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The paper aims at studying peculiarities in isotope composition of thorium blanket under irradiation by fusion neutron source (FNS) in
hybrid thermonuclear reactor (HTR). High-energy (14 MeV) component of neutron spectrum in thorium HTR blanket can produce non-
traditional fissile mixture including not only 22U, but also ?*!Pa, 22U and **U. The extraction of such non-traditional fuel from a spent
Th-blanket and its utilization in traditional nuclear power reactors could increase fuel burnup and contribute to nuclear weapon non-
proliferation. The results of a comprehensive investigation of the above positive effects, which included high-precision neutronics anal-
yses of a HTR’s Th blanket, are presented. The chosen model of HTR allowed the formation of high-energy neutron spectrum in
Th-blanket with significant fraction of 14-MeV neutrons; it appeared that threshold (n, 2n)- and (n, 3n)-reactions are able to produce
significant amounts of non-traditional target isotopes %*!Pa and 2*2U; it was shown that accumulation of non-traditional target isotopes
weakened substantially in depth of Th-blanket. It is therefore reasonable to look for optimal thickness of Th-blanket and optimal invento-
ry of natural thorium.
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TEPMOSIIEPHBIN HEUTPOHHBIA HCTOYHUK — DOPEKTUBHBIN
HAPABOTUYHK HETPAIUIIMOHHOTI' O SITEPHOI'O TOILINBA

I'T". Kynukos, A.H. llInenes, A.E. Kpyenukos, B.A. Anca, E.I'. Kynukos

Hayuonanvrulii uccnedosamenvckuii soephwiii ynusepcumem « MUDHUy, Mockea, Poccus

AHaMM3UPYyIOTCs 0COOCHHOCTH M30TOIHOTO cocTaBa Th-OnmaHkeTa mpu OONydeHHH B THOpUIHOM TepmosinepHoM peaktope (I'TP) Ha
(D—T)-mna3zme. (D—T)-mna3ma Gbuia BEIOpaHa MOTOMY, YTO BhICOKO9HepreTuueckas (14 MaB) cocTaBisitolas HETPOHHOTO CIIEKTpa B
Topuesom Gmankere I'TP MO3BOISIET MOMY4aTh HETPAIMIHOHHYIO ACISIIYIOCS CMECh, BKIIOUAIOUIYI) HE TONBKO U, HO M H30TOIMBI
Zlpg, 22 i 24, Takue HeTpaIMUHOHHBIE TOIUIMBHBIC KOMIIO3HIMH MOTYT NPEACTABIATh MHTEpEC Al npoektoB ADC ¢ saepHbIMU
peakTopaMH Ha TEIUIOBBIX HEHTPOHAX, MOCKOJIBKY OHM MOTYT IMPUBECTH K 00Jiee BEICOKOMY BBHITOPAHHIO TOILUTHBA M YCHIICHUIO PEXHUMA
sZIEpHOTO HepacnpocTpaHeHus. McciietoBaHusl 3THX IOJOKHUTENBHBIX 3 (EKTOB MOTpeOOBaNIN JIETAIBHOTO HEHTPOHHO-(DU3HIECKOTo
aHanm3a TopueBoro 6mankera I'TP. B cratse mpeacTaBieHsl pe3ynbTaThl, IOTYISHHBIE B XOJI€ ITUX UCCIEAOBAHUN: BRIOpAaHHAS MOJEIH
I'TP nozBommuna chopMHpOBaTh BEICOKOIHEPTETHUECKIAN HEUTPOHHBIN crieKTp B Th-O1aHkeTe ¢ 3HAUUTEIBHON HOJIeil HEHTPOHOB € dHEP-
rueii 14 MaB; moporoseie (N, 2n)- u (N, 3n)-peakuun CrocoOHbI MPOU3BONUTh 3HAYUTENBHbIC KOJIHYECTBA HETPAAUIIHOHHBIX H30TOMOB
21pa i 2?U; HakoIIeHHe STHX M30TONOB CYIIECTBEHHO ocnabeBaet B r1yomue Th-Gmamkera. [I03TOMY HYXHO HCKAaTh ONTHMATBHYIO
tonuuHy Th-c0s ¥ ONTUMaIBHOE KOJINYECTBO 3arpykaeMoro B OJIAHKET IPHPOJIHOTO TOPHSL.

