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Abstract: The flux-weighted average cross sections of "“Cd(y, xn Cd and ™Cd(y, x)
113g’llz’lllg’nomAg reactions were measured at the bremsstrahlung end-point energies of 50 and 60 MeV. The activa-
tion and off-line y-ray spectrometric technique was carried out using the 100 MeV electron linear accelerator at the
Pohang Accelerator Laboratory, Korea. The mllCd(ﬂ{, xn) reaction cross sections as a function of photon energy were
theoretically calculated using the TALYS-1.95 and the EMPIRE-3.2 Malta codes. Then, the flux-weighted average
cross sections were obtained from the theoretical values of mono-energetic photons. These values were compared
with the flux-weighted values from the present study and were found to be in general agreement. The measured ex-
perimental reaction cross-sections and integral yields were described for cadmium and silver isotopes in the "™Cd(y,
xn)IISg,m,ll]m,109,107,]05,104cd and natcd(y’ x)HSg,llZ,l]lg,llOm

"™Cd(y, xn) reaction was determined for the two bremsstrahlung end-point energies. The measured isomeric yield ra-

Ag reactions. The isomeric yield ratio (IR) of '**"Cd in the

tios of '"**"Cd in the ™Cd(y, xn) reaction were also compared with the theoretical values of the nuclear model codes
and previously published literature data of the 116Cd(y, n) and ”6Cd(n, 2n) reactions. It was found that the IR value
increases with increasing projectile energy, which demonstrates the characteristic of excitation energy. However, the
higher IR value of "M in the 116Cd(n, 2n) reaction compared to that in the 116Cd(y, n) reaction indicates the role
of compound nuclear spin alongside excitation energy.

Keywords: nmCd(y, xn) reaction cross sections, isomer yield ratio of llsg’mCd, off-line y-ray spectromet-
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are good sources for the production of medically import-
ant indium radioisotopes [2]. The radioisotopes meg
and '"'In play a crucial role in time dependent perturbed
angular correlation (TDPAC) studies for the investiga-

I. INTRODUCTION

Measurements of photon induced reaction cross-sec-
tions of natural cadmium are connected with different

fields of science, such as the production of medically use-
ful radioisotopes and yield measurements of long-lived
radioactive products for radioactive waste handling and
dose estimations. Cadmium isotopes are also used in nuc-
lear technology as an important material to make bear-
ings and alloys as well as for electroplating. Therefore, its
activation can be used to estimate the radiation dose de-
posited inside materials for industrial or even medical
purposes. In "™Cd, there are eight different isotopes [1]:
cd (7.49%), cd (28.73%), '“cd (12.22%), '*cd
(24.13%), '"'Cd (12.8%), '°Cd (12.49%), '*Cd (0.89%),
and '°Cd (1.25%). The proton induced reactions of "™Cd

tion of material properties [3]. The radioisotope cd is
frequently used for detector calibration due to its long
half-life and high y-ray abundance [4]. Cadmium iso-
topes are also used to enhance the coherence length and
output power of HeCd metallic lasers [5]. Important ra-
dioactive isotopes of Cd can be produced from the
photon-induced reactions of ""Cd. Similarly, the photon-
induced reactions of "'Cd produce different radioiso-

topes of Ag. Among them, 110mAg is frequently used as a
y-ray reference source. The radioisotopes lllgAg and

llomAg are also medically important radioisotopes for ra-
diotherapy and imaging purposes [2, 6].
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To maintain an optimal radioisotope production data-
base, the addition of new, reliable experimental data is al-
ways important [7]. Previous studies were conducted in
the giant dipole resonance (GDR) energy region for the
production of Pmeg [8] and meg [8, 9] using a y-ray
spectrometry technique; however, the [8, 9] results were
higher than the estimated values. No further literature
data have been found for any of the nuclides of interest,
even in the GDR region. In a nuclear reaction, daughter
products may have ground and meta-stable states with
different nuclear spins. The ratio between the reaction
cross sections of isomers with high spin (o) and low
spin (o) is known as the isomeric yield ratio (og/oL)
[10]. There are few earlier experimental studies on the IR
of '"™Cd produced from the HGCd(y, n)“sm’ng reaction
in the giant dipole resonance region [11-14], based on
mono-energetic photon beams. However, the measured
IR of *"”Cd in the “6Cd(y, n) reaction using
bremsstrahlung endpoint energies of 50, 60, and 70 MeV
is available in literature [15], and the IR at high neutron
energies for the ' °Cd(n, 2n)' "™*Cd reactions [16] is also
cited.

Based on these data, in this study, well-established ra-
diation activation and off-line y-ray spectrometry
were employed to determine the nuclear reaction cross-
sections and integral yields of the H3em L 109 107.103104

nd 'PEMPENMA G radionuclides produced from ™'Cd
with the bremsstrahlung end-point energles of 50 and 60
MeV. The IR of '""™Cd produced in the "'Cd(y, n) reac-
tions was also measured using the activation technique
with these bremsstrahlung end-point energies. For com-
parison, the natcd(’y’ X}’l)l 15g,m,11 1m,lO9,107,105,104Cd and nath(Y’

113g,112,111g,110m . .

pxn) Ag reaction cross sections were also
theoretically calculated by employing the computer codes
TALYS-1.95 [17] and EMPIRE-3.2 Malta [18]. The IR
values from the present study with the bremsstrahlung
end-point energies of 50 and 60 MeV are compared with
the calculated values [17, 18] as well as with the avail-
able literature data [11-15].

II. EXPERIMENTAL DETAILS

Pulsed electron beams from the 100 MeV electron
LINAC installed at the Pohang Accelerator Laboratory
(PAL), Korea, were utilized for bremsstrahlung produc-
tion. The 50 and 60 MeV electron beams were individu-
ally bombarded, one energy beam at a time, onto a tung-
sten converter foil with a thickness of 0.1 mm and a size
of 10 cm x 10 cm, which was placed at a distance of 18
cm from its exit window. Details regarding the
bremsstrahlung production using the linear accelerator
are described elsewhere [19 20] The high-purity
(99.99%) natural cadmium and """ Au metal foils were ir-
radiated by bremsstrahlung radiation with end-point ener-

nat

gies of 50 and 60 MeV. Two sets of 0.1 mm thick ~Cd
foils with we1ghts 0f 0.1782 and 0.1231 g and two sets of
0.1 mm thick '"Au foils with weights of 0.2478 and
0.2668 g were placed in air at a distance of 12 cm from
the W-target in a perpendicular direction to the electron
beam. These targets were irradiated for 236 and 125 min
with the bremsstrahlung radiation with end-point ener-
gies of 50 and 60 MeV, respectively. The average beam
current during irradiation was 20-36 mA with a repeti-
tion rate of 15 Hz and a pulse width of 2 ps.

