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The GEM code is a simulation program which describes the de-excitation process of an excited
nucleus, which is based on the Generalized Evaporation Model and the Atchison fission model.
It has been shown that the combination of the Bertini intranuclear cascade model and GEM
accurately predicts the cross sections of light fragments, such as Be produced from the proton-
induced reactions. It has also been shown that the use of the reevaluated parameters in the
Atchison model improves predictions of cross sections of fission fragments produced from the
proton-induced reaction on Au.

In this report, we present details and the usage of the GEM code. Furthermore, the results of
benchmark calculations are shown by using the combination of the Bertini intranuclear cascade
model and the GEM code (INC/GEM). Neutron spectra and isotope production cross sections
from the reactions on various targets irradiated by protons are calculated with INC/GEM. Those
results are compared with experimental data as well as the calculation results with LAHET.
INC/GEM reproduces the experiments of double differential neutron emissions from the reaction
on Al and Pb. The isotopic distributions for He, Li, and Be produced from the reaction on Ag
are in good agreement with experimental data within 50%, although INC/GEM underestimates
those of heavier nuclei than O. It is also shown that the predictions with INC/GEM for isotope
production of light fragments, such as Li and Be, are better than those calculation with LAHET,
particularly for heavy target. INC/GEM also gives better estimates of the cross sections of fission
products than LAHET.
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1 Introduction

The GEM code is a simulation program for an evaporation and a fission process of an excited
nucleus. The code is based on the Furihata’s generalized evaporation model[1] and the Atchison’s
fission model.

The generalized evaporation model [1] is based on the Weisskopf-Ewing model [2]. The model
is similar to the Dostrovsky’s evaporation model [3] except that: (1) it is assumed that 66 nuclides
up to Mg, not only in their ground states but also in their excited states, can be emitted from
an excited nucleus during evaporation process; (2) the accurate level density function is used
instead of an approximate expression for deriving the decay width of a particle emission. It has
been shown [1] that the estimates of "Be produced from proton induced reactions are drastically
improved by the use of GEM in the simulation instead of EVAP [4] subsequent to intranuclear
cascade calculations.

GEM includes as user options two parameter sets for the Atchison’s fission model. One is
the original parameter set of mass, charge, and kinetic energy distributions of fission fragments
derived by Atchison. And the other is the parameter set evaluated by Furihata [5]. The use of
the Furihata’s parameter set in the Atchison model improves predictions of cross sections for
fission fragments produced from the proton-induced reaction on Au [5].

In this report, we present details of GEM and determine the capability of the code. Section 2
describes details of the generalized evaporation model and parameters used in the model. The
section also contains the description of the Atchison’s fission model and the parameter set derived
by Furihata. In section 3, benchmark calculations of neutron spectra, isotopic distributions, and
activation yields produced from proton induced reaction are presented. Since GEM simply
simulates a decaying process of an excited nucleus, we use the Bertini intranuclear cascade
model implemented in LAHET [6] for first non-equilibrium stage of the interaction, to simulate
whole reaction. The estimates are compared with experimental data as well as those calculated

using LAHET. The user’s manual of GEM is shown in section 4.
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2 The Models

2.1 Generalized Evaporation Model

2.1.1 Decay Width

The generalized evaporation model proposed by Furihata [1] is based on the Weisskopf-Ewing’s
formulation [2]. According to the formulation, the decay probability P; for the emission of a
particle j from a parent nucleus 7 with total kinetic energy in the center-of-mass system between
€ and € + de is (E-0-0
palL — & —¢€
Pi(e)de = g.0; Pa\™ = =/

i (€)de = gjTiny(€) i (E)

where E[MeV] is excitation energy of a parent nucleus i with mass A; charge Z;, and d denotes a

ede, (1)

daughter nucleus with mass A4 and charge Z; produced after the emission of ejectile § with mass
Aji and charge Z; in its ground state; oy, is the cross section for the inverse reaction, pi and pg
are level densities [MeV~!] of the parent and the daughter nucleus, respectively; g; is expressed as
gj = (28;+1)m;/ 72h2, with the spin S and the mass m; of the emitted particle j; The Q-value is
calculated using the excess mass M(A, Z) as Q = M(A;, Z;)+ M (44, Zg) — M (A;, Z;). In GEM,
four mass tables are used to calculate Q-values, according to the following priority: (1) Audi-
Wapstra’s mass table [7]; (2) theoretical masses calculated by Moller et al. [8]; (3) theoretical
masses calculated Comay et al. [9]; (4) the excess mass calculated by using Cameron’s formula.

Cameron’s mass formula is expressed as:
M(A,Z) =8.071323A — 0.782354Z + E, + Es + E,+ E.5 + S,

where E, E;, E., E¢; are the volume energy, the symmetry energy, the Coulomb energy, and
the Coulomb exchange energy given by the following expressions:

(A ~22)?

T )

—97)2 5
B, =25.83574%3 (1 Lr1910A=22)? ) (1 ~ O.62025> |

E, =-17.0354A(1 — 1.84619

A2 A2/3
Z(Z - 1) (1 1.5849  1.2273 1.5772)

E. =0.779 VE ~ A3 + 2 + 1473

B, = _0.4323m (1 _ OZZ%LI B 0;2?318 + 0.4?4597) .
The shell correction S is expressed as a sum of separate contributions from neutrons and protons,
ie., § = 8(Zq) + S(Ny) listed in Table 1.
The cross section for the inverse reaction oy, is expressed as

ogcn (1 +b/€) for neutrons _ ( ,6)
. - = 1+~=1, 2
iy €) { ogci (1 —V/e) for charged particles Tex \*F € @)

74/3

where 0, = mRy? [fm?] is the geometric cross section, and V = k;Z;Z4e?/R. [MeV] is the
Coulomb barrier. GEM includes two options for the parameter set of ¢,, b, ¢j, kj, Ry, and R..

The choices will be described in section 2.1.4.
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The total decay width I'; can be calculated by integrating Eq. (1) with respect to the total
kinetic energy € from the Coulomb barrier V' up to the maximum possible value (E — Q). By

using Eq. (2) for gy, the total decay width for the particle emission is expressed as

: E-Q
e
r;= ell+= E —Q — €)de. 3
J pz(E) v € pd( Q ) ( )
According to the Fermi-gas model, the total level density p(E) is given by the expression [10]
T eZg/a(E—(S) ; -
2o/ E—ophA " Bz Ey
1
L2 (B=Ey)/T E
Tl for £ < E;

where a [MeV~!] is the level density parameter, and §[MeV] is the pairing energy of the daughter
nucleus. Gilbert and Cameron [10] determined E, as E, = Uy + § where U, = 2.5 + 150/Ag.
The pairing energy ¢ is expressed as a sum of separate contributions from neutrons and protons,
ie. § = P(Z3) + P(Ny). In the code, the values by Cook et al. [11] are mainly used. For the
values not evaluated by Cook et al. [11], those obtained by Gilbert and Cameron [10] are used.
The paring energy P(Z) and P(N) are shown in Table 1. The nuclear temperature T is given by
1/T = /aJU,—1.5/U,, and Eq is defined as Ey = E,—T(log T—0.25log a—1.25log Uy+2v/aly).

By substituting Eq. (4) into Eq. (3), Eq. (3) is expressed as

B {L(t,t)+ (B+V)I(t)} for E—Q-V < E;
77 12p4(E)

[I1(t, tz) + I3(s, 82)€° + (B + V) {Io(tz) + I2(s, 8z)e’}] for E—Q -V > Ey

(5)
where t = (E - Q —V)/T and t, = E;/T, s = 2y/a(E — Q —V =), and sz = 2+/a(E; — 9).
In(t), I1(t,t), I2(s, sz), and I3(s, s;) are expressed as:

It) = e Fo/T(et —1),
Litts) = e P/TT{(t —t,+1)el= —t —1)},
I(s,s5) = 2V2 {5—3/2 +1.557%2 4 3.75577/2 — (5732 4 1.5575/% + 3.753;7/2)631‘“5} ,
I(s,s;) = (V2a)7! [23—1/2 + 45732 +13.557%/2 + 60.0s77/2 + 325.12557%/2 — {(32 — s2)s7%/2
+ (1.58% +0.5s2)s75/2 + (3.755 + 0.2552)s5 /% 4 (12.8755% + 0.62552) 5, /2
+(59.06255% + 0.937552)s; 12 + (324.85% + 3.2852)s519/2} %270

In a Monte Carlo simulation, ejectile j is selected according to the probability distribution

calculated as p; = T';/ 3, T'j, where T'; is given by Eq. (5).
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2.1.2 Kinetic Energy

The probability distribution of the total kinetic energy ¢ of an ejectile and a daughter nucleus
is given by Eq. (1). Substituting Eq. (4) into Eq.(1), and normalizing yields

e(E_Q_C_EO)/T 1
gjO'ga(e + ﬁ)_T_F—]

Pj(e) = - (6)

VBT 1 <<k E
a/4E—-Q—6—¢P/AT; sesb-Q-F

E-Q-E;{e<E-Q

gjoga(e + B)

The total kinetic energy e is randomly chosen with respect to the probability given by Eq. (6).
The direction of the motion w is randomly selected to be isotropic in the center of mass system.
Then the excitation energy of the daughter nucleus is calculated as £ = F — Q —e.

The kinetic energy of the ejectile in the laboratory system is calculated in the following manner:
The momentum of the ejectile in the center of mass system pem is calculated by € and the unit

vector w of the direction of motion as

2mimge
[ 2 glra 7
Pem = Wy [€“ + j d’ ( )

where m; and mg are the masses in MeV of the ejectile and the daughter nucleus, respec-
tively. The momentum p;’ of the ejectile in the laboratory system are obtained by the Lorentz

transformation as

p:i, = Pem + TJV;)

pd, = —Pem +T4Vi,
Tlf:')’{ﬁy__’r_—l(pcm“/i)'*‘El} £=j01‘d,

where By = {/pem? +m3 (€= j or d), v = 1/4/1 — V;2, and the velocity of the parent nucleus in
the laboratory system V;= w4/ E.2 + 2m;E, /(E, + m;) with the recoil energy E, of the parent
nucleus and the direction of w (unit vector) in the laboratory system after the initial non-
equilibrium stage. The kinetic energy in the laboratory system is calculated as E,’ = 1/ pg’ 24 m%
(£=jord).