KioueBsble ciioBa: THOPUIHBIA TEPMOSICPHBI PEaKTOp, TEPMOSICPHBIN NCTOYHUK HEHTPOHOB, TOPHEBBIN OJIAHKET, 281pa, 22U, kom-
nerotepHas nporpamma SERPENT-2.

MODEL OF FUSION NEUTRON SOURCE

High-energy (14 MeV) neutrons present in thorium HTR blanket can produce non-traditional mixes off
issionable materials including not only #**U, but also **'Pa, ?**U and #**U. The extraction of those non-
traditional fuel sourced from a spent Th-blanket and their subsequent utilization in conventional nuclear

Tritium power reactors could increase fuel burn up and en-
reproduction zones hance nuclear non-proliferation [1—4]. A one-
| dimensional cylindrical HTR model [5] was used in

numerical analyses. Radial HTR zones were treated

I (D, T)- é Th-blanket g § S| as infinitely long axial layers. An equi component
| Plesma |2 & |1s[l5||& |5| D—T plasma (nr = np = 5:10* ion/cm®) was taken
cmj iem to be the main neutron source. A basic layout of the

' 200 10 27 16 4 4 412710 HTR model is shown in Fig. 1.
cm cm cm M Moderator M M The thorium blanket was place dimmediately be-
(2.4 and 1 cm of H,0) hind the first wall, to allow high-energy 14-MeV neu-
Fig. 1. Basic layout of the HTR model trons to irradiate thorium and produce non-traditional

124 BAHT. Cep. Tepmosinepusiit cuntes, 2021, T. 44, Bbim. 2



Fusion neutron source as an effective producer of non-traditional nuclear fuel

nuclides via certain threshold reactions. In front of the blanket, fusion neutrons are partially moderated by the
first wall. The blanket is separated from the tritium reproduction zones (Li-containing zones) by structural mate-
rials. Light-water layers are set in front of, behind and between the tritium reproduction zones to intensify °Li(n,
o) T reaction. Neutron senter the tritium reproduction zones after having passed through the tritium blanket and
been slowed down. Theses low neutrons do not have the potential to initiate any threshold reaction and can be
utilized in the tritium reproduction zones without decreasing the production of non-traditional nuclides.

NEUTRON ANALYSIS OF THORIUM HTR BLANKET

Time-dependent neutronics analyses of the isotopic content compositions in thorium HTR blanket were car-
ried out using SERPENT-2 Monte Carlo [6—8] with continuous energy dependencies of evaluated nuclear data.
The first wall neutron load was taken as 1 MW/m? This value is generally acceptable from the standpoint of the
first wall strength properties.

SERPENT-2code. SERPENT-2 is the multi-purpose computer code based on Monte Carlo methodology. It
applies continuous energy dependencies of evaluated micro cross-sections to the solution of three-dimensional
transport equations. SERPENT-2 was initially created to solve nuclear reactor physics problems, but now its
capabilities extend beyond this. Applications can be divided into the following three categories:

— traditional problems of the nuclear reactor physics: spatial homogenization, determination of reactor crit-
icality, investigations of nuclear fuel cycle, simulation of nuclear research power reactors, validation of deter-
ministic computer codes, etc.;

— multi-physical simulations: neutronics combined with thermal-hydraulic analyses, CFD-code computa-
tions, as well as computations that account for variations in fuel properties;

— neutron/photon transport modeling in the estimation of exposure dose — aimed at solving radiation
shield problems and conducting nuclear power and medical research.

SERPENT-2 reads continuous energy micro cross-sections from ACE-formatted libraries. The interaction
physicsis based on classical kinematics of inter-particle collisions, reaction cross-sections from evaluated nuclear
data files (ENDFs) and probability table sampling in the unresolved resonance energy range. ACE-formatted
cross-section libraries are based on JEF-2.2, JEFF-3.1, JEFF-3.1.1, ENDF/B-V1.8 and ENDF/B-VII evaluated nu-
clear data files. Data on radioactive decay and fission yield are taken from standard ENDF-formatted libraries.

