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For the OBCD/NEA code intercomparison, nuclide production cross sections of '°0, *'Al
natRe 53Co, "*‘Zr and '*‘Au for the proton incidence with energies of 20 MeV to 5 GeV
are calculated with the HETC-3STEP code based on the intranuclear cascade evaporation
model including the preequilibrium and high energy fission processes. In the code, the
level density parameter.derived by Ignatyuk, the atomic mass table of Audi and Wapsira
and the mass formula derived by Tachibana et al. are newly employed in the evaporation
calcufation part.

The calculated results are compared with the experimental ones. It is confirmed that
HETC-3STEP reproduces the production of the nuclides having ihe mass number close to
that of the target nucleus with an accuracy of a factor of two to three at incident
proton energies above 100 MeV for *‘Zr and '°*'Au. However, the HETC-3STEP code has
poor accuracy on the nuclide production at low incident energies and the light nuclide
production through the fragmentation process induced by protons with energies above

hundreds of MeV. Therefore, further improvement is required.
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1. Introduction

Recently, the interest has increased in applications of a high energy intense proton
accelerator to such facilities as spallation neutron sources for basic sciences and an accelerator-
based nuclear transmutation system for nuclear engineering. In the neutronics design study of
the facilities, neutron yield and neutron energy spectra in a spallation target are important factors
to determine the neutronic performance of the facilities. Moreover, it is necessary to estimate
the amount of the radioactivity of the various nuclides produced in the spallation target from the
viewpoints of the neutronics and the radiation safety. For these demands, nuclear data are
required in the intermediate energy region of 20 to 1600 MeV. Since there are scarce
experimental data especially for the neutron incidence, the evaluation of the nuclear data in the
intermediate energy region relies upon the theoretical calculations.

As for the calculation code, the nucleon-meson transport codes such as LAHETD,
HETC-KFA22 have generally been utilized for the neutronics calculation of the spallation target
because they can simulate both the nuclear reactions and the particle transport in a thick medium
based on the Monte Carlo method within acceptable computation time. In JAERI, the
NMTC/JAERI code? has been employed. The code is essentially the same as LAHET and
HETC-KFA?2 except for the treatment of the high energy fission process4.5) in the nuclear
reaction. These codes assumes that the nuclear reaction consists of the intranuclear cascade
(INC) process and the evaporation one. The high energy fission process is treated as the
competitive one with the evaporation. The model developed by Bertini6) and that made by
Dresner?) are employed for the simulation of the INC process and the evaporation one,
respectively.

The intermediate energy nuclear data has been also concerned with the recent
development of the preequilibrium reaction analysis models®) in the energy region below 200
MeV. With these growing interests, a benchmark calculation was conducted by OECD/NEA
for investigating the accuracy of various calculation models and codes on the nucleon emission
cross section of the (p, xp') and (p, xn) reactions at incident energies of 25 to 1600 MeV.9)
The authors carried out benchmark calculations with the two codes of NUCLEUSIO and
HETC-3STEP11) which are both based on the INC model of Bertini. The former has been
implemented for the nuclear reaction calculation part in the NMTC/JAERI and the latter has
been developed from HETC-KFA2 to take account for the preequilibrium process. It was
confirmed through the benchmark calculation that HETC-3STEP gave better prediction than
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NUCLEUS on the neutron emission cross sections.!2)

As the next step of the intercomparison, a benchmark problem was proposedl3) by
OECD/NEA for the proton-induced nuclide production cross sections on the targets of 160,
27Al, natFe, 59Co, natZr and 197Au at incident energies of 20 MeV to 5 GeV. In this work,
calculations were carried out using the HETC-3STEP code to investigate its accuracy on the
nuclide production cross section. The calculated results were compared with the experimental

data.
2. Calculation Procedure

2.1 Intranuclear Cascade Process

HETC-3STEP is a Monte Carlo code modified from HETC-KFA2 to treat the
preequilibrium process using a closed form exciton modell4), and consists of three processes of
the INC, preequilibrium and evaporation. For the INC calculation, the revised version of the
INC calculation code developed by Bertini, MECC-715), was implemented. In MECC-7, the
target nucleus is divided into concentric three regions. The nucleon densities having the
fractions of 0.9, 0.2 and 0.01 to the central one are given in the order from inner to outer
region. The values of outer radii of those regions are given in a data file. For i-th region, the
nucleon density is given by pm= p; (A-Z) for neutron and p;p= p; Z for proton, where A and Z
are the mass and atomic number, respectively. The density parameter of p; is also supplied by

the data file. The Fermi energy Em of i-th region is given as Ejn= U; (A-Z) for neutron and

E;p= U, Z for proton. The parameter U; is also given in the data file.

In MECC-7, the nucleon-nucleon collisions in the target nucleus are treated as a sequence
of two-body collision between free nucleons. The free nucleon-nucleon cross sections
compiled by Bertinié) are used. The cross sections are given for nucleons in the energy region
below 3.5 GeV, while they are given for charged pions up to 2.5 GeV. For the nucleon-
nucleon and pion-nucleon non-elastic collisions in the higher energy region, the cross sections
at 3.5 and 2.5 GeV are used as the input to scaling routines that employ the extrapolation
method of Gabriel et al.16). The mean free path of a travelling particle and the collision
probability of the particle with intranuclear nucleons are determined using the nucleon-nucleon

and pion-nucleon scattering cross sections.
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When the travelling particle collides non-elastically with the intranuclear nucleon, the Pauli
exclusion principle is treated as follows: The nucleons in a nucleus are assumed to occupy all
the energy levels up to Fermi energy. When the nucleon-nucleon collision is simulated, the
energies of two nucleons after the collision are compared with the Fermi energy, individually.
If both of the nucleon energies are higher than Fermi energy, the collision is allowed and the
directions of motion of the nucleons are determined based on the differential cross section
compiled by Bertinif). If the energy of one nucleon is lower than the Fermi energy, the
collision is prohibited and a new collision point is sampled again. This procedure is applied to
all the moving particles until either their energy decreases down to a termination energy or the

particles goes out of the nucleus.
In the INC calculation, the value of 7 MeV is given as the binding energy to all nuclides
everywhere inside nucleus. A correlated two nucleon cluster is not taken into consideration in

the code. The optical feature of the nucleus of the surface reflection and refraction is treated

neither.
2.2 Preequilibrium Process

The next phase of the calculation is the preequilibrium process. The INC process is

terminated when energies of all the travelling particles lower down to a cutoff energy, E.. This

cutoff energy was introduced in the code for suppressing low-energy particle emission and

given by the use of a probability function. The probability function is expressed as

2 E,
f(Ec)=—E:(1—§;), (1

where the value of Eo is determined as 40 MeV. For the preequilibrium calculation, a closed
form exciton model proposed by Gudima et al.14) is adopted. The number of particles in the
exciton state, pg, at an initial stage of the preequilibrium process is that of allowed collisions
during the INC process. The number of holes, kg, is po-1. The preequilibrium calculation is
carried out in the framework of a Monte Carlo algorithm formulated by Nakahara and
Nishidal?). In the exciton model, the reaction rate is obtained by summing three kinds of

transition rates concerning to the exciton states 1.(p,h.E), A,(p.h,E) and A_(p,h,E), and the

particle emission rate. Here, the emission rate 4J(p,h,E,T) of a nucleon f is expressed asl4):
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Xp-1,h, E-B,~T)
JujRj(p’ h) C!)(p, h, E) Tcinv(T)' (2)

A h E n=25j+1
Fod ¥ Ll 2 TCZ

}]3

where p = number of particles,
h = number of holes,
E = excitation energy,

T = the kinetic energy of an emitted nucleon,
Oy (T) = the inverse cross section for the emission of nucleon,
S;=the spin of emitted nucleon J,

B; = the binding energy of emitted nucleon j,

;= the reduced mass of emitted nucleon /.
Here, o(p, h, E) indicates the level density of the n-exciton state, which is obtained on the
basis of the equidistant level scheme with the single-particle density, and Rj{p, &) the condition

for the exciton chosen to be the nucleon j.

