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In the existing situation of experimental data required for design and modeling of ADS and
similar other applications, development and benchmarking of the simulation codes for providing
reliable data has become essential. Amongst the intra nuclear cascade codes, CASCADE code
which has been validated for the neutron production in proton collision with the high Z materials
in the past, has been used to study nuclear behavior of some of the prominent ADS materials
like, Th, U, Pb, Bi, W, Fe, Cr and Al in respect of reaction and production cross sections of
isotopes and neutrons in a wide range of energy, 11 MeV to several GeV. Emphasis has been
laid on the data of cross sections of (n, xn) reactions. It is found that their role is definite and
effective in deciding fuel combinations. The code provides neutron cross section data which
shows agreement with the existing experimental data and stresses need of further validation

using precision data from the accelerators.

1. INTRODUCTION

With the availability of spallation neutrons
the field of nuclear science has once again
seen a spurt because of the possibility that
measurement of neutron cross sections at
higher than 20 MeV energy may be done with
high accuracy. Such data is highly demanded
in design and modeling of Accelerator Driven
Sub critical Systems (ADS), beam therapy,
shielding etc. and to fulfill the need of data to
verify nuclear models to advance the work of
simulation codes. Secondly, spallation source
being capable in copious yield of neutrons is
required in studies related to cold and ultra
cold neutrons. As mentioned, during the last
two decades enormous effort has been put in
developing various simulation codes which
generally encompass a big part of already
developed fundamental nuclear and particle
models and they are expected to be highly
useful in providing nuclear data for design and
modeling of nuclear devices such as ADS with
comparatively lesser efforts and time required
in conducting experiments. In this paper we
focus attention on one simulation code,
CASCADE code. For general features of many
such simulation codes of transport of nuclear
radiation through heterogeneous matter one is
advised to see reference [1].

The CASCADE code is based on the intra
nuclear cascade model of particletnucleus
collision developed at JINR, Dubna by
Barashenkov and Toneev [2] and their
compilation of nuclear reaction data. In fact,
the compilation has worked like a school of
thought to a series of developments for
example Gudima, Mashnik and Toneev [3]
developed a version of the model in the form
of MARIAG code which later on modified to
Cascade Excitation Model (CEM-95) by
Mashnik [4] to give neutron multiplicity,
single and double differential spectra up to He®
and pions and fission yield not only in case of
proton interactions but even projectiles like
neutron and pions. Barashenkov, Shubin,
Konobeyev and Lunev in the year 1985 [5]
made an integrated effort for the extension of
the code up to TeV energy of particle transport
in any material and named it as the Dubna
CASCADE code. Average multiplicities of all
particles and light nuclei and their angular as
well as energy spectra are estimated directly
by the code. After including the evaluated and
parameterized data libraries for estimation of
cross sections and the modular structure in the
code [6, 7] the code was published by
Barashenkov [8]. This version of the code was
used for validation of the neutron yield [9, 10]
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in  Gamma-2  experiment at  JINR.
Subsequently, fission and evaporation models
used in the code were modified by Kumawat
and Barashenkov [11] and recently estimation
of internal flux and radiation dose are also
introduced and tested by = making
measurements using the Am+Be kind of
neutron source [12].

In this paper, we have presented results of
simulation of physical quantities of
fundamental interest such as neutron yield,
production of various gases and isotopes by
the CASCADE code in both proton and
neutron collision with the nuclei of material
useful for ADS and compared them as far as
possible with the available experimental data.
Emphasis is laid on the study of neutron
growth by way of (n, xn) reactions at higher
than reactor energies. Cross sections of some
of the (n, xn) reactions being comparable to
fission cross sections and the relationship
between the (n, xn) and fission processes may
affect the design of ADS as the heat
distribution and growth of fission neutrons are
affected. Efforts are made to present the data
of the code in numerical or the graphical mode
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so that it may be used in the benchmark study
of the codes.

2. REACTION CROSS SECTIONS

Most of the particle transport codes provide
results of simulation in the form of fractions of
events and they are converted to cross sections
using the data of reaction cross sections.
CASCADE code uses the phase shift analysis
to estimate the reaction and elastic cross
sections. In fact, repeatability of experimental
data of reaction cross sections may be treated
as a test of computation capability the code
more to the case of neutron reaction cross
sections where physics understanding of the
process is some what barred by the non
availability of precision data. Koning et al.
[13] in a detailed study have emphasized
collection of precise reaction cross section data
from the point of design and development of
ADS, study of fusion reactions and the optical
model. In the following Fig.1 CASCADE
simulation data of non elastic reaction cross
sections for transport of proton and neutron
projectiles in “’Al have been plotted and
compared with the available experimental
data.
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Fig. 1. Comparison of reaction cross sections estimated from CASCADE code with the
experimental data taken from the compilation [2]