Neutron spectrum in Th-blanket. The results of the Th-blanket neutron spectrum calculation are shown in
Fig. 2. One can see two peaks, one close to 10 MeV, the other close to 0.4 MeV. While the former is directly
related to fusion neutrons coming from the source, the latter is produced by neutrons that have passed through
the first wall, undergone inelastic scattering and lost a significant portion of their initial energy. Neutrons with
resonance, epithermal and even thermal energies can be found in deep inner layers of the Th-blanket. The pro-
portion of these slow neutrons is substantially smaller than that of high-energy neutrons. As a result, a suffi-
ciently high-energy neutron spectrum can be formed in the Th-blanket even with a thick (10 cm) first wall. The
proportion of high-energy neutrons increases with de-

creasing blanket thickness. 25 0.3 MeV
Micro cross-sections and reaction rates in Th- 20
blanket. This section deals with the basic characteristics ¢
that define the Th-blanket performance in terms of pro- € ;5 }
ducing the important **Pa and *U isotopes. These char- 3
acteristics are the micro cross-sections of “*Th and neu- & 10
tron flux in different radial zones of Th-blanket at the S /
beginning of irradiation (Fig. 3). Because the “*Th burn 2 5 Letey
up will be relatively low when the first wall neutron load / \
sincrease (1 MW/m?) at a certain level of engineering 00_01 01 1 10 100 103__;04 10° 10° 10' 10°
maturity, neutron reactions on 2Th nuclei will define the Neutron energy, eV
neutron balance throughout the irradiation cycle. Fig. 2. Th-blanket neutron spectrum
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As one can see, the probability of radiative neu-
tron capture increases, while of the (n, f), (n, 2n) and
(n, 3n) threshold reactions decreases with the depth of
neutron penetration into the Th-blanket. This effect is
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Neutron flux

S Q

& E

8 =

E 0.4 4 =

S5F HSX.> caused by gradual neutron slowing down. The micro

ETS \ «  Cross-sections of radiative neutron capture by 22Th

g o2 " , = increase especially strongly in periphery of Th-blanket

s ] % (in the last centimeters). At the same radial points the

? [~ Z neutron flux falls roughly twice in an almost linear

i, 0 manner. Therefore, one can conclude that the intensity
0 5 10 15 20 25 27 of *'Pa and ***U production in the Th-blanket periph-

Radial coordinate, cm eral areas is low. It diminishes both in absolute terms
Fig. 3 Energy-averaged micro cross-sections of 2*2Th and neutron (kilograms per year) because of the low neutron flux,
flux in Th-blanket: —(n,y), — —(n, 2n), —— — (n, 3n), . . .
0 a_nd in re;lgtlve terms as compared aga_unst the produc-
tion of “°U because of the low ratios between the
cross-sections of the threshold reactions and the radiative neutron capture. As a conclusion, the problem of op-
timizing the blanket thickness and thorium inventory should be set and solved.

The cross-section of ?*2Th (n, f) reaction is more or less similar to the micro cross-section of the ?*Th (n,
3n) reaction, meaning that the thorium fission reaction is weaker than reactions giving rise to the ***U, **'Pa and
21 isotopes. This fact allowed us to expect modest heat generation rates in the Th-blanket that would simplify
heat removal from it. Therefore, thermal energy release into the environment without utilization may be eco-
nomically reasonable.

The balance of energy-averaged reaction rates in Th-blanket is presented in Fig. 4. The processes involved
include radiative neutron capture by of ?**Th, fission reaction of ?*Th, ?*Th (n, 2n) and ***Th (n, 3n) threshold
reactions, radiative neutron capture reactions of structural materials (Fe, Mo) and neutron leakage. In fact, these
0.6 6 reaction rates are appropriate micro cross-sections (see

% \ % Fig. 3) multiplied by the neutron flux and by the 232Th,
& § Fe and Mo concentrations.
é 0.4 \ Neutron flux 4 F Neutron leakage rate is positive over the first 9 cm
Sji \ H% and negative further into the blanket. This suggests
g&% \ « that neutrons coming from plasma through the first
2 o L -2 % wall and getting multiplied in the upper 9 cm layer by
= £ 22Th (n, f), ®*Th (n, 2n) and #**Th (n, 3n) threshold
§ \\“H—--_________ z reactions, irradiate the deeper blanket layers.
i [~ 0 The following conclusions can be made. First,
0 5 10 15 20 25 27 threshold #*Th (n, 2n) and #**Th (n, 3n) reactions
Radial coordinate, cm give rise to the isotopes of interest, **'Pa and ***U

Fig. 4. Energy-averaged reaction rates and neutron leakage rate  gn( play a remarkable role in the balance of neutron
in Th-blanket: ———(n, ), ———(n, 20, —— .30, oactions. However, it is the 22Th (n, y) 23U-
——0D reaction that plays the main balancing role. Second,
the U production rate at the blanket periphery is substantially higher than the production rates of **'Pa
and 22U isotopes. Therefore, enhancing the production of the desired isotopes may require a thinner blan-
ket. Third, the #**Th (n, f)-reaction is slow in all radial points of the Th-blanket. Then one may anticipate
that heat could be dumped into the environment without the need to be utilized. Fourth, the neutron balance
is strongly influenced by the rate of neutron leakage, especially that occurring deep in the blanket.

