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The investigation of cold secondary plasma clouds near pellets ablating in the hot plasma of magnetic con-
finement devices (tokamaks and stellarators) provides valuable information on the physical characteristics of
a pellet cloud. In this work, the characteristic sizes of emitting clouds around fusible polystyrene pellets and
refractory carbon pellets have been analyzed. The calculation of the ionization length of C+ ions in both car-
bon and hydrocarbon clouds has shown that the contribution of only hot electrons is insufficient to ensure
the experimentally observed decay lengths of the CII line intensity. Taking into account the strong shielding
of the electron flux of the background plasma in the hydrocarbon pellet cloud, the ionization of C+ ions in
this cloud is determined predominantly by electrons of the cold plasma of the cloud. Shielding near a refrac-
tory carbon pellet is weak because its ablation rate is lower. The contributions from hot electrons of the sur-
rounding plasma and cold electrons of the pellet cloud to the ionization of C+ ions are comparable in the case
of carbon pellets.
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1. INTRODUCTION

The injection of macroparticles (pellets) of various
materials such as H2, D2, Li, C, and C8H8 into the
plasma of magnetic confinement devices is widely
used to control the parameters of a discharge and its
diagnostic [1, 2]. Information on the spatial distribu-
tion of atoms and ions in different charged states in a
cloud is necessary to compare factors of neutral and
plasma shielding of heat f luxes reaching the pellet sur-
face [3] and to refine the efficiency of pellet surface
ions of the plasma in the pellet cloud owing to their
recombination and charge-exchange [4].

Longitudinal and transverse (with respect to the
local magnetic field) distributions of the CII (723 nm)
line intensity of C+ ions were previously analyzed for
clouds near ablating carbon and hydrocarbon pellets.
It was observed in [5] that the characteristic longitudi-
nal decay length of the CII line intensity  in carbon
clouds at the Wendelstein 7-AS (W7-AS) approxi-
mately corresponds to the ionization length of C+ ions
by hot electrons of the background plasma evaluated
by the expression

(1)

Here, u is the velocity of longitudinal expansion of the
ablatant, which is equated to the speed of sound

, where  eV is the electron tem-

perature in the cloud and mC is the mass of the C atom;
 is the background plasma density; and  is

the rate coefficient of electron-impact ionization of
the C+ ion calculated with the Maxwell distribution
function with the temperature of hot electrons  [6].
At the same time, the simulation of the parameters of
carbon pellet clouds at the W7-AS using the LLP
numerical code [7] gives higher electron temperatures
in the cloud of 2.5–5 eV. The rate coefficient of elec-
tron-impact ionization of the C+ ion  at
low temperatures of 1–4 eV decreases by more than an
order of magnitude when  decreases by 1 eV [6].
For this reason,  was
accepted in [5] at  eV and it was assumed that
only hot electrons of the background plasma make the
leading contribution to the ionization of C+ ions. The
contribution of the electrons of the cloud to ionization
at temperatures of the secondary cold plasma of 2.5–
5 eV should be noticeably larger; therefore, conclu-
sions made in [5] should be refined.

In experiments at the Large Helical Device
(LHD), the electron density 
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1017 cm–3 [8] and the electron temperature 
6 eV [9] were measured and the characteristic dimen-
sions of emitting regions of hydrocarbon clouds were
studied [10], in particular, at the CII (723 nm) line.
The main results of the measurement and interpreta-
tion of dimensions of clouds were obtained under the
assumption that cold electrons of a cloud itself make
the decisive contribution to ionization. The contribu-
tion of hot electrons was not estimated explicitly.

The aim of this work is to analyze the parameters of
the secondary cold plasma near carbon and hydrocar-
bon pellets ablated in the W7-AS and LHD plasmas in
order to compare the contributions of cold electrons of
the cloud and hot electrons of the background plasma
to the ionization of C+ ions in pellet clouds.

