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I. INTRODUCTION

Mirror devices offer a number of important potential ad-
vantages with respect to the closed systems:iﬁ ~ 1 can be ea-
gily achieved in them; they allow the stationary operation,
ere less sensitive to the impurity problem and, finally, are
more simple from the engineering point of view. All this jus-
tifies the current attitude to mirrors as to the second (af=-
ter tokamaks) most probable way to magnetic fusion.

Ambipolar traps, which have been suggested by Dimov and
/1/ and Powler and Loganfz!, are the leader in mir-
ror research. They extend the line of "classical" mirrors be-
ing in progress over the past two decades. Because of this
long history as well as of their pregent firm position in the
field of CTR, it isn't quite certain that they should be re-
ferred to as the "unconventional®, or "alternative" classes
of thermonualear devices. In view of this, in what follows,
we shall discuss, mainly, the other systems which have more
reagong to be considered as unconventional ones, viz.: rota-
ting plasma devices, cusps, and multimirrﬂr gystems. The dig-
cussion will be baged, for the moet part, on the results ob-
tained at the Institute of Nuclear Physics (INP).

coworkers

The position of thege unconventional schemes in the pro-
gramne of mirror studies is determined, first of all, by the
fact that, unlikely the tokamak situation, the scale of extra-
polation of today's experimental ambipolar traps to the ambi-
polar reactor is still very large and on the way to the final
goal some serious obstaclee may be met. Of those that can be
foreseen right now, the most dangerous are the velocity space
microinstabilities in the end cells (see Section 2). Therefo=-
re, the other versions of open gystems should be evaluated,
firgt of all, basing on the extent to which they are free
from this weak point. In particular, the three types of traps
mentioned sbove are qulte 1nsenslt1ve, by thelr very princip-
le, to the velocity space microinstability.

“ The Signlficance of alternatlve schemﬁs ﬂf.mlrrar devi-
ces also consists in the fact that some of them do not make



it necesgary to employ complicated and expensive techniques,

necessary for ambipolar reactor, for example, neutral injec-

tors with the energy of hundreds keVs and complex vacuum sys-
tems.

And, finally, the third point that determines the impor-
tance of studies on alternative open-trap schemes 1s that
they are a potentiml source of new ideas allowing the refine-
ment of the most developed open irap - the ambipolar one (in
particular, this is relevant to cusps).

The presentation is arranged as follows. In the first
part of Section 2 the restrictions on the level of microfluc-
tuations in the end cells of the ambipolar trap are discussed
in some detail, while in the second part we describe a recen-
tly discovered phenomenon that could be of some general inte-
rest to plasma physics - the formation of potentlial jumps in
a smoothly varying magnetic field. Section 3 is concerned
with the status of research on rotating plasma devices (cent-
rifugal traps). Section 4 is devoted to the problems of cusps
with electrostatic plugging. The questions which concern the
physics of multimirror dense-plassma systems are discussed in
Section 5. Note again that the basis of our discussion are
the results obtained at the INP.

2. SOME PHYSICAL ASPECTS OF AMBIPOLAR TRAPS

The significance of the problem of microinstabilities
for ambipolar traps arises from the fact that, according to
simple physical considerations an admissible level of plasma
microfluctuations is strictly limited: in the case of a ther-
monuclear reactor, the contribution of microfluctuations to
ion scattering becomes comparable with that of Coulomb colli-
siong already at

W/n? ~ 10°C + 1077 (1)
(W is the energy density of fluctuations).

It is worth noting that the present-day ambipolar reac-
tor designs have been based on the assumption that the losses

of particles in the end cells are purely Coulomb. In connecti-
on with somewhat frightening character of the estimate (1),

it seems reasonable to try to teke into account, at least phe-
nomenclogically, a possible role of microturbulence. For exam-
ple, this can be done by introducing a certain effective scat-
tering frequency VY ,.¢ instead of purely Coulomb scattering
frequency Yc_z :

Y eff = AV,

with A > 1 . Seemingly, the value A = 10 will be fatal for

reactor, but it would be interesting to evaluaté at what level
of microfluctustions the reactor can still survive.

