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The straight field line mirror field is a marginal minimum B field with straight nonparallel field lines. This field gives
optimal ellipticity, the drift surfaces lie on a magnetic surface, radiofrequency heating of the plasma is predicted to be
efficient and MHD stability is provided by the minimum B property. One intended application of the magnetic field
configuration is energy production and transmutation of spent nuclear fuel in a fusion-fission machine, where the mirror
confined plasma is surrounded by a fission mantle. Reactor safety can be increased with a subcritical fission mantle, and
the fission power can exceed the fusion power by as much as a factor of 150 with a reasonable condition for reactor
safety margins, and this provides a basis for a compact reactor design. The straight field line mirror concept can also be
of interest as a plasma source for synthesis of sophisticated materials.

PACS: 28.52.Av, 28.41.Ak.

1. INTRODUCTION

The Q factor (the energy gain factor) of a mirror
machine is primarily limited by ion pitch angle scattering
into the loss cone and the end confinement of the
electrons. Thermal barriers and recovery of the energy of
the particles escaping from the magnetic trap are some
means that have been proposed to increase the fusion Q
factor, but it is questionable if such measures alone would
be sufficient to reach a Q factor required for industrial
energy production.

However, there is a possibility to enhance
substantially the total energy output if the fusion neutrons,
besides the need to reproduce tritium, are used to drive
fission reactions in a mantle surrounding the fusion
neutron source. Breeding of fissile material such as
plutonium, where the produced fissile fuel is intended for
energy production in a separate fission reactor, has been
discussed over several decades [1,2]. In recent years, the
interest has switched more to the possibility to transmute
and produce energy from the spent nuclear waste from
fission reactors in a fusion-fission machine, designed to
maintain a high energy neutron spectrum in the fission
mantle surrounding neutron source [3-5]. This switch of
interest has been inspired by the ideas developed for
accelerator driven systems (ADS), where neutrons are
produced in a spallation source from bombardment by a
high energy proton beam. With a beam energy around 1
GeV, the peak intensity in of neutrons produced from
ADS is around 1.3 MeV, which is one order lower than
the 14.1 MeV neutron energy produced in a fusion
reaction between deuterium (D) and tritium (T).

The transmutation scenario is more acceptable than
the breeding scenario for nuclear nonproliferation.
Another concern for the breeding scenario, where fission
energy is produced in a critical fast reactor, is reactor
safety. The reactor safety of fast reactors can be increased
in fusion driven systems by using a subcritical fission
mantle. Standard critical fission reactors operate with the
effective neutron multiplicity k., equal to unity. The
neutron multiplicity is the ratio of neutrons in the second
generation to the neutrons in the preceding generation,

and a nuclear accident can occur if ki, for some
uncontrolled reason would exceed unity. The fission
reactor operation is stabilized around k.; =1 by the action
of delayed neutrons. The risk for a nuclear accident is
pronounced in critical fast reactor which under normal
conditions operate with k; =1 and which are cooled by
liquid sodium or liquid lead-Bismuth, since a hazardous
event could be initiated for instance by a sudden loss of
coolant (tube rupture) or of coolant flow (flow blockade).
Another reactor safety drawback for fast reactors is that
plutonium and americium has a lower fraction of delayed
neutrons compared to uranium. In driven systems,
sufficient margins for reactor safety is expected if
key = 0.96 or lower. If the neutron source is turned off, the
energy production in the fission mantle decays, enabling a
control of the power output. This increases reactor safety.

