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Abstract
By combining the X-mode polarized lower and upper cut-off reflections obtained from the
density profile reflectometer, we have successfully attained a comprehensive density profile
spanning from the edge to the core region in pellet injection (PI) experiments on EAST. During
the homogenization process after PI on EAST, an innovative method was introduced to quantify
the local density increase. This approach employed the distinctive ‘dual-reflection’ phenomenon
observed in the EAST microwave reflectometer, encompassing measurements of both the
X-mode lower and upper cut-off frequencies. Furthermore, experimental investigations were
carried out on EAST to comprehensively explore the parallel and poloidal expansion of the
high-density pellet cloud. Notably, this study marks the first instance of measuring expansion
velocities of pellet materials in both parallel and poloidal directions on EAST. A comparative
analysis was performed initially between these experimental measurements and simulation
results obtained from the HPI2 code, marking a pivotal stride towards enhancing its
applicability in EAST.

Keywords: local density increase, pellet injection, homogenization, density profile reflectometer,
EAST
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1. Introduction

Cryogenic deuterium pellet injection (PI), due to its excep-
tionally high fueling efficiency, is considered to be the pre-
dominant method for plasma fueling in ITER. In future fusion
devices, beyond its essential role in core plasma fueling, PI is
anticipated to hold significant relevance in diverse domains,
including triggering L–H transitions and controlling edge loc-
alized mode (ELM). Considerable endeavors have been direc-
ted towards comprehending the impacts of PI on plasma beha-
vior, encompassing both experimental investigations and the-
oretical simulation analyses [1, 2].

The investigation of ablation and homogenization
processes of pellet materials has emerged as a focal point
in contemporary PI research. The pellet ablation process,
observable through CCD cameras or arrays of Hα emission
detectors [3], finds comprehensive explanation through the
neutral gas shielding model introduced in 1977 [4]. When
considering the deposition and homogenization processes,
the enhancement in temporal and spatial resolutions for
local density measurement becomes of utmost importance
in gaining insights into both parallel and poloidal expansion
of ablated pellet materials (hereafter named plasmoid [5]).
The comparative analysis of experimental measurements with
simulation results detailing local density evolution offers a
promising avenue for refining pellet simulation codes [6, 7].

Presently, significant attention has been directed towards
both experimental and theoretical investigations of the abla-
tion process subsequent to PI [1, 8–10]. The realm of the-
oretical simulations has also made substantial contributions
to PI studies. The non-linear MHD code JOREK has been
utilized in DIII-D [11] and JET [12]. As shown in figure 10
of [12], the local high-density region caused by pellet abla-
tion expands simultaneously along parallel and perpendic-
ular magnetic field lines, with the parallel expansion velo-
city approaching the local ion sound speed Cs0. However, a
noticeable gap persists in the experimental exploration dur-
ing the homogenization process of ablated particles. In the
context of such research, an interferometer coupled with an
x-ray camera for line-integrated density measurements were
employed in TFTR, revealing the velocity of parallel expan-
sion along the magnetic field of pellet ablatant [8, 13]. It was
found that the entire homogenization period lasted less than
1ms, with the parallel expansion velocity gradually decreasing
from approximately 1× 105 m s−1 at its initiation to around
3× 104 m s−1 after roughly 200 µs. In LHD [9], the abla-
tion and assimilation processes of pellet particles were scru-
tinized using fast Thomson scattering [14], albeit within a
limited temporal scope (sub-millisecond). In order to deepen
our understanding of the physical mechanisms underlying
the parallel and perpendicular expansion of ablated particles,
there exists a pressing need for high-resolution local-density
diagnostic measurements, exemplified by the reflectometer
technique.

A multitude of PI experiments have been extensively con-
ducted on the EAST tokamak, encompassing a diverse range

of scenarios such as plasma fueling, ELM pacing, L–H trans-
ition, and H–L back transition [15–17]. In the present study,
our primary focus lies in investigating the edge-localized dens-
ity increase induced by pellet deposition. This paper is struc-
tured as follows: section 2 presents the experimental setup. In
section 3, the observation of local density increase after PI on
EAST is presented. Section 4 offers insights into the parallel
and poloidal expansion during pellet homogenization. Finally,
we delve into discussions and provide a summary in sections 5
and 6, respectively.