Microinstabilities can also strongly affect the fanctle
ning. of "thermsl barriers" suggested in Livermore in 1979 j
Here, beam-type instabilities produced by sloshing ions dist-

/4/

ribution (rather than the loss-cone ones) are most dangerous

We would like to mention here one recently discovered ef-
fect which, heving no direct relation to the microinstabili-

ties and other key aquestions of operation capability of "ther-
mal barriers", is of noticeable general JHTCP€SL ap a concre-—

te example of realization of Alfven's 1:1&&"‘}iF

on sheathe for-
mation in a plasms. We mean the phenomenon of formation of De-
bye sheaths in the throats of a barrier cell, which has been

discoverad by ?ehkvrrb’ (end later studied in more details by

f’f:’

Cohen

The potential jump arises in the case of a strong deple-
tion of the digtribution function in the region of the trap-
ped ionsg (i.e., in the situstion typical for thermal barriers).
Thig conclusgion is supported by the following arguments. The
s-dependence of the electrostaiic potential*, in the absence
of jumpe, is defined from the condition of ﬁlasma quagineutra-

lity:
exp -‘-if; nl(t?’B} (2)

*s'is the distance along a magnetic field line.



where {P ig the electrostatic potential counted from its va-
lue in the central cell, n; ig the ion density, n,, is the ion
density in the central cell, B is the magnetic field strength
dependent on & in the known manner. The electron distribution
function is regarded as the Boltzmann one. B-dependence of ny
ig connected with anisotropy of the ion distribution in the
barrier cell. The effect proves to be most striking in the ca-
se when there are no trapped ions at allfbf. Equation (2), as

it is seen from Fig. 1 taken from the paper by Pekker, has no
golutions at B < Bhax £OT the values of ¢p which are.close to
ZET O

Thisg fact points to

the presence of a poten-

tial jump in the mirror
throat so that the de-
pendence ¢ (s) acqui-
res, as & whole, the
form demonstrated in
Fig. 2.

The study, carri-
ed out by Cohen 7;, has
shown that with the ap-
pearance of trapped
iong, the jump shifts
to the center of a bar-
rier cell and its va-

9 el lue decreases, until it
Te disappears at some cri-
tical density of trap-

Fige. 1. Plot of the left-hand side ped ions.
otted line) and the right-hand side
(golid lines) of Eq. 2 as a function As has recently

of e ¢ /Te for T, = T;. The numerical been established by
parameter at the saliﬁ curves indica- rja;
tes the corresponding value of B ./B. Pekke » the presence

of potential jump can
result in a very fast ion scattering. Pekker has analysed the
cage when the trapped ions are absent, and the magnetic field
is non-exisymmentric (has the Ying-Yang geometry). In thise ca~

-

&

se, the potential jump is situated at the surface constituted
by the points where 3B/ 3 s = O. The magnetic field lines in-
tergect this surface (which is close to a plane perpendicular

p(s)B(S)

Fig. 2. The typical dependence of ¥ on s near the
Iransition between the barrier cell and the central
cell: a - no trapped ions in the barrier cell; b -
- intermediate amount of trapped ions; ¢ - large
amount of trapped ions.

to magnetic axis) at the angle ~1r/L (where r is the trans-
verse plasma size, I is the scale of longitudinal magnetic
field inhomogeneity) to the normal. As the thickness of the
jump (approximately the Debye radius 13} under the typical con-
ditions is small compared to ion Larmor radius r  , the ion
magnetic moment jﬂ changes, at each crossing of the jump, by
the value nf&;v r/L. One can verify that the successive chan-
ges of }ﬂ are uncorrelated with each other, that eventually
points to the presence of scattering. The effective scattering
time T is of the order of t H*(}Mfﬁ-j"l}z il " » (LIr]E,' where
0 LfvTc is the ion bounce period in the barrier cell; nume-
rically, T is by many orders of magnitude gmaller than the
Coulomb scattering time.

From the physical point of view, so rapid scattering will



lead to an immediate appearance of trapped iong whose number
grows till the disappearance of this jump. Actually, the pre-
gsence of thig "gelf-ireatment"” effect means that, in real sys-
tems, only the distribution functions, which do not regult in
the formation of jumps, can be mete

The jumps cen take place in an axisymmetric magnatic
field as well. They can be of importance for astrophyaical 8
applications.

