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OueHK BO3MOXKHOTO H OJIOJEHHs HEyNpYrux pe KUuid
B TOPUM U Yp He IpH OOTyYEHUH MX BTOPHMYHBIMH HEHTPOH MU

IMornomenne HEUTPOHOB U pe KUWH JEJICHUS UIP 10T B XHYIO POJIb B pe KTOpE C
TEIIoBbIMM HEHTpOoH Mu. Korn smepHoe roproyee o6i1yd eTcsi HSHTPOH MU U3 pe K-
LMK TTyOOKOIo p CIUEIUIEHHs, OTKPBIB €TCs psifi HEYNPYIrMX K H JIOB pe KIMH, KOTO-
pble BIMSIOT H MHOXECTBEHHOCTh HEUTPOHOB U BBIXOJ pe KUMH JeNeHusl.

P cueTel BEpOSTHOCTH 3THX pe KM YK 3bIB I0TH P 3HOE MOBEACHUE ACNSIINXCS
msotonos 23U u 232Th. Tlok 3 HO, YTO HEKOTOpbIE HEYHPYrHe pe KIMM MPUBOIST
K OCT TOYHBIM Sp M C BPeMEH MU XW3HU OOJbllle HECKONBKUX OECATKOB MHHYT,
KOTOpbIE MOTYT OBITh MAEHTU(UIIMPOB Hbl M3MEPEHUEM UX I' MM -CIIEKTPOB.

YroObl pe JU30B Th T KM€ W3MEPEHHs, HyX)HO HCIIOJIB30B Th JIOCT TOYHO OOJIb-
moe KonudecTso o6p 310B U u 232Th ana o6nydeHns BTOPHYHBIME HEHTPOH MH,
BO3HUK IOIIMMH TPH B3 UMOIEWCTBHU IPOTOHOB C sHeprueil 660 MsB c Toncroit
CBHMHIIOBOHM MuIIeHbIo. [Ipemt 1 ercd mpuMepH s cXeM OOJyd4eHUS U M3MEPEHH.

P 6or Bemonnen B JI 6op Topum suepHbix npobiem um. B.II. Ixeneros
OUsIN.
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Adam J. et al. E15-2010-23
A Feasibility Study of Nonelastic Reactions
in Thorium and Uranium by the Spallation Neutrons

Neutron absorption and fission reactions play an important role in a conventional
reactor but when fuel is irradiated by the spallation neutrons then a number of
nonelastic reactions will play significant role in both multiplication of neutrons and
fission reactions. In theoretical study it has been revealed that the fertile and fissile
fuels have a different behavior in this respect. Thus, it is imperative to understand
the feasibility of such reactions taking place in the fertile and fissile fuel elements
before conducting experiment at Phasotron. In the present study it is found that
many nonelastic reactions producing fragments or residuals of half-lives greater than
several tens of minutes can be studied using the off-line gamma spectrometry. A
large amount of samples can be irradiated with the spallation neutrons produced in
660 MeV proton +Pb collision. A tentative design of the experimental setup is also
suggested for the experiment at Phasotron.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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INTRODUCTION

In a high-energy proton collision with a neutron-rich high mass material like
lead spallation neutrons are produced up to the highest beam energy. If a reactor
system is driven with the spallation neutrons then the neutronics of such a system
will be significantly different compared to a conventional reactor where neutron
energy is limited to ~ 10.5 MeV. In theoretical study of the effect of spallation
neutrons on the neutron multiplication coefficient kog of the fertile and fissile
fuel systems, recently, it has been shown [1] that a large number of nonelastic
reaction channels contribute highly significantly for the keg compared to that in a
conventional reactor where only (n,7) and (n, f) reactions are highly dominant.
It has been revealed in case of irradiation of fertile and fissile fuels by spallation
neutron spectrum from interaction of 1 GeV protons with lead target that the
sum of nonabsorption, nonfission and (n, > 2n) kinds of reactions is ~ 82 mb
compared to ~ 256 mb of the sum o(n,7v) + o(n,2n) + o(n, f) in case of
232Th and it is ~ 45 mb compared to o(n,v) + o(n,2n) + o(n, f) = 2280 mb
in case of fissile 233U. This implies that a fertile fuel produces more neutrons
by the (n,> 2n) reactions and the fissile element produces more by the fission
reactions. This needs experimental validation. It is worth mentioning that in the
theoretical calculations [1] spectrum average cross sections are calculated taking
simulated neutron spectrum and the point cross sections from the TALYS 1.0
code. Secondly, on inclusion of all nonelastic reactions in calculation of keg it
is revealed that in fertile 232Th fuel one can obtain k.g > 1 which cannot be
obtained in a thermal or a fast reactor. This investigation sets up a big goal
before the experimentalists to measure cross sections or the reaction rates for
the reactions which normally cannot occur in a conventional reactor but they
have high probability of occurrence in the environment of spallation neutrons. In
partial support of the aforesaid theoretical work we can point out one observation
from our recently published experimental work [2] where very small amounts of
~ 93.1 mg of 232Th and 172.3 mg "U were used, that in the environment of
spallation neutrons rate of (n,2n) is about three times higher in ?*2Th than in
nat(J showing that nonelastic reaction channels might exist with higher reaction
rate in 232Th than in "®U which carries within it a small proportion of the fissile
235U. To obtain conclusive results of the reaction rates of nonelastic and fission



