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LEVEL STUDIES IN 'WAg FROM COULOMB
EXCITATION M EASUREMENTS

SING. K. P..Yy TAYAL, D. C..)Y) AVASTHL D. K.
MITTAL, V. K.} GOVIL, 1. M.,y HANS, H. S.,") Chandigarh

Low-lying negative parity levels of isotopes in natural silver were Coulomb excited
by 3.0—4.2 MeV protons. Five levels ineach of the 1A, isotopes up to 1464.7 and
1324.2 keV excitation energies, respectively, were excited. De-excitation mmSE.m.me
were observed with a high resolution 50 cc Ge(Li) detector. Low-energy protons have
been used for the firsi time to Coulomb excite the levels at 1464.7 keV in “"Ag and
S.NA.N _8<. excitation cnergies in '®Ag. Level energies, branching ratios, E:_mnohn
muxing ratios, B(E2) and B(M1) transition probabilities were deduced. mwquBnH:E
thick-target gamma-ray yields for varioys transitions have been compared with the

L INTRODUCTION

It was suggested several years ago by de-Shalit [I] that the low-lying
negative parity states of 'Ag and '®Ag may arise from the coupling of an odd
2Py, proton or protonhole to the collective vibrational states of the doubly
envencore. Level energies, spins and reduced quadrupole transition probabili-
ties, :.msu been reported earlier [2, 3], which is quite consistent with this weak
oocEEm model. In cases where the core state is expected to correspond to a
highly collective level of a neighbouring even-mass nucleus, the core excitation
Eom& has been successful. It should be interesting to study the silver odd-mass
Isotopes in relation to the core excitation model because these 1sotopes not only
have even-mass neighbours with strong collective properties, they also have
m%o.:sa state spins of 1/2 and, therefore, the least possible number of states in
a given multiplet. However, the positive parity states to silver isotopes cannot be
oxu_.mms.na by this simple model [1]. A detailed description of the odd-mass silver
nuclei is given by Paar [5] who has shown that the coupling of a cluster of
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three proton holes in the P,,, P5, and gy, subshells to vibrational motions of
the Sn core could explain the low-spin states either with negative or positive
parity.

The excited states of '"Ag and '®Ag have been earlier studied by the inelastic
scattering of protons [4, 6] and alpha-particles {7, 8] and Coulomb excitation
with heavy ions [12—14], and B-decay [13, 20—29]. Also only the first few states
in each isotope have been studied through Coulomb excitation by protons [2, 3,
9—12].

In the present investigations, we report the results on B(E2), branching ratios,
dand B(M1) values from a Coulomb excitation study as effected with protons
in the energy range of 3.0 to 4.2 MeV. With this projectile the multiple E2
Coulomb excitation is negligible. Thus, the gamma-ray yields can straightfor-
wadly be used to extract the B(E2) values of the ground state transitions. The
transition rates for intermediate transitions were obtained from gamma-ray
branching, multipole mixing ratios, and the B(E2) for ground state transitions.
The measured excitation functions are also compared with the theoretical
Coulomb and compound cross-sections; and we have found that at these ener-
gies the contribution from compound nucleus formation is very small. This is
the first time that a proton induced Coulomb excitation study has been under-
taken in detail for the excited levels of 'Ag and '®Ag, above the first-few excited
states.

II. EXPERIMENTAL PROCEDURE

The experimental procedure followed has been described in detail elsewhere
{30, 31}. A thick-foil of 99.9% spectroscopically pure natural silver was
bombarded with protons in the energy range from 3.0-to 4.2 MeV, available
from the Variable Energy Cyclotron at Panjab University, Chandigarh [32].
The beam current on the target was maintained around 150 nA to avoid lar-
ge dead-time correction for the multichannel analyser. The deexcitation gam-
ma-rays were detected at a distance of 8.8 cm from the target, with a 50 cc Ge(Li)
detector having an energy resolution of about 2.0 keV for the 1.332 MeV line
from the “Co source. The spectra were recorded at the angles of 0°, 55° and 90°
to the beam direction, to produce the data for the anisotropy treatment. The
data at 55°, being independent of angular distribution effects, were used to
extract reduced quadrupole transition probabilities.

