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Studies of a Straight Field Line Mirror with emphasis on fusion-fission hybrids 

 O. Ågren1, V.E. Moiseenko2, K. Noack and A. Hagnestål 

 

Abstract 

The straight field line mirror (SFLM) field with magnetic expanders beyond the 

confinement region is proposed as a compact device for transmutation of nuclear 

waste and power production. A design with reactor safety and a large fission to fusion 

energy multiplication is analyzed. Power production is predicted with a fusion Q =0.15 

and an electron temperature around 500 eV. A fusion power of 10 MW may be 

amplified to 1.5 GW fission power in a compact hybrid mirror machine. In the SFLM 

proposal, quadrupolar coils provide stabilization of the interchange mode, 

radiofrequency heating is aimed to produce a hot sloshing ion plasma, and magnetic 

coils are computed with an emphasis to minimize holes in the fission blanket through 

which fusion neutrons could escape. Neutron calculations for the fission mantle show 

that nearly all fusion neutrons penetrate into the fission mantle. A scenario to increase 

the electron temperature with a strong ambipolar potential suggests that an electron 

temperature exceeding 1 keV could be reached with a modest density depletion by 

two orders in the expander. Such a density depletion is consistent with stabilization of 

the drift cyclotron loss cone mode. 

PACS: 28.52.Av, 28.41.Ak. 
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I.  Introduction 

The linear geometry of magnetic mirrors possesses several advantages [1]. A continuous mode 

of operation (for years) is possible without the need for an inductive current drive, and a mirror 

fusion source could rapidly be turned off, which could be beneficial for reactor safety. Violent 

large scale plasma instabilities are avoided in stabilized magnetic mirrors [1]. Large magnetic 

expanders beyond the confinement region drastically reduce the power load on divertor plates 

[1,2]. Radio frequency (RF) antennas for plasma heating could be placed outside the fusion 

neutron region [3,4], and holes for RF power feed and diagnostic windows and mirrors are 

possible to locate outside the fusion region. Loads on such sensitive equipments are then 

minimized. Superconducting coils can be computed that allow for a fission mantle with no 

holes apart from a narrow region at the ends of the confinement region [5,6]. Such a geometry 

would be optimal for capturing fusion neutrons at a fission mantle, and thereby to achieve a 

large energy multiplication M of the neutrons by the activated fission reactions.  The neutron 

energy multiplication M is the ratio of the fission power ot the power of the injected neutrons 

from the external source.  As will be shown, computations for the SFLM with reactor safety 

margins yield the possibility that the neutron energy multiplication M exceeds   

125fission

fusion neutrons

P
M

P
   (1)  

where the 14.1 MeV neutron energy represents about 80% of the energy produced in each 

deuterium-tritium reaction (the remaining is the 3.5 MeV energy of the alpha particles). With 

M values in this range, more than 9 fission reactions in the mantle are activated per incident 

fusion neutron. A high M would relax demands on plasma confinement [6,7] for energy 

production. The most serious drawback of the open geometry of magnetic mirrors is the semi-

poor axial electron energy confinement which leads to comparatively low electron 
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temperatures and could result in a too strong power drain. Power loss in modest size mirror 

machines is typically dominated by electron drag from the hotter ions to the electrons (possibly 

with the exception of tandem mirrors with a strong ambipolar potential and reduced electron 

drag, where ion longitudinal loss power loss and radial losses may become an essential fraction 

of the power loss, compare Ref. [8]). With a power loss dominated by electron drag, the 

demands on the electron temperature could be relaxed drastically for a mirror fusion-fission 

device with a large M . An estimate on the lower bound on electron temperature for power 

production (with a ratio of electric power output to input power exceeding 5) in a fusion-fission 

mirror reactor with M >125 is, see section VI of this manuscript, 

( )
2 /3

12
[keV] 0.5 keVcrit

eT
M

   (2)  

