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Background: The study of precompound emission has attracted considerable attention for testing nuclear
models in light-ion-induced reactions at relatively higher energies above 10 MeV /nucleon.

Purpose: Aiming to study the precompound emission and to develop systematics at low energies below
10 MeV /nucleon, where the compound emission process is likely to dominate, the excitation functions of the
reaction residues produced in the interaction of « particles with '*'Pr have been measured in the energy range
~14-40 MeV. Further, the measured data have been analyzed within the framework of both the semiclassical
and quantum mechanical models.

Methods: The off-line y-ray spectroscopy based stacked foil activation technique has been used to measure the
excitation functions.

Results: The experimentally measured excitation functions have been compared with the theoretical predictions
based on both the semiclassical model codes, viz., PACE4, TALYS-1.9, ACT, and ALICE91, and the quantum
mechanical model code EXIFON. The analysis of the data shows that the experimental excitation functions
could be reproduced only when the contribution of precompound emission, simulated theoretically, is taken
into account. Further, the precompound fraction, which gives the relative importance of precompound emission
over compound nucleus emission, has been deduced and is found to be energy dependent.

Conclusions: Analysis of data indicates that in «-induced reactions, the precompound emission plays an
important role, even at the low incident energies, where the pure compound nucleus process is likely to dominate.
The precompound fraction is found to strongly depend on the mass of the target nucleus and the excitation energy

per surface nucleon of the composite system.

DOI: 10.1103/PhysRevC.99.014608

I. INTRODUCTION

The precompound (PCN) emission process that lies be-
tween compound nucleus (CN) and direct reaction (DR)
mechanisms has been a topic of considerable importance in
nuclear reaction dynamics at moderate excitation energies for
many decades [1]. However, recent experimental evidences
show the presence of PCN emission even at relatively low
incident energies, where the CN process dominates. This has
renewed interest in such studies for testing the nuclear models
at low energies [1-3]. In the PCN process the emission of
particles takes place during the redistribution of incoming
particle energy among more and more nuclear degrees of
freedom through a chain of particle-hole excitations prior
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to the establishment of statistical equilibrium [4-7]. Some
of the important characteristics of the PCN process are (i)
observation of a larger number of high-energy particles as
compared to the spectrum predicted by the CN theory [8], (ii)
forward-peaked angular distribution of the emitted particles
[9], (iii) smaller value of velocity/recoil range/linear and
angular momenta (spin) associated with the reaction residues
left after emission of PCN particles as compared to CN
particles [10], and (iv) slowly descending tail of the excitation
functions (EFs) [1,4,5,11].

Furthermore, depending on the projectile energy, besides
the PCN process, the CN and direct reaction processes are also
dominant in light-ion-induced reactions. In the CN process the
emission of light nuclear particles takes place after attaining
statistical equilibrium, while the direct reactions occur at
relatively higher energies where the reaction proceeds via
the excitation of only a few degrees of freedom on a much
shorter timescale, since the time taken by the projectile to
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travel across the target nucleus is much less than that in the
case of the CN process. Generally total cross section for the
production residues is taken as the sum of the CN, PCN, and
DR contributions, neglecting all possible interference between
them. However, the measured cross sections, in most cases,
may be well explained on the basis of various nuclear models
employing different optical potentials that make the study of
the reaction dynamics to be of fundamental interest. The PCN
plays a key role in the deexcitation of the composite excited
system formed by the fusion of the projectile with the target
leading to the evolution of equilibrium states of the compound
nucleus.

In order to understand the PCN emission, the measured
cross-section data for reactions induced by protons and «
particles are rather more important than unstable nuclei, as
they produce good-quality clean statistical data with the least
background required for precise testing of the PCN models.
The beams of light stable nuclei further decrease the probabil-
ity of interferences of competing reaction mechanisms such
as transfer, direct, and incomplete/breakup fusion reactions,
as they have negligible probability for such reactions at the
energy range of interest. The measurement and analysis of the
EFs are of prime importance because the features of the EFs at
low, medium, and high energies may give information about
the reaction mechanism involved. The low-energy portion of
the EFs is dominated by the CN mechanism; however, with
the increase in projectile energy, the strength of the PCN
process becomes relatively greater [12—-16]. In addition to
giving a better understanding of the reaction dynamics for
developing the proper theories/models, the nuclear reaction
data for neutron emission channels is also important for
designing the nuclear energy generation devices such as the
accelerator-driven subcritical (ADS) reactors [17].

Keeping in view the above, in the present work, EFs for the
reactions '*'Pr(a, n)'**Pm and "'Pr(«, 21)'**Pm have been
measured in the energy range ~14-40 MeV. The analysis
of experimentally measured EFs has been performed using
theoretical model codes, viz., PACE4 [18,19], TALYS-1.9 [20],
ACT [21,22], ALICE91 [23], and EXIFON [24]. The codes PACE4,
TALYS-1.9, ACT, and ALICE91 are based on the semiclassical
approach while the code EXIFON is based on multistep quan-
tum mechanical theory.

