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Calculation and analysis of cross-sections for p+1%4W
reactions up to 200 MeV "
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Abstract: A set of optimal proton optical potential parameters for p+84*W reactions are obtained at incident proton

energy up to 250 MeV. Based on these parameters, the reaction cross-sections, elastic scattering angular distributions,

energy spectra and double differential cross sections of proton-induced reactions on ¥*W are calculated and analyzed

by using theoretical models which integrate the optical model, distorted Born wave approximation theory, intra-

nuclear cascade model, exciton model, Hauser-Feshbach theory and evaporation model. The calculated results are

compared with existing experimental data and good agreement is achieved.
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1 Introduction

Accelerator-driven clean nuclear power systems
(ADS) are a recent topic of interest in nuclear physics,
as ADS can transmute radioactive waste and produce
power. Neutron sources are generated from the high en-
ergy proton bombardment of heavy nuclei and drive the
subcritical reactor of ADS. The micro reaction data of
intermediate and high energy reactions on heavy nuclei,
such as the number of external neutron sources and their
energy distribution, are the basis for the whole ADS sys-
tem.

Tungsten (W) is an important target material for
ADS neutron sources, and proton-induced reaction data
on W in the energy range from the threshold energy
to 200 MeV are necessary. In particular, data on the
proton-induced energy-angle correlated spectra and dou-
ble differential cross-sections of particle (neutron, pro-
ton, deuteron, triton, helium-3 and alpha-particle) emis-
sion are needed. In this paper, the cross-sections, energy
spectra and double differential cross sections of p+84W
reactions are calculated and analyzed.

The theoretical methods and model parameters are
shown in Section 2. Here the theories and methods are
further improved in intermediate and high energy reac-
tions, and then the micro data which can be used for
ADS targets and other device designs are obtained from
the theoretical calculations [1]. In Section 3, comparisons
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and analysis between the calculated results and the ex-
perimental data are given. A brief conclusion is given in
Section 4.

2 Theoretical model and model parame-
ters

The optical model [2, 3] is used to describe the exper-
imental data of proton-induced total, non-elastic, elas-
tic cross sections and elastic-scattering angular distribu-
tions. Furthermore, this model can be used to calculate
the transmission coefficients of the compound nucleus
and the pre-equilibrium emission process [4].

The optical potential is given as follows:

V=V, (W AW,)+U, +V,, (1)

where V; is the real part potential, W, and W, are the
imaginary part potentials of surface absorption and vol-
ume absorption respectively, U,, donates the spin-orbit
couple potential and V. is the Coulomb potential.
The real part of the optical model potential is
Vi (E)
1+exp[(r—R,)/a,]’

The imaginary part of surface absorption is

expl(r—R.)/a)]
[Trexpl(r—R.) /o]’

V.= 2)

W,=—4W, (E)

3)

* Supported by National Basic Research Program of China, Technology Research of Accelerator Driven Sub-critical System for Nuclear
Waste Transmutation (2007CB209903) and Strategic Priority Research Program of Chinese Academy of Sciences, Thorium Molten Salt

Reactor Nuclear Energy System (XDA02010100)
1) E-mail: Zhangzj@nwu.edu.cn

©2015 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of
Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd

084102-1



Chinese Physics C  Vol. 39, No. 8 (2015) 084102

The imaginary part of volume absorption is
W, (E)
" 14exp|(r—Ry)/a,]’
The spin-orbit potential is
2(VeotiWs)  exp[(r—Rso)/aso
B GsoT {14exp[(r—Ry,) /) }?