In subcritical systems driven by fusion neutrons, the
fission power exceeds by a large factor the power output
from the fusion neutrons. As high value of the effective
neutron multiplication factor k.; as possible is desirable
to optimize power production, while reactor safety is
improved by lower values. Sufficient reactor safety can be
expected with k. =0.96, and the produced fission power
then exceeds the fusion power by the factor [5]

Pﬁs/Pﬁ,S ~ 150. (1)

The possibility for large fission power amplification
opens up a broader margin for fusion devices. Compact
and simple fusion devices, compared to the requirements
of a pure fusion reactor, could be useful as neutron
sources for transmutation. A survey of ongoing activities
in FDS is found in Ref. [6]. The fission mantle thickness
needs to be about 1.1 m to achieve the value k.;=0.96 [5],
which corresponds to the maximum fission power
amplification with reactor safety margins [5,6].
Tokamaks, with their geometrical restrictions associated
with the toroidal confinement and an upper limit on the
acceptable total power produced, cannot for this reason
make full use of the potential fission power amplification,
and are limited to Pu/Pus = 25 or less [4]. The open
geometry of mirror machines offers greater flexibility in
this respect. A detailed simulation on a mirror based FDS
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has been carried out for the Gas Dynamic Trap (GDT)
device at Novosibirsk [5], where almost all produced
power are due to fission reactions.

If the produced fission power exceeds the fusion
power by two orders, it is sufficient with an electron
temperature around 1 keV for a mirror based energy
producing fusion-fission reactor [5,7,8]. This suggest that
a single sell mirror, such as the straight field line mirror
(SFLM) [9], could be of interest for that purpose. A
compact, about 20 m long SFLM with a 50 cm midplane
plasma radius, may be adequate for 0.2-1GW continuous
electricity power production. The quality of plasma
confinement, in particular end confinement of electrons
and ions, would be a key parameter for the power balance
of an FDS based on the SFLM. Even if the plasma
confinement in a particular fusion-fission device would
not be sufficient for power production, it could still have
interest for industrial transmutation of nuclear waste. An
efficient transmutation device would also be highly
relevant in connection with nuclear nonproliferation.

A world scale energy production for decades or even
centuries, where reactor safety and nuclear
nonprofileration issues are addressed, could be arranged
with a fleet of light water reactors combined industrial
transmutation by a fusion driven neutron source [6].

A sufficiently intense neutron source, capable of
delivering an average of about 500'® neutrons per second,
is required for industrial transmutation of the spent
nuclear waste from 5 standard light water reactors [6]. For
pulsed neutron sources, such as ADS, the repetition
frequency needs to be high enough for efficient
transmutation.

The confinement properties of the SFLM may also
find application in other areas. Plasma deposition is used
for material synthesis. A small SFLM (about 2m long
with a 5 cm midplane radius) could offer a better control
of plasma parameters, such as the ionization degree, ion
energy, and deposition rate, compared to what is possible
with standard plasma devices in this application area.

2. FISSION POWER AMPLIFICATION

In a diffusion approximation, the neutron density in

the reactor volume V obeys the equation
ON/Ot+ LN=V,N , x[V (2a)
I = -DON/on+aN , xL[IS (2b)
where N is the neutron density, D is the diffusion
coefficient, LN=—0DON)+ V,N defines a self adjoint
operator and V, and Vv, are collision frequencies for the
absorption and production (mainly fission reactions) of
neutrons. At the boundary of the reactor core, there is an
influx of I of neutrons from an external neutron source,
where the normal vector is directed inward to the reactor
core and a corresponds to neutrons reflected at the
boundary. Associated with this problem is the eigenvalue

problem

L =My for, LIV, (3a)
0 =-Dof,/on+ af,,xls, (3b)
where the eigenvalues A< A< A<... can be ordered in
increasing order. The efficient neutron multiplicity for the
reactor core, kg =1/Ao, is determined by the lowest
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eigenvalue of the reactor equation (3a) and (3b). For a
nearly critical driven reactor, 1—k,; <<I, the stationary
driven neutron density distribution can be expressed in
terms of the eigenfunction f; corresponding to the lowest
eigenvalue of the reactor equation. The produced fission
power is
Pus = [dV NVs

where Vg is the collision frequency for fission reactions
and Ej = 200 MeV is a representative figure for the
fission energy produced in each fission reaction, which is
substantially larger than the energy Ej, =~ 17.6 MeV
produced in a single fusion reaction. The ratio of
produced fission power to the fusion power associated
with the influx of fusion neutrons becomes for a nearly
critical driven reactor