The production cross section of '**Pm and '**Pm isotopes
in the literature is scarce and is limited only to a few studies
carried out for the measurements of cross sections relevant to
utilization of accelerators by the proton and deuteron beams
on "Nd targets, respectively [25,26]. Lebeda et al. [25]
measured the activation cross section for the residues '“Pm
in proton-induced reactions on the '“®Nd target in the energy
range ~10-30 MeV. Tarkanyi et al. [26] also measured the
cross sections for the residues '**Pm in deuteron-induced
reactions on neodymium ("*Nd) targets due to their thera-
peutic applications. Sauerwein et al. [27] studied the reac-
tion "'Pr(a, n)"**Pm at the astrophysically relevant energies
between 11.0 MeV and 15.0 MeV for testing optical-model
potentials. It may, however, be pointed out that the EFs for
the reaction residues '“*Pm and '**Pm produced in '*'Pr(«, n)
and "'Pr(w, 2n) reactions were measured earlier [28] in al-
most the same energy region as that of the present work. They

[28] analyzed the EFs for these reactions only with the code
ALICE91 [23]. Further, their experimental cross section values
were significantly different from the theoretical calculations,
so much so that they [28] have to use a normalization constant
to match the experimental and theoretical data. The use of this
normalization constant has no physical reasoning and, there-
fore, the authors [28] themselves recommended further inves-
tigation of this case. In view of the above, the remeasurement
of excitation functions for the reactions '*'Pr(e, n)'**Pm and
41Pr(q, 2n)'**Pm are required for testing various theoretical
semiclassical and quantum mechanical models.

This paper is organized as follows: The experimental de-
tails of the measurements of EFs are given in Sec. II, while
Sec. III deals with the model calculations. A discussion on
the systematic study of precompound emission by deducing
precompound fraction fp. is given in Sec. IV, while the
conclusions drawn from the present analysis are summarized
in Sec. V.

II. MEASUREMENTS OF EXCITATION FUNCTION

A well-collimated «-particle beam obtained from the Vari-
able Energy Cyclotron Centre (VECC), Kolkata, India, has
been used to perform the experiments for the measurement
of excitation functions for the production of radioisotopes
in the interaction of natural praseodymium ("*'Pr) as tar-
gets. The spectroscopically pure, '*'Pr target material of
thickness ~23.32 mg/cm? was deposited on the Al foils of
thickness ~6.75 mg/cm? by using the vacuum evaporation
technique. The Al foils served both as energy degrader and
catcher/backing foils, where the recoiling residues from the
composite system may be trapped. The thickness of each
target sample/Al-catcher was determined precisely prior to
its use in the stack by the «-transmission method, which is
based on the measurement of the energy lost by 5.487 MeV «
particles, obtained from a standard **!' Am source, while pass-
ing through the target material. In the stacked foil activation
technique, the energetic beam of « particles traverses through
the samples with degrading beam energies. Thus, it is possible
to bombard the samples of a stack at different energies in a
single irradiation.

In the present experiment, a stack consisting of eight '#!Pr
target-catcher assembles was irradiated for ~12 h. The beam
current ~100 nA was monitored from the current integrator
count rate. The calculations of average beam energy on a
given target of the stack have been performed using the stop-
ping power program SRIM [29]. The postirradiation analysis
has been carried out by using a high-resolution large-volume
(100 cc) high-purity germanium (HPGe) detector coupled to
an ORTEC’s PC based multichannel analyzer. In the present
work, a '3?Eu point y source is used to determine the effi-
ciency of the HPGe detector. The geometry-dependent effi-
ciency (G.) of the HPGe detector for different source-detector
separations was estimated using following relation:

Dy
Ge = —Ar’
DM]ye

ey

where Dy is the observed disintegration rate of the standard
source at the time of measurement, D, is the disintegration
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TABLE I. List of reactions and their spectroscopic data.

Reactions QO Value Half-Life E, (keV) Branching Ratio
(MeV)  (days) (keV) (%)
“Pr(, n)"Pm  —1025 363 476.81 422
618.06 99.1
696.54 100.0
“pr(w, 2n)"®Pm —16.77 265 741.98 38.5

rate at the time of manufacture, X is the decay constant, ¢ is the
lapse time between the manufacture of the source and the start
of counting, and /, is the branching ratio of the characteristic
y rays.

The resolution of the HPGe detector system was X2 keV
for the 1332 keV y line of ®’Co. During the counting of the
samples, the sample-detector distances are suitably adjusted
in order to minimize the dead time to <10%. The pertinent
decay data such as the energy of the characteristic y rays,
half-lives, and branching ratios of residual nuclei produced
in the o 4 *IPr system for the yield calculations were taken
from Ref. [30] and are given in Table I. It may be pointed out
here that the residues are identified by their characteristic y
rays and measured half-lives. The measured intensities of the
characteristic y lines of the identified residues have been used
to calculate the cross sections for the corresponding reaction
channels employing a FORTRAN program based on standard
formulations [16],