reactions in fertile and fissile elements one needs to use either very high beam
current or large amount of the two fissionable elements. Thus, it is imperative
that a series of experiments is required to measure the nonelastic reactions of both
fissile and fertile fuels for obtaining a new fuel cycle for an ADS reactor.

In the present work a feasibility study of the fuel elements by considering
(n,zn) and (n,prn) kinds of reactions is done for the samples of 232Th and
238U irradiated by the spallation neutrons produced in 660 MeV proton colliding
with a thick Pb target. Towards the last, we have suggested a plan of the future
experiment wherein a much larger number of fuel elements with much larger
amount of their masses are planned for the irradiation.

1. SIMULATION OF SPALLATION NEUTRON SPECTRUM

In simulation of our experiment with 660 MeV protons, we used the lead
cylinder with 2R x L = 8 x 20 cm size, where R is the radius and L is the
length of the cylinder and its total area is 602.88 cm?. Assuming that the proton
beam of 660 MeV and 1 puA current equivalently corresponds to 6.241 x 10'2
protons/s. Thus, for the 660 MeV proton colliding at the axial centre of the
Pb block of the given dimensions we have simulated the neutron flux using
the CASCADE code [3] at all axial points separated by 1 cm and an overall
average comes out to be 13.5 neutron/proton. In Fig. 1 distribution of n/p has
been given as a function of neutron energy £, (MeV). This shows that 8.424 x
10'3 neutrons/s may be produced and this corresponds to a neutron flux N,, to
be 1.397 x 10! neutrons/cm?/s.
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Fig. 1. Simulated number of neutrons ¢(E,) per beam proton (n/p) plotted as a function
of neutron energy E, (MeV)



2. IDENTIFICATION OF PRODUCED NUCLIDES AND THEIR
PRODUCTION RATE

If we irradiate 238U and 232Th having mass m = 0.15 g with surface area S =
1 cm?, then the number of atoms at the surface [atom; cm~2], Ny(= N, m/AS)
are 3.894 x 10?° and 3.795 x 10%° for 232Th and 238U, respectively. The values
of spectrum average cross section are determined as

E,, (max)
o (En)¢(En)d(En)
Eny

<U> = E,, (max)

o o(En)d(En)

Enr

ey

and are calculated using the ENDF/B VII.O library upto 20 MeV for (n,2n),
(n,3n) and (n,4n) reactions, from TALYS 1.0 [4] upto 250 MeV and CAS-
CADE [3] upto 660 MeV. A comparison of (n, xn) cross section calculated using
TALYS 1.0 and CASCADE are shown in Fig.2 and it is clear that these calcu-
lations differ significantly. In principle, production rate Q(A,., Z,.) of radioactive
nuclide of mass A, and atomic number Z,. may be calculated using the relation

Q(Ar, Zy) = (0(Ar, Zy))Ns Ny f, 2

where f is fraction of the simulated neutron flux ¢(F,) above the threshold
energy (Ein,) of the considered reaction. In terms of various details of the
gamma peak (j) there are: the intensity per decay I,(j), the decay constant (\),
detector efficiency £2P%(j), irradiation (¢1), waiting (f2) and measurement times
(tiive, trea1)- The coefficient n4(Z;, j) accounts for the self-absorption of gamma
ray in the sample with Z;. Then area under the peak S,(j) is given by [5]