2. HOT-ELECTRON IONIZATION 
OF C+ IONS IN THE CLOUD

When the effective decrease in the density of hot
electrons of the background plasma by a factor of 
after their passage through the plasma cloud is taken
into account, expression (1) for the characteristic ion-
ization length of the C+ ion is transformed to

(2)

To estimate the shielding factor of the electron density
by the pellet plasma cloud , we used the shielding
factor for the heat f lux , which was determined from
experimental data using the energy balance on the pel-
let surface:

(3)

Here, rp is the current pellet radius;  is the effective
sublimation energy (  eV for the C atom [11]
and  eV for the C8H8 polystyrene monomer

[12]);  is the unperturbed heat f lux

density carried by hot electrons;  is the pellet abla-
tion rate;  and  are the electron density and tem-
perature in the surrounding plasma, respectively; and

 is the mass of the electron.
To determine the relation between  and , we

make several assumptions. First, we assume that the
shielding factor for the heat f lux of electrons
of shielding factor for the product of the shielding fac-
tors in the neutral and plasma parts of the cloud

. The same relation  is
assumed for the suppression of hot electron flux. Sec-
ond, we assume that the shielding factors of the hot
electron flux and hot electron heat f lux are slightly dif-
ferent, i.e.,  and . This
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assumption is based on the analysis of the joint solu-
tion of the kinetic equation and the energy loss equa-
tion for electrons of the background plasma in the
neutral pellet cloud [13]. It is valid for both refractory
carbon and fusible hydrocarbon (polystyrene) pellets,
although the typical factors of neutral shielding for
carbon, , and hydrocarbon, ,
clouds are strongly different. We note that the author
of [14], analyzing the neutral shielding for the case of
hydrogen pellet ablation, also concluded that  and

 are comparable. Third, it is assumed that the
shielding factors in the neutral and plasma parts of the
pellet cloud are comparable:  and

. This follows from estimates of the inte-
gral thicknesses of the neutral and plasma parts of
hydrocarbon clouds from data reported in [8, 9] and is
consistent with conclusions made in [15], where the
effect of neutral and plasma clouds on the carbon pel-
let ablation rate was evaluated.

Under the listed assumptions, we obtain
 =  and, thereby,

(4)

In experiments at the W7-AS [5], carbon pellets
0.35–0.45 mm in diameter were injected into the
plasma at a velocity of 150–400 m/s in the direction of
the magnetic axis of the plasma column. The radiation
of carbon pellet clouds was detected using an optical
system at an angle of about 46° in the poloidal direc-
tion to the axis of injection. The exposure time of a
CCD camera was varied in a wide range from 1 μs to
10 ms, which allowed us to obtain both series of one to
ten photographs of the pellet cloud and integral pho-
tographs of the cloud, which were formed by the mov-
ing glowing pellet cloud during the pellet ablation pro-
cess. The CII line radiation was detected using a
720 nm filter with a FWHM of the passband of 9.3 nm
or a 723 nm filter with a FWHM of 1.9 nm. The exper-
iments and results were described in more detail
in [16].

The distribution of the CII line intensity of the car-
bon pellet cloud along the longitudinal axis of the
cloud corresponding the position of the pellet at an
effective minor radius of reff ≈ 9 cm for discharge no.
43580 is shown by the dotted line in Fig. 1. The dis-
charge at the injection time had the parameters

 cm–3,  keV, PECRH = 410 kW,
 m,  m, and  T, and the

pellet had the initial radius rp0 = 0.19 mm and velocity
 = 310 m/s [5]. The local electron temperature and

density in the background plasma and the current
pellet radius at reff ≈ 9 cm were  keV,

 cm–3, and rp = 0.18 mm, respectively.
The red solid lines in Fig. 1 show rms fitted exponen-
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Fig. 1. (Color online) Distribution of the СII (723 nm) line
intensity in the cloud along the magnetic field on the
instantaneous photograph in discharge no. 43580 at the
W7-AS at reff ≈ 9 cm: (1) intensity distribution along the
longitudinal axis of the cloud and (2) fitted exponential
dependences in the region of the rapid decrease in the
intensity.