In comparison with the result of a moving source analysis18), it was found that the
transition rate on the interaction between excitons should adjust to some extent. Therefore, the
transition rates are multiplied by a factor of F represented as F=max(0.2, 3.4-12/A1/2), where
A is the mass number of a target nucleus. The six particles of neutron, proton, deuteron, triton,

helium-3 and alpha are taken into account as the emitted particles. Here, the emission rate of
cluster is obtained by replacing the term of aXp-1, h, E-B;-T)/aX(p, h, E) in Eq.(2) with
. wp-p;, h, E-B,—T) . op;, 0, B ;+T)

5T wp, h E) 1y )
Here,
e (2] @
and
()= V(zs,.+i)(fu,~)7 (T+B,,)_; | )
47" %
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where V stands for the nuclear volume,

The angular distribution of an emitted particle is assumed to be isotropic. It was
confirmed through the analysis®) of double differential cross section of the (p,xn) reaction that

the calculated results were in good agreement with experimental ones.

2.3 Evaporation Process

The final phase of the calculation is the statistical decay process of an excited residual
nucleus. The EVAP program based on the evaporation model of Weisskopf-Ewingt9) is
employed in the code. It is noted that the fission process is treated as a competitive process
with the evaporation one. In HETC-3STEP, the high energy fission model proposed by

Atchison5) is implemented. The fission process is chosen by a sampling with the uniform

random number according to fraction of the fission probability I to the summation of the

fission width Iy and the neutron emission width I :

Ff
ISTAT,

P (6)

It should be noted that the fission probability of the sub-actinide nuclides with the atomic
number less than 89 is also taken into account because a highly excited nucleus makes fission
reaction for the intermediate energy nucleon incidence. The fission probability was determined

on the basis of the experimental data.

When an excited nucleus makes the particle evaporation, the emission probability of a
particle j from the evaporation process, Pj, is represented as

P=Q25+1)m;e0,(e) XE), N
with

E=U-Q;-¢, (8)
where S;, mj, 6;, and Q; are the spin, mass, inverse reaction cross section and binding energy
for the emission of the partiélc j. As for the inverse cross section, the value obtained by the

empirical formula derived by Dostrovsky20) is employed. In Egs. (7) and (8), € and U are the

kinetic energy of an emitted particle and the excitation energy of a compound nucleus,
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respectively. The value of e(E) stands for the energy level density of a residual nucleus. It is

given as
XE)=w,exp[2.faE=8) ], &)
with
A A’
a:E(l+YF) : (10)

where § is the pairing energy and a is the level density parameter, in which B is treated as the
parameter in the code. Here, A is given as A-2Z by the use of the mass number and the atomic

number of a residual nucleus. A valuerof 1.5is givento Y.

For the level density parameter, either the values derived by Baba2!) or mass dependent
value of A/8 have been employed so far. In this calculation, however, the values derived by
Ignatyuk?2) with the parameters proposed by Mengoni et al.23) were used. The Ignatyuk
formula takes account for the excitation energy dependence in the level density. The level
density parameters for individual nuclides are shown in Figs. 1 to 4.

In the evaporation process, the mass formula and the mass table are used to determine the
binding energy of an emitted nucleon. The binding energy of a particle j is obtined on the basis

of the mass excess as:

Q=MA-FLA()), Z-FLZ(j)) + MEFLAG), FLZ(GN-MAZ) , (1

where M(A,Z) indicates the mass excess of the nucleus having the mass number A and the
atomic one Z. FLA(j) and FLZ(j) stand for the mass and atomic number of an emitted particle
j. The value of mass excess is obtained by the mass table evaluated by Wapstra24). The mass
formula derived by Cameron2) is also employed to calculate the mass excess value of the
nucleus which is not included in the mass table. In this calculation, we employed the mass
table compiled by Audi and Wapstra26) which supplemented more data to the preceding
Wapstra's mass table. The mass formula was also replaced by the one derived by Tachibana et

al..27)
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2.4 Benchmark Calculation

The combination of the target nucleus and the produced nuclides for the benchmark
calculation is summarized in Table 1. The calculation was performed at the following incident
energies: 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 200, 250,
300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2600,
3000, 4000 and 5000 MeV. Supplemental calculation was aiso made for different incident
energies to investigate the energy dependence of the nuclide production cross section in detail.
In the calculation, the number of incident protons was chosen as 250,000 for 160, 27Al, and
natFe, 200,000 for natZr and 197Au, and 50,000 for 59Co, respectively. It should be noted that
the INC model cannot estimate the prbduction of the isomer because the level structure of a
nucleus is not considered in the model. Consequently, the isomer production was not

calculated.

The calculated results were compared with the experimental data not only for the nuclide
production cross section but for the reaction cross sections. The numerical data of the
experiments were taken from the Refs. 28 to 32, and an abbreviation was attached to each
datum in the Figs. 5 to 122. The sources corresponding to each abbreviation are listed in
Appendix I for the reaction cross sections and Appendix II for the nuclide production ones,
respectively. In the case that the experimental datum was given as cumulative Cross section, the
calculated cross section was obtained by adding the yields of all the parent nuclides to those of

the produced nuclide. The parent nuclides are shown in the parentheses in Table 1.
3. Results and Discussion
3.1 Reaction Cross Section

In Figs. 5 to 10, the calculated reaction cross sections are compared with the experimental
data28). It is observed that the calculated reaction cross section agrees with the experimental
ones for the incident proton energy range between 20 and 50 MeV for the 160(p,x) reaction.
Satisfactory agreement is obtained between the calculated and experimental results above 50
MeV for the 27Al(p,x) reaction, while the calculated results are lower than the experimental ones
between 20 and 50 MeV. HETC-3STEP also reproduces quite well the experimental results of

the matFe(p,x) reaction except for those of Me60. Since the data of Me60 is apart from the
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others, it seems that some error might be included in the data. As for the 59Co(p,x) and
natZr(p,x) reactions, itis possible to say that the calculated reaction cross sections are in good
agreement with the experimental ones although the experimental data is quite few for the
natZr(p,x) reaction. The calculated result of the 197Au(p,x) reaction is larger than the
experimental ones of Ab79 below 30 MeV, while it is consistent to the average of Ma64 and
Ab79 at 30 MeV. Judging from the results shown in Figs. § to 10, the HETC-35TEP code can
estimate the proton induced reaction cross sections well although some disagreement is
observed below 30 MeV. The calculation reproduces the experimental results with an accuracy

of 20% in the range from 50 MeV to 1 GeV.

3.2 Parameter Dependence

As described in the previous section, the level density parameter and the mass formula
were revised in HETC-3STEP. In order to understand the effects of the parameter on the
evaporation calculation quantitatively, some calculations were carried out. Figures 11 and 12
show the calculated results of neutron differential cross sections for the 80 and 256 MeV proton
incidence on 907Zr, respectively. It is observed in both figures that the neutron cross section
increases in the energy region below 10 MeV when the level density parameters derived with
the Ignatyuk formula are used. As shown in Figs. 1 to 4, the level density parameters obtained
with the Ignatyuk formula are larger than those derived by Baba. Consequently, the cross
section of the neutron emission in the evaporation process increases according to Egs. (7) and
(9). As for the mass table and mass formula, significant difference is not observed even after
they were revised. The supplemented data in the mass table of Audi and Wapstra are for the
nuclides which are mainly neutron rich ones. Most of data are the same as for the preceding
Wapstra's mass table. The yield of nuclides supplemented in the mass table is too low so that
the resultant mass yield is naturally almost the same as for the one obtained by the use of
Wapstra's mass table. Therefore, the dot-dashed line lies upon the solid line. Figures 13 and
14 show the calculated proton differential cross sections for the 80 and 256 MeV proton
incidence on 90Zr, respectively. It is confirmed that the proton yield also increases by 10 to 20
% as well as the neutron yield when the level density parameters derived with the Ignatyuk
formula are used.