Carexp(Aty)
Nop PK (G)[1 — exp(—=at)][1 — exp(—Azy)]’
(2

where C, is the observed counts during the accumulation time
t, of the induced activity of decay constant A, Ny the number
of target nuclei irradiated for time #; with a particle beam of
flux ¢, #; the time lapse between the stop of irradiation and the
start of counting, P the branching ratio of the characteristic
y ray, and G, is the geometry-dependent efficiency of the
detector for the y ray of a given energy. The value of G,
depends on the energy of the y ray and also on the relative
separation between the source and detector. A typical y-
ray spectrum of a standard source '>?Eu of known strength,
recorded prior to actual experiment for a-induced reactions
44Pm at source-detector distance 3 c¢m, is shown in Fig. 1.
In order to determine the value of G, for y rays of different
energies, a standard source of '?Eu of known strength was
used. As such, proper correction for the geometry-dependent
efficiency has been taken into account for each case. The
factor [1 — exp(—At;)], known as the saturation correction,
takes care of the decay of evaporation residues during the
irradiation. The corrections for the decay of the induced
activity due to the delay between the stop of irradiation and the
start of counting and during the data accumulation are taken
into account via the factors exp(Af;) and [1 — exp(—Az,)],
respectively. K = [1 — exp(—ux)]/ux is the correction for
the self-absorption of the y radiation in the sample thickness
itself, where x is the thickness of the sample and p is the
y-ray absorption coefficient. It may be pointed out that the

Gr(E) =
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FIG. 1. A typical y-ray spectrum of a standard source **Eu of
known strength, recorded prior to actual experiment for a-induced
reactions '**Pm at source-detector distance (gap) 3 cm.

dead time of a spectrometer is a very sensitive parameter that
can effect the measured cross section substantially. Therefore,
it is required to apply proper correction to the experimental
data for dead time. As a representative case, Fig. 2 shows the
variation of geometry-dependent efficiency [calculated using
Eq. (1)] with y-ray energy in the range 121.7 keV to 1408 keV
for a standard "?Eu gamma source of known strength at
a source-detector distance of 3.0 cm with proper dead-time
corrections.

A critical evaluation of uncertainties in the measured cross
sections (as given in Table II) has been considered and is
estimated to be <10%. The errors in the measured cross
sections may arise due to (a) nonuniform deposition of the
target material and inaccurate estimate of the foil thickness
which may be <1%, and (b) the fact that during the irra-
diations, fluctuations in the beam current may result in the
variation of the incident flux. Many tests were performed
to check the time-integrated beam fluctuations and it was
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0.035
0.030
0.025
O o0.020
0.015
0.010
0.005

R TP R S SRR SRR B B
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v ray energy (keV)

FIG. 2. The curves for geometry-dependent efficiency with
proper dead-time correction obtained from a standard source '>*Eu
of known strength at source-detector distance 3 cm.
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TABLE II. Experimentally measured cross sections.

E, o (**Pm) o (*¥Pm)
(MeV) (mb) (mb)
142+1.2 24.6+4.4

15.740.9 Ref. [28] 19.9+3.2

16.5£1.0 123.8 £18.9

18.240.9 Ref. [28] 139.8 £17.8 168.1£21.2
18.6+0.9 156.8+21.2 122.8+21.5
21.94+0.9 55.1£9.0 350.7+£55.3
25.940.8 Ref. [28] 21.3+3.8 472.5 +56.7
27.2+40.8 252442 572.8+84.4
30.120.79 Ref. [28] 11.9+2.4 191.8 £23.6
31.940.7 14.6£3.3 541.5+82.9
35.9+0.74 Ref. [28] 10.0£2.10 99.5+12.6
36.14+0.6 10.1+2.2 252.3+41.4
40.0+0.6 7.8+1.9 113.84+19.1
44.540.7 Ref. [28] 52+1.70 66.6+9.7

estimated that beam fluctuations may introduce errors of not
more than 5% in the measured cross sections. Other sources
of error include that (c) uncertainty in the determination of the
geometry-dependent efficiency of the y -ray spectrometer may
give rise to error in the production cross sections. Further, the
uncertainty in determining the efficiency of the spectrometer
may also appear due to the solid-angle effect, as the irradiated
samples were not point sources like the standard source, but
had a finite diameter, which may be <<5%. (d) The product
nuclei recoiling out of the thin target may introduce large
errors in the measured cross sections. This was minimized
as the catcher/backing foils used in the stack for irradiation
were of sufficient thickness to stop even the most energetic
recoiling residues.

III. MODEL CALCULATIONS

In the present work, the theoretical calculations for cross
sections have been performed employing both the semiclassi-
cal codes, viz., PACE4 [18,19], TALYS-1.9 [20], ACT [21], and
ALICE91 [23], as well as the code EXIFON [24], which is based
on multistep quantum mechanical (QM) theory [31-34]. Brief
details of these codes are given in the following subsections.

A. Calculations with the code PACE4

Theoretical calculations with the code PACE4 [18,19] have
been performed by using Bass formulations [35], which are
based on the Hauser-Feshbach (HF) formalism and follow the
Monte Carlo simulation. For compound nucleus formation,
at a particular angular momentum ¢ and specific bombarding
energy E, the partial cross section oy is given by

kz
oy = — 20+ DTy, 3)
4

where A is the reduced wavelength and the transmission
coefficients 7, may be given by the expression

¢ -
T, =|:1 + exp(%)} , )
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FIG. 3. The experimentally measured and theoretically calcu-
lated EFs for reaction “!'Pr(a, n)"**Pm using code PACE4. The effect
of variation of parameter K (=8, 9, and 10) on PACE4 calculations is
also shown in this figure. See text for details.

where A is the diffuseness parameter, while £,,x is the max-
imum value of ¢ determined by the total fusion cross section,

OfF = ZO’(. (5)
£=0

In this code, level density parameter a (= A/K) is an
important parameter which governs the shape of excitation
function through the evaporation process. Here, A is the mass
number of the compound nucleus and K is a free parameter
which may be varied to match the experimental data.