3. ROTATING PLASMA S .

Plasma Totation around the axis of the exisymmetric mir-
ror machine in crossed E and B fields produces a centrifugal
force which compresses the plasma to the equatorial plane of
the trap. At a sufficiently high rotation velocity the ion
distribution function in the rotating coordinate system beco-
mes nearly isotropic, that leads to eliminating the danger of
velocity-space microinstabilities. The main difficulties in
realizing this scheme of plasma confinement consist in the
necesgsity to overcome the so-called "Alfven limit" in the ve-
locity of plasms rotation (just for this reason the HOMOPOLAR
and IXION devices have failed), and also in the necessity to
provide the MHD stability of a rotating plasma.

At present, the first difficulty may be congidered as
gurmounted: in 1976-1979 the rotation velocityVof 5-10T cm/ 8
was achieved at the PSP-IM device with a plasma deneity of
1013 nm"3 (gee Ref. /9/). The duration of such a state of plas-
ma constituted 5 ms and was determined by the time of propaga- e
tion of the gas, puffed by a pulsed valve, through the cham-
ber volume s

The whole totality of the facts points out that the ef-
fect of criticial velocity is determined by the near-eleciro-
de phenomena for the case of sufficiently dense plasma. In par-
ticular, in order to attain a high rotation velocity, it is ne-
cessary to provide the conditions under which the power densi-
ty on the electrode surface were not higher then some limiting

¥ In the prev1uu§ ExpﬁrlMEﬂtﬂ performed at the HOMOPOLAR-5 de- '
vice at n ~ 101 the game rotation velocity was attai- H
ned only for 20}45, an& then the breskdown occured.

8

value at any stage of discharge.

In a stable plasme with a low concentiration of neutrals
(as should be the case in a thermonuclear reasctor), the flows
to the walls, which cause gag desorption and evaporation, are
small. Thus, if the electric strength of insulators will be
gufficient, there will be no limitations on the rotation velo=-
city.

The poesibility of suppressing the MHD instabilities is
being studied at SVIPP" device (Fig. 3). The essence of the
gtabilization method congists in creating a deneity profile
with positive radial derivati?e;10’11f. In this case, the cen-
trifugal force is a strong stabilizing factor, with stability
improving as v;vti increases. This is consistent with the re-
quirements for this ratio, which result from longitudinal con-
finement and loss-cone instability suppression conditi;naa It
follows from simple estimates that the MHD stability is poesi-
ble already at amall bn/ar. To create the conditions with
san/dr > 0 in the region of fast rotation, the flow of cold
plasma is arranged near the outer wall, and the hot plasma
should be produced due to diffusion from this flow. As the
estimates show, the density and electric field profiles, clo-
se to the required ones can be obtained in this way.

In the near-wall region, occupied by the flow,
on/d r < 0, and the MHD gtability is provided by that the
plasma 1s not confined in the flow and pasees through the mir-
rors, so that there is the average min B along the flow.

The more careful analysis of MHD inetsbility, mede in

Hef. /12/, has not revealed any additional obstacles for this
scheme.

Experiments have been started st the PSP-2 device on tes-
ting the other scheme of gtabilization of the flute instabili-
ty which is based on the contact of the plasma with special
end slectrodes located beyond the mirrors (Fig. 4). The esti-
¥ SVIPP stends for Russian "stabilization by rotation and
dengity profile".
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mates show that the plasma of such a kind can be stable if the
conditions cited below are satisfied gimul teneously:

- gome definite electric-field profile must be sustained
in the plasma (for parabolic n(r), it is quite enough if E(>)
decreases by 25-50% along the radius); '

- longitudinal electron current from the plasma must ex-

ceed some criticial value, which is dictated by the geometry of
the ﬁﬂvicef13’14f.

The above conditions have been taken into account at the
PSP-2 device. This device was put into operation in 1981. Its
parameters are the following: magnetic field (in the centre)
is up to 30 kGs, mirror ratio is 2.5; plasma diameter ie 100 cmj
digtance between mirrors is 160 cm; the energy of ion rotation
ig of the order of 100 keV, the expected ion temperature is
20440 keV; the expected plasma density at the magnetic field
velues indicated above is (265):10'2 cm™3; the value of the to-
tal e%zctric potentiel at the end faces of the devices is equal
to 107V.

Under the conditions of discharge cleasning of the walls,
the potentials achieved are 200 kV in a quasistationary regime
(with digcharge plamma dengity 1001011 on™).

