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Nuclear energy (pros)

Commercially exploited for 80 years;
Environment friendly, no CO,;

Compact power plants;

Not costly;

Fuel resources available throughout the world,;

Transportation of fuel does not need special
arrangements like pipeline networks.




Nuclear energy (cons)

Nuclear energy as presently implemented conflicts with a sustainable development. In
aggregate, only 0.2% of the mined uranium is used, while the rest is turned into waste:

— nuclear energy uses mainly the uranium-235 isotope, the concentration of which in natural uranium is
only 0.7%. The remaining is uranium-238.
— Only half the uranium-235 enters the fuel after enrichment. The rest remains in depleted uranium.

— In addition, slightly more than half of the uranium-235 burns out in the fuel.

The waste produced by nuclear power plants impose problems:
— Depleted uranium is the major part of the waste. It is usually stored at the fuel production site in the
form of hexafluoride, which is toxic.

— The rest of the waste is spent nuclear fuel which is buried in short and long-term storage facilities.

Safety margins of nuclear power plants are limited by the fraction of delayed neutrons in

fission reactions.
— Uranium-235 has biggest fraction of delayed neutrons among fissile isotopes suitable for energy
production, but still only 0.64%.
— Thermal stability is not strong in LWR and very problematic in fast reactors.
— The solutions are sub-critical reactors with separate neutron generator, e.g. SM-hybrid.



Intro: Stellarator-mirror (SM) hybrid
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This machine was initially proposed for transmutation of
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spent nuclear fuel, which remains of interest.

More important is the safe multi-reprocessing fuel cycle

development.

MOISEENKO V.E., et al J Fusion Energy 29 (2010) 65.

*To drive a sub-critical system, neutrons are generated
in a deuterium-tritium plasma confined magnetically in a
stellarator-mirror system. Plasma contains a warm
electron component. The majority of ions (deuterium)
are in thermal equilibrium with the electrons.

Stellarator provides steady-state operation and offers
relatively good confinement for the background warm
Maxwellian plasma. The hot minority tritium ions in the
mirror part are sustained by radio-frequency (RF)
heating or NBI.

. Because of mirror trapping effect, the hot tritium ion
motion is restricted to the mirror part of the device. This
localization of the hot sloshing ions and the neutron
generating zone to the mirror part is beneficial.

*The neutron generating zone is surrounded by a local
fission mantle, and all plasma diagnostics and plasma
control systems are placed outside the fission reactor
where the neutron flux is low.

V.E. Moiseenko et al. J. Plasma Phys. (2023), 89, 955890401
V. E. Moiseenko, et al, Plasma Phys. Control. Fusion 56 (2014) 094008.



Possible fuel cycle with full U-238
utilization

241Am 243Am
¢ T, = 14.3 years T.p = 4.98
hours

239Pu+ 24°Pu—> 241Pu+ 242Pu+ 243Pu
T2 /= 2.35 days
239Np
*T”z = 23.5 min
238U — 239U
Scheme of U-238 transformations under neutron irradiation

Multi-recycling fuel cycle: (i) reactor start-up; (i) operation; (iii) shut down, fuel
unloading; (iv) fuel cooling in water pool; (v) fuel reprocessing, fission products

separation and deleting, depleted uranium adding; (vi) new fuel fabrication and
uploading to the reactor; (vii) cycle.

This fuel cycle may be implemented in a reactor of ‘classical’ design (Superphenix) ,
but not in a traveling wave reactor. Only fission products are produced in this cycle,
which is a useful co-product because it may be used to “mine” rare-earth elements.

V.E. Moiseenko et al. J. Plasma Phys. (2023), vol. 89, 955890401



Isotope balance model (extended)

To analyze possibilities, we introduce a simple 0D isotope balance model. The nuclear
reactions are described by the following equations:
dN;
dt
Here N, is the isotope content, index | enufherates Isotopes, o denotes cross-sections,
indices f and ¢ denotes fission and neutron capture, A, =In2/T,,  ; is the decay rate of k type
nucleus, @ is the scalar neutron flux, | is the fuel supply (sink) rate. The chosen cross-sections are
representative for a fast reactor.