Electron temperature measurements (by soft X rays) in the Gamma 10 tandem mirror indicate 

that electron temperatures in this range has been achieved [8]. The GDT device has recently 

demonstrated an increase of the electron temperature to 250 eV (measured with Thompson 

scattering) with improved confinement by sheared EB rotation (or vortex confinement) 

created by potential plates at the magnetic expander [9], and there is hope to increase the GDT 

electron temperature further with increased neutral beam power. Plasma   rising to 60% at the 

sloshing ion peaks have been achieved in GDT [9]. Plasma flow into the expander, required for 

stabilization of the interchange mode of axisymmetric devices, is a potential threat for increase 

of eT . In the SFLM scenario, the situation is different since there is no need for an expander 

plasma to provide interchange stability, and this opens for a possibility to create a strong 

ambipolar potential (that increases electron confinement) by density depletion in the expander 

[10], and thereby a higher electron temperature [2,5]. A model with a balance of electron drag 
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and losses carried out by loss cone electrons indicates that an electron temperature exceeding 1 

keV could be possible with a modest density depletion by two orders in the expander region 

[5]. 

    Fast reactors, with a fast neutron energy spectrum, could burn plutonium and certain minor 

actinides and fission products more efficiently than standard light water reactors. Most fast 

fission reactor proposals are critical reactors without an external neutron source. In critical 

reactors, the actions of delayed neutrons are crucial to avoid hazardous events with exponential 

power raise associated with a neutron multiplicity exceeding unity. In standard light water 

reactors, which are only capable of using a minor part of the nuclear fuel energy content for the 

power production, Doppler broadening, the void of the coolant and the fraction of delayed 

neutrons are important for the reactor safety. All these stabilizing effects are seriously reduced 

in fast reactors, but a subcritical fast reactor design (with an external neutron source) could 

enhance reactor safety. The power production in a driven subcritical system is controlled by the 

external neutron source, and power production is terminated by turning off the external neutron 

source. Alternatives for the external neutron source are accelerator driven systems (ADS) with 

a spallation source or, as in the framework in this paper, a fusion device. In particular, 

industrial incineration of minor actinides, with its low fraction of delayed neutrons, would 

require a driven system. In addition, a driven fast reactor could offer enhanced reactor safety 

for plutonium burning, aiming at a long term global scale power production with efficient use 

of the nuclear fuel resources. 

    Analytical results for SFLM field will be briefly reviewed. Results on RF heating, magnetic 

coil and neutron computations will be presented, as well as calculations for the neutron energy 

multiplication M and the electron temperature. Detailed computations for a compact 25 m long 
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confined plasma with a 40 cm plasma radius [5] support the possibility to make a neutron 

source and a fission blanket with a high value of M , with a corresponding 1.5 GW thermal 

power production.  

 

II. The straight field line mirror field 

A yardstick to obtain an MHD stable mirror confined plasma equilibrium is to construct an 

average minimum B field by quadrupolar coils. A drawback with the quadrupolar field is the 

tendency for a strong ellipticity of the fluxtube near the mirrors [1,11]. The optimal choice 

which combines MHD stability with the smallest possible ellipticity ought for this reason be a 

marginal minimum B field. In the paraxial approximation, the unique solution for this magnetic 

field  reads [11,12], 

0 02 2
0

.
1 /

s
x y

B s c


   


Β

 (3a)  

where s  is the arc length of the magnetic field lines, 0x  and 0y are Clebsch coordinates and c  

and 0B are constants. To leading orders in /a c , where a is the mid plane radius of the flux 

tube, the arc length is  

2 21
( , , ) ( )

2 1 1

x y
s x y z z

z z
  

 
 (3b)  

where /s s c  and /z z c  and the Clebsch coordinates are 0 /(1 )x x z  and 0 /(1 )y y z  , 

which describes straight nonparallel field lines with focal lines at z c  , see Fig. 1. As the 

field lines are straight, there is zero field line curvature, which is consistent with a marginal 

minimum B field. The flux tube boundary is determined by 

2 2 2( ) ( )
1 1

x y
a

z z
 

 
 (3c)  
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with the corresponding ellipticity 2( 1)ell m mR R    , where 0/m maxR B B  is the mirror 

ratio for the confinement region. For a mirror ratio of 4, 13.9ell  , which seems acceptable 

for a mirror reactor. 

