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Abstract. The features of subcritical hybrid systems (HSs) are
discussed in the context of burning up transuranic wastes from
the U-Pu nuclear fuel cycle. The advantages of HSs over
conventional atomic reactors are considered, and fuel cycle
closure alternatives using HSs and fast neutron reactors are
comparatively evaluated. The advantages and disadvantages
of two HS types with neutron sources (NSs) of widely different
natures — nuclear spallation in a heavy target by protons and
nuclear fusion in magnetically confined plasma — are discussed
in detail. The strengths and weaknesses of HSs are examined,
and demand for them for closing the U-Pu nuclear fuel cycle is
assessed.

1. Introduction

Although the nuclear energy industry considerably contri-
butes at present to the global production of electric power, it
manifests a number of serious drawbacks. First, a disadvan-
tage consists in the low utilization efficiency of nuclear raw
material. In modern thermal atomic power plants only 5% of
the enriched uranium undergoes fission in one manner or
another, but, recalculated with respect to natural uranium, it
is actually only about 1%. With account of modern con-
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sumption volumes of uranium, explored uranium ore deposits
contain reserves for approximately 50 years ! [1]. Second, the
waste intended for long-term burial exhibits a long period of
high radiotoxicity. The largest contribution to such activity
during the time period of 10° —10° years is due to long-lived
transuranic elements accumulated as a result of fuel irradia-
tion. Such elements include plutonium and minor actinides
(MAs), the main elements among the latter being neptunium,
americium, and curium. The high radiotoxicity period of
103 years gives rise to difficulties related to the reliability of
a long-term waste isolation from the ambient environment.

The above-specified shortcomings can be eliminated by
closure of the nuclear fuel cycle (NFC) and active utilization
of breeder reactors, i.e., by involving in the NFC transuranic
elements which are presently practically unused. Then,
plutonium can be effectively produced by fast reactors
(FRs) in breeding mode of operation and further used as fuel.

At the same time, enrichment of fuel with minor actinides
leads to a reduction in the delayed neutron effective fraction
and to undesirable reactivity effects. Therefore, burning MAs
up with the aid of conventional reactors may give rise to
difficulties.

To resolve the problem described, besides commissioning
fourth-generation reactors which offer in some way or
another the acceptable decision, it is also possible to make
use of so-called hybrid systems (HSs). An HS nuclear
assembly, unlike conventional nuclear installations, is sub-
critical. For sustaining the chain reaction, an external neutron
source (NS) of one construction or another is introduced into
the HS. At present, those HSs that involve neutron sources
based on nuclear spallation of heavy atoms exposed to a high-
energy proton beam give rise to more interest. At the same
time, in the past decade more and more popularity has been

! We mean resources with the cost of mining inferior to $ 80 per kg of
U;Og. If the cost is considered to be less than $ 130 per kg, then the time
required for exhaustion of the resources will be estimated to increase to
83 years.
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gained by HS projects with thermonuclear NSs, which in the
ideal case are capable of providing a significantly higher
power of neutron production and a higher generation
efficiency normalized to 1 W of spent power from the
electrical supply network.

In principle, HSs can be used to resolve the following tasks
of modern nuclear power engineering:

e the burning up of long-lived transuranic elements from
spent nuclear fuel;

e the transmutation of radioactive fission products;

e the production of fuel isotopes for U-Pu and U-Th
NFCs.

Such tasks can, naturally, be combined with the produc-
tion of electric power.

In this article, HS projects are considered that are aimed at
closure of the U-Pu NFC, i.e., at solving the first of the
aforementioned tasks. The article outline is as follows.
Section 2 deals with the influence of minor actinides on the
behavior of the reactor core, which is precisely the reason for
interest in HSs for the burning up of NFC transuranic waste.
Section 3 describes closure scenarios for the U-Pu NFC
involving the exploitation of HSs. Peculiarities of modern
HSs with accelerator-driven NSs are dealt with in Section 4,
and with thermonuclear NSs in Section 5. Issues of HS
competitiveness are considered in Section 6. In the closing
Section 7, general conclusions are made concerning the
current state of affairs with HS studies and prospects for the
burning up of transuranic elements.

2. Influence of minor actinides on the neutron
Kinetics of a reactor

The utilization of fuel with a high concentration of minor
actinides in conventional reactors gives rise to difficulties
related to the deterioration of core parameters affecting the
safety and controllability of a reactor. We shall only deal
qualitatively with the effects caused by MA addition to
nuclear fuel. The main negative effects are the following [2, 3]:

e a reduction in the delayed neutron effective fraction;

e a positive reactivity gain due to a hardening of the
neutron energy spectrum;

e a weakening of Doppler feedback coupling related to a
change in the fuel temperature.

In the case of normal functioning, the reactor period
T = P/(dP/dt) (where P is the thermal power) is determined
by the fraction of delayed neutrons and their contribution to
successive acts of fissioning. Generally speaking, the emission
energy spectra of prompt and delayed neutrons differ from
each other (maximum emission of delayed neutrons occurs at
the energy Egelayed = 0.5 MeV, while in the case of prompt
neutrons at the energy Eprompt = 1.5—2 MeV). Therefore, the
probability of leakage beyond the reactor core boundaries
and the interaction cross sections of delayed neutrons with
matter will also differ from the respective parameters for
prompt neutrons. This difference is reflected in the effective
fraction of delayed neutrons f.;, which takes into account the
importance of delayed neutrons, as opposed to that of prompt
ones.

A number of minor actinides (for example, 2’Np, 2! Am,
and > Am) possess small fission cross sections in the range of
interaction energies below 0.1 MeV and relatively large cross
sections of radiative neutron capture (Figs 1, 2). This leads to
the effective absorption of delayed neutrons in reactions with
MAs and to a lesser contribution from delayed neutrons to
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Figure 1. (Color online.) Fission cross sections of 2! Am, »’Np versus
energy of interaction with neutrons. The fission cross sections of 2¥U and
29Pu are presented for comparison. (Taken from data of Ref. [4].)
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Figure 2. (Color online.) Cross sections of neutron radiative capture for
241 Am, 2¥"Np versus interaction energy. The capture cross section for 28U
and the >*Pu fission cross section are presented for comparison. (Taken
from data of Ref. [4].)

fission reactions, i.e., to a reduction in . At the same time,
the fission cross sections in the high-energy region remain
high and the contribution from prompt neutrons to the fission
reactions is not reduced.

The energy dependence of the fission cross sections of the
main MAs also determines the positive reactivity gain Ap in
the case of a hardening of the neutron energy spectrum,
accompanying a decrease in the density of the coolant > with
pronounced moderating properties (for example, of
sodium ?). As seen from Fig. 1, the MA fission cross sections
undergo a sharp increase in the range of neutron energies of
107'—=10° MeV. Owing to a decrease in the heat carrier
density, the neutron spectrum is shifted toward the region of
higher energies, which leads to an enhancement of the fission
reaction intensity and makes a positive contribution to the
reactivity, Ap > 0.

