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A new regime of runaway discharges has been observed in the TCABR tokamak. One of the most
distinctive features of this regime is the e�ect of plasma detachment from the limiter. This experi-
mental fact can only be explained by the volume recombination, which requires a low-temperature
plasma. The analysis of the energy and particle balance in the system plasma-relativistic runaway
beam in TCABR, which takes into account only the collisional mechanism of the heat transfer from
runaways to thermal electrons, predicts electron temperatures Te = 0:1 � 2 eV; the temperature
decreases with the neutral density increase. The recombination process with the rate constant
around 10�16 m3/s is required for the explanation of plasma density behavior in the experiment.
At present, it is diÆcult to conclude about the mechanism of recombination. More reliable and
detailed experimental data, mainly about the plasma temperature, are necessary.

I Introduction

A new regime of runaway discharges has been observed
in TCABR tokamak [1], with major plasma radius
R = 0:615 m, minor radius of the limiter a = 0:18
m, toroidal magnetic �eld B = 1:1 T. One of the most
distinctive features of this regime, compared to conven-
tional runaway discharges in tokamaks [2], is the e�ect
of plasma detachment from the limiter. This experi-
mental fact can only be explained by a the volume re-
combination, which requires a low-temperature plasma.
The present work is regarded to the question on how
the existence of a recombinative plasma agrees with the
energy and particle balance in the presence of an inten-
sive relativistic beam of runaway electrons. The main
experimental data related to this topic are presented in
Section II. The analysis of energy and particle balance
is performed in Section III. The conclusion is given in
Section IV.

II Experimental data

A clear indication of the recombinative plasma in the
runaway discharges observed in TCABR is the e�ect of
plasma detachment from the limiter. The plasma den-
sity in the scrape-o� layer (SOL), measured by a Lang-
muir probe, starts to decrease at the start-up phase
and vanishes at the stationary phase (see Fig. 1).

At the same time, the line density measurements by
the interferometer along di�erent vertical chords indi-
cate a shrinkage of the plasma column. Indeed, the
plasma column is shifted outward, due to the high ki-
netic energy of runaways, and its minor radius is es-
timated from these measurements to be in the range
0:09 m � ap � 0:14 m. These experimental facts can
be explained only by volume recombination in a low-
temperature plasma. Such plasma exists in the run-
away discharges due to the low heating power. Sim-
ple estimations indicate that resistive fraction of the
plasma current and thus the ohmic heating power are
negligible small at low electron temperatures Te < 5 eV.
The power transferred collisionally to the plasma from
the relativistic low-density runaway beam is also rather
small. The low-temperature recombinative plasma de-
tached from the limiter is kept in equilibrium by the
runaway current.

Other distinctive feature or this regime is the re-
laxation instability with strong spikes in H� emission
correlated with sawtooth relaxation of the line density
(see Figs 1 and 2). Plasma-beam instabilities can pro-
vide an additional plasma heating channel. We con-
clude from the experimental data that plasma heating
occurs in short pulses. Expanding a single sawtooth,
we �nd that the characteristic time of density increase
in the case shown in Fig.2 is about of 10 �s. This can
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Figure 1. An example of the runaway discharge in TCABR
tokamak with the e�ect of plasma detachment from the lim-
iter. Parameters presented here are the toroidal current,
loop voltage, Ha emission, line density for central vertical
chord averaged on the limiter diameter of 0.18 m, local den-
sity measured in SOL by Langmuir probe.
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Figure 2. Expanded spikes related to the relaxation insta-
bility in the time window 40-50 ms for the discharge shown
in Fig.1. Electron cyclotron emission (second harmonic) is
also presented.

be explained by a temperature increase to Te � 15 eV,
taking into account that the neutral density in this case
is around 1019 m�3. Spikes in H�; electron cyclotron
and X-ray emissions and negative voltage spikes, which
we considered as ones related to the instability process,
occur in time intervals of tens microseconds. Then it
seems that the instability is quenched, the plasma tem-
perature drops and the density decays due to recombi-
nation.

