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New results of studies of plasma heating and confinement in the axisymmetric mirror traps are presented. It is shown that due to
excitation of the instability at the bounce frequency (bounce instability) the effects of multi-mirror confinement can observed even
at the densities by two-three-orders of magnitude lower than those predicted by the Budker, Mirnov and Ryutov theory (GOL-3
facility). This effect makes the multi-mirror reactor more realistic. A small size mirror cell was incorporated with the gas dynamic
trap (GDT). Due to the transverse injection of two neutral beams (Exp=20 keV) ion hot plasma was obtained in the compact
mirror cell. As a result of that the plasma flux to the end wall decreased by 5 times. Besides, the threshold of the Alfven ion
cyclotron instability (AIC) was determined in the same experiment with accumulation of fast ions in the compact cell. It follows
from this experiment that in the GDT based neutron source the AIC instability will not excite in spite of anisotropic plasma.
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INTRODUCTION

Among the systems for plasma confinement there are
some traps with open-ended magnetic field lines, which
strongly differ from the systems with closed magnetic
configurations. All three types of modern mirror systems
proposed in the Budker Institute [1-3] are working in several
countries of the world.. A system with ambipolar principle of
longitudinal confinement (tandem mirrors) is studied in Japan
[4] and Korea [5]. Two open systems for plasma confinement
(multi-mirror and gas dynamic traps) are working in Russia,
Novosibirsk [6]. The first system, based on multi-mirror
principle of plasma confinement, was proposed in Ref. [1]. Ifa
plasma density is so high that L >>2;; >> { (here L is the total
length of the magnetic system, £ — single mirror cell size and
A; — ion mean free path), then the longitudinal confinement
time can be described by the diffusion law: T~ L% Vs , here
V1 is an ion thermal velocity. As it follows from [Ref. 1],
more correct formula should include factor R* , here
R = Biux/Bumin 18 the mirror ratio. Thus, finally T = R*L% Vg
The accuracy of this proposal was checked in the experiments
with rare cold alkaline plasma [7].

The second system, the so called Gas Dynamic Trap
(GDT), is a version of classical Budker — Post mirror trap but
with a very high mirror ratio, R (of a few tens), with a
relatively large length L exceeding mean free path A; InR/R,
with respect to scattering into the loss cone (see [3]). This
target plasma is almost isotropic. A very simple consideration
allows to estimate the lifetime of plasma in the trap. If the
plasma is dense enough (2; /R < L), the confinement time can
be estimated as a time of gas escape from a vessel through a
small hole: T ~ LSn/S,nVr; , here S is the cross section of
plasma in the mid plane, and S;= S/R — the cross section of
the “hole”. Thus, T ~RL/Vry;.

According to this ratio, even for R=100 the length of this
simplest fusion reactor on the basis of the GDT should be
more than 1 km [8]. Thus, at present, the thermonuclear
prospects of the gas dynamic trap are not clear, but this
scheme can be used for solving problems very important for
fusion program. The gas dynamic principle of a plasma
confinement together with the use of oblique injection of fast
D,T atoms into the target plasma allows to create an efficient
14 MeV powerful neutron source (NS) for fusion material
tests [9]. In this case, the length of the source could be rather
moderate (~10m). As calculations show, the full scale GDT
NS could produce of about 2 MW of 14 MeV neutrons
(~10" m?s™) at the area of 1 m”.