Some indications that the chosen method of stabilization
ig effective (at least with respect to the highest azimuthal
modes) are presented in the paperfiﬁ;, describing the experi-

ments at smaller device PSP-02 (rotation velocity 8-107 cm/ a,

n ~ 1012 en™3).

4. CUSPFES

The ides of the cusp with electrostatic pligging of slits
was suggested by Lavrent'ev (Kharkov) in the early 60 s. The
device is schematically shown in Fig. 5. Between elecirodes A
and B (C end D), a large potential difference (a few plasma
temperatures) is.applied. The sign of this difference is indi-
cated at the figure. If the transverse slit size is small com-
pared to the Debye radius,

11
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E,b ‘g rn (3)

(for notations, see Fig. 5), the electrons cannot leave the
gyetem; as for the ionag, they will eacepe from the plasma until
the internal plasma regions are charged to a negative potential
such that ion losses also stope. It is clear that under such con-
ditions the distribution functions of particles are close to
Maxzwellian ones and are not a source of the velocity-space mic-
roinstabilities. :

In recent time & noticeasble growth in interest to the cusps
physics has occured. Thig is connected with the fact that they

are a component of a number of schemes of axisymmetric ambipolar
traps (see, e.g., /16/). :

The distribution of potentiel along one of the magnetic
fields lines is lllustrated in Fig. 6 (potential of the inter-
nal part of the plasma is taken to be zero). An important ques-
tion that arises at this point is that near the plug elecirodes,
ag 1t follows from Fig. 6, there is a deep potential well for
electrons. Becﬁuae 1t is assumed that the electron confinement
time should exceed, by many orders of magnitude, the time of
electron-electron collisions, the well will be filled with elec-
trong until the electron density in it will become the Boltzmamm
factor (exp iFLnﬂﬂj ¥ 10*) timeg higher than that in the plasma
centre. But at so high electron density the condition (3) will
be violated (for realistic slit sizes) and the potential distri-
bution will change in a way shown in Fig. 6 by the dotted line,
i.ees the barriers for ions will disappear.

Thig difficulty is supersble if the trapped electrons are
removed from the slit continuously. It is not excluded that so-
me "naturel® mechanism of aliminatinﬁ of the type of diocotron
instability will work. At least, the ring cusps at the Jupiter
&evicaafl?f were plugged quite well even without any gpecial me-
agures to remove electrons.

The paremeters of the plasma produced at "JUPITER IM" were
the following: density n = 1012 cm"jE Te = 100 eV, T; = 50 &V,
lifetime * = 1 ms (at the magnetic field strength By= 17 ks

in the ring cusp and Bp = 5% kGs in the point cusp). The geomet=
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Fig. b, Potential distribution along the
field line near the plugging electrode.

rical gizes of the
device are: the
distancelkfrom the
center to the point
cusp is 20 cm, the
ring cusp radius R
ig 10 cm, plasma
thicknesas in the
ring cusp is b =

s 1.541077 cm, po-
int cusp diameter
is a = 0.6 cm. So
large difference
between the wvalues
of a and b is due
to the fact that
they are related to

each other by the magnetic flux conservation condition:

iiﬂz
’jTRbBR—-T-*BP
1l
b BECBDY
il o w5

It is easy to see that the condition (3) ie not satisfied
in the point cusp, i.e. their electrostatic plugging isg impoa-
gible. Indeed, the experimenta’iT; have shown that switching
off the plugging potential in the point cusps causes only an
insignificant reduction in the lifetime of the plasma (a simi-
lar procedure in the ring cusp leads to a fast plasma decay).
Then one. paradox immediately arises: as in the confinement re-
gion there is a point with a zero magnetic field and the adia-
batic invariance of )a breaks, the lifetime of plasma should
be not higher than a few tens of flight times of ions across
the trap (see Ref. /18/), while, in reality, the lifetime of
plaema proves to be a few tens times higher.

One of the possible explanations of this paradox was -
gested by the author of the present paper and attributes the
unexpectedly long confinement time to the presence, in tha-‘
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plasma, of sn electric field perpendicular to the magnetic one
(magnetic surfaces are then equipotential). It turns out that
in the case of large enough potential difference between the
internal and external plasma regiﬂns*, large domains of absolu-
te particle confinement (l.e. the confinement connected with
the energy and canonic momentum conservation laws) appear in
the velocity space. The relevant calculations are presented in
the Appendixe.