Experiments with gas puÆng con�rm the model of
low-temperature plasma and give an additional infor-
mation about this regime. The runaway discharge is
much more stable with respect to the gas puÆng as
compared to the normal one. The main e�ects observed
under increase of the neutral density, up to 5 � 1019

molecules/m3; are the increase of the frequency of the
spikes in all signals, increase of the rate of density decay
in the relaxation process, and decrease in the runaway
current and background plasma density.

Currently, we have no direct measurements of the
plasma temperature, which are diÆcult due to the ef-
fect of runaway beam. Estimations of the electron tem-
perature in the RAD can be obtained from the decay of
positive voltage spikes [3]. This method gives electron
temperatures 0.2 - 1.5 eV [4].

The average runaway energy is deduced from equi-
librium e�ects. The value of the beta poloidal is de-
termined from magnetic diagnostics. Then the average
energy of runaways is estimated from the value of beta
poloidal using the formula [3]

�p =
IAIb
I2t

where IA (kA) �= 17
p
2 � 1 is the Alfv�en current and

 is the relativistic factor. In our case, Ib �= It: For the
discharge presented in Fig. 1, we obtain, at the quasi
stationary phase,  � 9, which corresponds to kinetic
energy of 4 MeV.

III Energy and particle balance

calculations

The plasma is transparent to neutrals in our condi-
tions. For simplicity, let us consider zero-dimensional
transport model. Energy balance equations for thermal
electrons and ions are

3

2
ne
dTe
dt

= Qoh +Qb �Qen �Qei (1)

3

2
ni
dTi
dt

= Qei �Qin (2)

where Q are heat uxes caused by ohmic heat-
ing (Qoh), runaway-thermal electrons (Qb), electron-
neutral (Qen), electron-ion (Qei), and ion-neutral (Qin)
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collisions. Qb has the form

Qb =
e4nbne ln �b
4�"2

0
mec

(3)

where Coulomb logarithm is approximately ln�b = 20:
We assume ne = ni, i.e. the e�ective ion charge Zi = 1.
For relativistic runaway beam, the runaway density is
nb �= Ib=ec�a

2
b ; ab is the beam minor radius. The

runaway beam dominates in the total toroidal current
It = Ib + Ip; i.e., we can assume Ib �= It: The resistive
(plasma) current Ip is small due to the low values of
the loop voltage and electron temperature. The di�u-
sive energy losses are neglected.

The stationary electron temperature calculated
from Eqs. (1) and (2) is presented in Fig. 3. Here
we use for the plasma radius ap = ab = 0:09� 0:14 m
taking into account results of chord density measure-
ments. One can see from Fig. (3) that the collisional
process gives Te = 0:1�2 eV for indicated beam-plasma
parameters; Te decreases with the neutral density in-
crease. Ohmic heating is neligible small at Te < 5 eV.
Energy losses due to electron-ion and ion-neutral colli-
sions dominate at Te . 2 eV.

At the plasma temperatures 0.1 - 2 eV, the molec-
ular activated recombination (MAR) [5,6] can explain
the density behavior in the experiment. A large amount
of hydrogen molecules has to be in the discharge due to
recycling of neutrals at the walls where atomic hydro-
gen is e�ectively converted to molecular one and also
due to the gas puÆng. We consider equations for the
density of molecular and atomic ions:

dnmi
dt

= KbnbN �KDRn
m
i ne�n

m
i (K

b
Dnb+KDne) (4)

dnai
dt

= nmi (K
b
Dnb +KDne)�KMARNnai (5)

nmi + nai = ne (6)

where Kb is the rate constant of neutral ionization by
runaway electrons, KDR is the rate constant of disso-
ciative recombination, Kb

D is the rate constant of H+
2

dissociation by runaways, and KD is the rate constant
of H+

2 dissociation by plasma electrons.
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Figure 3. Stationary electron temperature calculated from
Eqs. (1) and (2) as function of the neutral density.

