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ABSTRACT 
A quasiiinear model for the evolution of the 2XIIB mirror experiment 

is presented and shown to reproduce the time evolution of the experiment. 
From quasiiinear theory it follows that the energy lifetime is the Spitzer 
electron drag time for T X.0.1T... By computing the stability boundary 
of the DCLC mode, with warm plasma stabilization, we predict the electron 
temperature as a function of radial scale length. In addition, the effect 
of finite length corrections to the Alfven cyclotron mode is assessed. 

INTRODUCTION 

Both the 2XIIB [1] and PR-7 [2] mirror experiments have demonstrated 
stabilization of an ion-cyclotron frequency instability by the axial in
jection of cold plasma, herein termed a "stream." This conformed to a 
theoretical prediction that the drift-cyclotron-loss-cone (DCLC) mode 
would be stabilized by the presence of a low-density warm component [3]. 
In the following, we describe a quasiiinear calculation for the ion evolu
tion together with a model for the time evolution of the electron tempera
ture. The composite theory is shown to be in quantitative agreement with 
many aspects of the 2XIIB experiment. The diffusion due to fluctuations, 
competing with transit loss of the unconfined stream, heats the low-
temperature stream to partially fill the loss cone of the hotter confined '•:' •'.'. V 'i & 
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plasma, thereby achieving marginal stability at a low fluctuation level. 
In the absence oi the stream, a higher fluctuation level and a turbulent 
decay result. Next, we discuss the implication of this stabilizing mech
anism in larger-radius machines. Finally, we describe certain finite 
geometry effects on the anisotropy-driven Alfven-ion-cyclotron (AIC) mode 
which is predicted to exist in mirror machines at high S. 

GENERAL CONSIDERATIONS 
2 2 Ions are contained in a mirror machine only if v x > (v„ + 2q$/M)/ 

(R - 1), where Vj_ and v„ are the midplane components of the velocity rela
tive to the magnetic field, R is the mirror ratio, q and M are the charge 
and mass, and $ is the ambipolar potential which is typically positive and 
several times T /1ej when T /T. << 1. Particles lying outside this region 
of velocity space are lost axially in a transit time. When the velocity-
space transport rate is slow compared to this transit rate, which is gen
erally the case for mirror-confined plasmas, the distribution function for 
unconfined particles is small compared to its value for confined parti
cles. The resulting non-monotonic energy distribution can then be subject 
to microinstabilities, termed loss-cone modes [4,5]. A sufficient level 
of turbulence results in a velocity diffusion which competes with the 
axial transit rate. The result is that the low-energy portion of the dis
tribution partially fills in so that it becomes marginally stable. How
ever, the existence of a significant density of unconfined particles 
implies a large loss flux which must be supplied either from the .onfined 
particles or from an external source such as demonstrated by stream 
stabilization [1]. 

In the absence of an external source, the requirement for maintenance 
of a stable distribution implies that the ratio of the lifetimes of con
fined to unconfined ions t:ill vary as the respective densities. Thus, it 
was thought that a distribution which is well spread in pitch angle would 
have a lifetime of only a few axial transit times [6]. However, a distri
bution that is highly peaked in pitch angle, as results from neutral in-
jection normal to B together with diffusion principally in Vj_ and energy 
drag on cold electrons, has a hole in velocity space that is character
istic of the ambipolar energy. The ratio of densities will then vary as 
E./q$, where E is the average ion energy. In addition, because the axial 
flow rate of unconfined ions is here the ion acoustic speed, the lifetime 
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of peaked distribution exceeds that of a well spread distribution of equal 
energy by a factor (E /q*) ' . 

If cold Ions are supplied, as by an Injected plasma stream, the life
time of confined ions can be further enhanced. The turbulence no longer 
is required to replenish the loss flux of unconfined ions from the con
fined Ions, but only to heat the injected cold ions to uniformly fill the 
region 0 •- v x < 2q4/H. The loss flux ot unconfined ions is then also an 
energy flux which, assuming the power comes from the confined ions, re

s/2 
suits in a lifetime enhancement factor (E,/q9) . In this text, it is 
shown that for 2X118 parameters this lifetime is longer than the Spitzer 
dray, time, so that the lifetime of the energetic ions Is determined by 
this latter classical process. 