The main idea of the GDT NS is as follows. A flux of
fast atoms of D and T is injected into a warm plasma under
an angle to the axis and captured there. As a result, a
population of sloshing ions of high energy is created. The
maximum density of sloshing ions and correspondingly of
neutron flux are formed in the vicinities of turning points.
Thus, only a small part of total area of the vacuum chamber
total area (of 1 m?) will be irradiated by a significant neutron
flux density (of order of 2 MW/m?). Due to that, the tritium
consumption should be small enough (~ 0.15 kg/yr). As to
the power consumption, in the most pessimistic case, it is not
more than 60 MW [10]. It should be mentioned that the
neutrons produced are originated mostly from collisions of
fast D, T ions. Thus, it is not necessary to heat target plasma
up to very high temperatures. Both systems studied now in
the Budker Institute are rather simple since they have fully
axially symmetric geometry. Initial idea of multi-mirror
reactor was based on the concept of longitudinal
confinement of a very dense plasma (n.~ 10%...10*m™) in
the corrugated magnetic field. Since for such densities
n(T.+ T;) >> B%/8x at any reasonable magnetic fields, it was
supposed that the transverse confinement should be carried
out by well conducting metallic wall (the so called “wall
confinement” [11]). A principle of such confinement is based
on the conservation of magnetic flux inside the tube after
pulsed heating of plasma. After heating, the flux redistributes
itself, forming near the wall a thin layer of strong magnetic
field (of 300 T). The calculations presented in [11], have
shown that transverse plasma cooling occurs slower than it
requires the Lawson criterion. Thus, one can discuss the
possibility of such reactor in spite of large technical
difficulties. Fortunately, recent results of experiments on
multi-mirror trap GOL-3 have shown that the longitudinal
multi-mirror confinement is possible even at densities of
hundreds times lower than that discussed by the authors of
this method.

In the paper, the phenomena are described which allow
to obtain rather dense plasma (n~ 10°'m™) with high enough
temperatures (T, = T;~ 2 keV) and to confine it.

GOL-3. THE MAIN PARAMETERS

The main experiments on plasma heating and confinement
were done in two modifications of magnetic system:
homogeneous and multi-mirror. In the first case, maximum
magnetic field was 5.5 T. There were two end mirrors with the
field up to 11T. In the second case, 55 mirror cells 22 cm long
each one, were placed along the axis. The maximum magnetic
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field in each cell was By = 4.8 T, minimum one was 3.2 T. A
vacuum chamber consisted of a stainless steel tube with inner
diameter of 10cm. Plasma diameter was 8cm. The
preliminary plasma (hydrogen or deuterium) with typical
density of 10*'m™ was produced by oscillating direct
discharge (U =30 kV, =3 kA, T =120 ps). The geometry of
experiments makes it possible to use relativistic electron
beam (REB) as the most powerful source of energy for
plasma heating. Such investigations began many years ago in
Novosibirsk [12]. At present, typical energy of the REB in
described experiments is 120 kJ. The main parameters of the
beam passing along the plasma in the GOL-3 are as follows.
The energy of electrons is 1 MeV, maximum REB current is
up to 30 kA, typical current density of the REB in the plasma
is 1...1.5 kA/em?, and the beam duration is 8:10°s. To inject
the REB in plasma the initial beam with cross section of
140x4 cm is transformed in the round beam with the
diameter of 5 cm.

GOL-3. EXPERIMENTS ON STUDY
OF TURBULENT PROCESSES IN PLASMA

The results of plasma heating in two magnetic
configurations were found to be absolutely different. In the
homogeneous magnetic field with two end mirrors plasma
electrons at density of 10* cm™ heated up to more than 2 keV
during the beam injection. After switching off the REB injection
corresponded well to the formula: Te= T, mad/(1+at)™>, here
a=1f(n,, Zg) Thus, during the time of 10...20 us plasma
electrons cooled several times and achieved the value of
T~100...150eV. Although the cooling process (after
termination of REB injection) describes well by classical
longitudinal electron thermal conductance, simple estimations
show that it is impossible to heat plasma by REB till high
temperature (of 2 keV), observed in the experiment. In order to
explain the experimentally observed maximum value of electron
temperature one should suppose that the electron thermal
conductance is three orders of magnitude lower than that of
classical one [13]. The experimental results on suppression of
the longitudinal thermal conductance can be explained by an
excitation of micro turbulence during REB- plasma interaction.
As it was shown on another device, GOL-M, at the same REB
current and plasma densities as mentioned above (Npeyn/Ne ~
3-10™...107), the strong Langmuir turbulence was excited in
plasma during the REB injection. That led to beginning of
relatively slow density fluctuations because of appearance of
collapsing cavities [14] and an excitation of ion sound
turbulence [15]. According to [16], in the case of REB-plasma
interaction, the coefficient of electron thermal conductivity

