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MEASUREMENT OF EXCITATION FUNCTION IN THE %O + '"7Ag SYSTEM
AT ENERGIES ABOVE THE COULOMB BARRIER

The decay mechanism of the highly excited compound nucleus '>*Cs populated via fusion evaporation reaction of
180 and '“’Ag is studied. De-excitation of the compound nucleus via evaporation of p, n, and o-particles leads to a
population of several neutron-deficient residual nuclei. The excitation function for the %0 + '97Ag reaction has been
determined experimentally in the energy range 71 - 80 MeV above the Coulomb barrier. The experimental results have
been analyzed within the framework of statistical codes PACE4 and CASCADE.
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1. Introduction

Heavy ion induced reactions leading to complete
fusion (CF) and incomplete fusion (ICF) at energies
near and above the Coulomb barrier have been a
topic of interest for many years [1 - 4]. The reaction
mechanism is dependent on the angular momentum
carried by the projectile. In CF, the projectile com-
pletely fuses into the target, and the whole angular
momentum of the projectile is imparted to the com-
pound nucleus (CN) which must be less than or
equal to /., on the other hand in the ICF mechanism
only a part of projectile is captured by the target
nuclei leading to partial transfer of momentum and
the angular momentum lies between /.; and L. [5].
Among the two mechanisms, CF reactions have a
higher probability of populating neutron-deficient
residual nuclei over the ICF reactions. The CN with
high excitation energy and large angular momentum
populated in the CF reaction de-excites by evapora-
ting light nuclear particles and discrete fy-rays,
resulting in residual nuclei [6 - 9]. Detection of dis-
crete y-rays following these nuclei forms the basis of
gamma-spectroscopy. In y-ray spectroscopy, it is
important to populate the nuclei of our interest with
the maximum cross-section. Therefore, measure-
ments of the cross-sections of different decay chan-
nels of CN play an important role in planning the
y-spectroscopy experiment for nuclear structure
study. Different statistical codes like Projection

Angular-momentum Coupled Evaporation (PACE4)
[10] and CASCADE [11] are available for the theo-
retical estimation of the cross-section of populated
channels. Therefore, it is important to compare the
theoretically predicted cross-sections with the mea-
sured cross-sections in order to plan the y-ray spec-
troscopy experiment to study the nuclear structure of
the nucleus of interest.

In the present article, a detailed analysis of the
de-excitation of CN '2Cs through different channels
has been done by studying the y-decay of residual
nuclei. The theoretical results predicted by statistical
codes were compared with the experimentally
measured cross-sections.

2. Experimental details

The present experiment was carried out by using
the '°O beam provided by the 15UD Pelletron setup
at Inter University Accelerator Centre (IUAC), New
Delhi. The beam was impinged on a ~ 1.08 mg/cm?
thick '"’Ag target with a ~ 6.02 mg/cm? thick gold
backing, leading to the population of '*Cs CN. The
beam current was kept to be 2 pnA. The excitation
function was performed in the incident beam energy
range of 71 -80 MeV. Beam energies were kept
above the Coulomb barrier (~ 49 MeV in laboratory
frame) and consequently, the compound nuclei '**Cs
were formed with excitation energy in the range 49 -
57 MeV and angular momentum from 31 - 38 h.
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MEASUREMENT OF EXCITATION FUNCTION IN THE '%0 + '’ Ag SYSTEM

Four dominant evaporation channels: **Xe (p2n),
120Cs (3n), '"Xe (p3n), and "I (o) were populated in
the decay of the CN. The y-rays emitted from the
excited states of these residual nuclei were detected
by 11 HPGe Clover detectors arranged in INGA [12]
set up at IUAC, New Delhi. The data was taken in
both single and coincidence mode. The energy and
efficiency calibration of clover detectors has been
done by using the radioactive '**Eu source of stan-
dard y-energies and intensities. Internal conversion
correction has been applied to the intensities of
characteristic gamma rays used for the measurement
of the cross-sections of different channels. The
energy resolution of detectors was ~ 2.5keV at
1408 keV photopeak of '**Eu. NiasMARS [13] code
developed by the [UAC group has been used for data
analysis.