Finally, weakening of the Doppler feedback coupling
associated with a change in the fuel temperature is explained
by the large cross sections of radiative neutron capture on a
number of MAs within the interaction energy range of 10—
100 keV being superior to the neutron capture cross section

2 In principle, boiling of the coolant or its loss from the core can be
interpreted as the reduction of density.

3 Although sodium is utilized in fast neutron reactors, its moderating
properties are sufficient for manifestation of the effect discussed.
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Table 1. Influence of the fuel composition of a fast neutron reactor with
a sodium heat carrier and oxide fuel on the parameters of the reactor
assembly* [5].

Fuel peﬂ‘/ﬁ Tt’ucl(ap/aTt’ucl)w Ak/ATNaa

composition (1073%/1073%) 1073 % 1073% K~!
(U()_g,PLl(]Vz) 0, 342/399 —810 +1.07
(Ups,Puga, Amg3) Oz 204/307 -20 +1.79
(Pug2, Zrg )0, 206/221 —420 +0.72
(PUO_z,Am0‘3,ZI‘0,5)02 143/213 —-20 +202
* In calculations, a model of an infinite regular lattice of fuel rods with
hexagonal structure cells was used; ATy, =900 K—-700 K.

on >3 U. An increase in temperature leads to a broadening of
the resonances in the neutron interaction cross sections with
core materials due to the Doppler effect (the Doppler effect
is especially important for low-energy resonances). This
effect manifests itself most rapidly when the fuel tempera-
ture changes. In conventional reactors, the condition
0p/0Twe < 0 is fulfilled owing to low-energy resonances of
the capture cross section on 2**U. Effective neutron absorp-
tion by minor actinides in the energy region of 10-100 keV
leads to a smaller part of the delayed neutrons achieving low
energies and, thus, the reactivity effect is weakened.

The example of how an MA added to the fuel affects the
parameters of an FR with a liquid-metal heat carrier and
oxide fuel is presented in Table 1.

All the above effects are reflected in a negative manner in
the kinetics of reactors with an enhanced MA content in the
fuel. Nevertheless, their influence can be reduced in the
following ways:

e by enriching the fuel with 23U for increasing the B
value;

e by using heat carriers with a small macroscopic neutron
interaction cross section (lead,* gaseous heat carriers He,
COy);

e by optimizing the reactor assembly to enhance the
reactivity effects related to the leakage of neutrons from the
reactor core;

e by allocating MAs in irradiation targets separately from
the main fuel.

On the whole, from the point of view of neutron kinetics,
the task of burning up MAs can be performed with the aid of
conventional reactors and, to date, numerous critical burner
projects have been developed. The assumed rate for burning
up minor actinides differs greatly from one project to another,
starting from = 3 kg per TW of thermal (t) power per hour
(kg (TW® h)=1) [6] up to 10 kg (TW® h)~! according to the
specific concept [7]. For comparison, the production of minor
actinides by a standard pressurized water thermal reactor
with fuel burnup depth of 60 GW day t~! varies from 1.2 kg
(TW® h)~! (if UO;, fuel is used) to 4.1 kg (TW® h)~! [with
Mixed OXide (MOX) fuel] [8].

Within the framework of the problem of NFC closure,
hybrid systems exhibit one essential difference from conven-
tional reactors. A doubtless advantage of HS consists in the
fact that, when the power and efficiency of the neutron source
are sufficiently high, the neutron multiplication factor can be

4 The natural mixture of lead isotopes exhibits a large cross section of
inelastic interaction with neutrons at energies of > 0.5 MeV. The use of a
lead heat carrier enriched with 2*Pb ensures that the influence of its
density on the neutron energy distribution becomes smaller (see Ref. [2]).

determined from the system’s safety requirements. Then, the
maximum admissible addition to HS reactivity can be defined
as

1 - ksub

Apmax ~ ks + Betr > Berr s (1)
su

where kg, is the neutron multiplication factor in the
subcritical assembly. Relation (1) signifies that, if
(1 — kgub) /ksub > Besr» the controllability of a subcritical
assembly depends weakly on the relative amount of delayed
neutrons. Thus, choosing kg, =0.95, we arrive at
Apax = 0.053, which exceeds any value of f. from Table 1
by more than an order of magnitude.

From the above, it follows that in an HS it is possible to
use such nuclear fuel that is little suited to be utilized in
conventional reactors for safety reasons. A perfect case from
the point of view of burning up MAs consists in the use of a
fuel with an inert matrix and high MA enrichment, in which
stable elements are substituted for 2**U; an example can be
represented by a composite fuel such as CERCER (CERa-
mic-CERamic) (Pu,MA)O, + MgO or CERMET (CERa-
mic-METal) (Pu, MA)O, + Mo [9]. In this case, the possibi-
lity appears to achieve an MA burnup rate close to the highest
possible achievable value’ of ~ 45 kg (TW®h)~'. For
example, in the system EFIT (European Facility for Indus-
trial-scale Transmutation) (see Section 4 and Refs[10, 11]) the
MA burnup rate to be expected amounts to 42 kg (TW® h)~!,

3. Closure scenarios
of the U-Pu nuclear fuel cycle

Since the beginning of the 2000s, a series of scrupulous
investigations of possible scenarios of NFC closure taking
advantage of existing or planned reactor installations has
been performed. Particularly, a comparison was carried out
of a number of scenarios of the total U-Pu NFC closure using
dedicated burners, light-water reactors with MOX fuel, and
fast-neutron reactors[12, 13]. Total closure implies utilization
in the cycle of both uranium and plutonium isotopes and
minor actinides, which would result in a reduction of the
necessary isolation time of spent fuel in long-term repositories
to ~ 500 years (when the characteristic isolation time is
determined by the decay time of the radiological waste
toxicity in the repository down to the toxicity level of the
amount of nuclear raw material required for the production
of 1 t of natural uranium). It must be noted that even in total
closure scenarios a significant reduction of the necessary
isolation time can only be achieved under the condition of a
high decontamination level of the fission products sent to
long-term repositories from admixtures of transuranic ele-
ments in the process of isotope separation [14]. On the whole,
two fundamental conclusions can be drawn from the results
of the aforementioned studies:

(1) HS burners for NFC closure will be in demand if the
relative number of FRs is small in the reactor stock.

(2) Utilization of a subcritical MA burner will require
development of methods for pyrometallurgical fuel reproces-
sing, since the existing methods for fuel processing [such as

3 Assuming all the acts of fission take place in minor actinides with atomic
mass Ma ~ 240 g mol~! and the energy release in the case of a single
fissioning nucleus to be E = 200 MeV, one can obtain the estimate
indicated.



November 2014

Hybrid systems for transuranic waste transmutation in nuclear power reactors: state of the art and future prospects

1121

Table 2. Parameters of different NFC closure schemes. For comparison, we present characteristics of the open fuel cycle [13].

