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The energy spectra of residual ' ' Sn nuclei have been studied 

with 38 keV resolution, up to excitation energies of the order of 16 MeV, 
3 . . . 

using the (He,a) reaction at 39 MeV. Complete angular distributions have 

been obtained for the Sn( He,a) Sn reaction; two angles were measured 

for the other isotopes. Several new levels or groups are observed up to ̂ 3.5 

MeV in the three isotopes, due to the momentum matching conditions. Spectros

copic factors are determined for all observed levels up to 3.71 MeV in Sn 

and for the low-lying strongly populated levels with known J in ' Sn. 

The fragmentation of the 8, «4, 5 valence hole strengths and the excitation 

of levels with anomalous spins and parities in the intermediate energy re

gion in Sn are discussed in terms of weak coupling and two step coupled 

channels calculations. The fine structure previously reported for the Igq/p 

hole orbital in Sn is clearly confirmed and enhanced in the present expe

riment. The fragmentation of this orbital is observed for the first time in 

Sn, between 3.4 and 5.2 MeV and in Sn, though to a lesser extent, be

tween 3.8 and 6.5 MeV. In the fine structure region the lgg,? hole strength 

is found to decrease from 62% to 43% and 28% in respectively Sn, Sn and 
119 . 

Sn; theoretical calculations do not explain these experimental strengths 
+ — 111 

and fragmentations. The first 9/2 , 1/2 , 3/2 IAS are identified in Sn. 
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Previously unreported, weakly populated IAS are also found in Sn and Sn. 

The energies and widths are measured. ïhe spectroscopic factors and isospin 

splitting of these states are discussed in the framework of the Lane coupled 

channels formalism for the neutron form factor. 

NUCLEAR REACTIONS 
112,M6,120 S n (3 H e a ) E - 39 MeV ; measured 3(E0,e> 

111,115,I19Sn d e d u c e d l e v e l s > E x > st,, (J) u 2 
zero -range DWBA and two-

step process analysis ; inner shells and Lsobaric analog states analysis : 

enriched targets, magnetic spectrometer. • 

NUCLEAR STRUCTURE unified model calculations 
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I. Introduction 

In the last few years, neutron pick-up experiments on the tin isoto-
1 2 pes have been carried out using the reactions : (d,t) at 23 MeV ' and 52 

MeV 3, (p,d) at 20 KeV 4 and 52 MeV 5, (3He,ct) at 89 MeV 5 , 120 MeV 6 and 

205 MeV . With the exception of Ref.4, these studies concentrated on deeply 

bound hole states and in some cases on their corresponding isobaric analog 
3 

states (IAS). The ( He,a) studies were performed with rather poor energy re
solution (190-400 keV). The resent high resolution study of the Sn(d,t) 

Sn reaction at 23 MeV demonstrated an underlying fine structure between 

4 and 6 MeV excitation energy, with both £=4 and 1=1 inner hole components. 

This reaction also proved useful for the determination of a number of transi-
2 tions with small I values at lower excitation energy . 

3 
We present in this paper a rather extensive study of the ( He,a) reac

tion at 39 MeV incident energy on Sn, and a cursory investigation at two 
j12 120 3 

angles of this reaction on Sn and Sn. The selectivity of the ( He,a) 

reaction for high angular momentum, together with the adequate energy resolu

tion (38 keV), were used in order to investigate the fragmentation of lg7/2 

and lb../, valence orbitals as well as that cf the Igg/? i n n e r orbital. The 

spectra of the residual nuclei were investigated up to *v 16MeV excitation 

energy. 

After a short description of the experimental procedure (Sec.II), we 

present in Sec.Ill the analysis of the data, involving zero range one step 

DWBA calculations. Two-step processes, in the framework of the weak coupling 

model, will be considered in the discussion of neutron hole states fragmenta

tion at intermediate excitation energies, i.e. from "W MeV up to ̂ 3.7 MeV 

(Sec.IV). Rather sparse spectroscopic information exists in that region,espe

cially in the case of Sn. In Section V the observed fragmentation of the 
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1g. .„, T_,, inner hols strength in the Sn isotopes around 5 MeV excitation ener

gy, will be discussed. In Section VI, data and analysis of the ^ Ogg/ 2» 

2p,,2, 2p. ,„ and lf5/2) inner hole components will be presented. 

II. Experimental procedure. 

The , 1 2' 1 1 6 , , 2 0Sn( 3He,a) reactions were studied at 39 MeV incident 
3 

energy using the He beam delivered by the Orsay MP Tandem accelerator. The 

outgoing a particles were detected in 8 position sensitive detectors (PSD) 

in the focal plane of the split pole magnetic spectrometer. The solid angle 

of the spectrometer was 1.7 msr. The targets consisted of self supporting 

metal foils of 1 I 2Sn (420 ug/cm2, 83.64% enrichment), l l 6Sn (290 pg/cm2, 
120 2 

95.74% enrichment) and Sn (380 ug/cm , 98.4% enrichment), prepared by va

cuum evaporation. An overall energy resolution of 38 keV was achieved. The 

alpha particle spectra obtained for the three targets are presented in Fig. 

1 and 2 for the low-lying states (E < 4 MeV). The excitation energy range 

from ^3 to ̂ 16 MeV, where the T and T components of inner hole states are 

observed, is displayed for the three isotopes in Fig.3a,b,c. 

The absolute cross sections were determined by measuring the thick

nesses of the targets using an a gauge. The beam current was measured in a 

Faraday cup. The error in the absolute cross-section scales is estimated to 

be of the order of ± 13%. The excitation energies of the observed levels have 

been determined from calibration of the PSD using both a Th C a source and 

reaction a particles. The uncertainties on the excitation energies are esti

mated to be of the order of ± 8keV for strong transitions up to 6 MeV and 

about ± 15 keV for weaker or complex groups for E x> 6 MeV. Angular distribu

tions have been measured from 4° to 22°, typically by 2° steps, in the case 

of the 1 1 6Sn( 3He,a) l l 5Sn reaction. The spectra of the ',2Sn(3He,a)'''sn and 
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Sn( He,a) Sn reactions have been measured at 8. v=4° and 12° for compa

rison. The most forward angles could only be measured, with reasonable beam 

intensity, by removing the defining slits at the entrance of the scattering 

chamber. 

In Fig.1,2, one can notice that, above "\<2MeV, the spectrum no longer 

consists of well separated levels. Peaks or groups of peaks are however 

clearly identified at most angles and angular distributions could be obtai

ned for Sn by dividing the spectra into adjacent slices carefully chosen 

in order to be consistent with our previous (d,t) work. The experimental an

gular distributions,obtained using such a procedure,were found to be rather 

simple, and could in most cases be fitted by a dominant & transfer, due to 
3 the high selectivity for large £. values of the ( He,a) reaction. 

H I . Distorted waves analysis, optical potential parameters. 

The experimental angular distributions obtained in the study of the 

Sn( He,a) Sn reaction were analysed first in the framework of the DWBA 

theory of direct reactions. The calculations of the theoretical curves were 
D 

made using the code DWUCK with the zero range, local approximation (ZRL). 
3 A number of different sets of He and a optical potentials (deep fa-

9 milies), taken from the compilation of Perey et al. and/or from some more 

recent elastic scattering and transfer reaction studies , were used in or

der to reproduce the strongest transitions at E =614 keV, 7/2 -E =714 keV, 

11/2" and E = 985 keV, 5/2 , in Sn. No significant differences were obser

ved in the shapes of the angular distributions or in the resulting relative 

cross-sections for different i. values. However, depending on the choice of 

the optical parameters, the absolute cross-sections were found to show dif

ferences of the order of ± 15% for a given level. 

5 



Table I gives the adopted sets of parameters ' for the He and a 

channels. The same potentials were used to extract spectroscopic factors for 

the well known low-lying levels in ' Sn. The normalisation constant N 

was taken equal to 23 in the whole analysis. 

A more refined analysis, taking into account two-step processes for 

some levels in Sn or using a Lane form factor for T states, will be dis

cussed in Sec.IV and VI. 

IV. Fragmentation in the low and intermediate energy region (0.<E <'\'3.7MeV) 

A. DWBA analysis of the Sn( He,a) Sn reaction 

The measured cross sections for the first low-lying levels (1/2 ,3/2 , 

7/2+, 11/2", 5/2+) in Sn clearly demonstrate the selectivity of this reac

tion for high spin states (see Fig.1,4). Moreover, the transitions : £=0 to 

the E =0.0 and 1964 keV levels, strong in the (d,t) spectrum, are barely visible 
3 in the (He,a) spectrum (see Fig.1,4 and Table II). 

Above 2.6 MeV excitation energy in Sn the observed cross section 
3 

remains large in the ( He,a) spectrum (see Fig. 1) while in the (d,t) spec
trum the. cross section is much smaller in the same excitation energy range. 
This observation suggests that high Z components are present in this part of 
the spectrum. 

The experimental angular distributions are displayed in Fig.4 and 5. 
3 As expected for the ( He,a) reaction, they are not very characteristic of 

the transfered angular momentum, especially for two transfers differing by 

only one unit of & (£=4 or 5 for example). However, a careful comparison be

tween the experimental data and theoretical DWBA curves allows in most cases 

an unique 2. assignment for the observed levels in Sn. In addition, compa-
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rison has been made with the Sn(d,t) Sn results, in order to clarify 

any ambiguous assignment due to the contribution of two different $, values 

within the same complex peak. The deduced spectroscopic information is pre

sented in Table II together with the C S values from the Sn(d,t) Sn 

study . The main characteristics of the intermediate energy region (E = 1 

to 3.7 MeV) are the following ;• 
2 i) The states observed for the first time in the (d,t) experiment 

3 
with an angular momentum A S 3 are clearly enhanced in tie ( He,a) 
spectrum : 

. The 1950 keV state, which dominates this part of the spectrum, has 

a definite Jt=5 angular momentum transfer, suggesting J =ll/2~ from shell mo

del considerations. 