3. Theoretical models

Different theoretical codes are available to study
the mechanism of fusion-evaporation reaction. In the
present work, efforts have been made to study the
experimental cross-sections of residues produced in
the decay of '>Cs CN populated via '°0 +'"Ag
reaction in the framework of theoretical codes like
PACE4 [10] and CASCADE [11].

3.1. PACE4

The statistical fusion-evaporation code PACE4 is a
modified version of the JULIAN code and is based on
Hauser - Feshbach formalism [14]. It comes preloa-
ded in the LISE ++ utility package and uses Monte-
Carlo simulation for the de-excitation of compound
nuclei to simulate the main evaporation channels at
different beam energies. The transmission coefficients
for emitted particles are calculated by the optical
model potential [15] while the BASS model [16] is
used to measure the CF cross-section. The modified
version of the code takes into consideration the exci-
tation energy-dependent level density parameter from
S. K. Kataria et al. [17]. The level density parameter
is expressed as a = A/K, where A4 is the number of
nucleons in the CN and K is a free parameter that can
be varied and optimized to reproduce the experi-
mental data. K=10 has been used for the present
reaction. It should be noted that ICF and pre-
equilibrium emission are not taken into consideration
in this code. The ratio of the Fermi gas level density
parameter a at the saddle point to the ground state
value, known as ARATIO, is taken as unity in the
calculations. The classical approach for transmission
probability calculations is taken into account for inci-
dent energies above the Coulomb barrier. A total of
100000 cascades were used throughout the theoretical
calculations done with PACE4.
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3.2. CASCADE

CASCADE code is a statistical approach to stu-
dying the distributions of the residual nuclei pro-
duced via the decay of compound nuclei and mea-
suring the cross-section of long-lived nuclei in the
ground state. The decay of a CN is treated in the sta-
tistical model using the Hauser - Feshbach [14] for-
malism, which is applicable for nuclei with high
angular momentum. The decay cross-sections are
determined by the weight of the final states and the
barrier penetrabilities for the various channels. Level
densities of residual nuclei are energy-dependent
parameters and can be determined under the frame-
work of the Fermi-gas model. At high excitation
energies, nuclei are supposed to behave as predicted
by the Liquid Drop Model. The transmission coeffi-
cients used for the particles evaporating from the CN
were calculated by the optical model. For the neu-
trons' potential given by D. Wilmore and P. E. Hog-
son [18], for the protons' potential given by
C. M. Perey [15], and for the a-particles' potential
given by J. R. Huizenga and G. Igo [19], is consi-
dered. In the code CASCADE, the level density
parameter constant (K) and the ratio of the actual
moment of inertia to the rigid body moment of iner-
tia of the excited system (Fy) are important input
parameters and can be varied to reproduce the mea-
sured excitation function. In the present work, the
level density parameter a = A/10 is used for all the
CASCADE calculations. It should be noted that ICF
and pre-equilibrium emission are not taken into
account in this code.

4. Results and discussion

To understand the phenomena involved in the
fusion of %0 + 'Y’ Ag asymmetric system, the deter-
mination of the angular momentum of CN plays a
significant role. Angular momentum calculation has
been carried out by the dynamical model HICOL
[20, 21] and has been compared with the angular
momentum given by CASCADE for a wide range of
energies. The difference between the two is that
CASCADE gives the angular momentum of the CN,
while HICOL gives a more realistic picture and pre-
dicts angular momentum that contributes to the
fusion. It can be seen clearly from Fig. 1, a that in
the lower energy range, HICOL predicts that the
higher values of angular momentum contribute to
the fusion as compared to classically predicted
values. In the higher energy range (> 120 MeV), the
Imax predicted by HICOL is less than the angular
momentum predicted by CASCADE and almost
saturates. Also, Fig. 1, b shows the evolution of the
distance between fusing nuclei with time for diffe-
rent values of /. It can be concluded from the plot
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(region of our interest), the incident projectile is
completely fusing into target nuclei and imparts its
entire momentum to CN and hence leads to the CF
mechanism for our system.

