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As the amplitudes of the electron-plasma waves
grow they scatter the beam electrons causing the
nonlinear instability to saturate and finally
quench.
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These high-frequency signals are detected by a small
double probe which couples to the external circuit
through a transformer. By checking the directivity and

sensitivity we confirmed that the probe detects the elec-
tric field. The resonant decouplirg which may occur
at the plasma frequency is suppressed by choosing a
small probe-wire size comparable to the Debye length.

VA simple geometric analysis of the dispersion rela-
tions indicates that all electron-plasma waves distrib-
uted in 4 space participate in excitation of the paramet-
ric instability only when Er, is along the beam and
equals 2~ /0u. Therefore, the observed ion-acoustic
wave is the most unstable mode.
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A quasilinear model is developed describing the time evolution of a mirror-confined
plasma which is unstable to the drift-cyclotron loss-cone mode. Good correlation is ob-
tained with experiments with and without an external stream of cold plasma.

Linear stability analyses of mirror machines
with loss-cone ion distributions indicate that cur-
rent high-density machines are unstable to the
drift-cyclotron loss-cone (DCLC) mode with
broadband frequency and wave-number spectra. "
With the assumption that the ions are lost in a
transit time after scattering into the loss cone,
a previous quasilinear treatment predicted the
trapped-plasma lifetime to be a few axial bounce
periods. ' This picture has seemingly been con-
tradicted by experiments, as narrow-band spec-
tra and containment times of several hundred
bounce periods have been observed. ' Added to
this, when a cold-plasma stream is injected, the
containment time increases several fold."

In this note we show that with refinement the
quasilinear picture is indeed consistent with ex-
periment and provides a unified description both
with and without plasma stream. The essential
modification from past analysis is to observe

that mirror plasmas do not necessarily fill the
entire containment region of phase space avail-
able to them, but can be peaked at pitch angles
nearly perpendicular to the magnetic field. Con-
finement is then improved, both because the un-
confined phase-space region is given by v~'
& (2qc/M, +v„')/(R —1), and so is reduced if v~~'

s 2q4M, '
(C is the ambipolar potential and R the

mirror ratio), and because untrapped particles
of small vi~ at the midplane have a longer transit
time. The peaked distribution is maintained by
the dominant velocity-space transport processes:
electron drag which alters only the particle
speed, and turbulent diffusion which affects pri-
marily the perpendicular velocity v~. In such
cases the scattering time of ion-ion collisions,
leading to pitch-angle broadening, is much longer
than the first two transport processes, hence ion
scattering does not alter the sharply peaked na-
ture of the distribution. If the plasma initially
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has a broad pitch-angle distribution, turbulence
will rapidly shed the larger-pitch-angle parti-
cles, so that the plasma evolves to a narrow
pitch-angle distribution for which improved life-
times are obtained.

The rate at which the plasma fills the phase-
space hole can be described by a quasilinear
model discussed below. The diffusion coefficient
in the model, arising from fluctuations of the un-
stable plasma, grows to a level that causes the
plasma to partially fill the uncontained phase-
space region, driving the plasma to marginal
stability in such a way that the transit-time loss
of the uncontained plasma is balanced by the tur-
bulent diffusion.

Many of the physical parameters observed in
the 2XIIB mirror experiment correlate closely

with the results of the quasilinear calculation.
This consistency of theory with present experi-
ment gives credibility to the predictions of the
linear theory for larger machines. The princi-
pal conclusion is that at high P and for sufficient-
ly large radial scale lengths, mirror machines
will be stable to the DCLC mode; while at some-
what smaller scale lengths the loss rate due to
instability can be made sufficiently small that
buildup is feasible. In the following, we describe
the theory as it applies to the 2XIIB regime and
indicate some of its implications for larger ma-
chines.

