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The presence of a magnetosonic-whistler wave instabiléty be the reason for the observation
that the number of runaway electrons produced during dignup in large tokamaks depends
sensitively on the magnetic field strength. A linear indtgbgrowth rate of these waves in the
presence of a runaway avalanche is calculated both petittelyeand by numerical solution of
the dispersion equation.

During the current quench in a tokamak disruption, a largeidal electric field is induced,
which sometimes generates a beam of highly relativistiaway electrons with energy of order
20 MeV. These energetic electrons can cause damage to thewvadh is a potentially seri-
ous problem for reactor-scale tokamaks with large curréntsuch devices, it is expected that
the runaway beam may form particularly easily because oétfieacy of the so-called “run-
away avalanche” mechanism [1]. In a runaway avalanchetirgisunaway electrons generate
new (“secondary”) ones in collisions at close range withrtied electrons. The strength of the
avalanche increases exponentially with the plasma cymadtwill be the dominant mechanism
in the next generation of tokamaks. In present experimapts) about a half the pre-disruption
current can be converted to runaways, and it is feared ttsdfriction will rise in future devices
because of avalanching. However, it is observed the numbemaway electrons generated
varies widely between different disruptions for reasorat tire not understood. In particular,
several tokamaks have reported that no runaway generatmmunless the magnetic field
exceeds 2.2 T [3, 4]. In the present paper, we explore a gessiison for this observation.

The runaway beam has a strongly anisotropic velocity @stion function and may excite
various kinetic instabilities. Previous work has analyaedimber of such possible instabilities
using simple models for the runaway distribution functidfe analyze the linear instability of
magnetosonic-whistler waves destabilized by secondagways at Doppler-shifted harmonics
of the cyclotron frequency. The unstable wave frequency lvalshown to be well below the
non-relativistic electron cyclotron frequencye but above the ion cyclotron frequency;.
The most important resonant interaction occurs wivenk| v = —axe/y (@anomalous Doppler
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resonance), whem is the wave frequency, andv| are the wave number and particle velocity
parallel to the magnetic field, ands the relativistic factor. The free-energy source driving
instability is the anisotropy of the electron distributiceused by the electric field accelerating
the runaway electrons. When the degree of anisotropy egceedtical level, unstable waves
are excited at the anomalous Doppler resonance, and thadtite with these waves leads to
pitch-angle scattering of resonant electrons. We assuatéit dominant damping mechanism
in the cold post-disruption plasma is collisional dampiwgich then determines the instability
threshold.

Runaway distribution function

The distribution of secondary runaways is obtained by sgl¥he kinetic equation and using
the Rosenbluth-Putvinskii [1] avalanche growth rate asuandary condition:
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wherep = yv/cis the normalized relativistic momentum= (E —1)/(1+2), E = €|E; |1 /meC
is the normalized parallel electric field, = 2rrc;Ca ~texp|(E — 1)t /1c] is the runaway den-
sity, T = 4mgmZ,c/nee*InA is the collision time for relativistic electrong, the effective ion

charge and; = /3(Z+5)/minA.
Stability analysis

Assuminglk| > [k, axi < 0 < e, KiC?/wf; > 1,K; Vi, < w?, waai < K23, the dispersion
relation of the fast wave can be simplified to
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whereva = caxi/ wyi is the Alfvén velocity and the superscriptienotes the runaway contribu-

tion to the dielectric tensor. The instability growth rabe & small perturbation due to runaways
w = ap+ 0w, wherey = Imdw, is given byy/ay = —(kAv3/2w3)Imxi; where the runaway
contribution to the susceptibility is

kjc of
W22 oo % o MPI(2) | J+ o (PLgr — P
Xy = 2 pr“’ce/ dm/ dp [p ( Gl P ﬂ
oo N

nrk2 we? Jo y(w—kcp/y—nQ)

