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Background: °’Ru, a good hepatobiliary agent, is used in delayed investigations, diagnostic and therapeutic
purposes, due to its favorable physicochemical properties. Various experimental studies have been carried out to
investigate its production and chemical separation. However, in the interest of the subject, a lot of investigation
is still required to identify the suitable routes for its optimum production, particularly for heavy-ion reactions,
and to understand the reaction mechanisms.

Purpose: Measurement and analysis of excitation function of the residues from the '>C4+3°Y reaction at the
low-energy region and to estimate the cross-section of °’Ru expected to be produced through the direct channel,
and indirectly via the decay of its short-lived precursors °’¢°7"Rh.

Method: Thin ®Y foils backed by aluminium were bombarded by the '*C** beam within 40-75 MeV
energy range. The excitation functions of the residues have been measured with the help of off-line y-ray
spectroscopy. Experimental cross-sections are compared with the various reaction models to understand the
reaction mechanism involved in the production of residual radionuclides.

Results: The measured cross-sections of *'Ru, *%°7"+8%Rh, 96959493 Tc  and *"Mo radionuclides show
reasonably good agreement with the calculations based on the equilibrium (EQ) and preequilibrium (PEQ)
models. The contribution of PEQ emissions is observed in the 3n and axn (x = 1, 2) channels.

Conclusion: Comparative analysis of the residual cross-sections demonstrates the dominance of compound
nuclear process in the energy range considered. The measured cumulative production cross-section of *’Ru
is maximum, ~850 mb, at 66.6 MeV. The detailed analysis presented in this article would help to optimize the

production parameters for °’Ru and also to understand the reliability of the theoretical models.

DOI: 10.1103/PhysRevC.99.064609

I. INTRODUCTION

Even though reactors are commonly used for the produc-
tion of medical radionuclides to achieve high yield, cyclotron
produced positron emitters have found a variety of appli-
cations in the field [1,2]. Thus, the production of neutron-
deficient radionuclide is a subject of interest from several
decades. As far as the application of radionuclides is con-
cerned, both neutron-deficient and neutron-rich radionuclides
could be used for a specific application if they suffice the
purpose. However, the highly specific activity of the ra-
dionuclides, which could be achieved in an accelerator pro-
duction route followed by the chemical separation, is the
requirement in nuclear medicine. As an example, chelated
compounds such as ' Yb/*"Tc/"'!'In-DTPA (diethylenetri-
aminepentaacetic acid) are adopted well for cisternography
[3-5]. Studies show that 'Yb delivers a higher dose due to
its long half-life of 32 days, whereas the life of *"Tc (7}, =
6.04 h) is too short for the evaluation of adult hydrocephalus
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during delayed (48-72 h) scanning. '''In-DTPA, having T 2
= 2.80 d for ""In, acts well to provide adequate quality
control and also permits prolonged studies due to its suitable
physical characteristics, but it emits Auger electrons within
a range of nanometer to micrometer, which damage DNA
(deoxyribonucleic acid). Preclinical studies show that it binds
to cytoplasmic components and cell membrane during decay.

In this scenario, ’Ru (2.83 d) could be considered as a
potential alternative due to its excellent chemical and physical
properties. It decays through electron capture (without 8-
emission) followed by the emission of 215.70 keV (85.62%)
and 324.49 keV(10.79%) y -rays, which offer better diagnostic
imaging, lower radiation dose to the tissue, and it also works
as a promising therapeutic agent [6,7]. The radionuclide pro-
duction technology today is, therefore, an integral part of
modern nuclear medicine and its future prospects.

97Ru radionuclides had been produced through light-ion-
induced (p, **He, etc.) reactions, "‘Mo(*He, xn)’’Ru,
"Rh(p, 2p5n)”Ru, *Tc(p, 3n)”Ru, by several groups
[8—11]. Besides this, production of °’Ru has also been probed
through the heavy-ion (7Li, g, 12C)-induced reactions on
%Nb, %Y, and "*Mo [12-20] by our group, where focus
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was mostly on the development of efficient radiochemi-
cal separation for °’Ru. Cross-sections of the residues in-
cluding ’Ru were also reported for "Li+**Nb/"Mo, and
NB4+89Y /Nb [17-20]. Although light-ion reactions are pre-
ferred to achieve substantial yield for the desired radionu-
clides, some heavy-ion reactions may offer considerable yield
to conduct test experiments at the laboratory scale. In this en-
deavor, we report a new measurement of cross-sections of the
residues produced in the 2C+3°Y reaction in the low-energy
range.