5.() = Q(Ar, Zr)e3™ ()T, () (1 — e M)(1 — e Mreal) g5, 3)
= 77A(Zt>j))\e/\t2 treal .
Practically, we understand that by analyzing the gamma-ray spectra of the
activated nuclides in a sample it is possible to identify the product nuclide (A,., Z,.)
and this depends effectively on the determination of decay constant J, intensity per
decay I, and the energy of emitted gamma FE, from the nuclide. Also, detector
efficiency sibs and the correction factors corresponding to the self-absorption are
important for concluding the result of the area under the gamma peak and finally
for the estimation of the production rate.
In Table 1 are given basic details such as T' /5, £, (keV) and I, (%) of the
product nuclides that may be produced in irradiation of the sample of 232Th by
the spallation neutrons, detector efficiency sibs for the HPGe detector from the
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Fig. 2. Comparison of (n, zn) cross section calculated using TALYS 1.0 and CASCADE
for the 2*8U and 2*2Th samples. The available experimental data for (n,2n) and (n, 3n)
reactions are taken from ENDF/B VILO library
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ORTEQ, self-absorption correction (14), product of three time factors T'(¢1, to, t3)
in Eq. (3), value of Q(A,, Z,) calculated from Eq. (2) and the area of the gamma
peak S, calculated from Eq. (3) corresponding to E., in the last column. Similar
details are given for the sample 238U in Table 2. The T'(t1,t2,t3) factors were
calculated for ¢t; = 10 min, 1 h and 10 h. The time ¢t = 5 min was choosen for
all combinations. The measurement time ¢,ca1 = t1ive = t3 Was varied from 5 min,
1 h, 19 h, 2 d and 10 d. The different T'(¢1, t2, t3) factors were calculated to find
the optimum conditions for observing the particular residual nuclei. In Tables 1
and 2 the calculations are done with £; = 10 h, ¢, = 5 min and ¢t3 = 10 d.

Table 1. Tentative list of the products of 2>>Th sample in irradiation by the spallation
neutrons

E—y, keV [’Y’ % | Efficiency | na T(tl,tg,tg) Q(A7 Z) S—y
231Th | (n,2n) 25.646 | 14.5 0.021 |5.453 0.236 1.42E+06 | 185.22
2552h | 84.216 | 6.6 0.097 1.13 0.236 1.42E+06 | 1892.31
89.944 | 0.94 0.096 [1.112 0.236 1.42E+06 | 271.25
81.227 | 0.89 0.097 |1.141 0.236 1.42E+06 | 253.20
230Th | (n,3n) 67.67 | 0377 0.095 |1.224| 2.66E-15 |3.01E+05| 2.34E-13
7.5E4y | 143.87 [0.0488| 0.076 |[1.137| 2.66E-15 |3.01E+05 | 2.63E-14
253.73 [0.0111] 0.046 [1.033] 2.66E-15 |3.01E+05 | 3.96E-15
229Th | (n,4n) | 193.509 | 4.4 0.060 |1.064| 2.78E-13 |3.46E+05| 2.37E-10
7340 y | 210.853 | 2.8 0.055 [1.052] 2.78E-13 |3.46E+05| 1.41E-10
156.409 | 1.19 0.072 1.11 | 2.78E-13 |[3.46E+05 | 7.38E-11
136.99 | 1.18 0.079 [1.156| 2.78E-13 |3.46E+05| 7.75E-11
228Th | (n,5n) 84.373 | 1.22 0.097 |1.129| 4.07E-06 |3.09E+04 | 1.31E-04
1912y | 215983 | 0254 | 0.054 |[1.049| 4.07E-06 |3.09E+04 | 1.64E-05
131.613 {0.1305| 0.081 [1.173| 4.07E-06 |3.09E+04 | 1.13E-05
166.41 [0.1036| 0.068 [1.094| 4.07E-06 |3.09E+04 | 8.12E-06
22TTh | (n,6n) | 235971 | 12.3 0.049 | 1.039 0.005 1.32E+05 3.67
18.72d | 256.25 7 0.045 |1.032 0.005 1.32E+05 1.93
50.13 8 0.079 1.55 0.005 1.32E+05 2.55
79.72 1.89 0.097 [1.147 0.005 1.32E+05 1.00
286.122 | 1.54 0.041 [1.025 0.005 1.32E+05 | 0.383
226Th | (n,Tn) 111.12 | 3.29 0.089 | 1.269 0.797 7.54E+03 | 13.89
30.57 m 131 0.278 0.081 [1.175 0.797 7.54E+03 1.16
242,11 | 0.866 | 0.048 [1.037 0.797 7.54E+03 2.43
225Th | (n,8n) 321.4 23 0.036 1.02 0.452 1.83E+04 | 66.86
8.72 m 246 5.06 0.047 |1.036 0.452 1.83E+04 | 19.09
305.9 4 0.038 |[1.022 0.452 1.83E+04 | 1222
359 4 0.032 |[1.016 0.452 1.83E+04 | 10.38
224Th | (n,9n) 178.4 9 0.064 |1.079| 9.61E-173 |2.74E+03 | 1.41E-171
1.05 s 413 0.8 0.028 [1.012] 9.61E-173 |2.74E+03 | 5.73E-173
234.5 0.4 0.050 1.04 | 9.61E-173 |2.74E+03 | 5.04E-173
230Ac | (n,p2n) | 454.95 8 0.025 1.01 — 4.17E+04 0
5082 | 5.15 0.022 | 1.009 — 4.17E+04 0
229Ac | (n,p3n) | 146.345 | 35 0.075 | 1.131 0.894 4.16E+04 | 865.97
627(5) m | 569.1 91 0.020 [ 1.007 0.894 4.16E+04 | 657.44