qilASIUNEAR MODEL 

To quantify these notions, w have added to an existing two-
dimensional (2-D) (vitv„) Fokker-Pianck code, which included Coulomb col
lisions, charge exchange, and neutral-beam input sources [71, a quasi-
linear diffusion In vj_ and a low-energy source to represent the streara. 
Particles in the unconfined regions were assumed lost at a rate inverse to 
their transit time. In addition, a simplified and faster one-dimensional 

/
2 "> dv„f(vn.v^), valid when <v„> << <vx>, has been 

constructed [8,9]. Results of the two codes will be compared here. 
The turbulence model is driven by the DCLC for which k„ » 0 and kxa, > 

1, where k„,k x are the wave number components relative to B, and a is the 
mean ion Larmor radius. Near marginal stability, noise is resonant near a 
cyclotron harmonic m, and the velocity diffusion coefficient is taken as 

D(VX) = — E -qt. 
v x k 

2 2 2 
m"ci j 2 f k ^ 
H Â ci (1) 

where *. is the fluctuating potential, £u. is the correlation frequency 
determined by the transit rate of Ions oovin?, in a non-uniform magnetic 
field [10], fiu^* u c l(<VM> 1 / 2u^|d In B/ds|) 1 / 3, and s is distance along 
B. The amplitude |$! I is proportional to the wave energy density, 

I q? 2 n Mv 2 

k IMV2 \ ' 
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where n and v arc a normalized density and velocity, and 0 J : a time-
dependent parameter Chat is determined by the solution of the dispersion 
relation and that in this work is modelled as a constant. £ Is deter-

k 
mined by the equation 

3 E k 
DT - 2Vk + \ • 

where Cu i s the therm.il source of noiBO, and the growth rate i s given by 

\ v 2 C Hi •> I k - t - V - L \ ^ c i 
- * - - J . — / d v J ^ r J" U - £ i . (2) 
"ci k "0 J 3vl n \ - c i ) C L \ 

In a m. chine such as 2XIIB with a radius of only a few Lcirmor radii, DCLC 
is unstable when the "matrix element" on the right-hand side of Eq. (2) is 
positive over a large range of k x. For larger machines, the dispersion 
relation restricts the range of unstable k x, even when the rasLrix element 
is positive, and a more realistic form must be used for _(k) and c. . This 
case is currently under investigation. 

The electron temperature plays an important role in determining both 
the electron drag rate and the ymbipolar potential. It can be calculated 
using either the electron Fokker-Planck equation or equivalently from the 
energy balance equation 

ft(f « TJ " "Vi " "Vic. ' <3> 
where V, is the Spitzer ion-electron energy exchange rate, E, is the mean 
ion energv, J is the electron particle flux per unit volume lost 

"' loss r r 

axially, and r>,T is the mean energy per unit volume of the axially-lost 
electrons. The identification nT - qt + T reduces the model predictions 

e e 
to those of the electron Fokker-Planck code used in the 2-D code. Larger 
values cf n allow a phenomenological means for accounting for processes 
such as ionization, secondary emission, etc.; and a value r. - 8, used In 
the 1-D code, was typical of the values found to describe the T history 
of 2XII [11]. The ratio q$/T is determined by the requirement of equal 
ion and electron loss rates [12]; typically, with stream ve find 
q»/T e a 3. 

The codes show that the stream reduces the fluctuation level in the 
plasma, allowing buildup with sufficient energetic beam current and an 
extended lifetime in the absence of beams. Without stream, the enhanced 
fluctuations prevent buildup to steady state, and turbulent decay results. 
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By using the experimentally measured time evolution of the plasma 
stream and background charge exchange, a quantitative comparison with ex-
peririent is possible. In Fig. 1, we compare density, ion temperature, and 
electron temperature measured in the 2XIIB experiment with the predictions 
of the 1-D and 2-D codes. The experimental results can be duplicated 
quite accurately with both codes. However, the modelling of the physics 
in the two codes is somewhat different, resulting in small quantitative 
differences in the plasma evolution. Consequently, to replicate the ex
periment, the stream current in the 2-D cede was a factor 1,5 greater than 
that in the 1-D code, while the charge-exchange loss rate from background 
gas was a factor 0.75 of the 1-D cjde. Both of these adjusted factors are 
within the experimental error for the respective measured quantities. For 
a more detailed discussion >,i the 1-D results, see Refs. [8] and [91. 