The samples irradiated by the bremsstrahlung radi-
ation with end-point energies of 50 and 60 MeV were
taken out after sufficient cooling time. The off-line y-ray
counting was performed using a pre-calibrated HPGe de-
tector coupled with a PC-based 4K channel analyzer. The
HPGe detector used for y-ray counting is an Ortec detect-
or from Canberra. The dead time of the detector during
the y-ray counting was kept below 2% by changing the
distance between the detector and irradiated samples; this
prevented pile up and coincidence-summing effects. The
resolution of the HPGe detector was 1.8 keV at full-width
at half width (FWHM) at the photopeak of 1332.5 keV v-
ray of “Co. The total detector efficiency was 20% at the
1332.5 keV y-ray peak relative to a 7.62 cm X 7.62 cm
Nal(TIl) detector. Typical y-ray spectra of the reaction
products produced from the "'Cd and " Au monitor
samples irradiated with bremsstrahlung radiation with an
end-point energy of 60 MeV are shown in Fig. 1(a-c).
The produced radionuclides were identified based on the
respective y-ray energies and half-lives of the radioactive
isotopes [21, 22], as presented in Table 1.

III. DATA ANALYSIS

A. Determination of photon flux

The photon fluxes (¢g (Ey)) as a function of photon
energy (E,) for the bremsstrahlung spectra with electron
beam energies (E£,) of 50 and 60 MeV were simulated us-
ing the GEANT4 code [23] and are shown in Fig. 2. The

integrated photon flux ®(E.) (: fEEh PE, (Ey) dEy) from the
threshold to the electron beam energy was measured us-
ing the photo-peak activity of a 355.68 keV (Iy =87%) v-
line of "*Au produced from the 197Au( n)l%gAu monit-
or reaction. The observed number of counts (N ;) for the
355.68 keV y-line of "*Au was calculated by summing
the counts under the full energy peak and subtracting the

linear Compton back-ground, which is related to the in-
tegrated photon flux ®(E.) as follows [24]:

D(E.) = obs (CL/LT)/l
(Ee) = n{og (Ee)>1y5y(1 e Ti)e=Tc (1 _e—/lCL)’

(1
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Fig. 1. (color online) Typical y-ray spectra of the products of the
and (c¢) those of the 7
60 MeV.

where n and A are the number of atoms in the flux monit-
or (Au) sample and the decay constant for Ay, respect-
ively. I, and ¢, are the branching intensity and detection
efficiency of the selected vy-line, respectively. T}, and T¢,
are the irradiation and the cooling times, respectively. CL
and LT are the clock and live counting times, respect-
ively. The detection efficiencies were measured using the
standard calibration sources of "Eu and " Ba. (or(Eo))

97Au(y,n)l%gAu
monitor reaction taken from Ref. [24],

. . 1
is the known average cross section of the

which is

"Cd(y, x) reactions with cooling times of (a) 2.8 h and (b) 51.2 h,

Au(g, n) reaction with a cooling time of 50.7 h. The bremsstrahlung end-point energy used for the irradiation was

103.3+£12.1 mb and 102.449.5 mb for the bremsstrahlung
end-point energies of 50 and 60 MeV, respectively. Nuc-
lear data, such as the half-lives, y-ray abundances, reac-
tion Q-values, and threshold energies of the products, are
given in Table 1 [21, 22].

B. Calculation of normalized yield

and correction factor

Natural cadmium has eight stable isotopes with differ-
ent isotopic abundances. The yield of the produced radio-
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Table 1. Nuclear spectroscopic data of the products of the "™Cd(y, xn), "'Cd(y, pxn), and "’ Au(y, n) reactions. The photo-peak activ-
ities of y-ray energies marked with bold letters were used for calculations.

Nuclides . Decay mode g-ray energy  y-ray abundance . Q-value Threshold
(spin & parity)  alflife (%) /keV (%) Reactions /MeV /MeV
"cd(y, n)
s . _ 336.24 459 Decay of """Ag (T}, = 18 s)
Cd (112) 5346 h B : 100.00 by B(79%) ~8.699 8.700
Decay of ''"*Ag (T, =20 m)
527.90 27.45 by B(100%)
158.03 0.02 ocd(y, n)
Bred (1/2y 44.56 d B’: 100.00 484.47 0.29 Decay of "*Ag (T}, = 20 m) ~8.699 8.700
933.80 2 by B(100%)
Hedey, g) 0.0 0.0
150.82 29.1 "edey. m) 9394 9.394
"Mcd12y 485m IT : 100 edy, 2n) ~15.934 15.935
"ede, 3n) ~24.977 24.980
245.39 94 116
Cd(y, 5n) -39.817 39.824
"'cd(y, n) -9.915 9.915
"edy, 2n) ~16.891 16.892
o . "Cd(y, 3n) ~26.285 26.288
Cd (5/2) 46194 EC: 100 88.03 3.64 s
Cd(y, 4n) -32.824 32.829
"ed(y, 5n) —41.867 41.875
"°Cd(y, 7n) ~56.707 56.722
cd(y, n) ~10.334 10334
"cd(y, 3n) 27572 27.575
93.12 47 .
Cd(y, 4n) —34.547 34.553
cd (512)" 65h EC :100 "cd(y, 5n) —43.941 43.950
"cd(y, 6n) ~50.481 50.493
828.93 0.163 Medy, 7n) ~59.524 59.541
"ocd(y, 9n) ~74.364 74.390
"cd(y, n) ~10.870 10.870
346.87 42 s
Cd(y, 3n) —-29.133 29.137
05 N "cd(y, sm) ~46.371 46.381
Cd (5/2) 55.5m EC :100 433.24 2.81 .
Cd(y, 6n) —53.346 53.360
cd(y, 7n) ~62.740 62.759
961.84 47 .
Cd(y, 8n) —-69.280 69.303
'%Cd(y, 2n) -19.306 19.308
66.6 2.4 "cd(y, 4n) ~37.569 37.576
cd (0) 57.7m EC :100 83.5 47 "cd(y, 6n) ~54.808 54.822
709.3 19.5 "edy, 7n) ~61.783 61.802
"2cd(y, 8n) -71.177 71.201
"edy, p) ~10.277 10278
258.72 1.64 e
\ Cd(y, p2n) -25.117 25.120
113g . -
Ag (172) 537h B : 100.00 Decay of "Ag
298.6 10 (T, = 62 s, spin=7/2") by
IT(64%)

Continued on next page
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Table 1-continued from previous