Table 1. Continuation.

E., keV | Iy, % |Efficiency | na |T(t1,t2,t3) | Q(A, Z) S~
228Ac | (n,pdn) | 463.004 | 4.4 0.024 1.01 0.663 3.26E+04 | 2291
6.152) h | 794.947 | 4.25 0.014 | 1.005 0.663 3.26E+04 | 12.63
911.204 | 25.18 | 0.012 | 1.004 0.663 3.26E+04 | 65.13
22TAc | (n,p5n) | 160.26 [0.0058 | 0.070 |1.104| 3.16E-08 |3.62E+04 | 4.21E-09
226 A¢ | (n,p6bn) | 158.18 | 17.5 0.071 | 1.107 0.209 2.17E+04 | 50.79
29.37(12)h | 230.37 27 0.051 |1.042 0.209 2.17E+04 | 59.33
253.73 5.7 0.046 [1.033 0.209 2.17E+04 | 11.47
225Ac| (n,pTn) | 99.91 1.01 0.093 | 1.085 0.014 1.75E+04 | 0.21
10.0(1) d | 150.04 | 0.8 0.074 [1.123 0.014 1.75E+04 0.13
188 0.54 0.061 | 1.069 0.014 1.75E+04 | 0.077
224Ac | (n,p8n) | 131.613 | 26.9 0.081 |1.173 0.88 1.15E+04 | 188.62
2.78(17) h | 215.983 | 52.3 0.054 | 1.049 0.88 1.15E+04 | 272.50
223Ac | (n,p9n) | 98.58 | 0.891 0.093 |1.088 1.13E+04 0
191.3 0.58 0.060 | 1.066 1.13E+04 0

Table 2. Tentative list of the products of "**U sample in irradiation by the spallation

neutrons
E., keV | Iy, % |Efficiency | na |T(t1,t2,t3) | Q(A, Z) S~
287U | (n,2n) | 59.541 | 34.5 0.090 |[1.734 0.027 1.51E+06 | 721.39
6.75d 6483 | 1.282 | 0.093 [1.569 0.027 1.51E+06 | 30.84
208 21.2 0.056 | 1.109 0.027 1.51E+06 | 431.89
164.61 | 1.86 0.069 |[1.199 0.027 1.51E+06 | 43.14
236U | (n,3n) | 49369 | 0.078 | 0.077 |[2.316| 2.84E-20 |1.57E+05 |1.16E-19
23E7y | 11275 | 0.019 | 0.088 |1.128| 2.84E-20 | 1.57E+05 | 6.63E-20
2357 | (n,4n) | 185.712 | 57.2 0.062 |1.145| 2.82E-23 |3.44E+05 | 2.99E-19
73E8y | 143764 | 10.96 | 0.076 |1.284| 2.82E-23 |3.44E+05 | 6.30E-20
163.358 | 5.08 0.069 [1.203| 2.82E-23 | 3.44E+05 | 2.83E-20
205.309 | 5.01 0.056 |[1.113| 2.82E-23 | 3.44E+05 | 2.46E-20
234U | (n,5n) 532 | 0.123 | 0.083 | 2.04 | 240E-16 |1.72E+04 | 2.06E-16
25B5y | 1209 [0.0342| 0.085 |1.454| 240E-16 [1.72E+04 |8.28E-17
233U | (n,6m) | 97.134 | 0.02 0.094 |[1.199| 5.86E-16 |4.88E+04 |4.48E-16
2320 | (n,7n) | 57766 [0.1999 | 0.088 |[1.805| 3.16E-09 | 1545.64 |4.76E-10
689y | 129.065 [0.0682| 0.082 | 1.38 | 3.16E-09 | 1545.64 |1.98E-10
21y | (n,8n) | 25.646 12 0.021 |[11.32 0.054 2569.20 | 0.030
42d 84.216 7 0.097 1.28 0.054 2569.20 | 0.728
5857 | 044 0.089 [1.772 0.054 2569.20 | 0.030
230y | (n,9n) | 154.23 | 0.125 0.072 | 1.236 0.004 97.43 |2.79E-05
20.8d | 23037 | 0.122 | 0.051 [1.085 0.004 97.43  [2.17E-05
722 0.6 0.096 |[1.418 0.004 97.43 [ 1.55E-04
236pa | (n,p2n) | 642.35 37 0.017 |[1.012 0.467 3.47E+04 | 102.24
9.1 m 687 9.9 0.016 [1.011 0.467 347E+04 | 25.53
235pa | (n,p3n) | 380.173 0.030 | 1.028 — 2.96E+04 0
245 m | 645.896 0.017 |1.012 — 2.96E+04 0
234pa | (n,p4n) | 131.3 18 0.081 |[1.363 0.634 2.39E+04 | 162.71
6.70 h 152.7 6 0.073 |[1.242 0.634 2.39E+04 | 53.49
233pa | (n,p5n) | 312.17 | 38.6 0.037 |1.042 0.002 1.88E+04 | 0.623