Rates ofreactions involved in the isotope decay chain. This section analyses the rates of neutron reactions
involved in the chain of isotopic transformations in the Th-blanket. The rates of radioactive decay, radiative
neutron capture reaction and fission reaction for some short-lived isotopes are presented in Table 1.
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T ab lel. Reaction rates (1/day) of short-lived isotopes from the decay chain of Th-blanket.

Isotope A (o.D) (or @) (o D)
ZiTh 0.64 0.000206 0.000045 0.000251
283Th 45.0 0.000174 0.000008 0.000182
22py 0.53 0.000077 0.000230 0.000307
28py 0.026 0.000125 0.000002 0.000127

One can see that radioactive decay rates are at least twice as high as the rate of radiative neutron capture.
For this reason, the composition analysis of an isotope mix produced in the Th-blanket may neglect the radiative
neutron capture and fission of those short-lived nuclides. If structural materials with an enhanced radiation re-
sistance are used in the first wall, then the neutron load (and related neutron flux) can be increased, while the
reaction rate difference can be decreased. However, a several-fold neutral flux increase is hardly practicable.

Next, we compared reaction rates obtained with different cross-sections, i.e. macro cross-sections multi-
plied on neutron fluxes. We omitted the same multiplier (neutron flux) and calculated the macro cross-sections
using relative masses of the isotopes (kg per 1 MT #Th) produced, for example, by the end of the 1000-day
irradiation cycle rather than isotope concentrations, considering the close atomic weights of nuclides involved in
the chain.

The rates of **U production via the threshold **Th(n, 2n) ®'Pa(n, y), Z*Th(n, 3n) *°Th(n, y) **'Pa(n, y) re-
actions and via 2*Th(n, y)**U(n, 2n) reaction were calculated. The threshold reactions are comparable in terms
of their contributions to the **Th production (in the form of a direct (n, 2n) threshold reaction on *>Th nuclei in
one case and through neuron capture by *°Th in the other case). The total rate of these threshold reactions was
compared with rates of the *'Pa(n, y) reaction and rate of threshold ***U(n, 2n) reaction. The micro cross-
sections, relative masses and reaction rates at the end of irradiation time (1000 days) are presented in Table 2.

Table2. The rate of 22U production via different channels

232Th-reaction Evaluated reaction Micro cross-section, barn Relative mass, kg/t Reaction rate, barn-kg
(n, 2n) 22Th(n, 2n) 0.082 988.6 80.9
(n, 3n) Z0Th(n, v) 3.679 0.911 3.35

(n, 2n) + (n, 3n) 2lpa(n, v) 6.167 2.564 15.81
(n,7y) #3U(n, 2n) 0.010 6.188 0.063

It is evident from this table that the total rate of the threshold reactions, is more than twice as high as the
Z2Th(n, y)**U(n, 2n)-reaction rate. The ?**Th(n, 2n)-reaction is 24 times faster than the **Th(n, 3n)-reaction. As
a result, the lion’s share of ?*?U is produced via the®*Th(n, 2n)-reaction. The contributions of the rest reactions
are negligible.

Some parameters of heat generation rate at the end of irradiation time are presented in Table 3. Isotope **U
is main contributor here while contribution of **Th is lower by two orders of magnitude. Taking into account
the fact that “**Th is a threshold-fissionable isotope, and that Th-blanket contains 99.86% #**Th, one can con-
clude that total heat generation rate at the end of irradiation time remains insignificant. Therefore, heat removal
does not represent a serious problem, as thermal energy may be released into the environment without the need

to be utilized

T ab | e 3. Fission reaction rates for different isotopes at the end of irradiation time (1000 days)

Isotope Micro cross-section of fission, barn Relative mass, kg/t Fission rate, barn-kg
22Th 0.025 998.6 25.26

230Th 0.057 0.911 0.052

Zlpy 0.256 2.564 0.656

B2y 3.429 0.089 0.305

28y 7.477 6.188 46.27

iy 0.455 0.072 0.033

Thus, one can conclude that contribution of short-lived isotopes is negligibly small. Among the threshold
reactions, only the ?*Th(n, 2n) should be accounted for.
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Thorium burnup. Time-dependent thorium burnup via different reactions (radiative neutron capture, fis-
sion, threshold (n, 2n)- and (n, 3n)-reactions) is shown in Fig. 5.