2.1.3 Ejectiles

In GEM, 66 nuclides, not only in their ground states but also in their excited states, are
treated as ejectiles. The selected ejectiles listed in Table 2 satisfy the following criteria: (1)
isotopes with Z; < 12; (2) naturally existing isotopes or isotopes near the stability line; (3)
isotopes with half-life longer than 1 ms.

If the mean lifetime of a resonance is longer than the decay width of the resonance emission,

such a resonance can survive during the evaporation process. The excited state is included if its
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half lifetime T3/, [sec] satisfies the following condition:

Typ _ K
oo > I‘_;f’ (8)

where I'] is the decay width of the resonance emission. I'] can be calculated in the same manner
as for a ground state particle emission. The Q-value for the resonance emission is expressed as
Q" = Q+E7, where E7 is the excitation energy of the resonance. The spin state of the resonance
S is used in the calculation of g;, instead of the spin of the ground state S;. Although the mass
of an excited state is different from that of the ground state, the ground state mass m; is used,
because the difference of the masses is negligible.

Instead of treating a resonance as an independent particle, the decay width of the ground

state particle emission is simply enhanced. The decay width I'; is redefined as
I;=T9+) %, (9)
n

where 1"? is the decay width of the ground state particle j emission, and I'} is that of the nth
excited state of the particle j emission which satisfies Eq. (8).

The total kinetic energy distribution of the excited particle emission is assumed to be the
same as that of the ground state particle emission. S}, EY, and Tj/; used in this study were
extracted from the ENSDF database maintained by the National Nuclear Data Center [12].

2.1.4 Parameters of Coulomb Barrier and the Cross Section for Inverse Reaction

The cross section for inverse reaction ¢;,, and the Coulomb barrier V are expressed as

Tino(€) = TRy%cn (1 +b/€) for neutrons (10)
" B WRb2Cj (1 -V/e) for charged particles ’
Z 'Zd62

GEM includes two options for the parameter set in the above expressions. One is ’the simple

parameter set’, and the other is ’the precise parameter set’.

1. The simple parameter set
The simple parameter set is given as ¢, =c¢; =kj =1, b=0and R, = R, = rg(Ajl-/ 3+Ai/ 3)
[fm]. User needs to input 7.

2. The precise parameter set (default)
The precise parameter set is the combination of parameters determined by Dostrovsky et
al. [3] and Matsuse et al. [13]. Details are as follows:

(a) For n, p, d, t, 3He, and o emission
Dostrovsky et al. [3] determined the parameters for n, p, d, t, 3He, and o emissions by

fitting the expression to the theoretical calculation done by Shapiro [14] and Blatt and
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Weisskopf [15], so that the effect of overlapping wave functions was taken into account.
The Dostrovsky’s parameters are given as ¢, = 0.76 + 1.93A;1/ b= (1.66A;2/ 5 _
0.050)/(0.76 + 1.93A;1/3) (and b =0 for Ag >192), cp =1+4c,cg=1+¢/2,¢; = 1+¢/3,
Cge = Ca = 0, kp = k, kg = k+0.06, ky = k + 0.12, ksyg, = ko — 0.06, where ¢, k,
and k. are listed in Table.3 for each Z;. Between the Z; values listed in Table.3, ¢y, kp,
and k, are interpolated linearly. The nuclear distances are given by R = 1.5A‘11/ 3 for
neutrons and protons, and 1.5(A(11/ 34 Ajl-/ 3) for d, t, 3He, and a. The nuclear distance
for the Coulomb barrier is expressed as R. = Rq + R; where Rg = 1.7AY/3 and R; =0
for neutrons and protons, and R; = 1.2 for d, t, 3He, and o particles.
(b) For other particle emission

Matsuse et al. [13] analyzed the critical distance in the fusion reaction of heavy-ion
systems. They compared the experimental and theoretical fusion cross sections, and
determined the parameters as follows: ¢; = k = 1, Ry = Ro(4;) + Ro(Aqg) + 2.85 [fm],
R. = Ro(A;) + Ro(Aqg) + 3.75 [fm], where Ro(A) = 1.124'/3 — 0.864~1/3,

2.1.5 Level Density Parameter

GEM includes two options for the expression of the level density parameters a. One is the
simple level density parameter, and the other is the Gilbert-Cameron-Cook-Ignatyuk(GCCI)

level density parameter [16]. Details are as follows:

1. The simple level density parameter
The simple level density parameter is given by a = Ag/ap. User need to input ag.
2. The GCCI level density parameter (default)
For Z; < 98 and N, < 150, the GCCI level density parameter a]MeV™!] is expressed as

_ —u 1— e ¥
a=ai=® +a1<1— © ) (12)
u u

where u = 0.05(E — §), and

ay = (0.1375 — 8.36 x 10—5Ad) x Ag,

i = Aq/8 Zg<9or Nyg<9
B Ag(a’ 4+ 0.0091785) for others

For deformed nuclei with 54 < Z; < 78, 86 < Z; < 98, 86 < Ny < 122, or 130 < N4z < 150,
a’ = 0.12 and o’ = 0.142 for other nuclei. The shell correction S is expressed as a sum

of separate contributions from neutrons and protons, i.e. S = S(Z;) + S(Ng). The shell

corrections are tabulated in Table 1.
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2.1.6 Option for CPU Time Saving

GEM needs more CPU time than other simulation programs for evaporation process, which
do not include any ejectile heavier than He. In order to save CPU time of execution of GEM,
the following technique is implemented: The major particles emitted from an excited nucleus
are n, p, d, t, 3He, and . For most of the cases, total emission probability of particle heavier
than o is negligible compared to those for the emissions of light ejectiles. Therefore, we make a
criteria to determine whether to calculate emission probability for all 66-ejectiles or to calculate
those for ejectiles lighter than .. Obtain the random number z, which is uniformly distributed
from 0 to 1, to determine which ejectile is emitted. In the following cases, the calculations of

the probabilities for the emission of particles heavier than « are skipped:
o A; > 40 and z < 0.95;
e 30 < A; <40 and z < 0.93;
e 20< A; <30 and z <0.7.

Otherwise, probabilities are calculated for all 66 particle emissions. Above criteria are deter-

mined by the actual simulation.

2.2 Fission Model

For a heavy exited nuclus, the fission process is very important for a residual nucleus produc-
tion. GEM employs the Atchison fission model [17] with two options for parameter set which
gives mass, charge, and kinetic energy distribution of post fission fragments. One of them is
an original pa,ra,meter set in the Atchison model, and the other is a parameter set evaluated by
Furihata [5].

2.2.1 Fission Probability

The Atchison fission model [17] is based on the assumption that fission competes with neutron

emissions at all stage of nuclear de-excitation, with the fission probability Py expressed as

Tt 1
Py = = , 13

where I',, is total width of neutron emission, and T's is the total fission width. Whether a fission
occurs or not is randomly selected with respect to Ps. Since the model does not describe the

fission of a nucleus with Z< 70, fission is assumed to occur only for a nucleus with A > 70.

1.89< Z; <100
In the Atchison fission model [17], the following semi-empirical expression by Vandenbosch

and Huizenga [18] is used to calculate the fission probability for a pre-fission nucleus with
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89< Z; <100.
log(T'n/T'y) = ®(Z;)(Ai — ¥(Z;)) (14)

® and ¥ are tabulated as a function of Z in Table 4. The fission probability Py is indepen-
dent of the excitation energy of the pre-fission nucleus.

.70< Z; < 88

For nuclei with 70 < Z; < 88, neutron emission width and fission width are calculated

separately. The fission width I'y is given by

_ (sf—1)e*f +1

Ly a;

(15)

where s5 = 2\/af(E — By — 6) and ay = a,{1.09 + 0.011(Z;?/A; — 31.09)?}, and the fission
barrier By [MeV] is given as
72 z2\?
Bf=Qn+321.2—16.7—— +0.218 | =— | . (16)
A A;

The neutron emission width I',, for the calculation of Ps is expressed as [17]

T, =0.352 (1.68Jo + 193431 + 4:%/%(0.76.; — 0.05Jo) ) (17)

where Jp and J is the function of s,(= 2+v/an(E — Qpn — 0)) and a, (= (A4; —1)/8) expressed
as
($n — De*~ +1
2an
(252 — 65sp, + 6)e*™ + 52 — 6
8a2 '

Jo =

J1 o=

Although the neutron emission width I';, and the level density parameter a, used in the
above expression differs from the ones used in the evaporation model, we use the above Iy,

and a, to maintain the accuracy of the Atchison model.

2.2.2 Mass Distribution

The selection of the mass of the fission fragments depends on whether the fission is sym-

metric or asymmetric. For a pre-fission nucleus with (Z;2/A4;) < 35, only symmetric fission is

allowed. For (Z;2/A;) > 35, both symmetric and asymmetric fission is allowed, depending on

the excitation energy of the pre-fission nuclei. No new parameter is determined for asymmetric

fission.

For nucleus with (Z;2/A;) > 35, whether the fission is symmetric or not is determined by the

asymmetric fission probability Ppsy

4870¢0-36F
1 4 4870¢=0-365"

Pogy = (18)



JAERI—Data/Code 2001—015

1. Asymmetric fission
For asymmetric fission, the mass of one of the post-fission fragments A; is selected from
a Gaussian distribution of mean Ay = 140 and width op = 6.5. The mass of the other
post-fission fragment is Ap = A; — A;.

2. Symmetric fission
For symmetric fission, A; is selected from the Gaussian distribution of mean Ay = A;/2

and width ops. GEM has two options for ops.

e Original o) in the Atchison model

In the Atchison model, oy is given by

. 425(E — Bf) — 0. - Bf)? E-
0M={397+0 5(E — By) — 0.00212(E — Bf)? E — By < 100[MeV] (19)

25.27 E — By > 100[MeV]

where By obtained by Eq.(16) for pre-fission nucleus with Z; < 88. For a pre-fission
nucleus with Z; > 88, the following expression for By given by Neuzil and Fairhall [19]
is used.