2. Experimental setup

EAST, a superconducting tokamak, features a non-circular
configuration with a major radius of R0 = 1.85 m and a minor
radius of a= 0.45 m. In this work, a series of pellets were
continuously injected into L-mode plasma on EAST, adhering
to specific discharge conditions: plasma current Ip = 0.4 MA,
toroidal magnetic field Bt = 2.42 T in the anti-clockwise dir-
ection from bird-view, vertical elongation κ∼ 1.57, and edge
safety factor q95 ∼ 6.41. The plasma under an upper-single-
null configuration is subject to heating from both lower hybrid
current drive and neutral beam injection.

During the typical PI discharge #87924 on EAST, the
temporal evolution of local density at a radial position of
R= 2.28 m and the line-integrated densities, measured by
reflectometer and POINT respectively, is shown in figure 1.
The injection of pellets is indicated by red arrows in this figure.
For the measurement of both edge and core line-integrated
densities, an 11-chord POlarimeter-INTerferometer (POINT)
system positioned at the O-port of EAST with a temporal
resolution of 4 µs was employed [18]. For present analyzed
experiment, only six out of the eleven channels of POINT dia-
gnostics are available. Over the time span from 2.5 s to 4.1 s,
pellets were injected into the plasma at a frequency of 10 Hz,
consequently leading to a pronounced increase in both edge
and core line-integrated densities.

The configuration of the PI system and the principal dens-
ity diagnostics adopted for this study are depicted in figure 2.
The edge magnetic field lines in the range of ρ= 0.9→ 0.8
are represented by gray dotted lines. The positions corres-
ponding to the 11-channel POINT diagnostic system are indic-
ated by dotted lines. Density profiles characterized by both
high spatial (∼5 mm) and temporal (50 µs) resolution can be
acquired using a fast frequency-sweeping microwave reflec-
tometer system situated at the mid-plane of the low-field side
(LFS) within the J-port on the EAST [19]. This reflectometer
is composed of sub-systems operating across Q [19], V [20],
and W [21] bands, effectively covering probing frequencies
ranging from 33 GHz to 110 GHz. Since 2012, a PI system for
plasma fueling has been developed on EAST [22]. The pellet
injector is positioned at 0.42 m above the mid-plane in J-port
(z∼ 0.42 m), same toroidal port as reflectometer on EAST.
Each pellet takes on a cylindrical shape, possessing a diameter
and length of 2mm, and encapsulating an estimated 3.8× 1020
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Figure 1. Temporal evolution of local density at a radial position of R= 2.28 m and the line-integrated densities. Injection of pellets is
indicated by red arrows. The line-integrated densities measured by POINT are shown by the solid lines. The local density at R= 2.28 m
measured by reflectometer (Refl) is indicated by red dots. Additionally, the upper limit of density measurement capability by the
reflectometer at the same radial position is denoted by a blue dashed line.

atoms. The injection process is subject to a maximum velocity
constraint of 100 m s−1 and a frequency ceiling of 10 Hz [23].

3. Observation of local density increase after PI

On EAST, the LFS PI system is located at the J-port
(z= 0.42 m), the measurement window of the profile reflec-
tometer is situated at the mid-plane of the J-port (z= 0 m),
and the 8th channel of the POINT diagnostic is positioned at
the O-port (z=−0.17 m).

3.1. Measurement of the X-mode polarization reflectometer

3.1.1. Dual-reflection of W-band upper cut-off probing
microwave. The fast frequency-sweeping microwave reflec-
tometer stands as an established diagnostic system for plasma
density measurement [24]. This approach entails the emission
of electromagnetic waves into a non-uniform plasma envir-
onment. At the cutoff layer where probing microwaves are
reflected, the refractive index drops to zero. According to the
frequency of the probing wave, the plasma density and the
background magnetic field and the time delay of the probing
wave propagating in the plasma, it becomes feasible to infer
the cut-off position and density of plasma [25].

