FAST TRAPPED PARTICLE MOTION IN URAGAN-2M STELLARATOR
WITH EMBEDDED MAGNETIC MIRROR
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The magnetic configuration of a stellarator with an embedded magnetic mirror is arranged in the Uragan-2M
experimental device by switching off one toroidal coil. The motion of particles magnetically trapped in the
embedded mirror is analyzed numerically with use of motional invariants. It is found that without electric field the
particle quickly drift out of the mirror. Sufficiently small radial electric field can make the drift trajectories closed
that substantially improve particle confinement. It is remarkable that the improvement acts both for positive and

negative charges.
PACS: 52.65.Cc

INTRODUCTION

In the proposal for a fusion-fission hybrid [1, 2] a
plasma neutron source is used. The neutrons are
generated in D-T fusion reactions between the hot
sloshing tritium minority ions and the deuterium of the
background warm plasma. For plasma confinement a
special stellarator machine is used (Fig. 1). It contains
an embedded magnetic mirror with lower magnetic
field. In this mirror the hot sloshing tritium ions, which
are created with neutral beam injection or ion cyclotron
heating, are trapped. The necessary mirror ratio for the
magnetic mirror is not high IT=1.5...2 [3]. The mirror is
not long: its length is of the order of the stellarator
major radius.

The magnetic configuration of a stellarator with
embedded mirror may be arranged in the Uragan-2M
experimental device since in addition to the helical coils
it has coils for the toroidal field. Switching off one
toroidal coil or lowering the electric current in the pair
of neighboring coils results in appearance of the
magnetic mirror with the mirror ratio about 1.5. Under
certain conditions, a system of nested magnetic surfaces
can exist in such a combined magnetic trap [4].
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Fig. 1. Sketch of fusion neutron source

The aim of the present study is to investigate the
trapped ion motion in the mirror part of the device. The
investigation is based on Biot-Savart calculations of the

magnetic field of the device and the analysis of the
parallel adiabatic invariant J.

MOTIONAL INVARIANTS

Certain factors stipulate existence of motional
invariants for a trapped particle in the mirror part of the
stellarator. The first important factor is that the motion
is in static electric and magnetic fields. Neglecting
collisions, the total energy of the particle
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is then conserved. Here v is the particle velocity, ¢ is
the electric potential.

The particle motion is adiabatic, and the Larmor
radius of the particle is small compared with the scale of
the magnetic and electric fields variation. Under such
conditions, the magnetic moment of the particle is
conserved
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Here v, =BxvxB/B?, B is the magnetic field.

The motion of the trapped particle is mainly the
bouncing between the reflection points. The bouncing is
accompanied by the slow drift perpendicular to the
magnetic field owing to the magnetic field gradients and
action of the electric field. The motion of the particle is
quasi-periodic, and the parallel adiabatic invariant
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is conserved. The integration in (3) is performed along

the magnetic field line, at which the particle gyro-center

is at current time moment, between the reflection points
where the ‘virtual” parallel velocity
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turns to zero. This velocity v, is the parallel velocity

which have a similar particle with the same energy and
magnetic moment at the different positions at the
magnetic field line.
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The conservation of these 3 invariants determines an
approximate drift surface in space.

CALCULATION METHOD AND
PARAMETERS

In the numerical experiments, one of the 16 toroidal
field coils of Uragan-2M is switched off. Its central
plane is at azimuthal position at ¢=n/32. The ratio of
currents in the helical and toroidal coils was chosen so
that the ratio of the toroidal magnetic field created by
helical winding to the total toroidal field at the toroidal
axis K,=0.24 for the case that one coil is not switched
off.