Bf = C - 0.36(Z;*/A;) (20)
where C =18.8, 18.1, 18.1 and 18.5 for odd-odd, even-odd, odd-even, and even-even
pre-fission nuclei, respectively.

e o evaluated by Furihata (default)

Furihata [5] assumed the following expression of o
oy = C3(Z2/A:)? + Cu(Z}/Ai) + C5(E — By) + G, (21)

and obtained C3 = 0.122,Cy = —7.77,Cs = 3.32 x 1072 and Cs = 134.0, by fitting the
expression to experimental data collected in ref. [20] and ref. [21]. In above expression,
the fission barrier By given by Myers and Swiatecki [22] is used. The excitation energy
dependency and the Z2/A dependency of o)y are shown in Fig. 1.

2.2.3 Charge Distribution

The charge distribution of a fission fragment is assumed to the Gaussian distribution of mean

Z; and width 0z. Z; is expressed as

_Zi+Zi—Z§

Zs 5 ; (22)
where 6554
/ - £

== — £=1or2. 23

T 1314 A2 (23)

e The original oz in the Atchison model

In the Atchison model, oz = 2.0 is used.
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e oz evaluated by Furihata (default)

It is shown that the Atchison model with oz = 0.75 produces better results than with
oz =20 [23]. Therefore, oz = 0.75 is used in GEM as a default value.

2.2.4 Kinetic Energy Distribution

The kinetic energy of the post-fission nuclei is determined by the Gaussian distribution with

mean €5 and width o ®

o The original parameters in the Atchison model

The parameters for the kinetic energy distribution are expressed as

ef = 0.133Z2/A;Y% 114
o, = 0.084es

e The parameters evaluated by Furihata,

Rusanov et al. determined the Z;? /Ail/ 3 dependence of ¢ 7 by fitting to experimental data
as follows [20]:

__ [ oz for Z2/A? < 900 (24
77\ 0.10422/4° + 243 for 900 < Z2/AY? <1800
Furihata fitted the following expression of o ; to the experimental data [24],
1/3 1/3
2] G (224} —1000) + G, for Z2/A;* > 1000 | 25)
! Cs for Z2/A}3 < 1000

and got C1 = 5.70 x 10~ and C, = 86.5. The experimental data used for fitting are the
extrapolated values to the nuclear temperature 1.5 MeV by Itkis et al. [24]. The fitted
result is compared with the experimental data as well as the original parameters in the

Atchison model in Fig. 2.
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3 Benchmark Calculation for Proton Induced Reactions

Neutron spectra, isotopic distributions, and activation yields for proton induced reactions are
calculated by the combination of the Bertini intranuclear cascade (INC) model implemented
in LAHET [6] and GEM (INC/GEM’). No preequilibrium model is used in this benchmark
calculation. The results are compared with various experimental data and those calculated using
LAHET, to test the capability of GEM. Since the same INC model is used in both INC/GEM
and LAHET calculation, the difference in the results of INC/GEM and LAHET shows the
capability of the de-excitation models for prediction. The models and parameters used in both
INC/GEM and LAHET are summarized in Table 5.

The Bertini model employed in LAHET is modified [25] from the original one. In the model
implemented in LAHET, the randomized cutoff energy is used instead of fixed cutoff energy
used in the original model [26]. The randomized cutoff energy for neutrons is determined by
uniform distribution between zero and twice the mean binding energy. The Coulomb barrier
is randomly distributed in a form simulating a Coulomb barrier transmission probability, and
then the maximum value of the Coulomb barrier and the neutron cutoff is used as the proton
cutoff. The other modification of the Bertini INC model in LAHET is energy correction for
(n,p) and (p,n) reactions. The energy of an outgoing particle is corrected by the Q-value for
these reactions.

The GEM code simulates the decay process of the excited nuclei whose distribution of mass
A;, charge Z;, excited energy E, and the direction of recoil motion of the excited nuclei are
determined by the Bertini INC model. The GCCI level density parameter, the precise parameter
set for cross sections of inverse reactions, and the new parameter set for the Atchison fission
model are used in the GEM calculations. In the LAHET calculation, all the default options
are selected, i.e., the Fermi break-up model [27] is used for 4; < 13 and for 14 < A; <20
with excitation energy below 44 MeV, otherwise Dresner’s evaporation code, EVAP [4] with
the GCCI level density parameter and the Atchison fission model with original parameter set
is used. Since the EVAP code is also based on the Dostrovsky’s evaporation model [3], both

EVAP and GEM use the same parameters for cross sections of inverse reactions.

3.1 Neutron Spectra

Double differential cross sections of neutron productions for proton induced Al and Pb reac-
tions at 113 MeV and 800 MeV are shown in Fig. 3 and Fig. 4. The results calculated using
INC/GEM agree with the most of experimental data measured by Amian et al. (28] and Meier
et al. [29] within 50 % accuracy except the cross sections at 30 and 60 degree for the 800 MeV
protons on Al reaction. LAHET also reproduces the cross sections except those at 30 and 60

degree for 113 MeV proton incident on Al
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3.2 Isotopic Distributions

Isotopic distributions of light fragments produced from the 480 MeV proton induced Ag reac-
tion are shown in Fig. 5. The calculated results by INC/GEM are compared with experimental
data [30]. The estimates of He, Li, and Be productions by INC/GEM agree with experimental
data with 50 % accuracy, however, INC/GEM underestimates the cross sections as a fragment
mass increases.

Figure 6 ~ Fig. 8 shows cross sections of spallation residues produced from the 1 GeV protons
on 29%Pb reaction. The INC/GEM calculations are shown as well as the results calculated by
LAHET. The calculations are compared with the experimental data measured by GSI [31]. The
isotopic distributions predicted by INC/GEM are shifted towards proton-rich side compared to
the estimates by LAHET. Both the simulations produce similar widths of distributions, and
these widths are narrower than those of the measurements for isotopes with Z < 79. Although
INC/GEM reproduces the magnitude of cross sections for heavy elements with Z > 72, it
overestimates the cross sections for lighter elements. LAHET overestimates these cross sections
more than INC/GEM does. The differences in the estimates are due to the effective Coulomb
barrier used in GEM and EVAP. In EVAP, Coulomb barrier for an excited nucleus is reduced
from the expression given as V = k; Z; Z4€%/R,. Because no such a Coulomb barrier reduction is
used in GEM, more neutrons are emitted than protons. Thus GEM produces more proton-rich
isotope than LAHET. Other differences between GEM and EVAP, i.e., the level density function
used to derive particle emission probability, and whether including fragment emission or not, do
not affect the results significantly. One of the reasons is that the difference between the accurate
level density function and approximate one is small when the mass of an excited nuclei is large,
and the other is that the probability of fragment emission is much less than those of proton and

neutron emissions, particularly in the case of a heavy target.

3.3 Excitation Functions of Isotope Production

Excitation functions are calculated for proton induced 160, 27Al, "atFe, 9Nb, 197Ay, and 238U
reactions. The estimates by INC/GEM are compared with experimental data as well as the
calculated results by LAHET in Fig. 9 ~ Fig. 56. The calculated cross sections are summed for
all the cross sections of the nuclide and its progenitors when cross sections are measured as a
cumulative yield. Table 6 shows the combination of a target and a nuclide which are compared
with experimental data.

Experimental data are mainly collected from EXFOR database at National Nuclear Data
Center [32] and ref. [33]. We also use ref. [34], which compiled a lot of production cross
sections, as a source of experimental data. In Fig. 9 ~ Fig. 56, the data extracted from EXFOR
database are shown by EXFOR number which is indicated by an alphabet followed by 4 digits,
such as 'C0235’. 'NEA’ show those from ref. [34]. For the experimental data compiled in ref.
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[33], the marks of the references used in ref. [33], such as 'Ber73’, are denoted in the figures.
The combination of 3 alphabets and 2 digits with asterisk, such as 'Pos71*’, shows other sources

of experimental data those listed in Appendix 4.6.

3.3.1 Oxygen Target

Reaction with a light target is very difficult to be described by a combination of an intranuclear
cascade model and an evaporation model. INC assumed that nucleon density depends on region
inside nucleus. This assumption does not hold for a small nucleus that has a clustering structure.
Also, an evaporation model becomes less applicable for a light nucleus, because the mass of an
ejectile can be comparable to the mass of a residual nucleus. Besides, even small excitation
energy can be comparable to their total binding energy.

Despite these difficulties of applying INC/GEM to a light target, the results calculated by
INC/GEM agrees well with the measurements as seen in Fig.9 and Fig.10. It is even surprising
that INC/GEM produces similar results to those calculated using LAHET, in which the Fermi
break-up model is implemented to describe decay of a light excited nucleus. Both calculations
agree with most of experimental data within a factor of two to three. INC/GEM successfully
reproduces the threshold reaction for Be productions. Although INC/GEM predicts the thresh-
old energy for 3N production slightly higher than that of the measurements, and it does not
reproduce three peaks of the cross sections below 20MeV, it roughly reproduces the shape of the
excitation function as well as LAHET. It is believed that an evaporation model can not describe
de-excitation of a light nucleus as successful as the Fermi break-up model does, however, the
results show that GEM can describe it. We consider the reason to be as follows: Two-body
break-up is the main channel of disintegration of a light nucleus particularly at low excitation
energy, and the probability of two-body break-up in the Fermi break-up model is similar to
those in an evaporation model. The main differences in the expressions of the probability cal-
culation are: (1) the Fermi break-up model does not use any inverse reaction cross section; (2)
instead of using level density functions, experimental levels and spins are used for counting the
number of states of post-decay fragments. Since the accurate level density function is used for
the calculation of particle emission probability in GEM, and the difference between the accurate
level density function and the approximate one is large for a light nucleus at low excited energy,
the discrepancies in results caused by (2) might be improved from the evaporation model in
which the level density parameter in an approximate form is used. Also, our previous study [1]
showed that the excitation function for a light target calculated by INC/GEM were insensitive
to the parameters of the inverse reaction cross section. Therefore (1) might not affect the results

significantly.
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3.3.2 Aluminum Target

Fig. 11 and Fig. 12 show the excitation function for the reaction on aluminum target induced
by proton. INC/GEM predicts the triton and helium productions more accurately than LAHET.
The use of the accurate level density function improves these particle emissions, particularly
at low proton incident energy. The excitation function for "Be production calculated using
INC/GEM agrees with the most of experimental data within 50 % of accuracy whereas LAHET
produces no 'Be below 100 MeV. INC /GEM also reproduces the shape of the excitation function
for 1°Be production, although it underestimates them by a factor of two to five. GEM also
improves the prediction of the cumulative cross section of 2°Ne production below 40 MeV. The
excitation function calculated using INC/GEM has a peak around 20 MeV, whereas LAHET
fails to reproduce the peak. According to the INC/GEM calculation, the peak of the cross
section at 20 MeV is contributed by the 27 Al(p,2a:)?°Ne reaction at threshold energy of emission
of two o particles. As seen in the figure of the excitation function for o emission, since GEM
improves the particle emission from a light target, it also describes the threshold reaction such
as 2"Al(p,2a)?°Ne accurately. Both INC/GEM and LAHET produce similar results for the

residuals whose masses are near the target.

