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Ab»tract : 

The even and odd t i n i so topes have been studied by 20 HeV (p,d) 

r e a c t i o n s . S t a t e s s t rongly populated in the odd isotopes are due to 

the \ a l e n c e neutron s h e l l s and extend up to only 2 MeV of exc i t a t i on 

energy ; "deep h o l e " s t a t e s were not i d e n t i f i e d . The occupation p r o 

b a b i l i t i e s ex t r ac t ed from f i n i t e - r a n g e distorted-vave-Born-approxima-

t i o n ca l cu l a t i ons genera l ly agree well with the p red ic t ions of the 

BCS theory of superconducting nuc le i* p a r t i c u l a r l y with the ca l cu la 

t i o n s of Clement and Baranger. In the even t i n i so topes , s t rongly 

populated s t a t e s a re charac te r ized predominantly by L-2 t r ans fe r s ex

tending up t o 4 MeV e x c i t a t i o n energy. The experimental s lectroscopic 

fac tors a r e compared wi th the BCS ca lcu la ted values of Clement and 

Baranger, Alze t ta and Sawicki» and Van Gunsterea ; r e l a t i v e l y good 

agreëû^nt is ol ta ined for 1^2 t r a n s i t i o n s , but not for L=b t r a n s i t i o n s . 

118 

A considerable fraction of the sum rule L«2 strength in Sn is 

missing in the Sn(p,d) Sn experimental spectrum ; in like manner, 

no A + strength could be identified in either Sn or Sn. 

NUCLEAR REACTIONS, STRUCTURE. 112,114,1 ' 5,116 117 118,119 120,122, l 2 *Sn(p ,d ) , 

20 HeV ; measured do(8) ; r e so lu t i on 25 keV. DWBA ca lcu la t ion of 

do(6) . BCS nodel o£ nuclear s t r u c t u r e . 
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1. INTRODUCTION 

The tin isotopes are probably the best testing ground for 

theories of nuclear structure which invoke the pairing interaction 

to reduce a complicated «any body problem to a solvable one 

With 10 stable Isotopes and several active neutron shells, the 

experimental Measurements of nuclear reaction cross sections, 

electromagnetic decay probabilities, quadrupole moments, etc., 

provide a meaningful test of such theories and several reports of 

this nature exist in the literature ( cited in Refs. 1-10). Nuclear 

transfer reactions, particularly one and two neutron transfer reactions, 

have played a vital role in furthering our understanding of nuclear 

structure in tha tin isotopes, because it is these reactions which 

are particularly sensitive to the predominant neutron structure of 

the isotopic sequence Z - 50 K - 60 ( Sn) to Z - 50 N - 76 ( S u ) . 

Indeed, a systematic comparison between one and two neutron transfer 

reactions is most useful in testing model wave functions ; one 

neutron transfer data provides excitation energies, spins and 

parities and spectroscopic amplitudes for quaslparticle states while 

the transfer of two neutrons provides a means to test coherently 

these amplitudes as they appear in shell model wave functions 

Several reports of one neutron transfer studies on the Sn isotopes 

have been published already , but mast cf these studies deal with 

isolated isotopes or just a few Isotopes. While such reports are 

valuable as a consistency check of boLh experimental cross sections 
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and extracted spectroscopic factors (S.), there is clearly considerable 

importance attached to a systematic study, both experimentally and • 

theoretically, over the whole of the Sn isotopic sequence. Only two 

experimental groups have previously reported such a study; Schneid 

et. al. ,who systematically investigated the (d,p) and to a lesser extent, 

the (d,t) reactions at 15 MeV on all the stable Sn targets and that of Ca-

vanagh et al.'3, who investigated the (p,d) reaction on all thu «ven targets 

at 30 MeV. Of these two papers, only that of Schneid et. al. presented 

S. factors from a DWBA analysis, although a preliminary report of the 

Cavsnagh et. al. work does exist? . Of course, the reliability of S, 

factors from a DWBA calculation is constantly being called into question, 

even more so with the growing awareness of the need for generalized 

coupled-channel calculations. Nevertheless, S. factors derived from 

a DWBA calculation, which one would hope to he relatively accurate to 

-30Z, are still one of our most useful ingredients in the nuclear 

structure recipe. In this regard it is clearly desirable to have a 

systematic study over a range of nuclei. 

With regard to uncertainties expected in the extraction of S, from 

the uBual 1st order DWEA calculation, one would expect the effect of 

coupled channels to be relatively unimportant in the Sn nuclei, with 

their predominantly "vibrational structure". Indeed, the relatively 

weak collective strengths (in terms of single particle units) observed 

in Inelastic scattering and Coulomb excitation, particularly to the 2 

states ' , and the small quadrupole moments of these states" lend 

support to this contention. This is to be contrasted to the situation 
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in the deformed nuclei, e.g., the rare earth nuclei, where one would, 
in general, anticipate considerable coupled channel contributions in 
nuclear transfer reactions. See, e.g.» refs. 24 and 25. 

Accordingly, a 20 KeV (p,d) study of both the even and odd tin 
isotopes is reported herein ; a preliminary account of the first phase 

of this work has been given much earlier • The previously mentioned 
13 20 

Cp.d) study at 30 MeV by Cavanagh et al. ' did not include the odd 

tin targets, nor were they very thoroughly investigated by Schneid et 

al. . It is hoped that the present systematic study, in the spirit men

tioned above, will provide a useful test of current model wave functions 

in the Sn isotopes. A similar report on the (p,t) reaction has been given 

previously . 



2 . EXPERIMENTAL RESULTS 

The exp. procedure and targets used were ident ica l to those 

previously described . For the most parti deuteron spectra on a l l 

the s table t in i sotopes (A-1J2, 114, 115, 116, 117, 118, IIS, 120, 

122 and 124) were recorded simultaneously with tr i tons from the ( p , t ) 

react ion, which was the focus of ear l i er reports. In a later and 

separate ser ies of runs, the spectrometer was set to accept primarily 

the magnetically l e s s r ig id deuterons, in order to provide a s er i e s of 

normalization runs, as v e i l as providing for the observation of higher 

exc i ta t ion energies* In a l l cases , spectra were recorded with a sonic 

spark counter posit ioned in the focal plane of the Enge s p l i t - p o l e ma-
27 gnet ic spectrometer ; the energy resolut ion was typica l ly 25-30 keV. 

Figure 1 shows representative 20 MeV (p,d) spectra for the odd 

targets Sn and Sn and for a typical even target , Sn. In the 

meter was just over 2 MeV of exc i tat ion in Sn. The (p,d) energy spectra 

observed on a l l the even targets at 20 MeV look qual i tat ive ly similar to 

that shown for the 118 (p,d) reaction in f i g . I , although the range of ex

c i t a t i o n observed in Sn and Sn i s somewhat l e s s due to the more 

negative Q values for the 114 (p,d) and 112'(p,d) react ions , respect ive ly . 

In the above mentioned second ser i e s of runs, exc i tat ion spectra were r e 

corded up to about 4 MeV in a l l the odd t i n s . In both cases , however, 

e s s e n t i a l l y only the quasi-part ic le (qp) s tates representative of the 

valence neutron she l l s ( l h l l / 2 , l g7 /2 , 2d5/2, 2d3/2, 3 s l / 2 ) were populated ; 

in particular, only the d5/2 , d3/2 and s l / 2 s ta tes are strongly excited, 
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since there is considerable angular momentum mismatch for the g7/2 and 

hi1/2 transfers at 20 MeV. The excitation of sharp "hole" levels beyond 

2 MeV seen in • recent 23 MeV (d,t) study on H S n 1 9 , although relatively 

weakly populated in that nucleus, are not identified in the present study. 

However» it should be noted that the experimental background in this region 

vas relatively high in the present study, which could have obscured weakly 

populated states* 

One would expect g7/2 and hi 1/2 levels, as well as deep lying holes, 

to be more strongly populated at higher beam energies in the (p,d) reaction 
12 13 28 and this appears to be the case ' * . However, even at the 52-55 MeV 

beam energy of Refs. 12 and 28, it is still the usual neutron single q.p. 

states which dominate the spectrum ; e.g., only about 202 of the expected 

g9/2 "deep-hole" strength is observed, even in the 81 MeV ( He,a) reaction . 

It is argued in Ref. 28 that deeply bound orbits inside the core are split 

into many states by the residual interaction with the door way states of the 

(2p-lh) configurations, thus resulting in a broad continuum. This hypothesis 

is consistent with similar results seen in (d,t) studies probing deep hole 
19 29 states * but appears to be inconsistent with the observation of very 

large g9/2 cross sections (comparable to the g7/2) in the 205 MeV ( He,a) 

data of Ref- 30 ; here the momentum transfer strongly favours L«4 transitions. 

In sharp contrast to the relatively few states strongly excited in 

the (p,d) reaction at 20 MeV on the even tins, the same reaction on the 

odd targets (fig. 1) produces a much richer spectrum, with strongly populated 

states extending up to 4 MeV of excitation. 3eyond this, however, the yield 

again drops off dramatically ; even at higher beam energies, as in the 



12 55 MeV data of Yagi et al. , .there is not an overly significant change 
in the apectrum. The U9(p,d) and 1!7(p»d) reactions yield similar spec

tra, but in the Sn (ptd) Sn reaction, the density of states populated 

in a 3.5 MeV range of excitation is about a factor of two less. 

Enriched tin isotopes were obtained from Oak Ridge National 

Labroatory (in the form of SnO») and these were used without further 

purification; targets were prepared by evaporation onto carbon backings. 
The relative amount of tin on each target was determined by separate 

3 10 
runs of low energy (Coulomb scattered) alphas and He particles • Care 
had to be taken to ensure that the peaks of Interest in a given reaction 
were not (contaminant) lines from other tin isotopes in the target, since 
the masses and/or reaction Q values of these lines were usually close to 
those of the transitions of interest. This problem was particularly bad 
for the Sn (p,d) reaction, which was only 40% enriched. However, by 
overlapping spectra at several angles, a separation could be effectively 
achieved in each case, particularly for the strong transitions. Indeed, 
in one sense, the contaminant contributions were often helpful in that 
they provided a cross check on the relative cross sections, which are 
estimated to be accurate to ±10Z for the strong L-0 and L»2 transitions ; 
overall anticipated errors are duly recorded in the tables below. 

Absolute cross sections were not directly determined in these 
experiments. However, t'..- ~~ can be found by dynamic balance, assuming 
the cross sections given by Schneid et al. are correct, since their 
15 MeV (d,p) study and the present 20 MeV (p,d) study are very well 
matched klnematically. Absolute cross sections were calculated on this 



bas i s for both the 1 , 7 S n + p <—? llSSn + d and l , 9 S n + p ( > , I 8 S n + d 

g . s . to g . s . t rans i t ions , s ince the present data i s best determined for these 

cases ; re su l t s are consistent with each other to bet ter than 102. Moreover, 

the values so obtained agreed well with those reported by Cavanagh e t a l . 
13 at 30 MeV , after a DWBA correction for kinematic differences ( e g , , the 

L-0 transi t ions are r e l a t i v e l y higher at 20 MeV while the L > 2 transit ions 

ar« r e l a t i v e l y lower). However, there appears to be a clear discrepancy 
118 119 

with the absolute cross sections more recently reported in the Sn(d,p) Sn 

data of Borello-Lewin e t a l . at 17 MeV ; their g . s . to g . s . cross sections 

appear to be too small by about a factor of two. 

The r e s u l t s of the present (p»d) experiments at 20 MeV are l i s t e d 

in Tables I and I I , for the ten s table isotopes studied. The exc i tat ion 

energies in a l l the t i n isotopes found in these reactions generally agreed 

wel l with other (often more precise) values reported in the 
21 22 31 l i terature * ' and are quoted to the nearest tenth of an MeV (±10keV). 

Moreover, with few exceptions, the exc i tat ion energies given in Table I , 

in particular, agree wel l with these s imilarly determined by Cavanagh e t 
13 

al. at 30 MeV and also with other determinations from one neutron transfer 
14—19 data on the even tins . The absolute cross sections have been determined 

in the manner described above and are given in two forms : the peak angle 

and its differential cross section as well as a summed cross section in 

2 deg. steps from 10 deg. to 50 degrees. The errors shown with each cross 

section include an estimate . of reproducibility between different targets as 

veil as the usual statistical error. Several weak transitions, with uncertain 

spin assignments - but consistent with those of Ref. 13 - are shown ; the 

cross sections for these states were obtained from a ratio of counts with 

those of stronger transitions at angles where both were observed. For some 
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122 124 unknown reason, the background was worse for the Sn and Sn targets, 

so that it was not possible to extract as much information for these 

cases as for the lower mass isotopes. 

Angular distributions for the strongly populated stated are shown 

in Figs. 2-13 and are grouped first in order of target mass for the even 

A targets and then in order of target mass for the odd A targetB. The 

curves shown are DHBA fits to the data» individually normalized at the 

peak angle, from which one measure of the spectroscopic strength for each 

transition was obtained. As mentioned above, the error bars shown generally 

reflect aore than* just the counting statistics, since over a time period 

of about two yearB running, there were many checks and cross checks perfor

med on the data, resulting in some inevitable systematic error. 
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3. PWBA ANALYSIS 

The DWBA calculations were performed using the DWUCK code* with 

finite range corrections. Several choices of optical model potentials 

were tried, both with and without Bpin-orbit coupling in the deuteron 

channel, although the final results were relatively insensitive to tiiii 

tern. The form of the potential used was 

U(r) - Vc(r)+Vf(r)+iWf(r)+iWDf'(r)-Vs(r-)f,(r)Jl.B <1) 
where f(r) has the usual Saxon-Woods form. 

Since 20 MeV elastic scattering data on all the tin isotopes did not exist 

at the tlae of writing, the choice of proton potential was based on data 

at nearby energies on the tin Isotopes and/or on neighboring nuclei. The 

deuteron potential was treated in like manner, although there are generally 

fewer studies of deuteron electron scattering. In both cases, systematic 

eaplrlcal fit global parameters were also tried. Tables III and IV show 

representative choices of the many optical model combinations that were 

tried; these gave generally the most acceptable fits to the data. The 

best overall fits were obtained with either the EV or BZ optical model 

combination; It is the BZ fits which are shown with the enperiinental data 

in Figs.2-13 . The bound state well parameters were basically held fixed 

at 25 MeV for the Thomas term, with r « 1.25 and a - 0.65 f; the sensiti-
o o 

vity of the calculated cross sections to 202 variations in these parameters 

vas checked. In addition, the sensitivity of the DWBA calculations to 

changes In isotopic mass and/or deuteron kinetic energy was also checked. 