Apart from the application, understanding of the heavy-
ion reaction mechanisms such as threshold anomaly around
the barrier, breakup fusion, preequilibrium (PEQ) process,
quasielastic, direct effects, and transfer reaction, etc., is im-
portant; hence, more investigation is required over a wide
energy range. Although the existence of the PEQ process
is well established in the light-ion-induced reactions, the
interplay between PEQ and compound nuclear or equilibrium
(EQ) mechanism in heavy-ion-induced reactions is complex
in nature, yet it was explored by several groups at higher ener-
gies, within 10-20 MeV /nucleon [21-25]. However, the evi-
dence of PEQ emissions in 3xn channel from several reactions,
2C4+128Te/'Tm and '°0 + *Tb/'Tm/'®' Ta, has been
reported at relatively low energies, below 10 MeV /nucleon
[26]. In general, PEQ emission is found to depend strongly on
the projectile energy. Estimation of PEQ fraction is a measure
of the relative strength of the PEQ component that leads to the
formation of a residue. The trustworthiness of nuclear reaction
models is also supported by the presence of PEQ emissions to
the formation of isomers.

Study of isomeric cross-section ratio (ICR) of the residual
nucleus at different energies is also important to understand
the angular momentum effects, spin distribution, and channel
effects for the formation of isomeric pairs in a nuclear reac-
tion. Vandenbosch et al. [27] had investigated the formation
of high spin isomer with an increase in the projectile energy
and deduced the effect of nuclear-level density on the angular
momentum. ICR for an isomeric pair strongly depends on
the level scheme, branching ratios of the known levels of
the radionuclide and on the energy difference between the
levels. It is also observed that different reactions produce
atypical angular momentum distributions of the compound
nucleus, resulting in different ICR at the same excitation of
the compound nucleus. Apart from this, ICRs also depend on
the PEQ angular distribution and on the spin cutoff parameter
for EQ emissions. Hence, it is rather difficult to estimate the
cross-sections for the formation of isomeric states [28-30].
The study of ICR is, therefore, important to have enough
knowledge to understand the nuclear reaction mechanism and
models.

In the late 90s, Kumar et al. [31] reported the excitation
functions for radioactive isotopes produced in the energy
range 70-87 MeV and extended the interpretation of recoil
range distribution at 84 MeV for '>C-induced reaction on 3°Y
target. Later, Mukherjee et al. reported the isomeric cross-
section ratio of *’Rh from the >C+%Y system between 30
and 45 MeV and showed that the average angular momentum
decreases with decreasing beam energy until the fusion bar-
rier is reached [32]. In view of this, we have explored the

12C-induced reaction on ¥Y target within the 40-75 MeV
energy range.
The present work aims for the following:

(1) Measurement of cross-sections of the residues from
2C4+39Y reaction.

(2) Cross-section analysis for °’Ru.

(3) Study of reaction mechanisms, ICR- and PEQ-fraction
analysis.

Section II depicts the experimental details. Section III
presents the results and discussion, and Sec. IV summarizes
the report.

II. EXPERIMENTAL DETAILS

The experiment was performed at the BARC-TIFR Pel-
letron accelerator facility, Mumbai, India. The natural yttrium
(*)Y) foils having the thickness of 1.8-2.0 mg/cm? and the
aluminium (Al) foils of thickness 1.5 mg/cm? were prepared
by proper rolling. The foils were mounted on the Al-rings
of 12 mm inner and 22 mm outer diameter which resembles
the geometry of the irradiation chamber closely. A stack of
Y-Al foils, with each Y foil backed by an Al-catcher, was
bombarded by '>C" beam within the energy range between
40-75 MeV. The backing Al-foil fulfills the demand of energy
degradation and also acts as a catcher for the evaporation
residues along the beam direction. A total of five such Y-Al
foil stacks were irradiated with a slight overlap in energy.
Assuming the beam intensity is steady, the energy degradation
through the target and catcher foil is estimated by the stopping
and range of ions in matter (SRIM) code [33]. The total
charge during irradiation was collected on a Faraday cup
placed behind the assembly, and the duration of irradiation
was varied from 1 to 3 h according to the half-lives and
decay profile of the products. After the end-of-bombardment
(EOB), each Y-Al foil combination was assayed by the y-ray
spectrometry using a high purity germanium detector with the
help of GENIE-2K software. The efficiency calibration of the
detector was done by using a standard y-ray source, '3°Eu,
of known activity. The energy resolution of the detector was
2.0 keV at the 1332 keV photo-peak of ®°Co. Assuming steady
beam intensity, a systematic error introduced due to the use of
multiple foils is neglected. The yield Y, of the ' evaporation
residue after the EOB is calculated using