3.3.3 Iron Target

The excitation function for the reaction of proton induced natural iron target are shown
in Fig. 13 ~ Fig. 18. The estimates of triton and helium production by INC/GEM agree
with those by LAHET within a factor of two, except near the threshold energies. INC/GEM
reproduces the threshold energy of an a particle emission better than LAHET. The predictions of
beryllium productions are much improved by using INC/GEM. It reproduces both the excitation
functions within 50 % to a factor of two, while LAHET underestimates them by more than
one order of magnitude. INC/GEM predicts the threshold energies of light residual nuclei,
such as Na, lower than LAHET, however, those of experimental data are much lower than the
INC/GEM predictions. As already seen in the isotopic distribution produced from lead target,
it is also shown in Fig. 14, 15, 17, and 18 that INC/GEM produces more proton-rich nuclei
than LAHET. INC/GEM predicts more 28Mg, 36Ar, 44Ti, 48Cr, 52Fe, and 55Co productions
from iron target than LAHET. In the excitation functions for the cumulative 51Cr production
and independent **Mn production (Fig. 17), there are peaks at proton incident energy below
20 MeV. INC/GEM reproduce these peaks but LAHET does not. According to the INC/GEM
calculation, the 54Fe(p,a)51(3r reaction contributes to the cumulative ®1Cr production below
30 MeV, and 57Fe(p,a)®*Mn does to the 5*Mn production below 20 MeV. Since INC/GEM
reproduces the threshold of o emission, it also reproduces these reaction. The differences in the
results calculated by INC/GEM and LAHET shows how much it improves the predictions to use

the accurate level density function in an evaporation model, as already mentioned in previous
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section. Both calculation procedures produce the similar excitation functions of other residuals.

3.3.4 Niobium Target

The excitation functions for nuclide production from the reaction of proton induced niobium
target are shown in Fig. 19 ~ Fig. 24. INC/GEM reproduce the excitation function for the "Be
production within a factor of two in whole energy region while LAHET predicts no "Be from
the reaction. There is a large discrepancy between the experimental data and the estimated
excitation functions of 2Na production below 2 GeV. Both INC/GEM and LAHET severely
underestimate 22Na production. It is not clear whether 22Na, is produced as a residual nucleus
or an ejectile, however, irrespective of it, INC/GEM underestimates sodium productions from
the reaction induced by low energy proton as shown in Fig.5 (the fragment productions from
the reaction on Ag target induced by 480 MeV protons) and Fig. 14 (the #2Na production from
the reaction on Fe target). There are less differences in the predictions by both the calculation
procedures of the threshold reactions of o particle emissions, such as 3Nb(p,ne)%Zr (Fig. 24)
and 8Nb(p,2na)8Zr (Fig. 23), in contrast to the estimates for the reaction.on Al and Fe targets.
Since the accurate level density function is used for E* < 2.5 + 150/A, + 4, the difference of
calculated probability decreases as A4 increases. Thus, whether using the accurate level density
parameter or not does not affect the results significantly. For other nuclide, the differences in

the results calculated by both methods are within a factor of two.

3.3.5 Gold Target

The excitation functions for the nuclide productions from the reaction on gold induced by
protons are shown in Fig. 25 ~ Fig. 36. ‘

As seen in the results for other targets, INC/GEM reproduces "Be productions above 300
MeV, whereas LAHET severely underestimates them by more than one order of magnitude.
The estimates of 18F productions calculated by INC/GEM agree with experimental data above
1 GeV, while the discrepancies between the measurements and the estimates of 22Na, 24Na and
ZMg productions are a factor of five or more. According to the calculations by INC/GEM,
half of these particles are produced from evaporation process and the rest of them are fission
products, however, it is hard to be decided from the experimental data how these particles are
produced.

The nuclide with 30 < A < 130 are fission fragments. Some predictions for fission products
are drastically improved by using GEM. INC/GEM reproduces the excitation function of 82Br,
88y and %Nb productions whereas LAHET fails to reproduce the shapes of them. LAHET
produce light fission fragments (46Sc, 48V, 54Mn, and 59Fe productions shown in Fig. 26 and 27)
more than INC/GEM, from the reaction induced by low energy protons . Since LAHET uses

the RAL fission model with the original parameter set, it produces wider mass distribution than
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INC/GEM that uses the same model but with the parameter set derived by Furihata [5]. Of
84Rb, 86Rb, %57Zr, and 193Ruy, although the estimates by INC /GEM agree with the experimental
data better than those by LAHET on average, the shapes of the excitation functions are not
perfectly reproduced by INC/GEM. The reason could be the imbalance of neutron and proton
emission as shown in figures of the spallation products from the reaction on Pb induced by 1
GeV protons, or insufficient description in the fission model. For detail analysis, the calculation
should be compared with forthcoming experimental data measured by GSI [35].

According to the calculation, nuclides with 125 < A < 140 are produced from the reaction
as fission products at low proton incident energies, and as spallation products at high energy.
Therefore, the calculated excitation functions of these nuclides (Fig. 30) shows no clear threshold
energy such that seen in the excitation function of a spallation product with A > 140.

INC/GEM and LAHET produce similar results for the spallation products with A > 140,
except the threshold energies. INC/GEM estimates the threshold energies of deep spallation
products higher than LAHET. Like the reaction on O, Al, Fe, and Nb, INC/GEM underestimates

the neutron-rich nuclei, i.e., 148Eu and %8 Tm shown in Fig. 31.

3.3.6 Uranium Target

The excitation functions for the fragments produced form the reaction on 238U irradiated by
protons are shown in Fig. 37 ~ 56.

INC/GEM reproduces the excitation function for °Li production as well as those of "Be.
Above 500 MeV, the estimates agree with experimental data within a factor of two to three.
The cross sections of 18C, 2¢Na, and Mg are not predicted by INC/GEM, as already seen in
the results of the Nb and Au targets.

Use of different ops in the RAL fission model changes the resulting excitation functions for
nuclides with 30 <- A < 80 or 140 < A < 200. INC/GEM predicts the threshold energy
of these nuclides higher than LAHET (45:47Ca, 43:46:47:48gc 47:48,49y 49.51Cy 66N, 67Cy, and
7273Ga) because the use of ops given by Eq. (21) in the fission model causes the narrower
mass distribution for fission fragments produced at low proton incident energy. Fig. 27 shows
that INC/GEM underestimates the cross sections of 7Cu and "2Ga below 100 MeV, however,
the results calculated by INC/GEM are in good agreement with the measurements above 100
MeV. INC/GEM reproduces the excitation functions for the cumulative %6Ni, 3Ga, !53Sm, and
156,157 Fu productions within a factor of two to three above 40 MeV. Fig. 40 ~ Fig. 50 shows that
the use of 0z = 0.75 in the RAL fission model improves the prediction of excitation functions
of nuclides with 80 < A < 140. It improves the accuracy of predictions for both neutron-rich
and proton-rich nucleus, particularly below 200 MeV (see 8Rb production in Fig. 28 and 9"Rb
production in Fig.30 as examples).

The estimates for spallation products with A > 200 calculated using INC/GEM are similar
to those by LAHET.
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3.4 Conclusion of Benchmark Calculations

Neutron spectra, isotopic distributions, and excitation functions for the reaction on various
targets irradiated by protons are calculated using the combination of the Bertini intranuclear
cascade model (INC) and the generalized evaporation model (GEM). The results of INC/GEM
are compared with experimental data as well as the estimates by LAHET.

Using GEM instead of EVAP improves the estimates of light particle productions. INC/GEM
predicts the cross sections of a light fragment, such as "Be productions from the reaction on
O to U targets with 50% accuracy on average. It is believed that only a fragmentation model
can describe light particle productions, however, the results suggest that light fragments can be
produced from evaporation process. INC/GEM can adequately describe threshold reaction of
alpha particle emissions, since the accurate level density function is used in GEM. INC/GEM
gives the better excitation function than LAHET, for o particle productions as well as that for
residuals produced from the threshold reaction of @ emission, such as cumulative 51Cr production
from "tFe target. The use of new parameter set in a fission model improves the prediction of
cross section of a fission product, such as *Nb from Au, and Rb from U.

GEM is not perfect still, however. INC/GEM underestimates the cross sections of a heavy
fragment, such as *2Na, produced from bombardment of a target with A > 90 by more than an
order of magnitude. From the experimental data measured by GSI [35], it does not seem that
sodium isotopes are produced as fission products. According to their experiment, which they
measured cross sections for fission residues produced from the reaction on proton irradiated by
800 MeV /A 197 Au, the cross sections of fission products with A < 40 are less than 0.1 mb. The
experimental data in Fig. 25 shows the cumulative cross section of 24N3 at 800 MeV is about 0.3
mb. Therefore, the main process which contributes the 24N production is not fission below 800
MeV. It may improve predictions to take the effect of the Coulomb barrier reduction between an
ejectile and a highly excited nucleus into account in GEM, or to employ a multi-fragmentation
model in the simulation.

INC/GEM also underestimates neutron-rich isotopes of spallation products. The new param-
eters of the inverse cross section, instead of those derived by Dostrovsky et al. [3], is needed
to improve the underestimates, as pointed out by many authors [34, 36] that that is one of the
problems in an evaporation model. The use of more accurate expression of the level density

parameter may also improve predictions.
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4 The GEM Code Users Manual
4.1 Introduction

GEM is a Fortran program for the Linux computer with g77 compiler. GEM simulates a
decaying process of an excited nucleus, therefore you should use other computer programs to
determine the excited nuclei produced after first non-equilibrium stage of a nuclear reaction,
such as proton induced reaction. Also, you need to edit an output file of GEM to estimate cross

sections.