= _O-C,iqjNi — _O-f,igpNi — z Ak,iNi + Am,ka + O-C,i—1¢Ni—1 + Ii

Note that in the calculations beta decays of 23°U, 2*°Np, ?4*Pu and beta decay and electron capture
for 24>Am are assumed to be immediate. Thus, the balance equations for these isotopes are not
considered. For isotope, 24Cm at which the nuclear chain ends, the neutron capture process is
blocked. Alpha-decay of the plutonium isotopes 238Pu, 2*Pu and 2*°Pu result in appearance of the
uranium isotopes 2*U, 23°U and 23U respectively. These uranium isotopes are not included into
consideration. For 2**Pu and 24°Pu alpha-decay is not intense and should be disregarded. For 23®Pu it
is not ignorable even if it is in minority. In order to become 2*’Np which is accounted for in our
consideration, 2>*U needs three neutron captures and one beta decay. Since each neutron capture
competes with fission, the probability of 234U to contribute to 2>’Np inventory is low. Taking this
into account, the assumption is made that 2>4U is eventually fissioned and its contribution to the
fission products is accounted for. So, the considered isotope inventory consists in 1 uranium, 1
neptunium, 5 plutonium, 3 americium and 5 curium isotopes.



Calculations parameters and
outputs

The heat release density is calculated following the formula

W = 3 EiA;N;/>; M;N; - such calculation was not possible in frame of simplified model
Here E; is the average energy released in the isotope alpha-decay and M; is the isotope mass. Also,

the neutron multiplication factor, £, the ratio of neutron production and loss rates, is calculated.

k = XiViogiNi/Yi(0oc; + o5i)N;

eff

Here v; 1s the average number of neutrons released in the fission reaction. In above formula the only
the fissions and neutron captures in the fuel are accounted for, and other neutron losses, such as
neutron capture by the coolant and reactor materials, are disregarded. Thus, the calculated neutron
multiplication factor should be higher than unity.

The calculations were done for sodium and LBE (lead-bismuth eutectic) coolants.
As fresh fuel, uranium-238, transuranic content of spent light water reactor fuel and their mixture
were used.



Calculation detalls

After each burning period the fuel 1s uploaded to the water pool and cooled there for 800 days.
This 1s necessary to decrease the heat release from the fuel. This heat release is provided not only
by the fission products. At the beginning of cooling the major contribution to heat release is
provided by 2*?Cm isotope which half-life is just 163 days. After 800 days of cooling its
contribution to total heat release becomes compatible to other radioactive isotopes from fuel

composition with longer half-life.

As well as in calculations made earlier, each MRFC calculation tends to have periods more and
more repetitive with number of cycles increase. Full periodicity from the very beginning can be
achieved if the start-up fuel content is chosen the same as in the fuel at large period numbers. This

1s, in principle, possible, but very difficult because of large number of fuel components.



MRFC with uranium fresh fuel

Isotope Normalized Normalized
content heat release

Na LBE Na LBE
FP 0.042052 0.041371
2381 0.486839 0.804357
23’'Np 0.001109 0.000106
238py 0.016586 0.001360 0.24623 0.26657
239py 0.162315 0.109093 0.07170
240py 0.170033 0.033984 0.03209 0.08470
241py 0.025130 0.002989
242py 0.034850 0.002408
241 Am 0.029824 0.003185 0.0880 0.12469
242mAm 0.001088 0.000101
243Am 0.010602 0.000615
242Cm 0.000040 0.000004 0.1304 0.16917
243Cm 0.000198 0.000017
244Cm 0.006388 0.000272 0.4809 0.27084
245Cm 0.002426  0.000081
246Cm 0.009550  0.000065
Isotope Concentra

tion
2381 0.84
239py 0.102
240py 0.04 Initial fuel
241py 0.0074
242p 0.0089

Parameter Sodium LBE
@, barn-'day!  0.000046 0.00006
k. beginning 0.954 1.430

k. end 0.969 1.428

W, W/kg 37.8 2.9
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MRFC with fresh fuel
made of SNF
transuranic content

Parameter Sodium LBE

@, barn- 0.00003 0.00006

Iday!