Y, = C(E)e™"[e,I,]7". (1

The cross-section of the evaporation residue o,(E) at an
incident energy E is obtained from

Y, = 0 (Eppytp(1 — e ™)1 —e M-t (2)

where C(E,) is the net counts under the photo-peak area; ¢,
and /, are the detection efficiency of the HPGe-detector and
branching intensity of the characteristic y ray, respectively,
of the evaporation residue. p, is the atomic density of the
target foil; #; is the thickness of target foil; A, is the decay
constant; I, is the beam intensity of projectile; ¢, t., and ¢,
are the irradiation, cooling, and counting times, respectively.
To calculate the production cross-sections of the evaporation
residue, the nuclear spectroscopic data are enlisted in Table 1.

064609-2



MEASUREMENT AND ANALYSIS OF EXCITATION ...

PHYSICAL REVIEW C 99, 064609 (2019)

TABLE I. Spectroscopic data of the evaporation residues [34]. The y-rays marked in bold are used in the calculation.

Nuclides (J7) Half-life Decay mode (%) Ey (keV) [1y(%)] Reactions Eg? (MeV)
%Rh (21) 8.72 min €+ B (100) 652.6 [97.0] 8y (2C,3n) 32.6
1164.3 [4.9]
97¢Rh (9/2) 30.7 min e+B+ (100) 421.55 [74.6] Y (12C,4n) 424
840.13 [12.0]
97mRh (1/27) 46.2 min e+B1 (94.4) 189.21 [48.5] 8y (12C 4n) 424
IT¢ (5.6) 421.55[12.7]
527.85 [8.3]
%Rh (61) 9.9 min e+B (100) 631.73 [74.5] 8y (12C,5n) 54.9
685.47 [95.7]
832.52 [100.0]
“Ru (5/2%1) 2.83d € (100) 215.70 [85.6] ¥y (2C,p3n) 375
324.49 [10.8]
%Tc (71) 4.28d e+BT (100) 778.22 [99.8] 8y (2C, an) 14.0
849.86 [98.0]
9Te (9/2%) 20.0h e+B+ (100) 765.78 [93.8] Y (12C, a2n) 22.9
1073.71 [3.7]
HTc (71) 293 min e+p* (100) 702.67 [99.6] Y (12C, o3n) 34.3
849.74 [95.7]
871.05 [99.9]
BTe (9/21) 2.75h e+p* (100) 1362.94 [66.2] Y (12C, wdn) 44.0
1477.14 [8.7]
1520.28 [24.4]
BmMo (21/21) 6.85h IT (99.88) 263.04 [57.4] Y (12C, ap3n) 39.5
e+B7(0.12) 684.69 [99.9]

1477.13 [99.1]

“Ey, represents threshold energy
b¢ represents electron capture decay
°IT represents isomeric transition

During the cross-section measurement, uncertainties may
arise due to (a) inaccuracy in determination of the foil thick-
ness (~2-3%), (b) inaccuracy in efficiency calibration of the
detector (~0.1-1%), (c) uncertainty in the projectile beam
current measurement (~6—7%), and (d) error due to counting
statistics (~6—7%). The error due to degradation of energy
(Straggling effects) of the beam in the successive foils and the
branching ratio of characteristic y rays have been presumed
as comparatively small in the present case [35-39].

III. RESULTS AND DISCUSSION

A. Theoretical analysis

The nuclear reaction mechanism can be broadly classified
into three categories, namely, EQ, PEQ, and direct (DIR). In
this article, an effort has been made to explain the measured
cross-section data of the residues from the '2C+%Y reaction
within the energy range 40-75 MeV using the EQ and PEQ
reaction models. Statistical code PACE4, projection-angular
momentum-coupled-evaporation [40], uses a Monte Carlo
method for coupling angular momentum of the highly excited
compound nucleus. The Monte Carlo procedure is used to
determine the sequential decays by the Hauser-Feshbach (HF)
formalism [41]. It provides the correlation between particles
and y rays, the angular distribution of particles. The fission
is a decay mode which was added by a rotating liquid drop