The experimentally measured and theoretically calculated
EFs for reactions *'Pr(«, 7)'*Pm and '*'Pr(e, 2n)'**Pm are
shown in Figs. 3 and 4, respectively. The effect of variation
of parameter K (=8, 9, and 10) on PACE4 calculations has
also been shown in these figures. As can be seen from these
figures, a value of K = 8§ (default value) is found to satisfac-
torily reproduce the experimentally measured reaction cross
sections particularly up to the peak region. The experimentally
measured values by Ansari ef al. [28] for these reactions are
also indicated in Figs. 3 and 4, respectively. The enhancement
of the experimental cross sections as compared to PACE4
calculations has been observed towards higher projectile en-
ergies, i.e., in the tail portion of EFs. It may be pointed out
that this observed enhancement in the experimental EFs for
reaction "'Pr(a, n)"**Pm above projectile energy 25 MeV
could not be reproduced by changing the values of K in PACE4
calculations. This is expected since code PACE4 takes into ac-
count evaporation reaction channels proceeding only via CN
process; therefore, the observed experimental enhancement in
EFs as compared to PACE4 calculations clearly indicates that
this reaction channel may have significant contributions from
the processes other than the CN process. It may be remarked
that the contribution of the direct reaction to the same reaction
residues is expected to be negligible at these energies. Hence,
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FIG. 4. The experimentally measured and theoretically calcu-
lated EFs for reaction *!'Pr(a, 2n)'**Pm using code PACE4. The ef-
fect of variation of parameter K (=8, 9, and 10) on PACE4 calculations
is also shown in this figure.

observed enhancement of the experimental cross sections
in the tail portion of EFs for reaction '*'Pr(a, n)!*Pm as
compared to the theoretical calculations may be attributed
to the PCN emission process, which is a dominant mode
of mechanism in one neutron emitting reaction channel. For
reaction 14! Pr(a, 2n)143Pm, the experimentally measured EFs
are well reproduced by PACE4 calculations up to &35 MeV,
while above this energy, the enhancement of experimental
cross sections as compared to PACE4 calculations may be
explained due to the contribution of the PCN process.

B. Calculations with the code TALYS-1.9

The theoretical model code TALYS-1.9 [20] is one of the most
updated codes which is used to calculate the cross section for
residues produced in light-particle (proton and alpha) induced
reactions up to projectile energies 200 MeV [36-38]. The
reaction parameters in this model code are taken from the
RIPL database [39]. One of the most important advantages of
this code is that it predicts the cross section for the residues
produced considering the compound, the precompound, and
direct reaction mechanisms. In this model, the optical parame-
ters obtained from a global potential of Koning and Delaroche
[40] are taken into account. The compound nucleus reac-
tion mechanism has been incorporated by using the Hauser-
Feshbach (HF) theory [41]. The exciton model developed by
Kalbach [42] has been used to determine the precompound
contribution. The different level densities used account for
the constant-temperature Fermi gas model (CTFGM) [43],
back-shifted Fermi gas model (BSFGM) [44], generalized
superfluid model (GSFM) [45,46], microscopic level den-
sities from Goriely’s and Hilaire’s tables [47], and micro-
scopic level densities (temperature-dependent Hartree-Fock-
Bogoliubov (HFB), Gogny force) [48]. In the present work,
the theoretical calculations have been performed for reactions
“41pr(, n)*Pm and '"“'Pr(a, 2n)'*Pm by using different

10° — T T T T T T T
141Pr(a,n)144Pm
P
o 10
S
'
c 1
o 10
)
3]
Q
» 10
g ® Present work N\
o A J. Phys. Soc. Jpn., 74, 1150N2005)
6 10-1 — — TALYS-1.9 CN with BSFGM model
- - - -TALYS-1.9 CN+PCN with default values
—— TALYS-1.9 CN+PCN with BSFGM model
10'2 AR T W N TR N WO N T AN W N T
10 15 20 25 30 35 40 45 50

Energy (MeV)

FIG. 5. The experimentally measured and theoretically calcu-
lated EFs for reaction "“!'Pr(a, n)'**Pm using code TALYS-1.9. See
text for details.

options of the code TALYS-1.9. A comparison of calculations
performed for CN (shown by dashed line) and CN+PCN
(shown by dotted and solid lines) processes of this code
along with experimentally measured cross sections for the
reactions "' Pr(a, n)"**Pm and "*'Pr(c, 2n)'**Pm are shown
in Fig. 5 and Fig. 6, respectively. It can been seen from Fig. 5
that the CN calculations based on Hauser—Feshbach theory
reproduce the experimental data for reaction '*!Pr(a, n)'*Pm
up to the peak region, indicating contributions from other
reaction mechanisms at higher energies. When the precom-
pound contribution has been taken into account by using
the constant-temperature Fermi gas model (default option) of
the code TALYS-1.9, it has been found that the trend of the

104E T T T T T T T T T T T T T T T E
3 "“Pr(0,2n)"“Pm 3
) 10° E E|
E = 3
L C -
5 10 I i
= VF E
(8] = 3
g L .
1
o 10 E ® Presentwork 3
8 C A J. Phys. Soc. Jpn., 74, 1150 (2005) 3
6 o[ — — -TALYS-1.9 CN with BSFGM model T
10°E. . . . TALYS-1.9 CN+PCN with default values
—— TALYS-1.9 CN+PCN with BSFGM model
10 1 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