Table 2. Continuation.

E., keV | Iy, % |Efficiency | na |T(t1,t2,t3) | Q(A,Z) S~

26.967 d | 300.34 | 6.62 0.039 | 1.046 0.002 1.88E+04 | 0.111
232pa | (n,pbn) | 969.315 | 41.6 0.011 | 1.007 0.196 1.38E+04 | 12.662
131d | 894351 | 19.8 0.012 | 1.008 0.196 1.38E+04 | 6.536
453.655 | 8.61 0.025 1.02 0.196 1.38E+04 | 5.703
230py | (n,p8n) | 951.95 | 29.1 0.012 |1.007 0.005 4319.52 | 0.078
174d | 918.48 8.2 0.012 | 1.008 0.005 4319.52 | 0.0227
898.68 | 5.8 0.012 [1.008 0.005 4319.52 | 0.0164
229pa | (n,p9n) | 118.968 | 0.13 0.086 | 1.475 0.173 3522.86 | 0.046
1.50d 40.09 | 0.104 | 0.059 | 3.56 0.173 3522.86 | 0.011
228pa | (n, pl0n) | 911.204 | 23 0.012 | 1.008 0.269 3048.41 | 2.248
22h | 968.971 | 13.9 0.011 |[1.007 0.269 304841 | 1.278
964.766 | 11.4 0.011 |[1.007 0.269 304841 | 1.052
227py | (n, plln) | 64.62 5 0.093 |1.574 0.834 177872 | 4.394
383 m | 110.05 | 1.24 0.090 | 1.14 0.834 177872 | 1.445

From the results of calculations presented in Tables 1 and 2 may be pointed
out that

1) The reaction product ***Th(n,2n)**' Th having T} ,» = 25.52 h can be
observed in an experiment being planned at the Phasotron if mass of the sample
is large up to ~ 1-2 g and one must take care of the fact that thickness of
the irradiated sample is not large for the sake of self-absorption coefficient. At
the same time, it will be extremely difficult to observe the products of (n,3n),
(n,4n) and (n, 5n) reactons because of their half-lives of years. There are week
chances of observation of product nuclides corresponding to (n,6n), (n, 7n) and
(n, 8n) reactions and there is completely no chance of observation of product of
the (n,9n) reaction. Similarly, amongst the other reaction products, 226229 Ac
and 2?*Ac may also be conveniently seen.

Fig. 3. Design of ?32Th (a) and "**U (b) samples each of 8 cm in diameter. Each small
block is 11 mm in **Th and 9 mm in **'U



2) The reaction product 238U(n, 2n)?37U is also likely to be observed through
both X-ray and gamma-ray detectors and similarly the reaction product
238U(n, 8n)?3'U may be observed through the X-ray detector, and there is small
chance of observation of the 233U(n, 9n)?3°U reaction product through the X-ray
detector. In the same way other (n, prn) kind of reactions may also be observed,
e.g., 227235Pq, except 23'Pa which is having long half-life ~ 3.38 x 10 yrs, may
be detected in the planned experiment.

From the results obtained by the above analysis of Tables 1 and 2, we decide
to use a big amount of samples and to put for measurements, in such a way so
that the self-absorption should not increase and the probability of observing the
residual nuclei should enhance. We suggested the irradiation of 19 samples of
232Th and 37 samples of "*'U and measurement arranged with wide sources as
shown in Fig. 3. In such a way the S, could be increased by more than one order
of magnitude.

This work has been supported by grant RFFI, project 09-02-92670 IND_a,
and by grant of BRNS (DAI-India).
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