that angular momentum up to .. (=36 h) for that
particular energy contributes to the CN, leading to
fusion. From these results, we can conclude that at
higher energy range, ICF is the dominant phenome-
non whereas in lower energy range £ ~ 71 - 80 MeV

90 T T T T T T | T

=—a CASCADE
o—e HICOL

80

| L | L 0 1 1 1
140 160 180 10 20 30

Elab (MeV) Time (10'22 sec)
a b
Fig. 1. a - Variation of angular momentum /... with respect to incident energy Eu;
b - evolution of separation (s) as a function of time at 77 MeV for asymmetric system 160 + 197Ag,
(See color Figure on the journal website.)
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The CN '#Cs populated in the '°0O + '"’Ag reac-
tion decay by emission of light particles, i.e., pro-
tons, neutrons, and a-particles. In the present work,
the excitation function of four evaporation residues
produced in ('°O, p2n), (*°O,3n), (*°O, p3n), and
(**0, a) reaction channels in the incident energy

range 71 - 80 MeV has been measured. The residues
were identified by their characteristic y-rays marked
in the spectra obtained as shown in Fig. 2. The
nuclear spectroscopic data [22 - 25] used in the pre-
sent work to calculate the residual cross-sections are
listed in Table 1.
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Fig. 2. A typical y-ray spectrum obtained in the '°O + 197 Ag reaction at beam ('°O) energy = 77 MeV.
The y-ray peaks of populated nuclei are marked in the spectrum with their energy in kilo-electronvolt.
(See color Figure on the journal website.)
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Table 1. Nuclear spectroscopic data
used for the cross-section evaluation
in the present paper

Residue J"
120Xe 0+

E,, keV
322.6
876.1
102.4
179.4
176.08
225.13
485
459
257.9

169
99
307
536
650

20Cs 7

9% e 5/2F

| 5/2*

The relative experimental cross-sections cor-
responding to various evaporation residues are
determined by measuring the intensities of these
y-rays. The yield of each residual nucleus is mea-
sured from the background-subtracted peak area
count of the particular characteristic y-ray. The area
of peaks has been converted into relative experi-
mental cross-sections after applying internal conver-
sion correction to the intensities and detector effi-
ciency corrections. The cross-sections for all the iso-
topes obtained in this way have been normalized to
100 % for '*Xe at 74 MeV. The experimentally
measured cross-sections with their errors are quoted
in Table 2. Normalization has been done separately
for PACE4 and CASCADE.

Table 2. Measured relative residual cross-sections (mb) at different incident energies

Ep, MeV c (*°Xe) o (*2°Cs) c (1°Xe) o ("°D)
71+13 117.6 £12.9 437 +5.2 40.8+4.9 254+32
74+ 1.3 100.0 £11.5 41.6 £5.0 73.6 £8.5 30.1+3.6
77+13 70.9 £8.3 27.4+34 88.2+10.1 353+4.1
80+ 1.3 24.0+3.0 16.7+2.2 110.9+ 12.5 41.6 £5.0

The errors and uncertainties in the measurement
of fusion cross-sections may depend on different
factors:

— systematic error in the measurement of target
thickness is calculated to be less than 3 %;

— statistical errors in the determination of
gamma yield were minimized by taking data for
comparatively longer period;

— error in determination of geometry dependent
detector efficiency is estimated to be <5 %;

— uncertainty may arise due to fluctuations in
beam current and were minimized by continuously
monitoring it and keeping it constant. Error due to
this factor is estimated to be less than 4 %;

— error in incident beam energy is estimated to
be less than 2 %.