Data of p+Al reactions agrees nearly
perfectly and in case of n+Al reaction cross
sections small deviations at high energies may
be because of the fat that the experimental data
is from cosmic rays. This in turn emphasizes
the need of precise accelerator data of neutron

projectile at energy higher than 200 MeV. In
Fig.2 data of non elastic reaction cross
sections of neutron with different target nuclei
ranging from A=56 to 238 calculated from the
CASCADE code and the optical model code
[14] using Koning’s set of optical model
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parameters (OMP) in its library number 2405
[11] and described in references [15] and [16].
In the optical model calculations are possible
up to 200 MeV and for the purpose of
benchmark study of the CASCADE code we
have presented results up to 1000 MeV.
Results of CASCADE code are in agreement
with the optical model in case of “°Fe and
2Th (OMP are available up to 50 MeV in
case of *’Th) at all energies and small
differences are noticed in case of ***Pb and
299Bj at energies ranging from 40-80 MeV.

One of the useful application of estimation
of non elastic reaction cross sections of p+Al
and n+tAl has been made in solving the
problem of non availability of experimental
data of cross sections of monitor reactions of
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deuteron projectile, *’Al (d, 3p2n)**Na  at
energies >200 MeV. In this energy range many
accelerators that are producing deuteron beam,
there is need of data of cross sections to
monitor the beam flux by activation method.
We have deduced [17] the production cross
sections for the deuteron projectile using the
principle of  ‘factorization” [18] and
CASCADE data for the *’Al (p, 3pn)**Na and
2TAl (n, 2p2n)24Na reactions. The deduced
production cross sections of *’Al (d, 3p2n)**Na
reactions are plotted in Fig. 3 along with few
experimental points. Here the fitted curve is
for the CASCADE data. It may be seen that
CASCADE data and the experimental points at
Eq=2.33 GeV [19] and at E=6 and 7.3 GeV
[20] are in close agreement.
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Fig. 2. Non elastic cross sections from the optical model/RIPL [14] at energies 10-200 MeV for
a-""Fe; b-""Pb; ¢ -*”Biand d - *’Th are
compared with that from the CASCADE code
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Fig. 3. Production cross sections of
27Al(d, 3p2n)**Na reaction deduced
from the CASCADE data of both
reaction and production reactions
initiated by proton
and neutron in >’ Al
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3. ISOTOPIC CROSS SECTIONS
PRODUCTION

Beam window and target material in the
ADS are irradiated to continuously to the
beam of protons and the fuel material in the
blanket by the produced neutrons give rise to
different highly toxic and/or long lived
isotopes and gases. Study of such isotopes and
gases have attracted attention of
experimentalists [21-24] from the point of
providing data for design and modeling of
ADS. In a paper all data of all materials can
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not be presented and we have selected few of
them as representative cases. In Fig.4
production CS of **Mn (half life 5.591d) in
proton and neutron projectiles colliding with
*Fe material are plotted. In case of p+Fe
collision Michel et al. [24] have presented
similar data from different codes and
experiments and qualitatively CASCADE data
agrees reasonably well at E>50 MeV however,
there is no experimental data available to compare
in case of neutron projectile.
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Fig. 4. Production CS of *>Mn in p+°°Fe (a) and n+’°Fe (b) collision from the
CASCADE code

In Fig. 5 fractional yield of isotope
production in CASCADE in case of 1 GeV
p+*%Pb collision has been plotted and in table
production CS of some isotopes of special

interest like some gases and long lived ones
are displayed. According to the CASCADE,
16.5 neutrons are produced in a thin Pb target
in 1GeV p+Pb collision for which the
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fractional yield is presented then the cross
section of *He - production per neutron is
555 mb/16.5=33.64 mb/n  comparable  to
~35 mb/n of the experiment HINDAS [22] of
Tatp collision in the reverse kinetics. In
column 3 of the table, “He production in
1 GeV n+Pb collision is also displayed but we

understand that we need to perform
simulations at different neutron energies to
estimate  average contribution of “‘He
production by the secondary neutron flux
colliding in the Pb target itself. Undoubtedly,
total yield will be more than 555 mb as given
here just for the proton colliding in thin target.
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4. (n, xn) REACTIONS

So far there is very little experimental data
is available for the (n, xn) reactions and it is
understandable that they may play important
role in a hybrid system. Secondly, this area of
study combines the areas of isotopic and
neutron yield in the environment of high
energy neutrons. In this situation, we have
simulated these reactions by CASCADE code
in case of Bi*" target and compared them with
the experimental data of Kim et al. [25] in
Fig. 6. The two data at x>3 are in agreement
and both show existence of even-odd effect in
2998 [26].