Nuclides . Decay mode g-ray energy  y-ray abundance . Q-value Threshold
spin & parit Half-life % JkeV % Reactions MeV MeV
(spin & parity
606.82 3.1 " cd(y, p) -9.749 9.749
"Ag 2y 3.13h B : 100.00 617.52 43 "edey, pn) ~18.792 18.793
694.87 29 "°cd(y, p3n) ~33.632 33.637
"2cd(y, p) -9.648 9.649
245.40 1.24 "cd(y, pn) ~16.188 16.189
epy (1/2) 7454 B 100.00 ed(y, p2n) 25231 25.234
ecd(y, pan) ~40.071 40.079
342.13 7 Decay of "'"™Ag (T, = 1.08 m,
spin=7/2+) by IT (99.3%)
"edy, p) -9.084 9.084
IT: 133 657.76 95.61 "cd(y, pn) ~18.478 18.479
o 6 24083 d "Cd(y. p2n) ~25.018 25.021
"cd(y, p3n) —34.061 34.066
B- : 98.67 884.67 75 e
Cd(y, pSn) —48.901 48912
P Au (2) 6.18d  EC:92.8B-:72 355.68 87.0 T Au(y, n) -8.072 8.073

nuclides is the sum of the isotope contributions based on
their production threshold energies, as shown in Table 1.
The eleven radio nuclides in Table 1 can be produced
from "'Cd(y, x)j reactions with different threshold values.
The normalized yield contribution (Y; ;(E.)) for each re-
action of ' Cd(y, x)j was obtained as follows [25]:

E.
L Al' gij (Ey)¢(Ey) dEy

Y, i (Ee) = g - , 2

E.
Z fE Acoij(Ey)¢(Ey)dE,

k=1

where i and k are eight stable isotopes (i, £ = 106, 108,
110, 111, 112, 113, 114, 116) in "™Cd, and j is eleven
isotopes (115g,m,111m,109,107,105,104cd
Ag). ¢(Ey) is the photon flux calculated us-
ing the GEANT4 code [23], 4,y is the isotopic abund-
ance, and o (Ey) is the cross section for the ‘Cd(y, x); re-
actions at the photon energy E,, which was calculated us-
ing the TALYS 1.95 code [17]. The normalized yield
contributions for eleven radio isotopes j produced from
various 'Cd(y, x)j reactions are given in Table 2

The threshold value (Ey) of the momtor reaction
Au(y, n) ‘Au is 8.07 MeV, as seen in Table 1.

However, the production thresholds for the elevenradio-
_ 115g,m;11 lm;lO9m,107m;105m;104mcd

produced and

113g,112,111g,110m

197

nuclides (G and

113g;llz;lllg;llomAg) are different from the monitor reaction
as listed in Table 1. Therefore, a flux correction factor is
required to correct the measured photon flux from the
'Cd(y, x)j reactions to that from the monitor reaction. The

photon flux correction factors F; ;(E.) for iCd(y, X)j were
calculated as follows [25]:

F,,<E>—f¢ dEy/f¢ 3)

EAu

where i and j have the same definitions as in Eq. (2). Eih]

and Ej" are the threshold energies for the 'Cd(y, x)j and

197Au(q(,n)l%gAu reactions, respectively. ¢(Ey) is the

photon flux as a function of photon energy E,, taken from
Fig. 2, which was simulated using the GEANT4 code
[23]. The obtained correction factors to correct the differ-
ent reactions to the monitor reaction are given in Table 2

The yield-weighted flux correction factors CT (E.) for
the Cd(y, X)j reactions were calculated using Eqs (2) and
(3) as follows:

1

10°

- \ Electron beam energy
= t —-=F =
£ \ E =50 MeV

L E =60 MeV
2107 \ 2
8 g
= .
= oy
N2 N
5 10 S,
= TR
£ Lo,
= \
A& 107 .

T T T T 4 T
0 10 20 30 40 50 60 70

Gamma energy (MeV)
Fig. 2. (color online) Typical bremsstrahlung spectra for the

end-point energies of 50 and 60 MeV simulated using the
GEANT4 code.
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Table 2. Normalized yield (%) and photon flux correction factor (F; ;(E.)) for the iCd(y, xn)j reactions.

E =50 MeV E.=60 MeV
Produced Nuclei Reaction Eq/MeV
Yij(Ee) Fij(Ee) Y (Ee) Fij(Ee)
"¥cd "cd(y, n) 8.70 Yi16,115= 100 Fii6115=0.934 Yy16,115 =100 Fi16,115= 0.940
ed 116Cd(“/a n) 8.70 Yy16,115= 100 Figns=0.934 Yi16,115= 100 Fl16115= 0.940
edw, g) 0.0 Yi,11=1.70 Fiinnm=2910 Yi11,111 =1.40 Fiiin=2.710
"Cd(y, n) 9.39 Yi2,111= 64.9 Fii2,111=0.890 Y112,111=62.6 Fi12,111=0.901
e "cd(y, 2n) 15.94 Yis=18.5 Fiysn=0.554 Yia= 19.0 Fiisn=0.592
"ed(y, 3n) 24.96 Yig1= 145 Fi4111=0.306 Yi1411=16.0 Fi1411=0.359
"ocd(y, sn) 39.82 Yi16.111= 0.40 Fii6.11=0.080 Yii61m1=1.00 Fii611=0.148
HOCd(Ya n) 9.92 Y110,100= 75.7 F110,100= 0.848 Y110,100= 74.1 F110,100= 0.863
"edey, 2n) 16.89 Yiy1,100= 18.7 Fi11,100= 0518 Yi11,100= 187 Fi11,100= 0.560
Ycd 2cdy, 3n) 2629 Y112.100= 4.60 Fiia.100=0.278 Y112.106= 5.00 Fi12109= 0333
"cd(y, 4n) 32.83 Yi13.106= 0.80 Fi13.100=0.168 Yi13100= 1.10 Fiy3.100= 0231
"edey, sn) 41.86 Y114,100= 0.20 F114,100= 0.059 Yi14,100= 1.10 Fl14,100=0.127
"“cdey, n) 10.33 Yi08,107= 67.5 Fos,107= 0.823 Yi08,107= 59.2 Fgs,107= 0.840
"cdey, 3n) 27.58 Yii0.07= 24.7 Fi10.107= 0.255 Yii0.107= 24.5 Fii107= 0316
"cd edy, 4n) 34.55 Yiy1,107= 7-30 Fli1,107=0.145 Yi11,107= 10.1 Fi11,107=0.210
2cd(y, sn) 43.95 Y112.107= 0.50 Fyi2.107= 0.039 Y112.107= 5.80 Fi1107=0.108
”3Cd(Y, 6n) 50.49 Y13,107= 0.00 F113,107= 0.00 Y113,107= 0.40 F113,107= 0.052
"cd(y, m) 10.87 Y06,105= 98.6 F106,105= 0.786 Yi06,105= 96.4 F16,105= 0.806
1054 :?:Cd(% 3n) 29.14 Yi08,105= 1.40 Flog,105= 0.227 Yi08,105= 1.60 Fi08,105= 0.286
Cd(y, 5n) 46.38 Yi10.105= 0.00 F10.105= 0.020 Y1005 1.90 Fi10.105= 0.086
"ed(y, 6m) 53.36 Y111,105= 0.00 Fi11,105= 0.000 Yi10,105= 0.10 Fi11,105=0.033
"Cd(y, 2m) 19.31 Yi06.106= 98.2 Frog104= 0.443 Yi06.104= 96.2 Frog10= 0.488
Ycd “cdey, 4n) 37.58 Yi05.104= 1.80 Fos.10=0.107 Yio8,104= 3.60 Fios10=0.174
HOCd(Ya 6m) 54.82 Y110,104= 0.00 F'110,104= 0.000 Yi10,104= 0.20 F110,104=0.016
mAg H:ACd(Y’ p) 10.28 Yi14,115= 88.1 Fl14113=0.823 Yi14115=92.9 Fl14113= 0.840
Cd(y, p2n) 25.12 Yii6,115= 11.9 Fli6113=0.302 Yy16,115=7.10 Fli6113=0.356
edw, p) 9.75 Y113,112= 27.0 Fii3,112= 0.862 Yi13,112= 21.9 Fi13,112= 0.875
HZAg mCd(Y: pn) 18.79 Y1412~ 71.8 Fii4,112= 0.460 Yi1411= 743 Fl14112= 0.505
"°cd(y, p3n) 33.64 Yiigno=1.20 Fi6.1=0.156 Yir6.112=3.80 Fii6.1= 0234
edw, p) 9.65 Yi12,111= 56.9 Fiiz1= 0.862 Yi12,111= 49.9 Fi12,1= 0.875
g 1:3Cd(7’p”) 16.19 Vi3 n=23.1 Fiz111=0.546 Y113,111= 23.0 Fii3111=0.585
Cd(y, p2n) 25.23 Yig=19.9 Fii4,11=0.297 Yi411= 26.5 Fii4011= 0.352
116Cd(%]”“”) 40.08 Yi16111= 0.10 F6,11= 0.078 Yi16,11= 0.60 Fii6111= 0.146
I“Cd(“/’P) 9.08 Yiin0=17.5 Fii1,110= 0.905 Yii0= 107 Fii110= 0914
e, pn) 18.48 Vi 0= 58.7 Fip2,110= 0.466 Yi0=49.2 Fip,110=0.511
lmmAg “3Cd(y,p2n) 25.02 Yii3,110= 164 Fy13,110= 0.301 Yi13,110= 18.3 Fii3,110= 0.356
edey, p3n) 34.06 Yira10= 740 Fiiaio=0.151 Yiani0=21.6 Fiiang=0215
HGCd(Yalﬁn) 4891 Y116,110= 0.00 F16,110= 0.004 Yi16,110= 0.20 Fl16,110= 0.065
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CJ(E) = ) (Yij (B X Fij(E)[ ) Yij(Eo). (&)