The solution is:

c

ne
nb

=
KbKD �KMARK

b
D

2KMAR(KDR +KD)
+

s�
KbKD �KMARKb

D

2KMAR(KDR +KD)

�2
+
Kb(Kb

D +KMARN=nb)

KMAR(KDR +KD)
(7)

d

From Eq. (7) for Kb � KDR � Kb
D � KD � 10�14

m3/s, KMAR � 10�16m3/s and N=nb � 100 we �nd
ne=nb � 50: That means that stationary plasma con-
centration is about 5�1018; which is in agreement with
that observed in the experiment.

Other parameter for comparison with the experi-
ment is the rate of density decay observed in relaxation
instability. In the case of MAR, the required rate con-
stant is

KMAR =
dne=dt

nenm

For the discharge shown in Fig. 2, (dne=dt)=ne � 500

s�1 and nm � 1019 m�3; we �nd KMAR � 0:5� 10�16

m3/s, which is a reasonable value of this parameter
[5,6].

However, there exists a serious problem in this in-
terpretation of experimental data. The MAR rate cru-
cially depends on vibrational excitation of hydrogen
molecules [5,6]. In the case of no vibrational excita-
tion, the MAR rate is negligibly small. In our case, the
plasma is rather transparent and molecules can loose
vibrational excitation due to collisions with the walls.

The rate of the density degradation observed in the
experiment can be consistent with the rate of three-
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body recombination at Te . 0:1 eV. Existence of such
low-temperature plasma in our experiments disagrees
with the energy balance calculations for neutral den-
sity less than 1019 m�3 and also with the temperatures
deduced from the voltage spike analysis.

Thus, an additional experimental data, mainly on
the plasma temperature, are necessary to reach a cer-
tain conclusion about mechanism of plasma recombina-
tion in these experiments.

IV Conclusion

The analysis of the energy and particle balance in the
system plasma-relativistic runaway beam in TCABR,
which takes into account only the collisional mechanism
of the heat transfer from runaways to thermal electrons,
predicts the electron temperatures Te = 0:1 � 2 eV;
the temperature decreases with the neutral density in-
crease, N = (0:1�1)�1019 m�3. Ohmic heating is neg-
ligible small and energy losses due to electron-ion and
ion-neutral collisions dominate at these parameters.

The ionization by runaway electrons dominates at
Te < 2 eV. The recombination process with the rate
constant around 10�16 m3/s is required for the explana-
tion of plasma density behavior in the experiment. At
present, it is diÆcult to conclude about the mechanism

of recombination. More reliable and detailed experi-
mental data, �rst of all about the plasma temperature,
are necessary.

Acknowledgment

This work has been supported by FAPESP and
by the Brazilian Ministry of Science and Technology
through the PRONEX Projects.

References

[1] R.M.O. Galv~ao, Yu.K. Kuznetsov, I.C. Nascimento et

al., Plasma Phys. Control. Fusion, 43, 1181 (2001).

[2] H. Knoepfel and D.A. Spong, Nucl. Fusion 19, 785
(1979).

[3] I. El Chamaa Neto, Yu.K. Kuznetsov, I.C. Nascimento,
R.M.O. Galv~ao, and V.S. Tsypin, Phys. Plasmas 7, 2894
(2000).

[4] Yu. K. Kuznetsov, I.C. Nascimento, R.M.O. Galv~ao and
V.S. Tsypin, submitted for publication in Braz. J. Phys.

[5] S.I. Krasheninnikov, A. Yu. Pigarov, and D. J. Sigmar,
Phys. Letters A214, 295 (1996).

[6] A.Yu. Pigarov and S.I. Krasheninnikov, Phys. Lett.
A222, 251 (1996).


