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The injection of high-pressure supersonic jets into the tokamak plasma is considered as a promising way 
of future thermonuclear reactor fueling and as a tool for disruption mitigation. Successful experiments 
were performed on Tore Supra and DIII-D, correspondingly. In the present paper the evolution of such a 
jet is analyzed. The jet expansion, deceleration of the ambient electrons and ions by the jet, self-consistent 
electric field, elementary processes, radiation and adiabatic cooling of the ambient plasma are taken into 
account. The jet is simulated by a MHD code, which is similar to the code previously used for pellets. It 
is demonstrated that the ionization degree of the jet strongly depends on the jet parameters. Several 
simulations were performed for the range of parameters typical for DIII-D. The jet of initial density 

 remains almost neutral, and only the outer regions are ionized. When the initial jet density is 
reduced by a factor of 2 or more the main part of the jet becomes ionized rather fast. It is demonstrated 
that ionization at the jet edge in poloidal (perpendicular to the magnetic field) direction of the jet is 
sufficient to stop poloidal expansion of the jet by 
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×  force. The final poloidal size of the jet remains of 
the order of its initial poloidal dimension (of the order of ten centimetres). The jet motion in the radial 
direction (direction of the injection) is provided by the polarization poloidal electric field and the 
correspoding BE

rr
×  drift. In the paper two mechanisms of polarization reduction are considered: Alfvén 

conductivity of the ambient plasma and the B∇ -induced drift. It is shown that almost neutral jet can 
penetrate deep into the tokamak while a modest ionization degree should prevent its penetration for the 
case of low field side (LFS) injection.  

 



1. Introduction 
Injection of supersonic gas jet is considered to be a new technique of material delivery into a tokamak. 
This technique was suggested for the future reactor and for disruption mitigation. The general idea is to 
inject a rather dense jet, which contains large amount of particles, so that it could remain almost neutral in 
spite of the energetic ambient plasma particles and therefore should be able to penetrate deep into a 
tokamak. Another advantage of this technique is that it is almost as cheap as gas puff (much cheaper than 
the pellet injection), but using a Laval nozzle it is possible to achieve a well-collimated jet moving with 
rather high (supersonic) velocity. In the Figure 1 the jet injected into a tokamak plasma is schematically 
shown. 

The first experiments on jet fuelling 
were performed on Tore Supra [1,2] and on 
tokamaks HT-7 [3] and HL-1M [4]. The 
fuelling efficiency value was reported to be 
intermediate between the standard gas puff 
and pellet injection from the high field side 
(HFS) of the tokamak. The first experiments 
on disruption mitigation were performed on 
DIII-D [5,6]. Several gases were used: 
deuterium (D2), helium (He), neon (Ne) and 
argon (Ar). It was reported that the 
impurities in high-density jet 
( ) penetrate deep into the 
tokamak plasma (up to , 
where 
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r  is the distance from the magnetic 
axis, and  is the distance up to the 
separatrix), causing a thermal and current 
quench without significant damaging 
effects, such as thermal loads to the first 
wall and divertor plates, vessel strength 
from poloidal halo currents and runaway 
generation.  
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Figure 1. Injection geometry. Shown are the Laval 
nozzle outside the plasma, the coordinate system used 
below in the text, and the jet expanding mainly along the 
magnetic field lines with velocity Vz

r
 (see explanation in 

the text below). The jet initial velocity V  is directed 

along the x axis. The green dashed line represents the last 
closed magnetic surface. 
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In the second series of experiments [7] on DIII-D with lower jet density no significant penetration much 
past the edge pedestal has been observed but the effect on the discharge was similar. Therefore the high-
pressure noble gas injection is considered to be a promising technique for disruption mitigation for ITER. 

On the ASDEX-Upgrade the supersonic gas jet with the same parameters as on Tore Supra [1,2] 
was used to control the edge density profiles and to cause ELM event and to control its intensity  [8,9,10]. 
No density rise inside the separatrix was observed, which indicates that such a jet does not penetrate into 
the tokamak. 
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Up to now the theoretical description of gas jet behavior was absent. The natural interpretation of 
the deep jet penetration is that the jet remains almost neutral and hence is able to move across magnetic 
field with the initial velocity. On the other hand the strong energy fluxes coming from the ambient plasma 
should provide heating, which might be sufficient for at least partial ionization of the jet. Whether the jet 
remains neutral or ionized depends on the balance of heating power and energy losses spent on the jet 
expansion, ionization and radiation. 



In the present paper the jet evolution is analyzed. The studying of heating and expansion is 
performed for a single plasma blob with density, temperature and size equal to those of the jet, while 
considering the jet penetration and background plasma cooling, the jet is treated as a succession of such 
blobs. The 1D jet expansion along the magnetic field lines is simulated by means of MHD code, which is 
similar to the pellet code [11]. MHD parallel expansion, deceleration of the ambient electrons and ions by 
the jet, self-consistent electric field, elementary processes and radiation are taken into account. 
Simulations were performed for different gases (D2, Ar), different values of jet density and background 
plasma density and temperature. It is demonstrated that the ionization degree of the jet strongly depends 
on the parameters, especially on the jet initial density. For the Argon jet and the parameters of experiment 
[3]-[4] the main part of the jet remains neutral and only the front expanding along magnetic field is 
ionized. When the initial jet density is reduced by a factor of 2 or more the main part of the jet becomes 
ionized rather fast. The jet of lower density, injected to the Tore Supra [1,2] or ASDEX-Upgrade [8-10], 
is ionized in the separatrix vicinity.  

The perpendicular (poloidal) evolution of the jet is also simulated. It is demonstrated that ionization 
at the edge of the jet is sufficient to stop poloidal expansion of the jet by Bj

rr
×  force, Fig 2. The final 

poloidal size of the jet remains of the order of its initial poloidal dimension (of the order of ten 
centimeters). The jet motion in the radial direction (direction of the injection) is more complicated. It is 
shown that in spite of the fact that the jet pressure gradient is balanced by Bj

rr
×  force as in the poloidal 

direction, the radial penetration may be still possible due to the polarization electric field and 
corresponding BE

rr
×  drift in the radial direction. It is shown schematically in Fig 3, here BVE 00 = , 

where  is the injection velocity. In the paper two mechanisms of polarization reduction are considered: 

Alfvén conductivity [
0V

12] of the ambient plasma and B∇ -induced drift. Both mechanisms are similar to 
those discussed in [13,14] for pellet clouds and are responsible for the jet deceleration or acceleration 
towards the low field side direction.  
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Figure 2. Momentum balance in the poloidal 
direction. The ‘+’ signs shows a direction of the 
electric field providing a confinement across the 
magnetic field, see Sec. 5. Note that the 
diamagnetic current closes its loop (which is not 
fully shown in the Figure) flowing along surfaces 
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Figure 3. Electric field of dipole type providing 
the motion across the magnetic field lines. The 
‘+’ signs shows a direction of the electric field 
providing a confinement across the magnetic 
field, see Sec. 5. 
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Recently a theoretical study of fuelling jet penetration was performed by Parks et al. [15]. They 
studied the fueling jet injected from the high field side of a tokamak. We confirm their result that only a 
HFS fuelling jet may be able to penetrate deep into the plasma due to BE

rr
×  drift.  