barrier routine. The code is implemented in the LISE++ tools
to plot the calculated cross-sections, recommended a database
for binding energy calculations, and fusion cross-section
calculation below the Coulomb barrier using the quantum
mechanical approach. A trace-back feature is also included
which enables the determination of the decay chains and the
region of the E-J plane leading to specific nuclei. During the
first step of de-excitation, transmission coefficient for light
particle evaporation such as neutron, proton, « particle, etc., is
obtained by full optical model calculation. For the heavy ions,
the Bass algorithm [42] is used to estimate complete fusion
cross-section and to measure the evaporation residues. The
Gilbert-Cameron formalism is accounted for the level density
with parameter a = A/9, where A is the total number of
nucleons in the compound nucleus, the ratio ay/a, is assumed
unity. The code employs only the EQ reaction mechanism and
does not consider PEQ processes.

EMPIRE3.2 accounts for the EQ, PEQ, and DIR pro-
cesses. The full-featured HF model has been used with a
mean free path multiplier 1.5 with exact angular momentum
and parity coupling for compound nuclear process [43]. It
includes y cascade and width fluctuations to describe the
decay process of the excited nucleus. The simplified coupled
channel calculations (CCFULL) is implemented for fusion
processes of heavy-ion-induced reactions. The exciton model
(EM) based upon the solution of the master equation proposed
by Cline and Ribansky is adopted to predict the PEQ [44,45]
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TABLE II. Cross-section (mb) of evaporation residues at different incident energies

Energy Cross — section(mb)

(MeV)  *Rh 7%Rh "R Rh TR *Te #Te #Te P Te #"Mo
41.1 862+ 11.1 57+34 257+63 208+£2.5 04+0.3

48.2 218.6+£51.8 64+2.1 1.3+04 19.2+4.1 266+82 93.9+7.38 0.8+0.3

50.9 298.9+40.5 369+83 3.84+0.8 50.7+£6.2 258+69 1104+£89 1.10+0.7

54.8 188.8+£19.8 1052+£10.1 9.6+1.1 27224228 172443 1864+143 168+14

57.2 197.9+£29.0 108.6+12.2 12.7+1.5 298.4+£25.5 —— 150.0+£11.6 29.8+2.1

60.9 108.1£11.7 213.2+18.1 16.4+£1.6 680.7£52.6 79422 201.8+£157 88.8+5.6

63.1 161.9+25.8 239.14+22.0 16.0+1.9 752.2+£57.8 159+45 1764+139 1265+8.4

66.6 38.0+44 1932+16.7 143+15 6.6+2.0 850.6+£62.0 13.4+43 1474+£119 163.6+£8.1 04+0.1 33+1.0

68.5 46.8+£9.0
73.7 15.7+2.8

163.1+17.3 11.8+1.6 14.7+£8.3 742.1+609 18.6+5.4
1372+154 97414 242433 6382+£51.8 40.6+10.2 92.4+£8.1

121.3+10.0 1834+9.3 4.6+£06 54=£1.1
255.7+13.6 18.6£2.1 19.7£2.2

reactions. It calculates compound nuclear decay following
width fluctuation theory, which correlates the incident and
exit channels with width fluctuation up to 3.00 MeV. The
essential improvement in cluster emissions has been inter-
preted by Iwamoto-Harada calculations for PEQ. The input
parametrization including nuclear masses, fission barriers,
discrete levels transitions, y strength functions, optical model
parameters and Kalbach systematics angular distributions are
internally selected by RIPL-3 [46]. The level densities are
selected by phenomenological Gilbert-Cameron model (GC)
[47], generalized superfluid model (GSM) [48], enhanced
generalized superfluid model (EGSM) [49] with correspond-
ing parametrizations. The GC approach separates the applica-
bility of the excitation energy into constant temperature for-
mula and Fermi gas formula but it does not account explicitly
for the collective enhancements of the level densities. The
GSM describes the superfluid behavior of the nucleus at the
low-energy region to the Fermi-Gas model at the high-energy
region during the phase transition. However, the empire global
specific model (EGSM) includes the superfluid model and the
Fermi gas model below and above critical excitation energy,
respectively. It includes an accurate treatment for spin distri-
bution and high angular momenta for the heavy-ion reaction.
In the case of GC, three systematics are incorporated in terms
of level density parameter, d, and the shell effect parameter,
7; Ignatyuk et al: @ = 0.154A+(6.3x 107)A? and y =
—0.054, Arthur: @ = 0.1375A—(8.36x1073)A2, and ¥ = —
0.054, Tjinov et al.: @ = 0.114A+(9.80x1072)A%/ and
= -0.051. In GSM, the asymptotic value of a-parameter d is
assumed as @ = aA+BA%3, 7 = pA'/3 where @ = 0.103, B
=-0.105, and yp = 0.375 is obtained using Myers-Swiatecki
correction along with deformation term. The effective ex-
citation energy (U in MeV) in EGSM is associated to the
excitation energy (E,) by U = E,+nA,, where AU=12/«/Z
is termed as the average correlation function of the ground
state, n=0, 1, and 2 for even-even, odd-A and odd-odd nuclei,
receptively. The resulting EGSM systematics is adopted by
the set of parameters o = 0.0748, 8 = 0.00, and y, = 0.5609.