Scheme Fuel cycle Composition of reactor stock Relative cost of electric | Relative con- | Volume of highly active waste
num- power when the price of| sumption of | for burial in geological forma-
ber natural uranium is $ 50 natural tions: actinides/fission products
per kg uranium kg (TW O h)~!=**
1 Open fuel cycle 100% of thermal reactors with UO, 1 1 1920/130
fuel
2 Closed cycle with burn- | 63.2% of thermal reactors with UO; 1.09 0.63 1.68/118
ing of plutonium and | fuel, 36.8% of FR burners
MAs in FRs
3 Closed cycle with HS for | 66% of thermal reactors with UO; 1.11 0.65 1.85/118
burning MAs fuel, 9.8% of thermal reactors with
MOX fuel, 19% of FRs with MOX
fuel, 5.2% of ADS MA burners*
4 Closed cycle with HS for | 75.1% of thermal reactors with UO; 1.2 0.76 2.0/122
burning transuranic ele- | fuel, 9.4% of thermal reactors with
ments MOX fuel, 15.5% of ADS burners of
transuranic elements
5 Closed cycle with fuel | 100% FR 1.2 0.004 0.76/86
reproduction in FRs
* ADS — Accelerator-Driven System (see Section 4).
** Superscript (¢) on TW points to electric power.

the PUREX process (Plutonium-Uranium Recovery by
EXtraction)] are of little use for work with fuel exhibiting
high thermal and neutron activities.

Table 2 presents the parameters of a number of NFC
closure schemes based on the data of Ref. [13]. All the schemes
presented concern the stationary conditions of electric power
production and fuel mass flows. One can see that the scheme
being the best from the point of view of efficient usage of
natural resources and at the same time producing the least
possible volume of highly active waste is the one involving
fuel reproduction in FRs® (scheme 5). However, the latter
requires gradual substitution of fast reactors for thermal
reactors. For an extensive use of plutonium as the main
fissionable element, its breeding is necessary; therefore,
passage to such an NFC scheme will require some time.
Moreover, NFCs involving extensive use of thermal reactors
in the conditions of current prices for fuel material are
cheaper, and the technology of thermal reactors long ago
reached the stage of commercialization.” Therefore, the
scheme of a closed NFC with fuel reproduction in FRs can
be considered for now a target for the long-run perspective.

Although schemes 2—4 of NFC closure do not lead to any
significant decrease in the consumption of fuel material, they
permit significantly reducing the volume of highly active
waste. These schemes are directed toward burning up
plutonium, which cannot be considered effective utilization
of the resources, taking into account the possibility of
plutonium breeding; nevertheless, schemes 2—4 are of interest
within a near-term perspective, since their implementation
will require less time and their cost, in the case of schemes 2
and 3, will be lower than for the scheme 5. The advantages of

6 In the case of schemes 24, irradiated enriched uranium is considered a
fuel material for FRs in the long-run perspective, instead of a waste to be
buried within geological formations.

7 1t should be noted that within the framework of the NFC closure
problem, it is also possible to examine a scheme with extended fuel
breeding in FRs that involves thermal reactors. For such a scheme,
however, it is necessary that the number of FRs with a breeding factor of
> 1 is dominant in the reactor stock.

HS burners can be most fully realized in the scheme 3, since it
implies the use of uranium and plutonium isotopes in critical
reactors with fuel based on uranium oxide (Uranium OXide,
UOX) and MOX fuel, while only the burning up of the minor
actinides (Fig. 3) will be performed by the hybrids, which
permits the maximization of the burnup rate of MAs.
Scheme 4 can be considered a method for NFC closure in
conditions when conventional FRs are excluded from
consideration. As is seen from Table 2, the cost of electric
power, the consumption of raw materials, and the amount of
highly active waste in the case of schemes 2 and 3 are
practically identical, while the relative number of FRs in the
reactor stock is lower in scheme 3.

Thus, the conclusion can be made that the higher the
relative number of FRs among the available reactors, the
lower the demand for HS burners of transuranic elements.

A disadvantage of the scheme 3 is the necessity of
developing pyrometallurgical technology for the extraction
of nuclear fuel isotopes, an alternative to the presently applied
‘wet’ extraction technologies [12, 13]. This is related to the
high radiation activity of fuel for HS burners of minor
actinides and to the radiolysis of organic compounds
employed in the purex process (for example, tributyl
phosphate) due to the action of a-particles.® Moreover, the
standard purex recovery process does not imply separation of
the minor actinides and lanthanides, a number of which have
very large radiative neutron capture cross sections (in
particular, Sm, Gd, Eu). Contrariwise, the pyrometallurgical
extraction technology is based on the electrolysis of salts, and
no use of organic compounds in it is intended; therefore, it is
less sensitive to the high activity of the spent fuel from an HS
MA burner.

8 For comparison, we can present residual heat release values peculiar to
spent nuclear fuel (SNF) after the stage of intermediate storage. In a
thermal reactor with UOX fuel, the heat release due to a-activity amounts
to 0.5 W kg~! of actinides, while in the case of an HS MA burner, it
increases to 435 W kg~! [12].
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Figure 3. Example of NFC closure scheme involving MA burning in a
hybrid system.

4. Hybrid systems with neutron sources based
on nuclear spallation

At present, hybrid systems with neutron sources based on
nuclear spallation (we shall use the established abbreviation
ADS —accelerator-driven system) are studied the most. The
main ADS components include a proton accelerator, a
neutron-producing target, and a subcritical nuclear assem-
bly. The cooling system and the system generating electricity
are essentially the same as the respective systems of FRs and
thermal reactors.

The generation of neutrons in a nuclear target is due to
nuclear spallation reactions. In ADSs, this process is initiated
by high-energy protons, £, > 200 MeV. Here, the number of
secondary neutrons in the nuclear spallation reaction depends
both on the target material and geometry and on the incident
beam energy. According to Ref. [15], the phenomenological
formula describing the efficiency Y of neutron generation by a
proton beam (determined by the number of neutrons per
proton) in the case of a target of nonfissionable heavy
elements (for example, lead or tungsten) has the form

Y = (W —120)(A4+20) x 1074, (2)

where W is the incident proton energy [MeV], and 4 is the
relative atomic mass of the target nucleus. As is seen from
formula (2), with enhancement of the proton beam energy the
neutron generation efficiency per W of the beam power
asymptotically approaches the value of (4 4 20) x 10°/1.6
(Fig. 4). For this reason, enhancement of the proton energy to
a level above ~ 1 GeV makes no sense within the framework
of the problem of neutron generation.

Neutron generation
efficiency
Neutron generation
efficiency, 10'0 wW~!

0 ' ! : 4

500 1000
Proton energy, MeV

1500 2000

Figure 4. Dependence of neutron generation efficiency in a lead target by a
proton accelerator. The dependence presented was calculated per proton
and per W of the accelerator beam power.

The neutrons ejected from the source are fast and their
energy spectrum has a maximum in the energy region of 1—
2 MeV, while the neutron flux is nonzero in the energy range
right up to the incident proton energy value. The generated
neutrons are further brought into the subcritical nuclear
assembly, where reactions take place with the fuel.