P/ Py = MrEjs/ Ejis,

M. P F L_L

1-k,v-1
where M represents the number of fission reactions
generated by a single incident fusion neutron and V- is the
average number of neutrons generated in each fission
reaction. For typical fission mantles, the parameter V is
in the range 2.4 <V < 3.7. Choosing the representative
values V' = 3 and k< 0.96, we obtain
Mr <125,
and
P/ Py < 150,

where the upper limit is for k.;= 0.96.

3. PROPERTIES OF THE SFLM

A minimum B producing field has the drawback of
producing a strong ellipticity of the flux tube near the
mirrors. The optimal choice which combines MHD
stability with the smallest possible ellipticity ought to for
this reason be a marginal minimum B field. The unique
solution for this vacuum magnetic field reads in the near
paraxial approximation [9],

Cs B
m: EOZ Cxol‘ Cyo
where s is the arc length of the magnetic field lines, x, and
o are Clebsch coordinates and ¢ and B, are constants.
To leading orders in a/c, where a is the mid plane
radius of the flux tube, the arc length is
=2 =2
P,
21+z 1-zZ
where s=s/c and z=:z/c and the Clebsch
coordinates are xo = x/(1+z/c) and y, = y/(1—z/c), which
describes straight nonparallel field lines with focal lines at

z=z%c, see Fig. 1. The flux tube boundary is determined by
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which gives the ellipticity ¢,,(2)= (JR, * R, - 1),

where R,(z)=B(z)/B, is the mirror ratio along the z axis.
For a mirror ratio of 4, £,=13.9 and this seems acceptable
for a mirror reactor.

A check shows that to leading orders [Is[=1 and
thus B=B(s), which is a marginal minimum B field. From

S(x,p,2) = Z




this follows that the guiding center magnetic drift is zero,
since VBO [ CB(s)= 0.

This implies that each ion moves back and forth on a
single magnetic field line. This also implies that the
guiding center values xoo and yoe. of the Clebsch
coordinates are constants of motion [10]. In the vacuum
field, the drift trajectories are simply a straight line
portions of the flux surface, with no drift of the guiding
centers. To first order in the plasma beta, for any
distribution function F(E, U, Xog, Vog) Of the four
constants of motion, a poloidal drift on the magnetic
surface is introduced, but there is still no radial drift
component [10]. The SFLM does therefore provide an
omnigenous equilibrium, and there is no neoclassical
increase of the transport [10].

Fig. 1. The straight nonparallel magnetic field lines of the
SFLM. Each gyro center bounces back and forth on a
single field line in this particular field

4. AMBIPOLAR ELECTRIC POTENTIAL

It is sufficient to reach an electron temperature around 1
keV in a fusion-fission mirror machine with a strong
fission power amplification [5,7,8]. The longitudinal
variations of the electric potential are crucial for the
electron fluid confinement and the electron temperature.
Without a specific heating directly on the electrons, it can
be assumed that the electron distribution function is close
to a local Maxwellian. This implies that along a flux tube
the electron density variations and the electric potential
are related by the Boltzman relation

e(@@)ks T, = In(no/n)

where ny and @ are the plasma density and the electric
potential at the midplane. If the impurity content is small,
quasi neutrality implies n= n., where n; is the fuel ion
density. An ambipolar potential, aimed to increase the
electron end confinement, would then increase as the fuel
ion density decreases away from the midplane [11]. A
stronger ambipolar potential would result with a stronger
depletion of fuel ions outside the mirrors. In addition, a
wall sheath potential, where local quasi neutrality does
not apply in this narrow sheath region, helps to increase
the end confinement of the electrons, and most electrons
escaping out of the mirror confinement region are
reflected back to the confinement region by this wall
sheath potential [11].