Figure 3 shows the measurement of group delay in fast
frequency-sweeping density profile reflectometer after the 2nd
PI at 2665 ms on EAST. The microwave source comprises an
arbitrary waveform generator and a voltage controlled oscil-
lator. The output frequency is multiplied to Q-, V- and W-
band probing frequencies through different frequency multi-
pliers [21]. Operating with a sweeping period of 40 µs and

a subsequent pause period of 10 µs, the reflectometer system
facilitates a robust analysis of the temporal evolution of dens-
ity profiles during the homogenization process at 50 µs inter-
vals. Figures 3(b)–(d) present the group delay spectra observed
by X-mode polarization reflectometer at Q-, V- and W-band,
respectively. In the high-density experiments under strong
magnetic fields conditions on EAST, Q-band sub-system is
utilized for receiving the lower cut-off reflections [26], while
V- and W-band sub-systems are employed for the upper cut-
off reflections. The boundary between these two reflections is
defined by a zero-density layer within the V-band, which is
characterized by a hopping in group delay when the probing
frequency equals the electron cyclotron frequency ( fprobing =
fece). Specific application regarding utilization of the lower cut-
off frequency during density profile inversion on EAST has
been described detailedly in [26]. As shown in figure 3(b),
the Q-band sub-system demonstrates a lower cut-off reflec-
tion and a gradual increase in signal intensity with the increas-
ing plasma density after PI. In figure 3(d), the upper cut-off
reflections progressively shift from high-group-delay (τp =
15∼ 23 ns) before PI to low-group-delay (τp = 10∼ 15 ns)
after PI, with an intermediate transitional state observed dur-
ing 2665.2 ms→ 2665.3 ms.

As shown in figure 2, deuterium pellets are horizont-
ally injected into plasma from LFS at a height of 0.42 m
above the middle plane of J-port. The high-density plasmoid
swiftly undergo an expansion along the magnetic field lines.
This expansion leads them towards the diagnostic window
of the J-port density profile reflectometer and subsequently
progresses to reach the measurement position corresponding
to the 8th chord of the O-port POINT diagnostic system.
As ascertained by the reflectometer at the middle plane of
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Figure 2. The layout of key diagnostics and LFS PI system on EAST. The tracing of edge magnetic field line in the range of ρ= 0.8∼ 0.9
(gray dotted lines). The location of PI is highlighted with a red arrow, while the position of reflectometer diagnostic window is indicated by
a blue arrow. The positions corresponding to the 11-channel POINT diagnostic system are indicated by black horizontal lines.

Figure 3. Evolution of group delay in density profile reflectometer after 2nd PI at 2665 ms. (a) Input of VCO in reflectometer and group
delay measured by (b) Q-band (33→ 50 GHz); (c) V-band (50→ 75 GHz); (d) W-band (75→ 110 GHz) reflectometer. The color bar on
the right indicates the power of the reflected microwave.
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Figure 4. Ray-tracing simulation results of 90 GHz probing microwave in the W-band reflectometer during pellet homogenization.

Figure 5. Group delay solely arising from microwave propagation in plasma after 2nd PI at 2665 ms. (a) Tperiod = 2665.2 ms;
(b) Tperiod = 2665.25 ms; (c) Tperiod = 2665.3 ms.

J-port, the ablated and ionized pellet particles are observed to
deposit primarily in the edge region (as shown by figure 12).
Simultaneously, the high-density pellet cloud undergoes a
gradual poloidal expansion. When the ionized cloud’s cross-
section intersects with the reflectometer’s detection path, the
probing microwaves experience reflection. Given the several-
centimeter beam width of the probing microwaves, as shown
in figure 4(b), a fraction of these microwaves experiences
cut-off reflection at the localized high-density region at the
plasma edge, while another portion gets reflected by the cut-
off layer in the plasma core. By analyzing changes in the group
delay of microwaves as they propagating through the plasma,
it becomes feasible to determine both the density and posi-
tion of the localized high-density ablated clouds at that specific
intersection. Consequently, the reflectometer can measure the

density increase localized at the edge, which is induced by the
expansion process of pellet ablation.