The obtained yield-weighted flux correction factors
CJT (E.) for the eleven produced isotopes (j) are listed in
Table 3. The yield-weighted photon flux (DJC. (E.) with the
yield-weighted flux correction factors for the "™Cd(y, x);
reactions were obtained as follows:

DS (Ee) = C] (E) X D (E). Q)

C. Measurement of flux-weighted average
cross sections

We determined the flux-weighted average cross sec-
tions using the yield-weighted photon flux (DJC (E.) for the

"™Cd(y, x)j reactions (the produced nuclei j is given as

115gm,111m,109,107,105,104 113g,112,111g,110m
¢ Cd and * & ™Ag). The nuclear

spectroscopic data for the reaction products were taken
from Refs. [21, 22] and given in Table 1. Once the ob-
served number counts under the photo-peak (Nfgs) was
acquired for the characteristic y-ray energy of the pro-
duced radionuclide j, the flux-weighted average cross
sections of the " Cd(y, x)j reactions were obtained as fol-
lows [25]:

(o) Eo) = Ngs, (CL/LT) A

"‘DJC (Eo)Lye, (1 —eTu)eATc (] —e~ACL)’

(6)

where all terms have the same meaning as in Eq. (1) and
(DJC. (E.) is the yield-weighted photon flux as given in Eq.
(3.

D. Theoretical calculations of flux-weighted average
cross sections

The flux-weighted average cross sections were also
theoretically calculated for all the residual nuclides of in-
terest based on the TALYS 1.95 [17] and EMPIRE-3.2
Malta [18] nuclear codes and compared with the experi-
mental data, which are presented in Table 4. The calcula-
tions based on TALYS 1.95 [17] and EMPIRE-3.2 Malta
[18] were performed with their default parameters. The
photon-induced reaction cross sections (o (E;)) for the
"Cd(y, x) reactions were calculated based on mono-ener-
getic photons using the TALYS 1.95 [17] and EMPIRE-
3.2 Malta [18] codes. In the calculations, all possible exit
channels of the nuclear reactions of the given projectile
energy were considered. The flux-weighted average cross
sections (o, (E))) for the na1Cd(y, X) reactions were calcu-
lated as follows:

Table 3.
"™Cd(y, x)j reactions.

Yield-weighted flux correction factor for the

Total correction factors (CIT (Ee))

Nuclear reactions Bremsstrahlung end-point energy, £./MeV

50 60
"'Cd(y, n)'**Cd 0.934 0.941
"Cd(y, n)'*"Cd 0.934 0.941
"Cd(y, xn)'""Cd 0.774 0.774
"Cd(y, xn)'”Cd 0.753 0.765
"Cd(y, xn)""Cd 0.629 0.602
"Cd(y, xn)'°Cd 0.778 0.783
"Cd(y, xn)'**Cd 0.437 0.476
"Cd(y. pxn)' Ag 0.761 0.806
"Cd(y, pxn)' *Ag 0.565 0.576
"Cd(y, pxm)' ' *Ag 0.676 0.665
"Cd(y, pxn)'""Ag 0.492 0.416

(o (E)) = f ox(E;) QD(Ei)dE/f @(E;)dE, (7

E, E,

where (E;) is the bremsstrahlung photon flux as a func-
tion of energy (F) simulated by the GEANT 4 code [23],
as shown in Fig. 2.

IV. RESULTS AND DISCUSSION

The measured flux-weighted average cross sections
are presented in different figures along with theoretical
calculations and previously published data. The numeric-
al values of all the cross sections and the uncertainties are

given in Table 4. As previously stated, natural cadmium

has eight stable isotopes (116‘“4’113’“2’1“’“0’108’106Cd). Thus,
during irradiation, the production of a specific radionuc-
lide is prone to contribution from many reaction channels
based on the projectile energy.

The overall uncertainties in the results were calcu-
lated by taking the square root of the quadratic sum of all
independent statistical and systematic uncertainties [19].
The resulting statistical uncertainties were mainly con-
tributed by the counting statistics from the observed num-
ber of counts under the photo-peak of each y-line
(1.5%~10.5%). This was estimated by accumulating the
data for an optimum time that depends on the half-life of
the produced nuclides. In contrast, the systematic uncer-
tainties were calculated from the uncertainties of the flux
estimation (~11.5%), the detector efficiency (~3%), the
half-life of the reaction products (~2%), the distance
between the sample and detector (~2%), the y-ray abund-
ance (~2%), the irradiation and cooling time (~2%), the
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Table 4. Flux-weighted average cross sections for the "™ Cd(y, xn) and "'Cd(y, pxn) reactions.