Ko 1.124 1.965

beginning

k.5 end 1.109 1.943

W, W/kg 117.3 70.0

Isotope Normalized Normalized
content heat release
Na LBE Na L BE

FP 0.042 0.044

238 0.00002 0.00007

23'Np 0.01729 0.03545

238py 0.06391 0.05211 0.3023 0415

239py 0.15040 0.24594

240py 0.34984 0.34039 0.0214 0.03448

241py 0.04491 0.01984

242py 0.12895 0.10633

241Am 0.10187 0.10846  0.0988 0.1725

242mAm  0.00378 0.00336

243Am 0.04211 0.03326

242Cm 0.00010 0.00005 0.1009 0.0878

243Cm 0.00040 0.00012

244Cm 0.01927 0.00685 0.4631 0.2769

245Cm 0.00734 0.00209

245Cm 0.02744 0.00165

Isotope  Concentr
ation
FP 0.0
2381 0.0
23Np 0.0421
238py 0.0
239py 0.549
240py 0.216
241py 0.038
242py 0.048
241Am 0.094
242mAm 0.0
243Am 0.011
242Cm 0.0
243Cm 0.0
244Cm 0.00116
245Cm  0.000125
246Cm 0.0




MRFC with fresh fuel made of SNF
TC (discussion)

The &, values are notably higher for both coolants in comparison with uranium fresh fuel usage,
and for LBE the values are impressively high. However, heat release is a problem both for the
sodium coolant and LBE. It is almost two orders of magnitude higher than heat release of light
water reactor SNF caused by the radioactivity of fission products. Such a high heat release would

be a hurdle for practical realizations of these MRFC:s.

It i1s necessary to note that the fresh fuel in this case has a high power release, about 16 W/kg.
The main heat suppliers are *!Am and 2**Cm. During the MRFC the radioactivity of the fuel
increases because under neutron irradiation the 1sotopes are produced that are more radioactive.
Neptunium-237 which is supplied with the fresh fuel quickly turned to much more radioactive
plutonium-238. The similar things happen with transitions of 2!Am to 2*2Cm and 2*3Am to 2**Cm.
These all are one-step processes. For comparison, if we go back to the MRFC with uranium
supply, uranium-238 needs four successful neutron captures in a row to become 242Cm and six for
244Cm. Each neutron capture competes with fission, and therefore, the MRFC with uranium supply

Is accompanied with rather low rate of radioactive isotope production.

V.E. Moiseenko et al Problems of Atomic Science and Technology. 2022. Ne6(142) Series:
Plasma Physics (28), p. 40-43



MRFC with fresh fuel made of uranium
(80%) and SNF TC (20%) mixture

Isotope  Normalized Normalized
content heat release
FP 0.040983
238  0.754703
23'/Np  0.001786
238py  0.004731 0.3014
23%9py  0.116973 0.02498
240py  0.052721 0.04269
241py  0.004795
242py - 0.009097
21Am  0.008884 0.11296
22mAm  0.000298
23Am  0.002728
22Cm  0.000010 0.13969
243Cm  0.000042
244Cm  0.001138 0.3675
25Cm  0.000344
246Cm  0.000277

Parameter Value
@, barn'day! 0.00017
k.5 beginning 1.526

ks end 1.509

W, W/kg 8.83

As 1t 1s expected, addition of the transuranic
elements to the fresh nuclear fuel increased £, but
not much. Since the transuranic content supply is
reduced in 5 times, the same level of decrease of
power release 1s expected. It decreases even more,
probably because of increase of the scalar neutron
flux. Comparing the data given here with those for
pure uranium, one can see that content of every

nuclide increases except uranium-238.