Requirements for the ADS accelerator, generally speak-
ing, reduce to providing the necessary values of the proton
current and energy, as well as the stability of the proton
beam. For example, the project-demonstration of ADS
technology MYRRHA (Multi-purpose hYbrid Research
Reactor for High-tech Applications) at the Belgian Center
of nuclear research (SCK/CEN) [16] implies the use of a
proton beam with a current of 4 mA and energy of 600 MeV
for an HS with a thermal power of 50-100 MW with a
maximum admissible frequency of long (over 3 s) beam trips
inferior to 0.1 such events per day [17]. For comparison, the
operating linear accelerator SNS (Spallation Neutron
Source) of the Oak Ridge National Laboratory (ORNL) in
the USA produces a proton beam with an energy of 1 GeV
and mean power of 1.4 MW [18]. Here, the frequency of long
beam trips at SNS is by two-three orders of magnitude higher
than the maximum admissible value for the MYRRHA
project [19]. The EFIT system (see Section 4) will require the
development of an accelerator producing a beam with a
current of 20 mA and energy of 800 MeV at a frequency of
long beam trips of less than three per year [10]. The rigid
requirements for the beam stability are explained by thermo-
cycling in elements of the ADS construction, which originates
owing to beam trips or oscillations of its power and leads to a
reduction of the service life period of the system elements.
Besides, long beam trips may result in the necessity of
terminating the reactor operation and initiating restarting
procedures. The latter circumstance is especially important
when the ADS is applied for the generation of electricity.

The requirements for the proton beam power are
determined by the necessary thermal power of the reactor
and by the neutron multiplication factor of the subcritical
nuclear assembly. The proton beam current can be estimated
if one knows the thermal power Py, of the subcritical
assembly, the neutron multiplication factor® k<, the mean

sub>
number of neutrons vy emitted per fission act, and the fission

° The neutron multiplication factor k2% must, generally speaking, take
into account the difference between the source neutron energy spectrum

and the energy spectrum of fission neutrons of the subcritical assembly.



November 2014

Hybrid systems for transuranic waste transmutation in nuclear power reactors: state of the art and future prospects

1123

energy Eg;:
(1 — k&) Viis e
I =P su 3
beam th k:,u% Y(Ep,A) Eps ) ( )

where e is the electron charge, and Y(E,, 4) is the neutron
generation efficiency calculated by formula (2). In formula (3)

A J1(1 — k2S) ] is the number of fission acts initiated by a
single neutron from the source. Choosing characteristic
values of Py =1 GW, k§ =0.97, Egs ~ 200 MeV, vy, =~
2.5, E, =1GeV, and Y =~ 20, we obtain a proton beam
current / =19 mA and the respective power of the accel-
erator beam equal to 19 MW.

Within the framework of the problem of creating a
neutron source for ADS, the generation of a continuous
proton beam is considered with the aid of cyclotrons or
linear accelerators (LINACs). Both technologies have
demonstrated the capability of creating devices exhibiting
beam power and energy close to the ones required for
demonstration projects. An example of a powerful cyclotron
is the proton accelerator at PSI (Paul Scherrer Institute) in
Switzerland; of the powerful LINACs, one can single out the
LANSCE (Los Alamos Neutron Science CEnter) accelerator
at the Los Alamos National Laboratory (LANL), USA, and
SNS (Fig. 5). Nevertheless, the use of LINACs is assumed in
most of the long-term ADS projects. This relates to the fact
that large beam currents can be attained taking advantage of
linear accelerators. In linear accelerators with continuous
proton beam generation, currents of the order of 100 mA are
to be achieved at a final particle energy of 1 GeV, while in
cyclotrons with the same final energy the intended beam
current limit is about one tenth that amount [20, 21]. For
devices-demonstrators of ADS technologies, the beam power
provided by cyclotrons is sufficient; however, for devices with

103 7 < B Accelerators in operation
~ A{w N~ 0O Accelerators under construction
S S \4@,, o ELNUD projects
~
N ~
102 " m~ g <
E ~ IPHI LEDA™ JFMIF s o ATW(LANL)
- ~ TRASCO o
£ e a9, S~ ® - 2 0ADS (JAERI)
WK
% 10! N fﬁp S~ EFIT \HEPER
~
- S MYRREI:IO DESS
g 100 > BpEpp C GESNS Y
o ~ LANSCE
g S EINR S
§ “am RJ.PARC
= 0 TRIUME™ ZISIS  (RCS)
~
~
~
~
~
1072 L1l Ll Ll Ll
103 1072 107! 10° 10!

Particle energy, GeV

Figure 5. Mean beam current and energy in accelerators under construc-
tion and in operation and proton beam parameters necessary for different
ADS projects: IPHI—Injector of Protons for High-Intensity beams;
LEDA — Low-Energy Demonstration Accelerator; IFMIF — Interna-
tional Fusion Materials Irradiation Facility; TRASCO — from Italian:
TRAsmutazione SCOrie; ATW — Accelerator Transmutation of Waste;
ADS (JAERI)— Accelerator-Driven System (Japan Atomic Energy
Research Institute); HYPER—HYbrid Power Extraction Reactor;
ESS — European Spallation Source; PEFP — Proton Engineering Fron-
tier Project, INR — Institute for Nuclear Research of RAS; J-PARC
(RCS)—Japan Proton Accelerator Research Complex (Rapid Cycling
Synchrotron), and TRIUMF — TRI-University Meson Facility, (Based
on data from Refs [10, 16, 22-33].

a thermal power of ~ 500—1000 MW, LINACs will be
required.

To estimate the continuous proton beam generation
efficiency in a LINAC with a proton energy of order 1 GeV,
one can take advantage of the formula given in Ref. [20]:

Pgrid = 1.9Ppeam + Paux ) (4)

where Pyq is the power consumed by the accelerator ‘from
the wall outlet’, Ppeam is the proton beam power, and
Paux = 27 MW represents the power losses independent of
the beam current. The proportionality factor relating the
beam power and the electric power consumed from the
electrical supply network involves the AC to DC conversion
efficiency in the power supply units (0.97), the efficiency
(0.67) of high-frequency radiation generation by clystrons,
as well as a 10% loss of radiation in the waveguide, and
additional 10% losses due to unaccounted factors. We will
need formula (4) in Section 6 for estimating the neutron
generation efficiencies by different HS sources.

At present, accelerator-driven devices are the most
thoroughly investigated class of hybrid systems; we mean
not only theoretical studies but also experimental programs.
Table 3 lists installations that are associated with studies of
the physics and technology of ADSs either owing to the
specific line of investigation or to device parameters.

As an example of ADS, we shall consider the European
Facility for Industrial-scale Transmutation (EFIT) developed
as an burner reactor of minor actinides within the framework
of the EUROpean Research Programme for the TRANSmu-
tation of High-Level Nuclear Waste in an Accelerator-Driven
System (EUROTRANS). The EFIT system can be termed an