W7-AS

Fig. 2. (Color online) Parameters of the background
plasma and pellet ablation versus its spatial position on the
path in the outer part of the plasma column.

W7-AS
tial dependences with the characteristic length 
where the intensity decreases by a factor of e. The 
values are close on the right and left wings of the lon-
gitudinal distribution of the CII line intensity with
respect to the position of the pellet  cm. Below,
we use the average value for two wings. The average
value for the distribution presented in Fig. 1 is 
2 mm.

Figure 2 shows the dependences of the pellet abla-
tion rate , the ratio of its radius to the initial value
rp/rp0, the electron density  and temperature  in the
background plasma, the characteristic longitudinal
decay lengths  in the CII line intensity, and the
lengths of the electron impact ionization of C+ ions

 and  calculated by Eq. (2) at two longitudinal
expansion rates of the secondary cold plasma of the
pellet cloud for discharge no. 43580 W7-AS on the
effective minor radius of the magnetic surface reff. The

length  was calculated under the assumption that
u = cs at an electron temperature of  eV in the

cloud as in [5], and the length  was calculated for
u = cs at  eV, which corresponds to the lower
bound of the calculated temperature of the carbon
cloud from [7]. The shielding factor  was in the range
from 0.7 to 1, and the ionization lengths were calcu-
lated with the average value , which insig-
nificantly affects the calculated ionization lengths.
The pellet ablation rate  was calculated within
the weak neutral shielding model [11]. The circle in
Fig. 2 marks the  value found for the longitudinal
distribution in Fig. 1.
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The comparison of  values at reff = 5–11 cm
shows that the characteristic longitudinal decay length
of the CII line intensity  deceases generally as the
pellet approaches the center of the plasma column.
Two  values at reff = 9 and 10 cm that are smaller
than those at the neighboring points are in the region
where the pellet is ablated more rapidly than one could
expect under the assumption of the Maxwell distribu-
tion of particles in the background plasma, which cor-
responds to the local  and  values. Suprathermal
particles were probably present in the region reff =
9‒10 cm in discharge no. 43580 and could have
increased the ablation rate and enhanced the ioniza-
tion of C+ ions in the cloud compared to the case of the
Maxwellian background plasma. As the pellet further
approaches the center of the plasma column in the
region of the hotter and denser background plasma at

 cm, the characteristic decay length  contin-
ues to decrease and the dimension of the pellet, as well
as the number of ablated atoms at the final stage of
ablation, decreases noticeably. With a decrease in ,
the calculated ionization lengths  and  first
decrease apparently because of an increase in the den-
sity of the background plasma  and then increase
slightly because  already hardly changes, and the
ionization cross section decreases slightly with an
increase in the temperature  of hot electrons.

The comparison of the characteristic decay lengths
 with the ionization lengths in Fig. 2b indicates that
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Fig. 3. (Color online) Observed longitudinal length of the

CII line intensity  versus the ionization length  (а)

for carbon clouds at the W7-AS (the  and  values
are given on the horizontal axis) and (b) for hydrocarbon
clouds at the LHD (the calculated  values used to cal-

culate  are also presented).

W7-AS
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ionization induced by hot background plasma elec-
trons at the expansion of the cloud at the speed of
sound corresponding to  eV assumed in [5] can
sometimes be enough to explain the observed decay
lengths of the CII line intensity. However, the contri-
bution of only hot electrons is insufficient at 
2.5 eV.