Flux-weighted average cross-section (o;)/mb

Theoretical calculations

Reaction Bremsstrahlung end-point energy/MeV
Present work
TALYS 1.95[17] Empire 3.2 Malta [18]

e 50 2.432+0.345 2.521 3.631
Cd(y, xn) “Cd

60 2.123 +£0.261 2.330 3.544

. s 50 0.5+0.071 0.534 0.778
Cd(y, xn) ~Cd

60 0.446 + 0.059 0.493 0.760

. . 50 1.461 +0.219 0.458 0.811
Cd(y,xn) Cd

60 1.413£0.212 0.449 0.785

nat 109 50 12.346 £ 1.786 9.082 8.381
Cd(y, xn) Cd

60 10.210 £ 1.501 8.466 7.724

. o 50 0.733 £0.101 0.788 0.656
Cd(y, xn) 'Cd

60 0.681 + 0.094 0.834 0.711

. 05 50 0.43 +0.065 0.669 0.702
Cd(y, xn) Cd

60 0.385 +0.059 0.632 0.651

. o 50 0.105 +0.015 0.121 0.112
Cd(y, xn) Cd

60 0.087+0.011 0.112 0.086

i e 50 0.534+0.075 0.057 0.108

Cd(y, xn) Ag

60 0.501 +0.061 0.057 0.110

i b 50 0.318 + 0.043 0.068 0.159
Cd(y, xn) "Ag

60 0.367 + 0.046 0.081 0.172

i e 50 0.126 + 0.019 0.0425 0.121

Cd(y, xn) Ag

60 0.123 £0.018 0.045 0.119

Liom 50 0.026 £ 0.005 0.017 0.032
Cd(y,xn) Ag

60 0.027 + 0.004 0.026 0.035

o . . 109,107,105,104 .
current and electron beam energy (~1%), and the number lides in the measurements. Even the Cd radio-

of cadmium target nuclei (~0.3%). The total systematic
uncertainty is approximately 12.58%. The overall uncer-
tainty is found to be between ~12.67% and ~16.07%.

A. Measured photo-nuclear reaction cross
sections of cadmium isotopes

When natural cadmium is irradiated with
bremsstrahlung radiation with end-point energies of 50
and 60 MeV, six cadmium isotopes are directljy produced
through "'Cd(y, xn) reactions, except the '*"Cd nuc-
lides, which can be indirectly produced from the f decay
of 115g’mAg, as given in Table 1.

In this study, the flux-weighted average cross sec-
tions of the rlath(y, xn)“sg’m’“lm’log’m’ws’mCd reactions at
the bremsstrahlung end-point energies of 50 MeV and 60
MeV are determined for the first time and presented in
Table 4. All measurements of the produced cross sec-
tions of the cadmium isotopes are exclusive, that is, there
isno contribution from any other short-lived radionuc-

nuclides have no isomers; hence, their reaction cross sec-
tions are also independent. For comparison, the cross sec-
tions for the reactions as a function of the mono-energet-
ic photons were calculated using the TALYS-1.95 and
Empire 3.2 codes with default parameters; the flux-
weighted average cross sections were then calculated us-

ing Eq. (7).

115g, 115m

1. "cdfy, n) Cd reaction

The radioisotope "ed s produced directly through
the ”6Cd(y, n) reaction and indirectly through the f de-
cay of IlsAg. It has a short-lived ground state g
(T1,=53.46 h) and a long-lived meta-stable state med
(T1,=44.56 d). The simplified energy level and the decay
scheme of '""™Cd is shown in Fig. 3. The meta-stable
state '""Cd with a half-life of 44.6 d decays directly to
the ground state of "In by the B process with a branch-

ing ratio of 97%. Meanwhile, approximately 1.7% of the
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- ""Cd @446
s 1172 @64 |
+ ~
0.0 1/2 .
+ *Cd (53.46 h)
1418.25 92 A ¢
+ 484.47 -
0.3%
1290.59 1372 B ( ()
+ 1290.58 " (0.9%)
933.78 72 B ’
. 933.80 B (1.7%)
864.13 B_ (33.1%)
] 527.90 g
82858 32 B (3.3%)
L 4923 )
so7.14 D2 B (1.16%)
. 260.891 )
1624 32 B (62.6%)
. 336.241
00 92
"in 4.41x10™ y) B (97%)
Fig. 3.  (color online) Simplified decay scheme of the
115g,,m .
Cd isomers.

meta-stable state decays to the ground state of "In

("=9/2") through the excited state of '“In (f"=7/2") by
emitting a 933.8 keV y-ray. The unstable ground state
%0 q (=1/2") decays to the 336.24 keV state of ' “In (J°
= 1/2") by a B process with a branching ratio of 62.6%,
which decays to the ground state of "In " =9/2") via
M4 transition by emitting a characteristic y-ray of 336.2
keV. On the other hand, the unstable ground state !
decays to the 864.1 keV state of "In J"=1/2" by ap
process with a branching ratio of 33.1%, which then de-
cays to the 336.2 keV state of In (J" = 1/2) by emit-
ting a 527.9-keV y-ray. In order to identify the hmecq
isomeric pairs, we used the 933.8 keV and 527.9 keV
photo-peaks for the """Cd and '"**Cd nuclides, respect-
ively. It is observed that both the metastable and ground
states seem to be individual.

The measured results for the nath(y, xn)“sg;llsmCd re-
actions are compared with the theoretical values obtained
with the TALYS-1.95 and Empire 3.2 codes, as shown in
Fig. 4. There is no literature data for the "™Cd(y, xn)“sng
reaction. It is clear that the theoretical values from both
the TALYS-1.95 and Empire 3.2 codes are in agreement
with the data from this study, as shown in Fig. 4.
However, there is only one set of literature data regard-
ing the low energy side of the GDR region for the " Cd(y,
xn)”smCd reaction [8], which was obtained with mono-
energetic photons. To compare those results with the res-
ults of this study, we calculated the flux-weighted aver-
age cross section for the literature value using Eq. (7), as
shown in Fig. 4. The flux-weighted average cross sec-
tions for literature data in the low energy region were
higher than the theoretical results. However, the present
results are lower than the values obtained with the TA-
LYS-1.95 and Empire 3.2 codes, as shown in Fig. 4.

Based on the measured experimental cross sections of
the metastable and ground states from Table 4, we ob-
tained the isomeric yield ratio (/R=0y/a}) of g (nucle-

115m

ar spin=1/2") and Cd (nuclear spin=11/2") in the
"Cd(y, xn) reactions, which are given in Table 5 for vari-
ous bremsstrahlung end-point energies. The photon-in-
duced IR values from this study, the literature data in the
GDR region [11-14], and our previous results [15] are lis-
ted in Table 5 and shown in Fig. 5. The IR values for
neutron-induced ”6Cd(n, 2n)115g’mCd reactions taken from
previous data [16] and those theoretically calculated us-
ing TALYS-1.95, EMPIRE-3.2 Malta, and TENDL-2019
[26] are also presented in Table 5 and Fig. 5.