. The 2155, 2370 and 3670 keV states have angular distributions in 

good agreement with an &«4 transfer, leading to spin and parity assignments 

J1T-7/2+ or 9/2+. 

. The 2305 and 3290 keV states have an £-3 angular distribution, sug

gesting spin and parities J =5/2" or 7/2". 

3 

ii) In addition, new states are observed in this ( He,a) experiment : 

. The 1805 keV state has an angular distribution nicely reproduced by 

an J2=6 transfer. 

. The peaks or groups of peaks located respectively at 3070, 3190, 

3405 and possibly 3490 keV are populated through an £=5 transfer. An £=4 com

ponent may also contribute to the complex 3070 keV peak, as suggested by the 

(d,t) analysis. 

. A number of weaker transitions are identified as £=4 (E = 2487 and 

3590 keV), 2=5 (Ex=2890 and 2985 keV) , «.=6 (Ex=2860 keV) ; the rather 

strong 2745 keV transition might also be £=6. 
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iii) We would like to stress that probable 1-3 transitions are obser-

3 

vcd at ̂  2080 and 2208 keV. In both the (d,t) and ( He,a) studies, these le

vels are observed as complex peaks and have dominant &=2 contributions in 

2 
their angular distributions. However, the extracted C S values assuming a 

3 

simple 1=2 transfer are much larger in the ( He,a) study than in the (d,t) 

work. An attempt was made to explain the discrepancies by introducing small 

contributions from an £=3 angular mûmentum transfer in the DWBA analysis. The 

resulting fits to the experimental data assuming £=2+3 mixing are presented 

in Fig.4 and the deduced C S values are listed in Table II. These 1=3 contri

butions are in agreement with the spin assignments (5/2,7/2) for the level 
12 

at 2207 keV in Maduema's work and with the recent results of Fleming et 

al. in their study of the Sn(p,p') Sn reaction. In this last experi

ment, strongly excited levels at E = 20SO, 2200 and 2310 keV are assigned 

^=5/2" or 7/2". 

iv) Finally, we note the rather large discrepancy observed between the 

3 
spectroscopic factors deduced from the ( He,a) and (d,t) reactions, for the 

unambiguous 1=2 transitions populating the levels at E «= 1280 and 1420 keV 

(see Table II). The behaviour of the two states, in the two experiments, is 

2 obviously different, leading to the observed differences in the C S values. 

2 

As was already pointed out in the previous (d,t) work , these levels are res

pectively the second J '=3/2+ and J =5/2 levels of Sn and are predicted 

to have wave functions containing very large J3s.._ H2 +> collective compo

nents. This is confirmed by the strong excitation of these levels in the 

13 
(P»Pf) experiment of Flemraing . The observed anomalies are therefore very 

probably due to two-step processes in both reactions. 

In summary, the intermediace energy region in Sn (E = 1 to3.7McV) 

is dominated by a large number of transitions with 1-3, 4, 5 and 6 transfers. 

In the framework of a simple shell model the observation of such A=6 ( 1 l/2+, 13/2 ) 



as well as £=3 (5/2~,7/2~) states at so low an excitation energy is clearly 

unexpected. It is also quite difficult to explain the presence of "anomalous" 

negative parity states populated through an £.= 1 transfer (l/2~,3/2~), strong-

2 
ly enhanced in the (d,t) experiment . The observation, at low excitation 

energy, of these "anomalous X." states populated with small but non negligible 

2 
spectroscopic factors (C S<0,2) is an indication of the need for a refined 

description of the low-lying levels of Sn. The introduction of a weak-

coupling model, already proposed in our previous (d,t) study to explain the 

115 

fragmentation of the i=2, (2d.,2 and 2d 5, 2) subshalls in Sn, could give a 

quantitative explanation to the fragmentation observed in this excitation 

energy region for the £> 2 orbitals in Sn. 

B. Weak coupling model for Sn. 

In order to explain the population of "anomalous states" in the inter

mediate excitation energy region, an unified model calculation has been per

formed. The quasi hole neutron configurât;'jns of valence as well as of inner 

orbitals are coupled to the quadrupole (2+) and octupole (3~) vibration modes 

lift 
of the doubly even Sn nucleus. The required formulae involved in these 

calculations are rather standard and have been reported in detail, for exam

ple in Ref.14. The computer code QUPHONON, written by K.Heyde , was used to 

obtain the wave functions of the Sn levels based on this model. All combi

nations up to 3 quadrupole and 2 octupole phonons, with experimental phonon 

energies 41(0, = 1.27 MeV and <Hu3= 2.27 MeV, are introduced in the calculations. 

The quasi hole neutron valence orbitals outside the N=50 core (3s. ,„, 2d,.,.,, 

2d,»,, Ig,,„, lh.. ,,) as well as inner neutron hole orbitals <)g_,_, 2p. ,,, 

2p„,„, 'fc/o a n d '^7/2^ w e r e also introduced in the calculations. The valence 

2 
occupation probabilities V. were taken as (.he mean values between those ex-

, 1 i r lift 

tracted from previous neutron pick-up data '"'' on Sn and those from the 
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3 
present ( lie,a) data. This procedure seems to relax somewhat the dependence 

on momentum mismatch effects in a particular reaction and on reaction mecha

nisms. The different allowed combinations for a given J value, up to an exci

tation energy of E = 12 MeV, are taken into account to prevent any effect due 

to a limited configuration space in the relevant excitation energy region. The 

3V 1_ . . 
coupling strength Ç,. = <r 3— > &•> Z—7= is estimated from inelastic scatte-

À 

ring or Coulomb excitation measurements, using the currently adopted value of 
3V 

40-50 MeV for the expression <r-g— > . The values of Ç, as well as the quasi 

hole energies were considered to some extent as parameters in tLe analysis in 

order to reproduce the level sequence of the first well known low-lying levels 

in Sn, where the lowest level of each spin is known to carry the main part 

(> 75%) of the corresponding measured strength. The largest deviation (465 keV) 

between any n£j quasi-hole energy and the experimental excitation energy of 

the corresponding lowest J excited state is found for 2d.,,,showing a rela

tively larger fragmentation of this orbital. The resulting values of Ç, and 

2 
Ç, , quasi-hole energies K and occupation probabilities V. are reported in 

Table III. The agreement is rather good as shown in Fig.6. The large spectros

copic factors of the first 5 levels below 1 MeV are well reproduced by the 

unified-model. These theoretical values are defined as C S= (2j+l) V. C. 0 + 

where C O is the amplitude of the SLi quasi-hole coupled to the 0 + ground 

state core. The first level of each spin has a rather pure single hole charac

ter (C.0+S0.92, except for the 5/21 level where C.0+=0.84), leading to very 

2 
small predicted C S values for all the other states located above 1 MeV, in 

agreement with the general trend experimentally observed. 

The introduction of 5 inner orbitals extends our previous unified mo

del calculation in Sn where only the l&n/? inner orbital was considered in 

addition to the 6 valence orbitals. Thus the present calculation predicts in 

particular that small but significant fractions of the 2p and If strengths 

10 



are concentrated ou a few relatively low-lying (2 to 3 MeV) levels, in agree

ment with the (d,t) observations and with the predictions of ref.17. We wish 

to emphasize that these calculations predict large i transitions, populating 

posit:.ve (7/2+ to 11/2+) and negative (5/2~ to 11/2") parity states in the 

3 
intermediate energy region of the ( He,ex) spectra. A comparison up to 2.5 MeV 

is presented in Fig.6. 

The general trend of the experimental results (levels excitation ener

gies, spins and parities) is rather well reproduced by the present unified model 

calculation, with however some discrepancies between theoretical and experi

mental spectroscopic factors. One notices that two-step pick-up amplitudes may 

2 
interfere with direct pick-up ones and may thus modify the deduced C S for the 

levels above ^ 1 MeV which have obviously strong collective components. 

C. Coupled channels calculations for Sn. 

Coherent coupled channels calculations for the Sn( He,a) Sn reac

tion at 39 MeV were performed with the weak-coupling wave functions discussed 

18 
in the preceding paragraph, using the code CHUCK . 

The general features of these calculations, for purely collective 

states (pure two-step process only), are the following : 

i) collective excitation in the a channel plays an important role and 

3 
has to be taken into account, in addition to the He one. 

3 3 ii) the two inelastic form factors involved in the inelastic (He, He') 

or (a,a') channels were calculated using similar 3Rdeformation lengths 

iii) the angular distribution of a level with total angular momentum J 

in a multiplet |nî.j H 2*> is rather similar to that of a direct L,J equivalent 

pick-up if J=L + r e , when j = £ + -=• e (with e = ±l). On the contrary, the 

members of the multiplet with J=L--j e have a typical "bell" shape angular 

distribution and smaller cross-sections. 

11 



In the excitation energy range : 1.5 <E < 3.5 MeV, most of the weak 

coupling wave functions are a mixture of strong collective components plus a 

one hole component. These wave functions were used to perform coupled channels 

calculations : a few typical comparisons between the resulting theoret;cal an

gular distributions and the experimental ones are presented in Fig.7. Taking 

into account the complexity involved in such calculations, the agreement can 

be considered as acceptable. The new state observed at 1805 keV is well repro

duced by the calculations assuming it is the 1111* member of the |lg7..H2+> 

multiplet. As mentionned in (iii) above, we notice that the pure two step 

curve is very similar to the £=6 direct transfer one. 