Naturally, all time dependencies are linear, because the rates of all burnup reactions are linear functions of the
neutron flux and neutron spectrum. The neutron flux is determined by the FNS intensity which is fixed with re-
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Fig. 5. Thorium burnup via different reactions as a function of irra-
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spect to the first wall fusion neutron load (1 MW/m?).
Time-dependent variations of neutron spectrum are
very small because of low thorium burnup and low ac-
cumulation of new isotopes. Only around 10 kg out of
one initial ton %*Th input are burned up during an irra-
diation cycle, meaning that **Th burnup is nearly 1% of
heavy metal (HM) inventory. Mean fuel burnup in cur-
rent light-water reactors of VVER-1000 type is close to
5% HM while maximal fuel burnup is about 7% HM.
The ways towards intensification of thorium burnup and
production of objective isotopes must include the at-
tempts to provide higher values of neutron load on the
first HTR wall and longer irradiation time of Th-
blanket. Anyway, it is necessary to seek for new struc-
tural materials with upgraded radiation resistance.

As expected, the Z*Th(n, y)-reaction is the main
channel for thorium burnup. However, the Z*Th(n, 2n)
threshold channel is not negligibly weak, and slightly
more intense than 2*Th(n, f) channel. These results al-
lowed us to expect intense production of traditional iso-
tope “*U and non-traditional objective isotopes *'Pa
and *2U.

Production of isotopes U, **'Pa and #*2U. Pro-
duction of different isotopes in thorium blanket under
irradiation by fusion neutrons is shown in Fig. 6 as a
function of irradiation time.

We show #*U and ***Pa total production consid-
ering that ?**Pa decays into 2*U (half-life
Tu» (**3Pa) = 27 days) almost fully. In fact, its radio-
active decay is much faster than its radiative neutron
capture and fission. As expected, the largest part of
33U is produced via the #**Th radiative neutron cap-
ture, followed by two rapid B-decays of ***Th and
3pa. However, ?'Pa produced via the ***Th(n, 2n)
threshold reaction constitutes a significant portion of the
23U produced. The production of the «next in the linex
isotopes “?U and #**U via the ?*'Pa(n, y)- and 2*U(n, y)-
reactions, respectively, is, of course, less substantial.

Isotopic composition of uranium produced. The
232U and u***U contentsin the uranium produced in Th-
blanket are shown in Fig. 7 as functions of irradiation
time.

One can see that the *?U and **U contents in-
crease almost linearly with time. At the end of the
1000-day irradiation time, they reach 1.6 and 1%, re-
spectively.”®U represents the remaining 97.4%. In
fact, highly-enriched weapon-grade uranium is pro-
duced in the irradiated thorium blanket. This material
is very important for nuclear power reactors and re-
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quires strict control (in the non-proliferation context) by the IAEA inspectorate. The produced weapon-grade ura-
nium may be diluted by either natural or depleted uranium to a required concentration of fissile 2*U. In addition,
such a dilution can provide proliferation resistance of the produced uranium at the highest isotopic level. In this
case, main fissile isotope “*U would be surrounded by the lighter 22U and by the heavier 2*U and U isotopes.

Now a question about the ?*U and #*?U contents of the uranium produced, 1 and 1.4%, respectively: are
they large or small? Numerical evaluations suggest that these concentrations are negligible and unable to influ-
ence the neutron-physical properties of nuclear fuel in any significant way, as produced uranium would be dilut-
ed by ?*®*U. Moreover, with the uranium produced and diluted by natural / depleted uranium to 5% U, the *?U
and #**U concentrations fall ~25 times to 0.065 and 0.04%, respectively.