4.2 TFile Structure

The following directories and files are included in the gem.tar file.

e for/
1 -ry-r--r-- 1 383 Nov 6 17:37 Makefile
9 -rw-rwv-r—— 1 8784 Feb 10 2000 bdO1i.f
3 -rw-rw-r-- 1 2061 Feb 11 2000 bdejc.f
2 -rw-rw-r—- 1 1293 Feb 11 2000 dost.f
5 -rw-rw-r—- 1 4381 Feb 10 2000 dreinl.f
4 -rw-rw-r—- 1 3285 Feb 10 2000 drein2.f
2 -rw-rw-r—- 1 1206 Feb 11 2000 ef.f
3 ~rw-rw-r—— 1 2076 Jun 16 18:03 energy.f
4 -rw-rv-r—— 1 3969 Feb 23 2000 eye.f
20 -rw-rw-r—- 1 19002 Jun 16 18:30 fiss.f
7 -rw-rw-r-- 1 7036 Feb 23 2000 fprob.f
8 -rw-rw-r-- 1 7882 Jun 16 18:32 gamma.f
2 -rwv-rv-r— 1 1042 Feb 24 2000 gaussn.f
4 -rw-rw-r—— 1 3357 Jun 16 18:32 geta.f
1 -rv-rw-r-- 1 913 Feb 12 2000 getime.f
7 -rw-rw-r-- 1 6404 Nov 6 14:46 main.f
1 -rw-rv-r-— 1 553 Feb 10 2000 paire.f
4 -rw-rw-r—— 1 4040 Feb 11 2000 pe.f
2 -rwv-rw-r— 1 1282 Feb 24 2000 ran.f
2 -rw-rw-r— 1 1521 Jun 16 18:32 rb.f
2 -rwv-rwv-r—— 1 1119 Feb 10 2000 rho.f
3 ~-rw-rw-r-- 1 2777 Jun 16 18:19 setup.f
6 -rwv-rw-r-- 1 5445 Feb 24 2000 stdcay.f
2 -rv-rw-r-- 1 1874 Jun 16 18:33 vcoul.f
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e for/Data
57 -rw-rw-r—- 1 56968 Feb 12 2000 level.tbl
250 -rw-rw-r—— 1 254696 Feb 12 2000 mass.tbl
197 -rw-rw-r—— 1 200354 Feb 11 2000 shell.tbl
e Sample/
1 -rv-rw-r—— 1 682 Nov 6 14:55 in
4 -ry-rw-r—— 1 3440 Nov 6 13:33 nucl.in
8 -rw-rw-r—— 1 7668 Nov 6 13:33 sample.gem.out

4.3 Installation

1. Type the following command to extract files and directories from gem.tar file.

tar xvf gem.tar

2. Change the following three lines (line 27, 51 and 68) in setup.f to the directory name in
which you put the data files.

open(10,file=’/home/for/Data/mass.tbl’,status=’0ld’)
open(13,file=’/home/for/Data/level.tbl’,status=’0ld’)
open(11,file=’/home/for/Data/GEM/shell.tbl’,status=’0ld’)

. Execute 'make’ at the directory in which user puts the source files to make a executable file
‘gem’.
Note: Since GEM is made for Linux, users who want to install GEM on other computer
might need to change the subroutine getime.f and Makefile. Comment FFLAG in Makefile,
comment all the ’call getime’ line in the subroutines, and try again, when a user has any

trouble with compiling on the computer other than Linux with g77 compiler.

4.4 Files

4.4.1 Input File

Prepare two input files for execution of the GEM code. One is for control parameters in GEM

(in’ file). The other is named ’nuclin’ which contains the information about excited nuclei

produced after initial non-equilibrium stage.
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1. Control file (in file)
User can chose the following parameters used in GEM. The details of the parameters are
described in refs. [1, 5]. The contents of in file are as follows:

e 1st record (MUL): the number of multiple simulations.

MUL > 1 means that GEM performs MUL simulations for each excited nucleus written
in the nucl.in file. Default MUL=1.

e 2nd record (ALEV): the level density parameter a.
0 (Default)— The GCCI level density parameter
1.0 —» a=A/8
>1.0 — a=A/ALEV
e 3rd record (RCAL): the parameters for cross sections for inverse reactions .
RCAL=0 (Default) —» The precise parameter set
(The Dostrovsky’s parameter & Matsuse’s parameter)
RCAL> 0 — The simple parameter set with ro =RCAL.

e 4th record (IFIS): the parameters in the RAL fission model.

IFIS=0 (Default)— The reevaluated parameter set.
IFIS# 0 — The original parameter set in the RAL model.

e 5th record (IRED): option for CPU time saving (see section 2.1.6).

IRED=0 (default)— Normal execution of GEM
IRED# 0 — Use CPU time saving method

e 6th record (IZMIN): the minimum Z which is written in the output file (default=0).

e 7th record (IZMAX): the maximum Z which is written in the output file (default=100).
e 8th record (IAMIN): the minimum A which is written in the output file (default=1).

e 9th record (IAMAX): the maximum A which is written in the output file (default=300).
e 10th record (ISEED): seed for random number (default=0).
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The sample of the file is as follows:

1, ! MUL

0.0,! ALEV
0.0,! RCAL
0, ! IFIS
1, ! IRED
i, ' IZMIN
100,! IZMAX
2, | IAMIN
300,! IAMAX

100000, !ISEED

2. The nucl.in file
User needs to prepare nucl.in which contains the following data for each excited nuclei.

The file has to have 9 columns.
e 1st column : the mass number of the parent nucleus A;
e 2nd column : the charge number of the parent nucleus Z;
e 3rd column : the excitation energy E per mass number [MeV/A] of the parent nucleus
o 4th column : the recoil energy E, [MeV] of the parent nucleus
e 5th to 7th column : the unit vector of the direction of motion u of the parent nuclei.
e 8th column : dummy variables
e 9th column : ID number of the nucleus

GEM reads nucl.in from the unit 66 with free format. The file should consist less than
1000000000 records.
The sample of the file is as follows:

25 12 9.9634E-01 2.7227E+00 -9.2209E-01 -4,2556E-02 -3.8463E-01 1.0 3
23 9 6.9504E+00 1.3242E+01 -3.7167E-01 -5.6194E-01 7.3898E-01 1.0 4
26 12 2.6554E+00 2.6090E+00 -3.6274E-01 9.2190E-01 1.3605E-01 1.0 6
26 12 8.6574E-01 2.2835E+00 -2.4526E-01 9.0220E-01 -3.5479E-01 1.0 7
25 12 7.7239E+00 1.55B9E+01 -5.2776E-01 4.6437E-01 7.1121E-01 1.0 8
26 13 b5.8512E-01 3.1267E-01 -6.5835E-01 6.8878E-01 -3.0358E-01 1.0 9
23 12 5.6576E+00 8.2903E+00 -2.2042E-01 6.8172E-01 6.9762E-01 1.0 12
26 12 0.0000E+00 3.5003E-01 9.4315E-01 -3.1941E-01 9.1844E-02 1.0 15
25 13 8.3891E-01 1.6081E+00 7.4636E-01 -6.5825E-01 9.8301E-02 1.0 17

4.4.2 OQOutput File

The GEM code produces only one output file whose name is gem.out. Each record have 8

columns of data as follows:

e 1st column : the charge number of the nucleus
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e 2nd column : the mass number of the nucleus

e 3rd column : the kinetic energy of the nucleus [MeV]

Tth column : ID number of the parent nucleus

8th column :

4th to 6th column : the unit vector of the direction of motion of the nucleus

the origin of the nucleus: ’A’ means the ejectile emitted from a fission

fragment; ’B’ means the fission fragment; 'C’ means the ejectile emitted from a non-

fissioned nucleus; 'D’ means the non-fissioned residual nucleus.

GEM produces the file through the unit 70. The sample of the file is as follows:

12
2
5

10
2

10

NN NN N =

12

NN NN

12

10

24
4
11
20
4
22

Lo S S

25

B b W b

26

20

W N WFR NNDOONOAONERE L NERE RN O D W

.42149E+00
.42691E+00
.10349E+00
. 96245E+00
.79151E+00
.32966E+00
. 27893E+01
.B0738E+01
.47649E+01
.03814E+01
.99665E+01
.37794E+00
.62555E-02
.54090E+01
.7T0952E+00
.2994BE+00 -
.59030E+00
.46536E+01
.50030E-01
.90745E+00
.54478E+00

.83797E-01
.67199E-01
.43127E-02
.42428E-01
.87006E-01
.31326E-01
.19001E-01
.90221E-01
.86099E-01
.27841E-01
.37308E-01
.01539E-01
.99022E-01
.18718E-01
.91556E-01
.14501E-01
.84984E~01
.00091E-01
.43150E-01
.656860E-01
.58270E-01

.86938E-02
.14025E-01
.74379E-01
.85870E-01
.99916E-01
.43069E-01
.30555E-01
.25328E-01
.60263E-01
.95786E-01
.26107E-01
.27111E-01
.07365E~01
.81072E-01
.13647E-01
.41002E-01
.356248E-02
.648256E-01
.19410E-01
.94348E-02
.56647E-01

.13125E-01
.26990E-01
.32337E-01
.81763E-02
.58650E-01
.90370E-02
.50787E-01
.75156E-01
.61063E-01
.00146E-01
.69855E-01
.88666E-01
.04893E-01
.52984E-01
.07856E-01
.24916E-01
.69508E-01
.39563E-01
.18440E-02
.562191E-01
.34191E-01

© 00 0 00 00 WO ~N~NNO® D W

e
N
auvuooaoaaoaaogabuoaoaoaoaaoauaoaouaaug

[y
N

12
12
12
15
17
17

4.4.3 Data Files

1. mass.tbl
The mass.tbl file consists of the excess masses M (Z, A)[MeV] for each nuclei. The data
are extracted from: (1) Audi-Wapstra’s mass table [7]; (2) theoretical masses calculated
by Moller et al. [8]; (3) theoretical masses calculated Comay et al. [9]. The file has three

columns.

e 1st column : Z

e 2nd column : A

o 3rd column : Excess mass [MeV]
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The data are read from the unit 10 in subroutine SETUP.