instead of ) ~ V1o Ve should be equal to X|| ~ V1! T, here T is
the growth rate of the beam instability, I" ~ y’l-e"z-(ope-nb/ne. In
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Fig. 1. Time behavior of neutron radiation

this formula 0 is the angular spread of the beam, y is the
relativistic factor, and oy is the electron plasma frequency. The
estimations presented in [16], have shown that if the level of
turbulence is W/nT ~ 15%, the value of the electron thermal
conductivity should be of 10° times lower than that of the
classical one. Indeed, approximately this level of turbulence
observed in the GOL-M experiments. So, the problem of
thermal insulation of plasma and heating of electrons in open
systems with REB is solved, anyway during injection time.
Absolutely another picture of plasma heating has observed
in the multi-mirror geometry of magnetic field. The typical
duration diamagnetic signal instead of 10-20 ps now is 10”s.
Approximately the same duration has radiation of neutrons in
the case of deuterium plasma [17] (see Fig. 1) Thus, it means
that the mechanism of very fast ion heating exists. This effect
is explained by a few phenomena. The effectiveness of REB-
plasma interaction depends on the ratio of ny/n,. It means that
the power transfer from the beam into plasma in the mid plain
of each magnetic cell will be less than in the mirrors. Taking
into account the effect of suppression of the thermal
conductivity along the system one should conclude that the
electron temperatures will be different in mentioned places.
Special experiment was made with injection of the REB
(jo~ 1 kA/cm?) in preliminary plasma (n, ~ 10*' m™) placed in
homogeneous magnetic field 12 meters long with one mirror
cell (or magnetic well). This experiment has demonstrated that
during the REB injection the energy transfer from vicinities of
the mirror to the mid plane of the cell is close to zero [18].
Indeed, as it is seen in Fig. 2, there exists a significant overfall
of plasma pressures (or T,) between the points with maximum
and minimum magnetic fields. It means that in the case of
multi-mirror geometry one can observe appearance of plasma
streams coming from the opposite directions. Thus, there
appears the mechanism of longitudinal accelerations of ions.
As it is seen in Fig.3, after 5 ps from the start of beam
injection very fast growth of D-D neutrons radiation is
observed [18]. The experimental results concerning
estimations of time of ion thermalization are presented in [17].
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Fig.2. Upper trace: magnetic field strength along the

axis of the system. Below: plasma diamagnetism (it is

proportional to T,) along the axis after 2 and 3.5 us
from the start of REB injection

For n.~ (3...5)-10* m™ this time is estimated as 20...30 ps.

In contrast to electrons, hot ions exist rather long time
of the order of 1 millisecond. It means that multi-mirror
confinement “works” although the requirements of the



theory of method do not fulfill. The solution of this
phenomenon is seen in Fig. 3. One can see there regular
oscillations. More careful study of these oscillations (see
Fig. 4) shows that their period is estimated as T = {/Vry;,
The period of oscillations was corresponded to this
formula with the changes of cell size and the ion
temperature [19]. According to [20], the behavior of
neutron radiation is explained by excitation of the bounce
instability. The bounce oscillations facilitate the efficient
exchange between the flow of transit ions and trapped
particles. Due to that the effective ion mean free path
decreases by two order of magnitude and achieved the
value Xieff ~ L.
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Fig.3. Generation of D-D neutrons as a result of
collisions of opposite streams of deuterons
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Fig.4. Regular structure of neutron radiation with
T~ 1l/Vy; as a consequence of bounce instability

In the multi-mirror configuration the problem of MHD
stability exists. However, taking into account the
geometry of the REB current, the current for creation of
the preliminary plasma and net current it is possible to
obtain sheared structure of magnetic field where plasma is
MHD stable. In detail this experiment and computer
modeling is presented in [21].