Another version of electrostatically confined cusp - toro-
idal one - is discussed in a recent survey by M.S.Icffeilgf.

5. MULTIMIRROR SYSTEMS

In multimirror eystemse the plasma with free path length A 8
which ig smaller than the device length L, is effectively con-
fined. Plasma confinement under such conditions is not sensiti-
ve to the velocity space microinsgtabilities. In the plasma with
moderate density, the condition h <€ L can be satisfied only if
the device is rather long (of the order of 500-600 m). Never-
theless, if the magnetic system of the device is beged on the
modular principle, i.e. 1s composed from simple identical ele-
ments, the large length doesn't seem to be unaxceptablafzﬂfn In
gsuch a multimirror-trap scheme one can use the neutral injecti-
on technique for plasma production and heating. ' '

The other vergion of multimirror reactor - with high plas-
ma density (n.—x,1017 em™) - is developed at the IHPfE1!- Wi-
thin the frames of thias version, the iransverse plasma confine-
ment is assumed to be provided by a corrugated metal waell, while
the magnetic field is used only to suppress the transverse ther-
mal conductivity. On one hand, this enable one 0 guareniee the
MHD-gtability of plasma even in the exisgymmatric system end, on
the other hend, to weaken the requirements for the magnetic
field strength (to operaté in the conditions whﬂn.‘ﬁ >51). The
multimirror reactor of such a kind must be a pulsed machine.

The sbove spproach seemg atiractive because 17 makerg it
possible to use some simple and inexpensive techniques in the

future thermonuclesr reactor. However, at the level of experi-~
¥ The potenti fference of the order of a few T, /e is typical
for the open traps.
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mental devices, it causes serious difficulties, since for ade-
quate modelling of the wall confinement at ﬁ 3 1, an energy
of the order 100 kJs+1 MJ should be transferred to the plasma
within a short time. The corresponding possibility will at

last occur when the GOL-3 device’ 22/ will be ready for opera-
tion, in which the electron beam with an energy of 1 MJ will

be used for plasma heating (the possibility of effective ener-
gy transfer from beam to the plaama with a density in the
301014 en™2¢10% em™> range was demonstrated in the experiments
at the GOL-1 and INAR deviced 23/).

The parameters of the GOL-3 device are the following:
length 20 m, average plasma diameter 6 cm, average magnetiic
field 60 kGs, mirror ratio 2, number of cells 30; plasma tem-
perature and density 1 keV and 1017 cm"j, regpectively. The
main purpose of experiments at the GOL-3 will be to clarify
the similarity laws for wall confinement of plasma with § > 1.

In recent time several suggestions have been offered which
allow one to incresse substantislly the longitudinal lifetime
in multimirror devices. In particular, one should mention the
method of heavy impurity admixture. The purpose of seeding
plasma with impurities is to increase zeff with the correspon-
ding decrease of the free path length X and of the rate of lon-
gitudinal diffusion (note that in the multimirror trap the lon-
gitudinal plasma expansion occurs in a diffusive menner with a
diffusion coefficient D<» A &2 272.), The limitation on the
density of impurities is connected with the growth of brems-
strahlung radiation. In the case of uniform, over the length,
introduction of impuritias (analysed in Ref. /24/), this limi-
tation proves to be fairly severe and the increase in time of
the longitudinal confinement (and in the energy enhancement co-
efficient Q) is determined only by a factor of about 1.5.

However, one can introduce impurities non-uniformly over
the length, adding them only into the regions of maximum densi-
ty gradient where they have most influence on the diffusion ra-
te. For the pulsed thermonuclear reactor the corresponding ana-
lysis has been made in Ref. /25/ on the basis of one-dimensio-
nal numerical calculetions. The initial plasma parameters (ini-

17



tial energy enntenﬁ end temperature), Z of impurities, their
relative content, and the spatial distribution have been va-
ried over broad intervals.

The value of energy enhancement ¢ of the thermonuclear
reactor as a function of the relative density of impurities
ig ghown in Fig. T. ;

q I T 1 [ |
ol i
‘.{ 5 i
0 §4 * ! ' |

0 Q001 Q.0 04 Nz

Fig. 7. Plot of plasma enhancement coefficient Q ve.
reEaflve dengity of impurities. W, = 10 MJ fcme,
Tﬂ - B k‘EThr, ?a- = 10!