In the following Fig. 7, CS are plotted for
(n, xn) reactions with **Cr and **Th targets to
show another evidence of the even-odd effect
in even A nuclei as seen in case of odd A
nucleus like **Bi in Fig. 6. Even-odd
structures have been predicted in de-excitation

a) 32.8 MeV n+Bi
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code ABLAO7 [26] in case of light particle
emission in high energy nucleus + nucleus
collision.

In the following Fig. 8 we have plotted
cross sections of (n,xn) reactions with respect
to xn neutrons produced in case of different
energy neutrons with a) °'Zr and b) **Mo and
¢) '®'Ta targets. It may be noted that with the
increase of energy xn increases differently for
different target masses and in case of high
mass nuclei cross section of producing same
number of neutrons (xn) is lower for higher
energy. Average number of neutrons in pure
(n, xn) for x=1,2,3... reactions, <n(xn)> is
compared with the total number of neutrons in
the given reaction, <n> in the form of the ratio,
<n(xn)>/<n> and plotted with the projectile
energy in Fig. 9 for the three categories of
materials 1) light, ii) heavy but non fuel and
iii) fuel nuclei of the ADS material.
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Fig. 6. CASCADE data of cross sections of **’Bi(n, xn) reactions at: a - 32.8 MeV,
b—97 MeV, c- 132 MeV, and d - 147 MeV energy compared with experimental data

by E. Kim et al. [25]
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Fig. 8. Production cross section versus number of neutrons in (n, xn)
reactions at energies ranging from 11 to 1000 MeV
for T4 ()

The curves are drawn to guide the eyes. It
can be pointed out that the percentage
contribution of (n,xn) reactions in case of fuel
nuclei does not show any clubbing like that in
the other two cases (where it is independent of
the material of the category) and percentage
contribution of (n,xn) reactions at high
energies decreases as - U< U<"2Th. Thus,
Thorium is more prone to neutron
multiplication by the (n, xn) reaction and **U

is more fissionable. Although this fact needs
experimental validation yet on its face it
appears important from the point of settling
down the question of combinations of fuel
elements of ADS. It is expected that it will
have noticeable effect on the heat distribution
also. The detailed study of (n, xn) reactions
may prove important from the point of settling
down the combinations of fuel elements for
ADS and the heat distribution.
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Fig. 9. Percentage contribution of (n, xn) reactions in neutron production by different
ADS material nuclei as function of neutron energy
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5. DISCUSSIONS
AND CONCLUSIONS

We have presented the CASCADE data for
some selective nuclei and energy because of
the limitations of space and in the readable
graphical format for their comparison with
other codes and experiments for the sake of
benchmarking. It may be inferred that data of
the reaction cross sections agrees with the
experimental data as well as the models of
fundamental interest such as optical model.
Similarly, the data of production cross sections
agrees well with the experiments. It may
however be stressed that more precise neutron
data is required to improve the code in case of
reactions with neutron as a projectile. In
respect of isotope data from the code there is
need to introduce the concept of cumulative
yield in the code so that its results may be
compared with the experimental
measurements.

From the present study of (n, xn) reactions
the code results show presence of even-odd
effect and other interesting results as in Fig. 9
which may help in selection of combinations
of fuel elements for ADS logically. For both
the cases, a more detailed study is required to
be carried out from the simulation codes and
experimentally with emphasis to the fuel
elements.

For the study of effects of radiation
damage, it may be mentioned that the present
version of the code provides data of energy
distributions of neutrons, protons and light
charge particles such as d, t, "He and *He and it
is not difficult to know such distributions of
heavier secondary nuclei if required. However,
presently the code gives average kinetic
energies of all isotopes along with their
production cross sections which is also useful
for calculation of total radiation damage with
the help of low energy codes like TRIM or
IOTA. Efforts can be made to develop a
unified code of high energy and low energy
transport of all radiations produced in a beam
transport in a medium.
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N3YYEHUE MATEPHUAJIA CYBKPUTUYECKOM CUCTEMBI,
BO3BYXIAEMOU YCKOPUTEJIEM, C IIOMOIIBIO
MMPOI'PAMMBI CASCADE