The characteristic lengths of the cloud  mea-
sured at the times of the most intense ablation of car-
bon pellets for various discharges at the W7-AS are
shown in Fig. 3a in comparison with the calculated
ionization lengths  and . The cloud shielding
of hot background plasma electrons was insignificant
in these experiments, and the  and  values
shown in Fig. 3а were calculated with . The
electron density and temperature of the background
plasma in the center of the plasma column in the
discussed experiments were in the ranges of ne0 =
(1‒10) × 1019 m–3 and Te0 = 0.5–6.0 keV, respectively.
As seen in Fig. 3a, under the assumption of the longi-
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tudinal expansion of the cloud at the speed of sound
corresponding to the temperature  eV, the
characteristic longitudinal decay lengths of the
CII line intensity are comparable with the length of
hot-electron ionization of C+ ions, as mentioned in
[5]. However, this agreement between the measured
and calculated characteristic lengths is worsened at a
more realistic temperature of the carbon cloud of

 eV.

In experiments at the LHD heliotron, polystyrene
pellets 0.9 mm in diameter were injected into the
plasma in the equatorial plane at velocities of 400–
500 m/s. Images of the emitting cloud in nine spectral
ranges determined by the set of interference filters
were obtained once per discharge using an imaging
polychromator [8]. To detect the CII line radiation
from the pellet cloud, one of the channels of the poly-
chromator was equipped with a 724.5 nm filter with a
FWHM of 4.5 nm. The angle between the polychro-
mator observation direction and the injection axis was
about 2°. Recording with an exposure time of 10–
30 μs along the trajectory provided instantaneous
photographs of the pellet cloud. In addition, data from
the polychromator allowed the determination of the
spatial distributions of the electron density [8] and
temperature [9] in the hydrocarbon cloud from the
broadening of the Hβ line of hydrogen emission and
from the ratio of the local emission coefficients of the
Hβ line and the continuous spectrum.

The measured characteristic longitudinal decay
lengths  of the CII line intensity in hydrocarbon
clouds at the LHD are shown in Fig. 3b in comparison
with the lengths of electron-impact ionization of C+

ions  calculated by Eq. (2). The velocity of longi-
tudinal expansion was taken the speed of sound u = cs
corresponding to the measured temperature of the
hydrocarbon cloud  eV [9]. The shielding
factor  was calculated from experimental data as
described above by Eqs. (3) and (4). The presented
data were obtained for a set of discharges at electron
densities of  m–3 and electron temperatures
of 0.5–1.5 keV in the background plasma.

Table 1 presents  and  values for discharge
no. 108767 measured at the time when the pellet was
located in the LHD at an effective minor radius of
reff ≈ 39 cm. During the hydrocarbon pellet ablation at
LHD,  is noticeably smaller than 1 and, corre-

spondingly,  values calculated by Eq. (2) are much
larger than the measured  values. The results con-
firm the assumption made in [10] that cold electrons
of the cloud itself make decisive contribution to the
ionization balance of C+ ions.
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Table 1. Parameters of the pellet and the surrounding
plasma and the transverse dimension of the emitting region
near the pellet in discharges no. 43580 W7-AS (when the
pellet is at  cm) and no. 108767 LHD (when the pel-
let is at  39 cm)

*In C8H8 monomers.

Parameter\discharge W7-AS no. 43580 LHD no. 108767

 (MW) 0.45 9.9
rp (mm) 0.18 0.33

 (m/s) 310 483

 (m) 0.09 0.39

 (1019 m–3) 6.07 1.96

 (keV) 0.70 1.37

 (1021 s–1) 6.7 2.84*

0.81 0.019

0.9 0.14

 (mm) 2.0 2.9

;  (mm) 3.1; 4.9 97; 153

 (mm) 2.7 3.0
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3. HOT AND COLD ELECTRON IONIZATION 
OF C+ IONS IN THE CLOUD

An expression for the calculation of ionization
lengths including the contributions from both hot and
cold electrons is more general than Eqs. (1) and (2)
and has the form

(5)

Here,  is the rate coefficient of electron-
impact ionization of the C+ ion to the C2+ ion calcu-
lated with the Maxwell distribution function with the
temperature of cold electrons [6], and  is
the Mach number in the cloud, which above is taken to
be 1. When evaluating the contribution of hot elec-
trons to the ionization rate, it was taken into account
that the plasma part of the cloud reduces the electron
flux by a factor of , as described in Section 2.