The electrons are heated by the hotter ions by
electron drag. It is assumed that all losses of the electron
energy occur outside the mirror region. The electron
energy balance is then of the form [11]

dW dWVﬂ
o oo -nloss nikBT;'
dt dt
Here, 7, is the loss cone density, which can be reduced

by building up a strong electron plugging potential near

r

the mirrors, 7,=2L/vu. is the transit time of the electrons
and 2L is the length of the confining region. The
parameter /., represents the fraction of the loss cone
electrons that escape the confining region and become
replaced by an influx of cold electrons to assure quasi
neutrality. A typical loss cone electron would transit the
confinement region many times before it has lost most of
its energy by collision processes outside the mirrors. Thus
Nioss << 1, and at moderately high electron temperatures 1
wss decreases rapidly with T7.. Adding the energy
contribution to the electrons from collisions with the hot
ions, the model predicts an increased electron temperature
if the plug density n* is sufficiently low [11]

B 2Ln, 1

n* _
- 52 s
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e bl < 344107 -

nO BO ré[
where r.= T. / T, the temperature is in keV and the
density and length are in SI units.

As an illustrative example for a fusion-fission
reactor, we assume a reactor scenario with a large
difference between the ion and electron temperatures. The
parameters T,=2 keV, T, = 50 keV, no=10"m", 2L=20m,
n*/ne=0.01 and a mirror ratio of 4 corresponds to an
increased electron temperature provided

1/ Nioss > 6,

which indicates that if it takes 6 or more longitudinal
bounces for a loss cone electron to loose its energy, an
increase of the electron temperature above the assumed
value 2 keV would arise. In a fusion-fission reactor, the
loss of ion energy to the electrons would then be brought
down to acceptable values, and a net power production is
possible with strong fission power amplification.
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Fig. 2. Variations of the electric potential, density and the
magnetic field strength along a flux line.

The lower curves show possible density and electric
potential profiles, where a sheath potential near the wall
is added. Low energy ions can trap in between the
sloshing ion density peaks and provide a warm plasma
stabilization. The outer region where @< 0 near and
outside the mirror trap is crucial for confining the
electrons. A potential wall sheath can confine a majority
of the few loss cone electrons that are able to penetrate
the mirror trap

The increased electron temperature in the model
relies on a sufficiently strong electrostatic barrier for the
electrons, which is related to the possibility to deplete the
ion density outside the mirrors. An expanding flux tube
outside the mirrors helps in decreasing the plasma
density, and this is known to have an MHD stabilizing
effect, as demonstrated for the axisymmetric GDT
experiment. However, there is the important difference
that the MHD stability of the SFLM does not rely on a
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plasma in the expander region, and the aim for the SFLM
is to decrease the plasma density in that region to build up
a sufficiently strong ambipolar potential that improves the
electron confinement.

Fig. 3. Strap antenna layout with scheme of electric
connection. The antennas can be located outside the
fusion region

It could also be essential to avoid onset of
longitudinal plasma flow associated with velocity space
driven instabilities. Velocity space driven instabilities are
suppressed by sloshing ions. A scenario to improve
plasma confinement and to produce a sloshing ion
population by ion cyclotron resonance heating has been
suggested [11-13]. Numerical computations indicate
efficient heating of both the deuterium and tritium plasma
ions [12,13], and the RF antennas can be localized outside
the magnetic mirrors.

Fig. 2 outlines expected profiles for the density and
scalar electric potential with the scheme. Fig. 3 shows a
strap antenna that is capable of delivering a sufficiently
strong heating power.

The end loss is a concern for mirror machines. A
stellarator-mirror FDS [7], with a hot tritium sloshing ion
distribution trapped in the mirror part, is expected to have
better confinement, but the device would be more
complicated than the SFLM.