4.1. p2n channel

Before comparing the measured excitation func-
tions with the theoretical predictions, it is important
to check the impact of input parameters used in
PACE4 and CASCADE on the residual excitation
function to get their optimized value for further cal-
culations. For this purpose, variation of the theoreti-
cal cross-section for p2n channel ('*°Xe) with the
beam energy is analyzed at different level density
parameters K=28, 9, and 10 used in PACE4 and
shown in Fig. 3. Although there is no significant
variation among the three K values at higher ener-
gies, small deviation is observed at lower energies
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below 74 MeV. It is clear from the Figure that the
theoretical cross-section corresponding to K =10
seems to reproduce the experimentally measured
cross-section, and therefore, is accepted as the opti-
mum choice for further calculations. For the
CASCADE code, parameter Fy is found to affect the
excitation function, as can be seen in Fig. 4. The
comparison between experimental results and
CASCADE predictions has been done at Fy = 0.65,
0.85, and 0.95. Among all the values, Fy=0.95
seems to reside closer to the experimental excitation
function and is therefore considered the best value
for further calculations.

120

— Xe
\\

o Expt. Data
— K=38 B
— K=9
— K=10

: :
150 (- /’7

Relative cross-section (mb)

50—

L | | L | L L L |
65 70 75 80 85
Beam Energy (MeV)

Fig. 3. Comparison of measured relative cross-sections of
p2n channel ('?°Xe) and PACE4 calculations with K = 8,
9, and 10. (See color Figure on the journal website.)
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Fig. 4. Comparison of measured relative cross-sections of
p2n channel (*°Xe) and CASCADE calculations with
Fos=0.65, 0.85, and 0.95. (See color Figure on the journal
website.)

Fig. 5 shows the comparison of the excitation
function for '“°Xe produced via '"’Ag('°O, p2n)
120Xe, where the black circle denotes the experi-
mental data with an error bar, the solid blue line and
dotted red line show the theoretical calculations by
PACE4 and CASCADE, respectively. It is clear from
Fig. 5 that the theoretically calculated excitation
function by PACE4 corresponding to K =10 seems
to reproduce the excitation function of residue '**Xe
produced via CF of '°0 and '“’Ag. CASCADE (dot-
ted red line) seems to agree with the experimental
data at the two lower energies and then starts to
deviate from the data at higher energies (> 77 MeV).

4.2. 3n channel

The decay of CN '2Cs populated via CF of '°O
in 107Ag, via 3n channel, leads to the formation of
120Cs nuclei whose excitation function has been
presented in Fig. 6.

| r T T T | T T

120, « Expt. Data
Cs |— PACE4

60 CASCADE u

T

0 A

Relative cross-section (mb)

| L | L 1 L | L 1

65 70 80 85

75
Beam Energy (MeV)
Fig. 6. Comparison of measured relative residual cross-
sections (solid black circle) for 3n channel with
theoretically predicted PACE4 (solid blue line) and
CASCADE (dotted red line) results. (See color Figure on
the journal website.)
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Fig. 5. Comparison of measured relative residual cross-
sections (solid black circle) for p2n channel with
theoretically predicted PACE4 (solid blue line) and
CASCADE (dotted red line) results. (See color Figure on
the journal website.)

It has been observed that PACE4 gives a good
agreement to the experimental data. On the other
hand, CASCADE follows an opposite trend as
predicted by experimental and PACE4 calculations.
It underpredicts the data at energies below 74 MeV
and overpredicts the data at higher energies.

4.3. p3n channel

The measured excitation function of '"Xe
produced through '"’Ag(‘°O, p3n)""”Xe channel,

along with theoretical predictions, is presented in
Fig. 7.
I T I T
200~ 119 e Expt. Data B
= — PACE4
-- CASCADE o
g 1501 a
g
g 100 — —
= 50 -
0 —
65 70 75 80 85

Beam Energy (MeV)

Fig. 7. Comparison of measured relative residual cross-
sections (solid black circle) for p3n channel with
theoretically predicted PACE4 (solid blue line) and
CASCADE (dotted red line) results. (See color Figure on
the journal website.)