III. EXPERIMENTAL RESULTS
II1.1. Gamma-ray yields

De-excitation gamma-rays from the Coulomb excitation of ""Ag and 'YAg
with protons have been identified. A typical gamma-ray spectrum recorded at
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55° to the beam direction and displaying the well-resolved peaks, is shown in
Fig. 1. Ten gamma-rays of 98, 324.8, 364, 423.1, 462, 526.5, 624.9, 786.5, 949.8
and 1140 keV energies were assigned to the deexcitation of the levels of "Ag,
whereas the lines at 103, 311.3, 391, 415.1, 447 3, 551.1, 702, 862.5 and 1013 keV
were identified to be associated with the transitions of nuclear levels of '®Ag, on
the basis of their well-known energies [33, 34). The remaining gamma-ray peaks
in the spectrum arise from the background and other contaminants. Figs. 2
and 3 show the level diagrams for 'Ag and '"Ag, respectively.
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Fig. 1. Relevant portion of the gamma-ray spectrum obtained from the bombardment of a natural
silver target with 3.7 MeV protons.

As discussed in our previous papers [30, 31], the experimental thick-target
gamma-ray yield per incident proton, for each transition, was compared with
the theoretical gamma-ray yield obtained by.integrating the theoretical excita-
tion function [11] along the path of the proton in the target. The reduced
quadrupole transition probabilities were obtained from the comparison of
theoretical and experimental gamma-ray yields for various transitions,

Fig. 4 displays the energy dependence of the experimental gamma-ray yields
for the 311.3, 415.1, 862.5keV levels of '®Ag, and the 786.5keV level of Ag.
A comparison of these yields has been made with the compound nucleus
contribution, computed with the code CINDY [35], and with the first-order
perturbation theory of Alder et al. [11] for the direct-E2 mode of excita-
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tion. From this comparison it is clear that the experimental gamma-ray yields
follow the predictions of the Coulomb excitation theory of the E2 mode while
the curve for the compound formation is much below the Coulomb cross
section. The present B(E2) values along with their comparison with previous
results are shown in Table 1. The errors assigned to the B(E2) values result from

Y : 7 3 13242
W 1464 u\Nu A
& 8 5l ®
3 9457 5/5- — 8625
ERPEF SN REEE
» b4 i I B @®] W+
) 7865 ¥, “ 702
w3 S &l &
m «+ % ~{Mm 2..
Sly - 4231 - ! 4151
uw. ] m mh w\w .N. WM
v . =, .5
) - 3248 3 = M3
S =
1y Q0 1y 0
2 5N> ,_8>m
47" %0 47 %2
~— THEORY
*  EXPERIMENT
ot @ 1 ®)
0 r couLoMa g couLoma
0oL L
Ll COMPOUND [ COMPOUND
g o'l © b @
W L L
. . £ gl couoms |
Fig. 2. The level scheme of low-lying states of s 3 couLoMe
_3>®. MQ;. [
Fig. 3. The level scheme of low-lying states of W A A
_S>m 16 U OUND
Fig. 4. Excitation functions of the levels at 16%}- A ) E 7 )
(a) 311.3keV of '"Ag (b) 415.1keV of ®Ag 30 e 30 0

(c) 862.5keV of "Ag and (d) 786.5keV of WAg. INCIDENT PROTON ENERGY

319




Table 1

B(E2) values of the levels of 107,184 5.

Measured B(E2)1 (e’cm? x 167

Level
enieigy ) Robi Black McGowan
Present work obinson et al. and Gruhle and Stelson
sy [13] B3]
Eu..brm
324.8 197+19 202+ 18 219 219+1.5
4231 281 4+ 29 287 +24 28.2 334+24
786.5 0.29 + 0.04 0.28 + .05 6.32 —
949.7 229+024 203 +0.22 2.5 —
1464.7 3.60 + 0.28/ 0.85+ 0.1/ — —
:x.}%
311.3 219+ 18 222419 249 249 + 1.7
415.1 327428 320426 36.3 377+26
702 0.10 + ¢.02 0.087 + 0.019 0.24 -
862.5 1.78 + 0.15 173+ 0.17 224 —
1324.2 1.25 +0.20 1.23 4+ 0.18 1.44 —

Table 2

Summary of gamma-ray anisotropy results from the Coulomb excitation of W.1%A0 by 4.8 MeV

uncertainties in the peak areas, the calibrated efficiency of the Ge(Li) detector,
and the stopping power of Ag for protons.