Figures 15 to 18 show the calculated results of the neutron and proton emission

differential cross sections for 208Pb at incident proton energies of 80 and 256 MeV,



JAERI-Research  96-040

respectively. For 208Pb, the level density parameter derived by Baba is extremely low because
208Pb is the double magic nucleus. On the contrary, the values obtained by Ignatyuk formula
become larger with the increase of the excitation energy of a residual nucleus. This leads to the
increase of the particle emission in the evaporation process. As seen in Fig. 18, the proton
emission cross section in the evaporation process significantly increases for the 256 MeV
proton incidence.

The calculated mass yields of the 90Zr target are shown in Figs. 19 and 20 for incident
proton energies of 80 and 256 MeV, respectively. It is observed in Fig. 19 that the calculation
with the Baba's level dens“ity parameter estimates the yield of the produced nuclides with the
mass numbers of 84 and 85 extremely low for the 80 MeV proton incidence. This tendency
appears also in Fig. 20. The calculation with the Ignatyuk’s level density parameter, on the
other hand, gives higher yield of nuclides having the mass numbers of 85 and 86 for the 80
MeV proton incidence, while the production with the mass number below 84 decreases. The
resultant mass yield distribution shows a peak at the mass number of 86. For the 256 MeV
proton incidence, the calculation increases the yield of the nuclides having the mass numbers
between 83 and 85 so that the gaps observed in the calculation using the level density parameter
of Baba are flattened.

The calculated mass yields of 208Pb are shown in Figs. 21 and 22 for incident proton
energies of 80 and 256 MeV, respectively. It is observed in both figures that the qualitatively
the same shifts as for the 99Zr target are obtained in the mass yield distributions for the 80 and
256 MeV proton incidence by changing the level density parameter of Baba to that of Ignatyuk.
Judging form the mass yield distribution for the 256 MeV proton incidence, the Ignatyuk's
parameter seems to give better mass yield than Baba's parameter because the former makes

smooth mass yield distribution than the latter.
3.3 Nuclide Production via 160(p,x) Reaction

The nuclide production cross sections calculated with HETC-3STEP for 160 are shown in
Figs. 23 to 26. The experimental data of the 160(p,x)7Be reaction gradually increase with the
incident energy above 100 MeV. The calculated result, however, shows a peak around 70 MeV
and decreases with incident energy and so deviates from the experimental result by one order of
magnitude or more in the energy region of hundreds of MeVto 5 GeV. It is observed in Fig.

24 that HETC-3STEP cannot reproduce the experimental cross sections of the 160(p,x)1'Be
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reaction in the energy range between 50 and 100 MeV. It is also obvious that HETC-3STEP
allows the 1bBe production below the threshold energy. This indicates that the present INC
model does not treat the threshold of nuclear reaction correctly. In the energy region between
600 and 1600 MeV, the calculated result agrees with the experimental one of Yiou et al. which
is six to seven times lower than the other data.

Figure 25 shows that HETC-3STEP reproduces the experimental results of the 160(p,x)
11C reaction near the threshold energy. The experimental result comes to 18 mb at incident
energy of 50 MeV and slightly decreases down to 10 mb with the increase of the incident
energy. On the other hand, the calculated result increases up to 6 mb and gradually decreases as
a function of the incident energy and so gives one-third lower cross section of the experimental
data. For the 160(p,x)14C reaction éxhibited in Fig. 26, the calculated result shows quite
different behavior from the experimental ones in the whole energy region.

It is concluded from these results that HETC-3STEP has poor accuracy on the nuclide
production cross sections of 160 for the proton incidence. This deficiency rises mainly from
the approximation used in the INC model that treats the interaction between a projectile and a
target nucleus as a sequence of two-body collisions between free nucleons. It is predicted33)
that the 160 nucleus consists of four alpha clusters in the ground state so that the alpha clusters
are emitted by a direct reaction. This process, however, is not included in the INC model yet so
that the nucleon emission might be enhanced. This leads to the underestimation of the nuclide

production of 7Be and 10Be which are apart from the target nucleus in the mass number.

3.4 Nuclide Production via 27Al(p,x) Reaction

The nuclide production cross sections calculated with HETC-3STEP for 27A] are shown
in Figs. 27 to 31. The experimental data of the 27Al(p,x)7Be reaction rise up at 30 MeV and
jncrease up to 10 mb with incident energy. HETC-3STEP produces 7Be in the energy region
above 50 MeV. The calculated cross section increases steeply at 50 MeV and then gradually
decreases. In consequence, the calculated result deviates from the experimental data with the
increase of incident energy above 300 MeV. In the GeV region, the disagreement over one
order of magnitude is observed between the calculated and experimental results. For the 10Be
production, there are only four experimental results between 20 MeV and 5 GeV. In

comparison with these data, HETC-3STEP gives about one order of magnitude lower cross
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section in the energy region above 600 MeV. The significant underestimation of the
productions of 7Be and 19Be by the HETC-3STEP calculation seems to come from the lack of
the fragmentation process. This underestimation is commonly obtained in the calculated results
of the 160 (p,x) reactions. Moreover, there is a large discrepancy between the calculated and
experimental result in the several tens of MeV region. This poor estimation is ascribed to the
inadequate description of the cluster emission via the preequilibrium process rather than the lack

of the fragmentation process.

It is observed in Fig. 29 that HETC-3STEP gives better agreement with the experimental
data for the 27A1(p,x)22Na reaction than for the production of the Be isotopes. The calculated
cross section agrees with the experimental ones with the accuracy of a factor of two in the
energy region between 35 and 100 MeV. The agreement between the calculation and
experiment becomes better with the increase of incident energy. In the energy region above 200
MeV, in particular, the agreement is excellent.

As seen in Fig. 30, HETC-3STEP also reproduces the 24Na production fairly well in the
energy region above 80 MeV. The agreement becomes little worse with the increase of incident
energy. In the energy region between 20 and 60 MeV, on the other hard, the calculated cross
section is much higher than the experimental data. The cause of this discrepancy can be
ascribed to the fact that the binding energy of the nuclear reaction is not correctly taken into

account in the present INC model.
In Fig. 31, it is observed that HETC-3STEP reproduces the production ¢ross section of

26A] qualitatively well above 30 MeV. Quantitatively, however, the calculation gives the cross
section about twice as large as the experimental ones. The poor accuracy of the HETC-3STEP
calculation on the nuclide production near the threshold energy is found in this reaction, too.
Judging from these comparisons of the nuclide productions on 27Al, HETC-3STEP estimates
the production cross section of the nuclides having near mass number to the target nucleus with

the accuracy of about a factor of two in the energy region above 100 MeV.
3.5 Nuclide Production via natFe(p,x) Reaction

The nuclide production cross sections calculated with HETC-3STEP for natFe are shown
in Figs. 32to 45. It is clearly observed in Figs. 32 and 33 that HETC-3STEP cannot predict

well the productions of 7Be and 10Be at all due to the lack of the fragmentation process. The

experimental cross section of the 7Be production reaches relatively large values of 6 to 10 mb
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in the GeV region in comparison with the other nuclide production on naFe.