A check shows that to leading orders 1s   and thus ( )B B s  is a marginal minimum B 

field. From this follows that the guiding center magnetic drift is zero, since 

( ) 0.B s  v Β  (4)  

This implies that each ion moves back and forth on a single magnetic field line, whereby the 

guiding center values of the Clebsch coordinates are constant [12]: 

2
0, 0 0 0(1 ) /cx x s y      (5)  

2
0, 0 0 0(1 ) /cy y s x     (6)  

The energy   and the magnetic moment   are also constants of motion, and Vlasov equilibria 

to first order in the plasma   can be described with distribution functions of the form 

( ) ( )
0 0( , , , )c cF x y  . The resulting finite   magnetic field (in the paraxial approximation) can be 

written [12] 

0
2 2

(1 )
2 1 /

B s

s c

 
 


Β  (7)  

where 2
0 v2 / ( )P B s   . This leads to 0j  , which is a sufficient criterion to obtain 

omnigenous equilibria, i.e. the gyro center moves on a magnetic flux surface even to first order 

in   (a poloidal drift on the magnetic surface is added by the finite  , but the radial drift is 

zero). There is therefore no neoclassical enhancement of the radial transport, and this is 

achieved without axisymmetrization of the confining field [12]. Near omnigenuity is expected 

up to reasonably high  , say 30%   at the midplane. Although it is possible to create 
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average minimum B fields at even higher , near omnigenuity could not be expected if the   

value is too high when quadrupolar fields are present.  

    Omnigenous equilibria, where the guiding center drift surfaces traverses a finite portion of a 

magnetic surface (not just a single magnetic field line as would be the case in the SFLM 

vacuum field) can also arise with an electric potential 0( , )s r (independent on the azimuthal 

angle), which is consistent quasi neutrality and distribution functions of the form 0,( , , )cF r   

for both ions and electrons, where 2 2
0, 0, 0,c c cr x y   is the radial guiding center Clebsch 

coordinate. The corresponding EB rotation has no radial component, and the azimuthal 

rotation can be controlled with potential control plates in the expander region.  

    The influence on the ellipticity of a finite   has been examined [13], and more recently also 

the effect of magnetic expanders beyond the mirrors [5]. Suitable superconducting coils for a 

field with expanders have been determined, for a representative case with a 25 m long 

confinement region in between field maxima and expanders outside. To satisfy the interchange 

stability criterion together with the plateau in magnetic field strength associated with the 

addition of expander regions, the ellipticity has to be increased somewhat from the ideal SFLM 

case. With a mirror ratio of 4, an ellipticity around 17 is sufficient to simultaneously satisfy the 

interchange stability requirement.  

 

III.  RF heating 

Ion cyclotron resonance heating in the SFLM field has been studied numerically [3,4]. With a 

40% minority deuterium concentration and 60% tritium majority concentration, the deuterons 

can be heated at the fundamental cyclotron frequency, while the triton ions can be heated at the 
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2nd harmonic of the cyclotron frequency. The frequencies of the waves are selected to match 

resonance absorption of waves at about half the maximum strength of B, which correspond to 

sloshing ion peak locations. The sloshing ions give the major contribution to the neutron 

production. Sloshing ions are favorable for plasma stability; enhanced stability margins against 

the Alfven ion cyclotron mode arise as a result of the reduced overall velocity anisotropy in the 

mirror confined ion distribution, and a warm plasma can trap between the sloshing ion density 

peaks, which is useful for stabilizing electrostatic modes, see p. 1694 in Ref.  [1]. 

    Good coupling between the plasma and the launched RF waves can be achieved with the 

antennas located in the low density region near the field maxima, where the neutron radiation 

is limited [3,4], and electric breakdown in the antennas can be avoided with the RF voltage 

decrease in internally parallelized antennas [3,4]. Studies for a fusion reactor parameter case 

have predicted efficient heating with strong absorption of the RF fields near the resonance 

zones (more than 80% of the power), where sloshing ion peaks are formed by the heating [3,4]. 

Similar behavior is expected for a more compact fusion-fission hybrid scenario for the SFLM. 

Neutral beams, as in the GDT experiments, is an alternative mean to heat the fuel ions and to 

produce sloshing ions. With a midplane neutral injection, a fission blanket would split into two 

parts (separated by the neutral beam openings), while it is possible to maintain a singly 

connected fission blanket within the RF heating scenario. 