II1.2. Angular distribution

. The angular distributions of the gamma-rays were determined from spectra
with 4.0 MeV protons at 0° and 90° relative to the beam direction. The results
were fitted to the equation

W(O) = 1 + ag,4,P,(cos O) + ag,A,P,(cos O)

where a, and a, are the thick-target particle parameters [11], g, and g, are the
finite solid angle correction factors. The coeflicients 4, and A, are a function of
the spin sequence and the multiple mixing ratios. The last term in the above
equation has been neglected since the parameter q, is very small. The measure-
ment of the ratio R = W(0°)/ W(90°) determines A, uniquely and thereby the
multiple mixing ration [36] allowed for a particular transition. The summary of
the anisotropy results obtained in the present work is shown in Tables 2, 3 and 4.
The errors quoted in the & values were estimated from the uncertainties in the
coefficients A, resulting from the measured gamma-ray yields.
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protons.
Level Ey =
(keV) (keV) R = W(0°)/W(90°) a, A,
_3>W
324.8 3248 0.745 £ 0.05 0.518 -0.378 + 0.009
423.1 423.1 1.226 + 0.002 0.632 +0.232 + 0.002
98 0.802 + 0.037 0.632 —-0.236 + 0.047
786.5 786.5 0.654 + 0.014 0.872 -0.309 + 0.015
462 1.218 + 0.077 0.872 +0.163 1 0.054
949.7 949.8 1.495 + 0.060 0.939 +0.311 + 0.032
624.9 0.480 + 0.033 0.939 —0.465 + 0.037
526.5 1.151 + 0.082 0.939 +0.107 + 0.055
1464.7 1140 1.290 1 0.065 1.106 +0.164 + 0.034
LN

3113 311.3 0.736 + 0.008 0.503 —0.403 £ 0.013
415.1 103 0.794 + 0.054 0.624 —0.249 + 0.070
702 702 0.651 + 0.062 0.833 —0.327 + 0.055
391 0.816 + 0.096 0.833 —0.165 + 0.115
862.5 862.5 1.389 + 0.099 0.905 +0.263 + 0.059
551.1 0.520 + 0.045 0.505 ~0.438 + 0.048
447.3 1.178 + 0.030 0.905 +0.136 + 0.020
1324.2 1013 1.395 + 0.096 1.066 +0.225 + 0.047

IV. DISCUSSION

Since the Coulomb excitation is via the E2 mode and the ground states of the
Ag-isotopes have J* = 1/2", the spins and partities of all the excited states are
restricted either to 3/2~ or 5/2”. Our angular distribution results fully support
the reported [33, 34] spin values of all the excited levels as shown in Figs. 2and 3.
The mixing ratios in the present work are, in general, in agreement with the
values obtained by Robinson et al. [15]. They, however, differ significantly
from some of the values given in literature [33, 34]. A comparison of the mixing
ratios with previous values is shown in Table 5. The & value for the 391 keVv
transition in '®Ag is, however, the new value extracted from the present angular
distribution data.

There is a general agreement of our B(E2) values with the values given by
Robinson et al. {15] for both isotopes except that the present B(E2) for the
excited level at 1464.7 keV of '’Ag is much larger in comparison with the erlier
reported value [15]. The B(E2) values reported by Black and Gruhle [13] for the
3/27 and 5/2; levels in both isotopes are also in good agreement, but the values
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Table 3