The paper is organized as follows. In the Section 2 the gas flow from the Laval nozzle is considered. 
In the Section 3 the heating and expansion of a single partially ionized plasma blob along the magnetic 
field lines are discussed. Later the jet is considered as a sequence of such blobs. In the Section 4 results of 
numerical modeling of the expansion along the magnetic field are presented. In the Section 5 the 
transverse expansion of partially ionized blob and its confinement in the poloidal direction is studied. In 
the Section 6 the model for the transverse expansion and confinement in the poloidal direction is 
described and results of calculations are presented. The Section 7 is devoted to the analysis of the poloidal 
electric field formation, the radial BE

rr
×  drift and corresponding jet penetration.  

2. Jet motion outside the plasma 
 

Let us consider the gas jet, flowing out from the reservoir through the Laval nozzle with cylindrical 
cross-section and varying radius, see Fig. 4. Let the , , and  be the gas density, temperature and 
pressure in the reservoir respectively, while  and  are gas density and Mach number at the exit of 
the nozzle, and the nozzle radius at the exit is . From the classical hydrodynamics [

rn rT rp

En EM

Er 16] 
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where gasγ  is a isentropic exponent.  
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Figure 4. Laval nozzle. 

 
Assuming that after release from the nozzle the gas expands in the perpendicular direction with 

sound velocity, one can estimate the jet cross-section at distance  from the nozzle as d ⎟
⎠
⎞

⎜
⎝
⎛ +=

M
xrd E

~
1 , 

where Erxx =~ . Therefore the density at distance  is  d
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This expression might be used to estimate the jet density at the plasma. 
 

3. Model for jet heating and expansion along magnetic field lines 
 

Let us consider the 1D expansion of the partially ionized plasma confined in a tube with certain 
fixed cross-section, as shown in Fig. 5. Inside such a blob, where the collision frequency is high, and the 
mean free path of all species aie ,,λ is smaller than the jet parallel length , L Laie <<,,λ , the fluid equations 

are solved: 
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Here hMn=ρ  is the mass density, M  is the atomic mass of jet atoms, 

 is the density of ions in the charge state i,  is the 

total density of neutrals and atoms.,  is the parallel velocity, 
 is the total pressure, 
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( Tnnp he += ) T  is the temperature common for 

all species,  is the electrons density, ∑
=
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Z

i
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0
ihehinc qqq +=  is the 

energy flux carried by the incident electrons and ions  from 

the ambient plasma, 

)( ehq )( ihq

χ  is the heat conduction coefficient,  and 

 are the ionization and radiation loss power per volume 

respectively.  
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The ionization state distribution is described by 
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Figure 5. 1D expansion of 
the jet along the magnetic 
field. 
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where hii nny = , I and R are the ionization and recombination rates respectively, ,011 == +− Zyy  

, 00 == ZIR ( ∇⋅+
∂
∂

= V
tdt

d r ) . In the r.h.s. the first term represents, in particular, the ionization by cold 
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electron impact, and the second term describes the impact by incident electrons penetrating through the 
gas jet from the ambient plasma. 

The ionization/recombination rates and radiation losses are functions of density and temperature and 
are different for different conditions. For example, for an extremely dense deuterium jet one may use the 
Local Thermal Equilibrium approximation and assume surface radiation. On the contrary, for a weak 
impurity jet one may assume coronal dynamics. However, there is a wide range of parameters where 
these simple models are not valid, and one should use more sophisticated models (see for example [17]) 
or solve equations for the radiation transport, like it is done in [18]. In the Appendix such a model for 
Argon is presented. This model is used in the numerical simulations below. The coronal dynamics model 
is also used optionally to demonstrate the sensitivity of the results to the radiation loss model. 

The incident electron and ion fluxes and corresponding energy deposition in the blob are calculated 
separately. First, since the mean free paths of ambient electrons and ions are large their deceleration 
inside the blob should be described kinetically. Second, fast electrons and ions carry the electric charge, 
therefore a self-consistent electric field should appear to provide quasi-neutrality. 

The value of self-consistent electric field 
depends on the conductivity of the cold plasma. For a 
completely neutral blob the potential drop between it 
and the ambient plasma corresponds to the floating 
potential. In a Maxwellian ambient plasma with the 
density  and temperature  the electron flux bgn )(bgeT
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should be equal to the ion flux 
i

bge
bgih m

T
n )(γ

=Γ (  is 

the ambient ion mass). From the condition  

one obtains an equation for the magnitude of the 
potential drop  (see Ref [

im
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ΔΦ 19] for details) 
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Figure 6. Double sheath formation. 

 

e

i

bgebge m
m

T
e

T
e

πγ2
2experf1

)()(

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ ΔΦ
⋅
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ ΔΦ
+  

The solution of this equation is known as floating potential, 
e

T bge
float

)(7.2≈ΔΦ . 

The situation is more complicated when the blob is partially ionized. In this case one should take 
into account the electrons extracted from the ambient plasma. The ambipolarity and quasi-neutrality 
conditions in the ambient plasma are  and , where subscripts  

correspond to the hot and cold electrons respectively. This problem of electrostatic shielding formation in 
the general case was studied in details in Ref [

iheceh Γ=Γ−Γ )0(
bgieceh nnnn ==+)0( ch,

19], where equation for the potential drop was derived. In 
the case when the blob electron density is high enough (roughly when a maximal electron flux which 

could be extracted 
e

eec m
Tn
π2

=Γ  is larger than , see details in [)0(
ehΓ 19]), the double sheath is formed, 

Fig. 6. The potential drop between the ambient plasma and the blob is smaller that the floating potential 
 6



but still is of the order of . This case might correspond to the real experiment parameters. 

Additional complication is connected with the possibility that some fast electrons might penetrate 
throughout the blob, forming a flux  from the cloud to the plasma, Fig. 

eT bge /)(

)(back
ehΓ 6. In this case one should 

add the corresponding terms in ambipolarity and quasi-neutrality conditions: 
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The superscript ‘back’ shows that there are values corresponding to the electrons penetrating throughout 
the blob. These equations determine the potential drop between the ambient plasma and the blob used in 
the simulations.  