Spectroscopic factors were determined from the DWBA calculation in 

the usual way; namely; C S » exp/ DWBA, where DWBA is appropriately 

corrected for angular momentum transfer, light particle overlap, etc. 
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There is, of course, considerable uncertainty attached tc the 
extraction of "absolute" spectroscopic factors in nuclear transfer 
reactions. Host of this uncertainty is inherent in the DWBA calculation 
itself - choice of optical nodel parameters, bound state parameters, 
finite range vs. zero range* energy variations, mass variations, etc. 
The sensitivity of the calculated cross sections to these kind of 
changes are described below. In addition, there is an uncertainty in 
just vhere to compare theory and experiment in the angular distribution -
choosing the peak angle in the data, for example, many veil not correspond 
to the peak angle in the DWBA calculation (although, hopefully, it will 
be close). On the other hand, an argument can be made for normalizing 
the integrated or summed cross sections over the forward angles to the 
corresponding angular range in the BWDA calculation, on the premise that 
such a procedure will tend to smooth out the inevitable (bue acceptable) 
"discrepancies" in the fits. There is merit in both of -these approaches - - -

and hence spectrospic factors are quoted as an average of both peak 
angle and sinned cross section (X* of do/dft in 2 deg. steps from 10 deg. 
to 50 deg.); in taost cases, these numbers agreed to within ±102. 

In attempting to provide a reliable,and realistic set of 
spectroscopic factors for (p,d) reactions on the tin isotopes, a rather 
detailed study of mass and energy variations has been carried out as 
veil as utilizing several choices for the optical model itself. After 
testing preliminary fits to the Sn (p,d) data for the strong ]>0 and 
L*>2 transitions, a set of 5 different proton and deuteron optical potentials 
was settled upon, as referred to previously In Tables III and IV. These are, 
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in fact, only meant to be representative choices and already provide 

one with 25 possible combinations ; when coupled with ID isotopes and 

a variety of excited states, the dimension of the "fitting game" rapidly 

get out of hand. For this reason, the Sn (p,d) reaction was again cho

sen a3 a test case and the quality of fit to the shapes only of tha L-0, 

2 and 4 angular distributions vas «xamined for the 25 optical model combi

nations ; several choices gave acceptable fits to selected transitions but 

the BZ (and EV) combinations gave the best overall fits to all the data 

(figs. 2-13). Shallow deuteron potentials (e.g. W in Table IV) gave the 

worse overall fits consistent with the interpretation of deuteron elastic 

scattering in Ref. 37. Based on the shapes of the calculated angular dis

tributions, there seemed to be little preference for the inclusion of a 

spin-orbit ter» in the deuteron potential, also consistent with the analysis 

of Kef. 37 for deuteron energies of 20 MeV. However, the measurement of pola

rization and asynnetries in (p,d) reactions can depend much more sensitively 

on this term * . Curiously enough, the proton potential used sucessfully 

in the (p,t) study of Ref. 10 generally did not give good PWBA fits in the 

present (p,d) study, when compared with the potentials in Table III. 

In like manner, the BV combination, which was used in fitting the kinema

tics lly matched IS MeV (d,p) data of Ref. 11, did not give acceptable ove

rall fits in the present 20 MeV study. 

The spectroscopic factors for the states shown in Tables I and II 

are given in Tables V and VI for the even and old mass targets, respectively. 

As previously described, these numbers and their associated errors represent 

«n average of both peak angle and sunned cross section determinations for 

C S as well as an average of the calculations of several optical model 

combinations, weighted predominantly by the BE and EV potentials. Some 



of the higher lying 3/2* and 5/2* assignments are based on spectroscopic 

sua rule arguments as well as consistency with other works * 1 3 . 

*•• mentioned above, theire is no systematic DWBA study of one neutron 

pickup reactions acres'1, all of the tin isotopes ; indeed» the only sys

tematic DWBA analysis of this kind so far reported is the early (d,p) work 

of Schneid et al . Although these workers also reported cross sections 

for the (d tt) reaction at 45* and some associated Q dependence, suc'.i numbers 

can surely not be relied upon for accurate spectroscopic factors. In the 

30 HeV (p,d) study of the even tin targets by Cavanagh et al , cross sec

tions are given for a large number of transitions populating states in the 
20 odd tins, but except for a preliminary report , no DWBA analysis has been 

published. In fact, for the even tin targets, only for Sn and Sn 

can the present values of C S be compared with other pickup reactions : on 

20 HeV polarized (p,d) work of Mayer et a l . 1 5 and the 12 HeV (d,t) work of 

Vigdor and Haeberli ; on Sn, only with the 23 MeV (d,t) data of 

in Table V is good, generally within the error bars. The values in the 

116 (d ft) reaction differ considerably for some states in Sn, although 

in the casts of the data in Ref. 19, there ié acceptable agreement if their 
2 values are calculated relative to the present determination of C S for 

the g.s. transition. The 30* "normalization" is consistent with what one 

might expect for the overall accuracy of S- extracted from a DITBA analysis, 
2 a point which is further commented on below. These comparisons in C S for 



For the odd targets populating states in the even tin isotopes» 

12 117 119 
Tag! et al. have studied the Sn and Sn (p»d) reactions, and their 

spectroscopic factors are given directly in Table VI, along with a calcu-

119 
lation for the present Sn (p,d) reaction based directly on the optical 

potentials of Ref. 17. There is generally good agreement with the 55 MeV 

data for the ï17 (p,d) Jl6 reaction, but the L-2 transi^ri in the 

119 (p,d) 118 reaction at 55 MeV give spectroscopic factors almost a factor 

of two larger than observed at 20 MeV. In the case of higher lying states» 

it is possible that there could be some nisassignments in Ref. 12, since 

their energy resolution at 55 MeV was only about 100 IceV ; indeed* L*4 and 

L-5 transitions should be preferentially populated at 55 compared to 20 MeV, 

which is consistant with their reporting L*5 levels in Sn which have not 

been observed in the present study. The last column in Table VI is commented 

on below. 

It should be noted that L-2 transitions on the odd tins (l/2 +) can 

populate 1*, 2 + and 3 + final states and the present DWBA calculation cannot 

reliably distinguish between d5/2 transfers (populating 2* and 3 + final 

states) and d3/2 transfers (populating 1 + and 2* final states). Such a dis

tinction can be made if a polarized bean is used ; the first 2 state popu

lated in the 119 (p,d) 118 reaction is thought to proceed via an equal con-

4 

structure calculations . In the present study» it has been assumed in cal

culating C 2S that the first 2* transition in each of the even tins is popu

lated by a pure d5/2 transfer, while the higher lying (1 +, 2 + or 3 +) 

states are roughly assumed to be populated by an equal weighting g d3/2 and 

d5/2 transfers. While this procedure is, admitedly not correct * , any 

"microscopic" fitting would be prohibitively time consuming and, mora to the 
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point, as remarked on further below, not too fruitful since the L-2 

expérimental angular distributions at 20 MeV are largely insensitive to 

any j dependence. At any rate . the calculated differences between pure 

d3/2 and dS/2 are not large, £ 151, with the d3/2 transfer being enhanced. 

The C S factors reported in Tables V and VI were obtained with 

the following "se dard conditions" : finite range (0-0.62), bound state 

geometry r 0 • 1.25 and ao>-0.65f, and with no deuteron energy (for changing 

Q value) or aiass variations. In addition to different choices for the opti

cal potentials themselves, it is also of interest to investigate whether any 

other variations such as in geometry* mats or deuteron energy could markedly 

affect the reported spectroscopic factors. Accordingly, the following 

variations (adopting the BZ combination of Tables III and IV as the standard 

potential) have been carried out : zero range, bound state r 0 - 1.15, 

bound state a 0 - .55, deuteron real well radius r Q - l,30f, variations 

of the proton potential with nass and variations of the deuteron potential 

with.energy. The effect of including nonrlocality corrections to the optical 

model waves was also checked. This generally had the effect of reducing 

the calculated cross sections by about 20% for all L transfers, but usually 

at the expense of worsening the DWBA fits to the data ; noreover, it nay 

not be physically reasonable to include both finite-range and non-locality 

corrections in the calculations, so this combination was not considered 

further. One expects, of course, an energy variation in the deuteron poten

tial, reflecting the changes in g.s. 0 values across the tin isotopes and/ 

or changes in excitation energies. However, in the present study, the 

maximum energy changes of this kind are 5 MeV while the deuteron real well 

depths one of order 100 MeV ; a 5 MeV energy variation in fact results in 

only « few percent change in the real well depth, making a negligible 



f 
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(<3Z) change in the calculated cross sections. The sane conclusion was 

reached for the (p,t) reaction in an earlier study . It is possible that 

variations in the imaginary well depth and/or hound state geometries with 

energy could be »<re narked - these were not checked I 

A feeling for the sensitivity of the calculated cross sections to 

the above Mentioned pat«meter changes can be gained from Table VIII, 

which shows these variations relative to the "standard" BZ optical model. 

The nuabers in the table are the summed ( t 0 froa 10-50 deg.) DWBA output 

froa the DWUCK prograane (the correct overall theoretical cross section in 

ab. can be obtained by nul tip lying by 2.29, which includes the spin statis

tics and the usual light particle overlap integral). The geometrical varia

tions consistently gave the largest effect on the calculated cross sections, 

particularly variations in the real well radius parameter of the deuteron 

channel. However, in this particular case, the resulting DWBA angular dis

tribution shapes deteriorate significantly relative to those given previously 

(Figs.2 to 13), and as such should not really qualify as a "meaningful" para-

atter change. For all the other cases represented in Table VIII, however, 

the resulting DWBA shapes are not significantly changed over those previously 

presented. It is disconcerting, in fact, that a variation of 10-I5Z in 

geometrical parameters can have such a relatively large effect on the cal

culated cross sections, almost a factor of two in some cases 1 See also the 

discussion in Hef. lî. 

In like manner to the energy variation described above, a physical 

effect that should be included is the mass variation in the optical no .el, 

reflecting the changing nuclear size across the tin iaotopic 
21 38 42 sequence * . * . Again, there can be several variations of this type ; 

in the last column in Table VIII are displayed the effects of a change in 
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the depths of both the real, and imaginary wells coupled with a change in 

the imaginary diffuseness of the proton potential, all other parameters 

being held fixed. The phenomological global parameters of Refs. 32 and 

33 were adopted and the mass changes in diffuseness and well depths ware 

calculated relative to the standard valves for Sn. The biggeBt change in 

parmmtters was in the depth of the imaginary well* which increased by 

something like 15Z as the mass increased from Sn to Sn. However, the 

overall effect on the cross sections in this case was relatively small 

(£ 10Z). Similar variation in the deuteron potential were not carried out, 

but the effects of these are expected to be smaller aayvay The effect of 

"turning off11 the deuteron spin orbit potential has been noted previously ; 

this made very little difference in the calculated shapes and altered the 

cross sections by < 10Ï. Similar effects have been discussed in Ref. 15. 

There are, of course, practically an infinite number of parameter 

choices possible in attempting to fit nuclear transfer data across a whole 

range of isotopes and, concomitantly, a certain arbitrariness in assigning 

"errors" to extracted spectroscopic factors. The above discussion indicates 

that the numbers in Table V and VI are certainly reasonable but at the same 

time they cannot be held above suapiciou. The previously mentioned level 

of agreement in the comparisons of Table VII lends further support to the 

viability of the values in Tables V and VI. As a "final test", the calcula

tions for the 119 (p,d) 118 reaction were re-done using the exact optical 

model parameters o* Borello-Lcwin at al for the inverse (d,p) reaction at 

17 HeV ; this energy is rather well watched (21.2 MeV proton) to the pre

sent data. Although the calculated angular distribution shapes were deci

dedly inferior to those shown previously (figs. 12 and 13), the average 

values of C S obtained for peak angle and summed cross sections agreed 
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rather well with the present values (albeit consistently lower) ; these 

are shown in the last column in Table VI. In particular, it is worth 

2 
noting that the value of C S-0.45 obtained for the g.s. transition compares 

well with 0.55» but this value is almost a factor of two larger than that 

reported in Ref.17, a result consistent with the previous assertion that 

tbe experimental g.s. crocs section reported in Ref. 17 is too low by the 

saae factor. This discrepancy has also been cotaaented upon in Ref 9. 

In a sense, the tin isotopes ara an idecl set for "accepting" or 

"rejecting" calculated spectroscopic factors. This is because the d5/2 

(and g7/2) orbit iM essentially "full" beyond A-II8 and the sum rule 

strength provided by the calculated spectroscopic factors (discussed below) 

must demonstrate this. In this regard» the largest disagreement obtained 

vas for the g7/2 (and hi1/2) transfers» which is reflected in the overly 

large error bars given in Tables V and VI. Despite the relative consistency 

apparent in tbe variations given in Table VIII» the L«4 (and L-5) transfers 

.were far more sensitive to the choice.of optical nodel potentials than 

either the L»0 or L«2 transfers ; indeed» for the two best choices discussed 

above» the BÏ and EV potential combinations» the calculated g7/2 cross sec

tions differed by a factor of two. Such a marked sensitivity to changes in 

optical model potentials for L-4 and 5 transfers, at least for 20 MeV . 

(p»d) reactions on tin» may partially explain the "anomalous" g7/2 and 

hi1/2 transfers reported in relatively low energy (d,t) studies on the 

43 
neighboring Cd and Pd nuclei . 



4. DISCUSSION AND COMPARISON WITH THEORY 

4.I.States in the Odd Tin Isotopes 
4.1.1. The Basic Formalisa 

Within the basic BCS framework for understanding nuclear 
structure In the tin istopes, the g.s. spin of the even-even nuclei 
is represented by the BCS vacuus, |5>, which can bethought of as 
a product over seniority zero coupled pairs of angular momentum j. 
The lowest lying states of the neighboring odd nuclei are represented 
as quasi-particle states, obtained from the BCS vacuum by action of 
the appropriate creation (or anhilatlon) operators: |j>"A,|0>. 

For a single nucléon pickup reaction, the spectroscopic factor 
can be defined in the "coordinate representation" as 

Sj % |<(A-l)xj|A>|2 (2) 

which» in the BCS formalise on a spin zero target, can be written in 
the for» 

Si "(2j+l)|<0|BjBj|0>|2 (3) 

where B. and B. are the quasiparticle and real particle anhilatlon 
operators and act to the left and right, respectively. The operator B. 
is defined in tenu of the appropriate qua si-particle operators Â. and B, 
by the usual Bogolubov-Valantin transformation; i.e. 