We used the simplest estimate for the density of
heavy particles from the condition of material balance

(6)

where nhvy is the total density of ions in all charge states
averaged over the cross section of the cloud and  is
the transverse radius of the cloud. In the region of
intense ionization of C+ ions, it is assumed that all
atoms are singly ionized; consequently, the densities of
electrons and heavy particles are the same: ncld = nhvy.
The electron and ion temperatures were taken the
same because the frequencies of electron–electron
and electron–ion collisions in the dense plasma of
pellet clouds are about 1011–1012 s–1 and 106–107 s–1,
respectively, which exceeds the possible inverse time
of variation of the plasma parameters in the cloud that
can be estimated as  s–1. The radius of the
expansion channel  was estimated in experiments as
the HWHM of the transverse distribution of the CII
line intensity. This estimate should be treated as an
upper estimate because even a small degree of ioniza-
tion of the ablatant is sufficient to completely stop its
convective expansion across the magnetic field [17],
and the beginning of secondary ionization guarantees
the localization of the material in the channel with
such radius.

The electron density and temperature in the hydro-
carbon pellet cloud at the LHD were measured
directly in the experiment in a small part of the cloud
where Hβ line emission was observed. The electron
density and densities of ions in various charge states in
carbon clouds were calculated [7]. All these data were
used to verify the conservation law given by Eq. (6).

Data for discharge no. 108767 summarized in
Table 1 were used for the polystyrene pellet ablation in
the plasma of the LHD heliotron. The image of the
cloud was obtained when the pellet was at an effective
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minor radius of reff ≈ 39 cm, and the measured ablation
rate was  1021 s–1 (in C8H8 monomers). The
electron temperature and density at a distance of

 mm from the center of the cloud, where the
intense ionization of C+ ions began, were  eV

and  m–3, respectively [10]. The transverse
radius of the cloud  mm was determined as
described above from the instantaneous photograph of
the cloud. The speed of sound cs = 1.3 × 104 m/s was
obtained under the assumption of single ionization of
hydrogen and carbon. Condition (6) will be satisfied at

. Thus, in further estimates of the density of
pellet clouds and the ionization lengths of C+ ions, it is
reasonable to vary  in the range of 0.5–1.0.

Estimates from Eq. (6) are in reasonable agreement
with the longitudinal distribution of heavy particles
calculated with the parameters of the cloud and the
ablation rate at the injection of the carbon pellet
into W7-AS discharge no. 43004 reported in [7]. For-
mula (6) was used to calculate the dependence of the
electron density  on the temperature  at  =
0.5 and 1 for data of W7-AS discharge no. 43580 pre-
sented in Table 1.

The dependences of the measured characteristic
longitudinal decay length  of the CII line intensity
on the suggested electron temperature in the cloud 
are shown in Fig. 4 for (a) the carbon cloud at the

≅ ×� 2.8N

Δ ≅ 5.8z
cld = 3.3T

23
cld = 10n

cld = 3r

cld = 0.6M

cldM

cldn cldT cldM

decl
cldT



212 BAKHAREVA et al.

Fig. 4. (Color online) Characteristic lengths (1) ,

(2) , (3) , (4) , (5) ,

and (6)  versus the temperature of the pellet
cloud.

W7-AS
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W7-AS and (b) the hydrocarbon cloud at the LHD in
comparison with the dependences of the lengths of
electron-impact ionization of C+ ions in the ground
state calculated using Eqs. (5) and (6). The ionization
lengths of C+ ions by hot electrons of the background
plasma calculated with Mcld = 1 and 0.5 are denoted as

 and , respectively. The lengths of
ionization of C+ ions by hot electrons of the back-
ground plasma and cold electrons of the cloud
obtained with Mcld = 1 and 0.5 are denoted as 

and , respectively. The dotted line is the
ratio  of the lengths of ionization of C+ ions by
hot and cold electrons, which demonstrates which
particles make a larger contribution to ionization.