B. Production of evaporation residues

Quantitative measurement of the radionuclides produced in
the '>C-induced reaction on the ¥Y was accomplished within

the 3.3-6.3 MeV/nucleon energy range. A typical y-ray
spectrum of the residues produced in the '?C+%’Y reaction
at 73.7 MeV, collected after 38 min of the EOB, is reported
in Fig. 1. The production of 98,978.9Tm.96 R 9TRy, 96:95-9493 ¢
and **"Mo in the target matrix is shown in the spectrum by
their characteristic y rays. The nuclear spectroscopic data of
the residues produced through various channels along with the
reaction threshold are listed in Table I. The measured residual
cross-section data at various incident energies are reported
in Table II. A comparative analysis between the measured
excitation functions of the residues and the theoretical model
calculations are shown in Figs. 2, 5-7. The measured cross-
sections are represented by symbols with uncertainty, and the
theoretical estimations are indicated by curves in the figures.

1. Rhisotopes: *>”76*m%T¢

Figures 2(a)-2(d) depict the comparison of the measured
cross-sections of %897"+&%Rh and theoretical estimations
from PACE4, which considers HF model for the EQ process,
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FIG. 1. A y-ray spectrum of 73.7 MeV '>C activated ¥Y col-
lected after 38 min of the EOB.
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FIG. 2. Comparison of experimental cross-sections of (a) *Rh, (b) °""*¢Rh, (c) *°Rh, and (d) *3*+*7"*+&+9Rh from the >C+*Y reaction

with the theoretical estimations.

and EMPIRE 3.2.2, which accounts for the HF and EM mod-
els for EQ and PEQ processes, respectively, within the energy
range, ~40-90 MeV. The measured cross-sections of %Rh
have been compared with the theoretical estimations with
different level densities: GC, GSM, and EGSM in Fig. 2(a).
The cross-sections of *®Rh are in good agreement with
the EMPIRE estimations, particularly with the EGSM-level
density throughout the energy range. It is also observed that
both the measurements follow a smooth decreasing trend in
cross-section with increasing energies; however, the present
measurement is almost half of the cross-sections reported by
Kumar et al. [31] at the overlapping energies. The observed
difference might be due to the variation of the off-line count-
ing statistics because of the very short half-life (8.72 min)
of 28Rh. Nevertheless, a clear indication of PEQ emission of
neutrons is observed in the 3z channel at the high-energy tail
(~60-87 MeV) of the measured excitation functions where
PACE4 calculations largely underpredict the data.

Unlike the measurement in Ref. [31] that reports only °’Rh,
the production of the isomeric and ground state of °’Rh has
been confirmed from the analysis of decay data and they are
also indicated in Fig. 1. The sum of isomeric and ground

state cross-sections, 27" T8Rh, are compared with the estima-
tions from the PACE4 with GC-level density, and EMPIRE
with GC/GSM/EGSM, as shown in Fig. 2(b). The reported
cross-sections of “’Rh [31] are also shown in Fig. 2(b) and
they seem to follow the trend of the present measurement
satisfactorily. It is observed that the measured cross-sections
are well reproduced by the EMPIRE with GC/EGSM-level
density, while PACE largely underestimates the data at the
low-energy range and overpredicts them at the high energies.

Similarly, it compares the cross-sections of *°Rh produced
through the 5n reaction channel with the theoretical estima-
tions Fig. 2(c). The experimental data agree well with the
EMPIRE estimations with EGSM within ~66-78 MeV be-
yond which it overpredicts the data. The similar calculations
with GC- and GSM-level densities largely overpredict and
underpredict the data throughout the energy range, respec-
tively. Grossly, the cross-sections of “°Rh are overpredicted
by PACEA4.