Bd - V J + V J <*> 

where V. and U.- are the occupation probabilities for particle and hole, 



2 2 
respectively, with the normalization V. + U, - 1. Substitution 

of (4) into (3) yields 6 

sj " V ^ ' V J ' ^ ' 2 " ( 2 i + , ) v j 2 ( 5 ) 

More appropriately, the spectroscopic strength S. will be spread over 

several states a by the quasl-particle residual interaction and a non-

energy weighted (monopole) SUBI rule gives the result. 

(2j+l)vJ (6) 

2 S" E« (7) 
o j J 

Moreover, in a given orbit J , the average nuaber of p a r t i c l e s n. i s 

defined in terms of the number operator n by 

n, - <Ô|n|5> - <5|£ AW5> -<2j+l)V.2 (8) 

Hence, from ( 6 ) , a determination of the spectroscopic factor in the 

(p,d) reaction i s a measure of the average number of p a r t i c l e s In the 

occupied orbit J . F inal ly , summing over a l l j gives the average number 

of part ic les <n> l a the complete BCS ground s t a t e , 

I n . - Î S" - ï ( 2 j + l ) V . 2 - <n> <9) 

1-9 
In theoretical calculations , the BCS ground state 

occupation probabilities emerge from a solution of the "gap equations", 

yielding, 



T Ej J v^2 - 7 1 - - i — I ao) j 2 

where e. is the single particle energy, * is the "chemical potential" 

(a Lagrange multiplier in solving • 

quasi-particle energy, defined by 

(a Lagrange nultiplier in solving <o|H-An|0>) and E. is the single 

The "gap paraneter" A is assumed to be due to the pairing force and is 

determined fro* odd-even mass differences. Experimental justification 

for the validity of the underlying assumption of independent qua si-

particle (q.p.) notion is provided by the constancy of A with A and, 

concomitantly, of a large energy gap (essentially 2A) between the 0 q.p. 

and 2 q.p» states In the even-even nuclei; these criteria are well obeyed 
114 la the tin nuclei, with the exception of the mass region near 5n where 

the g 7£ d % aubahell closure is not well predicted by theory^. 

A. 1.2. The occupation probabilities, V. 

Fron "2qs. (6) and (7) it is clear that spectroscopic factors 

determined fron single nuclear transfer reactions provide one test of 

the predictions of the basic BCS theory. However, as argued above, 

uncertainties in DWBA analysis render the absolute determination of 

occupation probabilities by this method somewhat uncertain. Alternatively, 

these can In principle also be determined fron the experimental deter

mination of the quasl-particle energies £. and hence finding (E.-X) fron 

(11) under the assumption that the lowest q.p. state E,(g.s.) - A; 
2 substitution into (10) then yields V. . This procedure has been called 
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the "Inverse gap method and has some theoretical justification , 

A. However, as an experimental procedure It too suffers fro» considerable 

uncertainty, since the quasi-particle strengths are Invariably split by 

the residual interaction (particularly for the 52 states in the tins) 

atu* moreover there is an ambiguity in zhoosing the vacuum state 
2 2 From the present values for C S (C -1 here) given in Table VI, 

2 the occupation probabilities V. and the centroid énergie? E. can be 

determined from Eqs. 6 and 7, respectively; these values are given in 

Table IX. The summed spectroscopic strengths over all orbits j are 

also given in Table IX and, as discussed previously (Eq. 9), these 

should equal the total number of "valence" neutrons for each isotope 
124 A. There is an apparent discrepancy for Sn (p»d), but by and large, 

within the given errors, the summed spectroscopic strengths do yield 

the expected number of valence neutrons, although the experimental 

strength appears to exceed the theoretical one In the middle of the 

shell. At 20 HeV there is no credible indication of any other 

appreciable spectroscopic strength in the (p,d) reaction although it has 

been argued previously that the inclusion of 3p orbitale in the 
4 

realistic calculations of Clement and Baranger might improve the 

calculated 2 strengths In the (p,t) reaction. There is some evidence 

for high lying 1*1(and 1-3) transfers in the 30 HeV (p,d) data of 

Cavanagh et a l 1 3 «no tentatively in the 55 MeV data of Yagi et a l . 1 2 ; such 

transitions have alio been identified in a recent 23 MeV (d,t) itudy'9. T h e 

lack of agreement for ' 2 4 S n n o t e d above is probably due to some missing 

7/2* strength in the present 20 MeV study. Agreement in the experimental 



determination of centroid energies E, is quite good, as can be seen 

in Table X, which compares the present values of Table IX with those 

obtained fro» the 15 HeV (d,p) work of Réf. 11 and with those from 

the 30 MeV (p,d) data of Ref.13 , on the representative target nuclei 
1 1 2 S n , 1 1 6 S n , 1 2 0 S n and 1 2 4 S n . In the case of the (p,d) data of 

Ref.13 , where S. factors were not given, the Ë. values were 

determined directly from the weighted experimental cross sections; a 30 

MeV DWBA analysis indicates that chaages of order 30% could be expected. 

From the fact that the Ë. values In Table X are < A and the concentrated 
2 

C S strengths of Table VI, it can be stated that in most cases the low 

lying states in the tin isotopes can be described primarily as pure 1 q.p. 

states. This is clearly not true, however, for the $$_ (and to a lesser 

extent the 7*2 ) states, which in fact are expected to mix appreciably 

1-4 9 isotopes . The systematica of nuclear single particle energies in this 

mass region have been discussed in Refs. 1-4 and also by Calborenanu and 

The errors given in Table IX reflect the uncertainties discussed 

previously and, as noted then, are particularly apparent for the 7/2 + 

(L-4) and 11/2" (L-5) transfers. The angular momentum "mismatch" at 20 MeV 

is probably largely responsible for the sensitivity in the DUBA calculated 

crocs sections to parameter and/or optical model changes. As noted previous-
43 ly Cohen et al. have commented on g7/2 and hi 1/2 "anomalies in (d,t) 

studies on neighboring nuclei which might be partially attributable to 

similar DWBA- sensitivities ; on the: other hand, more recent (d,t) studies 

an Cd do not show the same effects , nor, apparently, do (p,d) studies 



2 
The experimentally determined V, of Table IX are compared 

with those similarly determined by Schneid, Prakash and Cohen (SPC) 

2 L 
Arviau-Baranger (AB) and Clenent and Barangei (CB) in Table XI. 
The SPC values shown were obtained from their DWBA determination of 

2 2 2 
U. and using U. + V. « 1, rather *:han iwm theij. prescription 

2 for obtaining V. directly from their much less systematic (d.t) 
results (although, in fact, there vas generally not much change). 

The early theoretical calculations of KS and AB are rather similar in 
that both involve phenomonologlcal forces and utilize only the usual 

five valence neutron shells. On the other hand, the CB calculations 

have employed a realistic interaction involving 12 neutron (and proton) 
orbltB. A rather detailed comparison between the AB and CB calculations 

has been fciven previously in an analysis of the (p,t) reactions 1 0. Despite 
the differences in the theoretical calculations however, they all give 

the sane consistent picture fcr the valence neutron shells, as can be 
seen from Table XI. With regard to the presently determined experi-

2 mental V. and those of SPC, values for the L-0 and 1X2 transfers 

are consistently larger but the L-4 and L-5 transfers, given their 
relatively larger error bars, arc essentially the same. The Inverse gap 
2 V. referred to above and discussed In Ref. 10 also agree quite well with 

our presently determined values. 

The theoretical calculations predict that the d % orbit is essentially 
IIS "full" beyond Sn, in good agreement with experiment. It la worth 

recalling at this point the eailler discussion on using an experimental 
normalization to the kinematically matched absolute cross sections of 
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SPC in determining the absolute S> factors in Table V and hence the 
2 

V. values of Tables IX and XX* As noted then» one could alternatively 

have chosen to normalize the summed experimental 5/2 strengths to the 

theoretical 5/2 value» say at A-118, since this is very well determined 

by all the calculations ; clearly, this would not have made a significant 
2 

change in the quoted values of V- and, in a sense, vindicates the proce
dure chosen. By and large, the agreement between the present experimental 

2 

V- and the theoretical ones is quite good, although there are notable dis

crepancies. The best agreement is with the CB calculations across the mass 

range studied ; in this case though, the calculations predict too little 

filling of the 11/2 orbit for the lower mass tin isotopes, and generally 

also too little 3/2 + strength, particularly for A < 118. This tendency is 

apparent to an even greater degree in both the KS and AB calculations, 

Where, in addition, too little filling of the ]/2 + orbits is predicted for 
120 masses less than Sn« 

On the other hand, claiming to discriminate between different 

theoretical calculations, on the basis of their Vj is not too meaningful, 

because this is not a very crucial test of the nature of the interaction ; 

indeed, non energy weighted sum rules arguments giving rise to the total 
2 V. are independent of any details of the interaction. Thus the relatively 

.good agreement with the CB calculations may reflect more on a particularly 

fortuitous choice of single particle energies in that calculation than on 

anything else. It is important to examine also then how well the various 

theoretical calculations predict the distribution of single q.p. strength. 



4.1.3. Detailed Spectroscopic Factors 
2 

Theoretical spectroscopic faccors G S for the (p,d) reaction on a 

0 target (the BCS vacuus) are given «imply by the above Vj Multiplied 

by the square of the appropriate q.p. amplitude in the calculated wave 

functions ; i.e., 

C^Sj - <2j+J)Vj 2|*(j)| 2 (12) 

Insofar as the lowest-lying s ta tes of each spin can be represented 

as pure 1 q.p. states» (|if>(j)I*"!) then the corresponding spectroscopic 

factors can be read direct ly from Table XI. This i s the inherent assumption 

in both the AB and CB calculat ions , the l a t t e r being carried through with a 

r e a l i s t i c force (the Tabakin interaction) and 12 s h e l l model configurations. 

In the ca lculat ion of Sorensen ( KS), a phenomenological pairing plus 

quadrupoie interaction i s assumed, which allows for (weak) coupling to 

(primarily) one phonon s t a t e s , thus introducing 3qp admixtures of the 

type [ j x 2 * ] . More detai led calculat ions of th is nature by Kuo, Baranger 

and Baranger (KBB), again within a model space of just the usual valence 

neutron s h e l l s , allow for more 3qp admixtures, of the type t ( j k ) J x j ] • 

Both calculat ions demonstrate, however, that the lowest lying 1/2*, 3 / 2 * , 

J1/2" and, to a l e s s er extent , 7/2* s ta tes are predominately iqp (>9W). 

in agree**ent with die assumptions made in both the AB and CB ca lcu la t ions . 

The theoretical calculations of C*S for the lowest lying s t a t e s 

of each spin are compared with the experimental values in Table XII, for 

the representative cases A-UJ, 115, 119 and 123 ; as noted above, the 

AB and CB calculat ions assume pure Iqp s t a t e s , while the KS and KBB 

ones are neigh ted by the appropriate Iqp amplitude, according to Eq. 12. 

The agreement between experiment and theory for the l / 2 + , 3 /2* and 11/2" 
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• tat*a ia generally beat with tha CB calculations, particularly for the 

lover Basa ilotopai («s in Tabla XI), thus confirming their expected Iqp 

nature. On the other hand, there ia a clear disagreement with these 

calculations for the 5/2* (and 7/2*) strength for the higher mais isotopes, 

reflecting an-increased fragmentation in the experimental strength due to 

coupling with phonon (3qp) degrees of freedom ; the most dramatic evidence 

of this is in the 120 (p,d) 119 reaction» where the lowest lying 5/2* 

atate is the weakest one populated. This fragmentation was already evident 

from the early (d,p) and (d,t) studies of Kef. 11 ; however, in (d,p) 

studies the fullness of the dS/2 orbit discriminates against a sensitive 

measure of the splitting strength. This is best determined in pickup 
12,13,15,18,19 reactions * * . 

Table XIII compares the calculated and experimental r e s u l t s for 

the 5/2* s t a t e s in the odd t ins ; both spectroscopic factors and e x c i t a 

tion energies (2nd column) are shown, for the theories of Sorensen (KS) , 
3 7 

Kuo-Baranger (KBB) and of Dreisa e t al (DKK) . The l a t t e r calculi t ion 

claim to be "self -consistent" but again incorporates only the 5 valence 

neutron s h e l l s . Only the f i r s t 2 (or 3) calculated levels are shown in each 

case. The KBB calculations are from their second s e t of par ana ter s which 

give somewhat bet ter agreement with the (d,p) resu l t s . Although there 

i s some agreement fox individual s t a t e s , notably for A ( 115, the overal l 

leve l of consistency between experiment and theory i s r e l a t i v e l y poor. The 

KS calculations predict much more spreading than i s observed experimentally 

while the KBB calculations generally do not predict enough, except in the 

case of Sn, where there i s quite good agreement with the data. Certainly 

much better overall agreement with experiment i s obtained for the to ta l 

V- 2 (Table XI) but, as already emphasized, these are not a s ens i t ive i n d i -
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cator of any details of the interaction, More recent calculations by 
9 

Van Gunsteren give systematic results over s wide range of mass but» 

unfortunately, only for the (d,p) reaction ; in fact, however, his 5/2+ 

calculations tend to concentrate all of the (d,p) strength into a single 

level, in contrast to the experimental results . 

In a sense, the calculations of Dreiss et al (DDK) 7 in Table XIII 

are less Meaningful than the others since the spectroscopic strengths 

are only relative values, being individually normalized to unity for the 

strongest transition in each isotope ; this procedure has also been followed 

in comparing with experiment in Table XIII. These authors have also calcu

lated the spreading strength for the 3/2+ states in the (p,d) reaction. 

Generally the level of agreement with the present data is again poor-of 

the same order as that displayed in Table XIII for the 5/2+ states ; e.g., 
112 7 

in the particular case of the Sn (p,d) reaction, their calculation 

predicts significant strength to four levels in Sn whereas only one is 

observed. However, at the 30 MeV beam energy of Ref. 13, several 3/2* 

states are claimed to exist in the data on the basis of some experimental 

"j dependence" and here there would appear to be somewhat better agreement 

with the DDK calculations. 

It should be mentioned again that the 7/2* states are also expected 

to fragoent in the higher mass isotopes, which is consistent with the expe

rimental observation that the large Sj factors found for t e g7/2 orbit in 

the lowest mass tin isotopes fall off dramatically in the Javier masses 

(Table V ) , even allowing for the relative large errors previously diseased. 

The Sorensen calculations, in fact, reproduce this trend very well (table XII). 