Summary and conclusions

Two important parameters of the fuel cycle are calculated. They are the neutron multiplication
factor, k.4, and the heat release owing the alpha-decays occurring for the fuel components. In
calculations for the neutron multiplication factor only the fissions and neutron captures in the
fuel are accounted for and other neutron losses, such as neutron capture by the coolant and
reactor materials, are disregarded. Thus, the calculated neutron multiplication factor should be

higher than unity, and its bigger values mean more possibilities to design a compact reactor.

The heat release hampers or, if it 1s very high, even makes impossible fuel reprocessing
between the fuel cycles. It must be checked for each version of MRFC.

It is necessary to note that for any tried MRFC, with time the cycles become more and more

repetitive. Eventually, the cycles become periodic.

The calculations for MRFC with the fresh uranium fuel and sodium coolant result in less than
unity k- values. This makes this MRFC hardly prospective.



Summary and conclusions (2)

The same MRFC, but with LBE coolant is quite different and have k,>1.4. k  variation during
the cycles is small. The startup with uranium-plutonium fuel is smooth. The heat release is about
3 W/kg which is close to the heat release of pure plutonium fuel. This MRFC looks good for
practical use and can make revolutionary change in nuclear energy since it uses abundant
uranium-238 as fuel and produces minimum minimorum of waste.

The numerical experiments with transuranic content of SNF as fresh fuel for MRFC do not
give good results both for sodium and LBE coolants. The reason is that under neutron irradiation
this fresh fuel born new more radioactive isotopes. The heat release of recycled fuel is in times

higher than heat release of the fresh fuel and is beyond acceptable level.

A possible way to reduce the heat release is to use a mixture of uranium-238 and transuranic
content of SNF. This also reduces the rate of transmutation of SNF components. The experiment
was done for 80% of uranium-238 and 20% of transuranic content of SNF. Compared with pure
uranium-238, k- increased by 7% and heat release increased triple. If this heat release is too big,
the percentage of the transuranic content of SNF should be decreased.



Further developments

The SM hybrid concept offers a smallest reactor machine with lowest power supply.

The fission mantle is quite similar to the conventional fast reactors. Most uncertainties are on the SM
part since the experimental background for it is not sufficient.

There is little reason to build a downscaled prototype because the hybrid machine itself is small for
plutonium fuel (R=5m, a=0.25 m). We assume here that plutonium fuel provide intense neutron flux,
but the possibility to insert test fuel rods with other fuels will be reserved. Taking W7-X stellarator
cost, 1 BEUR, as a reference point and taking into account that:

v machine is smaller;

v’ diagnostic equipment is less advanced;

v" coils and vacuum chamber are much simpler (in case of DRACON);
the cost could be decreased to 0.2 — 0.3 BEUR.

The RF power, 20MW, is already available at JET tokamak. That could be supplied by standard 1-2
MW modules introduced step by step starting by a total power of 5 MW. The frequency could be fixed
to 27 MHz.

Experiments are preferably started with He3 —H mixture at twice lower magnetic field and low power.
D-He3 mixture could be used for % magnetic field.

After fusion part tests, the fission mantle could be assembled. Its cost is estimated to 0.2 BEUR based
on the 0.3 BEUR cost for the BREST-OD-300 project (Rosatom, RF).
(https://www.riatomsk.ru/article/building_%20reactor_seversk).

With approx. 0.5 BEUR investment, the SM hybrid for nuclear enerqy research could be
developed in 10-15 years.



https://www.riatomsk.ru/article/building_ reactor_seversk

Subcritical system

*Does not require delayed neutrons.