wherewyr = \/Nr€?/Mg&y is the non-relativistic runaway electron plasma frequedeis the
Bessel function of the first kind and of orderandQ = eB/me = e/ Y, Z=k, Cp, /e Sub-
stituting the runaway electron distribution from Eq. (1foithe expression fof and evaluating
the derivatives we obtain'
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wherey = an /K| C, K. =K C/txe, K| =K|C/ e, A = K2/(2a_1),a 1= aKy(y-1)/2, b_i=
a(1-y)—K|(1-y)—1/cz, Inare modified Bessel functions of the first kind and of orjend
C= (1—y)(nawgr/ZCzwgi)(kzv,i/wg)(kﬁ/ki) exp{—1/[czK (1 —y)] }. Assuming thaA < 1
anda > K| the growth rate can be simplified to
2 122 _
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to the lowest order im\. At low frequencies the growth rate increases monotornjcahd at
higher frequencies we can use the whistler branch of theetbgm relation do = kkjvac/ wpi).
The growth rate of the fastest growing wave can be obtained tise conditiordyi (k, k) / ok =
0, leading toczkc(1— kva/wpi) = axe This condition can be used with (3) to derive the max-
imum growth rate. They(k,) function also has a maximum, determined by ¢he/dk, =0
condition, givingkc = 20xe/Cz SO thaty™®* =1.3. 10~°n, /Bt (whereBt denotesB in Tesla)
is the growth rate of the most unstable mode. The most umstable has wave number
kva/wpi = 1/2, parallel wave numbec = 2ue/Cz, and wave frequencsy = txe/Cy.

In the cold post-disruption plasmas collisional dampingdaates and the wave is destabi-
lized when the growth rate is larger than the electron-idhstonal damping rateyy = 1.5'[(;1
[2]. The threshold4 = v — yy > 0 can be written as

*s 2T (4)

whereTey is the background plasma temperature in eVaide is the fraction of the runaways.
This inequality is the local threshold for the instability the magnetosonic-whistler wave,

where every quantity is to be understood at a given location.
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Figure 1. Stability threshold from Eq. (4) f@r= 1 and different runaway fractions.

The results of the perturbative stability analysis are cordd by the numerical solution of the
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dispersion relation.
Quasi-linear analysis

The distribution of the relativistic runaway electrons lees in time according to

C (E-Dt/T—py ap?
2a1(t)+py) exp< Ccz > exp<—2(20{f(t) + p|)> ®)

Thus, pitch-angle scattering increases the mean perpdadienergy linearly with time. As-

f(pbpu,t):(

suming a narrow spectrum of unstable waves centered anqurdwpi/2va ~ 3- 103n20/BT
and k| ~ axe/cIn/A ~ 30Br and assuming that the time-evolution of the spectral energy
W (t) = 3T, the time scale for perpendicular energy increase can maistl to bet =
(1/2y) In (Tyamlc®/ mPe?Tek2) ~3-107 s, for g~ 10P s71, y=40,Te=10eV andf ~ p; /(20 ) ~
0.1.

Conclusions

The threshold of the instability depends on the fractionwfaways, the magnetic field and
the temperature of the background plasma. The quasi-laredysis shows that the main result
of the instability is rapid pitch-angle scattering of thenaway electrons. It appears possible
that this instability could explain why the number of rungveectrons generated in tokamak
disruptions depends on the strength of the magnetic field][3)ne reason for the absence of
runaways could be that the whistler instability scattersamays and prevents the beam from
forming. The observed critical field is of the same order ofjniude as our instability thresh-
old. Taking, for instance, a plasma density= 3- 10'° m~3 and a runaway current density
jr = nrec= 2 MA/m? typical of JET, gives a threshold temperatdte= 17 eV (forZ = 1).
Experimentally, the post-disruption temperature is higiicertain, but is commonly believed
(on various grounds) to be around 10 eV. It is thus clear thairistability threshold is in the

right parameter range.
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