 

IV.  Neutron transport Monte Carlo simulations 

A primary task is to determine the neutron energy multiplication M., and thereby the ratio 

/ 0.8fis fusP P M of the ratio of produced fission and fusion power. The fusion power from the 

neutron source is fus fusP E S , where 17.6 MeVfusE  is the energy produced in a single 
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deuterium-tritium fusion reaction and the source intensity S is the number of neutrons produced 

per second. The fission power is  

fis fis fisP E N S  (8a)  

where fisE  is the average energy released per fission reaction, and fisN  is the average number 

of fission reactions initiated per source neutron. In case of spent nuclear fuel, a representative 

value is about 190 MeVfisE  . In addition, it is useful to relate Nfis to another quantity MS: 

S fisM N    (8b)  

with   as the average number of secondary neutrons which are released per fission reaction. 

Then, SM  is the average number of secondary neutrons which are released in fission reactions 

per source neutron. This quantity is a measure of the ability of the fission blanket to multiply a 

source neutron and depends primarily on the fuel composition and on the neutron spectrum 

within the fission blanket. A representative value with spent nuclear fuel is 2.96  , which is 

the number obtained in the GDT minor actinide burner simulations [15]. In the frame of the 

static reactor equation, which is an eigenvalue equation with the eigenvalue keff  [16] (where 

the neutron multiplicity keff  as the particular value 1 for a critical nuclear reactor), the quantity  

1
eff

eff
eff

k
M

k



 (8c)  

expresses the ability of the fission system to multiply a fission neutron (in difference to it, MS 

refers to a source neutron). However, in both cases the main part of the neutron multiplication 

is realized in cascades of fission reactions in the blanket, and this suggests that MS has almost 

the same dependency on keff as Meff., where notably both MS  and Meff  becomes singular as 

1 effk approaches zero. On this background the ADS (accelerator driven systems) community, 

see for instance Ref. [17], has introduced the quantity  
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S

eff

M

M
    (8d)  

from which the keff-dependency should be (approximately) eliminated. The  -parameter 

reflects the quality of the coupling between neutron driver and fission blanket rather than the 

neutron multiplicative ability of the fission core itself. Several experiments and calculations of 

different driven subcritical systems have demonstrated this fact. For illustration:    0, if the 

source is removed outside of the blanket or neutron absorbers are introduced between the 

source and the blanket. On the other hand, it is possible to achieve  > 1, provided that the 

source is located just in the very centre of the fission blanket and additional multiplication of 

the fusion source neutrons, i.e. by (n,2n) reactions, can be arranged. In the study of the GDT-

driven system, even the value  =1.94 was achieved [15]. For the SFLM with a 25 m long 

fission blanket and an axially dependent source with representative sloshing ion peaks, it is 

merely  = 1.24. 

    Inserting all quantities one gets finally 

 
( )

1

1
fission fis eff

n
fusion neutrons fus eff

P E k
M

P E k



  


.  (9a) 

where ( ) 14.1 MeVn
fusE   is the energy of the fusion neutrons. This equation describes the 

general structure of the power amplification factor of a fusion driven subcritical system. 

Deriving the Qr values for a given system with   and keff calculated either by precise neutron 

transport methods (e.g. Monte Carlo methods) or by the diffusion approximation can give 

substantially different results (the mean free paths for fusion neutrons are too long for a 

diffusion approximation). Preliminary Monte Carlo simulations for the SFLM (the neutronics 
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calculations are still in progressive and detailed results will be published separately) gives the 

formula, compare also Refs. [14,15] 

1.24 190
5.65 183

2.96 14.1 1 1
fission eff eff

fusion neutrons eff eff

P k k
M

P k k
      

 
. (9b)   

The upper limit on M is restricted by reactor safety requirements, and we assume the range 

0.97effk   provides reactor safety margins for the driven system. A high M is achieved by 

minimizing holes in the fission blanket through which neutrons can escape, and the locations of 

neutron reflectors, coolant, tritium reproduction zone are important as well as the  choice of 

coolant material (liquid lead-bismuth eutectic). For the SFLM with magnetic expanders, nearly 

all fusion neutrons give rise to fission reactions, and the formula  

( )

0.0742 13.5
n

fus
fis

fis

E
N M M

E
    (9c)  

shows that in the range 125 183M   the average number of fission reactions activitated per 

fusion neutron is within the range 9.2 13.5fisN  .  