The one hole component generally dominates (due to matching conditions) 

the population of the other levels although the addition of the two step am

plitude changes significantly the predicted cross sections, partly solving 
2 

the "apparent" discrepancy between predicted and observed C S. The spin assi
gnments proposed for the strongest US 3 "equivalent" direct transitions obser
ved in the present experiment between •*> I. and ̂ 3.7 MeV, are summarized in 
Table IV and Fig.7. 

We wish to draw attention to the observation of some weaker structures 

between ^ 2.9 MeV and ̂  3.6 MeV, having an £-=5 dominant behaviour. They are 

in agreement with the weak-coupling picture which predicts several 11/2" sta

tes in that region, due to the fragmentation of the II/2" member of the 

|2dg,„H3~> multiplet, by interaction with other multiplets (see Table IV). 

The wave functions of these states contain a significant b... .- quasi-ho3e compo

nent. 

Ke would like to point out. that these calculations also account for 

the shape and about half of the cross section of the 2600 keV peak, obviously 
3 complex in the ( He,a) experiment while observed as a single peak and assi-

!2 



2 3 . . 
gned pure £=1 in the (d,t) experiments ' . The calculations describe this 

state as the 1/2" member of the |1g7,„H 3—> multiplet, with a quite large 

(CO =0.26) inner hole component, in agreement with Koeling and Iachello's 

calculations on the fragmentation of inner orbitals. 
3 

In summary, the ( He,a) reaction has revealed or confirmed the obser

vation of new states in the i> 1.6 MeV to ̂  3.7 MeV excitation energy region 
115 

of Sn ; the population ot such states is well reproduced by the weak-cou
pling model and two-step calculations. 

The selectivity of the reaction allows the observation of rather high 

spin states with strong collective character, which are difficult to observe 

in (p,d) or (d,t) reactions or even in inelastic scattering, where only the 

population of states corresponding to the coupling of collective even core 

states with the l/2+ ground state is strongly enhanced. 

He have also shown the necessity of including the inner hole states 

in the model, in order to explain some "anomalous" spin and parity states 

lying at low excitation energy. This fragmentation reveals a strong coupling 

between these inner hole states, lying at rather high excitation energy (> 5 

MeV) and the first (2+,3~,...) collective states of Sn. 

D. The m ' , 2 0 S n ( 3 H e , a ) , n ' I I 9 S n reactions. 

The neutron hole distributions in Sn and Sn were investigated 

up to i< 16 MeV excitation energy. The experimental data were recorded at two 

angles (4° and 12° laboratory angles) for comparison with the Sn data. The 
4 16 19 . 2 

neutron pick-up data ' ' on these nuclei are rather scarce and, for C S 

informations, the only possible comparison with previous work was with the 

(p,d) study of Flemming , which was however limited to the low-lying levels 

(up to 655 keV in Sn and up to 2.2 MeV in Sn). During the writing 
20 112 

of the present paper, new (p,d) data at 27.5 MeV incident energy on Sn 
13 



3 became, available. So ( He,a) experiment has previously been reported on these 

two nuclei. 

Typical energy spectra are given in Fig.2, obviously showing quite 

different features. This is not surprising in view of the weak-coupling pic

ture described above for Sn. The quasi hole valence energies involved vary 

quite strongly from one isotope to the other (as can be seen from the rela

tive position of the first strongly excited 7/2+ and 5/2+ states as compared 

to the 11/2" one). In addition, the evolution, although smoother, of 2 + and 

3~ phonon energies of doubly even Sn isotopes have to be taken into account. 

119 
From i<2. MeV to "^.ôMeV, the spectrum of Sn appears obviously more 

111 2 
complex than the one of Sn. A comparison between 0 S values for the first 

strongly excited low-lying states of ' ' Sn is presented in table V, 

together with the results from previous (p,d) studies ' and with the re

sults of our weak-coupling calculations, extended to Sn and Sn. The re

sults are now discussed for each isotope, in the framework of this model. 

Sn. Above •>» 1. MeV excitation energy, very little is known about 

this isotope. In the present experiment, from "V I. to "^3.5 MeV excitation 

energy, the spectrum is dominated by previously unobserved strong structures 

located at 1280, 1470, 2070 and 2320 keV. The peak at 12S0 keV is obviously 

complex and, although it includes the 5/2 state observed at 1320 keV by 
19 3 

Cavanagh , its important population in the ( He,a) experiment strongly sug

gests that a new level is populated by an &> 2 transfer. The first low-lying 

multiplet |lg 7. 2H2 +> should lie around 1.26 MeV in Sn (the 2 + state in. 
112 3 

Stt being at 1.26 MeV), with strong enhancement iv» the ( He,a) reaction of 

the 7/2+ member of this multiplet ; we chercforc suggest that the new state 

at 1280 keV could possibly be the 7/2+ member of this multiplet. The second 

multiplet |2d,,, 3 2+> is expected around 1.41 MeV, with preferential enhan-14 



cement of the 9/2 member, as was observed in the Sn case. We therefore 
tentatively assign J =9/2 + to the 1470 keV state. Our proposed J =7/2 + and 
9/2+ for the levels at 1280 and 1470 keV are compatible with values of 
(5/2,7/2,9/2)+ proposed by Madueme in his y-decay work and in agreement 

20 with two-step DWBA calculations of the recent (p,d) work . 

Negative parity levels, based on the coupling between the 3" state in 
112 

Sn (at E x=2.35 MeV) and the lg 7/ 7 and 2d.,, hole configurations are expec
ted around "o2.4 MeV in Sn. In addition, the |lh..,„H2+> multiplet is also 
expected in the same energy region i.e. 'i< 2.24 MeV. Thus, negative parity 
states should dominate above "\> 2 MeV in the Sn spectrum and the strong and 
complex structures observed at 2070 and 2320 keV probably include, as in Sn, 
levels corresponding to 1=5 (11/2*") and 4=3 (5/2~,7/2~) transitions. This as-12 sumption is in good agreement with the proposal by Madueme of a level at 
2060 keV with J£7/2, negative parity. 

1 1Q 

Sn. In this isotope the lg 7/ 2
 a n c l ^tL/» orbitals are usually assu

med to be quite full. The corresponding 7/2* and 5/2* states lie above 750 
keV, in a region where weak coupling states are known to appear (the one pho-
non 2 + state lies at 1.17 MeV in Sn and the two members of the [ 3s , 2 H 2 + > 
multiplet have been observed around 920 keV). A fragmentation of these orbi
tals is therefore expected while in Sn the 7/2, and 5/2, are the two first 
excited states, with rather pure hole character. The fragmentation of the 
2d./, orbital is well established, the strength being appreciably split be
tween at least two known '" * J l r=5/2 + levels at 1090 and 1355 keV, while 
in Sn the 5/2, level still concentrates most of the strength. In the case 

+ 119 
of the lg 7/ 2

 o rbital and of the 7/2. level (at 788 keV in Sn), we empha
size the drastic decrease of the strength of this component as A increases, 

115 119 . 4 
observed in our work between Sn and Sn and in the work of Flemming 

15 
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between Sn and Sn. The 5/2. and 7/2, trends are reproduced by the weak 

coupling calculations. 

We wish to point out that the peak observed at 1355 keV in our experi

ment is obviously a doublet showing evidence, besides the known 1355 keV 

(5/2+) level, for a new state at i» 1385 keV. The rather strong population of 

3 • • 

this state in the ( He,a) reaction indicates the presence of a transition 

with %>ï. It could possibly be the l=A transition corresponding to the popu

lation of the 7/2+ member of the |2d,,2H2
+> multiplet : this 7/2+ level has 

123 129 21 
been observed from Sn to Sn in radioactivity work by Fogelberg et al. ' 

119 
and it has a much stronger calculated one hole component in Sn (C.0+=0.41) 

than in Sn and Sn, where it is almost purely collective (C.0+^0.04). 

It is clear that higher resolution data and complete angular distribu

tions are needed for Sn and Sn (and other Sn isotopes) in order to fur

ther test the weak coupling model in the intermediate excitation energy range, 

seldom investigated up to now. 

V. Inner hole states in ' ' Sn. Fre ..mentation of the !gq/2 strength. 

As discussed above, very little hole strength is expected beyond 3.5 

McV excitation energy for the valence hole orbitals (d,. ,„,d̂  ,2,g7/,,li.. .,) . 

Therefore the strong structures observed around 4.2, 5.4 and 5.6 MeV in the 

residual spectra of Sn, Sn and Sn (see Fig.3a,b,c) have been previ-

t q c c 

ously ' ' ' attributed to neutron pick-up from the next inner orbital i.e. 

the lg<w2 orbital. 

These structures (refered to in the following as "bump B") are clear

ly fragmented in rather well separated peaks, or groups, in Sn and Sn 

119 1 
and to a lessor extent in Sn. The fiue structure first reported tor the 
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lg q, ? hole orbital in Sn is clearly confirmed and even enhanced in this 
3 . . . . 
( He,a) experiment, as shown in Fig.8. A detailed comparison of the fine 
structure, in the 3 Sn isotopes studied in the present work, is presented in 

Fig.9. On both sides of the main structure (B), at smaller (region A) and 

higher (region C) excitation energies, weaker groups are also observed. Above 

5.2, 6.5 and 7.0 MeV excitation energies, the ' ' Sn spectra no longer 

present noticeable fine structure, but rather b>.-oad and weak structures (around 

9 MeV in ' Sn) and slowly decreasing cross section (see Fig.3a,b,c). A 

flat continuous background is finally observed in the energy range of the ana

log states (E > 10 MeV). 