Table 3. Experimental programs for studying ADS physics*

Title of Institution, Purpose
experiment country
MEGAPIE PSI, Technology adjustment of liquid-
Switzerland | metal (Pb-Bi) target generating
neutrons
SNS ORNL, Pulsed neutron source with LINAC
USA and mercury target generating neu-
trons for studies based on neutron
scattering
LEDA LANL, Proton accelerator with continu-
USA ous beam generation (6.7 MeV,
100 mA) intended for demonstra-
tion and investigation of beam
generation and of the first stage of
beam acceleration in a high-cur-
rent LINAC
Yalina JIENR, Investigation of parameters of a
Belarus subcritical nuclear assembly with
- an external neutron source, valida-
Venus-1 CIAE, China | {jon of numerical models, adjust-
GUINEVERE SCK/CEN, ment of methods for_ diagnostics
Beleium and control of a subcritical assem-
& bly
MUSE-4 CEA
Cadarache,
France
* MEGAPIE —MEGAwatt Pllot Experiment; JIENR —Joint Insti-
tute of Energy and Nuclear Research ‘Sosny’; CIAE — China Institute
of Atomic Energy; GUINEVERE — Generator of Uninterrupted
Intense NEutrons at the lead VEnus REactor; MUSE-4 — from French
MUItiplication par Source Externe, and CEA —from French: Com-
missariat a I’Energie Atomique.
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industrial-experimental burner reactor. In a certain sense, the
role of EFIT in HSs based on nuclear spallation reactions is
similar to the role of BN-600 in fast neutron reactors. In
accordance with the EUROTRANS program, two essentially
different versions of the system, described in Refs [10, 11],
have been prepared. The difference between the versions lies
in the different types of proton targets and heat carriers used
in the subcritical nuclear ADS. As the main version, a system
with a lead heat carrier and target generating neutrons (for
convenience, we shall denote it as Pb-EFIT) is under
consideration. The back up version is a system with a gas
(He) heat carrier and a solid tungsten target for the proton
beam — He-EFIT.

The rated thermal power of the system described amounts
to 400 MW. The neutron source makes use of a proton
accelerator with a beam current of 15-20 mA and proton
energy of 800 MeV.

Both systems are intended for an NFC closure scheme
involving maximization of the burnup rate of minor actinides
in ADS (see Fig. 3). In this case, all the actinides of the fuel
spent in EFIT are extracted jointly in the recovery process. On
the one hand, this leads to the equilibrium content of
plutonium isotopes in the fuel equal to Pu/(Pu+ MA) =
40%. On the other hand, such an approach is favorable from
the point of view of the nonproliferation policy. The MA
burning up rate in the EFIT system amounts to 42 kg
(TW® h)~1. If the EFIT core were loaded only with minor
actinides, it would be possible to achieve a high rate of MA
elimination, but this would require continuous extraction of
plutonium from the spent fuel of the system.

A liquid-metal lead target is used in Pb-EFIT, which is
connected directly to the beam line. The target temperature
conditions are sustained by a proton beam scanning the target
surface in a direction perpendicular to the motion of the lead
and by the most rapid possible circulation of the metal
through the nuclear spallation zone (the circulation velocity
of lead is limited to the value of 2 m s~!; otherwise, the target
service lifetime will be reduced owing to corrosion). As a
result, the highest and lowest target temperatures amount to
520°C and 420 °C, respectively.

The proton target in the He-EFIT system has nothing in
common with its analog in Pb-EFIT. For neutron generation
in He-EFIT, a set of solid tungsten rods is used, cooled by
helium, arranged perpendicularly to the beam propagation
direction. The target construction requires utilization of a
steel beam window for physical separation of the beam line
and the target zone. The window is cooled with the aid of an
independent cooling contour. The cooling contours of the
blanket and of the target are also separated, and the gas
pressure in them amounts to 70 x 10° and 14 x 10° Pa,
respectively. The maximum power density released at the
target reaches 3 x 103 W 171,

5. Subcritical hybrid systems
with thermonuclear neutron sources

Another HS version concerns a system with a thermonuclear
neutron source. Neutrons are produced in the source as a
result of nuclear fusion reactions taking place in high-
temperature plasma. As a rule, designs of neutron sources
for HS rely on the deuterium—tritium (D-T) fusion reaction,
since, although the problem of producing tritium does not
exist in projects based on the D—D reaction, the intensity of
reactions in the case of the same source parameters is about

two orders of magnitude lower. It should be noted that most
projects consider magnetic confinement of plasma in sta-
tionary conditions. We shall deal precisely with such projects,
although, in principle, other approaches are also possible,
such as those based on inertial confinement of plasma and
pulsed neutron generation (project LIFE— Laser Inertial
Fusion-Fission Energy [34]). The proposed projects have
been widely publicized at international conferences and
workshops [35, 36]. The system diversity is extremely broad
here, since practically each system has its own neutron source
configuration. Most of the projects are based on tokamaks,
while the alternatives considered are stellarators and mag-
netic mirrors.

In the case of HSs with thermonuclear neutron sources, it
is possible to single out a number of peculiarities. First, when
neutron generation is due to the D-T fusion reaction, the
tritium breeding in the system is required. Second, if the
magnetic plasma confinement in the source is assumed, a
serious problem consists in the magnetohydrodynamic
(MHD) pressure drop due to the flow of molten salts or of a
liquid-metal coolant in the magnetic field. It is also necessary
for such systems to use materials with a relative permeability
u==l.

In considering tritium breeding in an HS, it is necessary to
take into account various losses during the production and
recirculation of tritium in the system, decays of nuclei, and the
possibility of other HSs with thermonuclear neutron sources
being put into operation. For this reason, the tritium breeding
factor should reach a value of 1.05-1.2 atoms per fusion
reaction [37]. Practically all the methods of tritium breeding
for hybrid or thermonuclear reactors presume the employ-
ment of neutron reactions involving lithium isotopes:

Li+n—*He+T,
"Li+n—*He+T+n.

It should be noted that the reaction with °Li has a large cross
section in the region of interaction energies lower than 1 MeV,
and the reaction with 7Li exhibits a threshold character
(Einteraction > 3.84 MeV). Lithium can be used for producing
tritium within the lead—lithium eutectic, FLiBe or FLiNaBe
molten salts, or in the form of lithium ceramics (LisSiOy,
Li,TiOs3, Li,O). The last method is envisaged in the project of
the International Thermonuclear Experimental Reactor
(ITER).

Another peculiarity of an HS with a thermonuclear
neutron source is the MHD pressure drop emerging due to
the flow of conducting material (for example, of the liquid-
metal heat carrier of a subcritical assembly) across the
magnetic field lines. In the SABR (Sodium Advanced Burner
Reactor) project (see Section 5.1) making use of a sodium heat
carrier, the calculated MHD pressure drop amounted to
68 MPa, which would lead to the necessity of applying an
additional 0.85 GW of pumping power, comparable to the
electric power of the installation. In the concrete case dealt
with, this problem was proposed to be resolved by covering
the surfaces of the fuel rods and of the subassemblies with a
layer of the LiNbOj; insulator, which is accompanied by a
corresponding decrease in the MHD pressure drop to
2.5 x 1076 Pa [38]. We note that the problem of a high
MHD pressure drop does not arise, when the heat carrier
used has a low conductivity, like helium or CO,, or when the
heat carrier flows predominantly along the magnetic field
lines.
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On the other hand, certain ADS problems will, most
likely, be revealed in HSs with thermonuclear neutron
sources, such as the problem of neutron generation stability.
At present, all thermonuclear experimental devices operate in
the mode of single pulses, although the pulse lengths of large
tokamaks do exceed the time required for the plasma
parameters to reach stationary values. Therefore, the issue
of the frequency and duration of plasma disruptions and of
the respective neutron generation disruptions in an HS
remains open. Low-frequency plasma oscillations that can
lead to modulation of the neutron flux and respective
oscillations of the energy release in a subcritical assembly
are also related to the issue of neutron generation stability. On
the basis of requirements for ADS neutron sources (see
Section 4), one can assume oscillations of frequencies below
10 Hz to be dangerous.