    The neutron computations demonstrate the possibility for  reproduction of tritium, 

acceptable neutron load on first wall and requirements for sufficient shielding of the 

superconducting coils from the neutron flow can be checked. Less than 200 dpa (displacements 

per atom) is predicted for the first wall within a 20 year time of operation [5]. Neutrons 

produced in the fission mantle contribute substantially to the embrittlement of the first wall. 

The geometry in the neutron computations. i.e. a 25 m long and 90 cm wide vacuum tube for 

the confinement region and a 1.1 m wide annular fission blanket in between the vacuum 

chamber and the magnetic coils, is consistent with magnetic coil computations [5]. 

Computations are carried out with expected source distributions of fusion neutrons with 
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intensity peaks at the sloshing ion density peaks. The fission blanket contains fission fuel, 

neutron reflectors, liquid lead-bismuth coolant, tritium reproduction zones as well as a free 

space available for boron rods or added fuel. Simulations show good reactor safety margins 

concerning sudden loss of coolants (LOCA). The choice of coolant location and coolant 

material (lead-bismuth) add to stability; in a LOCA effk is not increased, primarily because the 

coolant acts like a neutron reflector. Preliminary Monte Carlo results (with 0.97effk  and 

3  ), predicts that almost all of the produced fusion neutrons contribute to fission reactions 

(the holes in the fission mantle are minimized in this mirror concept), and has resulted in 

183M  .  

    A thermal fission power of 1.5 GW could be achieved with a fission blanket providing a 

high M and a neutron source intensity in the range 18 193.6 10 10S    neutrons per second. The 

1.5 GW fission power and the neutron source intensity range corresponds to the range 

183 66M   and, as follows from Eqs. (9b) and (9c) for the SFLM computations, 

0.97 0.92effk   and 13.5 4.9fisN  , i.e. a lower bound on 4.9 activated fission reactions 

per incident fusion neutron. The higher neutron source intensity would allow broad margins for 

drop in effk during the operation cycle. Alternatively, slow changes in the content of fuel and 

neutron absorbing materials in the mantle can be compensated by control rods to keep effk  at a 

fixed value, with 1 3%effk  not too small to maintain reactor safety without the need of the 

actions of delayed neutrons. The source intensity 183.6 10S     neutrons per second (relevant 

for effk =0.97 and a 1.5 GW thermal power in the SFLM) corresponds to a fusion power of 10 

MW.  
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V:  Super conducting coils 

The magnetic field could be produced from a combination of circular coils and baseball coils  

proving the stabilizing quadrupolar field [5], see Fig. 2. Important tasks are to create an 

average minimum B field in the confinement region, link expanders to it, avoid a too strong 

flux tube ellipticity, assure current densities below thresholds for superconductivity and 

arrange neutron shielding for the superconducting coils. It turns out that a complex set of 

axisymmetric and base ball coils are required for this strongly constrained problem, in 

particular to reproduce strong gradients near the magnetic field maxima, and to obtain a 

minimal flux tube ellipticity with the plasma average minimum B stability satisfied [5]. For a 

plasma radius of 40 cm at the midplane and a 25m long confinement region with a mirror ratio 

of 4, the best ellipticity found was 17.1, which is somewhat larger than the ideal SFLM result 

[5]. The alpha particle gyro radius exceeds the smallest gradient scale lengths of the magnetic 

field (even at the elliptic flux tube regions near the field maxima). Space is available for a 

fission blanket and coolant tubes, and the expanders have a nearly circular cross section near 

the limiting walls, which simplifies accessibility to the confinement region. Potential plates can 

be introduced in the expander regions for the purpose to enhance plasma confinement by 

sheared rotational EB flow. Pumping in the expander could be a mean to achieve a strong 

density depletion in the expander. 