As we expect the plasma to hover about margi-
nal stability, we first estimate from linear theo-
ry the density and temperature of unconfined
plasma required for marginal stability. We use
a model distribution

V~ V, '~ V~
E(v~) =, , exp —,—exp —,~ +, exp

H h VH V« / - 1V Vw

where v„and v~ are the hot- and warm-plasma thermal velocities, v„- (2q4/M, )'~' is the parameter
fixing the size of the hole in the hot-ion distribution, and C is the ambipolar potential. We seek the
minimum warm- to hot-plasma density ratio 4 required for stability. The dispersion relation for a
k„=0 mode with P& 1 is'

2 4 2 2
GO~ ~~e (d ~) (dp)1+,+ . . .— +, E(v~=0)

(u„k~ c (ocr„kj.R~ k~

where u&„*=k~v„'/2~~ &u„, R~ is the local radial
scale length, and other symbols have their famil-
iar meanings. This equation has been analyzed
in two ways that yield similar results; in a
straight-line orbit approximation' and by a de-
tailed numerical study of Eq. (2) by one of us
(L.D.P.). In describing the results, we introduce
the parameter e =v„/u&„R«and define P = &u~, 'v„'/

) (m, /m, + v„'/co~, ')'~', Eq. (2) has previously
been shown to be stable to DCLC.' For larger 6,
the marginal stability divides into three regions:

Region

2p"' —+ ""', «s p'~
m; cu» 5H

P'v«/va — «/ a

V«/VH 6 E

(u/{kiv«)

~5
E

5A

{ev„/v«)"

where ~/k~ is the phase velocity at marginal sta-
bility. The warm component is most effective
when v~ = &u/k„ in which ease the minimum den-

sity ratios for each region are given by

6 = cBd /k~ v «v s
2v„/v„(~/p)' in I

=: 2(v«/vz)' e' in II

.
—', (v „/v „)' in III,

where n is a constant of order unity. Note that
the reduced b's at small e are realized because
the phase velocity of the unstable wave decreases
as &

' increases, so that a smaller volume of
phase space must be filled. If we use the precise
dispersion relation given by Eq. (2), we find that
the modes become resonant at harmonics, and a
rough stability condition in III is Q„=Jdv, J„'—(k,
x v ~/u„) BE/ sv ~ & 0, generally with n = 1 the most
demanding.

All current mirror machines lie in region III;
2XIIB and PR-6 and PR-7 have v„/v„equal to 5

and 3.5, respectively. The spectra at marginal
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stability in region 111 at 2XIIB parameters are precisely those observed; w- e„*«u„and 0~v„/~„=4
to 5, with wave propagation in the ion diamagnetic direction. "

The system is maintained at marginal stability by fluctuations that we describe by qualilinear theory.
Further, to complete the description of the time evolution of the distribution it is necessary to include
electron drag, the neutral beam input, and the plasma stream. Also, because the distribution is as-
sumed highly peaked in pitch angle and we are considering k„=0 modes, we may integrate the distribu-
tion over v„and use an equation for the evolution of E(v~, t},

BE I 8 E BE ~

v~ 2vj —+D —[J, dv~ v~ S,„+v~(v~)]F +n[S, (v~)+ S,„(v~)] +S,(v~). (4)
U J 8)J Tg

In Eq. (4) ~, is the electron drag time, n~, =1.5X 10"[T,(keV}]' ', D(v~, t) is the velocity-space diffu-
sion resulting from fluctuations, S, and S,„are respectively the sources of particles due to ionization
and charge exchange of a neutral beam, S, is the source of low-energy (stream) particles, and n
= fdv~v~E. In the loss rate v~ are lumped all the processes of the higher dimensionality of the physi-
cal problem. Thus, v~ is approximately the inverse transit time for untrapped particles and may be
used to model certain aspects of pitch-angle scattering for trapped particles. As a model we take v~

'e(v„—v~') where u„'= q4/M, = nT, /M, (n is -2.5}, v„-L~/v„with L~ the plasma axial length,
and 8 is a step function.

From rather general quasilinear considerations. the diffusion coefficient due to fluctuating potentials
y~ of spectral width dao~ is given by"

gq 2 2 d k - 2 2 k~vj. A(d~
D( J ) =~ 2v 2 Z ck (2~)2 I9yl n ~ (~ ~~ )2+~~

n cj A cf
(5)

d(2nT, }/dt = v~ 'n„Tz- qT, J, (7)

where J = v~n~= v~ J, " dv~v, E is the flux of lost
particles, and qT, J is the electron energy drain
due to end loss. Fokker-Planck studies yield q
= 5.5. However, additional cooling effects, such
as secondary wall emission, can increase q.
Typical 2XII operating conditions have' g =8,
which is used in this calculation.