5. CURRENT COILS

There are several alternatives, for instance
combinations of circular coils, elliptic coils and curved
“loffe coils”, to produce the SFLM field. Preliminary
result [14] suggest that it is possible to reproduce the
SFLM field with reasonable accuracy with a set of
circular coils, aimed to reproduce the field on axis, and
four curved “loffe coils”, where the distance between the
Ioffe coils is varied along z to model the gradients of the
quadrupolar field.

6. CONCLUSIONS AND DISCUSSIONS

Mirror machines suffer from end losses, and it is hard
to achieve a net power output for a pure fusion mirror
machine. There is a widened margin to obtain a net power
output in a mirror based fusion-fission machine, where a
fission mantle surrounds the fusion neutron source. The
fission power produced can be more than two orders
higher than the fusion power output. Sufficient reactor
safety margins are expected if the mantle is designed to
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operate with k. =0.96, and the ratio of fission to fusion
power is then Pj/Pps =~ 150.

It is not possible to make a full use of the potential
for a strong fission to fusion power ratio in all types of
fusion devices. There is a need to have space for a
sufficiently thick (more than 1m) fission mantle in
between the plasma confining vessel and the current coils,
and holes in the mantle are required for access to the
plasma. It is also essential for a reasonably distributed
power grid system that each unit does not produce a too
strong electric power, i.e. below something like 1 GW. A
tokamak are for these reasons restricted to P;/Prs = 25 or
less [4].

Mirror schemes can make full use of the strong
power amplification and operate with k. =0.96. Mirrors
are not limited to pulsed mode operation, and the
geometry is almost ideal for a fusion-fission scenario.
Simulations for the GDT device have indicated promising
possibilities for a mirror based transmutation machine.
The axisymmetric geometry of the GDT is beneficial for
plasma access, and MHD stability can be achieved with a
plasma expander behind the mirror. A net power
production is predicted if the electron temperature
approaches 1 keV. Ion heating is achieved with neutral
beam injection near the midplane, and two separate
annular fission mantle regions are located near the
sloshing ion turning points. The fusion neutron intensity
obtained in the GDT simulations is about one order too
low for industrial transmutation of the spent nuclear fuel
from five standard fission reactors. Increased fusion
power output in GDT is predicted by making the two
fusion-fission power production zones longer.

A scenario to base a fusion-fission reactor on the
quadrupolar SFLM concept has been outlined. Some of
the expected beneficial properties of the SFLM are:

1. MHD stability (minimum B, plasma expander).

. Optimal ellipticity of the flux tube.

. Guiding centers move on flux surfaces.

. Modified thermal barrier reduces end loss.

. RF heating with high efficiency.

. Continuous operation possible.

. Sloshing ion stabilization.

. Radial transport barrier.

In Gamma 10, a radial transport barrier and increased
electron temperature has been produced by shear poloidal
ExB rotation, which in a mirror can be arranged by
potential plates of electron cyclotron heating [15]. In the
SFLM concept, the electron temperature is expected to rise
if the contact is reduced between the plasma confinement
region and the region outside the mirrors, i.e. if the plasma
density decreases sufficiently much in the external region.
In addition, high beta MHD stable plasmas can be
achieved, and the geometry allows for convenient solutions
for refueling and ash removal. It is possible to place
sensitive plasma systems as RF antennas and plasma
diagnostics outside the high neutron flux zone. Simple
current coils can be used to create the SFLM field.