The group delays arising solely from microwave propaga-
tion in the plasma at 2665.2ms, 2665.25ms, 2665.3ms are fur-
ther extracted and presented in figures 5(a)–(c), respectively.
The group delay solely arising from microwave propagation
in plasma (τ ) can be determined by [21]:

τ = τwall − τplasma +
2(r0 − rwall)

2
. (1)

The reflections labeled as τwall and τplasma correspond to
the reflections from the inner vacuum wall and the plasma,
respectively, both of which can be directly measured by the
reflectometer. r0 denotes the position of the zero-density layer,

5
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Figure 6. Comparison of group delay between the lower and upper
cut-off reflections after 2nd PI at 2665 ms.

rwall represents the position of the inner wall and c corresponds
to the velocity of probing microwave propagating in the
vacuum.

In conjunction with the emergence of the lower cut-off
reflection featuring a group delay of ∼1 ns in the Q-band, the
upper cut-off reflection with a group delay of ∼1 ns is also
observed. Further in the W-band reflectometer, which oper-
ates within a probing frequency range of 85 GHz–95 GHz,
an intriguing ‘dual-reflection’ phenomenon becomes evident.
This phenomenon manifests when probing microwaves of the
same frequency encounter cut-off reflections at two distinct
positions.

At 2665.2 ms, as shown in figure 5(a), the Q-band within
the frequency range of 33→ 43 GHz demonstrates a lower
cut-off reflection signal with a group delay approximately
equal to 1 ns. In contrast, the W-band probing microwaves,
functioning between 85 and 95 GHz, exhibit a stronger upper
cut-off reflection signal with an extended group delay ran-
ging from 4.8 ns to 9.5 ns. Furthermore, a faint upper cut-
off reflection signal, possessing a group delay close to 1 ns,
is also discernible near 86.5 GHz, mirroring the characterist-
ics of the aforementioned lower cut-off reflection signal in
the Q-band. Subsequent to intervals of 50 µs and 100 µs,
as shown in figures 5(b) and (c), it becomes evident that
a substantial intensification in low-group-delay signals tran-
spires for both the upper cut-off reflections in the W-band
and the lower cut-off reflections in the Q-band. Concurrently,
there is a corresponding attenuation in high-group-delay sig-
nals for upper cut-off reflections in the W-band. During the
occurrence of the ‘dual-reflection’ phenomenon observed in
the reflectometer after PI, it is noteworthy that high-group-
delay signals (τplasma = 7∼ 10 ns), reflected from the core cut-
off layer, coexist alongside low-group-delay signals (τplasma ∼
1 ns) reflected from the edge-localized high-density cut-off
layer. On the other hand, in addition to the signal attenuation

linked to the heightened probing frequency, the total reflec-
ted power (Ptotal) during the ‘dual-reflection’ phenomenon
remains relatively unchanged. This experimental result cor-
roborates the simulation results illustrated in figure 4(b).

Figure 6 shows the group delay measured by the lower
cut-off reflections in Q-band reflectometer (dots represented
by ∗) and the equivalent group delay derived from the upper
cut-off reflections at the edge (solid lines) and the core (dot-
ted lines). The upper cut-off density profiles, initiated from a
zero-density layer, are derived from the signals of upper cut-
off reflections captured by the V- and W-band reflectometer.
Using this density profile, the theoretical distribution of group
delay for the lower cut-off reflections can be deduced. This
calculated group delay for the lower cut-off reflection signal,
expected to fall within the frequency range of 0–35 GHz, is
subsequently juxtaposed with the experimental data obtained
from the Q-band reflectometer (33–50 GHz). The method for
contrasting the upper and lower cut-off reflections is outlined
in detail in [26]. Remarkably, the lower cut-off reflection sig-
nal detected in the Q-band demonstrates a remarkable con-
cordance with the upper cut-off reflection signal, distinguished
by a low group delay. This alignment in behavior can be
attributed to the formation of a high-density region after PI,
predominantly localized at the edge. Consequently, both the
lower cut-off probing microwaves in the Q-band and a frac-
tion of the upper cut-off probing microwaves in the W-band
encounter reflection within this edge-localized high-density
region. Moreover, another portion of theW-band upper cut-off
probing microwaves is reflected by the density cut-off layer
in the core. However, as the ablated pellet particles proceed
to vertically expand during 2665.2 ms→ 2665.25 ms, res-
ulting in the enlargement of this edge-localized high-density
region, a portion of probing microwaves undergoes cut-off
reflection due to interaction with the plasma at the edge.
This phenomenon triggers the gradual attenuation and even-
tual disappearance of high-group-delay signals in the W-band.
Simultaneously, there is a further enhancement in the low-
group-delay signal present in both the Q-band lower cut-off
reflections and the W-band upper cut-off reflections.