Higher lying L*4 strength has not bean observed in the present experiment 

but there is saae evidence for this in the 30 MeV data of Ref« 13 and, 

particularly, in the 55 MeV data of Ref. 12 ; as noted previously, higher 

beam energies would be expected to favour the larger angular momentum trans

fers. 

Finally, all of the theoretical calculations of tTS discussed above 

have considered only Oqp and 2qp states as excitations in the corresponding 
2 

even A core nuclei and, moreover, the theoretical values of C S have not 

taken into account "number projection", corresponding to the (small) diffe

rences in BCS parameters between initial and final states. This has been 
8 9 criticized by Allaart and Van Gunsteren et al. ' , particularly for orbits 

near the ferai surface as the model space is extended to include more than 

just the usual valence neutron shells. However, as noted above, their syste

matic calculations of (d,p) spectroscopic strength do not offer any improve

ment over other treatments ; indeed, the 5/2* strengths tend to be concen

trated too much in a single level. The calculations of Alzetta and Sawicki 

have included both number projection in calculated spectroscopic factors 

and 4qp excitations in the even core nuclei, and, like the 2qp calculation 

of Clement and Baranger , have utilized the realistic Tabakin interaction, 

although within a much more restricted model space of just the valence neu

trons. In a previous study of the (p,t) reaction , no convincing evidence 

of the need for 4qp excitations was found, at least as far as mixing intc 

lower lying predominantly 2qp states. Uith regard to the present (p,d) study, 

in Table XIV the calculations of C 2S by Alzetta and Sawicki (AS) for 

Su. Sn (p,d) are compared with the experimental results for the lowest-

lying levels of each spin and parity. For comparison, the phenomenalogical 

results of Ref. 1 (KS), which were referred to in the above discussion. 
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are also shown* Both calculations allow for 3qp admixtures. The results in 

Table XIV %l\ov that the 1/2+ and 3/2* strength is better reproduced by the 

KS calculations but the 5/2+ strength, particularly in the 120 <p,d) 119 

reaction, it reproduced better by the AS calculations ; in addition, these 

calculations provide the best agreement found to date for the 11/2" states, 

which are expected to be predominantly Jqp states. It is not clear, 

however, for such a limited nuaber of cases, whether the level of agreement 

(or lack thereof) between the AS calculations and experiment is due to details 

of the interaction or to the choice of parameters in the calculation* 

la susnary then, calculated spectroscopic factors for (p,d) reactions 

on the even tin isotopes by and large do not reveal the marked differences 

inherent in the calculations - the agreement with experiment is basically 
Mas good" or "as bad", regardless of the sophistication. In particular, 

the observed spreading in the 5/2 + strength is uniformly poorly predicted. 

It is obviously a far better test of model wave function to compare tran

sitions which involve the "collective" nature of the wavefunction, such as 

electromagnetic transition probabilities, or, as argued previously , by 

(p,t) reactions, which provide a rather rigorous test of the neutron confi

gurations in model wave functions. In this regard, a (p,d) study on the odd 

tin isotopes (populating even final states) should provide a more severe 

test than the even targets, since calculated spectroscopic factors should 

then reflect the predominantly two q.p. nature of the final states. 



4.2. States in the Even Tin Isotopes 

A.2.1. Basic Formalism for Spectroscopic Factors 

The ground state spins of all the odd tin nuclei are h and 

the (p,d) reaction an these targets populating final states in the 

even tin isotopes will all have final state configurations 

|jxsi ;J>, where $4H, represents a particle "hole" in the BCS ground 

state,coupled to the s, q.p, state yielding the final state spin J. 

Here j is also the spin of the transferred neutron . In the special 

case of g.s. to g.s. transitions» j«*s and J s 0 , corresponding to the 

vacuun state of the neighboring even nucleus. Based on the previous 

discussion of the odd tin nuclei: , the most prominent 

transitions in the even tins are expected to be S|/2» ^3/2 a n ( * ^5/2 

transfers, populating J^-O ,1 ,2 and 3 final states; with the 

exception of the g.s. transition, these will be predominantly 2qp 

final states. In addition, 4 and 5 final states can be populated 

via a g_,„ transfer and 5 and 6 final states via an h . transfer. 

There is no evidence for 5~ states in the present 20 MeV study but 

two k final states have been identified in the Sn(p,d) Sn reaction; i t 

is strange, however, that there is no evidence for these states in either the 

Sn or ''^Sn <p,d) reactions. T!ie relatively weak L-4 and l>5 transitions found 

at 20 MeV on even targets has been discussed already and this small intrinsic 

ttrength can be expected to fragnent even more to even J final states, 

particularly with increasing target A. There appears to be good 

evidence, however, for the population of 4 (and possibly 5") final 
1 1 8 S n in the 55 MeV Cp,d) data of Ref. 12, where 



the kinematics favour larger angular momentum transfers . 

For the case of g . s . to g . s . transi t ions on the odd t i n 
2 

targets , the (p,d) reaction i s a measure of the "vacancy" \}, of 
2 

the even fjn.aj s ta t e and as such the spectroscopic factor C S should 

be ident ica l to that for the corresponding (d,p) stripping reaction * • 

This follows from 

S j f t W ) - |<Ô|B JÀ j|S>| 2-U î s

2 (13) 

using the definition in Eq.(4). 

Spectroscopic factors for (p,d) transitions populating the 2 q.p. 

final states of apin J involve angular momentum recoupling coefficients. In 

coordinate representation, the appropriate expression analogous to Eq.2 is 

' T x J lV (14) 

vhere J is the angular momentum of the transferred nucléon The necessary 

recoupling implied in Eq. 14 can be most simply pictured in a pure shell 

model representation. Consider for a moment the transfer of spin j from 

an -odd nucleus ground state configuration assumed to be I ( j ) xs,; s,> - i.e. 

from a completely filled neutron subahcll n-2j+l. The calculation of S. 

then proceeds as follows: 

Hi)"0™h*+> - o n " 1 iUj n ) | [a)J" 1 . j ] 0 x« % . ;>i + > (15a) 



since here the coef f ic ient of fractional parentage Is unity. Now by 

Racah recoupling 

- £ . C T â WCf«dvsJO)| [ ( J ^ . B ^ I j X i ; ^ 05b) 

Hence frora Eq. 14 the spectroscopic factor in this shell 

model approach is simply proportional to 

(2J+1) (16) 
(2j+l)<2) 

In the BCS picture, J is an appropriately angular monentum 

coupled 2 q.p. state and the expression analogous to Eq. 14 has the 

font 

<0 [B, B, ] B.Â, |6> (17) 

For details of the angular momentum recoupling the reader is referred 

to Kefs 3, A or 6; the net result, however, is that S, has the for» 

of Eq. 16 weighted by the occupation probability of the orbit j (recall 

Eq. 5) times the appropriate 2 q.p. amplitude |*. . | . For the J-l 

+

 3 1 J 2 
and 3 final states, only d_*2 and d,,» transfers are allowed, respectively, 

but for the J«2 final states, both d~ ._ and d_ / 9 transfers are allowed. 3/2 * n a a5/2 

The spectroscopic factors are as follows: 



C 2 S(J-1 + ) « 3/2 » 3 / 2 l * < i 3 / 2 s ! 5 ; 1 + | 2 <»<>> 

C2S(J-2+) - 5 /2Jv 2

/ 2 | W 3 / 2 s , ( ;2 + | 2 + ^Ud^,^2 j (3 b) 

C2S<J>3+) - 7/2 V?.,|W..,a. ; 3 + | 2 (Be) 5/21 ,faSt2"V 
es Vj are fc 

II 2 3 

the (d,p) reaction on the same targets , the U- must be used . 

Hote for the J-2* final state, the j«*3/2 and 5/2 transfers always contribute 

incoherently in the (p,d) reaction (unlike the (p*t) reaction). These amplitudes 

can be determined experimentally by a polarized beam study . For the 0 final 

•tates» the g.s. to g.s. (0 q.p») transition is given by Eq. 13 while the 
2 q.p. final states have the form 

C 2S(J-0 +) - V^|( S 3 s)JiO +| 2 <18d) 

The occupation probabilities Vj are for the odd spin target states ; for 

The above formulae assume that the g.s, {H ) spin of the odd tins is 

pure 1 q.p. and hence the final states of spin J are pure 2 q.p. The 

Trieste group has argued in the past for Including 4 q.p. configurations 

in the even tins, particularly in states of higher excitations, and if 

these configurations are important they could only be excited in the 

(p,d) reaction if the ground state wave functions of the odd tins have 

appreciable 3 q.p. admixtures. This seems unlikely based on the above 

discussion of odd final states. 

A.2.2. Comparison between Theory and Experiment 

The most complete "realistic" 2qp calculation of nuclear structure 



and the present (p»d) results on the odd tins are compared also with 

their calculations. In addition, reference is made to the calculations 

of Alzetta and Sawicki » which include 4qp admixtures in the even tins* 
S 9 and to the number projected BCS calculations of Van Gunsteren* ; this 

latter calculation spans essentially the same model space as the CB one but 

has been carried out with phenomonslogical forces. Tables XV and XVI present 

(Table VI) for L-0 and L-2 transitions with the theoretical values based 

using the formulae in Eq. 18 for the 2 q.p. final states ; the g.s. transi-
2 + 

tions should just be given by U . - 2 (Eq. 13). Table XV also presents the 0 

calculations of Alzetta and Sawicki for the one case they reported. In 

Table XVI, the best correlation of 1 + and 3* levels is made based on the 

CB calculations but again all such spin assignments except the lowest 2 

level are shown in parenthesis, reflecting the experimental uncertainty. 

In Table XVII a detailed comparison is made of the calculations oi van. 

Gunsteren (VG) ' , Alzetta and Sawicki (AS) and Clement and Baranger (CB) 

for the 2* levels populated in the Sn(p,d) Sn reaction. 

*) I"H3 Transfer ; 0 Final States 

It is clear fro» Table XV that the calculated 0 strengths agree 

rather poorly with the experimental (p,d) data,particularly for the 2qp 

states. The experimental values seem sound ; in particular, there is good 

agreement between the present 20 MeV study and the 55 HeV study of Ref. 12 
2 

(Table XV). Moreover, the values for C S in Table VI for the g.s. transi
tions agree very well with the (d,p) values of Ref. II, as indeed they 
should (Eq. 13), although admitcdly this agreement can be partly traced to 



our specific normalisation of experimental cross sections, as discussed 

previously. Some improvement in the GB calculated C 2S values far 0 + states 

could undoubtably he affected by a different choice of single particle 

energies in the BCS calculation (which would probably have the biggest 

effect on the g.s. transitions)» but any such changes would have to be 

in accord with the relatively good agreemant discussed earlier (Table XI). 
Q 

Calculations by Van Gunsterca based on an laverse-gap approach give 
2 117 

C S-0.55 in one case for the Sn (p,d) g.s. transition, not significantly 

different from the values given in Table XV. The CB calculations shown 

in fact, do reproduce the observed trend in the experimental g.s. values 
2 2 

of C S ; i.e. the (s,/~)n o c cupancy increases with increasing A and hence 
2 

U. ., decreases (Eq.]3). This trend would be better reproduced, however, by 

using the UT,, of Kiss linger and Sorensen (Table XI). 

The major fault in the calculation lies with the excited 2q.p. 0 

states ; all the theoretical strength is concentrated in the lowest 2q.p. 

state whereas the experimental results show it to be in the highest such 

level. In addition, the experimental results show much more spreading in 

0* strength than the CB calculations although it should be noted that the 

total summed L*0 strength is in good agreement with the calculations. 

Since the CB calculations are pure 2 q.p. it could be argued that signifi

cant 4 q.p. mixing in the 0 levels is the reason why the (p>d) 0 strength 

is spread as observed. However, the calculations of Alzetta and Sawicki, 

also shown in Table XV, which do include 4 q.p. configurations, offer only 

marginal improvement iD comparing theory and experiment for the Sn(p,d) 

reaction ; again, the excited 0 strength is concentrated in the first ex

cited state, contrary to the experimental results. Furthermore, the. above 

ana? ye is of the odd tins wr.j in good agreement with the assumption of pure 



I q.p. final states (Table XI). 

It is interesting to compare the present (p,d) 0 strengths witt* 

those previously reported for the (p,t) reaction . The striking difference 

in 0 strength between the (p,t) and (p,d) is in the g.s. to g.s. cross 

sections, which are collectively enhanced in the (p,0 reaction by two 

orders of magnitude compared to the excited 0 states. On the other hand, 

the excited 0 states themselves are populated with similar relative strengths 

in both the <P»d) and the (p,t), suggesting that these levels are indeed 

predominantly 2 q.p. levels. The previous (p,t) calculations of the lowest 

excited 0 states with the CB wave functions were generally in good agreement 

with their being 2 q.p. Btates. although this says nothing of course about 

possible 4 q.p. configurations in the higher 0 + states. 

Finally» in neither the Sn(p,t) Sn data of Ref. 10 nor in the 

present Sn(p,d) Sn data was there any evidence for an excited 0 state 

in Sn, although it must be remarked again that iu the Sn target there 

was appreciable contamination of Sn which could conceivably have obscured 

the presence of any weakly excited (0 +) states, particularly in the 

(p,d) reaction. This result is in contrast to the td,t) results of Schneid, 

Sn ; the 1.95 MeV level has also been identified as 0 + in a (t,p) 

study . It is worthwhile to continue searching for low lying 0 r states xn 

the low aass tins since this is the trend predicted by theoretical calcula-
... 3,4 
tions . 

b) L=2 Transfer j ) * , 2* and J* Final State.». 

As discussed further below, the excitation of both l + and 3 final 

states, in addition to 2 + , is expected for the transfer of d 3/2 and ds/2 
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neutrons, but experimentally, at 20 HeV it has not been possible to relia

bly distinguish any such "j-dependence". The CB calculations for these 

transitions are shown in Table XVI and they predict a concentration of l* 

and 3 (p,d) strength in a single state in A - 116 and 118, at excitation 

energies around 3.0 and 4.0 MeV, respectively, with the 2 strength spread 

between. The tentative experimental assignments given in the table (all 

in parenthesis) are based on the most likely correspondance with the theo

retical ones ; e.g-» it nay be reasonable to identify the 3.74 MeV level 

in Sn as a 3 + state. By and large, the spreading in the experimental 

and theoretical L-2 strength is quite well reproduced by the CB calcula

tions > although in Sn and Sn there is no single transition which 

doiiinates the experimental spectrum as the 3 + level does in the calculated 

one. The trend in the calculations, however, suggests that the 2.95 MeV 

level in Sn is also a 3 + one . Not all of the calculated levels are 

shown in the Table ~ those states predicted to be very weakly excited 

have been omitted. Within 5MeV of *iXcitation in Sn, the CB calculations 

predict three I* states, nine states and five 3 + states (17 in all) ; 

nine have been identified i . present experiment. This case, in fact, 

provides the best agreement with the CB theory. Although the calculations 

predict too little 2 + strength to some selected states, notably the experi

mental levels at 3.01, 3.27 and 3.98 MeV, the overall agreement is really 

quite good. The fact that a single 3* level dominates the theoretical but 

not the experimental spectra in A=116 and 118 suggests far more spreading 

of this strength than predicted theoretically and that some of the levels 

tentatively i-lentified as 2 + in Table XVI may well be 3 + level. On the 

other hand, i t is possible that higher lying L=2 strength has been missed 



in the experiment ; e.g., the 3 level predicted to lie at 4.45 MeV in 

Sn. Certainly, many relatively weakly populated levels in this energy 

range corred be obscured by worsening background, also at higher beam 
12 , 2 1 

energies .Such levels are also not identified in Cp»p ) studies . 