Summary of the level properties of 'Ag

Level Ey

’ B(E2) | B(E2) | B(M1) x 102
Fr (%) T 5 e ) 3
(keV) (keV) (e*em® x 10 B(E2),, (ei/2MC)?
324.8 324.8 — 9.85 + 0.95 32.64 + 3.15 —0.171 + 0.089 248 442
423.1 423.1 96.1 4+ 1.3 9.37 4097 31.05 + 3.21 = -
98.2 39 +0.2 0.77 + 0.23 255+ 0.76 —0.045 + 0.014 40415
786.5 786.5 612+ 1.4 0.145 + 0.020 0.48 + 0.07 —-0.072 + 0.019 12.09 + 3.45
461.9 313413 0.50 + 0.70 165 +2.32 ~0.049 + 0.068 3101308
365.1 7.5+ 09 - - — —
949.7 949.7 13.5 4 0.14 0.733 + 0.080 243 +0.27 . -
624.9 376+ 1.2 1.52 4 0.22 5.04 £ 0.73 —0.32 + 0.06 41413
526.5 469 + 1.2 2,02 + 0.65 6.70 + 2.15 —0.21 4+ 0.09 90429
1464.7 1464.7* - 1.80 + 0.14/ 5.80 + 0.5/ — —
1139.9 - - — —0.043 + 0.013 —
1042* e — — _ —
* Not observed
Table 4
Summary of the level properties of ‘®Ag
Level Ey Iy (%) B(E2) | B(E2) | 5 B(M1) x 102
(keV) (keV) ria (e2em* x 10-%) B(E2),, (eh/2 MCY
311.3 311.3 — 10.95 + 0.90 35.40 + 2.91 —0.211 + 0.024 16.50 + 2.37
415.1 415.1 942 4 1.2 10.90 + 0.93 35.20 + 3.00 — =
103.5 58 +0.2 1.67 + 1.09 5.40 + 3.52 —0.049 + 0.020 52425
702 702 834+ 1.3 0.05 + 0.01 0.16 + 0.03 —0.095 + 0.022 1.63 + 0.62
391 16.6 + 1.0 3.93 + 1.62 1271 + 5.24 ~0.53 + 0.20 1.5+ 1.0
862.5 862.5 10.0 + 1.3 0.59 + 0.05 1.91 + 0.16 = —
551.1 400 + 1.2 1.64 + 0.30 5.04 + 0.95 —0.283 + 0.076 435+ 1.80
4473 50.0 + 1.2 2.18 + 6.40 5.60 + 1.26 —~0.17 + 0.04 10.68 + 3.10
1424.2 1324.2* 13+ 0.63 + 0.07 2.04 + 0.23 = —
1012.9 81+ 0.016 + 0.004 0.052 + 0.013 ~0.033 £ 0.012 10.5 + 4.6
909+ 6t — — - -

* Not observed
t from ref. 32.
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Table §

Comparison of the mixing ratios (E2/M 1) with the previously reported resuits for the transitions

m—.— 107, _S\’W.
Mixing ratios
Ey g ratios (4)
(keV Prasaiit Robinson et al. Others
{14] [33, 34}
_¢q>m
98 ~0.035 + 0.014 ~0.059 + 0.018 —
3248 —0.171 + 0.089 —0.189 + 0.014 021 + 0.0
462 —0.049 + 0.068 ~0.01 + 0.08 —
526.5 ~0.208 + 0.092 —0.24 + 0.03 017 +w.wm
624.9 ~0.318 + 0.062 ~0.28 + 0.02 —0.09 + 0.06
786.5 —0.072 + 0.011 —0.057 + 0.010 —03o0r 14
1140 ~0.043 £ 0.013 ~0.12 + 0.03 -
_3>W
103 ~0.049 + 0.020 ~0.039 +0.017 —
3113 —0.211 + 0.024 ~0.196 + 0.027 ~0.19 + 0.01
391 —0.53 + 0.20
4473 —0.17 + 0.04 —0.16 + 0.04 -
551.1 —0.283 + 0.076 —0.28 + 0.04 -
702 —0.095 + 0.022 —0.09 + 0.08 —
1013 +0.033 4 0.014 +0.09 + 0.03 —

for the higher excited levels are somewhat larger (in magnitude). The branching
ratios measured in this experiment are also in reasonable agreement with
literature [33, 34].