As shown in figure 3, the existence of low-group-delay sig-
nals in the upper cut-off reflections of the W-band and the
enhancement of the lower cut-off reflections in the Q-band
endure for approximately 1.7 ms. Subsequent to this phase, a
gradual attenuation in the signal intensity of the Q-band lower
cut-off reflection becomes evident, while the W-band upper
cut-off signal gradually reverts to its pre-injection state, char-
acterized by high-group-delay reflections. As the ablated pellet
particles progressively assimilate into the background plasma,
the edge-localized peak density subsides, consequently lead-
ing to a gradual return of the density profile to a monotonic
distribution. Notably, throughout this diminishing process, the
‘dual-reflection’ phenomenon is also observed with opposing
trends of evolution. This phenomenon suggests that both the
edge-localized density peaks induced by PI and the minimum
homogenization period of pellet plasmoid endure for approx-
imately 1.7 ms, representing a temporal parameter for PI that
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Figure 7. Evolution of group delay in density profile reflectometer after 5th PI at 2969 ms. (a) Input of VCO in reflectometer and group
delay measured by (b) Q-band (33→ 50 GHz); (c) V-band (50→ 75 GHz); (d) W-band (75→ 110 GHz).

has been experimentally determined on EAST for the first
time.

3.1.2. Dual-reflection of Q-band lower cut-off probing
microwave. The progression of group delay in Q-, V- and
W-band sub-systems after the 5th PI at 2.969 s is illustrated
in figure 7. As the core plasma density further increased after
the 5th PI, the high-group-delay lower cut-off reflections from
the plasma core before 5th PI was successfully measured by
the Q-band reflectometer. This is evident from the Q-band
reflection signal (34 GHz→ 45GHz) shown in figure 8(a).
At 2969.35 ms and 2969.4 ms after the 5th PI at 2969 ms,
the phenomenon of ‘dual reflection’ manifested in both the
Q-band lower cut-off reflections and the W-band upper cut-
off reflections, as shown in figures 8(a) and (b). A comparison
between measurements obtained from two signals is presented
in figures 9.

3.2. Local density increase measured by reflectometer and
POINT

As shown in figure 10, the reflectometer has enabled, for the
first time, the measurement of edge-localized peaking density
profiles during the pellet homogenization process on EAST.
This achievement is attributed to the introduction of the Q-
band lower cut-off frequency (lower cut-off region indicated
by the yellow dotted line) and the W-band upper cut-off fre-
quency (upper cut-off region indicated by the cyan dotted line).
This extension significantly augments the radial density cov-
erage attainable by the reflectometer measurement. The exist-
ence of a blind region, positioned between the lower and upper
cut-off regions, signifies that capturing reflections at the lower

cut-off in the core plasma presents greater challenges com-
pared to those at the upper cut-off. The overlapped region
between these cut-offs serves as a cross-validation mechanism
for bench-marking purposes. Notably, the precise deposition
positions of both the 2nd and 5th pellets have been determ-
ined to be localized within a radial span of approximately
R= 2.28 m, where ρ∼ 0.85. This measurement of the edge-
localized peaking density profile provides the groundwork for
a deeper analysis of how local density increases and ablated
pellet particles undergo expansion.

