E 76654 E % x=0.5 and beam fueling dominates
] ] E =] ] E inside.
1 76653 12 ] 13
B 13 & 18
| Time=3.7s e Time =37 £
18 o 18 o
10 T | T ‘ T | T ‘ T | T ‘ T | T ‘ T | T 10 T ‘ T I T | T ‘ T | T | T ‘ T I T | T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
x = sqrt-root norm toroidal flux x = sqrt-root norm toroidal flux

Downloaded 09 Sep 2011 to 128.112.204.195. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



Phys. Plasmas 18, 092506 (2011)

FIG. 8. (Color) Profiles at 4.0 s of beam
heating of thermal ions and electrons.
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FIG. 9. (Color) Central ion temperatures in the core and ion and electron temperature profiles at 4.3 s.

For comparison, the estimated rate of ionizations from recy-
cling deuterium is shown in Fig. 7(b).

Heating profiles from the NBI are shown in Fig. 8. The
NBI heating of thermal ions in the core is considerably
higher than that of (thermal) electrons. Higher rates of ion
heating are achieved in the shots with better conditioning.
The higher heating results in large central ion temperatures
(Fig. 9). The peak values are doubled as a result of the Li
pellet conditioning. The peak values for last two shots in the
series are among the highest measured in TFTR. The elec-
tron temperature profiles measured from electron cyclotron
emission (Fig. 9(c)) also become more peaked with higher
central values. Since the beam-electron heating does not
change significantly, the increase is due mainly to increased
ion-electron energy transfer.

There is speculation'' that with sufficient coverage of Li
on the walls to prevent recycling, the temperature profiles
will have reduced gradients in the core and high temperatures
near the wall. A benefit of this could be reduced temperature
gradient driven turbulence, high beta, and high fusion power.
No tendency was observed with Li pellet conditioning in
TFTR for either T; or T, to increase near the edge. This lack
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FIG. 10. (Color) Toroidal rotation rate profiles at 4.3 s.
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of broadening of T; or T, could indicate that not enough Li
ions were injected in this series to cause this effect.

The toroidal rotation profiles measured from the carbon
impurity via charge-exchange spectroscopy increase with Li
pellets. They are shown in Fig. 10.

The density of the moments of angular momentum
decrease nearly a factor of two outside x = 0.4 and increase
in the core with conditioning. The beam torque densities also
decrease outside x = 0.4 and increase in the core with condi-
tioning. Unlike the beam fueling rate, the beam torquing and
heating rates increase gradually after the NBI starts. Thus the
rates of increase of the central toroidal rotation and energies
of the thermal plasma are not related simply to the torquing
and heating rates. The higher central T; results in higher total
stored energy, and the higher central T; and np result in
higher neutron emission. These are shown in Fig. 11. The
last shot in the series (76654) had higher Ppyp; than the
others, and the higher heating explains most of the increase
above the earlier shots.

IV. SUMMARY

The TRANSP code is used to analyze data from a series
of Li pellet conditioning in TFTR. The conditioning resulted
in a reduction of the edge density. The TRANSP results show
that this allowed increased neutral beam penetration, central
heating, and fueling. This allows increased peaking of the
density and temperature profiles, and higher central T;, T,,
and neutron emission rates. The observation of more modest
results of Li pellet conditioning in ALCATOR-CMOD can
be attributed to the fact that NBI was not available.
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