 

VI.  Scenario for increased electron temperature 

Single cell mirrors can operate with a high rQ  and substantially relaxed (compared to a fusion 

reactor) demands on the electron temperature, but it is still desirable to identify a scenario for 

increased electron temperature in mirror machines to reduce the power required to sustain the 
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plasma ion kinetic energy. A scheme is outlined here to achieve this by density depletion in the 

expander region of a mirror with a confined plasma stabilized by quadrupolar fields.  

    In mirror experiments with not too low electron temperature and a “thermal separation” of 

the confinement region from an outer region, the longitudinal loss is orders of magnitude 

smaller than predicted by simple thermal conduction, see p. 1595 in Ref. 1. This is due to the 

ambipolar potential and its spatial distribution; most electrons are confined to the region 

between the mirrors, where a Boltzmann relation for the potential and density is representative 

if there is no external heating directly on the electrons. Most of the few electrons that escape 

through the region between the mirrors do not have sufficient energy to overcome the 

ambipolar potential, and those electrons continue to bounce back and forth through the mirror 

confining region with bounce points primarily determined by the ambipolar potential 

distribution and the energy of the particle. Only a tail of the escaping particles have a sufficient 

energy to reach the wall and overcome the wall potential sheath  (where the Boltzmann relation 

does not apply).   

    The electrons temperature results from a balance of the energy sources (electron-ion drag) 

and losses (primarily associated with loss cone electrons escaping through the mirrors) [10], 

,
e

drag el loss

dW
P P

dt
   (10a)  

where the ion-electron drag is 0

1
drag B i

d

P n k T


  and   

18
3/ 2

-3

1.1 10
[s] [keV]

[m ]d e
e

T
n

 
   (10b)  

is the drag time. Pastukhov [19] have modeled the longitudinal loss term in a long mean free 

path parameter range by electrons escaping through the wall sheath potentials in a square well 
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magnetic model, and the parameter region was extended in Ref. [20]  to include also short 

mean free paths, see also [21]. We will here use a simplified approach and model the 

longitudinal loss by the formula 

,
lc

el loss loss B e
tr

n
P k T


  (10c)  

with the intention to obtain simple scaling formulas for the density depletion and ambipolar 

potential and how this could lead to an increased electron temperature. Here, lcn is the loss 

cone density in the region outside the confinement region where the important sinks for the 

electron energy appear, ,/ vtr conf th eL   is the transit time of the electrons, confL is length 

between the bounce points and 1/ loss  is a parameter estimating how many longitudinal 

bounces an average loss cone electron could make before its energy is lost in the “sink region” 

(where impurity radiation, ionization of neutral gas, secondary emission etc appear). Most loss 

cone electrons bounce back to the confinement region by a potential sheath near the wall, and 

thus 1loss   in representative situations. Secondary emission (which has the effect that the 

charged ion and electron outflow need not be identical) tends to go to zero as the expander 

mirror ratio increases (the ratio of field maximum to the lowest field in the expander), which is 

an additional beneficial feature of expanders. Impurity and gas reduction in the expander tend 

to increase 1/ loss . Equation (10) implies that the electron energy and temperature would 

increase by depleting the electron loss cone density lcn  sufficiently much. A Boltzmann 

relation between the density variation and the electric potential along a magnetic surface is 

realistic in this case for the region in between the wall sheath potential (the scenario involves 

no external heating directly on the electrons)  
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0

0

( )
ln

B e

e n

k T n

 
  (11)  

where n0 and 0  are the plasma density and the electric potential at the midplane.. An electron 

temperature increase is predicted from Eq. (10) if 

3
0* 25

3
0

[ ] [ ] [ ]1
0.5 10
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loss e d loss e

n m L mn T T keV
e
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      (12)  

where 0* / ln( / )B e lce k T n n      is a dimensionless ambipolar potential produced by the 

density depletion. Representative figures for the mirror FDS is  iT  50 keV, confL    25 m (the 

expander length is much shorter than the confining region) and 20 3
0 10n m , which 

corresponds to a predicted electron temperature increase in Eq. (10) provided  

3

3
0

6 10

[ ]
lc

loss e

n

n T keV


  (13)  