In Fig. 2(d), the total experimental cross-sections of the xn
channels, i.e., the sum of cross-sections of *897897m%Rp are
compared with the theory. The total cross-sections lie between
the EMPIRE estimations with GC and EGSM following the
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FIG. 3. Variation of ICR of *Rh at different bombarding energies.

trend, while the same with GSM grossly underestimates the
data beyond 55 MeV, and PACE4 overpredicts the data
throughout the range.

Since isomeric and ground state cross-sections of °’Rh
have been measured in the present study, isomeric cross-
section ratio (ICR), which is defined as the cross-section ratio
of the low-spin state °”"Rh (1/27) to the high-spin state °’*Rh
(9/21), has been estimated at different incident energies in
the range ~40-75 MeV (Fig. 3). The ICRs vary between
0.21 and 0.07. The ICR decreases initially with increasing
incident energy and becomes almost constant above 60 MeV
energy. This observation agrees with the fact that the fusion
of '2C projectile in Y leads to the formation of compound
nucleus, '°'Rh, at the high spin state, which preferentially
decays to the high spin state of °’Rh through the 4n channel at
relatively lower bombarding energies leading to the decrease
in ICR values. However, with the considerable increase in the
bombarding energy, the population of the low-spin metastable
state of *’Rh increases and that justifies the constant ICRs
above 60 MeV energy. A similar trend in ICRs of *’Rh was
observed in the fusion of '2C in Y at the subbarrier and near
barrier energies [50].

2. "Ru: A cumulative estimation

Production of °’Ru may follow two pathways:

(a) the complete fusion of '*C in Y leads to the produc-
tion of °’Ru through the p3n channel:

2C+*Y — [''Rh]* - “Ru + p3n,
Q = -33.1MeV; (3

(b) decay from its precursor °’Rh: the fusion of '2C in ¥Y
leads to the production of °’Rh and *’"Rh through 4n
channel. Since the half-lives of °’*Rh and °""Rh are
short, 30.7 and 46.2 min, respectively, they decay to
relatively long-lived ’Ru (2.83 d). The radionuclide
978Rh decays to ’Ru through € + AT (100%) mode,
and °""Rh decays to °’Ru through € + 8+ (94.4%) and

IT (5.6%):
12C +89 Y — [lOth]* N 97th/97mRh
+4n (Q = —37.4MeV),
978Rh(e + ) — 'Ru,
9TmRh(e 4+ BT & IT) — 'Ru. 4)

A simplified decay scheme of °’Rh and °"Rh that
populates ’Ru has been shown in Fig 4. Thus, the
cross-sections of *’Ru are contributed by the direct

reaction channel and indirectly through the decay of
97¢Rh and *""Rh.

The measured cumulative cross-section of °’Ru within 40—
75 energy range has been compared with theoretical cross-
sections of Y’Ru, ""*+8Rh, and the total of *""t¢Rh+°"Ru,
obtained from EMPIRE with GC-level density as shown in
Fig. 5. Since model calculation considers only the direct
pathways for the production of residues, estimated theoretical
cross-sections of *’Ru and °7"+¢Rh individually underpredict
the measured data; however, an excellent reproduction of the
measured cross-section has been observed when compared
with the total theoretical cross-section, i.e., sum of the cross-
sections of ’Ru and °”"*8Rh above 58 MeV. The measured
cross-sections of °’Ru reported in Ref. [31] are also in good
agreement with the total theoretical cross-sections in the
70-87 MeV range. Thus, the cumulative cross-section of
97Ru is well reproduced by the EMPIRE estimation with
GC-level density over a wide range 55-87 MeV. At the lower
energies (< 58 MeV), cumulative cross-sections of °’Ru are
better reproduced by the individual theoretical cross-sections
of 97"+¢Rh, and *’Ru with no considerable difference in
values. The maximum cross-section of *’Ru was found to
be ~850 mb at 66.6 MeV. Due to the large effective cross-
section, °’Ru could be produced in a considerable quantity for
the application purpose.