Since the electrons stopping length inside the blob is larger than that of the ions for typical 
parameters of jet injection, the electron flux differs from the ion flux. To make the net current equal to 
zero inside the blob the electric field  there should satisfy the equation ||E
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where ||σ  is the parallel conductivity, and  Fig. )()0( back

eheheh Γ−Γ=Γ 5. Note that since the conductivity is 

small the electric field becomes large enough to stop all the ambient electrons. In this case they are able to 
move only together with ions . Eq. (5) for the potential distribution is also solved in the code.  ehih Γ=Γ

The particle and energy flux depletion of hot background carriers (electrons and ions) inside the 
blob due to collisional interaction with the cold particles is modeled similarly to [20]. The distribution 
functions of the incident energy carriers (electrons and ions) are assumed to be Maxwellian and are 
modeled by 5 monoenergetic groups, carrying the equal energy flux. Hence the depletion of particle flux, 
energy and energy flux is calculated according to 
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Here  is the energy of each monoenergetic beam,  and  denote the mean free path lengths for 

momentum and energy transfer collisions, (iB) and (iF) subscripts correspond to ion-bound and ion-free 
electron collisions. The groups are introduced in such a manner that each group carries the same energy 
flux [

)( j
kε

)(mλ )(eλ

20]. The expressions for the mean free paths in Eqs. (6)-(9) are taken from [21-25].  
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Figure 7. Density profile along the magnetic field. a1) – coronal dynamics model, initial density 

; a2) – coronal dynamics model, initial density ; b1) – model for 

optically thick blob, initial density ; b2) – model for optically thick blob, initial 

density .  Presented are integrals , ,  
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4. Simulation of parallel expansion 
 
The approach described in the previous section was used to simulate the parallel expansion of the blob. 
The same set of equations has been previously solved in the pellet code LLP described in Ref. [11] to 
study the parallel expansion of the ablated  
material. In this section we consider evolution of an initially neutral blob along a magnetic field. The 
input parameters for modeling are ambient plasma temperature  and density , blob initial density 

 and temperature , and also the initial length in z-direction . The initial electrons density and 

parallel velocity  are assumed to be zero. Presented below are results of simulation made for the 

parameters typical for the experiments with Argon jet injection on DIII-D. They are: 

)(bgeT bgn

0hn 0T 0l

0zV

keV  1.5)( =bgeT , 

, ,  and . In Figs -319 m  103 ⋅=bgn cm  5.70 =l -324
0 m  104 ⋅=hn -324

0 m  101⋅=hn 7-10 the main jet 

parameters at  are presented for two models for ionization state distributions and radiation 
losses and for different values of the initial density.  

ms  5.1=t
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Figure 8. Temperature profile along the magnetic field. a) – coronal dynamics model; b) – model for 
optically thick blob. 

 
 

Figure 9. Heating power density due to incident particles deceleration. a) – coronal dynamics model; 
b) – model for optically thick blob. 

  

Figure 10. Electrostatic potential profile along the magnetic field. a) – coronal dynamics model; b) – 
model for optically thick blob. 

 
Two characteristic regions (which are schematically shown in Fig. 11) are clearly seen for the higher 
initial density independently of the model for ionization and radiation losses (see Figs. 7a1, 7b1 and 
curves marked by index 1, circles and blue colour in figures 8-10). The first region (I), at the outer part of 
the cloud, is a region where hot incident electrons are able to penetrate (i.e. where 0)div( >+ ie qq rr , see 
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Fig 9). On the density, temperature and electrostatic potential plots this region may be identified by the 
presence of ionized particles, the temperature values over 1 eV and by the non-zero inclination of the 
potential curve correspondingly. Jet temperature in this region is defined mainly by the energy balance 
between the heating power coming from the incident particles and energy losses due to the radiation, 
therefore the radiation losses are almost the same for two models. The ionization degree (see Figs 7a1, 
7b1),  on the contrast, differs significantly, because the same amount of radiation in different models 
correspond to different temperatures and ionization state distributions. Note that the values of the density 
are lower than initial ones due to the free expansion along the magnetic field. One can see from Fig. 10 
that the parallel electric field arises in the region I to provide a conductivity current of cold electrons, 
which is necessary to compensate the ambient electron flux according to Eq. (5). The second region (II) is 
a cold and dense one, to which hot background particles are not able to penetrate ( 0)div( =+ ie qq rr ). The 

temperature in this part of the cloud remains low (300 K approximately, see Fig. 8), and the electron 
density is close to zero (see Figs 7a1, 7b1), independently of the radiation losses model used. The 
electrostatic potential (Fig. 10) in this region is constant and the electric field is equal to zero because 
there are no electrons and ambient electrons do not penetrate there. It is also seen that the significant 
fraction of the total number of injected particles is located in region II.  
Note that the net electrostatic potential drop 
(including both electrostatic sheath outside the 
cloud and the drop in region I, ) is of the order 
of several , i.e. enough to stop most part of 

the ambient electron flux. 

ΣΔΦ

eT bge /)(

For the smaller initial density of the blob the 
incident particles can penetrate up to its center, 
providing heating and ionization. Calculations 
show that for  and the same other 

parameters the incident particles can penetrate 
throughout the whole blob, and region II disappears 
(see Figs. 

-324
0 m  101⋅=hn

7a2, 7b2 and curves marked by index 2, 
squares and red colour in figures 8-10). The 
electron density becomes high enough everywhere 
in the blob. 
For the fuelling jet, where the radiation losses are 
small compared to the heating power, the energy of 
the incident particles is spent mainly on heating, 
expansion and ionization. For the blob and 
background plasma parameters typical for the Tore 
Supra tokamak edge plasma cm  30 =l , 

, , 

 the ionization degree reaches 

unity rather fast. The computed density profiles 
corresponding to several moments are shown in 
Fig. 
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Figure 11. Schematic view of the expanding 
blob. Shown are the two qualitatively different 
regions, first one is the region where incident 
particles can penetrate and second is the region 
where they cannot penetrate. 
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5. Physics of expansion across magnetic field  
As it is known from the pellet physics, the cold 

dense (comparing with ambient plasma parameters) blob 
do not expands freely across the magnetic field due to 
the Lorenz force, balancing the pressure gradient [26]. 
The same may be expected also for the supersonic jet, 
and, as it is demonstrated below by running a 1.5D 
MHD code (similar to the LLP pellet code), that is the 
case.  

In this section we study the conditions necessary to 
stop the expansion across the magnetic field in the slab 
geometry (for the simplicity). Consider a cold dense 
partially ionized blob with density  inhomogeneous in 

the y direction. Density  is assumed to be much larger 

than the ambient plasma density  while its 

temperature 

hn

hn

bgn

T  is supposed to be much smaller than the 
ambient temperature . The ion density inside the 

blob  is much smaller than the neutral atom density 

 but larger than : .  

)(bgeT
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an bgn aibg nnn <<<<

Figure 12. Density profile along the 
magnetic field at different 

times for the following set of deuterium 
blob and background plasma parameters:  
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cm  30 =l , , -321
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eV  100)( =bgeT . 

 

Ions and neutrals of the blob are strongly coupled due to the high collision frequency so the common 
temperature is assumed. The magnetic field is sufficiently strong so that both blob and ambient pressures 
are significantly smaller than the magnetic pressure  0

2 2/ μB

Let us analyze the stage when the acceleration is finished and the force balance is achieved. The 
stage of expansion will be analyzed in the next section. The momentum balance in the y directions is 
 

,Bj
y
p

x−=
∂
∂ ,          (10) 

 
where  is the sum of the neutral and plasma pressures of the blob. (Here and below 

subscript e denotes electrons and subscript i denotes ions). We assume that only single ionized ions are 
present. Expressing current through the magnetic field, we have standard pressure balance 

eia pppp ++=

 

0

2
0

0

2

22 μμ
BBp =+ .          (11) 

 
Note that the parameter  is calculated using the full pressure of the blob, where the 

pressure of neutrals dominates. If the ionization degree is small, the perpendicular current in Eq. (
1/2 2

00 <<= Bpμβ

10) is 
significantly larger than the diamagnetic current in fully ionized plasma. To understand this in more detail 
let us consider partial momentum balances.  