By analogy with formula (3), it is possible to introduce a
relationship between the thermonuclear reaction power in a
neutron source, Prs, and the thermal power of a subcritical
nuclear assembly, Py,:

(1 — kM) Vs Erus
Piys = Py —222—— , 5
fus th A qfll;; Eﬁs ( )

where Eps is the energy released in the thermonuclear
reaction, and ksfl‘;; is the neutron multiplication factor in an
HS with a thermonuclear neutron source. Making use of the
parameter values presented in Section 4 for the estimation of
the proton beam current by formula (3) and assuming the D—
T fusion reaction (Ep,s = 17.6 MeV) to be used in the neutron
source, we obtain an estimate for the power of thermonuclear
reactions, Pps &~ 7 MW, necessary for achieving a power of
1 GW in a subcritical system with k[ = 0.97.

It is necessary to make an important comment concerning
the neutron multiplication factor in an HS with a thermo-
nuclear neutron source and ADS. Even in the case of
absolutely identical subcritical assemblies and spatial shapes
of the neutron fluxes from the sources, one has ki3 # k{tﬁ‘f,
The v values also differ. This is related to the different
energy spectra of neutrons from the sources and, as a
consequence, the mean interaction cross sections with matter
of neutrons from the respective sources differing from each
other. A comparison of the properties of a subcritical system
with a Pb-Bi heat carrier was performed in Ref. [39] with
different neutron sources, but for identical assembly para-
meters. The neutron sources differed in the emitted neutron
energy spectrum. In one case, an accelerator-driven source
was used, and in another, a source based on D-T fusion
reaction. The ratio of multiplication factors amounted to
2(k1% — K35)/ (k% + k355) = 0.028 for klty = 0.972, ki =
0.945. In this case, a significant deviation of the multiplication
factors from each other is explained by the difference between
the cross sections of (n, 2n) threshold reactions in lead and
bismuth.

5.1 Hybrid systems with tokamak neutron sources

At present, tokamaks are considered the basis for creating
thermonuclear fusion reactors for the production of electric
power. At one of the largest tokamaks, JET (Joint European
Torus), the power of thermonuclear reactions achieved in
transient modes (below 1 s) was 16 MW, while in quasista-
tionary conditions (with a pulse length of 5 s) it was about
4 MW with ‘plasma’ efficiencies of thermonuclear reactions
Oplasma = Prus/Pin = 0.62 and 0.18, respectively, where Pj, is

the power captured in the plasma'® [40]. Investigations
necessary to complete the physical database for a tokamak-
based reactor are to be performed at ITER [42], the
construction of which is presently under way. The main
goals of the ITER project are to demonstrate the quasista-
tionary mode of plasma confinement during a pulse longer
than 2000 s with Qplasma ~ 5, and to achieve Qplasma = 10in a
mode with a relatively short pulse longer than 400 s and a
total power of thermonuclear reactions!! of 500 MW [43].
From the point of view of the obtained power of thermo-
nuclear reactions and the values of Qpjasma, tokamaks are
doubtless the leaders; therefore, tokamaks give rise to the
highest interest as candidates for the role of NSs for HS
burners.

A significant disadvantage of tokamaks lies in high
thermal and neutron loads on the first wall and the divertor.
According to Ref. [44], the phenomenological load limit on
the tokamak first wall amounts to 0.2 MW m~2. When this
limit was exceeded in experiments at TFTR (Tokamak
Fusion Test Reactor), disruption of the plasma parameters
occurred [45]. It must be taken into account that peak loads
on the tokamak wall may be significantly higher. Thus, for
example, during the development of plasma boundary
instabilities (Edge Localized Mode, ELM) and during the
plasma column disruption, the peak power may reach 10 GW
with characteristic instability times of 0.5-5 ms. This leads to
a rapid degradation of the neutron source first wall in the
hybrid system. To resolve this problem, a proposal was made
to introduce into the plasma periphery lithium admixtures,
which provide energy absorption and its further reemission,
which will aid in weakening the shock load [46].

At present, SABR (Subcritical Advanced Burner Reactor)
can be singled out as an example of the well-developed HS
burner project with a neutron source based on the ‘classical’
tokamak [38]. In SABR, a subcritical assembly with a liquid-
metal (sodium) coolant and fuel composed of a mixture of
MA and plutonium is to be applied. The neutron source is a
tokamak facility with parameters close to the ITER para-
meters. Figure 6 shows a basic layout of the SABR
installation. The plasma ring is placed inside a chamber of
rectangular cross section (3.8 m high, the minimal and
maximal radii are 2.8 and 5.0 m, respectively). The circular
core surrounds the plasma from outside (with a minimal
radius of 5.0 m, thickness of 0.6 m, and height of 3.2 m). The
plasma and core are surrounded by a lithium blanket,
reflector, and neutron shielding, which are situated inside
superconducting magnetic coils. A comparison of the neutron
source characteristics of SABR and ITER is presented in
Table 4.

The SABR project is intended for joint burning of
plutonium and minor actinides of the spent fuel of thermal
reactors. The subcritical assembly uses metallic fuel with the
following weight parts of elements: Zr—40%, Am— 10%,
Np—10%, and Pu—40%. As the main construction

10 Note that the presented ‘plasma’ efficiency differs from the ‘engineering’
efficiency determined as Qcng = Prus/ Pgrid> Where Py g is the power of the
electricity supply network necessary for the magnetic system supply, the
plasma heating system, etc. In the case of the JET tokamak, a larger part of
electric power is consumed by the magnetic system (up to 700 MW) [41]
and Qeng does not exceed several percent even in short-pulse experiments.
' In ITER, the use of superconducting magnets is assumed, which will
essentially reduce the consumption of electric power by the system;
therefore, the predicted engineering efficiency of thermonuclear reactions

Qeng > 1.
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Figure 6. Schematic layout of SABR installation [38]: / — coils of a
toroidal field, 2—central solenoid, 3—vacuum chamber, 4— lithium
blanket and neutron shield, 5 — first wall, 6 —core, 7— plasma, and 8 —
reflector and neutron shielding. This figure is published by courtesy of the
authors of Ref. [38] and of the American Nuclear Society, La Grand Park,
Illinois.

Table 4. Parameters of the SABR [38] neutron sources and ITER [43].

Parameter SABR ITER
Major radius, m 3.5 6.2
Magnetic field, T 59 53
Plasma current, MA 8-10 15

Power of fusion reaction, MW up to 500 500

Qp]asmu 32 > 10

Mean neutron load on the wall, MW m—2 1 0.57

material for the core, utilization is proposed of oxide
dispersion strengthened alloy MA957. The fuel burnup
depth, like the exposure time, is limited by the radiation
resistance of the fuel rod cladding, and for the limit damage
level of 200 dpa chosen in the project it should amount to
about 250 GW dayt~!.