. level.tbl
The level.tbl file includes the data for the excited state of the ejectiles, i.e., the level width
(= hIn2/T/5) [MeV], the spin S}, and the excitation energy E7 [MeV]. The excited state
of n, p, d, t, 3He, and « are not included. The data are read with free format from the unit
13 in subroutine SETUP. '

. shell.tbl

" The shell.tbl file consists of the shell effect for the fission barrier calculation. The data are
extracted from the penultimate column of the table in ref. [37] where the ground-state mass
is known. For other nuclei, the calculated shell effect (column 7 in the table) is extracted.

The file has three columns.
e lst column : Z
e 2nd column : A
e 3rd column : Shell effect [MeV]
The shell.tbl file is read from the unit 11 in subroutine SETUP with free format.

4.5 Execution of GEM

The executable file name is gem. Type gem at the directory which holds in and nucl.in.

GEM produces gem.out and standard output which contains the information about the pa-

rameters you choose. To obtain a production rate or a cross section, you need to edit gem.out

4.6 Important Notice

e When you publish any results calculated using GEM, Please refer [1] for a reaction on a

light target, and also refer [5] for a reaction on a heavy target with Z > 70.

e Please send an e-mail to furihata@mri.co.jp when you find any bug in GEM.
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Table 1 Paring energy and shell corrections {10, 11]

P(Z) P(N) S(Z) S(N) P(Z) P(N) S(Zy S(N)

NorZ [MeV] [MeV] [MeV] [MeV] | NorZ |[MeV] [MeV] [MeV] [MeV]
1 51 0.01 -19.14 13.23
2 5.44 5.98 52 1.05 0.62 -18.26 13.81
3 53 —-0.50 -—-17.40 14.90
4 2.76 2.77 54 1.00 142 -16.42 14.86
5 55 0.09 0.13 -—-15.77 15.76
6 3.34 3.16 56 1.20 1.52 -14.37 16.20
7 57 0.20 -0.65 —13.91 17.62
8 2.70 3.01 58 1.40 0.80 -13.10 17.73
9 —-0.11  10.30 59 093 -0.08 -—13.11 18.16
10 2.50 2.50 —0.81 5.66 60 1.00 1.29 -11.43 18.67
11 —2.91 6.80 61 -0.20 -0.47 -10.89 19.69
12 2.46 2.67 —4.17 7.53 62 1.19 1.25 -10.75 19.51
13 —-5.72 7.55 63 0.09 -044 -10.62 20.17
14 2.09 1.80 —7.80 7.21 64 0.97 0.97 -1041 19.48
15 —897 - 744 65 0.08 -10.21 19.98
16 1.62 1.67 -9.70 8.07 66 0.92 1.65 -9.85 19.83
17 —10.10 8.94 67 0.11  -0.11 -9.47  20.20
18 1.62 1.86 —10.70 9.81 68 0.68 1.26 -9.03 19.72
19 —11.38 10.60 69 0.06 —-0.46 —8.61 19.87
20 1.83 2.04 -12.07 11.39 70 0.68 1.06 —-8.13 19.24
21 —12.55 12.54 71 —0.22 0.22 —7.46 18.44
22 1.73 1.64 -13.24 13.68 72 0.79 1.55 —7.48 1761
23 ~13.93 14.34 73 0.09 -0.07 -7.20 17.10
24 1.35 144 -14.71 14.19 74 0.69 1.37 -7.13 16.16
25 —15.563  13.83 75 0.01 0.10 —-7.06 15.90
26 1.54 1.54 —16.37 13.50 76 0.72 1.20 —6.78 15.33
27 —-17.36  13.00 77 —0.27 —6.64 14.76
28 1.28 1.30 -—-18.60 12.13 78 0.40 0.92 —6.64 13.54
29 0.26 —-18.70  12.60 79 0.16 —0.35 —-7.68 12.63
30 0.88 1.27 ~18.01 13.26 80 0.73 1.19 -7.89  10.65
31 0.19 —17.87  14.13 81 -8.41 10.10
32 1.35 1.29 -17.08 14.92 82 0.46 1.05 —8.49 8.89
33 -0.05 0.08 -16.60 15.52 83 0.17 -0.25 —-7.88 10.25
34 1.52 141 -16.75  16.38 84 0.89 1.61 —6.30 9.79
35 -0.09 -0.08 -16.50 17.16 85 —0.21 —-5.47 11.39
36 1.17 1.0 -16.35 17.55 86 0.79 0.90 —4.78  11.72
37 0.04 -0.05 -16.22 18.03 87 -0.21 —4.37 1243
38 1.24 2.24 -1641 17.59 88 0.89 0.74 —4.17 12.96
39 029 -0.47 -16.89 19.03 89 -0.38 —4.13 13.43
40 1.09 1.43 -16.43 18.71 90 0.81 0.72 —4.32  13.37
41 0.26 -—0.15 -16.68 18.80 91 —-0.06 -0.34 —-4.55  12.96
42 1.17 144 -16.73 18.99 92 0.69 0.92 —5.04 12.11
43 0.23 0.06 —17.45 18.46 93 -0.20 —0.26 —-5.28 11.92
4 1.15 1.66 —-17.29 18.25 94 0.71 0.94 -6.06 11.00
45 —0.08 0.26 —1744 17.76 95 —0.12 0.01 -6.28  10.80
46 1.35 1.57 -17.82 17.38 96 0.72 0.65 —6.87 1042
47 034 -0.16 -18.62 16.72 97 —0.36 —-7.20 10.39
48 1.05 1.46 —18.27 15.62 98 0.77 - 0.83 —7.74. 9.69
49 0.28 —-19.39 14.38 99 0.11 9.27
50 1.27 0.93 -19.91 12.88 100 0.67 8.93
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Table 1 (Concluded)

P(Z) P(N) 8(z) S(N) P(Z) P(N) S(z) S(N)

NorZ [MeV] [MeV] [MeV] [MeV] | NorZ [MeV] [MeV] [MeV] [MeV]
101 0.05 8.57 126 0.38 -3.16
102 1.00 8.02 127 0.15 -1.87
103 0.51 7.59 128 0.67 -0.41
104 1.04 7.33 129 0.71
105 0.33 7.23 130 0.61 1.66
106 0.68 7.05 131 2.62
107 -0.27 7.42 132 0.78 3.22
108 0.81 6.75 | 133 ' 3.76
109 0.09 6.60 134 0.67 4.10
110 0.75 6.38 135 4.46
111 0.17 6.36 136 0.67 4.83
112 0.86 6.49 137 5.09
113 0.14 6.25 138 0.79 5.18
114 1.10 5.85 139 5.17
115 —0.22 5.48 140 0.60 5.10
116 0.84 4.53 141 0.04 5.01
117 —0.47 4.30 142 0.64 4.97
118 0.48 3.39 143 —0.06 5.09
119 0.02 2.35 144 0.45 5.03
120 0.88 1.66 145 0.05 4.93
121 0.24 0.81 146 0.26 5.28
122 0.52 0.46 147 —0.22 5.49
123 0.27 —0.96 148 0.39 5.50
124 0.41 —1.69 149 5.37
125 —0.05 -2.53 150 0.39 5.30
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Table 2 Ejectiles

ID nuclide Z A spin(|ID nuclide Z A spin
1 n 0 1 1/2 {3 ™0 8 14 0
2 p 1 1 1/2 |37 150 8 15 1/2
3 d 1 2 1 38 160 8 16 0
4 t 1 3 1/2 |39 'O 8 17 5/2
5 SHe 2 3 1/2 |40 180 8 18 0
6 o 2 4 0 41 90 8 19 5/2
7 He 2 6 0 42 20 8 20 0
8 SHe 2 8 0 43 VF 9 17 5/2
9 6Li 3 6 1 4  18F 9 18 1
10 "Li 3 7 3/2| 45 OF 9 19 1/2
11 8Li 3 8 2 46  20F 9 20 2
12 °Li -3 9 3/2| 47 AF 9 21 5/2
13 "™Be 4 7 3/2|48 BNe 10 18 0
14 ®Be 4 9 3/2( 49 ®Ne 10 19 1/2
15 ©Be 4 10 0 50 2Ne 10 20 O
16 '"Be 4 11 1/2 || 51 2Ne 10 21 3/2
17 2Be 4 12 0 52 2Ne 10 22 0
18 B 5 8 2 53 23Ne 10 23 5/2
19 B 5 10 3 54 2%Ne 10 24 0
20 UYB 5 11 3/2| 55 2Na 11 21 3/2
21 28 5 12 1 56 22Na 11 22 3
22 BB 5 13 3/2 |57 ®Na 11 23 3/2
22 °C 6 10 0 58 %Na 11 24 4
24 HMC 6 11 3/2 |59 HNa 11 25 5/2
25 12¢ 6 12 0 60 Mg 12 22 0
26 BC 6 13 1/2 |61 BMg 12 23 3/2
27 H“C 6 14 0 62 Mg 12 24 0
28 BC 6 15 1/2 |63 HMg 12 25 5/2
20 18C 6 16 0 64 ¥Mg 12 26 0
30 BN 7 12 1 65 2™Mg 12 27 1/2
31 BN 7 13 1/2 |66 Mg 12 28 0
32 MN 7 14 1
33 BN 7 15 1/2
34 BN 7 16 2
3% UN 7 17 1/2

Table 3 The Dostrovsky’s parameters for inverse cross sections ¢, k, and k.
Zd k ka C
<20 0.51 0.81 0.0
30 0.60 0.85 -0.06
40 0.66 0.89 -0.10
>50 0.68 0.93 -0.10
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Table 4 Fission parameter ® and ¥ by Vandenbosch and Huizenga[18]

Z ® b4
89 0.23 2194
90 0.233 226.9
91 0.12225 229.75
92 0.14727 234.04
93 0.13559 238.88
94 0.15735 241.34
95 0.16597 243.04
96 0.17589 245.52
97 0.18018 246.84
98 0.19568 250.18
99 0.16313 254.
100 0.17123 257.8

Table 5 Models and parameters used in INC/GEM and LAHET

INC/GEM

LAHET

INC

Preeq.