«Can burn minor actinides.
*Has improved controllability and safety:

If k. IS Only slightly larger than 1+ would cause a severe accident in a critical reactor,
while subcritical reactors have broad margins on k. variation for reactor safety.

fis 1 keff * Zo-f’iviNi

vick,? T
o Z(Gf,i+ac,i)Ni+CDIoss
EﬁSZZOO MeV Efuszl7.6 MeV V= 3 i

E

Power amplification: Q¢ =——=

¢* 1s the efficiency of secondary fission neutron generation by the fusion neutrons.
For k.« =0.95, Q;; =70. For a fusion driver, Q~0.1 may be sufficient.

Fusion neutron source: (i) thermally equilibrium plasma (too big power);
(i) one hot ion component (smaller power, our choice);
(iif) two hot ion components (smallest power, can be unstable).



Sloshing ions

Tx< Z T Straight Field line Mirror (SFLM):

particles move without drift

Sloshing ions are trapped in a

m 2 » .
&= E(‘”ﬁ tVi)+q¢ (energy) magnetic mirror.
mv: /2 , This feature can be used to
=78 (magnetic moment) |ncalize the neutron generation.
v, =0 atbounce points: B| ~ <

hounce

7
AGREN O. et al Phys. Rev. E. 72 (2005) 26408-1-5.

In general quadrupolar mirrors, particles have banana trajectories. The banana slowly
rotates around the magnetic axis.

The radial invariant exists in quadrupolar mirror.

O. Agren and V. E. Moiseenko Plasma Phys. Control. Fusion 56 (2014) 095026



Intro: Stellarator-mirror (SM) hybrid

MOISEENKO V.E., et al J Fusion Energy 29 (2010) 65.
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This machine was initially proposed for transmutation of

spent nuclear fuel, which remains of interest.

More important is the safe multi-reprocessing fuel cycle
development.

*To drive a sub-critical system, neutrons are generated
in a deuterium-tritium plasma confined magnetically in a
stellarator-mirror system. Plasma contains a warm
electron component. The majority of ions (deuterium)
are in thermal equilibrium with the electrons.

Stellarator provides steady-state operation and offers
relatively good confinement for the background warm
Maxwellian plasma. The hot minority tritium ions in the
mirror part are sustained by radio-frequency (RF)
heating or NBI.

. Because of mirror trapping effect, the hot tritium ion
motion is restricted to the mirror part of the device. This
localization of the hot sloshing ions and the neutron
generating zone to the mirror part is beneficial.

*The neutron generating zone is surrounded by a local
fission mantle, and all plasma diagnostics and plasma
control systems are placed outside the fission reactor
where the neutron flux is low.

V. E. Moiseenko, et al, Plasma Phys. Control. Fusion 56 (2014) 094008.



SM hybrid features

The device is capable to provide steady-state operation (for a year or more) .

It is anticipated that full control on plasma could be achieved: no disruption or
spontaneous instabilities which seriously influences on neutron generation.

The neutron outflow is tuneable and the response time is short enough to provide full
control on power generation.

The design and operation of all plasma device systems is facilitated with a localization
of the neutron emission.

In a wide range of the machine parameters, a high electric Q is calculated.

For a power plant, the plasma part is compact with a size comparable to present fusion
devices.

An experimental device could be built as a small proof-of-principle machine, and even
under these conditions it may have a net power output.

Reproduction of tritium can be provided at the site.

There is no need of uranium enrichment, and this decrease the costs of fuel.
Only a small amount of fuel is required, which decreases the investment costs.
The burning rate is high, which provides a shorter fuel lifetime (1-2 years).
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Mac netic surfaces of U-2M

Uragan-2M as a polygon for SM
hybrid studies: with switched off one
toroidal coil, a mirror is formed in

that place with mirror ratio = 1.5.

Uragan-2M |=2 polarity torsatron, toroidicity
a=a/R0=0.26, m=2 is the number of pitches of each
helical coil over the torus length; B,=0.6 T.