This condition does not seem to be very restrictive for a mirror FDS, as a few numerical 

examples illustrate. With 2
0/ 10lcn n   and eT  1 keV it would be enough if it takes two 

bounces (1/ 2loss  ) before the loss cone electrons lose their energy, and this low value of  

1/ loss  suggests that the electron temperature could increase even further. If there is adequate 

pumping capabilities to achieve a density depletion of  2
0/ 10lcn n  , Eq. (13) predicts that 

the electron temperature reaches 

1/30.6
( ) keV 2 keVe

loss

T


   (14)  

where we have used the rough estimate 1/ 20loss  . This indicates that a density depletion by 

two orders could be an adequate measure to reach an electron temperature above 1 keV [a 

possible upper bound in Eq. (14) may be around 4 keV, dependent on the value of 1/ loss ]. A 
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1 keVeT   would have broad operational margins for a power device, since an energy 

multiplication 40M   is predicted to be sufficient for a net power production by Eq. (2). The 

value 40M   corresponds in Eq. (9b) to 0.876effk  . Thus, if the electron temperature could 

be increased to 1 keV or more [as predicted by Eq. (14)], such a low value of the neutron 

multiplicity would account for any realistic swing in effk  for a power producing device. The 

power output, which is proportional to the fusion power, can be kept nearly constant by 

adjusting the plasma   and plasma heating to a slow evolution of effk . As already mentioned, 

slow changes in the content of fuel and neutron absorbing materials in the mantle can be 

compensated by control rods to keep effk  at a fixed operational value, say 0.97effk  , thereby 

reducing the need for broad operational margins on the fusion neutron source to control the 

power production. As high electron temperature as possible is in any case desirable to lower 

the demands on plasma heating power.  

   A finite plasma flow through the mirror ends can stabilize the drift cyclotron loss cone 

(DCLC) mode [18]. Pumping in the expanders could maintain the density within margins given 

by Eq. (13), even with the DCLC mode stabilized in the confinement region, to reach an 

electron temperature above 1 keV. 

   In situations when electron drag dominates the power loss, the input power would have to 

balance this loss, i.e. in dragP P . In a representative fusion devices, it could be expected that the 

electron temperature needs to be around 10 keV to assure a tolerable power loss.  With 

additional power produced in a fission mantle surrounding the fusion device, the demands on 

the electron temperature can be reduced. With / 0.8fis fusP P M  and using that the drag time 
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increases as 3/ 2
eT  from Eq. (10b), the critical electron temperature for power production when 

electron drag dominates the power losses is given by the scaling in Eq. (2).  

 

VII.  Recycling power and thermal fusion Q factor 

Efficient power production requires 5elQ  , where elQ  is the electric power gain factor for the 

whole system. This corresponds to a thermal fusion /fus inQ P P factor around 15 with the 

estimate of a one third efficiency for the overall conversion from thermal to electric power. For 

a fusion-fission hybrid reactor, the thermal fusion Q factor can be substantially lower if there is 

a high M, i.e. a high fission to fusion energy multiplication. With M =125 (or even higher 

values), which still would be within reactor safety margins for the neutron multiplicity, Q may 

be as low as 0.15 for a power producing device with a tolerably limit on overall recycling 

power, and a Q factor reaching 0.2 would provide broad margins for power production, which 

follows from the high fission power, 0.8 100fission fus fusP MP P   if M >125. This range for Q 

seems achievable for the mirror hybrid reactor scheme studied here if the electron temperature 

reaches 500 eV. The density depletion scenario in the expander suggests the possibility to 

achieve electron temperatures exceeding 1 keV [even substantially higher electron 

temperatures are indicated by Eq. (13) if a density depletion below two orders is achieved].  

     The overall recycling power is tolerable as long as 5elQ  . There may for any specific 

design be additional limits associated with local constraints, such as load on antennas, first 

wall, divertor plates, super conductors and diagnostic windows and equipments. In the studies 

of the SFLM with expanders, we have found no sign for critically associated with such issues, 

and the studies do neither require alpha particle heating of the plasma, nor recovery of the 
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power associated with escaping particles. The studies predict that Q =0.15 and 

500 eVeT  would be sufficient for power production. 