For this magnetic configuration Biot-Savart
calculations are performed. For 9 different starting
points, magnetic field lines making 250 turns around the
vertical axis are computed. Their footprints at the plane
p=n/32, where switched off coil is located and a
magnetic well is created, are shown in Fig. 2.
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Fig. 2. Magnetic surfaces of Uragan-2M with switched
off toroidal coil. The coordinates are normalized by the
torus major geometrical radius Ry=170 cm
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Fig. 3. Contours of J_‘I for £ =0.8 and A=0. Fatter line

corresponds to bigger J_” values

The seven inner flux lines form nested magnetic
surfaces. They are surrounded by a chain of magnetic
islands, and also ergodic layer appears.
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For the parallel invariant calculations the following
normalized quantities are introduced.

g=2  5=22 B=8B/B,. [=I/R,. (5
1B, 1B,
Here By is the normalizing constant for the magnetic
field. In this notation, the normalized parallel invariant
is

3= [Jpdl (6)

p>0

with p=Z—-@—B. The relation of the normalized

parallel invariant to the parallel invariant is given by
formula
%RO\]“ ) )
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The magnitude and distribution of the electric
potential in the plasma column ought to be suggested.
Since the hot ions are in minority, it seems reasonable to
suggest that the electric potential does not vary along
the magnetic surface. This assumption is applicable to
the region of nested magnetic surfaces only, and the
consideration must be restricted to this area. The
distribution of the electric potential is assumed to be
parabolic

P =Ar". ®)
Where r=<r>/<r>_ is the normalized radius and

<r>\ is the average radius of the last closed magnetic
surface.

Jy=

CALCULATION RESULTS

The results of calculation of drift surfaces, i.e.
surfaces of constant & x and J;, are mapped to the
surface p=m/32.

For these particular calculations the trapping of the
particle occurs if 0.7<z <0.9, and lower value of &
corresponds to deeper trapping.

Fig. 3 shows contours of J_” for the case of zero

electric field. The drift surfaces are not closed in this
case. This is because of the toroidal drift that forces the
particle to drift in vertical direction.

When a positive electric field is applied, the drift
surfaces become bended (Fig. 4). With A=0.05 a small
region exists at the inner part of the torus where the
surfaces are closed. With A=0.1, closed drift surfaces
occupy the major part of the plasma column.

Fig. 5 displays J_” contours in case of negative

electric field. The picture is similar to the previous case
with the only difference that the closed trajectories are
shifted outward of the torus.

Fig. 6 shows the case of deeper and shallower
trapped particles. As it could be seen from the pictures,
the trapping level does not significantly influence on the
character of the particle orbits.
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Fig. 4. Contours of J_” for £ =0.8. A=0.05 at left chart and A=0.1 at right one
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Fig. 5. Contours of J_” for £ =0.8. A=-0.05 at left chart and A=-0.1 at right one
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Fig. 6. Contours of J_” for £ =0.7 and A=0.1 at left chart and £ =0.9 and A=-0.1 at right one
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deficiency is its non-uniformity of the magnetic field in

DISCUSSION the torus major radius direction.
A radial electric field can improve the situation
The study reveals poor confinement properties of the  substantially. It causes a drift of the particle in the
magnetic mirror created in the Uragan-2M stellarator by ~ poloidal direction which is competing with the vertical
means of switching off one coil of the toroidal magnetic ~ magnetic drift. Above a certain value of the electric
field. This mirror is handicapped, where the major field, the drift surfaces become closed and particle
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confinement improves. This value can be estimated by
the formula

le@| ~ 1AB, ©)
where AB is the variation of the magnetic field across

the confinement volume. This estimate is confirmed by
the above calculations. Since AB/B~<r> _, /R, <<1,

it is sufficient with a potential variation (provided by the
electric field) which is much smaller than the kinetic
energy of the particle to achieve confinement. Another
remarkable feature is confinement improvements for
both positive and negative charges.

The estimate (9) can be interpreted as an estimate on
the perpendicular energy threshold for the confinement
cured by the electric field. The confinement occurs up to
a certain value of the magnetic moment, and particle
with larger magnetic moment will drift out.

Biased endplates is a possibility to control the
plasma potential variations in a mirror machine [5]. The
value of the electric potential in a toroidal device may
be hard to control. It is conditioned by the requirement

of ambipolarity of plasma outflux. Thus, in case if ions
are hot, they drift out faster than the electrons, causing a
negative plasma charge- Then the radial electric field
establishes improving confinement both of ions and
electrons, and diffusive processes become more
important.