Ions enter the region v~& v„by drag and diffu-
sion from high energy, or by direct injection at
v~ =0 if S,0. They will be thermalized to the
energy u„' in a transit time provided D(v„)~ v„'/

The actual diffusion level and therefore par-
ticle lifetime will depend markedly on whether
or not there is a source of particles S,. The cal-
culation above showed that marginal stability

Since the fundamental is generally the hardest to
stabilize, we expedite the quasilinear calculation
by taking ~ = co„. and assume the growth rate of y~
is proportional to Q, defined earlier. Because
unstable waves have &u/k~ a v„, it follows that for
v & v„and noise at co=~„,

D(vi) -D(v„)(v„/vi)',

so that the ratio of scattering times for hot par-
ticles to that for hole particles is of order (v~/
va)'.

We model the electron temperature by the equa-
tion

(or saturation of unstable growth) in region III,
where the present experiment lies, requires a
minimums with v~-v„having a loss rate v~.
When S,=O, these particles must come from the
hot population, giving for it a loss rate -v~A.
For the implied diffusion D(v „}- v~b. v „' the steady
state of Eq. (4) is one of higher temperature, so
that hardening of the distribution results. With
an adequate S, @0, the hot particles need only
supply the power loss of the warm component- n~v„'v~ Ahot. particle loss rate - v~Av„'/v„'
resulting from a diffusion D(v „)—v~b v, ' supplies
the necessary power. In this case, the diffusion
rate is of order or less than the electron drag
rate, so that hardening does not occur. From
Eq. (5) the respective warm-particle diffusion
rates are increased by (v„/v„)', so that the low-
energy diffusion always exceeds v„'/I. , the mini-
mum diffusion rate needed to thermalize to v„'
in a transit time. While the marginally stable
state is the same in both cases, the introduction
of stream in 2XIIB is thus seen to allow plasma
to achieve this state at a lower fluctuation level,
extending its lifetime by roughly a factor v„'/v„'.
The presence of the stream sufficiently decreas-
es the fluctuation level and the electron tempera-
ture that the hot-ion lifetime becomes governed
by the classical electron drag time.

Using b. = —,'v„'/vz' as the minimum required for
stability in region III, we obtain from Eq. (7) the
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maximum steady-state electron temperature in
this region

T, (keV) = 2.1 x 10 'n' 'T„' '(keV). (8)

At e=3x10" cm ', this gives T, =100 eV at TH
=4 keV and T, =175 eV at T~=13 keV, in good
agreement with measured 2XIIB values. ' Pre-
dicted electron temperatures in the presence of
the b, required for stability in region I and II may
be obtained directly from Eq. (3) using the appro-
priate unstable phase velocities.

The one-dimensional diffusion Eq. (4) with the
definition of D given by the described simplifica-
tion of Eq. (5) and the prescription for T, given
by Eq. (7) has been solved numerically and has
been described by one of us (H. L.B.) elsewhere. "
At 13-keV ion energy the code is in very good
agreement with the 2XIIB behavior with stream
and neutral-beam input, predicting ion and elec-
tron temperatures, lifetime, and fluctuation lev-
el. The one free parameter in the code is the in-
tensity of the zero-temperature source S„al-
though the value used was in the range of the ex-
perimental equivalent.

The T,~ T, 'l' scaling in Eq. (8) correlates
with preliminary experimental observations. '
Because the hot-ion lifetime 7 is dominated by
electron drag, at fixed density v~ T,' ', thede
would result Tcc T,' '. The experiment has defi-
nitely identified lifetime increasing with ener-
gy. '" The exact scaling is complicated by sen-
sitivity to stream and charge exchange, and quan-
titative comparison is under current experimen-
tal and theoretical investigation.

In summary, we have presented a model of the
nonlinear saturation of the DCLC mode in mirror
machines both with and without an external source
of cold ions, the physical mechanism being the
quasilinear partial filling of the ion loss cone.
The plasma properties predicted by the model
are consistent with observations in 2XIIB. The
same theory when applied to machines of larger
number of ion orbit radii predicts progressively
smaller amounts of warm plasma required for
stabilization of DCLC as the radius increases,
with no such warm plasma required above a cri-
tical radius dependent upon the plasma P. In all
intermediate regions requiring warm plasma for
stabilization, the electron temperature is re-
duced below its classical value; thus the hot-ion
lifetime is governed by energy drag on the elec-

trons.
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