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Observation of hydrogen pellet ablation
material flow by tomography
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An Ha emission measurement array with 25 detection channels has been built on HL-1M tokamak. Reconstruction

maps of Ha emission distribution in plasma cross-section have been obtained by using tomography, with a hydrogen

pellet injected into the plasma. The dimension, the shape and the rotation characteristic of the cross-section of the

pellet ablation material flow tube have been observed. These results have been analysed and explained tentatively by

using the ‘tail’ model and the linear expansion model.
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1. Introduction

At present, the injection of a hydrogen pellet is
used to fuel tokamak plasma and it is expected to be
a possible refuelling method for a steady-state fusion
reactor. By using the method, a high electron density
with a strong peak can be obtained, and the parti-
cle confinement and energy confinement can also be
improved. The key problem in the pellet refuelling is
the local deposition distribution of the pellet ablation
The distribution is controlled by the dy-
namics of pellet ablation in high temperature plasma.

material.

In order to analyse and study the pellet ablation pro-
cess, several theoretical models have been created.!!]
Among these models, the neutral gas shielding ab-
lation model (NGSM) has been widely used to de-
scribe the ablation process and calculate the ablation
rate and penetration depth.[?l The NGSM describes
the process in which the high energy electrons around
plasma bombard the pellet surface and build up a neu-
tral gas cloud around pellet in a very short time. The
thickness of cloud is essentially of spherical symmetry.
Reasonable agreement between this model and exper-
iment data was found. Later, some other new models
based on the NGSM were developed. For example,
Lengyel® and Gerdin[* described the ionization and
expansion dynamics of high density cloud in magnet-
ically confined plasmas and analysed the evolution of
the ionization radius of the ablation cloud. However,
none of these models can provide a description in all-
round agreement with the ablation data of hydrogen
pellet experiment. Therefore, it is important to de-
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velop a more accurate model to analyse or simulate the
pellet ablation process in order to find the variation
rule of ionization radius with plasma parameter in the
pellet ablation process. On the other hand, it is nec-
essary to improve and build up new diagnostic meth-
ods to provide more accurate experimental data. In
this paper, some characteristics of the flow of ablation
material in a pellet ablation process are investigated
and also tentatively analysed by using 25-channel Ha
emission signals and tomography.

2. Measurement equipment and

condition

The hydrogen pellet injection experiments are
carried out on HL-1M. The HL-1M is a tokamak with
a circular cross-section. Its major radius is 102 cm and
minor radius is 26 cm. In ohmic heating discharge, the
routine operating parameters and plasma parameters
are as follows: I, = 100 — 200 kA, Bt = 2 — 3T,
fle = 0.5 —4 x 108ecm~3, and T, = 500 — 1500 eV. A
hydrogen pellet is injected into the plasma along the
horizontal direction. The pellet diameter is 1 mm or
1.2 mm. Each pellet contains 4 x 10'° — 7 x 10!
atoms. Pellet speed ranges from 500 to 1200 m/s.
The pellet injector may inject 1 — 8 pellets into the
tokamak during one discharge.!”!

In the research on the pellet ablation process,
the main diagnostic methods include high speed

(6]

photography,'® soft-x ray radiation measurement and

Ha emission measurement. Among these methods,
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the measurement of Ha emission intensity is the best
method to research the evaporation and ionization
process of hydrogen pellet, because the ionization en-
ergy and the energy needed for hydrogen atom to be
excited into the third exciting level are similar to each
ether. In addition, the spectroscopy is not required to
have the Ha measurement array, so this method is a
cheap diagnostic method and makes it easy to perform
a multichannel measurement on Ha emission.

We have built up a 25-channel photoelectric mea-
surement system on the HL-1M device (see Fig.1).
The spatial resolution of the system is 2 cm. Each
channel in the system consists of an alignment tube,
an interference filter, a small lens, a PIN diode and a
preamplifier. The central wavelength of the interfer-
ence filter is 656.3 nm. Acquisition frequency is 100—
500 kHz. The system is calibrated relatively. Figure
2 shows the geometric locations of the pellet injecting
port and the measurement port on the HL-1M toka-
mak. The arc length between the two ports is 2m.
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Fig.1. 25-channel photo-electricity measurement system for
Hao emission.
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Fig.2. Geometric location of pellet injection port and mea-
surement port on the HL-1M tokamak .