In order to understand the effects of spin and input
angular momentum, outgoing particles, and excitation en-
ergy, the IR values from the different reaction channels
were compared. The average excitation energy ((E*(E)))
of the compound nucleus from the threshold energy (E,)
to the bremsstrahlung end-point energy (E,) was determ-
ined using the following expression [27, 28]:

—
=

T T
"Cd(yxn) " Cd
—— TALYS-1.95
- ~--Empire 3.2
® Present work

115m

"'Cd(y,xn)""*"Cd

——TALYS-1.95

Empire 3.2

®  Present work
Zheltonozhsky et al. ('12)

Flux-weighted average cross section (mb)

0.1 1 r T T T
10 20 30 40 50 60 70
Bremsstrahlung end-point energy (MeV)
Fig. 4. (color online) The experimental flux-weighted aver-

age cross sections of "™Cd(y, xn)] !Cd and "Cd(y, xn)] Pred
reactions as a function of bremsstrahlung end-point energy
along with the theoretical calculations using the TALYS-1.95
and EMPIRE-3.2 codes.

10 T T T T T
"'Cd(n,2n) reaction
@ Prestwood et al. (1961)
EMPIRE-3.2 o 2

= = TALYS-1.95 s ]
° —-—TENDL 2019 [ st .
= R £t i s &
s 14->7 ¢ & - E
E
=
-
2
- i
) Q '....,_.._._-_;;;::_‘. ;;;; ‘§ &
o LSRRI e a9 J
20.1- A . Cd(y,n) reaction

" resent wor| ’
=) s e Pt & Davydov et al. (1985) ﬁrip‘l,';ﬁ z:
= Y O Belov e al. (1996) - — TENDI2019
Demekhina ef al. (2002)
< Thiep et al. (2009)
Rahman ef al. (2012
0.01 . . ahlmdn et al. (. ll) .
9 10 11 12 13 14 15
Excitatin energy (MeV)

Fig. 5. (color online) Isomeric cross section ratio (/R=ay/0y)

of ""**"Cd in the (y, n) and (n, 2n) reactions as a function of
excitation energy of the compound nucleus.
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Table 5.

Isomeric yield ratio of e from the '

6Cd(y, n) and ll(’Cd(n, 2n) reactions.

Isomeric ratio (IR = 0HighSpin/ T LowSpin)

Reaction Projectile energy/MeV Excitation energy/MeV

Theoretical calculations

Experimental work [Ref.]

TALYS 1.95[17] Empire 3.2 Malta [18]

"ty xm " 50 13.922
60 13.928

"5cd(y, n)'**"cd 9.43 9.072

"cd(y, n)'**"cd 20 13.803

"cd(y, n)' ¥ Cd 20 13.803

"cd(y, n)'**"cd 2 13.841

"cd(y, n)' ¥ Cd 235 13.857

"cd(y, n)'**"cd 50 13.922

"cd(y, n)' ¥ Cd 60 13.928

"cd(y, n)'*"cd 70 13.933

"°Cd(n, 2n)'*"Cd 13.4 19.04
"5cd(n, 2n)'"*"Cd 14 19.64
"°Cd(n, 2n)'*"Cd 14.68 20.32
"5cd(n, 2n)'"**"Cd 14.81 20.45
"°Cd(n, 2n)'*"Cd 16.5 22.14
"5cd(n, 2n)'"**"Cd 17.95 23.59
"5cd(n, 2n)'"*"Cd 19.76 25.40

0.206 + 0.041 [A] 0.212 0214
0.210 = 0.038 [A] 0212 0.214
0.180 % 0.019 [12] 0.015 0.004
0.117 £0.012 [14] 0.205 0.213
0.148 + 0.020 [11] 0.205 0.214
0.120 +0.020 [13] 0.209 0.214
0.158+0.016 [14] 0.209 0.214
0.186 +0.020 [15] 0212 0.214
0.202 + 0.020 [15] 0.212 0.214
0.209 +0.019 [15] 0212 0.214
0.95+0.13 [16] 1.321 1.189
0.98+0.14 [16] 1.360 1.246
1.0+0.14 [16] 1.398 1.295
1.05+0.15 [16] 1.410 1.295
1.25+0.18 [16] 1.510 1.364
1.36+0.19 [16] 2.810 2.690
1.59+0.22 [16] 3.461 3.101

[A] Present work.
Ji" ¢ By (E) EAE
i ¢E)or(E)E

(E*(Eo)) = ®)

where ¢(E) represents the photon flux as a function of
photon energy (E) for the bremsstrahlung spectra, which
was calculated using the Geant4 code, as shown in the
Fig. 2. The reaction cross section (og (E)) was calculated
using the default option in the TALYS-1.95 code The
calculated average excitation energies for the ' Cd(y,n)
reaction corresponding to different bremsstrahlung end-
point energies are given in Table 5.

The excitation energy (E ) of the compound nucleus
in the neutron and charged particle induced reactions was
calculated as follows:

E* = Ep+(Ar + Ap) = Acx, ©)

where E, is the projectile energy, and Acn, Ar, and A,
are the mass excess values of the compound nucleus, tar-
get, and projectile, respectively. The mass excess values
are taken from the Nuclear Wallet Cards [29].

As seen in Fig. 5, the experimental IR values in the
Cd(y, n) reaction are 1n agreement with the theoretical
values. However, in the ' Cd(n 2n) reaction, the theoret-
ical values from TALYS-1.95, EMPIRE-3.2, and

116

TENDL-2019 are h1$her than the experimental values.
Additionally, in the Cd(n 2n) reaction, the theoretical
values from TALYS-1.95 and EMPIRE-3.2 are slightly
different. TENDL-2019 data are lower than the TALYS-
1.95 data but are close to the experimental data. These
differences are due to the use of default parameters in the
current calculations with TALYS-1.95. Furthermore, the
figure shows that the IR values of """¢Cd increase with
increasing excitation energy. However at the same excit-
ation energy, the IR values of ""™Cd in the ' Cd(n 2n)
reaction are 51gn1ﬁcantly higher than those in the ' Cd(y,
n) reactlon In the Cd(y, n) reaction, the compound
nucleus 1s 'cd’, which has a 0" spin. On the other hand,
}1117 the Cd(n 2n) reaction, the compound nucleus 1s
Cd’, which has a 11/2° spin in the excited state and %"
spin in the ground state. At a high excitation energy, the
compound nucleus of "ed with a high spin value of
11/2" will be favorable in the ' Cd(n 2n) reaction. Thus,
the high spin isomeric product "cd w1th a spin state of
11/2" will preferably be populated in the ' Cd(n 2n) re-
action, which results in a high IR value. This observation
indicates the role of the spin of a compound nucleus
alongside excitation energy. A similar observation can be
made from our, prev1ous studies on the isomer ratio of
room. *Ag and ' gAg from the ™Ag (y, xn) [30] and
nalAg(n, xn) [28] reactions, which support our present ob-
servations.