In order to carry out a detailed analysis of the structures observed 

in the 3 isotopes, the "fine structure" part of the residual spectra was di

vided into adjacent slices chosen after a careful comparison of the behaviour 

of the spectra at all angles. The main part of the bump B has limits which 
3 are consistent with the ones chosen by Van der Werf et al. in their study of 

the (d,t) reaction on the tin isotopes and correspond to the narrow &=4 part 

of the observed structures. All the deduced cross sections were determined 

after substraction of a continuous backsround (as defined in Fig.3a,b,c and 

Fig.9) which smoothly connects the flat part at high excitation energies to 

the minima of the cross section observed at all angles in the lower energy 

range (i.e. 3-3.5 MeV). In the absence of any prediction for the background 

shape and magnitude, the adopted procedure seems to be the most consistent 

one in order to extract the peaks or structures cross sections. One can no

tice in Fig.9 that the region A, corresponding to strong discrete peaks in 

Sn and to some weaker states in the two other isotopes, is observed above 

a rising background. The upper, decreasing part of the bump (region C), does 
119 . 

not:contain narrow states or groups in Sn and was not considered in the 
analysis of this isotope. 
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A. il identification. 

115 

Typical angular distributions of different slices of the Sn spec

trum are presented in Fig. 10 together with the corresponding DWBA curves. The 

ratio R of the cross sections at 4° and 12° lab. angles are given for the 

three Sn isotopes in Table VI. 

1 15 
In Sn, the main features of these results are the following 

The angular distributions of the peaks 5.a region B are all very similar and are 

individually best fitted by the £=4 DWBA prediction. The whole region B is 

nicely reproduced by an £=4 transfer as shown in Fig.10. The strongest peaks 

previously observed in the (d,t) experiment also corresponded to an £=4 

transfer, but some groups in the same excitation energy range were also popu

lated through an Z=î transfer. It is clear from Fig.8 that the angular momen-

3 115 

turn matching in the ( He,a) reaction, near 5 MeV excitation energy in Sn, 

strongly enhances the £»4 as compared to the H=l transition. This leads to a 

more reliable determination of the £ e4 strength in the main structure, as com

pared to previous (d,t) or (p,d) studies. 

Region A exhibits also rather pure £=4 states, while around 4.5 MeV, 

contributions of levels with i=l transfer are observed. Additionnai £=4 

strength is observed in region C, but almost all the levels or groups of le

vels have their angular distributions obviously modified by £=1 contributions 

(see Table VI). Such £=1 strength around 4.2 and 6.2 MeV in ' 5Sn is in over-
3 

all agreement with the previous works . 

In the excitation energy range above region C, the angular distribu

tions of slices around 7.5, 8.5 and 11 NeV are reported in Fig.10. The rising 

shapes at forward angles demonstrate the population of £=1 components. This 

evidence is especially clear at 1! MeV. At this excitation energy, the match

ing condition for an &-\ transfer becomes rensonnably fulfilled. We would like 
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to point out the large spreading of the £.= 1 components (4 MeV < E < 11 MeV) 

in Sn. 

Turning now to the Sn and Sn results, one can notice the rather 

small and constant ratio R in the whole region B (see Table VI). These re-
115 

suits, compared to those obtained for Sn, suggest the population of £=4 

components, in agreement with previous works ' ' . In Sn, the new group 

of levels observed in region A seems also to have pure £=4 character and car

ries an appreciable amount of the lgq/o hole strength. The region C exhibits 

a number of narrow states in Sn whereas in Sn almost no fine, structure 

is observed in the tail of the main structure B. 
B. Fragmentation and observed strength of the lgg/2 inner hole. 

The spectroscopic factors for each individual peak or group of peaks 

observed in the "fine structure" energy range (regions A, B and C) for Sn, 

Sn and Sn are reported in Table VI. The mean excitation energy, width 

and total spectroscopic strength of the main structures are summarized in 

Table VII. We would like to emphasize the following points : 

- The most striking result is the observation in the three isotopes of 

a limited number of narrow peaks which have an £=4 angular distribution. It 

is also interesting to notice the evolution of the fine structure with the 

mass number, leading to very small peaks superimposed on a wider bump in 
1 1 9Sn (see Fig.9). 

- The narrowest part of the bump (region B), as deduced irom this ana

lysis, accounts for aLout 25% of the lgg/, sua rule limit in the three isoto

pes. This result, and also the deduced widths, agree with those of Ref.3 for 
115,119c T „. „ III0 ,. . . 

Sn. In the case of Sn, some discrepancies are observed between the 
present results and those of Sef.3. In that study of the (d,t) reaction 
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region A was not separated from tha main structure, but the tota; strength 

observed in regions A+B was only 25% as compared to the 38% measured in the 
3 . . 
( He,a) reaction in the same energy interval ; the deduced widths in the two 

experiments are not consistent (see Table VII). We do not observe the minimum 

in the width of the main bump for Sn. This minimum, attributed to subshell 

closure, is certainly not very pronounced and remains a puzzling problem. 

- The total strengths, measured for the whole A+B+C region, decrease 

from 62% to 43% and 28% from Sn to Sn and Sn. These figures might be 

increased by choosing a different background but will, in any case, remain 

rather low as compared to the sum rule limit. Part of the missing strength 

seems, according to the present experiment (see Fig.10), somewhat spread up 

to rather high excitation energy CMOMeV), in agreement with ( He,a) experi

ments ' at high energy (E> 100 MeV) on Sn isotopes. These last experiments 

give rather large £"4 or 3 contributions up to 8- 11 MeV excitation energy. 

Further experiments are needed to settle this point. 

It is worthwhile to recall that standard J)WBA analysis may not be well 

suited for highly fragmented hole states. The use of a standard form factor 

may be questionnable but, in addition, other effects may also play a role. 

For example, if large collective components exist in the wave functions, pre

liminary estimates of two step effects indicate small corrections of the main 

structure strength, but rather large effects (50% to 1C0%) in the high ener

gy tail of the strength distribution. 

C. Discussion. 

The observed fragmentation in the three isotopes are compared in Fig. 

II with the predictions of Koeling and Iachello . According to thesa authors 

the lgq/o inner hole strength is first fragmented over the collective 3 Q.P 
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and 5 Q.P states (1 phonon - 1 Q.P and 2 phonons - 1 Q.P states). An addition

nai spreading results from the small mixing of these collective states with 

the many close-lying non-collective 3 Q.P and 5 Q.P states : the combined 

fragmentation and spreading widths are predicted to increase from Sn to 
11 q 

Sn, in agreement with the present experimental trend for the main struc

ture B (see Table VII). The theoretical strengths are, however, much larger 

than the experimental ones and the strong fragmentation observed is not at 

all reproduced. 

22 
A very recent report by Vdovin et al. gives somewhat different pre

dictions for the lgn/2 strength. In a 1 MeV energy interval around the main 
structure, in " ' * ' 1 5 , 1 1 9 ' I 2 1 S n , these authors obtain 49% to 43% of the 
strength and typically 45% for Sn as compared to 75% in Ref.17 and to 25% 
experimentally observed. This strength decreases from A= 111 to A= 119 in 
agreement with experiment where, however, this effect is much more pronounced. 
The improved agreement with experiment is attributed to the following fea
tures : first the calculation includes X>3 phonons in addition to the qua-
drupole (2+) and octupole (3~) vibrations, which nevertheless play a major 
role in the fragmentation. Second, the quasi-particle-phonon interaction 
strengths and the level density arc somewhat larger. This increases both the 
strengths of the 1 phonon-Q.P fragments (the doorway states) and the spread
ing by coupling with complicated states. Anyway, none of the two calcula-

17 22 
tions ' is able to reproduce the strong fragmentation revealed in the ob
served fine structure. 

In Ref.22, the spreading is described by a phenomcnological spreading 

width A (500 keV) which seems too large, taking into account the experimental 

results, at least for Sn, as shown in Table VII. In this nucleus (and par

tly in Sn) , the fragmentation into two or three main groups of strong peaks 
23 is the main feature. According to Nomura , such groups of peaks 

21 



as observed in ' Sn( Sn) on the low energy side of the main lgg/? 

structure may be related to coupling effects with proton core polarized sta

tes. Anyway, in spite of the uncertainties in the experimentally deduced ab

solute spectroscopic factors, it seems that a significant part of the strength 

may lie at higher excitation energies, up to 9-11 MeV. It would be interes

ting to consider in particular the coupling with the octupole resonance (LEOR) 
24 recently observed in even-even Sn isotopes near 6.2 MeV excitation energy 

with a strength leading for example in Sn to the same 3 value as the one 

observed for the 37 state. 

VI. Neutron pick-up to analog states in ' . ' Sn. 

25 The neutron pick-up reaction is well known to excite j.n the residual 

nuclei, both T and T components of an isospin doublet. Until recently the 

available data on hole-analog states were limited to a large extent to T 

states in medium weigth nuclei. However, the advent of high energy beams as

sociated with sufficient energy resolution in the exit channel have allowed 
^ c "J \ (\ o /L o*7 

the investigation of such narrow levels in heavy nuclei • » » » ''" 3 n d 
O D Oft 

sowc very recent results have been obtained on hole-analog states in 
i.',̂  207 "Sin and Pb. In spite of a severe reduction of the hole strength, due to 

the isospin factor (1/2 T ), narrow states are still observable in transfer 

reactions at high excitation energies (10 to 20 MeV) above a continuous back

ground . 