3. Measurement results

In the pellet ablation process, the relationship be-
tween Ho emission intensity and pellet ablation rate
is as follows:[7]

I x N% (1)

(0V)ion
where [ is the Ha emission intensity, N is the pellet
ablation rate, (0v)exc is the excitation rate constant,
When

the electron temperature is higher than the ioniza-

and (ov)ion is the ionization rate constant.

tion potential energy eg;, the (0v)exe/(0V)ion is unre-
lated to the variation in electron temperature, there-
fore, Eq.(1) can be regarded as

I=N, (2)

Equation (2) indicates that the pellet ablation
rate is proportional to the Ha emission intensity,
therefore, we can analyse and study the hydrogen pel-
let ablation process by using Ha emission measure-

ments.

We obtain the temporal and spatial evolutions of
the reconstruction maps of Ha emission intensity dis-
tribution measured in a cross-section by using tomog-
raphy (see Fig.3). Ha emission located in a central
region in each map comes from the pellet ablation ma-
terial flow that consists of the pellet ablation particles
and low temperature plasma. Height of the map rep-
resents the intensity of Ha emission.

In order to better observe the variation in Ha
emission from the pellet ablation material flow in a
central region of plasma, we give Fig.4 in such a way
that the Ha emission from an edge region of plasma in
Fig.3 is removed, only the Ha emission from the flow
in the plasma central region is retained there. Then a
curve is formed by connecting the maximum of each
map in Fig.4 (see Fig.h).
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Fig.3. Temporal and spatial evolutions for Ha emission intensity in plasma poloidal Cross-section during pellet ablation, the
discharge and plasma parameters are as follows: Ip =95 kA, By =2.34 T, fie = 1.3 x 1038em™3 and Te = 735 eV.
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Fig.4. Reconstruction plot with temporal and spatial evolution of Ha emission intensity from the pellet ablation
material flow.

60 In order to observe the pellet ablation process di-
0 rectly, we have built another detector array on the pel-
5 -

let injection port. The temporal evolution of Ha emis-
40+ sion intensity from this array has been obtained during
pellet ablation (see Fig.6). Because the Ha emission
= 0T from the flow tube is proportional to the number of

~ . N .
S o20f atoms in the flow and the Ha emission intensity ob-
served from the pellet injection port is proportional
10 to the pellet ablation rate according to Eq.(2), a com-
0 parison between Fig.5 and Fig.6 in the corresponding
20'3.96 204.00 204.04 204.08 time interval shows that variation rules in the two fig-
Time/ms ures are similar, therefore, we can think that variation
Fig.5. Temporal variation in Ha emission intensity from the in Ha emission intensity from the pellet ablation ma-

flow tube (shot 4002) obtained in the measurement port.
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terial flow is directly related to the variation in pellet
ablation rate. The fact that we can observe Ha emis-
sion from the flow in the measurement port implies
that the length of the flow tube is already equal to or
bigger than the arc length between the pellet injection
port and the measurement port.
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Fig.6. Temporal variation in Ha emission intensity from
pellet ablation cloud obtained in the pellet injection port.

The shape, location, dimension and rotation char-
acteristic of the flow tube in the plasma cross-section
can be observed from Fig.7. The shape looks like a

203.96 ms 203.97 ms

kidney, its diameter is about 5-10 cm, and the diam-
eter varies slightly and gradually with the recovery of
the plasma temperature. At the initial stage of pel-
let ablation, the flow tube is located near the plasma
edge, and then it is gradually moved to the plasma
core; meanwhile, it rotates clockwise at a lower speed
along the poloidal direction as shown in Figs.7(a)—(d),
and the phenomenon in which the movement direction
is suddenly reversed is also observed from Fig.7(e).
This phenomenon may be due to an increase in pellet
ablation rate, the quickening of ionization and more
and more charges being deposited in the flow tube so
that the local potential distribution in the plasma is
changed. The sudden change of the local potential dis-
tribution was observed from the measurement signals
of Mahe probel” and electrostatic probe. The length
of flow tube is gradually shortened; thereby the pel-
let ablation rate turns lower but the ionization rate
becomes large. As a result, the plasma temperature
around the flow tube is gradually recovered. When
the flow length is shorter than the arc length between
pellet injection port and the measurement port, we
cannot observe Ha emission in the maps.
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Fig.7. The contour plot of Ha emission intensity from the flow tube in plasma poloidal cross-section

during pellet ablation (shot 4002).
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4. Preliminary analysis