In principle, the I and 3 final states could be identified expe

rimentally in the (p,d) reaction since these are populated selectively 
13 

t y d372 a n <^ d5/2 t r a n s ^ e r s * Cavanagh et al. have made use of this 

"j-dependence" in their 30 MeV (p,d) study to make particular 3/2 + and 

5/2+ assignments in the odd tins. At 20 MeV, the DWEA calculations, at 

least for the best BZ and EV optical potentials discussed earlier, do 

indeed predict some difference between d« ., a n <* ^Us? transfers but prima

rily at relatively high excitation energies in the even tins and at 

forward angles ; for angles < 10 degs, the d 5 j, 2
 C £ o s s section tends to drop 

relative to the d~ ,-. Some feeling for this can be gained from comparing 

the d,* 2 and d 5 » 2
 D W B A calculated curves for transitions populating states 

in the lower mass odd tins (figs. 2-5). The same effect can be seen for 

L=2 transfers in the even tins (Figs. M and 13), where d3/2 and d5/2 

transfers are compared for selected cases - the uncertainty &15Z) this 

introduces in the extracted Sj factors has been discussed earlier. The 

differences in these shapes are not dramatic enough to allow any reliable 

identification of spin components ; this can be accomplished, though, using 

polarized protons . In that study, the 1.23 MeV level in the 119 (p,d) 

reaction was shown to be an equal mixing of d5/2 and d3/2 ; the DUSA curve 

in Fig. 13, however, was obtained with a pure d5/2 transfer. 



As already emphasized, the CB calculations are pure 2qp and the calcu

lations of Sj factors (Eq. 18) reflect this ; in addition, there has been 

no provision made in the calculations of Sj for the proper "number projection 

between initial (A) and final (A-l) BCS vacuum states. This type of treat

ment it considered to be an important correction in the calculations of 

Van Cunsteren ' (VG) and Alzetta and Sawicki and their results for C S 

«re coapared in Table XVII with the CB ones,along with the experimental 

values, for the 2 final states populated in the 117(p,d)ll6 reaction. 

In addition, as noted above, the AS calculations have included 4q.p. 

configurations. Again the (tentative) 1 + and 3 experimental assignments 

follow from the foregoing discussion (Table XVI). Van Guna teren» in his 

number projected calculations, finds a rattier wide variation of C^S for 

cone 2 + levels in 1 ] (>Sn, particularly those at high excitation energies, 

depending on whether he considers an expanded model space of three major 

shells or just the valence shell. One would expect the effect of an expan

der model space to be greatest on the valence neutron orbits, since tiese 

lie closest to the Fermi surface. The orbit which is the most sensitive 

Bl/2 
states which contain appreciable fractions of s. , 2 parentage. However, the 

calculated 2* strengths of Ref. 9, to highly excited levels, vary as much 

as a factor of ten, which is somewhat surprising. 

Comparing the VG and GB calculations in Table XVII, which in fact 

spaa essentially the same model space, it can be concluded that the CB 

calculations give somewhat better overall agreement with the 2 + experimental 

S- factors in *'°Sn. At least, there is certainly no preference for the 

number projected calculations of Van Gunsteren, a conclusion consistent 

'with that stated earlier for the odd tin final states. Both the CB ani 
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VG calculations» however» predict essentially the same density of 2* final 

states» in good agreement with experiment, which, in itself is suggestive 

of the need for an expanded model space» a conclusion consistent with a 

previous paper on the (p»t) reaction . It can perhaps be argued from Table 
2 

XVII that the agreement in C 5 between the AS calculations and the experi-

uental results is somewhat better than that r£ either Che CB or VG calcula

tions» particularly for the 3rd (or 4th) 2* level* Unfortunately» Alzetta 

and Sawicki have not reported their calculations for other 2* states so one 

cannot say whether the inclusion of 4qp configurations within just the five 

valence neutron shells can reproduce the experimental density of 2 + states 

or not ; certainly this would not be possible with only 2qp configurations. 

In the previous study of the (p»t) reaction, relative cross Beetions to the 

lowest lying 2* states were well reproduced by the 2qp CB calculations. 

I t is interesting to note again the marked differences between the (p»t) 

and (p»d) reactions» here populating 2 final states-only the lowest lying 

2* level is populated in the (p , t ) , reflecting the really marked coherent 

nature of the two-nucleon transfer reaction. 

I t is worthwhile also to consider the total summed L«2 strength 

in the even t ins, although such a sum is more indicative of the validity 

of the calculated BCS occupation probabilities and/or of the actual expe

rimental results than i t is of any details of the interaction itself. 

For target nucleus.A, populating either even or odd final states» the 

total summed L-2 strength is given by 

X > A - 2 " 4V!/2<A) + 6 V 5 / 2 ( A > " < 1 9 > 
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This sum for the CB calculations is compared with the corresponding 

experimental sun in Table .XVIII. One notes first of all that within the 

error bars, the experimental and theoretical L-2 sums for even A (i.e., 

populating odd final states) agree rather well, although t ;e experimental 

values, except for A-122 and 124, are consistently higher :han the theo

retical ones. This has been mentioned earlier for the separate sums of 

0*3/2 a n ^ ^5/2 ^ T a k l e x * ) - F o c the 0<*d A targets (i.e., popple ting even 

final states), one would a-priori"expect the total L-2 strength to be an 

average of that for the corresponding neighbouring odd final states. This 

is certainly apparent in the theoretical values shown in Table XVIII but, 

particularly for A-119, not in the experimental sums ; indeed, they show 

a steady decrease with increasing A, in complete contradiction to the 

theoretical trend. On the other hand, the "absolute" experimental and 

theoretical sums agree very well for A B U 7 . 

At noted previously, for the A - U 5 target, it is possible that 

contaminant lines from other isotopes may have made some contribution 

to the A M 14 final state counts, although this effect was :arefully checked 

and certainly is not expected to be a serious one ; nevertheless, it 

might explain the somewhat larger experimental sum. Just the opposite 

explanation has to be invoked for the A-J19 target. Here the experimental 

sua appears to be really too low, and this could easily ba explained by 

the aformentioned possibility of unobserved L-2 strength. Moreover, 

the DWBA calculated cross sections arc falling off with increasing excita

tion energy ; e.g., if such a level were co lie at 6 MeV, .something like 

a factor of 3 decrease in cross section relative to the 4.I MeV level 

can be expected ~ such an effect would of course be more crucial if the 

"missing" spectroscopic strength were spread among severai- levels. However, 



-42-

t h i s kinematic arugment would be nuch l e s s important at higher beast energies , 

such as in Ref. 12 at 55 tfeV, bur. cherc also does not appear to be any signi

ficant strength beyond 4 MeV o* exci tat ion. I t should a l so be mentiocned 

again that the present L-2 C S values populating s tates in Sn appear to 

be consistantly too low re la t ive to those populating the same s ta te s at 

55 MeV, although they agree very wall in Sn (Table VI). This of could be 

an alternate explanation for the missing L-2 spectroscopic strength in 

118 
Sn, although it is puzzling why just the L*2 states would be affected 

119 and why just in the Sn <p.d) reaction ? One suspects rather that the 

relatively poorer energy resolution and generally larger background at 

55 KeV may hc*e caused some error in the extraction of experimental cross 

sections «t 55 He* ; indeed« many more L*2 levels are seen in the present 

data and the total L-2 strength in both experiments is, in fact, the same. 

Finally, it is worth noting that in their analysis of spectroscopic 

factors for the (d,p) reaction populating levels in the even tins, the CB 
4 + 

calculations gave relatively poor agreement with the 0 levels but rela

tively good agreement with the 2* levels, in like manner to the present 

(P»d) study* The same trend was also found in an earlier calculation by 

Kuo and Baranger . The 0 + levels are clearly most sensitive to details of 

the interaction* 
c) L-4 transfer ; 4* Final States. 

As mentioned above, two L«4 transitions have been observed in 

the Sn <p,d) Sn reaction, but none have been seen in either 

Sn or Sn (Table VI). Detailed spectroscopic calculations have not 

been done for the 4"* levels, particularly in view of the previously noted 

-DWBA sensitivities for L-4 transfers. These arc expected, however, to be 
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doainantly tj/n transfers! and the expression analogous to those in Eq. 18 

has the form 

C*S (J-4+) - 9/2 V * / 2 | * g 7 / 2 s l / 2 ; 4 + | 2 (20) 

The to ta l 4* strength would then be 8 V^_ ; from Table XI th i s 

g ives the value 6.9 for the Sn (p,d) reaction» which i s in good agreement 

with the experimental resul t of 5.9 fro» Table VI, particularly when the 

DMA, error i s considered. This re su l t certainly supports the assignment of 

4 + to both l eve l s in 1 1 6 S n , although a possible 3 + assignment to one of 

these l e v e l s cannot be ruled out. However» the save calculation predicts 

even stronger 4 + s ta te s in l l 8 S n frosj the Sn (p,d) reaction» which i s 
12 consistent with their apparent observation at 55 MeV but only ra ises 

further questions as to why they have not been observed at 20 MeV. 



5. CONCLUSIONS 

The nuclear structure of the even (A- 114, 116, 118) and odd (A* 111, 

113, 115» 117, 119, 121, 123) t in nuclei has been investigated by 20 MeV 

(p,d) reactions. Measurable spectroscopic strength in these experiments i s 

observed in the odd nuclei only up to about 2 MeV of exc i ta t ion , revealing 

the dominant presence of the valence neutron s h e l l s , 1g7/2, l h l t / 2 , 2dS/2, 

2d3/2 and 3s1/2 ; no "deep hole" s tates were ident i f ied . In the even i sotopes , 

re la t ive ly strong transit ions were observed up to 4 MeV exc i ta t ion . Spec

troscopic factors have been calculated using the DHDCK code and the s e n s i t i 

v i ty of the calculations checked to both parameter changes and changes in the 

optical potent ia l i t s e l f . These checks revealed a particular s e n s i t i v i t y to 

L-4 (and 5) transfers , thus rendering the determination of spectroscopic fac 

tors for these cases l e s s re l iable than for the damnant L*0 and 2 trans i 

t ions . The experinental spectroscopic factors have been compared in deta i l 

with the theoret ical BCS predictions of Kissl inger and Sorensen , Arvieu-
2 3 4 5 

Baranger , Kuo-Baranger , Clenent and Baranger , Alzetta and Sawicki , Dreiss 
7 9 

et al. and Van Gunsteren . 

In the case of the odd tins, the theoretically predict>J occupation 

probabilities all give similar trends with «ass, largely independent of dif

ferences in the level of sophistication in the calculations. Generally, the 

total VT for the 1/2 , 5/2 and 7/2 Within error) orbits arc well predic

ted j the filling of the 3/2 and 11/2 orbits is underpredicted in the lower 

•ass isotopes* Overall, the calculations of Clenent and Baranger give the 
2 + + 

best agreement with the experimentally determined V. . The 1/2 , 3/2 , 11/2 
and 7/2 experimental strength is largely concentrated in a single level, in 

•agreement with the dominant I qp nature of these levels. The observed 7/2 
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strength decreases in the heavier isotopes, reflecting (unobserved) spreading 

into 3 qp states and this trend is best reproduced by the calculations of 

Sorensen. The 5/2 levels are already fragmented in So, reflecting also 

their coupling with phonon (prinarily 2 qp) degrees of freedom. The- observed 

spreading in 5/2 strength is generally poorly accounted for by all the theo-
119 retical calculations tested; in particular, the 0.50 MeV state in Sn is 

the weakest on* seen whereas theory uniformly predicts it to be the strongest. 

In the even tin isotopes, detailed comparisons of spectroscopic fac

tors have been aade with the 2 qp realistic calculations of Clement and 

Saranger. These calculations were generally quite successful in accounting 

for the observed cross sections found in (p,t) reactions on the tin isotopes, 

the focus cf an earlier report » For the 0 states populated in the (p,d) 

reaction, the agreenent in spectroscopic strength between the present experi

ment and the calculations of Clenent and Baranger is poor ; even the g.s. 

transitions are not well predicted, although the trend of decreasing L*0 

spectroscopic factor with increasing mass is correctly reproduced. The major 

failing of the 0 calculations lies in the excited 2 qp states ; there is 

Mich more spreading in the experimental spectrum than in the theoretical 

one» where all of the 2 qp strength is concentrated in the lowest lying 0 

state. The calculations of Alzetta and Sawicki, which include 4 qp configu

rations, do not offer any significant improovenent. Cross sections for the 

1^2 transfers populating 1 , 2 and 3 final states in the even tins are, on 

the other hand, quite well reproduced by the Clement and Baranger theory, par

ticularly for the Sn(p,d) Sn reaction. The theoretical spreading in 2 + 

strength agrees rather well with experiment although the expectation of a 

singularly strong 3 level is not borne out by the data, with the possible 
114 + 

exception of Sn, Comparisons between the experimental and theoretical 2 
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strength calculated by Alzetta and Sawicki and Van Gunsteren, both of which 

have included number projection in the BCS overlaps, of fer no s igni f icant im

provement over the Clement and Baranger calculations ; indeed, except for 

•e lec ted s t a t e s , the overal l l e ve l of agreement i s somewhat worse. 