De-excitation

Level density parameter

Inverse reaction

Fission

Bertini INC model
none

GEM

GCCI parameter

Dostrovsky’s parameter (n ~ «)
and Matuse’s parameter (heavy
fragments)

Atchison model with
new parameter set

Bertini INC model
none

Fermi break-up model
and EVAP

GCCI parameter

Dostrovsky’s parameter

Atchison model with
original parameter set
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Table 6 Nuclides produced from proton induced reactions. Parentheses shows the charge of
radioactive progenitors, whose mass number is the same as the nuclide, for calculations

of cumulative cross sections.
Target Nuclide

O | %H, 3He, Li, "Li, "Be, ?Be, 19Be, 1B, 1!B, 11C, 14C, 13N

Al 3H, 3He, “He, "Be, 1°Be, 18F, 20Ne(Z < 10), ?'Ne(Z > 10), %?Ne, 2Na(Z > 11),
2Na(Z < 11), A1(Z > 13)

Fe |3H, 3He, ‘He, "Be, 1Be, Ne(Z < 10), ?'Ne(Z > 10), #?Ne, 2Na(Z > 11),
#Na(Z < 11), BMg(Z < 12), %A1, 32p, 3Cl, 3°Cl, 3Ar, 2K, BK(Z < 19),
1Ca(Z > 20), *4Sc, *8Sc, 47Sc¢(Z < 21), #8Sc, Ti(Z > 22), BV, 9V, 8Cr(Z > 24),
S1Cr(Z > 24), 52Mn, %Mn, 52Fe, 55Fe, 55Co, 56Co, 57Co, %8Co

Nb | "Be, 22Na(Z > 11), 46Sc, ¥V(Z > 23), 2Mn(Z > 25), %Mn, Fe(Z < 26),
%Co(Z > 27), %Co, 0Co, Zn(Z > 30), Ga(Z > 31), %8Ge(Z > 32),
9Ge(Z > 32), MAs(Z > 33), As(Z > 33), As, "2Se(Z > 34), "Se(Z > 34),
""Br(Z > 35), Kr(Z > 36), 8Rb(Z > 37), #Rb, 828r(Z > 38), 8Sr(Z > 38),
831(Z > 38), 8Y(Z > 39), 88Y, 867r(Z > 40), 38Zr(Z > 40), ¥Zr(Z > 40),
NNb(Z > 41), ¥7Y(Z > 39)

Au | %H, 3H, 3He, *He, "Be, ¥°F(Z > 9), #Na(Z > 11), #Na(Z < 11), 8Mg(Z <
12), 32P, #8Sc, ¥¥V(Z > 23), *Mn, ¥Fe(Z < 26), %Co, ©Co, %Zn(Z > 30),
™As, Se(Z > 34), 2Br, 3Rb(Z > 37), #Rb, %6Rb, &Sr(Z > 38), ¥7Y(Z > 39),
8Y, 871(Z > 40), ®Zr(Z < 40), BNb, BT, 18Ru(Z < 44), 2"Xe(Z > 54),
81Ba(Z > 56), 133Ba(Z > 56), 139Ce(Z > 58), ¥Pm(Z > 61), “8Eu, 55Th(Z >
65), 9Er(Z > 68), $5Tm(Z > 69), ¥"Tm(Z > 69), 1%Tm, 1%6Yh(Z > 70),
19Yh(Z > 70), 19Lu(Z > 71), 1Lu(Z > 71), 'Lu(Z > 71), BLu(Z > T1),
OHE(Z > 72), 1®H(Z > 72), 1PHI(Z > 72), Y8W(Z > 74), 8'Re(Z > 75),
18Re(Z > 75), 1820s(Z > 76), 1850s(Z > 76), ¥10s(Z < 76), BIr(Z > 77),
81r(Z > 717), ¥'I(Z > 77), 188Tx, 190Ir, 1921y, 188Pt(Z > 78), 19P4(Z > 78),
Wipt(Z > 78), 198Au(Z > 79), 194Au, 195Au(Z > 79), 196 Ay, 193Hg, 194Hg

U | 9Li, "Be, 13N, 18C, 2Na, 2Mg, 45Ca(Z < 20), ¥'Ca(Z < 20), ¥3Sc(Z > 21), %6Sc,
47Sc, 48Sc, 4V(Z > 23), BV, V(Z > 23), Cr(Z > 24), 51Cr(Z > 24), BONi(Z <
28), 47Cu(Z < 29), ™Ga, "*Ga(Z < 31), 3Rb(Z > 37), 3*Rb, 36Rb, 8"Rb(Z < 37),
89Rb, 9Rb, 91Rb, %2Rb, ¥Rb, %Rb, Rb, %Rb, ¥'Rb, 828r(Z > 38), &3Sr(Z > 38),
8Sr(Z < 38), %1Sr(Z < 38), Y, Y(Z < 39), BY(Z < 39), 7Zr(Z < 40),
Mo(Z < 42), 18Pd(Z > 46), 1'Pd, 11?Pd(Z < 46), MAg(Z < 47), 12Ag,
BAg(Z < 47), 18Ag(Z < 47), 115Cd, MIn(Z > 49), 1%5In, 117n, 1228h, 1248,
1258b(Z < 51), 126Sb, 127Sb(Z < 51), 132 Te(Z < 52), ¥4Te(Z < 52), 1231, 1241, 125],
1301, 1311’ 1321, 1341, 1357 12503(Z > 55), 127Cs(Z > 55), 1290, 13°Cs, 1810, 132,
134Cs, 135Cs(Z < 55), 136Cs, 137Cs(Z < 55), 1%Ba(Z > 56), 129Ba(Z > 56), 13!Ba,
133Ba, 135Ba, 1%9Ba(Z < 56), 19°Ba(Z < 56), ¥'La(Z > 57), “40La, 131Ce(Z > 58),
11Ce(Z < B8), 13Ce(Z < 58), 44Ce(Z < 58), 3Pr, Nd(Z < 60), 183Sm(Z <
62), 6Eu(Z < 63), 15"Eu(Z < 63), 224Ra, 22*Ac, 225Ac, 226 Ac, 228 Ac, 226Th, 227Th,
228Th, 231Th, 234Th, 227Pa,, 228Pa, 229p, 230p, 232Pa, 233Pa, 234Pa, 235Pa, 237p,,
228U, 229U, 23077, 236Np, 238Np




JAERI—Data/Code 2001—015

I||I|IIIIllllllllllllllllll|l

o
=

E-B, (MeV)

Fig. 1 The dependency of the dispersion of fission fragment mass distribution on Z%/A and
E -~ By: (a) ou adjusted to E— By = 0(= o) versus Z2/A; (b) op — o9 versus E— By.
The squares represent the experimental data collected in ref. [20] and ref. [21], and the
solid lines show the values given by Eq. 21.
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well as those calculated by using the expression in the Atchison model (the dotted line).



JAERI—Data/Code 2001015

L llllllll | R 1L 11t L1 L L 1 IIII|H[ I !Illlll] 1 ||l|l||l ] ||Illll| Py

(a) 113 MeV p on Al

—
[e2]

—
'S

-t
[\S]

30°
" 60°%(E*107%)

I 2
2 - —
> 3 E
é 3 F

10 _: o -6 :_
} E 150°(E*107°) c
A
w 8- —
=} m -
Q T =
2, f
o 6= =
7] | E
5 3
g 47 E
O 3 =

0 — T ll““l T 1 |||I||| TT IIIﬂTI T T II” TT llll”l T T ]llllli T "v:f"--‘ -

@

5 8

2 10 10 10

107% 10 10° 10 10® 10® 10* 10
neutron energy (MeV)

14 1 IlIIIIl] | NN AL Eiiu) | S RATT Il 1111t i llllllll 1 ll|||ll| Ll IIlIIII' ] llllllll 1 I|IIIL|J__

(b) 800 MeV p on Al

[ors
o

llIIIIIIIIlJl|lIl|lIIIIll‘lIlllllIIIIJlIIIIIIIIIIIIIII!!!II!II

FisodEn0)
E 1 {150°(B*107)

O 0,

@

Cross sections (mb/MeV sr)
"~ o

[AS]

T1IlIII[III||IllllIIlllllllllllIIlll|II||I1]1II|!IIIIIII||II

0 (BRI R R R L I R N R ERIL B R R I-IIIH'IT]—I RIS AR LU N R |
107 10" 10° 10 10° 10° 10* 10 10° 100 10
neutron energy (MeV)

8

Fig. 3 Neutron energy spectra for the reactions on Al irradiated by: (a) 113 MeV protons; (b)
800 MeV protons. The solid lines are the INC/GEM estimates, and the open squares
for 113 MeV are experimental data by Amian et al. [28], and those for 800 MeV are by
Meier et al. [29].
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Fig. 6 Isotopic distributions of the residues with 82 < Z < 86 produced from the bombardment
of 208 Pb with protons at 1 GeV. The open squares are the experimental data measured
by GSI [31], the solid lines are the estimates by using INC/GEM, and the dashed lines
are those by LAHET
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Fig. 7 Isotopic distributions of the residues with 71 < Z < 79 produced from the bombardment
of 2% Pb with protons at 1 GeV. The open squares are the experimental data measured
by GSI {31], the solid lines are the estimates by using INC/GEM, and the dashed lines
are those by LAHET
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Fig. 8 Isotopic distributions of the residues with 62 < Z < 70 produced from the bombardment
of 208 Pb with protons at 1 GeV. The open squares are the experimental data measured
by GSI [31], the solid lines are the estimates by using INC /GEM, and the dashed lines
are those by LAHET
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Fig. 9 Excitation functions for nuclide productions from the reactions on O irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 10 Excitation functions for nuclide production from the reactions on O irradiated by pro-

tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 11 Excitation functions for nuclide production from the reactions on Al irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 12 Excitation functions for nuclide production from the reactions on Al irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 13 Excitation functions for nuclide production from the reactions on Fe irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 14 Excitation functions for nuclide production from the reactions on Fe irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 15 Excitation functions for nuclide production from the reactions on Fe irradiated by pro-

tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 17 Excitation functions for nuclide production from the reactions on Fe irradiated by pro-

tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 18 Excitation functions for nuclide production from the reactions on Fe irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 19 Excitation functions for nuclide production from the reactions on Nb irradiated by pro-
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Fig. 20 Excitation functions for nuclide production from the reactions on Nb irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 21 Excitation functions for nuclide production from the reactions on Nb irradiated by pro-

tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 22 Excitation functions for nuclide production from the reactions on Nb irradiated by pro-

tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 23 Excitation functions for nuclide production from the reactions on Nb irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 24 Excitation functions for nuclide production from the reactions on Nb irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 25 Excitation functions for nuclide production from the reactions on Au irradiated by pro-

tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 26 Excitation functions for nuclide production from the reactions on Au irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 27 Excitation functions for nuclide production from the reactions on Au irradiated by pro-

tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 28 Excitation functions for nuclide production from the reactions on Au irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.