GAS DYNAMIC TRAP. INITIAL
PARAMETERS AND FIRST EXPERIMENTS

This trap is a classical mirror machine but with a very
high mirror ratio (up to R = 75). The maximum magnetic
field in the end mirrors is up to B, = 15 T. In the mid plane
B,=0.2...0.22 T was used in the most of experiments up to
now. At present, Bo=0.27 T.

The distance between the mirrors is 7 m, and the diameter
of the vacuum chamber is of 1 m. Preliminary plasma with
diameter of 20 cm in the mid plane is prepared with a plasma

gun. Additional gas puffing is used if necessary. Six neutral
beam injectors (NB) under 45° to the axis direction are used.
In the most of the experiments up to now, the total power of
injectors was 4 MW, the energy of atoms (hydrogen or
deuterium) was 15...17 keV, and the duration of injection was
1 ms. The typical target plasma density was 3-10" m™ and fast
ions density was of 10" m™. The temperature of electrons is
determined by the balance between energy transfer from fast
ions and gas dynamic losses through the end mirrors and
achieved 100 eV. In spite of a very frugal parameters, a great
deal important experiments were made. In particular, the
experiments on demonstration of plasma MHD stability in the
axisymmetric magnetic field by increase in a curvature of the
field lines [22] and by the use of additional external cusp cell
incorporated with the GDT [23] were made. The effect of
suppression of electron heat conduction to the end wall by the
expansion of magnetic flux tubes in the expander was studied.
It turned out that this effect was corresponded to theoretical
predictions of [24]. The experiment on a study of distribution
of D-D neutrons was carried out. It showed that in agreement
with calculations, the generation of neutrons mostly localized
near two turning points. The density of the neutron flux far off
the turning points was by the order of magnitude less. The
main results of this stage are presented in [22].

GDT UPGRADE. STATUS AND PROSPECTS

From the viewpoint of fast sloshing ions confinement the
regime of operation of the GDT till recently was non
stationary. The new improved injectors with focusing of the
beams and with pulse duration of 5 ms were designed and
constructed. From the physical point of view, such a duration
corresponds to the steady-state regime. At present, the total
power of the NB injectors is equal to 3.5 MW at the duration
of 5 ms. The work on the increase in the power is in progress.
At 10 MW of NB injection the electron temperature of 300 eV
should be obtained together with required density of fast ions.
We plan that after completion of the work with injectors the
T.~ 300 eV will be achieved. It will signify that anyway the
“moderate” NS with the neutron flux density of 0.5 MW at the
area of 1 m” is a reality. But even with the achieved injection
power a great deal new results were obtained.

GDT. EXPERIMENTS WITH ADDITIONAL
COMPACT MIRROR CELL

A compact external mirror cell of 30 cm long with
Biax= 5.2 T and B,;;=2.4 T was incorporated with the GDT.
Two neutral beams from the injectors with the power of
1 MW (E=20 keV, t=4 ms) were directed to the plasma flux
flowing from the GDT (ne,~ 10" m™). As a result of that, a
strongly anisotropic plasma (A=Wv /W= 35) with ratio
ny/n>>1 (here ny, is the density of hot and n, is the density of
cold ions) The maximum value of hot ions density achieved
the value of 5-10""m™. In this case, as it is seen in Fig. 5,
strong ambipolar plugging of the flowing flux is observed.
Due to that the flux to the end wall in the steady state
conditions decreased by 5 times.

One of vagueness in the parameters of the GDT NS
connects with the necessity to create two-component
anisotropic plasma where micro instabilities can excite. In this
case, the increased losses of fast particles from the system
should happen and the power consumption should increase.
Up to now, the losses in the GDT through the mirrors were
classical. The micro instabilities were not observed. In the case
of compact mirror cell with 90° injection of fast atoms, a
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strong anisotropy was obtained and, in this case, the micro
instability was observed (see Fig. 6). The threshold of the
instability corresponded to n,~ 310" cm™ at A=W1/W I= 35.
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Fig.5. Ambipolar plugging of the flux flowing out the
GDT. The injection of fast atoms into compact mirror
cell begins at T =0
This instability was identified as the Alfven ion cyclotron
(AIC) instability. The restrictions put on the plasma
parameters from the viewpoint of exitation of micro
instabilities are soft enough. It means that this phenomenon
will not appear in the case of the full GDT NS.