For neutrals the friction with ions and electrons balances their pressure gradient 
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,),()( cxicxeyayeaeeiyaycxaa
a Vnuumnuumn

y
p σννν =−+−=
∂
∂

− eaaea Vn σν =  (12) 

 
where  is the velocity of neutral atoms, aur eur  is the velocity of electrons and 

iu r
 is the ion velocity. The 

thermal force is neglected. For neutrals, according to Eq. (12), where friction with electrons may be 
neglected, the difference between neutral and ion velocities corresponds to the diffusive motion of 
neutrals through ions 
 

iy
a

cxaa
ay u

y
p

mn
u +

∂
∂

−=
ν

1 .         (13) 

 
This relative neutral velocity is much smaller than the sound speed provided , where L 

is the spatial scale of the blob.  
Ln cxia <<= −1)( σλ

Neutral drag, Lorenz force and electric field balance the ion pressure: 
 

0)( =−−++
∂
∂

− BuenuumnEen
y
p

ixiiyayexaayi
i ν .     (14) 

 
Electron-ion friction vanishes because 0)( =−= eyiyey uuenj . 

Since ion-neutral friction is equal to the neutral pressure gradient (see Eq. (12)), which could be 
several orders of magnitude larger than the plasma pressure gradient, the current in the x-direction is 
much larger than the ion diamagnetic current driven by the ion pressure gradient. The Lorenz force 
caused by the electron diamagnetic flux balances the electron pressure gradient, electron-neutral friction 
and electric field 
 

0)( =−−+−
∂
∂

− ayeyeaeeexiyi
e uumnBuenEen

y
p ν .     (15) 

 
The sum of Eqs. (12), (14)-(15) gives Eq. (10). 

Now let us find the electric field in the y-direction, . Strong ion flux in the x direction causes 

enhanced ion motion in the y direction. Indeed, from the x component of ion momentum balance we have  
yE

 
0)()( =−−−− exixeieeaxixcxaaiyi uumnuumnBuen νν .     (16) 

 
Summing this equation with x component of electron momentum balance 

 
0)()( =−+−−− exixeieeaxexeaeeeye uumnuumnBuen νν ,     (17) 

 
taking into account the condition , one finds 0=yj

 
0)()( =−−−− axexeaeeaxixcxaa uumnuumn νν . 
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Together with Eq. (10) in the form 
y
p

eB
uun exixe ∂

∂
−=−

1)( , it yields 

 

ax
cxaaeaee

eaee

e
ix u

mnmn
mn

y
p

Ben
u +

+
⋅

∂
∂

−=
νν

ν1 . 

 
Substituting this into Eq. (14) with Eq. (13) one obtains the ambipolar electric field 
 

cxaaeaee

eaee

e

ai

e
y mnmn

mn
y
p

eny
pp

en
E

νν
ν
+

⋅
∂
∂

−
∂
+∂

=
1)(1  

 
The second term in this equation is small, because the electron-neutral friction is much smaller than the 
ion-neutral one. Consequently,  
 

 
y

pp
en

E ai

i
y ∂

+∂
=

)(1 . (18) 

 
This electric field directed from the ambient plasma inside the jet is shown in Figs 2,3 by ‘+’ signs. 

It is interesting to note that the ambipolar electrostatic potential could be much larger than the usual eTi  

since the ratio . The ions do not move in the x-direction, and the current in the x-direction is 

carried by electrons: 

1/ >>ia nn

B
E

enuenj y
eexex == .  

In summary we may conclude that the partially ionized plasma is confined by the magnetic field 
due to the interaction between magnetic field and perpendicular currents produced by the ionized fraction. 

In the case of supersonic jet this leads to the fact that the integral  remains constant, which provides 

the incident energy carriers depletion and allows the jet to remain neutral and penetrate. 

∫
−∞

∞−

ndz

6. Modeling of expansion across the magnetic field 
 
To obtain the poloidal size of the blob we consider a cigar-like structure and use the 1.5D MHD code 
(similar to the LLP pellet code). This is in fact the 2D code, where the equations along z-axis are 
averaged. In this code axial symmetry is assumed. The cloud is discretized in the radial ( ) direction, 
the axial ( ) expansion of each Lagrangian cell also being taken into account without discretization in 

that direction. The equations are single fluid MHD equations, same as are in  code,  

⊥B

||B

||B

( ) 0=⋅∇+
∂
∂ V

t
r

ρρ ,         (19) 

( ) [ BjpVV
t

rrrr
×+−∇=∇⋅+

∂
∂ ρρ v ],       (20) 

( ) ( ) ( ) ( )
σ

χ
2

_||2
3

2
3 jQQVpTqVp

t
p

lossesradionizinc +−−⋅∇−∇⋅∇+⋅∇−=⋅∇+
∂
∂

⊥⊥

rrr
, (21) 

 13



 
and equation (4) for charge state distribution. The input parameters are the ambient plasma temperature 

 and density , initial tube transverse radius , blob initial density  and temperature , and 

also the initial length in z-direction . The initial electron density and velocities  and  are assumed 

to be zero. 

)(bgeT bgn 0r 0hn 0T

0l 0zV 0rV

 
Figure 13. Typical radial density and ionization 
degree profiles. 

 
Figure 14. Time evolution of transverse size of 
the blob with the following parameters 

keV  1.5)( =bgeT , , -319 m  103 ⋅=bgn

cm  5.70 =r , . -324
0 m  104 ⋅=hn

 
Calculations show that for wide ranges of parameters an ionization degree of the order of 5% 

establishes after several microseconds at the plasma periphery, where the density is smaller and where 
incident electrons can penetrate. The typical radial density and ionization degree profiles are presented in 
Fig. 13. The ionization degree of 5% is sufficient for the Lorenz force to stop the perpendicular motion. 
The time evolution profiles of the transverse size of the blob are presented in Fig 14. One can see that the 
transverse size of the blob does not change significantly (by a factor of two or less).  

 

7. Jet penetration in the radial direction  
 
According to the previous sections the jet expansion across the magnetic field is stopped by the 
diamagnetic current and corresponding Bj

rr
×  force. However, jet motion with a constant velocity in the 

radial direction is still possible due to the polarization electric field.  
Let us consider the single cold dense partially ionized blob injected into the tokamak in the radial 

direction (x-direction). The injected jet may be considered as a sequence of such blobs. The initial (t=0) 
velocity both for neutral and ionized fraction of the blob is . As shown above, the blob does not expand 

in poloidal direction (y direction). To provide motion of the blob ions in the x-direction the polarization 
electric field of dipole type  should appear, Fig. 