PACE4 and CASCADE -calculations follow the
same trend and satisfactorily reproduce the
experimentally measured cross-section at all the
energies.
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4.4. a channel

A comparison of measured excitation function
along with theoretical predictions for evaporation
residue '"°I formed by the decay of CN '**Cs through
o channel is represented in Fig. 8. It has been

F T T T T T T T T
100 — -
119 e Expt. Data
— PACE4

-- CASCADE

40—

Relative cross-section (mb)

20

o == .

| L | | 1 : | \ |
65 70 75 80 85
Beam Energy (MeV)

Fig. 8. Comparison of measured relative residual cross-
sections (solid black circle) for the o channel with
theoretically predicted PACE4 (solid blue line) and
CASCADE (dotted red line) results. (See color Figure on
the journal website.)

Fig. 9 shows the comparison of the relative cross-
section for all the residual nuclei populated in the
experiment at incident beam energy 77 MeV. It can
be concluded from the Figure that the experimental-
ly measured relative cross-section agrees well with
the PACE4 results except only for ''*Xe. These cal-
culations helped in planning the vy-spectroscopy
experiment to populate the nucleus of interest at
Ei =77 MeV.

5. Conclusion

The reaction mechanism of the HI-induced reac-
tion leading to CF is studied in the framework of
codes HICOL and CASCADE. The decay of CN
3Cs via different channels is analyzed, and the
experimentally measured excitation function of four
evaporation residues 120%e  120Cg, "9Xe, and ',
formed in the CF reaction, is studied at several beam

observed that CASCADE calculations satisfactorily
reproduce the experimental data except at the lowest
energy point (£ =71 MeV) while PACE4 underpre-
dicts the data at two lower energies and overpredicts
at the other two higher energies.

150

7 Expt. Data
= PACE4
© CASCADE

-
=
= -
E 7z
= 100 7 ~
2 2
£ 2 2
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= =
) V= =
2 50+ = -
< [/=\
5 =
=4 7=
7=
=
7=
7=
0 . -
120 119 119
Xe Xe I

Fig. 9. Comparison of the relative residual cross-sections
obtained experimentally and from PACE4 and CASCADE
at £ beam = 77 MeV. (See color Figure on the journal
website.)

energies ranging from 71 -80 MeV. Theoretical
cross-section values as predicted by statistical codes
PACE4 and CASCADE were compared with the
experimentally obtained results. It was found that
PACE4 results are closer to the experimental data in
comparison with CASCADE using the default
parameters in both codes. Therefore, PACE4 predic-
tions were considered to plan the experiment for
populating nuclei of interest with maximum cross-
section.
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BUMIPIOBAHHS ®YHKIIIN 35V [)KEHHS B CUCTEMI 160 + 107Ag
TP EHEPT'T5IX BUIIE 3A KYJIOHIBCBKUU BAP’€P

JloCIiIKeHo MeXaHi3M po3aLy BHCOKO30YIKEHOro cKiIageHoro saapa '23Cs, 3aceneHoro BHACHIIOK PEaKIlii 3IUTTS

Ta BunapoByBanHs '°0O Ta '“’Ag. 3HATTA 30y/KEHHS CKIaIEHOTO s/[pa 4Yepe3 BUNAPOBYBAHHS P, N Ta (-4aCTHHOK
MIPU3BOANUTE IO YTBOPEHHS KUTBKOX HEHTPOHHO-AC(IIUTHUX 3aMUIIKOBHX siiep. DyHKIIIO 30ymMKEHHS IS peakiii
160 + 197Ag Gyno BH3HAYEHO EKCIEPMMEHTAIBHO B iama3oHi eHepriii 71 - 80 MeB Buie 3a KylmoHiBCHKHMI Gap’ep.
ExcniepuMmeHTanbHi pe3yasraTu Oyiy mpoaHaii3oBaHi B pamkax cratuctnaaux kofniB PACE4 ta CASCADE.
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