Recently an efficient method of the MHD stabilization
by application of different potentials to the end plates and
limiter was used and studied. It was shown that the sheared
rotation can effectively stabilize the MHD modes of high 3
plasma (up to B = 0.6) in the GDT and can reduce the radial
transport. These results are in good agreement with the
theory [25].

n W, 10°m>keV

-]

| I'I'II‘I'EI'IS’:.I'I'l‘I

[

N

-
[

o 1 2

0.5

0.4

0.3

0.2

Intensity, a.llh.
' |
|
|
|
|
|
01 |
|

T, ms

Fig.6. Plasma diamagnetism in the compact mirror cell
during the NB injection (T=4 ms) and determination of
threshold of the AIC instability (below)

CONCLUSIONS
A number of problems intrinsic to the open mirror
systems have been solved in recent years. Three methods of
suppression of MHD activity were proposed for the GDT
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case. The experimentally measured value of beta in the
MHD stable regime reached 60 % (in the vicinities of
turning points). Absolutely different method was applied in
the GOL-3. In this case, the hot (T;=2keV) dense
(n.=10*"m") plasma was confined during lms without
MHD activity.

Among important positive findings, one should mention

that multi-mirror confinement of a relatively rare (by two —
three orders of magnitude lower than the Budker et al theory
predicted [1]) plasma exists and has a theoretical explanation
taking into account the useful role of the bounce instability. Up
to now there are no any physical limitations to further increase
in the plasma parameters in both types of open traps.
The method of suppression of longitudinal heat transfer during
the time of the REB passing along the plasma has solved very
serious problem of the multi-mirror reactor concept. One
should point out that the same turbulence should increase the
transverse heat transfer. In principle, that’s truth, but up to
now, the contribution of this effect to the energy balance is
insignificant. At present, the theory of transverse transfer for
the discussed mechanism is in a rudimentary state.

In order to prevent the appearance of high heat
conductance and fast cooling of the electrons after switching
off the heating REB, a special electron beam of not so high
power (160 keV, 1 kA/em?) but significantly longer than the
heating REB is elaborated to support the turbulence.

It is possible to estimate some parameters of the multi-
mirror reactor. As an example, consider the plasma pipe
160 meters long with the effective cross section in a
corrugated field of the order of 10 cm? and of 100 cm” in the
homogeneous magnetic field (45 m long in the center). In
this case, the energy, radiated by the D-T neutrons from the
pipe during one pulse will be of 40 MJ with the Q value
equal to 5. In the steady state version the reactor of 300 m
long can produce 300 MW of fusion power with Q =5.

A method of decreasing the longitudinal heat flux to the
end walls was demonstrated in the GDT experiments. It was
experimentally shown that the problem of decrease of lifetime
of fast sloshing ions in the full scale neutron source on the
basis of the GDT because of micro instabilities does not exist.