0V

BVE 00 = 3. Deceleration of ions in the x-direction is 

governed by the equation 
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 )( 000 xixcxy
ix

ii uumnBj
dt

dunm −−−= ν . (22) 

 
Here  is additional to the current produced by the pressure gradient, Eq.(yj 10), and in contrast to the 

diamagnetic current is not divergent free. If this current is not short-circuited in the ambient plasma, it 
should be zero. The ions of the blob hence are decelerated only due to the friction with neutrals. The 
friction with ions, on the other hand, determines the velocity of neutrals 
 

 )( 000
0

00 xixex
x uumn

dt
dunm −= ν . (23) 

 
Since initial velocity both for ions and neutrals is , the solution of Eqs. (0V 22) and (23) corresponds to the 

constant velocity of the blob 
 
 0Vuu axix == . (24) 

 
In the real 3D case, when the size of the jet along the magnetic field is finite, polarization field 

propagates along B
r

 with the Alfvén velocity. The current circuit is closed through the ambient plasma. 
As was demonstrated in [12], see also [14, 13], the ambient plasma in this case acts as an effective 

resistance with so-called wave conductivity 
A

W c0

2
μ

=∑ , where  is the Alfven velocity. Similarly to 

[

Ac

12] one may substitute 
i

ixii
y B

unmj
τ

=  to the first term in r.h.s. of the Eq. (22), where ( ) BEu yix /=

 

 2
0

2B
Mc iA

i
μτ = , (25) 

 
and  are integral masses of the jet ions and neutrals Ni MM ,

 

 . (26) ∫
∞

∞−

= dznmM aiaiai ,,,

 
Eq. (22) yields 
 

 )( axixiaii
i

ix
ii

ix
ii uumnunm

dt
dunm −−−= ν

τ
, (27) 

 
with the ion-neutral friction force rewritten in the form )()( axixiaiiaxixcxaa uumnuumn −=− νν . 

Let us estimate the two terms in Eq. (27) for parametres of the Argon jet on DIII-D. The Argon ion 

mobility with  is -325 m 107.2 ⋅=an
sV

m 1052.1
2

4

⋅
⋅= −

ib  [27], consequently for the blob density 

 [-324 m 104 ⋅=≈ ha nn 5] the ion-neutral collision frequency is -19 s 104.2 ⋅=iaν . 
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For the ambient plasma parameters T 5.2=B ,  and  (the 

deuterium ambient plasma is considered) the Alfvén velocity is 

-319 m 103 ⋅=bgn kg 1034.3 27−⋅=bgm

m/s 107 6

0

⋅≈=
bgbg

A mn
Bc

μ
. The 

integrated jet mass  may be estimated as iM dmnM ahi α= , where  is the jet diameter and d hi nn=α  is 

the ionization degree. Substituting m 15.02 0 == ld  [5] and estimating %5=α , one finds 

. Thus the ion relaxation time is , and . 23 m/kg 102 −⋅=iM s 104.1 3−⋅=iτ
1−>> iai ντ

Thus for the typical Argon jet injected to DIII-D the neutral and ionized components are strongly 
coupled according to Eqs. (23), (27), i.e., axaxix uuu <<− . Then integrating Eqs. (23), (27) over z and 

summing them up with , we find axix uu =

 

 2
0

2
)(,

B
MMcE

t
E iaA

W
W

yy +
=−=

∂
∂ μτ

τ
. (28) 

 
For the parameters of a Deuterium jet, the condition  is not fulfilled. Indeed, in analogy to 

previous estimates, the Deuterium ion mobility is 

1−>> iai ντ
-16 s 101.6 ⋅=iaν  for . For the ambient 

plasma parameters 

-321 m 104 ⋅=hn

T 5.2=B , , -319 m 103 ⋅=bgn m 12.0=d  and 2.0=α , one finds 

. Thus, the situation with a Deuterium jet is more complicated, because s 106.1~s 103.2 717 −−− ⋅=⋅= iai ντ

iτ  is smaller than the time necessary to reach the full ionization (see Fig. 12).  

In the inhomogeneous magnetic field, the ionized plasma cloud in addition is accelerated in the low 
field side direction (LFS) [28]. This acceleration is RmTg i/4= , ( )ie TTT +=2 , provided the Alfvén 

conductivity of the ambient plasma is neglected. For a partially ionized blob the acceleration is strongly 
reduced by a large factor  since the ih nn / B∇  drift current is proportional to the ion density while the 

acceleration of the blob contains the density of neutrals. Hence, the acceleration of the partially ionized 
blob is 
 

 
h

i

i

ie

n
n

Rm
TTg )(2 +

= . (29) 

 
Taking into account the Alfvén conductivity, the dynamics of the blob in the LFS direction is given 

by (see [13]) 
 

 
i

iei
yA

yia

BRm
TTMEE

dt
dE

B
MM )(2)(2)(

02

+
+−Σ−=

+ . (30) 

 
Note that the ambient pressure ( ))()(2 bgibgebgbgbgbg TTnTnp +==  does not appear in the Eq. (30). 

Therefore, the blob may penetrate inside the tokamak even if the ambient pressure  exceeds the 

pressure of the blob . The ambient plasma simply moves together with the blob du
bgp

 p e to BE
rr

×  drift 
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since its density bgn  is much smaller than the density of the blob hn  and the electric field in the vicinity of 

the blob remains close to BVE 00 = .  

In the case of a fully ionized blob, i.e. when o not a ynamics, the result ( neutrals d ffect the ion d
 

and t

30) 
is also valid. Including the wave conductivity, Eq. (22) transforms to Eq. (27) without ion-neutral friction

hen to the Eq. (28), where one should treat ia MM <<  with hia MMM =+ . Thus, the quantitative 

effect of the wave conductivity on the electric field relaxation is the same as for partially ionized plasma. 
However, the acceleration caused by B∇  and curvature dr 29) in a fully ionized plasma is larger 

that in a partially ionized , because the reduction factor  is close to unity.  

The equation (30) may be now rewritten in vector form 

ift (
 plasma  ih nn /

 

 R
mRB

Vu
dtB

iei
xA

xia r TTMudMM rrr

2202 )(2 )(2)( +

where the vector 

+
+−Σ−= . (31) 

i

 
R
r

 is dire
i

cted outward and its absolute value is equal to the tokamak major radius. 
The blob dynam cs (and, consequently, the jet behaviour) depends on the relation between Wτ , 

gVtg 0=  and 0Vat pen =  - th val nece ary for the jet to reach the tokamak center moving 

with initial velocity 0V . If pengW tt >>,

e time inter ss

τ , the blob (jet) may penetrate deep inside the tokamak mo

with almost initial velocity. If

ving 

 pengW tt <<,τ , after Wτ  the motion in the direction of  stops and after 

the motion turns into that with unif
0V
r

gt  

orm velocity  
 

R
mRB

TTMV iei
d ΣAi

rr +
= 22

)( ,        (32) 

 
directed towards the LFS of the tokamak. Note that the drift velocity dV  and integral iM  are connected by 

the continuity equation 0
2

00 VrnmVM hidi πδ = , where δ  is the transverse size of the jet (see details 

in [13]). This size δ  may decrease, because the drifting material moves along the converging 
equipotentials [13,30], and increases due to diffusion. Estimating the jet penetration depth, one should 
take  account tha

lob stops aft
into t B∇ -induced current vanishes as the blob expands along the magnetic field due to 

the rotational transform (see details in [ , consequently, the drifting b13]) er scRt = . 