As shown in figure 11, the evolution of line-integrated dens-
ities, as gauged by the 8th, 9th, and 10th chords of the POINT
diagnostic system during PI discharge 87924 on EAST, is visu-
ally presented. The instants of density increase for each chord
after PI are designated by blue diamondswith the criteria being
that the normalized density increase exceeds 20%:

δn̂e =
ne,onset − n̄e0
ne,max − n̄e0

⩾ 20% (2)

where ne,onset denotes the time point (Tonset) at which the dens-
ity begins to exhibit increase after each PI, n̄e,0 represents the
average density pre-injection, and ne,max signifies the highest
density reached post-injection. As shown in figures 11(a) and
(b), the subsequent increase in line-integrated densities, suc-
cessively observed in the 8th, 9th and 10th chords of POINT
after 2nd PI at 2665 ms and 5th PI at 2969 ms, is in align-
ment with the local density surge registered by the reflecto-
meter, thus corroborating the accuracy of both measurement
techniques. Consequently, this validation sets the stage for the
computation of the parallel expansion velocity.

7
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Figure 8. Group delay solely arising from microwave propagation in plasma after 5th PI at 2969 ms. (a) Tperiod = 2969.35 ms; (b)
Tperiod = 2969.4 ms; (c) Tperiod = 2969.45 ms.

Figure 9. Comparison of group delay between the lower and upper cut-off reflections after 5th PI at 2969 ms.
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Figure 10. Density profiles measured by Reflectometer after the 2nd PI at 2665 ms and the 5th PI at 2969 ms on EAST. The lower cut-off
region, blind region and the upper cut-off region are delineated by yellow and cyan dotted lines. The distinct localized peaking density
profiles can be discerned and quantified through the observation of the ‘dual-reflection’ signals.

Figure 11. Evolution of local density at R= 2.28 m measured by
reflectometer and line-integrated densities measured by the
8th→ 10th chords of POINT during EAST discharge 87924. The
onsets of density increase of each chord after PI are indicated by
blue diamonds. (a) The 2nd pellet at 2665 ms; (b) the 5th pellet at
2969 ms. Red crosses denote the local density at 2.28 m measured
by reflectometer.

4. Parallel and poloidal expansion during pellet
homogenization

The investigation into the parallel expansion dynamics of pel-
let clouds after PI is extended through the combined utiliza-
tion of the reflectometer and POINT diagnostics, as shown in
figure 2. Let’s consider the example of the 5th PI at 2969 ms.
In this case, the high-density cloud region extends along a
magnetic flux tube segment, spanning a distance of LPI→Refl ∼
14.5 m from its formation location along the parallel mag-
netic field lines to the diagnostic window of the reflectometer

(Refl), and extending towards the 8th-chord of POINT dia-
gnostic (LPI→POINT ∼ 18.2 m). Consequently, the length of the
magnetic flux tube that interconnects these two diagnostics is
calculated as LRefl→POINT = LPI→POINT −LPI→Refl = 3.7 m.

The precise determination of the onset time for the local
density increase after the 5th PI is distinctly observed at
Tonset(Refl) = 2969.325ms, as shown in figure 10, through the
employment of the reflectometer measurements. Additionally,
the onset time of Tonset(POINT) = 2969.43 ms and the onset
density of ne,onset(POINT) = 2.841× 1019 m−3 are deduced
from the analysis of themeasurement of 8th chord of POINT in
figure 11(b). Consequently, the time difference between these
two diagnostics can be computed as follows:

∆t= Tonset (POINT)−Tonset (Refl) = 105 µs (3)

and the velocity of parallel expansion for high-density pellet
clouds is

VParal =
LRefl→POINT

∆t
= 3.5238× 104 m s−1. (4)

Furthermore, in addition to its propagation along the mag-
netic field lines towards the proximity of the reflectometer’s
diagnostic window, the high-density plasmoid also under-
goes an expansion in the poloidal plane. Here, we will call it
poloidal expansion, which may encompass diffusion spread-
ing, poloidal rotation, and the drift effect induced by ∇B.
Considering the notably faster rate of parallel expansion com-
pared to poloidal expansion, the ablation cloud’s progression
from the PI site to the neighboring region of the reflectometer
measurement window is dominated by the parallel expansion
process. As the expansion in the poloidal direction persists, the
area of the ablation cloud with a high density gradually inter-
sects with the probing region of the reflectometer. This gradual
expansion covers the poloidal probing area (d∼ 4 cm) of the
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Figure 12. Comparison between experimental measurement and simulation results. (a) The deposition profiles obtained from HPI2 (blue
line) and reflectometer measurement at 2971.1 ms (violet line) and 2971.4 ms after PI (red line). (b) Local density increase during
homogenization. The average density of a sets of pellet ablation clouds at different positions simulated from HPI2 code (black curves) and
the local density increase measured by reflectometer (red diamonds). (c) Parallel expansion velocity along magnetic field lines of ablated
pellet particles. The local ion sound speed Cs0 (black dotted line), the parallel expansion velocity obtained by HPI2 code (blue line) and
measured by the combination of reflectometer and POINT diagnostics (red diamond).