These structures are of importance because they involve many aspects 

of nuclear structure and reactions (i.e. Coulomb displacement energy, total 

v?idths and mixing of the "doorway" states with the surrounding T levels, 

spectroscopic strengths and Dlv'BA analysis of "deeply bound" states, etc.). 

A simple calculation of Cou}oaib displacement energy shows that the 

ground state analogs in ' * Sn should appear around 10.4, 13.3 and 
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15.0 MeV excitation energy, respectively. The observed a spectra in the exci

tation energy range of interest are presented in Fig.12 for the three isoto

pes. In each residual nucleus one clearly observes a number of sharp levels 

standing above the continuum. These levels have both correct spacings and re

lative cross sections with respect to the excitation energies, angular momen

tum transfer and spectroscopic factors of their parent states in the In iso-
31-33 115 119 

topes . The first three analog states in Sn and Sn had been previ

ously reported ' in (p,d) and (d,t) reactions on ' Sn. Three new analog 

states in Sn, two new in Sn and the first four, previously unknown, 

analog states in Sn have been observed in the present work. 

These levels are located well above the proton, neutron and a thres

holds (for example S =8.73 MeV, SR= 7.53 MeV, S a= 3.20 MeV in " 5Sn) and 

their total intrinsic widths T have been extracted from the measured peak 

shapes by unfolding the experimental resolution (identified with the one ob

tained for bound states). Due to our finite resolution (38 keV) this proce

dure limits the accuracy of T to 10- 15 keV. The excitation energies and 

total widths for all the analog states observed are reported in Table VIII. 
34 Recently Bechetti et al. have measured the total width of analog 

3 
states in Sb and I isotopes by means of the ( He,t) reaction. The values ob

tained by these authors, in a very close mass region of the periodic table, 

are in good agreement with the ones listed in Table VIII for the Sn isotopes. 
35 A very recent high resolution study of the (p,d) reaction on the Sn isotopes 

leads to comparable results for the measured widths of the lgg/o» 2p_,? and 

2 pl/2* T> s t a t e s -

In order to obtain spectroscopic information on the T states in the 

Sn isotopes, angular distributions have been measured for the 6 analog states 

in Sn from 4° to 22° lab. angles. Only two angles (4° and 12°) have been 
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recorded in the case of Sn and Sn. The experimental results were compa

red to DWBA predictions using the parameters listed in Table I and the norma

lisation constant N=23. For the bound state wave function, the procedure was 

somewhat different from the one employed for the T states. It has already 

been noticed that the separation energy method (S.E) was questionable for 

levels with large separation energies (B ? 20 MeV) : the corresponding form 

factors have small amplitudes at the nuclear surface where the DWBA method is 

expected to be a good approximation. Therefore, in addition to the usual S.E 

procedure, we have calculated the neutron form factors for the T states by 

solving the Lane coupled-channels equations (C.C) for an isobaric analog 

37 pair . An isovector term 4U.(r) t . T/A for the coupling strength, with 

U, (r) = -V[ df (x)/dx and x=(l + exp(r-r A /a)) - 1 , was used in the cal

culations. The term V. (!I6 MeV) is related to the usual isospin coupling 

strength V. = 25 MeV by the expression V.«2aV]/r A . A modified ver-

eion of the computer code DNliïr was employed to solve the C.C equations. 

The results of such calculations are compared to the experimental dis

tributions in Fig.13. One should notice that the shapes of the theoretical 

curves are not dependent on the method used to compute the neutron form fac

tor. The spectroscopic strengths are presented in Table VIII fo- the T 

states in the three isotopes, together with the spectroscopic information al-

, , , . _ ,. 3,5,10,26 _. . , 3!-33 
ready known from previous studies or for their parent levels 

They are compared, in case of Sn, to the results of Sekiguchi et al. and 

3 . 2 
Van der Werf et al. and to their parent states proton hole strengths (C S •-

P 
(2T +1) C'S , where T is the isospin of the target nucleus) deduced from o n ' o " 
/j 3.i > , j- 31-33 (d, rle) studies 

The results of this analysis: of the ?. ststes in the Sn isotope; sut-

gest the following comments : 
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i) The shapes of the angular distributions (see Fig.13) are rather 

well reproduced by the DWBA calculations. The H=l transfers are the best fit-

3 
ted by the calculations : at these excitation energies the ( He,a) reaction is 

well matched for the (1=1 transition. The maxima (4° lab.) and minima (12° lab.) 

are very characteristic of an (1=1 transfer. This result has been used to es

tablish rather unambiguously the J£=l character of several analog states in 

' Sn (see Table VIII), for which only these two points have been measured. 

The £=4 angular distributions are also in overall agreement with the 

data. Only the very forward angle data (4°-7°) are systematically higher than 

the theoretical predictions (see Fig.13). This could reflect the angular mo

mentum mismatch (A£"v3) expected for su^h high t transfer. The ratio of the 

experimental cross sections at 4° and 12° lab. angles is very close to 1 and 

also very characteristic of an d=4 transfer. This ratio was used in order to 

assign an A=4 transfer to the Ex=» 10.47 MeV level in Sn and to the E x» 

14.98 and 16.47 MeV levels in l , 9Sn (see Table VIII). 

3 5 10 27 
ii) As expected from previous analysis on hole-analog states ' ' ' » 

29 30 33 40 

' ' ' , the separation enex'gy procedure leads to spectroscopic factors 

on the average much higher than the corresponding ones for parent levels (sec 

Table VIII). The disagreement is larger for the £=4 than for the Z-l transi

tions. Additional effect due to angular momentum mismatch, as reflected al

ready by the shape of the angular distributions, could be a possible explana

tion to these observations. The main argument which demonstrates the failure 

2 

of the S.E method comes from the fact that the deduced C S strength is lar

ger than, or equal to, the sum rule limit for the already fragmented ëq/y 

and P./n components. 

These discrepancies are reduced by the use of the C.C approach (see 

Table VIII). However, as mentioned in previous DWBA analysis of hole analog 
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. * • v. -, .10,26,29,30 . „ „ . •_, -i 
states in heavy nuclei ' a consistent comparison with the parent 
states spectroscopic strengths can only be made if one uses the proLou form 

2 factor from the Lane coupled equations to deduce the C S values. These cal-
115 2 

culations were performed for the low-lying states in In and lead to C S 
values lower by about 40-50% than the ones listed in the corresponding column 
in Table VIII. Under such conditions, the observed discrepancies between 

2 2 
(2T +1) C S and C S remain large (50-60%) for the £=4 transitions and with
in the uncertainties of DHBA calculations (15-25%) for £=1 transitions. More
over the introduction of the same isospin dependent part in the nuclear potcn-
tial for the analysis of the 1. states woul<!. increase the deduced CTS J < n 
strengths by about 30-40%, depending on the energy of the final states. 

iii) A more definite indication of the limits of the C.C approach in 
the analysis of the T > states in heavy nuclei comes from the energy splitting 
AE T=4(T +1/2) <£j |U.(r)|Jlj>/A , between the T < and Ty components of a single 
hole state. Using as before the surface peaked interaction,U.(r) correspond
ing to Vj= 116 MeV, leads to values lower than the experimental ones by about 
4 MeV (AE T'W.8 MeV for Sn) . Similar behaviour have been already observed 

10 26 '9 30 89 95 in the case of the splitting of the hole states » »~ » £ n * Zr and in 
Pb. Using a surface peaked interaction U.(r) a correct energy splitting 

could only be obtained with a value Vj = 210 MeV, corresponding to a volume 
term for the isospin dependent part of the nuclear potential V. = 35 MeV. This 
value is in good agreement with the ones deduced from binding energies syste-

.41 matics of hole states in heavy nuclei . V»c would like tc poMit out, however, 
that this result is inconsistent with the strength V!= 25 MeV deduced from 

qo 

elastic scattering and charge exchange reaction analysis" . It would also 
lead to larger discrepancies for the spectroscopic strengths of the low-lying 
neutron and proton hole states. 
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In conclusion, a number of new hole analog states have been observed 

in the Sn isotopes. Their identifications are based on their excitation ener

gies and corresponding Coulomb displacement energies (see Table IX), I trans

fers and spectroscopic strengths, as compared to their parent staves. The de

tailed DWBA analysis of such deeply bound levels has confirmed the inadequacy 

of the S.E procedure in reproducing their spectroscopic strengths. The use of 

the C.C calculations, although leading to a reasonable basic description of 

such states, cannot explain the energy splitting between the T and T compo

nents for high isospin levels (T >6) . This result can be tentatively explai

ned by our lack of knowledge concerning the actual form and strength of the 

isospin dependent part in the nuclear potential for heavy nuclei. According 
.43 . to theoretical descriptions of heavy nuclei it should include both volume 

and surface terms. A systematic study of the influence of a volume term in 

heavy nuclei should be undertaken in order to clarify this question. Addi

tional effects, due to matching conditions or to contributions to the cross 

section from the high density of T,. unbound states which are not explicitly 

included in the reaction mechanism, have also to be considered in the analy

sis of the strength of the analog pairs in heavy nuclei. 

VII. Summary. 

The present work, performed with good energy resolution (38 keV) as 
3 

compared to previous ( He,a) studies, allows the observation of a number of 
new features for both the valence and the inner hole states in the ' Sn 

119 
and Sn isotopes. 