JAERI—Data/Code 2001—-015

Au(pX)™Y , cumulative yields Au(pX)®Y , independent yietd
10° | e il L 10° s NP | ARSI | P
F—-— INC/GEN 1 e INC/GEM
oo Lamer b~ LAHET
O Ao4s2 [ o ooz
10' 4 | x ooz2ve i F X NEA
- E e nNea
) r ) o
g B 10y 3
10° L :
$ g
3 z
@ o
8 3 2 1074 / 2
s} F 5 ]
107 o L ] $
‘ ] 8
107 1 T Tty T 4 107 I T2 NI ’ 4
10 10 10 10 10 10 10 10
Proton incident energy (MeV) Proton incident energy (MeV)
Au(p.X)®Zr , cumulative yields Au(pX)®Zr ., cumulative yields
10° A | . PR 10° PRI | P | i
3 E INC/GEM b [—— INC/GEM
[ - LAHET 1 @g? ] % % [+ © LAMET
r O ooo7e { O o027¢
[ X 00278 é | X NEa
~  10'4 L B NEA -
3 ; 2 8
g : g
g 0 I 'g -1
b 10" 4 3 g 10 B
] E H F
w I m
n 0 N
] 4 ; [
S 107 L & : : i
-2 -2
10 T—T T 10 — T T T
10° 10° 10* 10' 10° 10° 10*
Proton incident energy (MeV) Proton incident energy (MeV)
Au(p,X)"Nb , independent yield Au(p.X)®Tc , independent yield
10 1asd | Ll 10' NS | N bttt
E INC/GEM E INC/GEM
E.-oo Laser 3 Foees LAHET
- O 00278 . [ O A0482
[ X . NEA - x 00276
= 10° + k- = ] I ® Nea
g ‘ E 105 3
£ o g 5
< 10 o E t +
H ® F &
n ‘ -
é 8 1074 3
5 10'2_ - 5 1 F
] L
107 - " . - 0™ 4 . T -
10 10 10 10 10 10 10
Proton incident energy (MeV) Proton incident energy (MeV)

Fig. 29 Excitation functions for nuclide production from the reactions on Au irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 30 Excitation functions for nuclide production from the reactions on Au irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 31 Excitation functions for nuclide production from the reactions on Au irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 32 Excitation functions for nuclide production from the reactions on Au irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 33 Excitation functions for nuclide production from the reactions on Au irradiated by pro-

tons. See section 3.3 for explanatory notes of experimental data.
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tons. See section 3.3 for explanatory notes of experimental data. ‘



Cross section (mb)

Cross section {mb)

Cross section (mb)

JAERI—Data/Code 2001—015

Au(pX)'"®Ir , independent yield

10° 4 Lt g el il N
E a ——— INC/GEM
3 “oo LAHET
0 00040
10' 4 L x ooze
3 g F& m -
] " )
. : L}
10 —i E g
] i 2
107 - s
3 3 4
-2 ©
10 " E
107+ e e -
10 10 10 10*
Proton incident energy (MeV)
Au(p.X)"™Ir , independent yield
10" < Asaas) AT | ]
k! F—— INC/GEN
1 F- LAHET
h [ o ooz
4 X NEA
0
10 = —_
E F )
; ; £
1 A P
-1 2
107 4 8 E k]
£ O
] 2 r @
1 - w
I -
1075 - 5]
107 A
10 10 10 10"
Proton incident energy (MeV)
Au(p.X)"**Pt , cumulative yields
10° 4 o iial N raald b4y
] [—— INc/cEX
] [-- LAHET
1 o oooo
1 & b x ooz7s
f ] I @ nma -
2 ] )
10° : 3 &
3 ; a
] [ ]
3 b3
10‘—: E @
p F S
. F s}
10° - —1,
10 10 10

10
Proton incident energy (MeV)

Au(p.X)'™Ir , independent yield

1 o4 a ol | " A
1074 F—— INC/GEM
----- LAHET
1 | o o0276
J . L x nNm
X
10° -
-1
10 SO — S .
10 10° 10° 10*
Proton incident energy (MeV)
Au(p,X)"®Pt , cumulative yields
3 RN . Ll L
10 E—— INC/GEM
E F oo LAHET
O 00040
L x ooz7e
F B NEA
101—5 3
10° 5 E
10" -
107 4 s - -+
10 10
Proton incident energy (MeV)
Au(p.X)*'Pt , cumulative yields
10° PP | N | L)
E f—— INC/GEM
] Eoeee LAHET
1 g [ o oono
e P ox  ooz7e
A L @ NeA
2
1074 E
10" 3
10" - e
10 10 10

Proton incident energy (MeV)

Fig. 35 Excitation functions for nuclide production from the reactions on Au irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 37 Excitation functions for nuclide production from the reactions on U irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 40 Excitation functions for nuclide production from the reactions on U irradiated by pro-

tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 41 Excitation functions for nuclide production from the reactions on U irradiated by pro-

tons. See section 3.3 for explanatory notes of experimental data.



Cross section (mb)

Cross section (mb)

Cross section (mb)

—
(=]

!
©

JAERI—Data/Code 2001—015

U(pX)*¥Rb , independent yield

| e L
4
F-men INC/GEM
i ex - . - LAHET
| D Belgor
X Lee?s
® Trav2 .
L
- 2
=]
(=]
e L £
E L 4]
q L1
1 + @
p [ o
d { o
St
| 1 [s}
f T2 T 4
10 10 10 10
Proton incident energy (MeV)
U(p.X)™Rb . independent yield
Nl RPN | R
E [—— INC/GEM
[+ - LAHET
[ O Besoe
X Lee?s
B Tra72
=
] - g
=]
)
4 I e
h| r (S .
] [ o
4 ' n
] [ n
E I [7]
4 L o
L)
] | J
T et 7
10* ? ° 10*
Proton incident energy (MeV)
U(p.X)®Sr , cumulative yields
3 F—— INC/GEM
] E..oo uasr
] L 0 Begn®
00 2
b o
] [ 5
[ e}
Q
4 b Q
7]
0
- - 0
E 3 3
] Sy
i E 5
- T : 3 -
10 10 0 10

Proton incident energy (MeV)

U(pX)*Rb , independent yield

) et R NPT
1079 f—— mNc/GEM
] Foo Laner
] [ O Beigor
J | X Lee?s
@ Travz
10° -
-
10 T ey ——rr
10 10° 10° 10*
Proton incident energy (MeV)
U(p.X)*Rb , independent yield
1 el . ral — .
107 F——— vc/GEM
- Foooe LAHET
] [ O Besor
] [ % Leers
a8 Tra72
10° _—
-y
10 r S S
10! 10° 10° 10*
Proton incident energy (MeV)
U(p,X)®Sr , cumulative yields
10‘ PR | N PETETERY| : ettt
E o F INC/GEN
o apes LAHET
[ O Begntt
10° 5 3
107 3
2
10 . T et
10' 10° ° 10*

10
Proton incident energy (MeV)

Fig. 42 Excitation functions for nuclide production from the reactions on U irradiated by pro-
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tons. See section 3.3 for explanatory notes of experimental data.



Cross section (mb)

Cross section (mb)

Cross section (mb)

10

10

10

10

10

10

JAERI—Data/Code 2001—015

U(p.X)*Mo , cumulative yields

] [ o
4 X
] ) &
o
b s
T T T
10' 10° 10° 10*
Proton incident energy (MeV)
U(pX)!"Pd , independent yield
L Ll b e e
] a
T Tl T T Ta T T T
10 10 10 10
Proton incident energy (MeV)
U(p,X)!*Ag ., cumulative yields
L MR | PPN
] [ o
X
] [ ®
4 +
°
4 .
*
T 12 T T T T TN
10 10 10 10

Proton incident energy (MeV)

——- INC/GEM

LAHET
Ale63*
KjeS6*
Ste58¢

Cross section (mb)

f—— INC/GEN

LAHET
Sar78

Cross section (mb)

—— INC/GEM

LAHET
Alegae
Folsse
KjeS6e
Lins4
BoOt9
Sar76
Ste58%

Cross section (mb)

U(p.X)*Pd ., cumulative yields

2 RPN | faaed RN
10 3 E—— INC/GEM
3 F---- vLaer
k [ o moots
10'4 L x Pores
10° 4 3
107 4 3
1074 L
_a i
10 v T T - —rrr
10' 10° 10° 10*
Proton incident energy (MeV)
U(p.X)"*Pd , cumulative yields
10% RPN il Mt
] [— iNc/GEM
1 - LaHET
] [ o a3
j [ x Kjese
® Bools
1 +  Por68
] |l o sare
wd | o
0
10 e e .
10! 10° 10° 10*
Proton incident energy (MeV)
U(p.X)***Ag . independent yield
102. P | ettt L Ll
3 . INC/GEM
1 foo- LAHET
] L o soots
4 F %X Sar76
10" 3
10° 4 . =
] X £
] % [
1 ¥
-1
10 ' - —
10! 10° 10° 10"

Proton incident energy (MeV)

Fig. 44 Excitation functions for nuclide production from the reactions on U irradiated by pro-
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Fig. 50 Excitation functions for nuclide production from the reactions on U irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 51 Excitation functions for nuclide production from the reactions on U irradiated by pro-
tons. See section 3.3 for explanatory notes of experimental data.
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Fig. 52 Excitation functions for nuclide production from the reactions on U irradiated by pro-
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