HETC-3STEP gives the 22Na production cross section value only in the energy region
above 500 MeV, while the experimental data are measured even in the energy region between
100 and 500 MeV. As far as the energy region above 500 MeV is concerned, the calculated
result agrees with the experimental data by a factor of two to three. Similar result is observed in
Fig. 36 for the 26Al production although the agreement between the calculated and experimental
results is worse.

For the naFe(p,x)24Na reaction, HETC-3STEP calculates the 24Na production only in the
energy region above 600 MeV as well as for the productions of 22Na and 26Al. The calculated
cross section, however, is one-third of _the experimental data. It is found from these results that
the problem of the lack of the fragmentation process in the calculation model is serious for
estimating production of light nuclides, especially the Be isotopes. The recent study(4) taking
account of the cross section of the fragmentation process by a semi-empirical formula may be
useful for further improvement of HETC-3STEP.

It is observed in Fig. 37 that the HETC-3STEP result agrees with the experimental ones
very well for the 46Sc production although there are only a few data available. For the 48V
production, HETC-3STEP gives lower cross section than the experiments in the energy region
above 40 MeV. It approaches about one-sixth to one-eighth of the experimental data in the GeV
region. On the contrary, a significant overestimation is observed in the calculated result for the
natFe(p,x)48Cr reaction in Fig. 39. It is of intcrest that the degree of agreement between the
calculated and experimental results is quite different on the production of 48V and 48Cr in spite
of the same mass number. Since the atomic numbers of 48V and 48Cr are 23 and 24,
respectively, this indicates that the production of 48Cr might be enhanced because the yields of
charged particles such as proton, deuteron and alpha particle are not estimated correctly in
HETC-3STEP. Therefore, it is necessary to check the treatment of the charged particle
emission in the HETC-3STEP code. \ '

As for the 51Cr production cross section, it is observed in Fig. 40 that the HETC-3STEP
results agree with the experimental data quite well in the energy region above 60 MeV although
the calculation gives noticeably lower cross section than the experimental data in the energy
region between 30 and 50 MeV.

As seen in Fig. 41, HETC-3STEP cannot reproduce the cross section of thé natFe(p,x)

s2m+gMn reaction. The overestimation of a factor of about six is observed in the calculated
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result in the energy region between 50 and 500 MeV. Since the present evaporation model
can_ﬁot treat the production of the meta-stable isotopes, the lack of the 52mMg production in the
calculation seems to cause the disagreement. As described in section 2, the particle emission in
the statistical decay process depends only upon the excitation energy of a residual nuclide.
Neither the spin nor the angular momentum of a residual nuclide is taken into account in the
present evaporation model. The inclusion of the Hauser-Feshbach model33) which can treat
those physical characteristics may enable the HETC-3STEP code to simulate the particle
emission in the evaporation process more precisely.

It is observed in Fig_. 4?2 that the HETC-3STEP result achieves excellent agreement with
the experimental results for the natFe(p,x)54Mn reaction almost in the whole incident energy
range. As shown in Fig. 43, a large extent of overestimation is observed in the calculated result
in the energy range between 20 and 50 MeV for the natFe(p,x)32Fe reaction, while fairly good
agreement is obtained between the calculated and experimental results at 600 MeV. Figures 44
and 45 show that the HETC-3STEP calculation qualitatively reproduces the variation of the
production cross sections of 55Co and 56Co as a function of the incident energy. However, the
calculated result is larger than the experimental data by a factor of two to three for both cases.
The nuclides of 55Co and 56Co are produced mainly by the charge exchange reactions of
56Fe(p,2n)55Co and 56Fe(p,n)s6Co, respectively. Judging from the analysis of the neutron
emission cross section(12), HETC-3STEP predicts the neutron emission reasonably well. The
discrepancy in the productions of 55Co and 56Co seems to come from the following aspect:
Proton emission is estimated too low in the present INC model so that the cross sections of the

(p,n) and (p, 2n) reactions are enhanced.
3.6 Nuclide Production via 5%Co(p,x)} Reaction

The nuclide production cross sections calculated with HETC-3STEP for 59Co are shown
in Figs. 46 to 50.' It is observed in Fig. 46 that HETC-3STEP gives a factor of two to three
larger cross section than the experimental ones for the 56Co production in the energy region
above 40 MeV. The disagreement between the calculated and experimental result below 30
MeV comes from the lack of the teatment of threshold energy in the INC model. As seen in
Fig. 47, on the other hand, HETC-3STEP reproduces well the experimental results for the 37Co

production at incident proton energies above 35 MeV, while the calculated cross section is much
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lower than the experimental ones in the energy range between 20 and 35 MeV. Figure 48
exhibits that HETC-3STEP result agrees fairly well with the experimental data of Meadows et
al. between 20 and 50 MeV for the 58Co production. The code, however, gives twice as large
cross section as the experimental ones in the hundreds of MeV region.

It is observed in Fig. 49 that HETC-3STEP cannot reproduce the experimental results of
the 59Co(p,4n)56Ni reaction at all. The calculated result is larger than the experimental ones
over an order of magnitude in the energy range between 40 and 100 MeV. The similar tendency
is observed in the calculated result for the 57Ni production as seen in Fig. 50. In this case,
HETC-3STEP gives about four times larger cross section than the experimental ones in the tens

of MeV region. This overestimation becomes more significant with increase of the incident
proton energy. The similar overestimation is observed in the results of netFe(p,n)56Co and
natFe(p,2n)55Co. However, the degree of disagreement between the calculated and
experimental results is worse for the 59Co(p,4n)56Ni and 59Co(p,3n)57Ni reactions than for the
natFe(p,n)3¢Co and n&'Fe(p,2n)35Co ones. Moreover, HETC-3STEP cannot reproduce the
production cross sections near threshold energy for both the 56Ni and 37Ni production. This is

attributed to the lack of the threshold energy in the INC calculation as mentioned above.

3.7 Nuclide Production via ratZr(p,x) Reaction

The nuclide production cross sections calculated with HETC-3STEP for natZr are shown
in Figs. 51 to 72. Itis evident in Fig. 51 that HETC-3STEP cannot predict the 7Be production
at all. This is the same result as for the calculation of the natFe (p,x)7Be reaction because the
fragmentation process is not treated in the code. It is observed in Figs. 52 to 58 that the
calculated results rise up rapidly from the threshold energy and become almost constant in the
GeV region for the productions of 22Na, 48V, 51Cr, 34Mn, 56Co, 38Co and 657n, respectively.
For those reactions, the calculated results are larger than the experimental ones by a factor of
two or more. In particular, the significant overestimation is observed in the HETC-3STEP
calculations of the 48V and 56Co productions (see Figs. 53 and 56). The disagreement is
attributed to the aspect that the amount of the light fragment emission is estimated too fow. This
is consistent with the significant underestimation of the 7Be production shown in Fig. 51. With
more light fragment emission, a large amount of energy is carried away from the residual

nuclide so that the number of emitted nucleons could decrease. This may improve the



JAERI-Research  96-040

disagreement in the nuclide productions of 22Na to 65Zn.

Judging from the results shown in Figs. 59 to 62, the HETC-3STEP calculation
reproduces the experimental data for the 74As and 8!Kr productions qualitatively better than the
lighter nuclides from 22Na to 65Zn shown in Figs. 52 to 58. There exists, however, the
disagreement of about a factor of three between the calculated and experimental results. As far
as the 85Kr production is concerned, HETC-3STEP gives extremely larger cross section than
the experimental ones in the energy region below 200 MeV. Though the calculated result
approaches to the experimental one with increase of the incident energy, it oscillates
unreasonably as seen in Fig. 62. The nuclide of 85Kr is not produced independently but
cumulatively by the decay of 85Se and 85Br. The resultant cross section is as small as in the
order of mb. Therefore, the oscillation may be attributed to the statistical error of the cross

sections of 85Se and 85Br .
It is observed in Figs. 63 and 64 that HETC-3STEP gives larger cross sections for the

productions of 83Rb and 84Rb in the whole energy region. The disagreement observed near the
threshold energy is significant, particularly in the case of the 84Rb production. The calculated
results are larger than the experimental ones in the energy region below 100 MeV. On the other
hand, HETC-3STEP agrees well with experimental results of 86Rb although there are only two
data.