X [1(G+1)=1(1+1)—s(s+1)]. (5)
The Coulomb potential is

zZe?

r

: 6
G U W o
- if r
2Rc R2 ¢

The potential depth of the real part V;(E) is given as
follows:

Vi(B)=Vot Vi B+ Va E*+ Vs (N=2) [ A+ViZ AY?,(7)

W, =

Uso =

if T}RC
VC:

where W, (E) and W, (E) represent the imaginary parts
of surface and volume absorption, respectively. They can
be calculated as follows:

W, (E) = max{0,Wy+WaE+W,(N-Z)/A}, (8)
W, (E) = max{0,W, g+ W, E+W,,E*}, (9)

where N, Z and A are the neutron, charge and mass
numbers of the target, respectively; a, in Eq. (2) and a,,
in Eq. (5) are the diffusive widths of the real part and the
spin-orbit couple potential. The diffusive widths of the
surface and volume absorption potential in Eqgs. (3) and
(4) are a, and a,; z represents the charge number of the
incident particle; E is the proton’s incident energy in the
center of mass system. The spin-orbit couple potential
is V..
The radii are given as follows:

Ri=r,AY3 i=r, s, v, so, c, (10)

where 7., 15, Ty, 75, and 7. are the radii of the real part,
the surface absorption, the volume absorption, the spin-
orbit couple and the Coulomb potential, respectively.

The units of the length parameters r,, g, 1y, s, Tc,
Ury Qgoy Qg0 Gs1y Gyo, Qyy are in fermi (fm), the potentials
Vi, Wy, W, Uy, V. are in MeV and the energy F is also
in MeV [5].

Table 1 gives the optimum proton optical model po-
tential parameters which are obtained by using the code
APMN [6] to fit the experimental data.

The code DWUCK4 [7], based on the Distorted Wave
Born Approximation (DWBA), is used in this work to
calculate cross-sections and angular distributions of di-
rect inelastic scattering. The direct reaction is important
in proton-induced reactions. The discrete levels of resid-
ual nuclei considered in the direct non-elastic scattering
process are given in Table 2.

Table 1. Optimum proton optical model potential
parameters obtained.

Vo 44.98434 Ty 1.26146
Vi —0.28003 Ts 1.06554
Va 0.0004 Ty 1.88632
V3 —45.53588 Tso 1.26146
Va 0.13797 Te 1.51263
Wso 7.71606 ar 0.67259
Ws1 0.02640 aso 0.67259
Wsa 11.83579 ay 0.20000
Weo 0.59395 as 0.62640
Wi 0.005150 Vso 6.2
Wea —0.00076 Wso 0.0
Table 2. Discrete levels in direct non-elastic scat-
tering process.
energy/MeV Jm energy/MeV Jm
0.1112 2 + 1.3604 4+
0.3641 4+ 1.3863 2 +
0.7483 6 + 1.4250 3+
0.9033 2 + 1.4310 2 +
1.0060 3+ 1.4770 6 +
1.1214 2 + 1.5233 3+
1.1338 4 4 1.5369 4+
1.2949 5+ 1.5702 2 +

The intra-nuclear cascade model [8] can be regarded
as a supplement and amendment of the direct reaction
mechanism. It considers the first to fourth cascade nu-
cleon emission process.

In the pre-equilibrium mechanism, the improved
Iwamoto-Harada model [9-11] is included in the exci-
ton model for light composite particle emissions. Zhang
et al. [10, 12] improved Iwamoto et al’s pick-up mech-
anism to reduce pre-formation probabilities. Shen [13]
gave the results of a composite particle projectile con-
sidering pick-up-type reactions with one and two parti-
cles above the Fermi sea by energy-averaged and energy-
angle correlated kernels, respectively. This model is used
to improve the energy spectra and the double differential
cross-sections in compound nucleus reactions.

Considering the restrictions of the Pauli principle, the
density of excited states (p, h) of a compound nuclear
system (Z, A, U) is expressed by the following formula:

9(gU)" [gU.—~A(p, )"
7. A h)=

In the above formula, if ¢gU. < A(p,h), then
w(Z,A,U,p,h)=0. The correlation of g with excitation
energy is studied and the new density of states of a single
particle is proposed as follows:

f(Ue). (11)

go(l_erexccgl)
=P "~ )y _p-a, 12
9(U) Usxcegl ' (12)
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where g is equal to A/13, U is excitation energy, A is
the energy correction and a is a parameter of level energy
density.

f(U) = 0.06m2/(al,)"*, (13)
Alp.h) = gp(p-1)+zh(h-1), (14)
h' = min(p,h), p'=max(p,h), (15)

and ccgl is set as 0.05 in our calculation.