10 15 20 25 30 35 40 45 50
Energy (MeV)

FIG. 6. The experimentally measured and theoretically calcu-
lated EFs for reaction *'Pr(e, 212)'**Pm using code TALYS-1.9. See
text for details.
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theoretical calculations follows the experimental data. How-
ever, at higher energies the experimentally measured values
of the cross section are relatively larger as compared to the
precompound calculations with the default option of this code.
An attempt has also been made to reproduce the experimental
data in the tail portion (towards the higher projectile energies)
of the measured EFs by using a different level density from the
other option of the code TALYS-1.9, as discussed above. It has
been found that the calculations performed for the reactions
Pr(, n)*Pm and "' Pr(a, 2n)'**Pm with the back-shifted
Fermi gas model (BSFGM) [44] of the code TALYS-1.9, as
shown in Fig. 5 and Fig. 6 by a solid line, are in good
agreement with the experimental data. This is expected, since
in the BSFGM [44] model, the pairing energy is treated as an
additional parameter with the Fermi gas model that increases
the value of the level density and hence may have a larger
contribution due to the precompound emission.

C. Calculations with the code ACT

The theoretical calculations for the excitation functions
have been performed using the code ACT [21] which is
based on the lines of code STAPRE [22]. In this code, each
evaporation step is treated within the framework of a sta-
tistical model with consideration of angular momentum and
parity conservation. For the emission of the first particle,
PCN decay is also taken into the account. In this code the
CN calculations are performed using the HF model [41],
while the exciton model is employed for the simulation of
PCN emission. The level densities are calculated within the
framework of the back-shifted Fermi gas model by the spin-
dependent Lang expression [49]. The effective moment of
inertia O is taken consistently equal to the rigid-body value
in these calculations. The transmission coefficients required
in the calculations are generated by using the global optical
model potentials [50]. The separation energies needed in these
calculations are taken from the tables of Wapstra and Bos
[51], and the decay scheme of various nuclei from the Table
of Radioactive Isotopes [30]. The transition rates A, Ao, and
A_ are related by the Williams expression [52] and corrected
for the Pauli principle by Cline [53]:

27 _ 5,8
)\+=7|M| m(fl-l-l), (6)
2r .,
Ao = 7|M| gnpnp(n — 2), @)
27 - (3n —2)
= |M|PPU—. 8
7 IM|"g n (8)

In this model the states of the system are classified ac-
cording to the number of excitons i.e., the number of excited
particle n, and hole ny, degrees of freedom, respectively. The
application of a two-body interaction to the state of a (n,, ny,)
configuration leads to states with (np, + 1, n, + 1), (1, np),
or (n, — 1, ny, — 1) excited particles and holes.

In order to evaluate internal transition rates it is necessary
to calculate the absolute value of the square of the aver-
age matrix element (|M|?) [54] by the expression |M|> =
FyA=3U " [55], where A is the mass number and U the

3
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FIG. 7. The experimentally measured and theoretically calcu-
lated EFs for reaction '*'Pr(a, n)'**Pm using code ACT. The effect
of variation of parameter ny (=4, 5, and 6) is shown in this figure.
The best choice of parameters ny is discussed in text.

excitation energy of the composite system. Here, F), is a
constant and is treated as an adjustable parameter to match
the experimental data. In the present work, the value of F), is
taken as 430 MeV?, as used consistently in our earlier work
[4], and is found to satisfactorily reproduce the experimental
data in the present case also.

Another important parameter of the code ACT that governs
the PCN component is initial exciton number ng (=np + np).
The calculations have been performed using different values
of the initial exciton number ng =4 2p + 2n + 0Oh), ng =
5 3p +2n+ 0h), and ny = 6 (3p + 2n + 1h), respectively.
Keeping the value of Fj; = 430 MeV?, the effect of variation
of the ny on measured EFs for reactions '*'Pr(a, n)'*Pm
and '"'Pr(a, 2n)"**Pm is shown in Figs. 7 and 8, respectively
along with their CN calculations. It can be seen from Figs. 7
and 8 that a value of initial exciton number ny = 4 fits the ex-
perimental data satisfactorily over the entire energy range for
both the reactions '*'Pr(e, n)'**Pm and '*'Pr(«, 21)'**Pm. A
value of initial exciton number no = 4 for «-induced reactions
is justified [56]. The lower value of initial exciton number
no gives larger PCN contributions. It is because of the fact
that the lower value of ny means larger number of two-
body interactions prior to the establishment of thermodynamic
equilibrium, resulting in a larger PCN contribution.

In light of the above discussion, when the calculations
of cross sections are performed by the code ACT using the
compound nucleus model, it has been observed that the high-
energy tail portion of measured excitation functions is over-
estimated as compared to their theoretical values. However,
when the PCN contribution is added to the CN calculations, it
has been found, in general, that there is a satisfactory repro-
duction of the experimental data for the presently measured
excitation functions. As such, the above analysis indicates
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FIG. 8. The experimentally measured and theoretically calcu-
lated EFs for reaction *'Pr(c, 2n)'**Pm using code ACT. The effect
of variation of parameter ny (=4, 5, and 6) is shown in this figure.

that there is a significant contribution expected from PCN
emission for these channels at higher energies.