For the fusion-fission application, the following is
essential:

1. Easy plasma access with a fission mantle.

2. Optimal fission power amplification.
3. T. =1 keV sufficient.
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KOHUOENIUA YIAEPKAHHUSA C TPSIMBIMHA CUJIOBBIMH JIMHUSIMHA MATHUTHOTI'O ITOJISI 1 EE
HNPUMEHEHHME

0. Ozpen, B.E. Mouceenko, A. Xacnecmon

MarsuTHOE TI0JI€ JIOBYIIKH C MPSIMBIMHE, HO HETIapaJUICIbHBIMU CHIIOBBIMH JINHISIMH HMEET MHHUMYM B LieHTpe. Takoe
rojie 00JagaeT MUHUMAJIbHOW SJUIMITHYHOCTHIO MarHUTHBIX MOBEPXHOCTEH, Npeii(oBble IMOBEPXHOCTH COBMNAAAIOT C
MarHUTHBIMH, BBICOKOYACTOTHBII HAarpeB MOKET UMETh BBICOKYIO 3(h(exTHBHOCTH, 1 MI'/I- ycTol4unBOCTh OOEcTieueHa
MUHUMyMOM B. OpmHO ©3 BO3MOXHBIX MNPUMEHEHMH TaKOHl MarHUTHOW KOHQUIypalud — TPOU3BOJCTBO
DJICKTPOSHECPIUU U TPpaHCMYyTallus OTpa60TaHHOFO AACPHOTO TOIUIMBA B YCJIOBHAX, KOT'la JIOBYIIKA HAXOAUTCSA BHYTPHU
simepHOTO peakTopa. [loBpimieHHas Oe30macHOCTH PabOTHI peakTopa O0ECIednBaeTCs €ro IMOAKPUTHYHOCTHIO, H
KO3(pGHUIUEHT YCWJICHHS MOIIHOCTH JoCTUTaeT BenwduHbl 150 mpum cobmiogeHnn TpeboBaHWNA Oe301IacHOCTH.
Konnenmust ynepkaHust ¢ OPSIMBIMA CHJIOBBIMHA JIMHHSMH MAarHHTHOTO TIOJII MOXKET TakXKe OBITh HCIIONB30BaHa B
HMCTOYHHKAX TIIa3MBI 111 CHHTE3a CI0KHBIX MaTepPHaIOB.

KOHIIEIIISA YTPUMAHHS 3 IPAMUMU CUJIOBAMM JITHIAMU MATHITHOI'O ITOJIA TA ii
3ACTOCYBAHHA

O. Ozpen, B.€. Moicecnko, A. Xaznecmon

MarHiTtHe 1oJie TaCTKH 3 NPSIMUMH, ajle HellapalelbHUMU CHJIOBUMH JIHIIMU Ma€ MakCUMyM B 1ieHTpi. Take 1nose mae
MiHIMaJIbHY €TINTHYHICTh MAarHITHUX TOBEPXOHB, ApeH(OBI MOBEPXHI CIIBIAJAIOTh 3 MArHITHUMH, BUCOKOYaCTOTHUI
HarpiB MoXX€ MaTH BHUCOKY edextuBHiCTh, Ta MI'/l- cTilikicTs 3abe3nedeHa MiHiMymoMm B. OnmHe 3 MOXIHMBHX
3aCTOCYBaHbp TaKOI MarHiTHOI KOH(}Irypamii — BHPOOHHITBO €IIEKTPOSHEPTii Ta TpaHCMYyTaIlisl BiANPAIbOBAHOTO
SIEPHOTO ITAJIMBa B YMOBaX, KOJIM MACTKa 3HAXOIMTHCS YCepeAuHi snepHoro peakrtopa. IlinBumeHa Gesneka poboTH
peakTopa 3abe3rneuyeTbcsi WOro MiJKPUTHYHICTIO, 1 KOe(IliEHT MiJCHICHHS MOTYXHOCTI Jocsirae 3HaueHHs 150 3
JOTPUMaHHSIM BUMOT Oe3neku. KoHuenis yrpuMaHHs 3 MPSIMUMH CHJIOBHMH JIIHISIMH MarHiTHOTO TOJIS MOXE TaKOX
OyTH BUKOPHCTAHOIO B IUIa3MOBHX JDKepeliax JUlsl CHHTE3Y CKIIaHUX MaTepiaiB.
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