REFERENCES

1. V.E Moiseenko, K.Noack, O.Agren // J. Fusion
Energy. 2010, v. 29, p. 65.

2. V.E. Moiseenko et al. // Plasma Phys. Control.
Fusion. 2014, v. 56, p. 094008.

3. V.E. Moiseenko, O. Agren // Fusion Science and
Technology. 2013, v. 63, Ne 1, p. 119.

4.V.G. Kotenko, V.E. Moiseenko, and O. Agren // AIP
Conf. Proc. 2012, v. 1442, p. 167.

5.0. Agren and V.E.Moiseenko // Plasma Phys.
Control. Fusion. 2014, v. 56, p. 095026.

Article received 10.09.2014

JABUKEHUE BBICTPBIX 3ANIEPTBIX YACTHUIL B CTEJVIAPATOPE YPAT'AH-2M
CO BCTPOEHHBIM NPOBKOTPOHOM

B.E. Mouceenxo, B.B. Hemoes, B.H.Kanroscnowiii, O. A’gren

MaranTHas KOH(HIypalus CTelIaparopa CO BCTPOCHHBIM IPOOKOTPOHOM MOXKET OBITh peann30BaHa B
9KCIIEPUMEHTANIbHON yCcTaHOBKEe YparaH-2M ITyTeM OTKIIOYEHHUs OJHOM KaTYyIIKH TOPOMAAIBHOTO MAarHHUTHOTO
nomsa. JIBiKeHume OBICTPBIX YacTHI, 3alepThIX BO BCTPOGHHOM HPOOKOTPOHE, W3Yy4YEHO UHCICHHO C
UCIIOJIb30BAaHUEM HWHBAapHAHTOB [IBHXKCHUs. YCTAHOBJEHO, 4YTO 0€3 JJIEKTPUYECKOrO MOJsS YacTHUIBl OBICTPO
MOKUAAIOT JIOBYIIKY. JloCTaTOYHO HEOOJIbIIOE pajualibHOE 3JIEKTPUYECKOE MO0Je MOXET chenarh ApeidoBble
TPAeKTOPUHU 3aMKHYTBIMM, UTO CYIIECTBCHHO YIydlllaeT yAep)kKaHHe dYacTHull. [IpumeuarenbHO, 4TO yIydlleHHUE
JIEHCTBYET KaK JJIS TIOJIOKUTENIBHBIX, TAK M OTPHLIATENIBHBIX 3apSI0B.

PYX IIBUIAKHUX 3AMKHEHUX YACTUHOK Y CTEJIAPATOPI YPATAH-2M 3 BBYJTOBAHUM
IMPOBKOTPOHOM

B.€. Moiceenxo, B.B. Hemos, B.H. Kanrosrcnuu, O. A’gren

MarniTHa KoH(irypamis crTemapaTtopa 3 BOyZOBaHHM NpPOOKOTPOHOM MOke OyTH peanizoBaHa B
eKCIIepUMEHTANIbHIA ycTaHOBII YparaH-2M IUISXOM BIIKIIIOYEHHS OJHI€] KOTYIIKHM TOPOINAJIbHOTO MarHiTHOTO
nois. Pyx MIBUAKKMX YaCTHHOK, 3aMKHEHHX y BOYZOBaHOMY IPOOKOTPOHM, BUBUEHO YHCEIHHO 3 BUKOPHCTaHHSIM
iHBapiaHTIB pyXy. BcraHoBieHo, 1m0 0€3 eNeKTPHUYHOro TOJIi YACTHHKM IIBHIKO 3aJIMIIAIOTh HacTKy. Jlocuth
HEBEJIMKE pajliaJibHEe CJICKTPUYHE MOJIe MOXKE 3pO0OUTH aper(oBi TPAEKTOPIl 3aMKHYTHMH, IO ICTOTHO MOKPAIIIY€E
yTpUMaHHs 4aCTUHOK. [TpUMITHO, 110 TOJIINIIEHHS JTi€ K I HO3UTHBHUX, TaK 1 HEraTUBHUX 3apsiiB.
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