If gpenW tt ,<<τ , after Wτ  the blob com

ay be roughly estimated as 

es to an almost full stop. In this case the penetration depth in 

 (neglecting the diffusion). this case m WV τ0

8. Modeling of the jet evolution 
 
To predict whether the jet is able to reach the tokamak center one should estimate Wτ  and gt  which 

depend on density, temperature and ionization degree. To calculate these parameters let us consider the jet 
as the sequence of blobs injected one after another with time interval dt . The initial parameters of each 

the same: initial density hn , initial velocity 0V  and initial longitudinal and radial sizes equal to 

each other, 00 lr = . According to this appro

blob are 

ach th e interv een blob injec t to e tim al betw tions is se



0Vr . Then for each blob we may start the 

means of the code described in Sections 

dt = calculation of evolution along the magnetic field by 

3,4.  
As the jet penetrates into a tokamak, the 

ambient plasma parameters are changed, and 
simultaneously is changed the transverse 
(poloidal) size. To take this into account, we start 
the evolution calculation with parameters 
corresponding to the plasma boundary and 
transverse size r  corresponding to these 
parameters calculated with help of 1.5D 
perpendicular code, described in Section 6. Then, 
as the first blob moves along its trajectory, the 
ambient density and temperature are increasing 
and a new transverse size r  is calcul

 

ated. The 
time interval between the adjustment of the 
ambient plasma parameters is taken as 0Vrdt = .

Figure 15. Typical density and temperature 

th calculation modules for each of the blobs. Note that the penetration 
veloc

ow presented are the results of calculations for the Argon jet injection for the disruption 
mitigation. The typical background temperature and density profiles used in calculations are presented in 
Fig. 15. 

profiles used in the calculations for DIII-D. 

To include the effect of an ambient plasma temperature drop after the injection, adiabatic cooling 
was assumed. For the next blobs evolution calculation we use the temperature value perturbed by all the 
previous blobs. This approach makes it possible to calculate in a self-consistent manner the temporal 
modification of the transverse size and corresponding change of the jet density as well as to trace the 
same background profiles in bo

ity 0V  is the same for each blob and is constant, i.e. the polarization reduction effects considered in 

the Section 7 are not calculated. 
Bel
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F
field at 

igure 16 Density profiles along the magnetic 
ms 2 . =t

 
F m
magnetic field at ms 2=t . 

The initial jet parameters are the same as in Section 

igure 17. Te perature profile along the 

4: cm  5.70 =r , cm  5.70 =l , -324
0 m  104 ⋅=hn , 

m/s  2500 =V . Th cessary for jet to reach the center thus is 2.5 ms. In Figs. e time ne

density and temperature profiles (for the first blob, i.e. for the jet front) are presented for two radiation 

16-17 the longitudinal 
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e most particles are located in the inner neutral region, where 

ha ∫≈⋅= 7.0m 1013.2 -223 .  

 which is exposed 
to the

losses models at ms  2=t , i.e. at the four fifth of the distance to the tokamak center. These profiles are 
similar to those discussed in the Section 4: th

hot incident electrons cannot penetrate, and n∫
The fraction of neutrals in the next blobs (in 
the jet body behind the front) is higher, 
because they are exposed to the ambient 
plasma with lower temperature. The temporal 
evolution of the ambient plasma temperature 
is shown in Fig 

dzndz

 

Figure 18. Tem

18. This figure demonstrates 
that only the energy losses on jet heating, 
expansion, ionization and radiation, but not 
the energy transport in the radial direction are 
taken into account. Also the width of the 
cooling front moving together with the jet 
cannot be found from such a simple analysis. 
However, the temperature profile after the 
cooling does not affect the penetration depth, 
which is defined by the density and 
temperature of the jet front,

 unperturbed plasma. 

poral evolution of the ambient plasma 
temperature. 

s ate the characterizing time constants depending on the vertical polarization 
reduction 

Let u now estim
 gt and Wτ . With T  5.2 , =B %5hi nn= =α , -319 m , -324

0 m  104 ⋅=hn , 

eV 1== ei TT , cm  5.7=zl , m  65.1=R  they are ms 28

103 ⋅=bgn

=Wτ  and ms  9.0=gt n see that for such 

a dense jet the Alfvén conductivity does not play a significant role, because penW t>>

. One ca

τ . On the contrary, 

the B∇ -induced drift may stop the jet rather fast. However, the penetration depth cannot be found from 
such a simple 1D analysis, because the significant part of the jet remains neutral and insensitive to the 
electric field and because we do not consider the possibility for inner neutral and outer ionized parts of 
the cloud to move separately in the radial direction. This will be the aim of a future 3D analysis. 

Figure 1
or the different values of the initial 

density. 

9. Longitudinal density profiles at 
ms 2=t  f

 
Figure 2 t 0. Longitudinal temperature profiles a

ms 2=t  for the different values of the initial 
density. 



Nevertheless one can conclude that the jet may penetrate deep (up to about half a distance to the 
center) into a tokamak, because the significant part of the jet remains neutral. 

The situation is opposite if one reduces the initial jet density (keeping the other parameters the same 
for the simplicity). In Figs 19-20 the longitudinal density and temperature profiles are presented at 

 for different values of the initial jet density  (the coronal dynamics model for ionization state 

distribution and radiation losses is used). One can see that already for , the incident 

electrons penetrate throughout the whole jet, and the inner neutral cold region II disappears (see for 
comparison Section 

ms 2=t 0hn
-324

0 m  101⋅=hn

4).  
Thus, one can conclude that there is a critical value of the initial jet density . If , the 

incident electrons cannot reach the jet center, which remains cold, dense and neutral. Due to the large 
number of neutrals (insensitive to the electric and magnetic field) the jet may penetrate into the tokamak 
with its initial velocity. If , the jet is transparent for the incident electrons, and the ionization 

degree and temperature in the whole jet volume might be high enough to stop the jet propagation due to 
the -induced drift. The critical density value depends on the tokamak plasma parameters and for the 
DIII-D tokamak is about . 

crn crh nn >0

crh nn <0

B∇

( ) -324 m  1021 ⋅÷=crn

Therefore, one possible explanation why the jet did penetrate into the tokamak up to the half 
distance to the center in the first experiment [5] while it appeared only at the plasma periphery in the 
second one [7], would be that in the first experiment the jet density might exceeded the critical one, while 
in the second one the density might have been lower than the critical value. 