124002-10



nat . . . . 115m,
Measurements of "Cd(y, x) reaction cross-sections and isomer ratio of  *Cd...

Chin. Phys. C 45, 124002 (2021)

2. "cdp, xn)mmCd reaction

The isomeric state ' "Cd (48.5 min, 11/2") was iden-
tified by the pure and independent 245.39 keV y-line. For
the production of ""Cd from the ''*Cd target, only two
previous experimental data sets in the GDR energy re-
gion based on mono-energetic photons were available [8,
9]; these were found to be higher than the theoretical val-
ues obtained using the TALYS-1.95 and EMPIRE-3.2
Malta codes as shown in Fig. 6 and provided in Table 4.
The figure and table also show that the current results fol-
low the graphical shape but are higher than the theoretic-
al values; they are the closest to the values calculated us-
ing the Empire-3.2 code.

1lm

10

‘ nath(y,xn)lllmCd —— TALYS-1.95

— — —Empire 3.2
Y¢ Mazur et al. (2007)
Zheltonozhsky et al. (2012)
@ Present work

Flux-weighted average cross section (mb)

0.1

10 2l0 3l0 4'0 5I0 6l0 70
Bremsstrahlung end-point energy (MeV)

Fig. 6.

cross sections of the nath(y, xn)

(color online) Experimental flux-weighted average
111m . .

Cd reaction as a function
of bremsstrahlung end-point energy along with the theoretical

calculations using the TALYS-1.95 and EMPIRE-3.2 codes.

3. "™cd(y, xn)mCd reaction

The radionuclide '”Cd (461.9 d, 5/2") was identified
by the pure and independent 88.03 keV y-line. The meas-
ured “ath(y, xn)109Cd reaction cross-sections could
onlybe compared with the theoretical calculations be-
cause no previous data has been found, as shown in Fig. 7
and tabulated in Table 4. In the figure, it is clear that the
currently measured and theoretical values are in good
agreement, in terms of not only shape but also magnitude.

4, nmCd(y, xn)WCd reactions

The flux-weighted average formation cross sections
of '"Cd (6.5 h, 5/2") were measured based on the 93.12
keV vy line. The measurements for the nath(y, xn)mCd re-
action were performed for the first time and thus could
only be compared with the theoretical values. Fig. 7
shows that the measurements are in good agreement with
both of the calculations, but they are closer to the EM-
PIRE-3.2 Malta calculations.

—
=3
—

"Cd(y,xn)'”Cd
—— TALYS-1.95
- -~ - Empire 3.2

® Present work

—
—
L

‘ M‘Cd(y,xn)mcd
——TALYS-1.95

- == - Empire 3.2
®  Present work|

-
1
3

)

Flux-weighted average cross section

0.1 T T T T T
10 20 30 40 50 60 70
Bremsstrahlung end-point energy (MeV)
Fig. 7.  (color online) Experimental flux-weighted average

cross sections of the "Cd(y, xn)'”Cd and "™Cd(y, xn)'"’Cd re-
actions as a function of bremsstrahlung end-point energy
along with the theoretical calculations using the TALYS-1.95
and EMPIRE-3.2 codes.

5. "cdgp, xn)mCd reactions

The flux-weighted average formation cross sections
for 'Cd (55.5 min, 5/2") were measured based on the in-
dependent 961.84 keV vy-line. The radioisotope (IOSCd) is
without an isomer. For this reaction, no literature data
were available; hence, its measurements were also only
compared with the theoretical calculations. In Fig. 8 and
Table 4, it is clear that the flux-weighted average reac-
tion cross sections calculated by the EMPIRE-3.2 Malta
and TALYS-1.95 codes are almost the same, but they are
higher than the currently presented results for the "'Cd(y,
xn)lOSCd reaction.

10 T T T T T

105,

"Cd(y,xn)'""Cd
—— TALYS-1.95
Empire 3.2

2 ~_® Present work|
i N_ -
® °
0.1+ M
naf 104, x

“Cd(y,xn)' "'Cd
——TALYS-1.95
Empire 3.2
®  Present work|

Flux-weighted average cross section (mb)

0.01 T T T T T
10 20 30 40 50 60 70
Bremsstrahlung end-point energy (MeV)
Fig. 8. (color online) Experimental flux-weighted average

105 nat 104

cross sections of the "Cd(y, xn)'Cd and ""Cd(y, xn)"Cd re-
actions as a function of bremsstrahlung end-point energy
along with the theoretical calculations using the TALYS-1.95
and EMPIRE-3.2 codes.
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6. "cd(y, xn)WCd reaction

The flux-weighted average formation cross section
measurements of ' Cd (57.7 min, 0+) were also per-
formed based onthe independent 83.5 keV y-line. This re-
action was studied for the first time and thus could only
be compared with the theoretical values. In Table 4 and
Fig. 8, the measured cross sections for the "Cd(y,
xn). *Cd reaction are shown to be in good agreement with
both calculations in terms of shape and magnitude, but
they are more precisely matched with the EMPIRE-3.2
Malta calculations.

B. Measured reaction cross-sections of silver

radionuclides

.. . 113g,112,111g,110m
Radioisotopes of silver ( ° & "Ag)  were

formed directly through (y, pxn) reactions. During theird-
irect production, 113gAg and lllgAg were populated by
their short-lived metastable states by isomeric transition
(IT). Therefore, their reactlon cross sections were con-
sidered as cumulative values. ' Ag has no isomer, while
110m . .

Ag has no contribution from any other radioisotope
for its production; hence, their formation cross sections
are exclusive and independent. Further details on silver
residual nuclides are given below.

1. Cumulative ""Cdl(y, pxn)ll}gAg reaction

The deduced cumulative formation cross sections of
113'gAg (5.37 h, 1/2) include the direct production and the
production through decay of the short-lived isomeric state
113mAg (62 s, 7/2), as presented in Fig. 9 and listed in
Table 4. Measurements of the "Cd(y, pxn) Ag reac-
tion cross sections were performed using the 298.6 keV
v-line. Moreover, it is important to note that the produc-

10 T T T T T
) (@) "Cd(rxm) " Ag s .
£ 1075 e i I R e e
= R
2 —
b3 —— TALYS-1.95
2 1074 - - - Empire 32
2 ® Present work]
]
]
S s
L 10° T T
co 10 50 60 70
S 10 ! :
=
o
2 L ] L]
o Iy g o ) e e
T 'y o
= —_—
g —+—TALYS-1.95
; 1074 = += Empire 3.2
! B Present work
#
2
= 0 : . . . .
10 20 30 40 50 60 70
Bremsstrahlung end-point energy (MeV)
Fig. 9. (color online) Experimental flux-weighted average

cross sections of the (a) "Cd(y, x)'""*Ag and (b) "Cd(y,
xn)mAg reactions as a function of bremsstrahlung end-point
energy along with the theoretical calculations using the TA-
LYS-1.95 and EMPIRE-3.2 codes.

tion probability of the meta-stable state is low due to its
high spin state (7/2"); therefore, we may conclude that
113mAg has a low contrlbutlon to the cumulative forma-
tion cross section of ' gAg The measurements from the
reaction were only compared with the theoretical values
due to unavailability of published data. In Fig. 9(a), it is
shown that the measured values for the reaction are high-
er than the calculated values; however, they exhibit the
same tendency as the incident photon energy increases.