7

The plot corresponds to the ini%ial energy content in the
plasma W, = 10 Mi/cm® end to en initial temperature of 8 keV.
The impurities with 2 = 10 (neon) are added into two symmetric
regions rear maximum density gradient of hydrogen, each cong-
tituting approximately Q.1 of the total plasma length. The
density of impurities is measured in terms of N, = 2axfnmgx
where ngax and n®®% are the maximum initial densities of im-
purities end mein plasma (attained not at the same pointl)e

The meximum effect is observed at the density of impurities

18
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about 3-T%.

The diagram, summarizing the results of numerical pimula-
tion, is drawn in Fig. 8, wherg the plasma enhancement of the
reactor is presented vs. the atomic number of the impurity
atoms.

The initial energy

content Wﬂ in the
2

is
taken as a parameter
for the curves. All

Q ‘plasma in MJ/cm

remaining parameters
are optimized for
each point. It fol~-
lowe from the figure
that, first, there is
no gense in using the
admixture with

Z > 10415 becausge of
the growth of losses
connected with brems-

gtrahlung and, second,
5 = adding of admixture
with 2 = 10 permits
one to increase the

| | B ] i
0 i 1

nuclear energy relea-
2 6 flel 7L

ge by 3¢5 times at
Pig., 8. Enhancement coefficient Q ve,  ‘tre same inltial ener-
atomic number of impurities for various gy content in the

values of the initial plasma energy
content W . plasma.

In the pulsed
reactor, the required distribution of impurity can be achieved
by means of pulsed puffing of the impurity.

The non-uniform distribution of impurity can slso be rea-
lized in the stationary multimirror reactor mentioned above. To
do this, the injection of heavy atoms sghould be concentrated
at the desired place.



APPENDIX

Congidering a lnw—-y_q plaesma, we use & vacuum presentati-
on of the cuasp magnetic field:

et . _Gr
ST R e

where G is some congtant. The vector-potential of this .field
has only one {l!") component

¢
- | ?.? = TI’Z
The magnetic purfaces are defined by the equation
r%7 = q

where q is the flux coordinate (lsbelling the magnetic surface).
We aspume that the electric field is present in the system with
electrostatic potential depending only on the flux ccardinaﬁe*:

¢= ¢ (a
The motion of a particle with charge e and mess m is go-

verned by two exact conservation laws (of energy and of canoni-
cal momentum):

2
mv

S+ e = consgt (2]
r( th+ 'E'H%" ﬂ,;%;} = consk (As2)

It is convenient to describe the particle pogition in terms of
q and z verisbles (instead of r and z). Using the notations
=2 eu‘);m, ol = eG/2 mec and subscript "O" for the initial
values of pariicle velocity and position, we can rewrite Eqs.

(As1) and (A.2) in the form: 3
v + ;[' (q) = vg +X[qo} (A.3)
2 :
B = q?"i’# s (.A.a'q‘}

[rgv?a +n (g, = +t:11|]""I

We are going to find the class of initial conditions for
which the particles can't leave the device through the point

* Note that, since the potential Li is produced by the plasma
charges, it is not necessary that it should satisfy the Laplace
equation,

20

cusp*. As follows from (A.3), at a given q,

2
?"I’ Z vg +;l'.qo) -X{q)
Then, from (A.4), it follows a strict inequality which defines

the maximum distance along z-axis that can be reached by the
particle for some glven q:

alv2 + ¥ ao) -A(a)]

(A.5)
E'Uv'f°+ «(q, - q]]z 222

z

Taking some particular dependence X(ql, one can find the
condition of absolute confinement. Let's coneider a particular
o * %
case when } is a. linear function of |q| :

X" C |al
One can eagily see from (A.5) that, indeed, there exists
a broad clags of particles whosge motion along z is finite, na-
mely, those, for which

¢ lqo + Egﬂ-l }?g + C \qol (A.6)

The confinement region (A.b) coneists, in general, of two
spheres in the velocity space.

The ring cuep is assumed to be electrostatically plugged.

** It is clear that should be an even function of Z. For
thiag reason we write here an absolute value of g

24 i
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