Since the half-life of daughter radionuclide, 97Ru, is much
greater than its precursors, °’6"Rh, the independent produc-
tion cross-section of *’Ru, could be estimated following the
prescription of Cavinato et al. [24] as given below:

‘ _ T,
a’:a‘—ap[—Td ~ i|Pp, (5)
12~ tip2

where o/, o°¢ represent the independent and cumulative cross-
sections of daughter, respectively; o? is the independent
production cross-section of the precursor radionuclide; P?
represents the branching ratio of precursor radionuclide and
Tl';z and Tffz are the half-lives of precursor and daughter
radionuclides, respectively. Therefore, the independent pro-
duction of *’Ru is given by

Odiga = Orpy — 1.0075 x (o, PP). (6)

A comparison between the derived excitation function
for the independent production of ’Ru from the 3°Y('2C,
p3n)”’Ru reaction is also shown in Fig. 5. The estimated
independent excitation function of °’Ru is well described by
EMPIRE, while PACE4 underpredicts them throughout the
range. The independent cross-sections of °’Ru through p3n
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FIG. 4. Simplified decay scheme of °’*Rh and °’"Rh into *'Ru.

channel were found to be ~640 mb at 66.6 MeV bombarding
energy.

3. Tcisotopes: ***5*+*T¢

The cross-sections of *%->%+93T¢ isotopes populated from
the excited compound nucleus are plotted in Figs. 6(a)-6(d)
and are compared with the theoretical estimations within
40-87 MeV energy range.

The production of **Tc through an channel is shown in
Fig. 6(a). It is observed that the trend of measured cross-
sections of **Tc is well reproduced by the EMPIRE estimation

4
10 L) L} L} L)
97 .
Ru production
3
=10’k . .
'g ,)-" ’b's‘ N |
E ./; .Q’Q ..... O e
ol — o 4
c . -~ AT
.9 2 S > ~N \‘\: &
S 10°k lq NN
¢ -~
3 ,’I ! ¢ “’Ru Cumulative N N \\:
(;) "./ o “Ru Independent N
g /! 4 “Ru Kumar et al. N\
,
S 10E — — EMPIRE-GC_"™Rh E
.;'l —---EMPIRE-GC_"Ru
i
" ---- EMPIRE-GC_""""°Rh+*'Ru
I
0 "' i
10 A L L L L
40 50 60 70 80 90

Incident energy (MeV)

FIG. 5. Comparison of cumulative (°’"**Rh+°’Ru) and inde-
pendent cross-sections of *’Ru from '2C4+*Y reaction with the
EMPIRE3.2.2 estimations.

with different level density options, a decent match between
the cross-section values measured in the present experiment
and those reported in Ref. [31] in the overlapping energy
region is also observed. More precisely, the HF-EM calcula-
tion with EGSM-level density better reproduces the measured
cross-sections up to ~67 MeV, and it underestimates them
above it.

Similarly, in Fig. 6(b), EMPIRE calculation with GSM-
level density reproduces the experimental excitation function
of PTc well up to ~75 MeV, while two other calculations
with GC- and EGSM-level densities underpredict the data.
The reported data in Ref. [31] shows an incongruent trend
and ~55% higher cross-section values around ~75 MeV
compared to the EMPIRE with GSM. However, PACE4 es-
timations are grossly lower compared to the measured data of
%Tc and *°Tc throughout the energy range. The experimen-
tal excitation function of **Tc is found consistent with the
EMPIRE estimations, and PACE4 within the experimental
range with a faint indication of enhanced cross-section beyond
70 MeV in our data, although the previous measurement
deviates between 70—-87 MeV as shown in Fig. 6(c).

Figure 6(d) shows the production of the *>Tc through the
a4n channel from the complete fusion of '>C with 3°Y. The
experimental excitation function is moderately reproduced
by the HF estimations with EGSM-level density with slight
overprediction at the high energies, while PACE4 crudely
overpredicts the data throughout the range. The EMPIRE
estimation with GC also shows a large overprediction up to
~80 MeV, while EMPIRE with GSM-level density badly fails
to reproduce the experimental cross-sections.

In Fig. 7(a), the total cross-sections of axn channels
have been compared. EMPIRE calculation with EGSM and
GSM reproduces the experimental cross-sections fairly well
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FIG. 6. Comparison of experimental excitation functions of (a) **Tc, (b) *Tc, (c) **Tc, and (d) ** Tc with the theoretical estimations.

compared to the GC-level density; however, the trend of

experimental values is well reproduced by PACE4, although

it mostly underpredicts the total cross-section.

4. Mo isotope: **"Mo

The measured excitation functions of *>"Mo has been com-

pared with the EMPIRE calculations as shown in Fig. 7(b).