In the intermediate excitation energy region, new states or groups of 

levels with Jt=4 and £=5 angular momentum transfers have been populated in 

Sn. These levels correspond to the fragmentation of the Ih,, .„ and Ig7,, 
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valence orbitals and have been explained in the framework of a weak coupling 

model. Both the shape and the magnitude of the cross sections for such levels 

are rather well reproduced by coupled channels reaction calculations, using 

the wave functions determined from the model. The one-hole components, even 

small, generally dominate the observed cross sections. This model also ac

counts for the population of "anomalous" £=6 transitions corresponding to 

J =ll/2+ states with collective character. A satisfactory explanation of the 

£=3 (5/2",7/2"), A=4 (9/2+) and £=l transitions is also obtained if one in

cludes in the calculation the lgq/7> 2p and If inner hole orbitals located 

above 4 MeV. 

In the two other isotopes, new peaks and structures :.th large Î. va

lues (£ > 2) are also evidenced in this work. Wc would like i point out the 

striking differences observed in the intermediate energy region (y 1 to 3.6 

MeV) in these two isotopes. This behaviour reflects, in the framework of the 

weak coupling scheme, the change of the neutron quasi-hole energies with in

creasing mass number, while the energies of the collective 2. and 3. remain 

comparatively independent of A. 

In the lgq/2 i
n n e r hole region, the experiment has established the 

existence of "fine strucLure" in the three isotopes, in agreement with the 

results of our previous (d,t) study on Sn. The modification of the fine 

structure aspect of this inner hole strength with the u>ass number is clearly 

demonstrated. A limited number of strongly excited narrow states around A.2 

MeV in Sn arc populated, whereas in Sn the fine structure is less pro

nounced and the small peaks are observed on an underlying broad buiiip. The 

( He,a) reaction leads to a more reliable measurement of the lg Q / 7 strength, 

since the lower S. components (2p) are strongly reduced in the bump region. 

These Jl=I components, however, appear en each side (A and C) of the main 

2fi 



structure B, which contains pure Î.-4 states. A very large spreading of the 

A=l strength up to t* 11 MeV is suggested by this experiment. 

The measured strength in the fine structure region (A+B+C) is equal to 

62%, 43% und 28% of the total strength iii the ' ' Sn isotopes. No more 

fine structurels observed above these regions and the cross section decreases 

smoothly up to the IAS region. The theoretical calculations arc able Lo re

produce neither the observed fragmentation nor the deduced spectroscopic 

strengths. 

The corresponding T inner hole components with large isospins (T> = 

13/2, 17/2 and 21/2 in respectively Sn, Sn and Sn) are nicely resol

ved. The analysis of such T components of inner hole states u=ing the Lane's 

form factor, is compared to the standard S.E procedure. Both calculations 

reproduce very well the shapes of the experimental angular distributions, but 

lead to rather different results for the spectroscopic strengths. The Lane 

coupled channels approach applied in a consistent way to both the parent pro

ton hole and the T neutron hole levels reveals a number of contradictory re

sults. The analysis demonstrates that for analog states with large isospin a 

more refined description of the isospin dependent part of the nuclear poten

tial is needed in order to describe the strength of the parent, analog and T 

states in heavy nuclei. 
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Figure captions 

Fig.1. The a energy spectrum from the Sn( He,a) Sn reaction at 12° lab. 

The numbers on the top of the peaks refer to Sn levels and are lis

ted in Table II. Two successive exposures at different magnetic fields 

were necessary in order to observe the complete range of excitation 

energy. The spectrum shown was obtained by combining two successive 

spectra accumulated at 12°, which had an overlap in excitation energy 

of about 200 keV. 

I j 2 3 HI 
Fig.2. The a energy spectra from the Sn( He,a) Sn reaction (top part) 

120 3 119 and the Sn( He,a) Sn reaction (bottom part). The low-lying levels 

in * Sn are labelled by their excitation energies, spins and pa

rities. Only the excitation energies are reported for levels above 

i« 1.2 MeV in both isotopes. The procedure used to obtain these spectra 

is the same as described in the caption of Fig.l. 

112 3 111 Fig.3. a) The a energy spectrum from the Sn( He,a) Sn reaction at 12° 

lab. The excitation energy range displayed (3.0 to 13 MeV) permits the 

observation of both T and T components of inner-hole states in Sn. 

The solid horizontal line going from "V 3 to 13 MeV represents our as

sumption about the background. The limits of the regions A, B and C, 

where is mostly concentrated the Igq/2 inner-hole strength, are indi

cated by vertical solid lines. In the horizontal scale, the binding 

energies of a proton (S ) and of a neutron (S ) are noted. The proce

dure indicated in the caption of Fig.l was used for the eight PSD in 

order to built the spectrum presented here. 

b) Same as a) for the ' 16Sn(3He,ci) " 5Sn reaction (3.5SE X£ 16 MeV). 

c) Same as a) for the Sn( Ile.a) Sn reaction (3.5 ̂ E 6 16 MeV). 
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Fig.4. Angular distributions from the Sn( He,a) Sn reaction to discrete 

levels with & = 2,3,»i,5 and 6 angular momentum transfers. The curves 

show the DWBA predictions. Each final state is identified by its exci

tation energy in Su. Vertical bars are statistical errors. 

Fig.5. Angular distributions from the Sn( He,a) Sn reaction for weaker 

and complex structures observed in the intermediate energy range 

U E {3.5 MeV. The curves are DWBA predictions for different S, values. 

Vertical bars are statistical errors. 

Fig.6. Weak coupling calculations for the Sn nucleus. The experimental 

excitation energies, spins, parities and spectroscopic factors are pre

sented and compared to the corresponding theoretical predictions. 

Fig.7. Comparison between experimental angular distributions and two step 

process calculators for some levels.in Sn. The weak-coupling model 

wave functions for such levels (with large collective components : see 

Table IV) were used in the calculation. Each state is labelled by its 

excitation energy, strongest collective wave function component 

I TT • • . I T 

I HnJ!.j> and proposed spin and parity J' . The comparison with the 

data is made for pure direct pick-up (DWBA or P.U), pure indirect pick

up (I.P.U) and combination of the two processes (P.U+Î.P.U). 
Fig,8. Detailed comparison between the "fine structure" of the lgn/o inner 

115 3 
hole state, in Sn as observed in the (d,t) and ( He,a) reactions. 

3 One can clearly notice the enhancement of the SL-'i levels in the ( He,a) 
spectrum, as compared to the (d,t) spectrum. The numbers on top of the 

peaks or groups refer to the centroid energies or dominant structure 

position of the adjacent slices used in order to extract the angular 

distributions of these fragmented and narrow structures. They were con

sistent with the ones chosen in the (d,t) study. The limits of each 

slice are indicated. 
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Fig.9. Comparison of the fragmentation and spreading of the Igg/? inner hole 

orbital in the ' ' Sn isotopes (fine structure regions A, B and 

C). Peaks or groups of peaks are labelled by the centroid energy of 

the adjacent slices used in the analysis in order to extract the angu-
2 lar distributions and C S of these fragmented structures (see Table 

VI). Typical deduced angular distributions for Sn are also presen

ted in Fig.10. The vertical and horizontal solid lines indicate res

pectively the limits of the "bump" regions (A, B, C, see text sect.V) 

and the background level used in the analysis of the data. One can 

clearly notice the broadening of the main structure B when the mass 

number increases (A=lll to 119). Shaded areas correspond to a mixing 

of £=4+1 transitions. 

Fig.10. Typical angular distributions of peaks or groups of peaks belonging to 

the "inner neutron hole region" in Sn. The angular distribution for 

each slice or group of slices, labelled by its energy limits or cen

troid, is compared to one step DWBA calculations assuming i=k, £=4+1 

or £=3+1 angular momentum transfers. In the high excitation energy 

range (E x>6.2 MeV) indications of £=1, 2p, components are clearly ob

served. A typical background angular distribution (5< E< 13.5 MeV) is 

also presented for comparison. 

Fig.11. Comparison of the experimental fragmentation of the lgg/2 inner hole 

orbital with the calculations of Koeling and lachello for the Sn, 

Sn and Sn isotopes. The size of vertical bars represents the 

strengths of the Igg/T * n t n e displayed energy range for both the ex-

perimental states and the theoretically predicted ones. The dashed 

curves represent the calculated spreading of the lgg/2 inner hole or

bital in the Sn isotopes. The vertical bars crossed by an oblique lino 
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indicate the regions where £=1+4 or £=1+3 strength has been observed 

(not pure £=4 regions). The calculation predicts a splitting of the 

'So/o neutron hole strength into two main structures : the weaker one, 

predicted around 5.1, 6.6 and 6.5 MeV in the ' ' Sn isotopes, 

comes from the coupling of the lg<w2 hole with the 2. level of the 

even-even target nuclei. 

Fig. 12. The a energy spectra from the , 1 2 ' ' 1 6 , I 2 0Sn( 3He,a) U 1 '' 1 5' , 1 9Sn reac

tions in the energy range where the T components of the Ig and 2p 

inner hole states are expected. One can notice, besides the strong 

peaks from C and 0 contaminants, a number of strongly excited 

narrow states. These levels, labelled By their neutron hole configu

ration, are the analog states of the Igg/o» ^p,-, and 2 p ) / 2 low-lying 

levels in the In isotopes. 
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Table I 

Optical parameters used in the analysis of the 
112,116,120. ,3„ .111,115,119., . , , Q , ' * Sn( He,a) ' ' Sn reactions at 39 1 

V 

(MeV) 

r 

(fm) 

a 

(fm) 

W 

(MeV) 

r . 
l 

(fnO 

a . 
l 

(fm) 

X Ref. 