D. Analysis of excitation functions with code ALICE91

The code ALICE91 developed by Blann [23] has been used
to calculate the cross sections for CN and PCN emis-
sions based on the Weisskopf-Ewing model [57] and the
geometry-dependent hybrid model [56], respectively. The
Myers-Swiatecki/Lysekil mass formula [58] is used for calcu-
lating the Q values and the binding energies of all the nuclei
in the evaporation chain. The inverse reaction cross sections
used in the code are calculated using an optical model [59]
subroutine. The calculations for the PCN emission in this
code are performed assuming equipartition of energy among
initially excited particles and holes. The mean-free path for
intranuclear transition rates may be calculated either from
the optical potential parameters of Becchetti and Greenlees
[60] or from Pauli-corrected nucleon-nucleon cross sections
[61,62].

In this code, the level density parameter a, the initial
exciton number 7, and the mean-free path multiplier COST are
some of the important parameters. The level density parameter
a mainly affects the CN component, while the initial exciton
number ny and the mean-free path multiplier COST govern
the PCN component. The level density parameter may be
calculated as @ = A/K, where A is the mass number of the
composite nucleus and K is an adjustable parameter [63]
which can be varied to match the measured EFs. The CN
calculations of the code ALICE91 are performed by taking the
value of K = 8§ (default value), which gives satisfactorily the
reproduction of the experimentally measured EFs in the peak
region as shown in Fig. 9 for reaction '*'Pr(e, n)'*Pm. As
mentioned, the level density parameter a mainly governs the
CN component; hence, the tail portion of EFs could not be
reproduced by varying the value of the parameter K .

® Presentwork .

A J. Phys. Soc. Jpn.; 74, 1150 (2005) Tt
- ---ALICE91 (CN)
—ALICE91 (CN+PCN) n'0=4, K=8, COST=0
—--= ALICE91 (CN+PCN) n =5, K=8, COST=0
- - - - ALICE91 (CN+PCN) n =6, K=8, COST=0

10 15 20 25 30 35 40 45 50
Energy (MeV)

Cross-section (mb)
=)

-
S
N

-
o
&

FIG. 9. The experimentally measured and theoretically calcu-
lated EFs for reaction ''Pr(a, n)"**Pm using code ALICE91. The
effect of variation of parameter ny (=4, 5, and 6) is shown in this
figure. The details of the parameter n are discussed in the text.

Further, in the geometry-dependent hybrid model, the ini-
tial configuration of the compound system defined by the ex-
citon number ng (=n, + nyp) is a crucial parameter of the PCN
formalism. In order to get an actual value of the initial exciton
number ng, the calculations for different values of n( rang-
ing from 4 to 6 with configurations ny =4 (2p + 2n + Oh),
no =5 @Bp+2n+0h), and no = 6 3p + 2n + 1h), respec-
tively, have been performed for reactions '*!'Pr(a, n)'*Pm
and mPr(a, 2n)143Pm and are shown in Figs. 9 and 11,
respectively. It may be observed from these figures that a value
of initial exciton number ny = 4 fits the experimental data
satisfactorily over the entire range of energies.

The mean-free path multiplier COST is another parameter
of the ALICE91 which is used to adjust the nuclear mean-
free path to reproduce the experimental data. This accounts
for the difference, if any, between the calculated and actual
mean-free paths for two-body residual interactions. The ef-
fect of variation of parameter COST, i.e., COST=0 (default
value) and COST=2, on the calculated EF for the reaction
14Pr(, n)"**Pm is shown in Fig. 10. As can be seen from
this figure, a value of COST=2 along with K = 8 and ny = 4
gives the best fit to the experimental data over the entire
range of projectile energies. The ALICE9] calculations have
also been performed for reaction '*'Pr(a, 21)'**Pm using the
same set of parameters and are shown in Fig. 11. As can be
seen from this figure the shape of the EFs for this reaction is
satisfactorily reproduced using the code ALICE91, as well.

E. Analysis of excitation functions with code EXIFON

The code EXIFON [24] is based on an analytical model for
statistical multistep direct and multistep compound reactions
(SMD/SMC model) [64]. It predicts the activation cross sec-
tion including the equilibrium and precompound as well as
the direct (collective and noncollective) processes within a
pure statistical multistep reaction model. The initial exciton
number ng in this code is taken equal to 4 for «a-induced
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FIG. 10. The experimentally measured and theoretically calcu-
lated EFs for reaction ''Pr(a, n)'*Pm using code ALICEOL. The
effect of variation of parameter COST is shown in this figure. See
text for details.

reactions, similarly to the one taken in semiclassical calcula-
tions performed by ACT and ALICE91. The calculation with the
code EXIFON takes into account the pairing correction, Pauli
blocking, shell structure, and the Coulomb effects.

The experimentally measured and theoretically calculated
EFs for reactions '“'Pr(a, n)'**Pm and '"“'Pr(x, 2n)'**Pm
using the code EXIFON with different sets of parameters are
shown in Fig. 12 and Fig. 13, respectively. It can be observed
from these figures that the calculations performed using the
standard set of parameters underestimates the experimental
data, particularly in the tail portion. In order to match the
experimental data the values of some of the parameters have
been varied from that of the standard set. The value of the
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E"} |
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e} 3 3
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FIG. 11. The experimentally measured and theoretically calcu-
lated EFs for reaction '“'Pr(a, 2n)'**Pm using code ALICE9]1. The
effect of variation of parameter initial exciton number 7, is shown in
this figure.