The particle emissions are considered up to 18 times
in the evaporation process. The equilibrium emissions
are calculated by the evaporation model [14] for the first
to eighteenth particle emissions. For the first particle
emission in the low-energy region, the Hauser-Feshbach
theory with the width fluctuation correction [15, 16] is
also adopted.

The energy spectrum formula can be given as follows:

Eey)
JT[ PJT[ TL b 16
dgb Zﬂ Z WJn(n E’) ’ ( )
where /™ is the absorption cross-section, W{™(n,E")

is the total emission rate at mn-exciton state and
W™ (n,E’ ey,) is the emission rate of emitted particle b
with outgoing energy 1, E’ being the excitation energy
of the pre-equilibrium system. The occupation proba-
bility P7™(n) of excitation state n in the (J,7r) chan-
nel is obtained by solving the J-dependent excitation
master equation to conserve the angular momentum in
the pre-equilibrium reaction processes. Wi™(n,E’) and
W™ (n,E’,ey,) of particle b are given as follows:

W#(n,Ev:ZJW,jﬂ(mEggb)dgb, (17)
b
, 25,41
Wt;]ﬂ(nuE 7Eb) = ;h3 MbEbUb Eb Z Eb le )
—1,h, B’ — —B
(p 310y Ep b) (18)

w(n,E") ’

where s, and y, are the spin and reduced mass, o™ (&)
is the inverse cross-section of the b particle, Flm( b)
stands for the formation factor of the emitted particle b
with the configuration [I,m] from the pick-up mechanism
of the improved Iwamoto-Harade model, and Fp, (e,)=1
for nucleons and for light composite particles (deuteron,
triton, helium and alpha-particle) [10, 12]. The config-
uration [I,m] is composed of | particles above the Fermi
level and m particles below. QP (n) is a combination
factor to account for nucleon types that composed the
cluster for memory by the excitation system, p and h are
numbers of particles and holes, n=p+h and w(n,E’) is
the exciton state density. The explicit expressions for
FP (gb), QF,(n) and w(n,E’) can be found in Ref. [10].

The double differential cross-sections are provided by

the equation

d*c 1 dO'PE+
deEb - 47 dEb dEb

doBQ a
sinh(a)

X [cosh(acosf)+ feg-sinh(acosh)], (19)

where 6 is the emission angle in the center of mass frame
and a is the slope parameter depending on the incident
particle type and energy, the target nucleus and the emit-
ting channel. It can be calculated using the procedure in
Ref. [17]. The fpg parameter is the fraction of particle
emission apart from the equilibration process. It can be
calculated as follows:

(do/dey)pg
(do/dey)py+(do/dey) g

fee= (20)

where PE and EQ stand for the pre-equilibrium emis-
sion and equilibrium emission respectively. The double
differential cross-sections can be calculated by the above
energy spectra.

All reaction cross-sections for protons on ¥W are
studied using the optical model theory at energy up to
500 MeV. Credible optical model potential parameters
for total reaction cross section and main reaction chan-
nels are obtained; they are used as input parameters to
the code MEND [18] to calculate the direct reaction cross
section, pre-equilibrium and equilibrium emission.

3 Results and analysis

In Fig. 1, the calculated fission cross sections of
p+18W, 208Ph, 299Bj and 2°2Hg reactions are given and
compared with experimental data (here, we use the en-
ergy density theory that adopts the Gilbert-Cameron
formula and the fission cross section formulas [19-22]).
These experimental data for fission cross sections for the
proton-induced 2°®Pb and 2°°Bi reactions are cited from
Ref. [23], while no experimental data for *¥*W and 2°?Hg
reactions are found. We can obviously observe that the
fission cross section decreases quickly with the decreasing
of proton number Z and mass number A of the target
nucleus. The fission cross section for p+'*W is only
30 mb at energy 300 MeV. This is less than 2% of the
reaction cross section.