reflectometer, where localized high-density regions at the edge
flux surface, result in the temporary occurrence and vanishing
of the ‘dual-reflection’ phenomenon. As depicted in figure 6,
the duration for coverage is estimated to be Tcover = 125 µs.
Consequently, the poloidal expansion velocity can be sub-
sequently determined as:

Vpol =
d

Tcover
= 320 m s−1. (5)

The statistical analysis of the poloidal expansion velocity of
the high-density ablation cloud after each PI during discharges
87922 and 87924 on EAST, employing the outlined calcula-
tion methodology, yields an average velocity value of Vpol =
(380.95± 50.39) m s−1.

5. Discussion

For the analysis of pellet homogenization processes, a two-
cell four-fluid model, as described in [1, 2, 27], was employed
to simulate both the parallel expansion and the ∇B-induced
drift of the plasmoid. During the initial stages of homogeniz-
ation [28], it is assumed that the parallel expansion speed of
the plasmoid corresponds to the ion sound speed, after which
viscosity becomes a significant factor. The expansion ceases
upon achieving pressure equilibrium between the plasmoid
and the surrounding background plasma. Regarding the ∇B-
induced drift, various damping mechanisms have been con-
sidered, including Alfvén wave propagation [7] and the influ-
ence of parallel resistive currents both outside (referred to as
the Pégourié effects) [1] and inside the plasmoid (referred to
as the Rozhansky effects [29]).

The experimental measurements of local density increase
after PI plays a crucial role in enhancing and refining the
HPI2 pellet simulation code on EAST [30, 31]. A compar-
ison between experimental measurements and simulation res-
ults is presented in figure 12. In the course of the pellet
deposition process, the deposited profiles after the 5th PI
(2969 ms) during EAST discharge #87924 are further com-
pared in figure 12(a). Both the simulation result and exper-
imental measurements indicate that the deposition position is
around ρ∼ 0.7. The observed variations in the deposition pro-
file at 2969.45 ms (black dashed line), 2971.1 ms (violet solid
line) and 2971.4 ms (red solid line) after PI suggest a progress-
ive decline in peak density throughout the deposition process
after PI.

During the homogenization process, a series of high-
density clouds emerge along the trajectory of injection. As
shown in figure 12(b), with increasing homogenization time,
the extent of high-density clouds along the magnetic flux
tube elongates while the mean density gradually diminishes.
Furthermore, as shown in figure 2, the parallel expansion of
the high-density clouds encompasses a magnetic flux tube seg-
ment with a length L∼ 14.5 m, starting from its origin along
the magnetic field lines and extending to reach the reflecto-
meter’s diagnostic window. Assuming an expansion velocity
equivalent to the local ion sound speedCs0, the expansion time
is estimated to be about 143.4 µs. Throughout the parallel and
poloidal expansion of the pellet ablation cloud, the reflecto-
meter enables the evaluation of temporal density variations
at a designated position. Specifically, as the ablation cloud
reaches the area of detection for the reflectometer, the tem-
poral variations in the localized density enhancement caused
by the ablation cloud can be calculated, as illustrated by the
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solid black, red, and blue lines in figure 10(b). This localized
density in the plasmoid, identified by the reflectometer during
the homogenization process, is denoted by the red diamonds
in figure 12(b).