103 E* T 1T ‘T °*T1T 1T 7T "1 4
E 141Pr( n)144Pm E
g1 E 3
c C 3
0 i 7
1
S0 E 3
o E. N T o3
0 | ® Present work \ m
0, A J.Phys. Soc. Jpn., 74M150 (2005)
© 10" - — ExiFON (CN) \
(¥) - - - EXIFON (CN+PCN) E,=33 MeV, r,=1.4, A=-1.12 MeV
— - —EXIFON (CN+PCN) E,=40 MeV, r,=1.4, A=-1.12 MeV
—— EXIFON (CN+PCN) E. 40 MeV ro—1 4, 45250 MeV
10" P I A i L
10 15 20 25 30 35 40 45 50
Energy (MeV)

FIG. 12. The experimentally measured and theoretically calcu-
lated EFs for reaction '*'Pr(c, n)'*Pm using code EXIFON. The
effect of variation of parameter A on theoretical calculations is also
shown.

pairing correction term has been changed from —1.12 (stan-
dard value) to —2.5 which is in agreement with the value used
by Kalbach-Cline, Huizenga, and Vonach [65] and Coryell
[66]. The Fermi energy Ef is related to the single-particle
state density g and through it to the level density parameter a.
For Er = 40 MeV, using the formulation of Kalbach [67-70],
Oblozinky [71], and Avrigeanu et al. [72,73] one gets the
value of a = 8 along with with radius parameter ry = 2.25 fm.
These values of Er (=40 MeV) and ry (=2.25 fm) are used in
the present calculations and give satisfactory reproduction of
experimentally measured EFs for reactions '*!Pr(a, n)!*Pm

4

10 ) I ) I ) I ) I ) I ) I ) I ) §
. 141Pr( 2n)143Pm 3
° ]
g 10° 3
g ]
= 10° =
Q 3
[} ]
(72} ]
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ol 1 111, ]
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FIG. 13. The experimentally measured and theoretically calcu-
lated EFs for reaction 'Pr(a, 21n)'**Pm using code EXIFON. The
effect of variation of parameter A on theoretical calculations is also
shown in this figure.
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FIG. 14. The experimentally measured and theoretically calculated EFs for reactions '*Tb(a, n)'’Ho [74], '®'Ta(a, n)'3*Re [75,76],
97 Au(a, n)*®T1 [77], and 2®Tl(«, n)**Bi [78], respectively, using code PACE4.

and "'Pr(a, 2n)'**Pm. From the above analysis it may be
concluded that both the semiclassical as well as the QM
codes, each with suitable choice of parameters, reproduce
the experimental excitation functions satisfactorily. Further,
PCN emission has been found to play an important role in
a-induced reactions.

IV. SYSTEMATIC STUDY OF PRECOMPOUND EMISSION

Presently measured cross sections for the reactions
4Pr(, n)"**Pm and "'Pr(e, 2n)"*Pm are in good agree-
ment with theoretical calculations performed using different
codes, viz., PACE, TALYS-1.9, ALICE91, ACT, and EXIFON, with
a consistent set of parameters. It has been observed from
the analysis of excitation functions for the « + '#'Pr system
that the precompound emission contribution competes with
compound nucleus emission and its contribution increases
with the projectile energy. In the literature, plenty of ex-
perimental data exist on «-particle-induced reactions with
different target nuclei; however, there is hardly any systematic
investigation of entrance channel effects in precompound
emission. To develop a systematics on precompound emis-
sion in a-induced reactions, the experimental data of cross
sections for one neutron reaction channel, ' Tb(e, n)'®?Ho
[74], "®'Ta(e, n)"**Re [75,76], "7 Au(a, n)*®TI [77], and
20371 (a, n)**Bi [78], have been taken from the EXFOR data
library [79]. These targets used in these reactions have odd

Z and odd A similar to those used in the present work
(**'Pr) so that the ambiguity, if any, arising due to odd-even
effects of the target nuclei may be washed out. The theoret-
ical calculations of EFs for the reactions '**Tb(«, n)'®*Ho
[74], "®'Ta(a, n)'**Re [75,76], 7 Au(e, n)*°T1 [77], and
283T1(r, n)**Bi [78] have been performed within the frame-
work of the CN formalism by using the code PACE4 and
are shown in Figs. 14(a) to Fig. 14(d). It can be seen from
these figures that the predictions of the code PACE4 reproduce
the experimental EFs for all these reactions up to their peak
regions; however, beyond the peak region, i.e., in the tail
portion of EFs, the observed difference between the measured
data and theoretical calculations may be attributed to the
contribution from precompound emission process. This is ex-
pected as the code PACE4 calculates the cross sections for com-
pound nucleus emission and does not take the contribution of
precompound emission into account. Thus, the precompound
contribution for each of the above-mentioned reactions is
deduced and discussed in the following subsection.

Precompound fraction f,.