For the natZr(p,x)83Sr reaction, HETC-3STEP again gives larger cross section than the
experimental ones as seen in Fig. 65. As far as the data of Michel are concerned, however, the
agreement between the calculated and experimental result is fair. One can see in Figs. 66 and
67 that the cross sections of the 86Y and 87Y productions have been measured only in the
energy region below 80 MeV. The experimental result shows a peak at 26 MeV for B6Y, and at
20 MeV for 87Y, respectively. Such peaks, however, do not appear in the calculated results in
both cases. Since the threshold energy is not treated correctly, HETC-3STEP cannot reproduce
the experimental data below 80 MeV.

For the natZr(p,x)88Y reaction, itis observed in Fig. 68 that HETC-3STEP agrees fairly
well with the experimental data in the energy region between 180 and 600 MeV. With increase
of the incident energy, the agreement comes worse to be a factor of two or more. It is observed
in Fig. 70 that HETC-3STEP gives several times larger cross sections than the experimental
results in the energy region above 60 MeV for the natZr(p,x)88Zr reaction. As seen in Fig. 71,

the tendency of the calculated result for the raZr(p,x)95Zr reaction is quite different from that of
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the experimental ones in the energy range below 80 MeV. Even above 80 MeV, the
underestimation of one order of magnitude is observed in the HETC-3STEP result. On the
contrary, the code gives larger cross sections for the 99Nb production by one order of
magnitude (see Fig. 72). The main reaction for the 90Nb production is 90Zr(p,n)?0Nb because
90Zr occupies the fraction of 0.51 among the natural isotopes which compose natZr. The
overestimation of the calculated cross section of the 90Zr(p,n)90Nb reaction is attributed to the
enhancement of the (p,n) reaction by the insufficient estimation of the proton emission as well

as the case of natFe(p,n)60Co.
3.8 Nuclide Production via 197Au(p,x) Reaction

The nuclide production cross sections calculated with HETC-3STEP for 197Au are shown
in Figs. 73 to 122. Figure 73 proves that HETC-3STEP cannot estimate the 197Au(p,x)’Be
reaction at all as well as for the natFe(p,x)7Be and natZr{p,x)7Be reactions. It is observed in
Fig. 74 that HETC-3STEP reproduces the 24Na production quite well. Fairly good agreement
is also obtained between the calculated and experimental results for the productions of 24Ne and
46Sc (see Figs. 75 and 76). For the 197Au(p,x)5"Fe and 197 Au(p,x)58Co reactions, on the
other hand, the disagreement of a factor of three to five is observed in the GeV region as seen in
Figs. 77 and 78. Satisfactory agreement is obtained in Figs. 79 to 82 between the HETC-
3STEP results and experimental data for the nuclide productions of 65Zn, 75Se, 87Y and 89Zr in
the energy region above 200 MeV. It should be noted that HETC-3STEP reproduces the
nuclide production of the medium-mass nuclides having the mass numbers of 24 to 95 in
contrast with the fact that the code can not predict the production of those medium-mass
nuclides for the natZr target. Since the high energy fission process of the sub-actinide nuclide is
included in the HETC-3STEP code, the medium-mass nuclides are produced as a fission
fragment through the high energy fission process in the calculation. The cross section of the
proton induced fission reaction increases with the incident energy so that those medium mass
nuclides are produced via the fission process rather than the fragmentation one.

It is observed in Figs. 83 and 84 that the experimental cross sections of 93Zr and 193Ru
are constant or decrease with the incident energy range between 200 MeV and 3 GeV,
respectively. This is the different tendency from the experimental data of 87Y and 89Zr which

have close mass numbers to 95Zr and 103Ru. The calculated result of HETC-3STEP, on the
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other hand, increases monotonously with the incident energy. In consequence, the calculated
results do not agree with the experimental ones at all.

As for the nuclide productions of 121Te to 149Tb, it is observed in Figs. 85 to 92 that the
experimental cross sections increase rapidly in the GeV region. The calculated results of
HETC-3STEP show the similar tendency with the experimental results in the GeV region for
the productions of those nuclides. The agreement within a factor of two is obtained between the
calculation and experiments for the productions of 121Te, 127Xe, 131Ba and 139Ce. Itis noted
that the HETC-3STEP calculation gives extremely large cross section by about one order of
magnitude at 400 MeV iﬁ comparison with the neighboring incident energies. From the
physical point of view, it seems natural that the nuclide production cross section itself increases
smoothly with the incident energy in the hundreds of MeV region because there is not any
peculiar reaction channel such as the resonance reaction. Therefore, there might be some error
in the computation procedure. Such peak does not appear in the nuclide production whose
cross section becomes over 10 mb in the energy region above 100 MeV.

As seen in Figs. 93 and 94, the HETC-3STEP calculations reproduce the experimental
data of 167Tm and 166Yb at 500 MeV, but they give one-forth or one-fifth lower cross sections
than the experimental results in the GeV region. The similar results are obtained in the
calculations of 197Au(p,x)!70Lu and 197Au(p,x)171Lu (see Figs. 95 and 96). Here, the
agreement between the calculated and experimental results is improved to be a factor of two in
the GeV region. As seen in Figs. 100, 101 and 103, fairly good agreement is obtained in the
productions of 172Hf, 173Hf and 175Ta in the energy range between 490 MeV and 3 GeV. Itis
observed in Figs. 97, 98 and 102, on the other hand, that the calculated production cross
sections of 172Lu, 173Lu and 75Hf are too low to reproduce the experimental ones. The mass
numbers of 167Tm to 175SHf are apart from that of the target nuclide of 197Au by 20 to 30, and
they are produced via the de-excitation of a highly excited nucleus rather than the fission
process. Therefore, the disagreement in the GeV region indicates that the excitation energy at
the evaporation stdge is not estimated correctly in the HETC-3STEP code. The rou gh treatment
of the cluster emission, which was pointed out in the previous sub-section, may be one of

causes.
It is observed in Figs. 104 to 106 that the calculated results of HETC-3STEP are in

satisfactory agreement with the experimental ones for the productions of 181Re, 183Re and

182Qs in the energy region above 500 MeV. The disagreement at 200 MeV seems to come

from the crude treatment of the threshold energy in the code. Satisfactory agreement within a
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factor of two is also achieved in the calculation of 197Au(p,x)1850s above 200 MeV as seen
Fig. 108. Fairly good agreement is observed in Fig. 109 between the calculated and
experimental results in the energy region between 500 MeV and 3 GeV for the production of
186]r although there are only two data. The similar result is obtained in the calculation of the
18305 production as seen in Fig. 107. For the 187Ir production, on the other hand, the HETC-
3STEP result gives extremely lower cross sections than the experimental ones as shown in Fig.
110.

Figures 111 to 114 show that HETC-3STEP reproduces quite well the experimental
production cross sections of the other Ir isotopes of 188Ir, 1891, 190Ir and 192]r in the energy
region above 200 MeV. Itis observed in Figs. 115 and 116 that HETC-3STEP results are also
in good agreement with the experimental ones for both the 188Pt and 191Pt productions. As
seen in Figs. 117 to 120, the calculated result agrees fairly well with the experimental ones for
the productions of 193Au, 194Au, 195Au and 196Au in the energy range above 200 MeV. For
these nuclides, HETC-3STEP gives much lower cross sections than the experimental ones in
the energy region below 100 MeV.