Itis also necessary to mention NS projects designed on the
basis of spherical tokamaks, a peculiarity of which is the small
aspect ratio R/a, where R is the radius from the system axis to
the center of the plasma bunch, and « is the plasma radius. An
important feature of spherical tokamaks is the possibility of
achieving a high relative plasma pressure f§ (the ratio of the
plasma pressure to the pressure of the magnetic field). From
an engineering point of view, an increase in f permits
weakening the magnetic field necessary for confinement of
plasma with given parameters. The plasma stability is
determined by the Troyon parameter, or the normalized f§
parameter: fiy = fi/[I/(aB)], where I is the current in the
plasma, and Bis the toroidal field. For classical tokamaks, the
Troyon parameter is limited to the value of iy = 3—5, while
the relative plasma pressure ff < 10%. However, in the
experimental spherical tokamak NSTX (National Spherical
Torus eXperiment) (USA) f amounts to 40%. NS projects
based on spherical tokamaks are considered, for example, in
Refs [47, 48]; their characteristic parameters are presented in
Table 5. The NS compact size complicates arrangement of the
neutron shielding of superconducting magnets. Therefore,
both projects are oriented toward employing copper coils for
the magnets. The TIN-ST project is directed toward small
dimensions and low electric power consumption: the total

Table 5. Comparison of parameters of SABR, CFNS, and TIN-ST projects.

Parameter SABR |CFNS*| TIN-ST**
[38] [47] [48]
Major radius, m 3.75 1.35 0.47
Aspect ratio 3.4 1.8 1.74
Magnetic field at the center of a plasma | 5.9 2.9 1.35
bunch, T
Power of fusion reaction, MW up to 100 1—7.5%%*
500
Oplasma 3 2 ]0.07-0.5%%*
B, % ~3 15-18 =~ 60
N 2.5 2-3 1.7-4.9
* Compact Fusion Neutron Source.
** Thermonuclear neutron source (TNS) on the basis of a spherical
tokamak (ST).
*** Beam-plasma mode [48].

consumption does not exceed 50 MW, while the power for
plasma heating is not more than 15 MW.

Notice that in the case of HSs with NSs built around
tokamaks, quite significant share of thermonuclear neutrons
is lost in vein. For example, only 39% of the thermonuclear
neutrons are utilized in the fuel core of the SABR. A larger
part of the remaining neutrons take part in the production of
tritium in the lithium blanket. Enhancement of the utilization
factor of D-T neutrons could, in principle, permit obtaining
comparable neutron fluxes in the active zone of the hybrid at a
lower thermonuclear reaction power in the NS. In the case of
100% utilization of the D-T neutrons in SABR, the total
power of thermonuclear reactions could be reduced by a
factor of 2.5.

5.2 Systems with thermonuclear magnetic mirror neutron
sources

Open traps [39, 49-53] are applied as NSs in a number of HS
projects. All the projects considered with NSs based on
magnetic mirrors imply the generation of thermonuclear
neutrons by high-energy (fast) ions, produced either by
intense atomic beams or by the introduction of microwave
radiation at the cyclotron rotation frequency of ions [ion-
cyclotron resonance (ICR) heating]. The main task of the
‘thermal’ background plasma consists in MHD stabilization
of the fast ions.

A functional diagram of an HS with a neutron source
based on a magnetic mirror is displayed in Fig. 7. Depending
on the NS specific features, there are two possible ways of
arranging a subcritical assembly with respect to the neutron
source. The first corresponds to the case when neutron
emission varies weakly within the central part of the facility
and starts to decrease sharply only at its edges — near mirror
coils. In this case, the nuclear assembly is extended along the
entire length of the trap, as proposed, e.g., in Ref. [50]. The
second version corresponds to the case of high-energy beams
being injected and captured by the plasma and slowing down
without significant angular scattering [39]. In this situation,
‘turning point regions’ appear on two sides of the facility
center, within which the majority of fast ions are reflected
from a rising magnetic field. In these regions, the density of
fast ions and the rate of thermonuclear reactions are
maximum; therefore, it is expedient to arrange subcritical
assemblies around the turning point regions. However, in
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Figure 7. Schematic diagram of an axisymmetric HS with a neutron source
based on an open trap: /—plasma, 2— reflector, 3—lithium blanket,
4—core, 5—magnetic coils, 6—neutron shielding, 7—injector of
atoms, and § — beam receiver.

both of these cases, shielding of the heating injectors or
antennas from thermonuclear neutrons has to be implemen-
ted.

Hybrids designed by involving magnetic mirrors have the
following advantages over systems based on tokamaks.

e The construction of magnetic mirrors implies that the
cylindrical subcritical assembly is arranged in a more
convenient manner around the working chamber of the trap.

e The utilization efficiency of thermonuclear neutrons
inside the core may reach 90-95%.

e No disruptions or thermal overloading of the source
first wall occur in magnetic mirrors.

e In a source based on magnetic mirrors, it is possible to
realize a plasma confinement mode with a value of #<1.

From a physical point of view, the main disadvantage of
magnetic mirrors consists in large longitudinal losses of
thermal plasma. For this reason, confinement times and
plasma temperatures in modern magnetic mirrors are sig-
nificantly smaller than corresponding values in tokamaks,
while the efficiency of thermonuclear reactions does not
exceed QOplasma ~ 1072, However, in the case of a trap
involving gas-dynamic confinement, there is a simple way to
improve longitudinal confinement. With increasing the length
of the device, the number of particles in the trap increases in
proportion to its length, while the power of longitudinal
losses is limited by gas-dynamic quantities. Thus, in long
magnetic mirrors it is possible to obtain high confinement
times: the value of Qpjasma ~ 1 can be achieved for a length of
the device of about 1 km. It should be noted that not even a
single project has been realized in the past 30 years in
constructing traps of the open type, which is due
to tokamaks having already demonstrated plasma para-
meters closer to the ignition ones by the end of the 1980s.

Parameters of NSs based on magnetic mirrors are listed in
Table 6. An NS project designed around a gas-dynamic trap
(GDT) was considered in Refs [51, 52]. The NS is an
axisymmetric device, in which plasma is heated by atomic
beams. The length of the device is relatively small; therefore,
the parameter Qpasma has a value far from unity. A critical
parameter for such a system is the electron temperature which
determines the lifetime of fast ions. An essential issue, also, is
MHD stabilization of plasma. In the projects proposed, the
method of ‘vortex confinement’ is applied [54], which is quite
simple in realization and does not require significant energy
consumption. As an alternative, classical methods reported in

Table 6. Parameters of NSs based on open traps

Traps | NS-GDT | NS-GDT | SFLM
Parameter [52] [51] [50]
Length of confinement region, m 16 16 25
Plasma radius in central cross sec- 10 10 40
tion, cm
Magnetic field in central cross sec- 1 1 1.25-2
tion, T
Mirror ratio 15 15 4
Power of fusion reaction, MW 6 15 ~ 10
Oplasma ~0.1 0.3 >0.15
Electron temperature, keV 0.5 3 > 0.5

Ref. [55] can be considered, which consist in optimization of
the longitudinal profiles of pressure and of the curvature of
magnetic force lines. It should be noted that the physical
principles of an NS based on GDT have been investigated
quite thoroughly, and the parameters of the planned NS are
not very far from the values achieved experimentally [56].