In order to perform a systematic study on precompound
emission, the contribution of PCN in each reaction has been
deduced in the form of precompound fraction f,. which
reflects the relative importance of such emission over com-
pound nucleus emission. In the present work, the f. is
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FIG. 15. The deduced f,. as a function of laboratory energy (E;), center-of-mass energy (E.n ), excitation energy E*, and excitation
energy per surface nucleons Es for the reactions '*'Pr(a, n)*Pm, " Tb(a, n)'®*Ho, "¥! Ta(a, n)'**Re, "7 Au(a, n)*TI, and **Tl(a, n)*°Bi,

respectively.

deduced as the ratio of the deduced precompound contribu-
tion to the total CN+PCN contributions. The deduced fpe
values are plotted as a function of laboratory energy (Eia),
center-of-mass energy (E.. ), excitation energy (E*), and
excitation energy per surface nucleons of the composite nu-
cleus Eg [=(E*/A%?)] for the reactions “'Pr(c, n)'*Pm,
39Tb(a, n)'?Ho, "' Ta(a, n)'**Re, ""7Au(e, n)*°TIl, and
253T1(er, n)**Bi and are shown in Figs. 15(a) to 15(d). It
can be seen from these figures that the deduced f;. for these
reactions increases rapidly with energy in each case. It has
also been observed that a small variation in energy produces a
large change in f,. for the above reactions. This indicates that
in case of precompound emission, the energy is a sensitive
parameter as pointed out by Blann [56] in his pioneering study
on precompound emission. From Figs. 15(a) and 15(b), it has
observed that the f;. attains maximum at different values of
(Eiap) and (E. ) for different target nuclei but no evidence
of any systematic trend of f,. with target mass has been
observed.

Further, the values of deduced fp are plotted as a function
of excitation energy E* for the reactions 141Pr(ot, n)144Pm,
9Tb(a, n)'%?Ho, "'Ta(e, n)'*Re, '7Au(e, n)?®T1, and
23T1(o, n)**Bi and are shown in Fig. 15(c). The only ob-
servation which may be made in this case is that the value
of the excitation energy at which f;,. begins is lower for the
heavier target >“TIl. However, there is no evidence of any

systematic trend of PCN and target mass with respect to
excitation energy.

As a matter of fact, in the precompound process, the emis-
sion of nucleons from the surface of the composite system
is more feasible as compared to the nucleons well inside the
nucleus. As such, the excitation energy per surface nucleon Eg
of the composite system may be used as another parameter to
characterize the PCN process. To get a systematic trend, the
Jpe for the above systems are plotted as a function of Es and
are shown in Fig. 15(d). It can be seen from this figure that
a systematic trend of the fp. in terms of mass of the target
nuclei and the excitation energy per surface nucleon of the
composite system is observed. The contribution of precom-
pound emission starts at a smaller value of Eg for the heaviest
target (A = 2%*TI) and this trend follows systematically for
lower-mass targets (A = '“!Pr) at relatively larger values of
Es. In other words, the value of Eg at which fj,. originates is
higher for lower mass number of target and vice versa. This
may indicate the key role of Eg in PCN process in such a way
that all the nucleons of the composite system are not involved
in such reaction mechanism. As such, the PCN emission
may have a significant effect from the surface interactions. In
other words, this may indicate that particles interacting in the
nuclear periphery may have a better chance to be emitted as
PCN particles, where an average lower density is present, as
compared to the particles passing through the entire diameter
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FIG. 16. Deduced precompound fraction f,. of mass of the target
nuclei as a function Eg.

of the target and therefore underlying the effect of the nuclear
matter density region.

The information extracted from the above systematics [as
given in Fig. 15(d)] may provide an insight for the PCN
process for a-induced reactions and is depicted in Fig. 16.
This figure shows variation of precompound fraction f,. with
mass number of target nuclei (A) at five different values of the
Es [=0.32 (shown by black square with dash line), 0.34 (red
circle with line), 0.36 (magenta up-triangle with dash-dotted
line), 0.38 (blue down-triangle with short-dashed line), and
0.40 (wine star with dash-dot-dotted line) MeV]. It can be
seen from this figure that f,. increases linearly with mass
number at each value of Es presently studied.

It may also be observed in Fig. 1 that fitted lines for
different values of Es which guide the deduced f,. are not
exactly parallel to each other but have different slopes. The
slope of lines decreases with increase in the value of Ej.

This means that the probability of PCN increases as mass of
target nuclei increases at a given value of Eg. At higher values
of the Ejy, these lines start converging which indicates that
the contribution of the PCN process saturates and becomes
maximum for each target. As such, the systematics obtained
in the present work throws additional insight on our existing
understanding to the precompound emission process.

V. CONCLUSIONS

The excitation functions for reactions '*!'Pr(e, n)'*Pm
and "'Pr(a, 2n)'*Pm have been measured in the energy
range from threshold to ~40 MeV. The measured excita-
tion functions have been analyzed with a consistent set of
parameters employing both the semiclassical codes (PACE4,
TALYS-1.9, ACT, and ALICE91) and the quantum mechanical
code EXIFON. It has been observed that experimentally mea-
sured excitation functions could be reproduced only when the
precompound emission, simulated theoretically, is taken into
account. The systematics obtained for precompound emission
indicates that its strength deduced in terms of the precom-
pound fraction f,. sensitively depends on the excitation energy
per surface nucleon (Ey) of the composite systems and mass
number of the target nuclei. Further, as the value of Ej
increases, the precompound contribution also increases in a
systematic way, indicating that particles interacting in the
nuclear periphery may have a better chance to be emitted as
PCN particles, where an average lower density is present, as
compared to the particles passing through the entire diameter
of the target and therefore underlying the effect of the nuclear
density matter region.
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