The disagreement between the calculated and experimental result in the energy region
below 100 MeV is commonly observed in almost all the results. As the mass number of the
produced nuclide becomes closer to that of the target nuclide of 197Au, on the other hand, the
agreement becomes quite better with increase of the incident energy above 200 MeV. As seen
in Figs. 121 and 122, exceptionally, sigrificant overestimation is observed in the calculated

results for the 197Au (p,3n)195Hg and 197Au(p,n)197Hg reactions.

4. Concluding Remarks

The nuclide production cross sections by the proton incidence on the targets of 160, 27Al,
natFe, 59Co, natZr and 197Au were calculated with the HETC-3STEP code at incident energies
between 20 MeV 10 5 GeV. The code simulates the nuclear reaction with the intranuclear
cascade and evaporation model including the preequilibrium and high energy fission processes.
In the calculation, the level density parameter derived with the Ignatyuk formula, the mass table
of Audi and Wapstra and the mass formula of Tachibana et al. were newly employed in the

evaporation calculation part.
It was confirmed that the HETC-3STEP calculation reproduces the experimental reaction

cross sections for those target nuclides with the accuracy of 20 % in the energy region from 50
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factor of two is also achieved in the calculation of 197Au(p,x)1850s above 200 MeV as seen
Fig. 108. Fairly good agreement is observed in Fig. 109 between the calculated and
experimental results in the energy region between 500 MeV and 3 GeV for the production of
1861t although there are only two data. The similar result is obtained in the calculation of the
1830s production as seen in Fig. 107. For the 187Ir production, on the other hand, the HETC-
3STEP result gives extremely lower cross sections than the experimental ones as shown in Fig.
110.

Figures 111 to 114 show that HETC-3STEP reproduces quite well the experimental
production cross sections of the other Ir isotopes of 188Ir, 1891r, 190Ir and 192Ir in the energy
region above 200 MeV. It is observed in Figs. 115 and 116 that HETC-3STEP results are also
in good agreement with the experimental ones for both the 188Pt and 191Pt productions. As
seen in Figs. 117 to 120, the calculated result agrees fairly well with the experimental ones for
the productions of 193Au, 194Au, 195Au and 196Au in the energy range above 200 MeV. For
these nuclides, HETC-3STEP gives much lower cross sections than the experimental ones in
the energy region below 100 MeV.

The disagreement between the calculated and experimental result in the energy region
below 100 MeV is commonly observed in almost all the results. As the mass number of the
produced nuclide becomes closer to that of the target nuclide of 197Au, on the other hand, the
agreement becomes quite better with increase of the incident energy above 200 MeV. As seen

in Figs. 121 and 122, exceptionally, significant overestimation is observed in the calculated

results for the 197Au (p,3n)195Hg and 197Au(p,n)197Hg reactions.

4, Concluding Remarks

The nuclide production cross sections by the proton incidence on the targets of 160, 27Al,
natFe, 59Co, natZr and 197Au were calculated with the HETC-3STEP code at incident energies
between 20 MeV to 5 GeV. The code simulates the nuclear reaction with the intranuclear
cascade and evaporation model including the preequilibrium and high energy fission processes.
In the calculation, the level density parameter derived with the Ignatyuk formula, the mass table
of Audi and Wapstra and the mass formula of Tachibana et al. were newly employed in the
evaporation calculation part.

It was confirmed that the HETC-3STEP calculation reproduces the experimental reaction

cross sections for those target nuclides with the accuracy of 20 % in the energy region from 50
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MeV to 1 GeV. For the nuclide production cross sections, it was concluded from the
comparisons with the experimental data that HETC-3STEP could estimate the production of the
nuclide close to the target nucleus with the accuracy of a factor of two to three at the incident
energies of 100 MeV to GeV for heavy nuclides of naiZr and 197Au. For the 197Au target,
HETC-3STEP also predicted reasonably well the nuclide production via the high energy fission
process. The accuracy was kept for the production of the nuclides apart from the target by
about 20 in mass number. Lighter the mass of produced nuclides becomes, worse the
agreement between the calculated and experimental results becomes. In particular, the
production of light fragment such as 7Be and 10Be were not estimated at all by the HETC-
3STEP calculation. For lighter target nuclides, the accuracy of the HETC-3STEP calculation
was poorer than for natZr and 1%7Au even in the production of the nuclide close to the target
nucleus.

The nuclide production itself depends upoen the excited state of a residual nuclide. In fact,
the mass yield distribution drastically changed due to the level density parameter. A very
sophisticated calculation model is required to predict the nuclide production accurately.
Considering that the present intranuclear cascade evaporation model treats the nuclear reaction in
a very classical manner, the resultant accuracy of a factor of two to three seems to be acceptable.

In order to improve the accuracy of the nuclide production cross section in the framework
of the intranuclear cascade evaporation model, the following physical aspects should be taken
into account: (i) The accurate treatment of the threshold energy of the nuclear reaction, (i) The
inclusion of the fragmentation reaction, (iii) More accurate estimation of the charged particle
emission in both the INC and preequilibrium processes, (iv) More precise simulation of the
statistical decay process by the use of the Hauser Feshbach model35). Recent studies for
including those physical aspects in terms of the nuclear medium effects36), the fragmentation
reaction cross section with a semi-empirical formula34), and the pick-up reactions37.38) for
cluster formation may be useful to improve the HETC-3STEP code.

From an experimental point of view, on the other hand, the data are very few yetexcept
for the production of nuclides having the mass number close to that of a target nucleus. The
accumulation of experimental data are also important not only for analyzing the nuclide
production mechanism through the spallation reaction but for establishing the systematic

estimation of the nuclide production cross section.
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Table 1. Target nucleus and prodcued nuclides for OECD/NEA code intercomparison!3) of
intermediate energy activation yields. The nuclides in parentheses are radioactive

progenitors for estimating the cumulative cross sections of their daughter nuclides.

Target Produced Nuclides

Nucleus

160 7Be, 10Be, 11C, 14C

27A1 3H, 3He, 4He, "Be, 10Be, 22Na, 24Na, 26Al

nalFe 3H, 3He, 4He, 7Be, 10Be, 20Ne, 21Ne, 22Ne, 22Na, 24Na, 28Mg, 26Al, 36Ar,

38Ar, 46SC, 48\/’ SICI', 52m+gMn’ 53Mn, 54Mn’ SSFC, 36Co

59Co 56Co, 57Co, 58Co, 56Ni, 57Ni

nat7r 7Be, 22Na (22Mg), 46Sc, 48V (48Cr), S1Cr (51Mn, 5iFe), 54Mn, 56Co (56Ni),
58Co, 60Co, 65Zn (55Ga, 65Ge), 67Ga (67Ge, 67As), 69Ge (69As, 69Se), T1As
(71Se, 71Br, 71Kr), T4As, 758¢ (75Br, 75Kr, 75Rb), 77Br (77Kr, 77Rb, 77S1),
78Kr (78Br, 78Rb), 79K (79Rb, 78Sr), 80Kr (80Br, S0Rb, 80Sr, 80Y), 81Kt
(81Rb, 81Sr, 81Y, 81Zr), 82Kr (82Br, 82Rb, 828r, 82Y, 82Zr), 83Kr (All mass
83 nuclides), 84Kr (84Br, 84Se, 84Rb), 85Kr (85Br, 85Se), 86Kr (86Br, 86Se,
86Rb), 83Rb (83Sr, 83Y, 83Zr), 84Rb, 86Rb, 82Sr (82Y, 82Zr), 83Sr (83Y,
837r), 85Sr (85Y, 85Zr, 85Nb), 86Y (86Zr, 86Nb), 86mY, 87Y (87Zr, 87Nb),
87mY, 88Y (88Zr, 88Nb), 86Zr (86Nb), 88Zr (88Nb), 89Zr (39Nb), 95Zr (95Y),
90Nb, 92mNb, 95Nb, 95mNb, 96Nb
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Table 1. (Continued)