Final ly , in the even isotopes , the summed experimental strengths for 

L-2 and L-4 transfers generally do not agree with the theoretical expectation 

(except in Sn). In the case of L"2, the predicted trend with mass i s for a 

s l i g h t increase in t o t a l strength fro* A-Î14 to 118, whereas experimentally 

the opposite trend i s observed ; indeed, in Sn, only s l i gh t ly more than 

derstood ; i t i s suggested that a large number of transi t ions beyond about 

4 HeV exc i ta t ion would have progressively smaller cross sect ions at 20 HeV 

bombarding energy, an e f fec t which would be exacerbated by a worsening expe

rimental background i n t h i s region. In l ike manner, no 4 strength has been 

found in e i ther Sn or Sn, although two such l eve l s are observed in 

Sn, in good agreement with sum rule expectations. 
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Table I : A Sn(p ,d ) A - 1 Sn . for even A 

a) b) c) d) 
(A-1) Exc. [HeV] j * pksfdeg.] (do/dnJDnb/Sr] Ee(do/dn)[mbj 

" ' S n 0.00 7/2* 38 0.66 ± 0.07 10.8 ± 1.1 
0.16 5/2* 10 5.4 ± 0.45 69.3 ± 6.9 
0.29 1/2* 31 1.0 ± 0.05 12.4 ± 1.2 
0.65 3/2* 10 . 0.65 ± 0.06 7.0 ± 0.7 

" 3 S n 0.00 1/2* 30 1.8 ± 0.15 20.8 ± 2.1 
0.080 7/2* 36 0.70 ± 0.10 10.4 ± 1.6 
0.40 5/2* io e ) 6.0 ± 0 .75 e ' 79.5 ± 8.0 
0.49 3/2* 10e> 1.4 ± 0 .15 e ' 16.B ± 1.7 
0.74 11/2" 46 0.2 ± 0.04 2.7 ± 0.4 
1.04 5/2* 1 0 e ) 0.4 ± 0.06 e ' 3.2 ± 0.5 

1 1 5 S n O . L I 1/2* 30 3.9 ± 0.45 44.5 ± 4 . 5 
0.50 3/2* 16 1.4 ±0 .20 19.2 ± 1.9 
0.62 7/2* 36 0.75 ± 0.06 11.5 ± 1.2 
0.73 11/2" 46 0.33 ± 0.04 S.O ± 0.5 
1.00 5/2* 16 5.6 ± 0.45 83.6 ± 8.4 
1.28 (3/2*) - - 1.8 ± 0 . 4 f ' 
1.42 5/2* 16 0.16 ± 0.02 2.4 ± 0.3 
1.65 (3/2*) - - 2.0 i 0 . 4 f ' 
1.75 (3/2*) - - 2.3 ± 0 . 5 f ' 
1.98 (1/2*) - - 3.2 ± 0 . 6 f ' 

n 7 s „ 0.00 1/2* 30 5.8 ± 0.45 fS.8 ± 5.6 
0.16 3/2* 16 2.5 ± 0.30 36.0 ± 5.4 
0.32 11/2" 46 0.60 ± 0.10 7.8 ± 1.2 
0.72 7/2* 36 e ' 0.70 ± 0 .09 e ' 12.4 ± 1.9 
1.04 5 /2* , (3 /2* ) 9 , 16 4.5 ± 0.36 64.7 ± 9.5 
1.19 5/2* 2.4 ± 0.30 32.0 ± 4.8 
1.45 5 /2 + - - 3.5 ± 0 . 7 f ' 
1.52 (3/2*) 2.0 ± 0 . 8 f ' 
1.68 (3/2+) - - 2.6 ± 0.5 f> 
2.08 (1/2+) - - 3.9 ± 0 . 7 f ) 



lA-1) E .[HeV] 
a) 

j . 
" " - b) 

iko[deg.] 
c 

(do/d!])[nib/Sr] ) d) 
(do/da)[mb] 

0.00 f> V 2 * 26 e ) 7.5 ±0 .90 78.3 ± 8 . 0 e ' 
0.02 3Î 3/2* - - -
0.089 11/2" 46 0.75 i 0.08 9.9 ! 1.1 
0.79 7/2* 38 0.78 ± 0.09 11.1 ± 1.2 
0.92 5 /2* , (3 /2*> 9 , 16 0.50 ± 0.04 7.4 ± 0.8 
1.09 5/2* 16 3.9 ±0 .40 62.8 ± 6 . 8 
1.36 6/2* 16 1.4 ± a.is 20.7 ± Z.2 
1.74 (3/2*) - - 2.6 ± 0 .5 f ) 
1.96 (3/2*) - 0.4 1 0.08 f» 
2.15 (1/2*) - 1.6 ± 0 . 3 f ) 

' «S» o.oo) h ) 

O.Ol) 
3/2* " 10*> 3.1 1 0 . 4 0 " 50.3 s 8.0 o.oo) h ) 

O.Ol) 11/2" - - -
0.06 1/2* 26 7.4 ± 0 . 8 0 e ) 84.1 ± 9.0 
0.94 7/2* 36«» 0.55 1 .06 9.6 ± 1.4 
1.14 5/2* 16 4.0 ± 0.40 49.9± 7.0 
1.42 5/2* 16 2.7 1 0.30 40.1 1 6.0 

, Z 3 S n o.oo)h> 11/2" . _ _ 
0.02} 3/2* 10 1 ' 4.1 ± 0.40 59.0 i 10 .0 e ' 
0.14 1/2* 26 9.0 t 0.55 91.7 ± 9.0 
1.03 7/2* - - 6.0 1 3.0 f > 
1.19 5/2* 16 3.8 ± 0.35 55.1 ± 5.5 
1.48 5/2* 16 2.9 ± 0.30 42.2 1 4.2 

a) Mostly well established assignments. Uncertain assignments are given In 
parenthesis; these are again consistent with other determinations but are 
generally a l l very weak transitions, for which angular distributions could 
not be obtained. 
b) The cm. peak angle {to within ±2deg.) given 1n {or estimated from) the 
experimental angular distributions. 
c) The peak angle cm. differential cross section (mb/sr) and I ts associated error,. 
d) A linear sum of the differential cross section and estimated errors, in 
2 deg. steps from 10 deg. to 50 deg., c m . ; based on smooth curves (not shown) 
drawn through the data points. Innnost cases, a single empirical curve for 
a given L reproduces the angular dfstribution shape over a wide range of mass. 
e) estimated from experimental systernatics 
f ) angular distributions not obtained. Cross sections estimated by ratios at 
selected angles, which are then translated into summed cross sections using 
saooth curves. See footnote d) . + 

gî Fron Ydecay studies, at> unresolved 3/2 state, which 1s predominantly a 
\2r x SjJ collective state, wi l l also be {weakly) populated in the (p,d) 
reaction. 
h) Unresolved transitions. Where possible, cross sections given on the basis of 
peak angle cross sections and experimental systematics. See footnote d ) . 
1) Not actual peak angle in the experimental angular distributions, but Is 
where the 3 /2 + component 1s expected to be strong and, correspondingly, where 
the 11/2~ component 1s expected to be weakest. 



Tlble 11: ^ S n (p.d) *Sn. for even > 
J ) b) c) d) 

A Exc.[MeV] 3' pko[deg.] (do/dn)[>*/Sr] Ie(da/dn)[Bb] 

14 0.0 0 + 30 3.8 : 0.35 57.0 ± 6.0 
1.30 2 + 26»' 1.5 ± 0.16 e' 18.0 i 2.0 
2.85 . «V 16 e' 1.7 ± 0.20 e' 23.2 t 2.5 
2.95 (2*) 16 3.8 i 0.40 52.5 4 5.8 

3.30 <2+) 8 1.8 i 0.20 25.9 i 2.9 
3.66 .(2*) 8 0.70 j 0-10 11.0 i 1.3 

16 0.0 0* 30 3.2 ± 0.25 46.1 l 4.0 
1.29 Z+ 24 0.95 ± 0.08 12.1 t 1.2 
1.74 0 + 30 0.65 t 0.06 7.1 t 0.7 
2.03 0* 30 0.65 : D.05 7.6 ± 0.7 
2.22 2* 16 0.50 t 0.06 7.2 ± 1.0 
2.54 0* 30 1.0 ± 0.08 13.6 t 1.2 
2.61 ( 2 + ) f ) 16" 0.39 i 0.04 e ' 6.5 1 1.0 
2.80 4+ 34 0.25 t 0.04 4.2 i 0.5 
3.01 <2+> 8 0.26 i 0.03 4.1 ± 0.4 

3.12 4 + 36 0.44 l 0.05 7.6 t 0.8 
3.27 (2*> 8 .42 • 0.05 B.2 s 0.9 
3.42 C+> 8 1.2 i 0.15 19.2 ± 2.0 
3:60 -' - . ^ 20 9' 
3.74 (2 +> 8 1.4 ± 0.15 20.2 ± 2.1 
3.81 (2 + ) 8 0.48 i 0.06 7.7 i 0.8 
3.98 (2*) 8 0.40 i 0.04 5.9 ; 0.6 

18 0.0 0* 32 2.8' ; 0.30 45.5 i 4.0 

1.23 2 + 22 0.70 ± 0.08 9.7 ± 1.0 
1.78 0* 32 0.25 t 0.03 3.1 ± 0.3 
2.05 0* 32 0.45 ± 0.04 5.5 ± 0.5 
2.29 4* - . « 1 9) 

2.34 2* 20 0.54 i 0.06 6.2 ± 0.8 

2.53 0* 32 1.3 1 0.13 16.0 ± 1.5 
2.-74 P*)" 20 0.64 t O.0S 9.8 ± 1.1 
2.93 (2*) - - 5.0 ± 2.0 9 ' 
3.75 (2*) 20 0.86 t 0.09 12.4 ± 1.3 
3.94 (2 + ) 20 0.50 ± 0.06 7.5 i 1.1 
4.06 <2*J 16 0.95 ± 0.10 14.3 t 2.0 
4.12 (2*) 16 0.35 • a.05. 5.5 ± 0.7 

a) b) c) d) e) See Footnotes to Tabte I . 
f j The odd t in targets are a l l l / 2 + and an L*2 transfer wi l l populate 1 , 2 
aiid 3* final states. There 1s not enough "j dependence" in the experiment 
(or theoretical) angular distributions to reliably distinguish these cases. 
so they are a l l indicated ( 2 + ) . 
g)Estimated from experimental systematics. See footnote f . Table I . 



Table III: Proton Optical Hodel Potentials 

Labjn V r y a y H p r D «p V s o
 r

5 Q asp rC R e f-

A 58.3 1.13 .72 43.0 1.33 .65 24.4 1.13 .75 1.20 21 a 

B 49.0 1.25 .65 54.4 1.25 .47 30.0 1.25 .65 1.25 ll b 

C 55.2 1.17 .75 34.1 1.32 .61 24.B 1.01 .75 1.25 32 e 

0 53.9 1.18 .71 42.4 1.26 .66 21.0 1.07 .45 1.25 34 d 

E 55.3 1.12 .49 51.7 1.34 .53 27.6 1.01 .75 1.25 35 e 

a) corrected for 20 HeV protons according to the phenomenological prescrip
tions of Bechetti and Greenlees32 and Perey and Perey33. 

b) proton potential used in fitting 15 HeV (d,p) data on tins, taken from ref.33. 
c) from global parameters of Bechetti and Greenlees, calculated for Sn. 

In addition, a small volume contribution of 1.70 HeV was included in the 
absorptive potential. The Perey and Perey systematics gave essentially 
the same result. 

d) 21 HeV proton elastic scattering on 
16 HeV proton elastic scattering on 
for 20 HeV protons. See footnote a). 

12D e) 16 HeV proton elastic scattering on Sn, corrected phenomenologically 



Table IV: Deuteron Optical Model Parameters 

Label V r V a V "o r D a D VS0 rS0 aS0 Jc_ Ref. 

V 97.2 1.15 .81 64.0 1.34 .68 1.30 l l a 

H 77.4 1.04 1.06 44.0 1.48 .81 1.20 33 b 

X 105.7 1.07 0.90 48.8 1.39 .78 33.9 1.16 .29 1.30 36 c 

Y 104.0 1.23 .65 92.0 1.23 .48 56.0 1.20 .65 1.20 33 ,38 d 

Z 113.3 1.05 .85 44.8 1.37 .80 48.8 .84 .46 1.30 40 ,41 e 

a) deuteron potential used in fitting 15 MeV (d,p) data on tins, from Ref.33. 

b) 13.5 MeV deuteron elastic scattering on the tins. 

c) 17 HeV deuteron elastic scattering on 1 2^n.Agrees well with a 20 MeV study 
on HZSn, ff*Sn and K+Sn". 

d) derived from a sun of the global f i ts of Wlmore and Hodgson38 and 
Perey33 for 7 HeV neutrons and protons, respectively, including the 
neutron spin-orbit parameters of Bechetti and 6reenlees32-This procedure 
can be justified theoretically 3 9. 

e) an average of 11.8 MeV deuteron elastic scattering parameters on Indium. 
Except for a somewhat laroer spin-orbit tern, basically the same poten
tial as that given in the systematics of Lohr and Haberli for 8-13 MeV 
deuterons*1. 
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Table V: Spectroscopic Factors for Sn (p.d) . even A 

Ml Exc.(MeV) J" C2S (20 HeV) 

111 0.00 7/2* 5.0 ± 1.0 

0.16 5/2* 5.6 ± 0.7 
0.29 1/2* 0.48 ± 0.07 

0.65 3/2* 0.72 ± 0 . 1 0 

113 0.00 1/2* 0.68 ± 0.06 

0.08 7/2* 5.5 ± 1.2 

0.40 5/2* 5.5 1 0.6 

0.49 3/2* 1.5 ± 0.15 

0.74 11/2" 3.0 ± 0.8 

1.04 5/2* 0.30 ±0 .04 

115 0.00 1/2* 1.0 ± 0.1 
0.50 3/2* 1.3 ± 0.15 
0.62 7/2* 6.0 ± 1.5 
0.73 11/2' 3.6 ± 0.8 
1.0 5/2* 6.0 ± 0.7 
1.28 ( 3 / 2 * ) a ) 0.14 ± 0.03 
1.42 5/2* 0.20 ± 0.03 
1.65 (3/2*) a > 0.17 ± 0.04 
1.75 ( 3 / 2 * ) a ) 0.20 i 0.05 
1.98 1/2* 0.20 ± 0.04 

117 0.0 1/2* 1.4 ± 0.15 
0.16 3/2* 2.0 ± 0.25 
0.32 11/2" 4.4 ± 0.9 
0.72 7/2* 6.2 ± 1.5 
1.02 5/2* 3.7 ± 0.4 

1.19 5/2* 2.2 ± 0.35 
1.45 5/2* 0.20 ± 0.05 
1.52 ( 3 / 2 * ) a ) 0.22 ± 0.05 
1.68 ( 3 / 2 * ) a ) 0.22 ± 0.05 
2.08 1/2* 0.23 ± 0.05 



Table V: (cont'd) . . . . 
(A-l) Exc.(HeV) 

b) 
119 0.0 

0.023' 
0.069 
0.79 
0.92 
1.09 
1.36 
1.74 
1.96 
2.15 

b) 

b) 

121 0.00) 
0.01 ) 
0.06 
0.94 
1.14 
1.42 

123 0.00) 
0.011 
0.14 
1.03 
1.19 
1.48 

a) 3/2* assignment based mainly on sum rule arguments - l e . , the 
6/2* orbit Is " f u l l " 

b) Unresolved doublet. Spectroscopic factors determined from peak 
angle systematics. See Table I I . 