The parallel expansion velocity (VHPI2) accounting for vis-
cous effects in the HPI2 pellet simulation is depicted by the
solid blue line in figure 12(c), whereas Cs0 is denoted by
the dashed black line. Furthermore, through the synergy of
the reflectometer and POINT diagnostic systems, the parallel
expansion velocity of the pellet ablation cloud can be meas-
ured experimentally. In the discharges 87922 and 87924 on
EAST, employing the aforementioned calculation approach,
statistical analysis of the parallel expansion velocity of the
high-density ablation cloud after each PI was performed. The
computed outcomes are presented below: Vmeasured = (2.93±
2.34)× 104 ms−1 (red diamonds in figure 12(c)). Remarkably,
this measured value is in alignment with the findings repor-
ted from the TFTR experiment [13]. Importantly, it should
be underscored that the experimentally determined velocity
closely approximates VHPI2 and is notably lower thanCs0. This
observation accentuates the infeasibility of directly adopting
Cs0 as the parallel expansion velocity for the pellet ablation
cloud in simulations employing the HPI2 code for EAST PI
experiments. To address this, a more comprehensive examina-
tion of various parameters affecting this process is necessary,
including the incorporation of viscous effects. On the other
hand, when dealing with the subsequent poloidal expansion
after the plasmoid reaches the neighboring region of the reflec-
tometer measurement window, it incorporates only the diffu-
sion effect in the current HPI2 simulation for the EAST case,
leading to a simulated poloidal diffusion velocity (approxim-
ately several ten m s−1) that notably deviates from the values
obtained through experimental measurements (approximately
380.95 m s−1). The investigation into the comparison of the
poloidal expansion velocity between the experimental meas-
urement and HPI2 simulation will be pursued in subsequent
research endeavors. This comprehensive consideration will be
pivotal in the successful application of the HPI2 pellet simu-
lation code on EAST.

6. Summary

The conventional X-mode polarized microwave reflectometer,
operating based on the upper cut-off frequency, is inherently
constrained to offering only monotonic density profiles, lack-
ing the capacity to effectively measure density profiles featur-
ing both high-density and edge-localized peaking character-
istics after PI. This research introduces an innovative meth-
odology for assessing the local density increase after PI, util-
izing the distinctive ‘dual-reflection’ phenomena observed in
the EAST microwave reflectometer, which harnesses meas-
urements from both the X-mode lower and upper cut-off fre-
quencies. The implementation of this pioneering technique on
EAST signifies a significant advancement, enabling a compre-
hensive exploration of density profiles ranging from the edge
to the core region. Importantly, this approach accommodates
density profiles characterized by edge-localized peaks, thus

substantially enhancing our analytical capabilities in high-
density experiments after PI.

Subsequent to this, an extensive experimental investiga-
tion was undertaken on EAST to comprehensively explore
the parallel and poloidal expansion dynamics of the pellet
ablation cloud. The determined velocity for parallel expan-
sion was approximately (2.93± 2.34)× 104 m s−1, while the
velocity associated with poloidal expansion was measured at
approximately (380.95± 50.39) m s−1. Initially, a comparat-
ive assessment was made between these experimental meas-
urements and simulation outcomes derived from the HPI2
code. The alignment of the deposition profiles between exper-
imental observations and simulation results notably indicated
a significant degree of consistency in terms of deposition posi-
tion. Furthermore, the velocity measurements for both the par-
allel and poloidal expansion of pellet plasmoid, as conducted
in this study, serve to enrich our comprehensive understand-
ing of the homogenization process that transpires after PI. This
advancement represents a pivotal stride towards facilitating the
application of the HPI2 code in EAST PI experiments.

In the PI experiments during L-mode on EAST, the
phenomenon of ‘dual reflections’ observed in the reflecto-
meter enabled the successful measurement of edge-localized
high-density profiles during the pellet ablation. However, to
enhance the generality of this approach, further steps are
required in upcomingwork. It involves extending the applicab-
ility of this method by conducting PI experiments under condi-
tions such as the H-mode plasma, allowing for thorough para-
meter scans of the plasma, thereby validating themethod’s uni-
versality. Furthermore, the present frequency-sweeping period
of the reflectometer system on the EAST is 50 µs, close to the
time duration of the homogenization process in present case
(100–150 µs), rendering it challenging to effectively analyze
the rapid parallel and poloidal expansion process of the ablat-
ive cloud at this level of time resolution. Therefore, our sub-
sequent endeavor involves to reduce the frequency-sweeping
period to less than 10 µs, with the aim of further investigating
the deposition process of the ablation cloud.
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