In the open-trap project with straight force lines (Straight
Field Line Mirror concept, SFLM) [50], the problem of MHD
stabilization was resolved in an essentially different way. The
creators of the SFLM concept propose abandoning axial
symmetry —a quadrupole magnetic field is applied, which
provides plasma confinement in a configuration with the
minimum |B| on the axis of the device. In such an approach,
the existence of thermal plasma is only necessary for the
capture of atomic beams (if they are used) and, possibly, for
stabilization with respect to kinetic instabilities. Heating of
the ions may be achieved by two methods, which can be
applied simultaneously: with the aid of ICR heating, and by
the injection of atomic beams. ICR heating can be addition-
ally applied for the improvement of fast ion confinement [57].
This circumstance can turn out to be important, since the
mirror ratio (i.e., the ratio of the magnetic field in the mirror
to the field in the central cross section) is small. Notice that
the SFLM project requires a more detailed justification; this
especially concerns the scheme of ICR heating and its
influence on plasma confinement.

6. Competitive advantages of hybrid systems

The competitive ability of hybrid systems is not, generally
speaking, determined by the cost of individual reactors, but
by the cost of electricity generation within the scheme of the
cycle closure, when the condition of total transmutation of
transuranic elements is fulfilled. As noted in Section 3, the
schemes of NFC closure with burning of plutonium (see NFC
closure schemes 2—4 in Table 2) ensure approximately equal
costs of electric power both in the case of HS utilization and
without it (with the exception of the scheme involving the
burning up of all transuranic elements in the HS). Therefore,
it must be acknowledged that conventional FRs are quite
capable of resolving the problem of burning up transuranic
elements without applying subcritical hybrid systems. Here,
the availability of technologies related to FRs has reached a
stage still inaccessible to technologies making use of ADS or,
more so, hybrids based on thermonuclear fusion. On the
whole, it can be said that further prospects of the development
of hybrid systems will depend quite much on the rate of large-
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scale installation of FRs and on the termination of the
operation of thermal nuclear reactors.

As to a comparison of the costs of devices pertaining to
different HS classes, it is too early to perform such compar-
ison owing to the relative immaturity of HS technologies. One
might, however, compare neutron production at the source
normalized to 1 W of electric power consumption in the cases
of accelerator and thermonuclear neutron sources, which, as
will be seen below, differ significantly. Here, it is naturally
necessary to bare in mind that this parameter is far from the
only one, so a thorough comparison of ADS and hybrid
systems with thermonuclear neutron sources represents the
subject of a separate investigation.

Using formulas (2), (4), the possibility arises to calculate
the neutron generation efficiency of an accelerator-driven
source:

Y(Epa A) Pbeam

Sace = )
Pgrid Ep

(6)
where S, is the neutron generation efficiency of an
accelerator-driven source normalized to 1 W of electric
power from the network, Y(E,, A) is the neutron generation
efficiency by a target in accordance with formula (2), Ppeam 18
the proton beam power, and Pgq is the power supplied by the
network to the neutron source. Thus, S ~ 3 x 10'° neutrons
per W for the neutron source of the Pb-EFIT system [10].

In an HS with the thermonuclear NS, the generation of
neutrons, which is totally determined by the efficiency of
thermonuclear reactions in the source, can be expressed as

Pfus

Stus = 53— »
Pgrid Efus

(7)

where Ep, is the thermonuclear reaction energy, and Py is
the power of thermonuclear reactions inside the source. If an
NS involving the D-T fusion reaction is used, one can arrive
at the estimate Spys & 3.55 x 10! Ppyg / Prig.

A comparison of the neutron production efficiencies with
the aid of accelerator and thermonuclear neutron sources,
respectively, is presented in Fig. 8. Referring to formulas (6),
(7) and Fig. 8, already at relatively small Qcne = 0.1-0.2,

Pfus/Pgrid =0.2

Neutron production efficiency
x 10710 per W

1 | | | |

5 20 40 60 80
Proton beam current, mA

100

Figure 8. Efficiency of neutron production calculated for 1 W of power
consumption by accelerator-driven neutron source with proton energy of
1 GeV versus beam current. Dashed straight lines indicate neutron
production efficiencies for a D-T thermonuclear neutron source with
Piys/Pyria = 0.1 and 0.2, respectively.

Table 7. Main parameters of SABR, Pb-EFIT, and He-EFIT HSs.

Installation SABR Pb-EFIT He-EFIT
Characteristic [38] [10] [11]
Type of a neutron source Thermonuc- | 800 MeV, 800 MeV,
lear neutron |14-mA beam, 15-mA
source, liquid-metal | beam, solid
Oplasma =3.2 | target (Pb) w
target
Kefr 0.82-0.89 0.97 0.97
Ak during fuel exposure 7000 600 ~ 400
time, 1073%
Rated thermal power, GW 3 0.4 0.4
Neutron generation ~3.5x 1010 * 28%x1010% | 2.6x1010*
efficiency, W-!
Source power in neutrons 1.8x10Y— | 3.1x10'7* | 3.1x10'7*
1.8x10%
MA/(MA + Pu) from 333 100 100
conventional reactors, %
Burnup, GW day t~! 250 78 ~ 120%
Geometric utilization of 39 Pr* ~ 75
source neutrons, %
* Estimation by authors of the present article.
** No data found.

certainly accessible for installations at the ITER level, a D-T
neutron source produces neutrons with a higher efficiency.

For the reader’s convenience, Table 7 presents a summary
of the main parameters of HSs dealt with in this article. As
seen from Table 7, thermonuclear NSs are superior to
accelerator NSs in neutron generation efficiency and, in
principle, they are capable of providing a greater neutron
flux. Consequently, thermonuclear neutron sources will be
able to provide the necessary neutron generation in high-
power systems exhibiting, at the same time, a low neutron
multiplication factor ket

7. Conclusion

The results presented in this article permit us to draw several
important conclusions concerning the state of affairs and of
prospects for developing the HS burners of transuranic
elements in spent nuclear fuel.

Actually, the problem of burning transuranic elements
can be resolved on its own, without making use of HSs, only
with the aid of fast neutron reactors, although this is only
possible if the relative number of FRs in the reactor stock is
sufficiently high. Burning up of all transuranic elements in
HSs makes sense only if the technology of critical FRs is
totally abandoned. In the short-term perspective, the burning
of minor actinides in HSs may become important. On the one
hand, this option permits realizing the competitive advantage
of HS burners, consisting in the possibility of practically
achieving the limiting MA burning rate. On the other hand,
this permits NFC closure without extensive FR utilization. In
the long term, the need for HSs burners will decrease as the
relative number of FRs in the reactor stock increases.

While hybrid systems resolve the reactor safety problems
peculiar to FRs by processing minor actinides, they create a
number of problems typical only for their class. None of the
neutron source technologies for HS burners has hitherto
demonstrated the entire set of required parameters. It still
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remains to be demonstrated that accelerator neutron sources
have achieved the necessary beam power and stability. But,
here, ADS projects have been investigated more thoroughly
than HS burners based on thermonuclear NSs: a number of
experimental programs have been implemented and device-
demonstrators of the technology are to be created. Modern
thermonuclear devices operate in the regime of single pulses
and still exhibit an extremely low engineering efficiency of
thermonuclear reactions. In the ideal case, however, they are
capable of providing a higher neutron generation efficiency
and a larger neutron flux than spallation NSs depending on
nuclear fission for their operation.
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