Presently, the glovebox approach is used to fabricate fresh nuclear fuel for light-water reactors from reprocessed
uranium. According to the Russian technical regulations, the **U content in the reactor-grade uranium must be below
0.2%. The rationale behind this stringent requirement resides in the **U intense a-activity (Ty, = 2.45:10° years). If
uranium is enriched using a gas-diffusion or gas-centrifuge technology, then a-particles emitted by **U are able to
disorder the enriching process by the chemical dissociation of uranium hexafluoride UFs molecules accompanied by
the formation of free fluorine and lower uranium fluorides (mainly, UFs and UF,). These low-volatile uranium fluo-
rides can disturb the uranium enriching process, as they can precipitate on the inner surfaces of process facilities (cen-
trifuges, pipelines), while free fluorine can act as a strong corrosion-aggressive element.

As for U, Russian technical regulations require that the ?*U content in uranium-bearing materials is be-
low 2-10 '%. The rationale is largely the same as that for **U, although a much stronger case can be considered
for 22U. Indeed, the *2U half-live is significantly shorter than that of >*U (69 years versus 2.45-10° years). The
2321 decay chain includes five additional a-emitters. Besides, one member of *U decay chain, namely isotope
28T, is a source of high-energy (2.6 MeV) y-rays. At the end of irradiation time (1000 days), the %?U content in
the uranium produced is ~10" times larger than the acceptable value for the glovebox technology of U-based
fuel fabrication. Even if the uranium produced is diluted by *®U, the U content is at least ~10° times greater
than acceptable value (2-10 '%)t. This means that remote technologies should be developed for nuclear fuel fab-
rication from uranium with such isotope composition. The intense emission of high-energy y-rays can act as a
strong deterrent for parties who might otherwise be willing to use uranium for non-peaceful applications. If such
parties still go for the manufacturing of a nuclear explosive device (NED), they will have to carry out uranium
pre-enriching with isotope ***U in a cascade of gas centrifuges, for instance. In this case, intense o-activity of *°U
and its decay products could trigger a chemical dissociation of the UFs molecules. The separation of the ?**U iso-
tope, surrounded by %?U, %*U u ?*®*U, is a much more intricate problem than the enrichment of natural uranium. To
solve it, one would need a dedicated or a two-stage enrichment cascade to produce successively higher concentra-
tions of the desired isotope. Besides, difference of *?U, **U and **U atomic weights is only 1 a.m.u. while that in
the process of natural uranium enrichment equals to 3 a.m.u. So small difference can complicate additionally the
uranium enriching process and reduce efficiency of the process. If terrorists try to manufacture a NED without the
2331 separation, then intense heat generation by ?**U would melt down the chemical explosive, disabling the NED.
The intense neutron emission by *?U from spontaneous fission reactions can trigger a premature initiation of chain
fission reaction in the NED and drastically reduce the
energy yield of nuclear explosion. Thus, the large 2*U
content is an extremely strong barrier against any unau-
thorized usage of the **U. 0.8

The technical capabilities of the government-
owned industrial enterprises are evidently greater than
those of terrorist organizations. Actually, we can al-
ways establish the ***U content in uranium-bearing
materials, which would allow the government-owned
enterprises to work with these materials, but make
them beyond the reach of non-state actors. 0.2

Production of #?'Pa. Ratio of #*'Pa-to-uranium
content in Th-blanket is shown in Fig. 8 as a function
of irradiation time.

One can see that the **!Pa-to-U ratio is, in es-
sence, a time-independent value (about 0.38). This Fig. 8. Ratio of **!Pa-to-U content as a function of irradiation time
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means that with uranium enriched up to <5% **U the %'Pa content in uranium-bearing materials will be 1.9%. We
know that the neutron capture micro cross-section for %!Pa is almost 75 times higher than for 22U in the thermal
energy range. Therefore, an intense neutron capture by ?**Pa can contribute to the neutron balance and stabilize
neutron-multiplying properties of uranium-based fuels during irradiation time in a nuclear power reactor.
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Fraction of high-energy neutrons in Th-blanket.
Because the desired 2*Pa and *2U isotopes are produced
by threshold (n, 2n)- and (n, 3n)-reactions, it would be
interesting to study the radial distribution of high-energy
neutrons in thorium blanket. Only these high-energy neu-
trons are able to initiate threshold (n, 2n)- and (n, 3n)-
reactions. As was shown in Fig. 5, the neutron spectrum
does not change in any significant way during full irra-
diation time because of the “*Th low burn-up (about
1.1% HM). For this reason, the radial distribution of
high-energy neutrons in thorium blanket is shown in
Fig. 9 for the beginning of irradiation.

