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A model for “breathing” plasmas observed in the large helical deyi¢eTakeiri et al, Plasma
Phys. Controlled Fusio#2, 147(2000] is proposed. It takes into account the synergism of radiation
losses from both lowZ (carbon, oxygenand highZ (iron) impurities in the plasma power balance.
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Recently, a phenomenon of “plasma breathing” hasto a critical level a detachment owing to radiation of |@w-
been observed in the large helical devit¢iD):? an in-  impurities takes place. With reducing edge temperature the
crease of the electron density above a critical level led tsource of heavy impurity diminishes and its concentration in
self-sustained oscillations of diverse plasma parameters, e.ghe core decreases due to outward transport of Highas.
integrated radiation or intensity of impurity spectral lines.As a result the radiation losses from the plasma interim re-
Periodic variation of the ion saturation current discloses thigluce and a reattachment occurs.
phenomenon as repetitive acts of the plasma detachment FOr a semiquantitative analysis we make some simplify-
from and reattachment to the divertor plates. In a detachetld assumptions whose accuracy can be entirely proven only
phase the plasma becomes very cold not only in the divertdpy & numerical modelling. The edge region where plasma
but in a significant part of the confined volume. This periodichat conduction and line radiation of lavimpurities domi-
expansion and contraction of the temperature profile led t&'@€ the energy transport is assumed to be thin in comparison
the name “breathing.” with the plasma minor radius. The plasma temper:ﬂl’um

It is well-known that a plasma detachment in tokamaksdescribed 8here by the heat transport equation in a slab
and stellarators can be caused by radiation from light impugeometryz.'
rities like carbon and oxygen when a critical density is d2T
achieved®* However, to explain breathing one has to iden-  —x, —— = —n%c,L,, (1)
tify processes which account for the periodic reattachment of dx
the plasma. Relevant models elaborated previo{sgg, e.g.,
Refs. 5 and B do not provide a firm explanation because

. ion of low-Z impurity, c,,, assumed unchanging with the
they neglect a reaction of the plasma core on processes at t fstancex from the last closed magnetic surfadeCMS)

edge. In the present letter we discuss a breathing mechanls[r&Nard the plasma core. The cooling rate of I@impurities
which takes into account the core response by considering computed in the “box” approximatioh?

the radiation losses from high-ions. This approach was

brought to mmd by.observanoﬁshat breath!ng devglops L(T<T,) =LY% L(T>T,)=0.

only when iron particles produced by erosion of divertor

elements of stainless steel pollute the plasma additionally tghe vaIuesL?Z andT,, are determined by the impurity charge
“normal” light impurities. The mechanism proposed can be distribution. At the plasma edge this is governed by ioniza-
described as follows. In an attached state with a high enougtion and transport across magnetic surfatesd L,°Z~5
temperature at the plasma edge there is an intensive erosion10™’eVcnts ™, T,~50eV, for the impurities in ques-
of the divertor plates and the density and radiation of irontion.

from the plasma core increase in time. Consequently, the At the LCMS, x=0, we assume the boundary
heat outflow to the plasma edge decreases and when it dropsndition°

with the heat conductivityc, , electron densityn and frac-
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FIG. 1. Energy losses from the plasma and its stationary states. 140
FIG. 2. Concentration of higl-impurity determined from the heat balance
dT _ T for the plasma parameters under breathing conditions with cqmmae 1

dx & and noncorondcurve 2 models for highZ impurity and for a parameter
X T g : )
Aneatby @ factor of 2 largeftcurves 3 and 4, respectivelgind from impurity

with the e-folding length 8; determined by the transport in P"ticle balancécurve 5.

the region with open field lines, i.e., in the stochastic zone . , , .
and scrape-off layer. At the border of the plasma care wherer is the effective minor radius of the surface computed

= x,,q, defined by the conditiom=T,,, the heat flux den- by taking into account the three-dimensiof@8D) magnetic
sity, q is prescribed geometry of the LHDP is the density of heating powet,,,

, Ocorer . . ; Co L
Equation(1) is integrated analytically and the tempera- andLh'Z the fractlo.n {:md cooling rate'of highimpurity ions.
ture at the LCMST, , is governed by the balance between Equatlon(3), mulpplled byrdr and integrated between the
Jcore @nd the total energy loss from the edge with conductiorf'iXIS and the radius, where the temperature reducesTip

and radiationgoe= x, T,/ 87+ n2C;,L X aq. A simple com-  — MaxX(Tiz, Ty), results in
putation forx,,q gives Wit  N%Cpy (1o
Ly rdr.