Another mechanism, which might stop the jet, is that the fully ionized front of the jet in the 
inhomogeneous magnetic field acts as a piston, pushing the jet towards the LFS direction. The pushing 

force may be estimated as [ ]BjlllF zyx

rrr
×= , where , i=x,y,z, are the jet dimensions and il BR

Tn
j frontfront4
=  

is the vertical current caused by -induced drift. The density in the jet front should be one order of 
magnitude smaller than the density of the jet itself 

B∇
( ) -324

0 m  1021 ⋅÷=< crh nn  to provide deep penetration 

of the ambient plasma energy carriers and full ionization. Therefore we may set 
d
lndnlll x

hfrontzyx
31.0 ⋅= , 

where  is the initial jet diameter. The jet acceleration caused by this force may be found from the 

Newton’s law 

d

Ram
lT

adnmFg
i

xfront
hi

⋅⋅
==

41.0
)(~ 2 , where  - the tokamak minor radius – is substituted for 

the jet length in x direction. Substituting, 

a

eV  1=frontT , m  65.1=R , m  60.0=a ,  one finds 

, and one gets as a time necessary to stop the jet 

cm  1=xl

23 m/s  1069~ ⋅= .g ms  8.25
m/s  1069

m/s  250
~ 23

0
~ =

⋅
==

.g
Vtg . 

Note that the jet front size in the x direction  cannot be found rigorously from the analysis presented in 

this paper. If one estimates , then with the same other parameters one finds 

 and , which is less than 

xl

m  15.0~ =dlx

25 m/s  10451~ ⋅= .g ms  7.1~ =gt 0Vat pen = . Therefore, the effect discussed here 

might be important. 
To obtain the deeper penetration with low density one needs to launch the jet from the high field 

side (HFS) of the tokamak. In this case the jet B∇  acceleration is directed towards the tokamak center 
and the jet front does not ‘push’ it outwards in a manner described above. 
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The fuelling jet penetration was modeled with the parameters corresponding to the experiment [10] 
performed on ASDEX Upgrade. In this experiment the supersonic jet was suggested as a technique 
alternative to the injection of small pellets to cause ELM event. The result of the experiment was that 
such jet couldn’t affect the ELM repetition rate in contrast to the pellets. This may be explained by the 
fact that such a jet launched from the LFS cannot penetrate inside the separatrix. 

The jet parameters are [10] 
, , 

. The calculated density profiles 

corresponding to several time instants are 
demonstrated in Figure 

cm  600 == rl -321 m  107.1 ⋅=hn

m/s  18000 =V

21. It may be seen that 
the ionization degree reaches unity as the jet 
crosses the separatrix, in agreement with the 
experimental observation [10]. The explanation 
of this jet behaviour is the following. The 
background plasma temperature rises from 
several eVs in the SOL up to 100 eV at several 
centimeters inside the separatrix. 
Consequently, since the radiation losses for 
Deuterium are negligible in comparison with 
the heating power due to incident electrons 
depletion, the jet temperature rises rather fast 
and the jet becomes fully ionized within 1 sμ . 

Figure 21. Longitudinal density profiles at different 
moments for the jet injected to ASDEX 
Upgrade [10]. 

With , T  5.2=B 1== hi nnα , , , , -318 m 105 ⋅=bgn -321 m  107.1 ⋅=hn eV 10== ei TT cm  6=zl , 

 one finds m  65.1=R sW μτ   13.0=  and sg μτ   6.1= . Consequently, as the front of the jet (launched 

from the LFS) becomes fully ionized it stops immediately and cannot penetrate further.  
From the above estimates one can conclude that in the Tore Supra experiment [1], where the same 

experimental device was used, the jet behaved like a pure gas puff, i.e. the core fueling was provided by 
the diffusion mainly defined by a charge exchange processes. The moderate increase of fueling efficiency 
comparing with the gas puff may be due to the fact that particles of the jet are delivered directly to the 
separatrix (or last close flux surface, LCFS).  

For the jet injected from the HFS there is one more mechanism which might provide a material 
delivery into the central regions of the plasma core – the B∇  induced drift. This drift causes the shift of 
the fully ionized part of the jet towards the LFS. The shift distance xΔ  may be estimated in the manner 

similar to the one suggested for pellet cloud [13] ( ) 4
0

0 bgbgD

i

mnrlB
NRmx

π
μ

⋅
+

=Δ
&

, where 

s
D c

DRDtl 44 ==  is the diffusive length,  is the anomalous diffusion coefficient and the 

 is number of particles injected per second. For the parameters of Tore Supra 

experiment [

D

0
2

00 VrnN h π=&

1] the shift is negligible compared to the minor radius, cm  5≈Δx . This result agrees well 
with the fact that no significant increase of the fuelling efficiency with the injection from the HFS was 
observed [1]. Nevertheless, the  induced drift seems to be the only mechanism, which might provide 
deep penetration of the fueling jet, therefore the HFS injection seems to be more promising. 

B∇
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9. Conclusions 
The evolution of the high-pressure supersonic gas jet injected into a tokamak plasma is studied. 

Since the jet expansion is similar to the expansion of the pellet ablation cloud, the LLP pellet code (with 
some modifications) was applied to model the jet expansion. The jet expansion, deceleration of the 
ambient electrons and ions by the jet, self-consistent electric field, elementary processes, radiation and 
adiabatic cooling of the ambient plasma are taken into account in the simulations. It is demonstrated that 
the ionization degree of the jet strongly depends on the jet parameters, especially on the initial jet density. 
For the high initial jet density the incident electrons cannot reach the jet center, which remains cold, dense 
and neutral. Due to the large number of neutrals the jet may penetrate into the tokamak with its initial 
velocity. For the lower initial jet density the jet is transparent for the incident electrons, and the ionization 
degree and temperature in the whole jet volume are high. For the DIII-D tokamak the critical density 
value is found to be of the order of . ( ) -324 m  1032 ⋅÷=crn

It is demonstrated that the small ionization degree is sufficient to stop the expansion across the 
magnetic field due to compensation of the neutrals pressure gradient by Lorenz force.  

The jet propagates in the radial direction due to the poloidal electric field of dipole type. Two 
mechanisms of the reduction of this polarization (previously suggested for the pellet ablation cloud) are 
considered: the Alfvén conductivity of the ambient plasma and the B∇ -induced drift. It is found that the 
first mechanism is not significant for the high-density jet. The B∇ -induced acceleration towards the LFS 
in the case of partially ionized jet is reduced by factor of ionization degree with respect to the case of 
fully ionized plasma. If the jet density exceeds the critical one and the fraction of neutrals is large, the jet 
may penetrate deep inside the tokamak. Otherwise the ionization degree is high and the jet launched from 
the LFS should stop at the plasma periphery due to the B∇ -induced drift. To obtain the deeper 
penetration of the low-density jet the recommendation is to launch it from the HFS. 

The fueling jet with the parameters [1], [8-10] could not penetrate through the separatrix, because it 
is ionized in the separatrix vicinity and is stopped for the case of LFS injection. The jet injected from the 
HFS, on the contrary, after ionization may in principle penetrate towards the plasma center due to B∇  
induced drift, however, for the parameters of experiment [1], the jet penetration depth is small compared 
to the tokamak minor radius. 
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Appendix. Ionization and recombination rates and radiation losses in optically thick 
Argon cloud 

 
Ionization and recombination rates and radiation losses are calculated in a way similar to one presented 
in [17] with account of ionization from excited levels, de-excitation by electron impact and effective 
increasing of the lifetime of excited ion due to reabsorbtion and re-radiation of photon. 