Fraction of high-energy (E > 6.5 MeV) neutrons de-
clines approximately twice as we move from the front
edge of the Th-blanket (the plasma-blanket border) to its
back edge (the blanket-structure border). The radial deg-
radation of the high-energy neutron flux is due to the
gradual neutron slowing down through elastic and inelas-
tic scattering. Therefore all relevant isotopes, including
those desired, will be accumulated in thorium blanket in
a non-uniform spatial manner. This conclusion is con-
firmed by numerical results presented below.

Isotope production in thorium blanket. The
radial distributions of isotope production in thorium
blanket are shown in Fig. 10.

One can see that the production of the desired **'Pa
and *’Th isotopes, which is only achievable with high-
energy neutrons via threshold (n, 2n)- and (n, 3n)-
reactions, is substantially (~by a factor of 6) more intense
at the front edge than at the back edge of thorium blan-
ket. This can be due to the neutron spectrum softening
(see Fig. 9), i.e. slowing down of high-energy neutrons in
the energy range below 6.5 MeV. The production of the
«traditional» “*U isotope initially declines, but ultimately
starts rising. Such an irregular trajectory of the **U pro-
duction may be due to the fact that moderated neutrons
enter an energy range (1—100 eV), where the **Th neu-
tron capture cross section is low, which is favorable to
the production of 22U (1 eV to 100 eV). However, this
effect calls for further investigations.

The production of U and ***U is so small that
the radial distributions of these isotopes are almost
indistinguishable in Fig. 10. These distributions are
treated separately in the next section.

Radial distribution of uranium isotope compo-
sition in Th-blanket. The radial distributions of ura-
nium isotopes (?**U and ***U) production in Th-blanket
are presented in Fig. 11.
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Fusion neutron source as an effective producer of non-traditional nuclear fuel

The #*2U production minimum in the middle of thorium blanket is due to the neutron spectrum softening.
However, the *2U production begins to increase in the peripheral layers of thorium blanket. This may be attrib-
uted, first, to the intense production of ?**U at the blanket periphery (see Fig. 10), second, by the initiation of
threshold ?**U(n, 2n)**2U-reaction. The production of **U increases substantially closer to the blanket back
edge. This can also be due to the vigorous generation of 23U and the *U(n, y)**U-reaction.

COMPARISON WITH OTHER CALCULATIONS

Production of various isotopes in Th-blanket of HTR on D—T-plasma has been also investigated in papers
[9, 10]. Experimental and computational data on reaction rates per one fusion neutron (E = 14 MeV) are pre-
sented in Table 4. These results demonstrate sufficiently good agreement.

Tab | e 4. Reaction rates of ?2Th per one 14-MeV neutron

Z32Th reactions Experiment [9] Calculation [10]
(n,y) 1.63+0.10 1.58
(n,2n) 0.42 +0.04 0.58
(n,3n) 0.30 +£0.05 0.15
(n,f) 0.17£0.01 0.19
Neuron leakage 0.78£0.04 0.76
12 T T

Neutron load

on the first wall = 1 MW/m? /

1
-

The time-dependent variations of isotopic mixes
produced in a thorium HTR blanket are shown in
Fig. 12 [10]. They show a good qualitative agree-
ment with the results published in [10]. Small dis-
crepancies may be due to dissimilar HTR types,
HTR blanket designs, different ENDF libraries and
numerical approximations.

e}

2

CONCLUSION 0 200 400 600 800 1000
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. Fig. 12. Isotope composition of Th-blanket as a function of irradia-
The proposed model of fusion neutron source tjon time: —— — #°U + 32'pa (T, = 27 days), — — 2'Pa,
234
U

makes it possible to form high-energy neutron —— — U (1.5—6.7%inU),
spectrum in Th-blanket with sufficient fraction of
14-MeV neutrons.

It was demonstrated that non-traditional target isotopes ***Pa and *”U can be produced insignificant quanti-
ties via threshold (n, 2n)- and (n, 3n)-reactions.

A possibility was shown to use simplified chain of isotope transformations without taking short-lived iso-
topes into consideration. Only one **Th(n, 2n)-reaction should be accounted for.

The production of the desired isotopes was shown to reduce significantlyas it goes deeper into thorium
blanket. It therefore seems reasonable to look for an optimal blanket thickness and the natural thorium inventory
in the blanket.

N

Isotope composition, kg/t Th
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