3He 176.2 1.24 0.67 32.8 1.38 0.84 a) 

a 206 1.41 0.52 25.8 1.41 0.52 b) 

n • j u s t ed 1.25 0.65 25 

I 1 

a) Ref.II 

b) Ref.10 

1 
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J . » , 2 C 
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A - j 

prer er.t work 
! ! ! * % • Ill 

* M 0 
C'S 

1 

i : . , ( c , t > a : n^?ic E x I J . » , 2 C 

c s 
A - j E x « , t ) * : n°=p\C -x t * M 0 

C'S crs* ! 

23 KeV keV th is work (c,t) 1 
1 
1 

23 «eV keV t h i s vxirk ( i , t ) 

0 3 0 - i / 2 * _ i 
0.7 

keV 

500 1 500 3/2* 1 . 2 G.9 (2560) ( 1 ) (1 /2" ) (0 .15) 

61U 2 em 7/2* 7.S 5 . 9 2593 16 2600* 1 
+ 

Ï 3 

(1 /2" ) 
• 

> 5 / 2 -

(0 .32) 0.16 

'l"» 3 71U 11/2" 2.03 1 . 6 2650 
r JW H 987 5/2* U . 7 1 . 0 (2700) 

: ;&; i b 1Î80 3/2* o.xs 0 . 1 2735 1 9 27U5 ( 6 ) (13 /2*) 

:C35* 

I 

7 

I t 20 

1635 

S/2* 

3/2* 

0.205 

0.17 

0.C7U j 

0.13 i 

2805 2 0 2807* 2 
+ 
53 

( 5 / 2 ) * 
+ 

Ï 5 / 2 " 

(0 .05 ) - . 

«0 .1 

- « - 0 . 0 5 

I'.Sii 5 173!» 5/2* 0.13 0.15 J 2SS5 (2860) ( 6 ) 

- 3 1605 (11/2*) ( O . i t ) ~ 2 1 2390 5 ( H / 2 " ) 0.027 

i:-5f IL 1É57 7/2* 0 . 2 C.33 ; 2930 

•.su i". -.550 ( 1 1 / 2 ) " c.22 ( 0 . 0 7 7 ) . 295.7* f 2950 <2) (5/2*) S . U 0.C3 

is*. - 1/2* - 0 . » 2S30 2 2 2985 5,(H> (11/2") 0 .03 

U9S5) (2) - - > 30.A (5/2*) 0.025 

2 % : * ; 

I - 2070* 
(3) 

j 5/2*,(3/2*) 

! (5 /2" ,7 /2" ) 

(COS) — 

( 0 . i , C . 0 7 ) 

— 0.08 30o0 

3080 
2 3 3070* + 

5 

(9 /2*) 

(11 /2") 0 . 2 

0.032 

2-.5S ' J 2155 ( 7 / 2 , 3 / 2 ) * (0 .12 ,0 .07 ) - 3190 2 * 3190 5 (11 /2") 0.08 

2206* l * 2206* 

1(2) 

j 3/2*,<S/2*) 

! (5 /2" ,7 /2~) 

( 0 . 1 3 ) » 

(0 .22 ,0 .15 ) 

— 0,13 33C0 25 

26 

3290 

31,05* 

3 

S 

7 /2" , 5 / 2 " 0 .11 ,0 ,15 

:'232 15 2315 5 /2" ,7 /2~ 0 .19 ,0 .13 (0 .1 ) 3500 27 31.50* 5,1, i l l / 2 " , 9 / 2 * ) ( 0 . 0 9 , 0 . 1 ) ( - ,C,ûô3) 

i:-5= 1 i (25 (5 /2*) ( 0 . C 5 ) « • — C.05 26 35S0* ' . , ( 5 ) (9 /2* ,11 /2" ) <0.07 

irn U 2370 1 t (7/2 ,9/2)* 0.26,015 0.35 • 

21.50 ( 1 ) 3665 3.67 (9 /2*) 

2-.ÔS I17 2437* (7 /2*) 0 .11 
t 
1 3S90 2 9 it 0 . 2 0.17 

232: (5 /2*) - (O.Gl'O 371C 3.73 (S/2*) 

0 3(-c r v f . 2 ; only the lev e ls having an energy co r respondance with those observed in the p r e sen t ( He,a) work are given in column 1, 

* broad .Jiirdt, pos s ib ly a Joublet 

b) k:.nwn va lu t 3 or /and val ues proposed and used in tha p resen t DK3A c a l c . 

<—>ro.i:'.. 1 ;-..-. c C'S valu e or' (d,t . l s b ;en taken a s a reference 



Table III 

Input parameters for "Qu phonon" code 
(weak coupling calculations in Sn) 

nî. i E (MeV) 
qp 

V 2 

J 

Valence 

S h e l l s 

3s 

2d 

lg 

Ih 

2d 

1/2 

3/2 

7/2 

11/2 

5/2 

0.050 

0.600 

0.850 

0.900 

1.450 

0.42 

0.37 

0.89 

0.18 

0 .80 

Inner 

She l l s 

18 
2p 
2p 
If 
If 

9/2 

3/2 

1/2 

•5 /2 

7/2 

6.2 

6 .5 

7.5 

8.5 

9.5 

1.0 

1.0 

1.0 

1.0 

1.0 

fiw 2= 1.27MeV ; Ç 2 = 2 .0 
tfu)3=2.27MeV ; ? 3 = 1.0 



Tahle IV 

*Sn( Ho,a) Sn : summary of J proposed assignments from weak-coupling 

c a l c u l a t i o n and two-s tep process a n a l y s i s (£ 2 3) 

E 
X 

(experiment) 

(keV) 

IWIIA 

Unperturbed 

m u l t i p l e t 

E x (keV) 
(proposed) 

E x (model) 

t l i is work 

(UcV) 

Wave func t ions 

hole component+ c o l l e c t i v e component 

1805 

1857 

6 

4 

j | 2 + f i g 7 / 2 > 

) t 1900 

II12* 

112* 

1824 

1972 

0 + 0 . 9 l | 2 + H g 7 / 2 > + . . . 

- 0 . 3 4 | 0 + B g 7 / 2 > + 0 .77J2*Sg7/2> + . . . 

1950 

2208 

5 

(3) 

/ |2 + Hli l l /2> 

] •»/ 2000 

11/2" 

an~) 
2014 

1980 

0.27|0*SliI l /2> + 0 . 8 7 | 2 + H h l l / 2 > + . . . 

- 0 . 0 5 | 0 ' l ' o £ 7 / 2 > + 0 .94 |2 + Hhl l /2> * . . . 

2070 

2305 

(3) 

3 

/ | 3 _ E s l / 2 > 

| 12270 

C5/2") 

7 / 2 " 

2280 

2297 

0 . 0 5 | 0 + H £5/2> + 0 . 9 9 | 3 _ B s l / 2 > t . . . 

-0 .04 |0 ' ' H f7/2> + 0 .98 | 3"Msl /2> + . . . 

2155 

2370 

4 

4 

J |2 + HdS/2> 

] 1 2250 

7/2* 

9/2* 

2257 

2125 

0 . l 4 | 0 + H g 7 / 2 > + 0 . 8 6 | 2 ' l ' f l d 5 / 2 > + . . . 

- O . I 3 | 0 + B g 9 / 2 > * 0 .83 |2* t ld5 /2> + . . . 

2807 (3) 
/ | 3 _ « e 7 / 2 > 

J 1. 2800 
(5/2") 2852 0 .07 |0*B f5/2> + 0 .89 |3"Hg7 /2 : . + . . . 

3070 b ) J 
(4) 

|3"Bhll /2> 

l 3000 
9/2* 2985 0.063|0 +Hp,9/2> + 0.95;3"Bhl 1 /2> + . . . 

3070 b ) J 

5 

[ | 3 -Hd5 /2> 

[ i 3250 

11/2" 

7 /2" 

^3300 

3271 

0.0S| 0 +Khl l/2> - 0 .52 | 3 " S J5 /2* + . . . 

o r 0 .05 | 0*Bkl l/2> - 0 . 4 ! 3 " B d 5 / 2 - + . . . 

o r 0 .08 |0 + Hul l /2> - 0 . 3 7 | S ~ S à i l Z - * ... 

or 

0.056|0 + Og7/2> - 0.8A| 3 _ « d5 /2 -+ . . . 3290 3 

[ | 3 -Hd5 /2> 

[ i 3250 

11/2" 

7 /2" 

^3300 

3271 

0.0S| 0 +Khl l/2> - 0 .52 | 3 " S J5 /2* + . . . 

o r 0 .05 | 0*Bkl l/2> - 0 . 4 ! 3 " B d 5 / 2 - + . . . 

o r 0 .08 |0 + Hul l /2> - 0 . 3 7 | S ~ S à i l Z - * ... 

or 

0.056|0 + Og7/2> - 0.8A| 3 _ « d5 /2 -+ . . . 

S t ronges t I 5 3 t r a n s i t i o n s observed in the ( He.cO r e a c t i o n . 



Table V 

Spectroacopic factora of the first low-lying levels in * * Sn isotopes. 