 

Ionization 
Ionization by cold electron impact from the ground level is [31,32] 
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i
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=)(Ei , and  are the ionization energies (in eV ) for the ion in the charge state i . 

 is also in eV. The ionization energies  and coefficients  are specified in the Table 1 

iE

T iE iK

Table 1. 
i  eV  ,iE  /seVm  10  , 213-13 ⋅iK  

0 15.76 1.7 
1 27.63 0.97 
2 40.91 0.655 
3 59.81 0.447 
4 75.0 0.357 
5 91.01 0.294 
6 124.32 0.215 
7 143.4 0.187 
8 422.04 0.0.063 
9 478.7 0.056 
10 539.0 0.050 
11 618.3 0.043 
12 686.3 0.039 
13 755.7 0.0354 
14 854.8 0.0314 
15 918.0 0.0292 
16 4120.7 0.0065 
17 4426.2 0.00605 
 
 
Ionization from excited levels 

Ionization by cold electron impact from excited levels is [33] 
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where  is the electron charge,  are the statistical weights and C  is a 

constant with dimension: 

CGS units 108.4 10−⋅=e ig

1.112.2 ±=C . All quantities in this expression are in CGS units. 

Setting 11 ≈+
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This expression gives the same results as Lotz’s formulas [31], but is much simpler for calculations. 
 
Thus, ionization by cold electron impact is  
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Photorecombination 
Expressions for photorecombination are following 
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where T  is in eV,  is the Rydberg constant in eV, n  is the main quantum number, 6.13=Ry μ  is the 
number of free electrons in the shell, which are listed in the Table 2. 
Table 2. 

i n μ  
0 1 0 
1 3 11 
2 3 12 
3 3 13 
4 3 14 
5 3 15 
6 3 16 
7 3 17 
8 3 18 
9 2 1 
10 2 2 
11 2 3 
12 2 4 
13 2 5 
14 2 6 
15 2 7 
16 2 8 
17 1 1 
18 1 2 

It is recommended to leave only three first terms in the sum in the expression for 2α  
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Dielectronic recombination 
The dielectronic recombination rate may be calculated as 
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Where  are the energies of the excited level,  are the oscillator strengths,  are the changes of 

the main quantum number for the transition from level  to the ground level,  is the Rydberg 

constant in eV. The values ,  and 
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Thus, dielectronic recombination rate is 
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 Three-body recombination 
The three-body recombination rate 
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is calculated only for 4 first ions ( . Here  is in reversed cubic meters and  is in eV. )4<i en T

 
Thus, full recombination rate is the sum of these three terms 
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Radiation losses 
Radiation losses power is given by expression 
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where (the unity in the argument of the logarithm in denominator is introduced to avoid floating 
exception in computer calculations) 
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Table 3 
i j eV ,)(trE  )(trf  nΔ  /sm 10 , 315)( −dielC  -18 s 10 ,ν  -13-30)1( sJm 10 rl

iC  )2(rl
iC  

0 1 11.9 0.310 1 0.00 4.94 2.50 0.276
0 2 14.2 0.210 0 0.00 3.00 2.50 0.276
1 1 13.45 0.0180 0 0.0425 4.22 0.29 2.38
1 2 17.17 0.217 1 0.261 27.6 0.29 2.38
1 3 19.0 0.241 1 0.301 8.00 0.29 2.38
1 4 21.5 0.855 0 0.00 6.40 0.29 2.38
1 5 23.7 0.669 1 0.00 40.0 0.29 2.38
1 6 25.7 0.700 1 0.00 32.0 0.29 2.38
2 1 14.14 0.0385 0 0.275 3.32 1.00 0.687
2 2 22.4 0.122 1 0.494 79.2 1.00 0.687
2 3 25.74 0.897 1 3.83 256. 1.00 0.687
2 4 26.11 1.79 0 0.00 317. 1.00 0.687
2 5 26.56 0.355 0 0.00 108. 1.00 0.687
3 1 14.68 0.0774 0 1.09 2.40 1.33 0.519
3 2 27.5 3.11 0 58.47 338. 1.33 0.519
4 1 14.96 0.0043 0 0.0010 2.48 1.53 0.451
4 2 17.46 0.0607 0 1.47 7.98 1.53 0.451
4 3 26.90 0.574 0 17.0 180. 1.53 0.451
4 4 27.75 1.80 0 0.00 250. 1.53 0.451
5 1 16.29 0.0661 0 2.20 4.54 1.57 0.441
5 2 22.56 0.648 0 25.2 143. 1.57 0.441
5 3 27.02 1.10 0 46.5 170. 1.57 0.441
6 1 21.21 1.240 0 61.8 80.4 1.64 0.421
6 2 70.23 0.179 0 6.93 128. 1.64 0.421
7 1 17.66 0.573 0 32.9 25.7 1.55 0.445
8 1 255.2 0.238 1 20.6 2.23·103 0.00 0.000
8 2 300.0 2.01 1 177.0 2.60·104 0.00 0.000
8 3 355.1 1.15 1 103.0 2.50·103 0.00 0.000
9 1 73.34 0.0663 0 10.7 475. 1.97 0.350
9 2 323.7 0.458 1 50.3 2.40·104 1.97 0.350
9 3 330.5 1.454 1 160.0 2.50·104 1.97 0.350
9 4 340.0 0.400 1 0.00 4.00·104 1.97 0.350

10 1 65.77 0.115 0 20.70 215. 2.04 0.339
10 2 361.3 1.88 1 252.3 1.70·104 2.04 0.339
11 1 56.24 0.145 0 28.0 66.2 2.07 0.333
11 2 400.0 2.40 1 386.4 3.00·104 2.07 0.333
12 1 50.74 0.0588 0 12.3 37.2 2.19 0.315
12 2 59.76 0.0622 0 14.5 96.0 2.19 0.315
12 3 76.26 0.0718 0 18.1 540. 2.19 0.315
12 4 422.0 1.58 1 0.00 4.21·104 2.19 0.315
13 1 49.13 0.0517 0 120.0 32.4 2.13 0.325
13 2 66.83 0.130 0 34.8 253. 2.13 0.325
13 3 450.4 0.940 1 206.9 2.50·104 2.13 0.325
14 1 56.24 0.205 0 56.4 93.2 2.15 0.310
14 2 503.2 0.636 1 161.8 2.31·104 2.15 0.310
14 3 661.2 0.166 2 43.02 1.04·104 2.15 0.310
15 1 34.06 0.0842 0 201.6 14.10 2.89 0.231
16 1 3147 0.775 1 212.8 1.11·106 0.00 0.000
16 2 3688 0.155 1 40.6 3.04·105 0.00 0.000
16 3 3844 0.0573 1 14.8 1.24·105 0.00 0.000
17 1 3332 0.416 1 128.1 6.64·105 0.00 0.000
17 2 3946 0.079 1 23.1 1.77·105 0.00 0.000
17 3 4157 0.029 1 8.356 7.22·104 0.00 0.000
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