 

VIII.  Comments on toroidal and open systems 

A reactor producing power in the GW range ought preferentially to be capable of a continuous 

operational cycle in the range of a year, to avoid cyclic thermal stresses and costly demands on 

the power grid. This is a major obstacle for axisymmetric tori, where the toroidal plasma 

current (driven by inductive current drive) is used to produce a rotational transform of the 

magnetic field lines to achieve plasma confinement. The inductive current drive limits the 

pulse length of a tokamak.  

      A stellarator, where the rotational transform is produced by the vacuum field, does not 

require an inductive current drive, and compared to a mirror machine the toroidal geometry is 

beneficial for plasma confinement. Mirror machines and stellarators share the qualities of 

continuous operation and absence of major disruptions. If proper (nested) magnetic field 

surfaces could be achieved, it may be beneficial to combine the favorable properties of a 

stellarator (electron confinement in particular) and the possibility to have a local neutron 

production of hot sloshing ions in a mirror part, where the ends of the mirror part are connected 

with a stellarator tube with a rotational transform. A brief theoretical study of such a 

stellarator-mirror device was carried out in Ref. [22], which indicated potential for power 

production for a reasonably compact device. One concern is the complexity introduced by a 

toroidal machine, another the lowered plasma   limits in the toroidal sections compared to  

the   limits of mirror machines. A mirror device is considerably simpler than a toroidal 
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device, and if the electron confinement issue is solved, an open geometry seems adequate for a 

fusion-fission reactor. 

    Compared to axisymmetric tori, a hybrid reactor based on a mirror machine can use a higher 

energy multiplication in a fission mantle. One reason is that holes in the fission mantle cannot 

be avoided in axisymmetric tori, and substantial part of the fusion neutrons would not activate 

fission reactions (a simulation of the SABR tokamak predicted that only 39% of the fusion 

neutrons are active [23]). Another reason is that scaling laws predict that tokamak even with Q 

= 0.1 needs to have a considerably higher neutron output than would be necessary for a hybrid. 

For instance, the SABR simulations have given the high lower bound 195 10S    fusion 

neutrons per second for a total thermal fission power or 3 GW or more [23] (corresponding 

neutron intensities in a mirror could be lower). To avoid a too large total power (which would 

have implications on cooling, the power grid and power production diversity), it would be 

necessary to limit the energy multiplication factor of a tokamak hybrid reactor. Mirror hybrid 

machines can be designed more compact to take advantage of a substantially higher energy 

multiplication factor M. 

 

IX.  Conclusions 

The geometry of the SFLM with magnetic expanders has several beneficial features for a 

fusion-fission hybrid reactor. Continuous operation for long time is possible, since there is no 

need for inductive heating and current drive. The fusion plasma can be contained within a tube, 

a fission mantle can be placed outside the vacuum tube and the magnetic field can be produced 

by superconductors with sufficiently large coil radii to fit in the fission mantle and the vacuum 

tube inside the coils. Holes in the fission mantle are minimized by locating diagnostics, power 
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feeding as well as refueling and pumping devices outside strong neutron flux region. The 

geometry and reactor safety margins provide a possibility for a fission to fusion neutron energy 

multiplication exceeding 125 (this number is substantially larger than the corresponding 

number for axisymmetric toroidal devices, which are limited by holes in the fission mantle and 

a stiffer lower bound on fusion power), with correspondingly relaxed demands on plasma 

confinement and the electron temperature of a mirror confined plasma. Power production is 

predicted with a fusion Q =0.15 and an electron temperature around 500 eV. A scenario to 

reach this electron temperature by magnetic expander and plasma depletion in the expander is 

suggested. Results of computations for a compact reactor case with a 25 m long plasma 

confinement region, capable of producing a thermal power of 1.5 GW, are summarized. 
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Figure captions 

 

Fig. 1. The straight nonparallel magnetic field lines in the marginal minimum B field. Each 

gyro center bounces back and forth on a single field line in this particular field. 

 

Fig. 2  Coils for an SFLM mirror hybrid machine; (a) shows chamber stripped from coils, 

quadrupolar coils is shown in (b) and the entire coil set with the exterior axisymmetric coils are 

shown in (c).  
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Fig. 1 (O. Ågren et al) 
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Fig. 2 (O. Ågren et al) 
 