J " CZS (20 HeV) 

1/2* 1.8 ± 0.3 
3/2* 2.4 ± 0.35 
11/2" 4.6 t 0.9 
7/2* 5.3 ± 1.3 
5/2* 0.50 ± 0.07 
5/2* 4.0 ± 0.45 
5/2* 1.5 ± 0.20 
(3/2*)a 0.24 ± 0.04 
(3/2*) a ) 0.10 ± 0.02 
1/2* 0.08 ± 0.02 

11/2" -«4.5 ± 1.5 
3/2* 2.7 ± 0.4 
1/2* 1.9 ± 0.15 
7/2* 4.6 ± 1.3 
5/2* 3.2 ± 0.35 
5/2* 2.8 ± 0.35 

11/2" o4.5 ± 1.5 
3/2* 3.0 ± 0.4 
1/2* 1.9 ± 0.2 
7/2* 2.8 ± 1.4 
5/2* 3.2 ± 0.5 
5/2* 2.8 ± 0.4 



Table V I : Spectroscopic Factors for Sn (p,d), odd ft 

(A-l) Exc.(MeV j ' C2S(20 HeV) C2S(55 MeV)a 

114 0.0 0 + 0.80±0.05 
1.30 2 + 0.67±0.06 
2.85 ( 2 + ) C ) 1.4 ±0.2 
2.95 (2 + ) 3.5 ±0.5 
3.30 ( 2 f ) 2.0 ±0.3 
3.70 (2 + ) 0.9 ±0.15 

116 0.0 0 + 0.65±0.08 .45 
1.29 2 + 0.38±0.045 .41 
1.74 0 + 0.13±0.015 .09 
2.03 0 + O.15±0.020 .09 
2.22 ( 2 + ) c ) 0.35±0.045 .54 
2.54 0 + 0.30±0.030 -
2.61 (2 + ) 0.35±0.045 ? 
2.80 4 + 2.0 ±0.6 a-5) 
3.01 (2 + ) 0.23+0.055 ? 
3.12 4 + 3.6 ±1.3 2.80 
3.27 (2 + ) 0.60±0.075 -
3.42 (2 + ) 1.40±0.20 1.35 
3.74 (2 + ) 1.8 ±0.30 1.97 
3.81 (2 + ) 0.60±0.10 
3.98 (2 + ) 0.60±0.10 



Table VI: (cont'd). 

1A-1) Exe.(HeV) -IT C2S(20 HeV) C*S(55 HeV)a C 2 S(21 .2 HeV) b > 

118 0.0 
1.23 

0 + 

2 + 

0.55*0.05 
0.26*0.035 

.45 

.50 
0.45 ±.10 
0.24 ±.03 

1.78 0 + 0.06*0.01 .06 0.045±.01 

2.05 0 + 0.11±C01 • 09 0.075±.01 

2.34 
2.S3 

( 2 + ) C 

0 + 

) O.37±0.045 
0.32±0.04 .32 

0.30 ±.04 

2.74 (2 + ) 0.60±0.08 -
2 . 9 3 e ) (2 + ) 0.30t .15 
3.75 (2 + ) 0.90±0.12 1.42Î* 1 ) 0.75 ±.15 
3.94 (2 + ) 0.60*0.08 -
4.06 (2 + ) 1.2 ±0.2 2.75? d > 0.85 ±.10 
4.12 (2 + ) O.S0±0.O65 -

a) Vagi et a l . . 55 KeV, Réf.12 
b) Using optical potentials takendirectly fromthe 17HeV , 1 8 S n (d,p) " 9 S n 

calculations of Réf.17, corresponding to an "incident" 21.2 HeV proton. 
2 uncertain, either d5/2 or d3/2 allowed and DWBA cannot reliably 
distinguish 
corresponding state at 55 HeV uncertain. 
cross sections for other weakly excited levels in this energy region 
(Fig.l) could not be reliably determined. 



Table VII. Experimental Comparison of C2S for 1 1 7 Sn and n 5 S n 
1 1 7 Sn 
State J!_ C2SC20 MeVÎ^ CZS(21HeV) l l ) C2S(12HeV) c ) C2S{55 HeV)d 

0.0 1/2* 1.4 ±.15 1.4 1.3 1.1 
0.16 3/2* 2.0 1.25 1.5 1.7 2.0 
0.32 11/2" 4.4 ±0.9 3.1 3.3 3.1 
0.72 7/2* 6.2 ±1.5 7.3 7.4 7.7 
1.02 5/2* 3.7 ±0.4 3.5 3.1 3.2 
1.19 5/2* 2.2 ±.36 1.9 1.7 1.3 
1.45 5/2* 0.20±.05 0 .53 e ) 

1.52 (3/2*) 0.22±.05 
1.68 (3/2*) 0.22±.05 0 .33 e ) 

1 K 5 n 
State J l 0*5(20 HeV)a' C2S(23 HeV)f> C2S(52 HeV)9' 

0.0 1/2* 1.0 ± 0.1 0.7 (1.0) 0.53 
0.50 3/2*. 1.3 ± 0.15 0.9 (1.3) 0.84 
0.62 7/2* 4.0 ± 1.5 5.9 (8.4) 6.7 
0.73 11/2" 3.6 ± 0.8 1.6 (2.3) 2.7 
1.00 5/2* 6.0 ± 0.7 4.0 (5.7) 3.9 
1.28 (3/2*) 0.14 i .03 0.1 (.14) 0.22 
1.42 5/2* 0.20 ± .03 .074(.ll) 0.14 
1.65 (3/2*) 0.17 ± .04 0.13(.19) 0.18 
1.75 (3/2*) 0.20 ± .05 0.15(.21) 0.15 
1.98 1/2* 0.20 ± .04 0.14(.20) 0.10 

a) Present values, take from Table V 
b) From polarized 21 HeV (p,d) data, Ref. 15 
c) From 12 HeV (d,t) data, Ref. 18 
d) Fro» (p,d) data, Ref. 12 
e) Assigned as 5/2* in Ref. 12 
f) From 23 KeV (d,t) data, Ref.W.telues in parenthesis relative to the 2 present g.s. determination, C S=1.0 
g) Fros 52 KeV (d,t) data, quoted in Ref.19. 



A Exc(HeV) J" 

7/2* 

Std.b> Z.R.C> 

0.76 

» B S = 0 - 5 5 f e ' 

1.10 

( r 0 ) p = 1 . 3 0 f f ) 

0.36 

(5mass)protor 

111 0.0 

J" 

7/2* 1.19 1.50 0.76 

» B S = 0 - 5 5 f e ' 

1.10 

( r 0 ) p = 1 . 3 0 f f ) 

0.36 1.38 
0.16 5/2* 4.86 5.01 3.23 4.07 3.15 5.31 
0.29 1/2* 8.20 7.93 6.22 6.75 5.91 8.34 
0.65 3/2* 4.26 4.53 3.53 3.72 2.24 4.61 
0.99 11/2" 0.55 0.80 0.30 0.51 0.24 0.86 

116 0.0 0* 35.8 35.1 23.5 29.1 19.1 36.4 
1.29 2* 14.2 14.4 8.40 11.6 9.86 14.4 
2.03 0* 20.1 19.7 13.0 16.2 12.8 20.4 
2.22 2* 9.83 10.0 5.81 8.07 6.85 10.0 
2.80 4* 1.41 1.71 0.97 1.31 0.48 1.44 
3.01 2* 7.11 7.32 4.28 6.87 4.89 7.24 
3.98 2* 4.75 4.91 2.98 3.96 3.13 4.82 

117 0.0 1/2* 17.5 17.1 11.2 14.1 11.4 17.5 
0.16 3/2* 6.86 6.78 4.85 5.63 4.39 6.86 
0.32 11/2" 1.05 1.44 0.58 0.96 0.47 1.05 
0.72 7/2* 1.31 1.60 0.89 1.22 0.44 1.31 

123 0.01 3/2* 9.75 9.50 6.07 7.89 6.64 9.36 
0.14 1/2* 21.8 21.5 13.5 17.6 13.0 20.4 
1.03 7/2* 1.20 1.44 0.83 1.11 0.58 1.16 
1.19 5/2* 7.98 8.28 4.54 6.59 5.46 7.41 
1.48 5/2* 7.05 7.32 4.01 5.82 4.82 6.56 

a) E . g . represents a linear sum of da/dn from 10° to 50°, in 2° steps. The numbers given 
x2.29 give the DUUCK : g cross section In mb. 
b) The standard calculation Is for the BZ optical model combination with f ini te range (6=.62), 
with bouna state geometry r B S=1.25 and aB S=0.65 and with no mass variations in optical 
•odel parameters. 
c) as 1n b) , but with zero range 
d) as 1n b) , but with r B S >1.15f 
e) as In b ) , but with a„ s*0.55f 
f) as In b), but with deuteron real well radius parameter, r.-1.3 f 
g) as in b), but with a mass variation of parameters, as described 
In the text. This variation is normalized to the Sn(p,d) Sn transitions. 



Table IX: Occupation Probabil ities (even A) and Centroid Enerqies (odd A) 

A—»(A-1) v / ( A ) a ) rj(A-l)(HeV)
b) 

1/2* 0.48±.O7 0.24±.03 0.29 

3/2* 0.72±.10 0.18±.025 0.65 

112—>111 5/2* 5.6 ±.70 0.93±.12 0.16 

7/2* 5.0 ±1.0 0.63±.13 0.0 

11/2" (not observed) -

£ S, = 11.8(12)c ) 

1/2 0.68±.0G 0.34±.03 0.0 

3/2* 1.5 ±.15 0.37±.04 0.49 

11*—»113 5/2* 5.8 ±.55 0.97±.09 0.4* 

7/2* 5.5 ±1.2 0.69±.15 0.08 

11/2" 3.0 ±1.8 0.25±.07 0.74 

ï S 4 - 16.5 (14) 

1/2* 1.2*0.1 0.60t.05 

3/2* 1.8±0.2 0.45±.05 

116—»115 5/2* 6.2±0.6 1.0 ±.10 

7/2* 6.0±1.5 0.75±.19 

11/2" 3.6±0.8 0.30±.07 

IS, 

i 3 

' 18.8 (16) 

1/2* 1.6±0.2 0.80±.10 

3/2* 2.4+0.3 0.60±.08 

118—»117 5/2+ 6.1±0.6 1.0 ±0.1 

7/2* 6.2±1.5 fi.78±.19 

11/2" 4.4±0.9 U.35+.08 

0.33 

0.65 

1.10 

0.62 

0.73 

0.30 

0.43 

1.1 

0.72 

0.32 

J S , = 20.7 (18) 



Table IX: (C D n f d ) . . . 

A >(A-1) J' i s ; v / ( A ) a > E j (A-1)(HeV) b ) 

1/2* 1.9±0.2 0.95±.10 0.09 
3/2* 2.7+0.4 0.65+.C9 0.25 

120—H19 5/2* 6.0±0.5 1.0 ±.09 1.2 
7/2* 5.3*1.3 0.67+.16 0.79 

11/2" 4.611.0 0.38t.09 0.09 

E S . > 20.5 (20) 

1/2* 1.9±0.15 0.95±.10 0.06 
3/2* 2.7±0.4 0.65i.09 0.01 

122—*121 5/2* 6.0i0.5 1.0 ±.09 1.3 
7/2* 4.6+1.3 0.58+.16 0.94 

11/2" M.5+1.5 0.381.12 0.G 

ES 
J 4 

- 19.7 (22) 

1/2* 1.9+0.2 0.95±0.1 0.14 
3/2* 3.0*0.4 0.75±.10 0.01 

124—H23 5/2* 6.0+0.5 1.0 ±.09 1.3 
7/2* 2.8+1.4 0.8U.23 1.0 

11/2" M . 5+1.5 0.38±.12 0.0 

E S, » 18.2 (24) 

a) occupation probaballtles In BCS ground state (Eq. 6) 
spectroscopic factors taken from Table VI . 

b) centrold single quasi-partlcle energy (Eq.7) 
c) total spectroscopic strength (Eq. 9 ) . The number of valence 

neutrons outside the.Z=N*50 closed shell given In parenthesis 



m 
Table X: Experimentally determined centroid energies, E 

A 9 « This Work" Schneid et a l . 

J 

Coleman et a l . c 

1/2* 0.29 . 0.49 
3/2* 0.65 - 0.66 

l " S n 5/2* 0.16 - 0.24 
7/2* 
11/2" 

0.0. " 0.0 
0.99 

1/2* 0.33 0.24 J. 22 

H5sn 
3/2* 
5/2* 

0.65 
1.0 

0.49 
1.4 

0.54 
1.0 

7/2* 0.62 0.60 0.66 
11/2" 0.73 0.72 0.73 

V 2 * 0.09 0.0 0.09 

" % n 
3/2* 
5/2* 

0.25 
1.2 

0.02 
1.4 

0.22 
1.2 

7/2* 0.79 0.79 0.79 
11/2" 0.09 0.08 0.2u 

1/2* 0.14 0.22 0.23 

1Z3S„ 
3/2* 
5/2* 

0.01 
1.3 

0.02 
1.3 

0.20 
1.3 

7/2* 1.0 - 1.3 
11/2" 0.0 0.0 0.0 

a} From Table IX. 
b) Fro» Table 11, Ref. 11. 
c) Determined directly from weighted experimental cross sections of Ref .13. 