The behavior of the  and  curves
is determined by two competing processes: (i) an
increase in the expansion rate with increasing tem-
perature of the cloud and (ii) a rapid, nearly exponen-
tial, increase in the rate of ionization by electrons of
the cloud with an increase in their temperature. It is
seen in Fig. 4a that  (line 5) is smaller than 
(straight line 1) in two regions  eV and

 eV. The contribution from only hot electrons
to the ionization of C+ ions near  eV corre-
sponding to a low expansion rate is enough to ensure
the observed longitudinal decay length of the intensity.
However, at such low expansion rates, the electron
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density estimated by Eq. (6) is a factor of 3–4 higher
than that at a temperature of 5.5 eV corresponding to
the second crossing of line 5 with straight line 1.
According to [11], the decrease in the heat f lux of hot
electrons at such a high density would be stronger than
the “experimental” decrease calculated from the
measured ablation rate and the parameters of the
background plasma. Furthermore, the temperature

 eV is noticeably lower than the value
obtained in the simulation including the energy bal-
ance in the cloud [7]. Consequently, the more realistic
temperature is  eV that corresponds to the
second crossing and at which the contribution of elec-
trons of the cloud to ionization becomes noticeable.
The total contribution from hot and cold electrons to
ionization is sufficient to ensure the observed longitu-
dinal decay length of the CII line intensity upon
expansion at the speed of sound occurring at a tem-
perature of 5.5 eV. In this case, the rate of cold-elec-
tron ionization will be a factor of 2.5 higher than the
rate of hot-electron ionization (see line 2 in Fig. 4a).
To explain the experimentally observed longitudinal
decay length of the CII line intensity in the case of
subsonic expansion at , a smaller contri-
bution from cold electrons of the cloud to the ioniza-
tion of C+ ions is required and a temperature of

eV is sufficient, which is lower than that in
the case of expansion at the speed of sound. The
corresponding rate of hot-electron ionization will be a
factor of 6 higher than the rate of cold-electron
ionization.

Temperatures of 3.5–5.5 eV evaluated by the above
method are in agreement with temperatures of 2.5–
5.0 eV previously obtained in the simulation in the
region of the cloud, where the intense ionization of C+

ions occurs [7].
As seen in Fig. 4b for the hydrocarbon cloud at

LHD, the contribution to ionization from hot elec-
trons of the background plasma is much smaller than
the contribution of electrons of the cloud at any sup-
posed regime of expansion of the ablatant because of a
much stronger decrease in the f lux of hot electrons (by
a factor of more than 5 compared to the case of carbon
clouds). A temperature of 3.5–4.5 eV is sufficient in
this case to ensure the observed decay length of the CII
line intensity. The presented values are also in agree-
ment with the measurements of the temperature in the
hydrocarbon cloud [9, 10].

4. CONCLUSIONS
To summarize, the measured dimensions of pellet

clouds emitting the CII line, as well as the calculated
electron temperature and density in a cloud, have been
analyzed. It has been shown that the contribution of
hot electrons of the discharge plasma is insufficient to
reproduce the experimentally observed longitudinal
decay lengths of the CII line intensity. It is necessary
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to take into account the ionization of C+ ions by cold
electrons of the cloud. This process is particularly
important in hydrocarbon clouds, where cold elec-
trons of the cloud make the leading contribution to
ionization because electron flux from the hot plasma
is strongly shielded. This contribution is more than an
order of magnitude larger than that from hot electrons
of the discharge plasma. Hot and cold electrons in car-
bon clouds make close contributions to ionization.
The contributions from cold and hot electrons can
prevail in the cases of expansion at the speed of ion
sound and at subsonic velocity, respectively. The anal-
ysis of experimental data on the parameters of hydro-
carbon clouds shows that the velocity of expansion can
differ from the speed of sound by a factor of about 0.5.
Experimental data for carbon clouds are insufficient
for a reliable conclusion on the character of expansion.
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