The scaling laws for the steady state follow from the requirement for 
marginal stability and from Eq. (3) with the loss flux estimated as 

17 •> J, - v.n , where v. a; <q*/M) "721 is the transit rate of unconfined loss t u c p 
particles, L is r.ne axial scale length, and n is the unconfined plasma 
density. Using q* at 3T , we find 

7 / n 2 L E j V / } 

7 (keV) - 3 .3 x 10 M - — E - i I , (4) 

where E, is the mean ion energy. For 2X1IB (R /a, as 2 to 3), n at mar
ginal stability is given by n a n?.q*/E ss 3nXT /E , with >. a constant « 
C.5. For this case, we obtain 

, / n L E ? \ 1 / 4 

Wlien the stream current J is much larger than the beam current, it strm 
.ollows that in steady state J « J, . When the mean ion energy is 

strm loss 
roughly the mean input beam energy, which occurs with sufficiently intense 
beams and stream, both the steady-state density and electron temperature 
are controlled by the scream and mean ion beam energy, 

n - 0.7j"'JiL 5 / 1 1Ej / Un 3 / 1 1/X 5 / U , 
stria p i 

T - 1.0 x lO-V' 1 1!*' 1 1**' U/n 2 / UX* / U . 
e strm p l 

(6) 
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Experiment 
1-D Simulation 

— — * — 2-D Simulation 
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FIG. 1. Comparison of the time evolution of the plasma parameters in the 
2XIIB experiment with the 1-D and 2-D quasilinear codes. The electron 
temperature was measured at one point in time as shown. 
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Note that when these conditions are fulfilled, the steady-state n and 1 
are independent of the input beam current. This result manifests itself 
in the density buildup in Fig. 1. For the first 300 ys, J _ and thus n 

strm u 
are greater than this minimum value required for stability at the prevail
ing density, and the density builds up at the beam input rate. After 
300 vs, further density increase is determined by the prevailing stream, 
and the subsequent increase in density while the bean is on requires an 
increasing stream current with time as inferred from the end loss 
measurements. 

Ions lose energy both by classical drag on the electrons at a rate 
v nE. and via fluctuations that supply the pover drain of the unconfined 

d 1 1 
ions given by 7 q W . , where j qi is the average energv of che uneon-
fined ions. From Eq. (3) in steady state, it may be seen that the power 
drain from electron drag is larger than the turbulent energy transfer by a 
factor 2n/3, so that the ion energy confinement time is dominated by clas-
sica.'. electron drag, with the electron temperature depressed by the pres
ence of the stream. 

DRIFT-CVCL0TROK-L0SS-C0SE STABILITY 

For mirror machines with larger radii, the electron temperature is 
still given by Eq. (7) with the ratio n /n u determined by the marginal 

U H 
stability condition. This is evaluated from the ilute-averaged dispersion 
relation of the DCLC mode [10], given by 

ds klKu.k^s) = 0 , (7) 
"0 

where 

r 
•'o 

I = _E£ + 1 + _ E i 
CO 2 pi 
2 2 kTc k j- Rp u + ik?D (w/k)/,o2, e cl 

n*o u; 2 2 o> - noj + ik.D. (u/k)/u . c **- i ci 

Uci f.3 1 3F k,v. 
0 V to ci 

'k,v. 

ci 

(8) 
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is the local dispersion relation, and L> (w/k) is the magnitude of the 
turbulent diffusion coefficient at the phase velocity of the wave. As a 
representative function, we use 

, (n - n ) 

V — V 
H h 

2\ / 2 
exp o I - exp 2 

H/ \ Vh 

n I v i 
+ - f e x p r ~ i • ( 9 ) 

V \ V u \ u , 

In Eq. (8), D is obtained from the quasilinear, marginally stable 
state and can be estimated 1'rora the requirement for power balance with the 
stream. Assuming the turbulence transfers energy "'rom the hot plasma to 
the un 
gives 
the unconfined plasma, vhooc lifetime is a transit time v , this balance 

2 
n v H 2 
- — = n V v , CIO) 
T u t u ' v ' 

where T_ is the turbulent-energy lifetime ot the hot plasma. By using a 
t i diffusive scaling law, we have D (v ) « v"/i ; and from Eq. (1) we have 

D.(vx) « (ui/kvx) D (u/k) for u/k\'j_ <. 1 where -j w mu. . Hence, using 
Eq. (10), we find 