A. £. 2 a ) 

Vj (present) 

J — 

2 b) 
Vj (SPC) 2 c > V^tKS) 2, , d ) •> e 

Vj (CB) 

1/2* .24+.03 .11 .11 .15 .22 

3/2* .13±.025 .14 .081 .048 .12 
112 5/2* .93±.12 .70 .76 .82 .81 

7/2* .63±.13 .69 .75 .77 .70 
11/2" - .12 .046 .024 .061 

1/2* .34±.03 .27 .19 .26 .36 
3/2* .37±.04 .28 .13 .065 .17 

114 5/2* .97±.09 .69 .90 .92 .88 

7/2* .69±.15 .81 .87 .90 .79 
11/2" .25±.07 .17 .063 .039 .082 

1/2* .60±.05 .51 .37 .46 .55 
3/2* .45+.05 .36 .25 .13 .25 

116 5/2* 1.0 ±.10 .82 .93 .94 .92 
7/2* .75±.19 .87 .91 .96 .84 

11/2" .30±.07 .15 .11 .10 .12 

1/2* .804.10 .55 .53 .61 .70 
3/2* .60±.08 .62 .39 .22 .36 

118 5/2* 1.0 4.10 .79 .94 .94 .94 
7/2* .78±.19 .86 .93 .96 .88 

11/2" .35±.08 .30 .19 .20 .18 

1/2* .95*.10 .70 .65 .71 .80 
. 3/2* .65±.09 .50 .53 .31 .48 

120 5/2* 1.0 ±.09 .84 .96 .96 .94 
7/2* .67±.16 .71 .94 .98 .92 

11/2" .38+.09 • .42 .27 .31 .26 

e) 



Table XI: (cont'd). . . 

A £. Vj ? (present) a ) V\jZ(SPC)b ) V j
2 ( K S ) c ) V j W Vj 2 (CB) e ) 

1/2* .95±.10 .72 .70 .79 .85 

3/2* .65*.09 • .50 .65 .42 .59 

122 5/2* 1.0 ±.09 .88 .96 .96 .96 

7/2* .58i,16 - .95 .98 .92 
11/2" .38±.12 - .38 .42 .35 

1/2* .95±.10 .81 .82 .84 .90 

3/2* .75±.10 .61 .75 .53 .69 

124 5/2* 1.0 ±.09 .92 .95 .98 .96 

7/2* .81±.23 - .96 .98 .94 

11/2" .38±.12 - .19 .53 .45 

a) From Table IX, this paper 

b) From experimental values given in Table X, Ref.11 but usi ng » A l - U j 

c) Calculated from values of A,c. and à given in tef. 1 using Eqn. 10 

herein for V,. 

d) From R . Arvieu theoretical calculations. Ref 2, Ann. de Phys., 

Table IV 

e) From Clement and Baran jer theoretical calculât on, Ref. 4, quoted 

also in Ref.10. 



Table XII : Theoretical C 25 for *Sn(p,d) 

A j ¥ C^exp) 8 ' C2S(AB)b) <?s(mbï C2S(KS)C' (̂ SfKBB) 

V2* .48 1 .07 0.30 0.42 0.21 

3/2* .72 ± .10 0.19 0.48 0.30 
112 5/2* 5.6 t .70 4.9 4.9 4.2 

7/2* 5.0 1 1.0 6.2 5.6 5.8 

1/2* 1.0 ± 0.1 0.92 1.1 0.67 0.90 

3/2* 1.3 i 1.5 0.52 1.0 0.88 0.85 

116 5/2* 6.0 t 0.7 5.6 5.5 4.6 -
7/2* 6.0 ± 1.5 7.7 6.7 6.3 7.1 

11/2* 3.6 ± 0.8 1.2 1.4 1.1 0.90 

1/2* 1.8 ± 0.3 1.4 1.6 1.2 1.4 

3/2* 2.4 ± 3.5 1.2 1.9 2.0 1.6 

120 5/2* .50 ± .07 5.8 5.6 2.8 4.6 

7/2* 5.3 ± 1.3 7.8 7.4 4.8 6.5 

11/2" 4.6 ± 0.9 3.7 3.1 2.8 3.4 

1/2* 1.9 ± 0.2 1.7 1.8 1.3 1.6 j 

3/2* 3.0 i. 0.4 2.1 2.8 2.7 2.4 !\ 

124 5/2* 3.2 ± 0.5 5.9 5.8 1.5 3.1 

7/2* 2.8 ± 1.4 7.8 7.2 2.3 4.9 

11/2" 4.5 ± 1.5 6.4 5.4 4.9 6.1 

a) From Table V, this paper 

b) From Table X I , assuming pure 1 qp states 

cj Fraa the calculation of Sorensen, Réf. 1 

6} From the calculations of Kuo-Baranger, Ref.3. 



Table X1H : Theoretical and Experimental C?S for 5/Z* states. 

1 3 7 

Experiment Sorensen Kuo-Baranger Drelss et a l . 

A j f s Exc(HeV) CgS(KS) Exc C2S(KBB) Exc C?S(DDK)a) ExC 

HI 5.6 i 0.7 0.16 4.2 .06 
113 5.5 ± 0.6 0.40 4.5 .12 4.6 

0.5 
.25 
1.5 

115 6.0 t 0.7 
0.20 ± .03 

1.00 
1.42 

4.6 .57 

117 3.7 ± 0.4 
2.2 i 0.35 
0.20 ± .05 

1.02 
1.19 
1.45 

3.7 
0.2 
0.3 

.76 
1.4 
1.5 

119 0.5 i .07 0.92 2.7 .80 4.6 1.2 4.0 .90 
4.0 i .45 1.09 .07 1.3 0.8 3.0 .08 1.1 
1.5 i .20 1.36 1.3 1.5 2.0 1.5 

121 3.2 i .35 1.14 2.1 .90 1.3 .95 
2.8 ± .35 1.42 <.01 

1.9 
1.3 
1.7 

. 3.2 
2.3 

1.2 
1.8 

123 3.2 ± .50 1.19 2.3 .95 3.3 1.6 0.3 .95 
2.8 ± 0.4 1.48 <.01 

1.6 
1.3 
1.9 

1.7 2.2 3.2 
1.3 

1.3 
1.9 

a) In each case the theoretical calculations have been normalized to the 
largest transition In the data, since this is the procedure used in Ref.7. 



Table XIV: Theoretical C2S for 1 1 8 ' 1 z o s n (p.dl 1 1 7 ' 1 1 9 S n 

A(flnal) 

117 

119 

JL C2S(exp) 
2 a) 

C^StAS) «W f 
1/2* 1.44.15 0.90 \ 
3/2* 2.01.25 1.2 1.5 

5/2* 3.7i0.4 5.0 5.6 

7/2* 6.211.5 5.4 5.9 

11/2" 4.4i0.9 4.4 1.9 

1/2* 1.810.3 1.1 1.2 

3/2* 2.410.35 1.4 2.0 

5/2* 4.01.45 5.0 2.7 

7/2* 5.3±1.3 5.7 4 ' 8 

11/2" 4.610.9 5.5 2.9 { 

a) Calculated values from Ref.5. 
b) Calculated values from Ref.l. 



Table XV. C 2S for ASn(p.d). odd A. L-0 Transfers 

Bxc.(eip) C 2S(exp) a ) Exc(CB) C 2S(CB) b ) Exe.(AS) C 2S(AS) c ) 

0.0 .80±.05 0.0 
2.23 
3.34 
3.72 

.64 

.39 
.012 

<.0I 

0.0 .65*.08 0.0 .45 0.0 .55 
1.74 .13±.015 2.21 .55 2 .1 .38 
2.03 .15±.020 3.19 <.01 2.8 .02 
2.54 .30±.030 3.88 <.CI - -
0.0 .55±.05 0.0 .30 
1.78 ,06±.01 2.34 .66 
2.05 . U ± . 0 1 3.04 .012 
2.53 .32±.04 4.34 .015 

a? F'om Table VI, this paper 
t») Froa calculations of Clement and Baranger, Ref. 4 
c) Froa Table III, Ref. 5 



T«ble XVI. C S for Sn(p.d). odd A. L-2 Tr»n«f«r» 

(*-D 

118 

£ Exc.(exp) C 2SCexp)W Exc. (CB)*' C 2S(CB)C > i + C C B ) c ) 

(2+) 

1.30 0.67±.06 1.05 .35 2 

(2+) 

2.85 1.4 ±.02 3.05 .53 2 

(2+) 
2.95 3.5 ±0.5 3.26 .058 2 

(2+) 3.30 2 .0 ±0.3 3.43 .76 2 
(2+) 3.70 0.9 ±0.15 3.64 .94 2 

3.90 .11 2 

at 1.29 0.38±.045 1.11 .34 2 
2* 2.22 0.35±.045 2.93 .60 2 

Cl+)d) 2.61 0.35±.045 2.94 .46 1 
(2t) 3.01 0.28±.055 3.12 .047 2 
< 2L> 3.27 0.60±.075 3.46 .026 2 
(2+) 3.42 1.40*0.20 3.67 1.01 2 
( 3 + ) 3.74 1.8 ±0.30 3.94 3.2 3 
(2+) 3.81 0.60*0.10 3.94 .93 2 
(2+) 3.98 0.60±0.10 4.24 .018 2 

4.82 .055 2 

2 ; 1.23 0.26±.035 1.11 .29 2 

at)* 
2.34 0.37*.045 2.86 .53 2 at)* 2.74 0.60±.08 2.96 .63 1 

(2*:. 2.93 0.30±.15 2.93 .26 2 
(2*) 3.75 0.90*.12 3.32 .13 2 

<0 3.94 0.60±.08 4.42 .14 3 
(2^) 4.06 1.2 ±0.2 4.15 1.4 2 
<2 +) 4.12 0.50+.065 4.46 .57 2 

a) Experimental and theoretical exc i tat ion energies , in HeV. 
b) Values taken froa Table VI, t h i s paper. 
c) Froa the theoretical calculations of Cleaent and Baranger, Ref.4. 

No l + and 3 + calculations have been done for A*114. Not a l l of the 
calculated leve ls are shown* 

d) As discussed in the tex t , tentative assignments based on the CB 
calculat ions. In some cases , 2* l eve l s have been identi f ied in 
(p.P 1 ) s tudies 2 ' ; notably the 3.42 and 3.81 MeV leve l s in U 6 S n 
and the 2.93 HeV level in 1 1 8 S n . 



§r §r Table XVII. (?S for Silted) L 1 6 S n , 2* Final State» 

C2 S(AS) C' Exc.(CE) C 2 S(CB) d ) T i; Exc.{exp) ( ^ ( e x p ) * ' Exc.(VG) C 2S(VG) b ) Exc.(AS) C2 S(AS) C' Exc.(CE) C 2 S(CB) d ) T 

W; 1.29 .38±.05 2.02 0.80 1.3 .24 1.11 .34 I 
f 2.22 .351.045 2.90 0.45 2.5 .52 2.93 .60 ' 

2.61(1*) .35*.045 - 2.94 .46 
3.01 .281.055 3.09 .033 2.7 .16 3.12 .047 
3.27 .601.075 3.32 .015 3.46 .026 

! '• 3. «2 1.401.20 3.62 1.75 3.67 1.01 

-•'• 
y 

3.74(3*) 1.8 1.30 - 3.94 3.2 

'£ 3.82 .601.10 3.86 .18 3.94 .93 

•r 3.98 .601.10 3.91 .0034 4.24 
4.82 

.018 *:; 

.055 '£ 

a) Thia paper 
b) From the expanded model space calculat ions of Ref.9, TableIV, Gh.5. 
c) From Table I I I , Ref.5. 
d) From Bef.4 and Table XV, th is paper 

8 

>, 

* r 



Table XVIII. Experimental and Theoretical Su—ied L»2 Strengtha 

A (Target) 

112 
114 
116 
118 
120 
122 
124 

115 
117 
119 

srrs(Exp) £tr s (Theory) 
6.3±0.7 5.3 
7.3±0.6 S.9 
8.0±0.7 6.5 
8.510.7 7.0 
8.7±0.7 7.6 
8.7+0.6 6.1 
9.0±0.7 8.5 

8.5±0.6 6.2 
6.410.5 6.7 
4.710.4 7.3 



FIGURE CAPTIONS 

Figure 1 : Representative 20 HeV (p»d) energy spectra on Sn at 24 deg. 

(top), on Sn at 22 deg. (middle) and on Sn at 32 deg. (bottom) 

The energy resolution is typically 25 keV. Note the log scale for 

the Sn and Sn spectra. 

Figure 2 : Angular distributions for the strongly populated states in the 

Sn(p,d) Sn reaction at 20 HeV. The curveB shown are DWBA 

fit* to the data utilizing the BZ optical model parameters dis

cussed in the text ; each curve is individually normalized to the 

data at a peak angle, providing one measure of the spectroscopic 

strength for each transition. The numbers shown outside the paren

thesis labelling some transitions are the factors by which the 

corresponding cross sections have been multiplied in order to 

better present the data. 

Figure 3 : Angular distributions for the strongly populated states in the 

Sn(p,d) Sn reaction at 20 MeV. See caption to fig.2. 

Figure k : Angular distributions for states populated in the Sn(p,d) Sn 

reaction at 20 MeV. See caption to fig.2. 

Figure 5 : Angular distributions for states populated in the Sn(p,d) Sn 

reaction at 20 HeV. The dashed line shown for the 1,0A HeV transi

tion is the DWBA fit assuming a d3/2 transfer. See also caption 

to fig.2. 

Figure 6 : Angular distributions for states populated in the Sn(p,d) Sn 

reaction at 20 MeV. The dashed line shown for the 0.92 MeV transi

tion is the DWBA fit assuming a d3/2 transfer. See also caption 

to fig.2. 
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122 121 Figure 7 : Angular distributions fcr states populated m the Sn(p,d) Sn 

reaction at 20 MeV. See caption to fig.2. 
124 123 Figure 8 : Angular distributions for states populated in the Sn(p,d) Sn 

reaction at 20 MeV. See caption to fig.2. 

Figure 9 : Angular distributions for the strongly populated states in the 

Sn(p,d) Sn reaction at 20 MeV. The curves shown are W B A fits 

utilizing the Bg optical nodel parameters discussed in the text. 

See also caption to fig.2. 

Figure 10 : Angular distributions for the Sn(p,d) Sn reaction at 20 MeV, 

populating 0 (top) and 4 (bottom) final states. See also caption 

to fig.9. 

Figure 11 : Angular distributions for L-2 transfers in the Sn(p,d) reaction 

at 20 MeV, populating 1 , 2 or 3 final states. Solid curves are 

DOHA fits utilizing the BZ optical model parameters and assuming 

a d5/2 transfer ; the dashed curves assume a d3/2 transfer. See 

also caption to fig.9. 
119 118 Figure 12 : Angular distributions for L-0 transfers in the Sn(p,d) Sn 

reaction at 20 MeV. See also caption to fig.9. 

Angular distributions for L-2 transfers in the 

reaction at 20 MeV. See also captions to figs.9 and 11. 

119 118 Figure 13 : Angular distributions for L-2 transfers in the Sn(p,d) Sn 
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