The present day parameters of the GDT NS correspond
to the neutron flux of D-T reaction of 0.2 MW/m’. The
nearest goal is the demonstration of feasibility of “moderate”
NS (0.5 MW/m?).
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OCECUMMETPUYHBIE OTKPBITBIE MATHUTHBIE JIOBYIIKH.
HEJABHUM ITPOT'PECC B YJIEPXKAHUU U HATPEBE ILJTIA3MBbI
A.I1. Kpyznakos, A.B. bBypoakos, A.A. Heanoe
[pencrasnens! mocneHAE pe3yIbTaThl O YAEPKaHUIO TUIa3Mbl B OCECHMMETPUYHBIX MarHUTHBIX JIOBYIIKax. [Tokaszano,
yro Oaropapsi Bo30YKICHHIO HEyCTOWYMBOCTH Ha 3arepThix yacTuiax (bounce instability) MHOronpoGouHoe yaep:kaHue
TUTIa3MBl MOXKET HAOJFOAThCSI TIPY TUIOTHOCTSIX Ha JIBa — TPH MOpsi/IKa Oojiee HU3KHX 110 CPABHEHHIO C IPEJICKA3bIBACMBIMU
Teopuelt bynkepa, MupHoBa u Protosa (I'OJI-3). OtoT 3deKT memaer MHOTOMPOOOUHBIN TEPMOSICPHBI peakTop Ooiee
peanmucTuaHbIM. HeGombioii nmpoOKoTpoH OB mpricoenuHeH K raszoamHamrrdeckoi sosymike (I'JIJI). Ilpu momepedHoit
MHKeKInu HelirpanbHbx mydkoB (E =20 k3B, W =1 MBT) B npoOkoTpoHe Oblia moiydeHa MOHHO-TOpsas Iuiasma. B
pesyabpTare MOTOK Iutasmel, BeiTekaromed n3 1), 6pur momamen B 5 pa3. Kpome Toro, ymamock oIpeneiuTs HOpor
HEYCTONYMBOCTH Ha OBICTPHIX AaHM3OTPONHBIX HMOHAX W HICHTU(HIMPOBATH BO30YXKICHHE alb()BEHOBCKOW HOHHO-
UKJIOTPOHHON HEYCTONYMBOCTH. M3 TIOTyYEeHHBIX JAHHBIX CIEAYET, YTO OMACHOCTH BO30YXICHUS 3TO HEYCTOWNYHMBOCTH B
HEUTpOHHOM HcToYHMKE Ha ocHoBe I'JJ] He cymiecTByerT.

BICECUMETPUYHI BIIKPUTI MATHITHI TACTKH.
HEJABHIN ITPOT'PEC B YTPUMAHHI I HAT'PIBAHHI IIJTASMHA

E.Il. Kpyz2naxoe, O.B. Bypoakos, 0.0. leanoe

[pencrasneHo ocTaHHi pe3yJIbTaTH 110 YTPUMAHHIO I1a3MH B BICECUMETPHYHMX MarHiTHHUX nactkax. [lokasano, mo 3aBusku
TIOPYIICHHIO HECTIMKOCTI Ha 3aMKHeHHMX dacTkax (bounce instability) GaratonpoOnpoOKoBe yTpUMaHHS IUIa3MH MOXE
CIIOCTEpIraTHCs NPH IIUIBHOCTSX Ha J1Ba — TPU TMOPSIKK OLIbII HU3BKMX, HDK 3aBOavdaeThest Teopiero byakepa, MupHoBa i
ProroBa (I'OJI-3). ILleit edekr poOuTh OaraTonpoOKOBWI TEpMOSAEPHUI peakTop OuTbII peamicTUYHUM. HeBenmkuid
poOKOTPoH Oyio mpuenHaHo a0 razomuHamivHoi mactku (I'IIT). [Ipu momepeuniit imkekuil HelTpamsanx myukiB (E=20
keB, W = 1 MBT) y npoOkoTpoHi Oysia oTpruMaHa i0HHO-Taps4a ria3ma. BHaciok moTik mia3mu, mo Burikae 3 ['/1J1, Oy
momaBieHnii y 5 paziB. KpiM TOro, Bmajmocs BW3HAYMTH MOPIT HECTIHKOCTI HAa HIBHAKHUX aHI30TPOIHHX I10HAX Ta
ineHTH(IKyBaTH TOPYIIEHHS aTb(BEHIBCHKOI 10HHO-IMKJIOTPOHHOI HECTIKOCTI. 3 OTPIMAaHUX JaHUX BUTIKAE, 10 HEOS3MEKH
MIOPYIIEHHS i€l HECTIHKOCTI B HeUTpoHHOMY Jpkeperi Ha ocHoBi ['/II1 He icHye.