3 

\(J)~T TA-T) • 
p n 

MX, an experiment proposed by Lawrence Livermore Laboratory, has the 
parameters B = 20 kG and L = 170 cm. The fraction of warm plasma vacuum p 
(n /n) required for marginal stability and the implied electron tempera
ture at 6 = 0.5 (the electron temperature determines the energy lifetime) 
are plotted in Fig. 2 as a function of plasma radius for two values of 

2 (v„/v ) and D = D.. In scaling from 2X.IIB to MX, there is a six-fold H u e i 
reduction in the required warm plasma ratio. The marked reduction in the 
size of the stable radius from the case of no warm plasma to the case with 
warm plasma is due to two cooperative effects. One is the stabilizing 
effects of warm plasma and beta reported elsewhere [3,13,14] and the other 
is orbit diffusion which strongly stabilizes the large k^ modes. 

ALFVEN-ION-CYCLOTRON MODE 

In addition to inverted populations in velocity space that generate 
the previously described loss-cone modes, a mirror-confined plasma sup
ports an anisotropic velocity distribution, which is an additional source 



of instability. A mode of recent concern [15] that taps this source is a 
lelt-hand, c . mlarly polarized Alfven wave. This mode, which will be 
referred to a.-, the Alfven- Lon-cyclotron (A1C) mode, occurs at a suffi
ciently large ,:x. Previous calculations of this mode [15,16] ignored 
finite-geometry effects and produced growth rates and frequencies for 
real k,.- In this paper, we present preliminary theoretical results for 
the stability of thi . ode in mirror machines of finite extent. Specifi
cally, we determine tin boundary between absolute and convective instabil
ity (.d_/dk„ = leu,, = 0) and the influence of finite geometry on this bound
ary by snlving the phase integral [i] 

i: k„ (s)j.-; = Un + l)-'; ,1,2; (s J = 0 (12) 

where s is the distance .ilc>:ii_, <i ̂ elc line. '..V- evaluate Hq, (12) by ap-
prcxircai int: k„ as 

k„(B) = k.,[B(0)i + -T B(:i) 

FIG. 2. Plasma-Radius stability boundary and predicted electron tempera
ture for the MX experiment vs the fraction of warm plasma. Stable regions 
avp for larger radii. 
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The dispersion relation for the AIC mode is given in Kef. [15]. To eval
uate stability boundaries, we consider two specific distributions: a bi-
Maxwellian distribution (which is a model of the drag-dominated distribu
tion computed by Fokker-Planck codes), 

2 -a.v. 2 - ~ ~u.11v„ i- ~ e e , 

and a coll isional-type dis t r ibut ion, 

f « e g(v x /v ) . 

Our results are depicted in Figs. 3(a) and 3(b), where we plot the bound
ary of absolute instability for AIC for a uniform plasma ard compare it to 
che shifted boundary obtained from a Wenzel, Kramers, and Brillouin (WKB) 
calculation for 2XIIB and MX configurations. 

Due to inhomogeneities, there is 3 substantial shift of the stability 
boundary for the 2X1IB configuration. However, the bota observed in that 
experiment is still in excess of the predicted threshold for AIC. Pos
sible explanations are: 

• The depression in the field is less than thnt predicted by the 
long, thin approximation for the equilibrium, implying less 
local .;:j_ for the mode, 

• The simple parabolic expansion of the phase integral is inaccu
rate, because the WKB approximation typically fails when the 
calculated frequency shift is comparable to the homogeneous 
plasma frequency shift. 

We have examined the effect on the mode of finite k, « 1/R and fi;:d it to 
-L p 

be less important than the finite plabiua length. 
Finally, it should be noted that the Sl'PERLAYER code described in 

paper CN-35/C3 in these Proceedings shows buildup through reversal without 
disruption by AIC, provided the plasma is not too long, i.e., if it is on 
the order of 2XIIB lengths. If it is finite length which stabilizes AIC 
in 2XIIB, then MX with its longer scale length should l>e affected by this 
mode at high bet~u 
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FIG. 3. Alfven-ion-cyclotron stability boundaries in the B±rS» plane. 
Bourdary curves labelled "HOM," "MX," and "2X" correspond to homogeneous 
plasma and to scale lengths of 25 and 7 ion Lartnor radii respectively. 
Figures 3(a) and 3(b) correspond to bi-Maxwellian and collisional ion 
velocity distributions, respectively. 
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