89y, ,12 93m
Y(°C,op3n) " Mo
ot i
ol
,"-’/x’ x
‘,,','./I/ 2
P A
/,/ ”
l, /
“"
7 ¥
,/'£ o Present data
4  Kumar et al.
/ — — EMPIRE-GC
/ — - — EMPIRE-GSM
---- EMPIRE-EGSM

10°—rr T T T ) 10°F
(a) 3 E (b)
£z [
=7 ] [
5 P g = 10%k
S E }
. c [
3 ) S|
"'3 o 4 e Present data B A
o 10°F Ao Kumar et al. k o 10 E
P PACE4 ] 2 F
o — — EMPIRE-GC b ’
° — - — EMPIRE-GSM o 7
(&) 4 —--- EMPIRE-EGSM (&) 10° E"//I
A 7
:' ,I,’ 89Y 12 )296,95,94,93T [ 7
il (“C,axn) c »
! ,
1 Lol 1 N N ' 101
105020 ~"50 60 70 80 90 60
Incident energy (MeV)

70 80
Incident energy (MeV)

90

FIG. 7. (a) Same as described in the caption of Fig. 6 for *T%3t9+93Tc¢_ (b) Comparison of experimental excitation functions of **"Mo

with EMPIRE3.2.2.
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FIG. 8. Variation of PEQ fraction for 3n and an—+a2n channels.

The experimental cross-sections are well reproduced by the
GC-level density, whereas two other level densities, GSM and
EGSM, slightly overestimate the data. It is evident that the
present measurement of cross-section satisfactorily follows
the trend of the cross-sections reported in Ref. [31] within
the 70-87 MeV range. The production of **”Mo is assumed
through the o p3n channel as the possibility through the 3p5n
channel is limited by threshold energy of 71.6 MeV.

Although a clear difference is observed between various
level densities used in the EMPIRE, and no single level
density could explain all the residues satisfactorily, the overall
performance of EMPIRE is fairly acceptable in reproducing
the measured data compared to the PACE4.

5. Preequilibrium fraction

The residual cross-sections measured from the '2C+3°Y
reaction are analyzed using the EQ and PEQ models. EMPIRE
uses HF and EM models for the estimation of EQ and PEQ
reactions, while PACE4 is based on the HF model, accounting
only for the EQ reactions.

Since a sizable enhancement in cross-sections is observed
for %®Rh, *Tc, and **Tc produced by the 3n, an, and
a2n channel, respectively, above 60 MeV compared to the
estimation of PACE4, the difference in cross-sections at a
given energy could be attributed to the PEQ processes. The

cross-sections of those radionuclides reported in Ref. [31] at
even higher energies (70-87 MeV) were found to be consis-
tent with the present measurement and EMPIRE estimations.
To understand the strength of the PEQ process, PEQ fraction
has been calculated for the 3n and an+ao2n channel over a
wide range, ~48-87 MeV. The variation of PEQ fraction is
shown in Fig. 8. PEQ fraction increases with increasing pro-
jectile energy and reaches a saturation value beyond threshold
energy, above which the PEQ process dominates over EQ.

IV. CONCLUSION

This article reports the new cross-sections of the resid-
ual radionuclides produced in the ">C+%Y reaction in the
40-75 MeV energy and the data have been analyzed us-
ing theoretical model calculations from HF and EM mod-
els in the framework of PACE4 and EMPIRE3.2.2 with
different level density models/parameters. Though the ex-
perimental and theoretical cross-sections differ for some
radionuclides, the overall analysis indicates that the com-
pound nuclear process is a predominant mechanism in the
40-75 MeV energy range, although the signature of PEQ
process is observed in few cases such as 3n, an, and o2n
channels.

The cumulative cross-sections of °’Ru agree well with the
sum of theoretical cross-sections of °”"Rh, *’$Rh, and *’Ru
produced through the Y (12C,4n) and 89Y(12C,p3n) chan-
nels, respectively. It is evident that several other radionuclides
will also be produced in the same energy region, however,
many of them are short-lived, except ***Tc, or have negli-
gible production. Since the maximum cross-section of *’Ru
is found to be 850 mb at 66.6 MeV, which is substantial,
the route could be used to produce *’Ru in the no-carrier-
added form provided that the Ru is separated from the bulk
Y and coproduced Tc and Mo radionuclides [13—15] for the
small-scale applications. This article is informative for the
optimization of production parameters of *’Ru radionuclides
and also to understand the reliability of the theoretical models.
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