According to NGSM, when electrons bombard the
pellet surface, an ablation cloud is formed around pel-
let, which is composed of neutral particles. These par-

ticles are expanded under electron bombardment, and
undergo complex atomic or molecular processes, fi-
nally, they are ionized in the region with an ionization
radius r;. The equation for r; is as follows:

ri & 1.48r,[4.56 x 1076 - 7067 p057. 182 pg=2/11 (3)

where 7, is the pellet radius, neg and Ty are elec-
tron density and electron temperature in a plasma
centre respectively, and By is the plasma toroidal field.
We know from Eq.(3) that the ionization radius varies
with plasma parameter that is time-dependent. The
low temperature ions together with neutral particles
gradually leave from the pellet cloud and move along
magnetic field lines and form a tube-shaped flow that
looks like a long tail. The diameter of the flow varies
slightly and gradually with the extension of the flow.

In the JIPPT-IIU pellet injecting experiment, !

along
helical tail of ablation light has been observed at an
injection angle smaller than a certain value. The di-

rection of helical tail rotation is independent of the di-

Iy

ablation light
’

<= Dellet

rection of magnetic field lines of the tours (see Fig.8).
They suggested that the tail-shaped phenomena could
be a consequence of plasma rotation under the condi-
tion of charge exchange equilibrium of hydrogen ions
and neutral particles in a high density state. Sato pre-
sented a ‘tail model’ based on the above-mentioned
phenomena. Comparing with this model, we think
that the pellet ablation material flow tube obtained
on the HL-1M very resembles the long helical tail in
shape. Once the length of the tail equals or exceeds
the arc length between pellet injection port and mea-
surement port, the long tail composed of pellet ab-
lation material and low temperature plasma will be
observed.

Fig.8. ‘Tail Model’ On the JIPPT-IIU.

Caufmann observed Ha emission band and dark
stripes to be parallel to the magnetic field from pho-
tograph of the ablation cloud in ASDEX, then he pre-
sented a model of linear expansion of low temperature
and high density pellet plasma in a closed toroidal
magnetic flux tube.?) In the model the band struc-
ture is perhaps related to cold plasma. Movement of
initiated ions along the magnetic field line may be in
the form of a flow along a channel (see Fig.9). At
t = 0, the channel is filled with plasma, after ¢ > 0,
a particle source is activated, and a low temperature
and high-density plasma flows into the channel at a

rate of Napi /2, which is described as follows:
Nabl = 27‘1’7‘? /habldx, (4)
0
where Nabl is pellet ablation rate, n,p1 is cold parti-
cle yield per unit volume. The pellet ablation rate
calculated from the model is smaller than these rates
It indicated that the shielding

effect of the long channel, which is composed of the

from other models.

high density and low temperature pellet plasma, is en-
hanced. According to the model, our reconstruction
results may be explained by using the Caufmann flow.
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Fig.9. Model of linear expansion of low-temperature and high density pellet plasma in a closed

toroidal magnetic flux tube.

5. Summary

In the pellet injection experiment of HL-1M, we
have built up two detector arrays for Ha emission mea-
surement: one is located at the pellet injection port
for investigating pellet ablation process, the other is
located at the measurement port for researching the
pellet ablation material flow. The arc length between
two ports is 2 m. We reconstruct the distribution of
Ho emission intensity in the plasma cross-section lo-
cated at the measurement port by using tomography.
The dimension, the shape and the rotation charac-
teristic of a cross-section of the pellet ablation mate-
rial flow tube have been observed. These results are
analysed and explained tentatively by using the ‘tail’
model and the linear expansion model.

At present, research of the pellet ablation pro-
cess is mainly by using high speed photography. The
camera is usually located at the place nearly the pel-

let injection port. It can clearly observe the pellet

movement track, but due to the restriction on the vi-
sual angle, it is difficult to observe the scenarios of
Multi-
channel Ha emission detector arrays may be located

the ablation material at some other places.

at more ports, so as to observe and monitor the pel-
let ablation process.['% If high speed photography and
multi-channel Ha detector array can be jointly used to
observe the pellet ablation process at the same time,
we will obtain more experimental information. These
results will be more significant to further study of the
shielding effect in the pellet ablation process, deposi-
tion distribution and ionization state of the ablation
cloud.
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