B. Kymap, X. Kymasam, Yumpa bxamua

[Tpu cymiecTByIOIIeM IMOJIOKEHUU JAENl C SKCIEPUMEHTATbHBIMU JaHHBIMHU, TPEOYIOLIUMUCS
JUI TIPOEKTUPOBKM M MozenupoBanus ADS (accelerator driven systems) u amst Apyrux
AQHAJIOTMYHBIX TMPUMEHEHHH, CTAHOBATCS BaXXKHBIMU pa3paboTKa M AITAJIOHHOE TECTUPOBAHUE
MporpaMM MOJCIUPOBAHUS ISl OOECIEUCHHUs MONYYCHHUS HAJEKHBIX JaHHBIX. M3 mporpamw,
CYHIECTBYIOIIMX IS BHYTpHUSAEpHbIX KackanoB, mnporpamma CASCADE, noctoBepHOCTH
KOTOpPOW TMpoBepsiach ISl  POXKACHUS HEUTPOHOB TMPU CTOJIKHOBEHUSX TPOTOHOB C
MarepuaiamMy, MMEBUIMMU B MPOLUIOM BBICOKMH aTOMHBIA HOMEpP Z, HMCMNOJIb30BAIACH IS
W3YYCHHS SIIEPHOTO MOBECHUS HEKOTOPHIX m3BecTHBIX MaTepuanoB ADS (Th, U, Pb, Bi, W, Fe,
Cr u Al) B OTHOIICHUH CEYCHUHN PEAKIMN M CEUEHUU POXKIACHUS H30TOIOB W HEHTPOHOB B
IIMPOKOM HHTepBasie »Hepruid or 11 MdB 10 HeckoiabKuX TrurasiekTpoHBoibsT. Ocoboe
BHUMaHUE YJESAJIOCh JaHHBIM O CEUYCHHSIX peaknuwii (n, xn). HaiigeHo, 4TO OHU UTparOT
OTIPECISIONIYI0 POJb TpH BBIOOpE coueTaHWil TomnuBa. IIporpamMma naeT maHHBIE O
HEUTPOHHBIX  CEYEHUSAX, KOTOpblE  HAXOHATCA B  CONIACMM C  CYLIECTBYIOIIMMH
IKCIIEPUMEHTATbHBIMUA JaHHBIMU, TPU ITOM MOMYEPKUBACTCS HEOOXOAMMOCTH JalibHEHIIeH
MIPOBEPKU C UCIOJIB30BAHUEM TOYHBIX TAHHBIX OT YCKOPHUTEIIEH.

BUBUYEHHS MATEPIAJTY CYBKPUTUYHOI CUCTEMM,
O 3BYXKYETHCA IPUCKOPIOBAYEM 3A TOITIOMOI'OIO
ITPOI'PAMMU CASCADE

B. Kymap, X. Kymasam, Yumpa bxamia

3a ICHYIOYOrO CTaHy CIpaB 3 EKCIHCpPUMEHTAJIbHUMHU JaHUMH, SKI HEOOXigHI JuIs
npoeKkTyBaHHs Ta mozaemtoBaHHs ADS (accelerator driven systems) i /i 1HIIUX aHAJOTIYHUX
3aCTOCYBaHb, BAXJIMBUMHU CTalOTh PO3pOOKa Ta €TAJIOHHE TECTYBAaHHS MPOrpaM MOJEIIOBaHHS
i 3a0e3nedeHHs OTPUMAaHHS —HAAIWHUX JaHUX. [3  mporpam, MmO ICHYIOTH JUIS
BHYTpilIHbOAAepHUX KackafiB, mnporpama CASCADE, nocToBipHICTh sIKOi NepeBipsulach IS
HApO/DKCHHS HEHTPOHIB TpPH 3ITKHEHHI NPOTOHIB 3 MaTepiajaMd, IO Mald B MHUHYJIOMY
BUCOKMH aTOMHHMM HOMep Z, BUKOPUCTOBYBAJach Ul BUBYEHHS SI€PHOI MOBEHIHKH JESKUX
Bimomux Matepianie ADS (Th, U, Pb, Bi, W, Fe, Cr, Al) y BiAHOIICHHI NMEPETHHIB PEaKIiii Ta
MEPEeTHHIB HApOKEHHS 130TOMIB 1 HEHUTPOHIB y HIMpOKOMY iHTepBaii eHepriit Bix 11 MeB no
KUIBKOX TiraeaekTpoHBosibT. Oco0siMBa yBara npuauisiiach JaHUM I0JI0 MEPETUHIB peakiii (n,
xn). BcTaHoBeHO, 1110 BOHU I'palo0Th BU3HAYHY pOJIb IIPU BHOOpI crionyyeHb nanusa. [Iporpama
3abe3nedye naHi MI0OI0 HEHTPOHHUX TEPETHHIB, SKI Y3TOMKYIOTBCS 3 ICHYIOUHMH
eKCHEepUMEHTAIbHUMHU JaHUMH, @PU LbOMY MIJKPECITIOETbCA HEOOXIAHICTh IMOJANBLION
MEPEeBiIPKU 3 BAKOPUCTAHHSIM TOYHUX JAHUX BiJl IPUCKOPIOBAYA.
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