Calculated magnetic surfaces structure in Uragan-2M with the
toroidal magnetic field coil number 8 switched off. Measured magnetic surfaces structure in Uragan-2M

V. G. Kotenko, V. E. Moiseenko, and O. Agren AIP Conf. Proc. 1442 (2012), pp. 167-172



Plasma production and heating in Uragan-2M
with one disabled toroidal coll

2015-03-23 #0065

ley, a.u.

With the toroidal coil No. 5
switched off, regimes are found
where plasma is created and
heated. One of them is presented
in the figure.

In general, the plasma parameters
are lower then with the standard
magnetic configuration.

loy, a.u.
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Time dependence of optical emission (a.u.). B,=0.37 T, p,;,=10-3 Pa, Kg=0.24, |.,,=100A.

V E Moiseenko et al, Ukr. Phys. Journ. , 2017, 62, p. 311.



Z/IR_0

Trapped fast ions in Uragan-2M.

Note: The set of 3 invariants determines the drift surface.
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Plasma Phys. Control. Fusion 58 (2016) 064005 (8pp)
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DRACON as a stellarator-mirror

DRACON consists in two long open trap parts connected by two curvilinear
elements (CRELS). Pfirsch-Schltter current is restricted to CRELs and does not

penetrate to open trap parts.
CHALLENGES: (i) Could the mirror be single? (ii) Could the mirror be short? (iii) Is

there ion confinement in this case?



trapped particle fraction

_Fast particle losses in Dracon
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Collisionless time evolution of trapped high energy ion fractions in the mirror part for £=2 T R
(left) and /= w R (right); 1: r=30 cm, N1=10; 2: r=30 cm, N1=20; 3: r=20 cm, N1=10; 4: r=20
cm, N1=20.

For about 10° s a fast decrease of the trapped particle fraction takes place because
particles with sufficiently large pitch values escapes the rectilinear section. After this initial
phase, trapped particle drift across magnetic surfaces provides the main loss. This loss is
delayed and a certain amount of trapped particles stays confined during the observation
time. The losses for initial surfaces with r=20 cm are smaller than those for surfaces with
r=30 cm. Losses are also smaller if a larger total number of current carrying rings is used.



Subcritical fission mantle

« Total power generated by neutrons in the first
wall is = 3.7 MW/m?3;

 Fusion neutrons deliver to the first wall 0.54 MW,
fission neutrons 0.5 MW, the surface heat load
from the plasma heating is 3.4 MW and alpha
particles deliver 1.25 MW. The total power
delivered to the first wall is 5.7 MW, which is
equivalent to 0.45 MW/m? of surface heat load
with maximum value of 0.5 MW/mZ2. That is below
representative values for fusion reactors which
are expected to exceed 1 MW/m?;

* The first wall accumulates 30 DPA during a 365

1. Axial reflector: HT-9 steel - 70% and LBE-30% 6. Neutron souce (D-T plasma)
2. 60:40 Vol.% mixture of the stainless steel 7. Radial reflector: HT-9 steel - 70% and i

S30467 tipe 304B7 with water. The steel Li17Pb&3 - 30% (enrich. 20% Li6) da.yS Of fU" power Operatlon )

contains 1.75 wt% of natural boron 8. Borated water with B (10g/kg)
3. Coolant (Lead and Bismuth eutetic) B10 - 20% and B11 - 80% e Tritium breeding ratio (TBR) is equa| 1.75
4. Fission blanket 9. Magnetic coils ’ '
5. First wall

CALCULATION RESULTS (MCNPX):

« Effective neutron multiplication factor: k. = 0.95087+0.00017; Chernitskiy S.V. et al., Annals of Nuclear Energy.

« Fission power P;~1.1 GW for a neutron source with intensity 2014, V.72, pp. 413-420.
6x1018 neutrons per second; Chernitskiy S.V. et al., Fusion Science and Tech., V.

63, Number 1T, May 2013, pp. 322-324.

« Total power delivered into the magnetic coils which surround the
reactor mantle is less than 5.7 kW;