QCOTE_ 4772R My r b

T \?
Qioss™ \/( Kigo +2k, 0%, A, 2 Here W, is the absorbed poweR the major plasma radius,
T n and c,, the volume averaged values. The integral above
whereA ,= L?zx max(0T,—T,.). can be rewritten aﬁ%r(—dT/d r)~L,,dT, whereT, is the

Figure 1 showsg.ss and its conductive and radiative temperature at the plasma axis. The measured temperature
constituents versu3 for a typical plasma density of 7 profile' can be roughly approximated by a parabolic one and
x10% cm™2 in LHD discharges with breathintf «, r(—dT/dr)"i=r2/2T,. Finally,
~10cm ts™! estimated from the measured temperature
profile, 57=3 cm andc,,= 1%. With decreasing, the con- Ueore™ nzi(Aheat_ ChyAny) (4)
ductive losses reduce while the radiation increases because 2T,
th_e _edge r_ad|at|ve layer becomes broader. Th_|s proyldes thgith Aes= WtotTC/ZTFZRrgnZ and Ahz:fICLhsz- For our
minimum in Qess. FOr Qeore>0.25 W/ent there is a single b

stationary state where the input power is transported to thguahtatlve analysis we assume aCCOTd'”g to R.efLMT)
min =Lc(aT), where L., is the cooling rate in corona

LCMS predominantly by conduction. Whenqcy, MANRET) ; : . . :
~0.22 W/ent<(¢e<0.25 W/cnt there are two stationary approxmatlorﬂ For iron impurity with a typical 0.8 «
<1, Ly, is much less af .~ 1 keV than its maximum level

states but only that with a higher temperatukgjs stable*® : .
The stateB is unstable: by a spontaneous decreasg, ahe Zg;ived aff~70eVia and theT, dependence of\p, is

radiation losses grow stronger than the decrease of condu
g g Equatingqyss and q¢ore from Egs.(2) and(4) we find a

tive losses andl| drops further. If the heat flux from the ) . :
- P relation between stationary values Bf andcy,. With the

in
plasma heat conductivity estimated from the core thermal

plasma core reduces ), there are no stationary states at
all, the plasma edge cools down and a detachment o&Curs. 5 : : .
balance adV,,/87“RT,, this relation can be written as fol-

In order to determine.,. we consider the heat balance ows
for the central plasma. After averaging over magnetic sur- WS-

faces this is governed by the equation: Aeat roTL |2 A
Ch= 11— +2C|Z_ . (5)
1d dT 5 Ap, 267Te Aheat
rarl gy ) =P needndT), ® Fig. 2 this dependence is shown for the LHD parameters:
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r,~60cm, R=375cm, W,,;~=450 kW, with L, in corona 0.25
approximation and fore=0.5. The dependences obtained

with Aea by @ factor of 2 larger are also presented; they
correspond to discharge conditions of a smaller density or 0.4
higher power under which no breathing were observed. Thu ’ ISR Lot
if the concentration of higlZions lies in the definite range O, A
the plasma heat balance allows two stationary states wit 023 S
different values off| . One of these states belongs to the dot ’
part of the curves in Fig. 2 wherg,,/d T, <0 (see Fig. 1
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lation betweerc,,, and T, given by the particle balance for A min
high-Z impurity. The latter relates,, with the impurity 021
source due to erosion of divertor plates which is strongly '
dependent onT,. The influx of sputtered iron neutrals
through the LCMS is given by, ~2,Y|(E;)-I';, whereY; i . . .
and[l’; are the sputtering rate and outflow, respectively, of 0 50
the background ions with different ind¢xcorresponding to
prefuelled helium, hydrogen from the neutral beam, carbon

and oxygen impurities; the ion enerdy;~y;T, with the  impurity source increases amgl, grows slowly to the level
heat transmission _factqrj accounting for ion aC(_:eIeranon iN cmax\yhen detachment occurs again. Thus instead of a sta-
the sheath potential near the plates. According to Ref. 135nary state there is a limit cycle which corresponds to the
['j=D, -(n;/lj) whereD, is the diffusivity of charged par-  hlasma breathing. This behavior is analogous to oscillations
ticles, n; the core density of particles,l; the penetration i, 5n electric circuit with a neon tube.

depth of neutrals determined by the ionization cross-sections Transport of highz impurity ions which determines the

FIG. 3. Limit cycle corresponding to plasma breathing.

oj:lj=1noj. The balance betweedy, and outflow of  characteristic period of breathing is still poor understood
high-Z ions provides an additional relation between the conhepretically for 3D magnetic configurations as in LHD. For
centration of the heavy impurity ant : a rough estimate we take into account only the diffusive
n;o; component of impurity flow which clearly restricts the valid-
Cho= 2 o YityiTo) (6) ity of the model. According to the transport analysis done for
hz Wendelstein 7-A® a typical impurity diffusivity in stellara-

with o,, being the ionization cross section of iron atoms.tors is of 0.1m%s). This gives a characteristic diffusion time
This dependence is shown in Fig. 2 by the dot-and-dash linef 1s in qualitative agreement with observations. A future
The form of this curve is determined mainly by the tempera-numerical modelling should include also effects of such fac-

ture dependence of the sputtering réteghich is very sharp tors as the temperature gradient, radial electric field. There
in the vicinity of the threshold energy. are many experimental evidences that these factors influence

Equations(5) and (6) together determine an unique sta- the particle transport significantly, e.g., through generation of
tionary state in which both the heat and impurity particlea convective flux component.
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