Recently Chatter Jee et al. [12] have reported measurements of B(E2) up
to the 5/2; states of ""%Ag from a Coulomb excitation with 4—5.0 MeV

(up to 50 %) from Compound nucleus formation. Surprisingly the results of
Chatterjee et al. [12] for B(E2) are in good agreement with previously

The weak coupling model of de-Shalit [1] has been successful in ex-
plaining the properties of the first two excited odd-parity states (two in each
nucleus). In this model the excited levels of odd-A nuclei are described by the
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coupling of a single particle (or hole) to the adjacent doubly even core nucleus.
The single particle is considered to remain in its ground state and the properties
of the odd-A nucleus are attributed to the excitation of the core nucleus. The Ag
isotopes have J = 1/2- ground states and may be described either as a D1 proton
coupled to a Pd core oras a Py, proton hole coupled to a Cd core, The first 3/2-,
5/2~ doublet in the two nuclei is then described as the coupling of the single
particle (or hole) to the first 2+ excited state of the core nucleus. According to
the core excitation model, the B(E2) for the transitions to the ground state from
each member of the multiplet should be the same as the B(E2) for the corres-
ponding transition in the associated core nucleus. In the present investigations,
the values of B(E2) for the 3/2—1/2 and 5/2 - 1/2 transitions are nearly equal,
and are found similar to the B(E2; 2, — 0) of the even mass core [37, 38].

The 786.5 and 949.7 keV states in '“Ag and the analogous states at 702 and
862.5keV in '®Ag are attributed to the coupling of the odd P, , proton to the
second 2% state of the core [15]. Also from comparison of the shapes and
magnitudes of the differential cross sections for scattering in the neighbouring
even-mass nuclei, Ford et al. [6] have suggested that the 786.5 and 949.7 keV
states of '""Ag, and the analogous states at 702 and 862.5keV of '®Ag arise from
the coupling of the odd P, r2 proton with the second 2* eore state. But the second
doublet has not been explained by the simple core excitation model since the
3/2; and the 5/2; states violate the core excitation intensity rule.
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MCCIEAOBAHUE YPOBHEN B SIIPAX "Ag 1 '”Ag HA OCHOBE M3MEPEHUIL
, KYJIOHOBCKOIO BO3BEY X IEHMS

Huskonexaume yposun msoronos B IPHPOAHOM cepebpe, HMerolue OTPHUATENLHYIO YeT-
HOCTb, TIONBEPrafuch KyJNOHOBCKOMY BO3GYX/ACHUIO NP TOMOmM NPOTOHOB C JHEPTHAMM K3
uHTEpBana 3,0—4,2MaB. B kaxnom us usoronos '"Ag n '®Ag 6rum BO3OYXIEHBI MO NATH
YPOBHE# BILIOTE O 3Hepruii Bo36yxaeHus 1464,7 3B u 1324,2 x3B cooTsetcTBERNO. Camma-nyun,
CHHUMarOHMe BO36yxaeHue, Habmona ucs npy omoum Ge(Li) AeTexTopa BricOKOro paspelueHus
o6BEMom 50 cm?, Briepebie ucrmonb3oBauck HH3KO3HEPreTHYECKHE TIPOTOHBI AN KYJIOHOBCKOTO
BO30YX/IeHHS ypOBHeil TpH SHepruu 1464,7 k3B B page "Ag u yPoBHeil nipu sHeprum 1324,2 k3B
8 sape '®Ag. Onpepenenn YPOBHH SHEPIHH, OTHOCHTE/ILHEIE BEPOATHOCTH pacnana, xo3¢pduimen-
TRl MYJTbTHIIOIBHOTO CMEIIMBAHMS U BEPOATHOCTH niepexonos B(E2) u B(M1). Ilposenero cpasne-
HHE 3KCTICPAMENHTAILHOTO BLIXOAA ramMMa-syyeit JUI TONCTOH MHLICHH B Clly4ae pa3jHyHbIX nepe-
XOZOB € TEOPETHYECKHMH BKIANAMH OT KYTIOHOBCKOTO BO36yx/ieHus 4 06PA30BAHUSA COCTABHOIO
aapa. Kpome toro, pesynsrarsr CPABHMBAIOTCA C JAaHHBIMH, ONMYGIHKOBAHHLIMH B HacTosuiee
BpeM#A B HAYYHOH JHTepaType.
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