Target Produced Nuclides
Nucleus
197Au 7Be’ 22Na (22Mg), 24Na (24Ne)’ 46SC, 48V (48Cr)’ 54Mn759Fe (SgMn)’ 56C0

(56Ni), 58Co, 60Co, 65Zn (65Ga, 65Ge), 74As, 75Se (75Br, 75Kr, 75Rb), 83Rb
(83Sr, 83Y, 83Zr), 84Rb, 86Rb, 85Sr (83Y, 85Zr, 85Nb), 87Y (87Zr, 87Nb),
88Y (88Zr, 88Nb), 88Zr (88Nb), 89Zr (89Nb), 95Zr (95Y), 95Nb (95Rb, 958r,
95, 95Zr), 96Tc, 103Ru (103Nb, 103Mo, 103Tc), 102Rh, 105Ag (105Cd,
105In), 110mAg, 110Ag, 113Sn (113Sb, 113Te, 1131, 113Xe), 121Te (121,
121Xe, 121Cs, 121Ba), 12imTe, 121m+gTe, 127Xe (127Cs, 127Ba, 127La),
131Ra (131La, 131Ce), 139Ce (139Pr, 139Nd, 139Pm,139Sm), 145En (145Gd),
147Ey (147Gd, me), 148Ey, 149Eu (149Gd, 149Tb, 149Dy, 149Ho), 149Gd
(149Th, 149Dy, 149Ho), 151Gd, (151Tb, 151Dy, 151Ho), 153Gd, (153Tb,
153Dy, 153Ho), 149Tb (149Dy, 149Ho), 151Tb (151Dy, 151Ho), 153Tb (153Dy,
153Ho0), 165Tm (165Yb, 165Lu, 165Hf), 166Tm (166Yb, 166Lu, 166Hf, 166Ta,
166W), 167Tm (167Yb, 167HF, 167Ta), 168Tm, 166Yb (166Lu, 166Hf, 166Ta),
169D (169Lu, 169Hf, 169Ta), 169Lu (169Hf, 169Ta), 17CLu (170Hf, 170Ta),
171Ly (171Hf, 171Ta), 172Lu (172Hf, 172Ta), 173Lu (173Hf, 173Ta), 172Hf
(172Ta, 172W, 172Re), 173Hf (173Ta, 173W), 175Hf (175Ta, 175Re, 175Qs),
181Re (181Qs, 1811r), 182Re (182Qs, 182[r, 182Pt), 183Re (183Qs, 183Ir, 183Pt,
183A0), 182Qs (182Ir, 182Pt, 182Au, 182Hg), 185Qs (185Ir, 185Pt, 185Au,
185Hyg), 191Qs (191Re), 185Ir (185Pt, 185Au, 185Hg), 186Ir (186Pt, 186Au,
186Hg), 187[r (187Pt, 187Au, 187Hg), 188[r (188Pt, 188Au, 188Hg), 189]r
(189Py, 189 Ay, 189Hg), 190Ir, 192Ir, 188Pt (188Au, 188Hg), 191Pt (191Au,
191Hg), 193Au (193Hg), 194Au (194Hg), 195Au (195Hg), 196Au, 19°Hg,
194Hg, 195Hg, 195mHg, 197Hg, 197mHg
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calculated result of HETC-3STEP. The sources of the
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Fig. 34 Cross section of the "*'Fe(p,x)**Na reaction. The notes to the
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marks and line are the same as for Fig. 23
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Fig. 43 Cross section of the "*'Fe(p, x)*Fe reaction. The notes to the

marks and line are the same as for Fig. 23
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Fig. 44 Cross section of the "*'Fe(p, x)°7Co reaction. The notes to the

marks and line are the same as for Fig. 23.
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Fig.45 Cross section of the "**Fe(p, x)**Co reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig. 46 Cross section of the *°Co(p, x)°°Co reaction. The notes to
marks and line are the same as for Fig, 23,
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Cross section of the **Co(p, x)°"Co reaction. The notes to the
marks and line are the same as for Fig. 23.

103 F T T T T L) IIP] T L] T T 1 II'[ L4 T T :
& % SBCo(p,x)saCo 5
Y ]
L o 9

10° F © E
L o ]
B ]

S *

10’ 3 E
x o MeaS6* X Asadl .
[ o Rem63 + Koz30a ]
5 ¢ Lev9l HETC-3STEP

‘ioo 1 L L i llljl L L 1 a1l L L L

10’ 10° 10°

Proton Energy (MeV)

Cross section of the *°Co(p,x)°%Co reaction. The motes to the
marks and line are the same as for Fig. 23,



JAERI-Research  96-040

101 o ' T T e T T T T 3
r Co(px)*°Ni 3
[ o Mic79 ]
) I O Sha5é
E 100t HETC-3STEP 4
5 5
0 .
fp? -
Q -
@
w i
A -1
2 10"
(&)
107 e
10’ 10? 10°

Proton Energy (MeV)

Fig. 49 Cross section of the **Co(p, x)°°Ni reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig. 50 Cross section of the *°Co(p,x)*'Ni reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig.51 Cross section of the "*'Zr{p, x)'Be reaction. The notes to the
marks and line are the same as for Fig. 23
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Fig. 52 Cross section of the "*'Zr(p, x)*’Na reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig.53 Cross section of the "*'Zr(p,x)**V reaction. The notes to the
marks and line are the same as for Fig, 23.
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Fig. 54 Cross section of the "*'Zr(p, x)°'Cr reaction. The notes to the

marks and line are the same as for Fig. 23.
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Fig.55 Cross section of the "*‘Zr{(p,x)°‘Mn reaction. The notes fo the
marks and line are the same as for Fig. 23.

1 02 .:. 4 T Ll LI | T T T 1 rTTy
nalzr(p,x)SBCO

— 101 | o RegBZ
-g E HETC-35TEP
S’
[l
.0
3] 100 E E
@ £ 3
3 ‘ >
7] r .
W o -4
2 »

'I O'2 L i L 4 ga1al 1 1 a1 21al i

10' 10° 10°

Proton Energy (MeV)

Fig. 56 Cross section of the "**Zr(p, x)’°Co reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig.57 Cross section of the "**Zr{(p, x)’*Co reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig. 58 Cross section of the "**Zr(p. x)"°Zn reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig.59 Cross section of the ""‘Zr(p,x)'‘As reaction. The notes to the
marks and line are the same as for Fig. 23
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Fig. 60 Cumulative cross section of the "*'Zr(p,x)"°Se reaction, The
notes to the marks and line are the same as for Fig. 23
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Fig. 63 Cumulative cross section of the "*'Zr(p, x)°°Rb reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 64 Cross section of the "*'Zr(p,x)*'Rb reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig. 65 Cross section of the "*'Zr{p, x)"°Rb reaction. The notes to the
marks and line are the same as for Fig. 23
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Fig.66 Cumulative cross section of the "*'Zr{p,x)*°Sr reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 87 Cross section of the "*'Zr(p, x)®°Y reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig. 68 Cross section of the "*'Zr(p,x)"'Y reaction, The notes to the
marks and line are the same as for Fig. 23.
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Fig. 69 Cross section of the "*'Zr{p, x2°*Y reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig. 70 Cumulative cross section of the °“*‘Zr(p,x}""Zr reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 71 Cross section of the "*'Zr(p, x)°°Zr reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig. 72 Cross section of the "**Zr(p, x)*°Nb reaction. The notes to the
marks and line are the same as for Fig.23.
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Fig. 73 Cross section of the '*"Au(p, x)'Be reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig.74 Cross section of the '°"Au(p, x)*’'Na reaction. The notes to the
marks and line are the same as for Fig. 23.
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Fig. 75 Cumulative cross section of the '°’Au(p, x)**Ne reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 76 Cross section of the '°TAu(p, x)'°Sc reaction. The notes to the
marks and line are the same as for Fig, 23
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Cross section of the '®TAu(p, x)®°Fe reaction. The notes to the
matks and line are the same as for Fig. 23.
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Cross section of the '*"Au(p, x)°*Co reaction. The notes to the
marks and line are the same as for Fig. Z3.
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Cumulative cross section of the '*"Au(p, x)’°Zn reaction.
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JAERI-Research  96-040