2. "cdp, pxn)mAg reaction

The "“Cd(y, pxn)mAg reaction cross-sections were
measured based on the 617.52 keV y-line of 112Ag (3.13
105

Cd and

Ag. However, after separating the contributions, it
was found that their combined contribution to the 617.52
keV y-line was only ~2%-3%, and thus, they were added
to the photo peak area uncertainty. These measurements
were only compared with the theoretical values due to un-
availability of published data. In Fig. 9(b) and Table 4,
the measured values are revealed to be higher than the
calculated values; however, both follow a similar trend
when the incident photon energy is increased. Moreover,
the magnitude of the current measurements are shown to
be closer to the EMPIRE-3.2 calculation than the TA-
LYS calculation.

h, 2). This y-line is also contributed to by

106m

3. Cumulative nath(y, pxn)”]gAg reaction

For measurements of the flux-weighted average pro-
duction cross section of ' gAg (7.45 d, 1/2), the situ-
ation is the same as in the previous case with ( RN g). It
is formed directly via the (y, pxn) reaction and through
the IT (99.3%) decay of the simultaneously produced
short-lived lllmAg (1.08 min, 7/2"). In this case,the nucle-
ar spin of the metastable state is higher; hence, its produc-
tion probability is lower than that of the ground state.
Based on this, we may once again conclude that the cu-
mulatlve cross section measurements of ' gAg have a low

Ag decay contribution. A comparison of the present
results with theoretical values is shown in Fig. 10(a) and
Table 4.

4. mCd(y, pxn)”omAg reaction

Flux-weighted average production cross sections of
Ag (249.83 d, 6+) were measured based on the 657.76
keV vy-line. The gamma-ray spectrum was taken after suf-
ficient time had passed to ensure other short-lived nuc-
lides such as '°Cd, which contaminate the 657.76 keV Y-
line, had sufficiently decayed. The measured results,
along with the calculated values, are shown in Fig. 10(b)
and listed in Table 4. Both of the results are consistent
and higher than the theoretical values but closer to the

110m
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Fig. 10. (color online) Experimental flux-weighted average

cross sections of the (a) "™Cd(y, xn)'""®Ag and (b) "Cd(y,
xn) 10mAg reactions as a function of bremsstrahlung end-point
energy along with the theoretical calculations using the TA-
LYS-1.95 and EMPIRE-3.2 codes.

values calculated using the EMPIRE-3.2 code.

C. Integrated yield (Bq/g.nAh)

The production of cadmium and silver isotopes are
important for medical and industrial applications and for
a better understanding of their production in photon in-
duced nuclear reactions. Therefore, the integrated yields
(Bg/g.nAh) of cadmium and silver isotope productions
from "Cd(y, x) reactions were measured in a procedure
similar to that used for the integral yields of rhodium iso-
topes from the ' Rh(y, x) reaction [19, 31]. The integral
yields of cadmium and silver isotope productions from
"Cd(y, x) reactions are given in Table 6.

V. CONCLUSION

The flux-weighted average photon induced nuclear
roaction, rgstgsgtions for the WCdr, i 10
113g’11~2111:g11;)m’ ~Cd and Cd(y, xayp; y=1 x=1-5)

T Ag reacnons as well as the isomeric yield
ratios of '"*"Cd in Cd(y, n) reaction were meas-
ured with the bremsstrahlung end-point energies of 50-
and 60- MeV. Integral yield was also measured to assess
the activities produced in the nuclear reactions. The
photon induced formatlon reaction cross sections of "'Cd
and the IR value of '"Cd were calculated using the TA-
LYS-1.95 and EMPIRE-3.2 codes and the evaluated data
taken from the TENDL-2019 library. In most of the
cases, calculated values from the TALYS and EMPIRE
codes matched each other and the experimental value. It

Table 6. Integral isotopic yield of different products from
he "™Cd(y, xn) and ""Cd(y, pxn) reactions.

Yields/(Bq/g-A-h)

Reaction Isotope  Bremsstrahlung end-point energy/MeV

50 60

“Cd(y, xn)''*cd  '"*Cd (8.83+0.57)x10°  (8.52+0.60)x10’

“ed(y, xn)'"cd - ""cd (1.8640.12)x10°  (1.80+0.19)x10’
“Cd(y, xn)''"cd  '"'"Cd (4.48+£0.28)x10°  (8.99+0.61)x10’
™cd(y, xn)'”Cd cd  (3.62+0.26)x107  (2.49+0.21)x10°
“Cdy, xn)'"cd  'cd  (1.7120.12)x10°  (1.73+0.12)x10’

(1.44£0.13)x10°
(1.840.12)x10°
(1.58+0.11)x10°
Ag  (7.0£0.41)x10°
(3.3+0.24)x10°
Ag  (6.0+£0.65)x10"

™cd(y, xn)'*Cd %cd

"cd(y, xn)Mcd  "cd
"Cd(y, pxn) " "Ag M EAg
"L“Cd(y, pxn)”zAg
"Cd(y, pxn) F"Ag HAg

Cd(y pxn)IIOm 110m

(1.17+0.14)x10’
(1.7320.15)x10°
(1.67£0.11)x10’
(8.74%0.53)x10°
(3.55+0.32)x10°
(5.6+0.40)x10°

112

nat

was also found that the flux-weighted average cross sec-
tions increased sharply in the GDR region due to photo
absorption and then decreased slightly in QDR region due
to the opening of partlcle emission reactlon channels. The
isomeric yield ratio of '"*"Cd in the ' °Cd(y, n) reaction
from this study and previously pubhshed data was com-
pared with literature data for the ' Cd(n 2n) reaction. It
was found that the experimental IR values of Pemeq in
the "'Cd(y, xn) reaction agree with the calculatlons but
were well below the IR values due to the ' Cd(n 2n) re-
actlon The isomeric yield ratio previously measured in
the Cd(n 2n) reaction was lower than the calculated
values for the same reaction; this is most likely due to the
use of default parameters in the theoretical calculations. It
was also observed that the theoretical and experimental
values increased with excitation energy. However at the
same excitation energy, the IR values in the ' Cd(n 2n)
reactlon were significantly higher than those in the

Cd(y, n) reaction due to the higher spin of the com-
pound nucleus in the former. This indicates the role of
compound nucleus spin alongside the effect of excitation
energy.
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