"'a. , , 5 s < , " 9 S n 

E 
X 

keV 

% , J* C 2 S a > C 2S 

b) c) 
C 2 S*> 

(model) 
E x 
keV 

I , J* C 2 S»> C 2S 
b) (model) 

E 
X 

keV 

E , J* cV> C 2S 

M (model) 

0 4 , 7 / 2 * 6 5 4.5 5 .3 0 0 , 1 / 2 * - I . 0.82 0 (0 ,1 /2*) - 1.8 1.3 

154 2 , 5 / 2 * 4.2 5 .6 4 .0 3.82 500 2 , 3 / 2 * 1.2 1.3 1.37 24 2 , 3 / 2 * 1.8 2 .4 2 .0 

(254) (0 ,1 /2*) - 0.48 0.29 0 .20 614 4 , 7 / 2 * 7.5 6 .0 6.04 89 5 ,11 /2" 3.5 4 . 6 5.0 

644 2 ,3 /2* 0.65 0.72 0.54 0.24 714 ;,u/2- 2.0 3 . 6 1.93 788 4 , 7 / 2 * 6 .0 5 .3 4 .0 

( " 5 ) ( 2 , 5 / 2 + ) - - - 987 2 , 5 / 2 * 4.7 6 .0 3.42 920 (2 ,5 /2*) (0.16) 0.5 0.06 

879 5 , 1 1 / 2 - 0.85 0.82 1.14 1090 2 , 5 / 2 * 2.6 4 .0 2 .5 

13551 
(1385)f 2 , 5 / 2 * J.32 1.5 1.24 

Z C25 I 2 . 2 d ) 11.8 10.15 10.7 16.4 d> 17.9 13.6 I 7 . 3 « 20.1 16.1 

Maximum Sum Rule : 12 16 20 

Present work. 

Reg.20 

The 1/2* state being mismatched in our experiment, we have added the more reliable C S {1/2*) value of Fleming to our 
other experimental C'S. 



Detailed analysi; of the fine structure region in the *** * &n( He,a) * * Sn reactions 

~ m 
Sn 
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a), 'EJJ" refers to the energy centroid (or energy of the dominant structure) of each of the adjacent 

slices. It corresponds to the energy given in Figs.8 and 9-

b)R=G(4°)/a(i2') 

c) 
An estimate of the 2=*! contribution hap bct;n substracLed from the partial sums given dbow*. These 
partial sums were obtained assuming pure 1-$ transfer. 



Table VII 

Summary of measured strengths and widths for the main part 

of the fine structure region 

This work ( d . t ) » 
2 

C S (other works) C2S 

Theo g > E x (MeV) E 
X 

(keV) (keV) 

FWHM3* 

(keV) 
C2S Ê 

CMeV) (keV) 

FHHM a ) 

(teV) 
C2S (d , t ) (P,d) ( 3He,:.) 

C2S 

Theo g > 

'"* 
(3 .4 -4 .5 ) A+B 

(4-4 .5) B 

4.07 

4.22 

245 

130 

575 

300 

3 .8 

2 .6 

3.95 300 705 2.5 3 . 3 d ) 

2 . 0 2 d > 

6.7 

6.7 

, 1 5 S n (4 .8 -5 .0 ) B 5.47 246 580 2 .5 5.20 240 560 2 .5 >.5C> 1.9 «> 
1 . 3 f ) 

7.8 

" 9

S n (4 ,3 -6 .5 ) B 5.61 446 1050 2 .5 5.45 •470 1100 2 .5 2 .2 f > 8 . 0 - 9 . 7 

a 5 a- (ï C2S,(E.-Ë)2/Î C 2 S . ) I / 2 j FHHH - 2.35 o 
i l l i l 

Wgef.3. 

c )Bef.l. 

d^Ref.20. 

e )Ref.5. 

»Ref.6. 

^Ref.l?. 



Table v r i f 

Summary of the r e s u l t s of the a n a l y s i s of the ("'He,a) r e a c t i o n to hole ansilo r . itt.ireo in Sn î!=otn|>p>! 

F ina l 

nucleus 

E x (IAS) 

(MeV) 

r 
(keV) 

a) 
: - i ! 
x o 
(KeV) 

E m p a r e n t ) 

(MeV) 

j " ( p a r e n t ) b ) t. j " 

c) 

(2T 0 +nrs n

 J ) c % H 
Fina l 

nucleus 

E x (IAS) 

(MeV) 

r 
(keV) 

a) 
: - i ! 
x o 
(KeV) 

E m p a r e n t ) 

(MeV) 

j " ( p a r e n t ) b ) t. j " 

c) 
(W) C ) 

< P , d ) e ) w.o° J£. , .W W | Fina l 

nucleus 

E x (IAS) 

(MeV) 

r 
(keV) 

a) 
: - i ! 
x o 
(KeV) 

E m p a r e n t ) 

(MeV) 

j " ( p a r e n t ) b ) t. j " 

c) S.E C.C S.E C.C S.E S.E S.HS.K. 

/ I3.260±0.0l5 31410 0.0 0 .0 9 /2* 4 9/2* 12.1 8.6 7.7 6 .2 7.1 5 .7 6.7 7.4 

13.63040.QI5 44410 0.370 0.340 1/2- 1 1/2- 2 .2 1.1 2 .3 1.4 1.9 1.2 1.5 1.7 

U 5 S » 

T.,-17/2 "1 

13.890*0.015 44410 0.630 0.600 3 / 2 - 1 3 / 2 " 2.7 1.4 2 .6 1.5 2 .4 1.7 1.9 2 .0 
U 5 S » 

T.,-17/2 "1 14.33 ±0.020 > 4 0 1.070 
- 0 .93 

1.04 
I.OS 

( 5 / 2 ) " 
{(3) (5 /2 - ) 
\ o r 

1(4) (9/2)+ 
4.01 

3.25 

2 .0 

2 .3 

0.7 

1 1 4 . 7 6 4 0 . 0 2 50415 1.900 
1.45 
1.47 
1,48 

( 1 / 2 , 3 / 2 ) -

( 9 / 2 ) * 
4 9 /2* 5.41 3.8 

0 . 3 

2 . 9 

0 .5 

2 .4 

1 14 .93* 0.025 - 1.660 1.65 ( 1 / 2 , 3 / 2 ) " 1 ( 3 / 2 ) " 0.54 0.28 0 .4 0.4 

" ' sn ^ 10.474 0.015 25410 0.0 0 .0 9 /2* ( 4 ) ( 9 / 2 ) * 9.8 7,9 5.5 
" ' sn 

11.06 4 0.020 25410 0.59 0.54 1/2" ( 1 ) 0 / 2 ) " 2 .0 I . I 1.5 
T > " 13/2 • 1 1 , 3 4 ï 0.020 

11.78 t 0.020 

30410 

35*10 

0.87 

1.31 

0.81 3 / 2 " ( ! > ; 3 / 2 ) -

« 4 ) (9 /2)+ 

I o r 

((3) ( 5 / 2 ) -

2 .2 

1.50 

1.25 

1.1 

1.20 

0.73 

2 .0 

, , 9 s n 
C 14.984 0.020 

15.34 4 0.020 

30110 

40415 

0.0 

0.36 

0 .0 

0.315 

9 /2* 

1/2-

( 4 ) ( 9 / 2 ) + 

( D O / 2 ) -

1.2' 

1.5 

7.60 

0.74 

7.2 

1.7 

5.5 

0.98 

5.9 

1.2 

6 .5 

1.6 

T . , - 2 1 / 2 * ! 15.63 4 0.020 50415 0.65 0 .610 3 / 2 " ( 1 H 3 / 2 ) - 1.35 0.70 2 .0 1.2 2.1 1.4 

1 16.lOt 0.030 70420 1.12 1.050 (5 /2 )+ ( 1 X 3 / 2 ) " (1.15) (0 .60) (0.5) 

\ 16.47 4 0.03 1.49 1.45 9/2+ (4 ) (9 /2 )+ (4) (2 .6 ) 2.90 

a) E 0 i s the e x c i t a t i o n energy of t he g round-s t a t e analog from t h i s work. 

b) E x c i t a t i o n e n e r g i e s , sp ins and p a r i t i e s and spec t ro scop ic s t r e n g t h s for t he parent s t a t e s in In i so topes a re taken from fief.31,32,33. 

c) P resen t work. 

d) The C 2 S n va lues deduced from the analyse of T> s t a t e s in Sn i so topes were m u l t i p l i e d by ( 2 T 0 + l ) t where T 0 i s the i s o s p i n of the 
t a r g e t g r o u n d - a t a t e , in o rde r t o a l low a d i r e c t comparison wi th the s p e c t r o s c o p i c s t r e n g t h C 2 S p of t h e i r parent s t a t e s . 

e) R e f . 5 . 

f) R e f . 3 . 



Table IX 

Coulomb displacement energies for analog states in Sn isotopes 

Analog-pair E x (IAS) 

(keV) 

E x (Parent) 

(keV) 

ÛE c (keV) 

Exp. Cale. 

, 1 5 l n - l , 5 s n 13260 

13630 

13890 

14330 

14760 

14930 

0 

340 

600 

1040 

1480 

1670 

13560+30 

13580±30 

13590±30 

13570±30 

13590±30 

I3540±30 

13565±40 

n l t o - n l 8 n 10470 

11060 

11340 

0 

590 

870 

13720±30 

13710+30 

13690+30 

13735±40 

I I 9 i n - "
9 s B 14980 

15340 

15630 

16100 

16470 

0 

315 

610 

1050 

1450 

13425±30 

13470±30 

13465+30 

13495±40 

I3465±40 

13400440 

The excitation energies from the parent states in In iso

topes are from Ref.31,32,33. 

'The Coulomb displacement energies were calculated using 
1/3 

the semi-empirical formula : AE C = 1430 (Z/A ' )-992, 

where Z is the average charge of the analog pair. 
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