10° ¢ l e
i 197 A () ¥y

= 101 . (Cumulative Yield)
£ F HETC-3STEP
:: [ ® KauB0 ]
8 o i © Asa85 1
g 10 3 4  Koz90b E
t: s m Kau76 .
8 . & Asa88 :
S 107k E

10°° e —

10' 10° 10°

Proton Energy (MeV)

Fig. 81 Cumulative cross section of the "°TAu(p, x)°'Y reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 82 Cumulative cross section of the '°"Au(p, x)°‘Zr reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 83 Cumulative cross section of the '*"Au(p, x)*°Zr reaction. The
notes to the marks and line are the same as for Fig 23.
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Fig. 84 Cumulative cross section of the “*'Au(p,x)°°°Ru reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 85 Cumulative cross section of the '*’"Au(p,x)'*'Te reaction.
notes to the marks and line are the same as for Fig. 23.
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Fig. 86 Cumulative cross section of the '°"Au(p, x)'?*"Xe reaction. The
notes to the marks and Iine are the same as for Fig. 23.
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Cumulative cross section of the '*"Au(p, x)'*'Ba reaction. The
notes to the marks and line are the same as for Fig. 2.
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Cumulative cross section of the '’TAu(p, x)'*°Ce reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 89 Cumutative cross section of the '*"Au(p, xJ'*’Eu reaction

notes to the marks and line are the same as for Fig. Z3.
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Fig. 90 Cumulative cross section of the '*"Au(p,x)''°Gd reaction, The

notes to the marks and line are the same as for Fig. 23.
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Fig. 91 Cumulative cross section of the '°TAu(p,x)'*’Gd reaction.
notes to the marks and line are the same as for Fig. Z3.
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Fig.92 Cross section of the 'fTAu(p, x)''*Tb reaction. The notes
the marks and line are the same as for Fig. 23
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Fig. 93 Cumulative cross section of the '°*TAulp, x)'°'Tm reaction. The
notes to the marks and line are the same as for Fig. 23,
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Fig. 94 Cumulative cross section of the '*TAu(p,x)'°'Yb reaction. The
notes to the marks and line are the same as for Fig, 23.
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Fig. 95 Cumulative cross section of the '"“Au(p,x)'"°Lu reaction. The
notes to the marks and fine are the same as for Fig. 23,
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Fig. 96 Cumulative cross section of the '°TAu(p, x)'"'Lu reaction. The
notes to the marks and line are the same as for Fig.23.
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Fig. 97 Cumulative cross section of the '*TAu(p, x)''‘Lu reaction, The
notes to the marks and line are the same as for Fig 23.
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Fig.98 Cumulative cross section of the '*’Au(p,x)'"°Lu reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig.99 Cumulative cross section of the '°TAu(p, x)'*°Hf reaction. The
notes to the marks and line are the same as for Fig. Z3.
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Fig. 100 Cumulative cross section of the '*"Au(p, x)'"*Hf reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 101 Cumulative cross section of the '*"Au(p, x)''"Hf reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 102 Cumulative cross section of the "*"Au(p, x)''°Hf reaction. The
notes to the marks and line are the same as for Fig, 23,
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Fig. 103 Cumulative cross section of the '*"Au(p, x)' " °Ta reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 104 Cumulative cross section of the '*"Au(p,x)'*'Re reaction. The
notes to the marks and line are the same as for Fig. 23.



JAERI-Research 96-040

10? ————
"é\ -
< 10 2 E
g 197Au(p,x)133Re
8 - {(Cumulative Yield) .
9 _
v 3 O Koz90b ’
a 0
o 107 F ©  Kau80 E
O A Asa85 ]
- —HETC-3STEP .
10'1 L L I A | 1 1 W T T 3 " | 1. i 1
10 107 10°

Proton Energy (MeV)

Fig. 105 Cumulative cross section of the '°*"Au{p, x)**’Re reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 106 Cumulative cross section of the '*TAu(p, x)'**0Os reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 107 Cumulative cross section of the '*"Au(p, x)'"*0s reaction.
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notes to the marks and line are the same as for Fig. 23,
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Fig. 108 Cumulative cross section of the '*'Au(p, x)'%°0s reaction. The

notes to the marks and line are the same as for Fig. 23.
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Cumulaiive cross section of the '°’Au(p, x)'*°Ir reaction. The
notes to the marks and line are the same as for Fig. 23.
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Cumilative cross section of the '*7Au(p, x)'*"Ir reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 1t1 Cross section of the **7Au(p, x)'*"Ir reaction. The notes to
the marks and line are the same as for Fig. 23.
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Fig. 112 Cumulative cross section of the '*"Au(p, x)'*°Ir reaction. The
notes to the marks and line are the same as for Fig. 23.

— 86 —



JAERI-Research 96-040

102 : L} T T L] LEBLELS I[ L) T T Li LI l] T T L :
E 197Au(p,x)190|r ]

o - HETC-3STEP
E 3 e Kau80
bt 100 F o Asa8S E
o s A4 Sum90 ]
© I ]
L,
m -
0
8 0%k 3
= 3
o 1

10'1 1 i1 111l 1 i L34 agal 2

10’ 10° 10°

Proton Energy {MeV)

Fig. 113 Cross section of the '*7Au(p, x)'®"Ir reaction. The notes to
the marks and line are the same as for Fig. 23,
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Fig. 114 Cross section of the '*TAu(p.x)'*’Ir reaction. The notes to
the marks and line are the same as for Fig. 23,
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Fig.115 Cumulative cross section of the '°"Au(p, x)'*’Pt reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 116 Cumulative cross section of the '°TAu(p,x)'°'Pt reaction. The
notes to the marks and line are the same as for Fig. 23.
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Fig. 117 Cumulative cross section of the "*"Au(p, x)'’°Au reaction. The
notes to the marks and line are the same as for Fig. 23.

103 : T T ¥ L T L | 'I L] L] L] L T T lI T Li :
i 19?Au(p,x)]94Au i
= K .
£ 2 ﬁ'
- 100 ¢ E
c 3 3 o) .
0 - .
S s ]
o X i
T
w) 3 -
g 1
c 10 HETC-3STEP 3
o e  Kavb1 3
. o Kau80 .
A  AsaB5S ]
- ® SumS0 .
‘I OO 1 1 p o3 15l 1 L L 4 1 3aal 1 L
10’ 10° 10°

Proton Energy (MeV)

Fig. 118 Cross section of the '*TAu(p, x)'®'Au reaction. The notes to
the marks and line are the same as for Fig. 23.
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Fig. 119 Cross section of the '®TAu(p, x)'°’"Au reaction. The notes to
the marks and Iine are the same as for Fig. 23.
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Pig. 120 Cross section of the '°®"Au(p, x)'*°Au reaction. The notes to
the marks and line are the same as for Fig.23.
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Fig. 121 Cross section of the '’TAu(p, x)'°°Hg reaction. The notes to
the marks and line are the same as for Fig. 23
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Fig. 122 Cross section of the '*TAu{p, x)'®"Hg reaction. The notes to
the marks and line are the same as for Fig 23,