The calculated results of proton reaction cross-
sections for '8*W and the experimental data for "W
[24] are shown in Fig. 2. There are no experimental
data for the p+'¥*W reaction. The calculated results of
proton reaction cross-sections for W are in good agree-
ment with the experimental data of natural W. The cal-
culated proton cross-sections are compared with exper-
imental data [24-26] for the p+'#!Ta reaction in Fig. 2
and the theoretical results are consistent with these ex-
perimental data.
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Fig. 1. Calculated fission cross sections (lines)
are compared with experimental data (points) of
p+2°%Pb and 2°°Bi reactions. The theoretical re-
sults for p+2°?Hg and "®*W reactions are given
without experimental data.
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Fig. 2. Proton reaction cross-sections for the
p+¥*W reaction (calculated: solid line, ex-
perimental data: triangles) and p+18'Ta reac-
tion (calculated: dotted line, experimental data:
squares).

A comparison of the calculated results and relevant
experimental data for elastic scattering angular distri-
butions for p+'8W and p+'¥Ta reactions are shown in
Fig. 3. The experimental data of p+'%'Ta at energies
of 146 MeV and 340 MeV are from Refs. [27, 28] and
the data for the p+™**W reaction at 340 MeV are from
Ref. [28]. The calculated results agree with experimen-
tal data well, except for the theoretical results for ¥4W
at lower angles, which are smaller than the experimental
data.

The optical model potential parameters of %W are
proved credible from Fig. 2 and Fig. 3, so this set of

optical model potential parameters will be adopted in
the following calculations. The results reproduce the ex-
perimental data well, and the optical model potential
parameters can be used in the vicinity of W nuclei.

 —
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100 F 3
%10t L ]
Z 10
g p+ITa £,=146 MeV ]
% 103 |
©
=
]02 L
10"k
00 L
]0—] 1
0 2 4 6 8 10 12 14 16 18 20
0/(°)
Fig. 3. Calculated proton elastic scattering angular

distribution (solid lines) are compared with exper-
imental data (points) for p+'*'Ta and p+''W
reactions at different energies.

The calculated cross-sections for %W (p, kn) reac-
tion channels (where k is set as 1, 2, 3, 4, 5, 6, 7, 8
and 9) are shown in Fig. 4. There are no experimen-
tal data for the *W (p, kn) reaction channels. The
calculated results for the ¥*W (p, pkn) reaction cross-
sections are given in Fig. 5. We can see that the num-
ber of neutrons emitted changes as the proton-induced
energy increases. Furthermore, the competition mecha-
nism between the different reaction channels is obvious.
As shown in Figs.4-5, the cross section value firstly in-
creases as the energy increases, and then it decreases.
When the (n, kn) channel cross section starts to reduce,
at the same time, the [n, (k+1)n] reaction channel opens.
This is reasonable, and supports our calculated results.

Table 3. Long-lived radioactive products from the
p+8W reaction.

residual nuclei channels half-life/year

183y BIW(p, 2)15BW 1.1x10%7
180Ty 184V (p, 2)180Ta 1.2x10%5
179y, 184W (p, £)179Ta 1.82
182¢f 184\)\/'(1,)7 I)lssz 9% 10°
178f 184:\)\/'(1,_)7 I)178Hf 31
174Hf 184W(p, I)174Hf 2><1015
1721f 184W (p, ) 72 Hf 1.87
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Fig. 6. Cross sections of long-lived radioactive re-

Fig. 4. Calculated reacti -sections for "$'W . .
% atcuiated reaction cross-sections for action products from the p+'8*W reactions.

(p, kn) channels, where k=1, 2, 3, 4, 5, 6, 7, 8, 9.

E T T T T T 3
0.18 — T T T T T 10° g ’
0.16 | . 102 1 1
0.14 + y o b EF250MeV ]
012 | - Z i ]
200 1
0.10 - - = E E
o Ewot k 1
© 008 | 4 5 ] !
0.06 - 1 R 107" 200 MeV
—3 I -
0.04 . 0 F 1072 150 MeV ;
. —4 —3 E
am L ] 107 107 soMev 107 100 Mev . 1
0 Lodsd A S S S 0 50 100 150 200 250
0 50 100 150 200 250 300 350 E,/MeV
E,/MeV ) ) )
Fig. 7. Theoretical energy spectra of neutron emis-
Fig. 5. Calculated cross-sections for *®**W (p, pkn) sion for the p+'#W reaction.
reaction channels, where k=1, 2, 3, 4, 5, 6, 7, 8,
9. 10°
102 113 MeV W(p, xn) e mx v Meier (1989)x0.66
Long-lived radioactive reaction products from the - this work
p+1%*W reactions whose half-lives are greater than one E 10
year and cross-section values are larger than 1 mb are S 100
shown in Table 3. The cross-sections calculated are & 11
. . =)
shown in Fig. 6. S
. . 9
The energy spectra and double differential cross sec- 2 1072
tions of emission neutron, proton, deuteron, triton, he- 8 10-3
. . . < :
lium and alpha particle for p+®*W reactions are also
calculated. The calculated energy spectra of the neu- 107!
tron emission for p+'8*W at incident proton energies of 1o

50, 100, 150, 200 and 250 MeV are shown in Fig. 7.
We can find that the shapes of calculated energy spec- E,MeV
tra for neutron emission are similar at the various en-

. " N Fig. 8. Calculated double differential cross section
ergies. The calculation results show the contributions

of neutron emission (solid line) compared with ex-

to the energy spectra are mainly the evaporation model perimental data (symbols) in p+"**W reaction at
below the neutron emission energy of 15.0 MeV and the 113 MeV incident energy at 7.5, 30.0, 60.0 and
pre-equilibrium process above 15.0 MeV. 150.0°.
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Fig. 9. Double differential cross sections of proton

emission for p+'8*W reactions calculated at 113.0
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10. Double differential cross sections of

deuteron emission in p+'8*W reactions calculated
at energy 113.0 MeV.
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Fig. 11. Calculated double differential cross sec-

tions of triton emission in p+'8*W reactions cal-
culated at energy 113.0 MeV.
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Fig. 12. Double differential cross sections of

helium-3 emission in p+3*W reactions calculated
at energy 113.0 MeV.

i 113 MeV W(p, x4)
10~* —
N E
2 =
3 C
< L
«Q .
S 107
[=} =
2 C
o C
2 L
g 107¢
a3
]0—7 141 1 1 1 11 11 I 11 1 1 11 1 11 1
0 50 100
Epipna/MeV
Fig. 13. Double differential cross sections of alpha-

particle emission in p+'3*W reactions calculated
at energy 113.0 MeV.

The calculated double differential cross sections of
neutron emission and the experimental data taken from
Ref. [29] at an incident proton energy of 113.0 MeV are
given in Fig. 8. The original experimental data are mul-
tiplied by 0.66 for the processing problem [30]. From
Fig. 8, the calculated results are in good agreement with
experimental data at emission angles 7.5, 30.0, 60.0 and
150.0°. There are no experimental data at other energies
for double differential cross sections of neutron emission.
There are no experimental data for double differential
cross sections of proton, deuteron, triton, helium and
alpha emission for p+*#4W reactions.

The double differential cross sections of proton emis-
sion at energy 113.0 MeV are shown in Fig. 9. The
peaks of the curves at high proton emission energy
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are contributed from the direct reaction mechanism.
We can observe from this chart that the spectra at
large angles become softer. It indicates that the pre-
equilibrium mechanism contribution is dominant at high
energy.

The calculated results of the double differential cross
sections of deuteron, triton, helium and alpha particle
emissions for p+!%*W reactions at proton incident en-
ergy 113.0 MeV are given in Figs. 10-13. The calculated
scattering angles are 7.5, 30.0, 60.0 and 150.0°. Although
there are no experimental data, we deduce that the cal-
culated double differential cross sections are still applica-
ble, for the shapes of these curves at different scattering
angles are similar to each other. Further accurate exper-
imental data are needed in the future.
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